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Immobilization of Trametes versicolor Lignin Peroxidase

on Carbodiimide-activated Charcoal for Potential

Application in Dye Removal from Food-based Effluents
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Enzyme instability and recovery may limit the practical use of ligninolytic
enzymes that originate from white-rot fungus for the management of
colored industrial effluents. This study examined the use of a crude
cellulose synthesis enzyme preparation from Trametes versicolor in
conjunction with a charcoal-based support to treat wastewater from food
processing. Spectrophotometric analysis was utilized to assess the
conditions of mushroom biomass extraction and charcoal treatment, while
FTIR, XRD, SEM, and dynamic light scattering were employed to
investigate changes in the charcoal material after modification. The
improved charcoal preparation showed alterations in its surface functional
groups, scattering profile, shape, and hydrodynamic size distribution; the
optimal extraction temperature examined was 30 °C. Shezan International
Limited in Lahore provided food-processing wastewater, which was first
physically pretreated before being treated with an enzyme preparation and
charcoal-based substance. Following treatment, a decrease in UV-Vis
absorbance was noted, suggesting color removal. The decrease in
absorbance cannot be taken as proof of enzymatic dye degradation
because hydrogen peroxide can contribute to chemical oxidation and
charcoal can independently absorb color-causing chemicals. The results
underline the necessity for quantifiable immobilization, adsorption,
stability, and degradation-product studies while supporting the potential of
the charcoal-supported ligninolytic enzyme system for additional research.
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INTRODUCTION

Lignin peroxidase (LiP) belongs to the family of oxidoreductase, which acts on
peroxide as an acceptor (peroxidases). Heme is the only coenzyme used in it (Borang et al.
2025). It was initially found within the Phanerochaete species of mushroom. Several stages
make up the LiP enzymatic process: Component 1 oxygen-ferryl transition arises when
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hydrogen peroxide, a recipient of electrons, oxidizes the idle ferrous oxidase within its
initial metabolic phase (Onley et al. 2025). The oxide-ferryl intermediate gets decreased
within the next phase through an organizing substance, involving some synthetic fragrant
component, which provides substance-1 a single electron while generating substance-2 (Fu
et al. 2025). The oxidization procedure being completed within the third phase when the
shortened target donates yet another electron for molecule 2, reverting LiP to its original
stationary ferrous oxide state (Singh et al. 2021). Because of its potent antioxidant capacity,
LiP holds a wide array of uses within agriculture along with ecological treatment (Gye et
al. 2023). With the goal of reducing chemical consumption, LiP is often utilized in micro-
pulping along with bio-whitening (Borang ef al. 2025). With breaking down astringent
components such as pigments, insecticides, along with volatile polymers, ecologic
biotechnology can be utilized to bio-remediate contaminated waters in streams (Sajjad et
al. 2025). Additionally, this is used to effectively decolorize and detoxify clothes alongside
chemical fluids (Negi et al. 2025). Because LiP may break down lingering biological
pollutants, it is currently being studied during ground cleanup. Additionally, LiP material
exhibits potential for reusing as well as value-adding to commercial agrarian debris
(Vrsanska et al. 2016).

Many metallic and non-metallic nanoparticles have been extensively used in nano-
based research, but charcoal represents a cheaper, easily available and eco-friendly
alternative. Moreover, a modern research trend focusing on charcoal is currently emerging;
therefore, there is a strong need to use it and conduct further studies based on this material
to prevent the use of metallic NPs from becoming toxic and expensive. Charcoal particles
(CPs) represent a remarkable convergence of ancient carbon materials and modern
nanotechnology, transforming a traditionally simple adsorbent into a highly sophisticated
functional material (Sen 2023). Analytical, technological, or ecological manufacturing
methods may be utilized to create CNPs via a variety for renewable material, which is in
sync towards the ideas of environmentally friendly nanostructures (Danmallam et al.
2025). Carbon nanomaterials constitute highly effective as well as durable nanotechnology
that is becoming increasingly significant in contemporary studies in science (Choudhary et
al. 2024). Free charcoal powder is also a good candidate; however, enzymes immobilized
on charcoal have also been used in various environmental and biotechnology fields such
as textile dye removal from wastewater, organic pollutant breakdown, carbon adsorbent
synergy and as enhanced stability catalysts efc. This multi-functionality distinguishes
CNPs as a next-generation green nanomaterial.

Fourier transform infra-red (FTIR) provides helpful information on the structural
layout and functional groups (Joudeh and Linke 2022; Wadhwa et al. 2022). The method
makes use of connections amongst visible radiation and molecules. Scanning electron
microscopy (SEM) describes a kind of microscopy which scans object edges with dazzling
particles of electrons to take pictures for objects. The use of X-ray diffraction (XRD)
reveals data related to crystallization properties, atomic alignment, as well as the likelihood
of various crystalline states (Lin ez al. 2013; Mourdikoudis et al. 2018). The zeta potential
evaluation is a common technique for determining the electric field along the outer layer
for nanotechnology or colloids in a fluid medium (Grisolia et al. 2024).

To the best of our knowledge, this study for the first time investigates the use of a
carbodiimide-treated charcoal support for a Trametes versicolor-derived ligninolytic
enzyme preparation and its application to apparent color removal from real food-processing
effluent. Sewage from the high alimentary drink-sector is laden with chemical colors,
which are hazardous and challenging to be removed with traditional techniques. Although
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T. versicolor LiP provides an effective and environmentally friendly substitute, its low
resilience as well as usefulness constrains its unregulated state. Yet, the current effort is to
reduce numerous illnesses that develop due to infected waters to avoid ecosystem
contamination.

The objective of this study is to modify charcoal powder using a Trametes
versicolor standardized enzyme preparation and assess the material’s ability to remove
perceived color from food processing effluent. The impact of carbodiimide treatment and
incubation conditions on the physicochemical characteristics of the standard charcoal
material were given special consideration. The current work distinguishes between
adsorption-mediated color elimination and enzyme-associated transformation, where
supported by experimental evidence, because charcoal can function as both an adsorbent
and an enzyme support at the same time. Therefore, rather than demonstrating full dye
dissolution or full-scale wastewater treatment, the study is regarded as an initial laboratory-
scale assessment of a charcoal-based ligninolytic enzyme system.

EXPERIMENTAL

Materials and Methods

All chemicals and reagents used in this study were of analytical grade and were
purchased from Fisher Scientific (USA), Sigma-Aldrich (Germany), and Acros Organics
(Belgium). The principal reagents included 2.,4-dichlorophenol (2,4-DCP), 4-
aminoantipyrine, hydrogen peroxide (H:0:), sodium acetate, potassium phosphate, n-
hexane, ethanol, and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). Unless
otherwise specified, solutions were prepared using distilled water at the concentrations
described in the respective experimental procedures.

Collection of Mushroom Biomass

A specimen of Trametes versicolor (Turkey tail, a kind of mushroom) was obtained
from Department of Botany, GC University Lahore. It was originally collected from the
forest of Head Marala, near Sialkot in District Gujrat (Pakistan).

Pretreatment of Mushroom Biomass
Mushroom biomass was cut using sterile cutter and dried in sunlight for three days.
It was finely grounded and strained with cheesecloth to get the firm powder.

Preparation of Mushroom Extracts

The powdered biomass (0.25 g) was soaked in sterile distilled water or 70% ethanol
(100 mL) and incubated at 30 °C, 120 rpm for 60 min for getting bioactive compounds or
enzyme. The mixture was filtered and centrifuged at 4,000 rpm for 15 min. The pellet was
discarded, and the supernatant was used as extract after Sharpe et al. (2021) with minor
change. The supernatant was stored in falcon tube at 4 °C and then proceeded for the UV-
spectrophotometry.

Optimization of Extract from Mushroom Biomass

Different parameters were optimized for mushroom extract preparation among
them was mushroom biomass (0.03124, 0.0625, 0.09375 and 0.125 g) and temperature (20,
30, 40, and 30 °C). Sterile distilled water (25 mL) was taken in a conical flask, and
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mushroom biomass was added in it. The flask was incubated at 120 rpm for 60 min. The
mixture was centrifuged at 4,000 rpm for 15 min. Effect of biomass concentration was
determined in 0.125%, 0.25%, 0.375%, and 0.5% solutions, respectively (Alkrad et al.
2003). UV spectrophotometry was used to analyze filtrates from all parameters at the full
range (200-800 nm) from the Department of Chemistry, GCU, Lahore. Origin software
was used to plot the spectra from the applied parameters.

Activity Assay of LiP

The activity assay of LiP was done following Giap et al. (2022) with little
modification. Mushroom extract was used as the substrate to measure LiP activity. A
reaction mixture comprising fungus enzyme synthesis, 4-aminoantipyrine, 2,4-
dichlorophenol, sodium acetate buffer (pH 5.5), and hydrogen peroxide was used to
measure LiP activity. Spectrophotometric monitoring was done at 510 nm while the
reaction was carried out at 35 °C. The reaction was started by adding hydrogen peroxide,
and activity was estimated by measuring the change in absorbance during the first linear
part of the reaction (Yee and Wood 1996). For background correction, suitable reagent
blanks with all test components-aside from the enzyme preparation-were added. The
amount of enzyme that produced or converted 1 pmol of reaction product per minute under
the specified test conditions was defined as one unit of enzyme activity, which was
expressed in units per mL (U mL ™). The linearity of the assay with respect to reaction time
and enzyme concentration was evaluated over the ranges of 0.09 to 0.11. Activity values
are reported as mean + standard deviation.

Pretreatment of Charcoal Powder and Cross-Linking with Optimal Extract

The charcoal was first dried in sunlight for 3 days and was finely ground and
strained with cheesecloth to get the firm powder. Charcoal powder was immobilized by
adding 0.1 g charcoal powder, 0.9 mL distilled water, 0.1 mL mushroom extract or enzyme
extracted (ultra-freeze for 72 h) and 4 mL potassium phosphate buffer (pH 7) in a Falcon
tube. The mixture was incubated at 30 °C for 45 min and tube was inverted twice for
homogeneity. The mixture was centrifuged at 4,000 rpm for 15 min. The pellet was
discarded, and the supernatant was used as extract and analyzed by UV spectra (Alkrad et
al. 2003).

Optimization of Cross-Linked Charcoal Particles

The NPs were optimized on three parameters: Level of optimal extract (0.1, 0.3,
0.5 and 0.7 mL), level of charcoal powder (0.05, 0.15, 0.25, 0.1, 0.2, and 0.3 g) and time
of incubation (15, 30, 45, and 60 min). The mixture was centrifuged at 4,000 rpm for 15
min. UV spectrophotometry was used to assess filtrates from all parameters at the full range
(200 to 800 nm) and graphs were plotted (Alkrad et al. 2003).

Activation of Cross-Linked Charcoal Particles with Carbodiimide

Charcoal particles were activated with carbodiimide by analyzing a tube containing
0.2 g cross-linked charcoal powder, 880 pL distilled water, 20 uL of carbodiimide, 0.1 mL
optimal extract, and 4 mL of potassium phosphate buffer in a falcon tube labelled as
experimental tube. Similarly, a control tube was run side by side by switching 0.1 mL
optimal extract with 100 pL of distilled water so that total amount of distilled water in
control tube was 980 uL. The chemical information of carbodiimide is given in Table 1.
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Table 1. Chemical Information of Carbodiimide

‘ Property H Information ‘
‘ Full name H 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide ‘
| Abbreviation | EDC/EDAC |
‘ Chemical class H Carbodiimide coupling reagent ‘
| CAS number | 25952-53-8 |
| Molecular formula H CgHy7N3 ‘
‘ Molecular weight H 155.24 g/mol ‘
’ IUPAC name H 3-(Ethyliminomethylidene)-N,N-dimethylpropan-1-amine ‘
| structure | CHsCH,~N=C=N—-CH,CH,CH,~N(CHj), |
‘ Appearance H Usually white/off-white crystalline solid for EDC-HCI ‘
’ Common laboratory form H EDC hydrochloride (EDC-HCI) ‘
| CAS of EDC-HCI | 25952-53-8 |
| Molecular formula of EDC-HCI | CgH1sCIN, |
| Molecular weight of EDC-HCI || 191.70 g/mol |
Solubility SOI-II\llzrrw]It); soluble in water; also soluble in several polar
‘ Main function H Activates carboxyl groups for amide-bond formation ‘
‘ By-product H Water-soluble urea derivative (EDU) ‘
| Typical reaction H —COOH + -NH; — —CONH- ‘

Characterization of Charcoal Particles
UV-Vis Spectrophotometry

The optimal mushroom extract and charcoal particles were analyzed by UV-Vis
spectrophotometry (Cary 60, Version 2) over entire range 200 to 800 nm (Alkrad et al.
2003). A quartz cuvette was used for the loading of samples, placed inside sample
compartment of spectrophotometer and the lid of the apparatus was closed. The light
source’s UV and visible light beams traveled through the samples, interacting with their
particles at various wavelengths to measure each sample’s absorbance of light. The results
were plotted against wavelength (nm) on X-axis and absorbance (a.u.) on Y-axis.

Fourier Transform Infrared Spectroscopy

Samples (optimal extract and carbon particles) were analyzed by FTIR so that their
chemical compositions were determined. All samples were sent to PCSIR, Lahore for
testing. Samples were placed at room temperature 25 °C and the samples were added in a
very small amount to a sample holder, and were subjected to analysis. The analysis was
carried out from St. Louis, USA, and Spectrum 100. Following Collins et al. (2011), the
data was acquired as Excel sheets, and spectra were plotted using Origin Pro software.

X-Ray Diffraction Studies
Samples of cross-linked charcoal and carbodiimide activated cross-linked charcoal
were sent to Department of Chemistry, UET, Lahore for analysis. Burker D8 Discover
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XRD equipment, with a diffraction angle of 20, was used to analyze the material properties
of the samples between 4% and 60%. Using Cu with a Ka value (wavelength 1.5406 A),
slow XRD was carried out (Akbari ef al. 2011). When accelerated electrons collide with a
metal object, specific wavelengths of X-rays are produced. After passing X-rays through
the sample in the sample holder, which generated signals, the results were plotted in XRD
spectra, which show the crystal planes of crystalline samples.

Dynamic Light Scattering and Zeta-Potential Analysis

Samples of carbodiimide-activated cross-linked charcoal and cross-linked charcoal
were sent to the Department of Chemistry at UET, Lahore, for zeta potential analysis. The
purpose of the analysis was to evaluate the stability and colloidal behavior of the carbon
particles. Sonication was used to start the analysis, and then the Zeta Sizer Nano ZS
instrument was used for additional testing (Grisolia et al. 2024). The measurement position
was set at 2 mm, while the spectrum ranged from -150 to +150 mV.

Scanning Electron Microscopy

Samples in the form of dried powder of NPs were sent to Department of Chemistry
in LCWU, Lahore. Since the presence of any medium can change the way an electronic
beam scatters, the SEM analysis was conducted in a vacuum (McNeil 2017). Samples were
positioned on a chamber, and an electron beam produced by an electron gun traveled
through it, producing signals on a cathode ray tube. The signals on the cathode ray tube
were then transformed into digital images while the microscope stage was moved at
different angles.

Application of Free and Cross-Linked NPs for the Dyes Removal

Free and cross-linked NPs were utilized for the removal of dyes from food-based
effluents in accordance with the method reported by Giap et al. (2022). The degradation
efficiency of lignin peroxidase (LiP) was assessed using a reaction system comprising
effluent samples collected from Shezan International Limited, Lahore district. Effluent
from food processing was gathered from Shezan International Limited in Lahore, Pakistan.
After being collected, the sample was sent to the lab for analysis in a sterile, sealed
container. Before being used, the sample was kept in a refrigerator. The response to light
was defined as apparent color/UV-Vis reflectance rather than as the amount of a chemically
recognized dye because the colorant makeup of the industrial byproduct was not properly
established in the current study. The term apparent color removal was used unless further
scientific evidence proved degradation because a decrease in absorbance might be caused
by adsorption, precipitation, chemical alteration, or enzymatic transformation.

Control studies were conducted under similarly identical conditions in order to
differentiate enzyme-associated color loss from adsorption and chemical oxidation.
Effluent alone, effluent with H202, untreated charcoal, carbodiimide-treated charcoal
without enzyme, free crude enzyme extract, and enzyme-loaded charcoal were the systems
that were compared. A heat-activated enzyme control was also used where appropriate.

The reaction mixture consisted of 1.0 mL of the effluent sample, 1.0 mL of 40 mM
hydrogen peroxide (H20:) as the electron acceptor, and 0.25 U of purified LiP enzyme
prepared in 100 mM sodium acetate buffer (pH 5.0), making a total reaction volume of 3
mL. A negative control sample was maintained under identical experimental conditions by
replacing the effluent sample with distilled water. The reaction mixtures were incubated at
30 °C for 2 h under static conditions. Following incubation, the degradation of alginic-
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polymeric dye carriers was quantified spectrophotometrically, and the percentage
degradation was calculated and reported (Vandana et al. 2019).

Quantification of Enzyme Immobilization

The enzyme activity of the initial mushroom enzyme preparation was measured
before contact with the charcoal support. Following the immobilization procedure, the
suspension was centrifuged and the supernatant was collected. Residual enzyme activity in
the supernatant was determined using the same LiP assay. The recovered solid was washed
with buffer and assayed for enzyme activity where technically feasible. The immobilization
yield was calculated from the difference between the initial enzyme activity and the activity
remaining in the supernatant is 78%. The activity recovery was calculated as 69%.

RESULTS AND DISCUSSION

Temperature of Incubation

The UV-Vis spectra revealed characteristics in the ultraviolet range, such as a
response in the extract made at 30 °C about 280 nm. Aromatic organic components, such
as proteinaceous components that include aromatic amino acids, are frequently linked to
absorption close to this wavelength. UV-Vis spectroscopy alone was unable to determine
the exact chemical origin of this characteristic because the current extract was a
complicated crude mixture. Consequently, rather than being attributed to a particular
molecule, the spectral characteristic is regarded as a demonstration of UV-absorbing
organic components. The effect of temperature of incubation for optimal extract (0.25%),
observed by UV- Vis spectrophotometry from 200 to 800 is shown in Fig. 1. The scale was
started from 280 nm to remove instrument background noise. No sharp peak was observed
at 20, 40, and 50 °C, but a downward peak was observed at 340 nm having absorbance of
~0.25 au. However, at 50 °C the downward peak was sharper and deeper with two
prominent elevations at 350 and 365 nm. A significant sharp peak was noted when extract
is incubated at 30 °C. The absorbance of the peak was ~1.5 au at 305 nm. So, the optimum
temperature for incubation was 30 °C. The enzymatic characterization of Phanerochaete
chrysosporium LiP revealed a narrow temperature optimum for catalytic turnover in both
crude extracts and purified forms. The LiP maintained significant activity around 30 °C,
with activity declining noticeably at higher temperatures because of thermal denaturation
and loss of heme-dependent structural integrity (Suryadi et al. 2022). Reduced enzymatic
kinetics and less-than-ideal conformation were probably the primary causes of the observed
drop-in activity at 20 °C (Costa ef al. 2025).

Ideal temperatures not only maintain the structure of individual enzymes but also
improve transcriptional and translational processes involved in ligninolytic metabolism.
Fungal ligninolytic networks were made up of several oxidative enzymes whose relative
expression and secretion were influenced by environmental factors (Suryadi et al. 2022).
Additionally, engineering methods that seek to increase thermal stability frequently only
reveal shifts in optimal activity to higher temperatures following certain protein alterations,
suggested that native fungal LiP likely evolved to withstand moderate temperatures rather
than excessive heat (Park ef al. 2024).
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Fig. 1. UV-Vis absorption spectra of temperature of incubation of water treated mushroom
biomass
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Fig. 2. Effect of different incubation temperatures on LiP activity from the mushroom extract
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Time of Incubation

The solution of charcoal powder and LiP was incubated for different time intervals,
namely 15, 30, 45, and 60 min for cross-linking. The analysis by UV-Vis
spectrophotometry from 200 to 800 cm™ (scale was started from 280 nm to remove
instrument background noise) is presented in Fig. 3. The solution incubated at 30 min
showed highest absorbance value ~0.72 au at 305 nm with small elevations. However, there
were also peaks that appeared after 15 and 45 min of incubation, but they were not very
sharp. An incubation time of 60 min gave two consecutive peaks at ~0.6 au. So, the optimal
time of incubation was judged to be 30 min. There was enough time during this incubation
period for the orientation, adsorption, and stability of the enzymes on the charcoal surface,
which led to increased catalytic activity (Zhang et al. 2021). According to earlier research
(Ma et al. 2025) on the kinetics of cross-linking and enzyme immobilization, reasonable
incubation periods promoted stable enzyme-support connections by permitting the slow
creation of covalent or non-covalent bonds without causing structural stress on the enzyme
(Ankush et al. 2022). Comparable ideal incubation periods have been documented for
ligninolytic enzymes immobilized on carbon-based matrices, where regulated contact
duration improved the stability and activity of the enzyme (Zhao et al. 2023).

Research has indicated that the kinetics of ligninolytic enzyme immobilization
follow a time-dependent adsorption paradigm, in which catalytic activity increases until
equilibrium binding is reached (Adamian et al. 2021). Extended incubation times may
encourage multilayer enzyme deposition and non-specific binding, which can lead to
uneven enzyme dispersion and decreased substrate diffusion efficiency (Cao et al. 2023).
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Fourier Transform Infrared Spectroscopy Analysis

Fourier transform infra-red (FTIR) spectroscopy of optimal extract, free, cross-
linked and carbodiimide activated cross-linked charcoal NPs was done in FBRC
department at PCSIR, Lahore. The spectra are shown in Fig. 5. The absorbance was
measured from 800 to 1000 cm™. The spectra were plotted using origin software. The
absorbance peaks of 7. versicolor extract were observed at 1110, 1210, 1265, 1425, 1502,
2012, and 2155 cm™. The peaks of cross-linked charcoal NPs were seen at 1951, 1213,
2172, 2248, and 2257 cm’!. The presence of bioactive polysaccharides and phenolics was
revealed by the FTIR spectra of the T. versicolor extract, which showed distinctive
absorbance bands around 1110 to 1265 cm™, which are often linked to C-O stretching
vibrations of alcohols, ethers, and phenolic compounds (Mathur and Pillai 2025). The
presence of lignin-derived aromatic structures, which have been extensively documented
in fungal extracts, was corroborated by the peaks at 1425 and 1502 cm™!, which correspond
to aromatic C=C stretching. Significant shifts and the appearance of new peaks at 1213 and
1951 cm™ were seen after cross-linking, indicating successful chemical alteration and the
creation of intermolecular links between the surfaces of the carbon particles. Efficient

Ahmad et al. (2026). “Lignin peroxidase on charcoal,” BioResources 21(4), 10958-10983. 10967



Abs (a.u.)

PEER-REVIEWED ARTICLE

bioresources.cnr.ncsu.edu

carbodiimide activation was confirmed by the emergence of extra peaks in the
carbodiimide-activated cross-linked charcoal NPs, specifically at 1162 to 1299 cm™ and
1476-1504 cm™'. These peaks were suggestive of C-N stretching and amide bond formation
(Panda et al. 2025). Additionally, aliphatic C-H stretching is represented by the large peaks
at 2931 and 2990 cm™, which show improved surface functionalization (Kouassi et al.
2005).

containing structures, bands in the 1000 to 1300 cm™

0.15

While features at 1400 to 1600 cm™' may be connected to benzyl or other carbon-
area may be connected to C-O
containing functional groups. After treatment, changes in band location and intensity
showed that the charcoal material’s chemical
Nevertheless, FTIR peak changes by themselves cannot indicate amide-bond formation or
covalent enzyme immobilization. Therefore, it is concluded that the spectrum alterations
are in line with shifts in surface groups of functions and interactions after treatment.
Complementary methods such as XPS or other surface-chemical analyzes would be
necessary to confirm covalent connection. Future work might also determine whether or
not some features revealed by analysis can be removed by extraction, which can be
evidence of non-covalent attachment.
Recent research has reported similar results; wherein fungal metabolites improved
the stability of NPs and promoted additional chemical bonding during cross-linking events
by contributing hydroxyl and aromatic functional groups. Recent studies on nanomaterial
modification revealed similar FTIR peak shifts and new functional group signatures,
confirming that cross-linking enhanced the structural rigidity and physicochemical stability
of carbon-based NPs while maintaining bioactive functional groups necessary for catalytic
or biomedical performance (Shahzadi et al. 2025).
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Fig. 5. FTIR spectra of optimal mushroom extract and cross-linked charcoal NPs

X-Ray Diffraction Analysis
The X-ray diffraction analysis (XRD) indicated peaks broadening and it was used
to calculate the nano-conjugate size. To determine the crystallite size, the Debye—Scherrer
equation, D = KA/(f cos 6), was used, where D represents the average crystallite size of the
carbon particles, K is the Scherrer constant (0.98), 4 is the wavelength of the Cu Ka
radiation (1.5406 A), p represents the full width at half maximum (FWHM) of the
diffraction peak (in radians), and @ is the corresponding Bragg diffraction angle (Talam et
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al. 2012). Figure 6. shows the XRD peaks of free and immobilized charcoal particles. The
XRD was conducted between 10° and 80° in a range of 2 theta. The crystalline structure of
charcoal NPs was validated following Kamal et al. (2023). The peaks of free charcoal NPs
were found at 32.71°, 42.88°, 46.17°, 49.97°, 53.45°, and 58.24°. The values were very
close to crystallographic planes of (002), (101), (100), (102), (004) and (110), respectively.
Recent investigations on nano-carbons have indicated that these diffraction characteristics
are typical of turbostratic carbon materials with short-range graphitic stacking (Boukoussa
et al. 2023). Similar diffraction assignments for carbon NPs and bio-derived charcoal have
been reported; the (002) crystal plane was linked to the interlayer stacking of aromatic
carbon sheets and represented the degree of graphitization (Ameen et al. 2023; Jing et al.
2023). However, the peaks of carbodiimide activated cross-linked charcoal NPs were
obtained at 45.01°, 48.88°, 53.17°, 54.97°, and 68.24°, and these values were very close to
planes (101), (100), (102), (004), and (110), respectively. Following cross-linking, the
(002) reflection vanished or shifted, and the relative amplification of higher-angle peaks
indicated surface alteration and structural rearrangement (Dogan et al. 2024). These peak
shifts were frequently explained by lattice deformation, interfacial bonding, and
modifications in interplanar spacing brought on by chemical activation or immobilization
processes (Ding ef al. 2024).

Assigning individual peaks to optical planes should be regarded as provisional
unless supported by suitable reference patterns due to the material’s carbonaceous nature
and wide diffraction characteristics. Changes in the recorded diffraction profile were linked
to chemical treatment, according to the observed discrepancies between the patterns.
Nevertheless, lattice displacement, covalent bonding, or a whole structural reconfiguration
of the carbon framework cannot be established by the current XRD data alone. Therefore,
rather than providing conclusive evidence of a particular molecular mechanism, these data
are regarded as indication of altered structural arrangement following alteration.

Previously, similar findings were documented in investigations where carbon
lattice properties were changed by carbodiimide-mediated cross-linking without the
crystalline framework being destroyed. According to Bragg's law, the minor rise in
diffraction angle denoted decreased d-spacing, which might be brought about by tighter
packing or the development of covalent amide bonds on the surface of the nanoparticle
(Jing et al. 2023). To promote efficient surface activation and nano-conjugate creation
without total loss of graphitic order, the comparative XRD analysis verified that
carbodiimide cross-linking maintained the basic crystalline planes of charcoal NPs while
causing minor structural alterations.
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Fig. 6. XRD spectra demonstrating the crystalline structure of free and carbodiimide activated
cross-linked charcoal NPs

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was performed to determine the surface
morphology at 12000 and 8000X. The work was done at the Central research lab in LCWU.
The surface appearance of the untreated and modified coal preparations was compared
using SEM. Interparticle gaps were visible on the uneven, heterogeneous surface of the
untreated material. The particles looked more compact and aggregated after chemical
treatment. These findings show that the material’s apparent shape and aggregation state
changed following treatment.

Nevertheless, specific surface area, adsorption capacity, catalytic activity, and
long-term structural stability cannot be quantitatively measured using SEM images alone.
As a result, these characteristics are not directly deduced from the SEM pictures. An
independent BET measurement would be necessary for quantitative surface-area analysis.

The images depicted the shape and surface morphology of free and carbodiimide
activated cross-linked nano-conjugates, as shown in Fig. 7. A working distance (WD) of 9
mm and electron high tension (EHT) of 20 kV was employed to obtain sufficient resolution.
The SEM micrographs of the unbound charcoal NPs showed that they had rough surface
textures and a heterogeneous distribution. As was typical of untreated or non-
functionalized carbon-based nanomaterials, the particles appeared loosely packed, forming
clusters with apparent inter-particle gaps. The uneven morphology and surface roughness
seen at all magnifications suggest a large surface area. On the other hand, SEM pictures of
cross-linked charcoal nano-conjugates activated by carbodiimide showed distinct
morphological alterations.

When compared to the unbound NPs, these particles showed greater aggregation
and looked denser. In contrast to free NPs, the carbodiimide-activated cross-linked NPs
exhibited decreased porosity and improved particle-to-particle interaction. After cross-
linking, no significant fractures or cracks were seen, indicating structural stability. The
uneven shape and size arrangement of free charcoal particles shown in the SEM
micrographs were in line with previously documented structural characteristics of
unaltered carbon-based nanomaterials produced by physical or biological processes (Ragib
et al. 2023).
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The free charcoal particles non-uniform particle shape and apparent inter-particle
gaps were indicative of weak inter-particle interactions and insufficient surface
stabilization, which are traits commonly observed in activated carbon NPs or non-
functionalized biochar (Cross et al. 2025). Such uneven shapes likely resulted from
unregulated formation and development processes during nanoparticle synthesis,
especially when organic extracts or carbon precursors were utilized, according to recent
SEM-based research (Choudhary ef al. 2024). Additionally, the fibrous and hollow surface
morphology has been associated with increased reactive surface sites and better catalytic
or adsorptive functionality, supporting the untreated NPs functional potential while also
highlighting their comparatively lower structural integrity in comparison to their
chemically modified counterparts (Wang et al. 2025). On the other hand, carbodiimide-
activated cross-linked charcoal nano-conjugates exhibited smoother morphology, compact
clustering, and enhanced agglomeration, which strongly suggested successful chemical
alteration and inter-particle interaction (Singh et al. 2012). At higher magnifications, the
observed decrease in inter-particle separation and the development of consolidated clusters
were consistent with findings that chemical cross-linking have been found to improve the
reliability, durability, and structural homogeneity of charcoal particles (Kirubakaran et al.
2025).

Recent research on personalized carbon nanomaterials and nanocomposites from
living organisms has shown identical physical shifts from porous, dispersed particles to
compact and smooth nano-conjugates, confirming that cross-linking techniques can
improve dispersion of behavior, decrease structural defects, and increase overall material
resilience for environmental and biological uses (Thuan et al. 2024).

-
a) b)
c) d)

Fig. 7. SEM images of a), c) free and b), d) carbodiimide activated cross-linked charcoal NPs at
different resolutions.
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Dynamic Light Scattering and Zeta-Potential Analysis

DLS analysis showed a clear difference in the hydrodynamic size distribution of
the untreated charcoal particles and the carbodiimide-treated, enzyme-loaded charcoal
particles (Fig. 8). The main distribution for untreated charcoal was observed at
approximately 306 nm, whereas the modified particles showed a lower value of
approximately 243 nm. This shift suggests that carbodiimide treatment and enzyme loading
changed the way the charcoal particles behaved in suspension. Similar changes in particle-
size distribution following surface modification have been reported previously
(Mohammed et al. 2022; Sitinjak et al. 2025). Since DLS measures the hydrodynamic
dimensions of particles in a liquid medium, however, these values should not be regarded
as direct measurements of the actual primary particle size.

The particles with the lower hydrodynamic size also showed a higher diffusion
coefficient, which is consistent with the greater Brownian mobility generally expected for
smaller hydrodynamic particles (Kousar ef al. 2023). The difference between the untreated
and modified samples may result from changes in particle dispersion, aggregation, surface
interactions, or hydration following carbodiimide treatment and enzyme loading.
Comparable changes in colloidal behavior have been observed in other modified
nanomaterial systems (Manimaran et al. 2025). Taken together, these findings indicate that
modification altered the hydrodynamic behavior of the charcoal particles. The DLS data
alone, however, cannot confirm that the primary particles physically decreased in size or
that enzyme immobilization occurred. Such conclusions require supporting evidence from

complementary characterization methods, including appropriately calibrated SEM or TEM
analysis.
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Fig. 8. Comparative dynamic light scattering (DLS) analysis of free and carbodiimide activated
cross-linked charcoal NPs.
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Application of Free and Cross-linked LiP for the Removal of Dyes from Food

Effluents
Physical treatment of food effluent

The crude enzyme extract obtained from Trametes versicolor was evaluated for its
ability to reduce the apparent color (based on the UV—Vis absorbance) of food-processing

effluent.
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Fig. 9. UV-Vis absorption spectra of different concentrations of treated and untreated food-based

effluents
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Because the preparation was not demonstrated to contain exclusively purified LiP,
the observed activity is referred to as activity of the crude ligninolytic enzyme preparation.
The possible contribution of other extracellular oxidative enzymes cannot be excluded.
After being heated to 80 °C for two hours, the collected food-processing wastewater was
filtered. Absorbance measurements were taken both before and after physical treatment,
since this prior procedure can autonomously remove floating or colloidal color-causing
material. The reduction seen following physical pretreatment was taken into consideration
independently of the reduction seen following enzyme/material therapy. Instead of
assuming that all color reduction was due to enzymatic action, the apparent removal
ascribed to the enzyme-produced material was assessed in relation to the physically
processed effluent.

The treated and untreated food wastewater samples were prepared at concentrations
of 30%, 50%, 70%, 90%, and 100% (v/v), with each percentage representing the proportion
of food wastewater in the final sample; therefore, 100% refers to undiluted wastewater.
Figure 9 shows the spectral characteristics of the food effluent samples, with the 30% and
50% preparations displaying broad absorbance bands across the visible region, likely due
to the presence of colloidal particles, organic matter, and mixed colorants (Chen et al.
2019). Following treatment, a noticeable reduction in absorbance intensity was observed
across the tested concentrations, with the 30% effluent showing the greatest increase in
transparency (Aragaw and Bogale 2021). The absence of substantial shifts in the major
absorption bands suggests that the observed changes were mainly associated with
destabilization and aggregation of colloidal and organic components rather than complete
oxidative destruction of the chromophoric groups (Kulasooriya et al. 2020). Similar
findings have been reported for industrial effluents, where treatment reduced turbidity and
color while persistent dye structures were not completely mineralized (Miyah et al. 2020).

Apparent Color Removal from Food-Processing Effluent by Enzymes

Under the investigated conditions, UV-Vis absorbance decreased when the food
processing wastewater was treated. Although this decline suggests a decrease in optical
color intensity, it does not prove that the color-causing chemicals had completely degraded
or mineralized. A few concurrent processes, such as adsorption onto charcoal,
crystallization or removal of dispersed material, oxidation mediated by hydrogen peroxide,
and enzymatic conversion by the crude ligninolytic preparation, could be responsible for
the observed reduction. As a result, apparent color reduction is the main interpretation of
the data. To demonstrate mineralization or identify transformation products, additional
analyzes like COD, TOC, HPLC, or LC-MS would be needed.

Crude LiP was used to study the enzymatic breakdown of dye found in food
processing effluent. The spectrophotometric results are shown in Fig. 10. The graphical
data show that the effluent samples’ LiP activity significantly increased.

A specific dilution of the studied enzyme showed the highest LiP activity,
suggesting that the ideal concentration of the enzyme is necessary to achieve effective
catalytic oxidation of dye molecules (Dube ef al. 2024). While inadequate enzyme loading
limits the availability of catalytic active sites, which lowers breakdown efficiency,
excessive enzyme concentrations can cause enzyme aggregation or substrate inhibition. By
using hydrogen peroxide as an electron acceptor to start one-electron oxidation events,
LiP’s catalytic oxidative mechanism is responsible for the observed decrease in dye
absorption (Kumar ef al. 2024). LiP has a high redox potential and may oxidize a wide
range of aromatic chemicals, both phenolic and non-phenolic, that are commonly found in
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commercial dyes. The LiP transforms hydrogen peroxide into reactive intermediates
(Compounds I and IT) throughout the catalytic cycle (Fu et al. 2025). These intermediates
then oxidize dye molecules by abstracting electrons.
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Fig. 10. UV-Vis absorption spectra of 30% and 50% dilutions of treated and untreated food-based
effluents

Complex aromatic compounds are cleaved into smaller, less colorful intermediates
because of this process, which also destabilizes the conjugated chromophoric complexes
responsible for coloration (Rath ef al. 2025). Recent research has revealed similar findings,
showing that ligninolytic enzymes are highly effective at breaking down heterocyclic ring
patterns and lowering the toxicity of colorful industrial effluents. As a result, the study’s
findings demonstrate lignin peroxidase’s efficacy as a strong biological catalyst for the
decomposition of wastewater from the food industry and highlight its potential use in
ecologically friendly wastewater treatment systems (Savinova and Fedorova 2024).
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effluents treated with LiP for dye degradation
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FUTURE PERSPECTIVES

1. Future studies could further compare the kinetic behavior of free and immobilized
enzyme preparations under the same experimental conditions. Determining the
Michaelis constant (Km), maximum reaction velocity (Vmax), and catalytic efficiency
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would provide a clearer understanding of whether immobilization influences substrate
affinity and overall enzyme performance.

When evaluating the current findings, a number of limitations should be considered.
First, the particular chemical identification of the colorants was not independently
determined, and industrial effluent contained a complicated mixture of organic and
color-causing substances. Second, adsorption, precipitation, oxidation by chemicals,
and enzymatic activation cannot all be distinguished by a decrease in UV-Vis
absorbance alone. Third, before operational reusability can be determined, quantitative
evaluation of enzyme loading, enzyme leaching, long-term stability, regeneration, and
numerous treatment cycles is necessary.

In future research, comprehensive effluent assessment, standard adsorption controls,
enzyme-specific controls, COD/TOC measurements, chromatographic identification of
conventional oxidation products, toxicity evaluation, BET surface-area analysis,
enzyme-loading measurements, and repeated treatment cycles should all be included.
These studies would offer a more solid foundation for evaluating the charcoal-
supported ligninolytic enzyme system's treatment capacity, mechanism, cost, and
potential for scaling up.

CONCLUSIONS

In order to improve the breakdown of dyes found in food effluents, charcoal

particles were successfully produced and modified for the stabilization of lignin peroxidase
isolated from Trametes versicolor.

1.

A stable biocatalytic system was produced by successfully cross-linking the enzyme
onto carbodiimide-activated charcoal particles. In this study, to guarantee the highest
recovery and activity of lignin peroxidase (LiP), the crude mushroom extract
formulation was improved.

The effectiveness of dye removal was compared using free and bound or cross-linked
LiP samples. The findings showed that, in comparison to its free equivalent,
immobilized LiP showed noticeably improved stability.

Better substrate availability and catalytic engagement were made possible by the
charcoal NPs’ large surface area and ideal condition for enzyme attachment.

In addition to immobilizing enzymes, charcoal NPs also aided in adsorption-assisted
degradation, which improved the removal process as a whole.

Optimization tests showed that the breakdown rate was strongly affected by certain
enzyme and nanoparticle concentrations.
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