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Abstract

For improving enzyme utilization in biotechnological processes, process costs have to be reduced, enzyme stability dur-
ing industrial processes should be enhanced, and the recycle and reuse step should be favorable. The immobilization of
enzymes is an important step for enhancing enzyme catalytic properties and operational stability. In order to reduce the
costs of immobilization and consequently the cost of processes, a cheaper carrier (e.g. materials reclaimed as by-prod-
ucts) should be used. To achieve this, cellulase from Trichoderma sp. was immobilized on biochar obtained by low tem-
perature hydrothermal carbonization (LTHTC) in two ways: by adsorption and by covalent binding via a crosslinking
agent. The effect of immobilization time, enzyme concentration, type and concentration of the crosslinking agent and
the types of carrier - biochar (LTHTC of waste from olive oil production (LTHTC of OL waste) or LTHTC of cellulose)
on the immobilization efficiency and the residual activity of biocatalyst was studied. Higher immobilization efficiency
and residual enzyme activity was achieved when the enzyme was covalently bound to biochar obtained by LTHTC of

cellulose.
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1. Introduction

Energy shortages, the environmental crisis and ris-
ing consumer demands for better materials have led to
new research into lightweight, inexpensive, environmen-
tally friendly and non-toxic new functional materials. Bio-
mass is a source of raw carbon for the synthesis of valuable
carbon materials, since it is available in high quality (for
example, as a pure sucrose) and in large quantities as envi-
ronmentally friendly renewable sources. Among various
techniques, the hydrothermal carbonization (HTC) of bio-
mass is a promising method for the synthesis of new mate-
rials based on carbon (commonly named as biochar or
hydrochar) and other carbonaceous materials (e.g. carriers
for enzyme immobilization®) with a wide range of possible
applications in the field of precursor preparation of acti-
vated carbon'?* in wastewater pollution remediation,*>
soil remediation applications,’ solid fuels,®” gas sensors®
and other carbonaceous materials (e.g. carrier for enzyme
immobilization®). The concept of HTC was initially intro-

duced by Friedrich Bergius in 1913.1° Low temperature
hydrothermal carbonization (LTHTC) of biomass is a pro-
cess based on the reaction of biomass with sub-critical wa-
ter at temperatures up to 250 °C to form nano- and mi-
cro-porous carbon structures with reactive surfaces
consisting of hydroxyl and carboxyl groups that have po-
tential for binding different compounds. For converting
biomass into biochar, LTHTC is preferable, because the
process itself is closer to the natural process of biomass
transformation into charcoal. Advantages of the HTC pro-
cess are very low toxicological impact of material and pro-
cesses, use of renewable materials without prior dewater-
ing (water acts as a reaction media), simple apparatus and
techniques for the synthesis, and high energy and highly
efficient atom economy.!!~!3 Methods of saccharide treat-
ment (glucose, sucrose, and starch) under hydrothermal
conditions (in an aqueous medium at temperatures > 170
°C) leads to the formation of solid carbonaceous residue
(biochar) with a structure of micrometer sized spheres (0.4
to 6.0 mm). The diameter of these spheres can be altered
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by changing the synthesis conditions.!"'41> Thus, synthe-
sized biochar has two important properties that make it
suitable for use in the field of catalysis, as a carrier for
drugs with controlled release,'® or for immobilization of
enzymes (purified!”!81 or within microbial cells?®2!).
First, it contains a high concentration of oxygen groups on
the surface, which means that it can be easily connected to
other substances with complementary features and it is
suitable for the manufacture of functional nanocompos-
ites. Secondly, the diameter can be smaller than 500 nm,
which is compatible with in vivo applications. All these
properties are also suitable for biochar usage as a carrier
for biocatalysts. A good carrier should be insoluble,
non-toxic, easily accessible, inexpensive, stable and suit-
able for regeneration. For example, carriers used for ad-
sorption or binding on the surface should have a high po-
rosity to ensure that the contact area is as large as possible.??

The production of biochar from waste biomass is
sustainable and zero waste production with the goal of
eliminating greenhouse gas emissions and reducing car-
bon footprint. Biochar is therefore, from both an environ-
mental and an economical perspecive, a very suitable car-
rier for enzyme immobilization, since it is biodegradable,
biocompatible, and inexpensive to produce from food in-
dustry waste. Biochar thus has primarily an economic and
environmental advantages over other carriers for the im-
mobilization of enzymes.

The application of biochar as a carrier for enzyme
immobilization has not been widely studied. Noritomi et
al.? found that bamboo charcoal powder (BCP), which
was prepared from bamboo wastes by pyrolysis at low tem-
peratures, is very useful as a carrier for the thermal stabili-
zation of hen egg white lysozyme (HEWL) and a-chymo-
trypsin (CT), which were effectively adsorbed onto BCP.
The thermal stability of BCP-adsorbed HEWL was strong-
ly dependent upon adsorption conditions, such as solution
pH, ionic strength, and temperature. Unmodified charcoal
support was used for the immobilization of amyloglucosi-
dase for starch hydrolysis. Without any additional treat-
ment, immobilized amyloglucosidase retained over 90% of
its free enzyme catalytic activity.?* Additionally, activated
carbon was used as a carrier for pancreatin using adsorp-
tion immobilization techniques with a total immobiliza-
tion yield that resulted in the creation of biocatalytic sys-
tems with good catalytic properties.?®

In recent years, enzyme immobilization has been
presented as a powerful tool for the improvement of en-
zyme properties such as stability and reusability. However,
the type of support material used plays a crucial role in the
immobilization process due to the strong effect of these
materials on the properties of the produced catalytic sys-
tem.

Better stability, longer enzyme life time, easier sepa-
ration of the enzyme from the reaction mixture, reusability
of the enzyme and reduced contamination of the product
during the process are decisive factors which encourage

the use of immobilized against non-immobilized enzymes
in biocatalysis.?

Enzyme immobilization by adsorption on an active
material is a simple process, wherein the enzyme is revers-
ibly adsorbed on the insoluble carrier, easily achieved by
contact of the carrier with an aqueous solution of the en-
zyme. It is well known that any carrier can be applied for
enzyme adsorption, but not every enzyme can be immobi-
lized on all carriers. For successful adsorption of the en-
zyme onto the carrier, certain conditions must be fulfilled,
among which an enzyme-carrier affinity is most import-
ant. The presence of specific active groups on the carrier
which enable the generation of the enzyme-carrier inter-
actions assures this affinity.?” This method includes partic-
ular weak interactions such as electrostatic, van der Waals
forces, ionic and hydrogen bonds. For this reason, covalent
immobilization of the enzyme on an insoluble substrate is
more prevalent.

An immobilized enzyme can be reused several times,
which results in a simple process and lower production
costs. Immobilization may also be a tool to improve en-
zyme properties, including stability, activity, selectivity or
specificity.28?

Microbial cellulases have shown their potential appli-
cation in various industries, including pulp and paper, tex-
tile, laundry, biomass treatment, biofuel production, the
food and feed industries, brewing, and agriculture. Cellu-
lase from Trichoderma sp. has been successfully immobi-
lized on different magnetic nanoparticles,*® chitosan micro-
particles,?! surface modified coffee,?? silica particles grafted
with polyacrylic acid polymer brushes,?® and as a cross-
linked cellulase aggregates,* but until now, no immobiliza-
tion on biochar has been reported. Therefore, cellulase from
Trichoderma sp. (Cellusoft conc. L) was immobilized on
biochar in two ways: by adsorption and by covalent binding
via crosslinking agent. The effect of immobilization time,
enzyme concentration, type and concentration of the cross-
linking agent and the types of carrier — biochar (LTHTC of
waste from olive oil production (LTHTC of OL waste) or
LTHTC of cellulose) on immobilization efficiency and the
residual activity of biocatalyst was studied.

2. Experimental

2. 1. LTHTC of Waste from the Olive Oil
Production and Cellulose

Carbonized material used in the experiments was
prepared by the LTHTC of semi-solid olive mill waste
(about 75% (w/w) water) and cellulose. Hydrothermal car-
bonization was carried out in a 75 mL Parr Instruments
autoclave (Moline, IL, USA), designed for a maximal op-
erating temperature and pressure of 550 °C and 586 bar,
respectively. The autoclave was filled with a suspension of
wet waste from the production of olives or cellulose and
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deionised water. The reaction was carried out for 4 hours
at 220 °C and 3 MPa. After reaction, the carbonized res-
idue was separated from the aqueous phase by filtration
through filter paper (pore size 10 mm), washed with de-
ionized water and methanol and dried overnight in an
oven at 105 °C.

2. 2. Characterization of the Biochar

The pore size and BET surface areas of biochar were
determined by nitrogen physisorption using a TriStar 3000
surface area and porosimetry analyser from Micromeritics.

Average particle size was measured with a granulom-
eter (Fritsch analysette 22, Germany) operating on the
principle of laser diffraction spectroscopy.

2. 3. Adsorption of Biocatalysts on Biochar

Various cellulase concentrations (liquid form - Cel-
lusoft conc. L, NovoNordisk A/S) were adsorbed on 5 mg
of selected biochar. Adsorption took place for 24 hours
with continuous stirring (300 rpm) on an orbital shaker
(Innova® 2000, New Brunswick) in the presence of phos-
phate buffer (PBS) pH 5 or 7 at ambient temperature and
atm. pressure. After adsorption, the biochar was separated
from the rest of the solution by centrifugation (Centrifuge
5804 R, Eppendorf), washed with deionized water and
dried in an exicator. The experiments were repeated three
times.

2. 4. Covalent Immobilization of Enzyme
Onto Biochar

Cellulase in liquid form (Cellusoft conc. L, Novo-
Nordisk A/S) was covalently immobilized on 5 mg of se-
lected biochar. First, the crosslinking agent (homobifunc-
tional agent — gluteraldehide (GA) or pentaethylenehe-
xamine (PEHA)) was bound on the biochar. Activation
lasted 1 hour at ambient temperature and atm. pressure
during continuous shaking on an orbital shaker (300 rpm).
The activated carrier was washed with PBS (3 x 20 mL).
The immobilization of cellulase on activated carrier was
carried out at ambient temperature and atm. pressure by
shaking on an orbital shaker for different time (2, 7 or 24
hours) and in the presence of the PBS with selected pH.
After immobilization, the immobilized carrier was washed
with PBS until no proteins in the supernatant were detect-
ed. The experiments were repeated three times.

2. 5. Determination of the Protein
Concentration
The total protein concentration was assayed using
the Bradford method at a wavelength of 595 nm.?> The

method for determination of protein concentration is
based on the binding of Coomassie Brilliant Blue dye via

electrostatic interactions in the protein molecule. Mea-
surements were carried out using UV-Vis spectrophotom-
eter (Varian Cary Probe 50, Agilent technologies) at a
wavelength of 595 nm. The protein concentration in the
supernatant was determined on the basis of the calibration
curve. The resulting protein concentrations represent the
concentration of the proteins, which are not adsorbed or
bound to the carrier. Thus, the efficiency of adsorption or
immobilization could be recalculated.

2. 6. Determination of Cellulase Activity

Cellulase activity was determined by a specific activ-
ity assay.3® 4 mL of a Sigmacell (crystalline cellulose - Type
20, 20 um, from Sigma Aldrich S 3504) solution (5% w/v)
was added to the immobilized or adsorbed enzyme with
different concentrations (1.06 mg/ml, 2.31 mg/ml or 4.21
mg/ml) 4 mL of a Sigmacell (crystalline cellulose — Type
20, 20 pm, from Sigma Aldrich S 3504) solution (5% w/v)
was added and the mixture was shaken on an orbital shak-
er for 2 hours at a temperature of 37 °C. Next, the initial
rate of the reaction with a UV-Vis spectrophotometer at
340 nm was defined. The residual activity of an immobi-
lized enzyme according to the initial value of the free cel-
lulase was determined based on these measurements.

3. Results and Discussion

3. 1. Characteristics of Obtained Biochars

Biochars, produced from different materials by LTH-
TC (OL waste or cellulose), were used as carriers for im-
mobilization of cellulase. Characteristics of biochars are
presented in Table 1.

Table 1. Surface area, pore size and average particle size of biochar
produced by LTHTC of OL waste and biochar produced by LTHTC
of cellulose.

Biochar Biochar
produced produced
by LTHTC by LTHTC
of OL waste of cellulose
Surface Area (m?/g) 6.40 +0.11 41.70 + 0.54
Pore Size (nm) 35.90 £ 0.63 23.71 £0.37
Average Particle Size (nm) 938.02 £ 0.97 143.88 £ 0.72

Although both biochars were produced under the
same conditions, significant differences in their surface
characteristics appeared. Biochar produced by LTHTC of
cellulose had a larger surface area (41.70 + 0.54 m?/g), but
bigger pore size was defined at biochar produced by LTH-
TC of OL waste (35.90 + 0.63 nm). The average particle
size of biochars produced by LTHTC of OL waste was
938.02 + 0.97 nm, and of cellulose, 143.88 + 0.72 nm. The
high surface area and small particle size of biochars pro-
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duced by LTHTC present suitable properties as potential
carriers for enzyme immobilization.

3. 2. Adsorption of Cellulase onto Biochar

The liquid form of cellulase (Cellusoft conc. L) was
adsorbed onto the biochar produced by LTHTC of OL
waste and LTHTC of cellulose. Adsorption of enzymes
onto insoluble supports is a simple and widely used meth-
od capable of providing high enzyme loading (about one
gram per gram of matrix). The driving force causing this
binding is usually a combination of hydrophobic effects
and the formation of several salt links per enzyme mole-
cule. Therefore, the binding of an enzyme to the carrier is
enabled mainly by hydrogen bonds, multiple salt linkages,
and van der Waals forces. Different concentrations of en-
zyme in PBS with pH 7 were added to 5 mg of selected
biochar and the immobilization procedure described un-
der section 2.3 Adsorption of biocatalysts on biochar was
achieved. The concentration of added enzyme was opti-
mized and its influence on the immobilization efficiency
and residual enzyme activity was studied. Immobilization
efficiency increased proportionally with the increase in the
concentration of added enzyme, regardless of the type of
biochar (Fig. 1). Both types of biochar contain many spe-
cific active groups on the carrier, which enable the genera-
tion of enzyme-carrier interactions, and consequently
higher concentration of enzyme was adsorbed on both
carriers. The highest immobilization efficiency was
achieved when the concentration of added enzyme was
2.31 mg/ml. Immobilization efficiency remains unchanged
with further increase in the enzyme concentration. Com-
parison between the types of biochar (LTHTC of OL waste
or LTHTC of cellulose) shows that the biochar produced
from OL waste is better adsorbent since the higher effi-

100
90 mLTHTC of cellulose
80 + ELTHTC of OL waste
70 A
60 -
50 A
40 -
30
20 A
10 A

0 4

Adsorption efficiency (%)

1.06 mg/ml 2.31 mg/mil 4.21 mg/ml

Enzyme concentration

Figure 1. Influence of enzyme concentration on adsorption efficien-
cy of biochar from two different sources (LTHTC of OL waste or
LTHTC of cellulose). Reaction conditions: 5 mg of chosen biochar,
PBS with pH 7, 24-h adsorption with continuous stirring at 300
rpm, at ambient temperature and at atm. pressure. Standard devia-
tion for all measurements was less than + 3%.

ciency of enzyme adsorption was achieved. The reason for
higher obtained efficiency using biochar produced from
OL waste as a carrier could be in bigger pore size of carrier
in comparison to the biochar produced from cellulose.
Due to bigger pores size of OL waste, better accessibility
for the enzyme and also higher active surface area for the
immobilization of the enzyme onto OL waste carrier was
provided. Therefore, the enzyme adsorption was more
successful because of better matching of the enzyme into
the pores of the biochar, Consequently, the active side of
the enzyme could be better oriented toward the substrate.

3. 2. Covalent Immobilization of Cellulase
onto Biochar

Enzyme immobilization on carriers via a spacer arm
presents a good way to avoid steric hindrance and to in-
crease enzyme activity. Using this type of immobilization,
a spacer arm is formed between enzyme and carriers by
means of a bifunctional reagent such as GA, PEHA, or iso-
cyanate. With the introduction of a flexible spacer arm
onto the supports, the enzyme can be allowed to stretch
flexibly and catch the substrate more easily.>”

3. 3. 1. The Impact of Crosslinking Agents on the
Immobilization Efficiency and Activity
of a Biocatalyst

In the process of covalent immobilization of the en-
zyme on a solid support, active sites on the carrier are re-
quired to form a covalent bond between the carrier and
the enzyme. Therefore, the carrier has to be activated by a
crosslinker. As a crosslinker, various concentrations of GA
(1.5 (v/v)% and 3 (v/v)%) and PEHA (0.02 M) were used.
After one-hour activation of the carrier, 24-h immobiliza-
tion of the enzyme on the carrier was followed at ambient
temperature and atm. pressure. Higher immobilization ef-
ficiency was achieved when 3 (v/v)% GA was used (Fig. 2),
but higher residual activity of the enzyme was detected
using PEHA as a crosslinker. Too high concentration of
GA could lower enzyme activity. The reaction mechanism
of GA with proteins is not limited to just one mechanism,
because the main reactive species of GA are found in equi-
librium between their monomeric and polymeric confor-
mations. Moreover, every structure can react in a different
way with the protein. Under acidic and neutral conditions,
aldehyde groups from GA can react with proteins by for-
mation of Schiff bases, while under basic conditions it has
been proposed that GA quickly suffers intramolecular al-
dolic condensations, producing a polymeric form of an
a,B-unsaturated aldehyde, which may react with amino
groups from proteins through two mechanisms, firstly, by
formation of Schiff bases between internal aldehyde
groups from the polymeric form of GA and primary ami-
no groups from the protein. The second mechanism in-
volves a Michael addition to the double C-C linkage, re-
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sulting in a less stable product.® Too much cross-linker
can result in a loss of the minimum flexibility needed for
enzyme activity,® and low concentrations of GA are not
able to form sufficient crosslinkages to effect precipitation
of the enzyme. Partial enzyme inactivation due to chemi-
cal modification is often unavoidable.* Chui and Wan*!
indicated that enzymatic activity was inversely propor-
tional to the concentration of added GA, because extensive
crosslinking may result in a distortion of the enzyme
structure (i.e., the active site conformation). As can be
seen from Fig. 2, bioachar produced from cellulose shows
higher residual activity of immobilized biocatalyst than
biochar produced by LTHTC of OL waste. Moreover, cel-
lulose has good potential for varied derivatization due to
the presence of three hydroxyl groups in every monomeric
unit.*? The addition of PEHA increases the number of free
amino groups (-NH,) on the outer surface of the enzyme,
thus facilitating the crosslinking. Additionally, activation
of biochar via PEHA provides active primary amino
groups via a long spacer arm. A 19-atom spacer arm of
PEHA contains hydroxyl and amino groups onto which
immobilization of the cellulase can be performed. The
presence of PEHA ensures that steric limitations during
the protein immobilization are kept to a minimum. A sec-
ond benefit arising from the use of a PEHA is that interac-
tions between the protein and the surface of the carrier can
be minimized because the protein is kept away from the
particle surface by the long space arm.*?

100 20
0,
0 4 1.5 % GA L 18
3 % GA
< 80 = PEHA L6 <
; 70 | =—0—1.5% GA - activity | 4, S
o =3 % GA - activity s
g 601 —0—PEHA -activity [ 12 G
£ 50 10 &
c a L
§ 40 F8 g
g 30 - lg S
g 3
E 20 L4 é
10 - L2
0 -0

LTHTC of cellulose LTHTC of OL waste

Figure 2. Influence of crosslinker on immobilization efficiency and
residual enzyme activity. Reaction conditions: 5 mg of chosen bio-
char, enzyme concentration of 2.3 mg/mL, PBS with pH 7, 7-h im-
mobilization of enzyme with continuous stirring at 300 rpm, at am-
bient temperature and at atm. pressure. Standard deviation for all
measurements was less than + 3%.

As can be seen from Fig. 2, despite the lower immobi-
lization efficiency for biochar produced by LTHTC of cellu-
lose, higher residual enzyme activity when using PEHA as a
crosslinker was detected. This could be due to the orienta-
tion of the active sides of the immobilized enzyme. If a high-
er amount of enzyme is attached to the carrier, the orienta-

tion of enzyme active sides could be unsuitable for successful
contact between the active site of the enzyme and the sub-
strate. Besides, the immobilization efficiency and enzyme
activity are also dependent on the carrier properties (surface
area, pore size, and particle size) and subsequent internal
and external mass transfer phenomena. 4>

3. 3. 2. The Influence of pH on the Immobilization
Efficiency and Activity of the Biocatalyst

Most enzymes have an optimal pH at which their ac-
tivity is maximal. It is well known that the pH of the immo-
bilization medium has a significant effect on immobiliza-
tion efficiency and enzyme activity. If the pH value of the
medium in which the reaction is carried out is changed, a
change in the three-dimensional structure of the protein
and a subsequent loss of protein activity may occur. pH may
affect the activity of the enzyme, and therefore the effect of
pH on immobilization efficiency and immobilized cellulase
activity was studied. For the study, PBS pH 7 and acetate
buffer pH 5 were used. From Fig. 3, it is evident that higher
residual activity of the immobilized enzyme was obtained
when buffer PBS with pH 7 was used, regardless of the se-
lected biochar. Noritomi at al.%® also reported that maxi-
mum adsorptions of a-chymotrypsin on adzuki bean char-
coal and bagasse charcoal were observed at near neutral pH.
The loss in enzymatic activity at too high and too low pH
values may be attributed to alterations in enzyme confor-
mation resulting in decrease in immobilization efficiency.

100 20

90 - = pH 7 - 18
T 80 - m pH 5 L16 =
< e <
¢=>>‘70 i «=@==pH 7 - activity 14 2
I == pH 5 - activit 3
S 60 5 et 1 12 ©
£ ©
® 50 - L 10 g
8 N
T 40 L8 ¢
¥ s
= s
-é 30 4 -6 _-g_
£ 20 A -4 §

10 A 2

0 - -0

LTHTC of cellulose LTHTC of OL waste

Figure 3. Influence of pH on immobilization efficiency and residual
enzyme activity. Reaction conditions: 5 mg of chosen biochar, en-
zyme concentration of 2.3 mg/mL, crosslinker PEHA, 7-h immobi-
lization of enzyme with continuous stirring at 300 rpm, at ambient
temperature and at atm. pressure. Standard deviation for all meas-
urements was less than + 3%.

3. 3. 3. Influence of Immobilization Time on the
Immobilization Efficiency and Activity
of the Biocatalysts
The effect of coupling time on immobilization was in-
vestigated in terms of residual activity of cellulase and im-
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mobilization efficiency. The liquid form of cellulase (Cellu-
soft conc. L) was immobilized on two different carriers
(LTHTC of OL waste or LTHTC of cellulose), and the time
of immobilization (2, 7 or 24 h) was optimized (Fig. 4).

With an increase in the immobilization time, immo-
bilization efficiency and residual enzyme activity in-
creased. The optimal immobilization time was found to be
7 hours, since with further increases in the immobilization
time no significant differences in immobilization efficien-
cy and residual enzyme activity were detected in spite of
the origin of the biochar.
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mmmm | THTC of cellulose
90 1 s | THTC of OL waste [ 18
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Figure 4. Influence of immobilization time on immobilization effi-
ciency and residual enzyme activity. Reaction conditions: 5 mg of
chosen biochar, enzyme concentration of 2.3 mg/mL, crosslinker
PEHA, PBS with pH 7, ambient temperature and atm. pressure.
Standard deviation for all measurements was less than + 3%.

3. 3. 4 The Influence of Agitation Speed on
Immobilization Efficiency and Activity
of Biocatalysts

During the immobilization process, the enzyme is in
contact with the carrier. Shaking allows more intensive
contact between the enzyme and the carrier and conse-
quently the immobilization efficiency can be improved.
The effect of agitation speed on immobilization efficiency
and residual activity of immobilized cellulase was studied.
The enzyme and carrier were intensively shaken on a shak-
er at 300 rpm and 500 rpm for 7 hours. Higher immobili-
zation efficiency and residual enzyme activity were
achieved when the carrier and the enzyme were shaken at
lower agitation speed. Higher agitation speeds obviously
shortened the time of contact between the enzyme and the
carrier; therefore, immobilization efficiency and residual
enzyme activity decreased (Fig. 5).

4. Conclusions

LTHTC of semi-solid waste from olive oil and cellu-
lose production was performed to produce biochar. A

100 - - 20
90 - w300 rpm L 18
w500 rpm
= 80 : 2 F16 2
= e=@==300 rpm - activity <
i L >
§ 70 «=@==500 rpm - activity 1% =
o -
E 60 - Fr12 g
% 50 - L 10 &
s )
% 40 o
N w
3 30 - 3
g 20 - '?,
E x
10 -
O 4

LTHTC of cellulose LTHTC of OL waste

Figure 5. Influence of agitation speed on immobilization efficiency
and residual enzyme activity. Reaction conditions: 5 mg of chosen
biochar, enzyme concentration of 2.3 mg/mL, crosslinker PEHA,
PBS with pH 7, 7-h immobilization of enzyme with continuous stir-
ring at ambient temperature and at atm. pressure. Standard devia-
tion for all measurements was less than + 3%.

higher surface area was detected when the biochar was
produced by LTHTC of cellulose, but bigger pore size was
detected in biochar produced by LTHTC of OL waste. Bio-
chars produced by LTHTC were successfully used as carri-
ers for enzyme immobilization.

Studies have shown that biochars produced by LTH-
TC are suitable carriers for enzyme immobilization. Vari-
ous parameters that affect the immobilization efficiency
and residual activity of immobilized cellulase were tested.
Biochar from cellulose proved to be a more suitable carrier
for cellulase immobilization, because immobilized cellu-
lase on those biochar retains higher residual activity as in
the case when the cellulase was immobilized on the bio-
char produced by LTHTC of OL waste. Higher immobili-
zation efficiency and enzyme activity was achieved when
the enzyme was covalently bound onto biochar obtained
by LTHTC of cellulose. Moreover, immobilization of an
enzyme on these carriers results in a closed-loop produc-
tive system, which is the basis for a circular economy. Join-
ing immobilization of enzymes on one hand with produc-
tion of biochar on the other leads not only to a reduction
of costs for biocatalysts, but also to more sustainable pro-
duction.
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Povzetek

Nizkotemperaturna hidrotermalna karbonizacija (LTHTC) biomase je proces, ki temelji na reakciji biomase s sub-
kriti¢no vodo pri temperaturah do 250 °C. Pri tem pride do tvorbe nano- in mikro-poroznih ogljikovih struktur z reak-
tivno povrsino, ki je sestavljena iz hidroksilnih in karboksilnih skupin, ki imajo potencial za vezavo razli¢nih spojin.
Imobilizacijo encima na biooglje smo izvedli na dva nacina: z adsorpcijo in s kovalentno vezavo z dodatkom mreznega
povezovalca. Proucevali smo vpliv ¢asa imobilizacije, koncentracije encimov, vrste in koncentracije mreznega povezoval-
cain vrste nosilca - biooglja (LTHTC odpadkov iz proizvodnje olj¢nega olja (LTHTC OL odpadkov) ali LTHTC celuloze)
na ucinkovitost imobilizacije in preostale aktivnosti biokatalizatorja. Ve¢ja u¢inkovitost imobilizacije in preostala encim-
ska aktivnost je bila dosezena v primeru kovalentne vezave encima na biooglje, pridobljeno z LTHTC celuloze.
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