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ABSTRACT

This study evaluated the effectiveness of a hybrid treatment system of ozonation and electrocoag-
ulation for removing color from textile wastewater. The hybrid treatment system was carried out
in a semi-pilot scale and continuous flow, with real textile wastewater. Different ozonation and
electrocoagulation conditions were simultaneously evaluated in six experimental stages, combining
ozone application rates of 0.0 and 13.6 mg/L with the electrical currents of 0.0, 15.8, 22.1 and 28.5 A.
The hybrid treatment system had a color removal efficiency of 55.4% after the application of 3.45 g/L
of iron and 0.27 g/L of ozone. The increase of electrical current did not increase color removal.
Significant color removal efficiencies were only observed in the stages that simultaneously applied
both electrocoagulation and ozonation, indicating a synergistic effect. Thus, continuous systems
that combine ozonation and electrocoagulation are promising alternatives for future improvements

in wastewater treatment from textile industries.
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1. Introduction

Agricultural and industrial developments over the last
decades, along with high population growth and urban-
ization, have aggravated water resource pollution prob-
lems. The textile industry is a major industrial sector, and
the demand for its products has been increasing; however,
its activity is characterized by high water consumption and
equally high effluent generation [1-3]. According to Holkar
et al. [4], the textile industry is one of the main wastewater
generators as a consequence of great water consumption

* Corresponding author.

during wet processing operations. In addition, the wastewa-
ter generated may present a high pollution potential [4].

The characteristics and composition of textile wastewa-
ter vary according to the processes adopted by industry, yet
this wastewater generally has high coloration due to the
presence of remnant unfixed dyes from the dyeing process
[5,6]. Improper discharges of textile wastewater into water
bodies can cause various problems for ecosystems, such as
blocking the passage of light and inhibiting the biological
processes of photosynthesis, as well as presenting risks for
living organisms and human health, since some wastewa-
ter dyes can be toxic, carcinogenic and mutagenic [3,4,6].
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For this reason, color removal from textile wastewater is
required.

The removal of color from textile wastewater can be
achieved by several wastewater treatment techniques,
based on physical, chemical, biological and/or electro-
chemical processes [7]. Biological degradation processes
normally require a large land area and very long treat-
ment times, and are sensitive to effluents with toxic con-
stituents [8,9]. Adsorption processes are also effective for
the dissolved colorants from effluents, but they depend on
adsorbent regeneration, which involves the loss of expen-
sive absorbent material [10]. Color removal techniques
based on membrane separation involve expensive mem-
branes and equipment, produce a concentrate that is hard
to dispose of, and show declining performance over time
due to membrane fouling [11]. Chemical coagulation can
be also used for dye removal, but it generally produces a
large amount of sludge [12]. Treatment techniques based on
advanced oxidation processes (AOP) have the potential for
the treatment of textile wastewater due to their high effi-
ciency of color removal [10]. Ozonation is already a well-es-
tablished AOP used in full-scale wastewater treatment facil-
ities. It is more energy-efficient than related AOP based on
plasma, electrolysis, photocatalysis, ultrasound, and micro-
waves [13]. Nevertheless, ozonation produces by-products
during dye degradation and is not very effective at removing
toxic organic compounds [14]. One way to increase the effi-
ciency of the ozonation process for toxic substance removal
is to combine it with coagulation processes, which can also
increase its efficiency for removing color and organic com-
pounds in wastewater treatment [12]. In this context, the
electrocoagulation is an electrochemical process that can
replace chemical coagulation. Electrocoagulation can lead
to lower sludge production and operational costs and can
have higher efficiency for color removal [15]. Batch and lab-
oratory-scale studies have also shown the increase of color
removal efficiency with the combination of ozonation and
electrocoagulation processes for wastewater treatment,
especially using iron electrodes [16-23]. Nevertheless, there
is a lack of studies that evaluate the integration of these pro-
cesses in systems of larger scales and continuous flow with
real textile wastewater, which may allow a better view of
the application of this integration at the industrial scale.

In this context, the main goal of this study was to analyze
the effectiveness of a hybrid treatment system of ozonation
and electrocoagulation, on a semi-pilot scale, for the removal
of color from textile wastewater, as well as to evaluate
the effect of combining these two processes.

2. Material and methods
2.1. Textile wastewater

The wastewater used in this study originated from a
textile factory in the state of Puebla, Mexico. The wastewater
characteristics are shown in Table 1.

2.2. Treatment system

The wastewater treatment system included a homo-
genization tank with a working volume of 163.1 L, followed

Table 1
Characteristics of textile wastewater used in the study

Parameter Value
pH 11.2
Electric conductivity (uS/cm) 9,025
Color (ABS 420nm/ cm) 1.174
Turbidity (NTU) 320
Chemical oxygen demand (mg/L) 3,225

by a 44.2 L ozonation column, an 8.2 L electrocoagulation
reactor with iron electrodes, and a 95.5 L settling basin
(Fig. 1). This system was designed to work on a semi-pilot
scale; it had an overall textile wastewater volume of 312.4 L
and workflow of 2.2 L/min. The system had a total residence
time of about 1.12 h and was operated with recirculation to
study the effect of treatment time. Thus, the settling basin
outlet effluent flowed to the homogenization tank to start a
new treatment cycle. In the settling basin, the precipitated
iron sludge was separated from the liquid effluent, which
allowed the removal of color that was probably adsorbed
onto the hydroxides formed during electrocoagulation.

2.3. Ozonation system

Ozone was produced by a non-commercial genera-
tor, connected to an air compressor (Atlas Copco LFXO0.7-
10 TM90, Sickla Industrivag 19, Nacka, 105 23 Stockholm,
Sweden) which produced an airflow of 1.5 L/min to maintain
ozone application in the column at 1.8 g/h (at an ozone con-
centration of 13.6 mg/L). The ozonation column was made
of acrylic and flowed upward, with a diameter of 15 cm and
a height of 251 cm. Ozone gas was dispersed in the liquid,
at the bottom of the column, by means of a diffuser consist-
ing of a plastic cylinder filled with sand (diameter 8.3 cm,
height 9.1 cm). Residual unreacted ozone gas was destroyed
by an ozone destroyer equipped with ultraviolet light bulbs.

2.4. Electrocoagulation system

The electrocoagulation system consisted of an acrylic
plug flow reactor divided into four modules, each equipped
with four sacrificial electrodes (width 15 cm, height
21 cm, thickness 0.5 cm). The electrodes (16 in total) were
manufactured from 1,018-grade carbon steel, with 0.3 cm
spacing between them, connected in parallel, with a total
active surface area of 0.378 m?.

The electrodes were subjected to galvanostatic direct-
current, by means of a power source (Sorensen DCS10-120E,
9250 Brown Deer Road, San Diego, CA, 92121, United States
of America). Electrical currents of 15.8, 22.1, and 285 A
were applied to the system, which corresponded to current
densities of 41.8, 58.5, and 75.4 A/m> During treatment,
polarity was changed every 30 min to avoid the passiva-
tion of the electrodes and to promote homogeneous wear.
The hydraulic residence time inside the electrocoagula-
tion reactor was 224.7 s, which resulted in flow velocity of
0.020 m/s between the electrodes; this prevented iron accu-
mulation between the electrodes.
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Fig. 1. Treatment system used in the study.

2.5. Settling basin

The settling basin was constructed from acrylic, with a
diameter of 25.5 cm and a height of 192.2 cm, which pro-
moted an up-flow velocity of about 0.0007 m/s. The struc-
tured packing material was installed in the settling basin in
order to promote high-rate sedimentation. The structured
packing material was installed at 73.0 cm from the settling
basin bottom to a height of 165.2 cm. In the settling basin
inlet line, a dose of 1.2 mg/L of anionic polymer SQ673
was added to the electrocoagulation effluent.

2.6. Experimental procedures

During the study, the textile wastewater pH was main-
tained close to 7.5 through the addition of sulfuric acid, due
to the tendency of pH increase during treatment and due to
the formation of problematic gel at a lower pH. The study
was divided into six experimental stages; wastewater was
subject to different treatment conditions at each stage, with a
duration time between 10 and 16 h at each one. The treatment
conditions in each experimental stage are shown in Table 2.

By means of the different experimental stages, it was
possible to separately observe the effects of the electroco-
agulation, ozonation, their combination, and the electrical

Table 2
Treatment conditions for the different experimental stages

Stage Experimental conditions
Ozone applied (mg/L) Electric current (A)

1 13.6 15.8

2 13.6 221

3 13.6 28.5

4 13.6 0.0

5 0.0 0.0

6 0.0 15.8

current. For technical feasibility reasons, the stages of the
study were executed sequentially, so the initial color inten-
sity in each stage studied corresponded to the final color
intensity of the previous stage. Samples were collected
from the ozonation column outlet and from the settling
basin outlet every 2 h to monitor the variation in effluent
color. All the combinations of ozone and the electrical cur-
rent adopted in the treatment system were determined by
preliminary tests with the textile wastewater used in this
study, considering the limitations of the equipment used.

2.7. Analytical procedures

Color analysis was carried out by absorbance readings in
a spectrophotometer (Agilent Cary 60 UV-Vis, G6860A, 5301
Stevens Creek Boulevard, Santa Clara, CA 95051, United States
of America), using a quartz cell with a 1 cm optical path. The
color was quantified in the wavelength of maximum absor-
bance in the spectral region of visible light (A _ =420 nm),
which was identified after a spectral scan of each sample
between the wavelengths of 190 and 1,100 nm [24,25]. For the
analysis, the samples were vacuum-filtered on membranes
(MicronSep, pore size 0.45 um, diameter 47 mm) and subse-
quently diluted at a ratio of 1:25 with demineralized water.

2.8. Statistical analysis

The effects of ozonation, electrocoagulation and the
combination of the processes on wastewater color removal
were evaluated for the six experimental stages mentioned
above, based on the slopes of color reduction generated
from the periodic analysis of the effluent. The comparison
between the stages was carried out by analysis of variance
(one-way ANOVA) followed by a Tukey test, with a confi-
dence interval of 95%. The stages were considered statisti-
cally different when the p-value was less than 0.05. To avoid
possible distortions and to obtain a more sensitive data anal-
ysis, results considered atypical (when the variance of the
standardized residual was greater than 2 in each stage) were
discarded. All of the statistical analyses were performed
using Statistica 7 software.

3. Results and discussion
3.1. Color removal

The results of the wastewater color analysis obtained
from samples taken from the ozonation column and from the
settling basin, at different times and treatment conditions,
are presented in Fig. 2.

Fig. 2 shows a marked decrease in wastewater color
during the first three experimental stages, treated by com-
bined ozonation and electrocoagulation. This decrease was
not observed in the other experimental stages, when the pro-
cesses were applied individually (stages 4 and 6) or when
only wastewater was recirculated in the system (stage 5).

The greater removal observed in the first three experi-
mental stages demonstrates a synergistic effect. This can
be attributed to the formation of reactive oxygen species,
such as hydroxyl radicals. Hydroxyl radicals are highly oxi-
dizing agents, which have a rapid kinetic reaction and are
not selective, thus they are efficient for the degradation of
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Fig. 2. Kinetics of color removal during different experimental
stages.

contaminant compounds, such as dyes [26,27]. Hydroxyl
radical formation may be a consequence of the action of
Fe* generated in the electrocoagulation process (Eq. (1))
as a catalytic agent in the decomposition of ozone (Egs. (2)
and (3)). In addition, during ozonation, there can also be the
spontaneous formation of hydrogen peroxide (Eqs. (4)-(6))
which can also be converted into hydroxyl radicals from
the reaction with Fe*(Eq. (7)) [21,26,28-30].

Fe — Fe* +2e (1)
Fe*+ 0O, » FeO* + O, ()
FeO* + H,0O — Fe* + *OH + OH~ 3)
O,+ OH  — O, + HO; 4)
O,+ HO;— HO; + O3~ (5)
2HO; - H,0,+0, (6)
Fe* + H,O, - Fe* + *OH + OH~ (7)

Yet, the synergistic effect observed can be attributed to
the oxidation of Fe?" generated in the electrocoagulation pro-
cess to Fe®. The ferric constituents, such as ferric hydroxides,
generally have less solubility than ferrous constituents and
so are capable to promote the formation of larger flocs and
more efficient separation of contaminants from the liquid
[31-33]. The oxidation of Fe*" to Fe** may be obtained directly
by ozone application in the system (Egs. (2) and (3)), as well
as by the generation of hydrogen peroxide (Egs. (4)-(7)),
oxygen (Egs. (4)-(7) and (8)—(11)), hydroperoxyl radicals
(Egs. (5) and (13)) and hydroxyl radicals (Egs. (11) and (14))
in the ozonation process [32,34,35].

HO; —» H' + O3 ®)
0;+0,—-0,+0;5 )
O;-+H'— HO; (10)
HO; - OH* +0, (11)
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4Fe?+ O, + 4H' - 4Fe* + 2H,0 (12)
Fe* + HO; — Fe* + HO, (13)
Fe + HO®* — Fe* + OH- (14)

Another possible cause of the synergistic effect may be
the breakdown of functional groups and the decrease of
organic compounds in the solution, due to oxidation during
ozonation. This can cause an alteration in the electrostatic
interactions between organic compounds and coagulating
agents, and thus increase the affinity of the compounds for
the coagulating agent’s surface [36]. According to Yan et
al. [37], pre-treatment with ozonation can increase the effi-
ciency in coagulation with iron-based coagulants, due to
the increase of negatively charged particles, since adsorp-
tion is the main mechanism of particle removal by iron
coagulants in solutions with a pH higher than 7.5. Barredo-
Damas et al. [38] verified positive effects on wastewater
from the textile industry, when they included ozonation
before coagulation treatments, mainly for organic matter
and turbidity removal.

Lin and Liu [39] reported the importance of ozonation for
the removal of color from textile wastewater, while chemi-
cal coagulation was mainly responsible for the removal
of organic compounds and solids from the wastewater.
Thus, the absence of significant color removal when only the
ozonation process was applied (stage 4) may indicate that
the synergistic effect observed was a result of the genera-
tion of reactive oxygen species and/or ferric constituents, as
previously mentioned.

In the first three stages (Fig. 2), it is also possible to
observe a small difference between the color of the samples
collected from the ozonation column and the settling basin,
at the same treatment times, which indicates the decrease
of color promoted by electrocoagulation applied after the
ozonation. Fig. 3 shows the decrease of absorbance peak
at 420 nm observed at the end of stages 1, 2 and 3, in the
different sample collection points. The efficiency of color
removal observed after the first three stages were 55.4%,
with the application of 3.45 g/L of iron and 0.27 g/L of ozone.
The efficiency obtained was higher than that reported by
Malik et al. [12] of about 60% of color removal from real tex-
tile wastewater with the application of 558.5 g/L of iron and
0.45 g/L of ozone, in a batch treatment system combining
ozonation and chemical coagulation. This fact reinforces the
possibility of obtaining lower sludge production and oper-
ational costs with the use of electrocoagulation instead of
the chemical coagulation, due to the higher efficiency of the
coagulant consumption in this process. He et al. [16] verified
a color removal efficiency of 97% when consuming about
0.2 g/L of iron and 2 g/L of ozone in a batch system, with
simultaneous application of electrocoagulation and ozo-
nation, at laboratory-scale. However, He et al. [16] worked
with a synthetic solution containing 100 mg/L of a specific
azo dye and observed a decline in treatment efficiency as
the dye concentration was increased. The authors attributed
this decline to the insufficient number of agents to coagu-
late and oxidize the larger number of molecules at higher
concentrations [16]. Thus, the lower color removal with
higher consumption of iron observed in this study may be a
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consequence of the use of real textile wastewater, which may
contain a higher dye concentration, as well as a mixture of
different dyes and residual constituents from the different
processes adopted by the industry, all of which affects treat-
ment performance.

3.2. Statistical analysis

For statistical analysis, only slopes obtained from the
ozonation column outlet were used, since the same trend was
observed in color removal kinetics at the two sample collec-
tion points and less variation was observed in the slopes of
the ozonation column outlet. The slopes used in the statis-
tical analysis, after the exclusion of the cases with standard-
ized residual variance greater than 2, are presented in the
Table S1.

The results obtained from the statistical analysis rein-
force the difference between the kinetics of color removal
obtained during the first three experimental stages, in
comparison to the others (Table 3). This fact reinforces the
hypothesis of the existence of a synergistic effect derived
from the combination of ozonation and electrocoagulation
processes.

Table 3

There was no statistically significant difference between
stages 4, 5 and 6, which suggests that ozonation and electro-
coagulation processes are not effective for wastewater color
removal when applied individually under the treatment
conditions studied. In addition, no statistically significant
difference was observed between stages 1, 2 and 3; this indi-
cates that the increase of electrical current and, therefore, iron
ion production in the system, had no effect on wastewater
color removal.

It can be proposed that the mechanism of color removal
from wastewater was the product of an interaction between
ozone and iron ions, proportional to the concentration
of both elements in the system, either by the generation
of reactive oxygen species, ferric constituents and/or a
breakdown of dye compound functional groups, as pre-
viously explained [21,37,40]. Thus, the increase of iron in
the system had no effect on treatment efficiency (Table 3),
possibly because the ozone concentration applied in the
system remained constant. So, the increase of iron concen-
tration should be accompanied by an increase in the ozone
concentration applied in the system to obtain a higher
color removal efficiency.

As no significant statistical difference was observed
between color removal slopes for stages 1, 2 and 3, it is
possible to determine that the best treatment conditions
observed in this study were those applied to stage 1. In this
stage, there was less application of electrical current and iron
in the treatment system.

From the evaluation of the raw data (Fig. 2), a color
removal efficiency of 19.7% was observed in 14 h of
treatment for stage 1. Considering the average slope of
-0.0108 ABS,,, /h of color removal in the same stage (Table
3), it can be deduced that a treatment time of 108.7 h, cor-
responding to an application of 5.7 g/L of iron and 0.6 g/L
of ozone, should be necessary for the complete removal of
wastewater color. This slow slope of color removal may be a
consequence of the low ozone concentration applied in the
system. Asaithambi et al. [19] obtained 100% color removal
from distillery wastewater by ozone assisted electrocoagu-
lation after 4 h of treatment time with a similar concentra-
tion of iron (5.6 g/L), but with the use of about thirteen times
higher ozone concentration (8 g/L). So, the application of
higher ozone concentration, proportional to the iron con-
centration applied in the electrocoagulation, can promote a
higher and faster removal of color in the treatment system

Average slopes of color decrease obtained for the different experimental stages

Stage Ozone applied Electrical Average slope of color removal +
(mg/L) current (A) standard deviation (ABS,, /h)
1 13.6 15.8 -0.0108 + 0.0038"
2 13.6 22.1 —0.0153 + 0.0044°
3 13.6 28.5 -0.0105 + 0.0036*
4 13.6 0.0 -0.0030 + 0.0026"
5 0.0 0.0 -0.0015 + 0.0027"
6 0.0 15.8 -0.0010 + 0.0035"

“’Equal letters indicate values belonging to the same homogeneous group, in which there is no statistically significant difference between its
components, according to the Tukey test, at the 95% confidence interval.
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studied. It is important to note that the concentrations of iron
and ozone were applied slowly for this study and its appli-
cation in a shorter time could also reduce the treatment time
of the system studied.

4. Conclusion

This study evaluated the effect of electrical current
and iron concentration applied to the electrocoagula-
tion process, as well as the combination of ozonation and
electrocoagulation processes for color removal from the
wastewater of a textile factory. Results showed that the
integration of ozonation and electrocoagulation processes
proved effective for color removal from textile wastewater,
with a color removal efficiency of 55.4%. This is in con-
trast to the individual application of the processes, where
no color removal was observed, showing a synergistic
effect from this combination. So, the continuous flow sys-
tems with the application of ozonation combined with the
electrocoagulation are promising alternatives for future
improvements in the treatment of wastewater from textile
industries. The application of higher ozone concentration
in the treatment system presented, proportional to the
iron concentration applied, is a possible way of obtaining
greater efficiencies of textile wastewater color removal.
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