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This study aims to achieve environmental sustainability by using peroxidase extracted from Welsh onion

(Allium fistulosum L.) and immobilized on bentonite clay for the biodegradation of phenolic compounds in
polluted water. Peroxidase was purified using (NH4)2SO4, DEAE-Cellulose, and Sephacryl S-200. It was
obtained with a specific activity of 1345.3 U mg"!, a 4.8-fold purification, and a 23.37% yield. The efficiency
of immobilization on bentonite clay was 83%. The optimum pH for the activity of the immobilized enzyme
was 7. It was stable at the pH range 5-8 for 30 min with a residual activity of 86% and 82%, respectively. The
optimum temperature for the activity and stability was 50°C, with residual activity of 53% at 70°C. The
immobilized enzyme retained 100% and 84% of activity after 21 and 30 d, respectively, during storage at
4°C. The activity of the enzyme was stable up to 19 reuses, while it retained 75% after 30 reuses. The treatment
of polluted water with immobilized peroxidase 20 U mg! led to the removal of 95% of 4-chlorophenol and
100% of phenol at 30 and 25 min, respectively.

1 INTRODUCTION

Economic growth in recent years has led to a rise in
pollution to high Ilevels worldwide. Phenolic
compounds are a leading cause of water pollution,
primarily due to their widespread use in various
industries such as dyes, textiles, pharmaceuticals,
pesticides, printing, and others [1]. The hazard of
these compounds, especially phenol, lies in their low
Biodegradability and high stability, which is
attributed to their chemical structure [2]. Phenol is a
toxic pollutant for the health and safety of life [3].
Biological treatment of wastewater and pollutant
water solutions with phenolic compounds is catching
increasing interest due to their environmental
friendliness [1]. Enzymatic methods have gained
popularity due to their high efficiency, low cost,
specificity, and environmental safety, which surpass
those of other chemical methods [4]. Peroxidase POD
EC: 1.11.1.7 belongs to the oxidoreductases group,
considered one of the common enzymes used in the
environmental treatment of phenolic compounds in
wastewater and pollutant aqueous solutions [5]. It
was purified from different plant sources, including
citron (Citrus medica) leaves [6]; white cabbage
(Brassica oleracea var. capitata f- alba) [7]; chestnut
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kernel (Castanea mollissima) [8]; roots of
horseradish (Armoracia rusticana) [9]; soybean or
soya bean (Glycine max) [10]; and prickly lettuce
(Lactuca serriola L.) leaves [11]. Immobilization
technology has been used as a promising method in
this field by different support materials, such as

Alginate [12],  microporous  starch  [13],
nanocomposite [14], chitosan  [10], and
nanocrystals [15]. This technology is an

environmentally friendly approach that enhances the
catalytic properties of the enzyme, including stability,
storage, and reuse [16]. Thus, this study aims to use
peroxidase extracted from Welsh onion (Allium

fistulosum L.) and immobilized on bentonite clay for

the biodegradation of phenolic compounds in

polluted water.

2 MATERIALS AND METHODS

2.1 POD Extraction

After washing and drying, 100 g of Welsh onion
(Allium fistulosum L.) was cut into small pieces of
approximately 1 cm? in size, then extracted using an
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electric mixer for 5 min at 4°C. The extraction
solution consisted of 500 mL of 0.1 M sodium
phosphate buffer at pH 6, containing 1 mM L-
cysteine, and 1 g of Polyclar AT was added to inhibit
the phenols released during extraction. Then,
centrifuge the mixture at 10,000 rpm for 20 min at
4°C. The supernatant was used as a crude extract for
the enzyme purification [6].

2.2 POD Activity

The activity was estimated using Whitaker and
Bernhard [17] method, using guaiacol as a substrate
for the enzyme, as in

AA 420 nm
txvx0.001

U

POD actlmtyﬂ = (1)
Where: AA420 nm: Absorbance nm at final reaction
time-Absorbance nm at initial reaction time; 0.001:
unit of enzymatic activity; v: amount of free and
immobilized peroxidase (IPOD) that was used, 0.1
mL of free or 0.1 g of immobilized enzyme; t:
reaction time min.

The reaction began at 25°C by adding 0.1 mL of
the enzyme to the 3 mL of reaction solution, which
contained 0.05 M guaiacol and 0.02 M hydrogen
peroxide 30% in phosphate buffer 0.05 M, pH 7.0.
The reaction was continued for 3 min, and then
AA420 nm was used for the calculation of activity.
The unit of enzymatic activity is defined as the
amount of POD that causes a change in absorbance at
420 nm of 0.001 units per minute at reaction [17].

2.3 Protein Estimation

Protein concentration was estimated using the
Bradford method [18].

2.4 POD Purification

The method of Aziz [11] is used to purify POD
through precipitation using 40-80% of (NH4)>SOs.
After dialyzing against deionized distilled water for
24 h at a refrigerator, centrifuging at 10,000 rpm for
30 min, and drying by freeze-drying. Ten mL of 10
mg mL"' of it was applied to a DEAE-Cellulose
column 1.5 x 30 cm that was equilibrated with a 0.1
M sodium phosphate buffer, pH 7. The washing step
was performed twice with the column volume filled
with dialysis buffer to remove all unbound proteins.
Then, an elution step was done by a gradient of NaCl
0-1 M. The fractions were collected in a 4.5 mL tube
at 90 mL h!, and their absorbency was measured at
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280 nm, with enzyme activity U mL"!' estimated for
all separated fractions. The fractions that showed the
POD activity were collected and dialyzed as
previously described steps, then 10 mL, 10 mg mL"!
of it was added to a Sephacryl S-200 column 1.5 x 60
cm that was equilibrated and washed with 0.1 M Tris-
HCI buffer solution, pH 7, in a 3 mL tube, 18 mL h™'.
The fractions were collected for analysis of POD
activity U mL! and protein mg mL"". Then dialyzed
against dialysis buffer for 24 h at 4°C and dried by
freeze-drier until use.

2.5 POD Immobilization

Bentonite was activated by stirring with a 10%
solution of 3-Aminopropyl triethoxysilane (APTES)
in acetone v/v for one h at 25°C, followed by filtration
and washing with acetone. Bentonite was dried at
80°C and then mixed with a 10% aqueous
glutaraldehyde v/v for one h. Next, the mixture was
filtered and washed with 0.05 M potassium phosphate
buffer, pH 7.0, and then the activated clay was stored
in a refrigerator. The immobilization was done by
mixed-activated clay with POD 10 mg mL! in 0.05
M potassium-phosphate at pH 7, 1:1 v/v, then the
mixture was stirred for one h at 4°C and centrifuged
at 10,000 rpm for 10 min. The precipitate (IPOD) was
washed many times by the same buffer and stored in
the refrigerator until use [19].

2.6 Immobilization POD Efficiency

The immobilization efficiency (IE) was estimated
using Mohamed et al. [12], as in
Activity of IPOD
Intial activity of soluble POD

IE % = x 100. (2)

2.7 TIPOD Characterization

The optimum pH for the activity of 1 g of IPOD was
estimated using a 0.05 M buffer solution at pH from
3 to 5.5 with citrate-phosphate, 6 to 7.5 with sodium-
phosphate, and 8 to 9 with Tris-HCI. The optimum
temperature for the activity of 1 g of IPOD was
estimated between 30 and 70°C. The stability was
estimated by incubating the IPOD for 30
min [5].

2.8 Storage Period and Reuse

IPOD storage period for 30 d and 30 reuse was
estimated at 4°C [9].
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2.9 Estimation of Phenolic Compounds

The concentration of phenolic compounds mg mL"!
was estimated using the Folin-Ciocalteau method
using gallic acid 10-100 mg mL™! as a standard curve
and absorbency at 765 nm [19].

2.10 Removal of Phenolic Compounds

The ability of removal (%) was estimated by adding
2.5 g of IPOD 10 mg mL"! to 0.5 L of the 10 mM of
4-chlorophenol and phenol, then incubating for 10 h
at 50 rpm at 30°C, and estimation of the remaining
concentration of these compounds [5].

3 RESULTS AND DISCUSSION

3.1 Purification

POD was purified using 40-80% (NH4)>SO4, DEAE-
Cellulose (Fig. 1), and Sephacryl S-200 (Fig. 2),
giving rise to a specific activity of 1345.3 U mg™', a
4.8-fold purification, and a 23.37% yield (Table 1).
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Figure 1: Purification of peroxidase from Welsh onion
(Allium fistulosum L.) by DEAE-Cellulose.

POD was purified from plants using different
methods and techniques. Likewise, gel filtration by
Sephadex G-100 with specific activity of 62080 U
mg™', a 15.10-fold purification, and a 28.6% yield

from citron leaves leaf [6]; affinity by 4-Amino-
Benzohydrazide with specific activity of 964.5 U mg”
!, a 24.7-fold purification, and a 4.3% yield from
white cabbage [7]; concentration by 30-80%
ammonium sulfate and lon exchange by DEAE-
Cellulose 52 with specific activity of 16500 U mg', a
9.52-fold purification, and a 4.21% yield from
chestnut kernel [8]; Concentration by sucrose and gel
filtration by Sephadex G-150 with specific activity of
6103 U mg', a 2.09-fold purification, and a 25.55%
yield from soybean or soya bean [10]; concentration
by 40-80% ammonium sulfate, Ion exchange by
DEAE-Cellulose 52, and gel filtration by Sephacryl
S-200 with specific activity of 15496 U mg, a 5.8-
fold purification, and a 23.24% yield from prickly
lettuce leaves [11].
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Figure 2: Purification of peroxidase from Welsh onion

(Allium fistulosum L.) by Sephacryl S-200.

The methods used in enzyme purification vary
depending on the properties of the enzymes, such as
ion exchange based on charge, gel filtration based on
molecular weight, and affinity based on the enzyme's
tendency to bind to a specific substance. Therefore,
choosing the appropriate purification method based
on the available capabilities, the required degree of
purification, and the type of application for the
purified enzyme is one of the important indicators of
the success of the goal of the purification process [6],

(7.

Table 1: Purification steps of peroxidase from Welsh onion (4/lium fistulosum L.).

Volume | Protein mg | Enzyme activity | Specific activity | Total activit Fold .
Step mL mL"! ¢ yU mL"! TP U mg’! ! U ' purification Yield %
Crude extract 100 4.52 1536.8 278.41 153680 1 100
Precipitation 40-80% 10 13.76 10468.68 760.81 104686.8 2.7 68.12
(NHa4)2S04
DEAE-Cellulose 45 091 873.59 959.99 39311.34 345 25.58
Sephacryl S-200 30 0.89 1197.32 1345.3 35919.6 4.8 23.37
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3.2 Immobilization POD Efficiency

The efficiency of immobilization POD on bentonite
was 83%. Generally, immobilization efficiency
depends on the type of immobilization method and
the support material used [19]. It was 58.07% on
chitosan [10], 86% on microporous starch [13], 75%
on Alginate polymer [12]. In the same context,
immobilization aims to enhance the activity and
stability by using several techniques, such as the use
of glutaraldehyde, which leads to increased
recovery in activity [20], as in [IPOD, using the cross-
linked enzyme  aggregate technique [21];
nanocomposite [14]; and nanocrystals [15].

3.3 pH and Temperature Value

The optimum pH activity for IPOD was 7. It was
stable at the pH range 5-8 for 30 min with residual
activity of 86% and 82% of its original activity,
respectively (Fig. 3). The optimum temperature for
activity was 50°C. It remained stable at 50°C for 30
min, while the residual activity was 53% at 70°C
(Fig. 4).

‘ Activity —e— Stability |

100

Reyidual activity (%)

0051152253354455556657 75885909510
pH

Figure 3: The optimum pH of activity and stability for
immobilized peroxidase from Welsh onion (A/lium
fistulosum L.) on bentonite clay.

Activity —e— Stability

o0 4
— 80 1
é 70
&
E 90
g 504
T w0
E w0
"1
20
10 q
0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 % 100
Temperature

Figure 4: The temperature of activity and stability for
immobilized peroxidase from Welsh onion (A4llium
fistulosum L.) on bentonite clay.
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Many articles refer to differences in pH and
temperature. On this basis, Mohamed et al. [12] found
that the optimum pH and temperature for [IPOD on
alginate polymer were 6 and 50°C, respectively. At
the same time, El-Naggar et al. [13] report on 6 and
40°C, respectively, for IPOD on microporous starch.
Additionally, the optimum pH of IPOD on the
nanocomposite was 7, and the enzyme retained 90%
of'its activity after incubation for 90 min at 40°C [14].
In a related context, the optimal pH activity of [POD
on polycarbonate discs was 7, and the enzyme
retained 100% and 89% after 60 min of incubation at
50°C and 60°C, respectively [9].

Generally, immobilization improves pH and
temperature stability due to changes in charge
interactions during the formation of a strong covalent
bond between the enzyme and the support material,
and it protects the enzyme conformation from damage
that may occur in the active
site [9], [20].

3.4 Storage and Reuse

The enzyme retained 100% and 84% of its activity
after 21 and 30 d of storage at 4°C, respectively. At
the same time, the IPOD retained 100% and 75% of
its activity after 19 and 30 reuses, respectively
(Fig. 5).
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Figure 5: Effect of storage at 4°C and number of reuse on
immobilized peroxidase from Welsh onion (Allium
fistulosum L.) on bentonite clay.

IPOD on alginate polymer retained about 60%
after 10 reuses [12]; IPOD on alginate micro-beads
preserved 60% after four cycles [22]; IPOD on
functionalized reduced graphene oxide retained 70%
after 10 cycles and 97% after 35 d [23]. In a related
context, [IPOD, on microporous starch retained 80 and
60% of original activity after 5 and 10 reuse,
respectively [13]; on nanocomposite have 100% of its
activity after 35 d of storage at 4°C, while its
remaining about 70% of original activity after 10
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reuse [14]; on biopolymers from sugarcane bagasse
retained 77 after 30 d of storage at 4°C, while its
remaining 47% of original activity after eight
reuse [24]; on polycarbonate discs could have fully
activity up to 14 d of storage at 4°C, while the
efficiency of its reduced up to 60% after four
reuse [9].

Stability at storage and reuse is considered one of
the essential characteristics of the immobilized
enzymes [14]. Therefore, this stability is related to
many factors, including the type of immobilization
method, support material, forming bonds, infiltration,
reaction conditions, partial damage of the active site
due to product accumulation, inhibition of the
enzyme by H>O,, and breakage of the support [13].

3.5 Removal of Phenolic Compounds

The treatment by IPOD 20 U mg™! led to the removal
of 22, 39, 67, 79, 88, and 95% of 4-chlorophenol and
43, 61, 85, 96, 100, and 100% of phenol at 5, 10, 15,
20, 25, and 30 min, respectively (Fig. 6).
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Figure 6: Removal of 4-chlorophenol and phenol (%) from
aqueous solutions by immobilized peroxidase from Welsh
onion (Allium fistulosum L.) on bentonite clay.

IPOD is a vital biocatalyst used for the removal of
phenolic compounds from wastewater treatment in a
short duration [20]. Therefore, several researchers
have reported the use of this application. For instance,
the removal efficiency for phenol was 90%
using  tyramine-alginate [22], 100%  using
nanocomposite  [14], 100% using graphene
oxide [23], 79% using biopolymers from sugarcane
bagasse [24], 96% using Polycarbonate discs [9].
Also, the removal efficiency for phenol and
p-chlorophenol was 78 and 58%, respectively, using
Alginate polymer [12], phenol and p-chlorophenol
was 60 and 52%, respectively, using microporous
starch [13], phenol and p-cresol was 98 and 92%,
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respectively, using cross-linked enzyme aggregate
technique [21], phenol, 2,4-dimethoxyphenol,
p-chlorophenol, 4-methoxyphenol, and  3-
aminophenol were 86.1, 43.6, 25.9, 88.2, and 92.2%,
respectively, using ZnO nanocrystals [15].

Phenolic compounds are considered one of the
most  hazardous  pollutants in  industrial
wastewater [12]. The removal of its by specific
enzymes is considered an environmentally friendly
treatment classified as part of the green
economy [5]. Therefore, these enzymes need to be
protected from environmental conditions, such as pH
and temperature, by immobilization to improve their
stability for large-scale removal of these
compounds [21].

4 CONCLUSIONS

This study demonstrated the successful application of
immobilized peroxidase extracted from Welsh onion
(Allium  fistulosum L.) for the biodegradation of
phenolic compounds in polluted water. The
purification process using ammonium sulfate
precipitation, DEAE-Cellulose, and Sephacryl S-200
chromatography achieved high enzymatic activity
and satisfactory purification yield. In addition,
immobilization on bentonite clay provided high
immobilization efficiency together with improved
operational stability under different pH and
temperature conditions.

The immobilized enzyme retained most of its
catalytic activity during storage and repeated reuse
cycles, indicating its suitability for sustainable
environmental applications. Experimental results
confirmed the effective removal of phenol and 4-
chlorophenol from aqueous solutions within
relatively short treatment periods.

From an applied analytical perspective, the study also
demonstrates the importance of computational and
quantitative evaluation in optimizing biodegradation
processes, including activity measurement, stability
assessment, and efficiency analysis under varying
operational parameters. The obtained results support
the potential integration of enzyme-based treatment
strategies with intelligent environmental monitoring
and data-driven wastewater management systems.
Overall, the proposed approach provides a low-cost,
environmentally friendly, and reusable solution for
wastewater treatment and highlights the applicability
of biochemical process optimization methods in
environmental technology research.



Proceedings of the International Conference on Applied Innovations in IT (ICAIIT), March 2026

REFERENCES

—
—

]

B. Bakar, M. Akbulut, F. Ulusal, A. Ulu, N. Ozdemir,
and B. Ates, “Horseradish peroxidase immobilized
onto mesoporous magnetic hybrid nanoflowers for
enzymatic decolorization of textile dyes: a highly
robust bioreactor and boosted enzyme stability,” ACS
Omega, vol. 9, no. 23, pp. 24558-24573, May 2024,
[Online]. Available:
https://doi.org/10.1021/acsomega.4c00703.

R. Al-Tohamy et al., “A critical review on the
treatment of dye-containing wastewater:
ecotoxicological and health concerns of textile dyes

and  possible remediation  approaches  for
environmental safety,” Ecotoxicology and
Environmental Safety, vol. 231, pp. 113160, January
2022, [Online]. Available:

https://doi.org/10.1016/j.ecoenv.2021.113160.

C. Liu, L. Tan, K. Zhang, W. Wang, and L. Ma,
“Immobilization of horseradish peroxidase for phenol
degradation,” ACS Omega, vol. 8, no. 30, pp. 26906-
26915, July 2023, [Online]. Available:
https://doi.org/10.1021/acsomega.3c01570.

J. Zdarta et al., “Enhanced wastewater treatment by
immobilized enzymes,” Current Pollution Reports,
vol. 7, no. 2, pp. 167-179, April 2021, [Online].
Available: https://doi.org/10.1007/s40726-021-
00183-7.

R. A. Aziz, “Characterization peroxidase from Prickly
lettuce (Lactuca serriola L.) leaves,” Bioscience
Research, vol. 18, no. 3, pp. 2342-2347, August 2021a,
[Online]. Available:
https://webofscience.com/wos/woscc/full-
record/WOS:000718005900017.

R. Mall, G. Naik, U. Mina, and S. K. Mishra,
“Purification and characterization of a thermostable
soluble peroxidase from Citrus medica leaf,”
Preparative Biochemistry & Biotechnology, vol. 43,
no. 2, pp. 137-151, August 2012, [Online]. Available:
https://doi.org/10.1080/10826068.2012.711793.

H. U. Erdem, R. Kalin, N. Ozdemir, and H. Ozdemir,
“Purification and biochemical characterization of
peroxidase isolated from white cabbage (Brassica
oleracea var. capitata f. alba),” International Journal of
Food Properties, vol. 18, no. 10, pp. 2099-2109,
January 2015, [Online]. Available:
https://doi.org/10.1080/10942912.2014.963868.

Z. Gong, D. Li, C. Liu, A. Cheng, and W. Wang,
“Partial  purification and characterization of
polyphenol oxidase and peroxidase from chestnut
kernel,” LWT, vol. 60, no. 2, pp. 1095-1099, October
2014, [Online]. Available:
https://doi.org/10.1016/j.1wt.2014.10.012.

N. R. Ahirwar, N. J. G. Sharma, N. B. Singh,
N. K. Kumar, N. P. Nahar, and N. S. Kumar, “A simple
and efficient method for removal of phenolic
contaminants in  wastewater using covalent
immobilized horseradish peroxidase,” Journal of
Materials Science and Engineering B, vol. 7, no. 1,
pp. 27-38, February 2017, [Online]. Available:
http://www.davidpublisher.com/index.php/Home/Arti
cle/index?id=31164.html.

346

[10] A. M. Jasim and G. M. Aziz, “Degradation efficiency
of phenolic compounds using immobilized peroxidase
purified from soybean,” Iraqi Journal of Agricultural
Sciences, vol. 50, no. 3, pp. 928-935, June 2019,
[Online]. Available:
https://doi.org/10.36103/ijas.v50i3.709.

[11] R. A. Aziz, “Purification of peroxidase from prickly
lettuce (Lactuca serriola L.),” Journal of College of
Basic Education, vol. 27, no. 111, pp. 16-27, January
2021b, [Online]. Available:
https://iasj.rdd.edu.ig/journals/uploads/2025/01/18/2d
350215b968592¢5b638221cdad536a.pdf.

[12] S. A. Mohamed et al., “Development of chia
gum/alginate-polymer  support for horseradish
peroxidase immobilization and its application in
phenolic removal,” Scientific Reports, vol. 14, no. 1,
p.- 1362, January 2024, [Online]. Available:
https://doi.org/10.1038/s41598-024-51566-x.

[13] M. E. El-Naggar, A. M. Abdel-Aty, A. R. Wassel,
N. M. Elaraby, and S. A. Mohamed, “Immobilization
of horseradish peroxidase on cationic microporous
starch: Physico-bio-chemical characterization and
removal of phenolic compounds,” International
Journal of Biological Macromolecules, vol. 181,
pp. 734-742, March 2021, [Online]. Available:
https://doi.org/10.1016/j.ijbiomac.2021.03.171.

[14] M. B. Vineh, A. A. Saboury, A. A. Poostchi, and
A. Ghasemi, “Biodegradation of phenol and dyes with
horseradish peroxidase covalently immobilized on
functionalized RGO-Si02 nanocomposite,”
International Journal of Biological Macromolecules,
vol. 164, pp. 4403-4414, September 2020, [Online].
Available:
https://doi.org/10.1016/j.ijbiomac.2020.09.045.

[15] F. Zhang, W. Zhang, L. Zhao, and H. Liu,
“Degradation of phenol with horseradish peroxidase
immobilized on ZnO nanocrystals under combined
irradiation of microwaves and ultrasound,”
Desalination and Water Treatment, vol. 57, no. 51,
pp. 24406-24416, January 2016, [Online]. Available:
https://doi.org/10.1080/19443994.2016.1138886.

[16] S. Ariacenejad, E. Motamedi, and G. H. Salekdeh,
“Application of the immobilized enzyme on magnetic
graphene oxide nano-carrier as a versatile bi-
functional tool for efficient removal of dye from
water,” Bioresource Technology, vol. 319, p. 124228,
October 2020, [Online]. Available:
https://doi.org/10.1016/j.biortech.2020.124228.

[17] J. R. Whitaker and R. A. Bernhard, Experiments for an
Introduction to Enzymology, The Whiber Press,
Davis, CA, USA, 1972.

[18] M. M. Bradford, “A rapid and sensitive method for the
quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding,”
Analytical Biochemistry, vol. 72, no. 1-2, pp. 248-254,
May 1976, [Online]. Available:
https://doi.org/10.1016/0003-2697(76)90527-3.

[19] M. A. Alsoufi and R. A. Aziz, “Use of immobilized
polyphenol oxidase in removal of phenol from some
aqueous solutions,” Indian Journal of Ecology, vol. 47,
no. 3, pp. 663-667, September 2020, [Online].
Available:
https://agris.fao.org/search/en/providers/122535/recor
ds/65e0130f4c5aef494fe7 fec.



Proceedings of the International Conference on Applied Innovations in IT (ICAIIT), March 2026

[20] Y. R. Maghraby, R. M. El-Shabasy, A. H. Ibrahim, and
H. M. E.-S. Azzazy, “Enzyme immobilization
technologies and industrial applications,” ACS
Omega, vol. 8, no. 6, pp. 5184-5196, January 2023,
[Online]. Available:
https://doi.org/10.1021/acsomega.2c07560.

[21] K. Sellami et al., “Bio-based and cost effective method
for phenolic compounds removal using cross-linked
enzyme aggregates,” Journal of Hazardous Materials,
vol. 403, p. 124021, September 2020, [Online].
Available:
https://doi.org/10.1016/j.jhazmat.2020.124021.

[22] N. Panti¢, R. Prodanovi¢, K. 1. Burdi¢, N. Polovié, M.
Spasojevi¢, and O. Prodanovi¢, “Optimization of
phenol removal with horseradish peroxidase
encapsulated within tyramine-alginate micro-beads,”
Environmental Technology & Innovation, vol. 21,
p. 101211, October 2020, [Online]. Available:
https://doi.org/10.1016/;.€ti.2020.101211.

[23] M. B. Vineh, A. A. Saboury, A. A. Poostchi,
A. M. Rashidi, and K. Parivar, “Stability and activity
improvement of horseradish peroxidase by covalent
immobilization on functionalized reduced graphene
oxide and biodegradation of high phenol
concentration,” International Journal of Biological
Macromolecules, vol. 106, pp. 1314-1322, August
2017, [Online]. Available:
https://doi.org/10.1016/j.ijbiomac.2017.08.133.

[24] T. M. E. Silva, A. R. D. Santos, and S. S. Caramori,
“Peroxidase from green zucchini (Cucurbita pepo L.)
immobilized on natural polymers removes phenolic
compounds from water samples,” Revista Ambiente &
Agua, vol. 13, no. 6, p. €2226, November 2018,
[Online]. Available: https://doi.org/10.4136/ambi-
agua.2226.

347





