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Abstract
T . . . . L. . Keywords:
his study aims to investigate the decolorization of Ponceau 4R azo dye-containing Advanced Oxidation

water using ozone—Electro-Fenton hybrid process and compare it with each of the
ozonation and Electro-Fenton processes alone. The experiments were conducted in a
batch mode and based on the OFAT (One Factor at a Time) method. The effect of
parameters including sodium sulfate (Na2SOs4) electrolyte concentration (0.25, 2.5 and
25 mM), initial pH (3, 7 and 8.5), ferrous ion (Fe?*) concentration (0.1, 1 and 10 mM),
applied current density (1.05, 6.25 and 14.6 mA/cm?), and ozone injection rate (0.2, 1
and 2 g/h) on decolorization efficiency was evaluated. In all experiments, the initial dye
concentration was kept constant on 200 mg/L and the reaction time was considered to
be up to 90 minutes. According to the obtained results, under the optimal values of the
operating parameters (electrolyte concentration: 2.5 mM, pH=3, ferrous ion
concentration: 1 mM, current density: 6.25 mA/cm?, ozone injection rate: 2 g/h), the
decolorization efficiency in the ozone—Electro-Fenton hybrid system reached about
100% only after 60 min of reaction time. In comparison, each of the ozonation and
Electro-Fenton processes, failed to achieve more than 89% and 51% efficiencies,
respectively, even after 90 minutes of reaction under their optimal conditions. The
results also showed that increasing the reaction time to 90 min compensated for the
undesirability of all the operating parameters measured except the ozone injection rate.
This result revealed the key role of ozone in the production of hydroxyl free radicals
(OH") in the ozone-Electro-Fenton hybrid process. Examination of kinetic models
showed that the first-order kinetics with a correlation coefficient (R?) of 0.994,
compared to the second-order kinetics with a correlation coefficient of 0.575, has a
much better ability to estimate the decolorization performance of the hybrid process. In
general, the ozone—Electro-Fenton hybrid system showed much better performance than
either ozonation or Electro-Fenton processes. The hybrid system increased the reaction
speed and achieved complete decolorization in a short time by creating synergy between
the two processes. Therefore, the ozone-Electro-Fenton hybrid system can be
considered as a suitable alternative to other dye removal methods, which generally
suffer from low speed and failure to achieve complete removal of the pollutant.
Accordingly, conducting researches on the technical and economic aspects of the
ozone—Electro-Fenton hybrid process is valuable for implementing the process on a real
scale.
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1. Introduction were maintained at selected values. The process
Textile and other industrial wastewaters contain ~ performance was investigated under the effect of
considerable amounts of synthetic dyes and other operational parameters including: electrolyte
persistent organic compounds. Azo dyes constitute concentration (0.25, 2.5 and 25 mM), initial pH (3,
one of the largest groups of synthetic dyes and are 7 and 8.5), ferrous ion concentration (0.1, 1, and
widely used in textile, food, leather, paper, plastic, 10 mM), current density (1.05, 6.25 and 14.6
pharmaceutical, and cosmetic industries. Their mA/cm?), and ozone injection rate (0.2, 1 and 2
characteristic azo bond aI_ld conjggated aromatic g/h). Reaction time was evaluated at 5, 15, 30, 60,
structures contribute to their chemical stability and 75 and 90 min. For kinetic analvsis. first- and

. . . ysis, first- an
resistance to degradation (De Souza et al., 2010). .

P4R! is an anionic azo dye used in several second-p rdf:r models were applied to the P4,R
industrial applications, and its removal from decolorization data obtained under the hybrid
contaminated water is therefore of environmental Process.
interest (Do et al., 2022). Although different
oxidation and treatment methods have been
investigated for dye removal, limited information
is available concerning the integrated ozone—

Electro-Fenton process for P4R decolorization. In
particular, the relative importance of operational
parameters, the contribution of the two individual
processes to the hybrid performance, and the
kinetic behavior of P4R decolorization have not
been sufficiently evaluated together. Therefore,
the present study aimed to investigate the
performance of an ozone—Electro-Fenton hybrid
process for P4R decolorization under the effect of
important operational parameters including .
electrolyte concentration, initial pH, ferrous ion % 1)/
concentration, current density, and ozone injection 5 5 : )
rate. Besides, the hybrid process performance was ] -
compared with ozonation and Electro-Fenton Fig. 1. The laboratory system used for the ozone—
processes operated separately. The experimental Electro-Fenton hybrid process
data were also evaluated using first- and second-
order kinetic models. 3. Results and discussion

The results demonstrated that the performance of
2. Methodology the ozone-Electro-Fenton hybrid system was
The experiments were performed in batch mode strongly dependent on the chemical and
using a laboratory-scale reactor with an effective electrochemical conditions of the reactor. At an
volume of 500 mL (Fig. 1). Two graphite carbon electrolyte concentration of 2.5 mM, the highest
plates with dimensions of 8x3 cm were used as the decolorization efficiency was obtained, whereas
anode and cathode, with an inter-electrode both the lower concentration of 0.25 mM and the
distance of 5 cm. Ozone was generated from air higher concentration of 25 mM resulted in lower
using an iZO3N ozone generator with a maximum removal, particularly during the early stages of
production rate of 2 g/h and was introduced into treatment. Increasing the electrolyte concentration
the reactor through a diffuser. The experimental initially improved solution conductivity and
setup consisted of the power supply, magnetic facilitated electrochemical reactions. However,
stirrer, ozone generator, graphite electrodes, and excessive electrolyte concentration increased ionic
ozone diffuser. competition and limited the effective interaction of

A model dye solution containing 200 mg/L pollutants with the electrode surface.

P4R was prepared using deionized water. Sodium Regarding the current density, it was observed

sulfate was used as the supporting electrolyte. The that increasing the current density from 1.05 to

experiments were conducted according to the 6.25 mA/em? improved the decolorization

OFAT? approach, in which one operating efficiency, whereas a further incregse to 14.6

parameter was varied while the other parameters mA/ cm? reduced the removal efﬁme'ncy. The
improvement at moderate current density can be

'Ponceau 4R (P4R) 2 One Factor at a Time (OFAT)
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attributed to enhanced electrochemical production
of reactive oxidizing species and improved
operation of the Electro-Fenton cycle. At
excessively high current density, however,
competing reactions and consumption of reactive
species may reduced the fraction of radicals
available for effective decolorization (Panizza et
al., 2007; Zwane, 2021). Current density showed
as similar time-dependent behavior as electrolyte
concentration the so that increasing the process
time compensated for the undesirability of the
current density value.

Ferrous ion concentration also exhibited an
optimum value. Increasing the initial ferrous ion
concentration from 0.1 to 1 mM increased the
decolorization efficiency from 62% to 85% and
further increase to 10 mM, reduced the efficiency
to about 63%, at 30th minute of the process. The
initial improvement is consistent with enhanced
production of hydroxyl radicals through Fenton-
type reactions. In contrast, excess ferrous ions
consumed hydroxyl radicals through competitive
reactions and thereby decreased the amount of
radicals available for dye oxidation (Mansour et
al., 2012; Zwane, 2021). Similar to the two
previous parameters, increasing the process time
compensated for the undesirability of the ferrous
ion concentration.

Regarding pH effect, the highest decolorization
efficiency was obtained at pH=3, while increasing
the pH to 7 and 8.5 decreased the removal
efficiency. The superior performance under acidic
conditions is consistent with the favorable
conditions for the Electro-Fenton reactions and the
stability of the iron redox cycle. At higher pH
values, ferric ions can form insoluble iron
hydroxide species, reducing the availability of
dissolved iron for catalytic reactions (Wang et al.,
2015). In addition, ozone can react with the H>O»

produced through the electro-Fenton process under
acidic conditions, thereby generating hydroxyl
radicals and improving decolorization (Gunten
2003; Chen et al., 2009). Increasing the process
time also compensated for the undesirability of the
pH conditions.

Among all investigated parameters, ozone
injection rate showed the most stable effect over
time. At 2 g/h injection rate, approximately 85%
decolorization was achieved after 30 min, whereas
the efficiencies decreased to 53% and 26% at
ozone injection rates of 1 and 0.2 g/h, respectively.
In contrast to the previous parameters, the
suboptimal ozone injection rate was not
compensated with increasing the process time.
This finding highlights the critical role of ozone
availability in sustaining the generation of reactive
oxidizing species in the hybrid system.

The synergistic performance of the hybrid
system was further evaluated by comparing
ozonation, Electro-Fenton, and ozone—Electro-
Fenton processes under identical operating
conditions. Based on the results shown in Fig. 2,
up to 30" minute of the process, the dye removal
rate in the ozone-electro-Fenton hybrid process
was higher than the sum of each process alone.
This result indicates the synergy of the two
ozonation and Electro-Fenton processes in the
form of a hybrid process. From the 60" minute
onwards, the efficiency of the hybrid process
reaches about 100% and it is no longer possible to
examine the synergy.

Under the optimum conditions identified for
each individual process, the final decolorization
efficiencies were 89% for ozonation and 51% for
Electro-Fenton, after 90 min and approximately
100% for the ozone—Electro-Fenton hybrid system
after 60 min (Table. 1). These results demonstrate
that the hybrid configuration not only increased the
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Fig. 2. Synergy study of ozonation and electrofenton processes in the ozone—Electro-Fenton hybrid process
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Table 1. Final efficiency of the three processes of ozonation, electrofenton and
ozone—Electro-Fenton under the optimal conditions of each process
Process Ozonation Electro-Fenton OZO;Z;E:;CUO-
pH 8.5 3 3
Ozone injection rate (g/h) 2 - 2
Optimal . mA
conditions Current density (m) 6.25 6.25
Ferrous ion concentration (mM) - 1 1
Electrolye concentration (mM) - 2.5 2.5
Process  Residual dye concentration (mg/L) 22 98 ~0
perfrmance Decolorization efficiency (%) 89 51 ~ 100
final removal efficiency but also substantially Therefore, the second-order kinetics could not
accelerated the decolorization process. The model the process as well as the first-order
combination of ozone and Electro-Fenton kinetics. _ ‘ _
therefore provided a clear operational advantage By stgdylng previous resgarc.h in the ﬁelq Qf
over either process used separately. oxidation and advanced oxidation processes, it is
clear that the common model of pollutant removal
. L in these processes is usually first-order or pseudo-
4. The hybrid process Kkinetics first-order kinetics (Kishimoto et al., 2005;
The kinetic behavior of P4R decolorization was Panizza et al., 2007; Cuiping et al., 2011; Basiri
also investigated under the hybrid process. The Parsa et al., 2014; Alabdraba et al., 2020).
first-order model provided a very good fit to the
experimental data, with a correlation coefficient of 5. Conclusions
R* = 0.994 and a kinetic constant of k;=0.074 This study investigated the decolorization of P4AR
min’!. In contrast, the second-order model resulted azo dye-containing water using ozone—Electro-
in a substantially lower correlation coefficient of Fenton hybrid process, and compared it with each
— ; — -1 pin-l ?
R> = 0.575, Wlth. k2=0.043 L.mg".min". of the ozonation and Electro-Fenton processes
Accordingly, the experimental decolorization data alone. The optimum hybrid process performance
were much better represented by first-order was observed at an electrolyte concentration of 2.5
kinetics. ) mM, initial pH of 3, ferrous ion concentration of 1
Given that during the process, due to the mM, current density of 6.25 mA/cm? and ozone
continuous injection of ozone and the continuous injection rate of 2 g/h. Under these conditions
. 2+ - . . . >
regeneration of Fef ions, a high and relatively approximately 100% decolorization was achieved
constant concentration of hydroxyl free radicals after 60 min. whereas ozonation and Electro-
and other oxidizing species is available, as a result, Fenton under their respective optimum conditions
the dye concentration, which is noticeably and achieved no more than 89% and 51%, orderly
continuously decreasing, is the dominant factor even after 90 min. This comparison further
conFr'ollmg the oib'served decolorization rate. ‘In confirmed a clear synergistic effect, and proved the
addition, the collision of the dye ‘molelcules with superior performance of the hybrid process over
each other does not play a role in this process. the individual processes.
Water and Wastewater OMSL ;‘j
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Table 1. The most important chemical characteristics of P4R dye

Property

Value

Chemical structure

Molar mass (G-Mol )
Chemical formula

C.I. number

l ' SO;” Na*
HO ' '

Ny SOs Na’
604.46
C20H11N2Na3010S3
16255

Fig. 1. The laboratory system used including: 1) power supply, 2) magnetic stirrer, 3) ozone generator,
4) anode electrode, 5) cathode electrode, 6) ozone diffuser
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Table 2. Parameters and their evaluated levels

Parameter

Evaluated levels

Electrolyte concentration (Na,SO4), mM

Current intensity”, A

Ferrous ion concentration (FeSO,4-7H,0), mM

pH
Ozone injection rate (%)
Reaction time (min)

0.25,2.5,25

0.05,0.3,0.7
0.1, 1, 10
3,7,85

02,1,2
5, 15, 30, 60, 75, 90

* Equal to current densities of 1.05, 6.25, 14.6 %, based on the sum of two faces of an electrode: 2x(3x8) cm?
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3 Decolorization Efficiency
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Fig. 2. The effect of electrolyte concentration on decolorization efficiency in the ozone—electro-fenton hybrid process
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Fig. 3. Effect of current density on decolorization efficiency in the ozone—electro-fenton hybrid process
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Fig. 4. Effect of ferrous ion concentration on decolorization efficiency in the ozone—Electro-Fenton hybrid process
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Fig. 5. Effect of pH on decolorization efficiency in the ozone—Electro-Fenton hybrid process
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Fig. 6. Effect of ozone injection rate on decolorization efficiency in the ozone—Electro-Fenton hybrid process
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Fig. 7. Synergy study of ozonation and electrofenton processes in the ozone—Electro-Fenton hybrid process
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Ozone—Electro-

Proces Ozonation Electro-Fenton Fenton
pH 8.5 3 3
Ozone injection rate (g/h) 2 - 2
coorf)ggl(?rlls Current density (:n—Az) - 6.25 6.25
Ferrous ion concentration (mM) = 1 1
Electrolye concentration (mM) - 2.5 2.5
Process  Residual dye concentration (mg/L) 22 98 ~ 0
perfrmance Decolorization efficiency (%) 89 51 ~ 100
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