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In this paper, the synthesis of novel effective biocatalysts based on oxidoreductases (peroxidase extracted from
the horseradish roots; commercial glucose oxidase) immobilized on the sodium alginate microspheres was
performed. To activate the carboxylic groups of the support, enzyme immobilization on the sodium alginate
microspheres was carried out using carbodiimide and N-hydroxysuccinimide. This allows the successful
crosslinking of enzyme and support to be reached. The investigation of catalytic properties of the synthesized
biocatalysts was carried out in the oxidation of phenol and 4-chlorophenol in the presence of 4-amino antipyrine.
The activity and stability of the synthesized biocatalysts was studied. The use of biocatalysts immobilized on
the sodium alginate microspheres allows more than 95 % of phenol and 4-chlorophenol conversion to be
achieved. The synthesized biocatalysts exhibit 25 - 30 % activity in comparison with the native enzyme in the
oxidation of phenol and its derivatives. The biocatalysts were found to save their activity in the up to 10 multiple
reuses.

1. Introduction

Phenol and its derivatives are extremely toxic water pollutants that can cause disorders of the central nervous
system, eye mucous membranes, respiratory tract, skin, and have a carcinogenic effect (Michatowicz et al.,
2007). Phenol containing wastewater is formed during the thermal conversion of solid fuel (on coke-chemical,
shale-processing plants, and gas-generating stations), the production of plastics, synthetic fibers, dyes, paper,
etc. (Anku et al., 2017). Phenolic compounds are widely used for the synthesis of various aromatic compounds,
disinfection, wood impregnation, as pesticides, and for many other proposes (Al Hashemi et al., 2015). A wide
application of phenols in industry and agriculture leads to the pollution of drinking water sources and causes an
increase in the morbidity of the population (Babich et al., 1981). Besides, the decay of phenolic compounds is
accompanied by a sharp absorption of oxygen from the water, which can lead to the death of fish and other
representatives of flora and fauna (Zapor, 2004).

The toxic effect of phenolic compounds makes scientists to search for novel ecologically friendly methods for
water purification (Cordova Villegas et al., 2016). Among the most effective methods for phenol utilization, the
destructive (thermal oxidation, electrical oxidation, hydrolysis, and chemical oxidation) (Sarno et al., 2019) and
regeneration techniques (extraction purification, distillation, rectification, adsorption, ion exchange purification,
reverse osmosis, ultra-filtration, etherification, polymerization, polycondensation, biological purification and
conversion of phenols into low-soluble substrates) (Al-Obaidi et al., 2018)can be emphasized. In spite of the
wide range of the existing phenol utilization methods, most of them do not provide full removal of contaminants
from the water and require significant costs for the organization of purification processes.

Biocatalytic oxidation of phenol and its derivatives using immobilized oxidoreductase enzymes is a prospective
way to remove phenolic compounds from water (Kurnik et al., 2015). Horseradish peroxidase (C.E. 1.11.1.7) is
an enzyme extracted from the root of Armoracia rusticana. This enzyme can oxidize the organic compounds by
the hydrogen peroxide into free radicals which further oligomerize to the insoluble quinones (Veitch, 2004). To
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decrease the process cost and avoid the use of high amount of peroxidase, another oxidoreductase enzyme —
glucose oxidase (C.E. 1.1.3.4) can be used. Glucose oxidase catalyzes the oxidation of 3-D-glucose to D-
glucono-&-lactone (8-glucono-1,5-lactone) and H202 using molecular oxygen as an electron acceptor (Bankar
et al., 2009). In the literature, the data on the successful immobilization of oxidoreductases on quartz glass,
polymeric supports (i.g. polyacrylamide, polystyrene), polysaccharides (cellulose, agarose, alginates,
carrageenan), ion-exchange resins, bentonite, and silica are described (Tikhonov et al., 2019). The use of
biodegradable natural polymers as a support for the oxidoreductase immobilization can significantly increase
the safety and sustainability of the phenol oxidation process (Bilal et al., 2019). Sodium alginate — a derivative
of alginic acid- is a polysaccharide of brown seaweed of the Laminaria and Macrocystis. This polymer consists
of the residues of B-D-mannuronic and a-L-guluronic acids in the pyranose form which are linked in linear chains
by (1,4)-glycoside bonds. This compound is considered to be the highly effective support for enzyme
immobilization (Malik et al., 2017). Sodium alginate is soluble in the alkaline medium, and has a limited solubility
in water. It has high sorption capacity and can swell in aqueous solutions. These properties allow two main
functions (catalytic and adsorptive) in the biocatalysts to be combined (Zhao et al., 2018). Different forms (films,
spheres, gel) can be obtained from the sodium alginate using different methods (Asadi et al., 2018).

The novelty of the current research is connected with the development of highly effective, stable and
biodegradable biocatalyst for the oxidation of phenolic compounds. The activation of carboxylic groups on the
alginate microsphere surface using carbodiimide and N- hydroxysuccinimide allows the covalent binding
between the support and enzyme to be obtained. This significantly decreases the enzyme activity losses during
the reaction. The developed biocatalyst has higher activity in phenol oxidation in comparison with the analogues.
It provides the higher degree of oxidation and reduces the range of side-products, and allows the process cost
to be reduced. The aim of this work is the synthesis and investigation of novel effective biocatalyst based on the
glucose oxidase immobilized on sodium alginate microspheres. The activity and operational stability of the
synthesize biocatalyst were studied in the oxidation of phenol and 4-chlorophenol.

2. Experimental
2.1 Materials

The following materials were used in the experiments: sodium alginate (Sigma-Aldrich, USA); calcium chloride
(CaClz, Reachim, Russia); N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (carbodiimide,
Sigma-Aldrich, USA); N-hydroxysuccinimide (Sigma-Aldrich, USA); horseradish root (Armoracia rusticana);
glucose oxidase (Sigma-Aldrich, USA, 2000-1000 U/g); phenol (Sigma-Aldrich, USA); 4-chlorophenol (Sigma-
Aldrich, USA); 4-aminoantipyrine (Sigma-Aldrich, USA); hydrogen peroxide (H202, Kupavnareactiv, Russia);
glucose (Sigma-Aldrich, USA); distilled water; phosphate buffer solution (pH = 7.0, Nevareactiv, Russia).

2.2 Biocatalysts preparation

To obtain the peroxidase extract, 5 g of Armoracia rusticana root was ground and mixed with 50 mL of phosphate
buffer solution (pH = 7.0) and stirred continuously for 1 h. The mixture was centrifuged at 5,000 rpm for 20
minutes and filtered using a microporous filter. The centrifugate was stored in a refrigerator at a temperature of
3+x1°C.

Microspheres from sodium alginate were synthesized for enzyme immobilization. The synthesis was performed
as follows: 10 mL of 1.5 wt. % sodium alginate solution was dropped into the 100 mL of 1.5 wt. % calcium
chloride solution. The microspheres with a diameter of 2-2.5 mm were obtained. The microspheres were kept
in the solution for 2 minutes and, then, were washed with distilled water.

For enzyme immobilization, the alginate microspheres were kept for 12 h in 50 mL of the solution consisted of
0.394 g of carbodiimide and 0.144 g of N-hydroxysuccinimide. Then, the microspheres were washed with water,
treated by the enzyme extract for 6 hours and washed with water. The biocatalyst was stored in a refrigerator
at a temperature of 3+ 1 °C.

2.3 Chlorophenol utilization process

The estimation of the activity of the synthesized biocatalysts was carried out in a glass batch reactor in the
oxidation of phenol and 4-chlorophenol in the presence of hydrogen peroxide and 4-aminoantipyrine (Figure 1).
While using the bienzymatic system (horseradish peroxidase — glucose oxidase) the reaction of formation of
hydrogen peroxide proceeds according to the mechanism presented in Figure 2. In this case, the glucose
oxidation by glucose oxidase was used to obtain hydrogen peroxide. The biocatalyst activity was measured by
the change in the absorbance at 506 nm.
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Figure 1: Oxidation of 4-chlorophenol in the presence of peroxidase, hydrogen peroxide and 4-aminoantipyrine
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Figure 2: Oxidation of D-glucose by glucose oxidase

3. Results and discussion

To obtain the sodium alginate microspheres with the optimal mechanical and physical-chemical properties, the
experiments on the variation of the concentrations of calcium chloride and sodium alginate were performed. It
was found that a decrease in the concentration of sodium alginate less than 1.5 wt. % led to a significant increase
in the diameter of the microspheres. The microsphere size increase negatively affects their strength. When
increasing the concentration of sodium alginate over 1.5 wt. %, the reagent consumption increases due to the
high viscosity of the solution. A decrease in the concentration of calcium chloride less than 1.5 wt. % led to a
decrease in the strength of the resulting microspheres. When the calcium chloride concentration increased over
1.5 wt. %, no changes in the physical, chemical and mechanical properties of the microspheres were observed.
The further increase in the reagent concentration is impractical.

The synthesized microspheres had the following size distribution: < 2 mm — 10.1 %; from 2 to 3 mm — 78.3 %;
>3.0mm-11.6 %.

The catalytic properties of the enzyme extract obtained from the root of Armoracia rusticana were studied in the
oxidation of phenol and 4-chlorophenol varying the initial substrate concentration. Similar experiments were
carried out with glucose oxidase and glucose as a source of hydrogen peroxide. The initial glucose concentration
(5 mmol/L) was chosen to provide an excess of hydrogen peroxide.

The peroxidase containing extract was immobilized on the sodium alginate microspheres. For immobilization,
an optimization of the biocatalyst component ratio was performed. The amount of carbodiimide and N-
hydroxysuccinimide was calculated based on the number of carboxylic groups of sodium alginate (0.0394 g of
carbodiimide and 0.144 g of N-hydroxysuccinimide per 1 g of sodium alginate). The activity of the biocatalysts
with a different component ratio in the oxidation of phenol and 4-chlorophenol is presented in Table 1.

Table 1: Activity of catalysts (U/mg) with different component ratio (g of sodium alginate/ g of horseradish root)

Substrate 10:1 4:1 2:1 4:3 1.1
Phenol 0.09 0.23 0.35 0.36 0.34
4-Chlorophenol 0.12 0.28 0.58 0.55 0.58

The biocatalyst with the following composition was optimal: 10 g of sodium alginate; 0.394 g of carbodiimide
and 0.144 g of N-hydroxysuccinimide, 50 mL of distilled water, 50 mL of enzyme extract obtained from 5 g of
Armoracia rusticana root. Further increase in the amount of enzyme extract did not lead to an increase in the
activity of the synthesized biocatalyst. This can be explained by the limited number of free carboxylic groups on
the microsphere surface.

The optimal biocatalyst was tested in the oxidation of phenol and 4-chlorophenol varying the initial substrate
concentrations. The dependences of the absorbance at 506 nm from the time for the different substrate
concentrations are presented in Figure 3.
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Figure 3: Kinetic curves of phenol (a) and 4-chlorophenol (b) oxidation by immobilized biocatalyst varying initial
concentrations of substrates

The results of the experiments in the presence of glucose oxidase and glucose as a source of hydrogen peroxide
are presented in Figure 4. The absorbance was recalculated into the reaction product concentrations using the
molar  absorption  coefficient (for phenol - 0.275 L-mmolt.cm?; for 4-chlorophenol -
0.335 L-mmol*.-cm). Based on the product concentration dependence on time a linearization of the Michaelis-
Menten equation in the Lainuiver-Berk coordinates (1/Vo— 1/Co) was performed. The kinetic parameters for the
enzyme extract and the synthesized biocatalyst (maximum reaction rate Vm, Michaelis constant Ky, catalyst
activity) were calculated (Table 2).

Table 2: Kinetic parameters of the synthesized biocatalysts (HRP — horseradish peroxidase; GOX — glucose
oxidase; ALG — alginate microspheres)

Biocatalyst Vm, mMM-s1 Km, mM Activity, U/mg

phenol 4-chlorophenol phenol 4-chlorophenol phenol 4-chlorophenol
HRP 0.054 0.048 0.93 0.51 1.07 1.25
HRP-GOX 0.051 0.050 1.06 0.65 0.95 1.12
ALG-HRP 0.012 0.009 1.24 0.68 0.35 0.58

ALG-HRP-GOX 0.011 0.085 1.33 0.71 0.31 0.53
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Figure 4: Kinetic curves of phenol (a) and 4-chlorophenol (b) oxidation by immobilized biocatalyst in the
presence of glucose oxidase and D-glucose

The synthesized biocatalyst can effectively oxidize phenol and 4-chlorophenol in concentrations up to 2 mmol/L.
The immobilized enzyme exhibits about 25 - 30 % of the activity of the native enzyme (see Table 2). The
decrease in the activity can be explained by the reaction heterogenization and mass transfer limitation for the
substrate molecule access to the catalyst active sites. In spite of the significant activity decrease, the
synthesized biocatalyst can be used repeatedly for the effective utilization of phenols. The use of bienzymatic
system (horseradish peroxidase — glucose oxidase) allows the high effectiveness in the phenol oxidation to be
achieved. In this case, the use of hydrogen peroxide can be excluded due to the activity of glucose oxidase.
Besides, the reaction products can be adsorbed on the microspheres and removed from the reaction medium
that is confirmed by the slight spotting of the microsphere surface. These advantages allow the synthesized
biocatalyst to be an effective alternative to the common methods of phenol utilization.

To estimate the stability of the synthesized biocatalyst on the base of horseradish peroxidase immobilized on
the alginate microspheres, the experiments on the multiple reuses were performed (see Table 3). It is seen that
the biocatalyst saves about 75 % of the initial activity after 10 consecutive cycles.
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Table 3: Activity of the synthesized biocatalyst in 10 consecutive cycles

Substrate Number of cycles
1 2 3 4 5 6 7 8 9 10
Phenol 0.35 0.33 0.31 0.3 0.28 0.28 0.27 0.27 0.27 0.26

4-Chlorophenol 0.58 0.54 0.51 0.49 0.47 0.45 0.44 0.43 0.42 0.43

4. Conclusions

Effective heterogeneous biocatalysts based on horseradish peroxidase and glucose oxidase immobilized on
microspheres of sodium alginate were synthesized. It was shown that the developed biocatalysts allow the
successful oxidation to be achieved with the phenol and its derivatives concentrations up to 2 mmol/L. The
biocatalysts exhibit about 25 - 30 % of the activity of the native enzymes. In spite of the activity decrease, the
developed biodegradable biocatalysts can be used repeatedly with a minimal loss in the effectiveness. The
experiments showed a saving of up to 75 % of the initial biocatalyst activity after 10 cycles of reuse.
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