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As water contamination emerges as a serious threat to the environment, ventures for cleaner and
sustainable solutions are continuously being developed. The present study investigates the ability of crude
peroxidase extract from soybean seeds to degrade the anthraquinone dye Acid Violet 109. The influence
of the essential parameters pH, dye concentration, hydrogen peroxide dosage, and temperature were
inspected. The enzyme had 81.9 % biodegradation at pH 4 in 30 min with 0.1 U peroxidase, 40 mg/l dye
concentration, and 1 mM hydrogen peroxide. Considering that substrate concentration can cause reaction
inhibition, a kinetic study was performed. Kinetic data fitting using bisubstrate kinetics with a substrate
inhibition model revealed the high inhibitory effect of the dye, which was confirmed by the inhibition
constant, 7.123-10° mM. Alongside the inhibition constant values, the Ping-Pong Bi-Bi model gave the
maximum rates 15.788 and 14.321 mM/min for hydrogen peroxide and dye inhibition, respectively.
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CTYJIUJA 3A ONITUMHU3UPAIBLE U KHHETUKA HA OTCTPAHYBAIBE AHTPAXNMHOHCKA BOJA
O/ OGOEHA OTHHAJHA BOJA CO KOPUCTEIBLE COJA KAKO U3BOP HA TIEPOKCHUIA3A

3aragyBameTO Ha BoJaTa IPETCTaByBa CEpHO3HA 3aKaHa 3a JKMBOTHATa CpeluHa. 3aToa
CEKOjIHEBHO CE pa3BHMBaaT OJPXJIMBH pellieHHja. Bo oBaa cryadja e HCTpakyBaHa CIIOCOOHOCTa Ha
CYPOBHOT €KCTPAKT OJT COja KOj COAPKH TIEPOKCHIa3a [ia ja pa3rpaau aHTpaxuHoHCKara 60ja Acid Violet
109. Ucro Taka e MCHHUTYBAaHO BJIMjaHUMETO Ha mapamerpure pH, KoHIEHTpalMja Ha 0oja, BOAOPOJCH
MIEPOKCUA U TeMIIepaTypa Bp3 MPOLECOT Ha pasrpamyBame. EH3uMor nokaxa 81,88 % OuopasrpamyBame
Ha pH 4, 3a 30 munytu co mepokcuaasza 0,1 U, npu konrenTpanuja Ha 60ja 40 mg/l u npucyren 1 mM
BOJIOPOZEH MepOKCcHA Bo cyncrpaToT. Co orneq Ha Toa Jeka KOHIEHTpalyjaTa Ha CYICTPaTOT MOXeE Ja
Oune NHXUONTOpHA 32 SH3UMOT, UCTIUTAHH C€ M KHHEeTHIKuTe nmapamerpu. Co puTyBame Ha KHHETHIKATE
MTOJATOIH, KOPUCTEJKH 'O MOJEIOT 3a OMCYIICTpaTHAa KHHETHKA CO CYIICTpaTHA MHXUOUIIH]ja, TOjACHO € 10
3aKJIYYOK JieKa KOHIIHTpaldjaTa Ha 0OojaTa MMa TOJIeM WHXUOWTOpPEH e(eKT, ITO € MOTBPAEHO CO
KOHCTAaHTa HAa WHXUOHWIHja Of 7,123-10° mM. Ocsen BpPETHOCTHTE Ha KOHCTAHTUTE Ha MHXHUOHUIIH)ja,
npeky momenor Iluar-Ilonr bu-bu ce moOmenn makcuManHu Op3WMHM Ha WHXHOHWIHjAa 32 BOIOPOACH
MepoKcua U 00ja, Kou m3Hecysaar 15,788 u 14,321 mM/min, coonseTHo.

KnyuHxu 360poBu: mepokcraasa ox coja; acid violet 109; ITunr-ITour bu-bu; tperman Ha Gou

1. INTRODUCTION irrigation, or places where water attainability is

poor. The levels of water in rivers, lakes and even

Almost one-third of the planet’s inhabitants groundwater decrease, leading to reduced harvest,

cope with severe water depletion for 4-6 months land collapse, salinization of soils, and impairment
annually. The most affected regions are highly of flora and fauna [1-4]. Moreover, all production

populated areas, agronomic zones that require and supply sites, where water is essential, carry a
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great risk of water scarcity. A potential reason
behind the water depletion is a lack of protection of
the ecosystems where the water is from or
insufficient sustainable solutions for water decon-
tamination from industrial pollutants. Specific types
of pollutants, that have been raising questions ever
since they emerged as an issue, are dyes used in the
textile industry. These dyes represent a constant
challenge with a variety of offered solutions, which
leaves space for the development of new methods.
Dye concentrations in colored effluents range
between 10-200 mg/l, which is more than enough to
cause a pH imbalance, eutrophication, decrease
oxygen, and interfere with light refraction in water
[5]. Moreover, it can affect human health, as these
pollutants are related to respiratory problems, toxicity
and carcinogenicity [6]. Next to azo dyes, which
make up 70 % of the textile dyeing market [7],
anthraquinone dyes pose a threat due to their fused
aromatic rings, making their degradation more com-
plex [8]. For this purpose, a variety of physical,
chemical and combined methods have been deve-
loped. Activated carbon is widely used for dye
removal due to its remarkable properties such as
mechanical and chemical stability as well as its high
surface-to-volume ratio. Bamboo, pinewood, sugar-
cane bagasse and coconut shells are only a few
precursors used for the preparation of activated
carbon [9-13]. Porous silica nanoparticles have also
shown a potential for the adsorption of different dyes
[14]. Natural polymers such as tannins, pectins,
alginates and gums as well as graft polymers are
replacing the inorganic polymers (alum, FeSO,) since
their key benefits are low toxicity, biodegradability,
and reduced sludge formation [15-17].

Advanced oxidation processes, including
ozone and Fenton treatments, are some of the most
efficient methods of dye removal — up to 99 %.
Still, the short lifetime of radicals, the low solubility
of ozone in water, and energy costs represent
serious obstructions for scaling-up [18-20]. Their
overall cost, time consumption, lack of harmo-
nization for different textile effluents, and formation
of other toxic by-products launched alternative,
biological methods: microbial and enzymatic.
Bacillus sp., Pseudomonas, Shewanella sp., Aero-
monas and Klebsiella sp. are successfully used for
anthraquinone dye degradation [21-25]. Enzyme
treatments prevail over the microbial ones because
of their ability to withstand the dye’s high concen-
tration, which is lethal to microorganisms. Further-
more, when microorganisms are used, there is a
lagging period needed for microorganisms to adapt.
With enzymes, this period is avoided, as is sludge
formation. It is important to note that enzymes
tolerate a wider range of pH values and tempe-

ratures, and are easier to manipulate. Enzymes are
replacing other technologies because they represent
green solutions for wastewater treatment, and they
can be easily applied and adjusted, as well as that
they do not require state-of-the-art equipment for
operation. This allows innovation development and
staying up to date with the latest findings at low
costs [26]. The trending enzyme used for dye
degradation is peroxidase due to its potential for
pollutant removal from effluents. Horseradish
peroxidase has found its way to the top as an
effective tool for dye degradation [27-31]. Other
plant sources such as potatoes, cabbage and bananas
have also been investigated for peroxidase extrac-
tion and showed good results [32-34]. Among
them, soybean is one of the most promising plant
sources of peroxidase since it is a readily available
and cost-effective source with outstanding pro-
perties. The characteristic of soybean peroxidase
that stands out in comparison with other peroxidases
is its remarkable temperature stability at tempe-
ratures up to 70 °C [35-38].

In this study, soybean peroxidase is used for
the degradation of a specific pollutant present in
wastewater — anthraquinone dye Acid Violet 109
(AV109). AV109 dye belongs to synthetic sulfo-
nated anthraquinones that are very important
starting materials for the production of a large
palette of dyes. This dye has an organosulfonate
group bearing an important role, not only in
altering the solubility and dispersion properties of
the dye molecule but also in increasing recal-
citrance to microbial breakdown because of the
thermodynamically stable carbon-sulfur bond. Due
to this structure, the microorganisms have a poor
capability to degrade sulfono-aromatic compounds,
i.e. they are ineffective in managing this significant
class of contaminant in dyeing wastewaters.
Therefore, green plant-based treatments are being
explored and they include the use of different
agroindustrial residues. A crude enzyme extract is
used to simplify the method and shorten the overall
process. According to our knowledge, the available
literature of soybean peroxidase deals with azo
dyes removal and benzidines [39-41], but not with
anthraquinone dye degradation.

For the optimization of the biodegradation, the
effects of several parameters were investigated: pH,
dye concentration, enzyme concentration, hydrogen
peroxide dosage, and temperature. Since the substrate
concentration can affect the biodegradation in a great
manner, additional experiments were conducted for
obtaining the kinetic data of the enzymes and later
modeling them according to the mechanism of
bisubstrate reactions.
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2. MATERIALS AND METHODS

2.1. Materials and reagents

C.1. Acid Violet 109 was obtained from Lan-
aset (USA); Soybean (Glycine max) was purchased
from Sojaprotein (Serbia). The rest of the chemicals
were analytical reagent grade commercial products.

2.2. Preparation of soybean peroxidase
crude extract

Distilled water was added to the soybean
seeds in a 1:4 ratio, followed by homogenization
and incubation for 24 h at 4 °C. The mixture was
then filtered through gauze, and the filtrate was
heated at 65 °C for 3 min, to inactivate the cat-
alase. Thereafter, immediate ice cooling was
performed. The cooled extract was centrifuged for
15 min at 10* rpm (Heraeus™ Fresco™ 17 Micro-
centrifuge, Thermo Scientific, Waltham, USA).
Before the supernatant was frozen, the enzyme
activity was measured according to the standard
procedure given in 2.3 [31].

2.3. Enzyme activity assay

Enzymatic activity was determined by using
pyrogallol as a substrate in the presence of
hydrogen peroxide [31]. Peroxidase catalyzes the
oxidation of pyrogallol to purpurogaline, which is
a brownish product. The H,0; acts as an electron
acceptor making it essential for the reaction. The
activity was determined using a spectrophoto-

Table 1

metric analysis at 420 nm. The reaction mixture
contained 0.013 M pyrogallol in a phosphate buffer
solution (pH 7, 0.1 M), 10 pl 3 % v/v hydrogen
peroxide and 10 pl of enzyme solution. The change
in absorbance (UV/Vis Ultrospec 3300 Pro,
Amersham Bioscience, UK) was monitored at
intervals of 30 s for 3 min. One unit of activity is
defined as the amount of peroxidase that will form
1 mg of purpurogallin from pyrogallol in 20 s at
pH 7.0 and 20 °C.

2.4. Dye biodegradation parameters evaluation

The biodegradation of the dye was per-
formed by a crude peroxidase extract in a 100 ml
beaker with a magnetic stirrer at 150 rpm. Para-
meters of significance that drive the biodegradation
rate are pH, dye concentration, enzyme concen-
tration, hydrogen peroxide dosage and tempera-
ture. To determine the pH of the reaction where the
biodegradation is at the highest level, enzymatic
reactions were monitored in dye solutions with
different pH ranging 3-9. Citrate buffer was used
for pH 3.0, acetate buffer was used for pH 4-5,
phosphate buffer was used for pH 6-8, and Tris-
buffer was used for pH 9, and all buffers had a
concentration of 50 mM. The effect of dye
concentration on the biodegradation was invest-
igated by varying the dye concentration from 10—
100 mg/l. As for the hydrogen peroxide influence
determination, its concentration was varied from
0.1to1 mM.

Chemical structure of AV109 dye

Name: C.I. Acid Violet 109
Molecular structure: anthraquinone
Molecular formula: CssHsz4BraNaO7S
Molecular weight: 823.52 g/mol
CAS registry number: 1222-63-2
Amax: 590; 552 nm
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The biodegradation rate was inspected in
terms of thermal influence at temperatures: 25, 38
and 50 °C, by incubating the reaction mixture in a
water bath (Memmert, Schwabach, Germany). The
biodegradation level was calculated using eq. 1:

Ao—A¢
Ao

BIODEGRADATION (%) = (222¢) - 100, (1)
where Ao is the initial absorbance of the reaction
mixture, and A is the final absorbance at 590 nm.
AV109 dye was chosen as a model anthraquinone
dye, and its chemical structure is given in Table 1.

2.5. Kinetic study of AV109 dye biodegradation

Since hydrogen peroxide, representing a co-
substrate for peroxidases, as well as the dye, can
act as an inhibitor when present in excess concen-
trations, Kinetic parameters are of crucial impor-
tance. For that purpose, the initial rates of dye
biodegradation were assessed by varying the
substrates’ concentrations: firstly, the AV109 con-
centration, and in the next set of experiments the
hydrogen peroxide concentration at 25 °C in 50
mM citrate buffer, pH 4.0. The initial rates were
calculated, and together with the initial concen-
tration of the substrates plotted using a
mathematical model of bisubstrate reaction in
OriginPro 8.5 program.

2.6. Statistical analysis

The experimental results included three
replications. The results are presented as mean +
standard deviation. Statistical differences were
determined by one-way analysis of variance
(ANOVA). A Tukey test was applied as a test of
posterior probability with a level of significance of
95%. All the tests were considered statistically
significant at p <0.05. Statistical analyses inclu-
ding calculations were performed using Origin Pro
9.0 software package (Origin Lab Corp., Mass.
USA).

3. RESULTS AND DISCUSSION

3.1. Dye biodegradation parameters evaluation

Initially, an enzyme was prepared to
optimize the process parameters of AV109 dye
degradation. The enzyme was extracted using a
low-cost extraction procedure from soybeans
according to the procedure previously described,
and peroxidase activity in the crude extract was

determined [35]. A low-cost extraction of crude
peroxidase from soybean seeds was performed,
followed by an activity assay. The enzyme showed
an activity of 25 IU/ml. Alyas et al. [42] extracted
peroxidase from soybean seeds with the activity of
the crude enzyme of 17.29 U/ml. Their crude
extract was subjected to several steps of puri-
fication where no significant increase of enzyme
activity was noted, proving that enzyme puri-
fication, in this case, would not be justified.
Rathnamsamy et al. [43] extracted peroxidase from
different plant sources such as tomato, cabbage,
turnip and radish. The activity of the crude enzyme
extract varied from 1.1 to 1.7 1U/ml, which is
much lower than the activity of soybean crude
extract in the current study. The extraction condi-
tions such as reaction time, temperature, and pH
may affect the enzyme concentration to the nature
of the material for extraction. The assessment of
the optimal pH is of great importance due to
probable electrical charge alteration of the dye,
which is dependent on the pH [44]. Apart from
this, every enzyme requires a specific pH to exhibit
its activity. The pH of the reaction is governed by
the dye itself and by amino acid residues in the
active site of the enzyme. These are the key factors
that dictate the environment of the reaction in
terms of pH. In Figure 1, the influence of pH on
the biodegradation rate of AV109 is given. The
results indicate that soybean peroxidase has a
wider pH optimum range, more precisely, and the
approximate capacities for biodegradation were
observed at pH 3 (37.82 %) and 4 (51.35 %).
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Fig. 1. The influence of the initial pH on AV109 biodegradation
at room temperature by soybean peroxidase (reaction
conditions: dye concentration 30 mg/l, H202 concentration 0.1
mM, enzyme concentration 0.1 U). Each data point represents
the average value of three independent experiments.
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The acidic environment (pH 3-4) satisfies the
ionization states of both catalytic residues in soybean
peroxidase, distal histidine (Hiss;> — catalytic base),
and arginine (Argss— charge stabilizer) [45]. When
Sekuljica et al. used horseradish peroxidase and
the same dye, the optimal pH was 4 [46]. The
horseradish peroxidase showed no activity at all at
pH 3. It is known that extremely acidic conditions
can cause the release of iron from the porphyrin
peroxidase ring. In our case, the soybean peroxi-
dase retained its activity at pH 3, which is a rare
case when peroxidase is used. The soybean peroxi-
dase is obviously suitable for reactions that occur
at a quite low pH. Besides, the removal efficiency
fell off sharply at pH > 6.0, presumably due to
hydrogen peroxide decomposition to water and
oxygen under those conditions [45].

At the same time, the reaction duration was
monitored. The reaction time is reflected in the
retention time necessary for the removal of pol-
lutants from the water. This parameter is decisive
since it governs the reactor volume and the amount
of capital investment in the entire process. After 30
min of contact, there was no noteworthy change in
the biodegradation rate, thus the biodegradation in
further experiments was monitored for 30 min.

3.2. Influence of the dye concentration and
hydrogen peroxide on the biodegradation rate

The substrate concentration in every
enzyme-catalyzed reaction is a critical parameter
whereas optimization is of crucial importance. The
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literature is rich in data on the influence of the
initial concentration of dye on the degree of
removal of synthetic dyes, and the scope of
examination varies greatly. For instance, soybean
peroxidase was used in the study of sulfonated dye
cleavage performed by Kaur et al., in which, under
the initial dye concentration (methyl orange) of
0.16 g/l soybean peroxidase exhibited maximum
conversion of 98 % [45]. Furthermore, the crude
soybean peroxidase extract was examined in methyl
orange dye removal where the initial dye concen-
tration was varied from 10 to 70 mg/l. These
literature findings coincide completely with the
experimental range in this study, where the initial dye
concentration was varied in the range of 10 to 100 g/l
(Fig. 2). The highest biodegradation rate of 66.81 %
was achieved when the dye concentration was 40
mg/l. At higher dye concentrations, an immediate
drop in the degradation rate was noticed. At a
concentration of 100 mg/l, the biodegradation rate
was 21 %, indicating that a possible inhibition is
present (Fig. 2a). Mandujano et al. used soybean
peroxidase for degradation of an azo dye at pH 5, 40
°C, 40 mg/l dye concentration, and 15 U/ml enzyme
activity [47]. They reached 70 % of biodegradation.
Given the fact that due to the carbonyl groups of the
anthracene core and resonance effects within its
structure, the anthraquinone dyes are more difficult
for degradation than the azo ones [48]. Nevertheless,
the peroxidase showed satisfying results which
suggest that it is suitable for the degradation of
anthraquinone dyes.

by
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Fig. 2. The effect of the dye concentration on the dye removal catalyzed by soybean peroxidase, a) the influence of dye concentration
on the biodegradation rate as a function of time. b) the biodegradation rate as a function of the dye concentration (reaction
conditions: temperature 25 °C, pH 4; contact time 30 min, enzyme concentration 0.1 U, hydrogen peroxide concentration 0.1 mM).
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The effect of hydrogen peroxide dosage on
dye biodegradation is given in Figure 3. It is often
alleged that excess hydrogen peroxide concen-
trations can have an inhibitory effect and thus
lower the dye biodegradation. However, the results
show that a higher concentration of hydrogen
peroxide did not have a considerable impact on the
reaction rate. On the contrary, a low hydrogen
peroxide dosage led to the decreased efficiency of
the enzyme. With 0.01 mM hydrogen peroxide,
only 28 % biodegradation was achieved, while the
highest decolorization rate of 77.5 % was observed
with 1 mM hydrogen peroxide. Actually, it is the
insufficient concentration of hydrogen peroxide
that limits the reaction. Silva et al. [49] came to a
similar conclusion on the example of Remazol
brilliant blue R decolorization by soybean
peroxidase at pH 6, 30 °C, 40 mg/l dye con-
centration, and 70.4 U/ml enzyme activity.

80 —

60 4—

404

BIODEGRADATION, %

0.0 0.2 0.4 0.6 0.8 1.0

11,0, mM

Fig. 3. The effect of hydrogen peroxide dosage on dye
removal catalyzed by soybean peroxidase (reaction conditions:
temperature 25 °C, pH 4; contact time 30 min, enzyme
concentration 0.1 U, dye concentration 40 mg/l). Each data
point represents the average value of three independent
experiments.

The [H202, mM] : [AV109, mM] ratio in this
study differs significantly from the predicted
theoretical values based on the mechanism of
oxidoreductase action. Hydrogen peroxide is a
stoichiometric co-substrate that can be an activator
but also an inhibitor in excessive amounts. In
theory, the stoichiometric coefficient for hydrogen
peroxide is 0.5; however, this value differs
significantly. In this study, it was noted that the
maximum efficiency of soybean peroxidase was
recorded at a [H202, mM] : [AV109, mM] = 20.
Although quite different from the predicted

theoretical value, such results are common in the
literature. Namely, the degradation of different
classes of dyes catalyzed by soybean peroxidase:
Acid Blue 113, Crystal Ponceau 6R and Direct Black
38, was achieved under [H.0,, mM] : [substrate,
mM] ratios of [2.5] : [1.0], [0.175] : [0.059] and [2.5]
. [0.5], respectively [41, 50]. The results of our
study regarding the [H202, mM] : [AV109, mM]
ratio agree best with the study performed by Chiong
et al. where the degradation of methyl orange dye
catalyzed by soybean peroxidase (fresh extract) was
monitored [51]. In this study, [H:0,, mM] :
[AV109, mM] = 22 was confirmed, which agrees
very well with the presented results. The need for a
larger amount of hydrogen peroxide than the
theoretical value is attributed to the presence of
additional enzymes that can be found in the mixture,
especially if it is a crude extract in question that will
have an affinity for hydrogen peroxide. For
example, the presence of ascorbate peroxidase and
catalase, hydrogen peroxide-scavenging enzymes,
has been confirmed in soybean plant tissue [51].

In addition, during the reaction, no precipitate
formation was observed, which could be explained
by the fact that oligomers of reduced solubility are
not assembled, but mainly oligomers that are well
soluble under given conditions [45]. Accordingly,
the increase in co-substrate content in the reaction is
often attributed to parallel degradation cycles where
the oligomers formed in one phase re-enter the
enzyme cycle and are degraded, thus an additional
amount of co-substrate is required for the incoming
substrate molecule, dye.

3.3. Effect of temperature on AV109
biodegradation

As a corollary to the overall dyeing ope-
rations, the resulting wastewater leaves the process
at high temperatures, so an enzyme with good
stability and activity at a wide range of tempe-
ratures is preferable. Thusly, the peroxidase treat-
ment efficiency of the dye solution was inves-
tigated at temperatures: 25, 38 and 50 °C. Figure 4
shows the influence of temperature at pH 4, 40
mg/l dye concentration, and 0.1 U enzyme
concentration on biodegradation. At 60 °C, the
soybean peroxidase did not show any activity,
which is expected since it is generally recognized
as a heat-stable enzyme that retains its activity
even at 70 °C [38]. Nevertheless, there are also
exceptions, where the optimal temperature of
soybean peroxidase is 30 °C [52]. The optimal
temperature of the AV109 biodegradation by
soybean peroxidase was 38 °C, when 81.88 %
decolorization was achieved, Figure 4.
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Fig. 4. The influence of temperature on the AV109
biodegradation catalyzed by peroxidase from soybean
(reaction conditions: pH 4; contact time: 30 min; enzyme
concentration: 0.1 U; 1mM H202; 40 mg/l dye concentration)

3.4. Enzyme kinetics

Longu et al. investigated the horseradish
peroxidase mechanism of action [53]. They stated
the formation of an intermediate compound (EI)
acquired from the process of oxidation which
occurs when the peroxide binds to the enzyme’s
heme-Fe*. Thereafter, El is reduced by the
substrate (dye), and compound Ell is formed. Ell
compound is again reduced with another substrate
molecule, where the enzyme returns to its native
form. Production of a dead-end complex is
possible if the reaction conditions are not
optimized. This can be identified as a bisubstrate

a)

Initial velocity, mM/min

24 . F,.xperimemal data
Fitted data no inhibition
— Fitted data with H,0, inhibilion

0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

H,O,, mM

b)

Ping-Pong Bi-Bi reaction, as it is confirmed by
Sekuljica et al. [46]. Thus, the initial kinetic
experimental data for the biodegradation by
soybean peroxidase were studied according to the
Ping-Pong Bi-Bi model [46].

For the Kinetic study, the dye concentration
was varied while the other parameters were fixed
at their optimal values. The next experiment was
conducted by varying the hydrogen peroxide
concentration. From Figure 5a it can be concluded
that the hydrogen peroxide concentration had a
positive impact on the biodegradation of AV109.
This was confirmed by fitting the data with the
model without inhibition (R?= 0.9981). The similar
experimental data were additionally fitted with a
kinetic model with hydrogen peroxide inhibition
(Fig. 5(a), red line).

It is evident that the assumed mathematical
model with hydrogen peroxide inhibition is less
suitable, which confirms the value R?=0.96034.
When the Michaelis constant derived from
horseradish [46], is compared with the above-
stated results, it can be concluded that the soybean
seed peroxidase has a higher affinity towards
hydrogen peroxide (0.2356 mM for horseradish
peroxidase and 0.1091 mM soybean seed
peroxidase). As for the dye, it can be clearly seen
that it has an inhibitory effect and leads to the
formation of a dead-end complex. If it is compared
with the results of the kinetic study for horseradish
peroxidase by Sekuljica et al. [46], the soybean
peroxidase has a higher affinity towards the dye
than the horseradish peroxidase.

e Experimental data
Fitted data with AV 109 inhibition
—— Fitted data without AV109 inhibition

Initial velocity, mM/min

T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
AV 109, mM

Fig. 5. a) The influence of the initial hydrogen peroxide concentration on the initial rate of the reaction under the constant dye
concentration of 0.048 mM. The curve is fitted according to the experimental data and the kinetic model that excludes hydrogen
peroxide inhibition (kinetic model with hydrogen peroxide inhibition — red line); b) The influence of the initial dye concentration
on the initial rate of the reaction under the constant hydrogen peroxide concentration, 1 mM. The curve is fitted according to the
experimental data and the kinetic model for inhibition with the dye (kinetic model without dye inhibition — red line).
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Namely, the Michaelis constants obtained
from the mathematical model for the dye for soybean
peroxidase and horseradish peroxidase are 0.0052
mM and 0.2374 mM, respectively. Furthermore, the
tested dye has a higher inhibitory effect on soybean
peroxidase rather than horseradish peroxidase. To
further support the evidence of the higher inhibitory

Table 2

effect of soybean peroxidase by the dye, the K; values
are compared: 7.1234-10°> mM and 0.0080 mM for
soybean and horseradish peroxidase, respectively.
Based on the curve (Fig. 5b, red line), it is clear that
the mathematical model without dye inhibition does
not correspond to the presented set of experimental
values.

Kinetic parameters attained by modeling with Ping-Pong Bi-Bi mechanism equations without hydrogen
peroxide and with dye inhibition

H20O; inhibition

Vinax:» MM/mMin K2, mMm K292 vm K;2%2, mMm R?
15.7880 0.0246 0.1091 / 0.9981
Dye inhibition
Vinax, MM/min K2, mM K202 mm KPY¢, mM R2
14.3210 0.0052 0.0011 7.1234 x 10 0.9203

5. CONCLUSION

The crude peroxidase extract from soybean
seeds exhibited promising results regarding the
biodegradation of the Acid Violet 109 dye. The
crude enzyme extract showed an activity of 25
IU/ml, which is exceptional when compared to
crude peroxidase extracts from other plant
materials, such as cabbage, tomato, turnip, and
radish. The 81.88 % biodegradation at pH 4 in 30
min suggests that soybean peroxidase has the
potential capacity for the treatment of colored
effluents. The low demand of hydrogen peroxide
contributes to a cleaner treatment process together
with mild operation conditions. The following
values of the parameters: 0.1 IU/ml enzyme
activity, 1 mM hydrogen peroxide and 40 mg/l dye
concentration were shown to be optimal for dye
biodegradation. The Michaelis constant for the dye
is 0.0052 mM, which shows the strong affinity of
the soybean peroxidase towards the dye. In regards
to hydrogen peroxide, the results have shown that
there is no inhibition present in the examined
concentration range. Future work on biodegra-
dation performances will include toxicity testing,
convenient immobilization, continuous process, or
a combination of both, as well as a broadened
analysis of the process parameters in terms of the
effects of individual ions that may be found in
wastewaters.
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