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Abstract: The ongoing discharge of containments into the environment has raised concerns about
the potential harm they pose to various organisms. In the framework of eliminating pharmaceutical
chemicals from aqueous solutions, enzymatic degradation by laccase is an environmentally friendly
option. In this investigation, laccase immobilized on biochar derived from agricultural waste (orange
peels, OPs) was used for the first time to remove carbamazepine and diclofenac from aqueous
media. Different characterizations, such as Fourier-transform infrared spectroscopy (FTIR), scanning
electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS), X-Ray diffraction (XRD),
specific surface area (SBET), Boehm titration, proximate and ultimate analysis, as well as the point
of zero-charge (pHPZC) analysis, were used in this study. The immobilization of laccase results in
enhanced stability with respect to storage, temperature, and pH compared to laccase in its free form.
The findings showed that the ideal conditions for immobilization were a pH of 4, a temperature of
30 ◦C, and a laccase concentration of 4.5 mg/mL. These parameters led to an immobilization yield
of 63.40%. The stability of laccase immobilized on biochar derived from orange peels (LMOPs) was
assessed over a period of 60 days, during which they preserved 60.2% and 47.3% of their initial
activities when stored at temperatures of 25 ◦C and 4 ◦C, respectively. In contrast, free laccase
exhibited lower stability, with only 33.6% and 15.4% of their initial activities maintained under the
same storage conditions. Finally, the use of immobilized laccase proved to be effective in eliminating
these pollutants in up to five cycles. Upon comparing the two systems, namely LMOPs and modified
orange peels (MOPs), it becomes apparent that LMOPs exhibit an estimated 20% improvement in
removal efficiency. These results affirmed the viability of activated carbon derived from OPs as a
cost-effective option for immobilizing laccase. This approach could potentially be further scaled up
to effectively eliminate organic pollutants from water sources.
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1. Introduction

The widespread contamination of aquatic environments with pharmaceutical residues
is a matter of concern that presents substantial risks to aquatic creatures [1]. Pharmaceuti-
cals include any medications used by humans or animals, whether prescribed or obtained
without a prescription. The widespread use of medicines has been shown to contribute
to an extended lifespan and improved quality of life. However, the presence of pharma-
ceutical pollutants in the environment is frequently found due to insufficient monitoring
and regulation in most cases [2]. It is an urgent scientific priority to find eco-friendly
methods for removing these harmful substances. A number of techniques, including co-
agulation/flocculation, membrane technologies, and adsorption, have been utilized for
eliminating various contaminants from water [3,4]. Due to its simplicity of application
and absence of secondary contamination, adsorption is the most popular among these
techniques. Meanwhile, the method of adsorption ultimately encounters limitations due
to saturation, and regeneration is required to sustain the system’s effectiveness. Thus,
researchers have incorporated bioremediation and adsorption for the combined elimination
and decomposition of pollutants. The use of biodegradable biomolecules, such as enzymes
derived from renewable and highly specialized sources, is now being exploited for this
objective [5]. According to studies, oxidative enzymes, such as laccase, have shown an
excellent level of efficacy in the biodegradation of a wide range of organic pollutants,
including pharmaceutical compounds. This enzymatic process effectively transforms these
pollutants into chemicals that are either less harmful or biologically inactive substances [6].
Despite laccases having a potential for pollutant biodegradation, their application in the
industry may be challenging due to the complexity of recovering them from the reaction
media for additional reuse, as well as temperature and pH instability. To overcome these
limitations, laccase is immobilized onto firm support to circumvent these constraints.

Immobilization of laccase involves binding the enzyme to a solid support by cova-
lent bonding, entrapment/encapsulation, cross-linking, as well as adsorption. The most
common and straightforward technique for immobilizing laccase is adsorption. In recent
years, many materials like bentonite, activated carbon, biochar, metal-organic frameworks
(MOFs), and chitosan have been identified as possible carrier materials [7]. Biochar has
attracted significant attention because of its large specific surface area, porosity, afford-
ability, and widespread accessibility. In addition, biochar can be modified with alkaline
and acidic solutions to improve its efficacy. Activated carbon derived from agricultural
wastes is a carbon material with beneficial features, including a high specific surface area,
high-load enzyme immobilization, excellent dispersibility, and biocompatibility for stable
operation [8].

The orange fruit is widely utilized and is among the most often consumed citrus
fruits in the agricultural sector, with an estimated annual production of 72 million tons [9].
Orange peel constituted a substantial portion of this fruit. There were nearly 25 million
tons of citrus waste generated worldwide in 2016 [10]. In 2013, the production of this
waste stream in the European Union (EU) alone exceeded 10 million tons [9]. The unre-
stricted dispersal of orange peel waste is regarded as a poor management strategy as it
negatively impacts the environmental and socioeconomic dimensions of sustainability. The
sustainable bioconversion of orange peel into valuable products, such as adsorbents, offers
economic advantages while mitigating the negative environmental impacts associated with
landfill decomposition.

Consequently, scientists have placed significant emphasis on the process of synthe-
sizing biochar from agricultural waste and its subsequent use as a support for enzyme
immobilization [11]. In a recent study conducted by Imam and co-workers (2021), the
researchers conducted an investigation into the process of immobilizing laccase onto the
surface of biochar derived from rice straw [12]. The primary aim of their study was to
investigate the capacity of the immobilized laccase system to facilitate the biodegradation
process of anthracene. The immobilization yield of the laccase was found to be 66%, indi-
cating a significant level of effectiveness. Furthermore, the laccase exhibited a notable level
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of stability for up to six cycles, suggesting its potential for prolonged use. Additionally, the
laccase retained 40% of its original activity, indicating a considerable degree of functionality.
In another study, Ghosh and Ghosh (2019) effectively immobilized laccase obtained from
Aspergillus flavus PUF5 onto coconut fiber [13]. Remarkably, they were able to retain 80%
of the enzyme’s original activity even after subjecting it to six cycles of consumption. In
a different investigation, the process of immobilizing laccase on wheat straw biochar by
adsorption and cross-linking was used to facilitate the removal of 2,4-dichlorophenol (2,4-
DCP) from soil, which resulted in enhanced enzymatic stability [14]. For the elimination
of diclofenac, Lonappan and collaborators (2018) fixed laccase on biochar from multiple
feedstocks, namely pine wood (BCPW), pig manure (BCPM), and almond shell (BCAS)
produced under varying pyrolysis conditions [15]. The study revealed that the biochars
BCPW, BCPM, and BCAS had specific surface areas of 14.1, 46.1, and 17.0 m2/g, respec-
tively. The biochars were characterized by the identification of different surface textures,
morphologies, surface chemistry, and functional groups. Furthermore, the researchers
demonstrated successful covalent immobilization of laccase, with BCPM emerging as the
most efficient support material for immobilization owing to its larger specific surface area.
In a different research, biochar obtained from maple (MB) and spruce (SB) was utilized as a
support for laccase immobilization and chlorinated biphenyl elimination in wastewater [16].
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and
specific surface area (SBET) analyses revealed that MB had a honeycomb structure with a
specific area of 613.6 m2/g and a pore volume of 0.695 cm3/g, whereas SB had a specific
area of 86.3 m2/g and a pore volume of 0.065 cm3/g. Maple-based BC demonstrated the
highest immobilization yield. The immobilization of laccase onto biochar generated from
avocado seeds has been investigated in order to enhance the adsorption and biotransforma-
tion of acetaminophen (ACT) [17]. The use of citric acid (C6H8O7) and glutaraldehyde on
the surface of biochar led to an increased affinity between the enzyme and substrate. The
activity of immobilized laccase remained at 50.7% after undergoing seven cycles of reuse
during the biotransformation of acetaminophen. The enzyme that was immobilized also
demonstrated storage stability for a period of 30 days at temperatures of 4 ◦C and 25 ◦C.
During this time, it retained over 90% of its biotransformation of ACT activity.

However, no studies have been conducted on the use of orange peels (OPs) as carriers
for laccase immobilization in the context of pharmaceutical removal. Therefore, the objec-
tive of this study was to evaluate the efficacy of chemically modified OPs in serving as
both carriers for laccase and adsorbents for the removal of emerging compounds, namely
diclofenac, and carbamazepine, from water samples. The prevalence of such emergent
contaminants in waters and their ability to cause environmental and health concerns led
to their selection [18]. In addition, the effect of operating variables, including pHs, tem-
peratures, and laccase concentrations, on the laccase absorptivity of OPs was studied. In
addition, the investigation evaluates the stability as well as the activity of laccase on OPs
during a variety of operating cycles.

2. Methodology
2.1. Chemicals

The diclofenac (C14H11Cl2NO2), and carbamazepine (C15H12N2O) were purchased
from Merck KgaA (Dramstadt, Germany). Mineral acids, as well as T. versicolor laccase,
were acquired from Sigma Aldrich (Burlington, MA, USA). The ABTS (2,2′-Azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid)) was also obtained from Sigma. Other substances were
obtained from Sigma-Aldrich unless otherwise specified. With no further purification,
these substances and reagents of analytical grade were utilized.

2.2. Activated Carbon

OPs were rinsed with deionized water to remove impurities before being dried in
an oven at 85 ◦C for 48 h. Then, OPs were ground to 0.5 and 1 mm in particle size. As
described in the literature [12,19], the following procedures were used to acquire activated
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carbon through a slight alteration: OPs were subjected to a drying process in an oven set at
a temperature of 105 ◦C for a duration of four hours. Subsequently, the dried peels were
transferred to a reactor made of stainless steel, where they were subjected to a heating
process. The temperature was gradually increased at a rate of 10 ◦C/min until it reached
550 ◦C. The purging gas utilized during the retention of the materials was nitrogen at a
flow rate of 150 mL/min for a duration of 30 min. The flow of nitrogen persisted until the
temperature fell below 200 ◦C, subsequent to the closure of the furnace. Subsequently, a
total of 1.5 g of carbonized material was mixed with a solution containing 200 mL of 5 M
H2SO4 and 5 M HNO3 in a volumetric ratio of 1:1. The mixture underwent stirring using
a magnetic agitator and was subjected to reflux at a temperature of 80 ◦C for a duration
of 6 h. Subsequently, the sample was subjected to a rinsing process using distilled water
until it reached the point of neutralization (pH 7). The sample was then dried at 80 ◦C,
and then, the particles were reduced to a size range of 100–125 µm by using mortar and
pestle for pulverization. Then, it was preserved in an air-tight container for the following
examination. The final product of modified orange peels is termed MOPs.

2.3. SEM-EDS, SBET and XRD

Scanning electron microscopy (SEM) in conjunction with energy-dispersive X-ray
spectroscopy (EDS) (Model JEOL JIB-4700F with a 3–5 kV accelerating voltage range and a
10 nA current, GENTLEBEAM™ (GB), Tokyo, Japan) was employed for the purposes of
morphological study and elemental characterization of the samples. The samples under-
went a gold/palladium(Au/Pd) coating process to enhance their conductivity and obtain
high-quality images. The surface area (SBET) was measured using Micromeritics (3Flex).
X-ray powder diffraction (XRD) patterns were acquired with a D/Max 2500 VB+X X-ray
diffractometer equipped with Cu (40 kV, 35 mA) (Rigaku, Tokyo, Japan). The diffraction
measurements were conducted within the 10–80◦ (2θ) range.

2.4. FTIR and Boehm Titration

The examination of the adsorbent structure modification was conducted using FTIR
with a wavenumber range covering from 400 to 4000 cm−1 and a resolution of 2 cm−1.
Attenuated total reflection (ATR) was employed by utilizing Nicolet™ iS™ 5 FTIR Spec-
trometer from Thermo Scientific™, Waltham, MA, USA. For determining functional groups,
Boehm titration was utilized [20]. About 1 g of the materials was mixed for 48 h at 25 ◦C
with 50 mL of 0.1 M solutions of NaOH, 0.1 M NaHCO3, 0.05 M Na2CO3, and 0.1 M
NaOC2H5. The suspensions underwent decantation and subsequent filtration. Then, the
mixtures were re-titrated with a 0.1 M HCl solution. A similar procedure was used to
evaluate the basicity of the adsorbent. A 0.1 M HCl was utilized to soak the sample, and
0.1 M NaOH was employed for the titration. The quantification of acidity on the adsorbent
was determined by considering the neutralizing capabilities of NaHCO3 towards carboxylic
groups, Na2CO3 against lactonic and carboxylic groups, and NaOC2H5 towards phenolic,
carboxylic, lactonic, and carbonyl groups.

2.5. Physical and Chemical Analysis

The analysis of OPs and MOPs was carried out in compliance with the American
Society for Testing Materials (ASTM) standards: ASTM D 3174-04 for ash content, ASTM D
3173-03 for moisture content, and ASTM D 3175-07 for the volatile matter. The fixed carbon
content was calculated by subtracting the combined values of moisture, ash, and volatile
matter from 100%. The carbon, hydrogen, oxygen, nitrogen, and sulfur content of OPs and
MOPs was measured using an elemental analyzer Model EA 1108 (manufactured by Carl
Erba Instruments, Thermo Scientific, Waltham, MA, USA) in accordance with the ASTM
D3176 standard procedure.



Water 2023, 15, 3437 5 of 20

2.6. pHPZC

The point of zero-charge (pHPZC) of MOPs was calculated using the pH drift tech-
nique [21]. Firstly, the pH of the solutions was set via the addition of either HCl or NaOH
(0.1 mol/L) to a range between 2 and 10. The MOPs were thereafter introduced into each so-
lution and securely sealed using parafilm. The suspensions were then subjected to agitation
at a speed of 150 rpm for a duration of one day. The pH measurement was conducted after
a 24-hour period of pH stabilization. The points of equality between initial pH and final
pH were found by analyzing the graphs depicting the change in pH (∆pH) as a function of
starting pH. The determination of the point of zero charge (pHpzc) was performed.

2.7. Enzyme Assay and Immobilization

The enzymatic activity of laccase was assessed by measuring the conversion of ABTS
to ABTS+ radical. According to the literature [22,23], a solution consisting of 125 µL of
appropriately diluted laccase was mixed with 375 µL of newly made 0.1 mM ABTS (pH 4).
The resulting combination was then incubated for a duration of 2 min. At a wavelength of
420 nm, the change in absorbance resulting from the process of ABTS oxidation (molar ex-
tinction coefficient ε = 3.6 × 104 M−1cm−1) was assessed by spectrophotometry (Shimadzu
UV-2450, Tokyo, Japan). One unit of free laccase activity is operationally defined as the
amount of laccase enzyme required to facilitate the oxidation of 1 µmol of ABTS per minute.
The final product after laccase immobilized on modified orange peels (MOPs), denoted
as LMOPs. The immobilized activity of this product was determined by incorporating
1 mL of a 0.5 M ABTS solution into the LMOPs (60 mg), incubating it for 2 min, and then
centrifuging it (8000 rpm). The measurement of absorbance at a wavelength of 420 nm was
used to determine the change in absorbance. The activity of the immobilized enzyme was
then quantified and expressed in units per gram (U/g). The enzymatic activity of both free
and immobilized laccase was determined using Equations (1) and (2), respectively.

LMOPs activity U/g = (∆ab × Df × Rv)/(ε × t ×Mcarrier) (1)

Free laccase activity U/mL = (∆ab × Df × Rv)/(ε × t × v) (2)

In the above equations, ∆ab represents the absorbance, RV denotes the reaction volume
in milliliters (mL), Df signifies the dilution factor, ε represents the molar extinction coeffi-
cient (3.6 × 104 M−1cm−1), t denotes the reaction time in minutes, v represents the quantity
of laccase in milliliters (mL), and Mcarrier represents the mass of the LMOPs in grams.

For immobilization, 25 mg of MOPs were added to a 2 mL tube containing a known
concentration of enzyme. The final volume of the cocktail was maintained at 1 mL, and the
mixture was incubated for 5 h to guarantee effective adsorption. Following immobilization,
the cocktail was centrifuged at 8000 rpm for 3 min, and the supernatant was analyzed
to determine the remaining enzyme activity. Subtracting the residual activity from the
initial activity provided the immobilized activity. The final product denoted by LMOPs
was rinsed, carefully washed, and air-dried for two days at 25 ◦C.

2.8. pH, Temperature, Laccase Concentration, and Storage Stability

Using relative activity as the evaluation metric, the pH, temperature, laccase concen-
tration, and storage stability of free laccase and LMOPs were investigated, where 100%
represents maximal activity. For pH stability, 15 mg LMOPs as well as 50 µL free laccase
were mixed together in centrifuge tubes, including 3 mL buffer solution (pH ranging be-
tween 2 and 7), and kept at ambient temperature and 150 rpm for 2 h. The residual activity
of free laccase and LMOPs was then measured. At the optimal pH value, the centrifuge
tubes were placed in a water bath with various temperatures (ranging from 10 to 60 ◦C) to
determine thermostability. The laccase experiments matched the pH and temperature exper-
iments, with the exception that the optimal enzyme dosage ranged from 0.5 to 5.0 mg/mL.
The storage stability of free laccase and LMOPs was determined by storing them at ambient
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temperature (25 ◦C) and in the refrigerator (4 ◦C) for two months, as well as assessing
residual activity every five days within those corresponding optimal circumstances.

2.9. Removal Test and Recyclability

The efficacy of LMOPs in removing pharmaceutical pollutants from an aqueous
solution was evaluated in a batch system. About 50 mg of LMOPs were introduced to
20 mL of a contaminant mixture (25 mg/L from each) and stirred at 150 rpm at ambient
temperature. Aliquots of supernatant (2 mL) were taken every 15 min, followed by a
24-h sample. As a result, the system reached equilibrium 60 min after analyzing all
measurements. On the basis of the initial and final concentrations in the aqueous phase,
the removal efficacy was calculated. Milli-Q water was used to wash the LMOPs, and the
cycle continues to investigate the number of cycles for pharmaceutical pollutants removal.
The effect of the physical removal of pharmaceuticals by MOPs owing to adsorption was
investigated as well. This was conducted as LMOPs experiments, but MOPs were used
instead and then measured by High-Performance Liquid Chromatography (HPLC) for
quantification. The tests were conducted using the Merck-Hitachi D-7000 HPLC system.
The system column used in this study was the Zorbax SB-Aq, manufactured by Agilent
(Santa Clara, CA, USA). The column had dimensions of 150 mm in length and 4.6 mm in
diameter, with a particle size of 5 µm with gradient elution. The volume of the sample
that was injected was 10 µL. The mobile phase was composed of two eluents: eluent A,
which consisted of 0.1 V/V% trifluoroacetic acid in Milli-Q water, and eluent B, which
was methanol. The gradient program entails a mobile phase B composition of 40% from
0 to 1 min, followed by a gradient increase to 100% mobile phase B from 1 to 5 min. The
process was sustained for a duration of about eight minutes. Subsequently, the gradient
was reverted back to its original state. The flow rate was set at 1 mL/min.

2.10. Reusability (ABTS)

Utilizing 2,2-Azino-bis-3-ethylbenzothiazoline-6-sulfonic Acid (ABTS) as a substrate,
experiments were conducted to determine the reusability of LMOPs over multiple cycles.
At room temperature and a frequency of 150 rpm, a quantity of 100 mg of LMOPs was
introduced into a 5 mL buffer solution with a pH of 4. The buffer solution also included
0.5 mM of ABTS. The concentration of converted ABTS+ in the supernatant layer was
monitored after a duration of three minutes of centrifuging the reaction mixture at 5000 rpm
to determine the activity of LMOPs. After each cycle with three replicate measurements,
LMOPs were subjected to a rinsing process using deionized water in order to remove the
substrate. The resulting mixture was then decanted and afterward incubated with a pH 4
solution containing 0.5 mM ABTS. This whole process was repeated six times.

2.11. Statistical Analysis

In each experiment conducted in this study, the experimental treatments were trip-
licates. Error bars depict standard deviations, whereas all values represent the mean.
Additionally, blank samples have been utilized in every experiment. The data analysis and
visualization were performed using the OriginPro 2019b (64-bit).

3. Results and Discussion
3.1. Physical and Chemical Properties

Table 1 presents an overview of the characteristics of the raw OPs as well as the biochar
samples. These parameters were established using proximate and ultimate investigations.
According to the outcomes, the pyrolysis procedure used to convert raw OPs to biochar has
significantly decreased the amount of moisture and volatile matter. The amount of volatile
matter in the biochar produced from OPs is reduced from 67.43 to 9.63%. The biochar
yield is proportional to such a significant reduction in volatile matter. A biomass precursor,
such as OPs, often comprises cellulose and hemicellulose. These components undergo
devolatilization and decomposition at temperatures of around 200 ◦C. Additionally, the
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precursor contains lignin, which decomposes at temperatures above 500 ◦C [24]. In the
meantime, the pyrolysis process led to a marginal increase in the ash level, indicating the
existence of non-volatile and non-combustible constituents. The primary reason for this
phenomenon could be attributed to the reduction in the overall mass of the material due to
the pyrolysis process, which leads to the volatilization of volatile matter. However, it should
be noted that inorganic non-volatile and non-combustible components also persist, hence
resulting in an observed rise in ash content [25]. The very stable and condensed carbon
structure generated at high pyrolysis temperatures led to a large rise in the percentage
of fixed carbon. This could be attributed to the high degree of polymerization and the
volatilization of volatile matter [24]. The ultimate analysis of the raw and biochar OPs
indicates that the biochar exhibits a higher carbon content (increased by 32.1%) and less
hydrogen (decreased by 5.65%) and oxygen (decreased by 39.04%) than the raw OPs. The
reduction in hydrogen and oxygen levels observed throughout the process of pyrolysis
could be attributed to the elimination of volatile components [26]. The results obtained
in this study are consistent with the structural characteristics of OPs reported in previous
studies. Ullah and colleagues described the elemental composition of OPs as follows:
carbon (45.1%), oxygen (42.3%), hydrogen (8.7%), nitrogen (0.46%), and sulfur (0.55%) [27].

Table 1. Properties of raw and biochar orange peels (OPs).

Parameters (%) OPs (Raw)
(Wt%) a ± SD b

OPs (Biochar)
(Wt%) ± SD

Moisture 8.93 ± 0.15 1.72 ± 0.03
Volatile matter 67.43 ± 3.18 9.63 ± 0.08

Ash 5.27 ± 0.11 8.91 ± 0.12
Fixed carbon 29.61 ± 0.48 79.74 ± 2.15

C c 46.35 ± 0.71 78.45 ± 1.87
O d 43.72 ± 0.46 4.68 ± 0.16
H e 7.41 ± 0.61 1.76 ± 0.06
N f 1.93 ± 0.08 2.38 ± 0.04
S g 0.58 ± 0.04 0.95 ± 0.02

H/C 0.16 0.02
O/C 0.94 0.06
N/C 0.04 0.03
S/C 0.01 0.01

Notes: a Weight, b Standard deviation, c Carbon, d Oxygen, e Hydrogen, f Nitrogen, and g Sulfur.

3.2. pHpzc

The measurement of pHpzc reveals changes to the surface in terms of the total net
charge. The average pH of the MOPs, as depicted in Figure 1, was 4.2 (average values).
Below the pHpzc value, MOPs have a favorable positive surface charge, which enhances
the attraction and binding of anions. Additionally, when the pHpzc value is exceeded, the
surface of MOPs acquires a negative charge, therefore, facilitating the adsorption of cations.
pHpzc in this work agrees with the values reported elsewhere. For instance, Nascimento
and co-workers [28] have also stated that pHpzc was 3.9. The slight difference in the pHpzc
could be due to inadequate hydroxyapatite coverage of the material. In addition, it could
also be due to various chemical conditions encountered throughout the synthesis process
that induce the release of water-soluble compounds from the biomass, which could have
previously been adsorbed onto the surface of the MOPs, leading to a pHpzc shift [29].
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3.3. SEM-EDS and XRD

After being treated with an H2SO4/HNO3 mixture, samples of MOPs and LMOPs were
analyzed by scanning electron microscopy (SEM) for potential morphological alterations.
Figure 2 illustrates the SEM-EDS for MOPs (a) and LMOPs (b). The figure’s micrographs
reveal that the structural integrity of the samples has not been compromised in any way.
The limited level of functional group change on the graphitic structure of biochar under
moderate acidic treatment conditions might explain the lack of apparent morphological
modifications. After 15 h of treatment with HNO3 vapor at 200 ◦C, Xia and colleagues found
no morphological alterations in carbon nanotubes [30]. When laccase was immobilized on
biochar to remove toxic malachite green from water, Pandey and co-workers noticed no
significant changes in the surface topography, as evidenced by scanning micrographs [22].
In addition, Rosca and co-workers stated that no visual alterations occurred after oxidizing
multiwall carbon nanotubes (MWCNTs) in concentrated HNO3 for 6 to 9 h. After one day
of oxidation, however, fewer nanotubes were observed to have been destroyed [31]. The
potential cause of this phenomenon could be attributed to the relatively small dimensions of
the laccase protein, ranging from 60 to 90 kilodaltons (KDa), which corresponds to a particle
size below five nanometers [15]. Micrographs with a magnification of one micrometer have
difficulty capturing this scale. However, EDS results revealed an increase in element N due
to the addition of laccase.

Figure 3 displays the X-ray diffraction (XRD) patterns of the MOPs and LMOPs. The
significant diffracted peaks seen at 2θ = 16.3◦ as well as 22.3◦ correspond to the (101)
and (200) crystallographic planes, respectively, which are characteristic of cellulose. This
suggests that the cellulose present in the OPs adsorbent is of the amorphous type I [32].
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3.4. FTIR and Boehm Titration

Figure 4 demonstrates the FTIR for MOPs and LMOPs. The infrared spectra exhibit
a wide peak at 3433 cm−1, which corresponds to the elongation vibration of the O–H
bond in MOPs, as reported by Belala et al. (2011) [33]. The vibrational mode detected at
a wavelength of 2920 cm−1 is associated with the asymmetric and symmetric stretching
of the C–H bonds within cellulose [34,35]. The presence of a peak at around 1630 cm−1

suggests the occurrence of a stretching vibration related to the C=O bond in the carboxylic
acid functional groups of xylan, which is a constituent of hemicelluloses [36], which is
also suggestive of the amide bond in the laccase protein, confirming its immobilization on
the surface of MOPs [37]. The band detected at a wavenumber of 1260 cm−1 corresponds
to the vibrational mode associated with the C–O methoxy groups present in lignin. The
laccase addition had a very subtle effect on LMOPs, as indicated by the minor increase and
expansion of the 1117 cm−1 peak.
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Figure 4. Fourier-transform infrared spectroscopy (FTIR) for modified orange peels (MOPs) and
laccase immobilized on modified orange peels (LMOPs).

Based on the findings obtained from the Boehm titration, as shown in Table 2, it can
be seen that MOPs exhibit a total acidity of 3.56 milliequivalents per gram (meq/g). This
overall acidity could be further broken down into specific values for different functional
groups within MOPs, namely 0.71 meq/g for carboxylic groups, 1.47 meq/g for carbonyl
groups, and 1.38 meq/g for phenolic groups. The surface functional groups for acidic
groups increased approximately twofold, while the surface functional groups for basic
groups decreased slightly. The increase in value was predicted because of the chemical
reaction between acids and the carbon precursor, which led to the formation of more acidic
materials during the activation process. The quantitative titration of functional groups
with Boehm supports qualitative FTIR findings. The analysis of surface chemistry suggests
that acidification is effective in enhancing the surface functional groups of carbon-based
materials. The literature has also documented similar observations, whereby the application
of mineral acids to the materials resulted in an increase in the acidic group and a reduction
in the basic group [38,39].
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Table 2. Functional groups of the orange peels (OPs) and modified orange peels (MOPs) (meq/g).

Functional Groups OPs MOPs

Carbonyl groups 0.52 1.47
Carboxylic groups 0.38 0.71
Phenolic groups 0.96 1.38

Total acidity 1.86 3.56
Total basicity 0.47 0.36

3.5. Reusability (ABTS)

As shown in Figure 5, the residual activity of LMOPs after six regeneration cycles
was 48.2% of its initial activity. Even though the relative activity of LMOPs progressively
decreased as the number of recycles increased, it stayed higher than 50% after the fifth cycle.
The decline in activity seen could be attributed to the disruption of the laccase structure,
resulting in its inactivation, as well as the release or detachment of the laccase after repeated
washing. Imam and colleagues (2021) used acid-treated rice straw biochar to immobilize
laccase and discovered 60% residual activity following six cycles [12]. The reduction in
laccase activity was attributed to leaching from the adsorbent throughout rinsing and/or
denaturation. Utilizing an orthogonal experimental design, Zheng and co-workers [40]
conducted research on the process of immobilizing laccase onto magnetically modified
wheat straw biochar by the use of a cross-linking agent (glutaraldehyde) and observed a
22% decrease in activity after five ABTS oxidation cycles.
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3.6. The Optimization of LMOPs Parameters

To reach optimum enzyme immobilization, the pH, temperature, and enzyme con-
centration were adjusted to optimize the setting. The stability of laccase throughout the
immobilization process is significantly influenced by the pH of the solution, thus rendering
it a critical factor. Figure 6a,b demonstrates the examined pH range (2 to 7) and temperature
range (10 to 60 ◦C) for LMOPs, respectively. At pH 2, laccase immobilization was low
(8.34 U/g) due to a decrease in enzyme activity, while at pH 4, enzyme immobilization was
the most effective (45.80 U/g). As the pH value exceeded 4, there was a gradual decline
in the immobilization of laccase on LMOPs. Below the isoelectric point of 4.2, which is
the average value, the MOPs exhibit a positive net charge. Consequently, this leads to an
enhanced electrostatic attraction between the carrier, which carries a positive charge, and
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the laccase, which carries a negative charge. As the temperature rises from 10 ◦C to 30 ◦C,
laccase immobilization is enhanced (from 22.45 to 48.34 U/g), which could be ascribed to
the increased rate of enzyme adsorption on MOPs. Following the attainment of the ideal
immobilization temperature at 30 ◦C, the laccase immobilization efficiency experienced
a decline to 15.40 U/g when the temperature was raised to 60 ◦C. This decrease could be
attributed to a probable reduction in laccase viability as the temperature increases [14]. As
indicated by Figure 6c, the increase of laccase amounts from 0.5 to 5.0 mg/mL resulted in
a corresponding elevation in laccase immobilization from 15.31 to 61.30 U/g. However,
the immobilization of laccase was unaffected by a further increase in laccase concentration.
This could be attributed to the enzyme’s capacity to occupy available sites on the MOPs’
surface. Thus, the optimal immobilization conditions were found to be pH 4, 30 ◦C, and
4.5 mg/mL of the enzyme, resulting in an immobilization yield of 63.40% (Figure 6d). The
optimal configuration and modification of OPs with copious carbonyl groups led to an
increase in immobilization yield [15].
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3.7. pH, Thermal Stability, and Storage Ability

Alterations in pH have the potential to affect the ionization state of amino acids in
laccase, thereby exerting an influence on its three-dimensional conformation and functional
properties [35,41]. LMOPs exhibited optimal activity at pH 4, whereas free laccase activity
was greatest at pH 5, Figure 7a. The observed behavior could possibly be attributed to
the following factors: The presence of electrostatic contacts resulting from MOPs in the
surrounding microenvironment, as well as the release of H+ and OH− ions in solution, are
controlled by the interaction between MOPs and amidoxime groups of laccase. Additionally,
the immobilization of laccase leads to a reduction in its mobility [37,42,43]. The relative
activity of both free laccase and LMOPs exhibited a significant reduction when the pH value
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deviated from the optimal pH range. LMOPs exhibited greater environmental adaptability
over a wider pH range compared to free laccase.
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The optimal temperatures of free laccase and LMOPs were 40 ◦C and 30 ◦C, respec-
tively. Figure 7b also reveals that LMOPs maintained 58.4% of the initial activity at higher
temperatures (50 ◦C), whereas free laccase preserved only 28.9% of its initial activity.
LMOPs demonstrated decreased temperature sensitivity. The observed phenomenon could
be attributed to the chelation interaction occurring between the free laccase and MOPs,
which enhances the structural stability of the immobilized enzyme molecules and provides
protection against denaturation. Additionally, it could be explained by the rising substrate
diffusion rate at higher temperatures [15,44].

The stability of the enzyme as a reaction biocatalyst is of paramount importance in
many biotechnological approaches. Denaturation and activity loss of an enzyme, however,
are natural processes that occur over time. Fortunately, the immobilization of enzymes
on supports has been shown to effectively mitigate the level of enzyme activity loss.
Leonowicz et al. [45] found that immobilization typically restricts the mobility of macro-
molecules and increases their resistance to inactivation. Figure 8 illustrates the residual
activity of both free and immobilized laccases that have been maintained at tempera-
tures of 4 ◦C and 25 ◦C. After two months, the LMOPs retained over 60.2% and 47.3% of
their initial activities for the respective storing temperatures of 25 ◦C and 4 ◦C, whereas
laccase-free samples maintained only 33.6% and 15.4% of their initial activities. It was
found that immobilizing laccase on MOPs increased the biocatalyst’s storage stability in
comparison to laccase in its free state. This improvement is a result of the fact that enzyme
immobilization restricts conformational changes, thereby preventing denaturation and
enhancing stability [46]. Wang and colleagues [43] reported that immobilized enzymes
through amidoxime linkage retained 50% of their initial activity following 20 days of storing
at 4 ◦C. Furthermore, in a study conducted by Jiang et al., 2005, it was demonstrated that
laccase was immobilized onto chitosan microspheres. The researchers found that, even
after a storage period of four weeks at a temperature of 4 ◦C, around 70% of the enzyme’s
activity was kept. In contrast, the free enzyme exhibited a drop in its initial activity by
approximately 30% [47].
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The findings corresponding to the BET surface area are shown in Table 3, indicating
a 16-fold increase in surface area following treatment with acids (22.8 to 367.5 m2/g).
Impurities are usually eliminated from the surface as well as pores of biochar throughout
acid treatment, leading to a rise in surface area and porosity [48]. Following immobilization,
the overall reduction in surface area became evident due to the laccase enzyme’s occupation
of the MOPs’ surface area. The findings demonstrate that the laccase remained immobilized
on the surface of biochar. Moreover, since biochar had been activated with acid, the laccase
occupied a larger surface area, possibly because of enhanced molecular interaction on the
surface of MOPs. This increased the interaction with laccase, successfully binding the
enzyme. In a similar investigation, Lonappan et al., 2018 found that immobilization of
laccase reduced the surface area of biochar by 25–65% [15].

Table 3. Specific surface area and pore size of orange peels (OPs), modified orange peels (MOPs),
and laccase immobilized on modified orange peels (LMOPs).

SBET
m2/g Vtot

Vmic
cm3/g Vmes

OPs 22.8 0.047 0.014 0.033
MOPs 367.5 0.103 0.036 0.067

LMOPs 93.4 0.041 0.018 0.023

3.8. System Application

LMOPs and MOPs samples were tested in batch mode for up to five cycles, and the
results are depicted in Figure 9. For both carbamazepine and diclofenac, the contribution of
adsorptive (MOPs) and immobilized-laccase removal (LMOPs) over the course of time was
examined. With the LMOPs sample, near-complete elimination occurred over time. It is
predicted that a succession of continuous adsorption of both contaminants by MOPs onto
vacant sites (sites available after laccase immobilization) could be anticipated. Therefore,
the first cycle of adsorption experiments with MOPs revealed removal efficiencies of 73.34%
and 82.51% for carbamazepine and diclofenac, respectively. The key factors contributing to
the insufficient breakdown of micropollutants are the low oxidative efficiency of laccase
and the steric barrier between laccase and the target molecule [49]. Possibly enhanced
electron transfer between laccase and contaminants after adsorption on the MOPs surface
contributes to the simultaneous and complete removal of both contaminants.
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It was noticed that the LMOPs had 81.98% and 90.53% removal percentages for carba-
mazepine and diclofenac, respectively, after the 3rd cycle, whereas a removal percentage
of 43.30% and 56.40% for carbamazepine and diclofenac, respectively. By comparison of
both systems (LMOPs and MOPs), an approximately 20% increase in removal efficiency for
LMOPs could be noticed. This removal efficiency (15 to 20%) was also recorded in the last
cycle, confirming the significant improvement upon the addition of laccase.

3.9. Biosorbent End-of-Life

Limited studies exist on the concerns of regeneration and reutilization of biosorbents,
with a notable absence of discussion on the ultimate disposal of these biosorbents. In the
context of the widespread commercial use of biosorbents, it is essential to consider the
proper disposal of biosorbents to mitigate any potential adverse impacts.

Disposal procedures for biosorbents include incineration, landfilling, fertilizer, regen-
eration, and reuse [50]. The first step involves the use of incineration, which is particularly
effective due to the high lignin and cellulose content of the biosorbents. This procedure
serves to reduce both the volume and mass, thus improving the overall recovery pro-
cess [51]. The biomass has a larger percentage of carbon and lower oxygen content, which
is advantageous for enhancing thermal energy acquisition. Additionally, the levels of sulfur
and nitrogen were observed to be very low, indicating that the burning of biomass would
result in the production of only small quantities of corrosive and harmful gases. Pyrolysis
has the potential to function as a viable method for the retrieval of thermal energy from
biomass. The landfill method is an additional cost-effective and straightforward approach
for the disposal of waste biosorbents. The desorption of contaminants from biosorbents
occurs prior to their disposal in landfills.

Research has also shown that waste adsorbents have the potential to be disposed of
by burial in soil or by spreading them across land for natural deterioration, which could
potentially be used as a final disposal method [52]. While the cost of the method is very
low, the duration required for the natural degradation of adsorbents is much longer. An
alternative approach involves the use of waste adsorbents for the purpose of biofertilizer
production. The acquisition of raw materials for the production of biosorbents involves
the use of microbial sources, as well as the utilization of forestry and agricultural waste,
which could include organic compounds that play a crucial role in enhancing soil quality.
Therefore, the use of waste adsorbents as biofertilizers not only addresses the issue of
proper waste disposal but also contributes to the enhancement of soil structure [53]. A
substitute approach to waste disposal involves the immobilization of the waste adsorbent
inside an inert substance, which is then sealed. The careful selection of appropriate raw
materials for the pretreatment, processing, and ultimate disposal of biosorbents holds
considerable importance [54].

The primary objective should be to optimize the effectiveness and capacity of ad-
sorbent materials for the purpose of mitigating environmental contaminants. In order
to enhance the rate of adsorption, it is essential to effectively manage the processes of
adsorption and desorption, as well as consider the many elements that impact the efficiency
of adsorption.

4. Limitations

Efficiently conducting comprehensive research is crucial when considering the cost
of processing, regeneration, selectivity, and reproducibility in the context of large-scale
applications. A systematic examination is also necessary to explore the practical use of
orange peel waste materials as adsorbents on a commercial scale. Moreover, it is essential to
allocate appropriate attention to both the design and economic aspects in order to achieve
effective implementation on an industrial scale. Further study is also essential to investigate
the use of purified enzymes in comparison to crude extracts since this could potentially
result in a substantial escalation in the expenses associated with biocatalysis. This particular
field of inquiry necessitates thorough examination. Additional research is necessary to
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explore various combinations of processes in order to develop a dependable and resilient
approach to the degradation of micropollutants (transformation products).

5. Conclusions

This work explored the immobilization of laccase onto orange peel-activated carbon
for pharmaceutical compounds removal from water. FTIR, SEM-EDS, XRD, SBET, Boehm
titration, proximate and ultimate analysis, as well as pHPZC were utilized for characteriz-
ing the produced materials. The immobilization of laccase onto MOPs was evaluated at
different temperatures, pH, and laccase concentration with a single variable approach. The
immobilized laccase demonstrated enhanced resistance to variations in pH and elevated
temperatures, along with increased thermal and storage stability. The immobilized laccase
was reusable for up to six cycles, maintaining 48.2% of its initial activity. The efficacy of
LMOPs in removing pharmaceutical contaminants from aqueous solution was compared
to that of MOPs in the same experimental conditions. LMOPs had better performance com-
pared to MOPs (absorption only). The findings of this study confirm that activated carbon
from the agricultural residue (orange peel) could be employed as a low-cost carrier for the
immobilization of laccase with the ultimate goal of removing recalcitrant contaminants
from water.
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