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ARTICLE INFO ABSTRACT

ORIGINAL ARTICLE Introduction: In recent years, azo dyes, which are widely used in various

industries, have attracted attention because of their high production volume,

toxicity, and environmental persistence. Advanced oxidation processes (AOPs)
have emerged as promising alternatives for the degradation of pollutants by
generating reactive radicals. This study investigated the degradation of Direct
Red 89 (DR 89) using the electrochemical/persulfate (EC/PS) process.

Materials and Methods: A controlled laboratory experiment was conducted
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utilizing a 1000 mL electrolytic reactor, which was equipped with aluminum
and iron electrodes serving as the anode and cathode, respectively. The reactor
contained 500 mL of solution, which was continuously stirred using a
magnetic stirrer. Sodium hydroxide (NaOH) and hydrochloric acid (HCI) were
used to adjust the pH, while sodium chloride (NaCl) served as the supporting
electrolyte. The concentration of DR 89 in the samples was measured using a
Tel: UV-visible spectrophotometer.

*Corresponding Author:
Arezo Rezaie

Email:
arezorezaie373@gmail.com

+98 913 2204694 Results: The investigation of operational parameters, including pH, reaction

time, persulfate concentration, current density, initial dye concentration, and
Keywords: electrolyte concentration, indicated that a maximum removal efficiency of
Azo Dyes, 99.43% was achieved under the optimal conditions: pH 4.0, reaction time of
Direct Red 89, 25 min, current density of 1 mA/cm?, electrolyte concentration of 250 mg/L,
Electrochemical Persulfate and persulfate concentration of 30 mg/L, for an aqueous solution containing
Activation. 80 mg/L of DR89 dye.

Conclusion: Compared with other advanced oxidation processes, this
approach is more environmentally friendly, with high efficiency, and less
pollutant production. Therefore, it can be widely used to treat industrial
wastewater containing persistent pollutants.
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Introduction

In recent years, azo dyes have constituted the
largest production volume among chemical dyes,
and their significance is expected to increase in
various industries, particularly in the textile sector!.
Annually, approximately 280,000 tons of textile
dyes are discharged into industrial wastewater
worldwide, with Azo dyes constituting

approximately 70% of this total.?. These compounds
contain azo groups (-N=N-) attached to aromatic
rings, along with other groups such as -OH, -SO*,
and -NO; 3. Most of these compounds are non-
degradable, toxic, mutagenic, and inherently
carcinogenic due to their aromatic molecular
structure.*.

Various chemical and physical techniques,
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including chemical precipitation for pollutant
separation, electrocoagulation, and activated
carbon adsorption, have been employed to remove
dyes from diverse wastewater sources.> .
However, these technologies are less frequently
applied to challenges such as high sludge
production, high sensitivity to variations in flow
rate and organic load, extended retention time, and
low removal efficiency. 2.

AOPs have emerged as alternatives to
conventional technologies. In an oxidation
reaction, one or more electrons are transferred
from one chemical to another, which is known as
the oxidant. The removal of contaminants in
advanced oxidation processes is based on the
production of hydroxyl radicals, which are
powerful oxidizing agents that convert many
organic compounds into inorganic substances. This
radical is characterized by its instability and high
reactivity and is generated in situ through either
chemical or photochemical reactions.” .

Recently, an alternative form of AOPs has been
explored, which is based on the generation of sulfate
radicals. These radicals are characterized by a
longer half-life than hydroxyl radicals.’. Persulfate
(PS, S:0¢*, E” = 2.01 V) is commonly used as a
strong oxidizer in sulfate radical-based AOPs
because of its high stability and reasonable cost '°.

Persulfate can be activated through various
energy sources, including thermal energy'!,
ultraviolet radiation'?, microwave radiation'3,
Ultrasound'. or electron transfer metal transfer!,
leading to the generation of sulfate radicals
(Equation 1-4) '&-17,
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05> + heat —» 2S04~ (1)
S,08>+hv  —» 2504~ )
$:087+Mn? —» SO4™+M D+ S0 (3)
S,0¢* + Ultrasound — 2S04~ 4)

Divalent iron (Fe*") is a crucial catalyst for
persulfate activation, facilitating the generation of
sulfate radicals (SOas*7). Its presence is
instrumental in enhancing the degradation of
organic pollutants in the environment. Once
formed in solution, SO4¢~ can rapidly react with a
wide range of organic pollutants through strong
15 18 Consequently, the
degradation of contaminants such as toluene'”,
Metformin®, and levofloxacin?! in aqueous
solutions has been examined. To the best of our

oxidation reactions

knowledge, this study is the first to report the
removal of DR 89 using the EC/PS method. This
study examined key operational parameters,
including reaction time, current density, persulfate
concentration, pH, electrolyte concentration, and
initial dye concentration, to assess the removal
efficiency of DR 89 in the EC/PS process.

Materials and Methods

Material

All chemicals used in the experiments were of
analytical grade. Direct Red 89 (CAS No. 12217-
67-3) and sodium persulfate (CAS No. 7772-98-7)
were purchased from Merck. (Germany) . Table 1
presents the chemical structure and main
characteristics of DR 89. Sulfuric acid (H.SOs4) and
sodium hydroxide (NaOH) used for adjusting the
pH were provided by Sigma-Aldrich.
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Table 1: Chemical structure and main characteristics of DR89.
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Name Direct Red 89
W H oom
NaO3S NN _N
¥ \Tl/ T
wep ety
molecular structure @/ N OH @’N*H CHs N OsNa
H
SO3MNa
S0;Na
Chemical formula C44H32N10Na401684
Molecular weight 1177.0
Cass Number 12217-67-3
Pilot setup (DC) power supply (DAZHENG PS-305D).
The experiments were conducted in an A magnetic stirrer was used to agitate the

electrolytic reactor with a working volume of 1000
ml, containing 500 ml of the solution. The cathode
and anode electrodes, composed of aluminum and
iron with a purity of 99.95% by weight,
respectively, measured 16 cm X 6 cm x 2 mm and
were submerged in the electrolyte. The effective
surface area of each electrode was 147.2 cm?, and
the spacing between the electrodes was maintained
at 2 cm, with the electrodes arranged in parallel.
Electrolysis was performed using a direct current

reactor. The initial pH was adjusted using NaOH
(IN) and HCI (IN). Sodium chloride (NaCl) was
added as a supporting electrolyte to the aqueous
dye solution. The desired amount of persulfate was
then added to the sample solution. Subsequently,
the samples were collected from the solution and
centrifuged at 3500 rpm for 5 min?*’. Table 2
summarizes the experimental conditions, including
the key operational parameters and investigated
ranges.

Table 2: Experimental conditions employed in DR89 degradation by PS-EC process

Experiment condition

Studied Time Current density PS dose NaCl dye conc.
parameter PH  1hin) (mA/cm?) (mg/L) (mg/L) (mg/L)

Solution pH 3-9 20 0.67 25 250 80
Reaction time 4 5-90 0.67 25 250 80
Current density 4 25 0.67-2.37 25 250 80

PS dose 4 25 1 10-50 250 80
Electrolyte dose 4 25 1 30 60-450 80
Initial color 4 35 1 30 250 40-120
concentration

Analytical methods RE = COC‘C %100 (5)
0

The amount of DR-98 adsorbed in the samples

was measured at A =295 nm using UV- visible
spectrophotometer (DR5000 © Hach Company)®.
A calibration curve was drawn using the prepared
paint solutions ranging from 0.125 to 25 mg/L, and
the linear correlation coefficient was calculated
(R?>= 0.993). The removal efficiency (RE) of DR
89 was calculated using Equation (4).
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where Cy and C are the concentrations of the
sample at time 0 and the residual concentration,
respectively.

Results

Effect of solution pH

This study examined the influence of pH levels
ranging from 3.0 to 9.0 on the removal of DR §9.
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Figure 1 illustrates the removal efficiency of DR
89 as a function of the pH. As shown in Figure 1,
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the highest removal efficiency of DR 89 (98.87%)
was observed at pH 4.0
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Figure 1: Effect of solution pH on the removal of DR 89 by EC/PS process (DR 89 concentration: 80 mg/L, PS
concentration: 25 mg/L, electrolyte concentration: 250 mg/L, current density: 0.67 mA/cm?, and reaction time: 20 min)

Effect of reaction time
The effects of different reaction times (5-90
min) on the removal efficiency of DR 89 were
investigated. As shown in Figure 2, the removal
efficiency of DR8&9 increased to 88.38% within the
100

first 5 min and reached 98.24% after 25 min in the
EC/PS system. As the reaction time increased
beyond 25 min, the removal efficiency decreased,
ultimately declining to 94%.
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Figure 2: Effect of reaction time on DR 89 removal efficiency by EC/PS process (pH: 4, DR89 concentration: 80 mg/L,
PS concentration: 25 mg/L, electrolyte concentration: 250mg/L, current density: 0.67 mA/cm?)

Effect of Current density

A current density range of 0.67-2.37 mA/cm?
was employed to investigate its effect on the
removal efficiency of DR 89. As shown in Figure
3, increasing the current density from 0.67 to 1

CCBY 4.0

mA/cm? led to an increase in the removal
efficiency from 97.67% to 98.04%, respectively.
These results indicate that the removal of DR 89
increased with increasing current density.

JEHSD, Vol (10), Issue (2), June 2025, 2632-42

Jehsd.ssu.ac.ir

[}
(=N
w
W


http://dx.doi.org/10.18502/jehsd.v10i2.19007
https://jehsd.ssu.ac.ir/article-1-947-en.html

[ Downloaded from jehsd.ssu.ac.ir on 2026-06-22 ]

[ DOI: 10.18502/jehsd.v10i2.19007 ]

AI°IOD NSS PSYa[

2636

Mineralization of Direct Red 89 via Electro-Activated Persulfate

98.5

98 A&

97.3

97

96.5

Dye Removal%

96

95.5

95

Hatami B, et al.

1.5 2 2.5

Current density (mA/cm?)

Figure 3: The effect of current density on DR 89 removal efficiency by EC/PS process (PH: 4, DR 89 concentration: 80
mg/L, PS concentration: 25 mg/L, electrolyte concentration: 250 mg/L and reaction time: 25 min)

Effect of Persulfate concentration

Persulfate is integral to the EC/PS system
because it is the primary source of SO4". In this
study, experiments were conducted at different PS
concentrations ranging from 10 to 50 mg/l to
evaluate its effect. Figure 4 depicts the effect of
oxidative

persulfate  concentration on the
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degradation of DR 89. As shown in Figure 4, the
removal efficiency of DR 89 increased from
89.76% to 98.98% as the PS concentration
increased from 10 to 30 mg/L. As illustrated in
Figure 4, when the persulfate concentration
increased from 30 mg/L to 50 mg/L, the removal
efficiency decreased from 98.98% to 96.63%.

30 40 50 60

Persulfate Concentration (mg/I)

Figure 4: The effect of PS dose on DR 89 removal efficiency by EC-PS process (pH: 4, DR89 concentration: 80mg/L,
electrolyte concentration: 250 mg/L, current density: 1 mA/cm? and reaction time: 25 min)

Effect of electrolyte concentration
To evaluate the effect of
concentration on the removal efficiency of DR 89

electrolyte
using the EC-PS process, various electrolyte

concentrations ranging from 60 mg/L to 450 mg/L
were investigated ( Figure.5). As shown in figure

JEHSD, Vol (10), Issue (2), June 2025, 2632-42

5, increasing the electrolyte concentration from 60
mg/L to 250 mg/L led to an increase in the removal
efficiency from 89.1% to 98.08%. However, at
concentrations higher than 250 mg/L, the removal
efficiency began to decrease, reaching 95.78% at
an electrolyte concentration of 450 mg/L.
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Figure 5: Effect of electrolyte concentration on DR 89 removal efficiency by EC-PS process (PH: 4, DR 89
concentration: 80mg/L, PS concentration: 25mg/L, current density: | mA/cm? and reaction time: 25 min)

In the electrolytic process, electrical conductivity
is considered one of the most influential parameters
affecting both pollutant removal and energy
consumption, which are directly related to the
overall operating cost*. Sodium chloride is
used to enhance the electrical
conductivity of treated water and wastewater® 2.
However, the presence of sulfate and carbonate ions
in the solution can lead to the precipitation of Ca
and Mg ions, resulting in the formation of an
insulating layer on the electrode surface. This layer
increases the potential difference between the
electrodes, thereby decreasing the
efficiency?’ . Daneshvar et al. demonstrated that an

commonly

system

in NaCl concentration enhances the
efficiency of contaminant removal. In this study, a

increase

primary factor contributing to the improved
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efficiency at elevated salt concentrations was the
increase in electrical conductivity, which facilitated
a greater current flow through the circuit under a
constant potential.?®.

Effect of initial concentration of DR 89

At this stage, all operational conditions were
adjusted to their optimum values, and the
concentration of DR 89 was varied between 20 and
120 mg/L. As shown in Figure 6, the degradation
efficiency of DR 89 using the EC/PS process
increased from 97.30% to 98.04% as the dye
concentration increased from 40 mg/L to 80 mg/L.
However, increasing the concentration of the target
contaminant above 80 mg/L decreased the removal

efficiency.
A
\
\\
.\»
\
.
80 100 120 140

initial Concetration of color(mg/I)

Figure 6: Effect of initial DR 89 concentration on removal efficiency by the EC-PS process (PH = 4, PS concentration
=25 mg/L electrolyte concentration = 250 mg/L, current density = 1 mA/cm? and reaction time = 25 min)
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Discussion

The pH of an aqueous solution plays a crucial
role in the decomposition of organic compounds in
the environment. Based on these results, acidic
conditions were more favorable for the removal of
DR 89 than neutral and alkaline pH levels. This
can be attributed to the enhanced production of
sulfate radicals under acidic conditions, as shown
in Equation (6-7).

H" +S,0s* —» HS:O4 (6)

HS,05 — H' + SO47'+SO42' (7)

The high concentration of protons in acidic
media facilitates this process, thereby increasing
the removal efficiency?”. Moreover, the enhanced
efficiency could be related to the
increased generation of sulfate (SO.° 7) and
hydroxyl ("OH) radicals. It can be concluded that
the sulfate and hydroxyl radicals produced have a
higher oxidation potential under acidic conditions
than under neutral and alkaline conditions %°.

removal

As the pH increased, the removal efficiency
gradually decreased, reaching 96.54% at pH 9.0.
The decrease in removal efficiency at neutral and
alkaline pH levels can be due to the precipitation of
Fe**. When the pH exceeds 4.0, Fe** precipitation
may occur’. In addition, at pH values > 4.0, the
formation of iron complexes can hinder the reaction
between iron and persulfate, thereby reducing the
overall process efficiency. This mechanism is
illustrated by the following reaction (Equation (8)):

Fe** + H,O —» FeOH" + H' (8)

Furthermore, the removal efficiency is further
diminished due to the formation of iron
oxyhydroxides, such as Fe(OH),*" and Fe(OH)*,
which eventually transform into Fe(OH); at pH
levels exceeding 4.0.3!.

The reaction time directly influenced the
number of ions generated by the iron electrodes.
As the electrolysis time increased, the iron ion
concentration also increased. This finding can be
explained by Faraday's law, where the iron species
as coagulants increase with time, which can
initially lead to increased removal efficiency.
However, prolonged electrolysis may lead to
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excessive accumulation of iron species, which can
eventually hinder the process and reduce the
efficiency’> 3. In a study conducted by
Bazrafshan, utilizing iron electrodes in the
electrocoagulation process, it was observed that the
efficiency initially increased with
prolonged reaction time.**. The application of an
electric current by creating corrosion at the anode
can lead to the continuous production of iron ions
in the solution, which subsequently activates
persulfate and generates sulfate radicals. Increasing
the current density can result in faster and greater
production of ferrous ions and promote the
regeneration of ferric ions, which improves the
degradation of persulfate and ultimately increases
the removal of DR 89%°,

However, further increasing the current density
led to a decrease in the removal efficiency, which
reached 95.25% at a current intensity of 2.37
mA/cm?. This reduction can be attributed to the
excessive production of Fe** ions and their
accumulation in the solution. Therefore, these ions

removal

may act as scavengers of SO.  and ultimately
reduce the removal efficiency, as shown in
Equation (9) *°.

Fe*+S0Os —» SO4* +Fe™* )

A similar trend was reported by Akbari et al.,
who removed bisphenols using an electro-sulfate
process. They observed that the removal efficiency
initially increased with increasing current density
and then decreased at higher current density?®’.

One of the key factors influencing free radical
production for contaminant degradation is the
oxidant  concentration. @ As  the  oxidant
concentration increased, the production of SOase~
accelerated, thereby enhancing the decomposition
rate of DR 89.The study conducted by Zhang et al.
utilizing the electro/Fe2+/peroxydisulfate process
demonstrated an increasing trend in removal
efficiency with elevated persulfate concentrations.
8. However, increasing the  persulfate
concentration beyond a certain amount leads to a
side reaction between sulfate radicals and excess
persulfate (Equation (10-11)). Finally, this process
can lead to reduced removal efficiency?®. A similar

CCBY 4.0
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trend was reported by Zhang et al., who found that
an overdose of persulfate during activation led to a
decrease in the removal efficiency?.
SOs" + SOs" —»2S04" (10)
$205% + S04~ —® S$,05" +S0.> (11)

Previous research has demonstrated that within
the electrochemical process, the presence of a
supporting electrolyte in the solution affects the
current efficiency, cell voltage, and electrical
energy consumption®*3’.

In addition, an increase in the organic matter
concentration in the environment consumes more
oxidants and prolongs the time required for complete
degradation. Therefore, as the contaminant
concentration increased, the process -efficiency
decreased  slightly .  Notably, intermediate
compounds may form during oxidation at high
concentrations. These compounds may act as
scavengers of hydroxyl and sulfate radicals, thereby
reducing the removal efficiency by creating
competition between the contaminant molecules and
intermediate compounds*" *. In a similar study,
Rahmani et al. reported that an increase in phenol
concentration resulted in a reduction in the removal
efficiency from 93.99 to 53 % for the EC/PS process.
In this study, it was also stated that increasing the
initial concentration of contaminants required more
oxidation potential, and as a result, with a constant
amount of oxidant, the process efficiency decreases®.

Conclusion

The EC/PS process is an AOPs capable of
degrading environmentally persistent contaminants
such as dyes. An investigation of the effective
operational parameters, including persulfate
concentration, current intensity, initial dye
concentration, and initial pH, indicated that the
highest removal efficiency (99.43%) was achieved
under the following conditions: pH 4.0, reaction
time 25 min, current density 1 mA/cm?, electrolyte
concentration 250 mg/L, and persulfate
concentration 30 mg/L for an aqueous solution
containing 80 mg/L of DR89 dye. Owing to the
very low biodegradation of azo dyes, the EC/PS

process can be considered an effective process for
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the degradation of DR89 in a relatively short time.
The approach used in this study is a simple and
cost-effective  method that provides rapid
degradation of persistent organic compounds in an
aqueous medium. Compared to other advanced
oxidation processes, such as the wuse of
nanoparticles, which may release emerging and
sometimes toxic by-products into the environment,
the introduced method is more environmentally
friendly. Given its high efficiency and low
environmental impact, the developed method can
be extensively used for the treatment of industrial
wastewater containing resistant organic pollutants.
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