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Abstract
Enzymes are becoming tools in industrial processes because of several advantages, including activity in mild environmental 
conditions, and high specificity. Peroxidase, for one, stably oxidizes several substrates. The present study aimed to develop 
advanced oxidation processes (AOP), using non-commercial rice bran peroxidase to remove color and toxicity of synthetic 
textile wastewater. Using a microwave and shaker system, we obtained 38.9% and 100% of effluent color removal after per-
oxidase treatment, respectively. In addition, the shaker system decants residual dye particles through filtration, providing 
the textile industry with an economical and environmentally viable alternative to effluent treatment. In toxicity tests results, 
both treatment systems damaged the used genetic material. This damage occurs because of industrial discharge of wastewater 
into water bodies; effluent dilution reduced this damage. The data suggest that peroxidase as a textile effluent treatment has 
potential uses in industrial processes, because rice bran peroxidase has demonstrated affinity with dyes.
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Introduction

The textile dyeing industry is one of the greatest threats to 
the environment. The sources of concern are the chemicals 
produced by this industry and the volume of water con-
sumed, around 200 L to produce 1 kg of fabric. The process 
generates large amounts of effluent containing dissolved 
solids, chemicals, trace metals, odors, colors, and other pol-
lutants, all of which are toxic to humans and the environment 
[1-4].

Dye concentration in textile industry wastewater may be 
as high as 250 mg/L, giving rise to the intense color of this 
effluent. When disposal is implemented incorrectly, dyes 
can block the penetration of sunlight, inhibiting biological 

processes, and raising biochemical oxygen demands. Fur-
thermore, effluent chemicals harms humans and animals, 
causing nausea, dermatitis, and genetic mutations [3-8]. 
Azo dyes represent 70% in terms of production volume of 
all organic dyes worldwide. Compounding the problem of 
the aforementioned health and environmental problems, 
there is no international legislation determining discharge 
parameters for textile effluents. Many countries established 
their own legal limits, including the US, the European 
Union, Canada, and Australia; recommended values were 
set by India, Pakistan, and Malaysia [4, 9, 10]. This adds 
another concern regarding textile industry, especially when 
data were compiled from World Trade Organization (WTO) 
(2018) [11] showed that China, European Union, and India 
together represented 66.3% of world textile exports in 2017.

According to WTO reports (2018) [11], the top five 
exporters of textiles in 2017 were China, European Union, 
India, the US, and Turkey. In just these few countries, legis-
lation produced varying levels of restrictions on textile efflu-
ents in water resources. In terms of chemical oxygen demand 
(COD), the US is more restrictive than India. In terms of 
color and temperature, legislation in the European Union 
and Turkey does not set limits as other countries report. 
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Some countries are less restrictive than others; for exam-
ple, in the European Union, it is possible to apply a simple 
treatment process in textile effluents, sometimes leaving the 
toxic chemicals behind [3, 12]. In this sense, the advanced 
oxidation processes (AOP) are increasingly used to treat 
wastewater, as they are able to remove around 79% of COD. 
In addition, AOP can occur at any temperature, and pressure 
does not produce secondary components [1, 3, 13, 14].

The AOP mechanism is to oxidize and destroy compo-
nents through OH° radical production, processes that are 
accelerated using combined techniques such as  H2O2,  O3, 
 TiO2, UV, electron beam irradiation, and ultrasound. The 
oxidation rate can be increased using process optimization, 
to identify the ideal concentration of the radical and the tar-
get pollutant [1, 3, 15]. The addition of heme peroxidases 
(PO) is a possibility in AOPs to treat textile effluents. POs 
oxidize and reduce various substrates, including dyes, phe-
nolic components, aromatic structures, and lignin fractions, 
a characteristic that places them in the oxidoreductase group 
of enzymes [16].

In addition to the POs’ ability to interact with several sub-
strates, the enzyme has high stability and thermoresistance, 
giving them a broad range of applications. The main sources 
of this biomolecule are microorganisms, animals, and plants; 
however, the production and extraction costs often become 
high and unviable for environmental applications. An alter-
native is to extract them from agroindustry co-products, 
to obtain non-commercial POs [16, 17]. Marques et  al. 
[18] demonstrated the properties of the enzyme extracted 
from rice bran in treatment of textile effluent discoloration. 
Although this process is simple and low cost, it could be 
improved by removing impurities with rice bran peroxidase 
(RBP), elevating its specific activity using a second reaction 
medium to attack the target pollutant.

The present study aimed to develop advanced oxidation 
processes in several configurations in the presence of rice 

bran peroxidase, to remove color and toxins from textile 
wastewater, and to propose to the textile dyeing industry 
an economically and environmentally viable alternative 
effluent treatment.

Materials and methods

Fig. 1 shows a schematic diagram of the methodology. 
Each step is described below.

Enzymatic acquisition and precipitation process

RBP enzymatic extract was donated by the Laboratory 
of Mycotoxin and Food Science (Federal University of 
Rio Grande, Carreiros, RS, Brazil), were the enzyme was 
extracted according to the method of Cardinali et al. [19].

Preliminary tests of the precipitation technique were 
developed according to Preczeski et al. [20], setting the 
sodium chloride concentration at 0.8 mol/L, the organic 
solvent concentration at 80% and the pump flow at 10 mL/
min. The precipitates were collected and dissolved in 
5 mM sodium phosphate buffer, pH 7.5 [21].

To improve RBP activity, a screening of organic sol-
vents was made with acetone, ethanol, N-propyl, iso-
propyl, iso-butyl, and tert-butyl alcohol in the presence 
and absence of salt. The specific activity response was 
analyzed using the Tukey test.

In the sequence, RBP precipitation was improved using 
a central composite design (CCD) to evaluate the influence 
of a peristaltic pump flow, varying from 4.6 to 12.4 mL/
min, of salt concentration from 0.36 to 0.84 mol/L, and of 
solvent concentration from 48.1% to 71.9%, in purification 
factor (PF) results.

Fig. 1  Schematic diagram of methodology
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Subjection of RBP to microwave radiation 
to improve activity

The first tests with non-commercial RBP began with the 
comparison between crude enzymatic extract activity 
(without treatment) and RBP treated in a microwave sys-
tem. A central composite rotational design (CCRD) was 
developed to evaluate the influence of time and tempera-
ture variables in the microwave system on the enzymatic 
activity.

The minimum temperature evaluated was 35.8 °C and 
the maximum was 70 °C. The time of enzyme exposure in 
the microwaves was between 1 to 30 min. The choice of 
relatively short exposure times can be justified by the rapid-
ity velocity with which the temperature is reached in this 
reaction system.

Dye decolorization using RBP

The synthetic effluent for all assays was prepared between 
50 mg/L and 150 mg/L concentration, according to Marques 
et al. [18]. It was composed of various dyes diluted in dis-
tilled water.

Preliminary tests of the synthetic effluent color removal 
with known concentration were conducted in a microwave 
reaction system to evaluate possible process variants. Red, 
navy blue, yellow, and brown effluents were all analyzed at 
100 mg/L.

The ratio of effluent/RBP/hydrogen peroxide 30% was set 
at 3:1:1 (mL), varying only the colors of the synthetic efflu-
ent, temperature, and microwave exposure time, according to 
the best results obtained during planning. Longer exposure 
times of the microwave samples were also evaluated than 
those conducted in the CCRD, justified by the inclusion of 
the effluent in the sample that had not yet been evaluated. 
The pH of the samples before and after microwave exposure 
was also measured.

After conducting the preliminary tests, only the red syn-
thetic effluent generated some color removal result when 
exposed to microwaves. A Plackett–Burman (PB) design 
(Table  1) was elaborated to determine which variables 
had major influences in the color removal of the analyzed 
effluent.

For precipitated RBP, the assay chosen for dye decol-
orization was based on the best result found in CCD. The 
supernatants and the precipitates were subjected to shaker 
system separately, using 40 mg/L of hydrogen peroxide and 
red synthetic effluent 100 mg/L in a final volume of 100 mL, 
according to Marques et al. [18]. Color removal after treat-
ment with RBP was quantified in a spectrophotometer at 
455 nm.

Enzymatic activity and PF determination

Enzymatic activity was determined according to Devaiah 
and Shetty [22] and its units were defined as the mass of 
protein capable of causing an increase in absorbance at 
0.001 per minute [23]. Protein concentrations were meas-
ured according to Bradford [24]. We calculated PF values 
using these parameters.

Toxicity tests

Treated effluents were evaluated for toxicity using meris-
tems cells from Allium cepa, according to Levan [25] and 
Düsman et al. [26]. After 24 h in the dark at room tempera-
ture (25 ºC), the toxic effects on cells were evaluated by 
microscopic analysis using Panótico Rápido® kit in all cell 
colorations. The mitotic index (MI) was evaluated from the 
count of approximately 100 cells for each assay, consid-
ering raw effluent and dilutions 1:8 and 1:16. A negative 
control was performed in the presence of ultrapure water.

Data statistical treatment

The Tukey test and analysis of variance (ANOVA) were 
used to validate data using Statistica and Protimiza Experi-
mental Design software, respectively [27].

Results and discussion

Activity of peroxidase precipitated with organic 
solvents

Through a screening developed with several solvents in 
the presence and absence of salt, with the aim of deter-
mining which condition had better affinity with RBP, we 
observed a specific activity of 10,385.5 U/mg when RBP 
was precipitated with acetone in the presence of salt. This 

Table 1  Plackett–Burman matrix of experimental design for process 
variable analysis in microwave system

Code Process variable Level

(− 1) (0) (+ 1)

X1 RBP amount (mL) 1 1.5 2
X2 Red dye concentration (mg/L) 50 100 150
X3 Hydrogen peroxide amount 0.08% (mL) 1 1.5 2
X4 Exposure time (min) 30 75 120
X5 Temperature (°C) 30 50 70
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value was significantly different from the other conditions, 
according to the Tukey test with 95% of confidence.

The screening had relevant results to continue the study, 
because it allowed analysis of the influence of salt concentra-
tion, solvent concentration (only acetone) and pump flow in 
PF, through CCD (Table 2).

During the precipitation process, we obtained supernatant 
(S) and the precipitate (P). The S final volume was greater 
than the P final volume. Table 2 shows that, in different con-
ditions, the enzyme can be concentrated in both phases of 
the system. An example of this phenomenon is shown in 
assay 1, where a PF of 1.9 was obtained in S phase, and 
assay 11, where a PF of 1.9 was obtained in P phase.

The improvement of PF value of an enzyme has advan-
tages for its applications, because it improves catalytic effi-
ciency, and thermal and pH stability, as well as the affinity 
for substrates. The method selection used concentrate and 
purify this biocatalyst must consider the process costs, scal-
ability, yields and reproducibility [20, 28-33].

For precipitation method, the reproducibility is a process 
requirement that is difficult to achieve. Nevertheless, it has 
great cost benefits, because recent studies using expensive 
methods to purify RBP, including chromatography, did not 
achieve PF greater than 14.1 [21, 33, 34]. It is also important 
to highlight that applications in environmental areas, such as 
AOP, do not require high PF values, but rather require high 
affinity for the target substrate.

The treatment of CCD matrix results was made to obtain 
contour curves of PF behavior when variations occur in the 
precipitation process. The statistical analysis indicated that 
only in the supernatant phase was it possible to validate the 
model with 95% confidence. Table 3 shows the model equa-
tion and the contour curves, where can be observed that lower 

concentrations of acetone and sodium chloride resulted in 
better PF values. The minimum pump flow (around 4 mL/
min) improved RBP concentration as well. On the large scale, 
this response would result in an economically viable purifica-
tion process, because it requires low reagents concentrations 
and a slow process, because to achieve the best PF results, the 
flow has to be maintained between 4 to 6 mL/min.

Activity of peroxidase in the microwave

There are many studies of peroxidase inactivation caused by 
exposure to microwaves; for example, the studies of Soysal 
and Söylemez [35] and Matsui et al. [36]. There is research 
emphasizing that this clean, cheap, and convenient reaction 
system can be effective in increasing peroxidase activity, an 
extremely important feature in the environmental area, as for 
treatment of various types of effluents [18, 37-39].

Table 4 presents the coded and real values for CCRD, the 
time, and temperature variables of the microwave reaction 
system and the responses in terms of RBP relative activity. 
The best increase result in enzyme activity was obtained 
when the exposure time was 15.5 min and the temperature 
was 50 °C (relative activity of 108.6%). The enzyme activity 
obtained in sample 1 (5.2 min and 35.8 °C) and in sample 5 
(1 min and 50 °C) are also results that should be considered 
because of the significant increase that occurred in rela-
tion to RBP without microwave exposure, where there were 
activity increments of 102.2% and 88.4.4%, respectively.

The data shown in Table 4 were treated statistically, from 
which we obtained a coded empirical mathematical model 
(Eq. 1) that describes the behavior of RBP after treatment 
in the microwave reaction system:

Table 2  Matrix of central 
composite design (CCD) with 
coded and real values and 
respective answers in terms 
of purification factor (PF) in 
supernatant and in precipitate 
after RBP precipitation

Assay Flow (mL/min) Solvent concen-
tration (%)

Salt concentra-
tion (mol/L)

PF supernatant PF precipitate

Crude RBP 
extract

– – – 1.0 1.0

1 − 1 (4.6) − 1 (48.1) − 1 (0.36) 1.9 0.9
2  + 1 (12.4) − 1 (48.1) − 1 (0.3s6) 0.4 1.4
3 − 1 (4.6)  + 1 (71.9) − 1 (0.36) 0.1 1.0
4  + 1 (12.4)  + 1 (71.9) − 1 (0.36) 0.1 1.1
5 − 1 (4.6) − 1 (48.1)  + 1 (0.84) 0.9 0.2
6  + 1 (12.4) − 1 (48.1)  + 1 (0.84) 0.4 0.4
7 − 1 (4.6)  + 1 (71.9)  + 1 (0.84) 0.2 1.0
8  + 1 (12.4)  + 1 (71.9)  + 1 (0.84) 0.1 1.1
9 0 (8.5) 0 (60.0) 0 (0.60) 0.4 1.6
10 0 (8.5) 0 (60.0) 0 (0.60) 0.3 1.1
11 0 (8.5) 0 (60.0) 0 (0.60) 0.3 1.9
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Table 3  Contour curves with the influence of process variables in PF results

Process variables Supernatant phase

Solvent 
concentration 
versus flow

Salt 
concentration 
versus flow

Salt 
concentration 
versus solvent 
concentration

Equation model Y1 = 0.46 – 0.26 X1 – 0.39 X2 – 0.11 X3 + 0.24 X1 X2 + 0.11 X1 X3 + 0.14 X2 X3

R2 0.92

Y1 purification factor (PF), X1 flow, X2 solvent concentration, X3 salt concentration
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Contour curves (Fig. 2) were constructed from the valida-
tion of the model through analysis of variance, in which the 
calculated f was greater than the f tabled and R2 was 95.28%.

The greatest increase in enzymatic activity was reached 
when the enzyme exposure time to microwaves was short 
and the exposure temperatures were average. The low 
expenditure of time and energy shows promising results, 
because this makes the process economically viable.

Golunski et al. [40] obtained similar results when ana-
lyzing the enzymatic activity of non-commercial rice bran 

(1)

Relative activity = 89.80 − 29.26 × time − 15.46 × time2

− 36.42 × temperature − 42.48 × temperature2

− 2.65 × time × temperature.

peroxidase in a domestic microwave. The authors reported 
relative activity of 107.5% in 10 s of irradiation, equivalent 
to a temperature of 50 °C and an activity decrease when 
microwave reaches approximately to 70  °C, arriving at 
26% relative activity in relation to the best result. Lopes 
et al. [41] evaluated the enzymatic activity of peroxidase 
extracted from horseradish against microwave irradia-
tion and their results were similar to the results obtained 
in the present study. They suggest that at low temperatures 
(30–45 °C), changes occur in the secondary structure of the 
enzyme, causing its activation, and at higher temperatures 
and longer microwave exposure times, there is a tendency 
for inactivation.

Synthetic effluent decolorization with microwave 
system in the presence of RBP

When using peroxidase extracted from rice bran to discolor 
a synthetic effluent in an orbital shaking system, Marques 
et al. [18] observed that color removal using peroxidase was 
influenced by effluent coloration. When analyzing the dis-
coloration of the red and blue dye, they realized that only the 
red effluent was susceptible to removal, concluding that the 
RBP had affinity with only this dye. Nevertheless, removal 
analysis of other colors in the present reaction system was 
justified by the lack of knowledge of the RBP behavior using 
effluent as a substrate when subjected to microwave irra-
diation. The pH range of all the samples before and after 
the exposure to the microwaves was not altered (pH 5–6). 
Greater degradability of the red color in our preliminary 
tests was observed as the exposure times to the microwaves 

Table 4  Matrix of experimental 
design central composite 
rotatable design (CCRD)  22 
(coded and real values) and 
respective answers in terms of 
enzymatic and relative activity 
of rice bran peroxidase

* Control refers to crude extract without treatment
** It was calculated taking enzymatic activity from control as a reference

Assay Exposure time (min) Temperature (°C) Enzymatic activity 
(U/mL)

Relative 
activity 
(%)**

Control* – – 415 0
1 − 1 (5.2) − 1(35.8) 839 102.2
2  + 1 (25.8) − 1(35.8) 603 45.4
3 − 1 (5.2)  + 1 (64.2) 591 42.3
4  + 1 (25.8)  + 1 (64.2) 311 − 25.1
5 − 1.41 (1.0) 0 (50.0) 782 88.4
6  + 1.41 (30.0) 0 (50.0) 459 10.7
7 0 (15.5) − 1.41 (30.0) 632 52.4
8 0 (15.5)  + 1.41 (70.0) 160 − 61.4
9 0 (15.5) 0 (50.0) 754 81.7
10 0 (15.5) 0 (50.0) 743 79.1
11 0 (15.5) 0 (50.0) 866 108.6

Fig. 2  Contour curves with the time and temperature influence of the 
microwave system on peroxidase activity



267Bioprocess and Biosystems Engineering (2020) 43:261–272 

1 3

increased. Exposure times were evaluated up to 120 min, 
generating a satisfactory color removal result.

Based on the statistical analysis, we found that, among 
the analyzed variables, only the temperature has a signifi-
cant influence on dye color removal (Fig. 3). Lopes et al. 
[41] studied horseradish peroxidase enzyme subjected to 
conventional and to microwave heating system and identi-
fied a temperature influence on enzymatic activity.

According to the PB design, the samples subjected to 
higher temperature (70 °C) resulted in greater red dye 
removal, reaching color removal quantities of 38.9%.

By determining that only temperature had a significant 
effect on color removal, a color removal kinetic (Fig. 4) 
was performed, setting 70 °C as the temperature, the mini-
mum amounts of enzyme and hydrogen peroxide and the 

highest dye concentration (150 mg/L) analyzed from the 
PB, to create the most economically viable process.

The effluent removal kinetics in was microwave for up 
to 180 min was analyzed, because it is believed that subse-
quently the process may become economically infeasible 
in industrial application.

A very promising result found in this study was that the 
highest rates of removal occurred in the first 25 min, leading 
to 26.2% removal. After this period, the dye removal rates 
become lower, reaching 36.8% removal 180 min of analysis. 
This decrease in the color removal rate can be explained by 
the decreased availability of substrate. It is important to note 
that controls in the same temperature (70 °C) were carried 
out to evaluate the microwaves influence on an effluent sam-
ple containing only red dye and another on a sample contain-
ing red dye and hydrogen peroxide, both without RBP. In the 
two controls analyzed, no results were obtained in the dye 
removal, confirming that the enzyme was responsible for all 
the discoloration observed in the effluent.

In the literature, there are no studies using microwave 
systems allied to peroxidase enzyme from any source for 
effluent color removal; this may be an interesting study in 
the future. The use of microwave reaction system may fur-
ther aid color removal, because irradiation may facilitate the 
access of enzymes to the substrate or may make the process 
more economically feasible, because the exposure time to 
reach the optimal temperature in this system is smaller [42].

Synthetic effluent decolorization with RBP 
precipitated in the shaker system

The results presented in Table 2 display the choice of assay 
to be used for color removal from effluents. The microwave 

Fig. 3  Pareto graph showing 
the influence of five variables in 
red dye removal by RBP in the 
microwave system

Fig. 4  Color removal kinetics in the microwave system
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system results reported here, as well as in the work of Marques 
et al. [18] support the choice of color, which was red dye. With 
this, the results of application of precipitated RBP to achieve 
effluent decolorization as an advanced oxidation process tech-
nique are presented in Table 5, using assay 11 because of its 
satisfactory PF value and the excellent process conditions, 
which is the part of central point of the CCD matrix (Table 2).

Color removal was not satisfactory at 5 h of reaction in 
the shaker system, the time, where best results occurred in 
Marques et al.’s [18] study. The supernatant phase presented 
color reduction of only 10.59% in relation of control. In the 
precipitate phase, there was a color increase (negative value 
in Table 5) of 68.24%.

Then, the reaction time was increased to 24 h, producing 
excellent results with 100% of color removal in the supernatant 
phase and 61.06% in the precipitate phase. Golunski et al. [40] 
and Marques et al. [18] only applied crude non-commercial 
peroxidase extracted from rice bran in red dye effluent, and 
obtained 40% and 48.51% of color removal, respectively. 
Because the best results of color removal were obtained with 
lower PF values (supernatant phase), as shown in Table 5, and 
commercial peroxidases with high purification remove less dye 
color then the non-commercial RBP precipitated, it is possible 
to assume a biochemical transformation in the enzyme prop-
erties. This causes the biocatalyst to have greater affinity for 
the target substance because of the precipitation process that 
can be explained by the presence of salt and organic solvent.

Although the control assay had color removal because of 
the presence of hydrogen peroxide, the assays with RBP had 
best color removal results. In the Erlenmeyer flask that con-
tained supernatant phase, with 100% color removal, it was pos-
sible to observe dye particle decantation. On the large scale, 
this gives an advantage to the treatment process, because the 
effluent could be treated, decanted, and filtered to remove all 
dye particles.

Therefore, the RBP precipitation process and application 
in color removal demonstrate potential to be an AOP in textile 
dyeing industries, with low-cost and flexibility advantages, 
because both precipitate and supernatant phases could be used 
with satisfactory color removal results.

Effluent toxicity after RBP treatment 
in microwave and shaker systems

Based on the analysis of the Fig. 5(I), using the best syn-
thetic effluent removal assay in the microwave reaction 
system, two cytotoxic events were observed: induction and 
inhibition of the mitotic index in relation to the control 
sample. Table 6 displays these data, demonstrating that, 
for both effluent conditions (treated and untreated), there 
were toxic effects. The analysis performed with precipitate 
phase removal tests was performed on a shaker system and 
presented similar toxicity characteristics. These similari-
ties include induction of cell proliferation and damage to 
the genetic material.

Based on these aspects, effluent dilution tests were evalu-
ated, simulating effluent discharge in water bodies. Using the 
microwave system, 1:8 dilutions were shown to be effective 
as they approached normal conditions tested by the con-
trol sample, whereas for the treatment using orbital shak-
ing, larger dilution was required to regulate the deleterious 
effects of toxicity. For all assays, samples were examined 
for abnormalities perceived during mitotic division (Fig. 5).

Regarding the treatment process with microwave and 
sequence analysis (Fig. 5(I)), we found (1) the regular state 
of cell division through the chromosomes at the end of the 
anaphase, without any incoordination or delays, imitating 
normal developmental conditions; however (2) the raw 
(untreated) effluent samples presented higher frequency of 
division in relation to the control group (Table 6), suggest-
ing that the synthetic effluent at 150 mg/L reproduced a 
cytotoxic effect on meristematic cells. According to Leme 
and Marín-Morales [43], mitotic indexes higher than the 
negative control may be harmful to cells, leading to the 
formation of tumors via disordered cell proliferation.

In the case of the effluent enzymatically treated in micro-
waves [Fig. 5(I) image (d)], a predominance of cellular 
abnormalities was observed, with the marked presence of 
micronuclei associated with delayed cell division. Here, the 
low mitotic index confirmed the retardation of cell division 
(Table 6). According to Fernandes et al. [44], changes such 

Table 5  Results of RBP 
application in AOP to remove 
color of red textile effluent in 
the shaker system at constant 
temperature (25 °C)

Time in shaker 
system (h)

Assay pH Color removal (%) PF

5 Control 3.66 0 1
RBP precipitated Supernatant phase 4.32 10.59 0.3

Precipitate phase 6.46 − 68.24 1.9
24 Control 3.04 0 1

RBP precipitated Supernatant phase 3.09 100 0.3
Precipitate phase 3.28 61.06 1.9
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Fig. 5  Evaluation of cytotoxic and genotoxic effects in samples of 
synthetic textile effluent treated and not treated enzymatically in the 
microwave reaction system (I), where a control system in distilled 
water, b untreated raw effluent, c raw untreated effluent at 1:8 dilu-
tion, d effluent treated in microwave reaction system in RBP pres-

ence, e effluent treated in microwave reaction system in RBP presence 
at 1:8 dilution and in orbital agitation (II), where a control system in 
distilled water, b control of crude effluent with hydrogen peroxide, c 
untreated raw effluent, d effluent treated in shaker system in the pres-
ence of precipitated RBP with respective dilutions 1:8 (e) and 1:16 (f) 
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as micronuclei can originate spontaneously; however, their 
induction is often understood when genetic damages are 
detected from exposure to a mutagenic agent [45].

It is also interesting to note in this study that the treatment 
test performed on an orbital shaker [Fig. 5(II) image (d)] 
revealed no formation of micronuclei during division; how-
ever, there was intense aggressiveness in the genetic mate-
rial, completely disrupting the nuclear structure and being 
impossible to calculate mitotic indices.

On this basis, we believe that the two processes involving 
different reaction systems differentially influence toxicity 
levels after removal due to the interaction with the enzy-
matic treatment process. Nevertheless, the validation of this 
hypothesis would require more in-depth studies on the inter-
action mechanisms, seeking ways to reduce post-treatment 
impacts. The results also suggest that metabolites produced 
by the enzyme during the removal process may have contrib-
uted to the genotoxic effects. Solís et al. [46] reported that 
metabolites produced during the removal of the dye are, in 
many cases, more toxic than the parent dye.

Tafurt-Cardona et al. [47] believe that genotoxic effects 
may be related to azo structure present in the dye composi-
tion, suggesting that such effluents pose dangers to human 
health. A number of studies have reported increased toxicity 
levels after effluent biodegradation in the presence of dyes 
[18, 48-50]. Punzi et al. [51] suggested the use of chemical 
processes complementary to the biological ones to reduce 
the levels of toxicity of textile industry effluents and to guar-
antee greater safety in the final disposal. According to Bilal 
et al. [52], it is expected that undetectable transformation 
products, called “micro-pollutants” of toxicity, and persis-
tence that are as yet unknown exist in the final product of 
various types of removal reactions.

Considering the great toxic potential caused by removal, 
dilution factors were employed on similar discharge action 
in water resources. With the use of microwaves in the 
treatment process, 1:8 dilution contributed to decreased 
toxic effects, whereas for the orbital agitation system, 
an even greater factor was necessary to approach normal 

conditions, because in the 1:8 dilution, traces of toxicity 
and damage of genetic material were still observed.

Nevertheless, this assumption is lacking in studies, 
because it is not yet possible to ensure that small remnants 
of recalcitrant toxic substances remaining after enzymatic 
treatment do not impair the metabolism and way of life of 
aquatic organisms. Alternative treatments, such as AOP, as 
opposed to so-called traditional methods, using an enzyme 
originated from cheap sources as by-products, have been 
shown to be a compelling strategy for the treatment of syn-
thetic effluents. In the present study, this enzyme catalyzed 
oxidative processes in the presence of toxic compounds 
and resulted in substantial color removal.

Conclusion

The advanced oxidation processes developed in this study 
showed great potential for the textile market as a low-cost, 
scalable, and efficient method to treat effluents.

In the shaker system, it was possible to remove 100% of 
effluent color after treatment with the non-commercial rice 
bran peroxidase that had been precipitated with acetone 
and salt. This condition can decant and remove residual 
dyes particles through filtration.

Despite the fact that, in both systems, effluent toxicity 
damaged genetic material of Allium cepa, dilution reduced 
these damages, simulating industrial discharge action in 
water resources. Therefore, both treatment systems appear 
to have potential to be exploited in industrial processes, 
because rice bran peroxidase demonstrated affinity with 
dyes.
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Table 6  Mitotic index (MI) data 
on apical meristems of Allium 
cepa in samples of effluent 
treated and not treated with 
RBP in microwave and orbital 
shaker systems

* Dilution factor

Microwave system Orbital shaker

Assay MI (%) Assay MI (%)

Control 7.32 ± 2.49 Control 12.94 ± 2.68
Raw effluent 11.92 ± 0.02 Raw effluent 21.33 ± 2.31
Raw effluent (1:8)* 7.44 ± 0.65 Treated effluent –
Treated effluent 3.82 ± 1.67 Treated effluent (1:8)* 29.04 ± 2.93
Treated effluent (1:8)* 6.49 ± 2.60 Treated effluent (1:16)* 15.86 ± 2.81

Effluent with peroxide 14.00 ± 3.00
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