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Abstract: Wastewaters generated by the textile industry often contain significant amounts of harmful
(carcinogenic and mutagenic) cationic dyes, whose efficient removal is of crucial importance. This
study investigates the laccase immobilization on biochar obtained from sour cherry stones (SCS-B),
as a cost effective adsorbent, and evaluates its application for brilliant green (BG) degradation. The
successful immobilization of laccase on biochar was achieved via adsorption and confirmed using
scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX) and Fourier transform
infrared spectroscopy (FTIR). An immobilization efficiency of 66% was achieved using 0.274 U/mL
of laccase at pH 5 and a temperature of 40 ◦C. The adsorption kinetics of laccase followed a pseudo-
second-order model, indicating that chemical adsorption plays a significant role in the immobilization
process. The BG degradation by immobilized system was further optimized by evaluating effects of
pH, temperature, dye concentration, and contact time. More than 92% of BG (50 mg/L) was removed
within 4 h at pH 5 and temperature of 30 ◦C. These findings suggest that SCS-B can effectively be
used as an enzyme carrier and be further utilized for the removal of emerging pollutants, positioning
it as a sustainable solution for wastewater treatment.

Keywords: fruit processing waste; pyrolysis; adsorption; laccase; brilliant green

1. Introduction

Enzymes are proven as a highly efficient tool for biotransformation, enabling catal-
ysis in a wide range of substrates. Their product selectivity, ability to work under mild
reaction conditions, and low environmental impact have facilitated their extensive use
in various industries [1]. Enzymes, with their supreme and unique catalytic activity and
wide selectivity for various pollutants, represent considerable potential for environmental
remediation. Previously, several enzymes have been investigated for the removal of water
contaminants, and among them, hydrolases and oxidoreductases represent the most used
biocatalysts in the treatment of effluents. Oxidoreductase enzymes catalyze the oxidation
of a wide range of contaminants, such as phenols, herbicides, pesticides, synthetic textile
dyes, pharmaceuticals, and many others. Additionally, after treatment, they can be easily
separated by precipitation and centrifugation [2]. Besides lignin peroxidase and manganese
peroxidase, laccases are recognized as the leading oxidoreductases in the environment
application category due to their broad substrate range, simple catalysis requirements,
apparent stability, and lack of inhibition compared to other enzymes [3]. Laccase is con-
sidered a green catalyst, requiring only oxygen as a substrate and producing water as a
by-product; thus, it does not generate environmental contamination. Nevertheless, the
application of enzymes in their free form is associated with high operational costs, limited
stability, a decrease in catalytic activity after one cycle, and poor reusability, limiting their
use in large-scale environmental utilization [4,5]. To address these challenges, enzyme
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immobilization has emerged as an effective strategy. However, the cost of the immobi-
lization of enzymes is high too, and there is the requirement for more economical carriers
based on materials derived from waste biomasses. A wide variety of materials, including
organic, inorganic, and hybrid supports, have been explored for enzyme immobilization [1].
For optimal efficiency, the support material should maintain the enzyme’s activity, be
inert, allow regeneration, minimize enzyme leaching and nonspecific adsorption, and be
cost-effective. Recently, there has been increasing interest in using environmentally friendly
and affordable carriers for enzyme immobilization, which can be developed from a various
carbon-rich materials [4]. Biochar, activated carbon, and chitosan are the most widely
utilized biomass-derived carbon materials for enzyme immobilization [6]. Feedstocks
include agricultural, industrial, and household wastes, which are available and economical.
Biochar, stable, solid renewable-based material possesses numerous desirable features
such as functioning as an enzyme carrier, becoming a promising medium for the enzyme
immobilization process [7].

Biochar, a carbonaceous product, remains after the thermal decomposition of biomass
in oxygen-limited conditions. Thermal degradation (pyrolysis) exposes the biomass to high
temperatures, resulting in alterations in its chemical structure [8]. Biochar production is
regarded as a carbon-negative process that leads to a decrease in the atmospheric carbon
dioxide level [9]. Biochar primarily consists of app. 70% stable carbon, along with hydrogen
(H), oxygen (O), and trace amounts of other elements, while the precise composition
depends on the raw biomass utilized for biochar production and the operational parameters
during pyrolysis [6,10]. Owing to its high carbon content, biochar has been utilized in
various fields, including waste management, soil quality enhancement, pollutant removal
from soil and water, and renewable energy production [4,11–13]. Biochar might suitably
support high-load enzyme immobilization due to its inert nature, high surface area, rich
pore structure, and abundant oxygen-containing functional groups. Biochar demonstrates
excellent dispersibility and biocompatibility, as well as physicochemical resistance, owing to
its electron exchange properties. These characteristics of biochar, as well as its low cost and
widespread availability, make it desirable for laccase immobilization [14]. Recent research
has highlighted the effectiveness of biochar as a support material for laccase immobilization
in various applications. Lonappan et al. [15] investigated citric acid-modified biochars
obtained from Pig manure, almond shell and pine wood in order to enhance laccase binding
for diclofenac removal. The results confirmed that near 100% removal was observed using
all three laccase-immobilized biochars. Zhang et al. [16] immobilized laccase on biochar, and
it was used for BPA removal. The results confirmed that BPA with an initial concentration of
25 mg L−1 could be removed within 75 min due to enzymatic degradation and adsorption.

Brilliant green (BG), a synthetic and toxic dye, is one of the most commonly used
dyes in textile and paper printing industries. It is also used in the industrial production of
green ink as a bacteriological marker, dermatological agent, an additive to poultry feed to
inhibit mold growth, etc. [17,18]. BG is recognized as a mutagenic and carcinogenic dye,
posing significant health risks to living organisms. Small dosages of BG can lead to nausea,
vomiting, diarrhea, and renal irritation, while large dosages result in methemoglobinemia,
cardiovascular collapse, and death, resulting from respiratory failure [12].

As a cationic dye, BG has more toxic and dangerous effects compared to anionic dyes in
both aquatic and terrestrial environments, making its removal essential for environmental
protection [19].

On a global scale, waste valorization is becoming a key component of sustainable
development, where the reuse of organic waste materials is encouraged to reduce envi-
ronmental footprints and foster resource efficiency. The re-using of waste fruit stones,
by-products from the local food industry, not only prevents their disposal in landfills and
subsequent environmental impact but also confers new value to these by-products, aligning
with the principles of a circular economy. Serbia is well known for its rich fruit-growing tra-
dition, particularly the cultivation of peaches, plums, and sour cherries, which are among
the most abundant fruits in these regions. The conversion of the aforementioned fruit
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industry waste into high-value biochar for enzyme immobilization contributes to the global
trends, promotes a circular economy and offers a sustainable solution for pollutant removal.

This study investigates the possibility of laccase adsorption onto biochar prepared
from chemically modified waste biomass: peach stones, sour cherry stones, and plum
stones. The laccase immobilized on biochar was further used for the degradation of BG
from aqueous solution in a batch system. While there are several papers reporting on
laccase immobilization [14,20,21], the use of laccase immobilized on biochar derived from
fruit stones for dye degradation is unexplored yet. The novelty of this paper lies in the
development of a cost-effective solution that integrates biochar with a biocatalyst, resulting
in the efficient removal of a toxic cationic dye.

2. Materials and Methods
2.1. Materials

Peach stones (PSs), sour cherry stones (SCSs), and plum stones (PLSs) were obtained
from the local fruit processing factory. The collected stones were separated from the
remaining fruit remnants, washed with tap water and dried at room temperature. To reduce
their size, the stones were processed using the vibratory disk mill ‘Siebtechnik—T S250’
(Siebtechnik GmbH, Langenfeld, Germany) and then sieved into different size fractions.
For this investigation, the class between 0.2 and 0.3 mm was utilized. Grounded PSs, SCSs,
and PLSs were pyrolyzed in accordance with the procedure described by Antanasković
et al. [12], resulting in the production of biochar PS-B, SCS-B, and PLS-B, respectively. The
pyrolysis was carried out in a Nabertherm 1300 muffle furnace (Nabertherm, Lilienthal
Germany) in argon atmosphere. Afterward, 2 g of each type of biochar was mixed with
a solution containing 50 mL of 5 mol L−1 sulfuric acid (H2SO4) and 5 mol L−1 nitric
acid (HNO3) (1:1) in 250 mL Erlenmeyer flask; the mixtures were agitated on a magnetic
stirrer for 24 h at room temperature. Subsequently, the samples were thoroughly washed
using deionized water until they reached neutralization (pH 6–7). The obtained materials,
modified peach stone biochar (MPS-B), modified sour cherry stone biochar (MSCS-B), and
modified plum stone biochar (MPLS-B), were dried overnight at 80 ◦C and stored for
further experiments.

Laccase from Trametes versicolor (powder, ≥0.5 U/mg) was purchased from Sigma
Aldrich, Darmstadt Germany. ABTS (2,2-azinobis-(3-ethylbenzthiazoline-6-sulfonic acid) and
brilliant green were purchased from Sigma-Aldrich, St. Louis, MO, USA, and used without
further purification. All other chemicals used in this work were of pure analytical grade.

2.2. Methods
2.2.1. Laccase Characterization

The optimum temperature for free laccase was evaluated by incubating the enzyme
in sodium acetate buffer (0.1 mol L−1, pH 5.0) across a temperature range of 20–60 ◦C,
followed by measuring the enzyme’s activity using ABTS as a substrate. The relative
activity of laccase as a function of temperature is presented relative to the highest observed
activity, which is taken as 100%.

2.2.2. Biochar Supports for Laccase Immobilization

The immobilization of commercial laccase from T. versicolor on acid-functionalized
biochar was achieved through the adsorption process. The laccase solution was prepared
in 0.1 mol L−1 sodium acetate buffer at pH 5. The optimization was carried out in a range
of pH values (4–8; sodium acetate buffer at pH 4 and 5 and potassium phosphate buffer at
pH 6, 7, and 8), temperatures (20–50 ◦C) and contact times (1–6 h), using the single-variable
approach. For this purpose, 15 mg of biochar was placed in 2 mL Eppendorf tubes, mixed
with 1 mL of laccase solution (with a concentration of 25 mg/mL) and incubated in a shaker
at 200 rpm (KS 4000 I, IKA, Staufen, Germany). After a defined time, the supernatant was
separated from the biochar and analyzed to measure protein concentration by the Bradford
method and laccase activity. The biochar with immobilized laccase was gently washed
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three times with 1 mL 0.1 mol L−1 buffer (pH 5) and subjected to the determination of
enzyme activity. All experiments were conducted in triplicate.

2.2.3. Enzyme Assay

The activity of laccase was evaluated by monitoring the oxidation of ABTS at 420 nm
using a UV/VIS Ultrospec 3300 Pro spectrophotometer (Amersham Bioscience, Bucking-
hamshire, UK). The reaction mixture consisted of 1 mmol L−1 ABTS (0.1 mL), 0.1 mol L−1

sodium acetate buffer (pH 5.0, 0.3 mL), and commercial fungal laccase (0.2 mL). The control
sample included 0.1 mol L−1 buffer (pH 5.0, 0.4 mL) and commercial fungal laccase (0.2 mL).
Incubation was conducted at the optimal temperature for laccase activity (30 ◦C). The activity
of laccase was calculated according the equations given in the study by Ilić et al. [22].

The volumetric activity of free laccase [U/mL] is determined using the following equation:

E.A. =
A420 × Vt

t × Ve × ε
× D (1)

where E.A. is the volumetric activity of laccase [U/mL], A420 is the absorbance at 420 nm,
Vt is the reaction mixture’s total volume [mL], t is the time of incubation [min], Ve is the
volume of laccase solution [mL], ε is the extinction coefficient of ABTS [36,000 M−1 cm−1],
and D is the dilution of laccase.

The total activity of free laccase [U/g] was calculated by the following equation:

E.A. = E.A. × V
ms

(2)

where E.A. is the total activity of laccase [U/g], E.A. is the volumetric activity of laccase
[U/mL], V is the volume used for laccase extraction [mL], and ms is the laccase powder
mass [g]. The protein concentration of laccase was determined using the standard Bradford
method [23], with absorbance measured at 540 nm.

The total activity of immobilized laccase [U/g] was calculated according to the follow-
ing equation:

E.A. =
A420 × Vt

t × ms × ε
(3)

where A420 is the sample absorbance at 420 nm, Vt is the total reaction mixture volume [mL],
t is the time of incubation [min], ms is the solid carrier mass [g], and ε is ABTS extinction
coefficient [36,000 M−1 cm−1].

In order to determine the optimal conditions for laccase immobilization on biochars,
the immobilization efficiency and residual laccase activity were calculated using the equa-
tions given in a study of Ilić et al. [22]:

Immobilization efficiency was calculated according to the following equation:

Immobilization e f f iciency [%] =
ci − cs

ci
× 100 (4)

where Ci represents the free laccase protein concentration [mg/mL], and Cs is the concen-
tration of proteins in washed supernatant [mg/mL].

Residual activity [%] =
Activity o f immmobilized laccase

Activity o f f ree laccase
× 100 (5)

2.2.4. Kinetics of Enzyme Immobilization

Adsorption kinetics assays were performed by analyzing total protein from aliquot
supernatant at 15, 30, 45, 60, 90, 120, 180 and 240 min. The pseudo-first and pseudo-second-
order model were applied in non-linear forms and fitted using non-linear regression
analysis with OriginPro (2021 version) software. Summarized data containing applied
kinetic models are given in Table S1.
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2.2.5. Characterization of Laccase Immobilized Biochar

The functional groups of biochar before and after laccase immobilization were ana-
lyzed through Fourier-transform infrared spectroscopy (FTIR). FTIR analysis was carried
out using a Thermo Nicolet 6700 FTIR spectrometer (International Equipment Trading Ltd.,
Madison, WI, USA) within the 400–4000 cm−1 spectral range.

The surface morphology of the biochar and laccase-immobilized biochar was examined
using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
to map the distribution of specific elements on surfaces of the material. SEM-EDX analysis
was conducted using JEOL JSM-6610 LV SEM (JEOL Ltd., Tokyo, Japan) on samples coated
with a thin layer of gold.

The pH suspension (pHsus) of MSCS-B in water was determined according to the ASTM
D6851-02 standard [24]. Moreover, 0.2 g of each sample was added to 30 mL of distilled water
and placed in a closed container with stirring at room temperature for 72 h. Subsequently,
the pHsus was measured using a SensION3 pH meter (Hach, Loveland, CO, USA).

2.2.6. Brilliant Green Decolorization

To prepare the BG stock solution with an initial concentration of 1000 mg/L, 1.0 g of
BG powder was dissolved in distilled water. The experimental solutions of the desired
concentration were prepared by the diluting method. To determine the optimal conditions
for dye decolorization using laccase immobilized on biochar, the effects of dye concentration
(10–500 mg/L), pH (3–7), temperature (20–50 ◦C), and contact time (1–6 h) were investigated.
The specific amount of biochar with immobilized laccase was combined with 1 mL of dye
solution. The decolorization efficiency (DE) was determined spectrophotometrically by
measuring the absorbance of the dye at 625 nm using Equation (6):

Decolorization e f f iciency [%] =
ci − c f

c f
× 100 (6)

where Ci and Cf are the initial and final dye concentrations [mg/L], respectively.

3. Results and Discussion
3.1. Laccase Characterization

Laccase activity as a function of temperature is presented in Figure 1. The results
demonstrate that laccase activity increases with rising temperatures from 20 ◦C to 30 ◦C, with
maximum activity observed at 30 ◦C, indicating its optimal temperature. A similar optimal
temperature was found by Taheran et al. [25] for laccase from T. versicolor. However, a further
increase in temperature up to 60 ◦C leads to a significant decrease in the activity of laccase,
with the enzyme becoming almost entirely inactive at the highest temperatures, with a relative
activity of only 3%. This decline in laccase activity is probably due to enzyme denaturation
caused by elevated temperatures, leading to a reduction in catalytic efficiency [16].
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3.2. Biochars Supports for Laccase Immobilization

The efficiency of enzyme immobilization onto MPS-B, MSCS-B and MPLS-B is calcu-
lated and presented in Figure 2. As shown in Figure 2, the immobilization efficiency was
62% for MSCS-B, 54% for MPLS-B, and 36% for MPS-B. Fatarella et al. [26] demonstrated
an immobilization efficiency of 59.4% by immobilizing laccase on Nylon 6 film hydrolyzed
by HCl under similar conditions, room temperature and pH = 4.5, but with a significantly
longer contact time (12 h). Based on the presented results, MSCS-B demonstrates the high-
est effectiveness as a support for laccase immobilization, prompting further investigations
with this biochar.

Processes 2024, 12, x FOR PEER REVIEW  7  of  16 
 

 

 

Figure 1. Effect of temperature on the activity of free laccase from T. versicolor: (a) total activity; (b) 

relative activity. 

3.2. Biochars Supports for Laccase Immobilization 

The efficiency of enzyme immobilization onto MPS-B, MSCS-B and MPLS-B is calcu-

lated and presented in Figure 2. As shown in Figure 2, the immobilization efficiency was 

62% for MSCS-B, 54% for MPLS-B, and 36% for MPS-B. Fatarella et al. [26] demonstrated 

an immobilization efficiency of 59.4% by immobilizing laccase on Nylon 6 film hydrolyzed 

by HCl under similar conditions, room temperature and pH = 4.5, but with a significantly 

longer contact time (12 h). Based on the presented results, MSCS-B demonstrates the high-

est effectiveness as a support for laccase immobilization, prompting further investigations 

with this biochar. 

 

Figure 2. Immobilization efficiency for different biochars. 

Laccase immobilization on MSCS-B was achieved using the adsorption method. To 

optimize the immobilization conditions, various parameters such as pH, temperature, and 

incubation time were investigated to improve laccase immobilization. Two crucial param-

eters  (residual activity and  immobilization efficiency) were determined  to evaluate  the 

success of laccase immobilization on MSCS-B. The optimal pH value is crucial for enzyme 

activity; an inappropriate pH environment can lead to a loss of laccase activity or inacti-

vation [16]. The effect of pH on immobilization is investigated and presented in Figure 3a. 

The results revealed that the greatest values of residual activity and immobilization effi-

ciency were reached at pH 5.0, while further  increases  in pH led to a decrease in these 

parameters. At pH 5.0, the maximum residual activity was 81% and the highest immobi-

lization efficiency was 74%, making this pH optimal for laccase immobilization on MSCS-

B, and it was thus adopted for further investigations. These results align with a study by 

Al-Sareji et al. [27], who also demonstrated that pH 5 was optimal for the immobilization 

of laccase from T. versicolor on acid-treated carbon material. Temperature is also one of the 

key  factors  in  laccase  immobilization  as  enzymes  are generally heat-sensitive  and  are 

Figure 2. Immobilization efficiency for different biochars.

Laccase immobilization on MSCS-B was achieved using the adsorption method. To
optimize the immobilization conditions, various parameters such as pH, temperature,
and incubation time were investigated to improve laccase immobilization. Two crucial
parameters (residual activity and immobilization efficiency) were determined to evaluate
the success of laccase immobilization on MSCS-B. The optimal pH value is crucial for
enzyme activity; an inappropriate pH environment can lead to a loss of laccase activity
or inactivation [16]. The effect of pH on immobilization is investigated and presented in
Figure 3a. The results revealed that the greatest values of residual activity and immobi-
lization efficiency were reached at pH 5.0, while further increases in pH led to a decrease
in these parameters. At pH 5.0, the maximum residual activity was 81% and the highest
immobilization efficiency was 74%, making this pH optimal for laccase immobilization
on MSCS-B, and it was thus adopted for further investigations. These results align with
a study by Al-Sareji et al. [27], who also demonstrated that pH 5 was optimal for the
immobilization of laccase from T. versicolor on acid-treated carbon material. Temperature is
also one of the key factors in laccase immobilization as enzymes are generally heat-sensitive
and are active only within specific temperature ranges [20]. Figure 3b demonstrates the
residual activity and immobilization efficiency of the immobilized laccase in relation to
temperature. Both parameters increased with rising temperature, reaching their peak at
40 ◦C, with a residual activity of nearly 83% and immobilization efficiency of 60%. This
optimum temperature likely reflects a balance between enhanced molecular mobility and
enzyme activity, which facilitates better interactions between the laccase and the biochar
as a support. However, at 50 ◦C, both parameters, residual activity and immobilization
efficiency, decreased due to the thermal denaturation of the enzyme, which led to a loss of
enzyme structure and function [28]. Taheran et al. [25] also reported that 40 ◦C is the opti-
mal temperature for immobilizing laccase from T. versicolor onto polyacrylonitrile–biochar.
Figure 3c illustrates the effect of contact time on the immobilization of laccase on MSCS-B.
The residual activity and immobilization efficiency gradually increase with immobilization
time, reaching their maximum values of 85% and 66%, respectively, at 4 h. The initial rise in
immobilization efficiency was attributed to the extensive surface area of biochar available
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for laccase binding [29]. However, the immobilization efficiency declined to 61% and 57%
at 5 and 6 h, respectively, revealing that a prolonged immobilization time did not lead to
the maximum immobilization efficiency. A prolonged immobilization time can lead to
enzyme leaching or detachment from the support due to mechanical forces, so ensuring
the rapid immobilization of laccase on biochar is essential.

Processes 2024, 12, x FOR PEER REVIEW  8  of  16 
 

 

active only within specific temperature ranges [20]. Figure 3b demonstrates the residual 

activity and immobilization efficiency of the immobilized laccase in relation to tempera-

ture. Both parameters  increased with  rising  temperature,  reaching  their peak at 40  °C, 

with a residual activity of nearly 83% and immobilization efficiency of 60%. This optimum 

temperature likely reflects a balance between enhanced molecular mobility and enzyme 

activity, which facilitates better interactions between the laccase and the biochar as a sup-

port. However, at 50 °C, both parameters, residual activity and immobilization efficiency, 

decreased due to the thermal denaturation of the enzyme, which led to a loss of enzyme 

structure and function [28]. Taheran et al. [25] also reported that 40 °C is the optimal tem-

perature for immobilizing laccase from T. versicolor onto polyacrylonitrile–biochar. Figure 

3c illustrates the effect of contact time on the immobilization of laccase on MSCS-B. The 

residual activity and  immobilization efficiency gradually  increase with  immobilization 

time, reaching their maximum values of 85% and 66%, respectively, at 4 h. The initial rise 

in immobilization efficiency was attributed to the extensive surface area of biochar avail-

able for laccase binding [29]. However, the immobilization efficiency declined to 61% and 

57% at 5 and 6 h, respectively, revealing that a prolonged  immobilization time did not 

lead  to  the maximum  immobilization efficiency. A prolonged  immobilization  time can 

lead  to enzyme  leaching or detachment  from  the support due  to mechanical  forces, so 

ensuring the rapid immobilization of laccase on biochar is essential. 

 

Figure 3.  Influence of  (a) pH;  (b)  temperature;  (c) contact  time on  immobilization efficiency and 

residual activity in the immobilization of laccase on MSCS-B. 

   

Figure 3. Influence of (a) pH; (b) temperature; (c) contact time on immobilization efficiency and
residual activity in the immobilization of laccase on MSCS-B.

3.3. Kinetics of Enzyme Immobilization

A kinetic study was conducted to determine the adsorption mechanism of laccase on
MSCS-B. The experimental data are fitted by pseudo-first-order and pseudo-second-order
kinetic models; the obtained fitting data are given in Table 1, while the graphs are presented
in Figure 4.

Based on the results presented in Table 1, it can be observed that the pseudo-second-
order model better fits the experimental data compared with the pseudo-first-order model.
The calculated qt value for pseudo-second order (0.0226 mg/mg) was closer to the experi-
mental value (0.0214 mg/mg) than the value obtained from the pseudo-first-order model
(0.0178 mg/mg). Additionally, the pseudo-first-order model exhibits lower correlation
coefficients (R2) and higher chi-squared values (χ2) in relation to the pseudo-second-order
model. On the other hand, the correlation coefficient for pseudo-second order was greater
than 0.99, and it exhibited a low chi-squared value of only 5.71 × 10−7, which clearly
indicated a better fit for the pseudo-second-order model. This implies that the adsorption
mechanism is predominantly controlled by the binding interactions involving electron shar-
ing between the enzyme and the support, suggesting that the chemical process might be a
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limiting factor in laccase adsorption [10]. Jafri et al. [21] also observed that pseudo-second
order better describes the laccase adsorption onto magnetically separable hierarchically
ordered mesoporous silica, obtaining an adsorption capacity of 0.0275 mg/mg.

Table 1. Parameters of applied kinetic models.

Kinetic Model Parameter Value

qe, exp (mg/mg) 0.0214

Pseudo-first order

qt, calc (mg/mg) 0.0178
k1 (1/min) 0.0188

R2 0.9853
χ2 8.55 × 10−7

Pseudo-second order

qt, calc (mg/mg) 0.0226
k2 (g/mg min) 0.7949

R2 0.9906
χ2 5.71 × 10−7
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Figure 4. Experimental data and non-linear fit for pseudo-first-order and pseudo-second-order kinetic
models for laccase immobilization on MSCS-B.

3.4. Characterization of Laccase Immobilized Biochar

The material characterization using SEM imaging and EDX mapping provide a de-
tailed analysis of surface morphology and elemental composition of the modified biochar
samples before and after laccase immobilization-LMSCS-B (Figure 5). The SEM-EDX analy-
sis of biochar derived from non-modified sour cherry stones conducted in our previous
study [30] revealed a porous structure with irregular cracks and channels. After the acid
treatment of the biochar (Figure 5a), a heterogeneous surface with deeper pores was ob-
served, attributed to the removal of impurities from the pores by the acid treatment [7].
Similar findings are obtained by the SEM analysis of Al-sareji et al. [27], who investigated
the effect of the acid treatment of activated carbon from a coconut shell. The SEM morphol-
ogy of laccase immobilized on biochar, LMSCS-B (Figure 5b), did not reveal significant
alterations in the surface topography. This is probably due to the relatively small dimension
of the laccase protein, between 60 and 90 kDa [15], which corresponds to a particle size
of less than 5 nanometers. Such a small dimension is difficult to capture by micrographs
with a 1 µm magnification [31]. However, after laccase immobilization, the surface of
MSCS-B appears smoother, which can be attributed to the enzyme coating on the surface
of the biochar. The most important fact observed from the EDX analysis is the significant
amount of nitrogen (7.86%) after enzyme adsorption, confirming the successful binding of
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laccase on the biochar surface. These findings are consistent with other studies that have
investigated laccase immobilization on carbon materials [7,32,33].

Processes 2024, 12, x FOR PEER REVIEW  10  of  16 
 

 

3.4. Characterization of Laccase Immobilized Biochar 

The material characterization using SEM imaging and EDX mapping provide a de-

tailed analysis of surface morphology and elemental composition of the modified biochar 

samples before and after laccase immobilization-LMSCS-B (Figure 5). The SEM-EDX anal-

ysis of biochar derived from non-modified sour cherry stones conducted in our previous 

study [30] revealed a porous structure with irregular cracks and channels. After the acid 

treatment of the biochar (Figure 5a), a heterogeneous surface with deeper pores was ob-

served, attributed to the removal of impurities from the pores by the acid treatment [7]. 

Similar findings are obtained by the SEM analysis of Al-sareji et al. [27], who investigated 

the effect of the acid treatment of activated carbon from a coconut shell. The SEM mor-

phology of laccase immobilized on biochar, LMSCS-B (Figure 5b), did not reveal signifi-

cant alterations  in  the surface  topography. This  is probably due  to  the relatively small 

dimension of  the  laccase protein, between 60 and 90 kDa  [15], which corresponds  to a 

particle size of less than 5 nanometers. Such a small dimension is difficult to capture by 

micrographs with a 1 µm magnification [31]. However, after laccase immobilization, the 

surface of MSCS-B appears smoother, which can be attributed to the enzyme coating on 

the surface of the biochar. The most important fact observed from the EDX analysis is the 

significant amount of nitrogen (7.86%) after enzyme adsorption, confirming the successful 

binding of laccase on the biochar surface. These findings are consistent with other studies 

that have investigated laccase immobilization on carbon materials [7,32,33]. 

 

Figure 5. SEM and EDX before and after immobilized laccase on biochar (a) MSCS-B; (b) LMSCS-B. 

The FTIR spectra of MSCS-B and LMSCS-B recorded by FTIR analysis are shown in 

Figure  6. The  sharp peak observed  at  2916  cm−1  in LMSCS-B  corresponds  to  the C–H 

stretching of the -CH2 group [34]. The peak at 2646 cm−1 suggests the presence of aliphatic 

(–CHn) groups in the biochar [30]. The broad bands at 1600–1703 cm−1 are attributed to the 

C=O stretching bonds in the carboxylic acid functional groups formed as a result of acid 

treatment [35]. During the functionalization process, the carbon structure breaks down, 

leading  to  an  increased  generation  of  an  electric  dipole.  This  behavior  is  due  to  the 
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The FTIR spectra of MSCS-B and LMSCS-B recorded by FTIR analysis are shown in
Figure 6. The sharp peak observed at 2916 cm−1 in LMSCS-B corresponds to the C–H
stretching of the -CH2 group [34]. The peak at 2646 cm−1 suggests the presence of aliphatic
(–CHn) groups in the biochar [30]. The broad bands at 1600–1703 cm−1 are attributed
to the C=O stretching bonds in the carboxylic acid functional groups formed as a result
of acid treatment [35]. During the functionalization process, the carbon structure breaks
down, leading to an increased generation of an electric dipole. This behavior is due to
the bonding of carboxyl groups on the biochar surfaces and the multiplication of defects
caused by the oxidation of mixed acid [36]. After laccase immobilization, the signal peak at
1600 cm−1 increased, possibly owing to the additional carbonyl groups of the enzymes [14].
The broad peak observed around 1210 cm−1, related to the C–O stretching vibration of
phenolic hydroxyl groups on the biochar’s surface, was followed by the appearance of a
triplet at 1116, 1104 and 1080 cm−1 after laccase adsorption, which is characteristic of the
laccase protein [37]. This finding supports the results obtained by the EDX analysis, which
detected nitrogen, originating from these proteins. The broad absorption peaks between
756 and 872 cm−1 are associated with aromatic compounds present on the investigated
sample’s surface [38].

Contact pH (pHsus) is indicative of the overall content of acidic or basic functional
groups present on the biochar’s surface. MSCS-B has a pHsus of 4.18, which is lower
compared to the pHsus of native sour cherry stone biochar (6.48) observed in our previous
study [30]. The lower pHsus of the modified biochar is a result of acid treatment, which
increased the content of acidic functional groups, such as carboxylic and phenolic groups,
as confirmed by FTIR analysis. This is favorable for the immobilization of enzymes.
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3.5. Brilliant Green Decolorization

After optimizing the immobilization process of laccase on the MSCS-B support, the
oxidative activity of the immobilized enzyme was investigated for the decolorization of
the toxic dye BG. To achieve efficient dye degradation and further optimize the process,
various parameters were examined, including the influence of temperature, pH, time, and
dye concentration. The results of these investigations are presented in Figure 7.
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The decolorization efficiency of the enzymatic removal of BG by immobilized laccase
on biochar was investigated at different initial dye concentrations, ranging from 10 to
500 mg/L. The experiments were conducted at pH 6, a temperature of 20 ◦C, and a duration
of 3 h. As illustrated in Figure 7a, the maximum decolorization efficiency of BG by LMSCS-
B was achieved at a BG concentration of 50 mg/L, with a DE of 75%. Further, increased BG
concentration led to a decrease in the decolorization of the dye. This can be explained by
substrate inhibition and/or the limited availability of enzyme concentration, which led to a
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decrease in dye decolorization. Thakur et al. [39] reported the same trend in their study
using laccase immobilized in alginate for dye removal.

The effect of pH on dye decolorization by laccase immobilized on biochar was investi-
gated in the range of 3 to 7, with a BG concentration of 50 mg/L at a temperature of 20 ◦C
for 3 h, as presented in Figure 7b. As can be seen from Figure 7b, the decolorization of BG
improved with increasing the pH up to a value of 5.0 and then gradually decreased. At
pH 3, the DE of BG was 45%, probably because the highly acidic pH altered the structure of
the enzyme’s amino acid chains, disrupting its conformation and consequently diminishing
its catalytic activity [27]. The maximum degradation of BG was recorded at pH 5, with
a DE of almost 85%. Similar results were previously reported by Norah et al. [40], who
also demonstrated that laccases exhibit optimal activity at pH 5 for dye degradation. It is
important to emphasize that at pH 6, the DE of BG was slightly reduced but still reached
80%. This slight decrease in BG decolorization at pH 6 can be attributed to the partial
loss of enzyme activity, which results in a change in the ionic form of the active site under
suboptimal pH conditions [41].

The DE of BG by LMSCS-B was assessed at an initial dye concentration of 50 mg/L,
with optimal pH (pH 5), over a period of 3 h, and across a wide range of temperatures
(20, 30, 40, and 50 ◦C). According to Figure 7c, the decolorization of BG increased with
rising temperatures from 20 to 30 ◦C, with the highest percentage of nearly 87% obtained at
30 ◦C. However, a further rise in temperature led to a reduction in the enzymatic DE. When
the temperature was increased to 50 ◦C, the decolorization of BG decreased to about 20%
caused by immobilized laccase, regarding its maximum values. Temperatures higher than
the optimal one caused a negative effect on BG decolorization, likely due to changes in the
conformational structure of laccase from thermal denaturation, which in turn decreased its
DE [42]. Overall, the optimal temperature for dye degradation by immobilized laccase on
different supports has been found to range between 25 and 30 ◦C in several studies [43–45].

The influence of contact time on LMSCS-B for the decolorization of BG was examined
over a period of 1–6 h. The experiment was conducted under optimal conditions, including
a BG concentration of 50 mg/L, a pH of 5, and a temperature of 30 ◦C. As can be seen in
Figure 7d, LMSCS-B removed 41% of the dye within the first hour, while almost 93% was
removed after 4 h. The high DE indicates that LMSCS-B demonstrates a significant capacity for
decolorizing toxic dyes. The obtained results are consistent with the study by Chen et al. [46],
where laccase immobilized onto magnetic graphene oxide removed 91% of BG within 3 h.

Table 2 summarizes the comparison of decolorization efficiency for commercial laccase
immobilized on different solid supports. It is evident from Table 2 that the immobilization
of laccase on biochar shows promising results for dye removal.

Table 2. Comparison decolorization efficiency of commercial laccase immobilized on different
solid carriers.

Solid Carrier Dye Decolorization Efficiency, % Parameters References

Nanoparticles of magnetic
iron oxide Direct Red 23 89 Ci = 10 mg/mL, pH = 5.0,

T = 50 ◦C, t = 1 h. [40]

Poly(MA-alt-MVE)-g-PLA
nanocomposite Reactive Red 3 65 Ci = 0.05 mg/L, pH = 5.0,

T = 20 ◦C, t = 1.5 h. [42]

Magnetic metal–organic
framework Reactive Black 5 81 Ci = 5 mg/L, pH = 4,

T = 25 ◦C, t = 24 h. [44]

Magnetic graphene oxide Brilliant green 91 Ci = 50 mg/L, pH = 3.0,
T = 35 ◦C, t = 3 h. [46]

Poly(vinylamine)
microbeads

Direct Blue 1/Direct
Red 128 68/87 Ci = 50 mg/L, pH = 5.5,

T = 30 ◦C, t = 18 h. [47]

Sour cherry stone biochar Brilliant green 93 Ci = 50 mg/L, pH = 5.0,
T = 30 ◦C, t = 4 h. This study
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4. Conclusions

This paper presents results of the development of the cost-effective and sustainable en-
zyme immobilization support based on fruit processing waste biochar. Acid functionalized
sour cherry stone biochar was utilized as a carrier for the immobilization of commercial
laccase. The successful laccase immobilization was confirmed by characterization, via FTIR
analysis, which revealed characteristic peaks corresponding to functional groups associated
with the enzyme’s structure, supported by EDX analysis, which detected the presence
of nitrogen, originating from the enzyme proteins. Under optimized conditions (pH 5, a
temperature of 40 ◦C and an incubation time of 4 h), a high immobilization efficiency of 66%
was achieved. The laccase adsorption on MSCS-B was found to follow the pseudo-second-
order model, indicating a chemisorption mechanism, with a high correlation coefficient
(R2 ≥ 0.99). Moreover, the immobilized system was applied to degrade BG, wherein almost
93% of dye was removed during 4 h at pH 5 and 30 ◦C, proving its excellent potential for
wastewater treatment.

Despite the high efficiency of laccase immobilization and promising dye degradation
results, certain aspects require further exploration. The scalability of the immobilization
process could pose challenges in industrial applications, particularly in maintaining consis-
tent biochar quality during large-scale production. Additionally, the long-term stability and
reusability of the immobilized enzyme in complex wastewater environments need further
investigation. Nonetheless, the current findings underscore the environmental benefits and
cost-effectiveness of using waste biomass for enzyme immobilization.

Future research should focus on scaling up this process and integrating it into existing
wastewater treatment systems. Exploring different enzymes or pollutants could broaden
the application scope, while testing the system in real industrial conditions would enhance
its practical value. Overall, this biochar–enzyme system has huge potential to become a
versatile and sustainable solution for environmental management.
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