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Abstract

Electroporation is used to increase the permeability of the cell membrane through high-voltage electric pulses. Nowadays,
it is widely used in different areas, such as medicine, biotechnology, and the food industry. Electroporation induces the
formation of hydrophilic pores in the lipid bilayer of cell membranes, to allow the entry or exit of molecules that cannot
otherwise cross this hydrophobic barrier. In this article, we critically review the basic principles of electroporation, along
with the advantages and drawbacks of this method. We discuss the effects of electroporation on the key components of
biological membranes, as well as the main applications of this procedure in medicine, such as electrochemotherapy, gene
electrotransfer, and tissue ablation. Finally, we define the most relevant challenges of this promising area of research.

Keywords: Electroporation; cell membrane; electrochemotherapy; gene electrotransfer; tissue ablation; nanotechnology

1. Introduction

Cell membrane electroporation, also known as elec-
tropermeabilization,! is an effective method for internal-
ization of various molecules into biological cells, with
increasing number of applications in oncology,>* gene
therapy,*° tissue ablation,” food technology'®!! and na-
notechnology.'?

Electroporation depends on the nature of the mo-
lecular constituents of biological membranes and their be-
havior in electric field. The first part of this article thus dis-
sects out the structure of the cell membrane and describes
the main transport mechanisms across this barrier. In the
second part, the mechanistic principles of electroporation
are presented, followed by a description of the influence of
an externally applied electric field on specific cell-mem-
brane components, such as lipids and proteins, as well as
the cytoskeleton. Finally, the advantages, disadvantages,
and remaining challenges of electroporation are critically
discussed.

1. 1. Structure of the Cell Plasma Membrane

The plasma membrane is basically a 6-10 nm-thick
biological structure that surrounds every living cell, and it

provides a selective barrier between the intracellular and
extracellular environments.'* Plasma membrane thickness
of some cells can however be much larger than this ba-
sic value, for example due to glycocalyx, a highly charged
layer of membrane-bound biological macromolecules at-
tached to the membrane (e.g., endothelial and epithelial
cells), or the membrane skeleton, a specialized part of the
cytoskeleton closely coupled to the plasma membrane.
The main function of the plasma membrane is to keep the
constituents of the cell inside, while preventing unwanted
substance to enter the cell. At the same time, it mediates
the selective transport of essential nutrients into the cell,
and of waste products in the opposite direction.'*

The cell membrane provides a selective barrier due to
its unique structure, which consists mainly of amphiphilic
phospholipid molecules. These form a continuous double
layer (the ‘phospholipid bilayer’) that has a profoundly
hydrophobic core. The proteins embedded in or associ-
ated with this structure endow it with specific functions,
such as the selective passage of molecules and ions. Cell
shape is primarily determined by interactions between the
cell-membrane components, the cytoskeleton, and the ex-
tracellular matrix,'*!> however factors contributing to the
cell shape are much more complex.!6-1°
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As well as the major lipid constituents of the plasma
membrane, the phospholipids, there are two other lipid
species that are very important: sterols and glycolipids.?
Cholesterol is the main sterol-based lipid molecule in the
plasma membrane. It is intercalated between the lipid tails
of the adjacent phospholipid molecules in the phospho-
lipid bilayer thus increasing their ordering. In this way, it
reduces membrane fluidity.!>?! Glycolipids (e.g., ganglio-
sides) are very important cell-surface markers that serve as
specific determinants for cellular recognition and cell-to-
cell communication, and as receptors for different biomol-
ecules. The fatty acid chains in the phospholipids and gly-
colipids usually contain an even number of carbon atoms,
and can be saturated or unsaturated, i.e., they can contain
one or more double bonds. The length of a fatty-acid chain
and the number of double bonds that it contains have pro-
found effects on the internal energy of the cell membrane;
i.e., on its order and fluidity.!?

1. 2. Molecular Transport Through the Plasma
Membrane

The cell plasma membrane is selectively permea-
ble, whereby the passage into the cell of molecules need-
ed for its survival is highly regulated. The transport of
molecules through the plasma membrane can be passive
or active. Passive transport does not require energy, and
its rate is governed by the physicochemical properties of
the cell membrane, visco-elastic properties on both sides
of the membrane, physicochemical and electrical prop-
erties of the media on both sides of the membrane, and
the molecules to be transported.?2* Small hydrophobic
and uncharged molecules, and also gasses, are termed as
permeant molecules?, as these can diffuse through bio-
logical membranes freely down their electrochemical gra-
dient.?® Charged molecules, such as amino acids, nucleo-
sides, carbohydrates, and ions, can be driven by difference
in electric potential or their concentration differences to
move through the membrane when assisted by specific
transporter proteins, or channels, in the process known as
‘facilitated diffusion’. On the other hand, the transport of
molecules and ions across biological membranes against

Table 1. Different methods used to manipulate cell-membrane permeability.

their electrochemical gradient requires the input of ener-
gy, and is therefore referred to as active transport.!> The
build-up of concentration gradients of molecules and ions
across biological membranes proceeds exclusively through
transmembrane protein systems, such as ion pumps and
the ATP-binding cassette (ABC) transporters, which are
usually powered by ATP hydrolysis.?” Large and charged
molecules, such as proteins, nucleic acids (e.g., DNA,
RNA), and diverse synthetic drugs, cannot cross cell mem-
branes per se at all. Numerous therapeutic molecules are
of this nature, and therefore to get them into cells, where
they function, different techniques have been developed to
increase the plasma membrane permeability.

1. 3. Ways to Increase the Permeability of the
Plasma Membrane

The main physiological role of the cell plasma mem-
brane is to control and regulate the flux of molecules or ions
into and out of the cell. The selectivity of the plasma mem-
brane for the passage of molecules or ions is very high, and
therefore for therapeutic or biotechnological reasons, the
aim is to create procedures that enable the manipulation of
transmembrane transport, ideally in a relatively controlled
fashion. Caution is however needed, as treatments to in-
crease the permeability of the plasma membrane can also
result in increased molecular efflux, which can then induce
cell death. On the other hand, the efflux of molecules from
cells can also be exploited under certain conditions in bio-
technology, to extract bioproducts.?

Several methods to increase the permeability of bi-
ological membranes have been described. Table 1 gives
the main characteristics and applications of the main bio-
chemical (lipid and polymer particles, microbubbles), bi-
ological (viral), and physical (ultrasound, electroporation)
methods for plasma-membrane permeabilization.

In this article, the focus is on electroporation, as the
alteration of the cell membrane permeability induced by
exposure to an externally applied electric field. Due to
the membrane exposure to pulsed electric field, pores are
formed in the cell membrane and increase its conductance
for various hydrophilic molecules, such as peptides, nu-

Method Main characteristics Applications References

Sonoporation mediated Transient perforation of the plasma Drug and gene delivery 29-31

by microbubbles membrane; noninvasive

Lipid or lipid-like vesicle Oral delivery; protects a loaded drug; Drug delivery 32,33

fusion release of a drug in a controlled way

Virus fusion Injection; can trigger an immune response Gene delivery 3

Cytolytic toxins Bacterial cytotoxic proteins Virulence-targeted therapies ¥

Ultrasound High intensity focused ultrasound; Drug and gene delivery; 36-38
generation of cavities due to ultrasound oscillation tissue ablation

Electroporation High voltage electric pulses; formation Drug and gene delivery; 2739

of hydrophilic pores in the plasma membrane

tissue ablation

Balantic¢ et al.:  The good and the bad of cell membrane electroporation



Acta Chim. Slov. 2021, 68, 753-764

cleic acids, and drug molecules. Electroporation is used in
medicine and biotechnology for the delivery of drugs or
genes into cells, for tissue ablation, for extraction of bio-
products from cells, and for microbial inactivation in food
preservation,>40-42

2. Principles of Plasma-Membrane

Electroporation

Electroporation leads to increased permeability of
the cell membrane as a consequence of the application of
electric pulses. The term electroporation was coined by
Neumann and colleagues in 1982.%* It originally described
the process of electrically induced hydrophilic pore forma-
tion in the lipid bilayer (Figure 1).

U

@ -'--

...0.. .,....

oH:0

Figure 1. Formation of a hydrophilic pore in the membrane lipid
bilayer. Exposure of the membrane to the electric field (E) allows the
penetration of water molecules into the lipid bilayer. This induces
reorientation of the polar headgroups of the lipids towards the pen-
etrating water molecules, which ultimately leads to the formation of
a hydrophilic pore, i.e. electroporation.

From the electrical point of view, the cell membrane
can be regarded as a thin insulation sheet that is surround-
ed on both sides by an electrolyte. The transmembrane
voltage is the difference in the electric potentials between
outside and inside of the cell, which is due to the difference
between the intracellular and extracellular ion concentra-
tions. Specifically, different ions are present on either side
of the membrane plane and have a concentration gradient
across it, which results in formation of the transmembrane
voltage. An electrical double layer is formed when a charged
membrane plane is in contact with an electrolyte solution
consisting of charged ions and oriented dipoles, resulting
in accumulation of oppositely charged ions (counter-ions)
and depletion of ions with the same charge (co-ions).*4-46
Membrane itself has a net charge, which is dependent on
the lipid composition, due to charged lipid head groups.
The hydrophobic region of the membrane has a zero net
charge. When the membrane is surrounded by an electro-
lyte, an interface forms, due to the separation of charged
ions on either side of the membrane causing the formation
of electrical double layer and consequently the transmem-
brane voltage.*’~** In the resting state, the cell membrane
acquires the so called ‘resting (trans)membrane voltage,
which is typically between -40 mV and -70 mV.!

Due to the opening or closing of ion channels in the
cell membrane, the resting voltage can shift to more neg-
ative or more positive values, i.e., the membrane becomes
hyperpolarized or depolarized.!*> When a cell is exposed
to an external electric field, an induced transmembrane
voltage is superimposed on the existing resting trans-
membrane voltage. The resting transmembrane voltage
is always different from zero, and is equal all around the
cell since the membrane is an isotropic dielectric medium
with constant dielectric permittivity. On the other hand,
the induced transmembrane voltage is present only for the
duration of the external electric pulse, and it is anisotropic,
or dependent on the position on the cell membrane.*® Due
to this induced transmembrane voltage, the structure and
function of the cell membrane is locally modified.! The
membrane undergoes electrical breakdown, which results
in increased permeability for virtually all molecules. As
the cell membrane behaves as a two-dimensional liquid, it
can return to its pre-breakdown state, and thus the cell can
survive. In such a case, we talk about reversible electropo-
ration. However, when the exposure of the cell membrane
to an electric field is very intensive, the cell will die, even if
the membrane manages to reseal. This type of electropora-
tion is referred to as irreversible (IRE).40->1

In electroporation, three general levels have been
defined: (1) no detectable electroporation; (2) reversible
electroporation; and (3) IRE. The range over which each
of these occur is characterized by the strength of the ex-
ternal electric field applied (V/cm) and the duration of ex-
posure (seconds) to it. To achieve electroporation, longer
pulse durations require lower electric field strengths. For
example, for a pulse of 1 millisecond, no detectable elec-
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troporation is seen from 0 V/cm to 250 V/cm, reversible
electroporation occurs between 250 V/cm and 1750 V/cm,
and IRE occurs above 1750 V/cm.>? In the first range for
no detectable electroporation, if pores are formed, they are
too small and/or too unstable to be detected. For revers-
ible electroporation, the pores can provide a temporary
pathway for molecular transport across the membrane,
although once the electric pulse ceases, the membrane
gradually reseals, the induced transport stops and most
of these cells will survive and remain viable. For IRE, the
membrane may not reseal or will reseal too slowly for cell
to maintain its viability. These cells then lose their integri-
ty, with the release of their contents, and ultimately die.>>*
From a mechanistic point of view, electroporation is
best described by the theory of hydrophilic pore formation.
The external electric field induces a drop in the electric po-
tential across the lipid bilayer, which leads to the formation
of hydrophilic pores in the bilayer.** Both, theoretical con-
siderations and molecular dynamics simulations suggest
that electroporation is initiated by the penetration of water
molecules into the hydrophobic core domain of the lipid bi-
layer, which then causes a re-orientation of the adjacent lipid
molecules, whereby their polar headgroups will follow the
direction of the invading water molecules (Figure 1).> First,
single water molecules penetrate the hydrophobic core of
the bilayer due to local defects in the lipid headgroup region.
Then, these so-called water fingers expand into the hydro-
phobic core of the bilayer, and firstly form a hydrophobic
pore.>*% Subsequently, these pores are stabilized by reori-
entation of the lipid headgroups adjacent to the water mole-
cules, thus stabilizing the pore into its hydrophilic state and
allowing more water, as well as other polar molecules and
ions, to enter.%05°6 After the electric field is eliminated, the
pores that are formed and stabilized have lifetimes from mil-
liseconds to minutes (Table 2).! As indicated experimentally
and theoretically, stability of the pores can be increased by
intercalation of different molecules in the lipid bilayer.57->
Furthermore, membrane tension and mechanical
stress can also play a role in formation of hydrophilic pores
in the lipid bilayer.%9-6> Applied electric field can cause lat-
eral stress to the membrane influencing interfacial tension
and pore formation.> With a reduction in membrane ten-
sion in the lateral plane a decrease in the interaction be-

tween the phospholipid molecules occurs and with it an
increase in ion permeability.®®

3. Effects of an Electric Field on

Cellular Structures

Cells consist of many different components, and an
external electric field can affect these in different ways.
Some of these alterations are necessary for the cell mem-
brane electroporation to occur. However, others are not
wanted, as they can induce cell death. Thus, attempts are
made to reduce the unwanted effects as much as possible.
We are focusing here on the effects of an external electric
field on three main cellular structures: the lipids that form
the plasma membrane; the proteins associated with the
plasma membrane; and the cytoskeleton that lies under the
plasma membrane and imposes shape to the cell (Figure 2).

3. 1. Effects of an Electric Field on the Lipid
Bilayer

Application of electric pulses induces the formation
of transient hydrophilic transmembrane pores in lipid bi-
layers. However, this does not fully describe the sustained
increased permeability of the lipid bilayer, which can last
long after the electric field has been removed. One possi-
bility to explain such effects is peroxidation of lipids dur-
ing the electroporation, which changes the chemical struc-
ture of the membrane to remain permeable.54>

Lipid peroxidation is a chemical reaction between
lipid molecules and oxygen that results in the formation of
unstable lipid peroxides. This can occur for lipid structures
under stress, such as in the presence of reactive oxygen
species (ROS). Lipid peroxidation is a free-radical chain
reaction that can generate various products, most of which
are harmful for the cell.°*%” The unsaturated fatty acid
chains of the lipid molecules are the main targets of the
peroxidation. Oxidized lipid tails become more polar and
can also shorten in length. These changes can disrupt the
structure of the lipid bilayer, to thus alter its fluidity, and
consequently increase the permeability of the cell mem-
brane.®® The membrane becomes thinner, less densely

Table 2. Steps in the formation of hydrophilic pores during electroporation of a lipid bilayer.!

Step Main characteristics

Duration

Initiation Membrane electrical conductivity and
permeability start to increase
Expansion

Partial recovery

Conductivity and permeability persist and intensify
After the external voltage ceases, membrane
conductivity and permeability decrease rapidly,

Nanoseconds (conductivity for electric current);
microseconds (permeability for ions and molecules)
Until the end of the pulse (up to milliseconds)
Microseconds (conductivity for electric current);
milliseconds (permeability for ions and molecules)

but not to zero (i.e. not to the pre-poration state)

Resealing The membrane recovers to its physiological state
of impermeability
Memory The cell can show alterations to stressors before

finally returning to its normal state

Seconds to minutes

Hours
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Figure 2. The effects of electric field (E) on the main cellular components. (a) The process of electroporation can induce oxidation of the lipids in the
cell membrane. (b) An external electric field can induce localized heating in membrane proteins, which can lead to their reversible or irreversible
denaturation, with a temporary or permanent loss of their function, respectively. (c) During electroporation, the cytoskeleton often depolymerizes

and detaches from the plasma membrane (Figure adapted from reference 1).

packed, and with lower internal order. Such lipid bilayers
are no longer stable and are prone to undergo lateral phase
separation. The cumulative result here is that the physio-
logical functions of the cell membrane are altered, which
can lead to cell damage, and even to cell death.®-"!

It has been reported that electroporation induces
lipid peroxidation in bacteria, plant cells, and mammali-
an cells, as well as in liposomes made from polyunsatu-
rated phospholipids.! The origins of ROS are diverse. It
has been suggested that electric pulses can generate ROS
by triggering redox reactions in the water medium, on
the membrane surface, and at the electrode-electrolyte
interface.”>”> However, electric pulses initiate creation of
ROS also inside the lipid bilayer and in the cell. In addi-
tion, there are always some ROS already present in the
system.”#7> All ROS, no matter their origin, can result in
peroxidation of lipids during electroporation; however, as
ROS are short-lived, only those generated in close prox-
imity to the cell membrane will cause lipid damage. It has
been demonstrated that ROS peroxidize only the parts of
the membrane that are electropermeabilized. These reac-
tions reach their peak a few seconds after application of
electric pulses, and then gradually diminish.”®

3. 2. Effects of an Electric Field on the
Membrane Proteins

Membrane proteins are molecules associated with
(i.e., peripheral) or embedded in (i.e., integral) the lipid

bilayer of the cell membrane, and they are mainly respon-
sible for all of the specific functions of the biological mem-
branes.

Cell membrane electroporation affects membrane
proteins to different extents, where the worst case scenario
leads to their inactivation by denaturation, due to the local
increase in temperature induced by the electric pulses.””
For example, it was shown that exposure of cells to electric
pulses increased the conductivity of transmembrane Na*/
K*-ATPases! and decreased transmembrane ionic currents
through voltage-gated ion channels.”® Gating potentials
of voltage-gated ion channels are in the range of 50 mV.
Therefore, when electric pulses are applied, these channels
will open and can experience very large ion currents. This
can also inflict irreversible damage to the channel proteins
as a result of the local Joule heating or chemical modifi-
cations.”” The recovery of damaged membrane proteins is
much slower than their opening and closing. While chan-
nel closing occurs in microseconds, their opening can take
even tens of minutes.”” The consequences for the cell can
therefore be serious, and even fatal.

3. 3. Effects of an Electric Field on the
Cytoskeleton

The cytoskeleton is a cytoplasmic protein structure
that is attached under the cell plasma membrane. As it is
attached to the plasma membrane, it shapes the cell and
has important roles in cell adhesion and migration. The
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main components of the cytoskeleton are microfilaments,
intermediate filaments, and microtubules.'?

The application of electric pulses can affect the in-
tegrity of the cytoskeleton. Exposure of cells to electric
pulses can disrupt the network of microfilaments and
microtubules. These effects are voltage-dependent and
reversible, as the cytoskeleton can fully recover within
hours without significant loss of cell viability.1#0 The
disruption of microfilaments was shown to even protect
the cell from being killed by external electric pulses.®!
Electroporation of vesicles with actin filaments showed
that membrane rigidification occurs, which blocks any
large deformation of the vesicles, and prevents the for-
mation of large membrane pores.®? The mechanism
of cytoskeleton disruption includes conformational
changes and electromechanical processes, although it
remains not entirely clear to date.33# Atomic force mi-
croscopy has revealed a decrease in membrane stiffness,
leading to the rippling and destabilization of microfila-
ments. The main reason for the morphological changes
observed was shown to be the impaired attachment of
the cytoskeleton to the cell membrane. Electroporation
often results in cell swelling due to the induced osmotic
imbalance, and the resulting swelling force is an impor-
tant factor in the dislocation of the cytoskeleton from
the membrane.!

(a) Electrochemotherapy

(b) Gene electrotransfer

{c) IRE ablation

4. Advantages and Disadvantages
of Cell Electroporation

Electroporation is an efficient method for the manip-
ulation of cell membrane permeability. It can be applied to
all types of cells, and no matter which stage of the cell cycle
they are in. Its efficiency depends on the size of the cell, as
stronger electric fields are required for induction of pore
formation in smaller cells than in larger cells. Moreover,
the electrical properties of the tissue also greatly influence
the electroporation process, such as its conductivity.®> As
the transport of materials into and out of electroporated
cells is not specific, an ionic imbalance can occur, which
can be harmful for the cell. Thus, for each specific applica-
tion of electroporation, the electric pulse parameters need
to be appropriately adjusted to minimize unwanted cell
damage, or even cell death.>

The most widely used applications of electroporation
in medicine, electrochemotherapy (ECT), electro-transfer
of genes (GET), and irreversible electroporation (IRE) for
tissue ablation are illustrated in Figure 3.

4. 1. Electrochemotherapy

Electrochemotherapy (ECT) is a local treatment that
includes chemotherapy followed by tumor-directed elec-

° . /e
® e

Cell death

K
om®
m—— L L
g 44

—_—
Gene
expression
Cell death

Figure 3. The main applications of electroporation in medicine. (a) Electrochemotherapy uses electroporation to increase the uptake of chemother-
apeutic drugs into cells, thus boosting their cytotoxic effects. (b) Gene electrotransfer uses electroporation to transfer DNA or RNA molecules into
cells, to induce expression of the desired proteins. (c) Irreversible electroporation (IRE) causes cell death and is used to nonthermally ablate tissue
(Figure adapted from reference 86).
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tric pulses, to increase the drug delivery into the malignant
cells. Electric pulses are applied through metal plate or
needle electrodes, to permeabilize the membranes of the
cells, and hence to increase the uptake and effectiveness of
the drug that was injected prior to the application of the
electric pulses.?”

Electrochemotherapy is simple and easy to perform.
It is also a relatively inexpensive treatment. To perform
ECT, we need an electric pulse generator (i.e., an elec-
troporator) and suitable electrodes. The treatment can
be performed on practically any part of the body. After
the treatment, patients do not require special care, nor
post-treatment medication. The main advantage of ECT
when compared to other techniques is that it combines
chemotherapy and the application of electric pulses. The
targeted cells die in a more controlled manner, which re-
sults in slower shrinkage of the tumor, without develop-
ment of massive necrosis that represents a major burden
for patients and is accompanied by the risk of complica-
tions, such as infections.®®

As well as these advantages, ECT also has some dis-
advantages. One of these is the pain that patients can expe-
rience during the application of the electric pulses as well
as muscle contraction.®® The factors that can limit the use
of ECT include the size of the tumor®® and difficult acces-
sibility of a tumor by electrodes For safety reasons, ECT is
currently contraindicated for patients with cardiac pace-
makers and patients on anticoagulant therapy.>*°

4. 2. Gene Electrotransfer

Gene electrotransfer (GET) uses high-voltage elec-
tric pulses to deliver DNA or RNA molecules into cells. In
oncology, this is used to induce anticancer effects in tumor
cells.*® GET can also be used for DNA or RNA vaccina-
tion, or for gene therapy, as it improves the expression of
pertinent proteins.’! GET can be used to treat cardiovas-
cular, autoimmune, and infectious diseases. Two specific
benefits of GET are that it does not induce unwanted spe-
cific immunity, and that it lowers the risk of integration
of therapeutic nucleic acids into the host genome, or their
environmental spread.® Nowadays GET is among the most
promising nonviral methods for gene delivery to cells, due
to its safety, efficacy, flexibility, ease of application, and rel-
atively low cost.»2

The main obstacle against the more widespread use
of GET, particularly in human medicine?, is that when ap-
plied in vivo, there can be substantial increases in the local
temperature and large changes in the pH close to the elec-
trodes, both of which reduce the efficacy of the therapy.**?

4. 3. Irreversible Electroporation Ablation

Electroporation, as IRE, is used as a minimally in-
vasive surgical technique for tissue ablation.” With this
procedure, it is possible to ablate undesirable tissue in a

controlled and precise manner, without damaging the sur-
rounding critical structures.?®

There are different minimally invasive methods for
tissue ablation, but IRE has certain advantages over these.
IRE is not temperature based, and therefore the target tis-
sue can be destroyed without overheating of the tissue. IRE
is easy to apply, the local blood flow does not influence
its efficacy, and it does not require the use of supportive
drugs. It affects only the membranes of living cells, while
the extracellular structures remain intact. The result is less
scarring and faster healing of the treated tissue.”*~® One of
the most promising applications of IRE in medicine is for
cardiac ablation after atrial fibrillation.””-® This is a cathe-
ter-based ablation, and due to its advantages over the con-
temporary ablation procedures, it has also been recently
transferred to human cardiology.*!%

On the other hand, IRE can damage the entire tissue
that is exposed to the electric pulses if the operating pa-
rameters are not correctly selected. Therefore, meticulous
treatment planning and setting of the correct electropora-
tion parameters are important, to avoid such damage.'%!

5. The Challenges Ahead

Electroporation of biomembranes has been studied
and developed over the past 40 years; nevertheless, there
remain some challenges for further improvement of this
methodology.

One fundamental challenge that remains to be re-
solved for biomembrane electroporation is to identify
the underlying molecular mechanisms. Only full under-
standing of the phenomenon at molecular level will allow
unraveling its full potential and its reliable control. For
example, the contribution of electric pulses to increased
cell membrane permeability due to lipid peroxidation and
protein modifications are far from being well understood
today.

Preclinical and clinical trials have confirmed the
great potential for electroporation-based treatments for
cancer and gene therapy, as well as in tissue ablation. How-
ever, it is evident that there remains room for further tech-
nical improvements to increase the precision and specific-
ity of these treatments, one of the possibilities is through
the use of nanoparticles for enhanced electroporation ef-
ficiency.!®? Furthermore, the reduction or elimination of
the serious side effects that sometimes occur is of great
importance.*8>1%% In this context, the processes that oc-
cur directly at the electrodes inserted into the tissue dur-
ing pulse applications need to be better controlled, such as
the electrochemical reactions, bubble formation, and local
large changes in pH.

Last, but not least, a major problem for the use of
electroporation in medicine that awaits resolution is re-
duction of the intensity and the extent of muscle contrac-
tion during the treatments. This would attenuate or even
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eliminate the pain that treated patients experience today,
without the need for muscle relaxants.®” In this respect,
trials that are investigating high-frequency bipolar electro-
poration pulses appear to be very promising.'%4-107
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Povzetek

Elektroporacija je metoda, s katero povecamo prepustnost celicne membrane z uporabo visokonapetostnih elektri¢nih
pulzov. Metodo uporabljamo na razli¢nih podrodjih: v medicini, biotehnologiji in v zivilski industriji. Visokonapetostni
elektri¢ni pulzi izzovejo nastanek hidrofilnih por v lipidnem dvosloju celi¢cne membrane, ki omogocijo prehajanje mo-
lekul, ki sicer membrane ne prehajajo. V ¢lanku podajamo pregled osnovnih principov electroporacije ter kriti¢no spre-
govorimo o prednostih in slabostih te metode. Razpravljamo o uc¢inkih electroporacije na klju¢ne komponente bioloskih
membran, kot tudi o glavnih uporabah te metode v medicini, o elektrokemoterapiji, vhosu genov v celice in odstranjeva-
nju tkiv. V zakljucku predstavimo Se najbolj relevantne izzive tega obetavnega podrocja raziskav.

|® ® Except when otherwise noted, articles in this journal are published under the terms and conditions of the

Creative Commons Attribution 4.0 International License
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Abstract

Phytochemicals in the water extract of Eurycoma longofolia roots were identified using both solid-liquid and liquid-liquid
extraction based fractionation techniques. A reversed phase C18 solid phase extraction (SPE) was used as solid-liquid
extraction, whereas solvent partition was applied as liquid-liquid extraction. Total saponin was increased after fraction-
ation. A few known quassinoids; eurycomanone, 13a(21)-epoxyeurycomanone, pasakbumin D, 13[,18-dihydroeury-
comanol and 13(3,21-dihydroxyeurycomanol were identified from the 40% and 60% methanol fractions of SPE. Solvent
partition extract using ethyl acetate was found to have the highest saponin content compared to butanol and chloroform
fractions. Subsequent acetone precipitation of the organic fractions recovered a formylated hexose trimer and other
saccharide-containing compounds. Ethyl acetate effectively recovered saponins from E. longofolia water extract using

liquid-liquid extraction followed by acetone precipitation.

Keywords: Eurycomanone; Eurycoma longifolia; quassinoids; solid phase extraction; solvent partition; saponins

1. Introduction

Natural products are very complex in chemical com-
position. A wide range of phytochemicals with diverse
properties tends to complicate the study of profiling. How-
ever, the demand of phytochemical profiling is getting in-
creasingly necessary for plant authentication, identifica-
tion and standardization. This is because the presence of
phytochemicals will influence the quality of herbs, and
subsequently affect the efficacy and safety of herbal prod-
ucts. Phytochemical profiling is an unbiased and compre-
hensive technique for quality control and standardization
of herbal materials. Different high throughput and sensi-
tivity techniques have been applied for phytochemical pro-
filing. This includes LC-MS/MS,! GC-MS,? FTIR and 2D-
IR,> NMR,* HPTLC® and so on with minimal sample
preparation and treatment requirements.

Eurycoma longifolia Jack (Simaroubaceae) which is
locally known as Tongkat Ali has been popularly called as
Malaysian Ginseng. The roots of the herb are commonly
prepared as ethnomedicine by indigenous people in the
form of decoction to strengthen stamina and treat many
diseases such as sexual dysfunction, malaria, cancer and
androgen deficient osteoporosis.®® The application of the
herbal decoction is still practiced till to date. Recent scien-
tific findings have revealed that quassinoids are the major
phytochemicals of E. longifolia. Quassinoids are the de-
graded triterpene lactones consisting of C-18, C-19, C-20,
C-22, and C-25 types of compounds.® Their derivatives
usually present in the form of methylated, methoxylated,
oxygenated, epoxylated and glycosylated quassinoids. In
particular, triterpenoidal or steroidal saponins are abun-
dant in the plant extract. Zaini et al.!® and Mutschlechner
et al.!! developed and validated liquid chromatographic
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methods to identify quassinoids. In addition to quassi-
noids, there were also phenolics and alkaloids detected
from the plant roots.!>!* Although total saponin has been
estimated to be > 40% in the plant extract according to the
Malaysian Standard, MS 2409:2011,' the identification of
individual saponins is relatively limited in literature. This
could be due to the complexity of the chemical structure of
saponins and the limitations of analytical instrumentation.

In the present study, fractionation technique was in-
troduced in order to minimize the complexity of com-
pounds in E. longifolia water extract. Both fractionation
techniques; solid-liquid and liquid-liquid extractions were
applied to separate the complex phytochemicals into few
sub-clusters according to the polarity of solvents. Solid
phase extraction (SPE) was applied as the solid-liquid ex-
traction based fractionation technique using C18 reversed
phase cartridge as absorbent. While, solvent partition was
chosen as liquid-liquid extraction based fractionation
technique. Three organic solvents; ethyl acetate, butanol
and chloroform were chosen to partition phytochemicals.
Previous studies reported that those solvents were suitable
to partition saponins from ethanolic plant extracts, but
were yet to be applied in SPE based fractionation.! It is
also known that saponins possess a wide range of polarity
and solubility depending on the structural diversity of
aglycone and sugar moieties. Often, saponins are reported
to be abundant in plant roots rather than plant leaves and
flowers.!>16 Therefore, it is also important to investigate
phytochemicals in the water extract of E. longifolia roots
since water extract is widely consumed in the form of de-
coction with ethnopharmacological importance.

2. Experimental

2. 1. Plant Material and Chemicals

Physta® (registration number, 2011000601) which is
the proprietary standardized extract powder of Eurycoma
longifolia roots was provided by Biotropics Malaysia Ber-
had (Shah Alam, Selangor, Malaysia). The plant extract
was prepared at the stipulated temperature and pressure in
water. Analytical grade of ethanol, ethyl acetate, chloro-
form, butanol, acetone and sulfuric acid (98%) were pur-
chased from Merck (Darmstadt, Germany). The LC grade
of acetonitrile was sourced from Fisher Scientific (Chino,
California, USA). Standard chemicals of vanillin (= 97%),
escin (= 95%) and oleanolic acid (= 97%) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). C-18ec solid
phase extraction (SPE) cartridges (6 mL, 500 mg) were
purchased from Macherey-Nagel (Duren, Germany).

2. 2. Solid-Liquid Extraction using C18ec SPE
Cartridge

Solid phase extraction was carried out to fractionate
Physta into individual fractions using Cl8ec cartridges.

The mobile phase was methanol at different concentra-
tions ranged from 0-100%v/v. The cartridges were activat-
ed using 100% methanol and followed by 100% water be-
fore use. Physta (25 mg) was reconstituted in water (0.5
mL) and loaded onto the cartridge. Elution was carried out
and 3 mL was collected for each fraction.

2. 3. Solvent Partition by Liquid-Liquid
Extraction

Phytochemicals in Physta were also partitioned into
different organic solvents such as ethyl acetate, butanol and
chloroform using liquid-liquid extraction. Physta (0.5 g)
was dissolved in water (10 mL) and extracted with 10 mL
ethyl acetate vigorously in a 50 mL separating funnel. The
top layer of organic phase was withdrawn and another
fresh portion of ethyl acetate (10 mL) was added into the
remaining aqueous phase for further extraction. The pro-
cess was repeated for three times and the collected ethyl
acetate fraction (30 mL) was combined for vacuum dry-
ing. Subsequently, the other two fractions, namely butanol
and chloroform fractions were prepared using fresh Physta
in separate experiments according to the above-mentioned
procedures.

2. 4. Acetone Precipitation

The organic fractions obtained from liquid-liquid ex-
traction were reconstituted (1 mg/mL) in their respective
solvents and slowly added into chilled acetone (20 mL) in
dropwise manner. Precipitate was formed and harvested
by centrifugation. The precipitate and the filtrate were then
dried in an oven prior to LC-MS/MS analysis.

2. 5. Total Saponin Content

The total saponin content was carried out according
to the procedures described by Makkar et al.!” Samples were
dissolved in 50% methanol and prepared by serial dilution.
A 250 pL sample (1 mg/mL) was mixed with 250 pL vanillin
(8 g/100 mL ethanol), and topped up with 2.5 mL sulfuric
acid (72%). The mixture was heated for 10 min at 60 °C, and
then cooled in an ice-water bath for 5 min. The absorbance
of the mixture was recorded by a UV-vis spectrophotometer
(UV-1800, Shimadzu, Japan) at 544 nm. Escin and oleanolic
acid were used as the standard chemicals for calibration.
The results are expressed as milligram escin equivalent per
milligram sample (mg EE/mg) or milligram oleanolic acid
equivalent per milligram sample (mg OAE/mg).

2. 6. LC-PDA-MS/MS for Phytochemical
Screening
A hyphenated LC-MS/MS system was used to detect

and identify compounds in samples. The system consisted
of liquid chromatograph (Dionex Corporation Ultimate

Chua et al.: Identification of Phytochemicals from ...
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3000; Sunnyvale, CA) coupled to a diode array detector
(Dionex Ultimate 3000) and a quadrupole - time-of-flight,
QTOF mass spectrometer (AB SCIEX QSTAR Elite; Foster
City, CA). All samples were prepared in 2 mg/L in the mix-
ture of methanol and water (50:50) and then filtered
through 0.2 um nylon membrane before injection into a
C18 reversed phase XSelect HSS T3 column (2.1 x 100
mm, 2.5 um). The injection volume was 5 pL and the de-
tection was performed at the wavelength of 254 nm. The
mobile phase was composed of solvent A (water with 0.1%
formic acid) and solvent B (acetonitrile) and was pro-
grammed as: 0-10 min, 5% B; 10-20 min, 5-90% B; 20-25
min, 90% B; 25-25.1 min, 90-5% B; 25.1-30 min, 5% B.
The flow rate of mobile phase was set at 0.15 mL/min.

The mass range of m/z 120-2000 was set for mass
spectrometer in phytochemical screening. The TOF MS
scan was acquired with two dependent product ion scans
using rolling collision energy. Nitrogen gas was used as neb-
ulizing (40 psi) and curtain (20 psi) gas. The voltage of ion
spray was set at —4500 V and 5500 V for negative and posi-
tive ion modes, respectively. The declustering potential and
the focusing potential was set at 40 V and 300 V, respectively.

3. Results and Discussion

3. 1. Phytochemical Ccreening of Eurycoma
longifolia Extract

Physta which is consisted of a complex mixture of
phytochemicals was extracted from the raw material of E.
longifolia roots. A fast screening process for phytochemi-
cals in Physta was carried out using LC-PDA-MS/MS. The
detected compounds based on their fragment ions are list-
ed in Suppl. Mat. Table S1 for both positive and negative
ion modes. The results revealed that they were mostly
from the group of quassinoids which are also known as
degraded triterpenes with all-chair cyclic and highly oxy-
genated squalene. This also explains the bitter principle of
the plant extract.

2,000 100% methanol
I 80% methanol
60% methanol
40% methanol
20% methanol

0% methanol

-500+ v v T . e
00 25 50 7.5 100 125

3. 2. Solid Phase Extraction Based

Fractionation

The principle of solid-liquid extraction was used to
separate phytochemicals in Physta into individual frac-
tions using aqueous methanol as the mobile phase and
C18ec cartridge as the adsorbent. The total saponins of
fractions are presented in Figure 1. The 40% methanol
fraction shows to have the highest total saponins. The re-
sults expressed in escin equivalent were about 2 times
higher than those results expressed in oleanolic acid equiv-
alent. Escin is a saponin with larger molecular size
(1131.269 g/mol) compared to oleanolic acid (456.711 g/
mol). The presence of 3 sugar moieties in the molecular
structure of escin may hinder its hydroxyl group at C-3
and double bond at C-12 to react with vanillin in order to
form a red coloured complex for measurement. The hin-
drance can be seen from the lower slope of calibration
curve exhibited by escin, and therefore higher total sapo-
nins expressed in escin equivalent.

The chromatogram shows an intense peak at 12.5
min for the 40% methanol fraction (Figure 2). The chro-
matogram of 100% methanol fraction shows no peak, but

0.4
03
0,2
« Ri N I
0
0 20 40 60 80 100

Methanol (%)

Total saponin content
(mg EE/mg or mg OAE/mg)
o
7

Figure 1. Total saponin content of Eurycoma longifolia fractions
collected from solid phase extraction where blue bars are total sap-
onin content expressed in milligram escin equivalent per milligram
sample (mg EE/mg) and orange bars are total saponin content ex-
pressed in milligram oleanolic acid equivalent per milligram sample
(mg OAE/mg).
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Figure 2. Chromatograms of methanol fractions collected from the elution of Eurycoma longifolia water extract using C18ec cartridges. The com-
pound detection was performed using (a) liquid chromatography and (b) thin layer chromatography.
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its total saponin content was the second highest among the
fractions. Saponins in that fraction could have non-UV-ab-
sorbing property for detection. The 40% methanol fraction
was also spotted on thin layer chromatographic plate. In-
terestingly, the plate displayed 3 intense spots with the re-
tention factors of 0.62 (green), 0.74 (blue) and 0.88 (yel-
low) on the plate eluted by the solvent system consisting of
chloroform: methanol: water (32:8:1). Saponins usually
produce yellowish up to blue or violet blue spots after
spraying with vanillin-sulfuric acid reagent and heating
until dryness prior to visualization under UV light at
254 nm.'8 The colour was attributed to the formation of
complex compound from the reaction of vanillin with tri-

terpenoidal or steroidal aglycone in the presence of sulfu-
ric acid as a strong oxidizing agent.!®

The 40% methanol fraction was further purified us-
ing another new C18ec SPE cartridge into a few sub-frac-
tions. The gradient of methanol was slowly increased from
5,7, 10, 15, and 20% and 3 mL was also collected for each
fraction. It was found that peak 3 could be retained longer
in the cartridge for better separation from peak 1 and 2
(Figure 3). The peaks were tentatively identified as euryco-
manone (peak 3) and its derivatives (peak 1 and 2) as pre-
sented in Table 1. This is also the first report to isolate eu-
rycomanone using SPE assisted by analytical techniques of
thin layer chromatography and LC-PDA-MS/MS. Euryco-

a) >V AU
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15 % methanol
m % methanol
7 % methanol
] % methanol e - N R |
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Figure 3. (a) Chromatograms of sub-fractions collected from the 40% methanol fraction using C18ec cartridge in solid phase extraction, (b) chro-
matograms of 4 intense spots collected from thin layer chromatographic plate using 60% methanol fraction.

Table 1. Putative compounds detected from 40 % and 60 % methanol fractions spotted on the plates of thin layer chromatography.

Peak Retention Retention Positive ion (m/z) Negative ion (m/z) Putative compound Spot
time (min) factor on TLC plate colour
1 11.3 0.88 443/425/407/389/359/267 441/331/301/285 Pasakbumin D Yellow
2 11.6 0.74  425/407/397/389/377/361/343/267 423/301 13a(21)-epoxyeurycomanone  py .
(Pasakbumin B)
3 12.5 0.62 409/391/373 407/299/287 Eurycomanone (Pasakbumin A)  Green
4 13.5 0.47 413/395/377/359/285 411/291 13f,18-dihydroeurycomanol yellow
5 13.7 0.50 445/429/415/405/397/343 443/379/317 13B, 21-dihydroxyeurycomanol ~ Blue
6 14.7 0.67 na 441/395/377 unknown Yellow
7 15.4 0.97 193/178 191/176 Scopoletin* Violet blue

*Refer to reference [5] and https://massbank.eu/MassBank/Search (BML00378)

Chua et al.:

Identification of Phytochemicals from


https://massbank.eu/MassBank/Search

Acta Chim. Slov. 2021, 68, 765-772

manone belongs to the C20 quassinoid which is well
known as the biomarker of E. longifolia with pharmacolog-
ical activities such as enhancing testosterone steroidogen-
esis,?” antimalarial activity against Plasmodium falciparum
William H. Welch (Plasmodiidae) strains,?! suppressing
the expression of lung cancer cell tumour markers?? and
regulating signaling pathways of cell proliferation, cell
death and inflammation.?®

The second dimension of SPE did not improve the
separation of peaks in 60% methanol fraction. Hence, 60%
methanol was also spotted on the TLC plate and observed
under UV light at 254 nm. There were 4 intense spots with
the retention factors of 0.47 (yellow), 0.5 (blue), 0.67 (yel-
low) and 0.97 (violet blue) using the solvent system of
chloroform:methanol:water (32:4:1). Four intense spots
were scratched from the TLC plate, collected in tubes and
extracted with methanol. The methanol solution was fil-
tered and injected for LC-PDA-MS/MS analysis. The chro-
matograms of the four intense spots are presented in Fig-
ure 3 and their putative compounds (peak 4-7) are also
tabulated in Table 1. Scopoletin (peak 7) is a plant growth
regulator which is also a derivative of coumarin.

3. 3. Solvent Partition of Eurycoma longifolia
Extract

In another fractionation technique, E. longifolia ex-
tract was reconstituted in water and partitioned using dif-
ferent organic solvents, namely ethyl acetate, butanol and
chloroform. The results showed that ethyl acetate could
recover a wide range of phytochemicals with the retention

time ranged from 12-19 min, especially peak 7 and 8 as
presented in Figure 4. The phytochemicals were mostly
partitioned in ethyl acetate because of high dipole mo-
ment (1.78) of the solvent. However, butanol was likely to
extract more polar phytochemicals such as peak 1 and 2.
On the other hand, chloroform preferred to partition less
polar phytochemicals (peak 7 and 8). The chromato-
graphic profile of chloroform fraction was close to the
profile of ethyl acetate fraction. Chloroform and ethyl ac-
etate could recover peak 7 significantly compared to peak
2 which could be recovered more by butanol. Peak 8 was
another intense peak recovered by ethyl acetate. The puta-
tive compounds of the assigned peaks are listed in Suppl.
Mat. Table S1. In line with the chromatograms (Figure 4),
total saponin content of ethyl acetate fraction was found
to be the highest in escin or oleanolic acid equivalent per
milligram sample (Table 2). The results showed to have
similar descending trend of total saponins in the fractions
of ethyl acetate, chloroform and butanol partitioned from
ethanolic extract in previous studies.!® The total saponin
in butanol fraction was lower than chloroform fraction.
However, butanol fraction showed to have a significant
increment of saponins after acetone precipitation. Anoth-
er observation was that total saponins of the organic frac-
tions were inversely related to their recovered amount.
Although butanol fraction had the lowest total saponins,
the fraction was shown to have the highest weight (17%).
The weight of chloroform and ethyl acetate fractions was
9.3% and 4.7%, respectively. This indicates that other
compounds rather than saponins could be partitioned in
butanol.
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Figure 4. Chromatograms of Eurycoma longifolia extract and its organic fractions; ethyl acetate, butanol and chloroform. Peak 1-8 have been as-

signed in Suppl. Mat. Table S1.
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Table 2. Total saponin content of organic fractions and their aque-
ous counterparts after solvent partition, and precipitates and its fil-
trates after acetone precipitation

Total saponin content of solvent partition

Sample mg EE/mg mg OAE/mg
Extract 0.10 £ 0.03 0.05+0.02
Organic Ethyl acetate 0.68 +0.03 0.34 +0.01
fraction Butanol 0.36 + 0.05 0.19+0.01
Chloroform 0.53+0.03 0.23 +0.02
Aqueous Ethyl acetate 0.22 +0.05 0.09 +0.02
fraction Butanol 0.28 £0.04 0.07 £0.02
Chloroform 0.33+0.02 0.13+0.02
Total saponin content of acetone precipitate
Sample mg EE/mg mg OAE/mg
Extract 0.29 £ 0.08 0.04 +0.01
Precipitate Ethyl acetate 1.43+0.14 0.83 £0.15
Butanol 0.62 +0.18 0.20 + 0.06
Chloroform 0.52+£0.17 0.22 £ 0.06
Extract 0.59 +£0.19 0.27 £0.11
Filtrate Ethyl acetate 1.09 +£0.21 0.66 +0.13
Butanol 0.64 £ 0.16 0.32+0.03
Chloroform 0.98 +0.20 0.58 +0.07

mg EE/mg denotes milligram escin equivalent per milligram sample
mg OAE/mg denotes oleanolic acid equivalent per milligram sample

Subsequently, the organic fractions were slowly pre-
cipitated in cold acetone. The results found that acetone
precipitation improved the total saponin content of pre-
cipitates (Table 2). In particular, the precipitate of ethyl
acetate fraction showed to have an increment in total sapo-
nins from its fraction. The fraction also shows to have
slightly higher total saponins than its filtrate as shown in
Table 2. The observation explains that saponins in E. longi-
folia are favourable to stay in ethyl acetate than acetone.
The solvation of saponins was limited and precipitate was
rapidly formed when ethyl acetate fraction was slowly
dropped into the large volume of cold acetone. Therefore,
saponins in E. longifolia could be recovered by ethyl ace-
tate > butanol > chloroform in descending order. Again,
total saponins recovered from the precipitation method
were not in line with the harvested amount of precipitates.

Chloroform precipitate achieved the highest amount, 47%,
followed by ethyl acetate precipitate (12%) and butanol
precipitate (8%).

Direct precipitation of E. longifolia extract in cold ac-
etone without the process of solvent partition produced a
sticky precipitate. This sticky precipitate is believed to be
mostly polysaccharides. Polysaccharides are soluble in wa-
ter and they immediately formed a precipitate in acetone.
The attractive hydrogen bonding forces within the poly-
saccharide chain become more prevalent in acetone. Their
polysaccharide chains tend to bond within and between
themselves rather than with the solvent. These intra- and
intermolecular hydrogen bonds lead to agglomeration and
precipitation as solvation decreases. This approach ap-
peared to be effective to recover polysaccharides. Approx-
imately half of the E. longifolia extract could be precipitat-
ed in cold acetone (51%).

The chromatograms of organic fractions and their
precipitates are illustrated in Suppl. Mat. Figure S1. Almost
no peak could be detected in the precipitates by UV detec-
tor of liquid chromatography. The compounds in precipi-
tates could have non-UV-absorbing property. The total ion
chromatogram (TIC) of mass analyzer shows to have an
intense peak for the precipitates. The intense peak was
found to have m/z 723/677(-46)/593/451(-226)/431 and
m/z 792/679/661/565/548/453/435/341/228/116 for nega-
tive and positive ion modes, respectively. The presence of
m/z 723 was also detected in previous studies of similar
group of researchers.!’> The compound was tentatively
identified as [3SM+HCOOH], namely 3 monomers of
formylated hexoses with formate adduct ion. The other de-
tected saccharide-containing compounds are tabulated in
Table 3. The detection was performed at the negative ion
mode as previous studies reported that saccharide-con-
taining compounds were more ionizable in the negative
ion mode.!® The result showed to have more saccha-
ride-containing compounds detected from the chloroform
precipitate in this study. Although many studies had been
conducted for E. longifolia roots, most of the studies were
focused on the quassinoids and biological properties of the
plant crude extract. There were limited studies on the ap-
plication of fractionation techniques to recover saponins

Table 3. Detected saccharide-containing compounds from the precipitates of organic fractions

. L. Precipitates
tg (min) Negative ion (m/z) Ethyl acetate Butanol Chloroform

12.5 407/299(-108)/287(-120)/283/271(-136) v N
12.6 575(-46)/529/395/367(-162)/349/331 \/ Y
13.5 557/349(-208)/313 y v
14.0 695/449(-246)/253(-196) v v
15.0 587/541(-46)/407/343/333(-162)/179 Y
15.5 723/677(-46)/593/451(-226)/387/341/225/179 y \ Y
17.4 819/657(-162)/476 S

19.8 401/357/313/225(-176)/181/121 S v
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from E. longifolia. Elhag et al.?* applied the sequential ex-
traction just to optimize the yield of saponins using ultra-
sound assisted extraction followed by water extraction.
However, this study applied solvent partition to increase
saponin content, and consequently identify mass fragmen-
tation patterns of saccharide-containing compounds
which could be saponins in the organic fractions.

4. Conclusions

The phytochemical profile of E. longifolia extract had
been investigated using the fractionation techniques of
solid-liquid and liquid-liquid extraction. Both techniques
could increase total saponin content of samples. The tech-
nique of solid-liquid extraction was found to identify few
previously reported quassinoids including the marker
compound, eurycomanone in the 40% methanol fraction.
While the technique of liquid-liquid extraction followed
by acetone precipitation could increase the total saponin
content of ethyl acetate fraction. Precipitates of chloro-
form fractions did not show significant increment of sapo-
nin content. Nevertheless, formylated hexose trimer was
found to be the most significant saccharide-containing
compound in the precipitates. The detection of m/z and
their fragment ions could be further studied to elucidate
the structural diversity of saponins in E. longifolia roots.

Acknowledgement

The authors would like to thank the internship stu-
dents; Ms Lee Yik Sin (Universiti Malaysia Kelantan), Ms.
Nor Hanani Ab Halim (Universiti Malaysia Terengganu)
and Ms. Norfarahin Hamzah (Universiti Malaysia Pahang)
for their efforts to prepare samples for experiments. High
appreciation is also given to Ministry of Higher Education,
Malaysia (HICoE 4J263) and Biotropics Malaysia Berhad
(4C177) for giving research grants.

5. References

1.L. S. Chua, N. A. Amin, J. C. Neo, T. H. Lee, C. T. Lee, M. R.
Sarmidi, R. A. Aziz, J. Chromatogr. B Analyt. Technol. Biomed.
Life Sci. 2011, 879, 3909-3919.
DOI:10.1016/j.jchromb.2011.11.002

2.A. K. M. S. Islam, Z. Ismail, B. Saad, A. R. Othman, M. N.
Ahmad, A.Y.M. Shakaf, Sensor Actuators B: Chem. 2006, 120,
245-251. DOI:10.1016/j.snb.2006.02.020

3. A. M. Adib, Z. Abdullah, Vib. Spectrosc. 2018, 96, 1-9.
DOI:10.1016/j.vibspec.2018.02.003

4. F. Ebrahimi, B. Ibrahim, C. H. Teh, V. Murugaiyah, C. K. Lam,
Planta Med. 2017, 83, 172-182.

DOI:10.1055/s-0042-110857

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. N. Zakaria, K. S. Mohd, M. S. R. Hamil, A. H. Memon, A. Z.

Asmawi, Z. Ismail, J. Fundam. Appl. Sci. 2017, 9, 661-679.
DOI:10.4314/jfas.v9i2s.41
M. Tambi, A. Kadir, Asian J. Androl. 2006, 8, 49-50.

. P.C.Kuo, A. G. Damu, K. H. Lee, T. S. Wu, Biorg. Med. Chem.

2004, 12, 537-544. DOI:10.1016/j.bmc.2003.11.017

. G. Fiaschetti, M. Grotzer, T. Shalaby, D. Castelletti, A. Arcaro,

Curr. Med. Chem. 2010, 18, 316-328.
DOI1:10.2174/092986711794839205

.S. Park, N. X. Nhiem, P. V. Kiem, C. V. Minh, B. H. Tai, N.

Kim, H. H. Yoo, J. H. Song, H. J. Ko, S. H. Kim, Bioorg. Med.
Chem. Lett. 2014, 24, 3835-3840.
DOI:10.1016/j.bmcl.2014.06.058

N. N. Zaini, O. Rozita, J. Hafizan, S. Norashikin, Molecules,
2016, 21, 583. DOI:10.3390/molecules21050583

B. Mutschlechner, S. Schwaiger, T. V. A. Tran, H. Stuppner,
Fitoterapia, 2018, 124, 188-192.
DOI:10.1016/j.fitote.2017.11.015

P. B. Ngoc, T. B. Pham, H. D. Nguyen, T. T. Tran, H. H. Chu,
V. M. Chau, J. H. Lee, T. D. Nguyen, Nat. Prod Res. 2016, 30,
1360-1365. DOI:10.1080/14786419.2015.1056187

J. Ruan, Z. Li, Y. Zhang, Y. Chen, M. Liu, L. Han, Y. Zhang, T.
Wang, Molecules, 2019, 24, 3157.
DOI:10.3390/molecules24173157

Malaysian Standard, MS 2409, Department of Standards Ma-
laysia: Cyberjaya, SGR, Malaysia, 2011.

L. S. Chua, C. H. Lau, C. Y. Chew, D.A.S. Dawood, Molecules
2019, 24, 1416. DOI:10.3390/molecules24071416

N. Husain, A. Kumar, Int. J. Sci. Res. 2016, 5, 1613-1615.

H. P. S. Makkar, P. Siddhuraju, K. Becker, in: Methods in
Molecular Biology 393. New Jersey, Humana Press, Clifton,
2007, p. 93-100. DOI:10.1007/978-1-59745-425-4_16

W. Oleszek, 1. Kapusta, A. Stochmal, in: Waksmundzka-Ha-
jnos M, Sherma J, Kowalska T (Eds): Thin Layer Chromatog-
raphy in Phytochemistry. 1st ed. New York, CRC Press, Taylor
& Francis Group, 2008, p. 519-41.

A.V.Le, S. E. Parks, M. H. Nguyen, P. D. Roach, Technologies
2018, 6, 84. DOI:10.3390/technologies6030084

B. S. Low, S. B. Choi, H. Abdul Wahab, P. K. Das, K. L. Chan,
J. Ethnopharmacol. 2013, 149, 201-207.
DOI:10.1016/j.jep.2013.06.023

K. L. Chan, C. Y. Choo, N. R. Abdullah, Z. Ismail, J. Ethnop-
harmacol. 2014, 92, 223-227.

DOI:10.1016/j.jep.2004.02.025

P. E Wong, W.E. Cheong, M. H. Shu, C. H. Teh, K. L. Chan, S.
Abu Bakar, Phytomed. 2012, 19, 138-144.
DOI:10.1016/j.phymed.2011.07.001

S. Hajjouli, S. Chateauvieux, M. H. Teiten, B. Orlikova, M.
Schumacher, M. Dicato, C.Y. Choo, M. Diederich, Molecules
2014, 19, 14649-66. DOI:10.3390/molecules190914649

H. E. E. A. Elhag, A. Naila, A. Ajit, B. A. Aziz, A. Z. Sulaiman,
Materials Today: Proceedings, 2018, 5, 21672-21681.
DOI:10.1016/j.matpr.2018.07.018

Chua et al.: Identification of Phytochemicals from

771


https://doi.org/10.1016/j.jchromb.2011.11.002
https://doi.org/10.1016/j.snb.2006.02.020
https://doi.org/10.1016/j.vibspec.2018.02.003
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ebrahimi%20F%5BAuthor%5D&cauthor=true&cauthor_uid=27399233
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ibrahim%20B%5BAuthor%5D&cauthor=true&cauthor_uid=27399233
https://www.ncbi.nlm.nih.gov/pubmed/?term=Teh%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=27399233
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murugaiyah%20V%5BAuthor%5D&cauthor=true&cauthor_uid=27399233
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lam%20CK%5BAuthor%5D&cauthor=true&cauthor_uid=27399233
https://www.ncbi.nlm.nih.gov/pubmed/27399233
https://doi.org/10.1055/s-0042-110857
https://doi.org/10.4314/jfas.v9i2s.41
https://doi.org/10.1016/j.bmc.2003.11.017
https://doi.org/10.2174/092986711794839205
https://doi.org/10.1016/j.bmcl.2014.06.058
https://doi.org/10.3390/molecules21050583
https://doi.org/10.1016/j.fitote.2017.11.015
https://doi.org/10.1080/14786419.2015.1056187
https://doi.org/10.3390/molecules24173157
https://doi.org/10.3390/molecules24071416
https://doi.org/10.1007/978-1-59745-425-4_16
https://doi.org/10.3390/technologies6030084
https://www.ncbi.nlm.nih.gov/pubmed/?term=Low%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=23810842
https://www.ncbi.nlm.nih.gov/pubmed/?term=Choi%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=23810842
https://www.ncbi.nlm.nih.gov/pubmed/?term=Abdul%20Wahab%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23810842
https://www.ncbi.nlm.nih.gov/pubmed/?term=Das%20PK%5BAuthor%5D&cauthor=true&cauthor_uid=23810842
file:///D:\Biotropic\Journal%20writing\4.%20JFoodDrugAnal\new\J%20Ethnopharmacol
https://doi.org/10.1016/j.jep.2013.06.023
https://doi.org/10.1016/j.jep.2004.02.025
https://doi.org/10.1016/j.phymed.2011.07.001
https://doi.org/10.3390/molecules190914649
https://doi.org/10.1016/j.matpr.2018.07.018

772 Acta Chim. Slov. 2021, 68, 765-772

Povzetek

V vodnem ekstraktu korenin rastline Eurycoma longofolia smo identificirali fitokemikalije s tehnikami frakcionacije
trdno-tekoce in tekoce-tekoce. Kot ekstrakcijo trdno-tekoce smo uporabili reverzno-fazno C18 ekstrakcijo na trdno
fazo (SPE), medtem ko smo kot ekstrakcijo tekoce-tekoce uporabili porazdeljevanje med topila. Po frakcionaciji se je
povecala vsebnost skupnih saponinov. V 40 % in 60 % metanolni frakeciji SPE smo identificirali nekaj poznanih kasi-
noidov: eurikomanon, 13a(21)-epoksieurikomanon, pasakbumin D, 13,18-dihidroeurikomanol in 13p,21-dihidrok-
sieurikomanol. Ugotovili smo, da ima najvecjo vsebnost saponinov ekstrakt po porazdeljevanju v etil acetat, v primerjavi
z butanolno in kloroformno frakcijo. Z nadaljnjim obarjanjem organskih frakcij z acetonom smo pridobili formilirani
heksozni trimer in druge saharide vsebujoce spojine. Z ekstrakcijo tekoce-tekode z etil acetatom, ki ji je sledilo obarjanje
z acetonom, smo ucinkovito izolirali saponine iz vodnega ekstrakta rastline E. longofolia.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License

Chua et al.: Identification of Phytochemicals from
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Abstract

An electrochemical device that serves as a model biosensor and contains yeast Saccharomyces cerevisiae as the active bio-
logical element was developed. Different configurations of the electrochemical cells were assembled and tested. Stainless
steel was used in the electrochemical cell composition process and the surface of this metal electrode was modified with
a thin layer of WO; if necessary. The yeast Saccharomyces cerevisiae was adhered to the working electrode. The result-
ing model biosensor was then used to monitor the response to a 10% CH;OH. For detection of biological activity, the
electrochemical impedance spectroscopy (EIS) method was applied with a portable potentiostat/galvanostat, where the
Bode and the Nyquist plots were interpreted. The stability of the device was beforehand determined by measuring the
open circuit potential (OCP). The topography of the electrodes was inspected using the techniques of scanning electron
microscopy and optical microscopy. The investigated model biosensor serves as a case study for the development of more

complex biosensors that utilize living cells as the active layer.

Keywords: Biosensor, electrochemistry, electrochemical impedance spectroscopy, yeast Saccharomyces cerevisiae

1. Introduction

A biosensor represents an analytical device that
combines a biological element and a physical transmitter
to generate a measurable signal proportional to the con-
centration of the analyte.>* The quality of the informa-
tion provided by the biosensor depends on the type of an-
alyte solution, the active biological component, the design
of the biosensor and the properties of the physical trans-
ducer.?® Biosensors can be classified according to the meth-
od of physico-chemical conversion or according to the
type of biologically active element. Based on the transduc-
er, biosensors are classified into electrochemical, optical
and mechanical biosensors.* Active biological components
can generally include unicellular organisms, enzymes, an-
tibodies, cells, organelles or tissues.?

The aim of this study was to develop an electrochem-
ical cell that is transferable and connectable to smart-
phones, computers, servers, etc., while remaining highly
specific, responsive and repeatable.

The presented electrochemical cell is a part of a bio-
sensor and it is designed as a three-electrode electrochem-
ical system. At the working electrode (WE) the process is

monitored, the reference electrode (RE) has a constant po-
tential that does not change during the process while the
counter electrode (CE) provides the current required to
detect the electrochemical cell response.®’

In an electrochemical cell intended for use in biosen-
sorics, a biological component capable of recognizing and
quantifying specific stimuli or pulses is applied to the
working electrode.® Electrodes for biosensors can be re-
used from other electrochemical systems and can incorpo-
rate different materials, with focus on non-toxic metals
and metal oxides.>!? As a biological component, the Sac-
charomyces cerevisiae yeast was used, which has many ad-
vantageous properties that make it useful for biosensing:
the robustness of the cells, the ease of maintenance, and
the rate of the cell production.!!"!2 Yeast Saccharomyces
cerevisiae represents a single-celled eukaryotic organism
used primarily in the food industry in the preparation of
bakery products and alcoholic beverages.!* Yeast Saccha-
romyces cerevisiae are chemoorganotrophic and anaerobic
organisms classified in the kingdom of fungi, the phylum
Ascomycota, the class Saccharomycetes, the order Saccha-
romycetales and the family Saccharomycetaceae.' Saccha-
romyces cerevisiae can exist in two different forms, the hap-
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loid or the diploid form.!> A yeast cell possesses typical
properties of a single-nucleus eukaryotic cell and charac-
teristic organelles such as vacuoles and lipid droplets.'®
Yeast cells are usually spherical to slightly spherical and
occasionally ellipsoidal to cylindrical in shape.!” Yeasts,
unlike certain other biological components, do not require
sophisticated sterile techniques or complex media and are
also economically advantageous.!?

The electrochemical impedance spectroscopy (EIS)
method was used for detection. With the EIS technique
the frequency response of the electric current was meas-
ured and thus provided data on the yeast adhesive layer on
the electrode surfaces. EIS represents a non-destructive
method with which one can quantify certain parameters
and simultaneously trace several electrochemical process-
es.!® The measurement comprises the real (electric resist-
ance) and the imaginary (capacitance) component of the
impedance response of an electrochemical system.!® Elec-
trochemical impedance spectroscopy has been widely
used in the production and optimization of biosensors,?%2!
as this method allows characterization of the biological
component attached to the sensor and the analyte present
in the sample. Because biosensors generate a rapid re-
sponse, they can be used to monitor molecular events in
real time.?

To determine cell mortality, the method of staining
cells with methylene blue was applied. When cells are
stained with methylene blue, dead cells remain blue while
living cells reduce methylene blue and become colorless
due to the reaction.?® In the current study a model biosen-
sor containing yeast Saccharomyces cerevisiae as the active
biological element was developed and tested using electro-
chemical impedance spectroscopy as well as scanning
electron microscopy and optical microscopy.

2. Experimental

Various procedures for composition of electrochem-
ical cells have been tested. In the process of assembling the
electrochemical cell, stainless steel type SS316 (manufac-
turer TBJ Industries, Germany) was used and in some ex-
periments, the surface of the metal electrode was modified
with a thin layer of WO;. Yeasts Saccharomyces cerevisiae
were applied to the working electrode as a biological com-
ponent. Using a model biosensor, the yeasts response to a
10% CH;OH solution when changing various parameters
was monitored.

Model electrochemical devices that used different
working electrodes and utilized different dimensions were
assembled and tested. The electrodes were manufactured in
two different dimensions (figure 1): dimension of electrode
20 mm x 2 mm where the active component was applied to
5 mm x 2 mm (figure 1a) and dimension of electrode 20
mm x 5 mm where the active component was applied to 5
mm x 5 mm (figure 1b). The position of electrodes was al-

ways side-by-side and from left to right placing the refer-
ence (RE), the counter (CE) and finally the working elec-
trode (WE) which we marked the RCW configuration.
0.050 mm thick stainless steel and stainless steel covered
with a thin layer of WO; was used. The electrochemical cell
consisted of three electrodes, where the biological compo-
nent or yeast Saccharomyces cerevisiae was applied to the
working electrode (WE). Electrodes were insulated on fixa-
tion side. The system was closed with glass.
Biosensor device manufacturing process:

« Production of electrodes with dimension 20 mm x 2
mm for small electrochemical cell and dimension 20
mm x 5 mm for large electrochemical cell. Elec-
trodes were cut from a 0.050 mm thick stainless steel
foil and from a 0.050 mm thick stainless steel foil
covered with a thin layer of WO;;

« Application of a biological component on the work-
ing electrode (WE) by spin coater at the coating
speed of 2000 rpm for 10 s.

o Placement and fixation of electrodes on the glass
support in the RCW configuration described previ-
ously.

o System closure with small glass slide.

a)

CE RE WE

. - ACTIVE BIOLOGICAL COMPONENT

. - ELECTRODE

Figure 1: In figure 1a, large electrochemical cell with three elec-
trodes in reference-counter-working (RCW) side-by-side configu-
ration is presented. Dimension of electrode is 20 mm x 5 mm,
where the active biological component is applied to 5 mm x 5 mm.
In figure 1b a small electrochemical cell with three electrodes in
RCW side-by-side configuration is depicted. Dimension of elec-
trode is 20 mm x 2 mm, where the active biological component is
applied to 5 mm x 2 mm. An actual assembled device, with biolog-
ical component is presented on lower right part of the figure, with
active surface area of each individual electrode being 5 mm x 2 mm.
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Two solutions were prepared for the measurements:
0.9% NaCl solution (saline) and 10% CH3;OH in 0.9% Na-
ClI solution. The solution was injected into the system.
For evaluation of electrochemical cells electrochemical
impedance spectroscopy method (EIS) was used.

The measurements were carried out with a PalmS-
ens4 potentiostat/galvanostat. The frequency range for EIS
tests was 10 mHz to 100 kHz, the recording range of the
electrical current measurement range was between 1 nA
and 10 mA, the amplitude potential was 20 mV, and the
number of measured frequency points was 61 = 10/dec.

Electrochemical impedance spectroscopy was used
to obtain the data on the events on the surface of the elec-
trode and the applied layers, and the Bode and Nyquist
plots were interpreted as a result.

The stability of the device and the prepared layers
was previously determined by measuring the potential of
the open circuit (OCP), in which the potential difference
between the reference electrode (RE) and the working
electrode (WE) is measured.

Biosensor device connection and testing procedure:

+ Connection of the biosensor device to the potentio-
stat/galvanostat.

» Addition of 0.9% NaCl solution. The solution was
applied with syringe onto top of the open device, af-
ter which the device was sealed with clamps to pre-
vent movement of individual components. After ad-
dition of solution, the device was for approximately
5 min to ensure that all of the electrodes were sufhi-
ciently soaked.

o Open Circuit Potential measurement (OCP). The
time of the measurement was 30 s.

o Measurement of electrochemical impedance spec-
troscopy (EIS). The expected duration of the meas-
urement was 2 min and 12 s, and the time was com-
monly prolonged up to 3 min.

« Addition of 0.9% NaCl solution with 10% CH;OH.
The measurements were carried out after exposure to
methanol as a toxic component. A paper tissue was
placed under electrochemical cell and a 1 mL syringe
fitted with needle that was filled with investigating
solution was carefully stuck onto side of device in
such way, that it did not touch biological component.
After positioning of the needle, the content of the sy-
ringe was dumped into the electrochemical cell, en-
suring that the device was excessively soaked with
new solution. This rinsing process was repeated at
least three times. Electrochemical cells were rinsed
with 0.9% NaCl core solution with added CH;O0H to
prevent loss of electrolyte and change of conductive
properties.

o+ Excess liquid was removed with paper tissue and de-
vice was then left connected to potentiostat/galva-
nostat in idle mode for 60-90 s for the methanol to
have effect on the cells before open circuit potential
(OCP) measurement was carried out.

o Open circuit potential measurement (OCP). The
time of the measurement was 30 s.

o Measurement of electrochemical impedance spec-
troscopy (EIS). The expected duration of the meas-
urement was 2 min and 12 s, where the time was
commonly prolonged to up to 3 min to enable assem-
bled cell to achieve stable open circuit potential equi-
librium, with potential drift being less than 0.2 mV/s.
The morphology of the electrodes was additionally

verified by the technique of scanning electron microscopy
(SEM) and by classical microscopy, where the number of
living yeast cells of the species Saccharomyces cerevisiae on
the surface of the electrodes was examined. To determine
cell mortality, the method of staining cells with methylene
blue was used. When cells are stained with methylene blue,
dead cells remain blue stained and living cells reduce
methylene blue and become colorless due to the reaction.?
For methylene blue dye testing, 50 mL of both original
0.9% NaCl blank solution and 50 mL of 0.9 % NaCl and 10
% CH3;0H solution were modified by adding 0.5 mL of
methylene blue dye solution that was prepared from 0.1 g
of powdered methylene blue in 50 mL of demineralized
water. Cells were first exposed to the dyed saline and after-
wards to the dyed 10% CH;OH solution. The duration of
exposure to dyed saline and in dyed methanol was approx-
imately 60-90 s, similar to the undyed devices that were
used in electrochemical measurements (OCP, EIS). For
technique of scanning electron microscopy (SEM), Zeiss
ULTRA plus field emission microscope (accelerating volt-
age 0.02 to 30 kV and 100,000x magnification) was used.
The configuration of the microscope enables quality anal-
ysis of practically all solid nonvolatile samples. For optical
microscopy Olympus SZX16 microscope and 120x magni-
fication was used.

3. Results and Discussion

Model electrochemical cells of different dimensions
described previously in experimental section were assem-
bled and tested.

3. 1. Electrochemical Impedance
Spectroscopy (EIS)

a) Biosensor with stainless steel working electrode

The impedance response of the biosensor with yeast
cells attached to stainless steel in the absence and presence
of CH;0H as a toxic component was measured.

In the graphs, EIS Nyquist plots (Figures 2a and 2b),
representing the response in complex units are represent-
ed. A 0.9% sodium chloride (NaCl) solution was first add-
ed to the system followed by a solution consisting of 0.9%
sodium chloride (NaCl) and 10% methanol (CH;OH).
With the addition of NaCl solution to the system, the
charge transfer and then the diffusion process are shown
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on the plots. The capacitance (imaginary part of imped-
ance) and the resistance (real part of impedance) increased
with the frequency drop.

In the Nyquist diagram of the large electrochemical
cell (Figure 2a), the solution resistance (Rg), the capaci-
tance of the electric double layer (Cy)), and the charge
transfer resistance (R.) are detected in kinetic controlled
process of the EIS spectrum and are displayed as semi-cir-
cle pattern. Mass transfer-controlled process of the EIS
spectrum describes the diffusion as a linear behavior.

In the Nyquist diagram of the small electrochemical
cell (Figure 2b), the solution resistance (Rg), the capaci-
tance of the electric double layer (Cy), the charge transfer
resistance (R.) and the Warburg impedance (Z,,), which
describes the process of transferring ions through layers
and is presented in the Nyquist diagram as a linear behav-
ior with a gradient of 45° are detected. The semi-circle is
smaller, confirming a higher conductivity and a smaller
charge transfer resistance (Ry).

The Bode plots presented in the supplementary in-
formation (Figures 1S and 2S) consist of two spectra si-
multaneously (impedance spectrum and phase spectrum),
where the dependence of impedance (Z) and phase angle
on frequency is shown. In the impedance spectrum, the
activity on the working electrode is determined according
to the slopes of the line, and on the phase spectrum the
activity is determined according to a phase angle. In the
Bode plot, as in the Nyquist plot, it appears that the resist-
ance and capacitance decreased with the addition of 10%
CH;OH solution.

In the Bode diagram of large electrochemical cell
(Figure 1S), with the addition of NaCl solution, the solu-
tion resistance (R) with gradient of 0 in impedance spec-
trum, then the capacitance of the electric double layer
(Cq) with gradient of -1, which occurs at the phase
boundary between the electrode and the electrolyte, the
charge transfer resistance with gradient of 0 (R.,), which
occurs due to the electrochemical reaction or charge trans-
fer between the electrolyte and the metal, and the diffusion
with gradient of 0.5 (Warburg impedance) were detected.
With the addition of 10% CH3;OH solution, a similar solu-
tion resistance (R;), lower capacitance of the electric dou-
ble layer (Cg4) and more pronounced diffusion were ob-
served. Negative phases are lower than usual, it can be
concluded that the charge transfer resistance (R.,) is high.

The Bode plot of the small electrochemical cell is
represented in the supplementary information as Figure
2S. With the impedance spectrum curve in the direction of
frequency decay, ,non-ideal® capacitor (CPU) which de-
scribes the capacitance of the electric double layer (Cy)
and has a gradient of about -1 is represented. In the phase
spectrum, negative phase angle of 80° corresponds to a ca-
pacitance of the electric double layer. At lower frequencies,
diffusion (Z,,) is observed, which is shown in the imped-
ance spectrum with a gradient of -0.5 and in the phase
spectrum with a negative phase angle of 45°.

Nyquist plots and Bode plots show that the addition
of 10% CH;OH solution decreased the resistance and ca-
pacitance in comparison to addition of NaCl solution to
the system, indicating that the electrode surface was re-
leased and, consequently, that CH;OH caused the death of
Saccharomyces cerevisiae cells.
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Figure 2: Nyquist diagrams of the EIS measurement on a larger bi-
osensor (Figure 2a) and on a smaller biosensor (Figure 2b) using a
working electrode of stainless steel are depicted, where the red
curve shows the measurement of a 0.9% NaCl solution added to the
system and the blue curve shows the measurement of a 0.9% NaCl
solution with 10% CH;OH added to the system.

b) Biosensor with stainless steel coated with thin layer
of trioxotungsten working electrode

As with the stainless steel working electrode biosen-
sor, the EIS measurements were repeated for the WO;-coat-
ed stainless steel working electrode biosensor of various
sizes. 0.9% sodium chloride (NaCl) solution was injected
to the system first, followed by 10% methanol (CH;OH)
solution. The capacitance (imaginary part of impedance)
and the resistance (real part of impedance) increased with
frequency drop.
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The diagram shows resistance response due to pro-
cess of the charge transfer in the electrolyte and then the
additional resistance response due to the diffusion layer.
With the addition of 10% CH;OH solution, the resistance
and the capacitance response are both decreased, suggest-
ing a change on the electrode surface.

In the case of the biosensor with a larger working
electrode dimension (20 mm x 5 mm) represented in Fig-
ure 3a, the Nyquist plot shows a decrease in the resistance
and the capacitance with the addition of CH;0OH com-
pared to the measurement where NaCl solution was add-
ed. Kinetic controlled process describes the solution resist-
ance (R;), and the charge transfer resistance (R.), where
the charge transfer resistance (R, is more profound in
comparison to electrochemical cells without WOj; coat.
Mass transfer-controlled process of the EIS spectrum de-
scribes diffusion (Z,,) as linear behavior. In the case of the
biosensor with a smaller working electrode dimension
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Figure 3: Nyquist diagram of the EIS measurement of a larger (Fig-
ure 3a) and smaller (Figure 3b) biosensor using a working electrode
of stainless steel coated with a thin layer of WO;, where the red
curve represents the measurement of 0.9% NaCl solution added to
the system and the blue curve represent the measurement of 0.9%
NaCl solution with 10% CH;OH added to the system.

(5 mm x 2 mm), the Nyquist diagram (Figure 3b) shows a
decrease in resistance with the addition of CH;0H en-
riched solution compared to the measurement where only
NaCl solution was added. The capacitance (imaginary part
of the impedance) did not change significantly in the
Nyquist plot, but the change is visible in the Bode diagram,
where it is slightly lower with the addition of CH;OH solu-
tion than with the addition of NaCl solution.

In the Bode plot of the biosensor with larger elec-
trodes dimension (20 mm x 5 mm), as in the Nyquist dia-
gram, it is seen that the resistance and capacitance de-
creased with the addition of 10% CH;OH solution. In the
Bode diagram (Figure 3S) with the addition of NaCl solu-
tion and then the addition of CH;OH solution, at higher
frequencies the solution resistance (R;), the charge transfer
resistance (R.;) and the capacitance of the electric double
layer (Cgq;) formed at the phase boundary between the elec-
trode are represented. At lower frequencies Warburg im-
pedance (Z,,) is shown.

In the Bode diagram of the biosensor with smaller
electrodes dimension (20 mm x 2 mm) (Figure 4S), the
solution resistance, then the capacitance of the electric
double layer (Cy)) and the charge transfer resistance (Ry),
and diffusion as Warburg impedance (Z,,) are observed at
higher frequencies with the addition of NaCl solution and
with addition of CH;OH solution. The charge transfer re-
sistance is more pronounced in regular NaCl solution
compared to the addition of CH;OH enriched solution,
again most likely due to the cells fully blocking the elec-
trode surface when no methanol is present. Additionally,
resistance in general due to electron transfer is higher
compared to electrodes that are not coated with the WO,
layer.

The electric equivalent circuit and the fitted imped-
ance spectrum of the large electrochemical cell with the
stainless steel working electrode is presented in the supple-
mentary information as Figure 5S and Figure 6S, and the
electric equivalent circuit and the fitted impedance spec-
trum of the large electrochemical cell with the stainless
steel covered with WO; working electrode is presented in
the supplementary information as Figure 7S and Figure
8S.

The limit of detection (LOD) for each electrochemi-
cal cell was estimated by performing measurements at the
six different concentrations of the CH;OH: 0.0%, 0.1%,
0.5%, 1.0%, 5.0% and 10.0% of percent by volume and then
comparing obtained data. The blank solution consisted of
0,9% NaCl solution (saline). The minimum reference total
impedance (Z) value for LOD was established at approxi-
mately A = 3 kQ for 2 measurements at selected concentra-
tion and at lowest frequency (10%° Hz). This is a value that
can be determined with sufficient repeatability and repre-
sent 30 % error at lower impedance (10* ) and 3 % error
at higher impedance (10° Q). In order to accurately deter-
mine measurement during individual error, 5 measure-
ment points, closest to lowest frequency were taken for sta-

Stukovnik et al.:

Model Electrochemical Biosensor for the Detection ...

777



778

Acta Chim. Slov. 2021, 68, 773-780

tistical comparison. The LOD for stainless steel working
electrode was estimated at about 5.0%v/v CH;OH for small
surface and 1.0%v/v CH3;0H for large surface. The LOD
electrochemical cells with stainless steel covered with thin
layer of WO; working electrode was determined as low as
1.0%v/v CH;0H for small device and as low as 0.5%v/v
CH,;0H for large device. It must be noted, that for large
electrode covered with WO; there were minor issues in de-
tecting signals at higher concentrations, suggesting that
there is a limit in concentration response. This suggests that
it might be possible to increase LOD on the expense of
range of concentrations. The data presented in Tablel was
recorded at the frequency of 10 Hz, while the graphs for
estimate of LOD (Figures 9S-12S) along with Nyquist dia-
grams of LOD estimate measurements (Figures 13S-16S)
are presented in supplementary information.

Table 1: Impedance of the large electrochemical cell with the stain-
less steel working electrode (S1), the small electrochemical cell with
stainless steel working electrode (S2), the large electrochemical cell
with the stainless steel electrode covered with WO; working elec-
trode (W1) and the small electrochemical cell with the stainless
steel electrode covered with WO; working electrode (W2) meas-
ured at percent by volume concentrations: 0.0, 0.1, 0.5, 1.0, 5.0, 10,0.

S1 S2 w1 w2

Concentration (%) Impedance (Q)

0.0 104.95 105.31 104.60 104.48

0.1 104.97 105.32 104.52 104.45

0.5 104.98 105.31 104.43 104.42

1.0 10474 1050 10t 104

5.0 1_04.71 105.17 104.28 1_04.31
10.0 104.42 55.16 104.27 104.26
3. 2. SEM Analysis

The morphology of steel electrodes (Figure 4a) and
steel electrodes coated with a layer of WO, (Figure 4b) was

observed by the scanning electron microscopy (SEM)
technique at 100,000x magnification. On uncoated stain-
less steel surface shown in Figure 4a, it can be seen small
crystals and slightly uneven surface, which is due to steel
being prepared as ‘hot-rolled’ steel along with possible ar-
tefacts that could be made during production or handling
of steel foil. This type of steel foil is known for its defects on
surface compared to ‘cold-rolled’ steel and defects in form
of crystals can be observed on photomicrography. As
shown in Figure 4b, the stainless steel electrodes coated
with a thin layer of WO; are more porous than stainless
steel electrodes (Figure 4a). This mesoporous surface is
formed during sintering process of WO, thin film prepara-
tion, and is due to fast heating and drying of thin film sol-
gel WO; precursor. This phenomena is well investigated
and has been described in different literature.® Due to po-
rous structure of WO; thin film, it has much higher rough-
ness compared non-coated steel foil and because of this,
yeast can more easily adhere onto surface. This data is in
accordance with observations during preparation of devic-
es, where WO; coated steel foil had better adhesion of
yeast compared to non-coated steel foil.

3. 3. Optical Microscopy

The number of living cells of the yeast Saccharomyces
cerevisiae on the surface of the electrodes was observed by
optical microscopy. Methylene blue was used to check cell
mortality, where dead cells remain blue stained and living
cells reduce methylene blue and become colorless due to
the reaction. With the addition of 0.9% NaCl solution,
yeast cells remained colorless (Figure 5a). With the addi-
tion of 10% CH3;OH solution, the cells were blue stained
(Figure 5b). By staining the cells with methylene blue dye
it was additionally proven, that methanol causes the death
of Saccharomyces cerevisiae yeast cells. It can be noticed
that with a larger group of yeasts (top left in figure 5b),

10000 KX

Figure 4: a) the SEM analysis (morphology) of stainless steel is presented. b) the SEM analysis (morphology) of stainless steel covered with a thin

film of WO; is presented.
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Figure 5: Microphotographs of the steel working electrode with adhered yeasts on covered with electrolyte carrier with methylene blue dye added
along with 0.9% NaCl (a) and along with 10% CH3;OH and 0.9% NaCl (b). Both microphotographs are shown using 120x magnification

staining can be observed after the addition of 10% CH;OH
solution.

4, Conclusions

Electrochemical impedance spectroscopy (EIS) was
used to obtain data on the yeast layer of Saccharomyces cer-
evisiae adhered on the electrode surface. The Nyquist dia-
grams of the investigated electrochemical cells show that the
addition of 0.9% NaCl solution with 10% CH3;OH decreased
both the resistance and capacitance, suggesting that the
electrode surface is released, and consequently it can be
concluded, that methanol causes the death and desorption
of yeast cells Saccharomyces cerevisiae. It was shown that all
investigated electrochemical cells are effective in the detec-
tion of methanol in aqueous solutions. Large electrochemi-
cal cells where the active component is applied to a greater
surface area (5 mm x 5 mm) and stainless steel electro-
chemical cells coated with a layer of WO; were found more
effective. In the case of 0.050 mm thick electrochemical cells
covered with a layer of WO, several times lower capaci-
tance and resistance was observed than in the case of stain-
less steel electrochemical cells. Moreover WO; coated elec-
trodes have lower conductivity compared to plain stainless
steel electrodes and the yeast cells are better adhered onto
the surface of the electrodes coated with WO, due to greater
porosity of surface. Using the method of staining cells with
methylene blue it was shown that methanol causes the death
of yeast cells Saccharomyces cerevisiae.

It was demonstrated that all investigated electro-
chemical biosensors are effective in detecting methanol in
aqueous solutions and that they are applicable using less
expensive portable potentiostat/galvanostat instruments.
Therefore, this opens a new approach in the biosensors de-
velopment where the key is to assemble an inexpensive

and disposable electrochemical system, which can be used
to detect harmful compounds. In the future, certain other
toxins could be detected with yeast cells using our model
of electrochemical biosensor assembly. Additionally, other
biologically active components, such as enzymes, antibod-
ies, or organ cells could be applied. Last but not least, low
cost biosensors based on the presented approach, that
would use simplified potentiostat/galvanostat, could be
applied on large scale for environmental monitoring or
even for medical diagnostics.
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Razvili smo elektrokemijsko celico, ki sluzi kot modelni biosenzor, ter kot aktivno biolosko komponento vsebuje glive
kvasovke Saccharomyces cerevisiae. Testirali smo razlicne postopke sestave elektrokemijskih celic, kjer smo uporabili
nerjavno jeklo, povrsina kovinske elektrode pa je bila po potrebi modificirana s tanko plastjo volframovega trioksida
(WOs3). Na delovno elektrodo smo adherirali kvasovke Saccharomyces cerevisiae. Z modelnim biosenzorjem smo nato
spremljali odziv na 10 % raztopino metanola pri razlicnih dimenzijah elektrod in modifikacijah povrsine. Za detekcijo
smo uporabili metodo elektrokemijske impedanc¢ne spektroskopije (EIS), s katero smo merili frekven¢no odzivnost el-
ektri¢nega toka in s tem pridobili podatke o adherirani plasti kvasovk na povrsinah elektrod, kot rezultat pa smo inter-
pretirali Bodejeve in Nyquistove diagrame. Topografijo in sestavo elektrod smo dodatno preverjali s tehnikama vrsti¢ne
elektronske mikroskopije in klasi¢ne opti¢cne mikroskopije. Predstavljeni biosenzor sluzi kot vzor¢ni primer za razvoj
kompleksnejsih biosenzorjev, ki kot aktivno plast uporabljajo Zive celice.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

A rapid and confident tool to identify and diagnose bacterial pathogens with more accuracy using DNA as fingerprints is
necessary. Herein, we report a smart chemosensor having a terminal adenine sticking to the thymine of single-stranded
DNA (ssDNA) through supramolecular interactions and, which leaves ssDNA when the same ssDNA matches with the
targeting desired DNA. We have synthesized a naked-eye coloured chemosensor with carbazole. As a model genetic
material, DNA of Clavibacter michiganensis subsp. michiganensis was hybridized to ssDNA and immobilized over ni-
trocellulose membrane. The prepared adenine-chemosensor, by passing through the nitrocellulose-ssDNA membrane
caused the formation of ssDNA nitrocellulose-ssDNA-adenine-chemosensor. FTIR results of the immobilized ssDNAs
showed that the matching of same ssDNA releases the adenine-chemosensor from the surface of nitrocellulose-ssDNA
that results in formation of the double stranded DNA. The selectivity of chemosensor was also confirmed with different
bacterial DNA (Bacillus subtilis) as control. These data highlights accurate and reliable results of a new diagnostic kit
prototype promising for further studies, which is able to diagnose DNA quickly and precisely.

Keywords: Bacterial pathogens; detection; DNA probe; kit designing; naked-eye chemosensor; nanotechnology

1. Introduction

Biosensors have recently become eflicient analytical
tools attracting the attention of researchers due to their
easy, convenient and specific diagnosis potential compared
to traditional methods. DNA-based method “DNA sen-
sors or gene sensors” are specifically used for diagnosis
and the detection of the targeted region.!~* These biosen-
sors usually relies on detecting the hybridization of the
target ssDNA strand, which are complementary strands.!>*
The advances in molecular biology have become the rea-
son for increasing the interest in the design of DNA hy-
bridization-based biosensors.>® DNA-based biosensors
can be used in many areas such as clinical, environmental
and food safety issues. The principle of nucleic acid tests is

based on targeted DNA-primer or probe hybridization.
Nucleotide sequences called primers or probes are com-
patible with bacterial DNA and hybrid molecules formed
after adaptation. The diagnosis is made with the direct or
indirect detection of the hybrid formation. In direct detec-
tion, the hybrid detected with the presence of a reporter
molecule provides signal amplification, while the product
resulting from enzymatic amplification of the hybrid is de-
tected indirectly.!”

Our study aims the synthesizing analytes binding to
the ssDNA which acts as a biosensor, when the same
strand meets the complementary DNA strand. This hy-
bridized complex is used to identify the target DNA with
the signal to be received depending on the separation of
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the sensor. The originality of our study is using the chain of
the whole target DNA as a probe. Diagnosis has been made
by measuring the hybridization involving complementary
and/or high similarity to the target DNA.

Many different methods can be used for the measure-
ment of hybridization.! In recent years, new synthesised
fluorescent materials such as quantum dots (QDs), up con-
version nanoparticles and nano-clusters (NCs) have been
extensively investigated.!"!* As reported in a previous
study, modified biosensors based on electrochemical im-
pedance spectroscopy, gold nanoparticles (AuNPs) have
also been used in diagnosis of a toxin producer bacteria Ba-
cillus cereus."* Another diagnosis method relies on measur-
ing the Fourier-transform infrared spectroscopy (FTIR)
spectrum. As known, there are many studies on DNA-de-
pendent diagnosis using FTIR and Raman spectra.’>-7 In
FTIR analysis, samples are exposed to infrared radiation.
Infrared radiation activates the atomic vibrations in mole-
cules and, specific absorption or transmission peaks are
formed. This makes the FTIR technique very useful for mo-
lecular diagnostics cause of rapidly characterization with
sensitivity and accuracy.!®!® Infrared spectra (IR) are divid-
ed into three spectra according to their wavelengths. These
are far-IR (<400 cm™), mid-IR (400-4000 cm™!) and near-
IR (4000-13000 cm™) spectra. The most commonly used
spectrum is the mid-IR spectrum consisting of four differ-
ent parts; single bond region (2500-4000 cm™), triple bond
region (2000-2500 cm™!), double bond region (1500-2000
cm™!), fingerprint region (6001500 cm™!).20:2!

The aim of our study is to synthesize molecules that
can act as sensors binding to single-stranded DNA, and to
make fast and sensitive DNA diagnosis with the help of
FTIR spectra to be obtained based on the hybridization of
these molecules with target DNA. As a result of our pre-
liminary studies, we distinguished the same/different spe-
cies on the basis of DNA matching.

2. Experimental

2. 1. Synthesis of Fluorescent Chemosensor

The fluorescence-based chemosensor was synthe-
sized in three steps; alkylation of dihydroxybenzophenone,
McMurry reaction and alkylation of adenine.

o]

2. 1. 1. Alkylation of 4,4-dihydroxybenzophenone
(1)

4,4-dihydroxybenzophenone (DBP) was chosen as
the starting material for the synthesis of the Burak Synthe-
sis Product (BSP-3) chemosensor. DBP was alkylated us-
ing Williamson ether synthesis (WES). For this purpose,
20 mL acetone, 0.43 g dihydroxybenzophenone, 700 uL
dibromopropane and 1.38 g potassium carbonate were
mixed as shown in Scheme 1. The reaction was followed by
Thin-layer chromatography (TLC). After 2 hours stirring
at 60°C, reaction mixture was extracted with chloroform,
dried with sodium sulphate and evaporated using rotary
evaporator. The crude extract was subjected to column
chromatography using hexane and ethyl acetate (1:1, v/v).
Pure alkylated DBP paste was dried and subjected to hy-
drogen-1 NMR (HNMR) (Bruker Ultrashield Plus Bio-
spin- Avance IIT 400 MHz NaNoBay FT-NMR).

2. 1. 2. McMurry Reaction (2)

Alkylated DBP (1) was forwarded to McMurry reac-
tion to put fluorescence properties into the molecule. For
this purpose, 0.566 g of zinc powder, 10 mL of Tetrahydro-
furan (THF), and 0.476 mL of TiCl, were added into a dried
flask and mixed on a magnetic stirrer as shown in Scheme
2. The mixture was refluxed at 90 °C for two hours. 0.2 g of
diphenylketone was transferred into the flask and refluxed
further for 4 hours. The mixture obtained was poured into
10% 30 mL K,COj3 and vortexed for five minutes. It was left
to dry after filtering and washing processes. The mixture
obtained was separated by column chromatography and vi-
sualized under UV on the TLC layer. The photophysical
properties of the product were determined by Perkin Elmer
LS 55 fluorescence spectroscopy. The molecular structure of
the product was checked by HNMR analysis.

2. 1. 3. Alkylation of adenine using the McMurry
product (3)

Adenine was attached to the McMurry product to
obtain the final DNA-based chemosensor. After the neces-
sary calculations, 0.076 g of adenine base was added to the
dissolved (0.5g) McMurry product with acetone and
mixed in a magnetic stirrer for 24 hours at 60 °C as shown

¢]

o] I l

Acetone, K2CO3 ?

O 4 Br Br
HO O \/\\/

OH Williamson Ether Synthesis

Br Br

Scheme 1. Alkylation of 4,4-dihydroxybenzophenone using Williamson ether synthesis.
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Br Br

Scheme 2. McMurry reaction of alkylated benzophenone.
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McMurry synthesis

Br Br

Acetone, K2CO3

1

Williamson Ether Synthesis

OLC
Jaget

Scheme 3. Alkylation of adenine to get the final fluorescent chemosensor.

in Scheme 3. Various combinations of heptane, chloro-
form and ethanol were used to check the TLC.

2. 2. Synthesis of Naked-eye Chemosensor

2. 2. 1. Alkylation of Carbazole (4)

To produce a naked-eye chemosensor, 9H-carbazole
was also passed through all the steps mentioned above, ex-
cept the McMurry reaction, used for the alkylation of DBP.
Commercially purchased 9H-carbazole compound (Sigma
Aldrich) 167 mg, 0.612 mL of 1,3-dibromopropane, 200
mg of potassium carbonate and 10 mL acetone were mixed
on magnetic stirrer for 24 hours at room temperature to
obtain the alkylated carbazole as shown in Scheme 4.

i Br/\/\Br

Scheme 4. Alkylation of Carbazole compound.

The crude mixture was poured in distilled water to
dilute produced salts. The organic phase was extracted
using ethyl acetate and further dried over sodium sul-
phate and evaporated using rotary evaporator. The ex-
tract was forwarded to purification by column chroma-
tography. The purified product did not need any
additional purification process.

2. 2. 2. Alkylation of Adenine (5)

Of adenine base 1 mol, 2 moles of potassium carbonate
and 15 mL of acetone were added to 1 mol of the alkylat-
ed-carbazole. The reaction mixture was stirred at room tem-
perature on magnetic stirrer for 1 day as shown in Scheme 5.

Acetone, K2C03

Br
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NH,
N

" + </ / lN

HN \N)

Scheme 5. Williamson ether synthesis of adenine.

2. 3. Preparation and Fixation of DNA

DNA of Clavibacter michiganensis subsp. michigan-
ensis (Cmm) and Bacillus thuringiensis (Bt) were used to
test the supramolecular interactions of synthesized che-
mosensors. The Cmm isolate was growth in shaking liquid
nutrient broth medium and incubated at 27 °C with 120
rpm for 72 h.?2 Stock Bt culture was also inoculated into
same liquid medium and grown as Cmm culture. After in-
cubation, DNA was isolated from the performed cultures
using the Gene JET Genomic DNA Purification Kit. All

[ arraccacaTTaccTacaTaACCCTGACT |

| TAATCGEGTAATCGATGEATGGGACTGA |

Denaturation

| ATTAGCGCATTAGETACGTACCETGACT |

&

Acetone, KZC°3

=\

\/“

N\/N

=

Cmm and Bt DNAs were denatured by diluting 1:10 in dis-
tilled water, then kept in a 95°C water bath for 30 minutes
and chilled in ice for 15 minutes. Denatured Cmm and Bt
ssDNAs (~ 20 ng /uL) were separately fixed by dripping
them onto nitrocellulose membranes.

2. 4. Hybridization of ssDNAs with Biosensors

The fixed Cmm and Bt ssDNAs were dried, 10 pL of
chemosensors (3 and 5) were dripped separately on each

I TAATCGCGTAATCGATGCATGGGACTG

Complementary

ssDNA chains

- -!-ul!/

i\TI"H'(('(i'Ir-\FfT-H’('TA(((T('A(

Hybridization

| AtTaccccaTTAGETACETACCCTGACT |

| TAATCGCGTAATCGATGCATGGGACTGA |

’ ! ' - Seperation of biosensor

| ATTAGCGOATTAGETACGTACCCTGAC |

Biosensor

Figure 1. Separation of the biosensor from the hybrid complex with the matching of complementary ssDNAs.
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membrane. After the membranes were dried, some mem-
branes were washed with distilled water to eliminate
non-specific binding. Then, during the drying process,
other Cmm and Bt ssDNAs (~ 20 ng/ uL) were dripped
onto the membrane to fix DNAs of the same species. Once
complementary ssDNAs had been fixed, the connection of
the biosensor was established with the DNA on the fixed
surface and weak adenines were washed oft (Figure 1). As
negative control, ssDNAs of different species were com-
piled together to see whether the biosensor was separated
from the reaction surface. At all stages, analysis was per-
formed by FTIR-ATR (Attenuated total reflectance) trans-
mittance spectra.

2. 5. FTIR Analysis and Data Processing

ACD/ Spectrus Processor program was used to pro-
cess the raw FTIR data. Correction procedures involving
auto baseline correction, smoothing and auto threshold
resolution procedures were applied to all data, respective-
ly. Transmittance peak values were recorded from all
data. The noise factor was set to 3 and the minimum peak
intensity was set to 10%. Thus, very weak bands were
eliminated. IRPal 2.0 and IR Wizard 2019 beta programs
were used to observe functional groups and bonds in the
samples.

3. Results

The peaks of the methylene (-CH,-) groups in the
structure of the synthesized BSP-3 chemosensor were de-
termined by HNMR analysis (Figure 2a). As a result of
HNMR, three methylene (-CH,-) groups should be ob-
served in aromatic and aliphatic regions. Hydroxybenzo-
phenone and benzophenone peaks were observed in the
aromatic region of the HNMR spectrum at 7.02, 6.97 and
6.65 ppm. In addition, peaks were at 4.01, 3.60 and 2.27

o

C

N )

e A

ppm in the aliphatic methylene (-CH,-) region. The data
showed that the chemosensor was synthesized purely.

BSP-3 chemosensor known to be fluorescent emitted
high fluorescence as expected when viewed under UV.
Chloroform, acetone and dimethylformamide were used
as mobile phase in TLC, but the chemosensor did not work
with a solvent except for acetone (Figure 2b).

FTIR measurement was recorded from the empty ni-
trocellulose membrane as a blank (Figure 3a). Figure 3b
shows the FTIR analysis result recorded after Cmm ssD-
NA addition onto the nitrocellulose membrane. The band
at 3331 cm™! are hydrogen bands that displays stretching
movements such as O-H and N-H in the DNA structure.
The band in 1105 cm™! shows carbon bond stretching
movements such as C-N, C-C and C-O, and band C-O and
P-O stretches observed in 1029 cm™!. Phosphate group
bonds are important for the proving of DNA hybridized
onto the membrane.

The graphic formed after adding BSP-3 chemosensor
to the membrane is shown with line in Figure 3a. Particu-
larly, the new band at 1509 cm™! is important to represent
the C = C double bond contained in BSP-3, on account of
there is no aliphatic C = C bond in the DNA structure. This
band proved the hybridization of chemosensor onto the
membrane.

In another experiment, once Cmm ssDNA has intro-
duced onto the membrane, the OH and NH bands stretch
at 3330 cm™}, P = O bonds stretch at 1314 cm™ and 1157
cm™!, CO, CN and CC stretches in 1106 cm™!, PO stretches
in 1053 cm}, as in the previous results (yellow line spec-
trum) (Figure 4a). In FTIR results obtained after BSP-3
treatment, C = C double bond at 1622 cm™! was detected
as a sharp band (black line spectrum) (Figure 4b).

When a different Cmm ssDNA was dripped on the
membrane, the C = C sharp band disappeared as expected
(blue line spectrum) (Figure 5). As we stated in our hy-
pothesis, the chemosensor was separated from the DNA
hybrid with matching the complementary DNA. With the

Figure 2.a. HNMR analysis of chemosensor 3; b. (1) The appearance of fluorescence BSP-3 (2) DME, (3) Chloroform, (4) Acetone and (5) H,O

under UV light on TLC.
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Figure 4 a. FTIR Image after BSP-3 addition b. Zoomed FTIR image of C = C band showing BSP-3.
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Figure 5. Band recorded by BSP-3 disappears with Cmm-Cmm hybrid.

separation of the chemosensor from the surface, it is con-
cluded that the DNA belongs to the same species.
Different bacterial DNAs were used as negative con-
trol. As a result, to eliminate non-specific binding after
BSP-3 treatment, the membrane washed off with distilled
water. After rinsing, Bt ssDNA was dripped onto the mem-
brane. In further step, it is expected that the BSP-3 chemo-
sensor will not release from the hybrid and the C = C bond
will continue to appear as a result of FTIR cause of
non-complementary ssDNAs. In fact, our hypothesis was

Cmm
— Cmm-BSP-3
we—  RInsing a
— Cmm-Bt » 1600

confirmed in FTIR analysis. In Figure 6, the presence of
the band recorded by BSP-3 at 1648 cm™! after rinsing and
Bt ssDNA treatment is shown as vertical and horizontally
zoomed.

Bt-Bt hybrid was used with carbazole in the experi-
ment. Peak was observed at 1652 cm™ after the carbazole
treatment. These observed peaks are much sharper after
rinsing. When the second Bt ssDNA was added, these
peaks became very weak. This means that the signal ob-
served by the chemosensor becomes weaker (Figure 7).

(¢

1690 1680 1670 1680 1650 1640 1630 1620 1610 1600

Figure 6. a. Vertical zoomed FTIR bands, b. horizontal zoomed FTIR bands. BSP-3 chemosensor emits the signal due to non-complementary ssDNAs.
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Figure 7. The peaks of carbazole disappear after the Bt-Bt matching at 1600 and 1672 cm™.

4. Discussion

In our study, we have developed a diagnostic method
that relies on DNA-based ssDNA chain and chemosensor
hybridization. Our method involves a different and novel
version of the chemosensor used by Arulraj et al. 2015,
which changes its fluorescence due to the presence of Ag*
in the environment.?*> Our synthesized chemosensor en-
ables us to diagnose based on DNA replacing Ag* and de-
pending on the changes with IR spectrum. The synthesized
chemosensors have fluorescent properties and they can be
detected under UV lamp after synthesis cause of its emit-
ting fluorescence. We have examined in detail whether the
product obtained at every step of the synthesis is pure as a
targeted molecule. Benzophenone and hydroxybenzophe-
none peaks in the chemosensor were detected by NMR
analysis. In addition, the aliphatic methylene (-CH,-)
peaks showed that synthesis was completed.

The rapid diagnosis with high accuracy using FTIR
analysis can be suggested by BSP-3. Due to bands of BSP-3
with densities varying between 6-10%, the desired differ-
ence could not be achieved in some trials. By keeping the
noise factor high, we minimized the bands which may
cause the deceptive measurements.

Another compound used as a chemosensor was car-
bazole. It has been stated that carbazole can bind to human
telomeric G-quadruple DNA and stabilizes and the previ-
ous studies indicated it as an anti-carcinogenic agent.?*?>
As a pioneer study, we showed the carbazole as a chemo-
sensor that could also bind to microbial DNA. In the diag-
nosis with carbazole, the actions of aromatic C = C bonds
were used by BSP-3. Although the presence of aromatic C
= C bonds in DNA bases causes a problem, the carbazole

1

separation was followed from the hybrid-formation de-
pending on the band density. In the experiment with car-
bazole, rinsing with water increased the severity of the
peak recorded by the carbazole.

Diagnostic methods using chemosensors seem a
good alternative to conventional methods such as PCR.2¢
Most DNA chemosensor techniques are based on hybrid-
ization techniques in which DNA is detected by electrolu-
minescence, fluorescence or calorimetric methods.?® The
diagnostic method based on chemosensor as a prototype
kit designed in our study mimics other methods in terms
of fixing the DNA to a surface and measurements relied on
hybridization. The most prominent aspect that distinguish
our diagnostic kit of other suggested methods is the use of
whole DNA as a template and the measurement of its hy-
bridization. In other tested methods, while the measure-
ment is performed in the form of detecting the DNA
bound to the chemosensor, in our study it works with the
detection of the chemosensor separated from the environ-
ment which resulted the binding of the complementary
ssDNA.% Since the method detects indirectly, its sensitivi-
ty and accuracy ratio could be relatively lower than other
methods relied on direct hybridization. In addition, the
method has advantages, it does not require expensive
equipment and can be applied practically compared to
other detection methods.

The accurate and reliable results of the developed di-
agnostic kit are promising for future studies. It is possible
that this kit, which can diagnose DNA quickly and precise-
ly with a new technique, will become even more compre-
hensive by further studies. For example, the use of a triple
hydrogen bonding guanine or cytosine base instead of the
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adenine base is another option. There are many variables
such as concentrations of DNA, additional chemosensors,
hybridization temperatures and drying times of mem-
branes. These factors can be considered as the primary ac-
tions for the diagnosis to work with an accuracy of almost
100% by setting them according to optimum standards.
Moreover, it seems possible to convert the bacterial DNA
diagnostic kit, which we have presented as a prototype,
into a commercial product.

5. Conclusion

A hydroxybenzophenone-based fluorescence che-
mosensor and a carbazole-based naked-eye chemosensor
were both prepared separately. The idea was to utilize the
supramolecular interactions of adenine with thymine in
the identification of DNA-based pathogens. Adenine was
chemically binded to the both chemosensors and settled
over the ssDNA, thereby the adenine of the chemosensor
would bind to the thymine of the ssDNA. As ssDNA binds
with the same exact ssDNA more strongly, it was supposed
that the presence of the same ssDNA would remove the
adenine of chemosensor from the immobilized ssDNA.
Supramolecular interactions of the adenine-chemosensor
with the ssDNA were analyzed using FTIR spectra that
clearly showed the tested ssDNA removes the adenine-che-
mosensor from the immobilized ssDNA when both ssD-
NA were the same. However, sophisticated techniques are
necessary to obtain optimum conditions affecting different
parameters such as pH, solvent, temperature and buffer
required for kit manufacturing in commercialization pro-
cess. Our method will provide rapid and most accurate
fingerprint to identify any kind of pathogen with further
studies.
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Povzetek

Detekcija in identifikacija patogenih bakterij zahteva razvoj hitrih in zanesljivih metod temele¢ih na znadilnem DNA
odtisu. V tem delu poro¢amo o razvoju inteligentnega kemosenzorja s terminalnim adeninom, ki se poveze s timinom
enovijane DNA (ssDNA) preko supramolekularnih interakcij ter se sprosti z enovija¢ne DNA v prisotnosti ujemajoce
DNA. Pripravili smo kemosenzor osnovi karbazola, katerega obarvanost je mogoce zaznati s prostim o¢esom. Kot mod-
elni genski material smo uporabili enovijacno DNA Clavibacter michiganensis podvrste michiganensis, ki smo jo imobi-
lizirali na nitrocelulozno membrano. Sintetiziran adeninski kemosenzor smo precrpali skozi membrano z imobilizirano
enovija¢no DNA pri ¢emer se je nanjo vezal in tvoril ssDNA nitrocelulozni-ssDNA-adeninski-kemosenzor. FTIR analiza
imobilizirane enovijaéne DNA je pokazala, da prisotnost ujemajoce enovijacne DNA povzroca spro$¢anje adeninske
kemosenzorja in tvorbo dvovija¢ne DNA. Selektivnost kemosenzorja je bila potrjena z uporabe kontrolne DNA Bacillus
subtilis. Podatki kazejo, da je metoda to¢na in zanesljiva ter predstavlja prototip diagnosti¢nega kita za hitro in natan¢no
doloc¢anje DNA.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

This study aimed to determine the best adsorbent among Moringa oleifera-derived activated carbon (AC), eggshell-de-
rived CaO nanoparticles and CaO/Fe;0, for sodium (Na*) removal from aqueous media. In the first step, the appropriate
adsorbent for sodium adsorption was determined among the three adsorbents, which the results showed that the AC had
the highest sorption efficiency. Then, response surface methodology (RSM) was used to evaluate the impact of different
factors on the Na* ion sorption efficiency using the AC. The highest removal efficiency was obtained to be 95.91% at
optimum conditions such as pH of 11, contact time of 45 min, temperature of 25 °C, sodium ion concentration of 900
mg/L, and adsorbent dosage of 5 g/L. Also, the best conditions using the genetic algorithm was obtained at contact time
of 94.97 min, adsorbent dosage of 3.52 g/L, Na* ion concentration of 939.92 mg/L and pH value of 10.92. Moreover, the
maximum sorption capacity using the Langmuir model was obtained to be 249.67 mg/g, which was a significant value.
Besides, the equilibrium and kinetic studies indicated that the experimental data of sodium adsorption process were
fitted well with the Langmuir isotherm model and the pseudo-second-order kinetic model, respectively. Furthermore,
the thermodynamic study indicated that the sorption process was endothermic. Generally, among the three adsorbents
used, activated carbon with a high removal efficiency and significant sorption capacity can be considered as a promising
adsorbent for the removal of sodium from wastewater on an industrial scale.

Keywords: Adsorption, sodium, Moringa oleifera, Response surface methodology (RSM), Genetic algorithm

1. Introduction

For the past several decades, there has been a grow-
ing concern about water pollution, which affects animals,
plants, and humans.!? Sea water is a good source of sodi-
um ion, the salinity which does not allow humans to con-
sume it. Sodium ion is a major component in the sea water,
where its weight percent is about 16 times higher than
magnesium ions, about 22 times higher than sulfur ions
and about 48 times higher than bromine and potassium
ions.? The shortage of water resources and the risk of water
crisis in the world as well as the pollution of surface and
underground water resources with sodium ion and other
pollutants from industrial and municipal sewage has made

it necessary to find environmentally acceptable solutions
for the elimination of these contaminants from water.* The
main sources of water pollution with sodium are human
activities. Excessive consumption of sodium over the
standard level causes various sicknesses like high blood
pressure, the risk of cardiovascular illnesses, heart attack,
and damages to kidneys.’

There are various methods to eliminate pollutants
from wastewater, including ion exchange, reverse osmosis,
biological process, electrodialysis, distillation, and chemi-
cal precipitation.® The reverse osmosis and ion exchange
processes can't selectively eliminate sodium ion and re-
quire continuous regeneration; these two processes do not
make any chemical changes in sodium and result in pollut-
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ed wastewater.”® The biological process is mainly applied
to wastewater and is not preferred for water treatment pro-
cesses due to the application of organic materials and the
need for maintenance. Furthermore, the resultant biologi-
cal sludge needs to be treated before disposal.’

Adsorption process is more effective than other tech-
niques in the elimination of pollutants, even at low con-
centrations (1 mg/L).!% Depending on the type of the ad-
sorbent, this simple and applicable method is superior
from the aspects of capital cost, reuse of wastewater, sim-
plicity, and flexibility of design, easy operation, and insen-
sitivity to toxic compounds and pollutants.!!!2

One of the main adsorbents used in this field is acti-
vated carbon (AC), which is made from various herbal re-
sources. Activated carbon can be used to remove metal
ions from water and wastewater due to many advantages
such as the simplicity in its synthesis, high specific surface
area, high sorption performance, low-cost, and ability to
remove low concentrations of heavy metal ions.!>-1°

Iron oxide nanoparticles are also known to be an
available, cheap, and environmentally friendly material for
effective sorption of pollutants due to their easy synthesis
process. The magnetic nature of these nanoparticles allows
their easy separation from pollutants through an external
magnetic field. Considering some properties like the area
to volume ratio, easy separation, recovery of nanoparticles
by using an external magnetic field, low toxicity, and pos-
sibility of surface modification of nanoparticle resulted in
their high efficiency of sorption. Also, the surface of mag-
netic materials can be modified by other materials such as
CaO to increase their adsorption capacity.!6-18

Moreover, the eggshell is an important adsorbent for
the elimination of dyes and heavy metals from wastewater
and has been applied several times in previous studies.'’

Different adsorbents have been used so far for re-
moval of sodium ions from aqueous solutions, which some
of them are included zeolites,* chitosan,?® activated carbon
made from rice husk?! and polyantimonic acid.??

This study aims to compare the ability of cheap adsor-
bents like AC made from Moringa oleifera leaf, eggshell-de-
rived CaO nanoparticles, and CaO/Fe;0, composite in the
removal of sodium ion from synthetic wastewater, which
these adsorbents have not been used to remove sodium
ions in previous studies. Different analyses such as X-ray
diffraction (XRD), scanning electron microscope (SEM),
Brunauer-Emmett-Teller (BET), and Fourier-transform
infrared spectroscopy (FTIR) were used to determine the
surface properties of the activated carbon. Also, different
parameters such as temperature, contact time, pH, and
sorbent dosage were studied on the Na* ion removal, and
the best conditions were obtained using the response sur-
face method (RSM). Also, the equilibrium, kinetic, and
thermodynamic behaviors of the sorption process were
studied. Moreover, genetic algorithm method was applied
to optimize the best conditions for Na* removal using the
AC, which is another innovation of this research.

2. Materials and Methods
2. 1. Chemicals

In this work, FeCl,.4H,0 and FeCl;.6H,0O were
purchased from Merck Co. (Germany, purity>99%) and
were used for preparing iron oxide. Sodium chloride
(NaCl, purity>99%), sodium hydroxide (NaOH, puri-
ty>99%) and hydrochloric acid (HCI, purity=37%) were
all supplied from Merck Co. (Germany). For the prepara-
tion of stock solution with 1000 ppm concentration,
2.543 g NaCl was dissolved in 1000 ml double distilled
water. For preparing other solutions with lower concen-
trations, the stock solution was diluted with double dis-
tilled water.

2. 2. Preparation of Activated Carbon from
Moringa Oleifera Plant

The Moringa oleifera is a native plant of Bushehr
province (Iran), which was utilized to produce AC. To do
this, the Moringa oleifera leaves were placed in a furnace at
650 °C for 4 hours and then was pulverized and sieved by
a 25-mesh size sieve. Then, the resultant powder was kept
in glass bottles for uptake tests. To determine surface char-
acteristics of the AC, XRD, SEM, BET, and FTIR analyses
were carried out. The XRD analysis was used to determine
the crystalline phases of the AC. Additionally, SEM and
FTIR analyses were done to determine the morphology
and functional groups in the AC structure, respectively.
Also, BET analysis was applied to determine the specific
surface area of the adsorbent.

2. 3. Preparation of CaO and CaO/Fe;0,4 from
Eggshell Waste

To prepare CaO, eggshell wastes were first washed
for several times with tap water and then was placed in an
oven at 105 °C to be dried completely. After being dried,
the eggshells were placed in a furnace at 800 °C for 4 hours.
After this time, the eggshells were cooled down at room
temperature. The calcined eggshells were pulverized in a
mill and then stored in plastic bottles.!* To support Fe;0,
nanoparticles on the CaO structure obtained from egg-
shells, a solution containing Fe** and Fe*? with a 2:1 molar
ratio was prepared. Then, about 1 g of CaO was added to
the solution and it was blended for 20 min with mixing
rate of 400 rpm. Then, sodium hydroxide with 3 M con-
centration was added dropwise to this solution, and the
oxidation process progressed. The addition of sodium hy-
droxide was continued until a black colored solution was
obtained. Afterwards, the prepared adsorbent was separat-
ed from the solution and washed with distilled water sev-
eral times to be neutralized. After that, the adsorbent was
placed in an oven at 105 °C for 24 hours to be completely
dried. The dried adsorbent was then pulverized to be used
in the uptake of sodium ion.

Yao etal.: Selective Removal of Sodium Ions from Aqueous Media ...



Acta Chim. Slov. 2021, 68, 791-803

2. 4. Adsorption Test

The experiments were performed in a 200 ml Erlen-
meyer, which were filled with 100 ml of sodium solution.
Then, the impact of various factors like sodium concentra-
tion (300-1500 ppm), contact time (15-75 min), pH (3-
11) and sorbent dosage (1-9 g/l) were studied on the Na*
ion removal, and the best operating conditions for the re-
moval of Na* ion were determined using Design Expert 10
and Central Composite Design (CCD) method.

Then, the solution was filtered using a fiber glass fil-
ter for elimination of solid particles. The filtered solution
was analyzed to determine the residual Na*. The pH of
each sample was adjusted by hydrochloric acid (0.1 M)
and sodium hydroxide (0.1 M). A flame atomic absorption
spectroscopy (model Varian AA240, Australia) was ap-
plied to specify the residual Na* jon in the samples. In all
samples, the Na* ion sorption percentage (R%) and sorp-
tion capacity (q) were determined using equations 1 and 2,
respectively.

Co—Ce

R (%) =2
0

X 100 (1)

q= (CO—Ce)x% ()

where, C, is the initial sodium concentration and C, is the
equilibrium sodium concentration after uptake process, R is
the removal efficiency of Na*, M is the weight of adsorbent
in the solution (g) and V is the volume of the solution (L).

3. Results and discussion

3. 1. Determination of the Primary Efficiency
of the Three Utilized Adsorbents

To evaluate the initial performance of the adsorbents,
their adsorption efficiency in the removal of sodium ions
was studied. To this end, experiments were performed at dif-
ferent contact times. Other conditions were kept constant,
including pH of 7, temperature of 25 °C, Na* ion concentra-
tion of 900 mg/L, and adsorbent dosage of 5 g/L. Since these
conditions have been used in most previous work to perform
the sodium adsorption process, the adsorption experiments
were performed under these conditions to compare the three
adsorbents. Figure 1 indicates the sodium uptake efficiency
from aqueous solution using the eggshell derived CaO, CaO/
Fe;0, composite, and AC prepared by Moringa oleifera plant
leaves. As can be seen, the AC with an uptake efficiency of
79% has the maximum uptake efficiency compared to the
other two adsorbents. According to Figure 1, the removal ef-
ficiency of Na+ using AC is about 25% higher than CaO/
Fe;0, and 35% higher than eggshell derived CaO and this
difference in efficiency is observed at all times. Therefore, the
AC was used for further experiments and to determine the
optimal conditions for Na* ion removal.

100
Eggshell derived CaO

80 u CaO/Fe304
—_ u Activated carbon
=X
= 60
&
2 "
2 40 z
z I

20 :

. il
10 30 60 120

Contact time (min)

Figure 1. Primary investigations about three studied adsorbents in
10, 30, 60, and 120 min and neutral pH

3. 2. Characteristics of the Adsorbent

FTIR analysis was used to determine functional
groups in the structure of Moringa oleifera leaves-derived
AC as shown in Figure 2-a. These spectra approve the pres-
ence of many functional groups and indicate the natural
complex of this material. As shown, the absorption peak at
3048 cm™! is related to the tensile vibration of OH group in
proteins, fatty acids, carbohydrates, and lignin, which are
due to its high contents in plant grain as well as N-H ten-
sile bonding in amides.?*~%* Also, the peak at 2895 cm™ is
related to the =C-H bond.?*> Moreover, the peaks at 795
cm! and 926 cm™ are attributed to the N-H and O-H
functional groups, respectively. Furthermore, the peaks at
1232.8, 1396.8, 1506 and 1615.6 cm™! can be attributed to
the C-O, C-H, C=C, and C=0, respectively.2426-28

Also, SEM analysis was applied to characterize the
morphology of the Moringa oleifera-derived AC and its
image is seen in Figure 2-b. It is obvious that the AC has a
relatively porous structure with heterogeneous distribu-
tion. Also, some pores are observed on the surface of the
adsorbent that include the accessible sites. These pores
provide suitable conditions for the uptake of Na* ions
from aqueous solution.?

Moreover, XRD analysis is used to identify and eval-
uate the crystalline phases in the adsorbent structure. Gen-
erally, materials are classified into different groups of amor-
phous, semi-crystalline, and crystalline. Figure 2-c shows
the XRD pattern of the AC. According to Figure 2-c, the
adsorbent shows a long peak at 20 = 20°, which is attributed
to the crystalline phase of (111) in the AC structure.3%3!

Besides, BET analysis showed that the specific sur-
face area, pore volume and mean pore diameter of the ac-
tivated carbon prepared from Moringa oleifera leaves were
obtained as 136.25 m?/g, 0.158 cm?/g, and 55 °A, respec-
tively, which shows that the adsorbent has a significant
specific surface area. Also, the mean pore size of the adsor-
bent indicates that the adsorbent has a mesoporous struc-
ture, because the mean pore size is between 2-50 nm.!?
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Figure 2. The characteristics of the activated carbon made from Mo-
ringa oleifera plant using various analyses, including FTIR (a), SEM
(b), and XRD (c).

3. 3. Effective Parameters on the Sorption
Process

The impact of various factors on the sodium ion
sorption using the AC is demonstrated in Figure 3. As
seen in this Figure, the uptake efficiency of Na* ion in-
creases with increasing pH, contact time, and adsorbent
dosage.
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Figure 3. Effective parameters on adsorption process (separately
and without any effect on each other) at pH of 7, contact time of 45
min, the adsorbent dosage of 5 g/L, and initial Na* concentration of
900 mg/1.

The impact of pH and Na+ concentration on the Na*
ion removal efficiency using the AC simultaneously is
shown in Figure 4. Other experimental conditions were
kept constant, including contact time of 45 min, tempera-
ture of 25 °C, and adsorbent dosage of 5 g/L. According to
the results, the sorption efficiency increased with increas-
ing the pH value from 3 to 11 and the maximum sorption
efficiency was obtained at pH = 11. The formation of hy-
droxide ion (OH") and its bonding to the surface of the
adsorbent makes the adsorbent surface negatively charged
and the adsorbent ability increases in the sorption of cati-
ons. The reason of reduction in the adsorption efficiency
in acidic pH might be that the increase in hydrogen ion
production creates a positive charge on the adsorbent sur-
face (protonation of the adsorbent).*? In other words, the
pH of zero point charge (isoelectric pH) plays an impor-
tant role in the adsorption process. Since this pH was ob-
tained about 6.5 for the studied adsorbent, the Moringa
oleifera adsorbent surface will be negatively charged in
higher pH values and consequently, a strong electrostatic
attraction will form between the surface groups and avail-
able cations (Na*). Therefore, the adsorption efficiency
was increased and the maximum sodium ion adsorption
efficiency was obtained 95.53%, but in pH values less than
the isoelectric point, the adsorbent surface is positively
charged and forms a stable electrostatic repulsion force,
which reduces the sorption of Na* ions. Another reason
for the reduction in Na* jon adsorption in acidic condi-
tions is the strong competition between the hydrogen ion
(H*) and positively charged sodium ions to be adsorbed
on the adsorbent surface, which decreases the adsorption
efficiency.

Therefore, pH = 11 was selected as the optimum pH
and further adsorption experiments were carried out at
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Figure 4. The effect of pH on the sodium ion adsorption from an Figure 5. The effect of contact time on sodium adsorption from
aqueous solution using the AC in different concentrations of sodi- aqueous solution using the AC in different sodium ion concentra-
um ion tions
this pH value. Figure 5 shows the effect of contact time on Design Fxpers Soffware .
i i i i 5 Factor Coding: Actual Na removal (A])
the sorption efficiency of sodium using the activated car- N el
bon, in different sodium concentrations. Experiments I”" =
were carried out at pH=11 (the optimum value) and adsor- 2
3 3 X1 = C: adsorbent
bent dosage of 3.5 g/L. As can be seen, increasing the con- b i T
tact time has increased sodium adsorption efficiency and o
then it has reached the equilibrium value. Changes in the el

adsorbent capacity, when contact time increases, indicated
that in the first 45 min, the intensity of changes was high
and then the adsorption trend became constant. Rapid en-
hancement of adsorption capacity in the early stages of the
adsorption process was due to the high number of active
sites for sodium adsorption on the adsorbent surface.
When the process continued, the access of ions to the ac-
tive sites was reduced, and eventually, the adsorption pro-
cess reached an equilibrium at a specific time. After the
equilibrium, there might be negligible changes in the ad- Cplsoralizh)
sorption capacity. Therefore, the optimum contact time
was attained 47 min.

D: Na concentration (mg/L)

Figure 6. Effect of adsorbent dose on sodium adsorption from
aqueous solutions in different concentrations of sodium ion
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The effect of adsorbent dosage on sodium ion ad-
sorption efficiency is indicated in Figure 6. According to
the results, the removal efficiency increases with increas-
ing adsorbent dosage, which is due to the enhancement of
active sites on the adsorbent surface.!” The research results
indicated that the enhancement of the initial concentra-
tion of sodium ion decreases the adsorption efficiency,
which is due to the saturation of the adsorbent surface in
high sodium concentrations.

Nowadays, using statistical design and presenting
logical correlations between variables is widely used in
many research fields. Using statistical methods decreases
the number of experiments and as a result, the costs and
manpower.33-3* Utilization of statistical method in this
study resulted in the following equation that shows the
empirical correlation between experimental variables and
efficiency percentage in a coded form:

Natremoval = 63.4 + 15.634 + 8.47B
+ 6.51C — 4.47D + 0.954B — 5.45AC
+ 4.65AD — 0.51BC + 5.47BD — 2.3C

+0.34% — 0.46B8% — 0.07C?

©)

X1, Xy, X3, and X, show the pH, contact time, adsor-
bent dosage, and pollutant concentration, respectively. The
effect of studied parameters on the sorption efficiency of
sodium ion was investigated by analysis of variance (ANO-
VA) and the outcomes are presented in Table 1.

The values of R? = 0.9950 and Adj R? = 0.9834 veri-
fies that sodium adsorption by the activated carbon made
from Moringa oleifera can be well explained by the de-

signed model. Also, the F-value was obtained 85.88,
which shows the ability of the selected model in data
analysis. The low value of CV also verifies that this model
is suitable for interpretation of the studied process. Ade-
quate precision is the parameter that indicates the ratio
of signal to noise; if its value is more than 4, it shows an
appropriate relation between the experimental data and
the calculated values (desirability). In this study, the
mentioned parameter was obtained 38.36. Then, the in-
fluence of the effective parameters on the uptake process
of Na* was studied using the analysis of variance. The re-
sults indicated that X, X,, X3, X, X;X;, X;X,, X,X,, and
X3X, parameters had significant effect (P < 0.05) on sodi-
um adsorption.>* The sequence of two parameters of the
sum of squares and F-value was pollutant concentration<
adsorbent dosage< contact time< pH that indicates the
maximum effect of pH and the minimum effect of pollut-
ant concentration on the Na* removal. Investigation of
the normality of the studied data and the residuals, as
two important assumptions, is essential for using this sta-
tistical model. The normal probability curve shows the
normal distribution of data around a mean value and the
linearity of this curve shows that experimental data are
normal.

The R-squared value was obtained to be 0.942 from
the normal probability curve. The test of normality of out-
put data and residuals are shown in Figure 7.

Figure 7 shows the actual (experimental) and the
predicted values of sodium adsorption by Design Expert
10 in 21 different runs. The high level of conformity of the
actual value with the predicted one indicates the excellent
ability of the software in the prediction of the experiment
results in different runs.

Table 1. Results of the analysis of variance for the studied model

ANOVA for Response Surface Quadratic model

Sum of Mean F p-value
Source Squares df Square Value
Model 4860.52 14 347.18 85.88 <0.0001
A-pH 1955.00 1 1955.00 483.57 <0.0001
B-Time 573.93 1 573.93 141.96 <0.0001
C-adsorbent 677.69 1 677.69 167.63 <0.0001
D-Na* concentration 159.85 1 159.85 0.90 <0.0008
AB 3.62 1 3.62 0.90 0.3806
AC 237.29 1 237.29 58.69 0.0003
AD 86.63 1 86.63 21.43 0.0036
BC 2.09 1 2.09 0.52 0.4991
BD 119.52 1 119.52 29.56 0.0016
CD 42.46 1 42.46 10.50 0.0177
A? 2.47 1 2.47 0.61 0.4641
B? 5.31 1 5.31 1.31 0.2954
c? 0.13 1 0.13 0.032 0.8649
D? 23.13 1 23.13 5.72 0.0539
Residual 24.26 6 4.04
R? 0.9950 R2-Adjusted 0.9834 R2-Predicted 0.9462
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Figure 7. The normality of primary data and residuals

The very high value of R-square confirms the predic-
tion ability of the Na* ion adsorption process in the stud-
ied system. Then, the real (experimental) values are plot-
ted versus the predicted values and compared with each
other. As predicted, the resulted R-square from regression
was very close to 1.

3. 4. Prediction of Adsorption Process by the
Software

In Table 2, independent variables and the range and
levels of experimental values are presented for activated car-
bon as an adsorbent in the removal of Na* ions. In this
study, the total number of experiments in the CCD design
method was 21. Furthermore, the sorption efficiency of so-
dium ion in different experimental conditions was reported.

Figure 8(a) shows the actual and predicted values of
sodium ion removal percentage using activated carbon in
various experiments. The predicted values of sodium ion
removal efficiency are extracted from Figure 8(a) and then
reported in Table 2. As reported in Table 2, the maximum
removal efficiency of N* ion was achieved 95.91%. Also, the
value of R? coefficient was achieved 0.9975, which indicates
a good ability of the model in the prediction of data.

Figure 8(b) also shows the experimental outcomes
versus the predicted ones by Design Expert 10. As seen in
this figure, the R? value of 0.9462 was achieved for the pre-
diction, which verifies the results obtained in the previous
stage.

797

Table 2. The impact of independent variables on the removal efficiency of sodium using AC. Experimental
design was done by CCD method

Run A:pH B: Time C:adsorbent D:Na*conc. Na*removal Predicted value
(min) dose (g/L) (mg/1) (%) of Na+ removal (%)
1 5 60 7 1200 59.11 59.58
2 11 45 5 900 95.53 95.91
3 7 45 9 900 77.45 76.12
4 5 60 3 1200 42.54 41.3
5 3 45 5 900 33 33.38
6 7 45 5 900 63.45 63.39
7 9 60 7 600 84 84.47
8 7 45 5 900 65.71 63.39
9 7 75 5 900 78.11 78.49
10 7 45 5 900 63.89 63.39
11 7 45 5 1500 50.23 50.61
12 9 30 7 1200 61.94 62.41
13 7 45 5 900 62.45 63.39
14 7 15 5 900 44.23 44.61
15 7 45 5 300 68.11 68.49
16 5 30 7 600 67.95 68.42
17 5 30 3 600 40.12 38.88
18 9 30 3 1200 65.11 63.87
19 7 45 5 900 61.46 63.39
20 9 60 3 600 80 78.76
21 7 45 1 900 48 50.09
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the experiment (a) the experimental results versus the predicted re-
sults by the software (b)

3. 5. Optimization of Sodium Adsorption
Process

Optimization of process conditions is necessary for
any statistical model. To do this, Genetic Algorithm (GA)
was applied for the optimization of Na* uptake process. In
this model, the best conditions for eliminating Na* ions
were determined. To optimize the uptake process, the
studied parameters were selected in the range of their
maximum and minimum values. In fact, the algorithm ge-
netic method is capable of interpolating data and can opti-
mize results. Therefore, interpolation between data is a
prominent feature of the genetic algorithm method com-
pared to the CCD method. The target variable (Na* re-
moval efficiency (%)) was considered in the maximum
value. The purpose of using the GA method was to deter-
mine the best conditions of the Na* removal and uses the
results of the CCD method. After determining the optimal
conditions by the CCD method, the data were entered into
the software to optimize the parameters and to do this,
Na* removal efliciency was considered as the response

(target function).?® It should be noted that before optimiz-
ing the effective parameters in the adsorption process, the
studied algorithm has determined some points (Genera-
tion) in the first step, and then, in the next step, it looks for
the generation that has the minimum error. Eventually, it
optimizes the parameters of the generation with the mini-
mum possible error. The response of the genetic algorithm
with the best efficiency and the mean efficiency of sodium
removal in different generations are presented in Figure 9.
As can be seen, when generations increase, the conformity
of these two figures increases as well, so that in the gener-
ation =135, the best and the mean efficiencies are matched
and there will be no mutation or sudden change on it. Fig-
ure 9 is plotted to ensure more reliability of the first stage
which is to find the most accurate generation. Here, the
distances between all individual generations are presented.
As it was expected, when the number of generations in-
creases, the mean distance between them decreases, and in
generation=135, this distance is almost zero. After deter-
mining the best generation, the optimum effective factors
were determined in the sodium adsorption process. Ac-
cording to Figure 9, the optimum values of pH, contact
time, adsorbent dosage, and Na* ion concentration were
obtained 10.918, 46.967 min, 3.516 g/L, and 939.921 mg/L,
respectively. Then, to check the accuracy of the genetic al-
gorithm in the optimization of the conditions, all the re-
sults obtained in the laboratory (real conditions) were re-
peated and similar results were obtained. In the optimum
conditions, the removal efficiency of Na* ion was obtained
94.23% by the genetic algorithm.

3. 6. Adsorption Isotherms

Adsorption isotherms are used to describe the equi-
librium relationship between adsorbent and adsorbate in
an aqueous solution. Also, they are the main factors in the
design of sorption systems.3® The most common isotherms
are Freundlich and Langmuir isotherms. The Freundlich
equilibrium isotherm is based on the multilayer and heter-
ogeneous adsorption on the adsorbent. The linear form of
this equation is expressed below:*”

1
Inge = Inkg + HlnCe (4)

where, ki (mg/g(L/mg)'/") and n are the Freundlich con-
stants:*

The Langmuir isotherm model assumes monolayer
sorption on a surface containing a limited number of uni-
form energy adsorption sites.3® This model also states that
adsorption only occurs on homogeneous sites, without
any action between the adsorbate and adsorbent mole-
cules.’” The linear form of the Langmuir model is ex-
pressed as follows:

Ce _ Ce + 1 (5)
e 9o kpao
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Figure 9. The optimization steps of adsorption parameters using
genetic algorithm

where, k; is the Langmuir constant (L/mg) and q, is the
maximum adsorbed amount per gram of the adsorbent
(mg/g), C. is the equilibrium concentration of the adsorb-
ate (mg/L), and q. is the initial amount of adsorbate at
equilibrium (mg/g).

The value of the parameters of Langmuir and Freun-
dlich models are presented in Table 3. Also, the plots of the
Langmuir and Freundlich models for the sodium sorption
process are shown in Figure 10. Considering the results,
the maximum uptake capacity by the Langmuir model was
determined 249.67 mg/g, which was a significant value.
Also, the correlation coefficient for the Langmuir model
(R? = 1) was greater than the Freundlich model (R? =
0.993). Therefore, in all three studied temperatures, the
Langmuir model could better describe the equilibrium be-
havior of the sorption process, and the sorption process of
sodium ion took place as monolayer on the homogeneous
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©
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surface of the adsorbent. The values of Ry in the Langmuir
model is between 0 and 1 and the values of the Freundlich
constant (1/n) were less than 1, which show the sorption of
Na* jon is favorable and physical. Moreover, the Langmuir
constant (K;) and the Freundlich constant (Kg) were ob-
tained 0.251 L/mg and 223.22 (mg/g) (L/mg)"", respec-
tively.

Table 3. Constants and parameters of the Langmuir and Freundlich
isotherm models for the sorption of sodium ion from aqueous solu-
tion using activated carbon

Isotherm parameter value
qo (mg/g) 249.67

Langmuir K (L/mg) 0.251
R? 1

Freundlich K (mg/g)(L/mg)'»  223.22
n 59.95
R? 0.993

3. 7. Adsorption Process Kinetics

It is necessary to study the process kinetics for the
investigation of the effective parameters on the sorption
rate. The sorption process may occur in several stages
with different rates. Here, we just discuss the two main
and common kinetic models that are quasi-first-order
(QFO) and quasi-second-order (QSO) kinetic mod-
els.t?

The QFO kinetic model is based on the sorption ca-
pacity in adsorption of a pollutant and is used when the

Yao et al.:  Selective Removal of Sodium Ions from Aqueous Media ...

799



Acta Chim. Slov. 2021, 68, 791-803

5,52
5515 (@) Fa
y=0,0168x + 5,4085
351 R2=0,9934 .
5,505
..
T
£ 5,495
5.49 i
5,485
548 4
5475
4 45 5 5.5 6 6,5 7
In C,
3
L y=0,004x + 0,016 n
25 s 4
3
5 1,5 4
J
1 o
05 e
o’
0
0 200 400 600 800

C

e

Figure 10. The Freundlich (a) and Langmuir (b) equilibrium iso-
therms

adsorption follows the diffusion mechanism through a
boundary layer. The QFO model is described as follows:!”

In(g. — q¢) = Inq, — k4t (6)

Where, q. and g; are the uptake capacity at equilibri-
um and at time t in terms of mg/g and k; is the QFO kinet-
ic constant (min!).

Also, the linear form of the QSO kinetic model is de-
fine below:!”

t i 1

+—t 7)

qr Kaqe®  dqe

The values obtained from the kinetic parameters of
sodium adsorption on Moringa oleifera-derived AC are list-
ed in Table 4. The results of kinetic models are also dis-
played in Figure 11. It can be seen that the correlation coef-
ficient (R?) for the QSO kinetic model is higher than the
QFO kinetic model and is around 1, therefore sodium
sorption by the AC follows the QSO kinetic model. Fur-
thermore, the calculated values of uptake capacity (qe ca)
follows the QSO kinetic model.!” Therefore, the QSO ki-
netic model was better fitted with the experimental data.
Also, the constant values of the QFO and QSO models were
determined 0.128 L/mg and 0.000463 L/mg, respectively.

Table 4. Constants and parameters of the QFO and QSO kinetic
models for the sorption of sodium ion from aqueous solution using

activated carbon

model parameter value
e cal (mg/g) 559.6
QFO K, (L/mg) 0.128
R? 0.8797
e cal (mg/g) 286.98
QSO K, (L/mg) 0.000463
R? 0.9959
5
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Figure 11. QFO (a) and QSO (b) kinetic models

3. 8. Thermodynamic Study

The thermodynamic parameters provide informa-
tion about the spontaneity of the sorption process and an
increase or decrease of randomness at the interface of sol-
id-liquid. Also, they determine whether a sorption process
is exothermic or endothermic.**#! Three main thermody-
namic parameters should be determined to study the ther-
modynamics of the uptake process. These three parame-
ters are changes of enthalpy (AH®), Gibbs free energy
(AG®), and entropy (AS°). The values of AH® and AS® are
obtained from the slope and intercept of the following

equation;#>43
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_ AS° AH° (8)
ke === 27

qe
Kf.‘ = C—e (9)

Where, R is the global gas constant (8.314 J/mol K)
and K. (L/g) is the ratio of the adsorbed material on the
adsorbate (mg/g) to the residual material in the solution
(mg/L). The values of AG® is calculated from the following
equation:

AG° = —RTInK, (10)

Generally, the negative values of AG® show that the
sorption process is spontaneous. The negative values of
AH? show that the sorption process is exothermic and also
it is favorable at lower temperatures.

The negative values of AS® indicate that the efficiency
decreases as the temperature increases at the solid-liquid
interface during the sorption process and it is vice versa
for positive values.*44>

The values of thermodynamic parameters for the so-
dium ion adsorption using the AC are presented in Table
5. The experiments were done in the initial sodium con-
centration of 100 mg/L and temperatures of 20-50 °C. It is
observed in Table 5 that the values of AH®and AS° are both
negative and are -147 and -0.455 (kJ/mol), respectively.
Also, the values of AG® for temperatures of 20, 35, and 50
°C are -16.208, -4.849, and -2.67 (kJ/mol), respectively.
Moreover, the study of the thermodynamic parameters for
the sodium ion adsorption using the AC showed that AH®
had a negative value, which shows the Na* uptake process
is exothermic, it also implies that the uptake process is
more favorable in lower temperatures. Furthermore, the
negative value of AS® is an indication of the reduction in
efficiency and degree of freedom at the solid-liquid inter-
face during the uptake process. Besides, the negative val-
ues of AG® indicate that the Na* uptake process is sponta-
neous.*

Table 5. Thermodynamic parameters for the sorption process of so-
dium ion from aqueous solution using activated carbon

Temperature -AG° AH®) AS°
(°C) (kJ/mol) (kJ/mol (kJ/mol K)
293 -16.208 -147 -0.455
308 -4.849

323 -2.67

3. 9. Final Comparison of the Adsorbents

After determining the optimal conditions for the re-
moval of Na* from aqueous solution using AC, a compar-
ison was done between AC and other adsorbents such as
eggshell derived CaO and CaO/Fe;0, composite and the

results are shown in Figure 12. The experiments were done
under optimal conditions such as pH of 11, contact time of
45 min, adsorbent dosage of 5 g/L, temperature of 25 °C
and sodium ion concentration of 900 mg/L. As shown, the
removal efficiency of Na* using AC (95.91%) is higher
than CaO (83.45%) and CaO/Fe;O, (89.2%), indicating
the high performance of AC compared to the other two
adsorbents.

100

Na* removal (%)
co
o

60

AC Eggshell derived CaO/Fe304

CaO
Adsorbent

Figure 12. The removal efficiency of the adsorbents at optimal con-
ditions (pH=11, time= 45 min, adsorbent dosage= 5 g/L, tempera-
ture =25 °C and initial sodium concentration= 900 mg/L)

4. Conclusion

The obtained results indicated that the AC made
from Moringa oleifera plant is an effective adsorbent for
the removal of sodium ion from aqueous solutions. Based
on the present study, removal of sodium ion increases with
increasing contact time and pH at room temperature how-
ever, it has an opposite relationship with the enhancement
of sodium ion concentration. Furthermore, the studies in-
dicated that the maximum sodium ion removal efficiency
of 95.91% was achieved at contact time of 45 min, adsor-
bent dosage of 5 g/L, and pH of 11. Also, the equilibrium
and kinetic studies indicated that the equilibrium data
were better explained by the Langmuir isotherm than the
Freundlich isotherm and the best kinetic correlation for
sodium adsorption by the adsorbent in laboratory condi-
tions follows the QSO kinetic model. Furthermore, the
thermodynamic behavior of the Na* ion process indicated
that the sodium ion sorption by the AC is spontaneous,
exothermic, and possible. Moreover, the maximum uptake
capacity of Na* ion was obtained 249.67 mg/g, which was
a significant amount. Generally, Moringa oleifera can be
used as an effective adsorbent for the removal of Na* ion
from water and wastewater due to its benefits such as
cheapness, nativity, and availability.
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Povzetek

Namen $tudije je bil dolo¢iti optimalni adsorbent izmed aktivnega oglja na osnovi Moringa oleifera (AC), CaO nano-
delcev pridobljenih in jaj¢nih lupin in CaO/Fe;0, za odstranjevanje natrijevih (Na*) ionov iz vodnih raztopin. V prvem
koraku smo dolo¢ili njihovo adsorpcijsko u¢inkovitost, pri ¢emer se je AC adsorbent izkazal kot najbolji. Z metodologi-
jo odzivnih ploskev (ang. response surface methodology - RSM) smo ovrednotili vpliv razli¢nih parametrov na uc¢inkovi-
tost adsorpcije (Na*) ionov AC adsorbenta. Najvi$ja u¢inkovitost odstranjevanja pod optimalnimi pogoji je znasala 95.91
%, pri pH vrednosti 11, kontaktnem ¢asu 45 min, temperaturi 25 °C, koncentraciji natrijevih ionov 900 mg/L in koli¢ini
adsorbenta 5 g/L. Optimalni pogoji dolo¢eni z uporabo genetskih algoritmov pa so bili pri kontaktnem ¢asu 94.97 min,
koli¢ini adsorbenta 3.52 g/L, koncentraciji natrijevih ionov 939.92 mg/L in pH vrednosti 10.92. Maksimalna adsorpcijska
kapaciteta dolo¢ena z Langmuirjevim modelom je bila ocenjena na 249.67 mg/g, kar je znatna koli¢ina. Poleg tega smo
pokazali, da lahko eksperimentalne podatke ravnoteZja in kinetike adsorpcije natrijevih ionov dobro opi$emo z Lang-
muirjevo izotermo in kinetiko adsorpcije psevdo-drugega-reda. Termodinami¢na analiza je pokazala, da je adsorpcija
endotermen proces. Zaklju¢imo lahko, da je predstavlja aktivno oglje, z visoko u¢inkovitostjo odstranjevanja in visoko
adsorpcijsko kapaciteto, obetajo¢ adsorbent za odstranjevanje natrija iz onesnazenih voda na industrijskem nivoju.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

A new dinuclear copper(II) complex [Cu,(p-Br),L,] - 0.5MeOH with the benzohydrazone ligand 4-bromo-N-(1-(pyri-
din-2-yl)ethylidene)benzohydrazide (HL) has been synthesized and characterized by elemental analysis, IR and UV-Vis
spectroscopic studies. Single crystal structures of the complex and the benzohydrazone compound were studied. The
Cu atoms in the complex are coordinated by two benzohydrazone ligands and two Br bridging groups, forming square
pyramidal coordination. The complex has good inhibitory activity on Jack bean urease, with ICs, value of 1.38 ymol - L.

Keywords: Benzohydrazone; copper complex; crystal structure; urease inhibitory activity

1. Introduction

Urease (urea amidohydrolase; E.C.3.5.1.5) is a nick-
el-containing enzyme that catalyzes the rapid hydrolysis of
urea to form ammonia.! It is harmful for environment, ag-
riculture and human health. In the last few years, urease
inhibitors have attracted much attention and numerous
urease inhibitors have been reported.? Among the known
urease inhibitors, hydroxamic acids, phosphoramides and
thiols are the best recognized species. Because the low effi-
ciency and negative side effect of the present urease inhib-
itors, the discovery of new and more efficient urease inhib-
itors is of high urgency.

Hydrazones constitute a class of famous ligands that
have attracted much attention for their versatile coordina-
tion behavior toward various metal ions,® and wide appli-
cations especially in biological fields such as antibacterial,*
antitumor,” anti-inflammatory® and cytotoxic,” etc. Inter-
estingly, hydrazone compounds have been reported to have
urease inhibitory activities.® Some vanadium complexes
with hydrazone ligands also show effective biological activ-
ities, like antibacterial and urease inhibitory aspects.® In
the last few years, a number of Schiff bases and their com-

plexes have shown effective urease inhibitory activities.'”
Among the complexes, those with copper atoms are of par-
ticularly attention due to their high activities on urease.!!
In continuation of our work,!? and aiming at obtaining new
copper based urease inhibitors, in this work, a new benzo-
hydraone = compound  4-bromo-N’-(1-(pyridin-2-yl)
ethylidene)benzohydrazide (HL, Scheme 1), and its cop-
per(II) complex, [Cu,(pu-Br),L,] - 0.5MeOH, are presented.

Br
N
SN \N/
_N 0

Scheme 1. The hydrazone HL

2. Experimental

2. 1. Materials and Methods

2-Acetylpyridine and 4-bromobenzohydrazide with
analytical grade were purchased from TCI. All other
chemicals were obtained from Xiya Chemical Co. Ltd. All
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the starting materials were used as received. Elemental
analyses (CHN) were performed on a Perkin-Elmer 240 C
elemental analyzer. Infrared spectra were recorded on a
Jasco FT/IR-4000 spectrophotometer in the region
4000-400 cm! using KBr pellets. Electronic absorption
spectra were recorded with a Lambda 35 spectrophotome-
ter. 'H NMR and '3C NMR spectra for the benzohydra-
zone compound were recorded on a Bruker 500 MHz
spectrometer. Single crystal X-ray diffraction was carried
out with a Bruker SMART 1000 CCD diffractometer.

2. 2. Synthesis of 4-Bromo-N’-(1-(pyridin-2-
yl)ethylidene)benzohydrazide (HL)

2-Acetylpyridine (1.21 g, 0.01 mol) was dissolved in
50 mL methanol, to which was added 50 mL methanol
solution of 4-bromobenzohydrazide (0.21 g, 0.01 mol).
The mixture was stirred and refluxed for 1 h. Then, the sol-
vent was removed by distillation under reduced pressure.
The white solid residue was re-crystallized from methanol
to obtain colorless single crystals. Yield 2.9 g (76%).

Anal. Calcd for C,H,,BrN;0: C, 52.8; H, 3.8; N,
13.2%. Found: C, 53.0; H, 3.9; N, 13.0%. FT-IR data (KBr,
cm): v(NH) 3283, v(C=0) 1659, v(C=N) 1587. UV data
[103 mol L' in methanol, A/nm (¢/L mol~! cm™)]: 245
(15,300), 298 (18,100), 365 (7,600). 'H NMR (500 MHz,

d®-DMSO, ppm) & 10.92 (s, 1H, NH), 8.61 (d, 1H, PyH),
8.11 (d, 1H, PyH), 7.84-7.71 (m, 6H, PyH + ArH), 2.46 s
(3H, CHs). *C NMR (126 MHz, d5-DMSO, ppm) 8 163.19,
154.98, 148.56, 147.71, 136.54, 132.04, 130.11, 129.58,
125.22,124.81, 120.36, 12.63.

2. 3. Synthesis of [Cu,(u-Br),L,] - 0.5MeOH

The benzohydrazone HL (0.32 g, 1.0 mmol) was dis-
solved in methanol (30 mL), to which was added solid
CuBr; (0.22 g, 1.0 mmol). The mixture was stirred at room
temperature for 30 min. The solution was filtered to re-
move minor unresolved residues. The filtrate was kept in
air for several days to give blue block-shaped single crys-
tals of the complex. Yield: 183 mg (40%).

Anal. Calcd for Cyg sH,,Br,Cu,N¢O,5: C, 36.5; H,
2.6; N, 9.0. Found: C, 36.3; H, 2.5; N, 9.2%. FT-IR data
(KBr, cm™): v(C=0) 1648; v(C=N) 1591; 1446, 1373, 1160,
1077, 947, 855, 543, 522. UV data [10~3 mol L! in metha-
nol, A/nm (&/L mol™ cm™)]: 272 (12,300), 380 (13,100).
Ay (1073 M in methanol): 25 Q! cm? mol-L.

2. 4. X-Ray Crystallography

The X-ray data of the benzohydrazone compound
and the copper complex were collected at 298(2) K on a

Table 1. Crystal data for the benzohydrazone compound (HL) and the copper complex

805

HL [Cu,(p-Br),L,] - 0.5MeOH
Formula C4H,BrN;0 Cys.5H,4Br,Cu,NO, 5
FW 318.2 937.2
Crystal shape/colour block/colorless block/blue
Crystal size /mm 0.10 x 0.07 x 0.06 0.20 x 0.20 x 0.15
Crystal system Triclinic Triclinic
Space group P1 P1
a(h) 4.0153(15) 8.7406(11)
b (A) 11.0020(19) 9.3175(13)
c(A) 15.6170(15) 11.5701(15)
a(°) 85.102(2) 75.321(2)
B () 87.249(2) 80.994(2)
Y (°) 89.880(2) 64.845(2)
V (A% 686.6(3) 823.79(19)
Z 2 1
A (MoKa) (A) 0.71073 0.71073
T (K) 298(2) 298(2)
y (MoKa) (cm™) 2.989 6.176
Tovin 0.7543 0.3714
Trnax 0.8410 0.4199
Rine 0.0482 0.0184
Reflections/parameters 4028/176 4423/209
Unique reflections 2527 3057
Observed reflections [I = 20(1)] 1332 2227
Restraints 1 13
Goodness of fit on F? 0.974 1.053

R, wR, [1=20(I)]
R}, wR, (all data)

0.0660, 0.1656
0.1324,0.2132

0.0427,0.1014
0.0710, 0.1155
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Table 2. Selected bond lengths (A) and angles (°) for the copper complex

Cul-N2 1.928(4)
Cul-N1 2.001(4)
Cul-Brl 2.8263(10)
N2-Cul-Ol 79.9(2)
O1-Cul-N1 160.3(2)
O1-Cul-BrlA 98.6(1)
N2-Cul-Brl 107.1(1)
N1-Cul-Brl 90.1(1)

Cul-O1 1.950(4)
Cul-BrlA 2.3966(9)
N2-Cul-N1 80.4(2)
N2-Cul-BrlA 157.5(2)
N1-Cul-BrlA 100.0(1)
O1-Cul-Brl 94.7(1)
Brl-Cul-BrlA 95.4(1)

Bruker SMART 1000 CCD diffractometer with graph-
ite-monochromated Mo Ka radiation (0.71073 A) from a
classical sealed tube. The intensity data were reduced with
SAINT." The multi-scan absorption correction was per-
formed with SADABS.!* Structures of the benzohydrazone
compound and the copper complex were solved with
SHELXTL by direct methods and refined against F? by
full-matrix least-squares method.!> All non-hydrogen at-
oms of the compounds were refined anisotropically. The
hydrogen atoms were placed in calculated positions and
constrained to ride on their parent atoms. Crystallograph-
ic data for the benzohydrazone compound and the copper
complex are summarized in Table 1. Selected bond lengths
and angles are given in Table 2.

3. Results and Discussion
3. 1. Synthesis

The benzohydazone compound was facile synthesized
by reaction of 2-acetylpyridine and 4-bromobenzohy-
drazide in methanol. The copper complex was readily
prepared by the self-assembly reaction of the benzohy-
drazone compound with copper bromide in methanol.
Single crystals of the ligand and the copper complex
were formed by typical slow evaporation method. Molar
conductivity of the copper complex in methanol with
a concentration of 1.0 x 10~ mol - L™! is 25 Q~l.cm?-
mol~}, indicating the non-electrolytic nature of the com-
plex.1®

Br
H
N \N/N + CuBrp ——
P

Scheme 2. The synthetic procedure for the copper complex

3. 2. Structure Description of the

Benzohydrazone Compound (HL)

The molecular structure of the benzohydrazone
compound is shown in Figure 1. The molecule shows E
configuration with respect for the ethylidene group (C=N).
The bond (C6-N2) with distance of 1.289(7) A, confirms a
typical double bond. In addition, the C8-N3 bond is short-
er than usual, while the C8=01 bond is longer than usual;
suggest there are conjugation effects in the molecule. All
the bond lengths are within normal values.*>!” The pyri-
dine and benzene rings form a dihedral angle of 57.5(5)°.
In the crystal structure of the complex, the adjacent two

Figure 1. Molecular structure of the benzohydrazone compound,
showing the atom-numbering scheme. Displacement ellipsoids are
drawn at the 30% probability level.

O

Br
/
N——
o B/CL\IB
b

\N/N\ =

Br
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Figure 2. Molecular packing structure of the benzohydrazone compound, viewed down the a axis. Hydrogen bonds are drawn as dotted lines.

molecules are linked through intermolecular N-H---O hy-
drogen bonds (Table 3), to generate a dimeric structure
(Figure 2).

3. 3. Structure Description of the Copper
Complex

Molecular structure of the dinuclear copper(II)
complex is shown in Figure 3. The compound contains a
copper complex molecule and half of a methanol mole-
cule. The Cu---Cu distance is 3.528(2) A. The complex pos-
sesses crystallographic inversion center symmetry. The
center is located at the central site of the two Cu atoms.
The ligand coordinates to the Cu atom through the imino
N, pyridine N, and enolate O atoms, generating five-mem-
bered chelate rings with bite angles of 79.9(2)° and
80.4(2)°. The Cu atom is in square pyramidal coordina-
tion, with the three donor atoms of the hydrazone ligand,

Figure 3. Molecular structure of the complex, showing the at-
om-numbering scheme. Displacement ellipsoids are drawn at the
30% probability level. Atoms labeled with the suffix A and unlabeled
atoms are related to the symmetry operation -x, -y, 1-z. The metha-
nol molecule is omitted for clarity.

Figure 4. Molecular packing structure of the complex, viewed down the a axis. Hydrogen bonds are drawn as dotted lines.

Table 3. Hydrogen bond distances (A) and bond angles (°) for HL and the complex

D-H--A d(D-H) d(H---A) d(D---A) Angle (D-H---A)
HL

N3-H3--01%! 0.90(1) 2.07(2) 2.963(6) 173(6)

The complex

C1-H1.-01%? 0.93 2.60(3) 3.400(5) 145(5)
C4-H4--Br1?? 0.93 2.89(3) 3.778(5) 160(5)

Symmetrycodes: #:2-x1-y,-z#2-x,-y,1-z#3:-x,1-y,1-z

Zhao et al.: Synthesis, Crystal Structures and Urease Inhibition
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and one Br atom located at the basal plane, and with the
other Br atom at the apical site. The Cu atom deviates by
0.237(1) A from the basal plane. The bond lengths around
the Cu atom are within normal values with the reported
copper(Il) complexes derived from hydrazones.!® The
square pyramidal geometry is distorted, which are demon-
strated from the cis and trans bond angles of 79.9(2)-
107.1(2)° and 157.5(2)-160.3(2)°, respectively. The pyri-
dine and benzene rings form dihedral angle of 6.6(5)° in
the hydrazone ligand.

The neighboring molecules of the complex are con-
nected by hydrogen bonds (Table 3), to form dimeric struc-
ture (Figure 4). There exists C-H--7 interactions between
C1 atom and the Br1-Cul-Br1A-CulA ring, with the dis-
tance of 2.79(2) A.

3.4.IR and UV Spectra

The N-H and C=0 absorptions of the free hydrazone
HL are observed at 3283 cm™! and 1659 cm™!. The C=0
absorption is shifted to lower wave number, viz. 1648 cm™!
for the complex, indicates it participates in coordination.
The C=N absorptions of HL and the complex are located at
about 1590 cm™1.%%1°

The UV spectra of the free hydrazone and the com-
plex displayed strong bands in the region 270-300 nm,
which are assigned to the n-7* transition. The charge
transfer LMCT bands of the complexes are located in the
region 350-400 nm.*

3. 5. Pharmacology Study

The assay of the urease inhibitory activity was in ac-
cordance with the literature method.?! The free hydrazone
HL has weak activity, with inhibition rate of 13.5% at con-
centration of 100 ymol - L. However, the copper complex
has stronger activity than HL, with inhibition rate of 93.5%
at the same concentration, and with ICs, value of 1.38
pmol - L'L. The complex has even better activity than the
reference drug acetohydroxamic acid (IC5, = 28.1 ymol -
L!) and the copper perchlorate (ICs, = 8.8 gmol - L'!).

3. 6. Molecular Docking Study of the Complex

The molecular docking technique was used to study
the binding effects of the complex with the Jack bean ure-
ase. The binding models are shown in Figures 5 and 6. It is
clear that the complex molecule fits very well with the ure-
ase active pocket. Detailed interactions were established in
a variety of conformations of the complex molecule with
the amino acid residues of the urease. The docking score is
-7.13, which is lower than the reference drug acetohy-
droxamic acid (-5.01). There are hydrogen bonds between
the complex molecule and the amino acid residue His323.
Moreover, there are hydrophobic interactions between the
complex molecule and the amino acid residues of the ure-

ase. The results indicate that the copper complex may be
served as a potential urease inhibitor.

Figure 5. Binding mode of the complex with Jack bean urease. The
enzyme is shown as surface, and the complex is shown as filling model.

Figure 6. Binding mode of the complex with Jack bean urease. The
enzyme is shown as ribbons, and the complex is shown as sticks.

4. Conclusion

The present study reports the synthesis, characteri-
zation and crystal structures of a hydrazone compound
4-bromo-N’-(1-(pyridin-2-yl)ethylidene)benzohydrazide
and its dinuclear copper complex. The hydrazone com-
pound coordinates to the Cu atoms through the pyridine
nitrogen, imino nitrogen and enolate oxygen. The Cu atom
in the complex is in square pyramidal coordination. The
complex has interesting biological activity, with good ure-
ase inhibitory activity.

Supplementary Data

CCDC 1878329 (HL), 1874306 (the complex) contain the
supplementary crystallographic data for this paper. These
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data can be obtained free of charge via http://www.ccdc.
cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: depos-
it@ccdc.cam.ac.uk.
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Abstract

This study reports electrochemical treatment of different therapeutic classes of pharmaceuticals (caffeine, prazosin, enal-
april, carbamazepine, nifedipine, levonorgestrel, and simvastatin) in a mixture. The electrochemical process was investi-
gated using graphite-PVC anode at different applied voltages (3, 5, and 12 V), initial concentrations of studied pharma-
ceuticals in aqueous solution (5 and 10 mg/L), and concentrations of sodium chloride (1 and 2 g/L). The % removal of
pharmaceuticals increased with the applied voltage, and was found higher than 98% after 50 min of electrolysis at 5 V.
Energy consumption ranged between 0.760 and 3.300 Wh/mg using 12 V being the highest value compared to 3 and 5
V. The formation of chlorinated by-products from four selected pharmaceuticals, simvastatin (C,,;H;3Cl;05, and C;,H,,
Cl,03), prazosin (C,3H;,CI3N505 and C,yH;,CI4N,0,), carbamazepine and caffeine (C;sH,;N,0,Cl and CgHyN,O,Cl)
was identified and elucidated using liquid chromatography-time of flight mass spectrometry (LC-TOF/MS).

Keywords: Pharmaceuticals; indirect electrochemical oxidation process; graphite-PVC anode; solid phase extraction;

LC-TOF/MS; energy consumption

1. Introduction

Pharmaceuticals are defined as organic compounds
used for the treatment of disease. They are present in pre-
scription medicines, over-the-counter therapeutic drugs,
and veterinary drugs. Different therapeutic classes of
pharmaceuticals such as caffeine, prazosin, enalapril, car-
bamazepine, nifedipine, levonorgestrel, and simvastatin
are categorized and prescribed for different treatments.

Caffeine is one of the most widely used drugs for the
nervous system. It is considered a non-prescribed drug as
it is available naturally in tea and coffee. Caffeine is used as
a central nervous system (CNS) stimulant, mild diuretic,
and respiratory stimulant (in neonates with apnea of pre-
maturity). Caffeine is used to treat migraines and other
headache types.! Prazosin is one of the antihypertensive
compounds. It is used for the treatment of hypertension,

symptomatic benign prostatic hyperplasia, and severe
congestive heart failure.! Enalapril is an example of re-
nin-angiotensin system inhibitor that is used for the treat-
ment of essential or renovascular hypertension and symp-
tomatic congestive heart failure.! Carbamazepine is one of
the most widely used antiepileptic drugs to treat partial
seizures, tonic-clonic seizures, and the pain of neurologic
origin such as trigeminal neuralgia.! Nifedipine is one of
the calcium channel blockers (CCBs) class that is used to
treat chronic stable angina, hypertension, and Raynaud’s
phenomenon.! Levonorgestrel is a progestin or a synthetic
form of the naturally occurring female sex hormone, pro-
gesterone. Levonorgestrel is used for the treatment of
menopausal and postmenopausal disorders alone or in
combination with other hormones as an oral contracep-
tive.! Simvastatin, the methylated form of lovastatin, is a
lipid-modifying agent that inhibits HMG-CoA reductase
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(3-hydroxy-3-methyl-glutaryl-CoA reductase). Simvasta-
tin is used in the treatment of primary hypercholesterol-
emia. It is effective in reducing total and LDL-cholesterol
as well as plasma triglycerides and apolipoprotein B.!

Pharmaceutical compounds were detected in the
surface water situated near the sewage water treatment
plants (STP).? The detection of pharmaceuticals in the
aquatic environment at trace levels ranging from nano-
grams to micrograms per litre has been widely discussed
and published in previous studies.*** In Malaysia, the
studied pharmaceuticals have been analysed and frequent-
ly detected in water samples such as influent and effluent
of sewage treatment plants, hospitals, and surface wa-
ter.578%10 In Malaysia, the main sewage treatment plant
applies a biological treatment process, which is unable to
accomplish complete degradation of some pharmaceuti-
cals. However, caffeine was found in the effluent sewage
treatment plants up to 1464 ng/L, while prazosin and other
pharmaceuticals were detected between 16 and 77 ng/L.
Nifedipine was not detected anymore because it is light-sen-
sitive, which causes rapid photodegradation.® Biological
treatment methods are extensively used for the removal of
pharmaceuticals from wastewater. It was observed that the
option of biological treatment may not be suitable because
microbial growth could be inhibited in the presence of
chloride.!!Advanced oxidation process (AOP) was at-
tempted to remove the pharmaceutical compounds but
their degradation was observed to be only partial.'* Thus,
looking for an alternative treatment process is necessary to
remove the pharmaceuticals from water bodies.

The electrochemical oxidation process for wastewa-
ter treatment has been widely applied due to its environ-
mental friendliness, amenability to automation, and effec-
tiveness to process wide variety of organic pollutants.!?
The removal of a wide spectrum of pharmaceuticals from
aqueous solution using graphite-PVC electrode was re-
ported in our previous studies.!* The electrochemical oxi-
dation process could be classified into indirect and direct
electrochemical processes. When the organic pollutants
are degraded by anodic electrodes after adsorption of these
pollutants on the anode, this type is called a direct process.
In contrast, an indirect electrochemical process is the
elimination of compounds in bulk solution, which is ac-
companied by strong and active oxidizing agents such as
hypochlorite/chlorine.’® The mechanism of formation of
hypochlorite, chloride, and chlorine could be illustrated by
these equations:

2C1~ = Clp+ 2e" (1)
€, + H,0 - H* + CI" + HOCl (2)
HOCl & H* + ClO- (3)

Combining ultrasonic and electrochemical oxida-
tion as advanced oxidation process using graphite as a

cathode has been used for the degradation of malachite
green wastewater. It was observed that the highest degra-
dation of malachite green obtained was 94.24% when the
voltage was 20 V, ultrasonic power was 300 W, and elec-
trolyte solution was 15.0 g/L Na,SO,.!¢ Treatment of do-
mestic wastewater has been given a big attention to re-
duce its impact on the aquatic environment. Using
iron(IIT) doped titanium dioxide-coated graphite elec-
trode exhibited good potential application on the purifi-
cation of domestic wastewater.!” Graphite electrode has
been used as anode for electrochemical degradation of
raw water and digested water. It was observed that the%
removal in terms of chemical oxygen demand (COD) was
37% and 25% for raw water and digested water, respec-
tively.!8

The electrochemical oxidation process has been ap-
plied for the degradation of real biotreated petrochemical
wastewater. However, different parameters have been stud-
ied such as current density, pH value, agitation rate, and
anode materials on their influence on the% removal of
COD of real biotreated petrochemical wastewater. It was
observed that higher oxidation occurred at the current
density of 10 mA/cm?, a pH value of 3, and an agitation
rate of 400 rpm.'° The application of indirect electrochem-
ical process reported that diclofenac, simvastatin, and
their by-products were completely removed after 140 min
using graphite-PVC composite anode.?*?! The COD of
synthetic textile effluent was removed >75% using graph-
ite rod anode for 45 min.?? It was observed that the elec-
trochemical oxidation process has achieved more than
90% removal of COD, BOD, and colour of textile dye using
Ag/C composite anode after 100 min.?* Indirect electro-
chemical treatment of landfill leachate showed 87% re-
moval of COD using graphite-PVC anode by operating at
15 V applied voltage for 105 min of electrolysis.?* Howev-
er, the electrochemical oxidation process was not applied
yet for the removal of different therapeutic classes of phar-
maceuticals mixture in one batch.

This study aims to determine the effectiveness of an
electrochemical process using graphite-PVC as anode for
the degradation of different therapeutic classes of pharma-
ceuticals in one mixture. The pharmaceuticals were fur-
ther identified for the formation of their chlorinated
by-products during the electrochemical treatment process
using LC-TOF/MS.

2. Experimental

2. 1. Materials and Methods

Pure standards (298%) of nifedipine (NFD) (CAS
no. 21829- 25-4), enalapril maleate (ENL) (CAS no. 76095-
16-4), prazosin (PRZ) (CAS no. 19237-84-4), caffeine
(CAF) (CAS no. 58-08-2), levonorgestrel (LNG) (CAS no.
797-63-7), carbamazepine (CBZ) (CAS no. 298-46-4),
simvastatin (SMV) (CAS no. 79902-63-9) were purchased

Mussa et al.:  Electrochemical Oxidation of Different ...
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o
o
O)\ITII N/>

Caffeine

Prazosin

OH

Levonorgestrel

Figure 1. Chemical structures of seven pharmaceutical compounds

from Sigma-Aldrich (St. Louis, MO). Deionized water
(DIW) was supplied by EASYPure RODI (Thermo Fisher
Scientific, Waltham, MA). HPLC-grade methanol
(MeOH), acetonitrile (ACN), acetone, and formic acid
(FA) were supplied by Merck (Darmstadt, Germany). The
chemical structure of all studied pharmaceuticals is pre-
sented in Figure 1.

The consumption profile of the studied pharmaceu-
tical compounds in a particular country affects the profile
of compounds found in wastewater and surface water. In
Malaysia, Ministry of health publishes annually statistical
report on drug consumption.?”> Table 1 presents the de-
fined daily doses (DDD) of a drug per thousand inhabi-
tants of the studied pharmaceuticals as a top 50 consumed
pharmaceutical compounds over the years 2011-2014 in
Malaysia. The DDD values are based on Anatomical Ther-
apeutic Chemical (ATC) classification system by World
Health Organization (WHO).?® The annual consumption

H
1 OHO
-
RS o

Enalapril

b

H,N" 0

Q 09
oY*— 0
EAAG

N

H

Carbamazepine Nifedipine

O‘C;O HO. 0}

Simvastatin

(kg/y) of the pharmaceuticals can be calculated using the
following formula:

) DDD

Consumption (kg/y) = DDD(g) x Tooomn >~ )

Population e (4)
1000000

2. 2. Standard Preparation and Graphite-PVC
Electrochemical Setup

A 1000 mg/L solutions of the standards were pre-
pared individually using methanol as a solvent and stored
at —18 . A mixture of solutions was prepared in water after
an appropriate dilution of the individual standard. The
conductivity of solutions was controlled by adding differ-
ent amounts of NaCl (Merck, Germany). All experiments
were conducted using a Pyrex glass vessel (100 mL). The

Table 1. Defined daily doses and the consumption of the selected pharmaceuticals in Malaysia 2011-2014

813

Compound Classification DDD (mg)?* 2011 25):(1); sumptm;lo( ;( :;g y) 2014
Caffeine® Stimulant 400 (O,P) - - - -
Prazosin Antihypertensive 5(0) 92 88 108 122
Enalapril Renin-angiotensin system inhibitors 10 (O,P) 597 616 564 667
Carbamazepine® Anti-epileptics 1000 (O,R) - - - -
Nifedipine Calcium channel blockers 30 (O,P) 2004 1650 1235 998
Levonorgestrel Sex hormones NA - - - -
Simvastatin Lipid modifying agents 30 (O) 2044 3832 5024 5401
Population

(107 inhabitants) 2.9062 2.9510 2.9915 3.0261

*WHO (2018), ® over-the-counter compounds, ‘compound not listed as top 50 consumed pharmaceuticals in Malaysia (2011-2014).

O= Oral, P=Parenteral, R=Rectanal, NA: not available.

Mussa et al.:  Electrochemical Oxidation of Different ...
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Figure 2. Electrochemical cell set up

4. Stirrer bar
5. Magnetic stirrer
6. Dc power supply

Pyrex glass electrochemical cell (reactor) was placed on a
magnetic stirring block to keep its contents well mixed
during the experiment as shown in Figure 2.

Pt metal foil and graphite-PVC as cathode and anode,
respectively, were prepared according to the previously re-
ported procedure.?* Graphite-PVC pellet was used as anode
and prepared from the graphite powder.2’ The distance be-
tween two electrodes in the electrochemical cell was 2.5 cm
in all experiments. The electrodes were connected to a DC
power supply (CPX200 DUAL, 35V 10A PSU).

2. 3. Electrochemical Treatment Procedure

Aqueous solution of 5 and 10 mg/L of the seven
compounds were prepared in deionized water. All solu-
tions were treated electrochemically at applied voltages of
3V, 5V, and 12 V. The% removal was calculated according
to the equation (5). Comparative electrochemical experi-
ments of 100 mL mixture solutions of caffeine, prazosin,
enelapril, carbamazepine, levonorgestrel, nifedipine and

simvastatin in deionized water were provided. The intervals
were 0, 10, 20, 30, 40, and 50 min. The monitoring of the
chlorinated by-products was performed after solid phase
extraction for caffeine, prazosin, simvastatin and carbamaz-
epine only at fixed conditions: 100 mL of solution, 0.5 mg/L
of compound, 5 V of applied voltage and 0.2 g NaCl as sup-
porting electrolyte.

Ag—A
= T 100% (5)
0

R% =

Where R% is the percentage% removal of parent
compound; A is the initial peak area of parent compound;
A is the residual peak area after time (¢).

2. 4. Solid Phase Extraction Method

It is well known that by-products could be formed
after the treatment of pharmaceuticals individually. An
Oasis HLB (3 cc, 60 mg) cartridge from Waters (Milford,
MA) was used for the purpose of SPE. The solid phase ex-
traction method was conducted according to the previous
study as follows: all experiments were subjected to a
10-sample GAST SPE vacuum manifold DOA-P504-BN
(Biichi Labortechnik AG, Flawil, Switzerland), treated
samples were loaded at a flow rate of 3 mL/min under vac-
uum conditions then the by-products were eluted out of
sorbent using 5 mL of methanol.”” Dry extracts were re-
constituted with 500 uL of solvent and filtered using 0.2
pm Nylon syringe filters. A 30 pL of the extract was auto-
matically injected into the LC-ESI-TOF/MS system for
analysis.

2. 5. Chemical Analysis

All pharmaceuticals and their by-products were sep-
arated on a Gemini 5 pum NX 110A C18 column 2 mm x
150 mm (Phenomenex, Torrance, CA) using a Dionex Ul-

Table 2. Chromatographic separation of selected pharmaceuticals and their by-products for both PI and NI ESI-TOF/MS modes

Positive ion (only selected pharmaceuticals)

Mobile phase

Flow rate
Injection volume
Gradient program Time (min) 0

B% 5%

A:0.1% FA in DIW
B: ACN-MeOH (3:1, v/v)

0.3 mL/min
30 uL
3 6 11 11.1 16.1
60% 97% 97% 5% 5%

Negative ion (by-products)

Mobile phase A:0.1% FA in DIW
B: ACN-MeOH (2:3, v/v)
Flow rate 0.3 mL/min
Injection volume 30 uL
Gradient program Time (min) 0 5 10 10.1 15.1
B% 5% 95% 95% 5% 5%
Mussa et al.:  Electrochemical Oxidation of Different ...
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timate 3000/LC 09115047 (Thermo Fisher Scientific,
Waltham, MA) system equipped with a vacuum degasser,
a quaternary pump, and an auto-sampler. The studied
pharmaceuticals were analysed by TOF/MS in positive ESI
ionization mode while the by-products were analysed in
negative ESI ionization mode. The mobile phase and elu-
tion program are presented in Table 2.

3. Results and Discussion

According to our previous work, the electrochemical
process was influenced by the initial concentration of the
pharmaceuticals, NaCl amount, and applied voltage
during the treatment of organic pollutants. Mainly, the ox-
idation of pollutants could take place by a strong oxidizing
agent, which was chlorine/hypochlorite.?”-8

3. 1. Effect of Initial Concentration

A mixture of the studied pharmaceuticals solution
with two different initial concentrations of 5 and 10 mg/L,
was treated by indirect electrochemical oxidation process
using graphite-PVC as the anode at a fixed applied voltage
of 5V and 2 g/L NaCl. The% removal was plotted against
electrochemical treatment time for both initial concentra-
tions as shown in Figure 3a. Degradation of pharmaceuti-
cals was achieved in all cases; however, it is evident that
faster elimination occurred at lower initial concentration.
At 5 mg/L and 5V, three pharmaceuticals were eliminated
in a reaction time of 50 min, but at 10 mg/L and 5V, the
complete degradation may require a longer time. As the
results indicated, the% removal decreased with an increase
in drug concentration. Nifedipine was removed quickly; it
was removed just after 10 min using 5 mg/L concentration
whilst it was eliminated after 40 min with 10 mg/L of ini-
tial concentration. Only caffeine, prazosin, enalapril, and
carbamazepine were still resistant using 5 mg/L, they were
not completely removed after 40 min.

3. 2. Effect of Sodium Chloride Dose

Hypochlorite ions ClO~ are produced due to the
presence of chloride ions (Cl7)/free chlorine (Cl,) in the
electrolysis system and are regarded as the main oxidizing
agent of the electrochemical oxidation process. The ClIO~
production is higher and dominant in the presence of
NaCl salt compared to the absence of NaCl.

The addition of NaCl as an electrolyte plays an im-
portant role to enhance the efficiency of electrochemical
removal for the studied pharmaceuticals. Therefore, the
continuous addition of sodium chloride was employed in
this present study. Two different amounts of NaCl, 0.1 and
0.2 g per 100 mL, were investigated within 50 min. The
applied voltage was kept at 5 V and the initial concentra-
tion was fixed at 5 mg/L. It was observed from Figure 3b,

the initial% removal increased with increasing of NaCl
amount and it was reached as the highest when NaCl was
0.2 g/100 mL. It was observed that nifedipine was com-
pletely degraded after 10 min of electrolysis in the pres-
ence of 2 g/L NaCl, in which levonorgestrel and simvasta-
tin were eliminated in the same way at the end of process.
However, most of the pharmaceuticals achieved more than
50% removal after 30 min. On the other hand, all com-
pounds were not completely removed in the presence of 1
g/L NaCl. The reason was attributed to the role of Cl~ in
the electrochemical oxidation process to generate ClO-,
which was not sufficient to make the full degradation for
the studied pharmaceuticals at 1 g/L NaCl.

It was observed from the LC-TOF/MS profile that
most of the pharmaceuticals were eliminated in the pres-
ence of 2 g/L. NaCl compared to 1 g/L NaCl under the same
conditions of 5 V and 50 min treatment time (Figure S1).
The indirect electrochemical oxidation mechanism for the
generation of active chlorine (Cl,, HOCI, and ClO~) was
presented in the Introduction section.

3. 3. Effect of Applied Voltage

Anodic oxidation of pharmaceuticals generates in-
termediates by the electrochemical oxidation -reactions of
the chloride ions in the solution as described by the equa-
tions (1-3) in the Introduction section. However, the solu-
tion contained chloride ions due to the aqueous dissocia-
tion of the NaCl into Na* and CI". Thus, the oxidation
under these conditions, usually called electrooxidation
with active chlorine, is based on the direct oxidation of Cl~
at the anode to yield soluble chlorine, which diffuses away
from the anode to be rapidly hydrolysed and transformed
into hypochlorous acid (HOCI) and the chloride ion. Hy-
pochlorous acid is then in equilibrium with hypochlorite
ion at pK, = 7.55. From the literature, it was found that the
dominant species are as follows: Cl, until pH near 3, HCIO
in the pH range 3-8, and CIO™ at pH > 8. It has been re-
ported that the oxidation treatment with active chlorine
species is faster in acid than in alkaline media because of
the higher standard potential of Cl, (E° = 1.36 V) and
HCIO (E° = 1.49 V) compared to CIO~ (E° = 0.89 V).%

In Figure 3c, the% removal increased when applied
voltage was raised from 3 to 12 V, indicating an enhance-
ment of the oxidation rate. This was due to the higher
electroregeneration of ClO™ ions from chlorine as dis-
cussed before. It was observed that at 12 V that the% re-
moval bar curves reveal a quicker decay. Only prazosin,
enalapril and carbamazepine were present after 10 min.
However, after 50 min all compounds were completely re-
moved. In the case of 5V, the% removal was between 81
and 96% for caffeine, prazosin, enalapril, and carbamaze-
pine. Nifedipine, levonorgestrel and simvastatin were
completely removed at the end of the electrochemical
treatment process. The trend was different for 3 V, it was
shown that all pharmaceuticals were not removed after 50
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816
min. The reason may be attributed to the fact that the con- and showed that most of the pharmaceuticals were elimi-
centration of the formed ClO~ was low. LC-TOF/MS pro- nated following the increasing of applied voltage as pre-
file for the removal of pharmaceuticals has been observed sented in Figure S2.
600
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Figure 3.% Removal for all studied pharmaceuticals: (a) effect of initial concentration at 5V and 2 g/L NaCl, (b) effect of NaCl amount at 5V and 5
mg/L and (c) effect of applied voltage at 5 mg/L and 2 g/L NaCl.
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During the electrochemical process, energy consump-
tion was considered for four pharmaceuticals only (caffeine,
prazosin, enalapril, and carbamazepine) as a model of phar-
maceuticals. It was calculated using equation 6:3

(6)

Am

~ wm]

where EC (kWh/g compound) is energy consumption for
the process; V (volt) is the applied voltage, I (ampere) is the
current, t (hours) is the electrolysis time and Am (gram) is
the amount of reduced compound.

From Figure 4, energy consumption exhibited the
highest value at 12 V compared to 5 and 3 V. Energy con-
sumption was almost similar at 5 and 3 V, however, it was
very low compared to 12 V. On the other hand,% removal
was higher at 5 V compared to 3 V as shown in Figure 3c.
Consequently, 5 V was the best choice for further experi-
ments due to its low energy consumption and good com-
promise% removal for most of the compounds.

3. 4. Identification of the By-products

After electrochemical degradation of the parent
compounds, some new by-products were formed. Howev-

er, analysis of the by-products requires some further ex-
periments to ensure their detection in trace amounts. LC-
TOF/MS is an instrument used for this purpose. In this
study, only chlorinated by-products were analysed and re-
ported because chlorinated by-products are more com-
mon harmful compounds than other non-chlorinated
by-products. Furthermore, chlorine has two isotopes *>Cl
and ¥’Cl with a big difference in abundance between them
so they show clear separation and are very readily seen in
mass spectrometry spectra and chromatograms.

Four pharmaceutical compounds, simvastatin, pra-
zosin, carbamazepine, and caffeine were analysed and dis-
cussed in terms of the generation of their by-products us-
ing LC-TOF/MS. Other pharmaceuticals have not
presented chlorinated by-products. It was observed that
chlorinated by-products could be formed due to the pres-
ence of chlorine in the solution then oxidation reaction
will occur via hypochlorite ion CIO~.3! During the electro-
chemical oxidation, several compounds were produced in
the solution, however, it was very difficult to identify them
because the electrochemical process was non-selective.
Hence, it is very important to use an accurate instrument
LC-TOF/MS for this purpose. The formation of the chlori-
nated by-products suggested the attack of CIO~ generated
by electrochemical oxidation of Cl~ as has been discussed
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Figure 4. Effect of applied voltage on the energy consumption at 5 mg/L and 2 g/L NaCl.
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previously.>>3 However, two main products, C;;H;3C-
1,05, and C;yH;,Cl,O3, were produced during the electro-
chemical oxidation of simvastatin as presented in Table 3.

Figure 5a shows the mass spectrum of simvastatin
by-product (m/z 327.9688). The most striking aspects of
these spectra were the clusters of intense peaks that were
separated by m/z 2 units. However, the identification of
the ion cluster m/z 327.9/329.9/331.9/333.9 is explained
here.

After careful examination of the ion cluster, it is evi-
dent that it should be a chlorine-containing by-product.
The four peaks at m/z 327.9/329.9/331.9/333.9 display an
ion cluster with an isotopic peak abundance ratio of
100%:95.6%:30.5%:3.2%, indicating that this by-product
contains three chlorine atoms.

On the other hand, the by-product C,,H;,Cl,0,
(m/z 361.9310) has four chlorine atoms. However, the
mass spectrum profile for this product shows five main

Table 3. Accurate mass measurement for selected pharmaceuticals and their by-products under the conditions 5 V and 5 g/L NaCl.

Elemental composition

Parent compound/ /by-product

Ionization mode

Mass to charge

Molecular structure .
ratio (m/z)

Simvastatin C,;H;305Cls Negative o o 327.9688
E‘j
cl
cl
COOH
cl
CH,
C,;H,,05Cl, Negative o o 361.9310
o
cl
cl
COOH
cl
CHCI
Prazosin C13H,N;0;Cly Negative cl cl 389.9985
0. #Z
o} C.
ﬁ/\N/ ~o0
N N\)
S
e
NH,
C1oH N,0,Cl, Negative cl cl 329.9486
o A~
Cl
(\N‘/c\\\
N
Hye”
Carbamazepine C5H;1N,0,Cl Positive O 309.0248
998
o“NHcl
Caffeine CgHoN,0,Cl Positive o 229.0475
SHoCI
HaC N
N
J
o™ N N
CHj
Mussa et al.:  Electrochemical Oxidation of Different ...



Acta Chim. Slov. 2021, 68, 811-820

intens
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Figure 5. Mass spectra profile using LC-TOF/MS for simvastatin
chlorinated by-products (a): three chlorine atoms and (b) four chlo-
rine atoms.

peaks at m/z361.9, 363.9, 365.9, 367.9, and 369.9, as pre-
sented in Figure 5b. The probability of appearance of these
five isotopic mass peaks is arranged as 78.2%:100%:47.9%:
10.2%:0.7%, respectively.

Table 3 shows an illustration of the formation of two
products: C;3H;,Cl3N;0; and C,H;;Cl,N,0,. After care-
ful examination of the ion cluster for C;3H;,CI;N;O;, it
was evident that it should be a chlorine-containing
by-product. The inset panel shows that the peak at m/z
390/392/394/396 displays an ion cluster with an isotopic
peak abundance ratio of 100%:100%:33%:4%, indicating
that this by-product contains three chlorine atoms. On the
other hand, product C,oH;;CI,N,0,, m/z 329.9486, has
four chlorine atoms identified as the five main peaks at m/z
329.9, 331.9, 333.9, 335.9, and 337.9, and arranged as
75%:100%:50%:11%:1%, respectively.

In case of carbamazepine and caffeine, their by-prod-
ucts with one chlorine atom were identified as C,;H,;N,O-
,Cl and CgHgN,O,Cl, respectively, as shown in Table 3.
The intense peaks for both compounds are presented in
similar arrangement for the intense base isotope peaks as
100%:30%.

4. Conclusions

In this study, different pharmaceuticals were treated
using the electrochemical oxidation process. The electro-
chemical process showed that caffeine, prazosin, simvas-

tatin, and levonorgestrel were eliminated within 30-50
min using graphite-PVC composite electrode at 5 and 12
V. This present study was reported for the first time ex-
plaining the treatment of the mixture of pharmaceuticals
in a single reactor. The electrochemical oxidation process
was investigated in the presence of NaCl as a supporting
electrolyte under different applied voltages. Energy con-
sumption was evaluated for four pharmaceuticals under
different conditions. It ranged between 0.154 and 0.345
Wh/mg at 3V, 0.175 and 0.430 Wh/mg at 5 V, and 0.760
and 3.300 Wh/mg at 12 V. The formation of chlorinated
by-products was identified and elucidated strongly using
LC-TOF/MS.

Conflicts of Interest: The authors declare no conflict
of interest.

Acknowledgments

The authors thank Mr. Alefee who is the person-in-
charge of LC-TOF/MS. The authors also would like to
thank University of Babylon to make agreement with other
universities for providing the facilities to conduct this
study. The authors would like to thank Al-Mustagbal Uni-
versity College for funding this research.

5. References

—

. Drugbank database. https://go.drugbank.com (accessed: 28

February 2020)

2. L. Vergeynst, A. Haeck, P. De Wispelaere, H. Van Langenhove,
K. Demeestere, Chemosphere, 2015, 119, S2-S8.
DOI:10.1016/j.chemosphere.2014.03.069

3. 1. Ferrer, E. M. Thurman, J. Chromatogr. A, 2012, 1259, 148-
157. DOI:10.1016/j.chroma.2012.03.059

4. N. K. Khalid, D. Devadasan, U. K. Aravind, C. T. Aravindaku-
mar, Environ. Monit. Assess. 2018, 190, 1-12.
DOI:10.1007/s10661-018-6745-9

5. R. W. Becker, M. Ibanez, E. C. Lumbaque, M. L. Wilde, T. F. da
Rosa, F. Hernandez, C. Sirtori, Sci. Total Environ. 2020, 699,
134-218. DOI:10.1016/j.scitotenv.2019.134218

6.F F. Al-Qaim, M. P. Abdullah, M. R. Othman, J. Latip, Z.
Zakaria, J. Chromatogr. A, 2014, 1345, 139-153.
DOI:10.1016/j.chroma.2014.04.025

7. E E. Al-Qaim, M. P. Abdullah, M. R. Othman, J. Latip, W. Afiq,
J. Brazil. Chem. Soc. 2014, 25, 271-281.
DOI:10.5935/0103-5053.20130294

8. F. E Al-Qaim, M. P. Abdullah, M. R. Othman, Z. H. Mussa,
Z. Zakaria, J. Latip, W. M. Afiq, J. Brazil. Chem. Soc. 2015, 26,
1124-1135. DOI:10.5935/0103-5053.20150075

9. F. F. Al-Qaim, Z. Mussa, A. Yuzir, N. Tahrim, N. Hashim, S.
Azman, Water, 2018, 10, 916. DOI:10.3390/w10070916

10. F.F. Al-Qaim, Z. H. Mussa, A. Yuzir, Anal. Bioanal. Chem.2018,
410, 4829-4846. DOI:10.1007/s00216-018-1120-9

Mussa et al.:  Electrochemical Oxidation of Different ...

819


https://go.drugbank.com
https://doi.org/10.1016/j.chemosphere.2014.03.069
https://doi.org/10.1016/j.chroma.2012.03.059
https://doi.org/10.1007/s10661-018-6745-9
https://doi.org/10.1016/j.scitotenv.2019.134218
https://doi.org/10.1016/j.chroma.2014.04.025
https://doi.org/10.5935/0103-5053.20130294
https://doi.org/10.5935/0103-5053.20150075
https://doi.org/10.3390/w10070916
https://doi.org/10.1007/s00216-018-1120-9

820

Acta Chim. Slov. 2021, 68, 811-820

11.
12.
13.
14.

15.
16.

17.

18.
19.

20.

21.

C. L. Amorim, I. S. Moreira, A. R. Ribeiro, L. H. Santos, C.
Delerue-Matos, M. E. Tiritan, P. M. Castro, Int. Biodeter. Bio-
degr. 2016, 115, 277-285.

DOI:10.1016/j.ibiod.2016.09.009

M. Klavarioti, D. Mantzavinos, D. Kassinos, Environ.
Int.2009, 35, 402-417. DOI:10.1016/j.envint.2008.07.009

T. Jeri¢, R. J. Bisselink, W. Van Tongeren, A. M. Le Marechal,
Acta Chim. Slov. 2013, 60, 666-672. https://journals.matheo.
si/index.php/ACSi/article/view/104

F. E Al-Qaim, Z. H. Mussa, M. R. Othman, M. P. Abdullah,
J.Hazard. Mater. 2015, 300, 387-397.
DOI:10.1016/j.jhazmat.2015.07.007

J. B. Parsa, M. Abbasi, Acta Chim. Slov. 2007, 54, 792.

Q. Ren, C. Kong, Z. Chen, J. Zhou, W. Li, D. Li, Y. Lu, Micro-
chem. J. 2021, 164, 106059.
DOI:10.1016/j.microc.2021.106059

I. W. Mwangi, E. M. Kinyua, R. Nthumbi, R. N. Wanjau, S.
Swaleh, J. C. Ngila, Heliyon, 2021, 7, e06671.
DOI:10.1016/j.heliyon.2021.e06671

G. Lourinho, D. M. E Santos, P. S. D. Brito, J. Environ. Chem.
Eng. 2021, 9, 104712. DOI:10.1016/j.jece.2020.104712

H. Li, X. Kuang, C. Qiu, X. Shen, B. Zhang, H. Li, Water Sci.
Technol. 2020, 82, 773-786. DOI:10.2166/wst.2020.387
Z.H. Mussa, E. E. Al-Qaim, M. R. Othman, M. P. Abdullah, J.
Latip, Z. Zakria, J. Taiwan Inst.Chem. E.2017, 72, 37-44.
DOI:10.1016/j.jtice.2016.12.031

Z.H. Mussa, F. F. Al-Qaim, M. R. Othman, M. P. Abdullah, J.
Environ. Chem. Eng., 2016, 4, 3338-3347.
DOI:10.1016/j.jece.2016.07.006

Povzetek

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

N. Nordin, M. A. E Pisal, N. I. H. Razman, N. E Jaafar, Acta
Chim. Slov. 2019, 66, 284-293. DOI:10.17344/acsi.2018.4705
N. Nordin, S. E M. Amir, M. R. Yusop, M. R. Othman, Acta
Chim. Slov. 2015, 62, 642-651. DOI:10.17344/acsi.2014.1264
Z. H. Mussa, M. R. Othman, M. P. Abdullah, J. Brazil. Chem.
Soc. 2015, 26, 939-948. DOI:10.5935/0103-5053.20150055
Malaysian Statistics on Medicine, Ministry of Health Malaysia,
Kuala Lumpur. 2014. http://apps.who.int/medicinedocs/doc-
uments/s17580en/s17580en.pdf/ (accessed: 20 February 2020).
World Health Organization (WHO), collaborating center
for drug statistics methodology,  https://www.whocc.no/
atc_ddd_index/?code=C07AB02&showdescription=yes/ (ac-
cessed: 28 February 2020).

Z.Mussa, F. Al-Qaim, A. Yuzir, H. Hara, S. Azman, S. Chellia-
pan, Catalysts, 2018, 8, 540. DOI:10.3390/catal8110540

E E Al-Qaim, Z. H. Mussa, A. Yuzir, J. Latip, M. R. Othman, J.
Environ. Sci.2018, 74, 134-146.
DOI:10.1016/j.jes.2018.02.019

1. Sirés, E. Brillas, Environ.Int.2012, 40, 212-229.
DOI:10.1016/j.envint.2011.07.012

J. B. Parsa, M. Rezaei, A. R. Soleymani, J. Hazard. Mater.
2009, 168, 997-1003. DOI:10.1016/j.jhazmat.2009.02.134
M. Soufan, M. Deborde, A. Delmont, B. Legube, Water
Res. 2013, 47,5076-5087. DOI:10.1016/j.watres.2013.05.047
A. Sanchez-Carretero, C. Sdez, P. Canizares, M. A. Rodri-
go, Chem. Eng. ]. 2011, 166, 710-714.
DOI:10.1016/j.cej.2010.11.037

M. J. Martin de Vidales, C. Séez, P. Caiiizares, M. A. Rodrigo,
J. Chem. Technol. Biotechnol. 2012, 87, 225-231.
DOI:10.1002/jctb.2701

V tej Studiji poro¢amo o elektrokemijski obdelavi razli¢nih terapevtskih skupin farmacevtikov (kofein, prazosin, enal-
april, karbamazepin, nifedipin, levonorgestrel in simvastatin) v me$anici. Med elektrokemijskim procesom smo razisk-
ovali uporabo grafitne-PVC anode pri razli¢nih potencialih (3, 5 in 12 V), razli¢nih zacetnih koncentracijah preu¢evanih
farmacevtikov v vodni raztopini (5 in 10 mg/L) ter pri razli¢nih koncentracijah natrijevega klorida (1 in 2 g/L). Delez
odstranitve farmacevtikov se je poveceval z uporabljenim potencialom in je bil nad 98% po 50 min elektrolize pri 5 V.
Poraba energije je bila med 0,760 in 3,300 Wh/mg pri 12 V, kar je bila najvisja vrednost v primerjavi s 3 ali 5 V. Nastanek
kloriranih stranskih produktov smo spremljali pri §tirih izbranih farmacevtikih: simvastatin (C;;H,5;Cl;05 in C,;oH;,C-
1,03), prazosin (C;3H;,CI;N;0; in C;oH;;Cl;N,0,), karbamazepin in kofein (C,;sH;;N,0,Cl in CgHyN,O,Cl), kjer smo
strukturo produktov ugotovili z uporabo tekocinske kromatografije z masno spektrometrijo na ¢as preleta (LC-TOF/MS).

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License

Mussa et al.:  Electrochemical Oxidation of Different ...


https://doi.org/10.1016/j.ibiod.2016.09.009
https://doi.org/10.1016/j.envint.2008.07.009
https://journals.matheo.si/index.php/ACSi/article/view/104
https://journals.matheo.si/index.php/ACSi/article/view/104
https://doi.org/10.1016/j.jhazmat.2015.07.007
https://doi.org/10.1016/j.microc.2021.106059
https://doi.org/10.1016/j.heliyon.2021.e06671
https://doi.org/10.1016/j.jece.2020.104712
https://doi.org/10.2166/wst.2020.387
https://doi.org/10.1016/j.jtice.2016.12.031
https://doi.org/10.1016/j.jece.2016.07.006
https://doi.org/10.17344/acsi.2018.4705
https://doi.org/10.17344/acsi.2014.1264
https://doi.org/10.5935/0103-5053.20150055
http://apps.who.int/medicinedocs/documents/s17580en/s17580en.pdf/
http://apps.who.int/medicinedocs/documents/s17580en/s17580en.pdf/
https://www.whocc.no/atc_ddd_index/?code=C07AB02&showdescription=yes/
https://www.whocc.no/atc_ddd_index/?code=C07AB02&showdescription=yes/
https://doi.org/10.3390/catal8110540
https://doi.org/10.1016/j.jes.2018.02.019
https://doi.org/10.1016/j.envint.2011.07.012
https://doi.org/10.1016/j.jhazmat.2009.02.134
https://doi.org/10.1016/j.watres.2013.05.047
https://doi.org/10.1016/j.cej.2010.11.037
https://doi.org/10.1002/jctb.2701

DOI: 10.17344/acsi.2021.6830

Acta Chim. Slov. 2021, 68, 821-832

creative
commons

Scientific paper

Experimental Studies on the Removal of Aluminium
Ions from Synthetic Aqueous Solution
by Hydroxyapatites

Doina Humelnicu,'* Inga Zinicovscaia,>* Ionel Humelnicu'
and Maria Ignat!

! Alexandru loan Cuza” University of lasi, Faculty of Chemistry, lasi, Romania

2 Department of Nuclear Physics, Joint Institute for Nuclear Research, Dubna, Russia

3 Department of Nuclear Physics, Horia Hulubei National Institute for Ré&D in Physics and Nuclear Engineering,
Bucharest - Magurele, Romania

* Corresponding author: E-mail: doinah@uaic.ro

Received: 03-16-2021

Abstract

In this work we have presented the results obtained in the adsorption behavior of hydroxyapatite with different treatment
towards aluminium ions from synthetic wastewaters. Experiments were performed in batch technique at different pH
values, temperatures, sorbent dosage, contact time and initial aluminium concentration. The thermodynamic studies on
the adsorption process of aluminium onto hydroxyapatite indicated that the process is spontaneous and endothermic.
The Langmuir, Freundlich, Flory-Huggins, Dubinin-Radushkevich and Temkin equilibrium models were applied to the
description of experimental data. The adsorption of aluminium follows the Langmuir adsorption isotherm. The kinetics
of adsorption was evaluated using the pseudo-first order, pseudo-second order and intraparticle diffusion kinetic mod-
els. The rate of aluminium adsorption was successfully described by a pseudo-second-order kinetic model. The obtained
results indicated that hydroxyapatite treated with Pluronic P123 surfactant has a higher sorption capacity toward alu-
minium ions (117.65 mg g~!) than hydroxyapatite treated with Pluronic F127 surfactant (109.89 mg g~') while untreated

hydroxyapatite exhibited the lowest one (104.17 mg g™!).

Keywords: Aluminium removal, adsorption, hydroxyapatite, wastewaters

1. Introduction

Wastewaters that contain metals are considered to be
dangerous to both human and the environment due to
their acute toxicity and non-biodegradability, even when
the metals are present at very low concentrations. Metal
ions are known as priority pollutants, due to their mobility
and toxicity in natural water ecosystems.

Aluminium is usually present in alum treated water,
effluents from aluminium based industries and also due to
the salts of aluminum added to many processed foods and
medicine. The main factors of the presence of aluminium
in water are the industrial processes. Acid rains are the
other important source for aluminium contamination of
natural waters.! =

The sources of aluminium contamination is attribut-
ed to the presence of ‘residual aluminium’ present in alum

treated waters,*> effluents from aluminium based indus-
tries and also due to the salts of aluminium being to hu-
man health.!-> Aluminium is a neurotoxin when is added
to many processed foods and medicine.®

Wastewaters that result from industrial activities
regularly can pollute drinking water supplies as well as riv-
ers, lakes, seawater and other aquatic ecosystems. In time,
this can cause a contamination of water with aluminium
and cause many medical disorders in living organisms.”8

Harmfulness of aluminium can be attributed to its
accumulation in bone and central nervous system, espe-
cially in people who have kidney failure. In high doses
(>110 pg L™Y),° aluminium can cause neurotoxicity being
associated with Parkinson dementia, and Alzheimer’s dis-
ease.!0 Also, aluminium can reduce skeletal mineralization
because it competes with calcium absorption in bones.
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For the removal of aluminium from wastewaters has
been proposed several methods such as ion exchange, re-
verse osmosis, chemical precipitation, and solvent extrac-
tion. Such methods generate toxic sludge that constitutes
serious environmental and economical problems. Conse-
quently, the adsorption has been found to be a better
method for removal of metals from wastewaters due to its
simplicity, efficiency and low costs.

It has been reported different type of sorbents that
have the capacity to adsorb and accumulate metals from
wastewaters, mainly activated carbon,!"!? natural zeo-
lites,!>* different algae types,!>!® magnetic nanoparti-
cles,'” rice hulk, polymers.!3-2! Recently, among the widely
available inorganic based adsorbents hydroxyapatite
(HAP) was found to exhibit a good adsorption poten-
tial?>23 HAP is the most stable form of calcium phosphate
with the chemical formula Ca;;(PO4)¢(OH),* being an
efficient sorbent used in order to remove heavy metals
from wastewaters due to its high sorption capacity*> and
ion exchange properties.?® Different methods of synthesis
influence the morphology of HAP, and, consequently
cause some properties such as adsorption and mechanical
strength.?4?728 As a result of these properties HAP has
been used as sensor, as adsorbent for dyes and heavy met-
als from residual waters.?>-3

As nanostructured HAP provide large interfaces, giv-
ing great adsorption capability in the separation field*, the
objective of this study was to evaluate the feasibility of using
nanoporous hydroxyapatite with different available pore
volumes and specific surface areas for the removal of alu-
minjum from aqueous solution. Thus, we succeeded in syn-
thesizing a mesoporous hydroxyapatite, using the surfactant
micelle as template system in order to induce pores in HAP
material. Further, the influence of experimental parameter
such as contact time, sorbent dose, pH, temperature, and
initial AI(III) concentration were studied in the sorption
process on prepared HAP powders. The adsorption process
was studied from kinetic and isotherm standpoints.

2. Material and Methods

Calcium nitrate, aluminium nitrate and phosphoric
acid were purchased from Sigma Aldrich. Ethylic alcohol
and liquid ammonia were purchased from Chemical Com-
pany, and surfactants (Pluronic P123 and Pluronic F127)
were purchased from Sigma Aldrich. All chemicals were
reagent grade and were used without further purification.

2. 1. Sorbents Synthesis

Hydroxyapatite (HAP) was prepared by coprecipita-
tion of calcium nitrate and phosphoric acid according to
the synthesis reported by Arsad and colab.® with some
modifications. Aqueous solution of 0.5 M calcium nitrate
was added to 50 mL ethanol and was vigorously stirred at

room temperature. Afterward few drops of 25% (v/v) am-
monia solution were then added to the solution in order to
adjust the pH to 10, and then a solution of 0.3 M phos-
phoric acid was added slowly in a dropwise manner to al-
low reacting with calcium nitrate. The used volumes of
calcium and phosphate containing reagent solutions were
calculated so as to respect the molar ratio of Ca/P equal to
1.67, as in the natural HAP. After 1 h reaction at 60 °C, the
reaction mixture was allowed to age overnight at room
temperature to complete the reaction. The suspension was
centrifuged at 4,000 rpm for 15 min., separated and dried
at room temperature. The white powder of sample was cal-
cined for 6 hours at 550 °C and labeled as HAP.

The HAP P123 and HAP F127 samples have been
obtained following the same procedure with the mention
that to the reaction mixture the corresponding surfactants
were added. Thus, the Pluronic P123 has been used in the
synthesis of HAP P123 sample, and Pluronic F127 in the
synthesis of HAP F127 sample.

The N, adsorption/desorption isotherms for BET
specific surface area measurements were recorded on a
NOVA 2200e (Quantachrome Instruments) automated
gas adsorption analyzer. Before analysis the samples were
outgassed at 120 °C for at least 6 h under vacuum.

2. 2. Sorption Experiments

Sorption of aluminium ions from synthetic wastewa-
ters was carried out in batch mode to establish the sorp-
tion capacity of sorbents as function of contact time, pH,
initial concentration of aluminium ions, temperature,
sorbent dose.

The aluminium ion concentration in the samples col-
lected at different contact times and at equilibrium was
measured at a wavelength of 309 nm by flame atomic ab-
sorption spectroscopy (FAAS) on the continuum source
atomic absorption spectrometer—contrAA® 300- equipped
with an optimized high-resolution Echelle double mono-
chromator. Infrared spectra were performed with a BRUK-
ER ALPHA FT-IR Spectrometer between 400-4000 cm™L.

Experiments were performed in triplicate and the
average of measurements was used in calculation.

The amount of aluminium retained per unit mass of
sorbent was calculated with Eq. (1).

g= M , (mg Al/g sorbent) (1)
m

where C is initial concentration of aluminium, (mg L),
C. is aluminium concentration in aqueous solution at
equilibrium, (mg L), V is the volume of aqueous solution
(L), and m is sorbent mass (g).

3. Results and Discussion

Infrared spectra of the sorbent point out that the use
of surfactants did not influence their surface chemistry,
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but only changed their textural properties, meaning that
the specific surface area and pores volume increased/de-
creased according to the used structure directing agent.
The infrared spectra show broad bands characteristic to
hydroxyapatite nanomaterial. The characteristic peaks at-
tributed to PO,*> appear at 475, 570, 600, 962, 1039, and
1091 cm™!, showing a distinguishable P-O stretching vi-
bration and a triple degenerate bending vibrations of
phosphate groups in hydroxyapatite.** The FTIR spectra
after adsorption experiments highlight the increase in the
intensity of some absorption bands.

Nitrogen adsorption-desorption analysis has been
employed to characterize the porous structure of the syn-
thesized samples.>® Figure 1 shows typical isotherms char-
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Figure 1. Nitrogen sorption isotherm and corresponding pore size
distributions for the synthesized HAP samples.

acteristic to hydroxyapatite materials. All isotherms are of
type IV, characterizing mesoporous materials, accompa-
nied by a H3 type hysteresis loop, which according to IU-
PAC classification®® is attributed to the formation of aggre-
gated plate-lite particles giving rise to pores of slit shapes.

The textural characteristics of the investigated sorb-
ents are presented in Table 1. It can be observed that the
surfactant addition during the HAP synthesis lead to the
hypothesis that the abundant pore bodies of a certain size
can be correlated with the abundance of pore necks that
are smaller by a systematic amount.*” Even more, the sur-
factant P123 increased considerably specific surface area
and total pore volume of the hydroxyapatite material, as
can be observed from the Table 1.

Table 1. Textural properties of the synthesized sorbents.

Sorbent  Specific surface, Pore Volume, Pore diameter,
m?%/g cm®/g nm

HAP 47.251 6.48 x 1072 3.12

HAP P123 69.153 1.59 x 107! 3.50

HAP F127 31.719 6.18 x 1072 4.13

Relatively large specific surface and pore volume of
the synthesized HAP systems highlighted their potential
application as adsorbent materials.

3. 1. Influence of Sorbent Mass on the
Adsorption Process

An important factor influencing the efficiency of the
adsorption process from economically point of view is the
sorbent mass used to remove the pollutant. The adsorption
process is not effective if it requires a large amount of sorb-
ent.

The effect of sorbent mass variation on the adsorp-
tion process was investigated at an established metal ion
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Figure 2. Dependence of adsorption process on the sorbent mass.
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concentration of 50 mg L! at a temperature of 25 °C. Fig-
ure 2 shows that with the increase of the sorbent mass
from 0.01 g to 0.03 g the sorption capacity of the sorbents
decreases because by increasing of the sorbent dose the
number of accessible active sites increased consequently,
the same amount of aluminium ions being distributed on
an increasing number of binding sites. From this figure we
can conclude that HAP P123 had a better sorption capaci-
ty by comparing with HAP and HAP F127, exhibiting al-
most similar textural properties.

3. 2. Effect of Contact Time on the Sorption
Process

The influence of contact time on the adsorption of
aluminium ions on the three type of hydroxyapatite was
studied in a range of 0-180 minutes.

These experiments were performed at a temperature
of 25 °C and a metal ion concentration of 50 mg L7}, the
sorbent mass used was 15 mg and the working volume of
the solution was 20 mL. The results that were obtained are
plotted in Figure 3.

70
60
o [ 0
o250 - u
£ a * o o
& 40 - * #HAP
o
¢ EHAP F127
30
. HAP P123
20 : : :
0 50 100 150 200

contact time, min.,

Figure 3. Dependence of adsorption process on the contact time.

It can be seen from Figure 3 that the amount of alu-
minium ions retained by sorbents increases with the in-
creasing of the contact time, and equilibrium is reached
after a period of 90 minutes after which the sorption re-
mains constant. It is noted that in the case of the hy-
droxyapatite treated with surfactant Pluronic P123, the
sorption of the aluminium ions was more efficient.

3. 3. pH Dependence of Sorption Process

pH is an important parameter that determines the
ionic species in aqueous solution. The pH effect on the
sorption of aluminium ions was studied by varying the
solution pH in the range 2-8 with HCI and NaOH, the
sorption capacity of HAPs sorbents being plotted as a
function of pH in Figure 4. It is obvious that the sorption

capacity is influenced by the solution pH, the higher sorp-
tion occurring at pH 4. The value of sorption capacity of
HAP was 43.21 mg g}, for HAP F127 was 52.64 mg g™
and for HAP P123 was 59.85 mg g™}, respectively. In aque-
ous solutions the solubility of aluminum increases at low
pH due to the formation of ionic species: [AI(OH)]?*",
[AI(OH),]* and [AI(H,0),]>*.!8 At pH values ~4, most Al
exists as AI**.3® In pH range between 5.2 and 8.8 the pre-
dominant specie is solid AI(OH); while over pH 9 the sol-
uble [Al(OH),]" is dominant species.
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Figure 4. Influence of pH values on the adsorption process of Al(I-
III) ions.

The increase in pH values leads to the increase of
the AI(III) ions removal (Fig. 4), it reaches a maximum
at pH 4 and thereafter, it decreases, probably due to the
formation of the aluminum hydroxide which block the
pores of the sorbent.**#" It is well known that hy-
droxyapatite contains two different ionic Ca and P bind-
ing sites on their surface, depending on the pH values of
the solution, that are able to absorb or release protons as
follow:*!

Ca-OH+H*0 Ca-OHY

— S [0}
=GB, = ca—o o

A\

~
P + H*
~

pr—— —_— /
=ca—0" oy = ca—o0 o

s

At low pH values the metal ions removal is weak due
to the competition between the hydronium ions present in
solution and the metal ions to occupy the surface-active
sites. As the solution pH increases, this competition de-
creases and the sites from the hydroxyapatite surface be-
come negatively charged and favors the adsorption of AI(I-
II) ions by electrostatic interactions. Furthermore, some
researchers have investigated the effect of pH on sorption
of AI(III) using different kinds of sorbents and reported
almost same pH dependent and maximum sorption was
obtained at near pH values.*!°
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3. 4. Effect of Initial Concentration of
Aluminium Ions on the Sorption Process

The effect of initial concentration on the adsorption
of aluminium ions has also been investigated. Studies were
performed at 25 °C, the initial concentration of aluminium
ions was varied from 25 to 250 mg L ! all other parameters
have been maintained at constant values (pH 4, contact
time being 90 minutes and sorbent mass - 0.015 g).

From Figure 5 it can be seen that the sorption pro-
cess increases with increasing the concentration of alumi-
num ions up to a value of 100 mg L' after which a de-
crease of the adsorption process is observed. This variation
can be explained by the fact that at high concentration the
sorbent binding sites are saturated and other metal ions
cannot be retained. Moreover, in dilute solutions the mo-
bility of the metal ions is high and, consequently, their in-
teraction with the sorbent is high. For an efficient removal
of metal ions from wastewater, it is suggested to dilute the
water containing metal ions prior to the adsorption opera-
tion.

120
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100 4 ! ! ® o ¢
280 { Ag®
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§ o {aN *HAP
] BHAP F127
40 { ¢ HAP P123
20 : : 1

0 200 400 600 800 1000 1200
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Figure 5. Influence of initial aluminium concentration on the ad-
sorption process.

3. 5. Influence of Temperature on the
Adsorption Process

The effect of the temperature on the adsorption pro-
cesses of aluminium ions on the three sorbents was inves-
tigated in a temperature range of 20-40 °C while the other
parameters were kept constant and the results obtained are
shown in Figure 6.

Increasing the amount of adsorbed metal with in-
creasing temperature indicates the endothermic nature of
this process. This variation can be attributed either to the
increase in the number of active sites on the sorbent sur-
face available for sorption, or to the decrease in the thick-
ness of the boundary layer surrounding the adsorbent so
that the resistance of the adsorbent layer to the mass trans-
fer decreases. Another explanation may be that with the

80
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Figure 6. Dependence of adsorption process of AI(IIII) ions on the
temperature.

increase in temperature the diffusion rate of the sorbate
molecules increases along the outer layer, as well as in the
internal pores of the sorbent particles.

3. 6. Thermodynamic study

The distribution coefficient, Ky, is the ratio between
the concentration of the aluminium ions in the sorbent
and in aqueous solution at equilibrium, and it is calculated
with the Equation (3).

Kd:M.X(mL.g—l) (3)
Ce m
where C is initial concentration of aluminium, (mg L),
C. is aluminium concentration in aqueous solution at
equilibrium, (mg L™1), V is the volume of aqueous solution
(L), and m is sorbent mass (g).
The thermodynamic parameters, such as: the stand-
ard free energy (AG®), enthalpy (AH®), and entropy of the
system (AS®) were estimated using Eqs. (4) and (5).

0 0
mK, =2 21 4)
R RT
0 _ 0 _ 0
AG" =AH" -TAS (5)

For the calculation of the thermodynamic parameters
were used the results obtained from the study of tempera-
ture influence on the adsorption process. The values of AH®
and AS° were calculated from the slope and the ordered in-
tercept of the 1/T function representation of InKy (Figure
7). The results obtained are presented in Table 2.

3. 7. Adsorption Isotherms Models

Adsorption isotherms are an important aspect in de-
scribing the adsorption phenomenon that occurs at differ-
ent types of interfaces. Among the various isotherm mod-
els, the most common were used in this study.

Humelnicu et al.: Experimental Studies on the Removal of Aluminium

825



826

Acta Chim. Slov. 2021, 68, 821-832

Table 2. Thermodynamic parameters of the adsorption process of AI(III) ions.

Sorbent AG®, kJ/mol
AH° AS° 293 298 303 308 313
kJ/mol K kJ/mol K
HAP 21.01 0.128 -16.49 -17.13 -17.77 -18.41 -19.05
HAP 127 20.54 0.130 -17.55 -18.2 -18.85 -19.5 -20.15
HAP 123 27.87 0.156 -17.84 -18.62 -19.40 -20.18 -20.96

The positive values obtained for AH° and AS° indicate that the adsorption process is endothermic, and the affinity of the
three sorbents for the aluminium ions is high. Negative Gibbs energy values show that the adsorption process is spontane-

ous.
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Figure 7. Dependence of distribution coefficient on the tempera-
ture.

Langmuir isotherm model

The Langmuir model is widely applied to the metal
ion sorption processes. This model describes the quantita-
tive adsorption of a monolayer on the external surface of
the sorbent, after which no further adsorption occurs.*?
Thus, the Langmuir isotherm is the balanced distribution
of metal ions between the solid and liquid phases. The
model implies uniform adsorption energy on the surface
of the sorbent and no transmigration of the adsorbate in
the surface plane. The Langmuir isotherm involves a sur-
face with homogeneous binding points, equivalent sorp-
tion energies and excludes any type of interaction between
the adsorbed species. The linearized mathematical expres-
sion of this isotherm is:*?

c, 1 ¢

= = , e (6)
Qe KL : qm qm

where C, is aluminium ions concentration at equilibrium
(mg L1), g, is amount of Al (III) adsorbed at equilibrium
(mg/g), Qmax is maximum adsorption capacity of the sorb-
ent (mg/g) and K| is Langmuir adsorption constant (L/
mg). The plot of C./q, in function of C, (Figure 8a) gives a
straight line with slope 1/q,,, and intercept 1/qu. K. Kp
is a constant that is important in calculating the dimen-
sional parameter (R;) that explains the favorability of the

adsorption process; Ry is calculated using Eq. (7)

1
B
L I ™

Thus, 4 situations are distinguished, namely: 1) the
adsorption process is unfavorable if R; > 1; 2) adsorption is
linear when Ry = 1; 3) the adsorption process is favorable
when 0 <R; <1 and 4) the adsorption is irreversible if R} =
0. In the studies that were performed we obtained for Ry,
subunit values (Table 3) which proves that the adsorption
process of the aluminum ions on the three sorbents was
favorable.®

Freundlich isotherm model

The Freundlich isotherm is an empirical model that
is not limited to monolayer adsorption, but also to the de-
scription of multilayer adsorption. The mathematical ex-

pression of the linearized form is:**

logq, :log}(,,+llm&,’Ce (8)
n

where q. is amount of Al (III) adsorbed at equilibrium
(mg/g), C. is concentration of AI(III) in aqueous solution
at equilibrium (mg/L); K and n are Freundlich constants
that include factors that affect adsorption capacity and ad-
sorption intensity, respectively. Graphical representation
of log q. as function of logC, (Figure 8b) gives a linear
graph with slope 1/n and intercept log Kg from which Fre-
undlich constants were estimated (Table 3).

Flory-Huggins isotherm model

For a complete characterization of the adsorption
process the Flory-Huggins model was used to determine
the degree of sorbent surface coverage of the sorbate.** The
linearized mathematical expression of this isotherm is:

logci =logK,, +nlog(l-0) 9)

0

C.
where e:(l’a] is the degree of coverage of the surface,
and KFH is the equilibrium constant of the adsorption.
The parameters of Eq. (9) are calculated from the slope and
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Figure 8. Langmuir (a), Freundlich (b), Flory-Huggins (c), Dubinin-Radushkevich (d) and Temkin (e) isotherms.

intercept of the graphical representation of log 8 /C, vs log
(1-0), (Figure 8c) and their values are given in Table 3.

Dubinin-Radushkevich isotherm model

Dubinin and Radushkevich proposed another iso-
therm that is applied to estimate the average free energy of
adsorption. The average free adsorption energy per mole of
sorbent is the energy required to transfer one mole of adsorb-
ate from solution from infinity to the surface, and is useful in

evaluating the nature of the interaction between metal ions
and binding sites.*® If the value of E is between 8 and 16 kJ /
mol, it can be assumed that the adsorption process involves
chemical sorption. In contrast, values of less than 8 kJ / mol
indicate that the adsorption process is physical in nature.

Ing, =InX_—K¢&’ (10)

where Kpg is a constant related to adsorption energy
(mol?/kJ?), X, is a constant that indicates the sorption ca-
pacity of sorbent (mg/g).
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Polanyi potential, €, was calculated with the Eq. (11):

1
S—RTln(H—C—} 1)

e

The free adsorption energy (E) was calculated using
the following expression:

E,=(—2Kp ) (12)

The positive values obtained (see Table 3) indicate
that the adsorption process is endothermic, being favored
by high temperatures. Also, the values obtained are greater
than 8 kJ/mol, indicating a chemisorption process.

Temkin isotherm model

This isotherm model considers the interactions be-
tween sorbent and adsorbate. This model assumes that the
heat of adsorption process decreases linearly with the in-
crease in coverage of sorbent, and the process is character-
ized by uniform distribution of the binding energies up to
a maximum binding energy.*® The linearized form of this
isotherm is given by the equation (13):

‘L::E'IHK; +gh‘1€? (13)

T T
1/by indicates the sorption potential of the sorbent, and Ky
is Temkin constant being calculated for each material and
are given in Table 3.

Table 3. Adsorption isotherm parameters.

Model HAP HAP F127 HAP P123
Langmuir

Qoo (Mg g7) 104.17 109.89 117.65
K (Lg™) 0.021 0.023 0.03
Ry 0.49 0.47 0.4

R? 0.998 0.997 0.998
Freundlich

Kr 37.54 32.59 22.58
n 5.82 5.58 4.32
R? 0.974 0.98 0.978
Flory-Huggins

Key 15.28 x 103 12.07 x 10> 9.18 x 10°
n 8.505 7.124 5.87
R? 0.934 0.913 0.908
Dubinin-Radushkevich

Kpr 0.001 0.0013 0.0017
X, (mol g’l) 102.48 105.61 109.48
E (k] mol™!) 22.36 19.61 17.14
R? 0.931 0.906 0.863
Temkin

bt 4.35 5.79 44.26
Ky (Lg™) 3.44 6.33 9.38
R? 0.983 0.944 0.989

The results show that the Langmuir isotherm is the
one that best describes the adsorption process of alumini-
um ions on the three sorbents, with a maximum adsorp-
tion capacity of 104.17 mg g! for simple hydroxyapatite,
109.89 mg g! for hydroxyapatite synthesized in the pres-
ence of Pluronic F127 and 117.65 mg g~! for hydroxyapa-
tite synthesized in the presence of Pluronic P123. In all
three cases, a correlation coeflicient of 0.99 was obtained.
The high energy adsorption value indicates a chemisorp-
tion process for the absorption of aluminium ions.

3. 8. Kinetic Studies

Kinetic studies are very important for adsorption
processes because they can predict the rate at the pollut-
ants are removed from aqueous solutions and offer some
data to understand the mechanism of adsorption. In pres-
ent study, three known kinetic models were used to inves-
tigate the adsorption mechanism.

Pseudo first order kinetic model

Lagergren showed that the rate of adsorption of ions
on the sorbent is based on the adsorption capacity.*” Thus,
we use a pseudo-order equation for estimating the con-
stant rate, k;. The nonlinear form of this equation is:

dq,

E:kl(qc*q() (14)

Linearized form of this equation is:

log(q. —q,)=1lo 7Lt (15)
gq, —q, £4, 2303

where g and q, are the amounts of AI(IIT) (mg/g) adsorbed
at equilibrium and at # (min) time, respectively, and k; (1/
min) is the rate constant of pseudo-first order. The values
of k; are calculated from the graphical representation of
log (qe - qt) vs. t (Figure 9a).

Pseudo-second order kinetic model

This model is widely used for metal ion/sorbent ad-
sorption systems. Adsorption of Al (III) ions may involve
a chemical adsorption assuming a strong electrostatic in-
teraction between the negatively charged surface of the
sorbent and the metal ions.*® The pseudo-second order
kinetic equation is described in the following form:

dq 2
. —k., -.—q 6
lt ‘(qk l) (1 )

Linearized form of this equation is:

1 1 1
—=—+—t (17)
q ka. q
where k, (g/mg min) is the rate constant of second order.
Linear form of t/q, as function of t is shown in Figure 9b.
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Intraparticle diffusion kinetic model

The kinetic model of intra-particle diffusion is based
on the theory or equation proposed by Weber and Morris.
It is a functional empirical relationship, common with
most adsorption processes.*’ Metal ions adsorption varies
almost proportionally with t'? rather than with contact
time, t. Weber-Morris equation is:

q = kidt]‘.z +C; (18)

where k4 is rate parameter of the i step (mg/g min'/2?), esti-
mated from the slope of linear plot gt as function of t'/2. C;
is intercept of i step, giving an idea about the thickness of
the boundary layer, that since the intercept is greater, the
boundary layer effect is greater. For intra-particle diffu-
sion, the plot of g, vs. t'/2 will be linear and if it passes
through the origin, then the determinant rate process is
due only to intra-particle diffusion

It can be seen from Figure 9c that the experimental
data is distributed along two straight lines. The first
sharpened portion is attributed to the diffusion of the ad-

sorbate by solution to the external surface of the sorbent
(external diffusion), and the second portion describes
the step of gradual adsorption, corresponding to the dif-
fusion of adsorbate within the pores of the sorbent (in-
tra-particle diffusion). It is also noted that kiq; > kig,. Pa-
rameters obtained from the kinetic models are presented
in Table 4.

From experimental data we can conclude that the
adsorption of Al (III) ions follows the pseudo-second or-
der kinetic model, which assumes that chemisorption can
be the determining rate step.

In order to determine the effectiveness of the used
sorbents, a comparison was made with the results from the
literature when other sorbents were used, the results of the
comparison being presented in Table 5.

Comparing the experimental data obtained in this
study with those obtained by other researchers, we can see
that the sorbents used have a higher sorption capacity than
some sorbents reported in the literature, which recom-
mends them to use in the removal process of aluminium
ions from the waste water.

2
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Figure 9. Pseudo-first order (a), pseudo-second order (b) and intraparticle diffusion kinetic model (c) for AI(IIT) adsorption onto investigated sor-

bents.
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Table 4. Kinetic parameters of the adsorption of AI(III) ions.

Kinetic model Sorbent

HAP HAP F127 HAP P123
Pseudo first order
Qe, exp (Mg g7) 45.67 55.9 60.54
Qe, calc (Mg gh) 43.61 54.60 66.91
k; (min~1) 0.051 0.064 0.063
R? 0.901 0.940 0.914
Pseudo second order
Qe, exp (Mg g7) 45.67 55.9 60.54
Qe, calc (Mg gh) 49.62 59.52 63.29
k,(gmg ! min!) 1.911073 197107 1161073
R? 0.998 0.999 0.998
Intraparticle difussion
kig; (mg/g min'2) 2.703 3.781 2.814
kig; (mg/g min'2) 0.054 0.029 0.0216
C, 20.024 23.476 35.378
(Ry)? 0.989 0.986 0.979

Table 5. Comparative result of adsorption efficiency of different
type of sorbents towards AI(III).

Sorbent qe, Mg/g Reference
Beach cast seaweed 22.49 5

PAN beads 0.245 18

PAN beads thermally treated 0.154 18

Rice hull activated carbon 34.48 1

BDH activated carbon 6.56 11
Rhodococcus opacus 41.58 50
Granular activated carbon 106.5 12
Amberlite-IR-120H 108.7 12
Chitine 18.28 51
Chitosan 23.57 51
Hydroxyapatite 104.17 This study
Hydroxyapatite F127 109.89 This study
Hydroxyapatite P123 117.65 This study

3. 9. Regeneration and Reusability of Sorbents

The applicability of potential sorbents depends on
their regeneration under convenient conditions and the
possibility of their re-use in successive sorption / desorp-
tion cycles. From practical reasons, an ideal sorbent must
be reused in successive sorption/desorption cycles with as
less as possible loss of the initial sorption capacity. There-
fore, desorption of Al (IIT) ions was carried out with a 0.01
M solution of HCI obtained in five successive sorption/
desorption cycles as shown in Figure 10.

The results show that these sorbents could be suc-
cessfully regenerated and repeatedly used in the adsorp-
tion studies of Al (III) ions without significant loss in their
adsorption capacities.

70

mHAP  ®mHAPF127 HAP P123

60 -

50 -
D40 -
£
o 30
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0 - - ‘ . ‘
1 2 3 4 5

number of cycles

Figure 10. Cycles of desorption-adsorption for sorbents.

4, Conclusions

The sorption of aluminium (III) ions from synthetic
wastewaters onto different type of hydroxyapatite has been
studied as a function of contact time, the initial metal ion
concentration, sorbent mass, pH, sorbent dose and tem-
perature. Equilibrium, kinetic and thermodynamic data
were applied in order to evaluate the efficiency of the in-
vestigated sorbents for the removal of AI(III) ions from
residual waters. The adsorption process of these ions on
the three types of sorbents obeyed of the pseudo-second
order kinetics, supporting that the chemisorption would
be the rate-determining step. The equilibrium data ob-
tained for the adsorption of aluminium ions onto investi-
gated sorbents well fitted in the Langmuir model with a
maximum theoretical adsorption capacity of 104.17 mg
Al(IIT)/g hydroxyapatite, and 109.84 mg Al(III)/g hy-
droxyapatite F127, and 117.65 mg Al(III)/g hydroxyapatite
F127, respectively. The sorption process is endothermic
(AH® > 20 kJ/mol) and spontaneous (the increase of the
negative values of AG® with the increase of temperature).
The uptake of AI(IIT) by these sorbents is a reversible pro-
cess and the sorbents can be used in five desorption/sorp-
tion cycles without significant loss in their adsorption ca-
pacities.

All these experimental results showed that hy-
droxyapatites are suitable adsorbent for removal of alu-
minium ions from residual waters.
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Povzetek

V tem delu predstavljamo rezultate sposobnosti adsorpcije aluminija iz onesnazene vode s hidroksiapatitom pripravljen-
im na razli¢ne nacine. Eksperimenti so bili izvedeni v $arznem nacinu pri razli¢nih pH vrednostih, temperaturi, koli¢ini
adsorbenta, kontaktnem casu in zacetni koncentraciji aluminija. Termodinamska analiza je pokazala, da je proces ad-
sorpcije aluminija na hidroksiapatit spontan in endotermen. Eksperimentalnim podatkom smo prilagajali Langmuir-
jev, Freundlichov, Flory-Hugginsov, Dubinin-Radushkevichov in Temkinov ravnotezni model, pri ¢emer smo najboljse
ujemanje dosegli z Langmuirjevim modelom. Kineti¢ne podatke smo ovrednotili s kineti¢nim modelom psevdo-prvega
in psevdo-drugega reda ter modelom znotrajdel¢ne difuzije. Hitrost adsorpcije aluminija lahko najbolje opiSemo s psev-
do-drugim redom. Rezultati so pokazali, da ima najvi$jo adsorpcijsko kapaciteto aluminija hidroksiapatit pri katerem
smo uporabili surfaktant Pluronic P123 (117.65 mg g™!), sledi mu hidroksiapatit s surfaktantom Pluronic F127, najnizjo
pa hidroksiapatit pripravljen brez uporabe surfaktanta (104.17 mg g™}).

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

The removal of mixture of two azo dyes, Acid blue 29 and Ponceau xylidine, was studied by heterogeneous Fenton and
Fenton-type processes using hydrogen peroxide and sodium persulphate as oxidants in the presence of and nano and
micro-Fe,O; particles as catalysts. The synthesised nano-Fe,O; particles were characterised using analytical techniques
viz. FT-IR, TEM, EDX, powder XRD and VSM. We have examined the effects of particle size on the COD removal effi-
ciency and the reusability of the catalyst after optimising pH, and concentrations of catalyst and oxidant. Combination of
nano-Fe,03 and hydrogen peroxide possessed higher COD removal efficiency, which was accelerated in acidic pH and
inhibited at pH > 6. Total consumption of hydrogen peroxide confirmed the efficiency of the optimised parameters. The
mechanism of the formation of intermediate ions and products are proposed. COD removal and consumption of hydro-
gen peroxide follow pseudo-first-order kinetics. The toxicity of the solutions was assessed using Aliivibrio fischeri light
loss and Escherichia coli growth inhibition assays. Both the assays showed different toxicity levels for the same solution.

Keywords: Binary mixture of dyes; Heterogeneous Fenton processes; COD removal kinetics; Identification of ions and

products; Toxicity assessment using Escherichia coli and Aliivibrio fischeri

1. Introduction

The wastewater generated by the textile industries
usually contains a higher concentration of Chemical Oxy-
gen Demand (COD), Biochemical Oxygen Demand
(BOD), alkalinity and colour,! which should be normal-
ised before releasing into the water bodies to contain pol-
lution. Advanced Oxidation Processes (AOPs), which in-
volve in situ generation of hydroxyl radicals, have achieved
the above goals to a great extent.2* The oldest AOPs, in-
volving activation of hydrogen peroxide (HP) and sodium
persulphate (SPS) to generate hydroxyl and sulphate radi-
cals®>7 using Fe?* as a catalyst, are popularly known as Fen-
ton (Fe**/HP) and Fenton-type process (Fe2*/SPS) (Egs.
(1) and (2)). Apart from being a simple and efficient reac-
tion requiring no electrical energy input, the Fe>*/HP pro-

cess requires only a catalytic amount of Fe?* since it is re-
generated from the Fe** ion in a process called Fenton-like
reaction (Eq. (3)).8

Fe?* + H,0, + H* = Fe’* + H,0 + HO* (1)
Fe?* +5,03™ — Fe®* + 803~ + 503~ )
Fe3* + H,0, — Fe?* + HO} + HY (3)

These advantages are masked by its narrow opera-
tional pH range, and sludge generation at the end of the
process.™ So, a search for a low cost and stable catalyst,
which can be easily separated from the reaction medium
and reused in successive cycles, thereby reducing the cost
of operation, is needed. A heterogeneous catalyst has been
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shown to meet the requirements mentioned above and,
therefore, can be used in the Fenton process, the heteroge-
neous Fenton process. Among the various heterogeneous
catalysts, zero-valent iron nano-particles,!!! and iron ox-
ide minerals'?~!> have been widely used for environmental
remediation. Iron is fixed in the structure of a heterogene-
ous catalyst that activates the oxidant (Eq. (4)) over a broad
range of pH values depending on the point of zero charge
(PZC) of the catalyst.!® Hence, the biggest advantage of the
heterogeneous over homogeneous Fenton process is that
the catalyst can be separated by an external magnet.

= Fe?* + H,0, + H* = = Fe3* + H,0 + HO" (4)
(Where = represents the surface of the catalyst)

Most publications in this domain have utilized low
concentrations of dyes varying from 10 to 30 ppm. Al-
though the literature is rich in reports on degradation of
individual dyes by different AOPs, that for mixture of dyes
is scanty even though textile industries invariably use mix-
ture of dyes. Keeping this lacuna in mind, we decided to
study the removal of mixture of two dyes, viz. Acid Blue 29
(AB) and Ponceau Xylidine (PX) at higher concentrations
(92 ppm and 72 ppm, respectively, equivalent to 0.15 mM
for both) by heterogeneous Fenton and Fenton-type pro-
cesses. COD removal efficiency (COD.g) was used as an
indicator for the removal of dyes. In this study, two types of
iron oxide particles as catalysts: nano-Fe,O; (synthesised,
average particle size 26-35 nm) and micro-Fe,O; particles
(commercially available, < 5 pym) and two different oxi-
dants, i.e. HP and SPS, were used. AB and PX were selected
as the model dye pollutants because of their extensive use
in textile industries for dyeing wool, cotton, silk, polyester
and rayon etc. They are also used in paint, ink, plastic and
leather industries. Moreover, the dyes, being azo dyes, are
recalcitrant and carcinogenic due to the presence of —
N=N- bond.!”!8 Since the activation of HP and SPS de-
pends on the specific surface area of the catalyst; we pro-
posed to investigate the ability of iron (III) oxide
nano-particles (n-Fe,03) and micro-Fe,O; (m-Fe,0;) par-
ticles to decompose HP and SPS and produce hydroxyl and
sulphate radicals. This study also examined the influence of
catalyst loading, HP dosage, and pH on the efficiency of the
process. Apart from these in this study, we attempted to op-
timize the operational parameters to maximize HP efficien-
cy by ensuring its total consumption in the process, COD
removal and HP consumption kinetics. Assessment of the
effect of residual hydrogen peroxide on the COD removal
efficiency was another important objective of the study.
Different ions and end products formed in the process were
analysed by Ion chromatography. The degradation mecha-
nism of the mixture of dyes based on end-product analysis
and supported by literature data has been proposed.

Despite the enhanced efficiency of the AOPs, com-
plete mineralisation of the organic compounds may not
always be possible. Under such a situation, the intermedi-

ate oxidation by-products may contribute to increased
toxicity.!® On the contrary, there are instances of increased
toxicity of the solutions even when Fenton and Fen-
ton-type processes achieve mineralisation to the extent of
>90%.72° Therefore, it is essential to test the toxicity of in-
dustrial wastewater after treatment, after a complete min-
eralisation is achieved. Some authors have used Aliivibrio
fischeri and some Escherichia coli for the toxicity assess-
ment. But no attempt has been made to compare the toxic-
ity of a given sample using these two assessment methods.
In this study, we have compared the toxicity of the pure
dye solution and the solutions obtained at different stages
of the treatment process.

2. Materials and Methods

2. 1. Chemicals and Materials

The diazo dye, Acid Blue 29 (Synonym: Amacid
Navy Blue B; Cetil Black M; Fabracid Navy S-BL; Mor-
dant Blue 82; CI number: 20460; molecular formula:
Cy,H4N¢Na,00S,; molecular weight: 616.49 (g mol™!);
A max = 602 nm; pH of the dye solution in water: 6.7) and
the anionic diazo dye, Ponceau Xylidine (Synonym:
1-(2,4-xylylazo)-2-naphthol-3,6-disulphonicacid disodi-
um salt; CI. number: 16150; molecular formula:
C,3H4N,;Na,0,S,; molecular weight: 480.42 (g mol™);
A nax = 504 nm; pH of the dye solution in water: 6.2) were
procured from Sigma Aldrich (Germany). The molecular
structures of AB 29 and PX are shown in Fig. 1.

CH, HO SO,4Na
N
i NaOsS, . -~ SOiNa —~ Y=
— L HC NN
7 \ A A A N N
O VNN NN P
/ NH, OH — \W4
\—/ , \ ¢
SO;Na
a b

Figure 1. Structures of Acid blue 29 (a) and Ponceau xylidine (b).

The other chemicals viz. sulphuric acid (H,SO,4, GR),
sodium hydroxide (NaOH, GR), hydrogen peroxide (H,0,,
30% w/w, purified), sodium peroxodisulphate
(Na,S,0s, for analysis), iron (II) sulphate (FeSO, - 7H,0,
GR), iron (II) chloride anhydrous (FeCl,, purified), iron
(III) chloride tetrahydrate (FeCl; - 4H,0), hydrochloric
acid (HCI, min 35% GR), nitric acid (HNO3, min 65% GR),
and methanol (CH;OH, GR) were obtained from Merck.
Ethanol (absolute, 99.9%) was obtained from Changshu
Yangyuan Chemical, China. Solution 1’ (mercuric sulphate
and sulphuric acid) and ‘Solution 2’ for low range COD
(silver sulphate, chromic acid, sulphuric acid and deminer-
alised water) required for the determination of COD were
supplied by HACH, USA. The chemicals used for ion chro-
matographic analysis were sodium hydroxide (NaOH, 50—
52% in water, Sigma), methane sulphonic acid (CH;SO;H,
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HIMEDIA), acetonitrile (CH;CN, HPLC grade, HIME-
DIA), ammonium acetate (CH;COONH,, Merck, Emparta
ACS). All the chemicals were used as received.

2. 2. Catalysts

2. 2. 1. Fe,O; Micro-particles

Iron (III) oxide powder (< 5um), i.e. m-Fe,O; used
as one of the catalysts in the heterogeneous process, was
supplied by Sigma-Aldrich.

2. 2. 2. Fe,O; Nano-particles

Iron (III) oxide nano-particles (n-Fe,O3) were syn-
thesised by chemical co-precipitation of Fe(II) and Fe(III)
ions as described earlier.?! Briefly, 3.1 g of FeCl, - 4H,0
and 5.2 g of FeCl; (molar ratio of 1:2) were successively
added to 25 mL of deionised water acidified with 0.85 mL
of 12.1 N HCI with constant stirring. The resulting solu-
tion was added dropwise to 250 mL of 1.5 M NaOH solu-
tion under vigorous stirring when an instant black precip-
itate was observed. The paramagnetic character of the
particles was checked in situ by placing a magnet near the
deposit. The precipitate was filtered using a vacuum pump
after continuously stirring for 6 h and washed with deion-
ised water until neutral pH was achieved. Finally, the pre-
cipitate was washed with ethanol, dried, ground and
stored. The black precipitate turned light brown after dry-
ing due to calcination.

The surface functional groups of the prepared
n-Fe,0; particles were qualitatively identified using the
FTIR spectrum (Bruker, Model: Alpha II). The morpholo-
gy of the synthesised n-Fe,0; was determined by trans-
mission electron microscopy (TEM) with an instrument
(JEOL, JEM-2100) operating at 200 kV. The purity of n-
Fe,0; was confirmed by energy dispersive X-rays (EDX)
analysis. To check the crystallinity, powder X-ray diffrac-
tion (XRD) patterns of the dried n-Fe,O; were recorded in
reflection mode using a high resolution diffractometer
(GNR Analytical Instrument, Explorer, Italy) with CuKa
radiation (A = 1.54 A) within the 26 values ranging from
20 to 80° with a step size of 0.05° and step time of 2 min.
The operating voltage and current were 40 kV and 35 mA,
respectively. The vibrating sample magnetometry (VSM)
analysis was performed using Vibrating Sample Magneto-
meter (Lakeshore, 7410 series) to confirm the paramag-
netic nature of the prepared nano-particles.

2. 3. Experimental

This section highlights details of the experiments
performed and their procedures. The procedure for the
heterogeneous Fenton-process has been described in Sec.
2.3.1. We have worked with various concentration of the
catalysts (nano-particles) ranging from 0.1 to 1.0 g/L and
HP ranging from 5.0 to 9.0 mM (Sec. 3.2) for their optimi-

sation. The procedure of the heterogeneous Fenton-pro-
cess is valid for each concentration of catalyst and oxidant.
The determination of the size of the catalysts has been dis-
cussed in Sec. 3.1. The optimisation of the catalyst was
done by running the reaction for 90 min and varying its
concentration, and keeping other parameters (Conc. of
oxidant and dye, pH) constant (Sec. 3.2). Sec. 2.3.2 de-
scribes the methods of determination of decolorisation,
COD removal efficiency, identification of various ions and
intermediate products formed during the treatment and
iron content of the catalyst before and after the treatment.

2. 3. 1. Heterogeneous Fenton Procedure

Stock solutions of AB and PX of desired concentra-
tion were prepared separately by dissolving in the required
amount of Millipore water (Elix3 Century, Millipore India,
Bangalore). A mixture of 15 mL of each of the dyes was
adjusted to 100 ml in a volumetric flask.

The concentrations of both the dyes in the mixture
were calculated to be 0.15 mM each. The content in the
volumetric flask was transferred to a 250 mL round bot-
tom flask (RB). After adjusting the pH to the desired value,
4.0 g/L n-Fe,O3 were added to the mixture. The mixture
was stirred for 90 min when complete equilibrium was es-
tablished. The equilibrium point was established by meas-
uring the concentration of the dyes from time to time until
no change in concentration was observed. The concentra-
tion was measured spectrophotometrically using a UV-vis
spectrophotometer (HACH, USA; DR 6000) and by fol-
lowing Beer-Lambert law. The reaction was started by add-
ing 0.5 mL of HP of desired concentration after equilibra-
tion. After centrifuging for 6 min at 4800 rpm after the
selected reaction period, the mixture was used for decolor-
isation and COD removal studies.

All reactions were carried out in the presence of air
and at room temperature (varying between 19 and 25 °C).
The body and the mouth of the RB were wrapped with al-
uminium foil to prevent the passage of light. Two holes
were pierced through aluminium foil covering the mouth
to allow free passage of air. It may be mentioned that the
temperature was not controlled during the experiments.
Each RB was designated to be sacrificed for analysis after a
predetermined time interval. The initial pH of the solution
was adjusted to the desired value with H,SO, (the strength
ranging between 0.05-0.35 N depending on the pH neces-
sary) or NaOH (the strength ranging between 0.025-0.125
N depending on the pH necessary) using a digital pH me-
ter (Eutech instrument pH-Tutor). All solutions used in
this study were freshly prepared except the dye solution,
which was stored at 4 °C and used within three days.

2. 3. 2. Analytical Methods

The decolorisation studies were carried out by meas-
uring the absorbance at 539 nm (for PX) and 604 nm (AB
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29) with the help of a UV-vis spectrophotometer (HACH,
USA; DR 6000). COD was measured using a COD digester
(HACH, USA; DRB 200) and UV-vis spectrophotometer
(HACH, USA; DR 6000). HACH, USA, provided the pro-
cedure for the determination of COD.?

Decolorisation and COD_¢ are calculated according
to the following equations:

L Ay — A
Decolorisation (%) = X 100 %
0
oD, = 2200~ CODc ) 600
eff — CODD 0

Where the initial absorbance and COD of the solu-
tion are Ay, and COD respectively; the corresponding val-
ues at time t’ are A;, and COD,.

The COD value for the samples containing H,O, was
corrected quantitatively using Eq. (5), as proposed by
Kang et al.?? The degradation rate constants in terms of
COD removal was determined according to the pseu-
do-first-order rate laws (Eq. (6)).

COD (mg/L) = COD,, — (0.4706 . [H,0,] —
—4.06 X 1075.[H,0,]?) )

Where COD,,, is the measured COD (mg/L)
—In (COD/COD()) = kCDD-t (6)

Where, COD, is the initial COD at time t = 0, and
COD is its value at any time t (min). The first-order rate
constant (kcop) for COD removal is the slope of the
straight line obtained by plotting -In(COD/COD,) vs.
time. The kinetics of HP consumption was determined by
replacing COD with HP and COD,, with HP, in Eq. (6),
where HP, the initial [HP] at time t = 0, and HP is its value
at any time t (min).

Anions, cations, organic acids, phenols and con-
centration of residual HP were analysed using Ion Chro-
matography System (ICS) supplied by Thermo Scientific,
USA (Dionex, ICS-1100). For anions and organic acids,
IonPac AS11 analytical column (4 x 250 mm) with a suit-
able guard column and an automatic electrolytic suppres-
sor (AERS 500, 4 mm) was used. The current of the sup-
pressor was maintained at 30 mA for anions and 38 mA
for organic acids. The mobile phase was NaOH (12 mM
for anion and 15 mM for organic acids) with a flow rate
of 1 mL min~!. Cations were analysed using IonPac CS17
analytical column (4 x 250 mm) with a suitable guard
column and an automatic electrolytic suppressor (CERS
300, 4 mm) with a current of 15 mA. The mobile phase
was 5 mM MSA with a flow rate of 1 mL min~!. The con-
centration of residual HP was analysed using CarboPac
PA20 analytical column (3 x 150 mm) with a suitable
guard column and an electrochemical detector (ED 50A).

The mobile phase was 50 mM NaOH with a flow rate of
0.5 mL min~!. Phenols were analysed using a VWD vari-
able wavelength absorbance UV-vis detector (cell path
length: 10mm; cell volume: 11 pL). The wavelengths se-
lected for the purpose were 270 nm and 320 nm. The mo-
bile phase was 0.1 M ammonium acetate solution with a
flow rate of 1 mL min~!. It was prepared by mixing an
appropriate amount of ammonium acetate with a mix-
ture of water and acetonitrile (1:1). All the experiments
were repeated at least three times, and the error was al-
ways found to be within + 5%. The data presented in the
text and figures were analysed by standard deviation us-
ing ‘Origin 7” (Microcal Inc.) and rounded up to signifi-
cant values.

The iron content of the catalysts was determined by
ICP-OES (ICP-OES: Model No. iCap 7600 Duo, Thermo
Fisher). The sample preparation involves solubilising 0.02
g of the catalyst in 5 mL conc. HNOj; by heating and evap-
orating to less than 1 mL. After solubilisation, the samples
were diluted to 100 mL with distilled water and submitted
for analysis by ICP-OES.?

2. 4. Toxicity Assay

We have adapted two methods for the toxicity assess-
ment of the treated solutions. The first method is based on
the E. coli growth inhibition (metabolic inhibition) bio-
assay.”?* Luria Bertani (LB) agar, LB broth and ampicillin
used in the toxicity assessment study were acquired from
Himedia, India. The lyophilised luminescent bacteria, A.
fischeri used for the toxicity assessment by light loss assay
was supplied by Modern Water Inc, USA.

2.4.1. Escherichia Coli Growth Inhibition Assay

The procedure involves dissolving 40 g of LB agar in
1000 mL of water followed by autoclaving for 30 min.
Upon cooling down to about 40 °C, ampicillin (1 pL for
each mL of LB agar solution) was added, mixed, and ali-
quots of approximately 10 mL of the medium were
poured into sterilised Petri plates. LB broth (25 g) was
separately dissolved in 1000 mL of water, aliquoted (9
mL) in 100 mL conical flasks and sterilised by autoclav-
ing for 30 min. Ampicillin (10 pL), E. coli culture inocu-
lum (100 pL) and 1 mL of the dye or other test solution
were added to the sterilised LB broth. The cultures were
grown at 37 °C overnight in a rotary shaker. The follow-
ing day, the mid-log phase culture was diluted 10,000
times, and 10 uL of the diluted culture was spread over
the LB agar plates prepared earlier. The plates were incu-
bated for 16 h in a 37 °C incubator as described earlier.?®
Colony forming units (CFUs) formed in each plate was
counted. All steps of the experiment were performed un-
der sterilized conditions. The relative toxicities of the
treated solutions, measured as reduction in CFU, were
with respect to the control.
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2. 4. 2. Aliivibrio fischeri Luminescent Assay

In this method, the toxicity was measured using a Mi-
crotox FX test system (Modern Water Inc, USA). This
method is based on the principles suggested by ISO
(2007).26 The relative toxicity of each sample was meas-
ured using an 81.9% screening test, the procedure of which
was supplied by Modern Water Inc, USA. The assay was
conducted at 15-22 °C by adding an osmotic adjusting
solution (OAS) containing 22% NaCl. The test is called the
81.9% screening test, as all the samples are diluted at 81.9%
of the initial sample concentration by adding a 22% NaCl
solution.?” The purpose of using 22% NaCl in OAS is to
bring the salinity of the samples to approximately 2% to
allow the regular cellular activity of A. fischeri and emis-
sion of luminescence (Sourced from “Microtox FX analys-
er user manual supplied by Modern Water Inc, USA”). The
inhibition of luminescence or light loss (%) by the bacteri-
um was analysed by the Microtox FX photometer. The
light loss (%) was used as a measure of the relative toxicity
of the samples.

3. Results and Discussion

As already discussed, not adequate information has
been documented in the literature on the removal of mix-
ture of dyes by AOPs. In this section, the removal of mix-
ture of two dyes (AB and PX) by heterogeneous Fenton
process has been discussed. Reduction in COD has been
taken as an indication of removal of dyes. The critical step
in the removal process lies in the ability of both nano and
micro iron (III) oxide particles to decompose HP and SPS
producing hydroxyl and sulphate radicals. To maximize
the COD removal, we have first optimized various param-
eters such as catalyst load, concentration of oxidant, pH in
n-Fe,O5/HP system. These optimized parameters were
used for other systems as well. Further studies such as (i)
COD removal and its dependency on particle size, (ii) re-
usability of catalysts, (iii) kinetics of COD removal and HP

Full Scale 392 cts Cursor: 2.948 (3 cts)

consumption, (iv) product identification, and (v) toxicity
assessment were also carried out under the same opti-
mized conditions.

3. 1. Characterisation of n-Fe,O; Catalyst

The nano-particles were characterised by FTIR,
TEM, EDS, powder XRD and VSM. The FTIR spectrum of
the n-Fe,O; particles are shown in Fig. 2. The peak at 604
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Figure 2. FTIR spectrum of n-Fe,O; particles.

cm! is assigned to Fe-O stretching band indicating the
presence of Fe,Oj, that at 3446 cm™! to the characteristic
stretching vibrations of -OH moieties probably belonging
to the adsorbed water molecules on the surface during the
preparation process of the catalyst and that at 1647 cm™ to
H-OH bending vibrations at y-Fe,O; surface.?8-3° The
weight (%) of iron and oxygen on the surface of n-Fe, O3 as
analysed by EDX, was found to be 83.71 and 16.29%, re-
spectively (Fig. 3).

The morphology of the nano-particles particle size
distribution, powder XRD and VSM are shown in Fig. 4. It
is observed that the shape of the particles is spherical (Fig.

Spectrum &

Figure 3. EDX analysis of n-Fe,O; particles.

Kumar et al.: The Removal of Binary Mixture of Dyes by Heterogeneous ...

837



838

Acta Chim. Slov. 2021, 68, 833-848

200

c 311

160

1204 220

511

400 42

Intensity (Counts)

30 40 50 60 70
20 (Degree)

80

25b

N
(=]

-
]

-l
o

Numbers of particles

(2]

16-25 26-35 36-45 46-55 56-65
Particle Size (nm)

5-15

57.05 emulg

Magnetization (emu/g)

-15000-10000 -5000 0 5000 10000 15000
Applied Field (Oe)

Figure 4. Characterisation of n-Fe,O; particles: a. TEM image; b. Particle size distribution; c. XRD diffractogram; d. Magnetisation curve.

4a). The size range of the particles calculated using image j
software was found to vary from 5-65 nm, and the average
particle size lies within 26-35 nm (Fig. 4b). The XRD dif-
fractogram shows diffraction peaks at angles 26 = 30.22°,
35.64°,43.25°,53.75°, 57.45°, and 62.98° which correspond
to the 220, 311, 400, 422, 511, 440 planes of Fe,O3; NPs
(Fig. 4c).2+3132 The XRD data suggests that the Fe,O; par-
ticles are y-Fe,05.30 The VSM analysis shows that the na-
no-catalysts possessed super paramagnetic property with
a saturation magnetisation of 57.05 emu/g (Fig. 4d).

3. 2. Optimisation of Operational Parameters
for n-Fe,0;/oxidant Systems

The optimization of catalyst load in n-Fe,O,/oxidant
systems was initially done on the basis of decolorisation
efficiency. The concentration of the nano-particles was in-
creased from 0.1 to 1.0 g/L keeping other parameters con-
stant: [HP] = [SPS] = 7.0 mM; [AB] = [PX] = 0.15 mM; pH
= 3; treatment period = 90 min. While decolorisation re-
mained practically constant (95.0 and 91.4% for AB and
PX, respectively) from 0.4 g/L onwards for the systems
n-Fe,0;/HP, maximum decolorisation (97.0 and 91.4% for
AB and PX, respectively) was observed at 0.6 g/L in
n-Fe,0,/SPS system (Table 1).

The effect of pH on decolorisation at the optimum
load of the nano-particles (0.4 g/L) was also considered. It
was found that decolorisation was highest at pH 3 (95.0

and 91.4% for AB and PX, respectively) and nil at pH > 5.9
(the natural pH of the mixture of dyes). The higher effi-
ciency at pH 3 may be due to the higher oxidation poten-
tial of HO' radicals, leaching of more iron species into the
solution and forming catalyst-pollutant inner-sphere com-
plexes.>*=** The higher decolorisation efficiency at lower
pH and lower at higher pH may also be attributed to the
surface properties of the catalyst. It is known that degrada-
tion in heterogeneous catalysis takes place at the catalyst’s
surface, the adsorption of the target molecule on its sur-
face plays a vital role in the degradation process. The ad-
sorption depends on the charge on the target molecule and
surface of the catalyst. The point of zero charge (PZC) of a
catalyst is the pH at which the surface is neutral. Therefore,
the surface is acidic at pH < PZC and basic at pH > PZC.
Since, AB and PX are anionic dyes, they are attracted to-
wards the surface at pH < PZC. In the case of n-Fe,03, the
PZC lies between 6.0 and 6.8, and therefore, AB and PX
are attracted towards the surface at pH < 6, i.e. in acidic
pH.3¢16 Since there is no adsorption of the dyes on the cat-
alyst at pH > 6, no decolorisation was observed at pH >
5.9. The reduced decolorisation at higher pH may also be
attributed to the oxidation of NaOH by HP (Eq. (7)).%’

2NaOH + H,0, + 6H,0 — Na,0; » 8H,0 (7)

The effect of pH on decolorisation in n-Fe,05/SPS
system was established by carrying out the reaction at pH
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3.0, 5.9, 9.0 and 11.0. Table 1 shows that significant decol-
orisation was achieved within a wide range of pH values,
although maximum decolorisation was achieved only at
pH 3.

The optimization of HP was done by varying its con-
centration from 5.0 to 9.0 mM while keeping other param-
eters constant ([AB] = [PX] = 0.15 mM; pH = 3; [n-Fe,05]
=0.4 g/L). The decolorisation concerning both the compo-
nents of the dye solution was found to increase up to 7.0
mM, beyond which a slight decrease was observed (Table
1). A similar result was also obtained in n-Fe,O5/SPS sys-
tem. The initial increase in decolorisation with HP was due
to the higher generation of hydroxyl radicals and decrease
at higher conc. is due to the self-scavenging of hydroxyl
radicals as well as by HP (Egs. (8) and (9)).3” Apart from
being less reactive than HO', the resulting hydroperoxyl
radicals (HO",) further reduce the availability of HO" (Eq.
(10)), a factor which is responsible for a lower degree of
decolorisation.*

HO® + HO* — H,0, (8)
H202+ HO®* — HOE + HzO (9)
HO3; + HO* — H,0 + 0, (10)

Going by the discussion above, the optimum param-
eters for decolorisation in n-Fe,O/oxidant systems may be
summarized as: [AB] = [PX] = 0.15 mM; pH = 3; [n-Fe,O3]
= 0.4 g/L (for HP system) and 0.6 g/L (for SPS system),
[HP] = [SPS] = 7.0 mM. A comparison of decolorisation in
both the systems shows that they possess equal efficiency at
their optimum parameters even though a higher concen-
tration of catalyst is required for SPS system than for HP.

3. 3. COD removal Studies at Optimum
Parameters for n-Fe,O3;/HP and n-Fe,05/
SPS Systems

As it is known that HP interference results in the over
estimation of COD values,?> we have calculated the actual

COD values at optimum parameters by eliminating the inter-
ference due to HP. The COD values presented in the text are
inclusive of the HP factor (represented as m-COD) unless
otherwise stated. Nevertheless, the result gives a qualitative
idea about the COD value, which would obviously be higher
than the value obtained after eliminating the HP factor.

In order to find COD_4 of both the systems at their
respective optimal parameters, we have varied the treat-
ment period up to 300 min. To our surprise, the COD,g
was found to be very low (1.4 and 6.8% respectively for HP
and SPS systems) at 300 min of reaction even though com-
plete decolorisation was achieved under the present condi-
tions. So, it was decided to increase the catalyst load fur-
ther to see if there is an increase in COD,.4. The reaction
with catalyst load varying from 1.0 to 6.0 g/L was carried
out under optimum parameters, i.e. [HP] = 7.0 mM,; treat-
ment period = 300 min: [AB] = [PX] = 0.15 mM; pH = 3;
equilibrium period = 90 min. Although complete decolor-
isation was obtained from 0.4 g/L onwards, an increase in
m-COD,g from 45.6% to 72.1% at 300 min was observed
when the load was increased from 1.0 to 4.0 g/L. A slight
decrease in the value was observed when the load was in-
creased to 6.0 g/L (Fig. 5). Thus, 4.0 g/L was taken as the
optimum concentration of n-Fe,O; throughout the study.
This initial increase in m-COD,.4 may be attributed to the
acceleration of iron leaching and HP activation generating
more HO' radicals due to an increase in the number of
active sites on the catalyst surface area available for degra-
dation. The decrease at higher catalyst concentration may
be due to the agglomeration of nano-particles. Another
reason may be due to the scavenging of HO" and HO', (Eq.
(9) radicals on the oxide surface (Egs. (11) - (13)).3*2 As
already discussed earlier, the presence of HP in the solu-
tion results in the over estimation of COD. Hence, there is
a need to eliminate the interference due to HP.

= Fe?* + HO* — = Fe3* + HO™ (11)
= Fe?* + HO, — = Fe3* + HOO™ (12)
= Fe* + HO; — = Fe** +H* + 0, (13)

Table. 1. Optimization of operational parameters of mixture of dyes for n-Fe,O3/HP and n-Fe,03/SPS systems: [AB] = [PX] = 0.15 mM; [n-Fe,O;]
= 0.4 g/L; [n-Fe,0;] = 0.6 g/L; [HP] = [SPS] = 7.0 mM; pH = 3; treatment period = 90 min.

Catalyst Oxidant pH

[n-Fe,0;] Decolorization (%) [Oxidant] Decolorization (%) pH Decolorization (%)
(g/L) n-Fe, 05/ n-Fe, 03/ (mM) n-Fe, 03/ n-Fe, 05/ n-Fe, 05/ n-Fe, 03/

HP system SPS system HP system SPS system HP system SPS system

AB PX AB PX AB PX AB PX AB PX AB PX
0.1 62.0 51.7 399 158 5.0 66.1 54.3 943  79.7 3.0 950 914 97.0 914
0.2 824 720 471 231 6.0 86.1 84.4 96.5  89.2 5.9 No 954 84.5
0.4 950 914 882 643 7.0 95.0 91.4 97.0 914 - decolorisation - -
0.6 952 91.0 970 914 8.0 93.4 90.0 93.8 85.5 9.0 was 94.2 82.8
0.8 942 91.0 922 729 9.0 91.2 85.9 93.0 769 11.0 observed 25.6 03.0
1.0 952 914 895 66.4 - - - - - - - - - -
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Figure 5. Effect of catalyst load on the m-COD,¢ of mixture of dyes
(AB+PX): [HP] = 7.0 mM; [AB] = [PX] = 0.15 mM; pH = 3; equilib-
rium period = 90 min; treatment period= 300 min.

To see the increase in m-COD ¢ pattern with time,
we have carried out the reaction from 10 to 360 min.
Table 2 summaries the effect of HP on the m-COD of
the process. It is thus apparent that the presence of HP
leads to a reduction of m-COD, values. Therefore, our
result is in good agreement with the findings of Kang et
al.22 It is apparent from Table 2 that the COD removal
process takes place in two stages — a slow induction pe-
riod (1% stage) followed by a fast degradation process
(27 stage). During the induction period, which lasted
up to 60 min, the COD, practically remained constant
(31.3% in 10 min to 35.7% in 60 min), beyond which an
increase was observed, and the value reached 83.8% in
360 min. This is also evident from the consumption of
HP, which follows the same trend as COD, (Table 2).
On the other hand, complete decolorisation was
achieved at 120 min of the reaction. From Table 2, it is
evident that 67.2% of HP is consumed in 60 min with a
corresponding COD ¢ of 35.7%. On the other hand, rest

of the HP was consumed in the next 300 min for an ad-
ditional 48.1% COD,g. Therefore, the HP, which is con-
sumed rapidly up to 60 min, mainly was used towards
the decolorisation.

Previous studies have suggested that iron leaching
from the surface of n-Fe,O; into the solution forms the
rate determining step of this reaction**** and therefore,
the slow leaching of iron takes place in the first stage, i.e.
induction period. It appears that during the induction
period sufficient amount of HO" radicals are not formed
through the activation of HP by n-Fe,O;. Further, part
of the HO' radicals might be recombined or scavenged
quickly in the presence of high conc. of HP (Egs. (8) and
(9)) and sizeable active surface (Eq. (11)) and partly
might be engaged to a great extent in breaking the N=N
bond leading to decolorisation and a lesser extent in re-
moving the dyes and intermediate products and hence
COD. The second and fast process primarily involves the
interaction of HO" radicals, generated through the acti-
vation of HP with dissolved iron (Fe?*) (Eq. (4)), with
the dyes leading to their degradation. The HO' radicals
generated during the process are involved in the colour
and COD removal process by acting in two different
ways: by attacking the -N=N- chromophore or the car-
bon attached to the azo bond.*>*¢ In both cases, the dye
molecules are fragmented, causing colour and COD re-
moval.

Heterogeneous Fenton-type reactions (n-Fe,Os/
SPS) were carried out with 4.0 g/L of Fe,O; in the pres-
ence of SPS as an oxidant. To study the effect of the
equimolar concentration of oxidants, we have consid-
ered the concentration of SPS as 7.0 mM. The other pa-
rameters taken were same as with heterogeneous Fen-
ton process, e.g. [AB] = [PX] = 0.15 mM; pH = 3,
equilibrium period = 90 min. Under these operational
parameters, COD. was found to be only 28.5% in 360
min. The effect of pH was also studied on this system,
and it was observed that COD ¢ was highest at pH 3 and
negligible at other pHs.

Table 2. COD removal efficiency of mixture of dyes (AB+PX): [AB] = [PX] = 0.15 mM;
[n-Fe,0;] = 4.0 g/L; [HP] = 7.0 mM; pH = 3; equilibrium period = 90 min.

Treatment Decolorisation Consumption m-COD g COD 4
period (%) of [HP] (%) (%) (%)
(Min) AB PX

10 71.6 65.3 64.0 41 31.3
30 83.6 77.6 64.0 6.1 33.2
60 97.9 96.9 67.2 10.9 35.7
120 100.0 100.0 76.3 29.3 45.1
180 100.0 100.0 87.3 47.4 58.8
240 100.0 100.0 95.4 55.7 74.9
300 100.0 100.0 98.9 72.1 83.1
360 100.0 100.0 99.8 78.2 83.8

m-COD,¢ - COD removal efficiency in the presence of residual HP
COD,g - COD removal efficiency in the absence of residual HP
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3. 4. Effect of Particle Size on COD 4 of the
Mixture of Dyes

To establish the effect of particle size of Fe,Oj; parti-
cles on the COD¢, we have used particles of two different
sizes. The effect of n-Fe,0; has already been described in
the earlier section. The other iron oxide used in this work
is m-Fe,0O; particles with particle size <5 pm. The oxidants
used in this reaction were HP and SPS. The operational
parameters used in n-Fe,O3;/HP system as described in
Sec. 3.3 was also employed in this reaction ([m-Fe,O3] =
4.0 g/L; [Oxidant] = 7.0 mM; [AB] = [PX] = 0.15 mM; pH
= 3; equilibrium period = 90 min). m-COD,¢ with a value
of 51% in 360 min in the presence of HP, was completely
inhibited in the presence of SPS. It may be noted that un-
der similar conditions, m-COD_ g was 78.2% in n-Fe,O5/
HP system. A comparison of the effectiveness of all the
systems at their optimum parameters is shown in Fig. 6. It
is apparent from the figure that SPS inhibits m-COD.¢ in
both the systems (n-Fe,O; and m-Fe,0;), more so in
m-Fe,0; than n-Fe,05. Hence, study with the only n-Fe,O;
system was considered further.

3. 5. Reusability of n-Fe,O; in Heterogeneous
Fenton Reaction

The economy of the heterogeneous Fenton process
lies in the stability and reusability of the catalyst in multi-
ple cycles. After each cycle of reaction under optimum pa-
rameters, the catalysts were separated from the solution
with the help of a vacuum pump. The particles were then
washed with 500 mL water followed by 250 mL methanol
repeatedly until the solution’s pH after washing was main-
tained at 7. In the end, the particles were washed with 1000
mL water to make them free of methanol. The particles
were dried in an oven for 8 hours, cooled at room temper-
ature, grinded and stored for the following reaction cycle.
Four cycles of reaction were performed, and the result is

90
n_FezoJ HP [Catalyst] = 4.0 g/L a
[HP] = [SPS] = 7.0 mM
754 Treatment period = 360 min
- 604 m-Fe,0,/ HP
e
QE 45 -
8 30 n-FeZOJf SPS
[] -
£
154
m-Fe,0/ SPS

Systems

presented in Fig. 6. It is observed that the m-COD,g re-
mains constant until the 2" cycle, after which a rapid de-
crease in efficiency was observed, and the value reached
11.6% in the 4 cycle. The lower efficiency from the 3t
cycle onwards may be attributed to diverse factors such as
lower leaching of iron, resulting in a lower contribution to
homogeneous Fenton process, catalyst surface area reduc-
tion due to aggregation, and deactivation of active sites by
adsorption of organic intermediates etc.>>3*%” The na-
no-particles lose their colloidal stability due to dipole-di-
pole interaction, causing them to agglomerate.® As seen
in Fig. 7, the number of black spots increases in each cycle,
indicating the occurrence of agglomeration. As the num-
ber of agglomeration increases with the treatment period,
a decrease in the number of nano-particles and hence sur-
face area is observed. This explains a reduction in m-CO-
D.g in successive cycles. Nevertheless, complete decolori-
sation was achieved in all the cycles. To verify the amount
of iron leaching from n-Fe,0;, the samples at the end of
each of the four cycles were analysed by ICP-OES and was
found to be 8.3, 41.1, 42.3, and 50.1%, respectively.

3. 6. Kinetics of COD Removal and HP
Consumption in n-Fe,O;/HP System

As discussed before, the COD removal process con-
sists of a slow and a fast process. Both the processes have
been shown to follow pseudo-first-order kinetics (Fig. 8).
The slow process takes place within the first 60 min of the
reaction with a rate constant of 1.49 and 1.32 (10~ min!)
from 0-60 min with and without HP interference respec-
tively, and the corresponding values of the faster process
from 120-300 min are 7.94 and 6.73 (1073 min™!) respec-
tively (Table 3). Data beyond 300 min was not considered
for kinetic study as no appreciable change in COD,¢ value
was observed, and the reaction appeared to have complet-
ed with =99% consumption of HP (Table 2). The higher
rate constant with HP interference compared to that with-

1 n-Fe O /HP
70 . 2 3

] [n-Fe,0,]=4.0 g/L
60 4 [HP] = 7.0 mM

Treatment period = 300 min

Cycle 1

Cycle 2 Cycle 3 Cycle 4

Cycles

Figure 6. Effect of particle size of catalyst on m-COD,¢ (a) and reusability of catalyst (b): [AB] = [PX] = 0.15 mM; equilibrium period = 90 min; pH= 3.

Kumar et al.: The Removal of Binary Mixture of Dyes by Heterogeneous ...

841



842 Acta Chim. Slov. 2021, 68, 833-848

Figure 7. TEM images of n-Fe,0; particles after different cycles of treatment: [AB] = [PX] = 0.15 mM; [n-Fe,0;] = 4.0 g/L; [HP] = 7.0 mM; treat-
ment period = 300 min; pH = 3.

Table 3. COD removal and HP consumption rate constants for the mixture of dyes (AB + PX) by n-Fe,O3/HP system at different time

intervals
Time scale Rate constant (10~ min™!) R?
COD removal rate constants
HP interference = No HP interference HP interference = No HP interference
0-60 (min) 1.49 1.32 0.98555 0.99926
120-300 (min) 7.94 6.73 0.98394 0.99036
Time scale HP consumption rate constants
0-60 min 1.96 0.8813
120-300 min 17.17 0.9684

m-COD,g- COD removal efficiency in the presence of residual HP COD,g - COD removal efficiency in the absence of residual HP
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Figure 8. COD removal kinetics in n-Fe,O;/HP system: (a) with interference due to HP from 120 min to 300 min (inset: from 0-60 min); (b) With-

out interference due to HP from 120 to 300 min (inset: from 0-60 min).

out HP interference established the influence of HP on the
COD removal process. As discussed before, the HP used in
the process was almost entirely consumed in 300 min of
the treatment. The kinetics of HP consumption and the
rate constants during 0-60 and 120-300 min are given in
Fig. 9 and Table 3, respectively.
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Figure 9. Kinetics of HP consumption in n-Fe,0;/HP system from
120 min to 300 min. (Inset: from 05 min to 60 min)

3. 7. Analysis of Ions and Intermediate
Products Formed in n-Fe,O;/HP System

Different ions and intermediate products identified
by ion chromatography during the degradation process are
listed in Table 4. Both AB and PX have two sources of ni-
trogen: four azo nitrogen atoms on AB and two on PX, one
on AB as -NO, substituent. The formation of ~Na* as the
dissociation product of both AB and PX and SO?-,, formed
as a result of the substitution of SO~; group by HO" radi-
cals has been identified.**~>! The aryl radical formed after

the elimination of SO?~, gets converted to hydroxyaromat-
ic compounds on interacting with HO" radicals.”? Apart
from these ions, NH*,, -NO~, and -NO; are identified in
the process. The NH", ions are reported to have been
formed from the azo bonds. In the first step, azo bonds are
attacked by HO' radicals and convert them into -NH,
groups, which accounts for the formation of aromatic ami-
no derivatives. It may be noted that in the present case, the
azo group attached to the nitrophenyl group of AB is elec-
tron-deficient and hence the HO' radicals attack the other
azo bond attached to the unsubstituted phenyl group pref-
erentially.>? In the next step ~-NH, groups undergo proto-
nation and the subsequent attack of HO" radicals at the
nitrogen bearing carbon of the aromatic ring are converted
into NH*, ions.>®> This accounts for the formation of
phenols. There is a report that N, is generated by the attack
of HO' radicals on the azo bond bearing carbon of the ar-
omatic ring® which accounts for an additional route to the
formation of aromatic hydroxyl derivatives. The conver-
sion of NH*, to NO~,, NO™; as a result of the attack of HO’
radicals was suggested by Reddy and Mahajani.>* All these
sequences of events are presented in Scheme 1. The forma-
tion of CO?7; ions indicate the partial, if not complete,
mineralisation of the dyes to carbon dioxide.

The different intermediate products identified dur-
ing the process are phenol, 2- and 3-aminophenol (Table
4). A peak appeared at retention time (RT) 2.95, but could
not be identified using ion chromatography. Although we
have been able to identify nitro aromatic compounds in
other studies (data not published), the presence of these
products couldn’t be established in this study. Besides
these products, smaller aliphatic acids like formic acid,
malonic acid, maleic acid and fumaric acid were also iden-
tified. The presence of these acids indicates that the dyes
are not completely mineralised. As per another report, the
attack of HO" radicals to azo bond takes place with ~60%
probability leading to decolorisation. Successive attack on
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azo bond by HO' radicals leads to the formation of nitroso
(Scheme 1) followed by nitro aromatic compounds.>®> The
formation of aromatic amino compounds has been de-
scribed earlier. Since complete decolorisation was achieved
at 360 min with a COD,¢ of 83.8% by consuming 100% HP
(Table 2), it may be concluded that the azo bonds have bro-
ken completely, forming aromatic amines and other prod-
ucts (Scheme 1). Further attack of HO" radicals on nitro
aromatic compounds leads to the formation of hydroxy-
benzenes, which ultimately generate the aliphatic acids
through the formation of quinones.>® The displaced O,N’
radical in its term undergoes oxidation to form HNO5*
The attack of HO' radicals onto the nitro group may also
result in the formation of HNO;,°28 in addition to an aro-
matic radical, which on further interaction with HO radi-
cals generate aromatic hydroxyl derivatives (Scheme 1).

(a) Formation of SO~ and C,HsOH

02 OH

The absence of nitro derivatives suggests that all the nitro
groups are immediately substituted by HO' radicals and
generate aromatic hydroxyl derivatives. It is observed that
phenol is obtained at 120 min and 2- and 3-aminophenol
at 60 min of the reaction. This indicates that phenol is not
formed from aminophenols. Instead, they are formed in
different routes. Based on the above analysis and with sup-
port from literature data,”>**%" a mechanism of degrada-
tion of the mixture of dyes (AB+PX) has been proposed
(Scheme 2).

3. 8. Comparison of Toxicity Assessed by CFU
and Light Loss Measurements

The relative toxicity of the pure dye solution and
those obtained after different treatment periods in

: 0
i \ i =
CsH5‘§:O _OH _ CaH5\?§:O . CgHs + HOSO,

o 0

l'OH

oo

CgHsOH  S0O,*

(b) Formation of Phenol, NHf | NO7, NO3

® ®

CeHs—NH, S . CgHs—NH; —OH o
Ho ©
NH; ——> NH,
N H,O =
NH5 i._ NO, ——2—* NO3;
OH OH
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(c) Conversion of the azo bond to — NH,, - N=0 group and NO,

I
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OH OH
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Scheme 1. Mechanism of formation of different ions and products from azo compounds
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Scheme 2. Mechanism of degradation of the mixture of dyes (AB+PX)

n-Fe,O,/HP system at optimal parameters was measured
as a function of CFU and light loss percentage.

A comparison of the results by the two methods (Fig.
10) shows different relative toxicity levels for the same sam-
ple when measured with A. fischeri and E. coli. As seen
from the figure, the untreated dye solution was most toxic

COOH COOCH
| . | CcooH
> =
COOH
OH
e *+ CHCO0H
COOH
+
CHo(COOH); + HCCOH

in both assay systems. A sharp decrease in relative toxicity
with an increase in treatment period was observed with the
former (A. fischeri-based assay) than the later (E. coli-based
assay) method. A gradual decrease was observed, indicat-
ing that both assay systems possessed differential sensitivi-
ties towards the chemical toxicity. The A. fischeri-based as-
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Table 4. Ions and intermediate products identified by ion chroma-
tography

Sr. Ions Intermediate products
No. R.T Name R.T Name
(min) (min)
1 4.27 Na* 1.54 Formic acid
2 4.54 NH*, 2.63 Malonic acid
3 2.12 NO-, 2.81 Maleic acid
4 3.65 NO7; 3.37 Fumaric acid
5 426 CO?>, 2.95 Not identified
6 5.56 SO*, 3.86 3- Amino phenol
7 - - 4.57 2- Amino phenol
8 - - 7.91 Phenol

say measured by loss of emitted fluorescence, or light, was
much more sensitive than the E. coli-based assay measur-
ing the reproductive ability of the organism expressed as
CFU. Thus, the results in Fig. 10 suggest that depending on
the need and circumstances, either of the two parameters
may be applied to measure the extent of dye detoxification.
While complete detoxification was achieved in 360 min
based on the loss of light assay utilising A. fischeri assay sys-
tem, the later assay system based on E. coli CFU measure-
ments showed that the detoxification was not complete in
360 min and the solution still possessed about 37% relative
toxicity. The different sensitivity levels of the two test sys-
tems may be attributed to an assay of diverse end points of
biological parameters. Looking at the slopes of the two tox-
icity curves for loss of light and loss of CFU, one may pos-
tulate that E. coli, a fresh water bacterium, may be more
resistant to the aromatic intermediates formed during the
beginning of the reaction (Scheme 1) than A. fischeri, ama-
rine bacterium, which could be more resistant to organic
acids formed at the end of the reaction.®!

120 —
| CFU
100- % [—e— Light|
£ 80l \}\}
w
@
S e0q ¥ \}
| .
3 40 ' — %
2 20 i\i\
B 20-
o] t

60 120 180 240 300 360

Treatment period (min.)

(=1~

Fig. 10. E. coli and A. fischeri response in n-Fe,O;/HP system: [AB]
= [PX] = 0.15 mM; pH of treatment = 3; pH of E. coli growth = 7;
[n-Fe,O;] = 4.0 g/L; [HP] = 7.0 mM. Their response has been re-
corded as a function of CFU or light loss (%), respectively.

4, Conclusions

Colour and COD removal studies of a mixture of
two dyes (AB+PX) were carried out by heterogeneous Fen-
ton process using two different types of iron oxides:
n-Fe,0; and m-Fe,05 particles, and two different oxi-
dants, HP and SPS. Among them, n-Fe,O; and HP were
found to be the efficient catalyst and oxidant, respectively.
Although, m-Fe,O; caused very low COD reduction in the
presence of HP, it was completely inhibited in the presence
of SPS. Decolorisation and, therefore, COD removal was
accelerated in an acidic pH and inhibited at pH > 6 due to
surface characteristics of the nano-particles. The over esti-
mation of COD values due to the interference of H,O, has
been verified, and our results are in good agreement with
the results reported earlier. The COD removal is a two-
stage process, a slow induction period and a fast degrada-
tion process, each following pseudo-first-order kinetics.
The rate constants for COD, 4 were found to be 1.32 (1073
min!) and 6.73 (10~ min™!) during 0-60 and 120-300
min respectively after eliminating the interference due to
HP and those for HP consumption during 0-60 and 120-
300 min were found to be 1.96 and 17.17 (10~3 min™1).

The catalyst’s efficiency decreased from the 3" cycle
onwards due to various factors, such as lower leaching of
iron resulting in a lower contribution to homogeneous
Fenton process, catalyst surface area reduction due to ag-
glomeration, deactivation of active sites by adsorption of
organic intermediates etc. Hence, more work is required to
identify the exact causes of deactivation, find some regen-
eration measures to restore the catalyst efficiency. The dif-
ferent ions formed during the process were identified as
Na*, SO?5;, NH*,, NO-, and NO; and the intermediate
products as phenol, 2- and 3-aminophenol, formic acid,
malonic acid, maleic acid and fumaric acid. Using two dif-
ferent toxicity assays, A. fischeri assay system measuring
fluorescence and E. coli assay system giving CFU measure-
ment, we found differential expression of relative toxicities
for the same solution.
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Abstract

In the presented research, two trialkoxysilanes were used to investigate their reactivity with microcrystalline cellulose
(MCC) applied as a model material. As a continuation of the previous study, the research aimed at evaluation of the
durability and potential reversibility of the silane treatment. Two different solvents and a mixture thereof were used for
cellulose modification. The influence of amino group/pH, an excess of silanes and re-soaking with water on binding with
cellulose was examined. The results obtained confirm that both selected silanes can effectively modify MCC. However,
the treatment with 3-(2-aminoethylamino)propyltrimethoxysilane occurred more effective than with Methyltrimethox-
ysilane due to the presence of amino groups. Among the three tested solvents, the most effective was pure water. In con-
trast, the use of ethanol and a mixture of ethanol and water gave significantly worse results. Summarising, the presented
research clearly shows how important the type of the functional group in alkoxysilanes is for its chemical reactivity with
natural polymers, which is crucial for their application in waterlogged wood conservation.

Keywords: Cellulose, alkoxysilane, silane modification, microcrystalline cellulose

1. Introduction

Polymer-based materials play a significant role in
modern industry. However, due to the depletion of fossil
fuels, increasing health concerns, as well as heightened en-
vironmental awareness triggered by anthropogenic cli-
mate change, more empbhasis is currently placed on devel-
oping environmentally friendly bio-based products.!2

As renewable plant raw materials, natural polymers
are an attractive alternative to synthetic petroleum-based
supplies, that comply with principles of green chemistry,
ecology, and sustainability.>> Potentially limitless suscepti-
bility of natural fibres to various modifications enhancing
their performance characteristics makes them perfect ma-
terials of the future.*>

Cellulose is one of the most commonly employed
natural polymers for many industrial purposes.>” Among
others, it is widely applied as a reinforcement for polymer-
ic hydrogels, aerogels, and composites.>! One of the

forms of cellulose used i.a. as reinforcing agents are micro-
crystalline cellulose (MCC) or cellulose nanocrystals
(CNCs).2811-13 The main advantages of MCC and CNCs
are their excellent mechanical properties (high strength
and stiffness) along with their low weight, large surface
area, biodegradability and renewability.!*!> However,
some shortcomings, such as moisture absorption, suscep-
tibility to high temperature or incompatibility with most
polymeric matrices significantly limit the possibility of
employing cellulose crystals for specific applications.!>1®
Therefore, a variety of modifications has been recently
tested to overcome these disadvantages.!”!8

One of the solutions to enhance the performance of
different forms of cellulose and override the problems con-
cerning i.a. divergences between the polar and hydrophilic
nature of cellulose and non-polar and hydrophobic charac-
ter of a synthetic polymer matrix is creating organic-inor-
ganic hybrids.!” A sol-gel technique is one of the significant
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methods to obtain this, and due to the specific chemical
structure and the resulting reactivity, silicate systems (in
particular trialkoxysilanes) became the most extensively
studied among all compositions used in this technique.2%2!

Organotrialkoxysilanes are the most common sili-
con derivatives. They are bifunctional molecules that con-
tain both readily hydrolysable alkoxy groups and an or-
ganic functional group which determines their specific
features. In the presence of water, alkoxy groups can hy-
drolyse and react with hydroxyl groups present on the sur-
face of natural fibres forming siloxy bonds (Si-O-C). Si-
multaneously, they can also react with other silane particles
forming more stable Si-O-Si bonds.?»?3 The series of hy-
drolysis and condensation reactions is called the sol-gel
process, and it results in the formation of a spatial network
consisting of polysiloxane and natural polymers.?4%

Silanes have been widely used as coupling agents and
surface modifiers i.e. for cellulose and other lignocellulosic
materials.?6-30 The silane modification proved to be effec-
tive in improving mechanical properties and fire perfor-
mance of composites containing modified materials, re-
ducing the hydrophilic character of the modified fibres,
and limiting their susceptibility to biodegradation by fun-
gi.?? It is also efficient in facilitating dispersity of natural
polymers with synthetic matrix and making them more
compatible with human-made polymers.>!-%” Silane mod-
ification can be widely applied not only to natural fibres
but also i.e. metals, pigments, glass and others. Such mod-
ifications provide new or improved functionalities of si-
lane treated material. 384!

The unique structure and the resulting reactivity of
organosilicons make them also useful in the conservation
of wooden artefacts. The results of our previous study
proved the effectiveness of some organosilicon compounds
(including methyltrimethoxysilane and 3-(2-aminoethyl-
amino)propyltrimethoxysilane) in the stabilisation of wa-
terlogged archaeological wood.*? However, the mecha-
nism behind the dimensional stabilisation remains unclear,
as well as issues related to durability and potential reversi-
bility of the treatment that are important from the conser-
vation perspective. Hence the concept of research present-
ed herewith.

The proposed hypothesis assumes that silanes can
form chemical bonds with the cell wall polymers (includ-
ing cellulose) via alkoxy groups that results in reinforce-
ment of the degraded cell wall leading to wood dimension-
al stabilisation. Moreover, due to the low chemical stability
of alkoxy bonds, the interactions between silanes and cel-
lulose are presumably reversible. Thus silane treatment
under particular conditions (i.e. presence of water) could
turn out to be impermanent. It is also assumed that the
reactivity of particular alkoxysilanes with cellulose differs
depending on the type of organofunctional group present
in their molecules.

Given the above, the presented research aimed to in-
vestigate the reactivity of two trialkoxysilanes differing in

the type of an organofunctional group (methyltrimethox-
ysilane and 3-(2-aminoethylamino)propyltrimethoxysi-
lane) with microcrystalline cellulose used as a model ma-
terial, which has not been studied before. Two different
solvents and a mixture thereof were used for microcrystal-
line cellulose modification. The influence of the presence
of pH, excess of silane and re-soaking with water on bind-
ing stability with cellulose was examined.

2. Materials and Methods

2. 1. Materials

Microcrystalline cellulose (MCC) and ethylenedi-
amine were purchased at Sigma-Aldrich, ethanol (99.8%)
was purchased at PO.CH. and used as received. methyltri-
methoxysilane (MTMS) and 3-(2-aminoethylamino)pro-
pyltrimethoxysilane (AEAPTMS) were synthesised in
Poznan Science and Technology Park.

2. 2. Methods

2. 2. 3. Modification of Microcrystalline
Cellulose
Influence of the solvent/water content

Three different solvents were tested in the experi-
ment:

e water,

® 99.8% ethanol,

e a mixture of ethanol and water (3:1, v/v).

0.5 gof MCC and 10 g of a particular solvent was placed in
a beaker and stirred vigorously. After obtaining an MCC
suspension, 0.5 g (or 3 g in the experiment with the excess
of silanes, the details are described below) of an appropri-
ate silane was added and stirred briskly for 2 hours. Micro-
crystalline cellulose was treated with MTMS and
AEAPTMS in an MCC:silane mass ratio of 1:1 and 1:6,
respectively. Unmodified MCC was suspended only in the
appropriate solvent for 2 hours. The unmodified and mod-
ified MCC was then filtered off without additional washing
and air-dried for 72 hours.

Air-dried MCC samples still contain physically
bound water which can influence the results of an infrared
spectroscopy analysis that was performed to assess the ef-
fectiveness of the silane treatment (the measurement of
the number of hydroxyl groups - the details are described
below in the Infrared spectroscopy section). Moreover, the
presence of particular functional groups in modified
MCQC, originating in the silanes applied, can also increase
the amount of bound water, altering the results of the spec-
troscopy measurements. Therefore, to clarify the actual
amount of hydroxyl groups in unmodified MCC, a batch
of MCC sample was oven-dried at 120 °C for 24 h, cooled
down to room temperature and analysed using an FT-IR
technique. Then the oven-dried MCC was divided into
two parts, and modification with silanes was performed
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according to the above-described procedure. After modifi-
cation, the samples were air-dried for 72 h, and then ov-
en-dried at 120 °C for 24 h, cooled-down and analysed.

Influence of pH

The modification was carried out as described above,
using water as a solvent. Before adding an MTMS silane,
pH of cellulose suspension was adjusted to the desired val-
ue of 10.2 (it was a pH value of the AEAPTMS solution
applied for MCC modification) by the addition of ethylen-
ediamine (EDA). Modified and unmodified MCC sample
were filtered off without additional washing and air-dried.

Influence of re-soaking in water

The modification process was conducted following
the procedure mentioned above (in a paragraph Influence
of the solvent/water content) using water as a solvent. Then,
after 48 h of air-drying, part of the samples was placed in

Water/Ethanol
341

distilled water and stirred for 10 minutes (re-soaking). In
the next step, samples were filtered off and air-dried.

All the obtained cellulose-silane composites are pre-
sented in Table 1.

Infrared spectroscopy

All the modification reactions were controlled using
Fourier Transform Infrared Spectroscopy (FT-IR). Infra-
red spectra for particular dried samples were recorded on
a Bruker Tensor 27 FT-IR Spectrometer equipped with a
SPECAC Golden Gate diamond ATR unit with 2 cm™! res-
olution in the 4000-600 cm™' absorbance range. Sixteen
scans were collected for each spectrum. The spectra were
baseline corrected.

Since modification with silanes involves the chemi-
cal reaction of hydroxyl groups present on the MCC sur-
face with hydrolysed silane alkoxy groups, it is expected to
observe a decrease in the number of free hydroxyls in

Excess of
silane

Removal of
bound water

Fig. 1 Flowchart of chemical modification of MCC
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Table 1. Composition of obtained MCC samples

Sample code  silane Used silane to cellulose Solvent Additional information
Ratio (w/w)

MH MTMS 1:1 Water

AH AEAPTMS 1:1 Water

MCCH Water

ME MTMS 1:1 Ethanol

AE AEAPTMS 1:1 Ethanol

MCCE Ethanol

MEH MTMS 1:1 Water:Ethanol 1:3

AEH AEAPTMS 1:1 Water:Ethanol 1:3

MCCEH Water

MHN MTMS 6:1 Water

AHN AEAPTMS 6:1 Water

MCCS Dried at 120 °C for 24h

MHS MTMS 1:1 Water Dried at 120 °C for 24h

AHS AEAPTMS 1:1 Water Dried at 120 °C for 24h

MH-NH, MTMS 1:1 Water pH adjusted to 10.2

MCCH-NH, Water pH adjusted to 10.2

modified MCC. Thus, to evaluate the effectiveness of the
treatment, the hydroxyl content for unmodified and mod-
ified MCC was estimated by comparing the relative peak
area of the absorption peak at 3300 cm™! assigned to hy-
droxyl groups. The hydroxyl peak area (HPA) within the
range of 3650-3000 cm™! was calculated and expressed in
arbitrary units (a.u.).

/-OH cellulose

0.5

0.4

o
w

ATR Units [a.u.]
o
[p*]

0.1

3600 3100

/C-H cellulose

C-H silane

2600

3. Results and Discussion

According to literature, the surface treatment of cel-
lulose can be carried out with a silane solution in a com-
monly used concertation rate from 0.5 to 5% by weight.
Such conditions offer several advantages: a) an increase in
silane solubilisation in the medium, b) better control of the
substrate film thickness on the surface, ¢) more uniform

— MCCH
—MH
—AH

C-Ocellulose

~

-OH cellulose
C-H cellulose

-CH, cellulose \

Si-CH,

1100 600

1600

2100

Wavenumber [cm™]

Fig. 2 FT-IR spectra of MCCH, MH and AH
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coverage of the surface. The water-induced stepwise hy-
drolysis of the silane results in the formation of the corre-
sponding silanols, which promotes the silane adsorption
onto hydroxyl-rich substrates through hydrogen bonding.
After solvent evaporation, the residual silanol groups may
undergo a further condensation with the substrate hydrox-
yl groups. Moreover, they can also undergo self-condensa-
tion to form a polysiloxane network on the surface. Con-
tinued condensation leads to the formation of a gel-like
network, which precipitates in the form of colloidal parti-
cles. Hydrolysis and condensation of the silanol groups are
affected by the structure of the organic group of the silane
and by the solvent characteristics (pH, temperature,
amount of water, concentration).*8-4° Therefore, a set of
different experiments were performed to investigate the
effect of type of the solvent, amount of a silane applied, pH
and substrate re-soaking in the water on the reactivity of
the selected silanes with MCC. The modification process
was controlled using Fourier Transform Infrared Spectros-
copy (FT-IR). Infrared spectra of untreated and si-
lane-treated samples are presented in Figure 2.

Natural polymers and materials based on them form
a complex network whose characteristics at the molecular
level are often complicated. The intricacy of the chemicals
contained in the material reflects in the variability of the
functional groups present, which hinders interpretation of
their infrared spectra.

In the FT-IR spectra of untreated and treated MCC
(Figure 2), bands specific to cellulose can be observed, i.e.
at 3380 (-OH), 2730 (C-H), 1427 (-CH,), 1370 (C-H) and
1315 cm™! (-OH), as well as at 1100, 1050 and 1030 cm™!

|
L

ATR Units [a.u.]
=

0.5

1750 1700 1650

(attributed to the stretching vibrations of C-0).%¢ They are
characterised by a high absorbance in untreated MCCH,
while in treated MH and AH samples they are significantly
reduced. Bands characteristic for silica are not visible in the
spectra obtained, which can suggest that microcrystalline
cellulose was not coated by silica but chemically modified
by silanes. The band at 2960 cm™! assigned for stretching
vibrations of C-H and bands at 1260 and 802 cm™! attrib-
uted to the vibrations of Si-CHj, that are present in the
MH, indicate the formation of a chemical bond between
MTMS and MCC.* Unfortunately, bands that are specific
to amino silane (particularly to -NH,) are overlapped with
bands characteristic for cellulose (especially ~-OH), thus
hardly visible. However, when comparing spectra of MCCH
and AH samples with pure AEAPTMS used for modifica-
tion (Figure 3), a change in the shape of the band at 1640
cm! attributed to the presence of water can be observed.
Comparison of normalised AH and MCCH spectra high-
lights differences between them in this region. Much
broader band in the AH spectrum seems to consist of two
overlapping bands: a band at 1640 cm™! and a band specific
to AEAPTMS, which indicates the presence of amino silane
in the modified AH sample.

3. 1. Influence of the Solvent/water Content
on Silane Reactivity

3. 1. 1. Impregnation in Different Solvents

The influence of the type and composition of the ap-
plied solvent on the MCC modification efficiency with

—MCCH
—AH
AEAPTMS

/Water / N-H silane

1600 1550 1500

Wavenumber [cm™]

Fig. 3 FT-IR spectra of MCCH, AH and AEAPTMS
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silanes (mass ratio 1:1) was investigated using water, etha-
nol and a mixture thereof (1:3). The changes in HPAs are
presented on a graph in Figure 4. The graph starts only af-
ter 5 h of samples air-drying because directly after treat-
ment the obtained infrared spectra were dominated by the
bands specific to the particular solvents, and the measure-
ment of the HPA was meaningless.

Starting with MCC treated with the use of water as a
solvent. As it is clear from Figure 4, for all the samples,
HPA decreases upon drying. The high initial HPA values
result from the adsorption of water used as a solvent by
the samples. They are similar for untreated MCCH and
AEAPTMS-treated AH, and slightly lower from
MTMS-treated MH. The observed difference between
MCCH and MH can be explained by chemical modifica-
tion of MH with silane, which limits the number of hy-
droxyl groups on its surface and increases its hydropho-
bicity thus reducing the number of water molecules
interacting with MCC. AH, however, despite its chemical
modification, has a stronger affinity to water due to the
hydrophilic character of amino groups from the silane ap-
plied, which is visible as higher HPA, almost equal to
highly hydrophilic unmodified MCCH. The different
character of the functional groups of the used silanes also
reflects in the rate of drying of particular samples. More
hydrophilic AH dries slower than MH. The final HPA val-
ues after 72 h of air-drying for both treated samples are
similar (about 40 a.u.). However, they are only almost half
a size of HPA for unmodified cellulose (about 90 a.u.),
which confirms their effective modification with silanes.
However, since there is still bound water present in the
air-dried cellulose samples (and it is included in the HPA
value), the comparison of the effectiveness between par-
ticular silanes is unjustified.

An entirely different trend can be seen for samples
suspended in ethanol (ME, AE and MCCE in Figure 4).
First of all, the initial HPA values are significantly lower in
comparison with samples suspended in water: about 3
times for unmodified MCC, about 2.5 times for
MTMS-treated and more than 5 times for AEAPTMS-treat-
ed, respectively. It results from considerably lower water
content in the solvent (only about 0.2% in comparison
with the former 100%) thus the lower total number of hy-
droxyl groups present.

Interestingly, for samples suspended in ethanol, the
HPAs after 5 h of air-drying are the lowest, and they in-
crease and then decrease slightly upon drying. This phe-
nomenon can suggest further silane hydrolysis due to the
absorption of water molecules from the air and their con-
densation with a release of other water molecules. Al-
though, in the end (after 72 h), HPAs remain higher than
in the beginning. They are also significantly higher than
those obtained for modification in water (MH and AH).
This indicates lower effectiveness of the modification pro-
cess due to the highly limited water content in the solvent,
which occurred insufficient for full hydrolysis of the silanes
applied. Lower HPA for AE indicates higher effectiveness
of amino silane as against MTMS. It suggests that more
hydrophilic amino groups can be more effective in attract-
ing water molecules from a solvent and the air, providing
better conditions for silane hydrolysis. On the other hand,
their alkaline nature can create better conditions for silane
condensation resulting in higher reactivity with hydroxyls
present on MCC surface than MTMS.

Surprisingly, HPA for the sample treated with MTMS
(ME) is higher in comparison with untreated MCCE, and
even its slight increase upon air-drying can be observed.
The presence of ethanol can explain this phenomenon. It

400
MCCH
MH
350 AH
MCCE
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Fig. 4 Changes in hydroxyl peak area (HPA) during air-drying for MCC untreated and silane-treated (mass ratio 1:1) using tested solvents.
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promotes silane hydrolysis leading to the formation of si-
lanols, but simultaneously it inhibits their further conden-
sation. It is possible then that under such conditions,
MTMS can hydrolyse using all the available water mole-
cules and bind to cellulose. However, it still contains free
hydroxyls connected with silicon atoms (Si-OH) whose
presence can be seen in an infrared spectrum as a band at
3300 cm™!. Free Si-OH groups located close to each other
can additionally trap water molecules by the formation of
hydrogen bonds, and they can add to the intensity of the
infrared band specific to hydroxyls. The observed phe-
nomenon indicates lower effectiveness of modification in
ethanol than in water. In the case of the samples treated
with amino silane, the observed effect is lower, which con-
firms higher reactivity of this chemical with cellulose.

As can be seen from Figure 4 (MEH, AEH, MC-
CEH), application of an ethanol/water mixture as a solvent
resulted in high HPAs shortly after impregnation (5 h,
similarly to the impregnation performed using water
only), but also in the highest HPAs after air-drying (72 h,
comparable with HPAs for samples treated in pure etha-
nol). The former results from the presence of water mole-
cules in the solvent, the latter suggests that the presence of
ethanol promotes silane hydrolysis leading to the forma-
tion of silanols, but simultaneously it inhibits further con-
densation which reflects in lower modification rate (i.e.
higher amount of hydroxyls measured). Lower HPA for
AEH in comparison with MEH indicates higher effective-
ness of amino silane treatment, as described above.

Comparison of the results for all treated samples
(Figure 4) can lead to the conclusion that water was defi-
nitely the solvent assuring the highest saturation of hy-
droxyls present on MCC with the applied silanes.

3. 1. 2. Impregnation in Water with a 6-fold Excess
of Silanes

The changes of HPS’s of MCC modification with an
excess of silanes (mass ratio 1:6) is presented in Figure 5.

When comparing the results for MH and MHN, it is
clear that although 5 h after silane treatment the HPA is
similar for both samples, it differs significantly upon fur-
ther drying, and after 72 h it is almost 2.5 times higher for
the sample treated with an excess of MTMS. The signifi-
cantly higher number of free hydroxyls in the MHN sam-
ple can result from a higher number of silanols attached
only by one Si-O-C bond or by hydrogen bond and two
free Si-OH groups which can increase HPA.

The different effect of an excess of silane applied can
be observed in the case of AEAPTMS-treated samples,
where HPA for AHN is continuously lower than for AH
during drying. It can be explained by the specific proper-
ties of amino groups present in the silane, which promotes
silane condensation. As a result, considerably higher effec-
tiveness of MCC modification can be observed than for
MHN sample, while in comparison with AH sample the
reactivity with MCC only slightly improved.

3. 1. 3. The Effect of Bound Water on the Number
of Hydroxyls Measured and Silanes
Reactivity with MCC

Figure 6 presents the changes in HPAs obtained for
MCC samples which were oven-dried, silane-modified,
air-dried and then oven-dried again to exclude the effect of
bound water on the hydroxyl peak area measured.

When comparing the results for MH and MHS, it is
clear that after additional oven-drying HPA increases 2
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Fig. 5 Comparison of changes in hydroxyl peak area (HPA) during air-drying for MCC treated in water using MCC:silane mass ratio of 1:1 (MH,

AH) and 1:6 (MHN, AHN), respectively.
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Fig. 6 Changes in hydroxyl peak area (HPA) for unmodified and
modified MCC samples after air-drying (MCC, MH, AH) and ov-
en-drying (MCCS, MHS, AHS)

times (from 40 a.u. for MH up to 80 a.u. for MHS) for MHS.
The significantly higher number of free hydroxyl groups in
the MHS sample can indicate that after hydrolysis of MTMS
to a silanol, it only partially binds to MCCS hydroxyls, and
the most the formed silanol molecules are attached by hy-
drogen bonding. The formation of hydrogen bonds results
in a decrease of HPAs on infrared spectra what corresponds
with the previous results. During drying in 120 °C, hydro-
gen bonds break and silanols can easily evaporate from the
surface (MTMS boiling point 102-104 °C). In the case of
AEAPTMS the situation is similar, however, an increase in
HPA is lower (from 42 a.u. for AH up to 50 a.u. for AHS).
The higher pH of the reaction environment results in a
higher condensation rate, which limits the formation of hy-
drogen bonds and can be the reason for a lower increase of
HPA after oven-drying. Besides, because a boiling point for
AEAPTMS is at 232 °C, much less of silanol molecules has a
chance to evaporate during oven-drying.

3. 1. 4. The Effect of Re-soaking in the Water on
Silanes Reactivity with Cellulose

The influence of re-soaking in the water on silane re-
activity with MCC in the form of changes in the hydroxyl
peak area (HPA) are presented in Figure 7.

In the first part of the graph (Figure 7), a typical de-
crease in HPA during air-drying can be seen. The initial
high HPA values, resulting from the adsorption of water
used as a solvent, are similar for both unmodified and
modified MCC. After 48 h of air-drying, however, a signif-
icant difference can be observed between the MCC sam-
ples. HPA for treated MH and AH is 2x and 4x lower than
for untreated MCCH, respectively, which confirms their
effective modification with silanes.

Air-dried samples (after 48 h) were then re-soaked in
water for 10 minutes and air-dried again. The effect of
re-soaking is clearly visible in Figure 7, since after 24 hours
from this point (72 h on the graph) HPA for MCCH in-

Fig. 7 Effect of re-soaking of unmodified and modified MCC

creased 3,5- (up to 353 a.u.), over 3— for MH (up to 189
a.u.) and 1,5- for AH (up to 43 a.u.) in comparison with
dry samples after 48 h. Further 24-hour drying (96 h on
the graph) resulted in a decrease in HPAs, reaching about
the same level as before re-soaking for MCCH and AH
(about 97 a.u. and 31 a.u., respectively) but significantly
higher for MH (81 a.u. after re-soaking versus 58 a.u. be-
fore re-soaking, respectively). The observed phenomenon
can indicate that a part of MTMS molecules was not chem-
ically bonded with MCC and was washed out during
re-soaking, leaving unoccupied hydroxyls on its surface.
Another explanation could be that MH was not completely
modified/covered with MTMS; therefore, during re-soak-
ing, water molecules could penetrate the sample. The pres-
ence of additional water-induced further polymerisation
of the silane which could cover water molecules connected
to MCC, so that even after 48 h of air-drying an increased
in HPA originated from water hydroxyls can be observed.

The results of the experiment with re-soaking of the
previously treated samples confirmed that MCC modifica-
tion with MTMS was less efficient than with AEAPTMS.
Moreover, it also showed that part of MTMS molecules
could be washed out from the modified MCC surface,
which means that this type of modification is not perma-
nent.

3.1 5. Influence of pH on Silanes Reactivity with
Cellulose

The results of the experiments mentioned above
point to the conclusion that the higher effectiveness of
AEAPTMS in MCC modification can result from an alka-
line reaction environment provided by amino groups pres-
ent in the silane molecules. Therefore, to find out how al-
kaline pH affects silane reactivity with cellulose, the next
modification process was carried out in the water with
ethylenediamine at pH adjusted to 10.2 (pH level of
AEAPTMS solution in water).
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Fig. 8 Comparison of changes in hydroxyl peak area (HPA) during air-drying for MCC treated in water (MH) and water with ethylenediamine

(MCCH-NH2, MH-NH,), respectively

As can be seen from Figure 8, alkalisation of the re-
action environment increased the effectiveness of MCC
modification with MTMS which can be seen as a signifi-
cant decrease in HPA for dry samples from 40 a.u. for MH
to 14 a.u. for MH-NH,. However, the analysis of the FT-IR
spectrum in the entire measured range clearly suggests
that the addition of ethylenediamine changes the path of
the reaction, which can be seen in Figure 8.

The FT-IR spectra of MCC untreated and treated
with MTMS without ethylenediamine (Figure 9) reveal
primarily the bands specific to cellulose, i.e. at 3380 cm™!
(-OH), 2730 cm™! (C-H), 1427 cm™! (-CH,), 1370 cm™!
(C-H), 1315 cm™! (-OH) as well as 1100 cm~!, 1050 cm™!
and 1030 cm™! (attributed to the stretching of C-0O). Ad-
ditionally, the band at 2960 cm™! assigned for stretching
vibrations of C-H and bands at 1260 and 802 cm™! (at-
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Fig. 9 The FT-IR spectra of MCCH, MH and MH-NH,
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tributed to the vibrations of Si—-CHj) are present in the
MH spectrum, which indicates the formation of a chemi-
cal bond between MTMS and MCC. The spectrum of
MCQC treated with MTMS in the presence of ethylenedi-
amine, however, looks different. In this spectrum, the
bands specific to cellulose at 1427 cm™ (-CH,), 1370
cm™! (C-H), 1315 cm™! (-OH) cannot be observed, and
the band at 2730 cm™! (C-H) is significantly decreased.
On the other hand, the bands characteristic to silane at
2960 cm™! (C-H) as well as at 1260 and 802 cm™! (attrib-
uted to the vibrations of Si-CH3) can be clearly seen. Ad-
ditionally, a band at 1140-1080 cm™! takes the shape of
the band characteristic to Si-O-Si. It can indicate that
MTMS-treated MCC in the presence of ethylenediamine
is covered/encapsulated by obtained silica instead of be-
ing modified by silane.

4. Conclusions

The results of the presented research confirm hy-
pothesis that silanes can react with cellulose, whereby the
chemical structure of silane molecules affect effectiveness
and stability of modification. As was shown, both selected
silanes can efficiently modify microcrystalline cellulose.
However, treatment with 3-(2-aminoethylamino)propyl-
trimethoxysilane generally occurred far more effective and
durable than with methyltrimethoxysilane, including the
reaction using an excess of silanes. It seems that the pres-
ence of amino groups in the amino silane molecules en-
hances its reactivity. On the one hand, it attracts water
molecules (e.g. from the moist air) in a water-deficient en-
vironment (like ethanol) enabling hydrolysis of silanes; on
the other hand, it provides an alkaline reaction environ-
ment supporting condensation of silanols, which results in
the full polymerisation reaction.

For methyltrimethoxysilane, the results show that
the polymerisation reaction may not be complete during
MCQC treatment and some of the silane molecules may re-
main in the form of silanols which can form only hydrogen
bonds with MCC. This is in line with the results of our
previous research when the DVS experiments revealed a
similar phenomenon in waterlogged elm treated with
MTMS. The full condensation, and thus stabilisation of the
silane/wood system was achieved only after 12 cyclic sorp-
tion stages. ** However, further experiments using water-
logged oak wood did not show such instability of the si-
lane. #* These observations are essential from the wood
conservation perspective since they all point out that in
the case of using a high concentration of MTMS, an addi-
tional stage of seasoning the conserved material is neces-
sary to stabilise (fully polymerise) MTMS.

Another result of probable incomplete polymerisa-
tion of MTMS is the fact that the silane molecules can be
washed out from the modified MCC surface, which means
that this type of modification is not permanent. This par-

tially confirms the hypothesis that silane treatment can be
reversible under particular conditions (presence of water
promoting their hydrolysis). However, as was shown, the
stability of silane-cellulose interactions depends on the or-
ganofunctional group of the silane.

Moreover, in the case of MTMS, an increase in pH to
the level obtained in the reaction with amino silane leads
to the encapsulation of microcrystalline cellulose by the
silica formed in this reaction rather than to its modifica-
tion. It suggests that alkaline reaction environment is not
the only condition necessary for an effective modification
process. The possibility of silica formation seems particu-
larly essential from the conservation perspective. On the
one hand, such an inner “skeleton” made of silica inside
the wood structure could strengthen or reinforce its me-
chanical properties, but on the other side, it could also
damage the already weakened and decomposed wooden
tissue. Therefore, this issue requires further study before
the application of silanes could be proposed as an accepted
method for waterlogged wood conservation.

The use of dried MCC for modification with silanes
decreases its effectiveness, which points out the essential
role of bound water in the reaction process.

Among the three tested solvents, the most effective
was pure water which assured the highest saturation of hy-
droxyls present on MCC with the silanes applied. The use
of ethanol and a mixture of ethanol and water gave signif-
icantly worse results. Additionally, although the presence
of ethanol promotes hydrolysis of a silane leading to the
formation of silanols, it also simultaneously inhibits their
further condensation. From the conservation perspective,
these results demonstrate that using ethanol as a solvent
will enable penetration of silane monomers into the wood-
en tissue; however, it should be remembered that the pres-
ence of water is necessary for its further polymerisation.
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Povzetek

V tej raziskavi smo uporabili dva trialkoksisilana za $tudij reaktivnosti z mikrokristalini¢no celulozo (MCC), ki je bila
uporabljena kot modelni material. Kot nadaljevanje pre$nje Studije je bila raziskava namenjena oceni trajnosti in poten-
cialne reverzibilnosti obdelave s silanom. Za modifikacijo silana smo uporabili dve razli¢ni topili in njuno mesanico.
Raziskali smo vpliv amino skupin, pH, presezka silana in ponovnega namakanja z vodo pri vezavi s celulozo. Dobljeni
rezultati so potrdili, da lahko oba izbrana silana u¢inkovito spremenita MCC. Vendar pa je bila obdelava s 3-(2-am-
inoetilamino)-propiltrimetoksisilanom zaradi prisotnosti amino skupin u¢inkovitejSe kot z metil-tri-metoksisilanom.
Med tremi testiranimi topili je bila najbolj u¢inkovita ¢ista voda. Uporaba etanola in me$anice etanola in vode pa je,
nasprotno, dala bistveno slabse rezultate. Predstavljena raziskava presenetljivo jasno pokaze, kako pomemben za kem-
ijsko reaktivnost z naravnimi polimeri je tip funkcionalnih skupin v alkoksisilanih, kar je klju¢nega pomena za njihovo
uporabo pri ohranjanju lesa, zalitega z vodo.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

With the application of the quality by design (QbD) approach, a high-pressure homogenizer (HPH) methodology was
employed to develop methotrexate nanosuspension (MTX-NS) to boost bioavailability. The Ishikawa diagram was used
to analyze potential risk factors in formulation development. To screen and study the impact of various formulation
and process factors on the critical quality attributes (CQA), the Placket-Burman design and central composite design
were utilized. The number of HPH cycles, poloxamer 188 concentration, and tween 80 concentration were shown to
be significant parameters (P<0.05), that were further optimized using Central Composite Design. The zeta potential of
optimized lyophilized MTX-NS was determined to be -11.6 + 7.52 mV and the average particle size was 260 + 0.25 nm.
In vitro cytotoxicity experiments revealed a greater than 80% inhibition, with apoptotic cells shrinking, fragmentation,
and cell death. Furthermore, the C,,,, and AUC,, were increased by 2.53 and 8.83 folds, respectively. The relative bio-
availability of MTX-NS was found to be 8.83 times higher than that of MTX-aqueous dispersion. As a result, the QbD
method resulted in the development of a lyophilized MTX-NS with process understanding and control based on quality
risk management.

Keywords: Nanosuspension; Lyophilized, QbD approach; Central Composite Design; Plackett- Burman Design; In-vivo

study.

1. Introduction

Pharmaceutical experts have long struggled with the
formulation and development of poorly water-soluble
drugs, and these challenges are projected to worsen since
more than 40% of new chemical entities discovered by
drug discovery are poorly aqueous soluble.! Whereas, it is
more problematic in the case of poorly soluble drugs with
poor absorption profile, and bioavailability because it is
dissolution rate-limited and can be affected by patient fed
or fasted state condition?. Traditional approaches includ-
ing solubilization by surfactant, surfactant dispersion, mi-
cronization, use of the oily solution, permeation enhanc-
ers, which evolved too earlier, that address the challenges
of formulation and have limited use.>* The major mile-

stone has been achieved in the development of poorly wa-
ter-soluble drugs using various newer technology, but to
date, there is no universal thumb approach applicable to all
active pharmaceutical ingredients.> Consequently, a new
approach has been progressively required to deal with for-
mulation issues that are associated with the delivery of
poorly soluble drugs, to enhance their therapeutic efficacy
and maximize their pharmacodynamics therapy.

A drug delivery aims to deliver a sufficient amount of
drug to a proper side in the body such that, the optimal
concentration of the drug is reached rapidly and then sus-
tained. The development of a proper dosage form is an es-
sential element to achieve this objective.* From its incep-
tion, oral drug delivery is the most commonly used route
of administering the drug in various dosage forms due to
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its simple administration, flexibility in the design of dos-
age form, and its high patient compliance.®

The Methotrexate (MTX) (2, 4-diamino-N10-me-
thyl propyl glutamic acid) is an anticancer agent belong to
biopharmaceutical classification system class IV (BCS-IV)
employed for different solid tumors viz. Breast cancer,
lung cancer, etc. treatment.® It has poor water solubility
(0.01 mg/mL), low permeability hence consequently very
low bioavailability (30-40%).”® Besides, MTX showed
multidrug resistance (MDR) in cancer treatment and pro-
duced toxicity to a normal cell of the body. Also, MTX
produces several adverse reactions like hepatotoxicity, ul-
cerative colitis, nephrotoxicity, which resulted in the re-
striction of its clinical applications.”

Nano-formulation is a comparatively new scientific
field that applies Nano-engineering to health and medi-
cines. Although nanotechnology has multiple applications
in the drug delivery system, the development of nanopar-
ticles (nanoscale: 10° m) based formulation has been a
key application in pharmaceuticals.®> In recent decades,
nanoparticle engineering for pharmaceutical applications
has been developed and reported by researchers.” Among
the assorted strategy of conversion of nanoparticles, Na-
nosuspension (NS) is offering plentiful advantages over
conventional oral drug delivery. NS can be defined as a
sub-micron colloidal dispersion of nanosized (1-1000
nm) pure drug particles that are stabilized by surfactant/
polymer or a mixture of both.!* NS is gaining a lot of atten-
tion in the scientific community because of its numerous
benefits, including improved dissolution rate and, as a re-
sult, increased bioavailability of poorly soluble and perme-
able drugs, improved physical and chemical stability of
drugs, higher drug loading, dose reduction, and so on.>* It
also improves the AUC and C,,, of the drug and conse-
quently improves drug safety and efficacy.!! Besides, in the
last two decades, NS has been drawing much attention in
the pharmaceutical industry and also has been executed
commercially.! For productive formulation development
of the NS various strategy have been reported including
top-down (viz. high-pressure homogenization, sonication,
etc.) and bottom-up approach (viz: nano-precipitation),
et 3112

For the production of nanosuspensions of poorly
soluble medicines, high pressure homogenization is a typ-
ical approach. This procedure entails forcing a drug-
and-stabilizer suspension through a valve with a small
opening under pressure. High-pressure homogenization is
usually divided into two categories: (i) Dissocubes (aque-
ous media homogenization), (ii) Nanopure (homogeniza-
tion in water-free media or water mixtures).The size of the
particles is reduced in homogenization by forcing suspen-
sion under high pressure (100-1000 bars) through a
small-aperture valve. Cavitation-induced implosion pres-
sures and shock waves in the liquid medium break down
microparticles (25 m) into the nano-size range as the static
pressure drops due to a sudden drop in fluid velocity. Shear

forces caused by particle collisions and high velocity also
aid in the fracture of particles with inherent crystal flaws.
Viscosity enhancers can aid the nanosizing process by in-
creasing particle density inside the dispersion area and in-
hibiting crystal formation. Homogenization can convert
metastable amorphous particles generated by precipitation
into stable crystal form. To create particles in the desired
size ranges, numerous cycles are usually required. The
method’s main advantages are its ease of scaling up, adapt-
ability to dilute or concentrate suspensions, low risk of
contamination, and aseptic manufacturing viability. The
approaches include difficulties such as the need for mi-
cronized particles, multiple cycles, high energy technique,
and the danger of contamination from the container’s met-
al wall. 13-16

Further, the physical stability problem of NS has
been overcome by various solidification techniques in-
cluding rotary evaporation, spray drying, lyophilization,
etc. Generally, the technique selection has been done based
on the physical properties of active pharmaceutical ingre-
dients and the characteristics of the final formulation.!?
Among these techniques, lyophilization is predominately
employed for the solidification of NS, which provides sev-
eral benefits such as suitability for drying of thermolabile
drugs, enhanced long-term storage stability, easy reconsti-
tution of the formulation before use, and manufacture of
high-value formulation without excessive damage.!®!!
Furthermore, the development of an oral drug delivery
system for anticancer drugs provides the most suitable and
easiest way.” Therefore, the development of MTX in ly-
ophilized NS form can be a useful tool to attempt the
above-mentioned facts.

Owing to the fast onset of action, permeability, solu-
bility, and bioavailability, a novel drug delivery system
(NDDS) is well known for its toxicities. Whereas, the cost
of such an advanced NDDS is increasing because of a lack
of proper understanding and various manufacturing vari-
ability.!! The International Conference on Harmonization
(ICH Q8) proposed to use the concepts of quality by de-
sign (QbD) to formulate the pharmaceutical products as
technical criteria.!” Owing to the high incomprehension
about the effect of critical processing parameters (CPPs),
critical material attributes (CMAs) on the attainment of
admirable smaller particle size, and narrow polydispersity
index (PDI), researchers stressed for the most challenging
manufacturing variability during NS formulation develop-
ment.!!

Hence, the present study is aimed to develop MTX-
NS to improve its oral bioavailability that can increase its
clinical efficacy by reducing the oral dose which is required
to achieve the same effect and thus reduces its side effects.
QbD approach was applied to obtain the effect of CMAs
and CPPs on critical quality attributes (CQAs) viz., parti-
cle size, drug content, zeta potential, dissolution profile
and bioavailability of MTX-NS, reduction in the manufac-
turing variability, upgrading of safety and quality in a for-
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mulation, and controlling the manufacturing cost. QbD
approach was applied to understand and optimize the ly-
ophilized preparation of MTX-NS. In the first step, all the
possible potential independent variables were screened by
the Plackett-Burman design. A predictive model was then
developed for critical response variables to evaluate opti-
mal value by Central composite design (CCD) to produces
extremely stable and soluble MTX-NS by the High-Pres-
sure Homogenizer (HPH) technique. The MTX-NS devel-
oped was stabilized using the lyophilization process. The
MTX-NS was evaluated for their saturation solubility, par-
ticle size, and zeta potential analysis, polydispersity index
(PDI), crystallinity study, topographical analysis, dissolu-
tion efficiency, Apoptosis, and in-vitro cytotoxicity study.
Moreover, the in vivo bioavailability and stability study of
MTX-NS was also performed.

2. Material and Methods

2. 1. Materials

MTX sample was gifted by Cipla Ltd, Goa (India).
Tween 80 and mannitol (MNT) was procured from Merck
Specialties Pvt. Ltd. Mumbai, (India). Soya lecithin (SL)
(Phospholipon R 90 H) was obtained from Lipoid GmbH
(Germany). HPLC grade methanol was purchased from
Thermo Fisher Scientific Pvt. Ltd. Mumbai, (India). All
other reagents used in the experiments were of analytical
grade.

2. 2. Methods

2. 2. 1. Screening of the Stabilizer and Polymers
for MTX-NS
For the formulation development of MTX-NS, ap-
propriate stabilizers were obtained from 20 stabilizers as
enlisted beneath.

2. 2. 1. 1. Suspending Effect of Stabilizers

Initially, the suitable polymers and stabilizers were
screened based on suspending concentration of stabilizers
viz., Carbomer 940, cremophor EL-40, poloxamer 407,
soya lecithin (SL), hydroxypropyl methylcellulose
(HPMCQ), tween 80, sodium lauryl sulfate (SLS), poloxam-
er 188 (F68), polyethylene glycol (PEG) 6000, span 80, so-
dium deoxycholate (SDS), polyvinyl pyrrolidone (PVP) K
30, and/or their mixtures on MTX. About 0.5 mg of MTX
was added in 0.2 % w/v surfactant solution, followed by
shearing with a high-speed homogenizer for 1.5 h (3000
rpm), followed by centrifugation at 4000 rpm for 30 min
duration. The supernatant was diluted using water as a sol-
vent and drug content was measured by UV visible spec-
trophotometer at 303 nm. As composites for the develop-
ment of NS, the stabilizer which has shown an effective
suspending effect on MTX, smaller particle size, and lower
sedimentation rate were optimized.!3-20

2. 2. 1. 2. Docking Tool and Algorithm

The virtual interaction among MTX and above-en-
listed stabilizers were performed via molecular docking
using VLife MDS version 4.6. The chemical structures of
enlisted stabilizers and MTX were drawn in a 2D format
which was followed by 3D conversion. Finally, these struc-
tures were optimized for the docking score. Generally, bi-
opredicta (docking algorithm) is used to predict and study
the modes of interaction between two compounds. Here-
in, the possible interaction between stabilizers and MTX
was optimized based on ligand-receptor binding geometry
within chemical structures of compounds. Finally, the mo-
lecular interaction among stabilizers and MTX were
screened to establish the stabilizer’s ability to enhance drug
solubility and N stability purpose.

2. 2. 2. Formulation and Lyophilization of
MTX-NS

MTX-NS was fabricated by HPH (Panda PLUS 2000,
GEA Niro Soavi, Germany). Pre-nanosuspension was first
fabricated using a high-speed homogenizer to avoid block-
age of the HPH valve. Here, the 0.5 mg/mL coarse powder
of MTX was!” dispersed in an aqueous stabilizer solution
of (0.15 % v/v tween 80 and 30 mg of SL) by digital homog-
enizer (3000 rpm, 1.5 h). Then, the pre-NS was subjected
to HPH processing, with three HPH cycles at fixed 250,
700, and 1200 bars. Moreover, this obtained NS was shifted
for 1500 bars for maximum cycles. Interestingly, the num-
ber of cycles of HPH at constant process temperature can
affect the particle size of the formulation. Therefore the
MTX-NS showed different particle sizes, concerning pro-
cess temperature and several cycles. Finally, the obtained
NS was shifted to the lyophilization process using a ly-
ophilizer (Freezonel2, Labconco, MO, USA) along with
the optimized concentration of cryoprotectant (6% w/w
mannitol). Initially, the pre-freezing of MTX-NS was per-
formed at —30 °C for 12 h. Then, the primary drying pro-
cess of NS was performed at -53 °C and 0.016 mBar for 24
h. Finally, the secondary drying was carried out at 10 °C
for 8 h followed by 25 °C for 4 h. Further drying of ob-
tained lyophilized NS was done by gradually increasing
the drying process temperature by 1 °C/min. to finish the
process. The temperature of the cold trap was maintained
at -53 °C until the end of the drying process.

2. 2. 3. Quality by Design

2. 2. 3. 1. Quality Target Product Profile (QTPP)

The primary step in QbD is to define the potential
target product profile (TPP) and critical quality attributes
(CQA) of the formulation. To this study, the CQAs were
enlisted based on a literature survey and preliminary re-
search on the formulation. For the study, CMAs, CPPs
have been chosen to satisfy the predefined objective.?? The
QTPP, CMAs, and CPPs listed are presented in Table SI.
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2. 2. 3. 2. Risk Assessment

In the context of risk assessment, the main critical
material and process parameters that influence the formu-
lation quality were established. An Ishikawa fishbone dia-
gram is also referred to as a cause-effect diagram, devel-
oped to define the CPPs and CMAs. Only three-parameter
were indicated as important factors influencing formula-
tion i.e. drug content (DC), and average particle size, as
CQAs following the risk analysis using the diagram and
preliminary studies In addition, failure mode effects anal-
ysis (FMEA) was utilized for risk assessment, followed by
risk rating and filtering following the ICH Q9 recommen-
dations. As shown in Table S2, the risk associated with
each element [critical method parameters (CMPs) and
critical process parameters (CPPs)] on responses was crit-
ically assessed, and the risks were then labeled using the
FMEA approach, which measures risk severity. Severity
(effect on end method output), regularity of occurrence,
and detectability are three major categories which were all
used further to define risk variables. The impact of these
factors on responses was evaluated from 1 to 3 scale (Table
S3). Table S3 lays up the rankings. The sum of the severity,
regularity, and detectability was used to calculate the risk
priority number (RPN). As stated in Table S4, the RPN
values were utilized to rank failure modes, CMPs, and
CPPs.21 23,22,30

2. 2. 3. 3. Experimental Design

Eight independent variables were selected based on
risk analysis, (Table 1) namely speed of high-speed ho-
mogenizer (pre-NS) (X1), time of homogenizer (pre-NS)
(X2), homogenization pressure (X3), number of cycles
(X4), the concentration of poloxamer 188 (X5), the con-
centration of sodium lauryl sulfate (X6), the concentration

of tween 80 (X7), the concentration of MTX (X8). For the
optimization study of NS, the response surface method
was employed. Furthermore, each of these factors were
evaluated at two levels, including six center points; Plack-
ett-Burman Design (PB design) was used to study the ef-
fect of these variables on the preparation of NS. Design-Ex-
pert (Version11.0.5.0, Stat-Ease Inc., MN) software was
used for the analysis of three response variables viz., parti-
clesize (Y1), and DC (Y2). The experiment was conducted
in random order according to the runs or trials organized
by design expert software. Besides, the variable analysis
(ANOVA) was used to estimate the significance of interac-
tion and key effects. Factors that have a marginal effect on
the reaction variables at a significance level of 95% have
been analyzed and CCD further optimizes the remaining
important factors influencing the response variables.

2. 2. 3. 4. Central Composite Design (CCD) for
Optimization of MTX-NS

After the identification of critical formulation and
process variables using PB screening design, CCD re-
sponse surface methods were used to inspect the optimum
levels of the variables. This consisted of two groups of de-
sign points, which include two-level factorial design points
as -1 and +1, axial, or star points as —a and +a along with
center points as 0. Thus, the effect of three independent
variables viz., the concentration of tween 80 (A), the con-
centration of poloxamer 188 (B), and the number of cycles
(C) was studied at five different levels, with the coding of
-a, -1, 0, +1, and +a. Alpha value, 1.6817 fulfills the rotat-
ability in the CCD. Dependent variables selected for the
formulation of MTXNPs by CCD were particle size (Y1),
& DC (Y2). Table 2 suggests the coded and actual values of
variables. The Design Expert® software was used to gener-

Table 1. Plackett-Burman Design with independent variables and their responses

Factors Levels

High Low
X1 Speed of Homogenizer (Preliminary Stage) (rpm) 8000 6000
X2 Time of Homogenizer (Preliminary Stage) (min.) 45 30
X3 Homogenization Pressure (Bars * 1000) 25 5
X4 Number of Cycles 25 5
X5 Concentration of Poloxamer 188 (mg) 75 50
X6 Concentration of Sodium Lauryl Sulphate (mg) 75 50
X7 Concentration of Tween 80 (mL) 0.75 0.50
X8 Concentration of Methotrexate (mg) 150 100

Table 2. Central Composite Design with factors and their responses
Factors Levels
-a -1 0 +1 +a

A Concentration of Tween 80 (mL) 0.05 0.15 0.25 0.35 0.45
B Concentration of Poloxamer 188 (mg) 25 50 75 100 125
C  Number of cycles 10 20 30 40 50
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ate a CCD matrix with 20 runs, which includes six repli-
cated center points, one axial point, and one replication of
fractional point.

2. 2. 4. Process Analytical Technology (PAT) -
Particle Size Analysis, EE, and DC

The particle size analysis of developed NS was meas-
ured by Zetasizer 300 HAS (Malvern Instruments, Mal-
vern, UK). The DC were calculated by using a UV-visible
spectrophotometer (Jasco V-530, Japan) at 303 nm wave-
lengths. It was used for PAT for NS particle size, and
DC.23:24

2. 2. 5. Characterization of MTX-NS

2. 2. 5. 1. Particle Size Analysis

MTX-NS particle size, polydispersity index (PDI),
and zeta potential were measured at 25 °C by dynamic
light scattering (DLS) method using Zetasizer 300 HAS
(Malvern Instruments, Malvern, UK) in triplicates in a 1
ml disposable polystyrene cuvette. For sample prepara-
tion, the 1 mg of lyophilized MTX-NS was diluted in 10 ml
water, and analysis was performed for independent sam-
ples (n = 6.18). The values shown on average are the hydro-
dynamic sample diameter and the PDI value measured is
the size distribution width. Besides, the zeta potential of
NS was measured at the above-mentioned zeta sizer. It is
determined at an average of measurements based on the
electrical mobility of particles in an electric field.!**

2. 2. 5. 2. Scanning Electron Microscopy (SEM)

The morphology of MTX-NS was determined by
SEM (JEOL JSM-6360, Japan). Imaging was performed on
SEM at a voltage of 20 kV and a high vacuum. Lyophilized
MTZX-NS was placed on two-sided carbon tape and sput-
tered using gold-palladium alloy (3-5 nm of thickness)
and imaging was captured using SEM.?

2.2.5. 3. X-ray Crystallography (XRD)

Powder XRD analysis of pure drug, physical mixture
(PM), and optimized NS were performed using an X-ray
diffractometer (Philips analytical XRD, PW 3710) with
Cu-Ka radiation (1.54 A), at 40 kV, 40 mA by passing
through a nickel filter. The samples were prepared by
spreading the powder samples on the specimen holding
ring and further it was subjected to sample angular scan.
The samples were analyzed in the 20 angle range of 5 to
80°. The range and the chart speed were 5 x 10* CPS and
10 mm/°26, respectively.?>

2. 2. 5. 4. Differential Scanning Calorimetry (DSC)

The samples of pure drug, physical mixture (PM),
and optimized NS were accurately weighed and filled in
aluminum pans followed by a sealing process and then
shifted to DSC using Perkin-Elmer Pyris 6 DSC, coupled

with Pyris software and equipped with a thermal analyzer
(Perkin-Elmer Instruments, Norwalk, USA). Thermo
grams were taken from 35 to 300 °C with a heating rate of
10 °C min~! using a bare aluminum pan as a reference by
heating the sample in the nitrogen atmosphere.!!

2. 2.5. 5. Fourier Transform Infrared Spectroscopy
(FTIR)

The FTIR of the drug, physical mixture (PM), and
optimized lyophilized NS were obtained using the FTIR
spectrophotometer (Agilent CARY 630 FTIR). The above-
mentioned samples were crushed to a fine powder, mulled
with potassium bromide, and pressed to form a thin pellet,
and subjected to analysis.?’

2.2.5. 6. Saturation Solubility Studies

Excess pure drug (MTX) and lyophilized MTX-NS
in 10 mL of distilled water were added to their saturation,
followed by agitation using an orbital shaker for 48 h at 25
°C. The obtained samples were subjected to centrifugation.
Then the supernatant layer was analyzed using a UV-visi-
ble spectrophotometer at 303 nm.!1:26

2.2.5.7. Total Drug Content

About 10 mg of MTX-NS was dissolved in water fol-
lowed by filtration using 0.45 pm filter paper. Finally, the
filtrate was collected and subjected to total DC analysis
using a UV-visible spectrophotometer (Shimadzu-1700,
Japan) at A max of 303 nm. The total DC (TDC) and per-
centage TDC were calculated from equations 1 and 2.%°

TDC = (Vol. total/ Vol. aliquot) x drug in aliquot x 100 (1)

% TDC = TDC / TAD x 100 @)

where, TAD: vol. total/vol. an aliquot is the total volume of NS to the
taken aliquot volume and the total amount of drug i.e. TAD is the
drug used for the fabrication of NS.

2. 2. 5. 8. Entrapment Efficiency

About 10 mg of MTX-NS was dissolved in 10 ml of
water and % EE was determined by ultracentrifugation for
30 min at 10,000 rpm using a cold centrifuge (at 4 °C,
Remi CM 12 Plus, Mumbai). The supernatant obtained
was quantified in triplicates at 303 nm using a UV-visible
spectrophotometer. EE is the percentage of drug entrapped
in nanoparticles and can be calculated using a given for-
mula.!?

Total drug content (mg)— Free Drug (mg) X 100

% EE = 3)

Total drug content (mg)

2.2.5.9. In-vitro Drug Release

Dissolution studies on MTX powder and optimized
MTX-NS were performed using USP type-I apparatus
(Basket). About 50 mg of weighed quantities of samples
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were transferred into the dissolution apparatus (Electro
lab TDT-08 L, India) containing 900 mL of simulated in-
testinal fluid (SIF) with pH 6.8 as a medium at 50 rpm
with 37 £ 0.5 °C temperature. For analysis, 5 mL samples
were withdrawn at 10, 20, 30, 40, 50, and 60 min. of time
points, and the fresh buffer was added for sink condition
maintenance. The samples were collected and filtered us-
ing the Whatman filter paper (0.25 pm, Whatman Inc.,
USA) and subjected to UV spectrophotometer analysis at
303 nm."

2. 2. 5. 10. Cytotoxicity Activity on Human Breast
Cancer Cell Line (MCF-7 Cells)

Cell Culture: Cytotoxicity of optimized MTX-NS and
aqueous dispersion (AQD) was studied on human MCF-7
breast cancer cell lines, which were procured from NCCS
(National Centre for Cell Sciences), Pune, India. They
were stored and nurtured in DMEM (Dulbecco’s modified
eagles medium of Sigma Aldrich, USA). Cell lines were
cultured and maintained in a 25 cm? flask of tissue culture
with DMEM which was boosted with L-glutamine, 10%
FBS, sodium bicarbonate (Merck, Germany), and with an
antibiotic solution containing streptomycin (100pg/ml),
amphotericin B (2.5ug/ml) and penicillin (100U/ml).
These cultured cells were then kept in a CO, incubator at
37 °C with 5% humidity.

MTT assay: In each well of 96 well microtiter plates,
about 50 pL 1 x 10° cells/mL cell suspension was seeded
and end volume was made to 150 pL by adding DMEM
media. Dilutions of NS were made in DMEM media and
about 100 pL of different concentrations of NS and their
aqueous dispersion (AQD) (62.5, 125, 250, 500, 1000 ug/
mL) were added and incubated for 48 h in presence of CO,
incubator at 37 °C with 5 % humidity. After 48 h, 20 uL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl ~ tetrazolium
bromide (MTT) reagent (5 mg/mL) was added to the wells
and the plates were kept for 4 h to incubate in a dark place
at room temperature. The plates were covered with alumi-
num foil as the MTT reagent is photosensitive. Without
disturbing the precipitated formazan crystals, the superna-
tant was removed carefully and 100 uL dimethyl sulfoxide
(DMSO) was added to dissolve the formed crystals. The
OD (optical density) was measured using the ELISA mi-
croplate reader at 492 nm. The baseline was obtained using
a culture medium and the wells with only cells were used
as control. With an assessment of colorimetry and spectro-
photometry, the in-vitro growth inhibition effect of NS and
AQD was measured by the conversion of MTT into “For-
mazan blue” by living cells. The study was performed in
triplicates. The generated dose-response curve was used to
estimate the ICs, of test samples required to inhibit the
growth of 50% cells. The % growth inhibition was calculat-
ed using the following formula (equation 4),

Mean 0D of the test compound

Growth inhibition (%) =1

Mean OD at untreated cells

2.2.5. 11. Direct Microscopy

The entire plate was observed under an inverted
phase-contrast tissue culture microscope after 48 h of
treatment with NS and AQD and observations were re-
corded as a microscopic image. A change in the morphol-
ogy of cells, like rounding or shrinking, vacuolization, and
granulation in the cell cytoplasm is an indication of cyto-
toxicity.

2.2.5.12. Apoptosis Study by Fluorescent Microscopy

using Eb (Ethidium Bromide) and AO

(Acridine Orange) Double Staining Method.

The MCF-7 cells were washed using cold phosphate

buffer saline solution (PBS) after treating them with differ-
ent concentrations of NS and AQD as 13.2262 pg/mL,
26.4524 ug/mL (LD 50 Concentration), 52.9048 ug/mL for
forty-eight-hour, following AO (100 pug/ml) and EtBr (100
pg/ml) stains for 10 min at RT. Further, with 1X PBS solu-
tion the cells which are stained are washed twice and were
observed under a fluorescent microscope using a blue fil-
ter (Zhang et al., 1998). Based on staining reactions, the
cells were grouped as normal green nucleus (living cells),
bright green colored nucleus with fragmented or con-
densed chromatin (early apoptotic), orange-colored nuclei
with condensation or fragmentation of chromatin (late ap-
optotic), and uniformly orange-stained cell nuclei (necrot-
ic cells).

2.2.5.13. Pharmacokinetic and Biodistribution Study
in Rats

Sprague- Dawley rats (mean weight 200-220 g) were
purchased from Global Bioresearch Solutions Pvt. Ltd.,
Pune. The pharmacokinetic (PK) and biodistribution
studies of MTX were performed using the Sprague- Daw-
ley rats model (BVCPK / CPCSEA /IAEC / 01/14/2017-
2020). Initially, rats were kept on fast overnight with free
access to water ad libitum. For the study, rats were ran-
domly divided into three groups (n = 3). Group I was se-
lected as the test group (MTX-NS), the standard group
(group II) was treated with MTX-AQD, and group III
(control group) was given a normal saline solution. On the
day of the study, the rats have been dosed (40 mg/kg) with
optimized MTX-NS and MTX-AQD via oral feeding can-
nula. Blood samples (0.5 mL) were obtained from the ret-
ro-orbital vein at predetermined intervals of 0, 2, 3, 4, 6,
12, 24, 36, 48 hours under mild anesthesia and transferred
into a tube containing EDTA. Finally, blood samples were
centrifuged immediately at 3,000 rpm for 10 min at 4 °C,
and separated plasma and samples were stored at —20 °C.
The rats were sacrificed (n = 3) using the cervical disloca-
tion method. The distribution of the drug in vital organs is
measured after 72 h of dosing. Spleen, liver, heart, brain,
lungs, stomach, and kidney tissue samples were homoge-

X100 (4)
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nized and centrifuged to get clear tissue samples, further
stored at -20 °C.

Plasma and tissue sample preparation: The tissue
and plasma blood samples have been combined with 20 uL
(MTX) solution (5 pg/mL) and deproteinization of the
sample was achieved by applying 100 pL acetonitrile to a
50 pL plasma sample and 300 pL acetonitrile to 200 pL of
clear homogenates of tissue followed by cold centrifuga-
tion (6,000 rpm, 15 min) at 4 °C. The collected transparent
supernatant was filtered by a syringe filter (0.20 um) and
injected into the HPLC for the determination of MTX
content in tissue and blood samples.?>?’

2. 2. 5. 14. Pharmacokinetic Analysis

A non-compartmental model was used to perform the
PK study of the plasma concentration-time profile using Mi-
crosoft Excel (Microsoft office 2016). PK parameters obtained
directly from plasma data, includes AUC,_, (AU plasma con-
centration-time curves), T, (the time to reach maximum
plasma concentration), C,,,, (maximum plasma concentra-
tion), K (elimination rate constant), t;, (elimination half-
life), CI (clearance), VD (volume of distribution), MRT (mean
residence time), and F, (relative bioavailability). Lyophilized
MTX-NSF,, after oral administration was measured with the
AQD as a reference using the following formula (Equation 5).

AUC test
AUC reference

Fre1 = x 100 (5)

All data were revealed as = SD (mean) and the level
of significance was taken as P < 0.0522. While the Absolute
bioavailability (F%) is calculated by comparing exposure
of drug by extra vascular route of MTX NS to its i.v. an
administration which is assumed to be 100%. It is calculat-
ed by the given formula (equation 6):

Fo% = Sooer. x D0%iey 100 (6)

AUC; . Doseg y.

2.2.5.15. HPLC Analysis of MTX

The MTX content was analyzed through reverse-phase
(RP)- HPLC (UV detector system, intelligent HPLC pump,
Model Jasco PU-2080) using a reverse-phase C18 column (5
pm pore size, 150 x 4.6 mm, Phenomenex). The optimized
mobile phase was (70:30 v/v ) water and acetonitrile mix-
ture. For separation, HPLC analysis was performed using a
constant flow rate (1.0 mL/min), with a 20 uL injection at 25
°C column temperature, and 303 nm wavelengths under
isocratic conditions. The curve of calibration for MTX in
plasma was found within the linear concentration range of
15-100 pg/mL (R? = 0.9865) with pazopanib as an internal
standard. The experimental outcomes indicate a mean + SD
and < 0.05 level of significance.

2. 2. 5. 16. Stability Studies
The stability studies of optimized lyophilized MTX-
NS and liquid MTX-NS were performed [ICH Q1A (R2)].

In brief, the developed formulations were wrapped into
aluminum foils and stored in a refrigerator at 4 °C, room
temperature, and 40° £ 2 °C/75 + 5% relative humidity (in
the stability chamber) for 6 months. As per the defined
time interval, the DC and particle size were calculated to
check the chemical as well as physical stability of devel-
oped MTX-NS.!

2.2.5.17. Statistical Analysis

The outcomes of the study were analyzed using
ANOVA, multilinear regression analysis, and lack-of-fit
tests. Student’s t-test where appropriate, was used and ex-
pressed as mean + SD (n=3), to test the statistical signifi-
cance.!!

3. Results and Discussion
3. 1. Screening of the Stabilizer for MTX-NS
3. 1. 1. Suspending Effect of Stabilizers on MTX

In the development of NS, stabilizers and polymers
play a crucial role. A lack of adequate stabilizers causes ag-
gregation of nano-sized drug particles due to extremely
free of surface energy. An admirable stabilizer efficiently
decreases the nanoparticle’s surface energy by dispersing
them at a water and particle interface to avoid particulate
accumulation in the NS. Moreover, the ionic/steric barrier
is therefore stopped from Ostwald’s ripening. A stable
MTX-NS system with a suitable stabilizer was optimized
by various factors such as sedimentation effect, suspend-
ing effects, and particle size analysis (Table S5).!%28

The combination of poloxamer 188/ tween 80/SLS
(198.87 + 0.01 pg/ml) presented superior suspending ef-
fect on MTX, followed by poloxamer 188 (126 + 0.05ug/
ml), ween 80 (119.14 * 0.04 pg/ml), and SLS ( 112.83 +
0.05 pug/ml ). While the particle size of the formulation
prepared by poloxamer 188/ tween 80/SLS, poloxamer
188, tween 80, and SLS was found to be 332.45 + 1.03,
293.46 + 3.32,301.65 + 1.45, and 349.09 + 2.18 nm respec-
tively. Poloxamer 188, tween 80, and SLS did not produce
stratification and sedimentation. The high surface free en-
ergy of nanosized particles makes NS a highly unstable
thermodynamic system. Thus, to optimize the surfactant
and stabilizer system and to stabilize the nanosuspension,
the CCD response surface was designed to finalize the sur-
factant and their concentration from the above results,
with the highest electric repulsions.

3. 1. 2. Molecular Docking

The interactions between MTX and stabilizers show
that stabilizers can solubilize drugs to improve their stabil-
ity in the present study. Figure 1 shows the virtual interac-
tion between MTX and stabilizers. In this study, the MTX
and stabilizers lead to strong interaction by using less
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binding energy with strong hydrogen, hydrophobic, and
Vander Waal interactions. This means that stronger hydro-
gen bonding between the MTX and stabilizers like Polox-
amer 188 and Tween 80 can virtually improve the stability
and solubility of MTX.

Methotrexate

3. 3. Quality by Design
3. 3. 1. Risk Assessment

For identification of possible risks of process and for-
mulation variables on the CQAs, viz., DC, EE, and particle

Methotrexate

Poloxamer 188

Figure 1. Docking study: a) interaction of MTX with Poloxamer 188, b) interaction of MTX with tween 80. *Colour code Light blue: Vander Waal

interaction, Green: Hydrogen bonding

3. 2. Process Analytical Technology (PAT): -
Particle Analysis, %EE, and DC

MTX-NS was developed using Tween 80 as a stabi-
lizer and Poloxamer 188 as polymers with the applications
of the QbD.!7 As a result of the PAT study, the particle size,
EE, and DC of the developed NS were found to be in the
range of 239.30-309.60 nm, 99.42-99.96%, and 87.56-
88.32% respectively.

Aqueous Solution

Molecular Weight

Stabilizers

Premilling

Drug

Volume

Time of milling

High Speed Homogenizer
pH LIRSS

Concentration
Volume

Homogenizer

MTX-NS

Molecular weight

Temperature

Pressure

No. of Cycles Cryoprotectant
Temperature
Amount
Pressure 5
Duration (Hrs)

High Pressure Homogenizer | | Lyophilizer

Figure 2. Ishikawa Diagram illustrating process and formulation
variables that may have an influence on the properties of MTX-NS

size of MTX-NS an Ishikawa diagram was established
(Figure 2). As a result of risk analysis, the 8 possible risk
factors were identified based on preliminary experiments
and prior knowledge and were further evaluated using ex-
perimental designs.!!

3. 3. 2. Plackett-Burman Design

PB design is carried out by introducing 8 factors, at 2
levels, with 12 runs to screen the significant formulation
and process variables for the development of MTX-NS.
The formulations were piloted and the resulting response
values are listed in Table 3. The significant and most con-
tributing factors for the first response i.e. particle size (Y1)
were the speed of homogenizer (X1, pre-NS), the concen-
tration of tween 80 (X7), and the concentration of polox-
amer (X5) respectively (Table 4). The value of R? found
was 0.8990, which indicates a significant model fitting of
the tested model. From ANOVA the p-value for main ef-
fects obtained was 0.1750, which was not statistically
significant. Hence, by using CCD most significant factors
were further evaluated. The particle size plays a crucial role
for MTX-NS as they affect the stability, drug release, bio-
availability and biodistribution, and cellular uptake of
drugs.

Following polynomial equation 7 can describe Y1,
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Table 3. Plackett-Burman experimental design matrix with observed values of response variables.

Batch X1 X2 X3 X4 X5 X6 X7 X8 Y1* Y2*

code (rpm)  (min.) (Bars*1000) (mg) (mg) (mg) (mg) (nm) (%)

1 1 -1 1 1 -1 1 1 1 141 £0.12 76.13 £ 0.16
2 -1 -1 -1 -1 -1 -1 -1 -1 208 £0.10 73.55+£0.19
3 -1 -1 -1 1 -1 1 1 -1 167 £0.22 64.36 £0.13
4 -1 -1 1 -1 1 1 -1 1 215+ 0.15 74.63 £ 0.11
5 -1 1 -1 1 1 -1 1 1 152 £0.11 92.56 £0.17
6 -1 1 1 1 -1 -1 -1 1 228 £0.21 77.13 £0.19
7 1 1 -1 1 1 1 -1 -1 188 £0.19 97.5+0.20
8 1 1 1 -1 -1 -1 1 -1 202 £0.10 69.28 £0.22
9 -1 1 1 -1 1 1 1 -1 199 £0.13 76.5£0.13
10 1 1 -1 -1 -1 1 -1 1 151 £0.16 76.5 £0.15
11 1 -1 -1 -1 1 -1 1 1 175 +£0.21 7292 £0.17
12 1 -1 1 1 1 -1 -1 -1 220 £ 0.24 67.98 +0.12"

Mean + SD (n = 3).

Table 4. ANOVA analysis for response variables in Plackett - Burman design matrix

Factors Y1: Particle size (nm) Y2: Drug content (%)
p value % Contribution pvalue % Contribution
Bo Constant 0.1750 - 0.2884 -
A Speed of homogenizer™ (rpm) 0.0715 25.23 0.1953 13.78
B Time of homogenizer' (min.) 0.8133 0.22 0.1761 15.52
C Homogenization pressure’ (Bar*1000) 0.8591 0.13 0.3962 4.87
D Number of cycles 0.5473 1.54 0.1283 21.72
E Concentration of Poloxamer 188 (mg) 0.0550 31.52 0.1339 20.80
F Concentration of SLS" (mg) 0.5473 1.54 0.5495 2.26
G Concentration of Tween 80 (mg) 0.0594 29.56 0.4109 4.53
H Concentration of Methotrexate” (mg) 0.8361 0.17 0.6175 1.54
Particle size = +187.17-14.17*A+1.33*B-1.00*C+3.50*D -15.83*E+3.50* F+15.33* G-1.17* H (7)

The equation represents, with an increase in the con-
centration of SLS and concentration of tween 80, there is
an increase in average particle size, while increasing the
concentration of poloxamer 188, decreases the average
particle size (Y1). Particle size also decreases with an in-
creasing speed of homogenizer and pressure of high-pres-
sure homogenizer, with increasing MTX concentration.
The decreased size of particles is also seen with the in-
creasing time of homogenizer and the number of cycles of

ber of cycles (X4), and the concentration of poloxamer 188
(X5), respectively (Table 1). The R? value was 0.8502 indi-
cating a significant fit for the model being tested. From
ANOVA the p-value for main effects obtained was 0.2884,
which was not statistically significant. Hence, CCD was
used for further significant factors evaluation. DC has a
chief part in a therapeutic activity at a given dose of MTX
in NS.
Following polynomial equation 8 describes Y2,

DC = +86.58+ 2.18*A+2.31*B-1.30*C +2.74*D-2.67*E -0.88*F-1.25*G+ 0.73*H (8)

HPH. Thus, from all the process variables, the percentage
contribution for average particle size is a concentration of
tween 80 (29.56%), the concentration of poloxamer 188
(31.52%), and the speed of homogenizer (25.23%), respec-
tively. The smallest particle of 141 nm could be achieved by
experimenting using 0.5 mL of tween 80, 75 mg of polox-
amer 188 at 8000 rpm speed.

For the DC (Y2), the most contributed and signifi-
cant factors were the time of homogenizer (X2), the num-

Polynomial equation 8 represents that, DC (Y2) was
increased with increasing concentration of MTX and
speed of homogenizer, while it decreases with an increas-
ing concentration of poloxamer 188, SLS, and tween 80,
respectively. It also increases with an increasing number of
HPH cycles and the time of homogenizer. DC also de-
creases with the increasing pressure of HPH. From all the
process variables, the % contribution of a time of homoge-
nizer (15.52%), number of cycles (21.72%), and concentra-
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tion of poloxamer 188 (20.80%) influence DC, respective-
ly. Thus, achieving 97.50% of DC in MTX-NS could be
achieved by experimenting using 50 mg of poloxamer 188
for 45 min homogenization at 25 cycles of HPH.

3. 3. 3. Optimization of MTX-NS by Central
Composite Design

3. 3. 3. 1. Model Fitting

By design of expert (DOE), 20 runs were proposed
and the input of predicted and observed values for Y1,
and Y2, responses range from 229.3 to 300.6 nm, and
85.56 to 89.43%, respectively (Table 5). Using DOE soft-
ware, the obtained responses were fitted to cubic, 2FI,
quadratic and linear models (Table S6) . As the R? values
were greater than 0.9, and both the predicted and ob-
served values were less comparable with standard devia-
tions (SD) (< 1.0%) and precision values, the best-fitted
model for Y1, Y2, and Y3 were quadratic.2’ As the ratios
of maximum to minimum responses values were less
than 10, transformation is not necessary (Y1 = 5.61; Y2 =
2.46; Y3 = 8.22).

Effect on Size of Particle (Y1)

The proposed polynomial equation 9 for particle size
is as follows,

Y1 =+268.92 +2.83 (A) -0.10 (B) -4.14 (C) 9)

Where, Y1 is particle size, (A) concentration of
tween 80, (B) concentration of poloxamer 188, (C) num-
ber of cycles for MTX-NS formulation by HPH.

The F value was 2.89, which demonstrated that the
used model was significant. While their model terms were
not significant as the Prob>F p-value is <0.0567, hence
these models are used to develop the design space. The im-
pact of independent factors on particle size was studied
using 3D response surface plots. The Y1 responses predict-
ed values range from 244.34 to 299.02 nm. The positive
value of the coeflicient represents an increasing particle
size. Figure 3A and Figure S1, predicts that as the concen-
tration of tween 80 (A) increases from 0.05 to 0.45 ml, the
particle starts to aggregate. It may because of the satura-
tion of surfactant in NS, as formed particles are adsorbed
by an excess concentration of surfactant present in NS.

Table 5. CCD matrix with predicted and observed values of responses

Independent variables Dependent variables

Observed values Predicted values

Batch A B C YU Y2' Y1 Y2

(mg) (mg) (nm) (%) (nm) (%)
1 -1 1 1 280.60 £ 0.10 87.67 £ 0.07 280.09 86.85
2 0 0 0 272.80 £ 0.08 88.64 +0.11 268.92 88.43
3 0 0 0 270.30 £ 0.03 88.58 + 0.09 268.92 88.43
4 0 0 0 269.40 £ 0.07 88.13 + 0.06 268.92 88.43
5 0 0 1.68179 260.40 £ 0.05 86.80 + 0.04 274.21 86.96
6 -1.68179 0 0 289.40 £ 0.11 85.89 + 0.08 289.51 86.56
7 1 1 -1 278.20 £ 0.09 88.39 £ 0.11 281.22 86.85
8 0 0 0 268.50 £ 0.10 88.12 + 0.1 268.92 88.43
9 0 -1.68179 0 250.00 £ 0.05 86.32 + 0.06 244.69 86.95
10 1 -1 -1 300.60 + 0.06 87.32 £ 0.09 294.22 86.95
11 1 -1 1 273.20 £ 0.08 89.43 + 0.11 277.25 88.64
12 1 1 1 275.40 £0.12 86.74 + 0.08 252.95 86.76
13 0 0 0 263.80 £ 0.07 88.96 + 0.12 268.92 88.43
14 0 0 -1.68179 292.20 £ 0.08 85.26 + 0.09 288.12 86.78
15 0 0 0 270.40 £ 0.06 88.44 + 0.05 268.92 88.43
16 1 -1 1 277.40 £ 0.07 85.62 + 0.06 267.50 85.96
17 -1 -1 -1 240.20 £ 0.10 86.84 £ 0.10 255.77 85.63
18 -1 1 -1 290.60 £ 0.09 88.73 £ 0.09 279.66 88.32
19 1.68179 0 0 289.40 £ 0.05 86.57 £ 0.11 299.02 87.59
20 0 1.68179 0 229.30£0.11 86.56 = 0.09 244.34 87.62

"Y1= Particle size; 'Y2=Drug content; "'Y3=Entrapment efficiency. 'Mean * SD (n = 3).

3. 3. 3. 2. Analysis of Response Surface Plots

Response surface plots were extensively employed
for the study of the interaction effects of selected factors on
their responses and relationships. Thus, we have con-
structed a surface response plot for three responses (Y1,
and Y2), which are depicted in Figure 3 .

When the concentration of poloxamer (B) increases from
25 to 105 mg respectively, it prohibits the re-aggregation of
dispersed particles leading to the existence of smaller bod-
ies in NS. Further, it resulted in the decreased particle size
of NS. The number of cycles (C) for HPH shows a direct
relationship with particle size, with increased C the size of
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particle decreases. Effectively, the coeflicient with a nega-
tive value is represented by decreasing particle size. An
increase in the number of cycles leads to a reduction in the
size of the particle of NS by increasing the viscosity of the
system, which inhibits the Ostwald ripening. This is the
reason for particle size reduction. Thus, it is a CQA and the
factors i.e. concentration of poloxamer 188 and number of
the cycle that affects particle size was optimized by CCD.

Effect on DC (Y2)
The proposed polynomial equation 10 for DC is as
follows,

Y2=+88.42+ 0.3055(A) + 0.1995(B) + 0.0560(C) (10)
The predicted Y2 response values range from 85.63

to 88.78 %. The design was not significant as the F value
was 1.63, while model terms were not significant as the
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Prob>F a p-value is <0.2292, hence these models were not
used to develop the design space. Here as ‘A’ increases,
there is an increase in DC. While the concentration of ‘B’
shows an increasing effect on DC (Figure 3B and Figur
S1). DC also increases with increasing ‘C’ The amount of
drug i.e. dose present in nanoparticles is significant to
study for the dissolution and pharmacokinetic parameters.
However, DC had the most important effect on drug dis-
solution, which directly affects drug absorption and thus
bioavailability.

3. 3. 4. Optimization Model Validation

To achieve the predicted (software suggestions)
composition, targeted criteria were fed into the software.
The software-suggested values were selected as a region of
interest based on desirability values and were practically
used for their verification. The design expert software was

BBEESR

Particle Size (nm)
[
S

Drug Content (%)

Figure 3. A) 3D surface response plot showing: a) The effect of factor A (Concentration of tween 80) and factor B (concentration of poloxamer 188)
on response Y1 (particle size). B) The effect of factor A (Concentration of tween 80) and factor B (concentration of poloxamer 188) on response Y2
(drug content). C) The effect of factor A (Concentration of tween 80) and factor B (concentration of poloxamer 188) on response Y2 (drug content).
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used to statistically validate the obtained polynomials by
ANOVA. The design space was constructed using a graph-
ical method for this study. The desirability values based on
selected software suggestions were observed as 1, provid-
ing 100 % assurances to achieve the targeted product with
efficient CPPs and CMAs (Table S7). Thus greater desira-
bility value more possibility to gain the target product
(Figure S2). The final formulation was prepared with opti-
mized CPPs and CMAs, and its CQAs were analyzed. The
predicted and actual results of CQAs were used to calcu-
late the values of residuals to ensure the attainment of the
design space. The calculation of residual values is also a
verification/validation of the model and CQAs. The values
of residuals were calculated as percent residual using the
following formula:

Software suggested results— Actual obtained results
£ % 100

mulations. The MTX-NS3 was selected as an optimized
MTX-NS formulation based on the data obtained from the
two responses. Further, they were dried using Lyophilizer
with 6% of mannitol as an optimized cryoprotectant to sta-
bilize the system.

3. 3. 5. Particle Size and Zeta-potential Analysis

MTX is a coarse micronized powder with fine tex-
ture, poor flow property, and aqueous solubility. The aver-
age particle diameter of pure MTX was 16.64 + 8.55, um,
indicating broad particle size distribution (PI: 0.945). The
freshly prepared NS was lyophilized to enhance product
stability. The lyophilized MTX-NS powder was smooth in
appearance with a particle size of 260 + 0.25 nm, respec-

Percent residual =

Software suggested results

The residuals were observed with very low values
(-1.27 to -0.07) which indicates that the obtained results
with software predicted one has a very strong correlation.
Residuals with lower values have more reproducibility and
lesser variation of CQAs with the optimized CPPs and
CMAs. The impact of concentration of tween 80 and con-
centration of poloxamer 188 (independent variables) was
observed as more predominant from DOE results. The
number of cycles favors the size of particles and the DC of
MTX-NS. Thus to enhance the adaptability of the method,
the number of cycles was fixed to 25 cycles and by using
the remaining two factors the design space was developed.
The overlay plot obtained from DOE software shows the
design space to select the optimum tween 80 and polox-
amer 188 concentrations to prepare highly stable NS with
a lower size of particles (Figure S3). The three points that
are located in the design space predict good responses. By
changing the composition of factors A’ and ‘B’ as per de-
sign space and keeping the number of cycles fix, three for-
mulations, MTX-NS1, MTX-NS2, MTX-NS3 were devel-
oped and then characterized for three dependent variables.
The plots constructed between observed and predicted
responses showed a better relationship between the ob-
served (actual) and theoretical (predicted) values for par-
ticle size (Y1), and DC (Y2) responses (Table 6). Negligible
changes were seen in DC and particle size of MTX-NS1,
MTX-NS2, and MTX-NS3 as compared to the above for-

(11)

tively (Figure 4A) which was easily re-dispersed upon gen-
tle shaking. The PDI represents size distribution and the
potency of the measured average diameter of the drug
components determined by the DLS system. Optimized
lyophilized MTX-NS, showed, PDI values 0.212 + 0.33, re-
spectively indicating a narrow distribution of particle size.
The lower PDI value indicates better stability of NS. Nar-
row and uniform particle size distribution favors dissolu-
tion enhancement, boosts intestinal absorption, and im-
proves oral bioavailability.

Another important significant index is zeta poten-
tial, which directly affects the dispersion system stability,
as it reflects steric or electrostatic barriers preventing ag-
glomeration and aggregation of

nanoparticles. When drug particles possess very low
values of zeta it provides appropriate steric or electric re-
pulsion between each other, aggregation of particles is like-
ly to occur. The zeta of reconstituted MTX-NS was found to
be -11.6 £ 7.52 mV, which indicates the admirable physical
stability of the developed nanosystem (Figure 4 B).

3. 3. 6. Saturation Solubility Studies

The saturation solubility (SS) studies of pure drug
MTX with their optimized lyophilized formulations viz.,
MTX-NS was done using double distilled water. The SS of
MTX-NS was 1487.23 + 0.064, pg/ml, respectively. While

Table 6. Results of optimized batches obtained from an overlay plot of Design expert software

Optimized batchIndependent variablesDependent variables

Observed value Predicted value Zeta Potential
A B C Y1 (nm) Y2 (%) Y1 (nm) Y2 (%) (mV)
MTX-NS1 0.12 75.8 25 271 +0.32 88.45 +£0.33 27243 88.23 -5.97+7.01
MTX-NS2 0.13 74.2 25 267 +0.24 87.20 £ 0.54 266.16 87.80 -9.06 + 6.19
MTX-NS3 0.10 76 25 260 + 0.25 88.65 +£0.24 259.71 87.35 -11.6 +7.52

"Mean + SD (n = 3).
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Figure 4. A) Average particle size for optimized batch MTX-NS. B] Zeta potential for MTX-NS optimized batch

for coarse MTX, the SS was 178.96 + 0.02 ug/ml. Here the
SS of MTX, in NS form is increased by 8.31 folds. This is
because of the decreased size of particles and the enhanced
surface area of NS as compared to pure drugs. Ostwald
Freundlich equation states that decreasing particle size in-
creases saturation solubility (Cs)

Log Cs 25V
C T 2303RTrr

(12)

Where, s = substance interfacial tension, R = gas
constant, C = solids solubility with large particles, r; =
density of the solid, Cs = solubility, r = radius, V = particle
molar volume, and T = absolute temperature. Another rea-
son that increases saturation solubility is explained by the
Kelvin equation, which suggests that with increased curva-
ture the dissolution pressure increases with decreasing
particle size. The particle size when reduced to the nanom-
eter range, the curvatures then formed are enormous.

3. 3. 7. Surface Topographical Studies

3. 3.7. 1. Scanning Electron Microscopy (SEM)
SEM of MTX shown that the coarse MTX particles
bear an average size of particle 16.64-17.5 um with broad

Figure 5 A) SEM images of pure MTX (B) Optimized MTX-NS

size distribution and mostly composed of drug crystals
that are fragmented (Figure 5 a). The SEM (Figure 5 b) of
optimized lyophilized MTX-NS showed that particles
were discrete and aligned in intimate contact as fiber-like
structures with an absence of agglomeration that may be
assigned by the presence of a stabilizer. Thus, indicated
that lyophilization avoids aggregation of particles. The NS
had a porous surface and were found slightly elongated but
not completely spherical. These pores may be developed
because of solvent evaporation from the surface of MTX-
NS during lyophilization. Thus SEM confirms that the
larger scaly particles of MTX were successfully converted
to nearly elongated, smaller-sized nanoparticles with a
smoother surface on size reduction. This concludes that
the crystalline nature of MTX was lost during the fabrica-
tion of the MTX-NS. The obtained NS particles were read-
ily redispersible. SEM analysis also revealed that stabiliz-
er-drug interaction leads to a matrix structure that is
different from pure drug SEM images. This means that
drug molecules are completely dispersed in the surfactant
structures leading to the formation of nanoparticles. After
lyophilization, the size of the MTX-NS particle was in-
creased to a lesser extent but smaller than MTX. SEM im-
ages of MTX-NS showed quasispherical spheres and the
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size of the particle obtained was in correlation with the
results of DLS.

3. 3. 8. Crystallographic Investigation

3. 3. 8. 1. Differential Scanning Calorimetry (DSC)

The stability and dissolution behavior of compounds
are influenced by their crystalline state. During the HPH
process, a high-energy input was generated because of the
high powered density in the piston gap of the homogeniz-
er. This increases the amorphous portion or complete
amorphization of drug particles by changing their crystal-
line state. These extents of changes depend on applied
pressure along with the physical hardness and chemical
nature of the drug compound. Thermal analysis of MTX,
physical mixtures of MTX, and optimized formulations
were performed to study the differences in the solid state
of MTX. The results of the DSC analysis are displayed in
Figure 6. Coarse MTX powder showed a sharp distinct en-
dothermic peak at 117.45 °C, which was the marked in-
trinsic melting point peak of MTX, while DSC of the phys-
ical mixture was showed two distinct melting endotherm
at 48.62 °C and 167.02 °C, respectively. Whereas, the
freeze-dried MTX-NS powder were recorded a sharp
melting endotherm at 167.54 °C respectively.

The mannitol showed a sharp endothermic peak at
168.74 °C, which confirms the high crystalline nature of
mannitol. The characteristic peak of MTX extinct in the
thermogram of lyophilized optimized MTX-NS, and
physical mixture. These changes are predicted because of
the dilution effect of excipients on MTX, especially at a
higher concentration of mannitol that had covered the
MTX melting peak. Thus, the crystallinity of MTX disap-
peared or decreased because of its encapsulation by stabi-

METHOTREXATH

OPTIMIZED NPs

PHYSICAL MIXTURE

Heat flow (W/g) e

MANNITOL
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Figure 6. DSC Thermogram of A) Pure MTX B) Optimized MTX-
NS C) Physical mixture D) Mannitol

lizers. The state of MTX in NS was not simply physically
mixed but may exist as either amorphous or as molecular
dispersion form in NS; these changes are because of the
interactions between MTX, poloxamer 188, and tween 80.
Data obtained from DSC fails to explain factual changes
that occurred in drug crystals during formulation process-
ing. The results of the XRD analysis further confirmed the
existing state of MTX loaded in MTX-NS.

3. 3. 8. 2. X-ray Powder Diffraction (XRPD)

The crystalline state of lyophilized MTX-NS was con-
firmed by performing XRPD of coarse MTX powder, phys-
ical mixture, and optimized lyophilized MTX-NS. XRPD
was used to analyze the probable changes in the physical
nature of MTX-NS that occurred because of the develop-
ment of a high-energy disintegration process. The chemical
nature and physical hardness of the drug along with applied
pressure are responsible for such changes. The XRPD pat-
terns of powder MTX, physical mixtures, and optimized
lyophilized MTX-NS are displayed in Figure 7. Sharp char-
acteristic diffraction peaks were exhibited by MTX at 26 of
7.58° 9.2° 11.42° 11.92°, 12.82°, 14.32°, 15.38°, 15.94°,
17.68°, 19.36°, 19.46°, 21.38°, 22.34°, 24.18°, 25.34°, 24.16°,
26.06° 26.01°, 26.96° and 27.82° and several short peaks be-
tween 20 of 30.66° and 80°, indicating its highly crystalline
nature. The physical mixtures demonstrated reflections at
20 0f 9.44°, 13.4°, 17°, 18.5°, 20.12°, and 21.04° with similar
intensities as compared to MTX and higher intensities than
MTX-NS. The physical mixture showed additional peaks
similar to that of the parent crystalline compound.

Lyophilized MTX-NS showed four diffraction lines
but at lesser intensities, as compared to MTX at 20 of 9.62°,
13.6°, 17.16°, 19.8°, 20.32°, 21.26° 22.02°, 24.62° and
36.16° with the additional peaks because of the presence of
mannitol. In the PXRD spectra of lyophilized MTX-NS,
the characteristic peaks of MTX were absent because of
the dilution effect influenced by mannitol, without any
qualitative variations in the diffractogram of MTX. This
pattern revealed that the MTX-NS, were not completely
amorphous in the state, hence the crystalline state of MTX
and optimized lyophilized MTX-NS, were different, indi-
cating the HPH technique, and lyophilization process did
induce polymorphic transition or crystalline changes in
the drug. Thus, amorphous form conversion enhances the
solubility, thus enhances the rate of dissolution and the bi-
oavailability of MTX. The state of MTX in NS was not sim-
ply physically mixed but may exist as either amorphous or
as molecular dispersion form in NS, these changes are be-
cause of the interactions between MTX, poloxamer 188,
and tween 80. Moreover, the same induced properties and
results were confirmed by previously mentioned studies.

3.3.9.FTIR

FTIR provides information about the feasible molec-
ular interactions between MTX and excipients used for the
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development of formulation. The FTIR spectra of MTX
coarse powder, physical mixture, and optimized ly-
ophilized MTX-NS are disclosed in Figure 8. The FTIR
spectra of MTX coarse powder revealed that the charac-
teristic peaks at 1638.723 cm™}, 1596.460 cm™!, 1539.795
cm}, 1203.513 cm™!, 1489.028 cm™" and 1305 cm™! had
attributed to C=C stretching and O-H stretching and
deformation. The FTIR spectra of MTX-NS show a broad-
ening of peaks at 3268.52 cm™ of OH bonding and C-H
stretching at 2936.308 cm™ because of the diluting effect of
mannitol or by H- bond formation between the poloxamer
188 and tween 80. An extra peak was observed in MTX-
NS at 1456.77 cm™! that imputable because of the interac-
tion between mannitol and excipients used for the devel-
opment of MTX-NS. This showed that MTX was adsorbed
onto the nanoparticle surface either by weak H-bonding
between the COO-groups of MTX and the OH-groups of
poloxamer 188 or by ionic bonds formed between the NH,
groups of MTX and the COO-groups present in mannitol
and tween 80. MTX has dispersed in the tween 80 and
poloxamer 188 matrices in the microcrystalline form
without polymorphic changes or transition into an amor-
phous form. Broadening at 708.421 cm™! is because of the
H- bond formation between the MTX and tween 80. The
absence of characteristics peaks of MTX at 1638.723 cm™},
1596.460 cm™! and 1489.028 cm™! in MTX-NS is because
of overlapping peaks of mannitol and tween 80. Further-
more, the shifting of peaks to its lower wave number and
broadening of characteristic peaks of MTX is seen in FTIR
of MTX-NS, which is because of intermolecular H- bond-
ing. While in the physical mixture all characteristic peaks
of MTX were retained with the slight shifting of wavenum-
ber. Because of physical interactions between different
functional groups of the excipients and drugs, a weak hy-
drogen bond was formed. The physical interactions found
here could be beneficial for the size and shape of the NS
and their drug release pattern.

3. 3. 10. In-vitro Drug Release

The dissolution behaviors of pure drug MTX, along
with their optimized lyophilized formulations viz., MTX-
NS in SIF pH 6.8 is represented in Figure 9. The rate of
MTX and MTX-NS dissolution was 28.575 + 0.021% and
99.27 + 0.04% within 60 min in SIF pH 6.8 respectively.
The MTX-NS showed a dramatically enhanced rate of dis-
solution as compared to MTX coarse powder by 3.45 folds.
Moreover, the MTX-NS displayed a marked increase in
dissolution velocities, more than 70% as compared to
MTX coarse powder (2.5%) within 10 min. These suggest-
ed that the profile of the dissolution of lyophilized MTX-
NS was distinctly superior as compared to MTX. As the
size of MTX-NS particles was much smaller than that of
MTYX, it has a much larger surface area, hence a higher dis-
solution rate. Besides the particle size, the shape also plays
a crucial role that may affect the dissolution of the drug. A

particle that is irregular, flaky, and long may increase its
average hydrodynamic thickness (h) at the boundary layer.
Thus, the value of ‘h” would be increased with decreased
dissolution rate. The SEM image of MTX showed rod-
shaped particles in different sizes. Thus, concluded that
enhancement in dissolution was because of the reduction
in the size of the particle rather than shape alteration.

100+ SIF pH 6.8

% Drug release

0 10 20 30 40 50 60

Time (Min.)

Figure 9. Dissolution profiles of optimized NS (MTX-NS) with a
pure drug in simulated intestinal fluid (SIF) with pH 6.8

3. 3. 11. Cytotoxicity Activity

The MCF-7 breast cancer cells were cultured with
MTX-NS, along with their aqueous dispersions (MTX-
AQD) to study the impact of drugs on cell proliferation of
MCEF-7. By MTT assay, the cell inhibition ratio was evalu-
ated. The ICs, values were obtained by calculating non-lin-
ear regression values of the cytotoxicity data by using the
sigmoidal dose-response equation with the help of Graph
Pad Prism software 7. The obtained results show that the
inhibition of MCEF-7 cell growth by optimized MTX-NS
was dose and time-dependent. However, significant inhi-
bition of MCF-7 cell proliferation was observed when
treated with the previously mentioned MTX-NS with a
concentration above or at 6.25 pg/mL. MTX-NS treated
cells had a notable enhancement in growth inhibition rates
as compared to MTX-AQD treated cells. These findings
might be because of three possible aspects. First, the ability
of MTX-NS to incarnate into cells by endocytosis or
phagocytosis mechanism. Second, by increasing contact
time and the area between drug and cells, as the smaller
size NS initiates its adhesion to MCF-7 cells. As NS en-
hanced solubility and dissolution rates, it helps to induce
sufficient molecular concentration of drugs around the
cells. Thus, the MTX-NS was highly toxic to MCF-7 cells
compared to free drugs. The values of ICs, of the MTX-NS
solution were 27.73 ug/mL. Whereas, the MTX-AQD was
showed an ICs value of about 59.56pg/mL (Figure S4).
The outcomes of this study indicated that the values of ICs,
of NS are lower than MTX-AQD at the same incubation
time (48 h).
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125 pg/mL

Control

65 pg/mL 125 pg/mL

250 pg/mL 500 pg/mL 1000 pg/mL

250 pg/mL 500 pg/mL 1000 pg/mL

Figure 10. Photomicrographs (light microscopy; magnification, x200) showing morphological and growth inhibitory changes of MCE-7 cells fol-

lowing exposure to, MTX-NS for 48 h

Noticeable morphological changes were seen in cells,
which include membrane blebbing, nuclear fragmenta-
tion, and shrinkage of cells after exposure to MTX-NS and
MTX-AQD for 48 h. Further, more changes that are obvi-
ous were observed in NS treated cells as compared to un-
treated cells (control), Figure 10. [Control cells (C), Mem-
brane blebbing (B), Condensed nuclei (N), Cell shrinkage
(C), Apoptotic bodies (A), Echinoid spikes (S & E)]

3. 3. 12. Apoptosis Study on MCEF-7 Cells

Apoptosis study of MTX-NS by double staining
method reveals the ability of drugs and especially the MTX
to induce apoptosis. As displayed in Figure 11 A, the
green-colored nucleus indicates living cells in the control
group, which are untreated. While Figure 11 B and 11 C
showed a decreasing ratio of living cells with increased
concentration of AQD and NS. Herein, of AQD and NS
(12.5 pg/mL) treated cells showed uniformly orange-
stained fluorescent nuclei but at a lesser amount as com-

Control

MTX-AQD

pared to NS treated cells, indicating necrosis of cells fol-
lowed by the death of cells. The changed morphological of
apoptosis cells, when treated with NS, include shrinkage of
cells, followed by fragmentation and irregular shape. Such
changes in morphology were observed in larger amounts
with cells treated by NS as compared to AQD. Thus, the
reduction in living cells of MCF-7 indicates an increase in
the ratio of apoptotic cells.

3. 3. 13. Pharmacokinetic and Biodistribution
Study in Wistar and Sprague-Dawley Rats

To confirm the positive impact of NS on oral bio-
availability enhancement of MTX in-vivo PK studies of NS
and their AQD in rats were carried out and obtained re-
sults were correlated with each other. The mean concentra-
tion-time profile in the rat plasma for MTX is displayed in
Figure 12, obtained when the single dose of 40 mg/kg of
MTX was administered orally from NS and AQD and their
PK parameters obtained are reported in Table 7 respective-

MTX-NS

Figure 11. Apoptosis study of MST-NS on MCF-& cells. A) Untreated cell lines that are intact and with green nucleus B) Cells treated with 25 pg/ml
of AQD C) Cells treated with 25 pg/ml of NS; N-necrotic Cells, A- Apoptic cells, and V- Viable cells.
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ly. Following the oral administration of MTX-NS and
MTX-AQD, the plasma concentration of MTX from
MTX-NS in rats was significantly reached to a higher level
than that of MTX-AQD at every time interval. The MTX-
NS exhibited higher C,,,, and T,,,, which indicates greater
drug absorption but at a slower rate. The C,,,, of MTX-NS
increased by 2.53 folds. The reduced C,,,, of MTX-AQD is
because of the rapid distribution and metabolism of MTX.
The coating of tween 80 and poloxamer 188 helps the cir-
culation of formulation in the body for a prolonged peri-
od, thus T, of MTX-NS is higher than free MTX. The
mean residence time (MRT) of MTX-NS and MTX-AQD
was 27.61 + 2.10 and 38.62 + 2.03 hours, respectively.
Thus, the t;, of MTX from MTX-NS was reduced to ~8 h,
then free MTX, with t,, of 18.78 h. This drug is available in
the body for a longer period in NS form for absorption.
The relative and absolute bioavailability of MTX-NS was
8.83 fold high as compared to MTX-AQD. The area under
the curve (AUC) is a vital PK parameter that explains the
circulation and exposure time of the drug in bloodstreams.
The AUC,_; of MTX-NS and MTX-AQD were 3932.79 pg/
ml *h and 445.39 pg/ml *h, respectively. This increase in
AUC indicated that the MTX oral absorption in rats was
enhanced notably in lyophilized NS form.

Thus, the oral bioavailability of MTX was improved
by decreased particle size, increased dissolution rate, and
thus enhances membrane permeation of the drug. Here
the size of MTX particle was reduced to nanometers from
microscale. This significant reduction in the size of parti-
cles leads to tremendous enhancement in surface area
which fastens the drug dissolution velocity as per Noyes—
Whitney equation. Moreover, reduction in the size of the
particle improved the uptake of drugs not only by dissolu-
tion enhancement but also by other mechanisms like in-
creased mucosal adhesion to GI surfaces that helps to pro-
long GI transit time and leads to efficient oral
bioavailability. Thus, reduction in the size of the particle

€
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Figure 12. Plasma concentration-time profiles of MTX after oral
intake of MTX-NS and the MTX-AQD formulation in rats. Each
value represents the mean + S.D. (n = 3)

and increased rates of drug dissolutions were the reason
for higher C,,, and AUC,_, of MTX after oral administra-
tion. As a stabilizer moreover, poloxamer 188 has a thick
coat on the surface of MTX-NS, which plays a chief role in
bioavailability enhancement. It is an amphiphilic sur-
factant, that may enhance the MTX penetration ability and
thus promote rapid permeation of the MTX nanoparticles
through the intestinal epithelium, and finally into blood
i.e. systemic circulation.

Table 7. Plasma pharmacokinetic parameters of MTX-AQD and
Lyophilized MTX-NS in Sprague Dawley rats after oral administra-
tion

Pharmacokinetic MTX-AQD Lyophilized
parameter MTX-NS
Cinax (1g/ml) 157+ 1.12 39.70 £ 1.32**
Toae (h) 5.00 + 1.59 6.00 + 1.41**
ty, (h) 26.76 + 1.68 18.78 £ 1.36**
MRT (h) 38.62 +2.03 27.61 £2.10%*
AUC,_; (ug/ml *h) 445.39 +£3.99 3932.79 £ 3.09**
AUC,_.. (ug/ml *h) 485.16 + 3.25 6788.86 £ 3.33**
VD (mL) 109.24 +£2.22 16.10 £ 2.45%*
Cl(mLh™) 2.83+2.24 0.059 £ 2.55%*
KE(h™) 0.026 +2.15 0.0037 £ 2.35%*
Foy - 8.83£1.19
F% 4.45 67.88

After oral administration, the biodistribution study
of MTX-NS and MTX-AQD showed a higher collection of
MTX in the spleen, liver, stomach, and kidney (Figure S5).
The liver is the major organ of the reticuloendothelial sys-
tem (RES) that accumulates and metabolizes nanoparti-
cles. The biodistribution data revealed the maximum con-
centration of MTX by liver, spleen, stomach, and kidney
were 8.15 +4.22,16.15 £ 5.12,9.40 £ 4.72 and 4.73 + 5.12
ug/g, for MTX-NS, respectively, after 72 h of oral adminis-
tration. However, the MTX-AQD concentration in the liv-
er, spleen, stomach, and kidney were 8.24 + 2.28, 4.02 +
3.36, 3.26 + 5.43, and 2.45 + 3.22 pg/g, respectively. This
may be because of the faster elimination of MTX because
of higher particle size as compared to MTX-NS. The high-
er uptake of MTX in the spleen, liver, and stomach is be-
cause of enhanced lymphatic uptake. After oral intake of
MTX-NS, no weight loss, no systemic toxicity, or fatalities,
or any other toxic effects were seen during the entire study
in rats. The increased biodistribution of MTX-NS in the
stomach as compared to MTX-AQD was maybe because
of increased intimate contact of MTX with GIT absorptive
cells because of increased surface area and adhesion prop-
erties of nanoparticles. Before the maceration, the stom-
ach was cleaned for all waste or any food material to meas-
ure the levels of the stomach to the actual tissues. The
concentration of MTX-NS in the brain was 5.03 + 4.21
pg/g and MTX-AQD was 1.56 + 4.18 ug/g, which indicates
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that the MTX-NS can deliver MTX to the brain. Early
studies suggest that the size of NS in a nanometer plays a
key role to deliver the drug to the brain and it crosses the
blood-brain barrier (BBB). Thus MTX-NS in lesser doses
can be used to treat primary central nervous system lym-
phoma (PCNSL). The concentration of MTX in lungs and
heart were 6.57 + 3.45 and 4.05 + 3.25 pg/g for MTX-NS,
while for MTX-AQD it was 2.00 + 4.62 and 2.12 + 3.45
ug/g respectively. A comparison of MTX-AQD with MTX-
NS was not statistically significant (p > 0.05). Thus, biodis-
tribution studies conclude the accumulation of MTX-NS
in the spleen, liver, stomach, and lungs in larger amounts
as compared to the brain, lungs, and heart.!!

3. 3. 14. Stability Studies

The six-month stability data for lyophilized MTX-
NS with liquid MTX-NS are reported in Table 8. MTX-NS
stored at room temperature showed an increased particle
size from 260 to 365 nm, within six months. While, storage
under refrigerated conditions, showed there was a nomi-
nal increase from 260 to 300 nm indicating better stability
under these conditions. The NS store at 40° + 2 °C/75 + 5%
RH showed an increase in the size of particles from 260 to
388 nm. Results conclude, temperature influences the ag-
gregation of nanoparticles, thus the stability and aggrega-
tion were higher at RT and stability chamber as compared
to refrigerator storage conditions for liquid NS. For liquid,
MTX-NS particle size ranges from 260 to 300 nm for sam-
ples stored at the refrigerator that shows better stability of
NS than other storage conditions (Table 8). The refrigerat-
ed condition does not have a significant effect on average
particle size, whereas room temperature and stability
chamber condition has a more deleterious effect. This con-
cluded that higher temperature leads to greater particle
aggregation which results in increased size of particles.
Thus aggregation of particles at room temperature and sta-
bility chamber increases its particle size and thus they are
less stable. Probably Ostwald ripening may be the second
reason resulting in fluctuations at RT. The chemical stabil-
ity results of formulation during various conditions of
storage are featured in Table 8. Results suggest no signifi-

Table 8. Physical stability data of lyophilized and liquid MTX-NS

cant change in the DC of MTX-NS and their lyophilized
MTX-NS when stored at three storage conditions. Thus, it
concluded that both the liquid and lyophilized MTX-NS
are chemically stable at three storage conditions. Notewor-
thy, for physical stability of liquid NS, lyophilization, and
storage at refrigerated conditions are recommended?®.

4. Conclusion

Lyophilized MTX-NS was fabricated and charac-
terized using the QbD approach to enhance solubility,
bioavailability, and stability of MTX. To understand the
impact of CMAs and CPPs on CQAs the QbD approach
was applied. The main reason to use the QbD approach is
to improve the quality and safety of NS formulation. By
using the statistical experimental designs like Plackett-
Burman and Central Composite design within a QbD
concept, the effect of process and formulation parame-
ters which affects the CQAs of NS, and that influences
the stability and solubility of MTX in NS were optimized.
The particle size distribution of optimized MTX prod-
ucts from the CCD overlay plot showed an average parti-
cle size of 260 £ 0.2 nm, with a zeta potential of -11.6 +
7.52 mV. The SEM and TEM studies conclude particles
were spherical. The XRPD, FTIR, and DSC studies con-
clude the crystalline nature of MTX was intact in NS
form, but there was a significant increase in dissolution
velocity and release rate of MTX-NS, due to the reduced
size of particles and larger surface area of MTX. The ly-
ophilized NS was found to be stable in refrigerator stor-
age conditions. The plasma pharmacokinetic parameters
viz., Cprax, Tiax, t1/2, AUC ora, and MRT of NS on rats were
significantly higher than MTX-AQD. The relative and
absolute bioavailability of MTX-NS was enhanced by
more than 8.83 folds. Higher MTX concentration was
found in the liver within 72 hrs, concluded from the bio-
distribution study. In vitro cytotoxicity study proves the
significant inhibitory effect of the MTX-NS against hu-
man breast cancer cells MCF-7 at a very low dose. Apop-
tosis studies conclude MTX-NS treated cells at a 12.5 ug/
mL concentration showed uniformly orange-stained flu-

Formulation Storage Initial Particle Size Initial Drug Content
Temperature  Particle After Drug After
Conditions Size 2M M 6M Content 2M 4M 6M
Lyophilized 4°C 260+4.6 2749+46 289.3+8.2 300.8+4.5 88.65+0.33 88.46+4.2 8832+5.8 88.11+3.5
MTX-NS Room temperature 2952+59 3259+7.1 365.7+6.8 87.23+6.8 87.10+6.6 87.09+2.6
40°C 280.4+54 3369+56 388.5+7.2 87.99+72 87.57+82 87.65+4.5
Liquid 4°C 246.8 +8.23 2549+42 2693+3.6 280.8+6.3 998674 99.70x7.8 99.55+6.1 99.29+6.6
MTX-NS Room temperature 2682+4.6 2909+42 321.7+28 99.64+59 9944 +8.1 99.05+7.2
40°C 250.4+55 283.9+53 338.5+3.3 99.74+9.1 9945+5.6 9937+7.8

*Mean + SD (n = 3).
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orescent nuclei at a higher amount as compared to AQD
treated cells at the same concentration, indicating necro-
sis of cells followed by the death of cells i.e. they induce
apoptosis. The stability studies conclude physical as well
as chemical stability of NS, by inhibiting the reaggrega-
tion of particles by adsorption of stabilizers on drug par-
ticles. Thus, the pieces of evidence obtained from QbD
results prove that it is a helpful tool in the fabrication of
NS to improve quality and safety, reduce the manufac-
turing variability, and reduce the manufacturing cost, a
requirement of USFDA.
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Povzetek

Z uporabo pristopa »Quality by design« (QbD) je bila za razvoj nanosuspenzije metotreksata (MTX-NS) uporabljena
metodologija visokotla¢nega homogenizatorja (HPH) za povecanje bioloske uporabnosti. Diagram Ishikawa je bil up-
orabljen za analizo moznih dejavnikov tveganja pri razvoju formulacij. Za pregled in proucevanje vpliva razli¢nih for-
mulacijskih in procesnih dejavnikov na kriti¢ne atribute kakovosti (CQA) sta bila uporabljena zasnova Placket -Burman
in osrednja kompozitna zasnova. Stevilo ciklov HPH, koncentracija poloksamera 188 in koncentracija tween 80 so se
izkazali za pomembne parametre (P < 0.05), ki so bili dodatno optimizirani z uporabo osrednje kompozitne zasnove.
Zeta potencial optimiziranega liofiliziranega MTX-NS je bil -11.6 £ 7.52 mV, povprecna velikost delcev pa je bila 260 +
0.25 nm. Poskusi citotoksi¢nosti in vitro so pokazali ve¢ kot 80 % inhibicijo, pri ¢emer je prislo do skréenja apoptoti¢ih
celic, fragmentacije in celi¢ne smrti. Poleg tega sta se C,,, in AUC,_; povecala za 2.53, oziroma 8.83 krat. Ugotovljeno
je bilo, da je relativna bioloska uporabnost MTX-NS 8.83-krat vecja kot pri vodni disperziji MTX. Posledi¢no je meto-
da QbD omogocila razvoj liofiliziranega MTX-NS z razumevanjem procesov in nadzorom, ki temelji na obvladovanju
tveganja kakovosti.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

Electronic structures, the effect of the substitution, structure physicochemical property/activity relationships and
drug-likeness applied in pyrazine derivatives, have been studied at ab initio (HF, MP2) and B3LYP/DFT (density func-
tional theory) levels. In the paper, the calculated values, i.e., NBO (natural bond orbitals) charges, bond lengths, dipole
moments, electron affinities, heats of formation and quantitative structure-activity relationships (QSAR) properties are
presented. For the QSAR studies, we used multiple linear regression (MLR) and artificial neural network (ANN) statis-
tical modeling. The results show a high correlation between experimental and predicted activity values, indicating the
validation and the good quality of the derived QSAR models. In addition, statistical analysis reveals that the ANN tech-
nique with (9-4-1) architecture is more significant than the MLR model. The virtual screening based on the molecular
similarity method and applicability domain of QSAR allowed the discovery of novel anti-proliferative activity candidates

with improved activity.

Keywords: Pyrazine; DFT; QSAR; MLR; ANN.

1. Introduction

Pyrazine is a heterocyclic compound containing two
nitrogen atoms in its aromatic ring with molecular formula
C4H,N,. it is a symmetrical molecule with point group Dy,

Pyrazine is less basic than pyridine, pyridazine and
pyrimidine. Tetramethyl pyrazine (also known as ligustra-
zine) is reported to scavenge superoxide anion and de-
crease nitric oxide production in human polymorph nu-
clear leukocytes and is a component of some herbs in
traditional Chinese medicine. Some pyrazine derivatives
contain various pharmacological effects: anti-cancer, anti-
depressant and anxiolytic, tuberculosis, an anti-diabetic
drug and pulmonary hypertension and cardiac valve.>”’

Quantum chemistry methods play an important role
in obtaining molecular structures and predicting various

properties. To obtain highly accurate geometries and phys-
ical properties for molecules that are built from electro-
negative elements, expensive Ab initio/MP2 electron cor-
relation methods are required.® Density functional theory
methods®!* offer an alternative use of inexpensive com-
putational methods which could handle relatively large
molecules.!>-20

Quantitative structure-activity relationships
(QSAR)?!-2 are attempts to correlate molecular structure,
or properties derived from molecular structure, with a
particular kind of chemical or biochemical activity. The
kind of activity is a function of the interest of the user.
QSAR is widely used in pharmaceutical, environmental
and agricultural chemistry in the search for particular
properties. The molecular properties used in the correla-
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tions relate as directly as possible to the key physical or
chemical processes taking place in the target activity.2°

This work is planned to illuminate the theoretical de-
termination of the optimized molecular geometries, MESP,
NBO charges of pyrazine compounds. In addition, we cal-
culated important quantities such as the HOMO-LUMO
energy gap. ¥’

Lipinski’s ‘Rule of Five'’?® as well as other parameters
is useful a tools to aid in choosing oral drug candidates.
Drug-likeness is described to encode the balance among
the molecular properties of a compound that influences its
pharmacodynamics, pharmacokinetics and ADME (ab-
sorption, distribution, metabolism and excretion) in a hu-
man body like a drug.?’

These parameters allow estimating oral absorption
or membrane permeability, which occurs when evaluated
molecules obey Lipinski’s rule-of-five. Other parameters
that are included the number of rotatable bonds, molecu-
lar volume, molecular polar surface area and the in vitro
plasma protein binding.

The present paper deals with a specific organization-
al form of molecular matter. Other forms are given for ex-
ample in the References.’0-3

Many different chemometric methods, such as mul-
tiple linear regression (MLR),* partial least squares re-
gression (PLS),%¢ different types of artificial neural net-
works (ANN),¥7-40 genetic algorithms (GA)*! and support
vector machine (SVM) can be employed to deduce cor-
relation models between the molecular structure and
properties. At present, we derive a quantitative struc-
ture-activity relationship (QSAR) model using multiple
linear regression (MLR) as well as artificial neural network
(ANN) methods for the series of pyrazine derivatives.

The goal of the present study is to validate a suitable
methodology for the accurate prediction of molecular ge-
ometries and energetic properties of potentially active
compounds, and to determine the best molecular descrip-
tors to be used in conjunction with linear (MLR) and non-
linear (ANN) QSAR models to identify the best candidates
for antiproliferative agents against the BGC823. The ob-
tained QSAR models were finally employed to identify bi-
ological activities of potentially novel active compounds
using in silico screening procedures.

2. Materials and Methods

All calculations were performed using HyperChem
8.0.6 software?? and Gaussian 09 program package*®, Mar-
vin Sketch 6.2.1 software*!, Molinspiration online data-
base*> and JMP 8.0.2 software.

The geometries of pyrazine and their methyl, ethyl,
bromo, fluoro derivatives were fully optimized with ab in-
itio/HF, MP2 and DFT/B3LYP methods, using both basis
set 6-311G ++(d,p) and cc-pVDZ integrated with Gauss-
ian 09 program package. The calculation of QSAR proper-

ties is performed through the module QSAR properties
(HyperChem version 8.0.6), which allows several proper-
ties commonly used in QSAR studies to be calculated.

Molinspiration, web-based software was used to ob-
tain parameters such as TPSA (topological polar surface
area), nrotb (number of rotatable bonds) and drug-like-
ness.

Multiple Linear Regression MLR analysis and artifi-
cial neural networks ANN were carried out using the soft-
ware JMP 8.0.2.

The calculated results have been reported in the
present work.

3. Results and Discussion

3. 1. Geometric and Electronic Structure of
Pyrazine

The optimized geometrical parameters of pyrazine
with ab initio/HF, ab initio/MP2 and DFT method using
6-311G ++ (d, p) and cc-pVDZ basis set. Results concern-
ing bond length values for pyrazine are listed in (Table 1),
bond angles are listed in (Table 2) with the experimental
results 4 and charge densities are listed in (Table 3) are
following the numbering scheme given in (Fig. 1).

Fig. 1. 3D conformation of pyrazine (GaussView 5.0.8).

The efficiency of the DFT/B3LYP method with cc-
pVDZ basis set may be scrutinized by comparison with
the results obtained by more elaborate calculations such as
ab initio/HF and MP2 methods. A very good agreement
between predicted geometries (bond lengths and bond an-
gles) and corresponding experimental data was obtained
especially through the DFT/B3LYP results.

From that, we can say that the DFT method is more
appropriate for further study on the pyrazine rings. Charge
densities calculated by DFT/B3LYP are almost similar to
ab initio/HF and MP2 methods. The geometry of the pyr-
azine is symmetric and planar; as all the dihedral angles
are either nearly 0° or 180°, which makes this conforma-
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tion more stable. The total atomic charges of pyrazine ob-
tained from NBO charges with DFT/B3LYP and ab initio/
HF and MP2 methods with cc-pVDZ basis set are listed in
Table 3. The atoms N have negative charges which lead to
an electrophilic attack, the atoms C and H have a positive
charges which leads to the preferential site to nucleophilic
attack.

The molecular electrostatic potential surface (MESP)
is a plot of electrostatic potential mapped on to the con-
stant electron density surface. In the majority of the MESP
the maximum negative region which preferred the site for
an electrophilic attack is indicated in red color, while the
maximum positive region which preferred the site for a
nucleophilic attack is symptoms indicated in blue color.*3
MESP has been found to be a very useful tool in the inves-
tigation of the correlation between the molecular structure
and the physicochemical property relationship of mole-
cules including biomolecules and drugs.**->3

The MESP surface and contour map of pyrazine (Fig.
2) show the three regions characterized by red color (neg-
ative electrostatic potential) around the tow cyclic nitro-
gen atoms which explain the ability of an electrophilic at-

=3.906e- T

3. M6e-T

tack on these positions, also the blue color (positive
electrostatic potential) around the four hydrogen atoms
which explain that these regions are susceptible for a nuc-
leophilic attack. The green color situated in the middle be-
tween the red and blue regions explains the neutral elec-
trostatic potential surface.

Table 3. NBO charges of pyrazine molecule.

Pyrazine = DFT/B3LYP Ab initio/HF ~ Ab initio/MP2
Atoms cc-pVDZ cc-pVDZ cc-pVDZ
C 0.013 0.044 0.033
N -0.456 -0.492 -0.487
H 0.215 0.202 0.210

3. 2. Substitution Effect on Pyrazine Structure

Calculated values of the two studied series indicated
that in the first series methyl and ethyl groups with effects
of electron donors,however, in the second series bromo
and fluoro groups with effects of electron acceptors in po-

¢ ®
e_e,

e f—

Fig. 2. 3D MESP surface map and 2D MESP contour map for pyrazine (Gauss view 5).

Table 1. Calculated bond lengths (angstrom) of pyrazine molecule.

Dist. EXP# DFT/B3LYP Ab initio/HF Ab initio/MP2
1stance 6-311G ++ (d,p) cc-pVDZ 6-311G ++ (d,p) cc-pVDZ 6-311G ++ (d,p) cc-pVDZ
C-N 1.338 1.335 1.339 1.317 1.320 1.343 1.349
C-C 1.397 1.394 1.398 1.386 1.388 1.399 1.405
C-H 1.083 1.086 1.095 1.075 1.082 1.087 1.096
Table 2. Angles in degree of pyrazine molecule.
Anel EXPY DFT/B3LYP Ab initio/HF Ab initio/MP2
ngle 6-311G++(d, p) cc-PVDZ 6-311G++ (d,p) cc-pVDZ 6-311G++(d, p) cc-pVDZ
CCH 120.0 120.0 120.8 120.8 120.8 120.7 120.6
CNC 115.7 116.1 115.6 116.6 116.3 115.2 114.6
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sitions C2 and C3 in the same series are given in (Table 4)
and (Table 5),the heat of formation, dipole moment (p)
and HOMO (Highest Occupied Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital) energies
of pyrazine systems are presented in (Fig. 3), NBO charges
of pyrazine derivatives are reported in (Table 6) for the
first series and in (Table7) for the second series. This calcu-
lation is performed with DFT/B3LYP method using the
cc-pVDZ basis set.

1
R1 ) M H
" -
3
"
R2 I? H
Series 1 Series 2

(B1) Rl = H,R2=H
(B2) R1 = Br, R2=H
R1 = CH3, R2 = CH3 (B3) R1 = Br, R2=Br
(B4) Rl =F, R2=H
(B5) Rl = F, R2=F

Fig. 3. Structure of pyrazine derivatives (Marvin sketch15.8.31).

For each addition of methyl, ethyl and fluoro, the
heat of formation decreases approximately 6, 12 or 39 (kcal
- mol™!) respectively but the addition of the bromo group
leads to the increase of the heat of formation with 6 (kcal -
mol!) approximately.

The Frontier orbitals, the highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular or-
bital (LUMO) are important factors in quantum chemistry
5% as these determine the way the molecule interacts with
other species. The frontier reactivity and kinetic stability of
the molecule. A molecule with a small frontier orbital gap

Table 4. Energies of pyrazine and methyl, ethyl-substituted pyrazine.

is more polarizable and is generally associated with a high
chemical reactivity, low kinetic stability and is also termed
a soft molecule.>

For the first series, it was found that electron donors
of compound A4 (2-ethyl pyrazine) has the lowest energy
gap HOMO-LUMO (0.1958) and compound B3 (2,3-di-
bromopyrazine) has the lowest energy gap (0.1927) for the
second series (Fig. 4).

From HSAB (Hard Soft Acid and Base) principle the
lowest energetic gap allows an easy flow of electrons which
makes the molecule soft and more reactive,”® which means
that A4 and B3 compounds are the most reactive in the
two series of pyrazine derivatives. For each addition of al-
kyl-substituted, the energy of the HOMO and LUMO in-
crease respectively but the addition of the fluoro, bromo
substituted leads to the decrease of the LUMO energy an
exception increase of the bromo substituted and decrease
of the fluoro substituted of the HOMO. The carbon C2 has
the most important positive charge (0.206) in the com-
pound A4 (2-ethyl pyrazine) for the first series, also for
compound B3 (2,3-dibromopyrazine) of the second series,
the most important positive charges are on carbon C2
(0.102) and C3 (0.102) as shown in (Table 5), these posi-
tions C2 and C3 with the important positive charges lead
to preferential sites of nucleophilic attack. The compound
B3 is predicted to be the most reactive with a smaller HO-
MO-LUMO energy gap and with sites of nucleophilic at-
tack, more stable with the maximum value in the heat of
formation.

The contour plots of the 7 like frontier orbital for
the ground state of the compound B3 are shown in (Fig.
4).

From the plots, we can observe that the HOMO is a
n bonding molecular orbital developed on C5 and C6 at-
oms, and the LUMO is a * anti-bonding molecular orbit-

AH¢ HOMO LUMO AE n
[kcal/mol] [au] [au] [au] [Debye]
Al Pyrazine 44.09 -0.252 -0.055 0.197 0.00
A2 2-methyl pyrazine 37.05 -0.247 -0.051 0.196 0.59
A3 2,3-di-methyl pyrazine 31.78 -0.243 -0.044 0.199 0.80
A4 2-ethyl pyrazine 30.97 -0.247 -0.051 0.195 0.59
A5 2,3-di-ethyl pyrazine 20.48 -0.242 -0.045 0.196 0.69
Table 5. Energies of pyrazine and fluoro, bromo-substituted pyrazine.
AH; HOMO LUMO AE m
[kcal/mol] [au] [au] [au] [Debye]
B1 Pyrazine 44.09 -0.253 -0.055 0.197 0.00
B2 2-bromopyrazine 49.73 -0.269 -0.068 0.201 1.50
B3 2,3-dibromopyrazine 55.88 -0.268 -0.075 0.192 2.05
B4 2-fluoro pyrazine 04.15 -0.272 -0.065 0.207 1.33
B5 2,3-di-fluoropyrazine -33.52 -0.280 -0.069 0.211 2.24
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Table 6. NBO charges of pyrazine series 1.

Al A2 A3 A4 A5

N1 -0.456 -0.472 -0.471 -0.476 -0.476
N4 -0.456 -0.452 -0.473 -0.452 -0.472
C2 0.013 0.204 0.215 0.206 0.216
C3 0.013 0.016 0.208 0.020 0.213
C5 0.013 0.003 0.010 0.004 0.013
Cé6 0.013 0.022 0.012 0.023 0.015
C-methyl- 2 - -0.665 -0.669 - -

C-methyl -3 - - -0.673 - -

Cl-ethyl- 2 - - - -0.458 -0.459
C2-ethyl -2 - - - -0.628 -0.627
Cl-ethyl -3 - - - - -0.461
C2-ethyl-3 - - - - -0.627

Table 7. NBO charges of pyrazine series 2.
B1 B2 B3 B4 B5

N1 -0.456 -0.458 -0.446 -0.497 -0.485
N4 -0.456 -0.441 -0.446 -0.441 -0.485
C2 0.013 0.112 0.102 0.634 0.586
C3 0.013 0.018 0.102 -0.040 0.586
C5 0.013 0.006 0.018 -0.008 0.002
Cé6 0.013 0.024 0.018 0.024 0.002
Brome-2 - 0.064 0.100 - -

Brome-3 - - 0.100 - -

Fluor-2 - - - -0.338 -0.327
Fluor-3 - - - - -0.327

al developed on the N1 and C2 atoms. These further
demonstrates the existence of the delocalization of the
conjugated m-electron system in 2, 3-dibromopyrazine
molecule. Dipole moment equal to zero which confirms
the symmetry group Dy, of pyrazine. The compound B5
(2, 3-di-fluoropyrazine) also shows a high dipole moment
value (2.2435 Debye).

LUMO

AE=0.192 a

HOMO

Fig. 4. nt like frontier orbitals of the compound B3.

3. 3. Structure Activity/Property Relationship
for Pyrazine Derivatives

For the series of pyrazine derivatives (Fig. 8) we have
studied seven physicochemical properties with respect to
their anti-proliferative activity against the BGC823 (hu-
man gastric cell).”” The properties involved are: Surface
area grid (SAG), molar volume (V), hydration energy
(HE), partition coeflicient octanol/water (log P), molar re-
fractivity (MR), polarizability (Pol) and molecular weight
(MW).

The results obtained using HyperChem 8.0.8 soft-
ware are shown in Table 8. For example, Fig. 5 shows the
favored conformation in 3D of compound 1.

Fig. 5. 3D Conformation of compound 1 (HyperChem 8.03).
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Table 8. QSAR properties of pyrazine derivatives.

Compounds MW SAG v Pol MR LogP HE
[amu] [A°?] [A°3] [A®3] [A°3] [kcal/mol]
1 288.30 466.47 770.17 28.82 79.14 1.94 -12.54
2 304.75 474.61 791.62 30.84 83.73 2.32 -12.63
3 349.20 485.20 810.26 31.54 86.54 2.60 -12.58
4 304.75 498.29 809.75 30.84 83.73 2.32 -13.29
5 349.20 505.96 828.55 31.54 86.54 2.6 -13.24
6 320.81 512.80 828.87 33.20 90.17 2.67 -11.30
7 304.36 486.18 800.84 31.18 85.58 2.29 -11.39
8 320.81 498.70 822.05 33.20 90.17 2.67 -12.25
9 424.32 628.79 1054.66 41.91 118.37 3.13 -11.55
10 363.41 543.20 948.38 39.20 110.97 2.48 -11.54
11 379.87 550.54 984.28 41.21 115.56 2.86 -10.69
12 424.32 554.53 997.06 41.91 118.37 3.13 -10.63
13 379.87 562.49 980.74 41.21 115.56 2.86 -11.45
14 363.41 543.20 948.38 39.20 110.97 2.48 -11.54
15 270.31 475.71 769.23 28.91 79.01 2.55 -13.67
16 286.37 490.32 789.01 31.27 85.45 2.89 -12.89
17 349.20 517.21 832.69 31.54 86.54 2.60 -14.62
18 306.29 476.68 771.74 28.73 79.26 1.34 -13.64

Molar refractivity and polarizability relatively in-
crease with the size and the molecular weight of the stud-
ied pyrazine derivatives (Table 8 and fig.6). This result is in
agreement with the formula of Lorentz-Lorenz, which
gives a relationship between polarizability, molar refractiv-
ity and molecular size.

From the obtained results presented in Table 8 and
figure 6, we observed that polarizability data and molecu-
lar refractivity are generally proportional to the size and
the molecular weight of pyrazine derivatives. This explains
the congruity of our results with Lorentz-Lorenz expres-
sion. For instance, compound 9 and compound 12 show
the same maximum values of polarizability (41.91 (A%))
and refractivity (118.37(A?)). These compounds have also

high values of molecular weight (424.32 uma), and a slight
difference in surfaces and volumes.

Hydration energy in absolute value, the most im-
portant is that of the compound 17 (14.62 kcal - mol™!) and
the smallest value is that of the compound 12 (10.63 kcal -
mol ). Indeed, in biological environments, the polar mol-
ecules are surrounded by water molecules. They have es-
tablished hydrogen bonds between them.

Hydrophobic groups in pyrazine derivatives induce a
decrease of hydration energy.

However, the lipophilie increases proportionally
with the hydrophobic features of the substituent. As seen
in Table 8, compound 17 is expected to have the highest
hydrophilicity, whereas compound number 12 should be

1100
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Fig. 6. Graphical representation of physicochemical properties.
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most lipophilic. This implies that these compounds should
have poor permeability across the cell membrane.

We noticed that compound 17 possess seven hydro-
gen bond acceptors (HBA) and no hydrogen bond donors
(HBD), the presence of hydrophilic groups in this com-
pound result in an increase of the hydration energy. This
property explains the ability of these compounds, not only
to fix the receptor but also to activate it. Hydration energy
measures the degree of agonist character of a potential
drug molecule.

Almost (log P) of studied molecules have optimal
values. For good oral bioavailability, the log P must be
greater than zero and less than 3 (0 < log P < 3). For very
high values of log P, the drug has low solubility and for very
low values of log P; the drug has difficulty penetrating the
lipid membranes. Thus, compound 17 has the most im-
portant hydration energy and the optimal value of log P, the
small value of molecular weight leading to better distribu-
tion and solubility in fabrics, good oral bioavailability and
permeability in cellular membranes respectively (Fig. 7).

3. 4. Drug-Likeness Screening Applied in

Pyrazine Derivatives

We have applied rules of thumb and calculated met-
rics of eighteen derivatives of pyrazine (Fig. 8) taken from
literature with their anti-proliferative activity against the
BGC823.%7

The properties involved are: octanol/water partition
coefficient (log P), molecular weight (MW), hydrogen
bond donors (HBD), hydrogen bond acceptors (HBA),
number of rotatable bonds (NRB) and polar surface area
(TPSA). All the results have been calculated using Hyper-
Chem 8.0.8 and Marvin Sketch 6.2.1 software, which are
listed respectively in Table 9, we have studied Lipinski and
Veber rules to identify “drug-like” compounds:*%>°

(1) There are less than 5 H-bond donors (expressed
as the sum of OHs and NHs).

(2) The molecular weight is under 500 DA.

(3) The log P is under 5.

(4) There are less than 10 H-bond acceptors (ex-
pressed as the sum of Ns and Os).

HEBA

r HBA |
.___‘NH_,
HBA \>\"-n Bf~—| HBA |
[ HBA

ren ]

Fig. 7. Acceptor sites of proton for compound 17.

Table 9. Pharmacological activities and properties involved in MPO methods for drug-likeness of pyrazine derivatives.

N° PIC505Gcsas Lipinski’s rule Veber rules
logP MW HBA HBD NRB TPSA[A?]

<5 [amu] <10 <5 <10 <140
1 4.74 1.94 288.30 5 0 4 64.71
2 4.56 2.32 304.75 5 0 4 64.71
3 4.76 2.60 349.20 5 0 4 64.71
4 4.8 2.32 304.75 5 0 4 64.71
5 4.94 2.6 349.20 5 0 4 64.71
6 4.87 2.67 320.81 4 0 4 51.57
7 4.73 2.29 304.36 4 0 4 51.57
8 4.69 2.67 320.81 4 0 4 51.57
9 4.70 3.13 424.32 5 0 5 56.50
10 4.53 2.48 363.41 4 0 4 51.57
11 4.46 2.86 379.87 5 0 5 56.50
12 4.44 3.13 424.32 5 0 5 56.50
13 4.69 2.86 379.87 5 0 5 56.50
14 4.57 2.48 363.41 5 0 5 56.50
15 4.60 2.55 270.31 5 0 4 64.71
16 4.67 2.89 286.37 4 0 4 51.57
17 4.59 2.60 349.20 5 0 4 64.71
18 4.48 1.34 306.29 5 0 4 64.71

Soualmia et al.:

QSAR Studies and Structure Property/Activity ...



Acta Chim. Slov. 2021, 68, 882-895

(5) Rotatable bonds are under 10.

(6) TPSA is under 140 A 2

All the compounds of the series have the MW under
500 DA, thus they can easily pass through the cell mem-
brane and the better the absorption will be.

There are less than 10 H-bond acceptors and 0
H-bond donors, the fat solubility will be high and there-
fore the drug will be able to penetrate the cell membrane to
reach the inside of the cell. If two of these rules are unsat-
isfied, the compound will have a problem in absorption
and permeability.®®

TPSA of pyrazine derivatives was found in the range
of 52.325-65.217 A°? and is well below 140 A2, indicating
that these compounds should have good cellular plasmatic
membrane permeability. All the screened compounds
were flexible, especially; compounds 9 and 11-14 which
have 5 rotatable bonds (table 9).

3. 5. Quantitative Structure-Activity
Relationships Studies (QSAR) of
Pyrazine Derivatives

When chemical or physical properties and molecu-
lar structures are derived from numbers, it is often possi-

Saabai s aakel
al = 'Iﬂ}‘f@‘

13
14
9stats
(™
I\{f_
17

Fig. 8. Structural comparison of pyrazine derivatives.

ble to propose mathematical relations connecting them,
which allow making quantitative predictions. The ob-
tained mathematical expressions can then be used as a pre-
dictive means of the biological response for similar struc-
tures. They are widely used in the pharmaceutical industry
to identify promising compounds, especially at the early
stages of drug discovery.®!

Relationships between the physicochemical proper-
ties of chemical substances and their biological activities
can be derived using QSAR (Quantitative Structure-Activi-
ty Relationships) concept. These models can also be used to
predict the activities of new chemical entities and for their
design.®? therefore, the biological activity is quantitatively
expressed as the concentration of substance necessary to
obtain a certain biological response. For that purpose, mul-
tiple linear regression, MLR, and artificial neural networks
(ANNs) are used. The accuracy of such models is mainly
evaluated by the correlation coefficient R%.% The MLR and
ANN models were generated using JMP 8.0.2 software.

The equilibrium geometries and the highest occu-
pied molecular orbital energy (Eyoyo) and lowest unoc-
cupied molecular orbital energy (Ejyyo) and dipole mo-
ment (p) of pyrazine derivatives were determined at the
B3LYP/cc-pVDZ level of theory. We list in table 10 of the

o
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Table 10.Values of molecular descriptors.

N°  pIC50pgess”  V HE LogP MR SAG MW Pol  Epomo Erumo M
[A°3] [kcal/mol] [A°3] [A°?] [amu] [A°3] [au] [au] [Debye]
1 4.740 770.170 -12.540 1.940 79.140 466.470 288.300 28.820 -0.239 -0.079 0.886
2 4.560 791.620 -12.630 2.320 83.730 474.610 304.750 30.840 -0.249 -0.081 5.144
3 4.760 810.260 -12.580 2.600 86.540 485.200 349.200 31.540 -0.240 -0.080 0.887
4 4.800 809.750 -13.290 2.320 83.730 498.290 304.750 30.840 -0.243 -0.081 1.269
5 4.940 828.550 -13.240 2.600 86.540 505.960 349.200 31.540 -0.247 -0.082 1.498
6* 4.870 828.870 -11.300 2.670 90.170 512.800 320.810 33.200 -0.236 -0.086 2.564
7 4.730 800.840 -11.390 2.290 85.580 486.180 304.360 31.180 -0.234 -0.084 5.024
8 4.690 822.050 -12.250 2.670 90.170 498.700 320.810 33.200 -0.235 -0.086 5.023
9* 4.700 1054.660 -11.550 3.130 118.370 628.790 424,320 41910 -0.223 -0.065 4.262
10 4.530 948.380 -11.540 2.480 110.970 543.200 363.410 39.200 -0.223 -0.064 4.275
11* 4.460 984.280 -10.690 2.860 115.560 550.540 379.870 41.210 -0.220 -0.063 4.963
12 4.440 997.060 -10.630 3.130 118.370 554.530 424,320 41.910 -0.220 -0.063 4.949
13 4.690 980.740 -11.450 2.860 115.560 562.490 379.870 41.210 -0.224 -0.067 4.190
14 4.570 948.380 -11.540 2.480 110.970 543.200 363.410 39.200 -0.223 -0.064 4.275
15 4.600 769.230 -13.670 2.550 79.010 475.710 270.310 28.910 -0.240 -0.081 4.278
16 4.670 789.010 -12.890 2.890 85.450 490.320 286.370 31.270 -0.233 -0.083 1.449
17 4.590 832.690 -14.620 2.600 86.540 517.210 349.200 31.540 -0.241 -0.081 4.127
18 4.480 771.740 13.640 1.340 79.260 476.680 306.290 28.730  -0.243 -0.084 4.472

* denotes the selected compounds for external validation (test set).

supplementary material the Cartesian coordinates of the
optimized pyrazine derivatives equilibrium structures.
Then, the QSAR properties module from Hyper Chem
8.08 was used to calculate: molar weight (MW), surface
area (SAG), volume (V), molar refractivity (MR), polariz-
ability (Pol), octanol-water partition coefficient (log P)
and hydration energy (HE).

3. 5. 1. Multiple Linear Regression (MLR)

Despite being the oldest, MLR®% still remains one
of the most popular approaches to build QSAR models.
This is due to its simple practicaluse, ease of interpretation
and transparency. Indeed, the key algorithm is available
and accurate predictions can be provided. ° The values of
the calculated descriptors are those listed in Table 10. Data
were randomly divided into two groups: a training set (in-
ternal validation) and a testing set (external validation) at
a ratio of 80:20. A correlation matrix between parameters
was performed on all nine descriptors. Nevertheless, the
analysis revealed six independent descriptors for the de-
velopment of the model. The significant correlation analy-
sis between biological activity and descriptors is represent-
ed by the following equation:

PIC505Gcs3 = ~6.878+0.0115
V-0.0134HE + 0.1763MR-0.0087
SAG-0.004355MAG-0.5185Pol-15.46
Exomo-66.309E; yvo-0.067 p

(1)

Where, pIC50 is the response or dependent variable
(V, HE, MR, SAG, MAG, Pol, EHOMO, E; 0 and p) are

descriptors (features or independent variables). Within the
regression, the coeflicients in front of these descriptors are
optimized.

The F value (F = 11.84) was found to be statistically
significant at 95% level, since all the calculated F value is
higher as compared to tabulated values.

For validation of the model, we plot in Fig. 9 the ex-
perimental activities against the predicted values as deter-
mined by equation (1). We can observe that the predicted
pIC50 values are in an acceptable agreement and regular
distribution with experimental ones with correlation coef-
ficient (R?) for the training set (R%,, = 0.955) and test set
(R2,, = 0.930) indicate the significant correlation between
different independent variables with anti-proliferative ac-
tivity against the BGC823.
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Fig. 9. Correlation of experimental and predicted pIC50 values as
derived using MLR.
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3. 5. 2. Artificial Neural Networks

ANN®-70 is a popular nonlinear model, used to
predict the biological activity (i.e. IC50) of the datasets of
therapeutic molecules. It presents several benefits like
better prediction, adaptation and generalization capacity
beyond the studied sample, and better stability of the co-
efficients. It is employed in complex drug design, drug
engineering and medicinal chemistry domains.”! In this
work, the neural network is a system of fully intercon-
nected neurons arranged in three layers. The input layer
is made of nine neurons, where each of them receives one
of the nine descriptors selected from the correlation ma-
trix of the model. The intermediate (hidden) layer is com-
posed of four neurons that form the deep internal pattern
that discovers the most significant correlations between

predicted and experimental data. One neuron constitutes
the output layer, which returns the value of pIC50 (Fig.
10).72

As it can be seen in Fig. 10, a good agreement between
experimental data and predicted pIC50 issued from the
ANN model is observed. Indeed, the statistical parameters
for this model, reveal a correlation coefficient close to 1 (=
0.995), indicating that the ANN one is more reliable. Fur-
thermore, the robustness of the model was further con-
firmed by the significant value of the test data set (= 0.920).

3. 5. 3. Virtual Screening Application

The aim of this study is to identify new structures of
pyrazines’”> with improved anti-proliferative activity
against BGC823 that has to be within the applicability do-

> plCH{BGECEES

Fig. 10. Structure of ANN.

Table 11. Experimental and predicted pIC50 values using MLR and ANN methods.

N° Exp. pIC50(BGC823) Pred. pIC50(BGC823) Pred.pIC50(BGC823)
MLR ANN
1 4.740 4.757 4.736
2 4.560 4.582 4.562
3 4.760 4.704 4,764
4 4.800 4.796 4.804
5 4.940 4.956 4931
6* 4.870 4.806 4.869
7 4.730 4,724 4,717
8 4.690 4.671 4.696
9* 4.700 4.748 4.642
10 4.530 4.537 4.550
11* 4.460 4,434 4,521
12 4.440 4.485 4.443
13 4.690 4.666 4.686
14 4.570 4.537 4.550
15 4.600 4.579 4.603
16 4.670 4.716 4.672
17 4.590 4.598 4.595
18 4.480 4.480 4481

* denotes the compounds selected for external validation (test set).
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Fig. 11. Correlation of experimental and predicted pIC50 values obtained using ANN.

Table 12. Proposed structural compounds and predicted activities.

No. Compound structure pIC50 No. Compound structure pIC50

1 6.251 7 2.884
2 5.789 8 3.205
3 e | I 4495 9 7.570
Hil o er
4 2.941 10 3.770
=]

5 6.907 11 -, 7.632
6

L ) P
; pes

Soualmia et al.: QSAR Studies and Structure Property/Activity ...




Acta Chim. Slov. 2021, 68, 882-895

main of the developed model. The structures and activities
of these compounds are reported in table 12.

4. Conclusion

The present work deals with the molecular proper-
ties of pyrazine. The HF, MP2 and DFT methods, the DFT
method is more appropriate for further study on pyrazine
rings. The geometry of the pyrazine is symmetric and pla-
nar, as all the dihedral angles are either nearly 0° or 180°,
which makes this conformation more stable. The com-
pound B3(2,3-dibromo pyrazine) is predicted to be the
most reactive with a smaller HOMO-LUMO energy gap
of all pyrazine systems, C2 and C3 positions are the most
preferential site of nucleophilic attack.

Afterward, we showed that both ANN and MLR
methods provide similar QSAR model accuracy. As can be
seen in Table 11, the ANN network has substantially better
predictive capabilities compared to MLR, leading to pIC50
values closer to the experimental determinations. Never-
theless, both models remain satisfactory and exhibit a high
predictive power, thus validating their use to explore and
propose new molecules as anti-proliferative activity
against the BGC823.

Based on the obtained QSAR equation we have iden-
tified a series of potential novel compounds of pyrazine.
This series has been used as a primary step for predicting
the anti-proliferative activity against the BGC823. It is
worth testing the reliability of these predictions in vitro,
our work should help in identifying new compounds tar-
geting anti-proliferative activity against the BGC823.
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Povzetek

Preucevali smo elektronske strukture, vpliv substitucije, povezavo med strukturno fizikalno-kemijskimi lastnostmi ter
aktivnostjo in uc¢inkovinske podobnosti (ang. drug-likeness) pirazinskih derivatov s pomocjo ab initio (HE, MP2) in
B3LYP/DFT (teorijo gostotnega fukcionala). V ¢lanku smo izracunali vrednosti naboja NBO (naravnih veznih orbital),
dolzino vezi, dipolne momente, elektronsko afiniteto, tvorbeno entalpijo in QSAR lastnosti. Studij QSAR smo izvedli
s pomodjo statisticnih modelov multiple linearne regresije in nevronskih mrez (ANN). Rezultati so pokazali visoko
korelacijo med eksperimentalnimi in napovedanimi vrednostmi, s ¢imer smo preverili in pokazali ustreznost QSAR
modelov. Statisti¢na analiza je pokazala, da je ANN z arhitekturo 9-4-1 bolj ustrezna kot MLR. Pregled razli¢nih molekul
na osnovi molekularne podobnosti in uporabe QSAR domen je pokazal ve¢ kandidatov z izbolj$anim antiproliferativnim
delovanjem.
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Abstract

This study was performed to examine the effects of medicinal plant extracts of corn silk (Stigma maydis), parsley leaf
(Petroselini folium), and bearberry leaf (Uvae ursi folium) on antioxidant status of the brain of experimental animals
(mice) under the physiological conditions. Biological properties of these plants are insufficiently investigated and the aim
was to explore their possible antioxidant effects that can alleviate oxidative damage of the brain tissue. Corn silk extract
showed positive effect on activities of antioxidant enzymes in mice brain tissue. Parsley extract induced the increase in
glutathione content and decrease of lipid peroxidation. Bearberry leaf extract induced catalase activity and decrease of
hydroxyl radical content, while malonyldialdehide accumulation was maintained at the control level. Results obtained in
this study support the use of corn silk, parsley and bearberry leaves as natural antioxidant sources in the prevention and

treatment of brain tissue damages and different diseases caused by oxidative stress.

Keywords: corn silk; parsley; bearberry; brain; oxidative stress; antioxidants

1. Introduction

Oxidative stress is one of the biggest threats to brain
cells because of their large oxygen consumption.! Brain
oxidative stress can be monitored primarily by superoxide
and hydroxyl radical, hydrogen peroxide, other reactive
oxygen species (ROS) and lipid peroxidation (LP) prod-
ucts.2 Moreover, brain damages caused by free radicals can
lead to serious neurological disorders such as stroke, de-
mentia, and Alzheimer’s disease.? Traumatic brain injuries
(TBI) are followed by increased reactive species produc-
tion and LP process that can further cause severe damages
and fatal consequences.* Human clinical trials still did not
result in efficient neuroprotective therapies for TBI and
this disorder is among the most severe health problems
and causes of death worldwide.”

When nerve injury occurs, the first minutes and
hours are critical because of the activation of numerous
sources of superoxide anion radical (O,*). The brain, like
the other organs in aerobic organisms, has potent defenses
against superoxide, including enzymatic antioxidants such
as superoxide dismutase (SOD), catalase (CAT), guaiacol
peroxidase (GPx), glutathione peroxidase (GSH-Px) and
reduced glutathione as nonenzymatic antioxidant (GSH).®
By reduction of oxidative stress, they play important roles
in neurotoxicity and neurological disorders.”

Over the last time period, the accent is given to the
substances with antioxidant properties, designed to scav-
enge reactive species responsible for LP induction and its
neurotoxic effects.* Natural products can enhance antiox-
idant defense activities and minimize different tissue oxi-
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dative damages.®® It was shown that high dietary intake of
some vitamins, carotenoids and flavonoids from food and
medicinal plants can reduce the risk of Alzheimer’s disease
and exhibit a protective effect on neural tissue.!”

Although the bioactive potential of corn silk (Stigma
maydis), parsley leaf (Petroselini folium) and bearberry
leaf (Uvae ursi folium) is insufficiently tested, these medic-
inal plants showed the antioxidative and protective roles
in treatment and prevention of many diseases, especially
renal diseases, nephritis, kidney stones, chronic cystitis,
for weakened kidneys, liver or pancreas.!!"!3 The aim of
this study was to explore their protective antioxidative and
free radical scavenging effects that could prevent oxidative
damage of the mice brain tissue.

2. Experimental

2. 1. Chemicals and Reagents

Folin-Ciocalteau’s reagent, guaiacol (2-methoxyphe-
nol), NBT (Nitro Blue Tetrazolium), DPPH (2,2-diphe-
nyl-1-picrylhydrazyl), TPTZ (2,4,6-tripyridyl-triazine),
TBA (2-thiobarbituric acid), iron(III) chloride and po-
tassium dihydrogen phosphate, methanol (HPLC gradi-
ent grade) and standard substances were obtained from
Sigma-Aldrich (Belgrade, Serbia). All other reagents and
chemicals were of analytical grade.

2. 2. Plant Extracts Preparation

Corn silk (Stigma maydis; Zea mays L.), parsley leaf
(Petroselini folium; Petroselinum crispum L.) and bear-
berry leaf (Uvae ursi folium; Arctostaphylos uva-ursi L.)
originated from Serbia and were bought commercially
(Dr. Josif Panci¢ Institute, Belgrade, Serbia). Dried plant
material was ground into a fine powder and macerated in
96% ethanol (1:20, w/v) for 72 h in the dark. Ethanol was
evaporated under reduced pressure at 40 °C. The yields
(Y) of obtained extracts were 6.12%, 8.28% and 34.93% for
corn silk, parsley leaves and bearberry leaves, respectively.
Dry residues were redissolved in water to obtain 5% (w/v)
extracts.

2. 3. Experimental Animals

Three months old male mice (Mus musculus, NMRI
strain), weighing 31-46 g, were housed at the Department
of Pharmacology, Toxicology and Clinical Pharmacology,
Medical Faculty, University of Novi Sad, Serbia. Animals
were handled in accordance with the European Union
principles established for research on animal models (EU
Directive 2010/63/EU) and Serbian national guideline
(No. 41/09). Animals were bred at controlled tempera-
ture (21 £ 1 °C) and humidity (55% * 1.5%), with 12 h
day/12 h night cycle. They were fed standard laboratory
mice feed, produced by the Veterinary Institute in Zemun,

Serbia. During the treatment, every animal was kept in a
separate metabolic plexiglas cage. Ten animals were re-
garded as one group. The first group served as control and
had ad libitum access to water and feed. Instead of water,
animals in the other three groups were given appropriate
plant extract: corn silk, parsley and bearberry leaf extract,
respectively. After 28 days of the treatment, animals were
sacrificed under urethane anesthesia. Brain tissue was re-
moved and homogenized.

2. 4. Preparation of Brain Homogenate

According to the method of Vranje$ et al.'3, after

washing the brain tissue in saline solution, it was homog-
enized in 1.15% potassium chloride solution and 0.05 M
potassium phosphate buffer solution (pH 7.4) to yield 10%
homogenate (w/v). The mixture was ultrasonicated for 15
minutes and then centrifuged 5 minutes at 4000 x g and 4
°C. Supernatants were kept at —20 °C until analyses. Sam-
ples prepared as described were used for all assays except
for those where it was differently stated (LP and GSH de-
terminations).

2. 5. Assessment of Prooxidant / Antioxidant

Activity

The activity of the enzyme superoxide dismutase
(SOD) was estimated by the ability of extract to inhibit
photosensitive reduction of nitro blue tetrazolium chlo-
ride (NBT) reagent.!* Reaction medium was prepared by
mixing 2.6 mL of 50 mM phosphate buffer (pH 7.8), 100
uL of 13 mM methionine, 100 pL of 75 uM NBT, 100 pL
of 0.1 mM EDTA, and 50 pL of 2 uM riboflavin. Super-
natant (10-50 pL) was added in test samples, while the
same volume of buffer was added for blanks (maximum
formazan production). The absorbance was read at 560
nm. The quantity of the enzyme needed for 50% inhibi-
tion of the NBT-formazan formation was expressed as one
unit (U). Final results were calculated as U per milligram
of proteins.

Catalase (CAT) activity was determined by meas-
uring the reduction of absorbance at 240 nm, as a conse-
quence of the degradation of H,0,.!* Blank was prepared
by mixing 50 uL of supernatant and 3 mL of phosphate
buffer (0.05 M, pH 7). In test tubes there were mixed
50 uL of supernatant, 2 mL of buffer and 1 mL of fresh-
ly prepared H,O, (0.1%) was added to start the reaction.
The quantity of the enzyme that degrades 1 umol H,O, in
1 min at 25 °C was expressed as one unit (U).

Guaiacol peroxidase (GPx) activity was determined
by transformation of guaiacol to tetraguaiacol.!® The
change of absorbance was measured at 436 nm. Superna-
tant (100 uL) was added to reaction medium containing 3
mL of phosphate buffer (0.1 M, pH 7), 50 uL of guaiacol
solution (prepared by diluting 220 pL of guaiacol in 100
mL of water) and 30 pL of 12.3 mM H,0O,. The one unit
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(U) is the GPx activity that transforms 1 pmol of guaiacol
to tetraguaiacol during 1 min at 25 °C.

The activity of glutathione peroxidase (GSH-Px) was
assessed using cumene hydroperoxide and reduced glu-
tathione (GSH) as the substrate.!” Supernatant (100 pL)
was mixed with 700 pL TRIS buffer (pH 7.6). After 5 min
of incubation, 100 pL of GSH (6 mg GSH dissolved in 10
mL TRIS buffer) and 100 uL of cumene hydroperoxide (5
L diluted in 10 mL TRIS buffer) were added. After 10 min
of incubation, 20% trichloracetic acid (TCA) was added.
The mixture was centrifuged for 5 minutes at 4000 x g and
4 °C. The volume of 1 mL of supernatant was mixed with
2 mL TRIS buffer and 100 pL of 0.01 M DTNB (5,5 -dith-
io-bis(2-nitrobenzoic acid) reagent was added. The GSH-
Px activity was determined by the absorbance change at
412 nm and expressed as U/mg protein. The quantity of
the enzyme that catalyses the oxidation of 1 pmol of GSH
in 1 min at 25 °C was expressed as one unit (U).

Soluble protein content was set by the method of
Bradford.'® The Bradford reagent was prepared by dissolv-
ing 100 mg of Coomassie Brilliant Blue G-250 in 3% per-
chloric acid. The absorbance of the complex was read at
595 nm. The calibration curve was prepared with bovine
serum albumin.

For lipid peroxidation (LP), brain tissue (0.5 g) was
homogenized with 4.5 mL of LP reagent. The LP reagent
was composed of 0.5% thiobarbituric acid (TBA; prepared
in 10% HCIO,4) and 20% TCA, mixed in ratio 1:3. The
homogenate was boiled at 100 °C for 30 min, centrifuged
for 10 min at 4000 x g. The intensity of lipid peroxidation
(LP) was expressed as the amount of malonyldialdehyde
(MDA), which is one of the final products of lipid mem-
brane degradation.! The absorbances were read at 532 nm
and 600 nm, and the final absorbance was calculated as
As3) — Aggo- The results were expressed as nmol MDA/mg
protein.

Power of the tissue antioxidant systems capable to
scavenge hydroxyl radical was measured by the deoxyri-
bose degradation test.? In the reaction medium composed
of 250 uL mL of 0.003% H,0, (diluted in 12 mM phoshate
buffer, pH 7.4), 250 uL of 0.1 mM FeSO,, and 250 uL of 10
mM 2-deoxyribose, 500 pL of supernatant was added. In
control tubes, supernatant was replaced with buffer solu-
tion. The tubes were incubated for 30 min at 37 °C. Pro-
duced MDA was measured with LP reagent, as described
above. Final results were calculated by the difference be-
tween sample and control, and were expressed as the hy-
droxyl radical quantity.

The quantity of GSH was determined with Ellman
reagent (DTNB).2! The tissue (0.5 g) was homogenized
with 4 mL of 5% TCA and centrifuged for 10 min at 4000
x g. Supernatant (100 uL) was added to reaction medium
containing 2 mL TRIS buffer (0.4 M, pH 8.9) and 100 uL
DTNB (6 mM, dissolved in methanol). Absorbance was
read at 412 nm after 5 min and the results were expressed
as pmol GSH/mg protein.

Antioxidant capacity was determined by free radical
scavenging capacity and FRAP (Ferric Reducing Antioxi-
dant Power) test.

Free radical scavenging capacity was determined
using 90 uM DPPH (1,1-diphenyl-2-picrylhydrasyl) rad-
ical.?? At first, the proteins were precipitated with 20%
TCA. Afterwards, there were mixed 200 pL of sample and
2 mL of DPPH and the absorbance was read at 515 nm
after 30 min. Scavenging capacity was calculated by Eq 1:

Inhibition (%) = (Acontrol - Asample)/Acontrol % 100% (1)

where control was without sample and presented 100%
of radical content. The concentration of the homogenate
that inhibits 50% of the DPPH radical was defined as ICs,
value.

FRAP test was performed according to the method
of Benzie and Strain (1999),% measuring the total anti-
oxidant potential of the sample through the reduction of
ferric ions (Fe**) to ferrous ions (Fe?*). FRAP reagent was
consisted of 300 mM acetate buffer pH 3.6, 10 mM TPTZ
dissolved in 40 mM HCI, and 20 mM FeCl; mixed in ratio
10:1:1. The volume of 100 pL of sample was added to 2 mL
of FRAP reagent and the absorbance was read at 593 nm
after 5 min. Results were expressed as FRAP units. FRAP
unit is equal to the concentration of 100 umol/L Fe?*.

2. 6. Plant Extracts Polyphenol
Characterization by HPLC-PDA Method

Separation and identification of polyphenol com-
pounds were performed using the reversed phase high
preasure liquid chromatography (RP-HPLC) with a pho-
todiode array (PDA) detector. The spectra were acquired
in the range 190-600 nm and chromatograms were plotted
at 280 nm (hydroxybenzoic acids), 320 nm (hydroxycin-
namic acids), 350 nm (flavonoids). The results were ex-
pressed as pg of the polyphenol compound per mL of the
extract. For the flavonoid derivatives calibration curve of
corresponding flavonoid glucoside was used for calcula-
tion and derivatives of hydroxycinnamic acids were calcu-
lated as corresponding aglycones.?* The compounds were
identified by comparing the retention time, and UV-Vis
spectra with appropriate standards and literature data.
Quercetin derivatives had absorption maximum at 356
nm, apigenin derivatives at 338 nm, and luteolin deriva-
tives at 347 nm.»

2. 7. Statistical Analysis

All determinations were performed in triplicate.
Data were expressed as mean + standard error (SE). Values
are given as means for ten mice. For statistical evaluation
of data Statistica 12 software (StatSoft Inc., USA) was used.
Statistical significance of differences between means was
tested by Duncan’s multiple range test (p < 0.05).
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3. Results and Discussion

The results of the antioxidant enzymes SOD and
CAT activities in mice brain tissue are presented in Figure
la and 1b, respectively. The only favorable and the highest
SOD activity was observed after corn silk treatment (2.78
U/mg protein). SOD isoenzymes play an important role
in cerebral ischemia, particularly in reperfusion injury
when brain cells are resupplied with oxygen that leads to
overproduction of ROS and LP process. Therefore, altering
SOD activity can reduce neurotoxicity.2® Bearberry extract
treatment elevated CAT activity (1.17 U/mg protein), but
more effective was the influence of corn silk extract (1.92
U/mg protein).
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bolic stress, it is important that all scavenging mechanisms
are active?’, which was achieved by corn silk extract in our
experiment.

The effect of investigated medicinal plant extracts on
soluble protein and GSH content in mice brain is shown
in the Figure 2a and 2b. In comparison with the control
(104.0 mg/g), protein content was significantly decreased
after corn silk treatment (55.21 mg/g), while after bearber-
ry extract treatment it was elevated (114.41 mg/g).

In mice brains treated with corn silk and parsley
(162.53 and 89.59 nmol GSH/mg protein) quantities of GSH
were above the control value (77.65 nmol GSH/mg protein,
Figure 2b). The increase of GSH quantity is favorable for
oxidative stress protection because of its role in peroxide
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Figure 1. The activity of antioxidant enzymes SOD (a), CAT (b), GPx (c) and GSH-Px (d) in mice brain after the plant extract treatment.
*Marked values significantly differ from control according to the Duncan’s multiple range test results (p < 0.05).

The results presented in Figure 1¢ show that GPx ac-
tivity in mice brain tissue decreased under the influence of
all studied plant extracts. The lowest enzyme activity was
obtained after the parsley extract intake (5.22 nmol guai-
acol/mg protein). In comparison to the control and to the
other examined extracts, corn silk extract significantly en-
hanced the activity of GSH-Px (38.78 nmol GSH/mg pro-
tein, Figure 1d). Mice GSH-Px activity is very important
for the detoxification of H,0, in brain cells in physiolog-
ical conditions. It was proved that if GSH-Px is inhibited,
CAT compensates its activity and vice versa, but in meta-

detoxification, as it is the substrate of the GSH-Px enzyme.
Also, as an endogenous molecular antioxidant, it is impor-
tant for neutralizing other reactive species. Thus, GSH is
very important for intracellular redox status maintenance.”

Table 1 shows DPPH free radical scavenging activ-
ity and the ability of ferric ion reduction (FRAP test) of
the brain tissue of treated animals. Radical scavenging ca-
pacity was improved under the bearberry and parsley leaf
treatment, while the effect of corn silk extract was at the
control level. FRAP values were improved after treatments
with all examined medicinal plant extracts.
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Figure 2. The soluble protein content (a) and reduced gluthatione content (GSH; b) in mice brain after the plant extract treatment.
*Marked values significantly differ from control according to the Duncan’s multiple range test results (p < 0.05).

Table 1. DPPH radical scavenging capacity and ferric reducing an-
tioxidant power (FRAP) of brain cells after the plant extract treat-
ment

Sample DPPH (IC5p, mg/mL) FRAP units
Control 3140a 33.30a
Bearberry 27.13b 36.23 b
Parsley 29.52 ab 36.41b
Corn silk 30.86 a 36.52b

Values with the different letters are significantly different according
to Duncan’s multiple range test results (p < 0.05).

DPPH and FRAP tests are used for overall antioxi-
dant potential assessment. Concerning the damages in-
duced by free radicals and other highly reactive species, the
increase of the antioxidant power of the cells is crucial to
prevent different diseases.?® Our results show that there are
no significant differences among the effects of examined
plant extracts and that all of them induced slightly better
antioxidant status of brain cells in comparison to the con-
trol. It could be possibly achieved by the promoted activity
of endogenous antioxidants or by the action of polyphenol
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compounds present in the extracts. Plants rich in flavonoid
compounds, like plants examined in our study (Table 1),
promote DPPH free radical scavenging activity.*

The effects of medicinal plant extracts on *OH scav-
enging activity and level of LP in mice brains are shown
in Figure 3.

A significant decrease in *OH accumulation was ob-
served in the brain tissue of mice drinking all three herb
extracts (Figure 3a). Hydroxyl radical is one of the most
harmful reactive species because of its high reactivity,
small size and easy transport through cell compartments.
It attacks proteins, DNA, lipids and carbohydrates leading
to their dysfunctions and severe tissue damages. Since it
initiates LP, potential of scavenging *OH is very important
for brain cells, because lipids are responsible for normal
structure and function of neural membranes.*!

The LP in brain cells of mice drinking medicinal
plant extracts was at the lower level than in the control
group of animals. Accumulation of MDA, the product of
LP, was significantly reduced under the influence of corn
silk and parsley extract (1.09 and 1.43 nmol MDA/mg pro-
tein, Figure 3b). Brain cells are rich in polyunsaturated fat-
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Figure 3. Hydroxyl radical scavenging activity (a) and level of lipid peroxidation (b) in mice brain after the plant extract treatment.
*Marked values significantly differ from control according to the Duncan’s multiple range test results (p < 0.05).
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ty acids, which are very susceptible to LP, so the decrease
of LP is very important, also because many neurological
disorders, like Alzheimer’s, Parkinson’s, Huntington dis-
ease, schizophrenia, and many CNS traumas, involve dys-
function of lipid metabolism.>!

All examined extracts were rich in phenolic content
(Table 2) and phenolic compounds are generally known
for their strong antioxidant activities, therefore they could
be responsible for the decrease of LP in mice brain.3?

Polyphenol profile of medicinal plant extracts inves-
tigated in this study is presented in Table 2.

Table 2. Polyphenol compounds content in plant extracts.

Polyphenol compound Bearberry  Parsley Corn
leaves leaves silk
ug/mL ug/mL ug/mL
extract extract extract

Gallic acid 162.99 4.14 3.16

Protocatechuic acid - 2.69 1.20

Catechin - 51.60 -

p-Hydroxybenzoic - 0.42 0.69

Vanilic acid - - 1.63

Syringic acid 20.02 - -

p-Coumaric acid derivative - - 0.75

p-Coumaric acid - 7.53 1.47

Ferulic acid derivative - - 2.40

Ferulic acid - - 5.94

Quercetin derivatives 208.74 - -

Quercetin 4.16 - -

Kaempferol derivatives - 211.80 -

Apigenin 7-glucoside - 491.97 -

Apigenin derivative - 192.44 -

Apigenin - 0.22 -

Luteolin 7-glucoside - - 31.93

Luteolin derivatives - - 584.07

Luteolin - - 35.34

TOTAL 395.91 962.80 668.58

The polyphenol profile and content varies among the
plant extracts, but all of them were pointed out with high
flavonoid content, although flavonoid subgroups differ.
Parsley and corn silk were rich in flavones. Apigenin deriv-
atives predominated in parsley, while in corn silk extract
the most dominant were luteolin derivatives. Flavonols, in
particular, quercetin derivatives, were present in bearber-
ry leaf extract, and kaempferol derivatives were present in
parsley leaf extract.

Quercetin and galloyl derivatives, as well as other
phenolic constituents, were found in bearberry leaves.*?
Within the same species phenolic content could vary due
to many factors, including instrinsic biological or environ-
mental factors. Aside from the most abundant bearberry
phenolic glycoside arbutin, the contents of quercetin glu-
coside, myricetin, catechin, and caffeic acid showed geo-
graphic and climatic dependance.>* Although our results

showed no significant effect of bearberry leaves on lipid
peroxidation in mice brain, bearberry leaves extract in vit-
ro delayed lipid oxidation showed due to its antioxidant
activity and scavenging ability.>> Very high contribution
of phenolic content to antioxidant capacity of bearberry
leaves was established.*®

De Menezes Epifanio at al. (2020) identified 30 dif-
ferent flavonoid glycosides in parsley leaves and showed
that the antioxidant potential was directly related to the
synergistic effect of all constituents present in the extract.
Further, they proved that, unlike apigenin, its glycosylated
derivative, apiin, could protect cells from oxidative stress
caused by hydrogen peroxide.>”

Similarly to our results, cinnamic acids derivatives
and luteolin derivatives were shown to be the most dom-
inant phenolic constituents of corn silk.*#3° Wang et al.
(2019) identified 76 phenolic compounds in corn silk aque-
ous extract, and shown that, after oral administration, phe-
nolic compounds were metabolized and reached the blood
predominantly in the forms of glucuronide conjugates.*’
Conjugation/deconjugation process in organism presents
the key process that allows phenolic compounds to circu-
late through the organism and express their activities.*!

Our results suggest that luteolin derivatives from
corn silk extract may be responsible for the very potent re-
ducing capacity of corn silk extract and protection against
LP. Many studies showed strong antioxidant activities of
corn silk extracts.*? Flavon compounds from corn silk
showed better LP inhibition activity, and radical scav-
enging capacity than commercially used antioxidants.*?
Besides, maysin, luteolin derived flavone from corn silk,
was shown to possess neuroprotective effects.** Polyphe-
nol compounds from examined plant extracts could also
induce higher antioxidant response which led to a better
*OH scavenging activity in the brains of animals that were
subjected to the treatments.

4. Conclusion

The intake of corn silk, parsley leaf and bearberry
leaf extracts affected the metabolism of mice brain tissue.
Corn silk showed a significant positive effect on activi-
ties of antioxidant enzymes SOD, CAT, and GSH-Px. The
quantity of GSH was the highest under the influence of
corn silk extract, while the accumulation of *OH and MDA
was the lowest, suggesting its protective effect against LP.
Parsley leaf extract induced the increase in GSH content
and the decrease in *OH and MDA accumulation. Bear-
berry leaf extract induced CAT activity and the decrease
in the accumulation of *OH, while MDA accumulation
was maintained at the control level. All three plant extracts
were rich in polyphenol compounds, especially in flavo-
noids, which may be responsible for beneficial effects. Our
results support the use of these medicinal plants as natural
antioxidants in the prevention of oxidative stress provoked
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damages of brain tissue, but further investigations are re-
quired to clarify their mechanisms of action.
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Ta raziskava je bila izvedena z namenom proucitve uc¢inkov zdravilnih rastlinskih izvleckov koruznih laskov (Stigma
maydis), petersiljevih listov (Petroselini folium) in listov vednozelenega gornika (Uvae ursi folium) na antioksidativni
status moZganov poskusnih zivali (misi) pod fizioloskimi pogoji. Bioloske lastnosti teh rastlin niso dovolj raziskane, zato
je bil cilj raziskati njihove mozne antioksidativne ucinke, ki bi lahko ublazili oksidativne poskodbe mozganskega tkiva.
Izvle¢ek koruznih laskov je pozitivno vplival na delovanje antioksidativnih encimov v mozganskem tkivu misi. Ekstrakt
petersilja je spodbudil povecanje vsebnosti glutationa in zmanjsal lipidno peroksidacijo. Izvlecek listov vednozelenega
gornika je spodbudil povecanje aktivnosti katalaze in zmanj$anje vsebnosti hidroksilnih radikalov, medtem ko se je
kopic¢enje malonildialdehida ohranjalo na ravni kontrole. Rezultati, pridobljeni v tej raziskavi, podpirajo uporabo koru-
znih laskov, listov petersilja in vednozelenega gornika kot naravnih virov antioksidantov pri preprecevanju in zdravljenju
poskodb mozganskega tkiva in razli¢nih bolezni, ki jih povzroca oksidativni stres.
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Abstract

A mesogenic Schiff base, N,N’-di(4-decyloxysalicylidene)-1’8’-diamino-3’6’-dioxaoctane (H,L) and a series of homo
dinuclear lanthanide(III) complexes of the type [Ln,(LH,);(NO;),]J(NO3),, (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and
Ho) were synthesized and characterized by elemental analysis, mass spectrometry, FTIR, and NMR spectral techniques.
The IR and NMR spectral evidences imply bonding of a neutral bidentate H,L species through two phenolate oxygen
atoms in its zwitterionic form to Ln™, rendering the overall geometry of the complexes as a seven-coordinate polyhedron
— possibly distorted mono-capped octahedron. Differential scanning calorimetry (DSC) and polarizing optical micro-
scopic (POM) studies reveal mesogenic properties (smectic-X, smectic-A and nematic mesophases) in the ligand over a
wide range of temperature but none mesomorphism in the Ln"! complexes synthesized under this study. Luminescence
studies exhibit emissions of H,L and Tb™ complex.

Keywords: Mesogenic Schiff base; Ln"! Complexes; Zwitterionic-coordination; Mono-capped octahedron; Lumines-
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1. Introduction

Lanthanide(IIT) complexes have received much at-
tention due to their potential scientific applications in
design of various luminescent metallomesogens,'? chem-
osensors,* and photoluminescence materials and devic-
es. Schiff base ligands having N and/or O donor atoms
may assemble coordination architectures in which the
Ln""ions can promote Schiff base condensation.® Meso-
morphisms (an anisotropic liquid) in Schift base ligands,
may be obtained by their careful design in which the mo-
lecular order is in between the crystalline and isotropic lig-
uid state.® By incorporating Ln'! ions into the mesogenic
Schiff base, one can obtain useful metallomesogens for the
design of emissive LCDs.

The mesogenic properties of the ligands may often
be influenced by the nature of coordinated metal ions.”?
A metallomesogen has the greater tendency to exhibit
intermolecular dative coordination in solid state.”® The
design of metallomesogens is rather difficult because of
their high coordination numbers incompatible with the
structural anisotropy, the basics for showing liquid crys-

talline behavior.” However, the columnar type of Ln'!

ion containing metallomesogens was first synthesized by
Piechocki et al.,'% in 1985 followed by the first calamitic
Ln'! jon containing metallomesogens by Galyametdinov
et al.,'! in 1991. Lanthanide(IIT) complexes with high co-
ordination number may be obtained by choice of nitrate
as the counter-ion because it can coordinate in a bi-den-
tate fashion. In continuation of our earlier work on metal-
lomesogens,'?"!” we now report here synthesis and spectral
studies of a mesogenic Schiff base (having terminal alkoxy
chain next to benzene ring) and of some homo dinuclear
Lo complexes.

2. Experimental

2. 1. Starting Materials

All the required reagents of analytical grade (AR)
were obtained from commercial sources and used with-
out further purification; 1-bromodecane, 2,4-dihydroxy-
benzaldehyde and 1,8-diamino-3,6-dioxaoctane are from
Sigma-Aldrich, USA; all the Ln(NO3); xH,O salts are
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from Indian Rare Earths Ltd. and KI and KHCO; are from
Merck. The organic solvents obtained from commercial
vendors were dried using standard methods.!®

2. 2. Synthesis

Experimental details given in Scheme 1 show syn-
thesis of N,N’-di-(4-decyloxysalicylidene)-1’8’-diami-
no-36’-dioxaoctane (H,L), 2, by a two-step process, alky-
lation of 2,4-dihydroxybenzaldehyde with 1-bromodecane
followed by condensation with 1,8-diamino-3,6-dioxaoc-
tane. The Ln'"! complexes, [Ln,(LH,);(NO;),](NO;), (Ln
= La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Ho), 3, were synthe-
sized by reacting the H,L and appropriate metal nitrate in
solution state at room temperature.

2. 2. 1. Preparation of 4-decyloxysalicylaldehyde, 1

Equimolar amounts of 2,4-dihydroxybenzaldehyde
(50 mmol, 6.91 g) and 1-bromodecane (50 mmol, 10.4 mL)
were mixed with 100 mL of dry acetone and added potas-
sium bicarbonate (55 mmol, 5.51 g). The reaction mixture
was refluxed for 30 h in the presence of KI (0.1-0.2 g) as
a catalyst. Insoluble solids were removed through hot fil-

OH

HO CHO + CyHyBr + KHCO3 Requx~30h

tration and subsequently, the filtrate was made neutral by
adding 6N hydrochloric acid little at a time and extract-
ed the product twice with 100 mL portions of CHCl;. A
straw-yellow solid was obtained upon concentration of the
chloroform extracts which was purified by column chro-
matography over SiO, by eluting first with n-hexane and
then with a mixture of n-hexane and chloroform (v/v, 1/1).
The product, 4-decyloxysalicylaldehyde (1) was obtained
in the form of a white solid upon evaporation of this puri-
fied extract; yield: 68% (9.47 g).

2. 2. 2. Synthesis of N,N’-di-(4-
decyloxysalicylidene)-1,8’-diamino-336’-
dioxaoctane (H,L), 2

A mixture of absolute ethanolic solutions of 4-de-
cyloxysalicylaldehyde, 1, (8.34 g, 30 mmol in 50 mL) and
1,8-diamino-3,6-dioxaoctane (2.22 g, 15 mmol in 15 mL)
was refluxing together for 1.5 h in the presence of a few drops
of glacial acetic acid. Yellow colored solid, 2, was obtained
after the resulting mixture left overnight which was filtered
off under suction, thoroughly washed with cold ethanol and
dried at room temperature. Yield: 74% (7.43 g), m.p.165 °C.
Anal. Calcd for C,0Hg,N,Oq (%): C, 71.82; H; 8.64; N, 4.19.

OH

Dry acetone, KI

(1)
+ KBr + H,0+ CO,

Ethanol / Acetic acid
-
Reflux,~1.5h

1 5
2H,0
H,L
(2)
THF
3 H;L + 2 Ln(NO3)3. xH,0 »  [Lny(LH3)3(NO3)4|(NO3); + xH,0

Stir & reflux, ~3 h.
3)
Where,
Ln =La, Pr, Nd, Sm, Eu, Gd, Tbh, Dy and Ho

Scheme 1. Reaction steps involved in the synthesis of 4-decyloxysalicylaldehyde, 1; N,N-di-(4-decyloxysalicylidene)-1,8 -diamino-3’6’-dioxaoctane
(H,L), 2, and Ln" complexes, 3.
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Found (%): C, 71.85; H, 9.65; N, 4.21. 'H NMR (300 MHz;
DMSO-dg; ] (Hz), ppm) (Figure S1) § = 0.85 (t, ] = 5.7, 3H,
~CH,), 1.73-1.26 (m, 16H, ~(CH,)s-), 3.51 (t, ] = 6.6, 2H,
-NCH,), 3.96 (t, ] = 6.3, 2H, -OCH,), 6.28 (d, ] = 11.4, 1H,
Ar-H), 6.33 (s, 1H, Ar-H), 7.19 (d, ] = 8.7, 1H, Ar-H), 8.32
(s, 1H, -N=CH), 13.80 (s, br, 1H, Ph-OH); 3C{'HINMR:
(75.45 MHz; DMSO-dg; ppm) (Figure S2) 6 = 165.39, 163.82,
162.36,132.45,111.70,105.56,101.40,67.27; FAB Mass (m/e,
fragment, % intensity): the molecular ion as base peak (668,
M*, 100) generates simultaneously four fragments, M;-M;
M;: 349, C,,H,,OC¢H;(OH)CH=NC,H,OCH,CH,", 28%;
M,: 321, C,,H,;OC4H;(OH)CH=NCH,CH,O0"%, 25%; M;:
305, C,oH,,OCxH;3(OH)CH=NCH,CH,*, 35%; M, (gener-
ated from M,): 164, (OH)C4H,(OH)CH=NCH,CH,", 25%;
IR (cm’!, KBr disk): 3458 (v-OH), 1628 (v—C=N), 1150
(v-Cp-0).

2. 2. 3. Synthesis of La''! Complex,
[Lny(LH,)3(NO3)4](NO3),, 3

Mixing of THF solutions of H,L (2.01 g, 3.0 mmol
in 30 mL) and of La(NO3); 6H,0 (0.87 g, 2.0 mmol in 20
mL) under magnetic stirring turned the resultant solution
cloudy after 15 min. A light yellow colored solid separat-
ed upon continuous stirring for 3 h at room temperature
was filtered off under suction, washed repeatedly with
cold methanol, and dried over fused CaCl, in a desiccator.
Yield: 65% (1.73 g) as yellow solid; m.p. 245 °C (decom-
pose); Anal. Calcd for La,Ci,0H 9N 1,034 (%): C, 54.25;
H, 7.28; N, 6.33; La, 10.46; Found (%): C, 54.30; H, 7.30; N,
6.37 and La, 10.51; 'H NMR (300 MHz; DMSO-dg; ] (Hz),
ppm) (Figure S3) § =0.88 (t, ] = 5.4, 3H, -CHj3), 1.71-1.29
(m, 16H, —(CH,)s-), 3.54 (t, ] = 6.3, 2H, -NCH,), 3.98 (t, ]
=6.3,2H,-0OCH,), 6.34 (d, ] = 6.6, 1H, Ar-H), 6.36 (s, 1H,
Ar-H), 7.22 (d, ] = 8.7, 1H, Ar-H), 8.36 (s, 1H, -N=CH),
9.27 (s, br, 1H, -N*H); PBC{'H}NMR: (75.45 MHz;
DMSO-dg; ppm) (Figure S4) & = 166.07, 162.61, 164.02,
132.75, 111.67, 105.64, 101.56, 67.35; IR (cm™!, KBr disk):
3046 (v-N"H), 1658 (v-C=N), 1124 (v-C,,-O).

All the other Ln™ complexes (Ln = Pr, Nd, Sm, Eu,
Gd, Tb, Dy, and Ho) were synthesized in an analogous way
by using the appropriate hydrated salt of Ln'! nitrate; the
physical properties and the analytical data of all the com-
plexes are given in Table 1 while the NMR data of the ligand
(H,L) and the La complex are presented as supplemen-
tary data. Infrared spectral data of the ligand and com-
plexes are given in Table 2; the data of two representative
complexes are given below: [Gd,(LH,);(NO3),](NO;),:
IR (cm™!, KBr disk): 3026 (v-N*H), 1654 (v—C=N), 1124
(v-Cpu=0);  [Hoy(LH,)3(NO3)4J(NO3),: IR (cm™, KBr
disk): 3038 (v-N"H), 1654 (v-C=N), 1124 (v-C,,-O).

2. 3. Physical Measurements

The Ln™ ions in the complexes were determined
complexometrically by titrating against the standard EDTA

solution using xylenol orange as a metal ion indicator. The
elemental contents (C, H and N) were analyzed on an
Exeter Analyzer, Model CE-440 CHN. Bruker Av III HD
(DRX) 300 MHz FT-NMR multinuclear spectrometer was
used to record the 'H and *C NMR spectra while Bruker
IFS66 FTIR spectrometer recorded IR spectra within the
4000-400 cm™! region using KBr pellets. Mass spectra were
recorded on JEOL SX-102 FAB mass spectrometer. UV-vis
spectra were recorded on Shimadzu spectrophotometer,
model Pharmaspec-UV 1700. The molar conductance of
the complexes was determined in 10~ M solutions on a
digital conductivity meter (Model alpha-06, ESICO In-
ternational) using a commercial conductivity ‘dip cell’ of
cell constant, 1.03. Magnetic susceptibility measurements
were made at room temperature on a Cahn-Faraday bal-
ance using Hg[Co(NCS),] as the calibrant. Mesophases
were identified by the optical textures using an Olympus
BX60 Polarizing Optical Microscope (POM) equipped
with a Linkam THMS600 hot stage and a Linkam TMS93
programmable temperature controller (heating and cool-
ing rates of 2 °C/min). Differential Scanning Calorimetry
(DSC) studies were made on a Mettler-Toledo DSC822e
module (scan rate 10 °C/min under a helium flow, alumi-
num cups). Fluorescence measurements were recorded at
room temperature in a mixed solvent of CHCl;/DMSO
solutions (3:1 v/v; 10~ mol L°%; A, 380 nm) on a Perkin
Elmer LS-45 luminescence spectrometer (10 nm slit width
on both excitation and emission).

3. Results and Discussion

3. 1. Properties of the Complexes

The analytical data on elemental analyses, general be-
havior and some important physical properties of the Ln!!
complexes are given in Table 1. The Ln' complexes syn-
thesized under the study are of the type [Ln,(LH,)3(NO3),]
(NO;), indicating 2:3 metal to ligand stoichiometry with
nitrate groups present both outside and within the coor-
dination sphere. The molar conductivity measurements
in 10 M DMEF solutions (110-125 Q™! cm? mol™') of the
Lo complexes imply 2:1 electrolytic behavior.!

3. 2. FAB-mass Spectral Study of H,L

The formation of the Schiff base ligand (H,L), in
addition to the IR and NMR spectral techniques to be
discussed later, was further confirmed by the FAB mass
spectrum. The molecular ion peak as well as base peak
that corresponds to the m/e value of 668, matches with
the molecular weight of the ligand (668.95) having the
molecular formula, C,HgN,0Oq The 100% intensity
of the molecular ion peak as the base peak is as expect-
ed for the molecule on the basis of its predominant aro-
matic character; the major fragment peaks (m/e = 349,
321, 305, 164) are due to C,,H,;OC¢H;(OH)CH=N-
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Table 1. General and analytical data of H,L and of Ln'"! metal complexes.

H,L/complex formula Colour, yield m.p. (°C) Found (Calcd.)% feg (van Vleck)
weight (empirical formula) C H N M value, B.M.
H,L, Yellow, 74% 165 71.85 9.65 4.21 - -
668.95 (CyoHg,N,0) (71.82)  (9.64)  (4.19)

[La,(LH,)5(NO;),](NO;), Light yellow, 65% 2454 54.30 7.30 6.37 10.51 Diamag.
2656.68 (La,Cya0H,0,N1,03¢) (5425)  (7.28)  (633)  (10.46)
[Pr,(LH,);(NO,),](NO,), Light yellow, 66% 2424 54.15 7.28 6.38 10.66 3.90
2660.69 (Pr,C150H19:N12036) (54.12)  (7.27)  (632)  (10.59) (3.40-3.60)
[Nd,(LH,);(NO5),](NO,), Light yellow, 72% 2384 54.10 7.28 6.28 10.90 3.94
2667.35 (Nd,C)20H,0,N1,056) (54.03)  (7.26)  (630)  (10.82) (3.50-3.60)
[Sm,(LH,);(NO,),](NO5), Light yellow, 69% 2404 53.82 7.26 6.30 11.30 1.87
2679.59(Sm,C150H )N 12036) (53.79)  (7.22)  (627) (11.22) (1.50-1.60)
[Eu,(LH,);(NO,),](NO5), Light yellow, 74% 2554 53.75 7.23 6.32 11.37 4.56
2682.80 (Eu,Cy0H 0,N1,056) (53.72)  (721)  (627) (11.33) (3.40-3.60)
[Gd,(LH,)5(NO5),](NO;), Light yellow, 70% 2584 53.49 7.23 6.29 11.71 10.84
2693.37(Gd,C50H,9:N15036) (5351)  (7.19)  (624)  (11.68) (7.80-8.00)
[Tb,(LH,)5(NO5),](NO,), Light yellow, 67% 2604 53.47 7.21 6.28 11.86 11.84
2696.72 (Tb,C150H;6oN 1,056 (53.45)  (7.18)  (623)  (11.79) (9.40-9.60)
[Dy,(LH,)5(NO;),](NO5), Light yellow, 70% 2574 53.35 7.20 6.27 12.09 12.47
2703.87 (Dy,C120H 95N 1,056) (53.30)  (7.16)  (622)  (12.02) (10.40-10.50)
[Ho,(LH,)5(NO5),](NO,), Light Yellow, 68% 2584 53.22 7.19 6.26 12.25 14.36
2608.73 (Ho,C)50H,6,N1,056) (5321)  (7.14)  (621)  (12.18) (10.30-10.50)

d = decomposition

C,H,0OCH,CH,*, C,;,H,,0C¢H;(OH)CH=NCH,CH,0",
C10H210C6H3(OH)CH=NCH2CH2+, and (OH)C6H3(OH)
CH=NCH,CH,* species respectively.

3. 3. IR Spectral Studies

The important infrared spectral data of H,L and its
Ln!" complexes are presented in Table 2.

The broad absorption, centered at 3458 cm™' and
characteristic of ¥(O-H)penolicx™” involving considerable
H-bonding, disappears in spectra of the complexes due to
shifting of the phenolic proton to the azomethine nitro-
gen, resulting in formation of the zwitterion. The weak/
medium intensity bands of the H,L centered at 1150 cm™!
are assigned to ¥(C-O)phenotic- The strong intensity band

1

Table 2. IR Spectral data* (cm™') of H,L and of Ln"! metal complexes

appearing at 1628 cm™!, which is assignable?! to v(C=N)
of azomethine, undergoes a hypsochromic shift in all the
complexes on account of zwitterion formation. Thus, the
complexation of the H,L to Ln'! results in migration of
phenolic protons onto the two uncoordinated imino ni-
trogen atoms, which then are intramolecularly hydrogen
bonded to metal-bound phenolate oxygen atoms to give
the zwitterionic structure, N*-H-.-O~. Such zwitterion-
ic behavior is in consistent with the study of Binnemans
et al.,*> who also reported similar observation for acyclic
Schiff base lanthanide complexes. The band frequencies
of v(C=N) shifting to higher wave numbers upon compl-
exation, also provide further evidence implying the pres-
ence of the C-N* and the non-involvement of nitrogen in
complex formation.?* Further, the present complexes are

H,L/Complexes v(0-H) v v(C=N) v(C-0) v(NO;)
phenol (N*H) phenolic A Ionic v, v, vy,

H,L 3458 b - 1628 s 1150 m - - - - -
[La,(LH,);(NO5),](NO,), - 3046w 1656 1124 1470 1386 1290 794 180
[Pr,(LH,);(NO,),](NO,), - 3042 1654 1118 1469 138 1294 794 175
[Nd,(LH,)5(NO5),](NO3), - 3040 1654 1126 1470 1380 1292 791 178
[Sm,(LH,);(NO,),](NO5), - 3042 1654 1124 1470 1382 1292 792 180
[Eu,(LH,);(NO,),](NO5), - 3030 1654 1124 1468 1381 1288 793 181
[Gd,(LH,)5(NO5),](NO3), - 3026 1654 1124 1467 1372 1290 791 177
[Tb,(LH,)5(NO5),](NO,), - 3036 1654 1122 1471 1378 1294 792 177
(Dy,(LH,);(NO5),](NO5), - 3028 1654 1126 1472 1378 1292 793 180
[Ho,(LH,)5(NO5),](NO3), - 3038 1654 1124 1470 1382 1290 794 180

* Spectra recorded as KBr pellets; b: broad; w: weak; s: sharp; m:medium
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characterized by a strong band at 1656-1654 cm™! due to
y(C=N) and a weak broad band at 3046-3026 cm™! due to
H-bonded N*-H.---O vibration of the protonated imine.?*
Thus, the above evidence supports for none involvement
of bonding between lanthanide and the imine nitrogen;
instead the ligand coordinates to the Ln'!' ions via the neg-
atively charged phenolic oxygen.

The Ln™ complexes also exhibit three additional
characteristic bands of the vibrational modes of the co-
ordinated nitrate groups (C,, symmetry) at 1472-1467,
1294-1288, and 794-791 cm™'.* Besides, the mono- and
bidentate chelating nitrates in the complexes may be dis-
tinguished on the basis of the profile and separation of
the modes associated with asymmetric nitrate vibrations.
Accordingly, a bidentate coordinated nitrate is indicated
by the magnitude of splitting (181-175 cm™) at high-
er energies.?*?® The non-coordinated nitrate present in
the ionization sphere is supported by additional bands at
1386-1372 cm™.

3.4.'H and *C NMR Spectral Studies

A comparison of 'H NMR spectral data of the ligand
with that of the La! complex shows the phenolic ~-OH
signal (8, 13.80) that appear in the ligand, disappears lat-
er upon complexation. Further, the 'H NMR spectral data
imply the shifting of phenolic protons to the two uncoordi-
nated imino nitrogen atoms, which give zwitterionic struc-
ture (=N*-H.-O") by intramolecularly hydrogen-bonding
to the metal-bound phenolate oxygen atoms; as such is
designated as LH,.2® Besides, the Lal! complex (8, 8.36)
shows a signal corresponding to the imine hydrogen, -
CH=N, that got broadened when compared with that of
the ligand (6, 8.32). Further, the Lall complex shows a new
signal, characteristic of -N*H resonance, at 9.27 § while
such a signal is absent in the ligand. The results are in ac-
cordance with similar observations made by Binnemans
et al.,” on metallomesogens, [Ln(LH);(NO3);], where LH

OH
) n
/N\/\O/\/U\/\N/)@\
H (_ HO o Gl

i

CroHa”

0/C1uH21

)
0 /
CroHai” H .
H )
©

Scheme 2. Depiction of migration of phenolic protons to imine ni-
trogens of the ligand, H,L, during the formation of zwitter ion.

= 4-alkoxy-N-alkyl-2-hydroxy benzaldimine. Thus, the
metal complex has its Schiff base ligand existing in a zwit-
terionic form, with the phenolic oxygen deprotonated and
the imine nitrogen protonated (Scheme 2), as supported
evidently by IR and NMR spectral data.

The BBC{'H} NMR spectral data show a significant
shift of the -NCH signal (J, 165.39 in case of H,L and §,
166.07 in the La'' complex) implying the two phenolate
oxygen atoms of H,L bonded to La! in the zwitterionic
form. The carbons directly attached to the phenolate group
showed similar shifts while those for the other carbon sig-
nals were of lower magnitude.

3. 5. Magnetic and Electronic Spectral Studies

The pg values (at room temperature) of all the Ln™!

complexes (Table 1) under the present study have been
found to be higher than the reported van Vleck values.
These abnormal p.g values, attributed to metal-metal in-
teractions, are in good agreement with similar complexes
reported in literatures.?8-3

The electronic spectra of only the Pr'™l, Nd™, Sm'!,
and Dy complexes (Table 3) were recorded in qualita-
tive solution state from 200 to 1100nm, in view of their
ability to show hypersensitive bands. The considerable red
shifts in the A, values of the above complexes compared
to those of the corresponding aqua ions,’! are attributed to

C: g £

2(N0§)
CroHy
i
@ n L
———— & NH O
6 g ‘ SN N/\VO\/\OA\/@ o
H
CyoHyye, -
- 101121 o] ’(g
\ ¢
© NOy

Figure 1. Proposed Polyhedron (Mono-capped Octahedron) for
[Lny(LH,)3(NO3),](NO3), : Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy and
Ho
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Table 3. Electronic spectral data of the selected metal complexes of H,L.

Pr(III) Nd(I1I)
Transitions/ Aoy (cm) A max Transitions/ Ay (cm) A nax
Bonding aq. ion (cm™) Bonding aq. ion (cm™)
parameters complex parameters complex
1G,«3H, 9900 9800 4F3 < ) 11,450 11,435
ID,*¢ 16850* 16,840 4Fs)p < 12,500 12,484
3p,< 20800 20,760 4835 4F, < 13,500 13,430
4Fop ¢ 14,800 14,694
2H,, ¢ 15,900 15,850
2Gp*¢ 17,400% 17,196
1G,y < 19,100 19,015
0.993 0.995
b2 0.059 0.050
%8 0.705 0.503
1 0.003 0.002
Sm(IIT) Dy(III)
SF,,,<%Hy, 9200 9174 SH,,,<SH;s), 9100 -
Fl12¢ 10,500 10,352 F,), <
G5/ ¢ 17,900 - SHj,, < 10,200 10,156
5p,,* < 26,750* 26,197 SF, < 11,000 10,952
‘D, 29,100 29,185 SF;/, < 12,400 12,392
4F, ¢ 25,800 25,828
0.991 0.998
b2 0.067 0.032
%6 0.908 0.200
1 0.004 0.001

" Hypersensitive band.

the Nephelauxetic effect,’? which is regarded as a measure
of covalency of the bonding between the metal ions and
the ligands. Various bonding parameters (Table 3), viz.,
Nephelauxetic ratio (), bonding parameter (b"/?), Sinha’s
parameter (%96), and covalency angular overlap parameter
(1), calculated by the procedures as reported,®® suggest a
weak covalent nature of the metal-ligand bonds.

Based on the above spectral evidences, the sev-
en-coordinate geometry, possibly in a distorted mo-
no-capped octahedron (Figure 1) may be proposed to all
the present complexes in which the mesogenic Schiff base,
N,N’-di-(4-decyloxysalicylidene)-1,8’-diamino-36’-diox-
aoctane (H,L), 2, coordinates to the Ln'" ions in a neutral
bidentate fashion.

3. 6 Optical and Thermal Studies

The DSC (recorded in the second heating and cooling
cycle with heating rate of 10°C/min) and POM (heating and
cooling rates of 2 °C/min) were employed to study liquid
crystalline (mesogenic) properties of the ligand and those of
the Ln'! complexes. The corresponding transition temper-
atures, enthalpy, and entropy changes are given in Table 4.

Table 4. Thermodynamic data (transition temp., enthalpy and en-
tropy changes).

Ligand  Transition® T? (°C) AHP AS
(k] mol!) (J mol! K1)
H,L Cr- SmX 91.84 10.62 29.11
SmX- SmA 116.96 10.52 26.98
SmA - N 131.93 16.52 40.80
N-1I 162.85 6.09 13.97
I-N 148.53 2.39 5.67
N - SmX 141.73 1.12 2.70
SmX - Cr 89.96 20.20 55.65

2 Cr: Crystal; SmX: Smectic-X; SmA: Smectic-A; N: Nematic; I-Iso-
tropic liquid ® Data as obtained from the DSC cycle

The POM study revealed optical textures of the
H,L (Figure 2) implying smectic-X (SmX), smectic-A
(SmA) and nematic (N) mesophases while none of the
Lo complexes reported here exhibited mesomorphism.
The non-mesomorphism in the Ln'! complexes may be
attributed to very high thermal energy required to melt
completely the alkoxy chains of the complexes. Under the

Shrestha and Shakya: Synthesis and Spectral Studies of Some Homo Dinuclear Lanthanide(III)

909



910

Acta Chim. Slov. 2021, 68, 904-912

Figure 2. Optical textures of Schiff base (H,L): (a) Smectic-X (SmX), (b) Smectic-A (SmA) and (c) Nematic (N)

given situation of high energy level, the layered structure
in the complexes breaks down prior to the alkoxy chains,
losing thereby the mesogenic properties of the materials.?”

3. 7. Luminescence Studies

The H,L shows fluorescence (Figure 3a) with an
emission band at 410 nm due to intra-ligand transition

80
70 4 (@
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40 -

Intensity

30 1
20 1
10 7

0 T T T T
350 375 400 425 450 475

Wavelength (nm)

350
(b)

300 *D4—7F5
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Figure 3. The fluorescence spectra of (a) H,L and (b) Tb™™ complex.

and the Tb™ complex (Figure 3b) with four typical met-
al-centered emission bands at 490 nm (°D, > “F;), 547 nm
(°Dy > 7Fs), 620 nm (°D, > 7F;), and 685 nm (°D, > “F))
respectively.3*

Under the same experimental conditions, the observed
fluorescence intensities of the Sm!™, Eu! and Dy™ complex-
es were observed to be weak (spectra not shown) and their
emission spectra also did not show any bands characteris-
tic of metal-centered emission. Thus, it may be inferred that
the H,L is likely to be a suitable organic chelator to absorb
energy and transfer the same to Tb'! ion, implying the well-
known intramolecular energy transfer mechanism exhibited
by lanthanide Schiff base complexes.?

4. Conclusion

The mesogenic (SmX, SmA and N) Schiff base,
N,N’-di-(4-decyloxysalicylidene)-1,8’-diamino-3’6’-diox-
aoctane (H,L), coordinates to Ln™ ions (Ln = La, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, and Ho) as a neutral bidentate spe-
cies to yield seven-coordinate non-mesogenic complexes
of the formula, [Ln,(LH,)3(NO;)4](NO3),, the polyhedron
being possibly distorted mono-capped octahedron. The
neutral bidentate H,L coordinates to Ln™ in a zwitterion-
ic form through two phenolate oxygen atoms along with
bonding of nitrato groups in similar bidentate fashion.
Luminescence of the H,L and Tb™! complex arises due to
intra-ligand and metal-centered emissions respectively.
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Povzetek

Sintetizirali smo mezogeno Schiffovo bazo, N,N’-di(4-deciloksisaliciliden)-1’8’-diamino-36’-dioksaoktan (H,L) in seri-
jo homo dvojedrnih lantanoidnih(IIT) kompleksov tipa [Ln,(LH,);(NO3)4](NO3),, (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
in Ho) ter jih okarakterizirali z elementno analizo, masno spektrometrijo, FTIR in NMR spektroskopijo. IR in NMR ana-
lizi nakazujeta vezavo nevtralne dvovezne H,L zvrsti preko dveh fenolatnih kisikovih atomov v zwitterionski obliki na
Ln', kar vodi do kompleksa s koordinacijskim tevilom sedem - verjetno popacen oktaeder s sedmim donorskim ligan-
dom nad stransko ploskvijo. DSC in polarizacijski opti¢ni mikroskop (POM) razkrijeta mezogene lastnosti (smekti¢na
X, smekti¢na A in nemati¢na mezofaze) liganda v $irokem temperaturnem obmodju, vendar nobenega mezomorfizma
pri Ln'" kompleksih, sintetiziranih pri tej $tudiji. Studij luminescence pokaze emisije pri H,L in Tb™ kompleksih.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License

Shrestha and Shakya: Synthesis and Spectral Studies of Some Homo Dinuclear Lanthanide(III)




DOI: 10.17344/acsi.2021.6891

creative
commons

Acta Chim. Slov. 2021, 68, 913-920

Scientific paper

Determination of Some Elements in Legumes
Using ICP-MS and EDXRF Methodology Applications

Lovro Sinkovié,>" Marijan Nec¢emer,? Barbara Pipan!
and Vladimir Megli¢!

! Crop Science Department, Agricultural Institute of Slovenia, Hacquetova ulica 17, SI-1000 Ljubljana, Slovenia
2 Department of Low and Medium Energy Physics, “JoZef Stefan” Institute, Jamova 39, SI-1000 Ljubljana, Slovenia

* Corresponding author: E-mail: lovro.sinkovic@kis.si
phone: +386 (0)1280 52 78

Received: 08-16-2021

Abstract

The current study involves two analytical research techniques, inductively coupled plasma-mass spectrometry (ICP-MS)
and energy dispersive X-ray fluorescence (EDXRF) spectroscopy, used to determine the elemental composition of differ-
ent legumes usually produced and consumed in Slovenia. Results indicate that data obtained using these methods are in
agreement with certified reference materials. In total, nineteen elements were determined from twenty legume samples.
An intercomparison between four macro- (P, S, K, Ca) and three microelements (Fe, Zn, Mo) measured using ICP-MS
and EDXRF methods showed a strong correlation. The EDXRF was found to be a cheaper, simpler and more environ-
mentally friendly method for determination of elements P, S, Cl, K, Ca, Fe, Zn, Mo, Sr, Rb, Ti and Br in legumes, while
for the identification and determination of Na, Mg, V, Cr, Mn, Co and Cu content ICP-MS was the method of choice due
to its excellent sensitivity and accuracy. Using principal component analysis (PCA), the samples of the studied legumes
were classified into four groups according to their elemental composition.

Keywords: EDXRF; elemental composition; ICP-MS; legumes.

1. Introduction

Legumes are of prime importance in human or ani-
mal nutrition with a great variety of plants.! These include
crops grown for grains (e.g. common bean, runner bean,
lupins, lentil, chickpea), fresh vegetables (e.g. snap bean,
green pea) and livestock forage (e.g. soybean, field pea).
Legumes play a distinct role in agricultural ecosystems
with their ability to fix nitrogen symbiotically.? Grains of
food legumes are an important source of elements such as
P, Ca, K, N, Fe, Mg and Zn, essential for a human well-be-
ing. Legume grains not only play a vital role in many tra-
ditional diets worldwide but are valuable for the food and
animal feed industries.> The common bean is the most
important grain legume for direct human consumption
which provides 10 - 20% of the adult requirements for nu-
trients, namely Fe, P, Mg, Mn, and to a lesser degree for
Zn, Cu and Ca.? Chickpea applies the third most impor-
tant grain legume for human consumption after beans and
peas.® According to the FAQ, in 2019 the total world pro-
duction was the highest for soybeans, followed by beans

(Phaseolus spp.), peas, chickpeas, lentils, faba beans and
lupins.®

The main objective in multi-elemental analysis of
foods is to ensure food quality and safety. Therefore, with
the increased crop production to meet the growing de-
mands, product quality becomes an important issue.” El-
emental fingerprinting has been proven effective way for
quality and authentication of foods.® Besides, it serves as
an important tool for plant breeding programmes and nu-
tritional biofortification purposes.®!%!! Around twenty of
the known elements are defined as essential since they act
as important phytochemicals and have a significant role in
the maintenance of human health. Essential elements are
classified into macroelements or major minerals, namely
Na, K, Mg, Ca, Cl, P and S, and microelements or trace
minerals such as Fe, Cu, Mn, Zn, Co and Mo.'? The levels
of these elements are measured to provide valuable nu-
tritional information about foods. Over the past decade,
with the development of advanced analytical techniques,
the element composition of various food samples can be
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successfully measured using inductively coupled plas-
ma-mass spectrometry (ICP-MS), energy dispersive X-ray
fluorescence (EDXRF) spectroscopy, among others.!* Al-
though ICP-MS is frequently the most accurate technique
for elemental analysis due to the simplicity, easily inter-
preted spectra and the exceptionally low limits of detec-
tion, on the other hand, requires expensive reagents, gases
and laborious sample preparation.® EDXRF spectroscopy
is a good alternative to ICP-based methods, in which sam-
ple digestions are needed since hardly any sample treat-
ment is required to carry out multi-elemental analysis
in solid samples. Despite huge progress made in EDXRF
instruments few works were published in the field of ele-
mental characterization of organic matrices such as plant
foods using this technique. Nevertheless, EDXREF is char-
acterized by detections limits at the low mg/kg level, which
are about three orders of magnitude higher than those ob-
tained by the ICP-MS method.'

Within the framework of the current studies at the
Agricultural Institute of Slovenia, the capabilities of two
analytical techniques, ICP-MS and EDXRF spectroscopy,
were compared through the determination of elements
in several legume samples. The present research aims to
provide data on elemental composition of legumes usually
produced and consumed in Slovenia which can be used
in the ongoing plant breeding programs (e.g. common
bean). The purpose of the study was: (i) to determine the
multi-elemental composition of different legumes; (ii) to
assess the appropriateness of two analytical methods ICP-
MS and EDXRF for element determination of different
legumes, thus (iii) evaluating the correlation between used
analytical methods.

Table 1. List of studied legume samples and their origin

2. Experimental
2. 1. Materials

A set of twenty homogenised plant samples consists
of several legume species as presented in Table 1. Analysed
samples were as follows: common bean grains (6 samples),
common bean pods (3 samples), lupin (3 samples), faba
bean (2 samples), lentil (2 samples), chickpea (1 sample),
soybean (1 sample), field pea (1 sample) and runner bean
(1 sample). Most of the analysed legumes were produced
at the experimental fields of Infrastructure Centre Jablje at
the Agricultural Institute of Slovenia (304 m a.s.1.; 46.151°N
14.562°E). Chickpea, brown and red lentil samples were
purchased from the Slovenian food retail market. The leg-
ume grain samples were air-dried after harvest to reduce
the moisture content, to levels below 11%. The common
bean pods were immediately after harvesting frozen us-
ing liquid nitrogen and lyophilized. Before determination
of elements, all legume samples were homogenised and
powdered using a laboratory ball mill (Retsch MM 400,
GmbH) at a high frequency of 30 Hz for 2-5 min.

2. 2. Determination of Elements Using
ICP-MS

Digestion of plant samples (decomposition of organic
matter). The powdered legume samples were digested us-
ing a high-pressure microwave oven (Milestone ETHOS
1600). Separate samples were weighed (250 mg) into PTFE
vessels and 6 mL of 65% nitric acid (HNO;, SUPRAPUR,
Merck) and 2 mL 30% hydrogen peroxide (H,0,, SU-
PRAPUR, Merck) was added. The digestion was conduct-

Sample name  Legume species  Latin name Variety/ Seed provider Sample
accession type
KIS_GL1 common bean Phaseolus vulgaris L. Ribné¢an Semenarna Ljubljana grains
KIS_GL2 common bean Phaseolus vulgaris L. SRGB204 Slovenian Plant Gene Bank grains
KIS_GL3 common bean Phaseolus vulgaris L. Zorin Semenarna Ljubljana grains
KIS_GL4 common bean Phaseolus vulgaris L. Ribn¢an Semenarna Ljubljana pods
KIS_GL5 common bean Phaseolus vulgaris L. SRGB204 Slovenian Plant Gene Bank pods
KIS_GL6 common bean Phaseolus vulgaris L. Zorin Semenarna Ljubljana pods
KIS_GL7 common bean Phaseolus vulgaris L. Etna Semenarna Ljubljana grains
KIS_GL8 common bean Phaseolus vulgaris L. Golden gate Semenarna Ljubljana grains
KIS_GL9 common bean Phaseolus vulgaris L. SRGB196 Slovenian Plant Gene Bank grains
KIS_GL10 white lupin Lupinus albus L. Energy Feldsaaten Freudenberger grains
KIS_GL11 faba bean Vicia faba L. var. minor Zoran Agricultural Institute of Slovenia ~ grains
KIS_GLI12 faba bean Vicia faba L. var. minor Merkur Semenarna Ljubljana grains
KIS_GL13 blue lupin Lupinus angustifolius L. Sonet Feldsaaten Freudenberger grains
KIS_GL14 yellow lupin Lupinus luteus L. Mister Feldsaaten Freudenberger grains
KIS_GL15 red lentil Lens culinaris Medik. rdeca leca food retail market grains
KIS_GL16 brown lentil Lens culinaris Medik. rjava leca food retail market grains
KIS_GL17 chickpea Cirer arietinum L. Cicerika food retail market grains
KIS_GL18 soybean Glycine max L. Merr. ES Mentor Saatbau Slovenia grains
KIS_GL19 field pea Pissum sativum L. Eso Semenarna Ljubljana grains
KIS_GL20 runner bean Phaseolus coccineus L. SRGB222 Slovenian Plant Gene Bank grains
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ed according to the following programme: step 1, 300 W,
5 min at 100 °C; step 2, 400 W, 5 min at 150 °C; step 3,
500 W, 5 min at 180 °C; step 4, 600 W, 7 min at 210 °C;
step 5, 550 W, 15 min at 210 °C; step 6, 0 W, 20 min cool-
ing.

Preparation of test solution. Digested samples were
cooled to room temperature and the solution was quan-
titatively transferred into 50 mL plastic tubes (Sarstedt,
USA) and filled up to full volume with Milli-Q water. Be-
fore analysis, the digested samples were diluted by a factor
of 20 and consisted of 1% HNO; (v/v).

Determination of elements by ICP-MS. For the deter-
mination of elements in samples, the Agilent 7900 ICP-MS
was used. This instrument includes a 4" generation col-
lision/reaction cell, the Octopole reaction System (ORS%)
which provides optimized operational conditions for the
removal of polyatomic interferences using helium (He)
collision mode. In this manner, smaller and faster analyte
ions are separated from larger, slower interference ions us-
ing kinetic energy discrimination. The following isotopes
were monitored: 2Na, 24Mg, 3!P, 345, 3K, #*Ca, 5V, 52Cr,
>5Mn, >®Fe, ¥Co, %3Cu, %6Zn and **Mo. Due to the high sen-
sitivity of the 7900 ICP-MS most elements of interest could
be measured in He mode, only phosphorus (P) and sul-
phur (S) were measured in the high helium (HEHe) mode.
The ICP-MS operating conditions were optimized using
autotuning functions within the ICP-MS MassHunter
software. Other instruments operating conditions were as
follows: general-purpose plasma mode; peri-pump sample
introduction; micro-mist nebuliser; nickel cones interface;
He gas flow was 5 mL/min in He mode and 10 mL/min in
HEHe mode; spectrum acquisition mode; one point peak
pattern; three replicates and 100 sweeps per replicate.

Calibration of the instrument. Quantitative analy-
sis was performed with the external calibration method.
Calibration standards for most of the elements were pre-
pared using IV-STOCK-50 standard solution containing:
1000 mg/L of Na, Mg, K, Ca and Fe and 10 mg/L of V, Cr,
Mn, Co, Cu, Zn and Mo (matrix 5% v/v HNO;, Inorganic
Ventures). Phosphorus (1000 mg/L P, matrix H,0, CGP1,
Inorganic Ventures) and sulphur (1000 mg/L S, matrix
H,0, CGS1, Inorganic Ventures) single standard solutions
were added separately to the mixture. A five-point cali-
bration from 0.05 pg/L to 50 ug/L was carried out for the
elements V, Cr, Mn, Co, Cu, Zn and Mo, and from 5 pg/L
to 5000 pg/L for the elements Na, Mg, S, P, K and Fe. Only
for Ca a six-point calibration was used between 5 pg/L and
10000 pg/L due to the higher concentrations expected in
plant samples. Final multi-element calibration solutions
were prepared daily and contained 1% HNO; (v/v). The
internal standards used to compensate for sensitivity drift
and matrix effects during the analytical run were Sc, Rh, In
and Lu (Agilent PN 5188-6525). They were added online
in a concentration of 200 pg/L (in 1% v/v HNO3).

Quality control. For quality control analytical blanks,
independent QC standards and standard reference mate-

rial (SRM) were used. In each test series, a blank sample
containing only acids was included. The QC standards
were prepared in the concentrations of 2 ug/L, 20 ug/L and
2000 pg/L over the analytical range from ICP-MS mul-
ti-standard solution VIII (MERCK, Certipur, PN 1.09492)
and ICP-MS multi-standard solution XVI (MERCK, Cer-
tipur, PN 1.09487) and were analysed in the beginning, in
the middle and at the end of each analysis run. Finally, a
National Institute of Standards and Technology (NIST)
Standard Reference Material (SRM) Tomato Leaves
(1573a) was used to check the accuracy of the analytical
procedures and recovery. Analytical data was processed
using the ICP-MS MassHunter Workstation Software
(Rev. C.01.02, G7201C, Agilent technologies, 2015). The
software calculates the correlation coefficient of the cali-
bration curve (R), the limit of detection (LOD) and the
background equivalent concentration (BEC) for each el-
ement. Data along with the accuracy (as % recovery) is
shown in Table 2 and accuracy data using NIST SRM To-
mato Leaves (1573a) in Table 3. The data are expressed as
macro- (g/kg) or microelements (mg/kg).

Table 2. ICP-MS calibration coefficients, method detection limits
and background equivalent concentration data

Element R? LOD BEC Recovery
(mg/kg) (mg/kg) (%)
23Na 1.0000 1.07 6.63 82.5
24Mg 1.0000 0.53 0.74 84.9
3lp 1.0000 10.8 8.2 92.7
348 1.0000 223 3360 95.7
3K 1.0000 6.8 318.0 91.4
43Ca 1.0000 48 125 89.9
sy 1.0000 0.0001 0.0041 71.8
52Cr 1.0000 0.085 0.342 86.6
5>Mn 1.0000 0.038 0.093 90.9
56Fe 1.0000 0.021 3.522 86.3
Co 1.0000 0.003 0.035 85.8
63Cu 1.0000 0.041 0.160 98.5
667 n 1.0000 0.254 0.759 89.7
%Mo 1.0000 0.010 0.217 73.3

R, calibration coefficient; LOD, method detection limit; BEC, back-
ground equivalent concentration.

2. 3. Determination of Elements Using
EDXRF

Identification of twelve elements (P, S, Cl, K, Ca, Ti,
Fe, Zn, Br, Rb, Sr, Mo) in a single measurement was car-
ried out using non-destructive EDXRF spectrometry. Pel-
lets prepared from 0.5 g to 1.0 g of powdered legume sam-
ples were set using a pellet die and a hydraulic press. The
disc radioisotope excitation sources Fe-55 (25 mCi) and
Cd-109 (20 mCi) from Eckert & Ziegler (Germany) was
used for fluorescence excitation. The emitted fluorescence

Sinkovi¢ et al.: Determination of Some Elements in Legumes ...

915



916

Acta Chim. Slov. 2021, 68, 913-920

radiation was measured using the EDXRF spectrometer
with an XR-100 SDD detector (Amptek), a PX5 digital
pulse processor (Amptek), and a PC-based, multichannel
analyser software package DPPMCA. In Fe-55 mode, the
spectrometer was equipped with a vacuum chamber to
measure the three light elements (P, S, Cl), and in Cd-109
mode, the multi-element measurement was performed in
the air for the nine elements K, Ca, Ti, Fe, Zn, Br, Rb, Sr
and Mo. The energy resolution setting of the spectrom-
eter was 125eV at 5.9keV. The analysis of complex X-ray
spectra was performed using the AXIL spectral analysis
program.'> The evaluated uncertainty of this procedure
included the statistical uncertainty of measured intensities
and the uncertainty of the mathematical fitting procedure.
The overall uncertainty of spectral measurement and anal-
ysis was in most cases better than 1%.

Quantification was performed using the QAES
(Quantitative Analysis of Environmental Samples) soft-
ware.!¢ The estimated uncertainty of the analysis was
around 5% to 10%, LOD for Zn was from 5 pg/g to 10 ug/g.
A high total estimated uncertainty is mainly due to con-
tributions of matrix correction and geometry calibration
procedures, which include errors of tabulated fundamen-
tal parameters, and also contributions of spectrum acqui-
sition and analysis. The uncertainty due to the inhomoge-
neity of the sample was not included. Accuracy of the data

Table 3. Accuracy of the data using the National Institute of Stand-
ards and Technology (NIST) Standard Reference Material (SRM)
Tomato Leaves (1573a)

Element NIST SRM Tomato Leaves (1573a)
EDXRF ICP-MS Certified
results results values
g/kg

K 27.80 £ 0.28 24.47 £0.04 26.76 £ 0.48

P 1.930 £ 0.023 2.004 £0.001 2.161 £0.028

S 8.82 £0.90 9.19+0.18 9.60*

Ca 50.10 £ 0.49 45.37 £ 0.07 50.45 £ 0.55

Mg / 10.18 £0.01 12.00*

Cl 6.50 £ 0.65 / 6.60*

mg/kg

Fe 353.0+£3.6 317315 367.5+4.3

Mn 246.1 £ 2.8 223.8 £0.6 2463+ 7.1

Zn 29.10 £ 3.01 27.75 £0.27 30.94 £ 0.55

Na / 112.3£0.2 136.1 £3.7

Cu / 4.63 £0.02 4.70+£0.14

Rb 15.90 £ 0.21 / 14.83 £ 0.31

Br 12.70 £ 1.30 / 13.00*

Sr 83+9 / 85*

Mo / 0.34+0.1 0.46*

Cr / 1.721 £0.011 1.988 £ 0.034

Co / 0.4952 £ 0.0001 0.5773 £0.0071

\% / 0.599 £ 0.005 0.835 £ 0.034

*noncertified values

using the 1573a (Tomato Leaves) is presented in Table 3.
The quantified twelve elements were expressed as macro-
(g/kg) or microelements (mg/kg).

2. 4. Statistical Evaluation

Statistical calculations and multivariate analysis were
carried out using the XLSTAT software package (Addin-
soft, New York, USA). The multivariate analysis involved
principal component analysis (PCA).

3. Results and Discussion

A common characteristic of both analytical tech-
niques applied ICP-MS and EDXREF is their multi-element
capability. Preparation of legume samples was simple and
non-destructive in the case of EDXRE, while, ICP-MS re-
quired skilled personnel and decomposition of samples.
ICP-MS was a more sensitive method in this study with
LOD:s in the range of ng/g. Results of the LOD, BEC and
accuracy of multi-elemental determination performed by
ICP-MS with certified reference material (NIST SRM Toma-
to Leaves 1573a) are presented in Tables 2 & 3. The sensitiv-
ity of EDXRF according to estimated uncertainty was from
5% to 10% and LODs for the analysed elements in the range
from a hundred to a few ug/g. This means that LODs of
ICP-MS were approximately two orders of magnitude lower
compared to EDXRE The determination of element Cl by
ICP-MS was impossible since it forms negative ions, while
EDXRF enables its determination as an essential element
(dietary mineral) being one of the main electrolytes in the
body. On the other hand, ICP-MS enables the determination
of elements Na, Mg, Mn and Cu which are according to the
European Food Safety Authority (EFSA) essential required
substances as nutrients necessary by the body to perform a
variety of functions. Considering the cost per sample, EDX-
RF was cheaper, simpler and more environmentally friendly
when compared to ICP-MS and much more suitable for de-
termination of P, S, Cl, K, Ca, Fe, Zn, Mo, Sr, Rb, Ti and Br in
legume samples. However, for determination of Na, Mg, V,
Cr, Mn, Co and Cu content ICP-MS was a method of choice
due to its excellent sensitivity and accuracy.

The macroelement composition of twenty legume
samples determined by ICP-MS and/or EDXRF is present-
ed in Table 4 and the microelement composition in Table 5.
A total of nineteen elements were determined and divided
into six macro- (Mg, P, S, K, Cl, Ca) and thirteen microe-
lements (Mn, Fe, Cu, Na, Cr, Co, Zn, V, Rb, Ti, Br, Sr, Mo).
The results of macroelements are expressed as g/kg (Table 4)
and those of microelements as mg/kg (Table 5). Based on
the average values the order is K> P > S > Ca > Mg > Cl of
for the macro- and Fe > Mn > Zn > Na > Cu > Rb > Br > Ti
> Sr > Mo > Cr > Co >V for the microelements in analysed
legume samples. The ranges of individual macroelements
in the analysed legumes were as follows: K (7.5-22.6 g/kg),
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P (2.7-7.5 g/kg), S (0.9-4.7 g/kg), Ca (0.2-5.0 g/kg), Mg
(0.8-2.9 g/kg), and Cl (0.1-51.0 g/kg). The highest coeffi-
cient of variation was calculated for the Ca (66.49%), fol-
lowed by Cl (58.30%) and S (38.40%). Among different leg-
ume species, the highest concentrations of K was found in
common bean pods (snap beans) and soybean grains and
the lowest for lentil. The P concentration was the highest
for faba bean and the lowest for chickpea. The lupins and
soybean contained the most S, and common bean pods the
most Ca. When compared with other legumes, lentil had
the lowest concentration of Ca and Mg. The ranges of es-
sential microelements in the analysed legumes were the fol-
lowing: Fe (37.2-126.0 mg/kg), Mn (8.3-487.7 mg/kg), Zn
(17.5-64.6 mg/kg), Na (1.7-91.8 mg/kg), Cu (4.9-16.3 mg/
kg), and Mo (0.2-8.5 mg/kg). Among determined microe-
lements the highest coefficients of variation were calculated
for the Mn, Cr and Na (> 102.12%) while the lowest for Cu,
Zn and Fe (< 38.72%). The highest concentration of Fe was
found for soybean and the lowest for field peas. All three
lupin samples (white, blue and yellow) were the richest
source of microelement Mn compared to other legumes.
The Na concentration was the highest for common bean
pods and lupins. These elemental compositions are consist-
ent with literature data for common bean grains!”!8 and
pods,!*20 lupin,2?2 faba bean,?>?? lentil,>*4%> chickpea,>®
soybean,?! field pea? and runner bean.2?7

The EFSA set dietary reference values for the fol-
lowing fourteen essential elements Ca, Cl, Cu, E I, Fe, Mg,
Mn, Mo, P, K, Se, Na and Zn. Using laboratorial developed

ICP-MS multi-element method for plant samples ten (Ca,
Cu, Fe, Mg, Mn, Mo, P, K, Na, Zn) of these fourteen ele-
ments were determined. The three elements, namely Cl, F
and I, belong to halogen elements and for these due to the
presence of interferences formed in the Ar plasma oper-
ating under conventional conditions or due to the matrix
effects, their determination by ICP-MS is still considered
a challenging task. Despite quadrupole ICP-MS is by far
the most used instrumentation for multi-element determi-
nation, there are some drawbacks particularly associated
with its application for halogen determination.?® Further-
more, the Se is another element which determination by
ICP-MS remains particularly difficult. For Se analyses,
conventional quadrupole ICP-MS operation suffers from
inadequate sensitivity due to the high ionization potential
of Se in the plasma as well as isobaric and polyatomic in-
terferences. Selenium has six stable isotopes (7*Se 0.87%,
76Se 9.02%, 7’Se 0.58%, 78Se 23.52%, 0Se 49.82%, 82Se
9.19%), which adds complexity to the analysis.?’ When
using the EDXRF multi-element method seven (Ca, Cl,
Fe, Mo, P, K, Zn) of fourteen above mentioned elements
was determined. However, EDXRF is a non-destructive
and simultaneous method with simple sample preparation
steps.®? After the sample preparation procedure, the EDX-
RF analysis presented high analytical frequency and most
equipment counts on an automatic sample holder.3!

Out of a total of nineteen elements determined us-
ing ICP-MS and EDXRE, the following seven P, S, K, Ca,
Fe, Zn and Mo were determined by both methods. The

Table 4. Macroelement composition of 20 legume samples determined by ICP-MS and EDXRF

Sample Legume Macroelements (g/kg)
name species K P S Ca Mg Cl
ICP-MS ED XRF ICP-MS ED XRF ICP-MS ED XRF ICP-MS ED XRF ICP-MS ED XRF

KIS_GL1 CB (grains) 13.9 12.8 4.8 5.0 2.1 1.9 1.0 0.8 1.4 0.2
KIS_GL2  CB (grains) 19.1 17.3 5.9 5.9 2.3 1.9 1.2 1.0 1.6 0.3
KIS_GL3 CB (grains) 14.4 13.1 5.0 4.6 2.2 1.4 0.9 0.9 1.5 0.1
KIS_GL4 CB (pods) 17.1 18.3 3.1 35 1.4 1.2 2.5 2.2 1.7 0.7
KIS_GL5 CB (pods) 18.5 18.7 3.1 3.9 1.7 1.5 4.1 3.3 2.0 0.6
KIS_GL6 CB (pods) 20.9 22.6 3.7 4.7 1.5 1.8 5.0 3.7 2.1 1.0
KIS_GL7 CB (grains) 13.5 13.4 4.2 4.5 2.0 1.5 1.3 1.1 1.5 0.1
KIS_GLS8 CB (grains) 16.3 15.4 5.9 5.8 2.4 2.1 1.2 1.1 1.7 0.3
KIS_GL9 CB (grains) 17.8 15.9 5.9 5.6 2.2 1.7 0.8 0.9 1.7 0.1
KIS_GL10  white lupin 15.3 11.9 53 6.2 2.4 2.5 3.0 1.8 1.7 0.1
KIS_GL11 faba bean 12.5 11.4 6.5 6.5 1.5 0.9 1.1 0.9 1.4 0.6
KIS_GL12 faba bean 12.7 12.9 6.2 6.5 1.6 1.1 1.0 1.0 1.4 0.5
KIS_GL13 blue lupin 11.1 10.4 4.9 4.9 2.2 2.0 2.2 2.1 1.8 0.2
KIS_GL14 vyellow lupin 12.1 11.6 7.5 7.0 4.7 4.6 1.9 1.6 2.9 0.6
KIS_GL15 red lentil 9.2 9.1 3.7 3.5 1.8 1.5 0.2 0.2 0.8 0.5
KIS_GL16 brown lentil 7.8 7.5 3.1 3.1 1.6 1.2 0.8 0.8 0.8 0.7
KIS_GL17 chickpea 10.1 9.4 2.9 2.7 2.1 1.4 1.3 1.1 1.3 0.6
KIS_GL18 soybean 18.2 17.1 55 4.9 3.0 2.5 1.8 1.6 2.4 0.1
KIS_GL19 field pea 9.1 8.8 3.7 3.6 1.6 1.3 0.9 0.8 1.3 0.5
KIS_GL20 runner bean 17.8 16.3 4.6 5.1 2.0 2.3 1.1 1.2 1.8 0.5
Correlation 0.96 0.94 0.94 0.98 n.a. n.a.
Coefhicient of variation (%) 26.85 25.54 38.40 66.49 29.27 58.30

CB, common bean; n.a., not applicable.
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Table 5. Microelement composition of 20 legume samples determined by ICP-MS and EDXRF

Sample Legume
name species Fe Mn Zn
ICP- ED ICP- ICP- ED

Microelements (mg/kg)
Na Cu Rb Br Ti Sr Mo Cr Co v
ICP- ICP- ED ED ED ED ICP- ED ICP- ICP- ICP-

MS XRF MS MS XRF MS MS XRF XRF XRF XRF MS XRF MS MS MS

KIS_GL1  CB (grains) 64.6 69.2 120 281 266 6.1 87 59 13 16 09 06 09 02 0.03 0.003
KIS_GL2  CB (grains) 69.9 79.0 124 279 267 33 95 37 12 22 09 32 19 0.1 0.04 0.000
KIS_GL3  CB (grains) 57.7 916 11.0 289 223 24 59 90 17 35 11 09 09 03 0.03 0.004
KIS_GL4 CB (pods) 540 658 136 215 175 672 71 62 69 35 30 04 1.1 0.1 0.03 0.026
KIS_GL5 CB (pods) 442 76.6 147 220 239 535 58 39 29 44 41 02 13 0.1 0.02 0.002
KIS_GL6  CB (pods) 50.6 68.0 167 242 254 918 49 82 139 33 48 04 18 02 0.02 0.014
KIS_GL7  CB (grains) 773 840 136 268 251 30 83 24 15 30 46 58 45 02 0.04 0.045
KIS_GL8  CB (grains) 58.7 760 119 276 271 383 58 78 18 24 31 85 66 02 0.15 0.019
KIS_GL9  CB (grains) 56.9 84.7 94 203 194 17 52 67 16 38 08 47 35 02 0.05 0.008
KIS_GL10 white lupin 372 57,5 4877 424 486 588 80 233 20 20 20 22 16 0.1 0.09 0.008
KIS_GL11 fababean 433 747 164 491 431 90 163 56 13 20 09 09 1.1 02 020 0.005
KIS_GL12 fababean 469 849 168 446 430 100 163 34 15 21 18 1.0 09 02 0.16 0.007
KIS_GL13 blue lupin 439 583 795 349 331 586 61 89 35 24 57 17 14 1.7 0.04 0.031
KIS_GL14 vyellowlupin 649 956 829 633 646 783 107 33 21 41 22 14 11 29 0.07 0.022
KIS_GL15 red lentil 659 87.6 136 330 330 107 9.1 41 38 27 18 53 44 0.1 0.03 0.008
KIS_GL16 brownlentil 473 70.8 9.6 196 221 69 81 31 13 28 1.8 05 09 02 0.04 0.006
KIS_GL17 chickpea 555 71.1 258 286 260 338 80 67 108 06 55 27 17 1.0 0.12 0.027
KIS_GL18 soybean 86.0 1260 227 368 359 103 134 76 66 37 20 07 20 27 013 0.034
KIS_GL19 field pea 468 79.3 8.3 263 243 162 73 49 16 11 18 06 1.0 02 0.03 0.027
KIS_GL20 runnerbean 52.7 77.6 126 230 208 18 54 34 26 10 26 24 19 03 0.04 0.013
Correlation 0.72 n.a. 0.97 n.a. n.a. na. na.  na na 0.95 na. na. na

Coefficient of variation (%)  25.96 232.72 35.83 102.12 38.72 68.38 97.13 39.7959.72  89.18 146.1077.30 79.13

CB, common bean; n.a., not applicable.
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Fig. 1. PCA score plot (left) and discriminant loadings plot (right)

correlations between these two methods for the macroe-
lements P, S, K and Ca are presented in Table 4 and for the
microelements Fe, Zn and Mo in Table 5. A very strong
correlations were detected for the elements Ca (0.98), Zn
(0.97), K (0.96), Mo (0.95), P and S (0.94), while strong
correlation was observed for Fe (0.72). For the elements K,

6 -1 -075 -05 -025 0 025 05 075 1
F1(22.32 %)

S, Ca and Zn brought to evidence a tendency that EDXRF
values were lower, when compared with ICP-MS values.
Phosphorus values were comparable between methods
while Fe EDXRF values were higher compared to ICP-MS
values. These discrepancies can be due to the inhomoge-
neity of the samples.
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Statistical evaluation of results was performed on the
dataset using PCA to identify the elements responsible for
differentiating legume samples. The discrimination score
plot and loadings across the original dataset are shown in
Fig. 1. When the PCA was applied to the data (20 samples,
19 variables), discriminant functions were obtained where
Function 1 explained 22.31% and Function 2 21.90% of
the total variance. According to the multi-elemental com-
position, the analysed legumes can be divided into four
groups as seen in Fig. 1. The first group included samples
of common bean pods and chickpea with the most influ-
ential elements Ca, Na, Sr and Cl. Second group involved
soybean and lupin samples, where the most influential el-
ements were Na, Mg, S, Zn and P. The third group consist-
ed of runner bean, field pea and lentil samples with most
influential elements Mg, S, Zn and P. Finally, the faba bean
and common bean grain samples formed the fourth group
with most influential elements Mo, Cu and Co.

4. Conclusion

There is a need for reliable legumes element con-
centration data to provide information about nutritional
uptake, especially for essential macro- and microelements.
Besides, the multi-elemental composition, it provides im-
portant information for the plant breeding programmes
and can potentially serve as a base for nutrient bioforti-
fication purposes (e.g. Fe, Zn). This paper provides some
interesting comparisons between two different techniques
(ICP-MS, EDXRF) in the determination of the multi-el-
emental composition of different legumes. An intercom-
parison of seven elements (P, S, K, Ca, Fe, Zn and Mo)
showed satisfactory agreement between both methods.
The simple, fast and cheaper EDXRF method when com-
bined with ICP-MS, was found the most appropriate tech-
nique for determination of Na, Mg, V, Cr, Mn, Co and Cu,
and used to provide the first evaluation of multi-elemental
composition to differentiate between several legume sam-
ples usually produced and consumed in Slovenia. Despite
these encouraging data, there remain some limitations and
further research base on a larger dataset of legume species
will be important in establishing more reliable databases in
elemental composition.
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Abstract

Three new zinc complexes [Zn;L,(u,-7'5'-CH3COO0),(u,-7%1°-CH3CO0),] (1), [ZnCl,(HL)] (2) and [ZnBr,(HL)] (3),
where L = 5-bromo-2-(((2-isopropylamino)ethyl)imino)methyl)phenolate, HL = 5-bromo-2-(((2-isopropylammonio)
ethyl)imino)methyl)phenolate, have been synthesized under microwave irradiation. The complexes were characterized
by elemental analyses, IR, UV-Vis spectra, molar conductivity, and single crystal X-ray diffraction. X-ray analysis re-
vealed that the Zn atoms in complex 1 are in square pyramidal and octahedral coordination, and those in complexes
2 and 3 are in tetrahedral coordination. The molecules of the complexes are linked through hydrogen bonds and -7t
interactions. In order to evaluate the biological activity of the complexes, in vitro antibacterial against Staphylococcus
aureus, Bacillus subtilis, Escherichia coli and Pseudomonas aeruginosa was assayed.

Keywords: Schiff base; zinc complex; X-ray diffraction; antibacterial activity

1. Introduction

In the past few years, microwave-assisted prepara-
tion has attracted enormous interest in the fields of coordi-
nation chemistry and inorganic synthesis.! Microwave ir-
radiation can accelerate many chemical reactions. This
method of synthesis has also advantages in providing a
clean, cheap and easy handling heating way, which achieves
higher yields with less reaction time.? Penicillins and ceph-
alosporins disrupt the formation of the bacterial cell wall,
but many bacteria strains have developed resistance to
them.? Thus, to explore new antibacterial drugs is a hot
topic in chemical and biological areas.* Schiff bases have
been known for a long time for their interesting biological
activities and coordination capability for metal ions.®
When bioorganic molecules or drugs are bound to metal
ions, there is drastic change in their biomimetic proper-
ties, therapeutic effects and pharmacological properties.
Zinc complexes are found to be antitumor active, catalytic
active, antimicrobial and cytotoxic.® In this study, the syn-
thesis, characterization and antibacterial properties of
three new zinc complexes [Zn;L,(u,-11:7'-CH3CO0), (145~

7*n°-CH;COO0),] (1), [ZnCl(HL)] (2) and [ZnBr,(HL)]
(3), where L = 5-bromo-2-(((2-isopropylamino)ethyl)imi-
no)methyl)phenolate, HL = 5-bromo-2-(((2-isopropylam-
monio)ethyl)imino)methyl)phenolate, are presented.

2. Experimental
2. 1. Materials and Physical Methods

All the starting materials and solvents used in the
present investigation were of analytical grade and used
without further purification. 4-Bromosalicylaldehyde and
N-isopropylethane-1,2-diamine were purchased from
TCI. WX-4000 microwave digestion system was used in
microwave synthesis. Elemental analyses were performed
on a Perkin-Elmer 2400 Elemental Analyzer. IR spectra
were recorded as KBr pellets on a Bio-Rad FTS 135 spec-
trophotometer in the range of 4000-400 cm™. Electronic
spectra were recorded on a Lambda 35 spectrometer. Con-
ductivities of 103 M solutions in acetonitrile were mea-
sured on a DDS-11A conductivity meter. Single crystal
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X-ray diffraction was carried out with a Bruker Smart 1000
CCD diftractometer.

2. 2. Synthesis of Complex 1

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol), N-isopro-
pylethane-1,2-diamine (0.10 g, 1.0 mmol), zinc acetate dihy-
drate (0.22 g, 1.0 mmol) and methanol (20 mL) were placed
in a 30-mL Teflon-lined autoclave, which was then inserted
into the cavity of a microwave reactor. The reaction mixture
was maintained at 350 K and 200 W for 10 min. Then natu-
ral cooling was followed for about 1 h. The resulting solution
was then filtered and allowed to evaporate slowly at room
temperature for 5 days. The diffraction quality colorless sin-
gle crystals were collected by filtration and washed with
methanol. The yield was 0.22 g (66%). Anal. Calcd. for C;,H-
uBENLO,0Zn;5 (%): C, 38.41; H, 4.43; N, 5.60. Found (%): C,
38.27;H,4.52; N, 5.71. IR data (KBr, cm™): 3093, 1648, 1581,
1523, 1459, 1431, 1401, 1370, 1318, 1292, 1252, 1230, 1188,
1161, 1133, 1075, 1061, 956, 926, 911, 868, 788, 775, 670,
615, 545, 470. UV-Vis data in methanol [A,, (nm), €
(L-mol™! - cm™)]: 239, 15370; 273, 9260; 340, 4535.

2. 3. Synthesis of Complex 2

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol), N-iso-
propylethane-1,2-diamine (0.10 g, 1.0 mmol), zinc chloride
(0.14 g, 1.0 mmol) and methanol (20 mL) were placed in a

Table 1. Crystallographic data for the complexes

30-mL Teflon-lined autoclave, which was then inserted into
the cavity of a microwave reactor. The reaction mixture was
maintained at 350 K and 200 W for 10 min. Then natural
cooling was followed for about 1 h. The resulting solution
was then filtered and allowed to evaporate slowly at room
temperature for 8 days. The diffraction quality colorless sin-
gle crystals were collected by filtration and washed with
methanol. The yield was 0.26 g (62%). Anal. Calcd. for
C,,H,,BrCLN,0Zn (%): C, 34.20; H, 4.07; N, 6.65. Found
(%): C, 34.33; H, 4.15; N, 6.56. IR data (KBr, cm™): 3105,
1634, 1585, 1576, 1525, 1468, 1447, 1401, 1344, 1282, 1237,
1182, 1158, 1131, 1071, 1039, 960, 913, 847, 785, 608, 583,
532, 465. UV-Vis data in methanol [\, (nm), & (L-mol™!-
cm™)]: 227, 16250; 246, 171005 273, 9250; 365, 4520.

2. 4. Synthesis of Complex 3

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol), N-iso-
propylethane-1,2-diamine (0.10 g, 1.0 mmol), zinc bro-
mide (0.23 g, 1.0 mmol) and methanol (20 mL) were
placed in a 30-mL Teflon-lined autoclave, which was then
inserted into the cavity of a microwave reactor. The reac-
tion mixture was maintained at 350 K and 200 W for 10
min. Then natural cooling was followed for about 1 h. The
resulting solution was then filtered and allowed to evapo-
rate slowly at room temperature for 6 days. The diffraction
quality colorless single crystals were collected by filtration
and washed with methanol. The yield was 0.26 g (62%).

Complex 1 2 3
Formula C3,HyyBr,N,O¢Zn; C,H,;BrCL,N,0Zn C,H;7Br;N,OZn
Formula weight 1000.64 421.46 510.38
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1 P2y/n P2y/n
a(A) 8.6285(12) 6.2574(16) 6.3937(8)
b (A) 11.3804(13) 11.6604(17) 11.9598(12)
¢ (A) 19.8737(15) 22.1717(19) 21.9993(13)
a ) 86.433(1) 90 90

B () 89.601(1) 94.109(1) 95.186(1)
y ) 84.145(1) 90 90
V(A% 1937.6(4) 1613.6(5) 1675.3(3)
A (A) 0.71073 0.71073 0.71073
Pealed (g cm™3) 1.715 1.735 2.023

VA 2 4 4

u (mm-?) 3.962 4322 8.614

0 ranges (°) 1.80-25.50 1.84-25.50 1.86-25.50
Reflections collected 10470 8194 8790
Independent reflections 7180 2999 3120
Observed reflections

(I>20(D)) 4961 2398 2409
Restraints 26 0 0
Parameters 515 173 174
Goodness-of-fit on F? 1.022 1.167 1.040

Final R indices [I = 20(I)]
Rindices (all data)

0.0405, 0.0824
0.0731, 0.0929

0.0684, 0.1780
0.0813, 0.1828

0.0332, 0.0724
0.0513, 0.0781
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Anal. Calcd. for C;,H;,Br;N,0Zn (%): C, 28.24; H, 3.36;
N, 5.49. Found (%): C, 28.33; H, 3.29; N, 5.61. IR data
(KBr, cm™): 3096, 1633, 1585, 1575, 1521, 1466, 1446,
1401, 1344, 1280, 1238, 1182, 1152, 1131, 1070, 1037, 958,
913, 847, 785, 608, 581, 532, 465. UV-Vis data in methanol
Apmax (nm), € (L-mol~.cm™1)]: 227, 16250; 246, 17100; 273,
9250; 365, 4520.

2. 5. X-Ray Structure Determination

Single-crystals X-ray diffraction analyses of the
complexes were carried out on a Bruker Smart 1000 CCD

diffractometer equipped with a graphite monochromated
Mo Ka radiation (A = 0.71073 A) at 298(2) K. Raw frame
data were integrated with the SAINT program.” The struc-
tures were solved by direct methods and refined by
full-matrix least-squares on F? using SHELXL.®2 An em-
pirical absorption correction was applied with the pro-
gram SADABS.® All non-hydrogen atoms were refined
anisotropically. The N2-C26-C27-C28 moiety of complex
1 is disordered over two sites, with occupancies of 0.44(2)
and 0.56(2). The N3-C8-C9-N4 moiety of complex 1 is
disordered over two sites, with occupancies of 0.61(2) and
0.39(2). Molecular graphics software used was ORTEP

Table 2. Selected bond distances (A) and bond angles (°) for the complexes

1
Zn1-01 2.117(3) Zn1-03 1.984(3)
Znl1-04 2.020(3) Znl1-N3 2.014(4)
Znl1-N4 2.175(4) Zn2-02 2.047(3)
Zn2-01 2.113(3) Zn2-04 2.155(3)
Zn3-07 1.990(3) Zn3-N1 2.031(4)
Zn3-06 2.095(3) Zn3-09 2.123(3)
Zn3-N2 2.176(4) Zn4-08 2.050(3)
Zn4-06 2.107(3) Zn4-09 2.144(3)
03-Znl1-N3 115.48(17) 03-Znl1-04 103.27(12)
N3-Zn1-04 140.15(16) 03-Zn1-01 94.56(12)
N3-Zn1-01 86.40(13) 04-Zn1-01 81.44(10)
03-Znl1-N4 97.54(14) N3-Znl1-N4 82.07(15)
04-Zn1-N4 102.48(14) 0O1-Znl-N4 166.00(13)
02-Zn2-02A 180 02-Zn2-01A 89.96(11)
02-Zn2-01 90.04(11) 01-Zn2-0O1A 180
02-Zn2-04A 90.27(11) 01-Zn2-04A 101.49(10)
02-Zn2-04 89.73(11) 01-Zn2-04 78.51(10)
04-Zn2-04A 180 07-Zn3-N1 110.33(16)
07-Zn3-06 96.20(12) N1-Zn3-06 86.91(14)
07-Zn3-09 96.93(12) N1-Zn3-09 150.95(15)
06-Zn3-09 80.15(11) 07-Zn3-N2 93.5(2)
N1-Zn3-N2 81.08(18) 06-Zn3-N2 166.63(15)
09-Zn3-N2 107.9(2) 08-Zn4-08B 180
08-Zn4-06B 89.91(12) 08-Zn4-06 89.98(11)
06-Zn4-06B 180 06-Zn4-09B 100.61(11)
08-Zn4-09B 90.72(11) 08-Zn4-09 90.72(11)
06-Zn4-09 79.39(12) 09-Zn4-09B 180

Symmetry codes: A)2-x,1-y,1-zB)1-x,1-y,-z

2
Znl1-Cl1 2.246(3) Znl-CI2 2.228(3)
Zn1-01 1.936(6) Znl-N1 2.004(7)
0O1-Znl-N1 97.1(3) 01-Zn1-Cl2 108.1(2)
N1-Znl-Cl2 112.6(2) 0O1-Zn1-Cl1 111.4(2)
N1-Znl-Cl1 109.9(2) Cl2-Zn1-Cl1 116.12(11)

3
Znl-Brl 2.3658(6) Znl1-Br2 2.3784(7)
Zn1-01 1.939(3) Znl-N1 2.000(3)
01-Znl-N1 97.55(12) 01-Znl-Brl 109.65(8)
N1-Znl-Brl 110.19(9) 0O1-Znl1-Br2 111.09(9)
N1-Znl-Br2 111.26(9) Br1-Zn1-Br2 115.62(3)
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II1.1° The crystal data for the complexes are listed in Table
1. Selected bond lengths and angles for the complexes are
listed in Table 2.

2. 6. Antibacterial Activity

The free Schiff base and the zinc complexes were
screened in vitro for their antibacterial property against
two Gram-positive (Staphylococcus aureus MTCC 96, Ba-
cillus subtilis MTCC 121) and two Gram-negative (Esche-
richia coli MTCC 1652, Pseudomonas aeruginosa MTCC
741) bacterial strains by agar well diffusion method.!!
DMSO was used as a negative control, and Ciprofloxacin
was used as positive control.

2. 7. Determination of Minimum Inhibitory
Concentration (MIC)

MIC of the compounds against bacterial strains was
tested through a modified agar well diffusion method.!? A
twofold serial dilution of each compound was prepared by
first reconstituting the compound in DMSO followed by
dilution in sterile distilled water to achieve a decreasing
concentration range 256 pM. A 100 uL volume of each di-
lution was introduced into wells in the agar plates already
seeded with 100 pL of standardized inoculums (10° cfu
mL1) of the test microbial strain. All test plates were incu-
bated aerobically at 37 °C for 24 h and observed for the
inhibition zones.

CHO H
N
L, oy
Br OH

3. Results and Discussion

3. 1. Chemistry

Reaction of the newly formed Schiff base HL with
zinc acetate, zinc chloride and zinc bromide, respectively,
afforded the trinuclear zinc complex 1 and mononuclear
zinc complexes 2 and 3 (Scheme 1). The poor conductivity
of complexes 1-3 (20-40 Q! cm? mol™) indicates they are
non-electrolytes in solution.!®

3. 2. Infrared and Electronic Spectra

In the infrared spectra of the complexes, the weak
absorptions in the range 3093-3177 cm™! are assigned to
the N-H vibrations of the Schiff base ligands. The charac-
teristic imine stretching is observed at 1633-1648 cm™! as
strong signal.!* The asymmetric and symmetric stretching
vibrations of the acetate groups in 1 appear at 1581 and
1431 cm™!, respectively. The difference between
Vasym(COO) and vy, (COO) (Av = 150 cm™), which is
smaller than 164 cm™ observed in ionic acetate, reflects
the bidentate bridging coordination mode.!> The Schiff
base ligands coordination is substantiated by the phenolic
C-O stretching bands at 1175-1188 cm™! in the complex-
es.!® Coordination of the Schiff bases is further confirmed
by the appearance of weak bands in the low wave numbers
400-600 cm™, corresponding to v(M-N) and v(M-0).%”

In the UV-Vis spectra of the complexes, the bands at
225-246 nm and 257-273 nm are attributed to the m-7*

H
/CF\”/\/NY
Br OH

YL

!

HL + Zn(CH;COO), /

—_—

HL + ZnX,

— Br

Scheme 1. The synthetic procedure for the Schiff base and the complexes.
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and n-7* transitions.'® The bands at 340-380 nm can be
attributed to the ligand to metal charge transfer transition
(LMCT)."?

3. 3. Structure Description of Complex 1

The molecular structure of the acetate and pheno-
late bridged trinuclear zinc complex is shown in Fig. 1.
There are two halves of coordination molecules in the
asymmetric unit of the complex. Each molecule possess-
es crystallographic inversion center symmetry, with the
center located at Zn2 atom. The outer and inner Zn at-
oms are linked through three kinds of bridging groups,
including phenolate oxygen, p,-n':n'-acetate, and
po-nt:n°-acetate. The distance between the Zn atoms is
3.064(1) A. The outer Zn atom is coordinated in square
pyramidal geometry, as evidenced by the T value.?’ The

Fig. 1. Molecular structure of complex 1. Unlabeled atoms are relat-
ed to the symmetry operation 2 - x, 1 - y, 1 - z. Displacement ellip-
soids are drawn at the 30% probability level.

basal plane is defined by the phenolate oxygen, imino
and amino nitrogen of the Schiff base ligand, and one O
atom of the u,-n%n-acetate ligand. The apical position is
occupied by one O atom of the y,-5':n!-acetate ligand.
The Zn atoms deviate from the corresponding basal
planes by 0.440(3) A for Zn1 and 0.320(3) A for Zn3. The
square pyramidal coordination is distorted from ideal
model, as evidenced by the bond angles. The cis and trans
angles in the basal planes are in the ranges of 81.48(11)-
102.49(15)° and 140.15(18)-166.06(14)° for Znl, and
80.15(12)-107.9(2)° and 151.02(16)-166.59(16)° for
Zn3, respectively. The bond angles among the apical and
basal donor atoms are in the ranges of 94.58(13)-
115.49(18)° for Znl and 93.4(2)-110.28(17)° for Zn3.
The inner Zn atom is coordinated in octahedral geome-
try. The equatorial plane is defined by two phenolate ox-
ygen from two Schiff base ligands, and two O atoms from
two py-n%:nP-acetate ligands. The axial positions are oc-
cupied by two O atoms from two p,-1':n!-acetate ligands.
The octahedral coordination is distorted from ideal mod-
el, as evidenced by the bond angles. The cis and trans an-
gles in the equatorial planes are in the ranges of
78.48(11)-101.52(11)° and 101.52(11)° for Zn2, and
79.37(12)-100.63(12)° and 180.00(16)° for Zn4, respec-
tively. The bond angles among the apical and basal donor
atoms are in the ranges of 89.78(12)-90.22(12)° for Zn2
and 89.22(12)-90.78(12)° for Zn4. The Zn-O and Zn-N
bond lengths are comparable to those observed in Schiff
base zinc complexes with acetate ligands.?!

In the crystal structure of the complex, the mole-
cules are linked through C-H--O hydrogen bonds (Ta-
ble 3), to form one-dimensional chains along the ¢ axis

(Fig. 2).

Fig. 2. Molecular packing structure of complex 1. Hydrogen bonds are drawn as dashed lines.
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3. 4. Structure Description of Complexes 2

and 3

Molecular structures of complexes 2 and 3 are shown
in Figs. 3 and 4, respectively. The complexes are isostruc-

Fig. 3. Molecular structure of complex 2. Displacement ellipsoids

are drawn at the 30% probability level.

Fig. 4. Molecular structure of complex 3. Displacement ellipsoids

are drawn at the 30% probability level.

tural mononuclear zinc compounds. The Zn atom in each
complex is coordinated by the phenolate oxygen and imi-
no nitrogen of the Schiff base ligand and two halide atoms,
viz. Cl for 2 and Br for 3, forming tetrahedral geometry.
The tetrahedral coordination is distorted from ideal mod-
el, as evidenced by the bond angles. The coordinate bond
angles in complexes 2 and 3 are in the ranges of 97.1(3)-

Fig. 5. Molecular packing structure of complex 2. Hydrogen bonds
are drawn as dashed lines.

Table 3. Hydrogen bond distances (A) and bond angles (°) for the complexes

D-H--A d(D-H) d(H---A) d(D---A) Angle (D-H---A)
1
N4-H4A.--O5 0.91 2.45 3.055(6) 124(5)
N4-H4A.-Br1*! 0.91 3.00 3.863(5) 160(5)
C7-H7--010% 0.93 2.60 3.445(5) 151(5)
C19-H19--09% 0.93 2.51 3.285(5) 141(5)
C24-H24B---05%* 0.97 2.52 3.292(5) 136(5)
2
N2-H2B---Cl1 0.90 291 3.440(8) 119(6)
N2-H2B...CI2% 0.90 2.57 3.316(8) 141(6)
N2-H2A.-01% 0.90 1.99 2.850(9) 160(6)
C9-H9B..-Cl2%¢ 0.97 2.72 3.463(8) 133(6)
C10-H10--Cl1 0.98 2.78 3.522(8) 133(6)
3
N2-H2B---Br2 0.90 3.14 3.638(3) 117(5)
N2-H2B---Br1*” 0.90 2.67 3.441(3) 145(5)
N2-H2A.-O1%%7 0.90 2.04 2.886(4) 157(5)
C9-H9A.--Br1*8 0.97 2.84 3.561(4) 132(5)
C10-H10---Br2 0.98 2.92 3.660(4) 133(5)

Symmetrycodes:#l:x,1+y,z;#2:1—x,1—y,1—z;#3:l—x,l—y,—z;#élz—x,l—y,l—z;#S:—x,—l—y,
1-2#6:512-%,1/2+y,1/2 -z #7:3/2 - x, 1/2 + ,1/12 - z; #8: 5/2 - x, 1/2 + y, 1/2 - z.
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Fig. 6. Molecular packing structure of complex 3. Hydrogen bonds
are drawn as dashed lines.

116.12(11)° and 97.55(12)-115.62(3)°, respectively. The
Zn-0, Zn-N, Zn-Cl and Zn-Br bond lengths are compara-
ble to those observed in Schiff base zinc complexes.??

As shown in Fig. 5, the molecules of complex 2 are
linked through N-H--O and N-H---Cl hydrogen bonds
(Table 3), to form one-dimensional chains along the b axis.
The chains are further linked through C-H:--Cl hydrogen
bonds (Table 3) along the a axis to form two-dimensional
sheets parallel to the ab plane. As shown in Fig. 6, the mol-
ecules of complex 3 are linked through N-H.---Br hydrogen
bonds (Table 3), to form one-dimensional chains along the

Table 4. Diameter of growth of inhibition zone (mm)

b axis. The chains are further linked through C-H---Br hy-
drogen bonds (Table 3) along the a axis to form two-di-
mensional sheets parallel to the ab plane.

3. 5. Antibacterial Activities

The antibacterial results are listed in Tables 4 and 5.
The studies suggested that the complexes showed some-
what enhanced antibacterial activities in comparison to the
free Schiff base. Ciprofloxacin produced significantly sized
inhibition zones against the tested bacteria, while DMSO,
the negative control, produced no inhibitory effect against
any of the tested organisms. The free Schiff base HL showed
zones of inhibition in the range of 3.4-13.2 mm against the
four bacteria. All the complexes have been observed to
show increased zones of inhibition against the four bacteri-
al strains as compared to the free Schiff base. The MIC re-
sults indicated that complexes 2 and 3 have similar activi-
ties against the bacterial strains, which are better than com-
plex 1. Complex 1 have weak activities against the four
bacteria. However, complexes 2 and 3 have strong activities
against Bacillus subtilis and Escherichia coli, and weak ac-
tivities against the remaining two bacteria. MIC results also
revealed that the complexes are more effective against the
antibacterial strains as compared to the free Schiff base.
The results of this study are in accordance with those re-
ported previously.?? The overtone’s concept** and Tweedy’s
chelation theory®> might be used to explain the enhanced
in antibacterial activity of the metal complexes.

4. Conclusion

Using microwave assisted heating, three new zinc(II)
complexes derived from the Schiff base ligand 5-bro-

Staphylococcus Bacillus Escherichia Pseudomonas
Compounds ot . .
aureus subtilis coli aeruginosa
HL 6.1 13.2 7.5 3.4
1 8.6 15.5 9.2 5.1
2 9.8 17.6 15.1 11.3
3 9.5 16.8 16.4 12.7
Ciprofloxacin 25.1 20.8 24.9 22.6
Table 5. MIC values (uM)
Compounds Staphylococcus Bacillus Escherichia Pseudomonas
aureus subtilis coli aeruginosa
HL 128 32 64 256
1 64 16 64 128
2 32 8 8 32
3 32 8 8 32
Ciprofloxacin 16 8 16 16
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mo-2-(((2-isopropylamino)ethyl)imino)methyl)phenol
have been synthesized and characterized by infrared and
electronic spectra, and conductance measurement. Struc-
tures of the complexes have been confirmed by single crys-
tal X-ray determination. The complexes show interesting
antibacterial activities on the bacteria Staphylococcus au-
reus and Escherichia coli, which deserves further study.

Supplementary Materials

The X-ray crystallographic data in the CIF format for
the structures of the complexes reported in this paper have
been deposited with the Cambridge Crystallographic Data
Center, and the supplementary crystallographic data can
be obtained free of charge on request at www.ccdc.cam.
ac.uk/conts/retrieving.html [or from The Director, Cam-
bridge Crystallographic Data Center, CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033;
email: deposit@ccdc.cam.ac.uk], quoting the CCDC num-
bers 2061673, 2061674 and 2061675.
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Z mikrovalovnim obsevanjem smo sintetizirali tri nove cinkove komplekse: [ZnsL,(u,-1':7!-CH;COO),(py-1%:10-
CH;COO),] (1), [ZnCl,(HL)] (2) in [ZnBr,(HL)] (3), pri ¢emer je L = 5-bromo-2-(((2-izopropilamino)etil)imino)metil)
fenolat, HL = 5-bromo-2-(((2-izopropilamonijev)etil)imino)metil)fenolat. Produkte smo karakterizirali z elementno
analizo, IR, UV-Vis spektri, meritvami molske prevodnosti in monokristalno rentgensko difrakcijo. Strukturna analiza
je pokazala, da so cinkovi atomi v spojini 1 kvadratno - piramidalno in oktaedri¢no koordinirani, medtem ko so v spo-
jinah 2 in 3 tetraedri¢no koordinirani. Molekule v kompleksih so povezane z vodikovimi vezmi in -7 interakcijami.
Biologko aktivnost produktov smo preverili z in vitro antibakterijskim delovanjem na bakterije Staphylococcus aureus,

Bacillus subtilis, Escherichia coli in Pseudomonas aeruginosa.
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Abstract

Three new nitrogen-rich energetic compounds, N-(5-chloro-2,4-dinitrophenyl)hydrazine (1), N-(5-chloro-2,4-dinitro-
phenyl)guanidine (2) and N-(5-chloro-2,4-dinitrophenyl)-4-aminopyrazole (3) prepared by the nucleophilic substi-
tution reaction of 1,3-dichloro-4,6-dinitrobenzene with hydrazine, guanidinium carbonate and 4-aminopyrazole. The
compounds were characterized by 'H NMR, 1*C NMR, IR and mass spectroscopy. Only compound 2 could be prepared
in a suitable crystal and molecular model was determined by X-ray analysis. Compounds were investigated by TG and
DSC. Thermal degradation and thermokinetic behavior were investigated by Ozawa-Flynn-Wall and Kissinger-Aka-
hira-Sunose techniques. Compounds were observed to be prone to exothermical thermal decomposition. HOMO and
LUMO levels, theoretical formation enthalpy and electrostatic maps were calculated by Gaussian09. The detonation
velocity and pressure were calculated by Kamlet-Jacobs equation. The compounds were assayed for antimicrobial prop-

erties.

Keywords: Energetic material; nitrogen-rich material; formation enthalpy; thermokinetic analysis; Kamlet-Jacobs equa-

tion; antimicrobial activity

1. Introduction

As known, in today’s energetic research, the aim is to
produce nitrogen-rich energetic materials.!~* In explosion
reactions, nitrogen atoms are assumed to turn into N, gas.
The N, molecule is very stable, and therefore, the higher the
number of nitrogen atoms in the energetic molecule, the
higher the enthalpy of the explosion reaction.’ In this study,
according to this suggestion, three new nitrogen-rich ener-
getic materials were prepared using nucleophilic substitu-
tion reactions and examined by thermal analysis methods.
Starting from this fact, 1,3-dichloro-4,6-dinitrobenzene is
reacted with three nitrogen-rich nucleophiles, namely hy-
drazine, guanidine and 4-aminopyrazole in non-aqueous
solvents and thus are prepared three new nitrogen-rich
energetic materials, N-(5-chloro-2,4-dinitrophenyl)hy-

drazine, N-(5-chloro-2,4-dinitrophenyl)guanidine and
N-(5-chloro-2,4-dinitrophenyl)-4-aminopyrazole (Fig-
ure 1).

In the aromatic ring, usually, nucleophilic substitu-
tion reactions do not occur, on the contrary, electrophilic
substitution reactions occur. But nitro groups can change
the behavior of the aromatic ring and nitro group is a
strong electron-withdrawing group and it strongly affects
the electron distribution of the molecule to which it is at-
tached.*¢ Although many aromatic substances predomi-
nantly undergo electrophilic substitution reactions, when
more than one nitro group is bonded to the aromatic ring
the electron density of the aromatic ring decreases due to
the high electron withdrawing effect of the nitro groups,
and this ring can then undergo nucleophilic substitution
reactions and the electron distribution of the ring is unbal-
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Figure 1. The structural formulas of the nitrogen-rich energetic materials.

anced.”” A large number of energetic substances prepared
by this method were reported in the literature.!%-14

Our choice of hydrazine and guanidine is since they
are rich in nitrogen and the choice of 4-aminopyrazole is
because of its heterocyclic structure. If hydrazine and
guanidine are employed in nucleophilic substitution reac-
tions, it is highly probable that two amino groups may be
substituted which may result in symmetric molecules and
the final product is a mixture. To obviate such a situation,
guanidinium carbonate and hydrazine were added above
their stoichiometric quantities. Since the second nucleop-
hilic substitution is much more cumbersome after the first
one, we only carried out one substitution. Before anything
else, these energetic compounds were characterized by the
use of C, H, N element analysis, IR spectroscopy and then
their structures were elucidated by 'H NMR and '*C NMR
spectroscopy after determining the molecular signals from
direct inlet (DI) unit of mass spectroscopy. Among these
energetic materials, only N-(5-chloro-2,4-dinitrophenyl)
guanidine was obtained as suitable crystals for the deter-
mination of its molecular structure and unit cell parame-
ters by the use of X-ray diffraction methods. Then, the
thermal decomposition of the compounds was examined
by TG at different heating rates. The TG data obtained were
used in the determination of activation energy (E,) and
pre-exponential factor A of the thermal decomposition re-
actions utilizing the nonisothermal-isoconvertional Oza-
wa-Flynn-Wall (OFW)!>23 and Kissinger-Akahira-Su-
nose (KAS)!®-2¢ and isothermal Coats-Redfern (CR)?’-%°
methods.

Also, theoretical calculations were made using the
basic set programs included in the Gaussian program in
molecules.* First, the theoretical formation enthalpies of
the energetic materials were calculated by the use of the
CBS-4M algorithm present in Gaussian09 software. Then
the electron distribution and dipole moments of the ener-
getic molecules were determined using DFT method and
the differences between HOMO and LUMO of the ener-
getic material were computed and evaluated. Finally, the
detonation pressure and detonation velocity of the ener-
getic materials prepared were calculated theoretically ac-
cording to the literature.?

The energetic materials were also subjected to anti-
microbial activity tests due to the lack of these types of
tests in the literature using seven different bacteria, namely
Escherichia coli, Pseudomonas aeruginosa, Salmonella en-

HN/

NH \
N ! b
)
3

N
H

2

teritidis, Enterococcus faecalis, Bacillus subtilis, Staphilococ-
cus aureus, and Bacillus licheniformis. Anti-microbial ac-
tivity results were evaluated according to the groups
attached to the energetic compounds investigated. There
are two important reasons for antimicrobial activity stud-
ies. The first one is to have a better insight into the effect of
the groups attached to them. The energetic compounds are
strained molecules due to nitro groups and these strained
molecules can have highly anti-bacterial activity. Secondly,
the energetic materials that contain nitrogen are of good
nutritional value for the microscopic organisms and pro-
mote their growth. Therefore the microscopic investiga-
tion of these compounds is of great importance as regards
the protection of the environment and human health.

2. Experimental

In the syntheses, 1,3-dichloro-4,6-dinitrobenzene,
guanidinium carbonate, hydrazine hydrate and 4-aminopy-
razole were used without previous purification. IR spectra
were taken with a Shimadzu IRAffinity-1 FTIR spectrome-
ter equipped with a three-reflection ATR unit, all IR spectra
were recorded at a resolution of 4 cm™. Thermal analyses
were conducted with a Shimadzu DTG 60H and Shimadzu
DSC 60 under N, atmosphere with a heating rate of 10 °C
min~! in Pt pans. The temperature and heat calibrations of
TG were carried out using In and Zn samples and DSC was
calibrated using In. The NMR spectra of the ligands were
recorded on a Varian Mercury 400 MHz NMR spectrometer
in DMSO-d,. C, H, N elemental analyses were carried out
using Eurovector 3018 CHNS analyzer. Electron impact
mass spectra (EI-MS) were recorded on a Shimadzu QP2010
Plus GCMS apparatus equipped with a direct inlet unit.

2. 1. X-Ray Analysis

A single crystal of compound 2 was analyzed with an
Oxford Diffraction Xcalibur (TM) Single Crystal X-ray Dif-
fractometer with a sapphire CCD detector using MoK, radi-
ation (A = 0.71073 A) operating in the w/20 scan mode. The
unit-cell dimensions were determined and refined by using
the angular settings of 25 automatically centered reflections
in 2.98 < 6 < 27.788 range. The empirical absorption correc-
tions were applied by the semi-empirical method via the
CrysAlis CCD software.’! Models were obtained from the
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results of the cell refinement and the data reductions were
carried out using the solution software SHELXL 2014-6.%2
The structures of the energetic materials were resolved by
direct methods implemented in the WinGX package.**

2. 2. Kinetic Analysis

Kinetic analyses for the decomposition reactions of
compounds 1, 2 and 3 were carried out by applying KAS,
FOW and Coats-Redfern methods to thermograms at
heating rates of 1.0, 5.0, 10.0, 15.0, 20.0 and 25.0 °C min™!
for 2 and 3; 0.5, 0.6, 0.75 and 1.0 °C min™! for 1. Since 1.0
°C min™! heating rate leads to Inf = 0, the other heating
rates were employed for FOW and KAS calculations;
nonetheless, 1.0 °C min~! was used in CR calculations.
FOW calculation was not applicable to 1 because there was
not sufficient data for the three heating rates used. The fact
that the compound decomposes very rapidly at higher
heating rates does not make any calculations possible.

The activation energies and pre-exponential factors
were calculated with the help of graphical methods using
the temperatures corresponding to g(«) values of 0.2, 0.4,
0.5, 0.6 and 0.8 at different heating rates according to both
KAS and FOW methods. On the other hand, CR calcula-
tions were separately carried out at a chosen heating rate
for different g(«) values.

The calculations were carried out by the use of KAS
(1), FOW (2) and CR (3,4) equations given below:

B _ ., AEa _Eq
Inzz=In Rg(a) RT (1)
_ ;. 00048AE, Eq
Ing = In———== 7D 1.0516+ (2)
9@ _ 1y [AR (1= 2BT\] _ Ea
InZz"=In BE, (1 Eq )] RT (3)

2RT

Because of the term is £ 0.1 in most cases the

equation 3 is rearranged as. *

g@ _, [AR] _ Ea
In=2=1In [ﬁsa = (4)

Table 1. CBS-4M results.

In the equations 3 is the heating rate in °C min~!, R is
the universal gas constant, E, is the activation energy for
thermal decomposition, A is the Arrhenius pre-exponen-
tial factor, T'is the temperature in K and g(a) is the fraction
of completion of the decomposition reaction. Note that
these methods assume that the reaction order is 1. There-

g(a)

fore one can sketch the plots of Inp, In]’:i2 ,and lnT—2 aga-

inst 7—1" . E, and A values can simply be calculated using the
slope and the intercept of these plots. Besides, employing
E, and A values, other thermodynamic parameters such as
entropy (), enthalpy (H) and Gibbs free energy (G) chang-
es for the thermal decompositions were calculated. The
entropy change in a thermal reaction can be approximated
by using the pre-exponential factor?® (Equations 5 and 6):

A5 =2.303 (logir) R (5)

The change in enthalpy is calculated from the activa-
tion energy according to the first law of thermodynamics
(Equation 6):

AH = E, — RAT (6)

Using these values the Gibbs free energy can be cal-
culated from equation 7:

AG = AH —TAS ?)

2. 3. Theoretical Calculation

The enthalpies (H) and free energies (G) were calcu-
lated using the CBS-4M method embedded in the Gaussian
G09 W (revision D.01) software package.® The CBS-4M
begins with a HF/3-21G(d) to structure optimization and
zero-point energy calculations. Then using MP2/6-31+G
and MP4(SDQ)/6-31+G(d,p) basis sets it is possible to cal-
culate the corrected energy and to estimate the correlation
contributions of a higher-order respectively. The stabiliza-
tion of the optimized structures was controlled by the num-
ber of imaginary (NImag = 0) at the same theory level.

Compound p-g* NImag® -H,gg/a.u.¢ AH°/k] mol™!
1,3-dichloro-4,6-dinitrobenzene CI 0 1558.715040 -3.30

1 C1 0 1210.104523 119.57

2 C1 0 1303.467180 74.90

3 C1 0 1379.535864 205.04

C 37.786156 716.6824

H 0.500991 217.1004

N 54.522462 472.6794
(¢) 74.991202 249.1784

2 Point group, ® Number of imaginary frequencies, ¢ CBS-4M calculated enthalpy, 4 Ref. 35
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The formation enthalpies were calculated according
to the atomization energy method, with respect to the
equation given below>*-3¢ (Table 1).

AfHO(gr M) = H(M) - ZatomsHo + ZatomsﬂfHO (8)

In this equation, A (g, M) stands for the gas-phase
enthalpy of formation of the molecule M, under investiga-
tion, H(M) represents the CBS-4M calculated enthalpy of
the molecule M (H,qg in Table 1), X, H® denotes the
CBS-4 M calculated enthalpies for the individual atoms (1
a.u. = 2625.50 k] mol™!), and 2 ;s AH® values were quot-
ed from NIST database.’”

Also, the detonation heat (Q), detonation velocity
(D) and detonation pressure (Pc_j) of the compounds were
calculated using the Kamlet-Jacobs equation, using the
theoretical density (p) and oxygen balance () values ac-
cording to the equation given below’:

Pe_; = 15.88p2NMY/2Q1/2, as kbar 9

D = 1.01(NM/2Q1/2) 1/2(1 4+ 1.30p), (10)
asmmups 'orms’!
Here, Q is the heat of explosion in kcal g™}, N is the
number of moles gas per gram explosive and M is the mass
of gas in gram per mole of gas. The explosion reaction is
written according to the oxygen balance equation. The det-
onation heat (Q) is calculated according to Hess’s law by
using the moles of product in the explosion reaction, stan-
dard enthalpy of formation and theoretical enthalpy of for-
mation of energetic compounds.

2. 4. Determination of Biological Activity

Antibacterial activity was tested against Gram negative
(E. coli, P aeruginosa, S. enteritidis) and Gram positive (E.
faecalis, B. subtilis, S. aureus, B. licheniformis) bacterial spe-
cies.2+38-40 Bacterial species were grown in Hinton Miieller
Agar (HMA) and suspensions (10° cfu/mL) were prepared
from 24 h cultures. N-(5-chloro-2,4-dinitrophenyl)hydra-
zine (1), N-(5-chloro-2,4-dinitrophenyl)guanidine (2) and
N-(5-chloro-2,4-dinitrophenyl)-4-aminopyrazole (3) sus-
pensions were prepared in DMSO. Agar dilution tests were
performed for Minimum Inhibitory Concentration (MIC)
determination. 10 uL bacterial suspensions were placed into
plates and results were recorded after 24 h cultivation.

2. 5. Preparation of Energetic Materials

Aromatic polynitrohalides can easily undergo nucle-
ophilic substitution reactions.”® The energetic materials
used in the study were prepared in hydrothermal condi-
tions, accordingly chlorine atoms in 1,3-dichloro-4,6-dini-
trobenzene can be replaced by strong nucleophiles. Since
the nitrogen nucleophiles used are strong nucleophiles,

the chlorine atom in 1,3-dichloro-4,6-dinitrobenzene and
the amino groups of the nucleophile molecules were dis-
placed in amphiprotic solvents under hydrothermal con-
ditions in 2 or 3 hours of reaction time and energetic sub-
stances were obtained.

3. Results and Discussion
3. 1. Synthesis

Three energetic compounds were prepared from
amino compounds, hydrazine, guanidinium carbonate
and 4-aminopyrazole with 1,3-dichloro-4,6-dinitroben-
zene as a result of nucleophilic substitution reactions in
MeOH or EtOH under reflux for 3 h. 4-Aminopyrazole
was used in an equivalent amount of 1,3-dichloro-4,6-di-
nitrobenzene in the medium, while more than the equiva-
lent amount of guanidinium carbonate and hydrazine was
added to the medium. A second possibility expected here
was the replacement of two chlorine atoms in 1,3-di-
chloro-4,6-dinitrobenzene and there was a possibility of a
mixed product, but it was observed that a single chlorine
was eventually replaced.

N-(5-Chloro-2,4-dinitrophenyl)hydrazine (1). Yield 77—
80%. Anal. Calcd for C¢HsN,O,Cl: C, 30.98; H, 2.17; N,
24.08. Found: C, 31.34; H, 2.29; N, 24.02. '"H NMR (DM-
SO-dg) § 9.30 (s, 1H, broad), 8.88 (s, 1H), 7.19 (s, 1H), 4.75
(d, J = 0.004 Hz, 2H). 13C NMR (DMSO-d;) & 149.44,
128.39, 122.35. IR, v, cm™!: 3462.22, 3361.93, 3265.49
(NH), 3101.54 (CH), 1636.64 (C=N), 1595.13 (C=C),
1280.73 (N=0), 837.11, 738.14 (CH). MS m/z: 232 [M]",
214, 149, 113, 85, 76, 57, 43.

N-(5-Chloro-2,4-dinitrophenyl)guanidine (2). Yield 85-
90%. Anal. Calcd for C;H¢N;O,Cl: C, 32.29; H, 2.33; N,
26.96. Found: C, 31.81; H, 2.53; N, 25.03. 'H NMR (DM-
SO-dg) & 8.56 (s, 1H), 8.48, (s, 1H), 7.72 (s, 1H), 7.07 (s,
1H), 6.81 (s, 2H, broad). 3C NMR (DMSO-d,) § 158.95,
153.34,151.01, 138.22, 132.69, 124.87. 1R, v, cm™: 3462.22,
3421.72, 3381.90 (NH), 3101.54 (CH), 1636.64 (C=N),
1595.13, 1550.77 (C=C), 1280.73 (N=0), 827.44, 738.79
(CH). MS m/z: 259 [M]*, 229, 187, 132, 97, 57, 43.

N-(5-Chloro-2,4-dinitrophenyl)-4-aminopyrazole  (3).
Yield 67-70%. Anal. Calcd for CoH¢N;0,Cl: C, 37.33; H,
2.13; N, 24.68. Found: C, 36.59; H, 2.45; N, 24.23. '"H NMR
(DMSO-dg) 6 12.81 (s, 1H), 10.20 (s, 1H), 8.86 (s, 1H), 8.43
(s, 1H), 7.79 (s, 1H), 6.33 (s, 1H). >*C NMR (DMSO-d;) &
146.93, 142.53, 134.89, 133.40, 129.99, 126.07, 119.31,
98.26. IR, v, cm™!: 3310.42, 3298.26 (NH), 3147.83 (CH),
1610.56 (C=N), 1591.27, 1552.70 (C=C), 1317.38 (N=0),
827.46,738.74 (CH). MS m/z: 283 [M]*, 237, 191, 156, 129.

Warning: The synthesized compounds are in the en-
ergetic material class, working temperatures should be in
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hydrothermal conditions. High temperature may result
in explosion and sample amount should not be higher
than 10 mg in thermal analysis experiments.

Elemental analysis results are in close agreement with
expected values. Specific N-H stretching vibrations in the
IR spectra were observed at the expected value between
3462-3265 cm™L. Tt is thought that the middle signal ob-
served at 1610-1636 cm™! in three energetic materials is
due to the C=N imine bond formed as a result of resonance.
N=O stretching vibration signals of nitro groups were ob-
served at 1280-1317 cm™!. In the EI-MS spectra, the mo-
lecular peaks [M]* were observed at the expected values
and also as the base peak of the spectrum. The m/z values of
the [M]* signals are in agreement with the nitrogen rule.

In the 'H NMR spectrum of N-(5-chloro-2,4-dinitro-
phenyDhydrazine, 4 signals with § values of 9.30, 8.88, 7.19
and 4.75 were observed, respectively. This result is expected,
because there are 4 different hydrogens in the molecule. It is
probable that the signal observed at § 9.30 is the signal of the
NH group proton and the signal observed at § 4.75 belongs
to the NH, group protons. In the *C NMR spectrum of this
substance, 4 different signals are observed, actually the
number of different carbon nuclei is 6. It is possible that the
signals of aromatic carbons with nitro groups and H bonded
carbons signals overlap, because two signals in the spectrum
were observed to be more intense than the others.

In the 'H NMR spectrum of N-(2,4-dinitro-5-chlo-
rophenyl)guanidine, 5 signals are observed with § values
of 8.56, 8.48,7.72,7.07 and 6.81. There are 5 different types
of hydrogen in the molecule, similarly, there are 7 different
carbon nuclei in this molecule and as a result, 7 different
signals were found in the 13C NMR spectrum. Similarly,
there are 6 different hydrogen atom nuclei in the
N-(5-chloro-2,4-dinitrophenyl)-4-aminopyrazole mole-
cule and 6 different signals are observed in the 'H NMR
spectrum. The signal of § 12.81 is most likely the signal of
the hydrogen in the NH group of the pyrazole ring. There
are 9 different carbon atoms in the N-(5-chloro-2,4-dini-

a
) 100 —

SO—-

60 <

40 -

Mass loss /%

20 ~

AL L L L L
0 100 200 300 400 500 600 700

Tem perature / °C

b)

trophenyl)-4-aminopyrazole molecule, but 8 signals are
observed in the spectrum. It is possible that the two car-
bon signals in the pyrazole ring overlap.

3. 2. Thermal Analysis

The TG plots of three new energetic materials at a
heating rate of 15 °C min~! are shown in Figure 2a. The
plots reveal the fact that N-(5-chloro-2,4-dinitrophenyl)
hydrazine (1) acts as a typical explosive. The compound
shows a rapid mass loss at 235 °C which culminates at 268
°C in a complete degradation with a mass loss of 97%. On
the other hand, the compounds N-(5-chloro-2,4-dinitro-
phenyl)guanidine (2) and N-(5-chloro-2,4-dinitro-
phenyl)-4-aminopyrazole (3) display two decomposition
processes in their respective TG plots. Figure 2b shows the
differential thermal analysis (DTA) curves of the energetic
compounds investigated in this study. It is obvious that the
decomposition is exothermic. The first mass losses of the
thermal reactions of the compounds at a heating rate of
15°C min~! were 48% and 41% and these were followed by
the second mass losses of 21% and 18%.

Compound 1 gives a strong exothermic signal
around 260 °C without a melting process. On the other
hand, 2 starts to melt down at 215 °C and gives three weak
exothermic signals at 241, 330 and 379 °C after 226 °C.
Finally, 3 melts down at 189-190 °C and gives two weak
exothermic signals at 351 °C and 407 °C.

As seen from Figure 2a, 1 gives a single step decom-
position above a heating rate of 10 °C min~!, this is exactly
the behavior expected from a typical explosive com-
pound.*! However, it gives a two-step decomposition be-
low this critical value. Figures 3a and 3b show TG and
DTA curves at scan rates of 0.6, 0.75, 1.0 and 5.0 °C min~'.
Figure 3a shows that the mass loss takes place slowly at the
first step and in an explosive manner in the second step. As
the heating rate is increased, the second step appears more
distinctively. The DTA curves given in Figures 2b and 3b
are not in the expected format. The curves display first an
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Figure 2. a. Thermogravimetric curves at 15 °C min! heating rate, b. DTA curves [black: N-(5-chloro-2,4-dinitrophenyl)hydrazine (1), blue:
N-(5-chloro-2,4-dinitrophenyl)guanidine (2), red: N-(5-chloro-2,4-dinitrophenyl)-4-aminopyrazole (3)].
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Figure 3. a. Thermogravimetric curves, b. DTA curves of N-(5-chloro-2,4-dinitrophenyl)hydrazine (1) recorded at different low heating rates [black:
0.6 °C min~!, red: 0.75 °C min™!, blue: 1 °C min™!, darkcyan: 5 °C min~!, purple: 15 °C min~!].
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Figure 4. TG curves at different heating rate a. N-(5-chloro-2,4-dinitrophenyl)guanidine (2), b. N-(5-chloro-2,4-dinitrophenyl)-4-aminopyrazole

(3) [black: 5 °C min~}, red: 15 °C min~!].

increase then a decrease in temperature. The reason for
that is thermal decomposition taking place with an explo-
sion. In a rapid explosion reaction, the gas products leave
the pan rapidly taking away the heat they absorbed with
them. This decreases the temperature of the pan resulting
in the abnormal curves given in Figures 2b and 3b.

A similar case exists for the energetic materials of 2
and 3 as the heating rate has decreased the shape and mass
loss of TG curves change. Figure 4a shows the TG curves
of energetic material of 2 recorded at two different heating
rates. Figure 4b illustrates analogous curves for 3. The
shapes of the curves change at lower heating rates. The
thermoanalytical data belonging to TG-DTA curves of the
energetic compounds prepared in this study are listed in
Table 2.

When TG curves are examined in Figure 2a, at a
heating rate of 15 °C min~!, the compound 1 undergoes a
complete single-step decomposition with almost a com-
plete mass loss between 250-260 °C just like an explosive
material. The other two materials, on the other hand, give

two distinctive reactions at the same heating state. Howev-
er, these TG curves change at lower heating rates. The
compound 1 is observed to give a distinct two-step reac-
tion at a heating rate of 5 °C min™' or lower (Figures 3a and
3b). TG curves of compounds 2 and 3 vary with decreas-
ing heating rates.

The fact that compounds 2 and 3 show distinct
changes at 5 °C min™! is apparent in Figure 4. The decom-
positions of compounds 2 and 3 in two steps are more
clearly observed at low heating rates. The mass losses of
compounds 2 and 3 are 65% and 56%, respectively as a
result of thermal decomposition.

A fact that is known about energetic materials since
1958 is that if there is a nitrogen-containing group neigh-
boring a nitro group, the thermal decomposition takes
place though a furoxan ring.342~% This situation is particu-
larly apparent in picrylazide molecule where the 1 nitro-
gen of the azide group forms a furoxan ring with the oxy-
gen of the neighboring nitro group releasing two nitrogens
of the azide group as an N, molecule.!’*? If the heating
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process continues, the resulting furoxan will also decom- 2 and 3 are 16.89 * 0.46 and 25.76 + 1.08. In Figure 5 the
pose. A similar case exists for the compounds investigated theoretical mass loss values of energetic compounds 2 and
here. Figure 5 shows the furoxan conversion reactions of 3 for the second step were 16.95% and 24%. These results
the compounds prepared. As a result of the decomposition prove that the first stage thermal decomposition reaction
process, it is thought that 5-chloro-6-nitrofuroxane is of compounds 2 and 3 takes place as written below. How-
formed by the release of a small group in gaseous form. ever since the thermal decomposition rate of compound 1
Table 2 lists the thermoanalytical results drawn from the is much higher than those of compounds 2 and 3, it was
TG data. The mass losses for the first stage of decomposi- not possible to accurately define its mass losses at the first
tion at a thermal heating rate of 5 °C min™! for compounds and second stage decomposition reactions even at very low
cl
cl N
NO, N
B 0+ NH@
Ncyd
N—NH, ON N
H |
0
NO, b=y
m
Cl
cl N
s Z N\
NH — O+ HCN(@) + NHs(g)
e oY
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@
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NO. Cl N
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=N \@/ \ r\{H
N \ , O;N T
H
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Figure 5. Probable first decomposition reaction of the energetic materials prepared.

Table 2. Thermoanalytical data of energetic materials prepared.

. . First Thermal Reaction Second Thermal Reaction
Energetic M.P. Heating rate T M T M
Compound oC °C min-! emperature ass emperature ass

P range / °C loss / % range / °C loss / %
211-240 94.73 £ 0.87 - -
N-(5-chloro-2,4-dinitrophenyl) 5 DTA peak: 216
hydrazine NO peat:
a) 236-268 96.76 + 0.48 - -
15 DTA peak: 261
.. 144-173 16.89 + 0.46 201-384 49.20 + 3.45
N-(5-chloro-2,4-dinitrophenyl) 5 DTA peak: 162 DTA peak: 353
guanidine NO
@) 228-347 48.2 +2.64 347-426 17.23 £2.92
15 DTA peak: 241 DTA peak: 379
. 221-307 25.76 + 1.08 311-407 26.15+1.23
N-(5-chloro-2,4-dinitrophenyl)- 5 DTA peak: 293 DTA peak: 351
4-aminopyrazole 188
3) 235-338 41.13 +3.19 338-420 15.23 +2.07
15 DTA peak: 322 DTA peak:379

NO: Not observed
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heating rates. Although the decomposition reaction is ob-
served to take place in two staged manners at low heating
rates in Figure 3a the mass loss is erratic. Especially since
the second thermal decomposition reaction is very fast,
there were observed anomalies both in TG and DTA
curves. Nevertheless, if one looks at TG curve of com-
pound 1 at 5 °C min~! one sees that it is a two-stage pro-
cess. It is seen that there is a small mass loss at the begin-
ning in both the TG curves taken at heating rates of 5 °C

min~! and 15 °C min~!. However, the mass loss observed at
the start constantly increases with the heating rate which
makes it impossible to do any calculations for compound 1.

3. 3. X-Ray Studies

Only compound 2 amongst the energetic materials
prepared in this study was obtained in suitable crystal size
therefore only the structure of this compound was deter-

937

a)

Figure 6. a. The Ortep drawing of N-(5-chloro-2,4-dinitrophenyl)guanidine (2), b. inter- and intramolecular hydrogen bonds and other interactions
of N-(5-chloro-2,4-dinitrophenyl)guanidine (2), obtained using Mercury software.

Table 3. N-(5-chloro-2,4-dinitrophenyl)guanidine (2) crystal data and data collection conditions.

Molecular Formula C,HCIN;0, Molar Mass/g mol™! 259.62
T/K 293(2) F (000) 528
Crystal Colour yellow Crystal System orthorombic
Space Group Pna2 Index Ranges -5<h<9,
-2<k<9,
-23<1<22
alA 7.3082(4) A Reflections Collected 3687
b/A 7.5105(4) A Reflections Unique 2067
c/A 17.8511(9) A R1, wR2 (20) 0.0473, 0.0882
« 90° R1, wR2 (all) 0.0711, 0.0991
B 90° Data / Parameters 2062/ 154
y 90° GOOF of P 1.114
v/ A3 979.82(9) Largest Difference Peak Hole /e A 0.367 and -0.269
V4 4 Crystal Size / mm 0.44 x 0.22 x 0.06
Calc. density / g cm™ 1.760 CCDC No 1943903
p/ mm! 0.404
Table 4. The list of inter- and intramolecular hydrogen bonds.
D-H--- A D---H(A) H--A(A) D---A(A) D-H --- A(°)

N4 -H7 --- N3’ 0.92 2.58 2.934 (6) 109

N4 -H7 --- 04 0.92 2.49 3.371 (6) 161

N4 -H10 --- O1 0.81 2.27 3.063 (6) 167

N5 -H11 --- N3’ 0.82 2.10 2.911 (6) 169

N5 -H12 --- 01 0.78 2.54 3.229 (6) 148

Symmetry codes: -1/2 + x, -5/2 - y, 2, -1/2 + %, -5/12 = y, 2, %, -3 - y, 1/12 + 2, 1/2 + x, -5/2 - y, 2, -1/2 - x,
-1/2 + y, 1/2 + z (respectively)
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mined. Single crystal data collection conditions and crys-
tal data are listed in Table 3, important bond lengths and
angles are shown in Supporting Information (Table S1),
the intra- and intermolecular hydrogen bonds are listed in
Table 4, and the molecular structure is drawn with Ortep
program and hydrogen bonds and molecular interactions
model is presented in Figures 6a and 6b.%¢

As seen from Figure 6a, not all groups in the struc-
ture of the molecule 2 are in the same plane. There is an
angle of 61.22° between the plane of the N3C7N4N5 atoms
that make up the guanidine unit and the plane of the aro-
matic ring. Similarly, the plane formed by the nitro groups
is not parallel to the plane of the aromatic ring. The model
is found to contain two NH, on C7 atom. Under these cir-
cumstances, the hydrogen atoms on N3, N4, and N5 are
very labile and dislocate constantly due to resonance phe-
nomena. A similar situation has been observed recently in
X-ray investigation of picrylguanidine.!>*

The resonance in the guanidine unit is clearly visible
in the IR spectra. The double bond is constantly shifting
around C7, but distancing from the plane of the molecule
decreases the resonance, consequently, asymmetry can be
observed around C7. The angles around the C7 atom are
119.9(4), 122.8(4) and 117.5(5)°. These values are close to
120°, despite to the bonds around C7 were found to be
1.329(6), 1.337(6) and 1.317(6) A and these values indicate
the probability of a C=N double bond around C7. However,
there are two NH, groups bounded to C7 atom in the mo-
lecular structure. As can be seen from Table 4 and Figure
6b, important intra- and intermolecular five hydrogen
bonds were found, one of which can be considered strong
intermolecular hydrogen bond. The angle of the hydrogen
bond formed between the hydrogen in N5 atom and N3
atom of the neighboring molecule is 169° and the length is
2.911 A, this cannot be classified as a strong hydrogen bond
since strong hydrogen bonds are shorter than this.*->! In
this study, it was not possible to obtain N-(5-chloro-2,4-dini-
trophenyl)hydrazine (1) in suitable crystal sizes. Although
X-ray study of picrylhydrazine has been recently reported,
the compound possesses a higher number of inter- and in-
tramolecular bonds with much shorter bond lengths with
predominating intermolecular interactions.’

Again, the hydrogen bond between the hydrogen in
N4 atom and N3 atom of the neighboring molecule is in
the class of strong hydrogen bonds. These strong hydrogen
bonds increase intermolecular interaction, which is ob-
served in thermal analysis, due to the strong intermolecu-
lar hydrogen bond, the molecule does not have a melting
point up to 200 °C, and the molecule gives a rapid thermal
decomposition reaction around 240 °C and this thermal
decomposition reaction is an explosion-like reaction.

3. 4. Thermokinetic Analysis

The graphically calculated activation energy and Ar-
rhenius pre-exponential factor values obtained by the use

of OFW and KAS methods are tabulated in Table 5 and
AH®, AS° and AG® calculated using these data in Table 6.
The thermokinetic analysis of 1 could only be possible at
low heating rates. Since this compound gives a rapid ex-
plosion at higher heating rates, there is a temperature de-
crease shortwhile after that and this makes the slopes of
the curves positive which does not give any result. To over-
come this problem, the kinetic studies were limited with
the heating rates of 0.4, 0.5, 0.6, 0.75 and 1.0 °C min.
However, this causes the emergence of a new problem for
the OFW. The logarithms of the values smaller than 1.0 are
negative. Under such a situation, the OFW method is of no
use. Therefore, only KAS method was employed for the
thermokinetic investigation of this compound. There is no
such problem for the other energetic materials 2 and 3. E,
and A values for the two-step thermal decomposition of
these compounds were separately determined.

As seen from Table 5, the results obtained from
thermokinetic studies for compound 1 are not satisfacto-
ry. At the heating rates below 1 °C min~! OFW technique
is not useable since the logarithm of a number smaller
than 1 is negative and it is not possible to compute the
activation energy under these conditions. Although they
can be calculated by the use of KAS and CR methods, the
results are not reliable. Since TG curves change with the
increasing heating rate the regression coefficients at high
g(a) values are far from the acceptable limits. The
values calculated for compound 1 in Table 6 are not statis-
tically reliable. On the other hand, the values given for
compounds 2 and 3 are comparable. Especially the results
obtained for compound 2 by the use of OFW and KAS
methods are very close to each other. This situation veri-
fies the fact the nonisothermal-isoconvertional calcula-
tions in the thermokinetic computations indicated by IC-
TAC in 2011 are much more reliable.>>* The OFW and
KAS results of compound 3 are comparable. However, its
CR calculation is different than those of OFW and KAS
results. Since both OFW and KAS are non-isothermal
graphic techniques the similarity between the results is an
expected outcome. Table 6 lists the enthalpy (AH?) values
of the decomposition reactions of the energetic com-
pounds investigated in this study. It was not possible to
use OFW method for compound 1 for the use of lower
heating rates. Since it is not possible to define the bound-
aries of the first and the second decomposition reactions
of compound 1 all the calculations were carried out on the
assumption that the compound gives a single step decom-
position reaction at heating rates of 0.6, 0.75 and 1.0 °C
min~!. However, the AH? value of compound 1 calculated
by the assumption of single-step decomposition reaction
is of comparable dimension with those of compounds 2
and 3 calculated based upon two-step decomposition.
This shows the fact that the approach is not bad at all.
However, the difficulty of the thermokinetic studies of en-
ergetic compounds is obvious. For very rapid reactions
one has to use very low heating rates but if the thermal
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Table 5. The thermokinetic analysis results of energetic materials.

Energetic
Material

OFW
g(a) E,/kJ mol™

A/ min™!

Methods
KAS

E, / kJ mol!

A/min! 6/°Cmin!E,/kJ mol!

CR

A/ min™!

compound1 0.2 160.50 £ 1.26 5.53+0.90x 10° 0.50  142.29 + 1.86 2.09 + 0.06 x 10'°
0.4 179.33 £8.74 5.99+0.59 x 10! 0.75  231.97 +3.79 1.44 +0.08 x 102°
C¢H:N,0,Cl 0.5 183.14 £21.63 1.55+0.37 x 10’2 1.00  200.69 + 1.86 5.11 + 0.09 x 106
0.6 204.27 +41.17 2.06 +0.84 x 10'*
0.8 162.44 +43.88 1.04 +0.56 x 10%0
177.94 +17.79 191.65 + 45.52
compound2 02 76.01+0.37 511+0.05x10° 76.98+0.14 46.35 +0.02 5.0 79.51 +0.95 7.63+0.17 x 103
04 7275+0.07 2.78+0.01x10°  66.69+0.02 5.59 +0.01 10.0  7639+047 3.63+0.04x10°
C,HN:O0,Cl 0.5 71.66+0.36 222+0.02x10°  68.17 £ 0.62 7.81 +£0.13 150  59.88+0.49 68.75 + 0.10
0.6 70.65+027 1.76+0.01x10°  65.65+0.48 4.56 + 0.06 200 66.17+0.60  299.93 +0.05
0.8 65.01+0.56 4.84+0.07x10% 48.78 +5.76 0.14 + 0.00
1. Thermal Step 71.22 + 4.01 65.25 +10.24 70.49 + 9.08
0.2 64.12+0.81 4.28+0.09x107 57.39+0.74 0.085 + 0.0 5.0 66.93 +0.10 32.69 +0.01
04 83.82+0.70 2.64+0.04x10° 77.84+0.66 4.81 +0.07 10.0  6857+0.50  130.04 + 0.02
0.5 97.50+2.45 3.01+0.12x10° 92,60 +2.03 58.09 + 0.20 150 132.12+1.31 1.03+0.02 x 107
0.6 10821 +1.71 226 +0.06 x 10! 103.17+1.62  377.51+0.09 20.0 140.74 +3.22 8.09 +0.28 x 107
0.8 115.08+0.92 7.91+0.10 x 10! 110.17+0.87 1.26 +0.01 x 10°
2. Thermal Step 93.75 + 20.34 88.23 +21.11 102.09 + 39.81
compound3 02 41.63+0.55 1.72+0.04x 10°  34.60 + 0.46 0.52 +0.01 5.0 107.99 £ 0.50 1.47 +0.01 x 106
04 46.13+025 6.44+0.06x10°  39.08 +0.22 0.47 +0.01 10.0  102.62+0.23 9.80 +0.04 x 10°
CoHN:O,Cl 0.5 47.00+0.09 857+0.03x10°  39.83 +0.08 0.55 +0.01 150  78.06+0.19 2.70+0.01 x 10°
0.6 47.92+0.09 1.13+0.01x107  40.70 +0.08 0.59 +0.01 20.0 12228 +0.41 2.64 +0.02 x 107
0.8 48.00+0.07 1.26+0.01 x10”  40.63 +0.05 0.97 +0.01
1. Thermal Step 46.14 + 2.63 38.97 +2.53 102.74 + 18.42
110.88 +0.89 1.60 +0.02 x 101 97.15 + 1.92 55.20 +0.17 5.0 85.05+0.94  595.95+0.10
135.06 £2.70 1.97 +0.06 x 10'* 101.25+1.76 16048 +0.04 10.0  97.85+2.53 1.05+0.04 x 10*
14248 £3.70 6.98 +0.28 x 101>  104.44+2.94  26845+0.11 150  93.43+1.49 4.35+0.11x 103
139.67 £3.63 3.70+0.14 x 10> 103.80 +4.13  228.05+0.14 200 11223 +3.37 1.74+0.08 x 10°
150.98 +3.18 2.00 + 0.06 x 10  120.11 +4.13 2.87 +0.14 x 10?
2. Thermal Step 135.81 + 15.09 105.35 + 8.73 97.14 +11.37

Table 6. The calculated thermodynamic values of the energetic materials prepared for the thermal decomposition reactions.

Methods

Energetic OFW KAS CR
Material AH/ AS/ AG/ AH/ AS/ AG/ AH/ AS/ AG/

kJ mol! JK!  KkJmol! kJ mol! J K1 kJ mol! kJ mol! J K1 kJ mol!
CH:N,0,Cl (1) 17627  -1582  184.17 189.98  136.74 121.74
C,HN:0,Cl (2)
1. Thermal Step 69.21 -70.93 107.49 63.24 -232.79 192.65 68.48 -181.72 166.55
2. Thermal Step 91.04 -50.46 122.52 85.52 -217.31 221.10 99.38 -210.61 230.78
CoHgN-0,Cl (3)
1. Thermal Step 44.05 -117.29  108.54 36.88 -255.01 177.10 100.65 -135.32 175.06
2. Thermal Step 133.09 13.96 124.36 102.63 -204.60 230.54 94.42 -174.11 203.27

decomposition reaction gives the curve expected from
TG analysis as is the case for the energetic compounds 2
and 3, the results are highly useable. What is the logic for
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the thermokinetic studies of energetic compounds? This
point is under discussion as is the validity of Kissinger
equation.
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3. 5. Computational Results

The electron density maps and HOMO-LUMO over-
lap images are illustrated in Figure 7. The calculated for-
mation enthalpies (k] mol!) and the smallest HOMO-LU-
MO energy differences (eV) are listed in Table 7. In

electron density maps the blue areas correspond to the
electron-rich and the red areas correspond to the elec-
tron-poor regions. According to the Kamlet-Jacobs equa-
tion the calculated oxygen balance (), theoretical detona-
tion velocity (D) and detonation pressure (P) values are
given in Table 8.

Electron Distribution Map HOMO Overlaps LUMO Overlaps

Figure 7. Electron density distribution and HOMO and LUMO images of the energetic molecules prepared, a: 1,3-dichloro-4,6-dinitrobenzene,
b: N-(5-chloro-2,4-dinitrophenyl)hydrazine (1), c¢: N-(5-chloro-2,4-dinitrophenyl)guanidine (2), d: N-(5-chloro-2,4-dinitrophenyl)-4-ami-

nopyrazole (3)

Giirpmnar et al.:  Some Nitrogen Rich Energetic Material ...



Acta Chim. Slov. 2021, 68, 930-944

Table 7. The energy levels of the highest energy HOMO and lowest energy LUMO, calculated theoretical dipole moment and
formation enthalpy values of the energetic materials prepared.

Energetic Compound Eyomo/ €V Erymo/ €V AE/eV ul/D AH?/ kJ/mol

1,3-dichloro-4,6-dinitro-benzene -7.948 -3.193 4.755 3.55 458.832

1 -6.905 -2.902 4.003 7.66 386.290

2 -7.073 -3.215 3.858 5.01 372.217

3 -6.711 -3.203 3.508 4.10 338.506

Table 8. Calculated detonation properties of the energetic materials prepared.

Component Veae! Peatc! o/ Q/ D/ P/
cm? mol™! gcm™ % kcal g! km 7! kbar

1,3-dichloro-4,6-dinitrobenzene 129.140 1.15 -0.54 835.8 3.92 499

1 127.646 1.82 -0.69 1047.4 6.54 19.07

2 173.358 1.76% -0.77 918 6.17 16.66

3 172.192 1.25 -0.93 949.9 4.75 7.81

2 X-ray data

The theoretical results are tabulated in Table 7. The
formation enthalpies or AH{ values of the compounds 1, 2
and 3 are listed as 386.290, 372.217, and 338.506 kJ mol~!,
respectively which also indicate the order of the stability of
these compounds. The most stable one among them is
compound 3 with the smallest AH{ value. This is highly
commendable since there are two aromatic rings connect-
ed to each other in this compound. The theoretically cal-
culated dipole moments also show parallelism with this
result. Since dipole moments are the measure of electron
distribution the homogeneity of the electron distribution
changes in parallel with the dipole moment and AH{ val-
ues. The only unexpected result of the theoretical calcula-
tions is the difference in energy between HOMO and
LUMO levels which is the measure of the thermal sensitiv-
ity of energetic materials.>® Theoretically calculated deto-
nation heat, detonation pressure and detonation velocity
values are given in Table 8 using the formation enthalpy
values, densities and oxygen balance values of the energet-
ic substances prepared. Only the density value of energetic
compound 2 was determined with X-ray study, others
were theoretically calculated. The detonation velocity and
detonation pressure values were calculated in parallel with
the formation enthalpy values of energetic substances and
this is an expected result. This case shows the success of
the Gaussian09 program because the experimental density
of the energetic substance 2 lies within a suitable range be-
tween theoretical densities.

The smaller is this difference, the smaller is the ther-
mal sensitivity. Therefore, the compound with the highest
thermal sensitivity is compound 3. However, this is also
the compound with the highest thermal decomposition
temperature. This contradiction is attributed to probable
intermolecular interactions. When we consider the dipole
moments the compound with the highest intermolecular

forces is compound 1. By the effect of these forces, the
molecule may preserve its solid-state properties up to a
certain temperature and have a sudden decomposition.
There are numerous examples of this situation in the liter-
ature.”” Therefore, the compound 1 behaves differently
than compounds 2 and 3.

3. 6. Antibacterial Activity

For bioactivity determination, Gram negative (Esch-
erichia coli-ATCC 25922, Pseudomonas aeruginosa-ATCC
27853, Salmonella enteritidis-ATCC35311) and Gram pos-
itive (Enterococcus faecalis, Bacillus subtilis-DSM 1971,
Staphilococcus aureus-ATCC 25953, Bacillus licheniform-
is-DSM 13) bacterial strains were tested against 1, 2, and 3
in 8-512 mg/L concentration range. It was shown that
compounds 1, 2, and 3 were especially effective against
Gram negative species and compound 2 is the most effec-
tive compound concerning antibacterial activity having
8-16 mg/L MIC values for Gram negative strains and be-
ing the only effective agent against Gram positive strains.
B. licheniformis was found to be the most susceptible bac-
terial strain against the energetic compounds tested in this
study. The complete results are given in Table 9. Generally
speaking, E. coli is not affected by these energetic sub-
stances, however P. aeruginosa is affected even at low con-
centrations and the bacterial population is decreased.
There are two major reasons to investigate the antimicro-
bial properties of energetic compounds. The first one is to
determine whether they have any lethal effect upon the
microbial organisms. The second reason was just the op-
posite of whether they might have nutritious effect on the
bacteria. The results listed in Table 9 show the fact that the
energetic materials do not have any lethal effect upon the
bacteria. On the contrary, they may provide a nutrition
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Table 9. The antimicrobial tests results of the energetic materials toward seven different bacteria.

Energetic E. E. B. S. P. S. B.

Material coli faecalis subtilis aureus aeruginosa enteritidis licheniformis
(mgLl) 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
512 + - + + - o+ + - - - - - + + + + + - - - -
256 + + o+ + - + + - - - - - + + + + + - - - -
128 + + o+ + -+ + - - + - - + + + + + + - - -
64 + + o+ + -+ + - - + - - + + + + + o+ + - -
32 + + o+ + + o+ + + o+ + - - + + + + + + + + +
16 + + o+ + o+ o+ + + o+ + -+ + + + + + o+ + + +
8 + + o+ + o+ o+ + + o+ + + o+ + + + + + o+ + + +

Note: + sign indicates that the bacterial population has increased, and the - sign indicates that the bacterial population does not increase.

source to microbial organisms. The compound 1 acted as a
nutrition source for all the microorganisms investigated.
The energetic compounds are rich in nitrogen. Nitrogen is
in positive oxidation state in nitro group and in negative
oxidation state in amino groups attached to the molecule.
That is why all the bacteria among the compounds used
especially compound 1 as a nutrition source in cultured
medium. The energetic compounds 2 and 3 showed an an-
timicrobial effect on a microbial concentration of 64 mg/L.
The compound with the highest antimicrobial effect is
compound 2. This is due to guanidine group attached to
the molecule. Guanidines have been used as an antiseptic
agents in gastro systems.*®

Also, the antimicrobial studies must be extended to
environmental dimensions. The elimination of the ammu-
nition which completed their practical lives constitutes a
very big problem. The only solution today is burning the
outdated material. This is a dangerous and risky process.
Microbial degradation can be a much less risky alternative
to it.

4. Conclusion

Three new energetic materials were prepared using
1,3-dinitro-4,6-dichlorobenzene with nucleophilic substi-
tution reactions and these energetic materials were inves-
tigated by thermogravimetry. It was observed that thermal
decomposition of these energetic materials occurs in two
steps and these two-step reaction can be observed at low
heating rates. Thermogravimetric results showed that the
intermediate product is furoxane ring in thermal decom-
position. Besides, although these energetic materials con-
tained nitro groups, it was seen that they do not have a
strong toxic effect on seven different bacteria and on the
contrary they are nutrient materials for some bacteria.
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Povzetek

Z reakcijo nukleofilne substitucije smo iz 1,3-dikloro-4,6-dinitrobenzena s hidrazinom, gvanidinijevim karbonatom oz.
4-aminopirazolom pripravili tri nove dusikove energetske spojine: N-(5-kloro-2,4-dinitrofenil)hidrazin (1), N-(5-kloro-
2,4-dinitrofenil)gvanidin (2) in N-(5-kloro-2,4-dinitrofenil)-4-aminopirazol (3). Spojine smo karakterizirali z 'H NMR,
13C NMR, IR in masno spektroskopijo. Samo spojino 2 smo lahko pripravili v obliki kristalov, primernih za rentgensko
difrakcijsko analizo. Spojine smo raziskali tudi s TG in DSC. Termi¢ni razpad in termokineti¢no obnasanje smo raziskali
s pomocjo metod, ki so jih razvili Ozawa-Flynn—Wall ter Kissinger-Akahira-Sunose. Opazili smo, da z raziskovanimi
spojinami lahko poteka eksotermen termicni razpad. S pomo¢jo Gaussian09 smo izra¢unali HOMO in LUMO nivoje,
teoreti¢ne tvorbene entalpije in porazdelitev elektrostatskega naboja. Eksplozijske hitrosti in tlake smo izra¢unali s po-
mod¢jo Kamlet-Jacobsovih enac¢b. Spojinam smo dolo¢ili tudi antimikrobne lastnosti.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

The pure CuO nanofibers were synthesized via the electrospinning method successfully. The calcinated CuO nanofibers
were investigated for sensing hydrogen and carbon monoxide gases. Structural properties of the synthesized calcinated
nanofibers were studied using Fourier —transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Energy-dis-
persive X-ray spectroscopy (EDX), and particle morphology by scanning electron microscopy (SEM). SEM images con-
firmed string-like structures, nanofibers. The sensor based on the calcinated CuO nanofibers exhibited excellent gas
sensing performance at the low operating temperature of 175 °C and the fast response and recovery characteristics at a
low concentration. Moreover, good stability, prominent reproducibility, and excellent selectivity are also observed based
on the calcinated nanofibers. These results demonstrate the potential application of calcinated CuO nanofibers for sens-
ing hydrogen (10-200 ppm) and carbon monoxide (400-700 ppm) gases.

Keywords: CuO, Carbon Monoxide, Electrospinning, Hydrogen, Calcinated nanofibers

1. Introduction

Metal oxide semiconductor (MOS) gas sensors have
gained special focus driven by their diverse applications
in air quality detection, inflammable gas inspection, envi-
ronmental monitoring, healthcare, defense, security, and
so on.! Semiconducting metal oxides have been extensive-
ly used as sensing materials; resistance changes in oxide
based semiconductor gas sensors are used to monitor re-
ducing, toxic and inflammable gases, such as NH;, NO,,
H, and CO.2

In recent years, huge efforts have been made to de-
velop nanostructured metal oxides with p-type semicon-
ductivity.> Copper oxide (CuO) has a narrow band gap
(1.2 eV)* as a p-type semiconducting oxide is known for
being an excellent catalyst of Hydrogen gas.’ Copper oxide
has increasingly attracted interest for both fundamental
and practical reasons. It was shown to be an industrially
important material that can be widely used in applications
such as gas sensors, magnetic storage media, solar energy
transformation, semiconductors, and catalysis®. A variety
of methods such as thermal oxidation,” hydrothermal,®
and electrochemical deposition’ have been proposed and
investigated for the fabrication of low dimensional CuO.
Among these methods, electrospinning is one of the most
attractive strategies for producing nanofibers of CuO. The

electrospinning method involves the following steps: (1)
Preparation of sol with suitable inorganic precursor and
polymer content and achieving the right rheology for elec-
trospinning, (2) Spinning of the solution to obtain fibers of
polymer/inorganic composite, (3) Calcination of the com-
posite fibers to obtain final oxide fibers. It is important;
however, to control all of the above three stages to obtain
high quality fibers with the desired final properties.! It has
the merits of simplicity, high efficiency, low cost, and high
reproducibility.!! In the other hand, many studies have re-
ported on H, and CO gases sensing. For example, in 1950,
Wagner et al. reported the variation of electrical properties
when ZnO is exposed to reducing gases.!? After that, a se-
ries of research works about the sensing behavior of MOS
to reducing gases were reported by Seiyama, et al. since
the 1960s.!* Up to the present, many kinds of MOS were
investigated as hydrogen and carbon monoxide sensing
materials, Some of the MOS were studied for measuring
hydrogen gas include the following: ZnO which measures
a mixture of H,, CO, CH, gases at 300-500 °C,'* group-II1-
element-doped ZnO," SnO, /Pt (Response to 3000 ppm at
250 °C.),!6 Cu/SnO, (Response to 435 ppm at 270 °C.),”
In,O5 (Sensitivity values (S) for CO and H, (1000 ppm)
in air were obtained at 350 °C.),'® SrCe ¢5Yb, 4505 (The
response of hydrogen to 30,000-90000 at 1000 °C.),"* Cd-
doped SnO, (Sensitivity to 1000 ppm H, and 1000 ppm
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CO at 300 °C.),?Y CuO- and ZnO-doped SnO, (The re-
sponse to 200 ppm H, and CO at 310 °C.)*! F-doped SnO,
(Response to 100 ppm H, gas is 2.2 approximately.)?? Co-
doped SnO, (Response to 100 ppm of H, gas at 330 °C),?
Pd-doped SnO, (gas sensing to 100 ppm H, and 100 ppm
CO at 385 °C.),* SnO, (Response to 10000 ppm H, gas at
150 °C.)?° CuO (The sensitivity of the sensor in response to
100 ppm H, at 300 °C is ~2.5.)%® SnO, (Response to 1000
ppm H, at 400 °C.),%” TiO, (The sensitivity of the sensor in
response to 1000 ppm H, at 300 °C is ~3.75.)%8

And some of MOS were studied to measure CO gas
are: Cu-doped ZnO (Its Sensitivity to carbon monoxide at
350 °C is ~ 3.)?%, SnO, (The sensitivity of the sensor in re-
sponse to 1000 ppm carbon monoxide at 200 °C is 3.5.)*
SnO, doped with Pd and Pt (CO sensing at 450 °C),*!
Nb-TiO, (Response to CO (1000 ppm) at 550-950 °C.),??
In, 03/ SnO, (The selectivity to CO gas at 200 °C.),** CuO
(Sensitivity to CO gas at 300 °C.),>* ZnO-doped SnO,(The
response to carbon monoxide at 300 °C.)** ZnO, (meas-
ured CO concentrations ranging from 100 ppm to 1000
ppm.).3¢

In this paper, we reported a simple and facile ap-
proach to fabricate high quality calcinated CuO nanofibers
by electrospinning and their H, and CO sensing character-
istics are investigated. The study focuses on the design of
CO and H, sensors with minimum interference with other
Volatile organic compounds. The high response, quick re-
sponse, and recovery, and good selectivity are observed in
our investigation, which indicates the potential application
of calcinated CuO nanofibers for the fabrication of high
performance H, and CO sensors.

In ambient air

H,

substrate

Figure 1. The H, and CO sensing mechanism of resistance based MOS sensors

1. 1. Gas Sensing Performances

The gas sensing properties of unloaded and load-
ed-MOS nanoparticles sensing films are characterized in
terms of response, response time, and recovery time as a
function of operating temperature, gas concentration, and
metal loading. The resistance of the p-type metal oxide
surface increases because generated electrons recombine
with holes, decreasing the hole concentration. The re-
sponse for p-type semiconducting oxide to reducing gas
(8P) becomes:

g —Ba
Ra

1

where R; and R, are the electrical resistances of the sensors
measured in the presence of reducing gas and pure dry air,
respectively. The response time, T, is defined as the time
required reaching 90% of the steady response signal. The
recovery times, T, denotes the time needed to recover
90% of the original baseline resistance. Moreover, the se-
lectivity defined as the response ratio of target gas to that
of another gas is used to assess the relative performance
of Semiconducting metal oxides (MOXs) sensors towards
different gases.”” In this paper the sensitivity (S) was de-
fined as S = Ry/R,.

A possible sensing mechanism is described as fol-
lows to discover the gas sensing reaction process of the
CuO sensor against H, and CO gases and illustrate the
enhanced H, and CO sensing properties of the calcinated
CuO nanofibers.

As described in Figure 1, under an air atmosphere
the oxygen molecules can get adsorbed on the surface of

H, H,0
“. " Inambient Hydrogen
o0~ 0-0- 9_0_/ O_/ O_/, O_‘
070 0

substrate I

co, In ambient

- Carbon monoxide

90 , 0‘/ 0’/ o~
0~ 0 o 0

| substrate
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the semiconductor and extracts electrons from the con-
duction band to form oxygen ions.3® The adsorption of
oxygen forms ionic species such as O%-, O~ and O*", which
acquire electrons from the conduction band. The reaction
kinetics may be explained by the following reactions: 340

0,(g) © 0,(ad) (2)
0,(ad) + e~ © 03 (ad) @)
0; + e~ &20° (4)
0" +e o 0% (5)

H, and CO sensing mechanisms of the MOS can be
explained from the following reaction paths:*!

Hy(g)+ 0 (ad) » H,0+ e~ (6)
Hy(g) + 0° (ad) » H,0+ 2e~ (7)
And #

2C0 + 07 - 2C0, + e (8)
CO + 0 =CO:t e 9)
CO +0"=CO:x+ 2¢ (10)

2. Experimental

2. 1. Materials and Methods

Ethanol (>99%), N, N-dimethyl formamide (>99%,
DMEF), CuCl, 6H,0 were used and purchased from Merck
Company. Poly vinyl pyrrolidone (PVP, Mw = 1,300,000)
and poly vinyl alcohol (PVA, Mw = 31,000-50,000) were
obtained from Sigma Aldrich and also distilled water was
used. All chemicals were analytical grade and used as re-
ceived without any further purification.

a) b)

Computer

The Fourier transforms infrared spectroscopy (FT-
IR) of the calcinated CuO nanofibers were recorded on
Thermo Nicolet Avatar spectrophotometer in the range
of 500-4000 cm™! using KBr pellets. The X-ray diffraction
(XRD) technique (PHILIPS XRD diffractometer using
Cu K, (K, = 1.540 A and 26 = 10-90 radiation as X-ray
source) was used to verify the structure of the calcinated
CuO nanofibers. Scanning electron microscopy (SEM)
calcinated nanofibers images were performed on an LEO
1450 VP (Germany) instrument, Energy Dispersive X-ray
spectroscopy (EDX) was attained on a TESCAN S8000
microscope, Atomic Absorption Spectrometer (AAS) of
calcinated nanofibers were performed on an Agilent 240
AA instrument and Spin coating Device (Institute for Re-
search and Technology Development of Modern Industry,
Made in Iran) was a used to deposit uniform thin films
onto flat glass.

2. 2. Synthesis of CuO nanofibers

The electrospinning process was employed for CuO
nanofibers synthesis. A mixed solution of polyvinyl alco-
hol (PVA, Mw: 31,000-50,000) and Copper (II) chloride
(CuCl, 6H,0) was used for electrospinning. In the typi-
cal experimental procedure, a PVA solution (10 wt %) was
first prepared by dissolving PVA powder in distilled wa-
ter and stirred for 5 h at 60 °C. A 20 wt% CuCl, solution
and PVP powder was added to this solution. After stirring
for 12 h, this mixed solution was introduced in a 20 mL
syringe equipped with a metal needle tip in a controlled
electrospinning setup. The parameters for electrospinning
were selected as; applied voltage: 20 kV, feeding rate of the
solution: 0.2 mL/h, distance between glass substrate at-
tached to the copper sheet, and the tip of the needle: 10
cm. Finally, the fibers were peeled oft from the collector
with tweezers and placed in a crucible. The conversion
of copper dichloride to CuO and the removal of organic
constituents PVP and PVA in the as-spun nanofibers were
achieved by calcining at 400 °C for 2 h in air.

Sensor

CuO nanoparticles

po__

Vacuum Pum

f oo
., Multimeter

Figure 2. Schematic image of (a) sensor kit, and (b) the gas-sensing analysis system.
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2. 3. Gas Identification System

Gas sensors were manufactured by Spin coating
technique with planar glass substrates. Fig.2 (a) shows the
schematic of the sensor. The as-prepared calcinated CuO
nanofibers were blended with deionized water in a weight
ratio of 100: 25 to form a paste. Then the paste was subse-
quently screen-printed onto the planar glass substrate to
form a sensing film with a thickness of about 60 ym, the
manufactured sensor was dried in air at room temperature
to volatilize the water solvent and last aged in an aging test
chamber for 24 h and after a Ni-Cr heating wire was in-
serted in the underneath to form a side-heated gas sensor.
The efficiency of the gas sensors was determined in a gas
testing chamber. Detail of the measurement setup can be
observed in the schematic diagram is presented in Fig.2
(b). Electrical linkages to the gas sensors were achieved by
physically connecting needle probes to the Pt electrodes of
the sensors. A PC 510a (japan) multimeter was applied for
measuring the changes of sensor resistance over time and
a computer was used for logging data from the multime-
ter. At first, the responses of the sensors were measured in
the presence of 200 ppm H, gas and 700 ppm CO gas in
the ambient air where the temperatures were modified in
the range 25-175 °C in order to ascertain their optimum
operating temperature. The sensors were pre-heated at dif-
ferent operating temperatures for about 45 min. When the
resistances of all the sensors were stable, saturated target
gas was injected into the test chamber (20 L in volume) by
a micro injector through a rubber plug. After its resistance
value reached a new constant value, the test chamber was
opened to recover. The sensor resistance and sensitivity
were collected and analyzed by the system. And the en-
vironmental temperature, relative humidity, and working
temperature were recorded.

3. Results and Discussion

3. 1. Identification of Sensor Structure

The X-ray diffraction pattern of the CuO nanofib-
ers at 400 °C for 2h (calcinated CuO nanofibers) is shown

in Fig. 3. The CuO peaks appear at diffraction angles of
32/53°, 35/55°, 38/75°, 48/75°, 51/40°, 58/35°, 61/57°,
66/28°, 68/14°, 73/01°, 75/28° corresponding to reflection
from (110),(002),(111),(-202),(020),(202),(-11
3),(-311),(220),(311),and (-2 2 2) planes, respective-
ly. The strongest diffraction pattern viewed at 20 = 35/55
suggests that the CuO grows with a preferential orientation
of (0 0 2) on the glass plate and illustrates the formation
of the single-phase of monoclinic CuO. It was also viewed
that the obtained XRD spectra are in very good agreement
with reported 20 values in JCPDS card no 48-1548.% Also,
the average CuO particle size (D) was calculated using the
Scherrer equation (11) is resulted 60 nm in one dimension,
where D is the nanocrystal size; K is the shape factor, usual-
ly taken as 0.89 for ceramic materials (K has a typical value
of about 0.9); A is the wavelength of radiation in nanometer
(Acuka = 0.15405 nm); O is the diffracted angle of the peak;
B is the full width at half maximum of the peak in radians.**

_ K
- Bcoel

D (11)

Fig. 4(a) shows the SEM image of the nanofibers, this
precursor at room temperature it has an average diameter
of about 80 nanometers and several tens of micrometers in
length. After calcination for 2h at 400 °C, the length of the
product, as shown in Fig. 4(b), is shorter than that of the
precursor. The average diameter of calcinated CuO nano-
fibers at 400 ° C is approximately 70 nm.

The FT-IR absorption peaks were performed to
confirm the presence of characteristic vibrational peaks
of calcinated CuO nanofibers. The FT-IR spectrum of
the calcinated CuO nanofibers is presented in Fig. 5. The
observed strong peaks at around 529, 585, and 672 cm™!
are attributed to the stretching from Cu-O along (-2 0 2)
direction.®> The absorption peak around 1100 cm™' may
be attributed to ~-OH bending vibrations of Cu-OH.%
The transmittance peak that appeared at around 1377
cm™! may be ascribed due to the presence of CO,, which
is usually adsorbed from the air on the surface of sample
materials during KBr pelletization.*’ The corresponding
CH, bend placed at around 1460 cm™.*8 The weak band

12000

,,,-
g §
(002)
()

Absolute Intensity
a

g

g

400

(-313)

(-222)

Figure 3. X-ray diffraction pattern of CuO nanofibers calcined at 400 °C for 2 h (calcinated CuO nanofibers).
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at 1639.76 cm™! may be attributed to the bending vibra-
tion modes of O-H groups of these adsorbed H,O mol-
ecules.*” Further, three small bands at 2862.62, 2928.94,
and 2959.97 cm™! may be ascribed to the asymmetric and
symmetric vibrational modes of the O-H bond of the H,0
molecules physisorbed on the surface of the CuO.*® An
intense broadband appeared in the 3400-3800 cm™' re-
gion that was attributed to the O-H stretching vibration
of surface hydroxyl groups of adsorbed water molecules,
>! which arises because nanocrystalline materials having a
high surface-to-volume ratio absorbs high moisture.
The EDX spectrum of the calcinated CuO nanofibers
is reported in Fig. 6. Only Cu and O signals have been de-
oy g tected, indicating that the calcinated nanofibers were only
SIAES BESESS ERbtn TR built up of Cu and O. Weight percent of Cu was found to
be 68.42 and that of O was 31.58. Thus the atomic ratio of
Cuand O was 1:1. And 2.8 Peak is for the gold metal due to
the preparation of the sample for EDX analysis.

700
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Figure 6. EDX spectra of calcinated CuO nanofibers.
Figure 4. SEM image of (a) CuO nanofibers (b) CuO nanofibers
calcinated at 400 °C for 2 h.
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Figure 5. FTIR spectra of calcinated CuO nanofibers.
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3. 2. Gas Sensing Characteristics

To determine the optimum operating temperature,
the responses of the calcinated CuO nanofibers gas sensor
to 200 ppm H, and 700 ppm CO were measured contin-
ually at different operating temperatures. Fig. 7 shows the
responses as a function of operating temperature from 25
to 300 °C. For each gas, the response is measured to in-
crease rapidly with increasing operating temperature and
arrive at the maximum and then decreases with a further
rise of the operating temperature. The optimum operating
temperatures of the calcinated CuO nanofibers are sug-
gested at 175 °C for both H, and CO gases with response
values of 5.43 and 9.14, respectively.

6
5 @ 200 ppm H,
g4
=
23
=
2
=
1
0
0 50 100 150 200 250 300 350
Tempreture (°C)
10
» ()
3 700 ppm CO
g7
€
@
g5
=
E 4
2 3
2
1
0
0 50 100 150 200 250 300 350

Tempreture (°C)

Figure 7. Responses of the calcinated CuO nanofibers sensors to (a)
200 ppm of H, and (b) 700 ppm of CO at different operating tem-
peratures.

It is well known that response and recovery charac-
teristics are important for evaluating the performances of
semiconductor oxide sensors. The gas sensing transients of
the calcinated CuO nanofibers sensor upon exposure to H,
(200 ppm) and CO (700 ppm) are shown in Fig. 8. The gas
responses and response speeds differed significantly accord-
ing to the sensor temperature and type of gas. The times to
reach 90% variation in resistance upon exposure to gas and
air were defined as the 90% response time (t,.;) and the 90%
recovery time (T), respectively. Most of the T, values
were very short, indicating that both in the diffusion of ana-
lyte gas and the oxidation reaction between analyte gas and
negatively charged chemisorbed oxygen occur very rapidly.
Fast gas diffusion in the present study was attributed to the
large surface area of calcinated nanofibers. fig. 8 (a) shows
the response time of the designed sensors for hydrogen and
carbon monoxide gas was 39 s and 53 s at 175 °C, respective-

(a)

5 398

Sensitivity

Time(S)

-
(=]

Sensitivity
O = N W B 0 O N WV

0 50 100 150 200 250
Time(S)

Figure 8. A single-cycle response-recovery characteristic curves of
calcinated CuO nanofibers to (a) 200 ppm H, and (b) 700ppm CO
at 175° C.

ly. The recovery time for hydrogen and carbon monoxide
gas was 94 s and 67 s at175 °C, respectively (fig.8 (b)).

Selectivity of H, and CO sensors couldn’t be measured
at the same time to justify the detection of one gas; there
for Sensitivity of gases was measured separately during the
experiment. To investigate the stability and repeatability
of the calcinated CuO nanofibers sensor, it was sequen-
tially exposed to different concentrations of H, gas Sepa-
rately (10, 25, 50,100, and 200 ppm) as shown in Figure 9
and shows the best response with more drastic resistance
in concentration 200 ppm of H,. also Fig. 10 (a-d) presents
three reversible cycles response curve in the concentration
range of 400-700 ppm of the that confirmed the calcinat-
ed CuO nanofibers had excellent stability and reversibility
when alternately exposed to air and CO gas and it was found
that calcinated CuO nanofibers showed extremely excellent
CO sensing performances at concentration 700 ppm with
the highest sensor response and the highest selectivity com-
pared to the other CO concentrations. As shown in Figures 9
and 10, the sensor response increases rapidly when exposed
to a certain concentration of H, and CO and decreases dra-
matically when exposed to air for recovery. Meanwhile, the
gas response of the sensor always returns to its initial value
during the continuous test period, implying a very satisfy-
ing reproducibility of the prepared sensor.

The concentration dependence of calcinated CuO na-
nofibers was investigated in the concentration range of 10—
200 ppm of H, and the concentration range of 400-700 ppm
CO the plots of the gas response against gas concentration
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Figure 9. Reproducibility of the calcinated CuO nanofibers sensor
on successive exposure (3 cycles) to (a) 10 ppm (b) 25 ppm (c) 50
ppm (d) 100 ppm (e) 200 ppm of H, at 175°C.
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Figure 10. Reproducibility of the calcinated CuO nanofibers sensor
on successive exposure (3 cycles) to (a) 400 ppm (b) 500 ppm (c)
600 ppm (d) 700 ppm of CO at 175°C.

are shown in Figure 11(a-b). As shown in Figure 11 (a), as
the H, concentration increases to 50 ppm, the gas response
increases linearly, and at 100 and 200 ppm the graph’s slope
decreases but the response is still rapid. This indicates that
the sensor is not saturated. Thus, the calcinated CuO nano-
fibers sensor has a relatively linear relation to detecting H,
at concentrations 10, 25 and 50 ppm at the log scale, and
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also the calcinated CuO nanofibers sensor has a linear rela-
tionship to detect CO at the log scale. Thus calcinated CuO
nanofibers sensor is favorable to detect H, and CO.

1 * .
. v

w -~ w

N

Sensitivity (Rg/R,)
<

1
0 T T T T
0 50 100 150 200 250
Concentration (ppm)
10
9 (b) co
8
g7
g6
zs v
>
£ 4
g3
@
2
1
0 T T T
0 100 200 300 400 500 600 700 800

Concentration (ppm)

Figure 11: Responses of the calcinated CuO nanofibers sensor to
different concentrations of (a) H, and (b) CO at 175 °C.

The gas sensing selectivity is another very important
parameter to appraise the sensing ability of metal oxide
semiconductor materials. Fig. 12 describes the histogram
of the gas response of the calcinated CuO nanofibers sen-
sor to 10 ppm of various gases, including n-hexane, meth-
anol, ethanol, acetaldehyde, formaldehyde, and hydrogen
at 175 °C. To demonstrate the sensor’s high sensitivity to
hydrogen gas than various gases, 10 ppm of various gases
including: n-hexane, methanol, ethanol, acetaldehyde, and
formaldehyde) are injected separately to test sensor sen-
sitivity. And the sensitivity(S) results are presented in the
form of a bar graph in Figure 12.
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Figure 12. The selectivity of the calcinated CuO nanofibers sensor
on successive exposure to 10 ppm of various gases at 175°C.

This sensor shows an obvious hydrogen sensing re-
sponse than other potential interface gases. Therefore, we
believe that the calcinated CuO nanofibers gas sensor has
an excellent selectivity to10 ppm of H,.

The comparison of calcinated CuO nanofibers sen-
sor performance and recently reported data in the liter-
ature for hydrogen and carbon monoxide sensing appli-
cations are shown in Table 1. The sensitivity of calcinated
CuO nanofibers at low temperature (175 °C) to 200 ppm of
hydrogen gases with a response time of 39 s and 700 ppm
of carbon monoxide with a response time of 53 s is 5.5 and
9.3, respectively. Low detection limit and low temperature,
high sensitivity have shown promising results compared to
other literature Table 1.

4. Conclusion

In summary, pure calcinated CuO nanofibers are
synthesized via a simple electrospinning method and
characterized by FT-IR, XRD, SEM, and EDX. The sensor
exhibited the highest sensitivity (response: Rg/R, = 5.43)
to 200 ppm hydrogen and (response: Rg/R, = 9.14) to 700
ppm Carbon monoxide at 175 °C. Short response and re-

Table 1. Comparison of calcinated CuO nanofibers sensors parameters and previous researches.

Sensing material gas Detection Operating Sensitivity Synthesis Response Ref.
limit (ppm)  temperature (°C) (Rg/R,) method time

CuO H, 60000 300-800 3.72 Thermal oxidation 5 (min) 52
CuO H, 1000 300 3 Sputtering 10 (S) 53
30Pd/CuO H, 1000 200 4.5 Hydrothermal 10(min) 54
CuO H, 1000 200 0.4 Anodization ~9(min) 55

Pd Doped TiO, - CuO H, 3000 150 - Sol-gel - 56
CuO H, 200 175 5.5 Electrospinning 39 (S) This work
CuO CcO 1000 300 1.6 Sputtering - 53
CuO-ZnO cO 800 500 - Thermal evaporation 3.2 (min) 57
CuO-CuxFe;—x0, CcO 500 400 1.9 Sputtering 21(min) 58
0.4% Pt/ZnO-CuO CO 1000 RT 2.64 Thermal 81(S) 59
CuO CcO 700 175 9.2 Electrospinning 53 (S) This work
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covery times and excellent selectivity are indicated based
on calcinated CuO nanofibers that can be fabricated more
quickly and at a lower cost. The simple method reported
here can be used for further improving gas sensor perfor-
mance such as enhancing the selectivity of the gas sensors
to different test gases.
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Abstract

Catalytic efficacy of the nickel(II)-diphosphine systems in the dehydrogenation of 1-phenylethanol to acetophenone
under acceptorless conditions was investigated. Steric and electronic factors of the phosphine ligands were found to play
an important role in the catalysis, while the nature of the base used and the reaction conditions, viz. time, tempe

rature, and stoichiometry, have also shown major influence. Based on the preliminary analysis, a homogeneous path-
way, perhaps involving nickel hydride species, was proposed. Due to the gradual disintegration of the catalytic species,
deterioration of catalytic activity was observed resulting into low to moderate conversions. Among the series of catalysts
examined, the highest conversion of 52% was exhibited by the catalyst C4, dichloro(1,2-bis(diphenylphosphino)ethane)
nickel(IT) (5 mol%), when loaded with 50 mol% of sodium ethoxide in toluene at 120 °C.

Keywords: Acceptorless dehydrogenation; dehydrogenation of alcohol; nickel(IT)catalyst; 1,2 bis(alkyl/arylphosphino)

alkane. homogeneous catalysis; Catalyst disintegration.

1. Introduction

In recent years the acceptorless dehydrogenation
process has gained much attention in academic and indus-
trial research. It provides an efficient and atom-economical
route for converting alcohols into synthetically useful car-
bonyl compounds, without the use of a sacrificial hydro-
gen acceptor. Moreover, the only byproduct formed in the
reaction is highly valuable molecular hydrogen.!=> Due to
the vast significance of this catalytic reaction, a variety of
homogeneous catalysts has been developed and employed
in this process. It is often seen that the catalysts contain-
ing precious metal centres, viz., Ru, Rh, Ir, and Os have
exhibited better performance,*’ nevertheless, with the
meticulous tuning of structural features of the catalyst and
reaction conditions, systems containing sustainable metals
such as Fe, Co and Mn were also shown to exhibit com-
parable activities in this catalytic reaction.®~!> However, in
comparison, nickel-based catalysts are underexplored in
dehydrogenation chemistry; examples of single-molecule
nickel catalysts capable of mediating acceptorless dehydro-
genation of alcohols are extremely scarce. Key examples

are the Ni(II) complexes supported by tris(3,5-dimeth-
ylpyrazolyl)borate and 2-hydroxyquinoline mixed ligands
developed by Jones et al.!® and Ni(II) complexes derived
from 2,6-bis(diethylaminomethyl)pyridine) pincer ligand
reported by Zhang et al.!” It is important to notice that
these catalysts involve either exotic ligand systems or spe-
cial reaction conditions to achieve the desired reactivity.
This prompted us to look for simple nickel-based systems,
which can efliciently catalyse dehydrogenation of alcohols
under mild to moderate reaction conditions. Incidentally,
diphosphine nickel(IT)chloride complexes attracted us due
to their simple synthetic protocols, stability and well-es-
tablished catalytic profile.!3-2> Here in this article, we de-
scribe the use of diphosphine nickel(II)chloride complexes
in the acceptorless dehydrogenation of alcohols.

2. Experimental

All of the synthesis and catalysis procedures were
performed under N, atmosphere using Schlenk line tech-
niques. All the solvents and reagents used in this work were
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purified & dried using standard protocols?® and stored
over molecular sieves (4 A). Ligands, bis(dimethylphos-
phaneyl)ethane (L1), bis(diethylphosphaneyl)ethane (L2),
bis(diphenylphosphaneyl)ethane (L4), triphenylphos-
phine (L5), bis(diphenylphosphaneyl)methane (L6),
1,3-bis(diphenylphosphaneyl)propane (L7) were pur-
chased from Sigma Aldrich (Merck). Ligand, bis(diisopro-
pylphosphaneyl)ethane (L3)?” and the nickel(IT)catalysts,
[1,2-bis(dimethylphosphino)ethane]dichloronickel(II)
(C1),B  [1,2-bis(diethylphosphino)ethane]dichloronick-
el(I) (C2),2%%° [1,2 bis(diisopropylphosphino)-ethane]
dichloronickel(II) (C3),%° [1,2-bis(diphenylphosphino)
ethane]dichloronickel(IT)  (C4),283! dichlorobis(triphe-
nylphosphine)nickel(II) (C5),*? bis(diphenylphosphino)
methane] dichloronickel(II) (C6)*! and bis(diphenylphos-
phino)propane]dichloronickel(II) (C7)3!, were prepared
by following the reported protocols.

OH 0

Catalyst + Base

_[—{2

Scheme 1: Catalytic acceptorless dehydrogenation of 1-phenyl eth-
anol

In a typical catalytic acceptorless dehydrogenation
reaction (Scheme 1), 0.05 mmol of nickel(II)phosphine
catalyst (C1-C7) and 0.5 mmol of base were loaded in a
two necked Schlenk flask equipped with a water condenser
under N, atmosphere. 2 mL of toluene (dried over benzo-
phenone-sodium) was added and the mixture was stirred

for a couple of minutes. 0.122 mL (1 mmol) of 1-pheny-
lethanol was added to the catalytic mixture using a sy-
ringe and the Schlenk flask was kept in a 120 °C preheat-
ed oil-bath and stirred vigorously for 16 h. A continuous
bubbling of N, gas was maintained throughout the reac-
tion. After the scheduled period of time, the reaction was
stopped, allowed to cool to room temperature and opened
to air. The product yield was analysed by gas chromatog-
raphy analysis (vide infra) and in some cases, also by 'H
NMR spectroscopic analysis (vide infra). Product isolation
was done by running the catalytic mixture through a silica
gel column using ethyl acetate:hexane (1:3) eluant. The re-
sults are summarized in Table 1.

GC analysis details: After the reaction, the reaction
mixture was diluted with 9 mL of dichloromethane and
filtered through a short plug of Celite. 360 pL of filtrate and
25 pL of tridecane (internal standard) were taken in 3mL
of dichloromethane and analyzed on Shimadzu GC-17A -
FID instrument, using Agilent DB-WAXETR column (30
m x 0.25 mm, thickness 0.50 pm) using helium as a carrier
gas. Method used: starting oven temperature, 50 °C (hold
for 5 min); maximum temperature, 240 °C; heating rate, 15
°C/min (hold for 5 min); column pressure: 24.5 psi; total
flow: 273 mL/min, column flow: 2.64 mL/min, split ratio:
100, linear velocity: 49 cm/sec.

'"H NMR spectroscopic analysis details: Reaction
mixture was evacuated under a weak vacuum to partial-
ly remove the solvent (toluene), followed by the addition
of ~ 0.3 mL of CDCl; and thorough mixing. An aliquot
from this solution was taken in an NMR tube, diluted
with CDCl; and analyzed on a Bruker Ascend 500 NMR
spectrometer operating at 500 MHz at RT). Relative area
of integration of the methyl protons of 1-phenylethanol

i
Me\ ,Me Et\P"Et CI Pr\ ,IPI' Ph\P/ Ph
P\N./CI [ \Ni/ \N /CI [ \\N./CI
i I
[P/ "¢l » i [P/ '~ci| o/ Cl
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e Me Et Pr 'Pr Ph
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Ph” ... Cl P G __cl
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Figure 1: Nickel(II)diphosphine complexes used in the current study.
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(doublet or broad, ~ § 1.48) and acetophenone (singlet, ~
d 2.57) were considered to calculate the percent of con-
version.

31P{'H} NMR analysis was done in CDCl; on a
Bruker AMX 400 spectrometer operating at 162 MHz at
RT; Chemical shift values are reported with reference to
the external standard, H;PO, In the analysis of catalytic
mixture, an aliquot of reaction mixture was taken in NMR
tube, added with CDCl; and used for analyses.

3. Results and Discussion

Among the nickel(II)complexes supported by the
substituted diphosphinoethane ligands (Figure 1), we
found that the system bearing phenyl substitutions (i.e.,
C4) exhibited better activity, converting 52% of 1-phe-
nylethanol to acetophenone, under the current reaction
conditions (Entry 4, Table 1). The systems having methyl
(C1) and isopropyl (C3) substitutions on the phosphorus
donors yielded only 12 and 14% of acetophenone, respec-
tively (Entries 1 and 3 in Table 1). With the nickel(I)di-
phosphine system substituted with ethyl groups on phos-
phorus, 30% conversion was observed (Entry 2, Table 1).
This indicates the significant influence of electronic effects
of the ligands on the stability and reactivity of the catalyst
system.?*34 Incidentally, anhydrous nickel(II)chloride in
the absence of any phosphine ligand showed no detectable
conversions under our reaction conditions (Entry 8, Table
1). Sole use of the ligand, bis(diphenylphosphaneyl)ethane

(L4) did not provide any catalytic conversion (Entry 9, Ta-
ble 1). Sodium ethoxide (50 mol%) in absence of nickel
catalyst also did not show any detectable conversion (En-
try 10, Table 1).

Table 1: Catalysis data for acceptorless dehydrogenation of 1-phe-
nylethanol to yield acetophenone; catalyzed by nickel(IT)diphos-
phine complexes C1-C7.*

Entry Catalyst  Conversion (%)* Yield (%)%
1 C1 12 -
2 C2 30 24
3 C3 14 -
4 C4 52 45
5 C5 30 25
6 C6 21 16
7 C7 34 26
8 NiCl, NIL -
9 L4 NIL -
10 - NIL -

*Catalytic reactions are conducted in dry toluene with Immol of
1-phenyl ethanol, 0.05 mmol of catalyst (5 mol%) and 0.5 mmol
(0.027 g, 50 mol%) of NaOEt, at 120 °C (oil bath temperature) for
16h, under the slow, continuous bubbling of nitrogen gas. ¥ Data
from GC analysis (Average value of two duplicate experiments).
$Isolated yield.

Further, we examined the efficacy of different phos-
phinonickel(II)chloride complexes, bearing phenyl sub-
stituents on the phosphorus but with varying spacer
groups in the acceptorless dehydrogenation of 1-pheny-

Table 2: Catalysis data for acceptorless dehydrogenation of 1-phenylethanol to yield acetophenone; catalyzed by the nickel(II)diphosphine complex

C4 under various reaction conditions.

Entry Catalyst (mol%) Base (mol%) Reaction conditions Conversion (%)* Yield (%)*
1 C4 (5) NaOEt (50) 120 °C in Toluene, 16h, No N, bubbling. 8 -
2 C4 (5) NaOMe (50) 120 °C in Toluene, 16h, With N, bubbling. 23 15
3 C4 (5) KOH (50) 120 °C in Toluene, 16h, With N, bubbling. 4 -
4 C4 (5) KO'Bu (50) 120 °C in Toluene, 16h, With N, bubbling. 50 45
5 C4 (5) NaOEt (25) 120 °C in Toluene, 16h, With N, bubbling. 22 16
6 C4 (5) NaOEt (10) 120 °C in Toluene, 16h, With N, bubbling. 11 -
7 C4 (10) NaOEt (50) 120 °C in Toluene, 16h, With N, bubbling. 56 48
8 C4(2) NaOEt (50) 120 °C in Toluene, 16h, With N, bubbling. 12 -
9 C4 (5) NaOEt (50) 120 °C in Toluene, 24h, With N, bubbling. 54 45
10 C4 (5) NaOEt (50) 120 °C in Toluene, 48h, With N, bubbling. 55 45
11 C4 (5) NaOEt (50) 120 °C in Toluene, 8h, With N, bubbling. 32 24
12 C4 (5) NaOEt (50) 25 °C in Toluene, 16h, With N, bubbling. Traces -
13 C4 (5) NaOEt (50) 60 °C in Toluene, 16h, With N, bubbling. 8 -
14 C4 (5) NaOEt (50) 140 °C in Xylenes, 16h, With N, bubbling. 54 45
15¥ C4 (5) NaOEt (50) 120 °C in Toluene, 16h, With N, bubbling. 46 38
16¥ C4 (5) NaOEt (50) 120 °C in Toluene, 16h, With N, bubbling. 54 44
17## C4 (5) NaOEt (50) 120 °C in Toluene, 16h, With N, bubbling 52 43
18% C4 (5) NaOEt (50) 120 °C in Toluene, 16h, With N, bubbling. 51 43

*Data from GC analysis (Average value of two duplicate experiments; Percent of conversion obtained from 'H NMR spectroscopic analysis were
comparable with the GC data, within the difference of + 5%). * Isolated yield. ¥1-(p-tolyl)ethanol was used as substrate. ¥ 1-(4-fluorophenyl)ethanol
was used as substrate. *A drop of metallic mercury (~ 50 mg) was added to the reaction mixture prior heating (Mercury poisoning test). SA drop of
carbon disulphide (~ 0.1 mL) was added to the reaction mixture prior heating (CS, poisoning test).
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lethanol, under the same reaction conditions. It was found
that the phenylphosphine(II)nickel system with a propyl
(three-carbons) spacer (C7) exhibited better activity yield-
ing 34% of acetophenone (Entry 7, Table 1), over the sys-
tem bearing a methylene (one-carbon) spacer (C6), which
could dehydrogenate only 21% of the substrate (Entry 6,
Table 1). On the other hand, the catalytic activity of the
nickel catalyst containing two triphenylphosphine ligands
(C5) was found to fall between the complexes C6 and C7
(30% conversion, Entry 5, Table 1). Nevertheless, the com-
plex, C4, which bears an ethyl (two carbon) spacer was
found to be the best catalyst among the systems employed
in this study (Entry 4, Table 1), hence was chosen for the
further exploration. The higher activity of the complex C4
can be correlated with its higher stability. Due to the pres-
ence of a stable five membered coordination ring (ring size
effect) and near ideal bite angle B, this system is expected
to be stabilized electronically.3-*8

Continuous bubbling of dry nitrogen/argon gas
throughout the reaction period is found to be key to expel
the molecular hydrogen produced and to access the better
conversions.!® A drastic decrease in the yield (~8%) was
observed, otherwise, due to the superseding backword,
hydrogenation reaction® (Entry 1, Table 2). Since alcohol
dehydrogenation is a thermodynamically uphill process,*
continuous removal of hydrogen gas will have a positive
thermodynamic contribution and can favour the forward
reaction.*?

The nature and stoichiometric ratio of the base used
play an important role in the dehydrogenation-hydrogena-
tion catalytic reactions.*! In the current studies, sodium
ethoxide was found to be the most compatible base; replac-
ing it with sodium methoxide, under similar reaction con-
ditions, yielded lower conversion viz., 23% (Entry 2, Table
2). Potassium hydroxide was found to be unsuitable for our
system, which produced only about 4% of acetophenone
(Entry 3, Table 2), while potassium tert-butoxide provid-
ed a comparable yield (50 % conversion, Entry 4, Table 2).
Lowering the loading of the base sodium ethoxide to 25
mol% (Entry 5, Table 2) or 10 mol% (Entry 6, Table 2) re-
sulted in a decrease in reactivity, yielding 22% and 11% of
the product, respectively, indicating that the higher loading
of 50 mol% of base is essential to maintain the catalytically
active species during the course of the reaction.!#?

In an attempt to improve the catalytic conversion, we
tried varying the catalyst loading, keeping the stoichiom-
etry of the sodium ethoxide unchanged (50 mol%) under
the same reaction conditions. When the catalyst loading
was increased to 10 mol% (Entry 7, Table 2) a slight im-
provement in the conversion (56%) was observed, indicat-
ing that higher catalyst loading is necessary to get better
conversions. Conversely, when catalyst loading was re-
duced to 2 mol% (Entry 8, Table 2), a drastic decrease in
the activity was observed, yielding only 12% conversion.

All the catalytic reactions in the above studies were
run overnight (16h). In anticipation of increasing the con-

version, we extended the reaction period to 24h (Entry
9, Table 2). This resulted in a slight enhancement in the
conversion providing 54% of the product. However, fur-
ther extension of the reaction period to 48h did not show
any significant improvement in the yield (Entry 10, Table
2), indicating gradual degeneration of the catalytic species
over time.*> On the other hand, when the reaction time
was limited to 8h, only 32% conversion was observed (En-
try 11, Table 2).

To overcome the thermodynamic constraints, the
process of dehydrogenation of alcohols often requires
higher reaction temperatures!'® or a suitable acceptor.*?
In our current acceptorless reaction conditions, we found
that a higher reaction temperature, viz. 120 °C, is required
to attain higher conversions. When the catalytic reaction
was carried at room temperature (Entry 12, Table 2), no
detectable catalytic activity was observed and the reaction
conducted at 60 °C (Entry 13, Table 2) yielded only 8%
conversion. On the other hand, when the reaction was
conducted at higher temperature (140 °C, in xylenes), a
slight improvement in the activity was observed, providing
54% conversion (Entry 14, Table 2).

Further, we examined the efficacy of our catalytic
system in the dehydrogenation of a couple of para substi-
tuted 1-phenylethanol motifs. The substrate containing an
electron donating group, 1-(p-tolyl)ethanol (Entry 15, Ta-
ble 2), yielded slightly lower conversion (slower reaction)
compared to the substrate bearing an electron withdraw-
ing substituent, 1-(4-fluorophenyl)ethanol (Entry 16, Ta-
ble 2) under the same reaction conditions. This reactivity
pattern is in line with the earlier observations involving
nickel-based catalysts.!® Due to the moderate reactivity of
the catalyst system, we did not try to expand the substrate
scope to other alcholols.

It has recently been shown that nickel(II)diphos-
phine complexes are very good catalysts in transfer hy-
drogenation, where various substituted ketones were con-
verted nearly quantitatively to the corresponding alcohols
using isopropanol as a sacrificial hydrogen donor as well
as a solvent.! However, in the current acceptorless condi-
tions, in spite of our attempts with varying reaction stoi-
chiometry and conditions, we were not able to improve the
conversion. Gradual disintegration of the catalyst under
the reaction conditions is envisaged to be the main cause
for the deterioration of catalytic activity. However, the
dominant backword hydrogenation reaction could also
have some key role to play.!®3! During the course of the
catalytic dehydrogenation reaction, a change in the colour
of the reaction mixture from yellow to dark brown was ob-
served, which is a typical indication for the formation of
Ni(0) related nanoclusters.*!*4 In order to investigate if the
Ni(0) nanoclusters have any role to play in the catalysis, a
mercury poisoning test (Entry 15, Table 2),'1%%7 as well as
a carbon disulphide poisoning test (Entry 16, Table 2)%
were performed. However, both tests turned out to be neg-
ative, as no significant difference in the catalytic reactivity/
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conversion was observed, thus, ruling out any contribu-
tion from a metal nano-particle mediated heterogeneous
pathway.*! Further, in the 3'P{'H} NMR spectroscopic
analysis, we found that, a single signal at § 57.1 observed
for the complex C4, experiences a significant shift upon
addition of 2 equivalent amount of 1-phenyl ethanol and
heating to 60 °C for five minutes with thorough shaking,
forming a peak at § 33.0 indicating the formation of a new
compound, possibly an alkoxide species. Same signal (~ §
33.0) was observed in the 3'P{!H} NMR spectrum of the
catalytic mixture, when recorded at the initial stages (with-
in 5 min), suggesting the formation of the same species
as in the catalytic conditions. However, at the end of the
catalytic reaction (24h), the appearance of a new signal at
§ 198.5 along with the signal at ~ § 33.0 indicates partial
dissociation of the intermediate compound. All of these
observations strongly suggest a catalytic mechanism in-
volving a homogeneous route, perhaps mediated by nickel
alkoxide and nickel hydride intermediates, as envisaged in
the previous studies.!®31:47

4. Conclusion

Opverall, we have explored the catalytic efficacy of the
nickel(II)diphosphine systems in the dehydrogenation of
1-phenylethanol under acceptorless conditions. Steric and
electronic factors of the phosphine ligands were found to
play an important role in the catalysis along with the na-
ture of the base used, as well as the reaction conditions. The
catalytic reaction was found to follow a homogeneous path-
way, presumably involving nickel hydride species. The cata-
Iytic reaction suffers mostly due to the disintegration of the
catalytic species, providing only low to moderate conver-
sions. We are currently working on isolation of the nick-
el hydride species, as structural characterization of these
reactive intermediates could help us in understanding the
mechanistic aspects of the catalytic reaction which would,
indeed, help in improving the efficacy and expanding the
substrate scope of the catalytic systems.*®4° Perhaps, these
systems can be tuned to efficiently promote Guerbet up-
grading of ethanol to n-butanol, which is a reaction of great
commercial importance and of our primary focus.*->
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Abstract

Urease inhibitors can inhibit the decomposition rate of urea, and decrease the air pollution caused by ammonia. In this
paper, four new copper(II) complexes [CuL(ONO,)],, (1), [Cu,L,(¢; 3-N3),] (2), [CuBrL] (3), and [CuCIL] (4), where L =
5-bromo-2-(((2-methylamino)ethyl)imino)methyl)phenolate, have been synthesized and characterized. The complexes
were characterized by elemental analyses, IR and UV-Vis spectroscopy, molar conductivity, and single crystal X-ray dif-
fraction. X-ray analysis reveals that Cu atoms in complexes 1 and 2 are in square pyramidal coordination, and those in
complexes 3 and 4 are in square planar coordination. The molecules of the complexes are linked through hydrogen bonds
and -7 interactions. The inhibitory effects of the complexes on Jack bean urease were studied, which showed that the

complexes have effective activity on urease.

Keywords: Schiff base; Copper complex; X-ray diffraction; Urease inhibitory activity

1. Introduction

Urea is a major nitrogen-containing soil fertilizer,
with an annual production projected to reach 226 million
tons in 2021.! Once deposited in soil, urea quickly hydro-
lyzes by urease to yield NH;.2 This reaction causes a num-
ber of agronomic, environmental and economic problems
and affects the global nitrogen cycle.® In particular, too
rapid increase of soil pH upon urea hydrolysis catalyzed
by urease activity causes the loss of urea nitrogen as gase-
ous ammonia, which is toxic to plants and contributes to
the production of fine inorganic particulate matter.* This
process causes tropospheric pollution by NO, NO, and
N,O, which is a greenhouse gas with 300 times the heat
trapping capacity of CO,.> Urease occurs widely in most
bacteria, plants, algae, fungi and invertebrates.® Urease
enzyme catalyzes the decomposition of urea into ammo-
nia in high efficiency, with the rate 10!* times faster than
the non-catalyzed reaction.” This process is harmful for
the health of human beings and environment. The use of
inhibitors proves to be a good way to solve this problem.®
Recent research indicated that metal complexes have in-
teresting activities on urease.” However, the study on this

topic is limited, and no definite relationship between
structures and properties is given. Schiff bases are a kind
of interesting ligands in the formation of metal complex-
es, which have received particular attention due to their
facile synthesis, versatile structures, and good biological
activities.!? Schiff base complexes of copper, cobalt, nickel
and zinc are reported to have urease inhibitory activi-
ties.!! In pursuit of exploring novel urease inhibitors, four
new copper complexes [CuL(ONO,)], (1), [Cu,L,
(¢13-N3),] (2), [CuBrL] (3), and [CuCIL] (4), where L =
5-bromo-2-(((2-methylamino)ethyl)imino)methyl)phe-
nolate, are presented.

2. Experimental

2. 1. General Methods and Materials

4-Bromosalicylaldehyde = and  N-methylethane
-1,2-diamine were purchased Lancaster and used as re-
ceived. All other reagents were of analytical reagent grade.
Elemental analyses of C, H and N were carried out in a
2400 Series-II CHN analyzer. FT-IR spectra were obtained
on a Jasco FT/IR-4000 spectrometer with samples pre-
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pared as KBr pellets. Electronic spectra were obtained with
Lambda 35 spectrophotometer. Single crystal X-ray dif-
fraction was carried out with a Bruker Apex II CCD dif-
fractometer. Molar conductance was measured with a
Shanghai DDS-11A conductometer.

Caution! Although our samples never exploded dur-
ing handling, azide compounds are potentially explosive.
Only a small amount of azide compound should be pre-
pared and it should be handled with care.

2. 2. Synthesis of Complex 1

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol) and
N-methylethane-1,2-diamine (0.074 g, 1.0 mmol) were
dissolved and mixed in methanol (30 mL). The mixture
was stirred at room temperature for 10 min to give a yellow
solution. To the solution was added dropwise a methanol
solution (20 mL) containing copper nitrate (0.24 g, 1.0
mmol). The color changed to blue immediately. The mix-
ture was further stirred at room temperature for 30 min
and filtered. The filtrate was kept at ambient temperature.
Single crystals of the complex, suitable for X-ray diffrac-
tion, were grown from the filtrate upon slow evaporation
within a few days. The crystals were isolated by filtra-
tion, washed with methanol and dried in air. Yield: 0.23
g (61%). Anal. Calcd. for C;yH;,BrCuN;0, (%): C, 31.47;
H, 3.17; N, 11.01. Found (%): C, 31.28; H, 3.26; N, 11.23.
IR data (KBr, cm™): 3151 (NH), 1647 (C=N), 1421, 1272,
1086 (NO;). UV-Vis data in methanol [A,,, (nm)]: 230,
245,271, 363.

2. 3. Synthesis of Complex 2

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol) and
N-methylethane-1,2-diamine (0.074 g, 1.0 mmol) were
dissolved and mixed in methanol (30 mL). The mixture
was stirred at room temperature for 10 min to give a yel-
low solution. To the solution was added dropwise a meth-
anol solution (20 mL) containing copper bromide (0.22
g, 1.0 mmol) and sodium azide (0.065 g, 1.0 mmol). The
color changed to blue immediately. The mixture was fur-
ther stirred at room temperature for 30 min and filtered.
The filtrate was kept at ambient temperature. Single crys-
tals of the complex, suitable for X-ray diffraction, were
grown from the filtrate upon slow evaporation within a
few days. The crystals were isolated by filtration, washed
with methanol and dried in air. Yield: 0.13 g (36%). Anal.
Calcd. for Cy H,4Br,Cu,N;,0, (%): C, 33.21; H, 3.34; N,
19.36. Found (%): C, 33.37; H, 3.45; N, 19.20. IR data (KBr,
cm™): 3172 (NH), 1645 (C=N), 2078 (N). UV-Vis data in
methanol [A,,,, (nm)]: 230, 248, 272, 361.

2. 4. Synthesis of Complex 3

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol) and
N-methylethane-1,2-diamine (0.074 g, 1.0 mmol) were

dissolved and mixed in methanol (30 mL). The mixture
was stirred at room temperature for 10 min to give a yel-
low solution. To the solution was added dropwise a meth-
anol solution (20 mL) containing copper bromide (0.22 g,
1.0 mmol). The color changed to deep blue immediately.
The mixture was further stirred at room temperature for
30 min and filtered. The filtrate was kept at ambient tem-
perature. Single crystals of the complex, suitable for X-ray
diffraction, were grown from the filtrate upon slow evapo-
ration within a few days. The crystals were isolated by fil-
tration, washed with methanol and dried in air. Yield: 0.26
g (65%). Anal. Calcd. for C,yH;,Br,CuN,O (%): C, 30.06;
H, 3.03; N, 7.01. Found (%): C, 29.87; H, 3.12; N, 6.93. IR
data (KBr, cm™!): 3201 (NH), 1640 (C=N). UV-Vis data in
methanol [, (nm)]: 230, 245, 280, 365.

2.5. Synthesis of Complex 4

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol) and
N-methylethane-1,2-diamine (0.074 g, 1.0 mmol) were
dissolved and mixed in methanol (30 mL). The mixture
was stirred at room temperature for 10 min to give a yel-
low solution. To the solution was added dropwise a meth-
anol solution (20 mL) containing copper chloride (0.13 g,
1.0 mmol). The color changed to deep blue immediately.
The mixture was further stirred at room temperature for
30 min and filtered. The filtrate was kept at ambient tem-
perature. Single crystals of the complex, suitable for X-ray
diffraction, were grown from the filtrate upon slow evapo-
ration within a few days. The crystals were isolated by fil-
tration, washed with methanol and dried in air. Yield: 0.21
g (58%). Anal. Calcd. for C,yH;,BrCICuN,O (%): C, 33.82;
H, 3.41; N, 7.89. Found (%): C, 33.95; H, 3.30; N, 7.81. IR
data (KBr, cm™): 3198 (NH), 1640 (C=N). UV-Vis data in
methanol [A,,,, (nm)]: 230, 247, 278, 367.

2. 6. X-Ray Structure Determination

Single-crystal X-ray diffraction data for the com-
plexes were collected on a Bruker Apex II CCD diftrac-
tometer at 298(2) K with Mo K, radiation (A = 0.71073
A) by w scan mode. The program SAINT was used for in-
tegration of the diffraction profiles.!? The structures were
solved by direct methods using the SHELXS program of
the SHELXTL package and refined by full-matrix least-
squares methods with SHELXL (semi-empirical absorp-
tion corrections were applied using the SADABS pro-
gram).!® The positions of the non-hydrogen atoms were
located in difference Fourier syntheses and least-squares
refinement cycles, and finally refined anisotropically. All
hydrogen atoms of the complexes were placed theoret-
ically onto the specific atoms and refined isotropically
as riding atoms. Crystallographic data and experimental
details for structural analyses are summarized in Table
1. Selected bond lengths and angles for the complex are
listed in Table 2.
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Table 1. Crystallographic data and refinement details for the complexes.

1 2 3 4
Formula CyoH ,BrCuN;0, C,oH,4Br,Cu,N;,0, C,oH;,Br,CuN,0O C,oH;,BrCICuN,O
Formula weight 381.68 723.39 399.58 355.12
Crystal color, shape Blue, block Blue, block Blue, block Blue, block
Crystal system Monoclinic Orthorhombic Orthorhombic Orthorhombic
Space group P2, Pbcn Pbca Pbca
a(A) 7.6706(10) 16.8624(12) 17.1761(11) 17.012(9)
b(A) 8.1444(12) 7.1989(11) 6.8686(12) 6.930(4)
c(A) 10.712(2) 21.0019(13) 21.3893(12) 21.828(11)
B 94.035(2) 90 90 90
V(A% 667.58(19) 2549.4(5) 2523.4(5) 2574(2)
VA 2 4 8 8
Deged (g cm™3) 1.899 1.885 2.104 1.833
¢ (Mo Ka, mm™1) 4.641 4.843 8.044 4.990
Reflections collected 3909 12296 12465 12598
Unique 2304 2374 2348 2407
Observed reflections (I = 2s(I)) 2116 1714 1818 1931
Data/restraints/parameters 2304/1/173 2374/0/164 2348/0/146 2407/0/146
Goodness of fit on F? 1.032 1.078 1.073 1.103

R, wR, (I = 2s(I))
R}, wR, (all data)?

0.0276, 0.0713
0.0310, 0.0728

0.0435, 0.0888
0.0710, 0.0985

0.0388, 0.0921
0.0560, 0.0995

0.0431, 0.1029
0.0563, 0.1091

@R, =F, - F,/F,, wR, = [ w(F,2 - Fc®)/a w(F,?)?]"/?

Table 2. Selected bond distances (A) and angles (°) for the complexes.

1

Cul-01 1.913(4) Cul-02 2.045(4)
Cul-N1 1.929(5) Cul-N2 2.029(5)
01-Cul-N1 94.69(19) 01-Cul-N2 175.3(2)
N1-Cul-N2 84.9(2) 01-Cul-02 90.01(18)
N1-Cul-02 165.81(19) N2-Cul-02 91.5(2)

2
Cul-01 1.895(3) Cul-N1 1.938(4)
Cul-N2 2.021(4) Cul-N3 1.969(4)
Cul-N3A 3.184(5) Cul-N5A 2.565(5)
01-Cul-N1 92.84(15) 01-Cul-N3 88.92(16)
N1-Cul-N3 176.27(19) 01-Cul-N2 170.86(17)
N1-Cul-N2 84.39(17) N3-Cul-N2 93.37(18)
01-Cul-N3A 88.01(18) NI-Cul-N3A 72.81(18)
N2-Cul-N3A 82.85(18) N3-Cul-N3A 103.99(18)
N5B-Cul-N3A 162.34(18) 0O1-Cul-N5B 96.89(18)
N1-Cul-N5B 89.96(18) N2-Cul-N5B 91.82(18)
N3-Cul-N5B 93.09(18)

Symmetry codes: A: 1 -x,2-y,1-zB:1-x1-y,1-z

3
Cul-01 1.892(4) Cul-N1 1.935(4)
Cul-N2 2.017(4) Cul-Br2 2.3996(8)
01-Cul-N1 93.02(16) 01-Cul-N2 176.36(18)
N1-Cul-N2 84.57(18) 01-Cul-Br2 89.01(11)
N1-Cul-Br2 161.31(13) N2-Cul-Br2 94.15(13)

4
Cul-01 1.918(3) Cul-N1 1.970(4)
Cul-N2 2.044(4) Cul-Cl1 2.3001(17)
01-Cul-N1 93.14(14) 01-Cul-N2 174.39(16)
N1-Cul-N2 84.56(16) 01-Cul-Cl1 89.63(10)
N1-Cul-Cl1 161.44(12) N2-Cul-Cl1 94.18(12)
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2. 7. Measurement of Urease Inhibitory

Activity

The assay mixture, containing 25 pL (10U) of jack
bean urease which was replaced by 25 uL of cell suspension
(4.0x107 CFU/mL) for the urease assay of intact cells and
25 pL of the test compound, was pre-incubated for 1.5 h at
room temperature in a 96-well assay plate. Urease activity
was determined by measuring ammonia production using
the indophenol method as described by Weatherburn.*

3. Results and Discussion

3. 1. General Chemistry

The Schiff base ligand was prepared by reaction of
4-bromosalicylaldehyde and N-methylethane-1,2-di-
amine in methanol. The ligand was not isolated and puri-
fied, and was used to prepare the complexes with copper
salts (Scheme 1). Elemental analyses of the complexes are
in accordance with the molecular structures proposed by
the X-ray analysis. The complexes are stable in air at room
temperature. The molar conductivity of complexes meas-
ured in methanol at concentration of 10~ mol L! is 20-45
Q7! ecm? mol™!, indicating the non-electrolytic nature of
them in solution.!

3. 2. IR and UV-Vis Spectra

In the IR spectra the weak and sharp absorptions in
the range 3150-3200 cm™! are assigned to the N-H vibra-
tions of the Schift base ligands. The characteristic C=N
stretching is observed at 1630 cm™! as intense signals.!®
The Schiff base ligand coordination to the copper atoms

is substantiated by weak bands in the low wavenumbers
400-600 cm™! corresponding to v(Cu-N) and v(Cu-O).
The IR spectrum of complex 2 shows the most intense
absorption band at 2078 cm™! corresponding to the azide
ligand.!” The Ar-O stretching bands are located at 1150
1200 cm™1.!8 The spectrum of complex 1 displays three ab-
sorption bands at 1421, 1272 and 1086 cm™! correspond-
ing to the nitrate ligand.'®

In the UV-vis spectra the bands at 230, 245-250 nm
and 270-280 nm are attributed to the 7-7* and n-7* tran-
sitions.?® The bands at 360-370 nm can be assigned to the
ligand to metal charge transfer transition (LMCT).?!

3. 3. Structure Description of Complex 1

The molecular structure of complex 1 is shown in
Fig. 1. The [CuL] units are linked by acetate ligand, to
form one dimensional chain structure. The Cu atom is in
a square pyramidal geometry, with the basal plane defined
by the phenolate O, imino N and amino N atoms of the
Schiff base ligand, and one acetate O atom, and with the
apical position occupied by one acetate O atom. The Cu
atom deviates from the plane defined by the four basal
donor atoms by 0.078(2) A. The square pyramidal coordi-
nation is distorted from ideal model, as evidenced by the
bond angles in the basal plane, with cis and trans angles
in the ranges of 84.9(2)-94.7(2)° and 165.8(2)-175.3(2)°,
respectively. The Cu-O and Cu-N bond lengths are com-
parable to those observed in Schiff base copper complexes
with acetate ligands.??

In the crystal structure of the complex, the molecules are
linked through N-H---O and C-H--O hydrogen bonds (Table
3), to form one dimensional chain along the b axis (Fig. 2).

cHO
N
+ HQN/\/ ™~
Br OH

/C(\ N

Cu(NOy),
/@i\ /ﬁ / lCuBr,JrN'N‘ /CE\
e g

owc:2

O,

Scheme 1. The synthetic procedure for the Schiff base and the complexes.

LuBh

Cu——N—
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Br1

04

Fig. 1. A perspective view of the molecular structure of complex 1.
Thermal ellipsoids are drawn at the 30% probability level.

f f /

./

Fig. 2. Molecular packing structure of complex 1. Hydrogen bonds
are drawn as dashed lines.

3. 4. Structure Description of Complex 2

The molecular structure of the p; 3-azido bridged
polynuclear complex 2 is shown in Fig. 3. The adjacent two
Cu atoms are bridged by two azide ligands, with distances
of 3.314(1) and 5.000(1) A, respectively. The Cu atom is
coordinated in octahedral geometry, with the equatorial
plane defined by the phenolate O, imino N and amino N
atoms of the Schiff base ligand, and one azide N atom,
and with the axial positions occupied by two azide N at-
oms. The Cu atom deviates from the equatorial plane by
0.102(2) A. The octahedral coordination is distorted from
ideal model, as evidenced by the bond angles. The cis and
trans angles in the equatorial plane are in the ranges of

84.4(2)-93.4(2)° and 170.9(2)-176.3(2)°, respectively. The
bond angles among the axial and equatorial donor atoms
are in the range of 81.8(2)-96.9(2)°. The Cu-O and Cu-N
bond lengths are comparable to those observed in Schift
base copper complexes with azide ligands.?®

In the crystal structure of the complex, the molecules
are linked by azide ligands, to form one dimensional chain
along the b axis. There are N-H---O and C-H---N hydrogen
bonds (Table 3) within the chains (Fig. 4).

b 4

Fig. 3. A perspective view of the molecular structure of complex 2.
Thermal ellipsoids are drawn at the 30% probability level. Unlabeled
atoms are related to the symmetry operations 1 - x,2 - y, 1 - zand
B:l-x1-y,1-z

Fig. 4. Molecular packing structure of complex 2. Hydrogen bonds
are drawn as dashed lines.
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3. 5. Structure Description of Complexes 3
and 4

Molecular structures of complexes 3 and 4 are shown
in Figs. 5 and 6, respectively. The two complexes are iso-
structural mononuclear copper compounds. The Cu atom
in each complex is coordinated by the phenolate O, imino
N and amino N atoms of the Schiff base ligand, and one
halide atom, viz. Br for 3 and Cl for 4. The Cu atoms de-
viate from the planes defined by the four donor atoms by
0.153(2) A for 3 and 0.129(2) A for 4. The square planar
coordination is distorted from ideal model, as evidenced
by the bond angles, with cis and trans angles in the rang-
es of 84.6(2)-94.2(1)° and 161.3(1)-176.4(2)° for 3, and
84.6(2)-94.2(1)° and 161.4(1)-174.4(2)° for 4, respective-
ly. The Cu)-O and Cu)-N bond lengths are comparable
to those observed in Schiff base copper complexes with
halide ligands.?*

In the crystal structure of complex 3, the molecules
are linked through N-H---O and C-H:--Br hydrogen bonds
(Table 3), to form zigzag chains along the b axis (Fig. 7). In
the crystal structure of complex 4, the molecules are linked
through N-H---O hydrogen bonds (Table 3), to form zig-
zag chains along the b axis (Fig. 8).

Table 3. Hydrogen bond distances (A) and bond angles (°) for the
complexes.

D-H-A d(D-H) d(H-A) d(D--A) Angle
(D-H---A)
1
N2-H2.-01%! 0.98 2.08 3.037(6) 166(5)
C5-H5---04*2 0.93 2.59 3.448(6) 153(5)
C8-H8A--02*1  0.97 2.55 3.340(6) 139(5)
C10-H10C--03*3 0.96 2.51 3.145(6) 124(5)
2
N2-H2.-01%* 0.98 2.24 3.067(5) 142(5)
C8-H8B--N5*  0.97 2.62 3.510(5) 152(5)
3
N2-H2B--O1%6  0.98 2.48 3.311(6) 143(6)
N2-H2--Br2*  0.98 3.04 3.797(5) 135(6)
C7-H7--Br2¥’  0.93 2.88 3.779(5) 163(6)
4
N2-H2.-01%8 0.98 2.39 3.240(6) 145(6)

Symmetry codes: #1: 1 - x, -1 -y, 1 =z, #2: X, y, L + z; #3: 1 - x, -%
Ty l-z#di-x, 1=y, -z #5Ya-xX, Yo+ ), z#6:-x, Yo+ ), 2~ 2
B+, 0, % -5 #8: -x, -ty a-z

3. 6. Urease Inhibitory Activity

We investigated the urease inhibition of the com-
plexes in an effort to find more potent compounds in
comparison with previously reported compounds. The
ICs, values of complexes 1, 3 and 4 are 1.72 + 0.33, 1.05
+ 0.26 and 0.77 + 0.15 pmol L1, respectively. However,

- I \I‘,.,‘,‘ \-& c8

Br1

Br2

Fig. 5. A perspective view of the molecular structure of complex 3.
Thermal ellipsoids are drawn at the 30% probability level.

Fig. 6. A perspective view of the molecular structure of complex 4.
Thermal ellipsoids are drawn at the 30% probability level.

Fig. 7. Molecular packing structure of complex 3. Hydrogen bonds
are drawn as dashed lines.

2 =
q — f + =
o o/ N ‘7‘5’5;& C
/’;“b”-&?a' ' ll‘ B

Fig. 8. Molecular packing structure of complex 4. Hydrogen bonds
are drawn as dashed lines.
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complex 2 has medium activity, with ICs, value of 8.31 +
1.29 umol L!. The copper complexes have from medium
to strong urease inhibitory activity, which is in accordance
with those reported in literature.?> Complex 2 has weaker
activity than the other complexes, which might due to the
larger size arise from polymerization. The hydrophobic
area of the enzyme cannot comfortably accommodate the
molecules with large sizes. Acetohydroxamic acid (AHA)
was used as a reference, and with 1C5; value of 27.8 + 2.12
pmol L~L. Thus, the copper complexes would be potential
urease inhibitors that deserve further study.

4. Conclusion

In summary, four new copper complexes with the
Schift base ligand 5-bromo-2-(((2-methylamino)ethyl)
imino)methyl)phenolate have been synthesized and char-
acterized. X-ray single crystal structure analysis indicates
that the Cu atoms in complexes 1, 3 and 4 are in square
planar geometry, and those in complex 2 are in octahedral
geometry. The copper complexes have strong urease inhib-
itory activity, which deserves further study to explore new
and efficient urease inhibitors.

Supplementary Materials

X-ray crystallographic data for the complexes have
been deposited with the Cambridge Crystallographic Data
Centre (The Director, CCDC, 12 Union Road, Cambridge,
CB2 1 EZ, UK; e-mail: deposit@ccdc.cam.ac.uk; http://
www.ccdc.cam.ac.uk; fax: +44-(0)1223-336033) and are
available free of charge on request, quoting the deposition
numbers CCDC 2083691-2083694.
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Povzetek

Inhibitorji urease lahko inhibirajo proces razgradnje secnine in zmanj$ajo onesnazenje zraka zaradi spro$c¢anja amoni-
jaka. Sintetizirali smo §tiri nove bakrove(II) komplekse [CuL(ONO,)], (1), [Cu,L,(g; 3-N3),] (2), [CuBrL] (3) in [Cu-
CIL] (4), kjer je L = 5-bromo-2-(((2-metilamino)etil)imino)metil)fenolat. Komplekse smo okarakterizirali z elementno
analizo, IR in UV-Vis spektroskopijo, molsko prevodnostjo in monokristalno rentgensko difrakcijo. Rentgenska analiza
razkriva, da imajo Cu atomi v kompleksih 1 in 2 kvadratno piramidalno koordinacijo in v kompleksih 3 in 4 kvadratno
planarno koordinacijo. Molekule so povezane z vodikovimi vezmi in m---m interakcijami. S testiranji smo ugotovili, da
imajo kompleksi inhibitoren vpliv na ureazo stro¢nice Canavalia ensiformis.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

Effective treatment of glioma still stands as a challenge in medical science. The work aims for the fabrication and evalu-
ation of lipid based nanostructures for improved delivery of lomustine to brain tumor cells. Experimental formulations
(LNLs) were developed by modified lipid layer hydration technique and evaluated for different in vitro characteristics like
particle size analysis, surface charge, surface morphology, internal structure, in vitro drug loading, drug release profile
etc. Anticancer potential of selected LNLs was tested in vitro on C6 glioma cell line. Electron microscopic study depicted
a size of less than 50 nm for the selected LNLs along wirh 8.8% drug loading with a sustained drug release tendency over
48 h study period. Confocal microscopy revealed resonable internalization of the selected LNL in C6 cells. LNLs were
found more cytotoxic than free drug and blank nanocarriers as depicted from MTT assay. The selected LNL showed im-
proved pharmacokinetic profile both in blood and brain in the experimental mice models along with negligible hemoly-
sis in mice blood cells. Further studies are warranted for the future translation of LNLs at clinics.

Keywords: Lomustine; lipid nanostructure; C6 glioma cells; cellular uptake; pharmacokinetic; hemolysis

1. Introduction

Effective treatment of brain tumor remains a chal-
lenge in medical science. Gliomas are the most common
type of tumors of brain and central nervous system.!
Based on the type of primary cells along with molecular
characteristics, gliomas can be of astrocytomas, ependy-
momas, oligodendrogliomas etc. Glioma is character-
ized by its uncontrolled cellular proliferation, diffused
infiltration along with significant angiogenesis.> Glioma
at its fourth stage is referred to as glioblastoma multi-
forme, which is the most dangerous stage with poor
prognosis and an average survival rate of 1-2 years.? In
spite of all the advanced medical strategies, death rate of
glioma patients is increasing at an alarming rate all over
the world. The treatment failures may be attributed to
the delicate and sensitive characteristics of brain tissue,
which limits effective application of surgery or radiation

therapy; whereas presence of blood-brain barrier (BBB)
further worsens the case.! BBB is the most complex,
tight endothelial barrier, which strictly checks the entry
of therapeutic molecules into the brain and thus stands
as a serious challenge for chemotherapy.>® Although,
many conventional anticancer drugs are available in
clinical practice, but majority of them fails to maintain
the desired therapeutic concentration in the brain tissue
for a sufficient period of time due to their inability to
pass effectively through BBB.” Some lipophilic drugs like
carmustine, temozolomide, bevacizumab etc. are being
claimed to cross BBB, but shorter half-life along with se-
vere dose related toxic effects associated with them
throw additional challenges to get desired treatment
outcomes.®? In this context, novel drug delivery strate-
gies like nanoliposomes, nanoparticles, polymeric mi-
celles, niosomes, dendrimers etc. have been investigated
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widely in past years to improve the efficacy of conven-
tional chemotherapeutic agents for the treatment of gli-
oma.!%!112 However, till today, very few of them have
been approved to be used in clinical practice. Among
various types of nanocarrier platforms, nanosize lipid
based vesicular carriers have been largely preferred for
successful delivery of toxic chemotherapeutic drugs to
brain.!>!* Due to high lipophilic nature as well as ultra
small size, they fulfill the prime requisite criteria to
overcome BBB to get into the brain. Phospholipid based
nanostructures (NLs) are the ultra-micron size phos-
pholipid vesicles consisting of self assembled lipid bilay-
ers enclosing small aqueous phase in their core.!> Due to
this architectural uniqueness, they act as dual platform
for both hydrophobic and hydrophilic molecules.! The
hydrophobic/lipophilic agents get entrapped in the outer
lipid bilayer, where as the hydrophilic agents remain en-
capsulated in the aqueous core.!> NLs owing to their li-
pophilicity, biodegradability, non-immunogenicity, bio-
compatibility, sustained drug release property, ease of
surface manipulation etc. have drawn the attention of
formulation scientists as preferred drug delivery vehi-
cles in nanomedicine based research.!”!® Due to sus-
tained delivery of the loaded cargo as well as site-specif-
ic delivery, the dose of the cytotoxic anti-cancer drugs is
expected to be reduced, which leads to better treatment
outcome and fewer side effects.

Lomustine (LS) is a nitrosourea class of antineoplas-
tic agent, which is used in the treatment of various types of
malignancies, including glioma.'? It inhibits protein syn-
thesis by causing alkylation and cross-linking in the nucle-
ic acids (DNA/RNA). Being lipophlic in nature, it posses
the capacity to cross BBB, however, its short half life and
deadly side effects like severe bone marrow depression,
leucopenia, etc. limits its effective use in the treatment of
glioma.?2! Thus, there is a need to develop novel strate-
gies for the safer and effective delivery of LS to brain and
thereby reducing the dose-related side effects associated
with the conventional forms.

Kevin A. Harvey et al. studied anticancer properties
of LS in conjunction with docosahexaenoic acid (DHA) in
glioblastoma cell lines. They studied effects of LS, alone
and in combination with DHA in C6 human glioblastoma
cell line.!® In another study, LS nanoparticles prepared by
molecular envelope technology was tested on C6 glioblas-
toma bearing animal model.?! Another work reported an
optimized method of development of poly (d,l-lactide-co-
glycolide) based LS nanoparticles and investigated their
anticancer potential in lung cancer cell line 1.132.22 How-
ever, to our knowledge, no reports are available on the an-
ticancer potential of lomustine loaded lipid nanostruc-
tures (LNLs) on C6 glioma cells and also on their in vivo
plasma/brain pharmacokinetic (PK) profile. Haemolysis
assay for LNLs in mice RBC further adds novelty to the
work, which is an important piece of information for safe
biomedical application.

In the lieu of which, the present study aims to in-
vestigate the anticancer potential of optimized LNLs on
rat glioma cells along with evaluation of both blood and
brain PK profiles in experimental animal model. The
LNLs were prepared by conventional method with opti-
mization of critical manufacturing conditions to achieve
the desired nanosize. Preferably, we wanted to keep the
size of LNLs within a range of 50-100 nm to achieve ef-
fective permeation into brain as well as to escape from
reticuloendothelial system. The experimental LNLs were
evaluated by different in vitro techniques and the opti-
mized formulation was tested for its in vitro anticancer
effectiveness in C6 glioma cells. Further in vivo blood
and brain PK study was also carried out in experimental
mice to estimate the potentiality of the optimized formu-
lation both qualitatively and quantitatively for the treat-
ment of glioma.

2. Materials & Methods
2. 1. Materials

LS was obtained as a gift sample from Cipla laborato-
ries (Goa, India). Cholesterol (CHL), soya-L-a-lecithin
(SL),  1,2-distearoyl-sn-glycero-3-phosphotidylethanol-
amine (DSPE) were procured from Merck (Mumbai, In-
dia). Chloroform, butylated hydroxyl anisole (BHA), fluo-
rescein isothiocyanate (FITC), were purchased from
Hi-media Laboratories Pvt. Ltd (Mumbai, India). 4’,6-Di-
amidino-2-phenylindole) (DAPI) and tetrazolium dye
3-(4,5-dimers dimethylthiazol-2-yl)-2,5- diphenyltetra-
zolium bromide (MTT) were purchased from Sigma-Al-
drich (Banglore, India). C6 glioma cells were procured
from National Center for Cell Science (Pune, India). All
other chemicals used in the experiment were of analytical
grade.

2.1. 1. Animals

For PK studies, healthy Swiss albino mice of either
sex (male: female ratio 1:1) were used. All animal related
experiments were in accordance with CPSCEA guide-
lines. Animals were kept in polypropylene cages and
maintained in the Jadavpur university animal house at
normal room temperature (20-25 °C), 55% relative hu-
midity environment with normal day and night cycle.
Before experiments, animals were properly fed standard
diet and drinking water ad libitum. The guidelines of An-
imal Ethical Committee, Jadavpur University were fol-
lowed strictly during the entire study period. The animals
were kept for three weeks in the animal house environ-
ment before study. A total number of 72 mice were used
for plasma PK study, where as 56 animals were used for
brain PK study. For hemolysis assay, total 30 animals
were used.
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2. 2. Methods

2. 2. 1. Method of Development of Experimental
LNLs

The experimental LNLs were prepared by convention-
al thin film hydration method with necessary modification
of process parameters.?* For the formulation development,
soya-L-a-lecithin (SL) was used as the main phospholipid.
Along with that, we used DSPE and CHL. Briefly, weighed
amount of LS, SL, CHL along with DSPE were dissolved in a
required volume of chloroform taken in a 250 ml round bot-
tom flask. To this mixture, BHA (2% w/v) was added as an
antioxidant, since all phospholipids are generally sensitive to
oxidation. The prepared mixture was then subjected to gen-
tle rotation along with evaporation of the solvent in a rotary
vacuum evaporator (Rotavap, PBU-6, Superfit, Mumbai, In-
dia), connected with a water bath. The temperature of the
water bath was kept at 40 °C. After, evaporation of chloro-
form, a thin film was formed along the inner wall of the
round bottom flask. The flask was then kept in a dessicator
overnight, which caused further removal of any residues of
organic solvent still left in the thin film. On day 2, the formed
thin film was hydrated with phosphate buffer saline (PBS),
pH 7.4 for about an hour at a rotation of 130 rpm. During
this period, the formed film was completely dispersed in the
PBS. Following hydration, the mixture was subjected to son-
ication in a bath-type sonicator (Trans-o-sonic, Mumbai,
India). Sonication helps the reduction of large size vesicles
into desired ultra small size range. After sonication, the for-
mulation was allowed to stand for 1 h at room temperature
followed by storage in a refrigerator overnight at 4 °C. On
next day (day 3), the sample was subjected to cold centrifu-
gation at 15,000 rpm for 45 minutes (Sigma Lab Centrifuge,
UK). After centrifugation, the supernatant was discarded
and the sediments were collected, which was stored at -20
°C overnight. The pre-cooled samples were then lyophilized
for 10 h (laboratory lyophilizer, Kolkata, India) to obtain dry
powdered formulation and stored in a refrigerator (4 °C).

2. 2. 2. Development of Fluorescent LNLs

For cellular uptake study, fluorescent LNLs were pre-
pared with FITC. For this, FITC at a concentration 0.4% w/v
was dissolved in a required volume of chloroform and etha-
nol mixture. From this stock preparation, about 50 pl was
used added during the first step of preparation of LNLs. All
other steps mentioned above remained unchanged.?

2. 3. In vitro Studies of Experimental LNLs

2. 3. 1. Determination of Average Vesicle
Diameter (Z-average) and Surface Potential
For the determination of mean vesicle diameter
(Z-average), polydispersity index (PDI) and surface charge
(zeta potential) of the experimental formulations, a
weighed amount of the formulation was dispersed in milli

Q water, sonicated for 5 minutes and observed under a dy-
namic light scattering (DLS) instrument (DLS-nano ZS,
Zetasizer, Malvern Instrument Ltd, UK).2? The data was
interpreted by instrument software.

2. 3. 2. Percentage of Drug Loading and Loading
Efficiency

For the calculation of amount of LS loaded in the ex-
perimental NLs, about 2 mg of the lyophilized LNLs was
dissolved in required volume of acetonitrile. The sample
was then sonicated in a bath sonicator for 10 min. After
that, it was vortexed for another 3 min followed by centrif-
ugation at 15,000 rpm. After centrifugation, the sediments
were discarded and the absorbance of the collected super-
natant was measured at 230 nm in UV-visible spectropho-
tometer (Advanced Microprocessor UV-Visible single
beam, Intech 295, India).24?”

The amount of LS loaded in the experimental LNLs
was calculated by applying following formula

% LS loading = Amount of LS in LNLs / Amount of LNLs
obtained x 100

% LS loading efficiency = Practical % LS loading /
Theoretical % LS loading

2. 3. 3. Yield Percentage

To determine the % yield of each formulation batch,
the fully dried LNLs obtained after lyophilization was
weighed after each batch run.?* The % yield was calculated
by applying following equation.

% Yield = Amount of LNLs obtained after lyophilization /
Total amount of all components used in the
formulation batch x 100

2. 3. 4. Surface Morphology Study by Field
Emission Scanning Electron Microscopy
(FESEM)

To obtain surface morphology of the experimental
formulation, electron microscope was used (JSM 6100,
JEOL, Japan). For the experiment, lyophilized LNLs was
spread on a carbon tape, fixed over a stub. Platinum coat-
ing was applied on the tested sample for 5 min with a volt-
age of 10 kV by means of a platinum coater.?? Finally the
samples were observed under FESEM under liquid nitro-
gen conditions.??

2. 3. 5. Cryo-Transmission Electron Microscopy
(Cryo-TEM)

For Cryo-TEM analysis, weighed amount of lyo-
philized LNLs was dispersed in milli-Q water. The disper-
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sion was vortexed in a cyclomixture for 5 min and a min-
ute quantity of the dispersed LNLs (4 pl) was taken on a
clean grid. The sample was then immediately vitrified in
liquid ethane followed by storage in liquid nitrogen condi-
tion until imaging.*?® Images of the sample was taken
with the help of a electron microscope (Tecnai Polora, ver-
sion 4.6, Netherlands) equipped with an FEI Eagle 4K x 4K
charge-coupled device (CCD) camera. During imaging,
vitreous grids were transferred into the electron micro-
scope with the help of a cryostage. Throughout the experi-
ment, the temperature of the samples was maintained
-170 °C to observe the LNLs in their native form without
any damage to the internal structure.

2. 3. 6. In vitro Drug Release Study

For the in vitro drug release study of the optimized
LNLs, dialysis bag method was employed.?#28 The study
was conducted at both pH 5 and pH 7.4. For the experi-
ment, a weighed amount of lyophilized sample was dis-
persed in PBS pH 7.4 containing sodium lauryl sulfate as a
solubilizing agent (release medium). The dispersion was put
inside a dialysis bag. The two ends of the dialysis bag were
tied with the thread and the whole system was immersed in
a beaker containing 100 ml of the above release medium.
After that, the beaker was placed on a magnetic stirrer at a
rotation of 300 rpm using a magnetic bead. At various time
intervals for 24 h, 1 ml of sample was withdrawn from the
beaker with simultaneous replacement of the fresh release
medium to maintain the sink condition. Similar procedure
was followed for drug release study at pH 5. Each set was
repeated in triplicate. The samples after collection were fil-
tered with the help of membrane filter followed by measure-
ment of the absorbance at 229 nm with the help of High
performance liquid chromatography system.

2. 3. 7. Estimation of Drug Release Kinetics

Release kinetics helps to predict the mechanism of
drug release from the experimental LNLs. For this, the data
obtained from the in vitro drug release studies were fitted in
various kinetic models. We determined the release pattern
of LNLs in five different models such as zero order (cumula-
tive amount of drug released Vs time), first order (logarith-
mic value of cumulative amount of drug remained to be re-
leased Vs time), Higuchi (cumulative amount of drug re-
leased Vs square root of time), Korsmeyer-Peppas (logarith-
mic value of cumulative amount of drug released Vs loga-
rithmic value of time), Hixson-Crowell (cube root of per-
centage drug remained to be released Vs time).2° The linear-
ity of the plots was assessed from the calculated R? values.

2. 3. 8. Assessment of in vitro Cytotoxicity

The in vitro cytototxic effect of the LNLs was tested
by MTT assay on C6 rat glioma cells and the effect was

compared to that of free LS suspension at equivalent drug
concentrations.?’ For the experiment, the tested cell line
was cultured in Dulbecco’s modified eagle’s medium con-
taining 10% fetal bovine serum in a 96 well culture plate
and maintained inside a CO,-incubator at 37 °C. After at-
taining required density of cells in the plates (5 x 103 cells
per well), the cells were treated with varying concentra-
tions of LNLs, free drug suspension along with blank NLs
(without drug). As negative control, few of the wells were
treated with equivalent volumes of pure culture medium.
After 48 h, media in each well was discarded and about 100
ml of MTT solution (1 mg/ml) was added to each well. The
plate was kept inside CO,-incubator for another 4 h. After
incubation, MTT solution was removed out of the well fol-
lowed by addition of dimethyl sulfoxide (100 ul) in each
well. Addition of dimethyl sulfoxide caused solubilization
of formazan crystals to produce a purple color. The inten-
sity of the color is related to the number of viable cells
present after treatment in the well. The optical density was
measured at 560 nm by micro plate reader (Spectra Max,
Molecular Devices Corporation, Sunnyvale, USA). Per-
centage cell viability was evaluated by following formula

% cell viability = Optical density of the sample
at 560 nm of treated cells / Optical density of the sample
at 560 nm of untreated cells x 100

2.3.9. Assessment of Internalization Efficiency

The internalization capacity of the selected fluores-
cent lipid nanostructures (FITC-LNLs) was tested on the
C6 cells with the help of fluorescence microscopy.?®*° For
the experiment, the cells were seeded in six-well culture
plates and allowed to grow on cover slips at a density of 10*
cells per well. The volume of cell culture was taken as 3 ml
per well and incubated at 37 °C in CO,-incubator for 24 h.
FITC-LNL was then added to the culture wells at two dif-
ferent subinhibitory concentrations of 50 ng/ml and 100
ng/ml. After 0.5 h, cover slips were taken out and carefully
washed with PBS. The treated cells were fixed with 4%
paraformaldehyde solution. Following fixation, the cells
were washed twice with fresh PBS and stained with DAPI.
Cover slips were dried and mounted on glass slide for im-
aging by a fluorescence microscope (Carl Zeiss, Oberko-
chen, Germany).

2. 4. In vivo Studies

2. 4. 1. Plasma and Brain Pharmacokinetic Studies

Drug PK profile was studied both in plasma and
brain tissue in healthy Swiss albino mice (body weight
20-25 g). For the PK study, animals were divided into
three groups.?#3® Group I animals were intravenously ad-
ministered LS suspension as per dose. Group II animals
were intravenously (i.v.) administered LNLs, containing
LS equivalent to 6.5 mg/kg. Group III animals received sa-
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line (control group). At each time point of sample collec-
tion in Group I and II, 3 animals were taken for both plas-
ma and brain PK studies, where as for Group III (control
group) 2 animals were taken for each time point of the
study.

For the plasma PK study, post i.v. dosing, blood sam-
ples were collected from each set of animals at 0.5, 1, 2, 4,
6, 8, 10, 12, and 20 h intervals by heart puncture in hepa-
rinized tubes. A total number of 54 mice (27 each for
Group I and IT) were used in test groups and 18 mice were
used for control groups. The blood samples were centri-
fuged using cold centrifuge at 5000 rpm for 10 min. Plas-
ma was collected and stored at —40 °C till analysis.

For brain PK study, similar procedure as described
above was followed. After i.v. injection, the animals were
sacrificed at 0.5, 1, 2, 4, 8, 12 and 24 h intervals. Thus, a
total number of 42 mice (21 each for Group I and II) were
used in test groups where as 14 mice were used for the con-
trol group. Brains of each animal were removed. The whole
brain was homogenized in a tissue homogenizer in PBS
(pH 7.4). The homogenates were stored at -70 °C until fur-
ther analysis.

For the determination of LS concentration in plasma
samples, a Liquid chromatography with tandem mass
spectrometry (LCMS/MS) technique was employed. The
LCMS/MS Agilent C g column was used. The mobile phase
for the analysis was composed of acetonitrile, milli Q wa-
ter along with formic acid (0.1%). The flow rate of mobile
phase was kept as 0.4 ml/min. Sample volume for injection
into chromatographic column was 20pl. The analyte was
monitored using mass spectrometer equipped with a dou-
ble quadruple along with electrospray ionization interface,
operated in a positive mode (ESI+). To extract LS, samples
were extracted with about three volume of methyl-tert-bu-
tyl ether. The mixture was then vortexed for 5 minutes fol-
lowed by centrifugation at 3000 rpm for 10 min. After the
process, the extracted LS present in the supernatant was
collected. The organic solvent was allowed to dry under
nitrogen atmosphere. For LCMS/MS analysis, the dried
samples were then mixed in 100 ml of mobile phase (ace-
tonitrile: water: formic acid). From the prepared stock,
about 50 ml of reference standard solution was added in
each sample. From the mixture, about 20 ul sample was
injected into the LCMS/MS column (Agilent 6410, Triple
Quad MS-MS, USA). The important PK parameters i.e.

area under the curve (AUC), area under the first moment
curve (AUMC), volume of distribution (Vd), mean resi-
dence time (MRT), total body clearance (Clt) etc. were de-
termined using non-compartmental PK Solver software
(Version 2.0).

2. 4. 2. Hemolysis Study

To check the biocompatibility and safety profile of
the experimental lipid nanocarriers, hemolysis assay was
carried out. For the study, blood samples were collected
from Swiss albino mice. The samples were collected in
pre-heparinized tubes, followed by cold centrifugation at
5000 rpm for 5-7 min. After that, the red blood cells
(RBCs) were washed with PBS (pH 7.4). In a 96 well plate,
a measured amount of RBC suspension (190 pl) was taken
and treated with varying concentration of LNLs, free LS
along with blank NLs (without drug). Double distilled
water was used as the positive control. The samples were
incubated for 1 h at 37 °C followed by centrifugation for 5
min at 5000 rpm to separate the un-lysed RBCs (as sedi-
ments). The supernatant was then taken and absorbance
of the sample was measured at 570 nm. Percentage hemo-

lysis was calculated as per the previously reported meth-
od.*

2. 5. Statistical Analysis

All the experiments were carried out triplicate for
accuracy and reproducibility. Data was expressed as the
mean * standard deviation (SD). One-way ANOVA was
used to evaluate statistical followed by Tukey post hoc test
with the help of Origin Pro 8 soft ware. Differences were
considered statistically significant when p<0.05 at 95%
confidence level.

3. Results
3. 1. In vitro Studies

3. 1. 1. Formulation Optimization

By varying concentration of drug and lipids along
with specific manufacturing parameters, we prepared sev-
eral formulations. All the formulations were characterized

Table 1. Formulation components, % yield, % drug loading and % drug loading efficiency of selected experimental formulations®

Formulation SL:CHL: Drug:Lipid % yield® Practical % % drug loading
code DSPE ratio (w/w) ratio (w/w) drug loading® efficiency?
LNL-1 50:50:8 1:2 583 +2.2 38+14 57.8 £2.9
LNL-2 225:75:8 1:5 76.6 £ 0.8 88+15 87.4+25
LNL-3 250:50:8 1:10 63.5+14 4.7+0.8 693+14

*Data show mean +SD (n =3). PAbbreviations: LNL, lomustine loaded lipid nanostructures; SL, soya-L-a-lecithin; CHL, cholesterol; DSPE, 1,2-dis-

tearoyl-sn-glycero-3-phosphotidylethanolamine
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by different in vitro techniques. Out of several formula-
tions, here we report three formulations having desired in
vitro properties (Table 1). We basically compared the for-
mulations based on their drug loading capacity, % drug
loading efficiency, as well as % yield. Out of the three,
based on these characteristics, we finally selected LNL-2 as
the optimized one for further works.

3. 1. 2. Determination of % Drug Loading,
Loading Efficiency and Yield Percentage

The % drug loading for LNL-2 was 8.8 + 1.5, whereas
for LNL-1 and LNL-3, the values were 3.8 + 1.4 and 4.7 +
0.8 respectively. LNL-2 also showed higher loading effi-
ciency (87.4 + 2.5) and yield percentage (76.6 + 0.8) than
other two formulations (Table 1). Based on these parame-
ters, we selected LNL-2 for all other studies.

3. 1. 3. Determination of Average Vesicle
Diameter (Z-average) and Surface
Potential

The diffraction light scattering (DLS) data revealed
that the experimental formulations were below 100 nm
size range. The optimized formulation (LNL-2) showed an
average vesicle size of 83.41 + 1.3 nm (Table 2). The PDI

Table 2. Determination of Z-average, Poly dispersive index (PDI)
and zeta potential of the selected formulation

Formulation Z-average PDI* Zeta potential
code (dnm.)? (mV)
LNL-2 83.41+1.3 0.42 +0.06 -56.7

aData show mean + SD (n = 3)

100nm WD 8.0mm

5.0kV  X60,000

value of LNL-2 was 0.42 + 0.06. Zeta potential of LNL-2
was found to be -56.7 mV (Table 2). The lower PDI value
suggested a narrow size distribution pattern of the experi-
mental formulation. Higher negative value of zeta poten-
tial was reported for the optimized formulation, which
indicates the formulation would be stable in the suspen-
sion stage due to strong repulsive force between individual
particles.

3. 1. 4. Surface Morphology Study by FESEM

The FESEM image of the LNL-2 was reported here,
which was taken at 60,000x magnification scale (Figure
1A). The FESEM data demonstrated the smooth surface
morphology of LNL-2. All vesicles were found spherical in
shape and within 30-50 nm size range. Though out the
sample, there were no signs of any lumps or formation of
big agglomerates, which justifies the good formulation
characteristics.

3. 1. 5. Cryo-transmission Electron Microscopy
(Cryo-TEM)

Cryo-TEM analysis revealed the internal architec-
ture of the formed vesicles. Image showed formation of
unilamellar vesicles with intact lamellarity. Though, exper-
imental NLs sample was found as polydisperse, i.e. both
larger and smaller size vesicles were found, however all the
vesicles were well below 50 nm as we desired. The larger
size vesicle was around 40 nm, where as smaller ones were
around 25-30 nm as depicted in the photograph (Figure
1B). This was in good agreement with the data obtained
from FESEM study. All the vesicles were found distinctive-
ly spread throughout the diluted sample without any dam-
age to their native internal structure.

Fig. 1. (A) Field emission scanning electron microscopy (FESEM) image of optimized lomustine incorporated lipid nanostructures (LNL-2). (B)

Cryo-transmission electron microscopy (Cryo-TEM) image of LNL-2

Satapathy et al.: Lomustine Incorporated Lipid Nanostructures ...

975



976

Acta Chim. Slov. 2021, 68, 970-982

3. 1. 6. In vitro Drug Release Study and Analysis
of Drug Release Kinetics

For the in vitro drug release study of the optimized
formulation (LNL-2) at pH 5 and pH 7.4, dialysis method
was employed. Result showed a pH dependent sustained
drug release pattern over 48 h experimental time period at
pH 5 and 7.4 (Fig. 2). Initially, though the drug release in-
creased with time, but after 10 h, a more sustained release
pattern was observed for the experimental formulation.
However, amount of drug release was higher at pH 5 (en-
docytotic vesicular pH). A cumulative amount of 82.34 +
2.71% LS was released from LNL-2 at pH 5 over the exper-
imental study period. To determine the nature of drug re-
lease from the experimental formulation, release data was
fitted in different kinetic equations. From the respective
graphs, corresponding R? values were calculated (Table 3).
For LNL-2, among all the tested models, Koresmeyer—Pep-
pas model demonstrated good linearity than other models
(R?=0.988).

00—
—=—pH 7.4

1. —*—pHS5

*
=
1

A
=
1

=
=
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20+

% Cumulative amount of drug release

0 10 20 30 40 50
Time (h)

Fig. 2. In vitro drug release study of lomustine incorporated lipid
nanostructures (LNL-2) at pH 7.4 and pH 5 respectively.

Table 3. In vitro drug release kinetics with R? values of selected for-
mulation

Kinetic Model LNL-2

Zero Order Kinetics y = 2.430x + 7.537
R?>=0.786

First Order Kinetics y=-0.014x + 1.221
R*=0.923

Koresmeyer Peppas y=0.915x + 0.224
R?=0.977

Higuchi y =19.68x - 12.46
R>=0.944

Hixon Crowell Kinetics y =-0.063x + 2.532
R?>=0.864

3. 1. 7. Assessment of in vitro Cytotoxicity

In vitro cytotoxic or anti-proliferative effect of LNL-2
was evaluated in C6 rat glioma cells. MTT assay demon-
strated a lower ICs (inhibitory concentration causing 50%
of cell death) for LNL-2 as compared to free LS (Fig. 3). The
plot of % cell viability against the tested dose (ug/ml)
showed that with increase in concentration of both LNL-2
and free drug, the death rate of C6 cells increased. However,
LNL-2 was found more effective (IC5, 9.4 + 0.8 pug/ml) as
compared to free LS (IC5;23.8 + 1.3 ug/ml) at equivalent
drug concentration. The results further showed that blank
LNLs (without drug) were almost non-toxic to the experi-
mental C6 cell line even at the highest tested concentration
(Fig. 3). Percentage of viable cells treated with blank LNLs
was much higher compared to free LS, LNL-2, justifying
non-toxic nature of ingredients used for the formulation.

—a— Free drug
—eo— LNL-2
100+

K . —&— Control
1 1 ) 1 1

% Cell viability

0 |

—r T
0 10 20 30 40 50 60 70 80
Concentration (ug/ml)
Fig. 3. Comparison of percentage C6 cell viability upon treatment
with optimized lomustine loaded lipid nanostructures (LNL-2), free
drug, and blank lipid nanostructures (LNLs).

3. 1. 8. Assessment of internalization Efficiency

To estimate whether the optimized formulation pos-
sesses the ability to permeate into the cancer cells or not, we
tested in vitro internalization capacity of the fluorescent op-
timized formulation (FITC-LNL-2) at two different subin-
hibitory concentrations in C6 cells by fluorescence micros-
copy (Fig. 4). Fluorescent images of the cell line clearly
showed preferential internalization of FITC-LNL-2 into the
cells. The fluorescent formulation could successfully pene-
trate into cell and distributed throughout the cytoplasm.
However, no nuclear permeation by the formulation was
visualized. The nuclei of the cells were stained by DAPI,
which distinctively visualized in the image and thus con-
firmed that FITC-LNL-2 could not cross the nucleus. A
higher amount of internalization was observed in C6 cells at
100 ng/ml than the cells treated with 50 ng/ml during 0.5 h
study period. Thus, a concentration dependent uptake was
clearly noticed for the experimental formulation.
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MERGED

Fig. 4. Cellular internalization study of fluorescein isothiocyanate labelled lomustine loaded lipid nanostructures (FITC-LNL-2) in C6 rat glioma
cells (0.5 h incubation) by confocal laser scanning microscopy at I) 50 ng/ml; II) 100 ng/ml. The nucleus was stained with 4',6-diamidino-2-phe-

nylindole (DAPI).

3. 2. In vivo Studies

3. 2. 1. Plasma Pharmacokinetics Study

PK study was carried out to detect LS at different time
points in blood of the experimental mice. From plasma PK
study, a reasonable difference was observed in the import-
ant PK parameters between LNL-2 and free LS treatments
(Table 4). From the graph between plasma drug concentra-
tion Vs time, a prolonged blood residence time for LNL-2
was clearly observed than free LS (Fig. 5A). After 8 h, the
concentration of LS from conventional suspension was not
detectable; but LS encapsulated in LNLs showed a much
sustained release of the drug and even detectable at 20 h
(21.33 ng/ml + 1.41). However, at 24h, the LS concentration

dropped beyond threshold identification limit of LCMS/
MS, and thus was non-identifiable. AUC,_,, value was
7214.32 + 311.41 ng h ml! for free LS administration,
whereas it was 12451.1 + 234.16 ng h ml™! for LNL-2 ad-
ministration. Similarly other important parameters like
AUMC, MRT also showed preferential enhancements for
LNL-2 as compared to free LS injection. MRT was increased
almost three fold for LNL-2 treated animals (9.31 h) than
the animals treated with free LS (3.64 h).

3. 2. 2. Brain Pharmacokinetics Study

Brain PK data showed increased brain availability of
LS from LNL-2 than LS suspension (Fig. 5B). The AUC_.,

Table 4. Estimation of plasma and brain pharmacokinetic parameters of lomustine (LS) after intravenous bolus administration of free lomustine (LS)

and lomustine loaded lipid nanostructures (LNL-2) suspensions

Plasma?®

Brain®

free LS
7214.32 + 311.41
31541.11 £1541.15

Pharmacokinetic parameters
AUC,_,, (ngh ml™?)
AUMC,_,.(ng h? ml'!)

Cl(Lh™Y) 0.072 + 0.04
MRT,_.. (h) 3.64+0.32
V,, (ml) 0.039 + 2.31

LNL-2
12451.1 + 234.16
91322.42 + 6561.25"

free LS
3302.635 +£138.6
41505 + 231.66

LNL-2
15113.77+ 221.4
87657 +172.62"

0.211 £0.31 0.013 £ 0.06 0.531 +0.32"
9.31 £0.22% 5.61+1.21 12.49 +3.21°
0.151+0.13 2.431+0.03 4311+ 1.76"

2 Data show mean +SD (n = 6). AUC: area under the plasma concentration time curve; AUMC: area under the first moment curve; Cl: clearance;
MRT: mean residence time; t,/,, plasma half life; V: steady state volume of distribution " Data were significantly different (p < 0.05) where free LS
and LNL-2 were compared. It was assessed by one-way analysis of variance (ANOVA) through Tukey-Kramer’s multiple comparisons test.
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value of LS from selected formulation (LNL-2) (15113.77
+ 221.4 ng h ml™!) was significantly higher than that from
LS suspension (3302.635 + 138.6 ng h ml™). A significant
difference was also found in AUMC,_,, values in between
LNL-2 and LS suspension treated groups (87657 + 172.62
Vs 41505 + 231.66). Data showed a higher volume of dis-
tribution and a lower rate of clearance (Cl) of drug from
LNL-2 than that from LS suspension (Table 4). A 2.5 fold
enhancement in the mean residence time of the drug in
LNL-2 treated group was reported as compared to free LS
treated group. Higher value of AUC, MRT, V, along with
lower value of Cl signifies higher bioavailability and pro-
longed retention of drug from LNL-2 in the brain tissue.
Brain PK data further provided quantitative assessment of
the superiority of the experimental formulation in cross-
ing BBB than conventional free LS.
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Fig. 5. A) Plasma concentration-time profiles of lomustine (LS) in
Swiss albino mice after i.v. administration of lomustine loaded lipid
nanostructures (LNL-2) and free lomustine (LS) suspension. *Data
show mean +SD (n = 6); B) Brain concentration-time profiles of LS
in Swiss albino mice after i.v. administration of LNL-2 and free LS
suspension. *Data show mean +SD.

3. 2. 3. Hemolysis Study

Hemolytic assay was carried out in mice RBCs in or-
der to estimate the blood-compatibility of the optimized
formulation (LNL-2) and drug-free NLs along with free
drug at different concentrations (0.25-50 pg/ml). As de-
picted in Fig. 6, RBCs up on treatment with LNL-2 showed
negligible toxicity (hemolysis up to ~7.1%) even at highest
tested drug concentration. A comparatively lower toxic ef-
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Fig. 6. Comparison of the hemolysis percentage of mice red blood
red blood cells (RBCs) treated with lomustine loaded lipid nanos-
tructures (LNL-2), free lomustine (LS) and bare nanocarriers. Data
shown for mean +SD (n = 3).

fect on RBCs was observed for the free drug, where as the
drug-free NLs were also found almost non toxic at all test-
ed concentrations. The haemolytic values were observed
up to 7.1% for LNL-2, where as 4.2% for blank NLs. For
free LS, up to 6.8% haemolytic effect was detected. Over
all, the haemolytic effect follows the order as blank NLs <
free LS < LNL-2. Lower haemolytic activity of the tested
formulation suggested its safety and compatibility nature
for in vivo applications.

4, Discussion

The present study was intended to develop an opti-
mized method for formulation of LS loaded NLs and to
evaluate its potentiality in glioma cells. LS is a FDA ap-
proved established anticancer drug used for the treatment
of different types of cancers including glioma. However it
is associated with severe side effects like bone marrow de-
pression along with shorter plasma half life. Thus, it is hy-
pothesized that phospholipid based nanostructures may
improve the delivery of LS to glioma cells and maintain
desired therapeutic concentration in brain tissue over a
period of time due to sustained drug release. Further, it
would reduce the dose related severe toxicity of the con-
ventional dosage forms. During product development, we
found that specific formulation composition and critical
in-process parameters have significant impact on the for-
mation of nanosize LNLs and to produce desired in vitro
properties. Initially we varied amount of SL, CHL (at a
fixed LS concentration) to develop different batches of for-
mulations and tested in vitro drug loading, loading effi-
ciency, yield percentage etc. in each batch. However,
amount of DSPE was kept constant. DSPE is the type of
sphingo lipid, which is present abundantly in brain tissue.
Thus, brain tissue-mimicking nature of DSPE is expected
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to increase the accumulation and retention the experi-
mental formulation in brain tissue. Reports from our pre-
vious work also ustified this hypothesis.?*

In the present work, percentage drug loading was
initially increased with increase in the amount of drug.
However, beyond certain amounts, percentage loading
was not increased in direct proportion with the amount of
drug. That indicates % drug loading was independent on
amount of drug in the formulation. Thus, higher amount
of drug does not guarantee higher drug loading in NLs.
This was also in good agreement with the previous re-
ports.?4?® Further, different process parameters, such as
duration of hydration, temperature, sonication time, speed
and time of centrifugation etc. affected the morphology,
average vesicle size as well as drug loading capacity of the
formulations. In our work, we have therefore standardized
critical in-process parameters to obtain LNLs with desired
physicochemical properties. At a fixed ratio of 1:5 drug:lip-
id (w/w) along with specific manufacturing parameters
such as 45 min hydration in PBS at 140 rpm, 40 min soni-
cation in a bath type sonicator, 45 min ultra centrifugation
at 15, 000 rpm etc. the obtained formulation showed satis-
factory characteristics in terms of % yield, % drug loading
and loading efficiency and thus taken for further studies
throughout the work.

The selected formulation (LNL-2) showed a satisfac-
tory percentage of drug loading. For nanosize vesicular
carriers, it has always been a problem to achieve higher
drug loading. However, in our case, a reasonable drug
loading of 8.8% was reported, which may be attributed to
the standardized formulation composition and in-process
parameters selected in our study.

The experimental lipid nanostructures (LNL-2) had
a nanosize range as depicted from DLS study with a nar-
row distribution pattern. A lower PDI value of LNL-2
(0.42 * 0.06) signifies homogenous distribution pattern of
nanostructures in the formulation. It is known that smaller
size nanodrug carriers remain suspended for a longer pe-
riod of time as compared to larger size carriers, since the
rate of sedimentation of suspended particles is mostly gov-
erned by stoke’s law. According to stoke’s law, rate of sedi-
mentation of suspended particles are directly proportional
to the diameter of the suspended particles. Again, a higher
value of zeta potential on the experimental formulations
(-56. 7 mV) would help them to remain separated from
each other due to higher repulsive force between individu-
al vesicles. It has been reported that a zeta potential of
more negative than -30 mV or more positive than +30 mV
is taken as critical to form stable suspensions.?*?” Thus, in
our case, ultra micron size (below 100 nm) and higher
negative surface charge of selected formulation would help
to form stable suspension.

FESEM images demonstrated smooth surface mor-
phology, nanosize range (30-40 nm) and a clear homoge-
nous nature of the experimental lipid nanostructues. It was
observed that size of lyophilized LNL-2 found in the FE-

SEM image was less than those detected by DLS method. It
is because the DLS method mostly measures average hy-
drodynamic diameter of the vesicles in aqueous phase,
whereas in FESEM dried powdered samples (lyophilized)
are analysed. The formed vesicles while dispersed for a rea-
sonable time period in milli Q water during sample prepa-
ration for DLS measurement might swell and increase in
size than their native form. We found similar observations
in some of the previous reports also.?#?>3! However, size of
the sample observed by cryo-TEM was in good agreement
with that of FESEM. Cryo-TEM method actually main-
tains the LNLs in their native form where they are observed
under liquid nitrogen environment. Thus, the delicate na-
ture of lipid vesicles is well maintained in cryo-TEM meth-
od than normal TEM. In our study, cryo-TEM images
showed intact bilayer of the formed vesicles without any
damage to their native structure. We have taken experi-
mental LNLs at a diluted state so that the vesicles could be
distinctively visualized. Cryo-TEM thus confirmed satis-
factory production of LNLs by the standardized process as
well as maintenance of their internal architecture.

In vitro drug release study was carried out at physio-
logical pH of blood (i.e. pH 7.4) as well as endocytotic ve-
sicular pH (pH 5) to simulate different in vivo environ-
ments. Drug release though found to be sustained nature
for both the pH, however, a higher cumulative percentage
of drug was released at pH 5, than at pH 7.4. For both cas-
es, initially, the amount of drug release was increased with
time, but after 10 h, a more sustained release pattern was
observed. A comparatively lower cumulative drug release
at pH 7.4 signifies reduced loss of the drug at physiological
condition and more specific to targeted site. As tumor mi-
croenvironment has reduced pH (pH 5-5.5) due to anaer-
obic respiration of malignant cells, higher drug release
from the optimized formulation at pH 5 would enhance its
therapeutic action at tumor area. Further, the sustained re-
lease behavior of the formulation would reduce dose, dos-
ing frequency as well as associated toxic effects of LS. The
pattern of drug release when fitted to different kinetics
models, the formulation was best fitted with the Korsmey-
er—Peppas kinetics model. Adherent to this model signifies
that the drug release pattern from LNL-2 might follow
complex mechanisms and include both diffusion and ero-
sion. In case of the Korsmeyer-Peppas model, the fraction
of drug release with time is generally represented as M,/
M., = Kt?, where the release mechanism is governed by ‘n.
The drug release is said to follow Fickian diffusion mecha-
nism, when n < 0.45. Similarly, when value of ‘n’ lies in
between 0.45-0.89, the drug release is said to follow
non-Fickian diffusion mechanism and when n remains >
0.89, it is considered Case II (relaxational) transport.?® In
our case, ‘n’ value was found as 0.724, which suggests that
the drug release from LNL-2 might follow non-Fickian
diffusion mechanism.

The in vitro cytotoxicity data demonstrated higher
death rate of C6 cells treated with LNL-2 as compared to
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free LS suspension at equivalent drug concentration. Data
clearly revealed better antitumor efficacy of the tested for-
mulation than free drug. LS delivered through LNLs was
more cytotoxic to the glioma cells with lower ICs, value
(9.4 pg/ml) as compared to free LS (23.8 ug/ml). The blank
formulation (without drug) showed no significant impact
on the cell death rate even at highest tested concentrations.
Clearly, it suggests the biocompatible and non-toxic nature
of excipients used in the formulation development, which
is a good sign for in vivo applications.

In order to visualize the internalization of LNL-2 by
C6 cells, FITC was used as a fluorescent marker. The FITC-
LNL-2 produced green fluorescence while visualized un-
der fluorescence microscope. Further, DAPI was used as
coloring agent to stain nucleus, which produces blue fluo-
rescence. In the study, we have chosen two different con-
centrations of the LNL-2, which are subinhibitory concen-
trations, i.e. quite less than the reported ICs, value. Thus,
at these concentrations, no damage to the normal cellular
architecture could be there and the cells were visualized in
their native form. Confocal images depicted a preferential
uptake of FITC-LNL-2 by C6 cells. The formulation was
predominantly spread throughout the cytoplasm, around
the nucleus. Higher cellular internalization of the opti-
mized formulation could be attributed to the ultra micron
size range. It may be possible that due to much smaller size
as well as higher lipophilic property, the experimental
LNLs could sufficiently permeate through the cancer cells,
which is again a good finding towards successful applica-
tion of the experimental formulation for the treatment of
glioma.

The PK parameters of LNL-2 treated mice demon-
strated a higher value of AUC, AUMC, V, and MRT in
comparison to animals treated with free LS suspension.
The plasma drug concentration for LNL-2 treated group at
24 h was reasonably higher than that of LS treated groups.
The drug concentration for free LS treated groups was not
detectable after 10 h, since it dropped beyond the mini-
mum detectable limit (10ng/ml) of our LCMS/MS system,
whereas LS from LNL-2 showed its presence up to 20 h
study period. The data justified the potential of the opti-
mized formulation to remain circulated for prolonged pe-
riod of time in blood. Further, due to longer blood resi-
dence profile, the formulation would get sufficient time to
reach into brain tissue by crossing BBB. Owing to its ex-
treme small size, and higher negative surface charge, the
experimental LNLs might escape from the trap of reticulo-
endothelial cells successfully and could maintain a longer
presence in blood.

A similar observation was found in case of brain PK
parameters in mice treated with LNLV-2/free LS. The LS
incorporated in lipid nanostructures showed a much sus-
tained release up to 24 h than LS suspension. Initially, LS
concentration was higher in case of plain suspension than
LNL-2. Interestingly, at 2 h post i.v. injection, drug con-
centration was almost similar for both LNL-2 and free LS

suspension. However, after 4 h, drug level was drastically
reduced in case of free LS, whereas it dropped in a much
controlled manner for LSNL-2 till 24 h of study period.
After 10h, the drug level from free LS reduced beyond the
threshold limit of detection of LCMS/MS and thus could
not be detected. Even at 24 h, 13.76 ng/ml of drug was de-
tected from LNL-2, which signifies the sustained release
and prolonged residence time of LNL-2 in brain tissue.
The significant enhancements in AUC and AUMC in the
LNL-2 treated group signified higher bioavailability of the
drug from LNL-2 than free LS. Brain PK results further
confirmed the potentiality of optimized lipid nanostruc-
tures to cross BBB and enter into brain for a reasonable
time period, which is very crucial data for successful in
vivo applications in glioma.

Though application of LS for the treatment of brain
and intracranical tumors are not new, but development of
novel strategies to enhance its efficacy and to reduce the
associated toxic effects have been tried in recent times
only. Funmilola A. E et al., 2016 reported the development
of LS loaded nanoparticles for improved brain delivery
and to check the dose-related myelosuppression. The in
vivo efficacy of the selected LS loaded nanoparticles was
assessed in orthotopic U87 MG glioblastoma animal mod-
el. Results showed that LS delivered through nanoparticu-
late system improved the survival of intracranial tumour
bearing mice and also did not produce no additional mye-
losuppressive effects.”! Another work reported by Salman
J. et al showed efficacy of LS loaded superparamagnetic
iron oxide nanoparticles on U87 MG cancer cell line.?? The
encapsulation efficiency for the LS loaded nanoformula-
tion was 46 + 6.8%. The experimental nanostructures were
found cytotoxic on U87 MG cancer cells at concentration
above 100 pg/mL. Further, they did not report PK studies
or any other related animal experiments to justify the suit-
ability of the experimental nanoparticle formulations for
in vivo applications.

We must say that the present work will be quite dif-
ferent from all such reported works, since till now LS load-
ed LNLs have not been evaluated for their in vitro efficacy
on C6 glioma cells. Further, no study has been reported so
far both the plasma and brain PK profile of LS encapsulated
in LNLs. Hemolysis assay further adds novelty to the work.
The simple formulation technique used for the study along
with clear optimization of critical manufacturing parame-
ters would be beneficial for furthering its research towards
technology transfer. Higher encapsulation efficiency of the
optimized formulation adds value to the work. Overall the
data presented in FESEM, cryo-TEM, confocal microsco-
py, PK profile etc. stands unique in their parts.

For the desired in vivo applications, blood compati-
bility of the nanodrug formulations is an essential criteri-
on. Hemolysis assay of the selected formulation in the ex-
perimental mice RBCs depicted an excellent blood com-
patibility nature of LNL-2 since a very low hemolysis (up
to 7.1%) was observed for the optimized formulation even
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at highest tested concentration. The haemolytic effect for
the free LS was also less than LNL-2. From the negligible
hemolysis activity, it may be concluded that LNL-2 could
be employed as a safe, non-toxic and effective nanocarrier
platform for its future clinical investigations.

5. Conclusion

The study reported an optimized and easily control-
lable method for the development of lipid based nano-
structures for sustained delivery of LS for the treatment of
glioma. The selected formulation (LNL-2) showed a prefer-
able nanosize (within 50 nm) as depicted from FESEM and
cryo-TEM study. A reasonable drug loading (8.8%) was
reported for LNL-2 along with a sustained in vitro drug re-
lease profile during a 48 h study period. Owing to its ultra
small size and high lipophilic nature, LNL-2 showed pref-
erential internalization in C6 glioma cells. MTT assay
showed a higher toxicity of LNL-2 on the tested cancer cells
than free LS. The formulation showed improved PK profile
both in blood and brain in experimental mice models than
free drug suspension. A higher mean residence time of
LNL-2 in blood signifies its higher in vivo stability. Signifi-
cant increase in important brain PK parameters like AUC
and MRT for LNL-2 justified its higher bioavailability and
prolonged retention in brain tissue. Further negligible he-
molysis in mice RBCs justified the non-toxic and biocom-
patible nature of LNL-2 for safe in vivo application. The
formulation development steps were simple and well stan-
dardized, which would be helpful during technology trans-
fer. Results of the study overall suggest the potential appli-
cation of LNL-2 for sustained delivery of LS for glioma
treatment. However, further in vivo testing on various
pharmacological and toxicological aspects of LNL-2 is war-
ranted for its future clinical application.
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Ucinkovito zdravljenje gliomov v medicini $e vedno predstavlja izziv. Namen dela je izdelati in ovrednotiti nanostruk-
ture na osnovi lipidov za izboljsano dostavo lomustina v mozZganske tumorske celice. Poskusne formulacije (LNL) so
bile razvite s spremenjeno tehniko hidracije lipidne plasti in njihove znadilnosti ovrednotene z in vitro metodami, ki
vklju¢ujejo analizo velikosti delcev, povrsinskega naboja, povrsinske morfologije, notranje strukture, in vitro nalaganja
ucinkovine, profil spro§¢anja u¢inkovine itd. Protirakavi potencial je bil testiran in vitro na glioma celi¢ni liniji Cé.
Elektronsko-mikroskopska $tudija je prikazala velikost manj kot 50 nm za izbrane LNL pri 8.8 % vkljuditvi u¢inkovine
s teznjo po podaljSanem spro$c¢anju u¢inkovine v obdobju 48 h. Konfokalna mikroskopija je pokazala obseZno internal-
izacijo izbranih LNL v celice C6. S testom MTT je bilo ugotovljeno, da so LNL bolj citotoksi¢ni kot prosta u¢inkovina
in prazni nanonosilci. Izbrani LNL so izkazovali izbolj$an farmakokineti¢ni profil v krvi in mozganih pri poskusnih
modelih misi skupaj z zanemarljivo hemolizo misjih krvnih celic. Za prenos LNL v klini¢no uporabo so v prihodnosti

upravicene nadaljnje $tudije.
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Abstract

Two new and similar cobalt(III) complexes, [CoL,] - NO; (1) and [CoL,] - Cl (2), where L is 5-bromo-2-((2-(phenyl-
amino)ethylimino)methyl)phenolate, have been synthesized and characterized by IR and UV-Vis spectra. Structures of
the complexes were confirmed by single crystal X-ray determination. The Co atoms in the complexes are in octahedral
coordination, with the donor atoms come from the two Schiff base ligands, viz. phenolate oxygen, and imino and amino
nitrogen. The anions of the cobalt salts crystallized as counteranions in the complexes. The complexes were assayed for

antibacterial activities by MTT method.

Keywords: Schiff base; cobalt complex; synthesis; X-ray diffraction; antibacterial activity

1. Introduction

Schiff bases due to their facile synthesis and inter-
esting biological activities, have attracted considerable
attention in inorganic and biological chemistry. In the
past years, a number of Schiff base compounds have
shown antifungal, antibacterial, antiproliferative, and an-
titumor activities.! Schiff base compounds possess N and
O donor atoms, are important ligands in coordination
chemistry. A huge number of Schiff base complexes have
been reported for their structures and interesting proper-
ties like magnetism, catalytic application, and biological
activities.? It is well known that some drug activities,
when administered as metal complexes, are being in-
creased.® The field of medicine has witnessed an increase
in the number of complexes with therapeutic value, for
example Schift base copper, nickel and zinc complexes are
biological active agents,* cobalt complexes with Schiff
bases have shown effective antibacterial activities.> The
coordination chemistry of cobalt is of considerable inter-
est since cobalt(Il) and cobalt(III) complexes derived
Schiff bases are reported to be biologically active.® In ad-
dition, the Schiff bases synthesized from salicylaldehyde
derivatives with halo atoms in the aromatic ring, showed
effective antibacterial activities.” Herein, we report the

synthesis, characterization, and single crystal structures
of two new cobalt(III) complexes, [CoL,] - NO; (1) and
[CoL,] - CI (2), where L is 5-bromo-2-((2-(phenylamino)
ethylimino)methyl)phenolate. The antibacterial activity
of the compounds against Gram-positive bacterial strains
(B. subtilis, S. aureus and St. faecalis) and Gram-negative
bacterial strains (E. coli, P. aeruginosa and E. cloacae) by
MTT method was studied.

2. Experimental

2. 1. Materials and Physical Methods

4-Bromosalicylaldehyde, = N-phenylethane-1,2-di-
amine, cobalt nitrate and cobalt chloride were purchased
from Aldrich. The solvents used in the synthesis and bio-
logical assay were commercial obtained and used as re-
ceived. Elemental analyses for C, H and N were performed
on a Perkin-Elmer 2400 II analyzer. FT-IR spectra were
recorded as KBr pellets on Bruker Tensor-27. UV-Vis
spectra were recorded on Lambda 35 spectrophotometer.
Single crystal X-ray diffraction was carried out with a
Bruker Apex II CCD diffractometer. Molar conductivity
was measured in methanol with a DDS-11A molar con-
ductivity meter.
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2. 2. Synthesis of [CoL,] - NO5 (1)

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol) and
N-phenylethane-1,2-diamine (0.14 g, 1.0 mmol) were re-
acted in methanol (30 mL). The mixture was stirred at re-
flux for 30 min, and cobalt nitrate hexahydrate (0.29 g, 1.0
mmol) was added. After one hour stirring, the solution
was cooled to room temperature, filtered, and with the fil-
trate kept still for slow evaporation. The diffraction quality
block like brown single crystals that deposited over a peri-
od of 8 days were collected by filtration and washed with
methanol. The yield was 0.16 g (42%). Anal. Calc. (%) for
C30H,gBr,CoN;Os: C, 47.58; H, 3.73; N, 9.25. Found (%):
C, 47.39; H, 3.82; N, 9.13. IR data (KBr, cm™): 3155w,
3054w, 2971w, 2933w, 2853w, 1650s, 1586s, 1520m, 1490w,
1427s, 1382s, 1325w, 1310w, 1291m, 1196w, 1130m,
1077w, 1055w, 1038w, 943w, 913m, 852w, 800w, 777w,
770w, 755w, 693w, 604w, 561w, 470w. UV-Vis data [meth-
anol, A/nm (¢/L-mol~!l.cm™)]: 245 (16,630), 263 (15,820),
302 (9,870), 385 (2,450), 495 (243). Ay (1072 mol L in
methanol): 128 Q! cm? mol ..

2. 3. Synthesis of [CoL,] - Cl (2)

This complex was prepared with the similar method
as described for complex 1, with cobalt nitrate hexahydrate
replaced by cobalt chloride hexahydrate (0.24 g, 1.0 mmol).
The diffraction quality block like brown single crystals that

deposited over a period of 5 days were collected by filtration
and washed with methanol. The yield was 0.21 g (58%).
Anal. Calc. (%) for C;yH,gBr,CICoN,O,: C, 49.31; H, 3.86;
N, 7.67. Found (%): C, 49.43; H, 3.81; N, 7.58. IR data (KBr,
cmb): 3167w, 3047w, 2962w, 2891w, 2849w, 1648s, 1586s,
1519m, 1489w, 1427s, 1327w, 1291m, 1202w, 1189m,
1124m, 1079w, 1058w, 1040w, 943w, 913m, 853w, 787w,
770w, 757w, 701w, 693w, 600w, 561w, 466w. UV-Vis data
[methanol, A/nm (¢/L-moll.cm™)]: 230 (16,120), 248
(16,530), 260 (16,400), 304 (9,720), 385 (1,810), 497 (225).
Ay (1072 mol L' in methanol): 135 Q™! cm? mol ™.

2. 4. X-Ray Structure Determination

Intensity data of the complexes were collected at
298(2) K on a Bruker Apex II CCD diffractometer using
graphite-monochromated MoK, radiation (A = 0.71073 A).
For data processing and absorption correction the packages
SAINT and SADABS were used.? Structures of the complex-
es were solved by direct and Fourier methods and refined by
full-matrix least-squares based on F? using SHELXL.? The
non-hydrogen atoms were refined anisotropically. The ami-
no hydrogen atom were located from electronic density
maps, and refined with N-H distances restrained to 0.90(1)
A. The remaining hydrogen atoms have been placed at geo-
metrical positions with fixed thermal parameters. Crystallo-
graphic data of the complexes are summarized in Table 1.
Selected bond lengths and angles are listed in Table 2.

Table 1. Crystallographic data and refinement details for the complexes

1 2
Chemical Formula C;H,3Br,CoN5O5 C;0H,3Br,CICoN,O,
Molecular weight 757.32 730.76

Crystal color, habit
Crystal size, mm

Brown, block

0.23x0.22 x 0.20

Brown, block

0.26 x0.23 x0.23

Crystal system Monoclinic Monoclinic
Space group Cc Cc

Unit cell dimensions:

a, A 10.667(2) 10.4703(11)
b, A 19.0095(16) 19.0897(13)
¢ A 15.1924(11) 15.1449(12)
B, "s 100.151(1) 103.973(1)
V, A3 3032.5(7) 2937.5(4)

Z 4 4

Pealed> g €M™ 1.659 1.652

@, mm™! 3.249 3.431

0 Range collected, deg 2.143-25.493 2.134-25.496
Tpin and T 0.522 and 0.563 0.469 and 0.506
Reflections collected/unique 7800/4645 7793/4102
Observed reflections

(I=20(1)) 3526 3496
Data/restraints/parameters 4645/4/394 4102/4/370
GOOF on P 0.983 0.970

R, wR, (I=20(1))
R;, wR; (all data)

0.0556, 0.1445
0.0740, 0.1558

0.0328, 0.0603
0.0435, 0.0644
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Table 2. Selected bond distances (A) and angles (°) for the complexes

1 2
Co1-01 1.866(8) 1.884(4)
Col-02 1.881(8) 1.875(4)
Col-N1 1.888(8) 1.909(5)
Col-N2 2.021(9) 2.049(5)
Col-N3 1.908(9) 1.899(5)
Col-N4 2.021(10) 2.027(5)
01-Col-02 90.7(4) 89.79(18)
01-Col-N1 94.1(4) 93.88(19)
02-Col-N1 86.6(3) 86.12(18)
01-Col-N3 85.7(4) 85.63(18)
02-Col-N3 95.3(4) 95.34(19)
N1-Col-N3 178.0(4) 178.5(2)
01-Col-N2 177.7(4) 176.9(2)
02-Col-N2 87.2(4) 87.2(2)
N1-Col-N2 84.9(4) 85.3(2)
N3-Col-N2 95.3(4) 95.24(19)
01-Col-N4 88.4(4) 89.39(19)
02-Col-N4 179.0(4) 179.1(2)
N1-Col-N4 93.9(4) 93.6(2)
N3-Col-N4 84.2(4) 84.9(2)
N2-Col-N4 93.7(4) 93.6(2)

CHO

Br OH

Scheme 1. The synthetic procedure for HL.

Br OH

Scheme 2. The synthetic procedure for the complexes.

Co(NO

CoCly

2. 5. Antibacterial Activity

Antibacterial activity of the complexes was tested
against B. subtilis, S. aureus, S. faecalis, P. aeruginosa, E. coli,
and E. cloacae using MTT medium. The minimum inhibitory
concentrations (MICs) of the compounds were determined
by a colorimetric method using MTT dye.!? A stock solution
of the compounds (50 ug mL™!) in DMSO was prepared and
quantities of the compounds were incorporated in specified
quantity of sterilized liquid medium. A specified quantity of
the medium containing the compounds was poured into mi-
cro-titration plates. Suspension of the microorganism was
prepared to contain approximately 10° cfu mL™! and applied
to micro-titration plates with serially diluted compounds in
DMSO to be tested, and incubated at 37 °C for 24 h for bacte-
ria. After the MICs were visually determined on each mi-
cro-titration plate, 50 pL of phosphate buffered saline (PBS
0.01 mol L}, pH 7.4: Na,HPO, - 12H,0 2.9 g, KH,PO, 0.2 g,
NaCl 8.0 g, KC1 0.2 g, distilled water 1000 mL) containing 2
mg mL™! of MTT was added to each well. Incubation was
continued at room temperature for 4-5 h. The content of each
well was removed, and 100 uL of isopropanol containing 5%
1 mol L' HCl was added to extract the dye. After 12 h of in-

H
H
e N
+ H,N
Br OH

\N
Br

Y
Br
i Oéc\::/\"j\@ c
A\

_,N\//NH
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cubation at room temperature, the optical density (OD) was
measured with a microplate reader at 570 nm.

3. Results and Discussion

3. 1. Chemistry

The Schiff base HL was readily prepared by the reac-
tion of 4-bromosalicylaldehyde and N-phenylethane
-1,2-diamine in methanol (Scheme 1). The complexes
were prepared in a similar method, by the reaction of the
Schiff base ligand with cobalt nitrate and cobalt chloride,
respectively (Scheme 2). The conductivity values of the
complexes (128-135 Q7' cm? mol™!) indicated that they
are 1:1 electrolytes in methanol solution.!!

3. 2. IR and UV-Vis Spectra Study

The weak absorptions at 3155 and 3167 cm™! for the
infrared spectra of complexes 1 and 2 are assigned to vy_p.
The characteristic imine stretching for the complexes are
observed at 1650 cm™! for 1 and 1648 cm™! for 2.2 The
Schiff base ligand coordination through the phenolate ox-
ygen is indicated by the absorption bands of the Ar-O
bonds at about 1190 cm™! in the complexes.! In general,
the infrared spectra of complexes 1 and 2 are similar to
each other, except the absorption at 1382 cm™! for the ni-
trate anion of complex 1.14

The absorption spectral data of the complexes were
measured in methanol solution. In both complexes, peaks
between 240-250 nm, 260-310 nm and 380-390 nm are
assigned to m->m*, n>m* and ligand to metal charge trans-
fer transitions, respectively.!? In the visible spectra of both
complexes, weak bands are observed at 495-497 nm.

3. 3. Structure Description of the Complexes

Molecular structures of complexes 1 and 2 are shown
in Figs. 1 and 2, respectively. Complex 1 contains a [CoL,]*
cation and a nitrate anion. Complex 2 contains a [CoL,]*
cation and a chloride anion. In the cation, the Co atom is
coordinated by two phenolate oxygen (O1, O2), two imino
nitrogen (N1, N3) and two amino nitrogen (N2, N4) from
two Schiff base ligands, forming octahedral geometry. In
general, the coordination geometry around the Co atom in
each complex displays only slight distortion. In both com-
plexes, the bond lengths of Co-O and Co-N are similar and
range from 1.866(8) to 2.021(10) A for complex 1, and
range from 1.875(4) to 2.049(5) A for complex 2. The great-
est deviations of the bond angles from those expected for an
ideal octahedral geometry are 84.2(4)° for N3-Co1-N4 and
95.3(4)° for 02-Co1-N3 for complex 1, and 84.9(2)° for
N3-Co1-N4 and 95.3(2)° for O2-Co1-N3 for complex 2.
The remaining bond angles around the Co atoms are nearly
close to the ideal values for octahedral geometry. Moreover,
the coordinate bond values are comparable to those ob-

served in similar Schiff base cobalt(III) complexes with oc-
tahedral geometry.!> The average deviation (0.033(4) A for
complex 1, 0.037(3) A for complex 2) of the four donor at-
oms (O1, N1, N2, N3) and the displacement (0.001(2) A for
Col and 0.013(3) A for Co2) of the Co atoms from the least-
squares planes defined by the four donor atoms indicate
that the ONj cavities afford almost perfect planes to the Co
centers. The Schiff base ligands are twisted with dihedral
angels between the benzene rings of 85.8(5) and 84.9(5)° for
complex 1, and 89.1(5) and 85.8(5)° for complex 2.

In the crystal structure of complex 1 (Fig. 3), the ni-
trate anions are linked to the complex cations through
N-H--O and C-H--O hydrogen bonds. In the crystal
structure of complex 2 (Fig. 4), the chloride anions are
linked to the complex cations through N-H--Cl and
C-H:--Cl hydrogen bonds. In addition, the molecules in
both complexes are stack along the a axis via m---m interac-
tions among the rings Col-N1-C8-C9-N2, C1-C2-C3-
C4-C5-C6, C10-C11-C12-C13-C14-C15 and C16-C17-
C18-C19-C20-C21.

Fig. 2. Molecular structure of complex 2.
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Fig. 4. Molecular packing diagram of complex 2, viewed along the a axis. Hydrogen bonds are drawn as dashed lines.

Liu et al.: Synthesis, Characterization, X-Ray Crystal ...



988

Acta Chim. Slov. 2021, 68, 983-989

3. 4. Antibacterial Activity of the Compounds

The cobalt complexes were screened for antibacterial
activities against three Gram-positive bacterial strains (B.
subtilis, S. aureus, and St. faecalis) and three Gram-nega-
tive bacterial strains (E. coli, P. aeruginosa, and E. cloacae)
by MTT method. The MICs of the compounds against the
bacteria are presented in Table 3. Penicillin and Kanamy-
cin were tested as reference drugs. The cobalt complexes
have equal activities against all the bacterial strains. Both
complexes showed strong activity against B. subtilis, S. au-
reus and E. coli (MICs = 0.39-3.12 pg mL!), weak activity
against St. faecalis (MIC = 25 pg mL™!), and no activity
against P. aeruginosa and E. cloacae. Notably, both com-
plexes have similar or better activity against B. subtilis, S.
aureus and E. coli than the reference drugs.

Both complexes have stronger activities against S. au-
reus and P, aeruginosa than the cobalt(II) complexes with the
Schiff bases, (4-X-2-{[2-(2-pyridine-2-yl-ethylsulfanyl)
ethylimino]methyl}phenol (X = methoxy (OMe), phenylazo
(N,Ph), bromo (Br), nitro (NO,)),'¢ and against B. subtilis, S.
aureus and E. coli than the oxidovanadium(V) complexes
with hydrazone ligands.!” The complexes have similar activ-
ities against B. subtilis, S. aureus and E. coli, but weak activi-
ties against St. faecalis, P. aeruginosa and E. cloacae when
compared with the manganese complex with the Schiff base
N,N’-bis(3,5-dichlorosalicylidene)-1,4-butanediamine.'®

4. Conclusion

Two new cobalt(III) complexes with the Schiff base
5-bromo-2-((2-(phenylamino)ethylimino)methyl)phenol
have been synthesized and characterized. Crystal struc-
tures of the complexes are determined and described. Both
complexes are mononuclear cobalt species with octahedral
coordination. The anions of the cobalt salts used in the
preparation of the complexes act as the counteranions of
the final structures. Both complexes have effective antibac-
terial activities against B. subtilis, S. aureus and E. coli.

Supplementary Materials
The crystal data for the complexes have been depos-

ited with the Cambridge Crystallographic Data Centre

Table 3. MICs (pg mL™!) of the compounds and related materials

(CCDC nos. 2086791 (1) and 2086793 (2); deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk).
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Sintetizirali smo dva strukturno podobna kompleksa Co(III), [CoL,] - NO; (1) in [CoL,] - Cl (2), kjer je L = 5-bro-
mo-2-((2-(fenilamino)etilimino)metil)fenolat, ter produkta karakterizirali z IR in UV-Vis spektroskopijo. Strukture
kompleksov smo dolo¢ili z monokristalno rentgensko difrakcijo. Kobaltovi atomi v kompleksih so oktaedri¢no koor-
dinirani, pri ¢emer so donorski atomi iz dveh ligandov: kisik iz fenolne skupine ter dusikova atoma iz imino in amino
skupine. Anioni kobaltovih soli kristalizirajo kot protiioni. Antibakterijsko u¢inkovitost kompleksov smo preverili z
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Abstract

One of the best ways to design new biocidal agents is synthesizing hybrid molecules by combining two or more bioac-
tive moieties in a single molecular scaffold. So, new series of pyrroles bearing a thiazole moiety were synthesized using
1-methyl-1H-pyrrole-2-carbaldehyde thiosemicarbazones 1a—c. Cyclization of thiosemicarbazone derivatives 1a—c with
ethyl chloroacetate, ethyl 2-chloropropanoate, chloroacetone and phenacyl bromide afforded the corresponding thiazo-
lidin-4-ones 2a-c, 5-methylthiazolidin-4-ones 3a—c, 4-methyl-2,3-dihydrothiazoles 4a—c, and 4-phenyl-2,3-dihydrothi-

azoles 5a—c, respectively. The antimicrobial activity of the new thiazole derivatives was evaluated.

Keywords: Pyrroles; Thiosemicarbazones; Thiazoles; Antibacterial activity; Antifungal activity

1. Introduction

One of the most serious future challenges to health
care professionals is the emergence of multi-drug resist-
ance pathogenic bacteria that rapidly develop resistance to
currently used antibiotics. These medical problems can be
reduced by the discovery of novel antibacterial and anti-
fungal agents.!~10

Pyrrole is widely known as a biologically active scaf-
fold which possesses a diverse nature of activities.!"!2 The
combination of different pharmacophores in a pyrrole
ring system has led to the formation of more active com-
pounds.!? The marketed drugs containing a pyrrole ring
system are known to have many biological properties such

as antipsychotic, p-adrenergic antagonist, anxiolytic, an-
ticancer (leukemia, lymphoma and myelofibrosis etc.),
antibacterial, antifungal, antiprotozoal, antimalarial and
many more.>”1> Pyrrolomycins and N-alkylated deriva-
tives of pyrrolomycin are natural antibiotics and contain
nitropyrrole nucleus which is stable and chemically reac-
tive for antifungal activity.!® Verrucarine E and fenpiclonil
are therapeutically useful antibacterial compounds. A nat-
urally occurring pyoluteorin was found to posses antibac-
terial activity. Sortase A is a transpeptidase responsible for
covalently anchoring many surface proteins in Gram-pos-
itive peptidoglycan, thus encouraging adhesion and bio-
film formation. The inhibition of SrtA is related to the at-
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tenuation of virulence in Staphylococcus aureus and also in
other important Gram-positive pathogens, such as Listeria
monocytogenes, S. pneumoniae, and S. smutans.!”'8

Thiazole moiety frequently appears in the structure
of many natural products as well as biologically active
compounds. Thiazole moiety displayed crucial role in the
medicinal chemistry research, where they have therapeu-
tic effects against several diseases. Thiazoles showed the
broad variety of biological activities, such as anti-inflam-
matory,!® analgesic,?’ allergies,?! hypertension,?? hypnot-
ics,?* schizophrenia,? anti-cancer,?® antibacterial, antifun-
gal! and anti-HIV?® activities. Thiazole moiety represented
the integral scaffold of the all penicillin derivatives. Pen-
icillins are the first effective antibiotics used to treat mi-
crobes that played critical roles in the therapy of the bacte-
rial diseases.”” Abafungin is a broad-spectrum antifungal
agent. Thiabendazole is a fungicide and parasiticide where
it represented a new bacterial DNA gyrase B inhibitors.?8
Furthermore, most of fused thiazoles are attractive scaf-
folds for obtaining high potential drug candidates.?*
Fused thiazoles, such as purine and their analogs possess
significant biological activities.?!

The synthesized compounds design was based on
three points. First point is the many reports validation
of pyrrole as antimicrobial agents. Second point, thiazole
moiety has been already reported for its antimicrobial ac-
tivity, thiazoles have occupied a prominent role in the de-
sign of biologically active agents. Thirdly, one of the main
strategies for the discovery of new drugs is to modify the
structure of a known drug or to unite two or more pharma-
cophoric moieties that being combined in one molecular
scaffold to obtain the synergistic effect or developing new-
ly affordable antibacterial activity having a new mode of
action. To assemble novel biologically active compounds
with potent antimicrobial effect, it is aimed to synthesize
and evaluate the antimicrobial activity of series of 2-sub-
stituted pyrroles containing thiazole nucleus separated by
a hydrophobic linker.

2. Results and Discussion

The starting 1-methyl-1H-pyrrole-2-carbaldehyde
thiosemicarbazones 1a—cwere synthesized through the con-
densation reaction between 1-methyl-1H-pyrrole-2-car-
baldehyde and thiosemicarbazide derivatives in ethanol

/ \

N
I

CHs,

S
(@]
_O + HQN\NJLN,R
H H

under reflux (Scheme 1). 'H NMR spectrum of 1b indicat-
ed doublet and singlet signals at § 3.01 and 3.80 ppm for
NH-CH; and NCH; protons, two signalsat § 7.88 and 11.14
ppm assignable for two NH protons, in addition to three
multiplet signals at § 6.08, 6.51 and 6.94 ppm for pyrrole
protons with singlet signal at § 8.04 ppm corresponding to
CH=N proton. Also, *C NMR indicated signals at § 31.3
(CHj,), 36.51 (CH3), 108.73, 114.85, 127.34, 128.28, 136.32
(CH=N) and 177.49 (C=S) ppm.

Thiosemicarbazones la-c were subjected to cy-
cloalkylation with different halogenated compounds in
the hope of obtaining biologically activity thiazoles. Thus,
when thiosemicarbazones la-c were left to react with
ethyl chloroacetate in refluxing ethanol containing a cat-
alytic amount of fused sodium acetate resulted in the for-
mation of the corresponding thiazolidines 2a—c that were
obtained in good yields. Evidence for assigned structures
is provided by analytical and spectroscopic data. For ex-
ample, 'H NMR spectrum of 2a, as an example, exhibited
two singlet signals at § 3.86 and 3.87 ppm assignable to
CHj; and CH, protons. The three protons of pyrrole ring
were displayed at § 6.12, 6.56 and 7.01 ppm as multiplet,
singlet and singlet signals, respectively. A singlet signal at §
8.25 ppm appeared for azomethine proton and a broad sig-
nal at § 11.84 ppm due to imino proton. The formation of
thiazolidone 2 may be assumed to proceed through initial
alkylation for thiosemicarbazones 1 to afford the non-isol-
able intermediate A followed by intramolecular cyclization
with elimination of ethanol (Scheme 2).

Similarly, 5-methyl-thiazolidin-4-one derivatives
3a-c were obtained via cycloalkylation of thiosemicarba-
zones la-c with ethyl 2-chloropropanoate in ethanol in
the presence of sodium acetate under reflux condition. 'H
NMR spectrum of 3a showed three diagnostic aliphatic
signals for CH;-CH, NCH; and CH-CHj; protons at § 1.49
(doublet), 3.87 (singlet) and 4.17 (quartet) ppm, respec-
tively. The protons of pyrrole were displayed at § 6.12, 6.55
and 7.10 ppm. Beside the last aromatic protons, 'H NMR
spectrum displayed signals for azomethine at § 8.25 ppm
together with NH broad signals at § 11.80 ppm. In addi-
tion, under the same reaction conditions, cyclocondensa-
tion of thiosemicarbazones la—c with chloroacetone fur-
nished the corresponding 4-methyl-2,3-dihydrothiazole
derivatives 4a-c. 'H NMR spectrum of 4a exhibited two
characteristic singlet signals for two methyl protons at §
2.14 and 3.83 ppm. The H-5 of thiazole appaered at § 6.06

R I
_EOH _ ne R
Reflux N ~ N N
I H H
CHs;
la;R=H,
1b; R = CH;,
1c; R =Ph

Scheme 1: Synthesis of 1-methyl-1H-pyrrole-2-carbaldehyde thiosemicarbazones la-c
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N. =~ H
CHj R

1,2a; R=H,

1,2b; R = CH;,

1,2¢; R =Ph
Scheme 2: Synthesis of thiazolidines 2a—c

ppm. The pyrrole protons were displayed at 6 6.28, 6.37
and 6.90 ppm, azomethine at § 7.94 ppm. A broad signal
at 6 11.39 ppm appeared for NH proton. Moreover, cyclo-
condensation of thiosemicarbazones la-c with phenacyl
bromide furnished the corresponding 4-phenyl-2,3-di-
hydrothiazole derivatives 5a-c. '"H NMR spectrum of 5a
showed singlet signal at § 3.87 ppm assignable to NCHj.
The protons of phenyl group were displayed at § 6.08, 7.40
and 7.85 ppm as triplet (one proton), triplet (two protons),
and doublet (two protons), respectively. The protons of
pyrrole were displayed at § 6.93, 7.25 and 7.30 ppm. Sig-
nals at 6.41 and 7.98 ppm were characteristics for CH-thi-
azole and CH=N, respectively and a broad signal at § 11.77
ppm due to NH proton (Scheme 3).

The newly synthesized compounds were screened
for their expected antifungal and antibacterial activities.

0
AcONa ﬂ\/ S/X
~ N, 2t o
maa |y )
CHs A R
-EtOHl R
N

Three different microbial groups were used. Group 1I:
Gram-positive bacteria: Bacillus subtilis (RCMB 015 (1)
NRRL B-543) and Staphylococcus aureus (ATCC 25923).
Group 2: Gram-negative bacteria: Proteus vulgaris (RCMB
004 (1) ATCC 13315) and Escherichia coli (ATCC 25922).
Group 3: Fungi: Candida albicans (RCMB 005003 (1)
ATCC 10231) and Aspergillus fumigatus (RCMB 002008).
For the screening of antibacterial activity, diffusion agar
technique! was applied at 10 mg/mL concentration, well
diameter 6.0 mm (100 pL was tested). For comparison,
Gentamycin and Ketoconazole were used as antibacteri-
al and antifungal agents, respectively. The inhibition zone
diameters are depicted in Table 1. Regarding the antimi-
crobial activity of thiazole derivatives, they displayed good
effects towards P. vulgaris only. Few compounds displayed
weak effects towards some of the tested organisms. The

Q R
Cl PN N 0
o /N A
N-N=
I CHs
CHs 3a-c
R
S EtOH/ o \ CH
PR3 R .y g
=~ N N 2o N
N H H \O |}| g
CHs qac Br CH, 4a<c
R
\
N
3-5a, R =H @\/ _
3-5b, R = CH, \ - S NN N= |
3-5¢, R = Ph | S
CHs 5a-c

Scheme 3: Synthesis of thiazole derivatives 3a-c, 4a—c and 5a-c.
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Table 1: The mean results of inhibition zone in mm produced on a range of pathogenic microorganisms

Compd. No. Gram positive bacteria Gram negative bacteria Fungi
B. subtilis S. aureus P, vulgaris E. coli C. albicans A. fumigatus

2a NA NA 21 10 NA NA
2b NA NA 23 9 NA NA
2¢ NA NA 10 NA NA NA
3a NA NA 16 NA NA NA
3b 9 NA 15 10 8 NA
3c 8 8 16 9 NA 9
4a 12 NA 13 NA 9 8
4b NA NA 24 12 NA NA
4c 8 9 18 10 8 8
5a 9 NA 15 13 NA NA
5b NA NA 18 8 NA NA
5¢ 9 NA 17 9 9 8
Gentamycin 26 24 25 30 — —
Ketoconazole — — — — 20 17

major compounds displayed no effects towards most of
the tested organisms.

3. Conclusion

New series of pyrroles bearing a thiazole moi-
ety were synthesized through cyclization of 1-me-
thyl-1H-pyrrole-2-carbaldehyde thiosemicarbazone
derivatives with ethyl chloroacetate, ethyl 2-chloropro-
panoate, chloroacetone and phenacyl bromide. The thi-
azole derivatives displayed good effects towards P. vulgaris
only. Few compounds displayed weak effects towards some
of the tested organisms. The major compounds displayed
no effects towards most of the tested organisms.

3. 1. Experimental Section

Nuclear magnetic resonance spectra were carried
out in deuterated dimethylsulfoxide (DMSO-ds) by using
Bruker spectrometers (‘*H NMR 400 MHz; *C NMR 101
MHz) with chemical shift in § from internal TMS. Mass
spectra were recorded on GC/MS Finnigan SSQ 7000
spectrophotometer and GC Ms-QP 1000 EX mass spec-
trometer at 70 eV. Elemental analyses were carried out
on a EuroVector instrument C, H, N analyzer EA3000
Series.

Synthesis of N-Substituted-2-((1-methyl-1H-pyrrol-2-
yl)methylene)hydrazinecarbothioamides 1a—c*

The mixture of 0.01 mol of 1-methyl-1H-pyrrole-
2-carbaldehyde and 0.01 mol of the selected thiosemicar-
bazides (thiosemicarbazide, N-methylthiosemicarbazide,
N-phenylthiosemicarbazide) was heated in 50 mL ethanol
under reflux for 0.5 h., left to cool, the resultant solid prod-
uct was collected by filtration. The solid products were
crystallized from ethanol.

N-Methyl-2-((1-methyl-1H-pyrrol-2-yl)methylene)hy-
drazinecarbothioamide (1b). Yield 1.76 g (90%); m.p.
180-182 °C; 'H NMR 6 3.01 (d, 3H, ] = 4.6 Hz, NHCHj;),
3.80 (s, 3H, NCHj3), 6.08 (m, 1H, pyrrole-H), 6.51 (m, 1H,
pyrrole-H), 6.94 (m, 1H, pyrrole-H), 7.88 (br, 1H, NH),
8.04 (s, 1H, CH=N), 11.14 (s, 1H, NH); 13C NMR: § 31.3
(CH,), 36.51 (CHj3), 108.73, 114.85, 127.34, 128.28, 136.32
(CH=N), 177.49 (C=S); MS m/z (%): 196 (M*; 67.4). Anal.
Calcd. for CgH,,N,S (196.27): C, 48.96; H, 6.16; N, 28.55.
Found: C, 48.87; H, 6.14; N, 28.47%.

N-Methyl-2-((1-methyl-1H-pyrrol-2-yl)methylene)hy-
drazinecarbothioamide (1c). Yield 2.45 g (95%); m.p.
140-142 °C; '"H NMR: § 3.86 (s, 3H, NCH,), 6.12 (m,
1H, pyrrole-H), 6.64 (m, 1H, pyrrole-H), 6.99 (m, 1H,
pyrrole-H), 7.18 (t, 1H, ] = 7.4 Hz, Ph-H), 7.35 (t, 2H,
= 7.8 Hz, Ph-H), 7.64 (d, 2H, J = 7.7 Hz, Ph-H), 8.15 (s,
1H, CH=N), 9.55 (s, 1H, NH), 11.55 (s, 1H, NH); MS m/z
(%): 258 (M*; 46.0). Anal. Calcd. for C,3H,,N4S (258.34):
C, 60.44; H, 5.46; N, 21.69. Found: C, 60.38; H, 5.45; N,
21.73%.

Synthesis of Thiazolidin-4-one Derivatives 2a-c

The mixture of 0.01 mol of the thiosemicarbazide
derivatives la—c, 0.01 mol of ethyl chloroacetate and 0.02
mol of fused sodium acetate was dissolved 50 mL ethanol.
The solution was heated under reflux for 3 hours, then left
to cool. The obtained products were collected by filtration.
The solid products were recrystallized from ethanol.

2-(((1-Methyl-1H-pyrrol-2-yl)methylene)hydrazono)thi-
azolidin-4-one (2a). Yield 1.89 g (85%); m.p. 248-250 °C;
'H NMR: & 3.86, 3.87 (2s, 5H, CH, and CHj), 6.12 (m, 1H,
pyrrole-H), 6.56 (s, 1H, pyrrole-H), 7.01 (s, 1H, pyrrole-H),
8.25 (s, 1H, CH=N), 11.84 (s, 1H, NH); MS m/z (%): 222
(M*; 33.8). Anal. Calcd. for CoH,(N,OS (222.27): C, 48.63;
H, 4.53; N, 25.21. Found: C, 48.57; H, 4.55; N, 25.17%.
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3-Methyl-2-(((1-methyl-1H-pyrrol-2-yl)methylene)hy-
drazono)thiazolidin-4-one (2b). Yield 1.88 g (80%); m.p.
183-184 °C; '"H NMR: § 3.16 (s, 3H, CH,), 3.88 (s, 3H,
CH3), 3.92 (s, 2H, CH,-thiazole), 6.13 (s, 1H, pyrrole-H),
6.59 (s, 1H, pyrrole-H), 7.03 (s, 1H, pyrrole-H), 8.35 (s,
1H, CH=N); 3C NMR: § 29.77 (CH3), 32.54 (CHs;), 37.02
(CH,), 109.00, 117.49, 127.55, 129.74, 150.00 (CH=N),
162.69 (CH=N), 172.61 (C=0); MS m/z (%): 236 (M*;
62.2). Anal. Calcd. for C,,H;,N,OS (236.29): C, 50.83; H,
5.12; N, 23.71. Found: C, 50.86; H, 5.10; N, 23.67%.

2-(((1-Methyl-1H-pyrrol-2-yl)methylene)hydrazo-
no)-3-phenylthiazolidin-4-one (2c). Yield 2.53 g (85%);
m.p. 256-258 °C; 'H NMR: & 3.88 (s, 3H, CH3), 4.07 (s,
2H, CH, thiazole), 6.10 (m, 1H, pyrrole-H), 6.53 (m, 1H,
pyrrole-H), 7.02 (s, 1H, pyrrole-H), 7.38 (d, 2H, ] = 7.2
Hz, Ph-H), 7.46 (d, 1H, J = 7.3 Hz, Ph-H), 7.52 (t, 2H, ] =
7.4 Hz, Ph-H), 8.15 (s, 1H, CH=N); MS m/z (%): 298 (M*;
22.3). Anal. Calcd. for C;sH,,N,OS (298.36): C, 60.38; H,
4.73; N, 18.78. Found: C, 60.43; H, 4.75; N, 18.82%.

Synthesis of 5-Methyl-thiazolidin-4-one Derivatives
3a-c

The mixture of 0.01 mol of the thiosemicarbazide
derivatives la-c, 0.01 mol of ethyl 2-chloropropanoate
and 0.02 mol of fused sodium acetate was dissolved 50 mL
ethanol. The solution was heated under reflux for 5 hours.
After cooling, precipitated solid were obtained which were
collected by filtration and recrystallized from ethanol.

5-Methyl-2-(((1-methyl-1H-pyrrol-2-yl)methylene)hy-
drazono)thiazolidin-4-one (3a). Yield 1.65 g (70%); m.p.
210-212 °C; 'H NMR: 8 1.49 (d, 3H, J = 7.2 Hz, CHj;),
3.87 (s, 3H, NCHs), 4.17 (q, 1H, ] = 7.2 Hz, thiazole-H),
6.12 (m, 1H, pyrrole-H), 6.55 (m, 1H, pyrrole-H), 7.10 (s,
1H, pyrrole-H), 8.25 (s, 1H, CH=N), 11.80 (br, 1H, NH);
MS m/z (%): 236 (M*; 49.0). Anal. Calcd. for C,,H;,N,OS
(236.29): C, 50.83; H, 5.12; N, 23.71. Found: : C, 50.86; H,
5.11; N, 23.67%.

3,5-Dimethyl-2-(((1-methyl-1H-pyrrol-2-yl)methyl-
ene)hydrazono)thiazolidin-4-one (3b). Yield 1.68 g
(67%); 'TH NMR: § 1.50 (d, 3H, J = 7.2 Hz, CH};), 3.27 (s,
3H, CHs;), 3.89 (s, 3H, CHj), 4.20 (m, 1H, thiazole-H), 6.14
(m, 1H, pyrrole-H), 6.55 (m, 1H, pyrrole-H), 7.13 (s, 1H,
pyrrole-H), 8.25 (s, 1H, CH=N); MS m/z (%): 250 (M*;
18.7). Anal. Calcd. for C;;H,,N,OS (250.32): C, 52.78; H,
5.64; N, 22.38. Found: C, 52.73; H, 5.61; N, 22.42%.

5-Methyl-2-(((1-methyl-1H-pyrrol-2-yl)methylene)hy-
drazono)-3-phenylthiazolidin-4-one (3c). Yield 2.34 g
(75%); 'THNMR: § 1.51 (d, 3H, J = 7.2 Hz, CH,), 3.86 (s, 3H,
NCH;), 4.22 (m, 1H, thiazole-H), 6.10-7.10 (m, 8H, Ph-H
and pyrrole-H), 8.32 (s, 1H, CH=N); MS m/z (%): 312 (M*;
27.0). Anal. Calcd. for C;4H;(N,OS (312.39): C, 61.52; H,
5.16; N, 17.93. Found: C, 61.48; H, 5.14; N, 17.96%.

Synthesis of 4-Methyl-2,3-dihydrothiazole Derivatives
4a-c

The mixture of 0.01 mol of the thiosemicarbazide
derivatives 1a-c, 0.01 mol of chloroacetone and 0.02 mol
of fused sodium acetate was dissolved 50 mL ethanol. The
solution was heated under reflux for 6 h and left to cool.
The obtained product was collected by filtration. The solid
products were recrystallized from ethanol.

4-Methyl-2-(((1-methyl-1H-pyrrol-2-yl)methylene)hy-
drazono)-2,3-dihydrothiazole (4a). Yield 1.65 g (75%);
m.p. 177-179 °C; 'H NMR: 6 2.14 (s, 3H, CH3), 3.83 (s,
3H, NCH3), 6.06 (m, 1H, pyrrole-H), 6.28 (s, 1H, thi-
azole-H), 6.37 (m, 1H, pyrrole-H), 6.90 (s, 1H, pyrrole-H),
7.94 (s, 1H, CH=N), 11.39 (s, 1H, NH); MS m/z (%): 220
(M*; 46.6). Anal. Calcd. for C;oH,N,S (220.29): C, 54.52;
H, 5.49; N, 25.43. Found: C, 54.48; H, 5.50; N, 25.38%.

3,4-Dimethyl-2-(((1-methyl-1H-pyrrol-2-yl)methyl-
ene)hydrazono)-2,3-dihydro-thiazole (4b). Yield 1.64
g (70%); m.p. 196-198 °C; 'H NMR: & 2.12 (s, 3H, CHy),
331 (s, 3H, NCH,), 3.86 (s, 3H, NCH,), 5.95 (m, 1H,
Ar-H), 6.06 (m, 1H, Ar-H), 6.39 (m, 1H, thiazole-H), 6.89 (s,
1H, Ar-H), 8.17 (s, 1H, CH=N); 3C NMR: § 14.21 (CH,),
31.48 (CH;), 36.86 (CHj;), 95.69, 108.40, 114.34, 127.78,
128.77, 136.52, 143.22, 168.37 (CH=N); MS m/z (%):234
(M*;45.7). Anal. Calcd. for C;;H 4N,S (234.32): C, 56.38; H,
6.02; N, 23.91; N, 17.34. Found: C, 56.34; H, 6.04; N, 23.87%.

4-Methyl-2-(((1-methyl-1H-pyrrol-2-yl)methylene)hy-
drazono)-3-phenyl-2,3-dihydrothiazole (4c). Yield 2.22
g (75%); TH NMR: § 2.15 (s, 3H, CH3), 3.85 (s, 3H, NCH,),
5.95 (m, 1H, Ar-H), 6.10-6.90 (m, 8H, pyrrole-H and Ph-
H), 8.26 (s, 1H, CH=N); MS m/z (%): 296 (M*; 24.8). Anal.
Calcd. for C;gH,¢N,S (296.39): C, 64.84; H, 5.44; N, 18.90.
Found: C, 64.86; H, 5.42; N, 18.86%.

Synthesis of 4-Phenyl-2,3-dihydrothiazole Derivatives
5a-c

The mixture of 0.01 mol of the thiosemicarbazide
derivatives 1a—c, 0.01 mol of phenacyl bromide and 0.02
mol of fused sodium acetate was dissolved 50 mL ethanol.
The solution was heated under reflux for 6 h and left to
cool. The obtained product was collected by filtration. The
solid products were recrystallized from ethanol.

2-(((1-Methyl-1H-pyrrol-2-yl)methylene)hydrazo-
no)-4-phenyl-2,3-dihydrothiazole (5a).1**! Yield 2.40 g
(85%); m.p. 180-182 °C; 'H NMR: § 3.87 (s, 3H, CH,),
6.08 (m, 1H, pyrrole-H), 6.41 (m, 1H, pyrrole-H), 6.93 (s,
1H, pyrrole-H), 7.25 (s, 1H, thiazole-H), 7.30 (d, 1H, ] =
7.3 Hz, Ph-H), 7.40 (t, 2H, ] = 7.6 Hz, Ph-H), 7.85 (d, 2H, J
= 7.4 Hz, Ph-H), 7.98 (s, 1H, CH=N); 11.77 (br, 1H, NH);
MS m/z (%): 282 (M*; 43.1). Anal. Calcd. for C;sH,N,S
(282.36): C, 63.80; H, 5.00; N, 19.84. Found: C, 63.77; H,
4.98; N, 19.78%.
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3-Methyl-2-(((1-methyl-1H-pyrrol-2-yl)methylene)hy-
drazono)-4-phenyl-2,3-dihydrothiazole (5b). Yield 2.37
g (80%); m.p. 127-128 °C; 'H NMR: § 3.27 (s, 3H, CH,),
3.89 (s, 3H, CH3;), 6.06 (m, 1H, pyrrole-H), 6.32 (s, 1H, thi-
azole-H), 6.43 (m, 1H,pyrrole-H), 6.93 (s, 1H, pyrrole-H),
7.50 (m, 5H, Ar-H), 8.23 (s, 1H, CH=N); MS m/z (%): 296
(M*;23.2). Anal. Calcd. for C;sH;¢N,S (296.39): C, 64.84;
H, 5.44; N, 18.90. Found: C, 64.79; H, 5.46; N, 18.87%.

2-(((1-Methyl-1H-pyrrol-2-yl)methylene)hydrazo-
no)-3,4-diphenyl-2,3-dihydro-thiazole (5c). Yield 3.04 g
(85%); 'H NMR: & 3.92 (s, 3H, CH;), 6.06 (m, 14H, thi-
azole-H, pyrrole-H, 2Ph-H), 8.34 (s, 1H, CH=N); MS m/z
(%): 358 (M*; 49.0). Anal. Calcd. for C,;H gN,S (358.46):
C, 70.36; H, 5.06; N, 15.63. Found: C, 70.41; H, 5.08; N,
15.57%.
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Povzetek

Eden izmed najboljsih nac¢inov za nacrtovanje novih biocidnih spojin je sinteza hibridnih molekul, do katerih pridemo
s povezavo dveh ali ve¢ bioaktivnih fragmentov v eno samo molekulsko ogrodje. Tako smo iz serije 1-metil-1H-pirol-2-
karbaldehid tiosemikarbazonov la-c pripravili nov set pirolov, ki so vsebovali tiazolni fragment. Ciklizacija tiosemikar-
bazonskih derivatov 1a-c z etil kloroacetatom, etil 2-kloropropanoatom, kloroacetonom ali fenacil bromidom je vodila
do ustreznih tiazolidin-4-onov 2a-c, 5-metiltiazolidin-4-onov 3a-c, 4-metil-2,3-dihidrotiazolov 4a—c in 4-fenil-2,3-di-
hidrotiazolov 5a—c. Dolo¢ili smo tudi antimikrobne aktivnosti novih tiazolskih derivatov.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

In this study, Box-Behnken design (BBD) in response surface methodology (RSM) was employed to optimize As(V)
removal from an aqueous solution onto synthesized crosslinked carboxymethylchitosan-epichlorohydrin/Fe;O4 nanao-
composite. The factors like solution pH, adsorbent dose, contact time and temperature were optimized by the method
which shows high correlation coefficient (R? = 0.9406), and a predictive quadratic polynomial model equation. The
adequacy of the model and parameters were evaluated by analysis of variance (ANOVA) with their significant factors of
Fischer’s F-test (p < 0.05). Seven significant parameters with interaction effects in the experiment with p-value < 0.0001
was observed, having a maximum removal efficiency of As(V) is 95.1%. Optimal conditions of dosage, pH, temperature,
initial ion concentration and contact time in the process were found to be 0.7 g, pH 6.5, 308K, 10 mg/L and 60 min
respectively. Langmuir isotherm model fitted better than the Freundlich model having a maximum adsorption capacity
of 28.99 mg/g, a high regression value of 0.9988, least chi-square value of 0.1781. The process was found to follow mon-
olayer adsorption and pseudo-second-order kinetics. Thermodynamic parameters indicate the process is spontaneous,
endothermic and physisorption in nature. Successful regeneration of the adsorbent implies its applicability to the remov-

al of arsenic from real life wastewater.

Keywords: Biosorption; isotherm; kinetics; thermodynamic; optimization; response surface methodology.

1. Introduction

Arsenic is a pervasive element in the environment
and has been known as a notorious toxic substance to man
and living organisms for centuries.! Groundwater Arsenic
is primarily associated with oxidative weathering and geo-
chemical reaction of reactive carbon induce mobilization
of arsenic in the sediments.? Arsenic contaminated
groundwater affects over 100 million people in Bangla-
desh, West Bengal, China, Mexico, Chile, Myanmar, and
United states.> Long term exposure to arsenic in drinking
water causes skin diseases (pigmentation, dermal hyper-
keratosis, skin cancer), cardiovascular, neurological, renal,
respiratory and black foot diseases, as well as lung, liver,
kidney and prostate cancers.* To protect public health, the

World Health Organization has set a provisional guideline
limits of 10 ug/L for arsenic in drinking water which was
afterward adopted by the European Union and India.> The
removal of Arsenic by Co-precipitation, flotation, ion-ex-
change, ultra-filtration, and reverse osmosis® have been
received more attention due to its high concentration effi-
ciency.® Several adsorbents have been found suitable for
arsenic removal counting activated carbon,” activated alu-
mina,® red mud,’ etc., In the last decade developments in
the knowledge of biosorption exposed high adsorption
capacities, low costs and regenerability of natural biosorp-
tion materials.!® However, challenges encountered for bio-
sorbents with high uptake, low cost and as well as in un-
derstanding the mechanism of reaction. Chitosan is
produced from N-deacetylation of chitin, available from
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seafood processing wastes, having hydroxyl and amine
group promises good sorption capacity for heavy metal ions
through complexation reaction.!! However, in practical ap-
plications it requires a chemical modification to improve
the nature of hydrophilic property and adsorption capacity.
Carboxymethyl chitosan (CMC) is an amphiprotic chitosan
derivative, having hydroxyl (-OH), carboxyl(-COOH) and
amine (-NH,) groups in the molecule can be a substitute for
chitosan. But, its poor chemical stability!? can be overcome
by crosslinking reaction with the agents like, glutaralde-
hyde, glyoxal, and ethylene glycol diglycidyl ether(EDGE),
but these cross-linking agents block the amino (NH,) func-
tional group in CMC backbone.!* Therefore, epichlorohy-
drin (EPC) as a mono functional cross linking agent was an
effective substitute that will not bind to amino groups in
CMC biopolymer and improve the hydrophilic property of
CMC and provide enough adsorption sites for increasing
adsorption capacity.'* However, the fact of high desirability
exist between inorganic arsenic species and iron!® tends to
advance the utility of Fe (IIT)-bearing materials like hema-
tite,'® ferrihydrite,!” and iron-doped activated carbons for
arsenic adsorption.!® Thus, the objective of the present
study is to prepare and evaluate a hybrid composite bio-
polymer of crosslinked epichlorohydrin/Fe;O, nanocom-
posite (CMC-EPC/INC) for removal of As(V). RSM is a
multivariate technique employed to reduce the number of
experimental runs required to provide sufficient informa-
tion for statistically acceptable results.!” Hence the parame-
ters such as adsorbent dosage, initial metal ion concentra-
tion, solution pH, working temperature were optimized
through Box-Behnken design model (BBM), which provide
an insight of parameters level for maximum performanc-
es.20 The Langmuir and Freundlich isotherm models were
applied to evaluate the adsorption equilibrium. Kinetic
studies, thermodynamic property and desorption experi-
ments were carried and discussed.

2. Experimental

2. 1. Material

Carboxymethylchitosan (CMC, MW = 2.65 x 10°),
Epichlorohydrin (EPC), Ferric chloride hexahydrate (FeCl,
6H,0), Ferrous chloride tetrahydrate (FeCl, - 4H,0), Sodi-
um hydrogen arsenate (Na,HAsO, 7H,0),1-ethyl-3-car-
bodiimide hydrochloride (EDC), N-hydroxyl succinimide
(NHS), Sodium hydroxide and acetic acid were of analyti-
cal grade, acquired from Sigma Aldrich. Stock As(V) solu-
tion (1000mg/L) were prepared from sodium hydrogen
arsenate. All the reagents and glassware were prepared with
de-ionized water.

2. 2. Preparation of Fe;O, Nanoparticles

Fe;O, nanoparticles synthesized,?! by taking 0.02
moles of FeCl;.6H,0 and 0.01moles of FeCl, 4H,O dis-

solved in 100 mL of deionized water at 30 °C, under vigor-
ous stirring precipitation occurs by the addition of 1M
NaOH after 60min. Then it was heated to 60 °C for 3h un-
der the pH + 12. After cooled the solution to room tem-
perature, the precipitate was collected by a magnet and
washed with deionized water until the pH reached neutral.
Finally, it was washed with acetone and dried in an oven at
60 °C for 24h.

2. 3. Synthesis of CMC-EPC/Fe;0,
Nanocomposite

1g of CMC was dissolved in acetic acid (50 mL, 5%
v/v), and the mixture was sonicated at room temperature
for 3 h.Then 0.6 g of magnetic nanosized ferroferric oxide
was added and left it for 24 h at room temperature with
vigorous stirring to ensure complete mixing. Beads of
CMC-Fe;0, (MCMC) formed when the resultant solution
was injected into a 100 mL sodium hydroxide (0.5 M) by
syringe needle (10 mL) as drops, and washed with distilled
water plenty for the removal of excess sodium hydroxide
solution. The crosslinking steps were carried out by dis-
solving 1 g of MCMC beads in 60 mL of ultrapure water
followed by adding 0.6 g of EDC and 0.8 g of NHS at pH
5-6 inorder to activate the carboxyl groups of MCMC. Af-
ter 1 h, 1% epichlorohydrin (100 mL) was added to the
beads with gentle stirring in water bath at 40 °C for 24 h.
Then the crosslinked (CMC-EPC/INC) beads were washed
many times by distilled water, air dried and grinded using
mortar and dried constantly in the oven. Finally, the pre-
pared adsorbent was sieved to a particle size < 250um for
study.

2. 4. Batch Adsorption Experiments

Batch experiments were carried out with 50mL of
As(V) solution having an initial concentration of 10 mg/L.
The investigation of parameters are temperature (20-50 °C),
pH (2-10), reaction time (5 min-5 h), and adsorbent dos-
age (0.1-2g/50 mL) in order to find the maximum uptake
of arsenic ions. Samples were collected at fixed intervals
and the adsorbent was removed by centrifugation at 6000
rpm for 6 min. The supernatant was analyzed for As(V)
removal by AAS. Blanks were used for control in all the
experiments. The amount of arsenic adsorbed (mg/g) was
determined by the following equation.

ge=(C,- C,) x"°/, (1)

Where Cy and C, are the initial and equilibrium con-
centrations of the metal ion (mg/L), m is the dry mass of
iron-doped chitosan (g) and v is the volume of the solution
(L). The % removal of As(V) from aqueous solution was
calculated by the following equation;

Removal (%) = [(C,- C,)/C,] x 100 2)
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2. 5. Experimental Design

Response surface methodology (RSM) with Box-
Behnken design (BBD) was employed to determine the
effect of four independent variables. The effect of param-
eters including temperature (x;), pH (x;), reaction time
(x3), and adsorbent dosage (x,) were analysed. For data
analysis, design expert software (Stat Ease, Inc., Version
11, USA) was used. By batch experiments.The following
equation explain the coded values of the process vari-
ables.

X, _%, i=1,23 0k ©)

Where X; and x; are the coded and uncoded values of
the iy, variables, x,; denotes the uncoded values of the iy,
ariable at the center point, and Ax; is the step change value.
The process parameters were optimized by 29 experimen-
tal runs and the levels of parameters used in the adsorp-
tion process were summarized in Table 1. The % removal
of As(v) was determined by the following second order
polynomial equation.

Y =B+ Xl Bixi + iy Bux? +

4 4)
+ ﬁi_f xixf--*— €
Zu‘:l(i:j)

Where Y is the response variable, o, i, Bij, and fii,
are the regression coefficients for intercept, linear effect,
double interaction, and quadratic effects, respectively, x; x;
are the independent variables, and ¢ is a random error. Sta-
tistical analysis system software was used for the study of
Analysis of variance (ANOVA), response surface studies
and 3D surface plot generation.

Table 1. Factors and level of various parameters of BBM design for
As(V) adsorption

Parameters Level of factors

Variables Code -1 0 1
Temperature (°C) b 30 35 40
pH X, 5 6.5 8
Contact time(min) X3 45 60 75
Adsorbent dosage(mg L) X4 600 700 800

2. 6. Analytical Measurements

Micromeritics ASAP 202 analyzer, pH-potentiomet-
ric titration method, reported by Vieira and Beppu,?? was
carried out to determine the porosity and amino group
content in the biosorbent respectively. Shimadzu AA 7000
model atomic absorption spectrometer (AAS) was used to
find the concentration of adsorbed arsenic at 193.7nm
with an air-acetylene flame type.?*

3. Results and Discussion
3. 1. Porosity and Potentiometric Analysis

The adsorbent has BET analysis surface area of 2.85
(m?%/g). Surface morphology of the composite indicates,
Fig. S1 (a), that the adsorbent is porosity with more white
patches, Fig.S1(b), indicates that the adsorbent complexes
with arsenic ions after the adsorption. The cross-linking of
EPI,?* reacts with the primary alcoholic group (-CH,OH)
at position C-5 of CMC’s pyranose ring thus indicated that
the amino (-NH,) group plays a major role in the adsorp-
tion of arsenic anion by electrostatic attraction.?

3. 2. FTIR Analysis

The FTIR spectra of the pure CMC, CMC-EPI/INC
before and after As(V) adsorption were displayed in Fig. 1.

(©)

After As(V) adsorption

CMC-EPVINC

3138

Transmittance (%)

v

/"
34787 N34y
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm1)

Fig. 1. FT-IR spectra of a) CMC b) CMC-EPI/INC before and C)
after As(V) adsorption

The IR spectrum of CMC in Fig.1 (a), show peaks at
3478 cm’}, 3418 cm™!, 3138 cm! and 1618 cm™! were at-
tributed to the symmetrical, asymmetric stretching vibra-
tion of and -NH, group and stretching vibration of O-H,
with the effect of hydrogen bonds, and C = O in amide re-
spectively. The peaks at ~1148 cm™ and ~1032 cm™ in
Fig.1(b), corresponds to stretching of C-O-C and C-O bonds
respectively, resulted in the formation of covalent bonds due
to reaction between EPI with the carbon atoms in CMC,
which causes the opening of the epoxide ring of EPI and the
releasing of a chlorine atom.?® The bands around 600-700
cm™! is assigned to the bending vibration of Fe-O-Fe bond.
The appearance of new band ~878 cm™ shown in Fig.1 (c),
corresponds to the existence of arsenic anion.

3. 3. Equilibrium Isotherm

The equilibrium parameters of adsorbent dosage,
pH, temperature, initial ion concentration and contact
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time were found to be 0.7 g, pH 6.5, 308 K, 10 mg/L and 60
min, respectively and found that the reaction takes place
by diffusion and complexation process.?”

3. 4 Quadratic Model for As(v) Adsorption

The BBM technique were employed for the optimi-
zation of As(v) adsorption capacity.Table 2, displays the 29
runs of experimental design, along with corresponding

% removal of As(v)=-203.02898 + 8.97600 + 22.29704 + 0.188444 + 0.153967 - 0.023333
-0.001333 + 0.000150 + 0.038889 - 0.005167 + 0.000233 — 0.122133 - 1.55148 - 0.004293 - 0.000095

Table 2. Experimental design of variables with adsorption results

Coded levels
Std Run X, X, X3 X4 Rj‘;(()‘:’;/lo()f
21 1 35 3 60 600 88.1
1 2 30 3 60 700 86.3
12 3 40 4.5 60 800 93.1
26 4 35 4.5 60 700 95.1
17 5 30 4.5 45 700 87.8
14 6 35 6 45 700 88.4
27 7 35 4.5 60 700 95.1
29 8 35 4.5 60 700 95.1
6 9 35 4.5 75 600 92.6
25 10 35 4.5 60 700 93.8
4 11 40 6 60 700 90.2
24 12 35 6 60 800 90.4
15 13 35 3 75 700 91.1
8 14 35 4.5 75 800 93.4
9 15 30 4.5 60 600 89.2
20 16 40 4.5 75 700 92.9
22 17 35 6 60 600 89.5
23 18 35 3 60 800 92.1
2 19 40 3 60 700 89.6
19 20 30 4.5 75 700 89.8
10 21 40 4.5 60 600 91.8
5 22 35 4.5 45 600 934
11 23 30 4.5 60 800 90.2
18 24 40 4.5 45 700 91.3
13 25 35 3 45 700 90.7
28 26 35 4.5 60 700 95.1
16 27 35 6 75 700 92.3
3 28 30 6 60 700 87.6
7 29 35 6.5 45 800 92.8

adsorption results. The removal efficiency as functions pa-
rameters was correlated with the developed second-order
polynomial equation. The empirical model in terms of
process variables, is expressed by the following equation.
The effect of independent variables on the adsorp-
tion efficiency of As(V) was described by the equation
shown above.The amount of maximum As(V) adsorption
was found to be 95.1%. Experimental curve fitting was
evaluated to govern the apparent model by calculating

(5)

larger F-and lower probability values (p-values) with sig-
nificant terms were chosen. From the data given in Table 3,
a quadratic model was suggested for higher F- value (40.7)
and lower p-value (<0.0001) with significant terms for this
experimental design. The cubic model was found to be in-
significant. The significance of the quadratic model was
justified by ANOVA by correlating with the response vari-
ables such as the main effects, the interaction effects, and
the error terms. The F and p values represented the enor-
mousness of these variables. BBD was adopted to design
29 experiments (Table 4) for investigate the individual and
interactive effects of the four independent variables on re-
moval of As(V). The experimental data of As(V) removal,
were statistically analyzed by analysis of variance (ANO-
VA) and the results are presented in Table 4.

From the Table 4, the F- value of 15.84 indicated that
the model was statistically significant and there is only a
0.01% chance that an F-value this large could occur due to
noise. The model suggested was highly significant due to
its p-value of <0.0001. The Table 4, shows the seven signif-
icant terms with low p-values were x;, x3, x,, X3, x3, x3, 3,
and x7. Other significant terms were not discussed because
of their high p-values. The above model accuracy could be
assessed by the fortitude of regression coefficient R? value
0.9406, indicated that only 6% of the total variables were
not explained by the model.

The adjusted coeflicient value (Rzadj = 0.8813) was
not in realistic arrangement with observed R2. The model
has undesirable lack of fit by the indication of lack of fit
p-value (>0.05) suggested that it is not significantly rela-
tive to the pure error and, thus, above quadratic equation
and the model were accurate for the experiment.?® The

Table 3. Experimental curve fitting of optimization

Model Sum of DF Mean F- p- Remarks
Source Squares Square value value

Linear vs Mean 36.53 4 9.13 1.64 0.1976 -

2FI vs Linear 6.14 6 1.02 0.15 0.9879 -

Quadratic vs 2FI 117.65 4 29.41 40.70 <0.0001  Suggested

Cubic vs Quadratic 7.06 8 0.89 1.74 0.2589 Aliased

Nagarajan et al.:

Statistical Optimization of As(V) Adsorption Parameters ...



Acta Chim. Slov. 2021, 68, 997-1007

Table 4. Analysis of variance for the model by BBM optimization for As(v) adsorption

Source DF Mean Square F-value p-value Remarks
Model 14 11.45 15.84 < 0.0001 significant
x; (°C) 1 27.00 37.36 <0.0001 significant
x, (pH) 1 0.0208 0.0288 0.8676 -

x3 (min) 1 4.94 6.84 0.0204 significant
x4 (mg) 1 4.56 6.31 0.0248 significant
X1%, 1 0.1225 0.1695 0.6868 -
X1%;3 1 0.0400 0.0553 0.8174 -
X1X4 1 0.0225 0.0311 0.8625 -
XX;3 1 3.06 4.24 0.0587 -
XXy 1 2.40 3.32 0.0897 -
X3%4 1 0.4900 0.6780 0.4241 -

x3 1 60.47 83.68 < 0.0001 significant
X3 1 79.04 109.37 < 0.0001 significant
3 1 6.05 8.37 0.0118 significant
x3 1 5.90 8.16 0.0127 significant
Residual 14 0.7227 - - -
Lack of Fit 10 0.8766 2.59 0.1858 not
significant

Pure Error 4 0.3380 - - -

value of signal to noise ratio is 13.511, ratio >4 is desir-
able, indicated an adequate signal to navigate the design
space.?” The Fig. 2a graph, plotted between actual and
predicted values shows no apparent violation from the
assumptions underlying of the analyses,*® indicated that
the distribution of actual values were relatively close to
the straight line, specify the accuracy of the assumptions,
as well as the independence of the residuals. The plot be-
tween studentized residuals and run number, in Fig. 2b,
showed that the random distribution of residuals around

(a) Predicted vs Actual
96 E;l;::)i:i;n[t's by the value of
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ot
=
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External

* 3.9 (limit is < +£4.00) was a good sign of well fitted ex-
perimental data with the model.3!

3. 5. Effect of Process Variables on Removal
of As(v)

The optimization process parameters and the inter-
action between the variables were studied by a plot of
three-dimensional curves for the efficient adsorption of
As(V). Fig. 3a, represents the effect of temperature and pH
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4.0043:23041
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21 25" 29’

Fig. 2. RSM model graphs of a) Predicted vs Actual values b) Studentized residuals vs experimental run number on optimized parameters of As(V)

removal
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indicated that the adsorption reaches maximum at 35 °C
on pH 6.5 beyond that desorption process start and con-
tinues due to complexation. Fig. 3b represents the correla-
tion of temperature and reaction time having optimal ad-
sorption efficiency of 95.1% was reached within 60 min at
temperature of 35 °C, beyond that contact time (>60 min)
and temperature (>35 °C), the adsorption rate decreased.
The plot of temperature versus adsorbent dosage in Fig. 3c,
shows that the degree of adsorption increases with in-
creasing adsorbent dosage, upto 700 mg on 35 °C, due to
high surface availability, beyond 800 mg dosage and 35 °C
it has equilibrium and decreasing trend continues infers,
that the process is controlled by temperature.? Fig. 3d,
shows the effect of time and pH and the adsorption capac-
ity was almost constant in the pH range 5-6, and then in-
creases and reaches maximum at pH 6.5, which matches

@ Above Surface
© Below Surface

@ Above Surface
© Below surface

with the pKa value of chitosan.*® From the above it was
evident that the adsorption rate mainly depends on tem-
perature and pH, while the contact time had fringe effect
only. The above fact is supported by the contour plot,** in
Fig. S2, between pH and temperature had a difference
minimum 0.5% between experimental and predicted re-
moval efficiency shows that the adsorption is endothermic
took place by the increasing diffusion rate and the growing
rate of complexation between adsorbent and adsorbate.*

3. 6. Langmuir Isotherms

The isotherm models employed describes the sorp-
tion data, sorption mechanism, the surface properties and
the affinity between sorbent and sorbate.’® The Langmuir
isotherm model represents the monolayer sorption on an

@ Above Surface
© Below Surface

@ Above surface
© Below Surface

86.3 [ 95-1

s,
L2 HSL PP
0500,

Fig. 3. 3D surface plot of interaction effects between variables of a) time vs pH b) time vs temperature c) pH vs temperature and d) adsorbent dosage

vs temperature on As(V) removal
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Fig. 4. 3D surface plot of interaction effects between variables of a) time vs pH b) time vs temperature ¢) pH vs temperature and d) adsorbent dosage

vs temperature on As(V) removal

energetically uniform surface having maximum adsorp-
tion capacity, q,, = 26.11-28.99 mg g, and higher regres-
sion coefficient, R? = 0.9988 obtained from the relevant
plots, Fig. 4a, and Table 5, suggesting that the surface of the
sorbent was homogenous. The dimensionless factor (R; =
1/1 + bC,) was calculated as <1, indicates favourable and
monolayer adsorption process.The certainty of the iso-
therm were committed by the least RMSE and x? values for
Langmuir model than Freundlich model.

3. 7. Freundlich Isotherm

The isotherm describes the sorption on an energeti-
cally heterogeneous surface and the exponential distribu-
tion of active sites and their energies.?” The value of n (ad-
sorption intensity) obtained by the Table 5, from the plot
(Fig.S3) in the range 1-10 signifies the good performance
of Fe;0, doped CMC-EPI adsorbent towards As(V) ad-
sorption.

3. 8. Residual Mean Square Error (RMSE) and
Chi-square (x?) statistical test

To represent the errors in the isotherm curves the
RMSE and Chi-square (x?) statistical analysis is employed.

RMSE = — 37 (q€exp-q€car)? (6)

Geexp> 9€car and n are the experimental, calculated values
and number of observations respectively.®® The ¥ test con-
firms the suitability of a particular isotherm model given
by the equaton,®

2y (aeexp - gecal)® )
5 E qge,cal

The RMSE and y? value would be less if the adsorp-
tion data correlated concurs with experimental values. By

Table 5. Isotherm parameters for As(v) adsorption on pH = 6.5, adsorbent dosage = 700mg/L,contact time = 60 min at different

temperatures onto the CMC-EPI/INC composite

Langmuir Freundlich
Parameters Temperature (K) Temperature (K)
298 303 308 Parameters 298 303 308

Qn(mg. g 26.11 27.38 28.99 kf(mg Y 1.4027 1.4276 1.5327

1(L. mg™!) 0.0594 0.0668 0.0941 n 1.9592 1.6489 1.8221

2 0.9644 0.9851 0.9988 R? 0.9623 0.9821 0.9898
Ry 0.6274 0.5995 0.5152 ’ ’ ’
RMSE 0.3852 0.3526 0.2978 RMSE 2.9651 3.1475 3.2541
XZ 0.2943 0.2896 0.1781 X2 5.9621 5.6254 4.9632
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which, from Table V, the adsorption suitability more cor-
relate with the Langmuir model than other models.

3. 9. Kinetic Study

The kinetics,* effective adsorption capacity, initial
adsorption rate and the rate constant of As(v) adsorption
without any parameter in advance were evaluated using the
pseudo First order and Second order equation.*! The linear
form of pseudo-first-order Lagergren equation and pseu-
do-second-order equation is given as equation 8 and 9.

kat

log (qe- qt) = log ge— - = (8)
t ! t
e s
qr  kaqe? qe ©)

The initial adsorption rate, h (mg/(g min)), as t > =
0, can be defined as:

h :quez (10)

Where, k; and k, are the rate constant of Pseudo first
order and second order equation respectively. The kinetic
parameters were obtained through the Pseudo first order
plot (Fig.S4), and second order plot (Fig. 4b) shows higher
regression coefficient value of 0.996, (Table 6) for the sec-
ond order model, exposed its applicability in fitting the
experimental kinetic data. From the Table 6, it shows that
the h value of As(V) adsorption at 35 °C was higher than at
25°C.

3. 10. Intraparticle diffusion

The Weber-Morris model for intraparticle diffusion,
explored the nature of the ‘rate-controlling step, which is
given by the equation as,*?

Gia = kigt® +¢ (11)

Where k;; is the intraparticle diffusion rate constant
((mg/g min®3)). From the plots g, versus t*°, Fig. S5, the
relationship is not linear and follows rate-limiting step.
The first sharper portion being rapid external surface ad-

sorption, the second portion being gradual adsorption and
the final phase being final equilibrium stage due to the low
concentration of As(V) in the solution phase as well as less
number of available adsorption sites.

3. 11. Adsorption Thermodynamics

The thermodynamic parameters were utilized to elu-
cidate the feasibility of adsorption.* The Van't Hoff plot,
Fig. 5 (In K, against 1/T) relates the parameters as

-AH AS
ll’ch =F+? (12)
AG = - RT InK, (13)

Where Kc is the equilibrium constant, T the abso-
lute temperature (K), and R is the universal gas constant
(8.314 J mol™!). The calculated values of the energy pa-
rameters AG (change in free energy), AH (change in en-
thalpy), and AS (change in entropy) are given in the Ta-
ble 7. The negative AG values observed at various
temperatures suggested the feasibility and spontaneous
adsorption process.

3.38

3.36 -

3.34 1

R%= 0.9966
3.32-

InK

3.30 -

3.28 -

3.26 -

T T T T T T T T T u T T T
0.00324 0.00326 0.00328 0.00330 0.00332 0.00334 0.00336
1T
Fig. 5. Van't Hoff plot of As(V) adsorption at different temperatures

Table 6. Kinetic parameters for As(V) adsorption on pH = 6.5, adsorbent dosage = 700 mg/L, contact time = 60 min at different temperatures onto

the CMC-EPI/INC composite

Temp (K) Pseudo first order Pseudo Second order In:;:a par ticle
iffusion
Qe,exp mg/g Qe,cal mg/g 1(1 (min™1) R? h (mg. min) Qe,cal mg/g k1 (min™1) R? I<id (mg/g ’ min1/2)
298 1.1954 1.169 0.019 0.980 0.1957 1.019 0.2326  0.993 0.045
303 1.2015 1.198 0.021 0.987 0.2142 1.128 0.2432  0.994 0.043
308 1.2235 1.035 0.025 0.992 0.2583 1.175 0.1885 0.996 0.040
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Table 7. Thermodynamic results of As(V) adsorption at different
temperatures

Van’t Hoff plot
Temp AG AH AS
(kJ/mol) (kJ/mol) (J/mol/k)
289K -8.0787 7.9835 0.0539
303K —-8.3482
308K -8.6177

(< 80 kJ - mol!) suggesting that the reaction follows endo-
thermic physisorption. The positive value of AS reflects the
affinity and some structural changes in adsorbent and ad-
sorbate during adsorption process.**

3. 12. Desorption Experiments

Desorption studies carried out with 0.1M NaOH, in
a batch reactor. The desorption result

(Table S1), revealed that after four cycles around
81-87% of loaded As(V) were found to be

desorbed during desorption cycles. The desorption
ratio was calculated by:

G2

R(%) = - x 100% (14)

Where C;, C,;, and C, are the initial, equilibrium
concentration of adsorbed and desorbed solution in mg/L
respectively.

4. Conclusions

The removal of As(V) were successfully carried out
in this study by the prepared novel hybrid crosslinked
magnetite enhanced carboxymethylchitosan biosorbent.
The optimization results of main variables by Box-Behnk-
en Design of RSM model (R? = 0.9406) shows the process
were good in agreement with arsenic adsorption. This fac-
torial experimental design approach developed an empiri-
cal equation for the prediction and understanding of
As(V) adsorption efficiency. The model outcome with sev-
en siginificant figures, maximum removal efliciency of
95.1%, with 0.5% difference between actual andpredicted
values.The interaction effect results infers the most influ-
encing parameters are pH and temperture while contact
time and adsorbent doage are the least influencing param-
eters.The maximum sorption capacity for As(V) was cal-
culated to be 28.99 mg g! from the Langmuir isotherm,
correlate with low RMSE and chi square value, and follows
pseudo-second-order kinetics. Thermodynamic studies
revealed the process is spontaneous, endothermic and
physisorption in nature. Interfering ions had minimal ef-

fects on adsorption. The adsorbent was successfully recy-
cled for four cycles and efficiently treated with As (V) con-
taminated wastewater. Thus, it could be concluded that the
CMC-EPI/INC biosorbent would be a prospective candi-
date for arsenic filtering units, due to its biocongenial na-
ture.
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Povzetek

V tej $tudiji smo z uporabo metode odzivnih povr$in (RSM) z zasnovo Box-Behnkenovega nacrtovanja optimizirali
odstranjevanje As(V) iz vodnih raztopin s pripravljenim zamreZenim ciklometilhitozanskim-epiklorhidrinskim/ Fe;O,
nanokompozitom. Optimizacijo pH vrednost raztopine, koli¢ine adsorbenta, kontaktnega ¢asa in temperature smo izv-
edli s kvadratno polinomsko funkcijo z visokim korelacijskim koeficientom (R?= 0.9406). Ustreznost modela in izbranih
¢lenov smo preverili z analizo variance (ANOVA) in pokazali njihovo pomembnost z F - testom (p < 0.05). Izbrali
smo sedem pomembnih ¢lenov s p-vrednostjo < 0.0001, na osnovi katerih smo dolo¢ili optimum pri katerem je bila
ucinkovitost odstranjevanja As(V) 95.1 %, dosezena pri koli¢ini adsorbenta 0.7g, pH vrednosti 6.5, temperaturi 308K,
koncentraciji arzena 10 mg/ml in kontaktnem ¢asu 60 min. Langmuirjev model, ki je z R? 0.9988 in X™ 0.1781 opisal ek-
sperimentalne podatke bolje od Freundlichovega, kaze na maksimalno kapaciteto adsorpcije 28.99 mg/g. Proces kaze
na enoplastno adsorpcijo in kinetiko psevdo-drugega reda. Termodinamski parametri kazejo, da je proces spontan in
endotermen ter poteka fizikalna adsorpcija. Uspe$na regeneracija adsorbenta kaze na njegov prakti¢en potencial pri
odstranjevanju arzena iz onesnazenih voda.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

Three new copper(II) complexes, [Cu(LH),]Br, (1), [Cu(LH),]NCS, (2), and [Cu(LH),](NO3), (3), where LH is the
zwitterionic form of 2-bromo-6-((2-(isopropylamino)ethylimino)methyl)phenol (HL), were synthesized and character-
ized by elemental analysis, IR and UV-vis spectroscopy. The structures of the complexes were further confirmed by
single crystal X-ray structure determination. All compounds are mononuclear copper(II) complexes. The Cu atoms in
the complexes are coordinated by two imino N and two phenolate O atoms from two LH ligands, forming square planar
coordination. The compounds were assayed for their antimicrobial activities.

Keywords: Schiff base; copper complex; crystal structure; antimicrobial activity

1. Introduction

The design and preparation of metal complexes with
specific applications has been the subject of extensive re-
search. The complexes with transition metals have been
used in various chemical and biological applications.
Among the complexes, those with Schiff base ligands have
interesting structural diversity, and the possibility of the
presence of various electron-donating or electron-with-
drawing substituents.! Schiff base copper complexes have
been extensively studied and are considered as excellent
alternatives for classic organic antibacterial, antifungal
and antitumor.? Despite the presence of a large number of
studies on the antibacterial activities of such complexes, it
is still necessary to explore new complexes with more ef-
fective activities. It has been proven that the compounds
with electron-withdrawing substituent groups can im-
prove their antimicrobial ability.® Rai et al. reported some
compounds with fluoro, chloro, bromo, and iodo-substi-
tuted groups, and their remarkable antimicrobial proper-
ty.* Schiff base complexes of copper have potential anti-
bacterial property.® Recently, our research group has re-

ported some Schiff base complexes with biological proper-
ties.® In pursuit of new Schiff base complexes with poten-
tial antimicrobial property, in this work, three new cop-
per(II) complexes, [Cu(LH),]Br, (1), [Cu(LH),]NCS, (2),
and [Cu(LH),](NOj;), (3), where LH is the zwitterionic
form of 2-bromo-6-((2-(isopropylamino)ethylimino)
methyl)phenol (HL), and their antimicrobial activities are
present.

2. Experimental

2. 1. Materials and Methods
3-Bromosalicylaldehyde, N-isopropylethane-1,2-di-
amine, copper bromide, copper nitrate, and ammonium
thiocyanate were obtained from Sigma-Aldrich. All other
chemicals were commercial obtained from Xiya Chemical
Co. Ltd. Elemental analyses of C, H and N were carried out
in a Perkin-Elmer automated model 2400 Series II
CHNS/O analyzer. FT-IR spectra were obtained on a Per-
kin-Elmer 377 FT-IR spectrometer with samples prepared
as KBr pellets. UV-Vis spectra were obtained on a Lambda
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35 spectrometer. Single crystal structural X-ray diffraction
was carried out on a Bruker APEX II CCD diffractometer.

2. 2. Synthesis of HL

3-Bromosalicylaldehyde (1.0 mmol, 0.20 g) and
N-isopropylethane-1,2-diamine (1.0 mmol, 0.10 g) were
mixed and stirred in methanol (30 mL). The mixture was
refluxed for 30 min, and with the solvent removed by dis-
tillation. The solid product was recrystallized from metha-
nol to give yellow product. Yield 87%. Anal. calc. for C,,H-
17BrN,O: C, 50.54; H, 6.01; N, 9.82; found: C, 50.38; H,
6.12; N, 9.73%. IR data (cm™!): 1634, 1468, 1381, 1242,
1098, 928, 915, 457. UV-Vis data (MeOH, A,,,, nm): 230,
275,332, 417.

2. 3. Synthesis of Complex 1

3-Bromosalicylaldehyde (0.10 mmol, 20 mg), N-iso-
propylethane-1,2-diamine (0.10 mmol, 10 mg), and cop-
per bromide (0.10 mmol, 22 mg) were mixed in methanol
(15 mL) to give a clear blue solution. Block blue single
crystals of the complex, suitable for X-ray diffraction,
were grown from the solution upon slowly evaporation
within 6 days. The crystals were isolated by filtration.
Yield 32%. Anal. calc. for C,,H;,Br,CuN,O,: C, 36.32; H,
4.32; N, 7.06; found: C, 36.13; H, 4.41; N, 9.91%. IR data
(cm™): 2971, 2933, 2816, 2782, 1618, 1592, 1530, 1438,
1391, 1329, 1228, 1186, 1132, 1073, 1035, 905, 843, 738,
671, 612, 550. UV-Vis data (MeOH, A,,,,, nm): 222, 247,
267, 372.

2. 4. Synthesis of Complex 2

3-Bromosalicylaldehyde (0.10 mmol, 20 mg), N-iso-
propylethane-1,2-diamine (0.10 mmol, 10 mg), copper
bromide (0.10 mmol, 22 mg) and ammonium thiocyanate
(0.10 mmol, 7.6 mg) were mixed in methanol (15 mL) to
give a clear blue solution. Block blue single crystals of the
complex, suitable for X-ray diffraction, were grown from
the solution upon slowly evaporation within 4 days. The
crystals were isolated by filtration. Yield 41%. Anal. calc.
for C,4H;3,Br,CuN¢O,S,: C,41.63; H, 4.57; N, 11.20; found:
C, 41.45; H, 4.50; N, 11.31%. IR data (cm™!): 2969, 2939,
2038,1619,1592, 1530, 1441, 1412, 1319, 1230, 1183, 1132,
1073, 1031, 905, 850, 781, 739, 663, 617, 549, 473. UV-Vis
data (MeOH, A, nm): 220, 255, 265, 370.

2. 5. Synthesis of Complex 3

3-Bromosalicylaldehyde (0.10 mmol, 20 mg), N-iso-
propylethane-1,2-diamine (0.10 mmol, 10 mg) and copper
nitrate trihydrate (0.10 mmol, 24 mg) were mixed in meth-
anol (15 mL) to give a clear blue solution. Block blue single
crystals of the complex, suitable for X-ray diffraction, were
grown from the solution upon slowly evaporation within 7

days. The crystals were isolated by filtration. Yield 27%.
Anal. calc. for C,,H;,Br,CuN¢Oq4: C, 38.03; H, 4.52; N,
11.09; found: C, 38.22; H, 4.61; N, 10.93%. IR data (cm™):
2971,2937,1619, 1590, 1530, 1443, 1413, 1382, 1323, 1230,
1177, 1146, 1070, 1033, 905, 846, 753, 654, 632, 546, 461.
UV-Vis data (MeOH, A, nm): 220, 250, 265, 373.

2. 6. X-ray Crystallography

X-ray diffraction was carried out at a Bruker APEX
II CCD area diffractometer equipped with MoKa radia-
tion (\ = 0.71073 A). The collected data were reduced
with SAINT,” and multi-scan absorption correction was
performed using SADABS.® The structures of the com-
plexes were solved by direct method, and refined against
F? by full-matrix least-squares method using SHELXTL.?
All of the non-hydrogen atoms were refined anisotropi-
cally. The hydrogen atoms including those on nitrogen
atoms were placed in calculated positions and constrained
to ride on their parent atoms. The isopropyl group N4-
C22-C23-C24 is disordered over two sites, with occupan-
cies of 0.48(3) and 0.52(3), respectively. The crystallo-
graphic data and refinement parameters for the complex-
es are listed in Table 1. Selected bond lengths and angles
are listed in Table 2.

2. 7. Antimicrobial Assay

The antibacterial property of the complexes was test-
ed against Bacillus subtilis, Staphylococcus aureus, Esche-
richia coli, and Pseudomonas fluorescence using MH
(Mueller-Hinton) medium.!® The antifungal activities of
the compounds were tested against Candida albicans and
Aspergillus niger using RPMI-1640 medium. The MIC val-
ues of the tested compounds were determined by a colori-
metric method using the dye MTT.!! A stock solution of
the compound (150 pg mL™!) in DMSO was prepared and
graded quantities (75 pg mL~!, 37.5 pg mL~}, 18.8 pg mL},
9.4 pgmL 4.7 ygmL L, 2.3 ugmL!, 1.2 pgmL, 0.59 pg
mL!) were incorporated in specified quantity of the corre-
sponding sterilized liquid medium. A specified quantity of
the medium containing the compound was poured into
micro-titration plates. Suspension of the microorganism
was prepared to contain approximately 1.0 x 10° cfu mL™!
and applied to microtitration plates with serially diluted
compounds in DMSO to be tested and incubated at 37 °C
for 24 h and 48 h for bacteria and fungi, respectively. Then
the MIC values were visually determined on each of the
microtitration plates, 50 uL of PBS (phosphate buffered sa-
line 0.01 mol L1, pH = 7.4) containing 2 mg of MTT mL!
was added to each well. Incubation was continued at room
temperature for 4-5 h. The content of each well was re-
moved and 100 pL solution of isopropanol (95%) and 1
mol L™ HCI (5%) was added to extract the dye. After 12 h
of incubation at room temperature, the optical density was
measured with a microplate reader at 550 nm.
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Table 1. Crystallographic and refinement data for the complexes

Complex 1 2 3
Formula C,4H3,Br,CuN,O, Cy6H34Br,CuNO,S, C,4H3,Br,CuN¢Oq4
Formula weight 793.73 750.07 757.93

T (K) 298(2) 298(2) 298(2)
Crystal system Monoclinic Orthorhombic Triclinic
Space group P2,/n Pbca P-1
a(h) 12.5850(13) 13.6410(18) 5.8585(11)
b(A) 17.8439(10) 9.7930(16) 10.4956(12)
c (A) 14.2664(12) 23.2285(16) 12.5848(13)
a(°) 90 90 86.090(1)
B () 109.717(1) 90 82.966(1)
y ) 90 90 84.240(1)
|4 (A3) 3015.9(4) 3103.0(7) 762.9(2)
VA 4 4 1

Deye (g cm™3) 1.748 1.606 1.650

¢ (Mo Ka) (mm™) 6.051 3.448 3.389
F(000) 1564 1516 383
Measured reflections 16027 15250 4017
Unique reflections 5617 2891 2806
Observed reflections (I = 20(I)) 2929 2047 2076
Parameters 344 180 189
Restraints 42 0 0
GOOF 1.005 1.102 1.129

Ry, wR, [1° 2s(1)]*
R;, wR, (all data)?

0.0480, 0.1064
0.1176, 0.1342

0.0654, 0.1633
0.0936, 0.1780

0.0492, 0.1544
0.0693, 0.1701

Ry = Z||E,| = [E/Z|F,|, wRy = {E[w(E.> = FA?V/EIw(F

Table 2. Selected bond distances (A) and angles (°) for the complexes

1

Cul-01
Cul-N1
02-Cul-01
01-Cul-N3
O1-Cul-N1

2

Cul-01
0O1-Cul-O1A
O1-Cul-NI1A

Symmetry code for A: 1 - x, - y, - z.

3

Cul-01
0O1-Cul-O1A
0O1-Cul-N1

Symmetry code for A: 1 -x,1-y,1-z.

1.907(4) Cul-02 1.908(4)
1.985(5) Cul-N3 1.983(5)
165.1(2) 02-Cul-N3 92.6(2)
88.3(2) 02-Cul-N1 88.1(2)
91.8(2) N3-Cul-N1 177.1(2)
1.954(4) Cul-N1 2.014(5)
180 01-Cul-N1 90.22(19)
89.78(19) N1-Cul-N1A 180
1.913(3) Cul-N1 2.009(4)
180 O1-Cul-N1A 88.58(16)
91.42(16) N1-Cul-N1A 180

3. Results and Discussion
3. 1. Synthesis and Characterization

The Schiff base HL was readily prepared by the reac-
tion of equimolar quantities of 3-bromosalicylaldehyde
and N-isopropylethane-1,2-diamine in methanol. Com-
plex 1 was prepared by the reaction of HL with copper bro-
mide in methanol. Complex 2 was prepared by the similar

method as complex 1, followed by the addition of ammo-
nium thiocyanate. Complex 3 was prepared by the similar
method as complex 1, but with copper bromide replaced
with copper nitrate (Scheme 1). Single crystals of the com-
plexes were obtained by slow evaporation of their methan-
olic solution. From the preparation of complexes 1 and 2,
it can be seen that the bromide anions can be replaced by
thiocyanate anions. Elemental analyses of the complexes
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Scheme 1. The synthetic procedure for HL and the complexes. MX = CuBr, for 1, CuBr, and NH,NCS for 2, and Cu(NO3), for 3.

are in accordance with the molecular structures deter-
mined by the single crystal X-ray analysis.

3. 2. Spectroscopic Studies

The typical and strong absorptions at 1618-1619
cm™! of the complexes are generated by the vibrations of
the C=N bonds, indicating the formation of the Schiff
bases from the condensation reaction of the 3-bromosa-
licylaldehyde and N-isopropylethane-1,2-diamine during
the coordination.!! The intense absorption at 2038 cm™
for complex 2 is attributed to the stretching vibration of
the thiocyanate anions.!? The spectrum of complex 3

Figure 1. A perspective view of complex 1 with the atom labeling
scheme. Thermal ellipsoids are drawn at the 30% probability level.

shows an intense band at 1382 cm™! characteristic of ionic
nitrate.!?

In the UV-Vis spectra of the complexes, the bands at
370-373 nm are attributed to the azomethine chromo-
phore n>m* transition."* The bands at higher energies
(220-222 and 247-267 nm) are associated with the ben-
zene ->m* transition.!4

3. 3. Structure Description of the Complexes

Molecular structures of complexes 1-3 are shown in
Figures 1-3, respectively. All the complexes contain

I

\/\/

4\)* ,k,

N1 -

@013 / \ / N /Br1
@\s ,
’ \/ S
[ c5

Figure 2. A perspective view of complex 2 with the atom labeling
scheme. Thermal ellipsoids are drawn at the 30% probability level. The
unlabeled atoms are related to the symmetry operation 1 - x, - y, - z.
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[Cu(LH),]?* cations, and two anions, viz. Br~ for 1, SCN- for
2,and NOj;™ for 3. The Cu atoms in the cations are coordinat-
ed in square planar geometry, with the phenolate O and imi-
no N atoms of the Schiff base ligand LH. The Schiff base li-
gand, acts as a bidentate ligand, chelate the Cu atoms by gen-
erating one six-membered ring with bite angles of 88.1(2)°
and 92.6(2)° for 1, 89.78(19)° and 90.22(19)° for 2, and
88.58(16)° and 91.42(16)° for 3, respectively. The trans angles
in the complexes are 1651(2)° and 177.11(2)° for 1, and 180°
for 2 and 3. Thus, the bond lengths and angles in the square
planar coordination are similar to each other, and compara-
ble to those in the reported Schiff base copper complexes.!®

Figure 3. A perspective view of complex 3 with the atom labeling
scheme. Thermal ellipsoids are drawn at the 30% probability level.
The unlabeled atoms are related to the symmetry operation 1 - x, 1
-ypl-z

auUN
v
N

Figure 5. Molecular packing structure of complex 2, viewed along
the ¢ axis. Hydrogen bonds are shown as dashed lines.

In the crystal structure of complex 1, the [Cu(LH),]*
cations and the Br~ anions are linked through hydrogen
bonds of N-H---Br and C-H-Br, to form two-dimensional
sheets parallel to the bc plane (Figure 4). In the crystal struc-
ture of complex 2, the [Cu(LH),]?* cations and the SCN-
anions are linked through hydrogen bonds of N-H--N (Fig-
ure 5). In the crystal structure of complex 3, the [Cu(LH),]**
cations and the NO;™ anions are linked through hydrogen
bonds of C-H-Br and N-H---O, to form one-dimensional
chains running along the ¢ axis (Figure 6).

Figure 4. Molecular packing structure of complex 1, viewed along the a axis. Hydrogen bonds are shown as dashed lines.

Yuan et al.: Syntheses, Characterization, Crystal Structures ...



Acta Chim. Slov. 2021, 68, 1008-1015

Figure 6. Molecular packing structure of complex 3, viewed along the a axis. Hydrogen bonds are shown as dashed lines.

Table 3. Distances (A) and angles (°) involving hydrogen bonding of the complexes

D-H--A d(D-H) d(H--A) d(D---A) Angle(D-H--A)
1

N4-H4B.--Br4 0.89 2.45 3.313(6) 164(5)
N4-H4A--Br3 0.89 2.41 3.238(5) 155(5)
N2-H2B..Br4i 0.89 2.42 3.309(5) 175(5)
N2-H2A--Br3 0.89 2.46 3.216(5) 143(5)
C21-H21B--Br4ii 0.97 2.89 3.848(8) 171(5)
2

N2-H2B---N3iil 0.90 2.15 3.000(8) 156(7)
3

N2-H2A--02¥ 0.89 2.59 3.130(6) 120(6)
N2-H2A--04¥ 0.89 2.01 2.898(7) 174(6)
N2-H2B--03 0.89 2.52 3.169(6) 131(6)
C8-H8A--O1" 0.97 2.30 2.752(6) 107(6)

Symmetry codes: i: 1Y - x, Yo+ y, Yo -z ii: 2 - x, 1 -y, — it x, -1 + y, zivi -1+ x5, p, vl - x, 1=y, 1 - z.

3. 4. Antimicrobial Activity

The three complexes were screened for antibacterial
activities against two Gram (+) bacterial strains (Bacillus
subtilis and Staphylococcus aureus) and two Gram (-) bac-
terial strains (Escherichia coli and Pseudomonas fluores-
cence) by MTT method. The MIC (minimum inhibitory
concentration, yg mL™1) values of the compounds against
four bacteria are listed in Table 4. Penicillin G was used as
the standard drug. As expected, the three complexes have
the same activities against all the bacteria within the stan-
dard uncertainty. Since the difference of the three com-
plexes is the anions, it is easy to conclude that the anions
like bromide, thiocyanate and nitrate do not have obvious

influence on the antibacterial activity. All the complexes
show strong activity against B. subtilis and S. aureus, and
medium activity against E. coli, while weak activity against
P, fluorescence. For the bacteria B. subtilis, S. aureus and E.
coli, the complexes have stronger activities than copper
bromide and Penicillin G. However, for the bacteria P. flu-
orescence, the complexes have weaker activities than cop-
per bromide, while stronger activities than Penicillin G.
However, all the complexes have no activity on the fungal
strains Candida albicans and Aspergillus niger. The present
complexes have higher activities against B. subtilis, S. au-
reus and E. coli, when compared with the vanadium com-
plex with hydrazone ligands,'¢ and the copper complexes
with Schiff bases.!’

Table 4. Antibacterial activities of the complexes with minimum inhibitory concentrations (ug

mL1)

Tested material B. subtilis S. aureus E. coli P. fluorescence
1 1.2 2.3 9.4 37.5

2 1.2 2.3 9.4 37.5

3 1.2 2.3 9.4 37.5
Copper bromide 4.7 9.4 37.5 9.4
Penicillin G 2.3 4.7 >150 > 150
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4. Conclusion

Three new structurally similar mononuclear Schift
base copper(Il) complexes with the cation [Cu(LH),]*
and different anions were synthesized from the Schiff base
2-bromo-6-((2-(isopropylamino)ethylimino)methyl)phe-
nol. The complexes have been characterized by physi-
co-chemical method, and their structures have been con-
firmed by single crystal X-ray structure determination.
The Cu atoms in the complexes are in square planar coor-
dination. The complexes have strong activities against the
bacteria B. subtilis, S. aureus and E. coli.

Supplementary Data

CCDC 2095686 (1), 2095687 (2) and 2095688 (3)
contain the supplementary crystallographic data for the
compounds. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from
the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033;
or e-mail: deposit@ccdc.cam.ac.uk.
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Povzetek

Sintetizirali smo tri nove bakrove(II) komplekse, [Cu(LH),]Br, (1), [Cu(LH),]NCS, (2) in [Cu(LH),](NO3), (3), kjer je
LH ion-dvojéek 2-bromo-6-((2-(izopropilamino)etilimino)metil)fenola (HL), in jih okarakterizirali z elementarno ana-
lizo, IR in UV-vis spektroskopijo. Strukture kompleksov so bile dodatno potrjene z dolo¢itvijo monokristalne rentgenske
strukture. Vse spojine so enojedrni bakrovi(IT) kompleksi. Cu atomi v kompleksih so koordinirani z dvema imino N in
dvema fenolato O atomoma iz dveh LH ligandov, kar tvori kvadratno planarno koordinacijo. Pri spojinah smo ugotavljali
njihovo protimikrobno delovanje.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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Abstract

Studies on students’ problem-solving skills worldwide suggest there is a room for improvement. This study aimed at im-
proving upper-secondary school students’ problem-solving skills in chemistry lessons. They were given a problem tasks
pre-test focused on their conceptual knowledge regarding the periodic table, ability to apply knowledge on the factors
affecting chemistry reaction rate and compounds’ properties. Most students (72 out of 112) did not succeed to solve the
tasks. For this reason, an intervention was designed based on a study using eye-tracking combined with think-aloud.
It consisted of students’ working on (PISA-like) context-based chemistry problem tasks with a special scaffolding. A
teacher provided formative assessment promoting students” expansive strategies. The intervention’s effect was again as-
sessed using problem tasks in two post-tests. The results showed the action plan was successful in helping the majority of
students reach above-average test score. The ratio of successful solvers also rose and unsuccessful significantly declined.

Keywords: Chemistry education; action research; problem solving; students’ skills development

1. Introduction

There is a significant gap between research (research-
ers) and school practice (teachers’ understanding of the
research).!? Teachers consider research and theory to be
something remotely related to their actual practice.? In ac-
tion research, a teacher becomes an observer (e.g. in order
to maintain objectivity).* In this respect, action research
seems to be one of the possible remedies as it combines
academic research with practice, e.g.>® The teacher plans
and systematically verifies the learning process, the teach-
er is a part of the research process and not only subject to
investigation or a non-participating observer.>*’

The presented action research was guided by a defi-
nition by Cohen, et al.,® who point it out as an on-the-spot
procedure which focuses on a specific problem located in
a current situation. The process is ideally supposed to be
monitored step-by-step using different tools (question-
naires, diaries, interviews, and case studies, for example).

Research on chemistry education mostly focuses ei-
ther on lower-secondary or upper-secondary education,
namely grammar schools, or at university level. There is,
however, a numerous group of non-chemical vocational

school students who have been neglected by researchers so
far.? They follow a curriculum which contains chemistry as
a school subject of general education at schools oriented in
various fields but science. Teaching chemistry at this level
is influenced by several factors, such as students’ attitudes
to this subject - which is not the part of the school-leaving
exam nor their study profile.!? Also, their school is consid-
ered lower success grammar school students.” The curric-
ulum for these schools is exempt from some of the content
objectives in the field of chemistry. Nevertheless, the key
competencies remain the same for different types of up-
per-secondary schools: Framework Educational Pro-
gramme for Grammar school,!! Framework Educational
Programme for Economic lyceum.'? With the students’
focus in mind, the goal of chemistry education at this type
of school remains mostly in skills (competences) develop-
ment via the chemistry subject matter, however, the cur-
ricular objectives have the potential to stimulate the high-
er-order cognitive operations which should be included in
the tasks students solve.!® This action research was there-
fore motivated by one of the 21% century skills cf.!* - prob-
lem solving. As an integral aspect strongly linked with sci-
ence education, problem solving belongs among widely
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studied phenomena.'>!7 Its aim was to identify the state of
students’ problem-solving skills and to improve the strate-
gies and skills necessary for problem solving. These can be,
unlike problem solving itself, cultivated in schools.'®

Problems in chemistry were elaborated by Johnstone.!?
He classified eight types of problems according to the three
variables: data, methods, goals. Type 1 (where data and goals
are given, used methods are familiar) is the most used type of
problem in chemistry and can be considered as “exercise” or
algorithmic problems.?® Problems are not hierarchical and
related to their difficulty. They can be also well-structured or
ill structured.?!?? Some authors e.g.?* consider any chemical
situation that students are not familiar with conceptual prob-
lems. This approach is taken in this paper.

When making international comparisons, Czech
students achieve average results in surveys based on prob-
lem tasks.?#?> Other evidence of their skills can be drawn
from the use of problem (indicator) tasks verifying the ex-
pected objectives’ achievement. These tasks were verified?®
and used to research the steps students used while solving
these tasks.?” Even the results in this area do not show the
success of these students. Moreover, they indicate so-called
false-positive results when mere paper-testing is executed.

2. Goals

The aim of the action research was to increase
non-chemical vocational school students’ (age 15-16)
ability to solve chemistry problem tasks. The research fol-
lowed this research question (RQ):

How does the practice of general problem-solving
strategies translate into students’ ability to solve chemistry
problem-tasks?

Successful task solution determines the students
ability to read and understand the assignment correctly. It
requires a direct relationship with reading literacy®® and
subsequently identifying the problem and choosing an ap-
propriate strategy to solve it.?>3? It is therefore desirable to
lead activities which develop both the students’ skills and
this ability in view of the level of the specific students’
strategies.

The RQ is closely associated with the results from a
qualitative study using eye-tracking and retrospective
think-aloud to find students” strategies and problems.’!
Eye-tracking has found a broad use in (science) educa-
tion®? including chemistry education.3*-** The action plan
developed according to these research findings was subse-
quently tested.

3. Methods
3. 1. The Research Team

The action research was attended not only by a teach-
er (the first author) as it is usual see ref., but was support-

ed by a researcher (the second author). He helped the
teacher choose appropriate research methods (namely
eye-tracking and think-aloud), analyzed the data and was
present at the realization of an intervention - teaching ap-
proach emphasizing problem solving strategies - as an ob-
server and when needed, as a teaching assistant. This com-
bination allows the researcher to use the teacher’s practical
knowledge, which is reflected in theory and analyzed
based on the acquired data cf.*

3. 2. Eye-Tracking and Think aloud
Methods

Eye-tracking is a method based on eye movement re-
cording. Its analysis reveals cognitive processes and mech-
anisms involved in visual perception.?? It basically enables
researchers observe what a subject fixates with their eyes,
therefore processes in their mind.” To understand the
subject’s cognitive processes in more detail, the think-
aloud method is being used.3' Participants are asked to
describe out loud their thought process when solving the
task with no interruption of researcher.>® Combination of
these methods thus enables researchers to explain the re-
sults in more detail, including reasons of failure, applied
strategies etc.

3. 3. The Action Plan

The action research was organized in typical steps®
(see Figure 1).

sTeacher - academic discussion
+Task preparation
+*Methods

s+Test-evaluation criteria

Planning phase

*Pre-test (test, ET)
Action phase | *Design of the intervention

eImplementing the intervention

*Post-test [

*Data evaluation

eImproving the
intrevention

Reflection phase
1

sImplementation of the

Action phase II » P 0
improved intervention

*Post-test

*Action research

Reflection phase I g
evaluation

Figure 1. The action plan
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I. Planning phase (June 2018)

In the planning phase, the problems the teacher ob-
served during chemistry lessons were discussed with the
researcher (chemistry education expert/teacher trainer).
Based on the literature, a possible method to intervene was
proposed, and research questions were set (see Goals).

The methods to verify the students’ skills initial sta-
tus and the criterion to evaluate the success of the teaching
approach emphasizing problem solving strategies were de-
veloped (see Action phase I).

Altogether, three tests of comparable difficulty con-
taining three tasks each were developed. To prevent the
negative effect of students’ possible task recollection, dif-
ferent tasks were used. They were taken from Methodical
commentary and tasks from the Standards for Basic Educa-
tion — Chemistry®® - a publication adjacent to the Czech
national curriculum. The tasks target the expected out-
comes, i.e. lower-secondary curricular objectives. These
tasks were complex task, formulated in a non-standard
way for students. During solving, they can learn some in-
formation from the text, therefore are considered as prob-
lem-tasks, in accordance with other authors.!*2* To ensure
the pre- and post-tests comparability, task-difficulty scores
derived from an expert panel evaluation?® and further pi-
loting?%?74! were used to select the tasks for the test. The
tasks were evaluated in a manner similar to PISA tasks, i.e.
successful, partially successful and successful. Each task in
the test was assigned a maximum of two points (2 - com-
pletely succesful, 1 - partially successful 0 — unsuccessful).

II. Action phase I (September - December 2018)
Pre-tests

This action research was planned in reaction to pre-
vious research results which showed deficiencies both in
students’ knowledge problem solving skills.’! Therefore,
the prior study served as a pre-test. The students’ knowl-
edge and skills which they acquired in lower-secondary
education, i.e. the starting point for chemistry teaching at
secondary school was assessed using a set of three tasks.
Also, as described in the prior study,®! based on the pre-
test out of 139 tested, eight students’ problem-solving skills
(strategies they employed and problems they faced when
solving tasks) were further investigated using eye-tracking
and retrospective think-aloud (RTA) method.

reaction
rate

Figure 2. Graph from the second task

The pre-test consisted of three tasks. In the first task,
the students worked with the periodic table of elements.
Knowledge of the: proton number, oxidation number, con-
ductivity (heat and electric), non-conductors, metals, met-
alloids, semi-metals as well as basic orientation in the pe-
riodic table (group, period) was tested. The task was to
identify a certain group of elements based on their charac-
teristics’ description, i.e. all non-metal elements from the
second period etc. A periodic table including a legend with
the element groups was provided.

In the second task, students were supposed to apply
their knowledge of the factors influencing chemistry reac-
tion rate and work with a graph. They were provided a
context which introduced them to a new hypothetical bat-
tery production. It contained an equation of manganese’s
reaction with hydrochloric acid and a graph of the reaction
rate’s dependency on time (see Figure 2). Their task was to
match the following steps to the particular phases in the
graph: adding Mn, adding 25% HCI, adding 10% HCl and
heating. The students were also asked to justify their an-
SWer.

The third task concerned the physical properties of
organic chemistry substances. It focused on the students’
understanding of the properties and their application. The
students were provided a table of melting and boiling
points and the density of five substances (methane, tolu-
ene, benzene, isooctane, naphthalene), and were supposed
to decide on particular statements (true or false) under
laboratory conditions (temperature and atmospheric pres-
sure): benzene is gas, isooctane is solid, naphthalene is sol-
id, toluene is gas.

Pre-test evaluation

The pre-tests were evaluated according to the Au-
thors’ key see.?® As the mere test evaluation can be insuffi-
cient to fully understand the reasons behind students’
problems, 8 students at different levels of success were se-
lected for a qualitative (ET) part of the study. This part of
study used eye-tracking and think-aloud method and the
methods - procedure of this qualitative part were already
published elsewhere see.’! For action research’s and mainly
for the understanding’s sake, the important results are
summarized in this article. Students used following expan-
sive and limiting strategies and faced these problems:

time
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Expansive strategies:

o Gradual chaining,*?

« logical justification,*

« working with the information in the assignment,”

o self-reflection (working with error) ,*

« finding a pattern - the principle of function.*3

Limiting strategies:

« Guessing the result,*®

« drawing conclusions from the assignment struc-

ture,?’

« memorization-based solutions.*

Problems:

o Problem identification (misunderstanding of input,

inattentive reading, editing the assignment),

« motivation (giving up, not solving a task),

« inability to use knowledge,

« lack of knowledge.

The students struggled with reading (multiple cases).
For example, in the task where the students were supposed
to write a code consisting of proton numbers, they wrote
the elements’ symbols. The ability to read proved to be cru-
cial.#” The students also struggled with motivation. This
phenomenon most often occurred in a task in which they
had to perform simple mathematical operations. Some
students tended to answer by guessing when a task was
more demanding - requiring several steps. There were stu-
dents who had no idea about the term ‘proton number’ or
who could not use the periodic table. This shows the cur-
ricular objectives of basic education in the field of chemis-
try were not reached with these students.

Intervention preparation (January 2019)

With respect to the identified strategies and prob-
lems, the action plan was designed to strengthen the use of
expansive strategies and eliminate limiting strategies as
well as target the missing functional knowledge regarding
lower-secondary chemistry subject matter.*® The teaching
approach emphasizing problem solving strategies was
based on students working with tasks released from the
PISA project, enriched by chemistry-oriented tasks of a
similar nature.

Action I (February - March 2019)

The intervention took place one lesson (out of two in
total) per week for two months. Students in groups (2-3
students) were given a set of released PISA tasks. These
contextual, science-oriented tasks were used without any
changes and were chosen due to students’ problems ascer-
tained in the above-mentioned eye-tracking/think-aloud
study.?! They were mostly related to reading - finding the
main problem to solve as well as the provided hints and
variables. Added instructions led students to understand-
ing the assignment better. Under the teachers’ guidance,
the following steps were taken: 1. What is the task (what
they have to answer, what will be the form of the answer),
2. Schedule the procedure, 3. What data is provided (data

needed). Students were also supposed to identify the caus-
es of their mistakes (self-reflection strategy). Later during
the action phase, the teacher performed them only with
groups who did not express their willingness to try solving
the tasks on their own first.

IIL. Refslection phase
Post-test I (March 2019)

After two months, in the end of action phase I, a
post-test I was given to the students in order to measure
the intervention’s effect. The post-test I tasks contained
tasks of a similar nature and difficulty to the pre-test. The
tasks included student choice of an appropriate procedure
(including quantity of individual substances, heating,
cooling, etc.) that would be suitable for preparing a solu-
tion (food for bees). The second task was directed towards
the students’ scientific text reading skills. They were sup-
posed to use information from a disinfectant label to de-
cide which type of disinfection is suitable for a specific
given situation and which method of preparation to choose
from methods mentioned on the product’s label. In the
third task, the students were supposed to determine a pro-
portion of particular elements in different given fertilizers
and compare which fertilizer of a given mass is richer in
nitrogen - Ca(NO;), or NaNO;.

Improving the intervention plan
Although the results were promising (see below),
changes in the procedure were made (see below).

IV. Action phase II (April - May 2019)

The teacher’s role (especially the students’ guidance
through the particular steps) was diminished so the learn-
ing tasks were targeted at the students. The tasks were com-
pleted with scaffolding in the form of a description of each
groups’ solution procedure for the teacher to control each
groups work easier. Formative feedback methods were in-
troduced. It was above all the “traffic light method” in which
students are given cards or cups of three (trafic light) co-
lours to signal their progress or state to the teacher. Green
shows they think they know what they are doing, orange
shows they feel insecure but resume working, red shows
they are either stuck, do not understand the task or face an-
other problem. This method is supposed to develop stu-
dents’ metacognition as well as helping the teacher to orien-
tate in numerous classes (more than 30 students) focusing
their attention to those who seem to need it the most at
times.*” The intervention continued for another two
months. After the intervention, the post-test II was realised.

V. Reflection phase II (June - September 2019)
Post-test II (June 2019)

After another two months of the intervention’s appli-
cation, a post-test II was given to the students in order to
measure the effectiveness of the teaching approach em-
phasizing problem solving strategies.
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Action research evaluation (June - September 2019)

To evaluate the test results, the students were divided
into three categories according to the score they achieved.
The category of unsuccessful students includes those with a
score < 2. Partially successful students reached 3 or 4
points, the successful students reached 2 5 points. Based on
the results, changes to the future plan were made.

3. 4. Data Analysis

With respect to the data (test scores), a non-para-
metric test - Friedman’s ANOVA was used to evaluate dif-
ferences between students’ test scores in each of the three
tests. They were followed by the Wilcoxon’s post-hoc test
using IBM SPSS Statistics 26. To measure the effect-sizes, r
was calculated. Levels of 0.10 are considered a small effect,
0.10-0.30 a medium and over 0.50 a large effect.>® The lev-
el of significance was set to 0.01.

The statistical methods were applied only to the re-
sults of the students who took part in all three test phasess
(N = 112). The rest, such as the comparison of relative im-
provement in a test, the rate of improvement, etc. were cal-
culated for all the students who took part in two compared
tests (N = 136).

4. Results and Discussion

4. 1. Information About Respondents

Altogether, 144 students from the first grade of a
non-chemical vocational school took part in the action re-
search. All data about students were anonymized. As the
action research was conducted without disturbing the nor-
mal course of the school year, naturally, not all the students
were present in all the lessons during the research. These
students were not included in the total sample for the sta-
tistics (see Tab. 1).

With an exception of two students who graduated from
lower-secondary in 2017, all the rest graduated in 2018.
Therefore, they were tested with only a summer break pause
from graduating. The presumption of them having mastered
the lower-secondary education objectives was therefore valid.
The information about the students is shown in Table 1.

Table 1. The number of students in the action research

N Girls Boys Schools
Students in total 144 94 50 87
Selected students* 112 75 37 74

* The students who took all three tests, therefore are included in the
statistical analysis.

The number of schools the students came from to the
upper-secondary school showed the variety of teaching ap-
proaches these students underwent. Also, the pre-test re-

sults, in a way, reflect lower-secondary chemistry teaching’s
effectiveness at a considerable number of schools. As far as
the students” school success at the beginning of the action
research (the first mid-term) was concerned, the overall (N
= 144) mean of the students’ school grade was 2.03 (grades
from 1 - the best and 5 - the least successful). When only
selected students (students who took all three tests; N =
112) were taken into account, the mean of school grades
was 2.01The grade distribution is shown in Figure 3.

60

52

37

Number of students

Chemistry grade

m Overall number of students B Only students who took all tests

Figure 3. Student distribution according to the school grades

In the whole group of included students there were
about 5% of students with a low school-success (judging
by their grades). About 30% of the students were consid-
ered partially-successful and the rest successful. Given the
fact non-chemical vocational school chemistry follows
only a slightly advanced chemistry curriculum to low-
er-secondary school,? it was possible to assume the stu-
dents with better grades will be more successful in the pre-
test than those with worse grades.

4. 2. Action Research Results in Total

Figure 4 shows the development of students’ test
score during the action research. Only results of the stu-

Table 2. The overall test results

N Med Min. Max.
Pre-test 112 1 0 4
Post-test I 112 2 0 6
Post-test IT 112 3 0 6
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dents’ participating in all three tests were included to give
a more accurate picture of their performance shifts (see
Table 2).

The results showed the unsuccessful students’ im-
provement as an effect of the action research. The scores,
as expressed by the students’ mean points in the tests, im-
proved from the pre-test to the post-test I and from the
post-test I to the post-test II. The Friedman’s ANOVA test
showed the difference among the three tests is statistically
significant (p < 0.001). Kendall's W test result (W = 0.54)
suggests a strong effect of the difference. Particular differ-
ences will be described in more detail below test-by-test.

Number of students

Pre-test Sub-test Post-test

B Unsuccessful  MPartially successful  MSuccessful

Figure 4. Students’ scores in the three tests according to the success
group (N =112)

Despite the teaching approach emphasizing problem
solving strategies proved successful, there were still a con-
siderable number of students who reached the level only
partially or did not reach it at all see Figure 4.

Pre-test results
The students’ results in the pre-test are shown in
Figure 5. Almost half of them did not receive a single

trast with their school grade (see Figure 3), as these sug-
gest more than a half of the students were successful in
chemistry.

The pre-test results showed that the lower-secondary
chemistry objectives were not met by most of the students.
85% of the students did not manage to identify correct el-
ements according to their description in the text. They did
not prove their understanding of the element groups with-
in the table, their ability to identify metals, non-metals and
metalloids and only 14% proved their knowledge and skills
in this respect. Considering the students knowledge re-
garding factors influencing chemistry reaction rate was
concerned (task 2), 65,5% failed to match a particular pro-
cedure to the graph of the reaction rate, 28,5% managed
partially (matched the procedures correctly without any or
correct explanation) and only 5% solved the task correctly.
As far as the third task - applying compounds’ physical
property data in the tables — was concerned, 83% of the
students failed to infer the properties, i.e. apply two sourc-
es of information to identify the state of the given com-
pounds. Only 16% of the students managed this task.

This was an important finding for the teacher’s atti-
tude towards grading. The fact no student was considered
successful (reached 5 or 6 points) in the test, suggests that
the tested students had not reached the curricular objec-
tive for lower-secondary chemistry education. This result
supports the findings by the Czech School Inspectorate:®!
the students do not possess the knowledge and skills re-
quired in this tasks (oriented at the end of compulsory ed-
ucation). The research shows that these results are similar
in other school subjects too. Also, these students’ low mo-
tivation to handle unfamiliar, more complex and challeng-
ing tasks proved to be an intervening factor as many of
them gave up solving the task when they first encountered
a problem. Nevertheless, this form of teaching, when some
information is given and students need to apply it to a new
situation, meets the contemporary (chemistry) teaching
paradigm. 52

There are several possible explanations for this re-
sult. First, the curricular objectives as translated to the
tasks are too demanding. This would mean the piloting?®

point and were considered unsuccessful. This is in con- was not performed thoroughly enough. Second,
60
=
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Figure 5. Students’ success in the pre-test (N = 139)
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non-chemical vocational school students’ attitudes are al-
ready formed during lower-secondary school attendance
with chemistry being not a popular subject cf.,>* which is
reflected not only in their choice of study program, but
also in the effort they are willing to put into learning chem-
istry.? If proven true, this would put PISA and other inter-
national tests into serious question. Third, the tested cur-
ricular objectives are usually tested right after a topic is
finished. In this case, it has been more than half a year (for
some topics even longer) since the students covered the
topics, therefore the students could have forgotten most of
it and failed because of the lack of the necessary content
knowledge.

Post-test I results

After two months of the action (intervention), a
post-test I was carried out. Again, three problem tasks of
comparable difficulty see? to the pre-test were used. The
students could achieve a maximum of six points (see Fig-
ure 6).

Number of students

Test score

Figure 6. Students’ success in the post-test I (N = 136)

The teaching approach emphasizing problem solv-
ing strategies seems to have a positive effect on the stu-
dents’ results. The number of students with 0 or 1 point
diminished rapidly, causing the 33% of students from the
unsuccessful to move into partially successful group.
There were also 6 students in the successful group (two
students who solved the tasks completely correctly (6
points) and another six with five points in total. A statis-
tically significant difference (p < .001) was found between
the pre- and post-test I results. The comparative analysis
results are presented in the Table 2. The effect of the dif-
ference (r = .501) is large.

The students’ skills seem to have developed, especial-
ly in the transfer of the students unsuccessful to successful
in the test. More detailed information was received after
performing a post-hoc test. The Wilcoxon signed ranks
test results show that 82 students improved, 23 achieved
the same score and 7 received less points. This shift was
mainly caused by 30 (27%) students improving only by
1 and 2 points (mostly from 0 to 1 or 2 points). In the
group of students successful in the post-test I, with an ex-

ception of two students who improved from an original 3
to 5 or 6 points, the rest improved from 0, 1 or 2 points.
Therefore, it is possible to assume the intervention plan
targeted all groups of students.

Most of the students whose results worsened in the
post-test I received 3 or 4 points in the pre-test and only 2
in the post-test I. With the comparable difficulty of the
tasks in mind, this result can be explained by false positive
pre-test results.314!

The students who did not score differently in the
post-test I or the pre-test mostly remained with 0, 1 or 3
points. In the first two groups, the intervention seems not
to have affected these students. In case of the latter group,
a limited number of these students seems to have been
reached and remain in the middle of the point scale.

In spite of the positive shift after the first interven-
tion, 58% of the students still did not reach at least 3 points
(50% of the points) and are therefore considered unsuc-
cessful. Seven of the eight students from the qualitative
(eye-tracking) study were in the unsuccessful group of stu-
dents after the post-test I. The strategies and problems as
identified by apply more to the unsuccessful students.!
This is in favour of the action plan with these particular
students.

Post-test II results

Evaluating the second intervention phase was con-
ducted with the use of a post-test II. Again, it consisted of
3 problem tasks very similar to the pre-test. Figure 7 shows
an increase in the group of partially successful (3-4 points)
and successful (5-6 points) students, together with a de-
crease in the number of unsuccessful students compared
to Figure 6.

There were 25% unsuccessful, 63% partially success-
ful, and 27% successful task 1 solvers. In the second task,
27% failed, 22% solved it partially successfully and 51%
successfully. 48% failed and 48% succeeded in solving the
third task after the intervention.

The Table 2 again shows an overall increase in the
students’ results. The value of the Friedman’s ANOVA test

30

Number of students
=
r

Test score

Figure 7. Students’ success in the post-test: number of points re-
ceived (N =115)
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(p < .001) shows the difference is statistically significant.
The effect of the difference (r = 0.284) was medium.

The post-hoc test’s results showed that 67 students
improved, 25 received the same number of points and 20
scored worse comparing to the post-test I.

The students who received 5 or six points (61 resp.
39%) mostly improved from 3 resp. 4 points in the post-
test I. Surprisingly, only three students who received 5 or
6 points in the post-test I confirmed their result by reach-
ing the same score in the final test. Two of them even sank
into the unsuccessful category with 2 or 1 point in the
post-test II.

As far as the group with no shift in their score was
concerned, the majority received 2 resp. 3 points (33 resp.
21%). This, again, could be caused by these students’ lim-
its. For most of the students in the group with a negative
shift, the decline in score was relatively small. 16 students
(47%) scored 2 points lower and 12 students (35%) 1 point
lower. Several students who succeeded in the post-test I
got alower score in the post-test IT (7 from 4 points, 5 from
3 points and 4 from 5 points). Only several students sank
more dramatically - 3 students to 0 and for 4 students to 1
point.

The overall success of the teaching approach empha-
sizing problem solving strategies was assessed using the
pre-test - post-test II comparison. Table 2 shows the over-
all difference in the students’ score. The p value (p < 0.001)
showed a statistically significant difference between the
two test results. The r-value (r = 0.545) showed a large ef-
fect. 93 students’ results improved, 13 remained unchanged
and 6 worsened.

The approach seems have effect on the students with
some fundamental knowledge and skills which could be
further developed. 56% of the students whose results did
not change received 0 points. Also, most students whose
result worsened from the pre- to post-test IT (63% out of all
students whose results worsened; N = 16) received no
points in the post-test II. As these students achieved only 1
or 2 points in the pre-test, therefore still unsuccessful, the
situation is similar to the students who did not score any
point in the pre-test. There are two possible explanations
of this result. First, a certain indifference towards the influ-
ence of school, i.e. the intervention steps is presumed.
Apart from aforementioned reading skills, students’ mis-
conceptions had been blamed to prevent them from learn-
ing chemistry.>* Second, The intervention built upon cer-
tain basic skills. The unsuccessful students might have
been below this level. Considering the fact, the research
was performed on upper-secondary students, this was not
anticipated. The qualitative part of the study revealed that
many problems lie, apart from lack of knowledge, in read-
ing and the inability to identify the problem.*! For many
students, this was corrected by the described intervention.
The students’ ability to read chemistry texts*! seems to
have increased by the practice, so did their ability to iden-
tify the problem, as well as indicia given in the task for the

problem to be solved.>>=>¢ As observed in the lessons, ex-
periencing success motivated the students to stay on a
task, even if it seemed difficult at the beginning.

The intervention showed that problem-solving skills
can be promoted when systematically worked upon.!® Fo-
cusing on relevant™’ problems seems more important than
just on knowledge that students are often unable to ap-
ply.5258

Nevertheless, the results showed there was still a
group of students whose abilities could not be improved in
the above-described manner. This points to a new, neces-
sary line of research - identification of appropriate inter-
vention underachieving students would benefit from.

5. Conclusions

The presented action plan can be considered effec-
tive as it helped improve the students’ problem-solving
skills. At the beginning, only 15% of the students received
at least half of the test points. In the pre-test, the maximal
reached score was four points out of six, with almost half
of the students receiving no points and another 38% only
one or two points (unsuccessful). The results show the stu-
dents entering upper-secondary schools mostly did not
reach the lower-secondary chemistry curricular objectives
with the students’ chemistry knowledge and skills on a
rather low level. This could be a result of their school
choice - vocational schools are usually not chosen by stu-
dents with the highest academic achievement. The school
this research was conducted in, however, belongs among
prestigious schools using a student selection process which
places the school among the top of its kind in the country.
The results showed the students did not understand the
basic concepts, e.g. a proton number, electronegativity or
conductivity. Also, the students struggled with chemical
processes used in real life, such as a chemical reaction or
how to prepare a solution. This may serve as an argument
for undergoing curricular reform.

The intervention focused on the students’ ability to
apply the basic knowledge gained from the text and break
up the presented problem into partial steps. After the in-
tervention, 65% of the students achieved more than half
points (shift from 15%), with 30% students considered
successful (from 0% at the beginning). This shift applied
especially to students who proved at least an elementary
background (knowledge, strategies, skills). A considerable
number of students without this background proven in the
pre-test showed no progress after the intervention, which
suggests alternative approach is needed for these students’
improvement.

The overall positive effect of the intervention could
be caused by the foundation received from the earlier per-
formed eye-tracking study completed with retrospective
think-aloud. It helped identify reading problems in partic-
ular, but also other limiting strategies and helped to shape
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the intervention to fit the students’ needs as well as possi-
ble.

Another favorable aspect of the intervention was the
combination of using problem tasks, expertly evaluated
(and if needed altered) groupwork, gradually phased prob-
lem-solving steps and formative assessment, which seems
to have led to the positive results. This approach led to er-
ror retrieval in quite a short period of time (2 months, 1
lesson a week).

Based on the experience with the tasks, their more
frequent use can be recommended by the teacher. The
question of the task results’ evaluation can be solved either
by using open-ended questions or multiple-tier tasks to
limit the false-positive results.

With enough data about students’ problem-solving
skills gathered from several studies like this, the qualitative
phase (think aloud supported with eye-tracking study)
could be omitted. Students could be tested only to find
their actual state of knowledge and skills based on a pre-
test. Later, a set of “bespoke” tasks (different versions of the
tasks based on the pre-test) could be used in a similar way.

Limitations

Several limitations in this study were caused by the
research method used. The typical limit of action research
is that the teacher is the only researcher.”® The effect was
eased by a researcher’s participation. Another limitation is
related to the results’ vigor. They are limited by a low num-
ber of respondents. It exceeds usual action research sam-
ples; however, it does not enable a full generalization of the
results. Also, the respondent choice - students from one
vocational school - may influence the results because the
students’ focus may divert from science cf.® On the other
hand, the sample represents students from various low-
er-secondary schools (87) and therefore has the potential
to reflect reality. Another limit of the study is the lack of
repeatability and rigour as the feedback the teacher gave
students reflected their actual problems. Nevertheless,
there are certain steps which can be repeated with other
students with no changes. By repeating the process, the
range of problem-solving skills is expected to become clear
enough so the pre-test’s qualitative part could be omitted,
and the procedure run universally.

In addition, the results could be limited by using
only two points to score students’ results in each task. De-
spite following the same approach used by PISA, assigning
more points to each task could help distinguish the stu-
dents more.

Last but not least, a limit of the intervention needs to
be discussed. Despite teachers cannot always attract and
have influence on all the students, this considerably high
number of students seemingly unaffected by the interven-
tion is a group which requires more attention in the future.
Apart from a typical sample for qualitative eye-tracking
study (successful vs. unsuccessful, novice vs. experts),
these could be given a special attention. A follow up inter-

vention which would target these students better would
complete the results.

Implications
For educators

As the problem-solving ability is one of 21% century
competencies,'* teachers should build their lessons around
problem tasks which on one hand contain subject-matter
of a corresponding topic, and, on the other hand, develop
students’ problem-solving skills. Having students work in
groups further adds to other skills such as groupwork and
communication. Moreover, using the traffic-light method
of formative feedback proved to be an effective tool in
classroom instruction.

For researchers

A cooperation of a teacher with a researcher proved
to fill the gap between educational research and the imple-
mented curriculum. The research results relevant to the
lesson instruction had their value for the teacher. In addi-
tion, the researcher could experience an unusually instant
effect of the offered evidence-based improvements.

The action research proved to be an effective tool
bringing teaching and research together. Being able to an-
alyze students’ results in more detail and literally dissect
their problem and focus on it in ordinary teaching enabled
the teacher to look beyond everyday practice. On the other
hand, the researcher gained more insight into the class-
room’s dynamics as well as other intervening factors which
would remain hidden in ordinary research.

The next steps in this direction will target the very
problem of the students’ performance on the tasks. They
need to be divided into smaller parts and studied separate-
ly to provide more information not only about the already
studied strategies students use, but also their reading per-
formance, the effect of visual representations and even
used text (cf.>).
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Raziskave o spretnostih problemskega resevanja po vsem svetu kazejo, da je e veliko moznosti za izbolj$ave. Namen te
$tudije je bil izboljati spretnosti problemskega resevanja pri urah kemije pri srednjesolcih. Dijaki so opravili predtest s
problemskimi nalogami, ki je bil osredoto¢en na njihovo konceptualno znanje o periodnem sistemu, sposobnost upo-
rabe znanja o dejavnikih, ki vplivajo na hitrost kemijske reakcije, in lastnostih spojin. Ve¢ina u¢encev (72 od 112) nalog
ni uspela resiti. Zato je bila zasnovana intervencija, ki je temeljila na $tudiji z uporabo sledenja o¢em v kombinaciji z
glasnim razmisljanjem. Vkljucevala je delo u¢encev pri re$evanju kemijskih problemskih nalog (podobnih PISA nalog-
am), ki temeljijo na kontekstu, s posebnimi podpornimi ukrepi. U¢itelj je zagotovil formativno ocenjevanje, ki je spod-
bujalo uc¢enceve strategije. U¢inek intervencije je bil ponovno ocenjen z uporabo problemskih nalog v dveh naknadnih
testih. Rezultati so pokazali, da je akcijski nacrt uspesno pomagal vecini u¢encev pri doseganju nadpovprec¢nih rezultatov
na testu. Povecalo se je tudi razmerje uspesnih re$evalcev, delez neuspesnih pa se je ob¢utno zmanjsal.
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Abstract

In this reported work, an anodically pretreated boron-doped diamond (BDD) electrode was used for the inexpensive,
simple and quick detection of a natural dye, lawsone. Lawsone had a well-defined, irreversible and diffusion-controlled
oxidation peak at approximately +0.19 V in phosphate buffer solution (PBS, 0.1 M, pH 2.5) using cyclic voltammetry
(CV). The oxidation peak heights of lawsone were significantly increased in PBS using the cationic surfactant cetyltri-
methylammonium bromide (CTAB). Under optimized experimental conditions, the calibration curve was linear over a
concentration range of 0.1-5.0 uM with detection limit of 0.029 pM in 0.1 M PBS (pH 2.5) containing 0.1 mM CTAB by
using square-wave voltammetry (SWV). To evaluate the practical applicability of the BDD electrode, it was used for the
quantification of lawsone in commercial henna, a natural dye made from the leaves of the henna plant.

Keywords: Lawsone; boron-doped diamond electrode; square-wave voltammetry; cetyltrimethylammonium bromide;

henna samples

1. Introduction

Lawsone (2-hydroxy-1,4-naphthoquinone) (Figure
1.), known as hennotannic acid, is a red-orange dye found in
the leaves of the henna plant (Lawsonia inermis) and water
hyacinth flower.!*> Henna extract or its purified compounds
exhibit a variety of biological activities such as antimicrobial,
cytotoxic, anti-inflammatory, antioxidant, anticancer and
analgesic activities. Henna leaves have been used as a cos-
metic colorant for centuries and contain a high proportion of
lawsone (1.0-1.4%).4*7 Lawsone is also used as a corrosion
inhibitor for metals such as aluminum (Al), iron (Fe), zinc
(Zn) and nickel (Ni) in both acidic and alkaline solutions. A
survey of the literature revealed that chromatographic meth-
ods such as high-performance liquid chromatography with
ultraviolet detection (HPLC-UV) and liquid chromatogra-
phy-tandem mass spectrometry (LC/MS-MS) were used for
determination of lawsone content in plant extracts prepared
from leaves, shoots and fruits.>-1? Voltammetric techniques
were also applied for lawsone analyses.!>!4

CH

Figure 1. Structure of lawsone

Boron-doped diamond (BDD) electrode, a specif-
ic form of carbon, is widely used in both aqueous and
non-aqueous media. It has important properties such as
wide electrochemical potential window, low and stable
background current, relative insensitivity to dissolved ox-
ygen, low adsorption of pollutants, mechanical stability
and high repeatability.!>-1” Therefore, this electrode, used
in many different application areas, is very important in
terms of electroanalytical chemistry.
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However, it should be noted that for many electroac-
tive substances the BDD electrode is highly dependent on
surface termination, which can be replaced by appropri-
ate electrochemical pretreatment (anodic or cathodic)?® or
mechanical treatment.?! To our knowledge, no study relat-
ed to the determination of lawsone using a BDD electrode
has appeared in the literature.

In this paper, the electrochemical oxidation and de-
tection of lawsone using BDD electrode is explained for
the first time. Lawsone is an electroactive compound and it
is possible to measure its amount in real samples through
oxidation. Determination of lawsone in commercial henna
samples was carried out using square wave voltammetry.

2. Experimental

2. 1. Chemicals

Lawsone (2-Hydroxy-1,4-naphthoquinone), acetic
acid, hydrochloric acid, phosphoric acid, boric acid, mon-
obasic sodium phosphate and sodium hydroxide were ob-
tained from Sigma-Aldrich, Turkey. Henna samples were
obtained from a commercial local herbalist. All chemicals
used were at least analytical grade and their solutions were
prepared with deionized water further purified with a Mil-
1i-Q unit (Millipore). Because of lawsone’s low solubility in
aqueous solution, stock standard solutions (0.01 M) were
prepared in methanol. It was stored at +4 °C when not in
use and protected from daylight during use in the labora-
tory. Phosphate (0.1 M, pH 2.5 and 7.4), Britton-Robinson
(BR, 0.1 M, pH 2-8), and acetate (0.1 M, pH 4.7) buffers
were used as supporting electrolyte solutions.

2. 2. Apparatus and Analytical Procedure

All electrochemical experiments were carried out
at room temperature using an Autolab PGSTAT128N
(Metrohm Autolab B.V., The Netherlands) which was
managed by the software GPES 4.9. The counter electrode
was platinum wire, the reference electrode was Ag/AgCl
electrode and the working electrode was a BDD electrode
(3 mm diameter, geometric surface area of 0.07 cm? and
declared boron doping level of 1000 ppm). Before experi-
ments, the BDD electrode was electrochemically pretreat-
ed in an independent electrochemical cell. At the start of
each experiment day, anodic pretreatment was completed
by applying +1.8 V (unless otherwise stated) for 180 sec-
onds in 0.5 M H,SO, solution.!®?* An activation program
was used with 30 seconds duration in the same experimen-
tal conditions between individual measurements. Later,
the BDD electrode surface was used directly for voltam-
metric measurements with repeatable signals.

The analytical performance and practical applicabili-
ty were assessed using SWV, with the optimized operating
parameters (frequency (f) 75 Hz; step potential (AE;), 14
mV; pulse amplitude (AE,), 14 mV). All voltammetric

measurements were carried out in triplicate at room tem-
perature.

SW voltammograms were recorded after each addi-
tion of the study compound. Validation parameters like
precision, accuracy, linearity, LOD (detection limit) and
LOQ (quantification limit) were calculated. LOD and
LOQ values were found using the following equations.

LOD =3 s/m; LOQ =10 s/m,

where, s is the standard deviation of the peak current at
minimum concentration in the relevant linear interval
(preliminary study) and m is the slope of the relevant cali-
bration curve.

About 0.1 g of commercial henna sample was dis-
solved in 5 mL of ethanol and diluted to 20 mL with pH
2.5 phosphate buffer solution, stirred at room temperature
for 90 minutes and filtered. The obtained filtrate had SW
voltametric studies completed with cationic surfactant,
CTAB, using 0.1 M PBS in pH 2.5 solution. An aliquot
volume (20 pL) of these solutions was transferred to the
voltammetric cell containing the same solution, and ana-
lyzed on the day of preparation according to the procedure
developed for the pure electrolyte using the calibration
curve for the related regression equation.

3. Results and Discussion

3. 1. Investigation of the Electrochemical
Behavior at the Boron Doped Diamond
Electrode

The electrochemical behavior of lawsone was exam-
ined by the CV method on the anodic pre-treated (APT)
BDD electrode (see below for pre-treatment studies) sur-
face. With 0.2 mM lawsone, 0.1 M PBS, pH 2.5 in the in-
terval -0.5 to +0.6 V at 100 mV s~! scanning rate, CV was
studied in three cycles. In the oxidation step, a well-defined
anodic peak was obtained at nearly +0.19 V for lawsone on
the first scan. In the reverse scan (return), a reduction peak
was obtained at nearly -0.20 V (Figure 2A).

The effects of the scan rate for 0.2 mM lawsone on
the peak current was assessed with cyclic voltammetry at
different scan rates from 10 to 600 mV s~} at pH 2.5 in 0.1
M PBS. As can be seen in Figure 2B, the oxidation peak
shifted toward more positive potential as the scan rate in-
creased. The results show that the lawsone oxidation peak
current (Ta) increased linearly with the square root of in-
creasing scan rate (v'/2) and can be expressed as follows:

Ia (nA) =258.98 v'2 (mV s71)1/2 - 306.96,
(r=0.999,n=7).

In addition, the linearities of plots of log i, versus log
v are expressed as follows:
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Figure 2. The repetitive cyclic voltammograms at scan rate of 100
mV s7! (A), and the cyclic voltammograms at different scan rates
(10, 25, 50, 100, 200, 400 and 600 mV s7!) (B) of 0.2 mM lawsone
solutions in 0.1 M phosphate buffer (pH 2.5) solution. A; Dashed
lines represent background current. B; Inset depicts the plot of peak
current (Ia) vs. square root of the scan rate (v'/2).

logla (nA) = 0.588 logv (mV s71) + 2.169
(r=0.999,n=7)

According to the findings above, the theoretical value
of the slope is close to 0.5, showing that lawsone electroox-
idation on the APT-BDD electrode is basically diffusion
controlled. It is known that the electrochemical response
of electroactive molecules on BDD electrodes depends
on the type of pre-treatment. When the BDD electrode is
pre-treated anodically, its surface changes to predominant-
ly oxygen-terminated; in the case of cathodic pre-treat-
ment, the ratio of surface BDD electrodes predominant-
ly changes to hydrogen-terminated.?? The electrode was
treated both anodically (+1.8 V for 180 s in 0.5 M H,SO,)
and cathodically (-1.8 V for 180 s in 0.5 M H,SO,) in this
work. Figure 3 shows the voltammetric response obtained
for the determination of 0.1 mM lawsone in a 0.1 M PBS
(pH 2.5) on an untreated or electrochemically (anodic and
cathodic) pre-treated BDD electrode. As can be inferred
from this figure, anodic pre-treatment of the BDD elec-

trode leads to a higher oxidation peak current value than
untreated or cathodic pre-treatment. Therefore, all the
following experiments were carried out using an anod-
ic pre-treated BDD electrode at +1.8 V for 180 seconds.
This electrochemical pretreatment procedure was repeated
daily before starting the voltammetric measurements. It is
worth mentioning that this anodic pretreatment (at +1.8 V
for 30 s) procedure was carried out before each measure-
ment in order to obtain reproducible and reliable results.

3.0
C
25 a) Untreated BDDE
b) CPT-BDDE
=5 c) APT-BDDE
<
215
—
1.0

0.20 0.05 0.30 0.55 0.80
E/V (vs. Ag/AgCl)

Figure 3. SW voltammograms of 0.1 mM lawsone solutions ob-
tained at untreated (a) and cathodically (b) or anodically (c) or
pre-treated BDD electrode in 0.1 M phosphate buffer (pH 2.5) solu-
tion. SWV parameters: frequency, 50 Hz; step potential, 8 mV; pulse
amplitude, 30 mV.

Further work was dedicated to analyzing the de-
pendence of the voltammetric performance for the com-
pound on the solution pH using APT-BDD electrode. In
Figure 4A, this parameter was established in a series of
BR buffers with pH 2.0-8.0 by carrying out voltammetric
measurements on 0.1 mM lawsone solutions. For the peak
potential (Ep) of lawsone, the pH value from 2.0 to 4.0 has
little influence on the peak potential (Ep (mV) = -20.0 pH
+219.2, r = 0.995), whereas no important shift of Ep was
observed between pH 4.0 and 8.0. SW voltammograms of
the different supporting electrolytes are shown in Figure
4B. Using pH 2.5 and 7.4 of 0.1 M phosphate buffer solu-
tions, pH 4.7 of acetate buffer solution had Ep 0f 0.18, 0.14
and 0.09 V, respectively. As can be seen from Figure 4, 0.1
M phosphate bufter pH 2.5 was chosen as the most suitable
medium because the maximum peak current of lawsone
obtained with this solution.

To increase the sensitivity of the electrochemical
process, the effect of cationic surfactant (positive charge)
on the lawsone oxidation signal was assessed. Lawsone
concentration was fixed to 0.1 mM within 0.1 M PBS (pH
2.5) and the concentration of 0.1 mM CTAB was investi-
gated in the electrochemical cell. As can be seen on Figure
5, the addition of CTAB to the electrochemical cell caused

Pinar et al.: Square-Wave Voltammetric Sensing of Lawsone ...

1029



1030 Acta Chim. Slov. 2021, 68, 1027-1032

-0.20 0.05 0.30 0.55 0.80
E/V (vs. Ag/AgCl)
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3.04 5 a) phosphate, pH 2.5
2.5 b) acetate, pH 4.7

c) phosphate, pH 7.4

020 0.05 0.30 0.55 0.80
E/V (vs. Ag/AgCl)

Figure 4. SW voltammograms of 0.1 mM lawsone solutions in Brit-
ton-Robinson buffer pH 2.0-8.0 (A), and in various supporting
electrolytes (B). Other operating conditions as indicated in Figure 3.

14

a) non-surfactant d
121 b) 0.1 mM SDS

c) 0.1 mM Tween 80

101 d) 0.1 mM CTAB

I/pA

05 025 0 0.25 0.50 075  1.00
E/V (vs. Ag/AgCl)

Figure 5. The SW voltammograms of 0.1 mM lawsone solutions in
phosphate buffer (pH 2.5) at the different surfactants’ media on
APT-BDD electrode. SWV parameters: frequency, 50 Hz; step po-
tential, 8 mV; pulse amplitude, 30 mV.

the lawsone peak potential to shift to more positive poten-
tial. When the peak currents are compared in the presence
and absence of CTAB, the electrochemical cell containing
CTAB was observed to have peak current increased by 4
times. Later, in order to choose the most appropriate sur-
factant for analytic purposes, the electrochemical reac-
tions with the anionic surfactant of sodium dodecylsulfate
(SDS) and non-ionic surfactant of Tween 80 on lawsone
were researched. Figure 5 gives the SW voltammograms
for different surfactants with 0.1 mM concentration. As
can be seen on the figure, the cationic surfactant increased
the peak current intensity by a significant degree com-
pared to other surfactants, and at the same time caused a
shift in peak potential.

The peak current obtained from SW voltammetry is
linked to a variety of method parameters like frequency
(f), step potential (AE,) and pulse amplitude (AE,). Op-
timizing the method parameters is important in terms of
sensitivity. When the frequency changed between 15 and
125 Hz (AE, = 8 mV, AE,,, = 30 mV, fixed), the peak cur-
rent increased linearly; however, the background current
and noise increase at frequency values higher than 75 Hz.
When the step potential is changed from 4 to 16 mV (f =
75 Hz, AE,, = 30 mV), the recorded signal increased up
to 14 mV and then slowly increased from 14 to 16 mV.
Examining the form of the peak and current, the most ap-
propriate step potential was evaluated as 14 mV. The effect
of amplitude was investigated from 10 to 70 mV (AE, = 14
mV, f =75 Hz). The peak current of the molecule rapidly
increased up to 70 mV. However, when assessed in terms of
peak morphology, the sharper form of the peak and peak
current, the most appropriate value was determined to be
60 mV. In conclusion, the generally optimized parameters
for all experiments below can be summarized as f= 75 Hz,
AE, of 14 mV and AE, = 60 mV.

3. 2. Analytical Applications

Using the APT-BDD electrode, the most appropriate
chemical conditions and instrumental parameters were
created to record the analytic curve for the lawsone mol-
ecule in 0.1 M PBS (pH 2.5) containing 0.1 mM CTAB.
Figure 6 shows the SWV curves obtained by successive
addition of lawsone in the concentration interval from 0.1
to 5.0 uM. At +0.19 V potential peak current, the lawsone
concentration (Figure 6, inset) proportionally increased to
give a very linear calibration graph: i, (uA) = 0.278 C (uM)
+0.065 (r = 0.999, n = 10). Here, i, is peak current, C is
lawsone concentration, r is the correlation coefficient and
n is the number of experiments.

The LOD and LOQ values, calculated by using data
for the calibration curve, were found to be 0.029 pM and
0.097 uM, respectively. The comparison between lawsone
estimation with the analytic parameters in the proposed
method with some voltammetric methods previously re-
ported in the lite rature is given in Table 1.
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Figure 6. SW voltammograms for lawsone levels of (1) 0.1, (2) 0.2,
(3)0.4, (4) 0.6, (5) 0.8, (6) 1.0, (7) 2.0, (8) 3.0, (9) 4.0 and (10) 5.0 uM
in 0.1 M phosphate buffer (pH 2.5) solution with 0.1 mM CTAB.
Inset depicts a corresponding calibration plot for the quantitation of
lawsone on APT-BDD electrode. SWV parameters: frequency, 75
Hz; step potential, 14 mV; pulse amplitude, 60 mV.

Table 1. Comparison of the efficiency of the anodically pretreated
boron-doped diamond electrode (APT-BDDE), hanging mercury
drop electrode (HMDE) and glassy carbon electrode (GCE),
APT-BDDE, used for lawsone determination.

Electrode Detection Limit (M) Reference
HMDE 1.1x 107 [13]
GCE 6.0 x 107 [14]
APT-BDD 2.9%1078 This work

The intraday and interday repeatability at the BDD
electrode was evaluated under optimum experimental
conditions. The intraday repeatability of peak current
magnitude was determined with successive measurements
of 0.1 uM lawsone solution. The results of ten repeated
measurements provide a relative standard deviation (RSD)
of 5.43% showing repeatability of results. Additionally, in-
terday repeatability was done by measuring the magnitude
of the peak current response for the same lawsone con-
centration at the BDD electrode on three consecutive days
and the RSD was 6.87%.

The practical usability of the proposed electroan-
alytical methodology was tested for a commercial henna
sample by using the interlay corresponding regression
equation in the calibration graph obtained for standard
lawsone solutions. Sample preparation procedures are de-
scribed in the relevant section in detail. The mean value
of lawsone was found to be 0.59 uM in the measurement
cell. Taking into account the successive dilutions of the
sample, 1.03% of lawsone was determined in the henna
sample. The recovery experiments were completed with
standard lawsone solutions (0.1, 0.6 and 1.0 uM) added to
10 mL sample solution within the voltammetric cell and
voltammetric reactions were evaluated (Figure 7). Recov-

ery of lawsone was calculated in comparison with pure
lawsone at the obtained concentration of the supplement-
ed mixtures. The recovery varied from 91.8% to 103.7%
and this shows no interaction effects of these matrices (Ta-
ble 2). Lawsone can be quantitatively recovered with the
proposed method, so there is a guarantee for the accuracy
of lawsone voltammetric detection in commercial henna
samples.

0.7

0.6

Pl

0.20 0.05 0.30 0.55 0.80 1.05
E/V (vs. Ag/AgCl)

Figure 7. SW voltammograms of the diluted henna sample (dashed
line) and after standard additions of 0.1 (a), 0.6 (b) and 1.0 (c) uM
lawsone in 0.1 M phosphate buffer (pH 2.5) solution with 0.1 mM
CTAB on BDD electrode. Other operating conditions as indicated
in Figure 6.

Table 2 Results of the recovery analysis of lawsone (the average of
three independent analysis of each spiked sample) in the sample of
the commercial henna samples.

Lawsone added Level Recovery
(uM) determined (uM) (%) = RSD (%)
0 0.59 -

0.1 0.63 91.8 £5.05
0.6 1.26 105.9 + 4.43
1.0 1.65 103.7 £ 3.31

4. Conclusions

This article represents the first successful attempt to
investigate the electrochemical behavior of lawsone using
APT-BDDE (without any modification of the electrode
surface) coupled with the SW voltammetric method. Con-
tributions to the sensitivity of the developed method were
provided by a cationic surfactant (CTAB). The results indi-
cated that one irreversible and diffusion-controlled anod-
ic peak of lawsone was observed using CV at potential of
about +0.19 V in the presence of 0.1 M in pH 2.5 PBS as
supporting electrolyte.
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Author Guidelines
Submissions Title and abstract must be provided in plain text.

Submission to ACSi is made with the implicit under-
standing that neither the manuscript nor the essence
of its content has been published in whole or in part
and that it is not being considered for publication else-
where. All the listed authors should have agreed on
the content and the corresponding (submitting) au-
thor is responsible for having ensured that this agree-
ment has been reached. The acceptance of an article
is based entirely on its scientific merit, as judged by
peer review. There are no page charges for publishing
articles in ACSi. The authors are asked to read the
Author Guidelines carefully to gain an overview and
assess if their manuscript is suitable for ACSi.

Additional information
e Citing spectral and analytical data
e Depositing X-ray data

Submission material

Typical submission consists of:

e full manuscript (PDF file, with title, authors, ab-
stract, keywords, figures and tables embedded,
and references)

e supplementary files
- Full manuscript (original Word file)

- Statement of novelty (Word file)

- List of suggested reviewers (Word file)

- ZIP file containing graphics (figures, illustra-
tions, images, photographs)

- Graphical abstract (single graphics file)

- Proposed cover picture (optional, single
graphics file)

- Appendices (optional, Word files, graphics
files)

Incomplete or not properly prepared submissions will

be rejected.

Submission process

Before submission, authors should go through the
checklist at the bottom of the page and prepare for
submission.

Submission process consists of 5 steps.

Step 1: Starting the submission

e Choose one of the journal sections.

e Confirm all the requirements of the checklist.

e Additional plain text comments for the editor can
be provided in the relevant text field.

Step 2: Upload submission

e Upload full manuscript in the form of a Word fi-
le (with title, authors, abstract, keywords, figures
and tables embedded, and references).

Step 3: Enter metadata

e First name, last name, contact email and affiliation
for all authors, in relevant order, must be provided.
Corresponding author has to be selected. Full po-
stal address and phone number of the correspon-
ding author has to be provided.

Keywords must be provided (max. 6, separated by
semicolons).

e Data about contributors and supporting agencies
may be entered.

e References in plain text must be provided in the
relevant text filed.

Step 4: Upload supplementary files

e Original Word file (original of the PDF uploaded in
the step 2)

e List of suggested reviewers with at least five re-
viewers with two recent references from the field of
submitted manuscript must be uploaded as a Word
file. At the same time, authors should declare (i)
that they have no conflict of interest with suggest-
ed reviewers and (ii) that suggested reviewers are
experts in the field of the submitted manuscript.

e All graphics have to be uploaded in a single ZIP
file. Graphics should be named Figure 1.jpg, Figure
2.eps, etc.

e Graphical abstract image must be uploaded
separately

e Proposed cover picture (optional) should be up-
loaded separately.

¢ Any additional appendices (optional) to the paper
may be uploaded. Appendices may be published as
a supplementary material to the paper, if accepted.

e For each uploaded file the author is asked for addi-
tional metadata which may be provided. Depending
of the type of the file please provide the relevant
title (Statement of novelty, List of suggested re-
viewers, Figures, Graphical abstract, Proposed cov-
er picture, Appendix).

Step 5: Confirmation

¢ Final confirmation is required.

Article Types

Feature Articles are contributions that are written
on editor’s invitation. They should be clear and con-
cise summaries of the most recent activity of the au-
thor and his/her research group written with the broad
scope of ACSi in mind. They are intended to be gen-
eral overviews of the authors’ subfield of research but
should be written in a way that engages and informs
scientists in other areas. They should contain the fol-
lowing (see also general directions for article struc-
ture in ACSi below): (1) an introduction that acquaints
readers with the authors’ research field and outlines
the important questions to which answers are being
sought; (2) interesting, new, and recent contributions
of the author(s) to the field; and (3) a summary that
presents possible future directions. Manuscripts nor-
mally should not exceed 40 pages of one column for-
mat (letter size 12, 33 lines per page). Generally, ex-
perts in a field who have made important contribution
to a specific topic in recent years will be invited by an
editor to contribute such an Invited Feature Article.
Individuals may, however, send a proposal (one-page
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maximum) for an Invited Feature Article to the Editor-
in-Chief for consideration.

Scientific articles should report significant and inno-
vative achievements in chemistry and related scienc-
es and should exhibit a high level of originality. They
should have the following structure:

Title (max. 150 characters),

Authors and affiliations,

Abstract (max. 1000 characters),

Keywords (max. 6),

Introduction,

Experimental,

Results and Discussion,

Conclusions,

. Acknowledgements,

10.References.

The sections should be arranged in the sequence gen-
erally accepted for publications in the respective fields
and should be successively numbered.

CONOUAWNE

Short communications generally follow the same
order of sections as Scientific articles, but should be
short (max. 2500 words) and report a significant as-
pect of research work meriting separate publication.
Editors may decide that a Scientific paper is catego-
rized as a Short Communication if its length is short.

Technical articles report applications of an already
described innovation. Typically, technical articles are
not based on new experiments.

Preparation of Submissions

Text of the submitted articles must be prepared with
Microsoft Word. Normal style set to single column,
1.5 line spacing, and 12 pt Times New Roman font
is recommended. Line numbering (continuous, for the
whole document) must be enabled to simplify the re-
viewing process. For any other format, please consult
the editor. Articles should be written in English. Correct
spelling and grammar are the sole responsibility of the
author(s). Papers should be written in a concise and
succinct manner. The authors shall respect the ISO
80000 standard [1], and IUPAC Green Book [2] rules
on the names and symbols of quantities and units. The
Systéme International d’Unités (SI) must be used for
all dimensional quantities.

Graphics (figures, graphs, illustrations, digital imag-
es, photographs) should be inserted in the text where
appropriate. The captions should be self-explanatory.
Lettering should be readable (suggested 8 point Arial
font) with equal size in all figures. Use common pro-
grams such as MS Excel or similar to prepare figures
(graphs) and ChemDraw to prepare structures in their
final size. Width of graphs in the manuscript should be
8 cm. Only in special cases (in case of numerous data,
visibility issues) graphs can be 17 cm wide. All graphs
in the manuscript should be inserted in relevant places
and aligned left. The same graphs should be provid-
ed separately as images of appropriate resolution (see
below) and submitted together in a ZIP file (Graphics
ZIP). Please do not submit figures as a Word file. In
graphs, only the graph area determined by both axes
should be in the frame, while a frame around the whole
graph should be omitted. The graph area should be
white. The legend should be inside the graph area. The
style of all graphs should be the same. Figures and
illustrations should be of sufficient quality for the

printed version, i.e. 300 dpi minimum. Digital images
and photographs should be of high quality (minimum
250 dpi resolution). On submission, figures should be
of good enough resolution to be assessed by the refer-
ees, ideally as JPEGs. High-resolution figures (in JPEG,
TIFF, or EPS format) might be required if the paper is
accepted for publication.

Tables should be prepared in the Word file of the pa-
per as usual Word tables. The captions should appear
above the table and should be self-explanatory.

References should be numbered and ordered se-
quentially as they appear in the text, likewise meth-
ods, tables, figure captions. When cited in the text,
reference numbers should be superscripted, follow-
ing punctuation marks. It is the sole responsibility of
authors to cite articles that have been submitted to
a journal or were in print at the time of submission
to ACSi. Formatting of references to published work
should follow the journal style; please also consult a
recent issue:

1. ]J. W. Smith, A. G. White, Acta Chim. Slov. 2008,
55, 1055-1059.

2. M. F. Kemmere, T. F. Keurentjes, in: S. P. Nunes,
K. V. Peinemann (Ed.): Membrane Technology in
the Chemical Industry, Wiley-VCH, Weinheim, Ger-
many, 2008, pp. 229-255.

3. J. Levec, Arrangement and process for oxidizing an
aqueous medium, US Patent Number 5,928,521,
date of patent July 27, 1999.

4. L. A. Bursill, J. M. Thomas, in: R. Sersale, C. Collela,
R. Aiello (Eds.), Recent Progress Report and Discus-
sions: 5th International Zeolite Conference, Naples,
Italy, 1980, Gianini, Naples, 1981, pp. 25-30.

5. J. Szegezdi, F. Csizmadia, Prediction of dissociation
constant using microconstants, http://www. che-
maxon.com/conf/Prediction_of dissociation _con-
stant_using_microco nstants.pdf, (assessed: March
31, 2008)

Titles of journals should be abbreviated according to

Chemical Abstracts Service Source Index (CASSI).

Special Notes

e Complete characterization, including crystal
structure, should be given when the synthesis of
new compounds in crystal form is reported.

e Numerical data should be reported with the
number of significant digits corresponding to
the magnitude of experimental uncertainty.

e The SI system of units and IUPAC recommen-
dations for nomenclature, symbols and abbrevia-
tions should be followed closely. Additionally, the
authors should follow the general guidelines when
citing spectral and analytical data, and depositing
crystallographic data.

e Characters should be correctly represented
throughout the manuscript: for example, 1 (one)
and | (ell), 0 (zero) and O (oh), x (ex), D7 (times
sign), BO (degree sign). Use Symbol font for all
Greek letters and mathematical symbols.

e The rules and recommendations of the IUBMB and
the International Union of Pure and Applied
Chemistry (IUPAC) should be used for abbreviation
of chemical names, nomenclature of chemical com-
pounds, enzyme nomenclature, isotopic compounds,
optically active isomers, and spectroscopic data.
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e A conflict of interest occurs when an individual
(author, reviewer, editor) or its organization is in-
volved in multiple interests, one of which could pos-
sibly corrupt the motivation for an act in the other.
Financial relationships are the most easily identifi-
able conflicts of interest, while conflicts can occur
also as personal relationships, academic competi-
tion, etc. The Editors will make effort to ensure
that conflicts of interest will not compromise the
evaluation process; potential editors and reviewers
will be asked to exempt themselves from review
process when such conflict of interest exists. When
the manuscript is submitted for publication, the
authors are expected to disclose any relationships
that might pose potential conflict of interest with
respect to results reported in that manuscript. In
the Acknowledgement section the source of fund-
ing support should be mentioned. The statement of
disclosure must be provided as Comments to Editor
during the submission process.

e Published statement of Informed Consent.
Research described in papers submitted to ACSi
must adhere to the principles of the Declaration
of Helsinki (http://www.wma.net/e/policy/
b3.htm). These studies must be approved by an
appropriate institutional review board or commit-
tee, and informed consent must be obtained from
subjects. The Methods section of the paper must
include: 1) a statement of protocol approval from
an institutional review board or committee and 2),
a statement that informed consent was obtained
from the human subjects or their representatives.

e Published Statement of Human and Animal
Rights.When reporting experiments on human
subjects, authors should indicate whether the
procedures followed were in accordance with the
ethical standards of the responsible committee
on human experimentation (institutional and na-
tional) and with the Helsinki Declaration of 1975,
as revised in 2008. If doubt exists whether the
research was conducted in accordance with the
Helsinki Declaration, the authors must explain
the rationale for their approach and demonstrate
that the institutional review body explicitly ap-
proved the doubtful aspects of the study. When
reporting experiments on animals, authors should
indicate whether the institutional and national
guide for the care and use of laboratory animals
was followed.

e To avoid conflict of interest between authors and
referees we expect that not more than one referee
is from the same country as the corresponding au-
thor(s), however, not from the same institution.

e Contributions authored by Slovenian scientists
are evaluated by non-Slovenian referees.

e Papers describing microwave-assisted reac-
tions performed in domestic microwave ovens
are not considered for publication in Acta Chimica
Slovenica.

e Manuscripts that are not prepared and submit-
ted in accord with the instructions for authors are
not considered for publication.

Appendices
Authors are encouraged to make use of supporting in-
formation for publication, which is supplementary ma-

terial (appendices) that is submitted at the same time
as the manuscript. It is made available on the Journal’s
web site and is linked to the article in the Journal’s Web
edition. The use of supporting information is particular-
ly appropriate for presenting additional graphs, spectra,
tables and discussion and is more likely to be of interest
to specialists than to general readers. When preparing
supporting information, authors should keep in mind
that the supporting information files will not be edited
by the editorial staff. In addition, the files should be not
too large (upper limit 10 MB) and should be provided
in common widely known file formats to be accessible
to readers without difficulty. All files of supplementary
materials are loaded separately during the submission
process as supplementary files.

Proposed Cover Picture and
Graphical Abstract Image

Graphical content: an ideally full-colour illustration
of resolution 300 dpi from the manuscript must be
proposed with the submission. Graphical abstract pic-
tures are printed in size 6.5 x 4 cm (hence minimal
resolution of 770 x 470 pixels). Cover picture is print-
ed in size 11 x 9.5 cm (hence minimal resolution of
1300 x 1130 pixels)

Authors are encouraged to submit illustrations as can-
didates for the journal Cover Picture*. The illustration
must be related to the subject matter of the paper.
Usually both proposed cover picture and graphical ab-
stract are the same, but authors may provide different
pictures as well.

* The authors will be asked to contribute to the costs

of the cover picture production.

Statement of novelty

Statement of novelty is provided in a Word file and
submitted as a supplementary file in step 4 of sub-
mission process. Authors should in no more than 100
words emphasize the scientific novelty of the present-
ed research. Do not repeat for this purpose the con-
tent of your abstract.

List of suggested reviewers

List of suggested reviewers is a Word file submitted
as a supplementary file in step 4 of submission pro-
cess. Authors should propose the names, full affiliation
(department, institution, city and country) and e-mail
addresses of five potential referees. Field of expertise
and at least two references relevant to the scientif-
ic field of the submitted manuscript must be provid-
ed for each of the suggested reviewers. The referees
should be knowledgeable about the subject but have
no close connection with any of the authors. In addi-
tion, referees should be from institutions other than
(and countries other than) those of any of the authors.
Authors declare no conflict of interest with suggested
reviewers. Authors declare that suggested reviewers
are experts in the field of submitted manuscript.

How to Submit

Users registered in the role of author can start sub-
mission by choosing USER HOME link on the top of the
page, then choosing the role of the Author and follow
the relevant link for starting the submission process.
Prior to submission we strongly recommend that you
familiarize yourself with the ACSi style by browsing
the journal, particularly if you have not submitted to
the ACSi before or recently.
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Correspondence

All correspondence with the ACSi editor regarding the
paper goes through this web site and emails. Emails
are sent and recorded in the web site database. In the
correspondence with the editorial office please provide
ID number of your manuscript. All emails you receive
from the system contain relevant links. Please do not
answer the emails directly but use the embed-
ded links in the emails for carrying out relevant
actions. Alternatively, you can carry out all the ac-
tions and correspondence through the online system
by logging in and selecting relevant options.

Proofs

Proofs will be dispatched via e-mail and corrections
should be returned to the editor by e-mail as quick-
ly as possible, normally within 48 hours of receipt.
Typing errors should be corrected; other changes of
contents will be treated as new submissions.

Submission Preparation Checklist
As part of the submission process, authors are required
to check off their submission’s compliance with all of
the following items, and submissions may be returned
to authors that do not adhere to these guidelines.

1. The submission has not been previously published,
nor is it under consideration for publication in any
other journal (or an explanation has been provid-
ed in Comments to the Editor).

2. All the listed authors have agreed on the content
and the corresponding (submitting) author is re-
sponsible for having ensured that this agreement
has been reached.

3. The submission files are in the correct format:
manuscript is created in MS Word but will be sub-
mitted in PDF (for reviewers) as well as in orig-
inal MS Word format (as a supplementary file for
technical editing); diagrams and graphs are cre-
ated in Excel and saved in one of the file formats:
TIFF, EPS or JPG; illustrations are also saved in
one of these formats. The preferred position of
graphic files in a document is to embed them close
to the place where they are mentioned in the text
(See Author guidelines for details).

4. The manuscript has been examined for spelling
and grammar (spell checked).

5. The title (maximum 150 characters) briefly ex-
plains the contents of the manuscript.

6. Full names (first and last) of all authors together
with the affiliation address are provided. Name of
author(s) denoted as the corresponding author(s),
together with their e-mail address, full postal ad-
dress and telephone/fax numbers are given.

7. The abstract states the objective and conclu-
sions of the research concisely in no more than
150 words.

8. Keywords (minimum three, maximum six) are
provided.

9. Statement of novelty (maximum 100 words)
clearly explaining new findings reported in the
manuscript should be prepared as a separate
Word file.

10. The text adheres to the stylistic and bibliographic
requirements outlined in the Author guidelines.
11. Text in normal style is set to single column, 1.5
line spacing, and 12 pt. Times New Roman font is

recommended. All tables, figures and illustrations
have appropriate captions and are placed within
the text at the appropriate points.

12. Mathematical and chemical equations are provided
in separate lines and numbered (Arabic humbers)
consecutively in parenthesis at the end of the line.
All equation numbers are (if necessary) appropri-
ately included in the text. Corresponding numbers
are checked.

13. Tables, Figures, illustrations, are prepared in cor-
rect format and resolution (see Author guideli-
nes).

14. The lettering used in the figures and graphs do not
vary greatly in size. The recommended lettering
size is 8 point Arial.

15. Separate files for each figure and illustration are
prepared. The names (numbers) of the separate
files are the same as they appear in the text. All
the figure files are packed for uploading in a single
ZIP file.

16. Authors have read special notes and have accor-
dingly prepared their manuscript (if necessary).

17. References in the text and in the References are
correctly cited. (see Author guidelines). All ref-
erences mentioned in the Reference list are cited
in the text, and vice versa.

18. Permission has been obtained for use of copy-
righted material from other sources (including the
Web).

19. The names, full affiliation (department, institution,
city and country), e-mail addresses and referenc-
es of five potential referees from institutions other
than (and countries other than) those of any of the
authors are prepared in the word file. At least two
relevant references (important recent papers with
high impact factor, head positions of departments,
labs, research groups, etc.) for each suggested re-
viewer must be provided. Authors declare no con-
flict of interest with suggested reviewers. Authors
declare that suggested reviewers are experts in
the field of submitted manuscript.

20. Full-colour illustration or graph from the manu-
script is proposed for graphical abstract.

21. Appendices (if appropriate) as supplementary
material are prepared and will be submitted at the
same time as the manuscript.

Privacy Statement

The names and email addresses entered in this journal
site will be used exclusively for the stated purposes of
this journal and will not be made available for any ot-
her purpose or to any other party.

ISSN: 1580-3155
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Slovensko kemijsko drustvo
Slovenian Chemical Society

INTERNATIONAL UNION OF
PURE AND APPLED CHEMISTRY

&: EuChemS

European Chemical Society

Koristni naslovi

Slovensko kemijsko drustvo
www.chem-soc.si

e-mail: chem.soc@ki.si

Wessex Institute of Technology
www.wessex.ac‘uk

SETAC

www.setac.org

European Water Association

http://www ewa-on|ine4eu/

European Science Foundation

www.esF.org

European Federation of Chemical Engineering
https://efce.info/

International Union of Pure and Applied Chemistry
https://iupac.org/

Novice evropske zveze kemijskih drustev
EuChemS najdete na:

Brussels News Updates

http://www.euchems.eu/newsletters/
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Basic and applied

research in materials, life —

sciences, biotechnology, EXCELENCE
chemical engineering,

structural and theoretical

chemistry, analytical chemistry

and environmental protection.

In line with EU research and innovation
priorities: nanotechnology, genomics

and biotechnology for health, sustainable
development, climate change, energy
efficiency and food quality and safety.

We expand knowledge and technology transfer
to domestic and foreign chemical, automotive and
nanobiotechnology industries.

We are aware of the power of youth, so we transfer our
knowledge to younger generations and offer many
opportunities for cooperation.

contact: mladi@ki.si
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Electroporation is the method to increase the permeability of the
cell membrane by high-voltage electric pulses. Electroporation is
progressively used for internalization of various molecules into the
cells in oncology and gene therapy, or extraction of molecules in
biotechnology. It is also used as tissue ablation method and in food
technology. (page 753)
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