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Abstract: The study aimed to investigate the effectiveness of partially purified
turnip (Brassica rapa) peroxidase immobilized in calcium alginate for degrad-
ing paracetamol, also known as acetaminophen (AAP), a commonly used over-
the-counter analgesic and antipyretic. The encapsulation of peroxidase was
optimized to minimize enzyme leakage and maintain maximum activity by
adjusting the sodium alginate content, enzyme loading, and calcium chloride
concentration. The optimal conditions for encapsulating peroxidase in calcium
alginate matrices with the best retention and efficiency were determined to be
1.3 U/mL enzyme loading, 1.5 % sodium alginate, and 0.05 M calcium chlo-
ride concentration. This research focuses on investigating the efficacy and
application of immobilized turnip peroxidase in degrading pharmaceutical
effluents, specifically targeting paracetamol. The results revealed the maximum
degradation of AAP at a pH of 2.0 and a temperature of 30 °C, with paracet-
amol and hydrogen peroxide concentrations of 1g/L and 1.2 mol/L, respect-
ively, resulting in a 97 % yield using the stabilized peroxidase. The study also
determined the kinetic characteristics of the enzymatic reaction, such as the
maximum rate and the Michaelis—Menten constant. Furthermore, the stabilized
enzyme can be utilized multiple times, specifically up to three occasions, in
ideal conditions, while maintaining 80 % of its ability to degrade AAP.

Keywords: calcium alginate; decomposition; peroxidase, pharmaceutical effluent.

INTRODUCTION

Water, the most essential compound on our planet, has supported life for
over 4.0 billion years without any other example of such abundant and persistent
life conditions.! However, water is also the most vulnerable and readily polluted
natural resource due to the popularization of synthetic chemical products, domes-
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tic and industrial effluents, inappropriate disposal of waste pesticides, agrochem-
icals, and especially of many therapeutic drugs, posing a major challenge for our
society.2:3 Acetaminophen (AAP), also known as paracetamol, is a widely used
medication employed to treat mild pain, such as headaches, joint or muscle dis-
comfort and to reduce fever.*> Its action spectrum is identical to that of non-ste-
roidal anti-inflammatory drugs.%7 Paracetamol is a safe and effective analgesic
and antipyretic medication that can relieve headaches and eliminate pain without
being expensive, with moderately few adverse effects when used at the recom-
mended therapeutic dosage.$-

The partial biodegradation of acetaminophen and other pharmaceutical com-
pounds in urine lead to their presence in treated water.%10.11 These compounds,
often referred to as active pharmaceutical ingredients (APIs), are introduced into
the aquatic environment through wastewater treatment plants (WWTPs), hospital
effluents and improper disposal methods.!2:13 Without adequate treatment, there
is a high risk of acetaminophen contamination in waters due to its low removal
efficiency in wastewater.!4:15 AAP, as an unregulated trace contaminant, can be
found in aquatic environments at concentrations ranging from ng/L to ug/L.
When taken in therapeutic doses, 58—68 % of the ingested AAP is excreted from
the body unchanged.!6 Traditional biological treatments for water contamination
do not fully eliminate AAP, with concentrations of several hundred ng/L still det-
ected in treated effluent.!7-18 The conventional methods used to remove acet-
aminophen from contaminated water typically involve multiple chemical react-
ions or intensive energy sources, resulting in increased waste disposal costs.19:20
As a result, there is a growing interest in exploring new methods for the removal
of pharmaceutical compounds from the effluent. Bioremediation using enzymes
stands out as one of the most secure and sustainable approaches to decontam-
inating polluted environments.2! The peroxidase family of enzymes is a subject
of extensive research and is considered essential for life in aerobic con-
ditions.22:23 Peroxidase, an oxidoreductase enzyme, possesses the unique ability
to break down hydrogen peroxides, which is the basis for its name.!5> These
enzymes can be found in a wide variety of organisms, including plants, bacteria
and humans, in various isoforms.2425 The most well-known plant enzymes used
for paracetamol degradation, include horseradish peroxidase (HRP), a well-stu-
died plant peroxidase capable of oxidizing paracetamol via hydrogen peroxide-
-dependent radical mechanisms; its use has been explored in cancer enzyme pro-
drug therapy and environmental applications.26-27 Laccase enzymes, which have
also been demonstrated to transform acetaminophen via oxidative coupling lead-
ing to polymerized, biologically inactive products.28

Chemical modification has been found to enhance TP’s activity, improving
its stability and catalytic performance, which is beneficial for wastewater treat-
ment involving pharmaceuticals.?9
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Enzymes are well known for their highly specific catalytic activity, typically
at mild reaction conditions, but are highly susceptible to heat and denaturation,
resulting in the loss of their catalytic activity.30 Enzyme immobilization is a pro-
cess where the enzyme is attached to a surface and trapped in suitable matrices,
such as inorganic materials, organic polymers and hydrogels, to enhance their
stability, reusability and selectivity.31-32 Various methods of enzyme immobiliz-
ation in biopolymers, such as hydrogel beads, have been utilized to encapsulate
enzymes in their porous structure.33 Sodium alginate crosslinking by calcium
ions has the properties to form semi-permeable beads with suitable mechanical
and chemical stability, as well as good compatibility with enzyme proteins, mak-
ing it widely used for immobilizing different enzymes.32 The focus of this study
was to investigate the removal of AAP using immobilized turnip peroxidase ent-
rapped in calcium alginate (ITP—Ca-AG) beads. The initial phase involved opti-
mizing the immobilization parameters, including determining the appropriate
dose of calcium alginate, the concentration of calcium chloride and the optimal
concentration of peroxidase for effective immobilization. Once the optimal con-
ditions for immobilization were established, the study proceeded to examine the
effects of various parameters on the removal efficiency, such as pH, temperature,
contact time, mass of beads and substrate concentrations of hydrogen peroxide
and acetaminophen (AAP).

EXPERIMENTAL
Chemicals

Crude peroxidase was extracted from fresh vegetables of turnip (Brassica rapa) collected
from local market. Acetone, Sephadex gel G-100, hydrogen peroxide aqueous solution (30
mass %), phenol and 4-amino-antipyrine were of analytical grade and were obtained from
Sigma—Aldrich. Paracetamol, also known as acetaminophen, was obtained from Merck.
Detailed properties of AAP along with the structure are presented in Table I.

TABLE 1. Characteristics of acetaminophen®

Name of the drug Acetaminophen
Chemical name N-Acetyl-p-aminophenol
f CgHgNO,
Molecular weight 151.16 g/mol
IUPAC name N-(4-Hydroxyphenyl)acetamide
Stability Dry, pure paracetamol is stable up to 45 °C
Structure _OH
o

J

Tz




1288 AHMEDI and ABOUSEOUD

Isolation and purification of turnip peroxidase (TP)

The process of separating and purifying TP using acetone at low temperature of 4 °C has
been thoroughly explained in prior research.3*3> Gel filtration serve as the final stage in the
purification of proteins, requiring a relatively pristine preparation with a small volume for
optimal effectiveness. The stationary phase is composed of Sephadex G-100 gel, which is
poured into a column measuring 25 cmxlcm in dimensions. The mobile phase consists of
semi-purified TP dissolved in a pH 6.0 buffer solution, which is passed through a 1 cmx60 cm
column at a slow flow rate of 15.75 mL/h. The collected solutions were chosen to be in frac-
tions of 1 ml, diluted in 2 ml of the pH 6.0 buffer solution.

Storage stability of TP

Free and partial purified TP were incubated in phosphate buffer at 4 °C (50 mM, pH 6.0).
The stability of the peroxidase in both cases, crude and purified, was assessed by measuring the
peroxidase activity at regular time intervals every 5 days for a period exceeding three months.

Preparation of alginate beads and optimization of immobilization conditions

The enzyme was purified and then immobilized in sodium alginate using a method sim-
ilar to one described in a previous study.3® To achieve this, a volume of semi-purified TP sol-
ution was thoroughly mixed with a mass of sodium alginate under continuous agitation until a
homogeneous mixture was obtained. Subsequently, this mixture was dispensed dropwise
through a 23G syringe needles into a solution of CaCl, under agitation, resulting in the ins-
tantaneous formation of calcium alginate beads with a diameter of approximately 2.8-2.9 mm.
These beads were then agitated for about 2 h to harden and stabilize the enzyme within them.
Finally, the beads underwent a washing process with distilled water and were stored at 4 °C in
a pH 6.0 buffer solution until further use. It is crucial to optimize the parameters related to the
support and the enzyme to achieve a higher enzyme retention rate and improved activity. This
optimization is necessary to reduce enzyme leakage and overcome diffusional limitations,
thereby enhancing process efficiency. The immobilization conditions to be optimized include
the concentration of sodium alginate (AG-Na, ranging from 1 to 2.5 %), enzyme loading con-
centration (measured in Ul/ml), and the concentration of the gelating agent CaCl, (ranging
from 0.05 to 0.2 M). The efficiency of immobilization and factor efficiency were calculated
using Egs. (1) and (2), while the activity of free, immobilized, and filtrate TP was measured
using the phenol-4 aminoantipyrine method:3°

]E(%):lOOM (1)
0
7(%) =100 Total activity of beads (U) @)

Total free TP activity used for beads production (U)

where A, and A; are activities of free and filtrate TP, respectively; ¥, and V; are the volumes
of TP of free and filtrate solution respectively.

Enzyme and protein assay

The activity of free and entrapped peroxidase in aqueous solution was determined spec-
trophotometrically at 517 nm using the 4-aminoantipyrene method,3® with phenol and hydro-
gen peroxide as substrates and 4-aminoantipyrene as the chromogen.” Protein concentration
was determined by the Bradford method,3® with absorbance measured at 280 nm, and bovine
serum albumin was used to generate the standard calibration curve.
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Removal of acetaminophen

Removal of acetaminophen from the aqueous phase by immobilized TP was studied
using the one-factor-at-a-time (OFAT) experimental method as shown in Table II and the
optimal value was selected for the following experiment. Experiments were conducted in a
closed tube under constant temperature 20 °C. The reaction mixtures contained 1 mL of hyd-
rogen peroxide 0.1 M, 1 mL of AAP 0.5 g/L, 8 mL of buffer solution and a mass of 0.3 g of
alginate beads. Mixtures were kept for a fixed duration for 1h without agitation and the treated
solution was centrifuged at 4000 rpm for 5 min to separate the precipitate. Details are pre-
sented in Table II.

TABLE II. Ranges of experimental parameters

Parameter Range
pH 2-10
Temperature, °C 20-80
[H,0,] /M 0.1-1.2
[AAP] /gL 0.1-1
Mypeads / g 0.3-1.5
Contact time, min 0-80

The residual drug concentration was measured spectrophotometrically at 288 nm. Opti-
mum values were those that resulted in the highest degradation yield. Control (blank) experi-
ments were conducted without immobilized TP to assess abiotic (nonenzymatic) degradation
via photocatalytic or chemical processes. The decomposition yield for acetaminophen was
calculated, with the percent degradation parameter defined as:

Decomposition yield(%) = 100% 3)

where A and 4, represent the absorbance before and after enzyme treatment, respectively.
Reusability of immobilized TP

The reusability of immobilized TP was investigated by conducting multiple experiments
using the same beads for the removal of drug AAP under consistent optimal conditions. The
study involved performing consecutive experiments over five batches, with the beads con-
taining immobilized TP being separated from the mixture, rinsed with distilled water, and
reused in a fresh degradation medium after each reaction. To monitor the drug biotrans-
formation, absorbance at 4., (288 nm) was measured using UV—Vis spectroscopy at the con-
clusion of each batch. All enzymatic degradation experiments were conducted in triplicate to
ensure the reliability of the results.

RESULTS AND DISCUSSION
Extraction, purification and stability test of TP

Purification of peroxidase is necessary to maintain its maximum catalytic
power by removing protein and non-protein impurities. The test results for both
the crude and purified extract are summarized in Table III.

Sephadex G-100 gel filtration was used to achieve purification by separating
molecules based on their size and shape. The elution profile of the chromatogram
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(Fig. 1) demonstrates a complete separation of the compounds, with larger mole-
cules being eluted first. The larger molecules with higher peroxidase activity are
eluted between fractions 15 and 20, as indicated by the curve of enzymatic act-
ivity variation. The second peak in the elution profile represents proteins that do
not possess peroxidase activity.

TABLE III. Characteristics of enzymatic solutions before and after purification

Purification step Total Total Specific  Purification Activity yield
protein, mg activity, U activity, U/mg factor %
Crude enzyme 46.6 2.474 0.053 - 100
Purification with acetone 17.5 1.557 0.089 1.689 63
Sephadex gel G-100 0.045 0.8 17.84 336.60 32

purification

—— Activity

1
o
w

T—
/
Activity, U/mL

\
;.

Elution volume, mL

Fig. 1. Elution profile of TP on a Sephadex G-100 resins.

Table III presents the purification process of peroxidase extracted from tur-
nip (Brassica rapa), which can be analyzed and explained based on the results
provided. A decrease in purification yield indicates the loss of enzyme activity
during the purification process, as observed when the purification yield decreases
to 63 % with acetone purification and further to 32 % with Sephadex gel filt-
ration. This suggests that significant enzyme activity is lost due to incomplete
recovery or enzyme denaturation during these purification steps. The purification
factor measures the concentration and purification of the enzyme in each step,
with an increase indicating successful concentration and purification. When puri-
fied with acetone, the purification factor increases to 1.7, suggesting some initial
concentration but not significant purification. In contrast, the purification factor
dramatically increases to 336 with Sephadex gel filtration, indicating successful
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concentration and purification of the peroxidase enzyme into a smaller volume.
In summary, acetone precipitation concentrates the enzyme to some extent with
moderate purification, while Sephadex gel filtration greatly concentrates and
purifies the peroxidase enzyme, despite a lower final yield. When peroxidase
from Peganum harmala seeds is purified using gel filtration, a purification fold
of 4.4 and an enzyme recovery of 15 % are achieved.3® On the other hand, the
purification of peroxidase from the leaf of oil palm (Elaeis guineensis) using the
same gel filtration method results in an overall purification fold of 4 with 51.9 %
enzyme recovery.40

Storage stability of crude and semi-purified TP

Acetone precipitation is a method used to concentrate and stabilize enzymes
during the precipitation process. The activity of the crude turnip peroxidase
(CTP) can be observed to decrease over time, as shown in Fig. 2. After two
weeks, the activity begins to drop and after one month it decreases significantly
from 2.3 to 0.4 U/mL. This indicates that the crude enzyme is not stable over
time and loses most of its activity within a month. In contrast, the semi-purified
enzyme exhibits much better stability, with its activity remaining constant at 1.2
U/mL for three months. This suggests that the purification process with acetone
has significantly improved the enzyme’s stability. Despite the crude enzyme’s
higher initial activity, it is less stable and loses most of its activity within a month.
On the other hand, the semi-purified enzyme, starting with a lower initial activity
of 1.2 U/mL, remains stable and retains its activity for at least three months.

s —v— Crude TP
, —o— Semi purified TP
= 2,0
E
o
. 1,5
>
=
Z 10]
Q
<
0,5
0,0 T y y y

0 20 40 60 80 100 Fig. 2. Storage stability of crude and

Time, Days semi purified TP.

Optimization of immobilization parameters for paracetamol degradation

Alginate is a commonly used biopolymer for immobilization by inclusion
due to its gelling properties, non-toxicity, biodegradability, ease of use and cost-
-effectiveness. The efficiency of immobilization increases with the concentration
of the support, specifically with the mass of alginate, as shown in Table IV. The
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presence of more gel in the sodium alginate/peroxidase mixture increases vis-
cosity and leads to the formation of firmer beads, enhancing enzyme retention
and reducing leakage into the surrounding medium. The optimum immobilization
efficiency, reaching 76.59 %, is achieved at an AG-Na concentration of 1.5 %.
The concentration of the enzyme to be immobilized significantly impacts enzyme
retention and activity, with higher concentrations resulting in better retention but
decreased enzymatic activity due to steric hindrance. An enzyme concentration
of 1.3 U/mL is found to be optimal for good enzyme retention and maximal effi-
ciency factor, as reported in Table I'V. Calcium chloride serves as a gelling agent,
and Table IV illustrates that the highest immobilization and efficiency factor of
the ITP—Ca-AG are achieved at a concentration of 0.05 M CaCl,. Using 1.5 %
sodium alginate, an enzyme loading concentration of 1.3 U/mL, and a calcium
chloride concentration of 0.05 M are the optimal conditions for entrapping perox-
idase within calcium alginate beads, achieving the highest efficiency and reten-
tion rate. In contrast to the study of Gao et al., employing a higher sodium alg-
inate and calcium chloride concentration of 2 % and 0.3 M, respectively, is aimed
at reinforcing bead rigidity while maintaining diffusion efficiency.4!

TABLE IV. Immobilization and factor efficiency (/E, #) of alginate beads obtained at differ-
ent gelation conditions

Essay 1 Sodium alginate concentration, %; [CaCl,] = 0.1 M; [E] = 0.7 U/mL
1 1.5 2 2.5
IE | % 71.94 76.59 76.01 83.32
n!% 26.27 45.73 37.96 32.00
Essay 2 Enzyme loading, U/mL; [AG-Na] = 1.5 %; [CaCl,] = 0.05 M
0.7 1.0 1.3 1.8
IE | % 77.82 60.08 63.45 54.00
n!% 13.98 30.10 40.82 41.94
Essay 3 Chloride calcium dose, M; [AG-Na] = 1.5 %; [E] = 1.3 U/mL
0.05 0.1 0.15 0.2
IE | % 52.30 35.78 50.01 46.23
n!% 30.86 28.39 27.90 27.40

Morphology of ITP-Ca-AG beads

Alginate beads were observed using scanning electron microscopy (SEM).
In Fig. 3, the distribution of peroxidase on the outer layer of the alginate bead can
be seen, where the enzyme appears as multiple white dots. This can be confirmed
after enlarging the image 160 times, where the presence of the enzyme is clear in
the bead containing peroxidase, as illustrated in Fig. 3, compared to the empty bead.

Effect of pH
Fig. 4A illustrates the impact of pH on ITP-Ca-AG activity. The study
investigates the degradation rates of AAP at various pH levels to identify the
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most favorable conditions for maximum degradation efficiency. The optimal pH
for this biodegradation process is determined to be 2, resulting in a 24 % biodeg-
radation yield. Under neutral and basic pH conditions, the biodegradation effi-
ciency is observed to be comparatively low. The immobilization of the enzyme in
calcium alginate serves to stabilize it and potentially improve its catalytic per-
formance, particularly in extreme pH environments.

) . T (2)
Fig. 3. SEM photographies of the outer layer of calcium alginate beads: a) without enzyme,
b) with enzyme at different magnification (1, 40x%, 2, 160x).

Effect of temperature

When peroxidase is immobilized in calcium alginate, its thermal stability is
enhanced. The alginate matrix offers some protection against temperature-ind-
uced denaturation of the enzyme. The degradation of AAP by ITP—Ca-AG is
affected by temperature, with a temperature range of 30 °C being optimal for
maximum enzyme activity, as illustrated in Fig. 4B, both excessively high and
low temperatures can have negative effects on the process, either by denaturing
the enzyme or by slowing down the reaction rate. At temperatures beyond the
optimal range (Topt), the decomposition efficiency decreases to 23 % at 50 °C
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and 20 % at 70 °C. For temperatures lower than the optimal range, the efficiency
decreases by 17 %.
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Fig. 4. Effect of: A) pH, B) temperature and C) H,O, concentration on the degradation of
AAP by ITP-Ca-AG.

Effect of hydrogen peroxide concentration

Fig. 4C demonstrates the impact of hydrogen peroxide on the degradation of
AAP, revealing a notable increase in efficiency. With the increase in H,O; con-
centration from 0.1 to 1.2 M, there is a substantial enhancement in the degrad-
ation yield, rising from 38 to 58 %. In the reaction, hydrogen peroxide functions
as an electron acceptor, while peroxidase enzymes play a role in facilitating the
transformation of AAP molecules into less harmful substances. Turnip peroxid-
ase isoenzymes have demonstrated high thermostability and resistance to hydro-
gen peroxide inactivation compared to horseradish peroxidase, suggesting adv-
antages in oxidative applications.#2 TP has also shown a great potential in deg-
rading phenols, volatile organic compounds (VOCs) and dyes.34.35:43

Effect of AAP concentration

Fig. 5A illustrates that as the concentration of AAP increases, both the deg-
radation and removal rate of AAP also increase. When the paracetamol dose was
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varied from 0.1 to 0.4 g/L, the decomposition yield, which represents the effi-
ciency of the breakdown process, increased by 20 %. This indicates that the cat-
alytic efficiency of turnip peroxidase increases when it is immobilized at higher
concentrations of AAP, likely due to the enzyme having more substrate (AAP)
available to interact with, thus increasing its catalytic activity. The results dem-
onstrate that the maximum decomposition yield and removal rates were achieved
for AAP concentrations as high as 1 g/L, suggesting that at this concentration, the
enzyme operates at its peak efficiency. In Fig. 5B, the linearization of the Line-
weaver—Burk plot, or the double reciprocal representation of velocity and AAP
concentration, yields a straight line with a maximum velocity (rmax) of 28.1 U/L
and a Michaelis—Menten constant (Ky,) of 0.1 g/L.

Effect of beads quantity

From Fig. 6A, it was observed that the removal of AAP increased from 84 to
97 % as the mass of immobilized enzyme beads increased from 0.3 to 0.8 g. This
indicates a positive correlation between the quantity of enzyme beads and the
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efficiency of paracetamol degradation. At lower masses (0.3 g), the reaction is
less efficient due to the limited availability of enzyme molecules to bind with
paracetamol. Increasing the mass of enzyme beads is likely to increase the sur-
face area available for the reaction, allowing more paracetamol molecules to int-
eract with the enzyme simultaneously, resulting in higher degradation of AAP.

Effect of contact time under optimal conditions

Fig. 6B illustrates the impact of contact time on the decomposition of para-
cetamol under optimal conditions. In environmental settings, optimizing contact
time is crucial for maximizing the efficiency of paracetamol decomposition pro-
cesses. The kinetics of degradation yield by ITP—Ca-AG under optimal con-
ditions demonstrates a gradual increase in paracetamol decomposition over time.
After 10 min, 26 % of the drug is decomposed, and the yield reaches 97 % after 1
h. The initial slower rate of decomposition followed by accelerated degradation
suggests that the enzymatic reaction proceeds more efficiently over longer
periods, leading to a higher overall yield of paracetamol degradation.
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Fig. 6. AAP removal; A) effect of ITP—Ca-AG beads quantity, B) under optimal conditions
and C) reuse cycles of immobilized enzyme.
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Reuse of immobilized enzyme

When peroxidase enzyme is immobilized in calcium alginate, it is protected
from denaturation and degradation, leading to a prolonged activity. The immo-
bilized enzyme can be easily separated from the reaction mixture and reused,
resulting in cost-effectiveness and reduced waste. In a study illustrated in Fig.
6C, it was observed that the activity of ITP—-Ca-AG remained stable, with the
degradation of paracetamol being maintained above 80 % up to the third batch,
showing only a 20 % decrease compared to the first batch. Based on the results, it
can be inferred that the immobilization process is effective, enabling the practical
reuse of peroxidase for the degradation of pharmaceutical effluents. In the same
study, paracetamol removal was achieved by combining the biocatalytic activity
of horseradish peroxidase (HRP) with the adsorption capacity of a thermally
cross-linked nanofibrous membrane, while the immobilized HRP showed a sim-
ilar removal rate to the free enzyme (83.5 vs. 84.4 %).27 Alternatively; in a separ-
ate work, paracetamol remained undegraded at pH 5 when using sol-gel encap-
sulated LiP- and HRP-based nanocomposites.#4 Whereas photocatalytic oxid-
ation achieved 84.34 % degradation in over 1.5 h.45 However, ITP-Ca-AG was
able to degrade AAP to 99 % in less than 1 h. The study also included a com-
parison with previous research on the degradation of acetaminophen using vari-
ous methods. It was noted that while photocatalytic oxidation, UV irradiation,
and microbiological approaches can degrade AAP, they generally require a much
longer time compared to enzymatic methods. The ITP—Ca-AG employed in the
study demonstrated a significantly faster and more efficient degradation of AAP
compared to the reported physical and microbiological methods. For instance, the
yield of biological treatment of AAP by Pseudomonas PrS10 strain isolated from
pharmaceutical industrial effluents could reach 96.37 % within 7 days.” While
photocatalytic oxidation gave 84.34 % degradation within 1.5 h,*> whereas 97 %
was obtained by ITP—Ca-AG after 60 min.

Despite its known catalytic properties, the application of turnip peroxidase
(TP) in paracetamol degradation is less explored compared to HRP, presenting
potential novelty due to its stability and efficiency in harsh conditions such as
wastewater treatment. Turnip peroxidase (TP) has emerged as a promising bio-
catalyst for environmental remediation due to its oxidative capabilities and eco-
-friendly origin. Derived from a low-cost and readily available plant source, TP is
an inexpensive and abundant enzymatic tool that can be readily exploited for the
degradation of emerging pollutants, including pharmaceuticals, dyes and phen-
olic compounds. Its application in wastewater treatment offers a sustainable alter-
native to conventional chemical methods, particularly when immobilized or used
in combination with hydrogen peroxide under mild conditions. The broad sub-
strate specificity of TP, along with its potential for large-scale extraction from
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agro-industrial waste, positions it as a viable candidate for green remediation
technologies.

CONCLUSION

In conclusion, the breakdown of paracetamol utilizing partially purified
turnip (Brassica rapa) peroxidase immobilized in calcium alginate beads under
optimized conditions (1.3 U/mL enzyme loading, 1.5 % sodium alginate, and
0.05 M calcium chloride) with a maximum degradation yield of 97 % at pH 2.0
and 30 °C was achieved. The immobilized enzyme exhibited favorable kinetic
parameters and maintained 80 % of its activity after three reuse cycles, indicating
good stability and reusability. The findings suggest that the enzymatic mech-
anism was successful in breaking down pharmaceutical substances. While org-
anic material was present at the end of the treatment, it was in a non-toxic and
insoluble form. Future research could focus on scaling up the process, exploring
degradation of other pharmaceutical contaminants and improving enzyme immo-
bilization techniques to enhance stability and operational lifespan.

M3BOJ

PA3BOJ EH3UMA UHKAIICYJIUPAHOI' Y BUOITIOJIUMEPY 3A EOUKACHY PA3TPAIBY
AITETAMUHO®EHA
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Engineering, Faculty of Technology, University Yahia Fares of Médéa, Médéa, Algeria

Y 0BOj cTynuju je ucnutHBaHa eUKACHOCT AETUMHYHO MpevulrheHe MepoKkcunase u3
penie (Brassica rapa) AMOOWIN30BaHe Y KaALWjyM ajJTHHATy, 3a pasjiarame Mnapaneramorna,
NI03HATOT U Kao aueTamuHodeH (AAP), yecTo kopuurheHOr aHaAreTUKa U aHTUITUPETHKA KOjU
ce HabaBpa Oe3 penenrta. MHKancynanuja NepoKkCcHas3e je ONTUMHU30BAaHA Y LUy MUHMMH-
3upama lypewma €H3uMa M 3afipKaBaka MaKCUMalHE aKTHBHOCTH, TOJELIaBakbeM KOHLIEH-
Tpauuje KallWjyM-aJITMHAaTa, IOoJa3He KOJIWYMHE €H3MMa M KOHLEHTpaluje KaalujyM-XJo-
puza. ONTHUManHU YCJIOBU MHKAIICy/Mpama NepoKkcuiase y KallujyMm-airdHaTHOj MaTpHLH,
Ca HajIIOBOJBHUjUM 3a[pKaBalkeM U akTUBHOIIhY eH3uMa cy dwnu: 1,3 U/mL moueTHa aKTHB-
HOCT eH3uma, 1,5 % Harpujym-anrusara u 0,05 M xanuujym-xnopuga. ®oxyc oBor ucrpa-
’KMBamwa je OM0 Ha UCNIUTHBaky e(UKaCHOCTH U MOTYhHOCTH IIpUMEHe UMOOMIN30BaHe Iep-
OKcHfase U3 pene y pasiarawy dapmaleyTCKUX ocTaTaka, CleludUYHO Lubajyhu mapaue-
Tamoi. Pe3ynraté cy mokasald fa je MakcumanHa pasrpagma AAP Ha pH 2,0 u Ha Tem-
neparypu oz 30 °C, npu KOHLIEHTpalMjy napalleramosa U BOJOHUK nepokcuna of 1 g/L, on-
HocHo 1,2 mol/L, najyhu npusoc ox 97 %. ¥ crynuju cy, Takohe, ogpeheHun kMHeTHUKH napa-
METpH eH3UMCKe peakliije, kao LITO Cy MaKCMMasHa Op3uHa U Mukaennc—MeHTteHoBa (Mich-
aelis—Menten) xoHcTaHTa. CTadunKu30BaH €H3UM C€ MOXKE KOPUCTUTH BHLIE IIyTa, MUHAMYM
TpH NyTa, 3afprKaBajyhu, y uneanHum ycinosuma, 80 % cBoje ciocodHOCTH fa pasrpanu AAP.

(ITpumsbeHo 24. Maja, pesunupaHo 14. jyna, npuxsaheno 19. centemdpa 2025)
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