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Recent numerical approaches to extracting metal species using carbonaceous malterials have de facto stimulated an interest in
the field of microextraction, but theoretical observations inspired by randomness changes have been elusive. In this contribution,
we present the degree of randomness using Cu (II) and Pb (II). Here, activated carbon fibres were employed as the skeleton ad-
sorbent, providing scientific insights via the aqueous phase. Coupled isotherms of Langmuir and Freundlich were represented to
unravel the aforementioned thermodynamics. Findings revealed that the Langmuir isotherm best described the equilibrium state
and the trend was in accordance with the energy computation. The maximum microextraction performance was 84.75 mg/g and
102.04 mg/g for Cu (II) and Pb (II), respectively. Under all circumstances, there was a high randomness change as the
microextraction performance increased.
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Nedavni numericni pristopi ekstrakcije (izloCevanja) kovinskih ionov z uporabo materialov na osnovi ogljika so dejansko
povecali interes za podroCje mikroekstrakcije. Vendar pa rezullati teoreti¢nih spoznanj, ki temeljijo na klju¢nih spremembah, 3e
niso povsem jasni. Avtorji v ¢lanku predstavljajo stopnjo naklju¢nosti z uporabo Cu(Il) in Pb(II) ionov. Kot ogrodje za
adsorpcijo so uporabili aktivirana ogljikova vlakna, kar naj bi omogocilo znanstveni vpogled v dogodke potekajofe preko vodne
faze. Predstavili so zdruZene Langmuirjeve in Freundlichove izoterme za pojasnitev zgoraj omenjene termodinamike. Ugotovili
so, da Langmuirjeva izolerma najbolje opi%e ravnoleZno stanje, njen trend pa se ujema z energijskimi izraCuni. Dosegli so
maksimalno mikroekstrakcijo 84,75 mg/g za Cu(Il) in 102,04 mg/g za Pb(II) ione. V vseh primerih je prislo do velikih
naklju¢nih sprememb z nara3¢ajoco sposobnostjo mikroekstrakcije.

Klju¢ne besede: nakljuCnost, mikroekstrakcija, termodinamika, izoterme

1 INTRODUCTION free-energy change at all possible sites. On the other
hand, the Freundlich isotherm is valid for heterogeneous
surfaces, predicting multilayer adsorption. A myriad of
references to date has coupled thermodynamics and iso-
therms to improve the material design and engineering
for a better microextraction performance.*®

In this study, we first set out to do the standard en-
ergy computations of metal species on a carbonaceous
surface to obtain a deep understanding of micro-
extraction. In doing so, we hypothesised that AS® and the

Gibbs pioneered the concept of randomness with a
simple mathematical formalism in the second half of the
19" century.! Several decades later, Prigogine bridged
thermodynamics and kinetics of chemically reacting
mixtures in the equilibrium state. In recent years, impres-
sive technological achievements for a better description
of the microextraction performance have employed the
concept of entropy change (AS®), enthalpy change (AH®)
and the Gibbs standard energy change (AG®) to charac-

terise the force irreversibly driving chemical reactions.’?
We further abbreviated the x-change as x for conve-
nience. Isotherms of Langmuir and Freundlich have led
to further observations of the microextraction perfor-
mance, corresponding to various surface characteristics
and the initial dosage of cationic species.* On the one
hand, the Langmuir isotherm describes the monolayer
assuming all adsorption sites to be equally active. Here,
the surface is energetically homogeneous due to the

*Corresponding author’s e-mail:
flower(@hanyang.ac.kr

Materiali in tehnologije / Materials and technology 55 (2021) 5, 603-607

microextraction performance are in a linear correlation.
Our theory corresponds to the Debye-Huckel limiting
law where the ion-activity coefficient is the function of
the ionic strength at the equilibrium state and the charge
carried by metal species,” given that an increased value
of AS® at the final stage of ion interaction may reflect the
high degree of freedom between the surface moieties and
metal species on the carbonaceous surface. For a cross-
validation, Langmuir and Freundlich isotherms were em-
ployed to explore the surface physiochemistry. Amidst
all the growing niches of the microextraction from
wastewater or spent catalysts, metal species of Cu (II)
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and Pb (II) were chosen as the interacting ions. These
species are also widely used in thermodynamic studies
since their alloys form the basis of structural compo-
nents.® As a skeleton adsorbent, activated carbon fibres
(ACFs) were examined via an aqueous solution.
Compared with the other carbonaceous materials (viz.,
activated carbons), ACFs exhibit excellent mechanical
and physical properties.>!! With their fibre forms, they
may serve as a decent supporting matrix for selected
metal species.!>!

2 EXPERIMENTAL PART

2.1 Preparation of the samples

All the chemicals were of analytical grade and used
without further purification (Sigma-Aldrich). Deio-
nised-distilled water (DDW) was used during the experi-
ments. Commercial ACFs with various Brunauer-
Emmett-Teller (BET) surface areas were used as
absorbents and the structural features were measured
with the Barrett-Joyner-Halenda (BJH) method. These
two parameters are defined with Equations (1) and (2),
respectively:

S ger :omN[;m ] (1)
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where o, is the surface area of an absorbed molecule of
water, NV is Avogardo’s number, wy, is the moisture con-
tent due to the monolayer saturation and My, is the mo-
lar mass of water in the BET equation. In case of the
BJH equation, Y is the surface tension, V is the molar
volume, R is the gas constant, T is the temperature in
kelvin, r is the average pore radius and r is the layer
thickness. Sample characteristics were determined with
ASAP 2460 (Micromeritics). Here, three commercial
ACFs with different carbonisation and activation tem-
peratures were labelled as ACF850, ACF875 and

(a) ACF850

(b) ACF875

ACF900 via a CO; atmosphere. With an increase in the
temperature from 850-900 °C, ACF875 was found to
secure the most microporous characteristics among the
ACF samples (Table 1). As can be seen in Figure 1, this
is in line with the scanning-electron-microscope images
observed at an accelerating voltage of 20 kV (S-3000H,
Hitachi). The chemical properties of ACF875 also
parameterised the most oxygen groups, in order words,
carboxylic acids, as listed in Table 2 (EA-1008,
Fisons).!® Typically, surface sites containing oxygen
bonding are the main interactors for the microextraction
of metal species. Given that, adsorbents with rich sur-
face characteristics could create more ionic species than
in the opposite case.

Table 1: Physical nature of ACF samples obtained with BET and BJH
analyses

Micro- | External | BJH ad- BJH
Sample SB}HT pore surface | sorption |desorption
(m-/g) | area area pores pores
(m¥g) | (m¥g) (m¥g) (m?¥/g)
ACF850 | 971 893 78 35.5 36.8
ACF875 | 1443 | 1246 197 38.2 37.3
ACF900 | 1026 914 112 36.1 37.0

Within the same grid-scale model with a given mag-
nitude of x10 K, ACF875 revealed the most porous sur-
face texture among the ACF samples.

Table 2: Chemical nature of ACF samples obtained with elemental
analyses

Elemental composition (w/%)

Sample C H N 0

ACF850 97.45 0.33 0.36 1.82
ACF875 94.54 0.39 0.40 4.67
ACF900 95.50 0.35 0.37 3.78

2.2 Modelling

Microextraction-capacity constant g could be derived
with Equation (3):

(c) ACF900

Figure 1: Morphologies of ACF samples observed with a scanning electron microscope
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where C, (mg/g) is the initial concentration, Ce (mg/g)
is the plateau equilibrium concentration, V is the volume
of the metal-containing solution, and W is the weight of
each ACF sample. Thermodynamic parameters AH® and
AS® were calculated using Equation (4):

Ik, AS"_AH
" R RT

)

where K is the equilibrium constant and the rest is ex-
plained above. Thereafter, AG® can be obtained with
Equation (5):

)

The equilibrium microextraction capacity of the ACF
samples was fitted using the nonlinear isotherms of
Langmuir and Freundlich. The former could be ad-
dressed as Equation (6):

QO Kl.Ce

T(1+K,C,) ©)

q.

where K. is the Langmuir constant. The Freundlich con-
stant Kr could be obtained with Equation (7):

q.=K.C." (7

where n is the Freundlich exponential coefficient.

2.3 Methodology

Microextraction of metal species for thermodynamics
and isotherms was carried out in a batch as follows.
First, different concentrations of Cu (II) and Pb (II) were
prepared using DDW. The initial pH of the solution was
adjusted to 5.5 to achieve the highest efficiency. A small
amount (100 mg) of adsorbents was added to each flask;
then flaks were sealed with silicon caps to prevent fur-
ther evaporation and shaken at 120 min-!' in a rotary
shaking incubator with a designated temperature and
time frame. Inductively coupled plasma optical emission
spectroscopy was employed to analyse the microextrac-
tion characteristics of the metal species (Optima
5300DV, PerkinElmer).

3 RESULTS AND DISCUSSION
3.1 Microextraction thermodynamics

The calculated values of the thermodynamic parame-
ters are listed in Table 3. The positive value of AH® can
be described with the theory of endothermic nature of a
microextraction process. This feature may be an indica-
tion of the occurrence of monolayer adsorption. The
value is consistent with the fact that microextraction onto
carbonaceous materials is usually an ion-exchange pro-
cess between metal ions and oxygen groups.'*!* The pos-
itive value of AS® reflects an increase in the randomness
at the solid-solution interface. There are various explana-
tions of the randomness increment. One evident ap-
proach is that structural changes of ACF samples treated
by different temperatures take place as a result of inter-
actions of metal species with oxygen groups on the car-
bonaceous surface. Elsewhere, we find the suggestion
that the extra translational AS® accumulated due to the
solvent molecules earlier absorbed by ACF samples and
further displaced by the adsorbate species. The above ex-
planations indicate an overall negative change of AG®.

Many theorists agreed that AG® values in the
—20 kJ/mol to 0 kJ/mol range correspond to the physi-
sorption, indicating an electrostatic interaction between
the adsorption sites and the interacting ions.'® In case of
the chemisorption within the —80 kJ/mol to —400 kJ/mol
range, the microextraction involves sharing or transfer-
ring of the charge between the adsorption sites and inter-
acting ions to form a coordinate bond. As AG® of the
ACF samples in this study showed a negative linear cor-
relation from -2.45 kJ/mol to -5.64 kJ/mol and
—4.23 kJ/mol to -7.47 kJ/mol for Cu (II) and Pb (II), re-
spectively, it can be concluded that a spontaneous type of
physisorption dominates the microextraction mechanism.

3.2 Microextraction isotherms

The linearized forms of the Langmuir and Freundlich
isotherms and the corresponding constants are shown in
Figure 2 and Table 4. The analysis of R? revealed a rea-
sonable fit of the empirical data on both isotherms, while
the Langmuir isotherm (0.9885-0.9953) seemed more
favourable compared to the Freundlich isotherm
(0.9835-0.9914) in all cases. The maximum micro-
extraction ¢m.. was estimated to be 84.75 mg/g and
102.04 mg/g for Cu (II) and Pb (II), respectively. In all
cases, ACF875 secured an outstanding microextraction

Table 3: Thermodynamic constants of microextraction for various ACF samples

Classification Temperature (°C) AG® AH® AS°
ACF850 25/ 35/ 45 —2.45/-2.87/-3.38 4.52 23.24
Cu (II) ACFR875 25/35/45 —4.25/-491/-5.64 6.11 34.61
ACF900 25/35/45 —3.51/-4.06 / -4.58 4.51 26.83
ACF850 25/35/45 —4.23/-4.88 / =5.60 6.03 34.28
Pb (II) ACFR875 25/35/45 —5.63 / —6.49 / -T7.47 8.06 45.73
ACF900 25/35/45 —4.85/-5.55/-6.29 5.88 35.89
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Figure 2: Linearlised isotherms: a) Langmuir-Cu (II), b) Freundlich-Cu (II), ¢) Langmuir-Pb (II), d) Freundlich-Pb (II)

performance compared to the other ACF samples. The
metal affinity with the ACF samples was in the order of
Pb (II) > Cu (II). To quantify the maximum micro-
extraction performance for a further assumption, we em-
ployed the ¢, values from the Langmuir isotherm. We
used these values to investigate the correlation between
AS® and ¢, by observing the degree of an entropically
favourable state.

Figure 2 shows a comparison of the isotherms for the
microextraction of metal species onto various ACF sam-
ples. Each ACF sample of 100 mg was tested at 25 °C,
using a 10-20 mg/g of Cu (II) and Pb (II) solution at a
constant equilibrium state for 480 min.

Table 4: Isothermal constants of microextraction for various ACF
samples

Target| Sample Langmuir isotherm | Freundlich isotherm
Gmax K L R? K F n R?
ACF850 | 69.44 | 0.24 ]0.9936| 9.61 | 0.38 0.9835
Cu (I)| ACF875 | 84.75 | 0.13 |0.9953] 4.25 | 0.46 |0.9864
ACF900 | 81.97 | 0.16 |0.9916/ 5.94 | 0.44 0.9914
ACF850 | 74.07 | 0.13 |0.9885| 3.24 | 0.56 0.9868
Pb (1)) ACF875 102.04| 0.07 [0.9919, 3.42 | 0.43 |0.9900
ACF900 | 88.50 | 0.10 [0.9908| 3.43 | 0.50 0.9888

The AS® of the ACF samples is constant under cer-

tain conditions, therefore the value of AS° can be used as
an alternative indicator of the microextraction trend be-
tween carbonaceous materials and metal species. As can
be seen in Figure 3, it becomes apparent that Sger-de-
pendent landscapes of AS® as well as the dosage depend-
ent on the aforementioned parameters were in a configu-
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Figure 3: Correlation between randomness and affinity of metal spe-
cies with a carbonaceous surface. Here, the x-axis refers to each ACF
sample and the y-axis refers to: a) BET specific surface, b)
microextraction performance showing the affinity trend via random-
ness
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rational ensemble. In a strict sense, for the general
affinity of metals with the adsorbent materials, the pres-
ent data may be insufficient for determining the entire
possibilities of landscapes. For instance, a change in ma-
terials and metals may cause another theoretical uncer-
tainty. Nevertheless, thermodynamic and isothermal con-
stants successfully underpinned the physiochemical
characteristics studied above. Given that, probing such
interacting systems could potentially shed some light on
the field of microextraction and create interest in subsid-
iary studies by controlling the randomly distributed
metal species at the surface of an adsorbent.

4 CONCLUSIONS

In conclusion, we examined the relationship between
the randomness and affinity of metal species via a carbo-
naceous surface. By calculating thermodynamic and iso-
thermal constants, we were able to determine the follow-
ing findings:

1) There was a linear relationship between AS® and
microextraction performance.

2) The Sger, the temperature and the initial dosage of
metals were considered altogether as an important envi-
ronment for the maximum gmax value. Here, the
Langmuir isotherm best described the experimental data.

3) Combining all the presented strategies, these find-
ings offer a fundamental route for justifying AS® as an
alternative indicator of the microextraction performance.
Yet, a more persuasive approach and additional experi-
ments are needed to eliminate the marginal error of ma-
terial and metal samplings.

We expect these results to lay the path for predicting
the affinity of metal species and thus designing highly
efficient absorbent materials.

Acknowledgment

This work was supported by the Korean Energy
Technology Evaluation and Planning (Project No.
20171520000300).

5 REFERENCES

'R. Rao, M. Esposito, Nonequilibrium thermodynamics of chemical
reaction networks: wisdom from stochastic thermodynamics, Phys.
Rev. X., 6 (2016) 4, 041064, doi:10.1103/PhysRevX.6.041064

*T. P. Belova, Adsorption of heavy metal ions (Cu™, Ni*", Co** and
Fc2+) from aqueous solutions by natural zeolite, Heliyon., 5 (2019) 9,
€02320, doi:10.1016/j.heliyon.2019.¢02320

Materiali in tehnologije / Materials and technology 55 (2021) 5, 603-607

*J. Sun, M. Li, Z. Zhang, J. Gou, Unravelling the adsorption disparity
mechanism of heavy-metal ions on the biomass-derived hierarchi-
cally porous carbon, Appl. Surf. Sci., 417 (2019), 615-620,
doi:10.1016/j.apsusc.2018.12.050

*N. Diez, P. Alvarez, M. Granda, C. Blanco, R. Santamaria, R.
Menendez, N-enriched ACF from coal-based pitch blended with
urea-based resin for CO; capture, Micropor. Mesopor. Mat., 201
(2015), 10-16, doi:10.1016/j.micromeso.2014.08.054

0. Ucarli, O. T. Yayintas, M. S. Engin, S. Cay, G. Saglikoglu, S.
Yilmaz, Investigation of Competitive and Noncompetitive Adsorp-
tion of Some Heavy Metals Ions on Leucodon sciuroides (Hedw.)
Schwa“gr, Langmuir., 36 (2020) 28, 8265-8271, doi:10.1021/
acs.langmuir.0c01403

©J. H. Lee, S. H. Lee, D. H. Suh, Using nanobubblized carbon dioxide
for effective microextraction of heavy metals, J. CO.. Util,, 39
(2020), 101163, doi:10.1016/j.jcou.2020.101163

’D. J. McGarvey, A Data-Pooling Laboratory Activity to Investigate
the Influence of Ionic Strength on the Solubility of CaSOy4- 2ZH20 (s),
J. Chem. Educ., 97 (2020) 2, 517-521, doi:10.1021/acs.jchemed.
9b00817

SQ. Wu, Q, H. He, H. Zhou, F. Xue, H. Zhu, S. Zhou, S. Wang, Multi-
ple active sites cellulose-based adsorbent for the removal of
low-level Cu (II), Pb (II) and Cr (VI) via multiple cooperative mech-
anisms, Carbohydr. Polym., 233 (2020), 115860, doi:10.1016/
j-carbpol.2020.115860

“M. Li, B. Lu, Q. F. Ke, Y. P. Gou, Synergetic effect between adsorp-
tion and photodegradation on nanostructured TiOsactivated carbon
fiber felt porous composites for toluene removal, J. Hazard. Mater.,
333 (2017), 88-98, doi:10.1016/j.jhazmat.2017.03.019

'""X. Du, K. Zheng, F. Liu, Microstructure and mechanical properties
of graphene-reinforced aluminum-matrix composites, Mater. Tehnol.,
52 (2018) 6, 763-768, doi:10.17222/mit.2018.021

"'G. Qu, L. Kou, T. Wang, D. Liang, S. Hu, Evaluation of activated
carbon fiber supported nanoscale zero-valent iron for chromium (VI)
removal from groundwater in a permeable reactive column, J. Envi-
ron. Manage., 201 (2017), 378-387, doi:10.1016/j.jenvman.2017.
07.010

"2C. E. Pelin, G. Pelin, A. Stefan, E. Andronescu, L. Dinci, A. Ficai, R.
Truecd, Mechanical properties of polyamide/carbon-fiber-fabric
composites, Mater. Tehnol., 50 (2016) 5, 723-728, doi:10.17222/
mit.2015.171

3], H. Lee, S. H. Lee. D. H. Suh, CO, treatment of carbon fibers im-
proves adsorption of fuel cell platinum, Environ. Chem. Lelt.,
(2020), 1-6, doi:10.1007/s10311-020-01105-7

"*T. Bohli, A. Ouederni, Improvement of oxygen-containing functional
groups on olive stones activated carbon by ozone and nitric acid for
heavy metals removal from aqueous phase, Environ. Sci. Pollut.
Res.. 23 (2016) 16, 15852-15861, doi:10.1007/511356-015-4330-0

S L. Esrafili, V. Safarifard, E. Tahmasebi, M. D. Esrafili, A. Morsali,
Functional group effect of isoreticular metal-organic frameworks on
heavy metal ion adsorption, New J. Chem., 42 (2018) 11,
88648873, doi:10.1039/C8NI01150H

' M. Bouraada, M. Lafjah, M. S. Ouali, L. C. de Menorval, Basic dye
removal from aqueous solutions by dodecylsulfate- and dodecyl ben-
zene sulfonate-intercalated hydrotalcite, J. Hazard. Mater., 153
(2008) 3, 911-918, doi:10.1016/j.jhazmat.2007.09.076

607



