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Abstract

of COD in EFP, energy consumption was less than in ECP.
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The electrochemical degradation of a synthetic solution of malachite green (MG) was studied using electro-Fenton process (EFP)
under batch conditions. The studies used iron electrodes to investigate the influence of operating parameters such as reaction tem-
perature, distance between the electrodes, electrolysis time, and initial dye concentration. The values of 1 cm as distance between
the electrodes and 50°C as temperature were found to be the optimum operating parameters for the efficient degradation of MG
dye. When the temperature was greater than 50°C, H,O, self-decomposed. After 30 minutes of electrolysis, TOC removal was only
76.5% when no H,0, was added to the solutions (ECP), while the presence of H,O, greatly improved TOC removal by more than 95%.
For a solution 0f 1000 mg L" MG dye, degradation was complete after only 30 minutes. Furthermore, despite high removal efficiency

1. Background

In recent years, the use of organic dyes in many indus-
tries such as textile, cosmetics, plastics, food, and leather
has increased considerably (1, 2). By estimation, the pro-
duction of dyes is over 7 X 10° tons per year and 10% -15% of
these dyes are given to aqueous environments (1, 3). These
data show that the quality of water resource is strongly
threatened since dyes not only give an unpleasant color to
the waters but also, in some cases, can generate perilous
by-products through reactions taking place in the waste
phase (4,5).

Malachite green (MG), a cationic triphenylmethane
dye, is used as a biocide in the aquaculture industry (6,
7). This biocide is highly effective against important fun-
gal and protozoal organisms (8); it is also used as a dye for
materials such as cotton, silk, paper, leather, and ceramics
(6,7,9). MG is difficult to biodegrade and has toxic effects
on human cells, experimental mammals and other aquatic
animals (7). It may cause liver tumor, skin diseases, and
even skin cancer after prolonged exposure (10, 11). Never-
theless, it is still used in many areas of the world due to
its low cost, availability, and ready efficaciousness, and for
lack of suitable alternatives (6, 7). Owing to its widespread
use, MG can cause serious contamination to the environ-

ment (7).

Several methods including ozonation, chemical oxi-
dation, electrochemical oxidation, coagulation, adsorp-
tion, and nanofiltration are used in treatment of dye in
wastewater (7, 9, 12). Recently, advanced oxidation pro-
cesses (AOPs) have been recommended as an efficient op-
tion for degradation of dye from wastewater (13). In these
processes, the hydroxyl free radicals generated are respon-
sible for the oxidation of organic pollutants (6). Among the
AOPs, the Fenton process, which is based on an electron
transfer between hydrogen peroxide (H,0,) and a metal
catalyst (Fe**), is the most commonly used due to its high
efficiency and simplicity in operation (6, 14). In the Fen-
ton process, hydroxyl free radicals (OH) are produced in an
acid mixture of Fe** and H,0,, according to the following
Equation ((9,15):

Fe*t + HyOy — Fe*™ + OH™ + OH Q)

In recent years, several researchers have used ad-
vanced electrochemical oxidation processes (EAOPs) such
as electro-Fenton process (EFP) to treat a variety of dyes
(6). EFP can be divided into three classes depending on
the purpose of current supply. The Fenton sludge recy-
cling method uses electrical current to induce the reduc-
tion of ferric hydroxide sludge to form Fe**. In the “EF-
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H,0,” method, ferrous ion is added from the outside and
hydrogen peroxide is generated using an oxygen spraying
cathode. In the “EF-Fe ox” method, H,O, is added from the
outside while ferrous ion is produced by the oxidation of
sacrificialiron anode. The last class is similar to the process
used in this study (14, 16).

To date, the degradation of MG dye has been conducted
in various EF systems using different electrode materials.
Table 1 summarizes these studies in the selected published
literature. Accordingly, EF reactors have been operated in
low concentrations of MG dye in order to attain sufficient
removal efficiency. Thus, the main aim of this work is to
investigate the removal efficiency of EFP using sacrificial
iron electrodes for degradation of a high concentration of
MG dye. In this regard, the effect of reaction temperature,
distance between the electrodes, electrolysis time, concen-
tration of MG dye, kinetic of the reaction, COD removal,
mineralization efficiency and energy consumption of EFP
and ECP were determined. Some experimental parameters
were already optimized (pH = 3, current density = 10 mA
Cm?, CH,0, =50 mg L") and 94% color was removed un-
der these optimum conditions for 200 mg L of MG after
only 10 minutes of treatment.

2. Methods

2.1. Chemicals

Malachite green, chemical formula = Cy;3H,5CIN,, A
max = 618 nm, MW = 364.911 g mol”, was purchased from
Aldrich. A stock solution (5 g L") of MG dye was prepared in
distilled water and diluted when necessary. The chemicals
used in this study (H,SO,4, NaOH, and H,0,) were obtained
from Merck company.

2.2. Electrolytic System

The electrochemical batch reactor was made of glass, 8
cm high and 5 cm in diameter, with a working volume of
250 mL. Two iron plate electrodes (i.e., one anode and one
cathode) with measuring 60 X 40 x 2 mm were located in
reactor. The total active electrode surface area was 10 cm?.
The cathode and anode sets were connected to negative
and positive outlets of DC power supply (PS-305D model;
30V, 5A) respectively, which discharged electrical current
into the mixture when needed. Before each experiment, in
order to remove organic impurities and oxide layer active
electrode surface area, were soaked in HCI solution (30%)
for 5 minutes, and then rinsed with distilled water. In all ex-
periments, a magnetic stirrer (Alfa, HS-860) was used (300
rpm) to create turbulence completely and ensure homoge-
nous condition in the reactor (Figure 1).
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Figure 1. Experimental setup; power supply (1), sacrificial anode (2), cathode (3),
magnetic stirrer (4)
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2.3. Analytical Procedures

In each run, the initial pH of 250 mL of dye solution was
adjusted to 3 (AZ 8651 model) using 1IN H,SO, or IN NaOH,
and was then placed in the reactor. To increase conductiv-
ity, 500 mg L of NaCl was used in all experiments as sup-
porting electrolyte. Before turning on the power supply,
a specific amount of H,0, (mg L) was added to electro-
chemical reactor to initiate the EF process. At the end of
the process, 20 mL of reaction mixture was taken and cen-
trifuged at 4000 rpm for 5 minutes (Heraeus Labofuge 200
model). The centrifuged dye solution was then analyzed
to determine the COD, TOC, and residual concentration of
MG. COD measurements were performed using COD diges-
tion vials, high range, (HACH Chemical) with a spectropho-
tometer (DR 5000, HACH). The removal efficiency (Y) of dye
solution was determined by measuring absorbance values
before and after treatment process in the max wavelength
(A max = 619 nm) based on the following Equation:

%Y = Ao—Ar 100 )
Ao

Where A, and A are absorbance values before and after
treatment process, respectively.

The limit of MG dye mineralization in EFP and ECP was
measured by determining total organic carbon (TOC) of
the solution using TOC analyzer (Shimadzu) before and af-
ter the processes. Percentage of TOC removal was calcu-
lated as follows:
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Table 1. Summary of the Selected Literature on Degradation of MG by EFP

Electrodes Experimental Conditions

Malachite Green Concentration, Reference

mg L’

Removal Efficiency, %

Graphite felt-Pt (Fe®*)=0.2 mM, electrolysis time =22
min, applied current=200 maA,
(Na,S0,4)=0.05mM, pH=3,atroom

temperature

CE-BDD (Fe*")= 0.5 mM, electrolysis time =30
min, current density =21.7 mA cm'z,
(Na,SO4)=0.05mM, pH=3,

temperature =25°C

Carbon PTFE-Pt sheet (Fe**)=0.5 mmol dm?, electrolysis
time =15 min, current density = 66.7
mA cm? (Na,S0,4) = 0.05 mol dm-3,
pH =3, temperature =35°C

Carbon felt-Pt (Fe’*)= 0.2 mM, electrolysis time =
12.5 min, applied current =60 mA,
(Na,SO4)=0.05M, pH =3, at room
temperature

Carbon felt coated with iron
oxides-BDD

(Fe**)=0.5 mM, electrolysis time =15
min, current density =21.7 mA cm?,
(Na,50,)=0.05 M, pH=3,
temperature =25°C

Cathode and anode, both made of Solution pH =3, current density =10
iron mA cm?, H,0, dosage =50 mgL”,
reaction time =30 min

182.5 100 (5)

150 86 (6)

177 98 (17)

150 74 (19)

1000-3000 65-100 Present study

B TOC,
TOC removl (%) = (1 TOCO> x 100 (3)

Where TOC, and TOC, (mg L") are the initial and final
TOC of the solution, respectively (9).

Energy consumption is electrical spent to reduce per
unit mass of COD, which was calculated using the follow-
ing Equation:

Vit

(4)

Where V is average cell voltage in volte (V), I is the
applied current in ampere (A), t is the experiment time
(hour), (ACOD) is the corresponding COD decay (mg L%),
and Vs is the volume of solution (17).

3. Results and Discussion

3.1. Effect of Temperature

To investigate the effect of reaction temperature on the
removal efficiency of MG dye, electrolysis was performed
at different temperatures of 25°C, 50°C, and 60°C. Figure
2 shows the results of this work. The removal efficiency
of MG dye increased from 94% to 99% as the temperature
increased from 25°C to 50°C. Increasing the temperature
would increase the reaction rate between H,0, and the
catalyst, and therefore increase the rate of generating ox-
idizing species such as hydroxyl free radicals. Moreover,
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a higher temperature can provide more energy for the re-
actant molecules to dominate reaction activation energy
(9, 18). The results also illustrated that the degradation
efficiency decreased to 94.5% when the temperature in-
creased to 60°C. This phenomenon can be explained by
the lower concentration of dissolved oxygen and the self-
decomposition of H,0, to water and oxygen at higher tem-
peratures (15,19). To get a better understanding of the role
of temperature in this reaction, the following Equation is
is used:

Pry0,cons = (H2Ozconsprp — HaOzconsiem ) (5)

Where PH,0, cons, H,0, cons EFP, and H,0, cons tem
are pure H,0, consumed in EFP, total H,0, consumed in
EFP and H,0, consumed if the temperature is used alone.
The highest amount of H,0, consumed, if the temperature
is used alone, is at 60°C equal to 22.8 mg L but maximum
and minimum amount of pure H,0, consumed are at 50°C
and 60°C, respectively (Figure 2). This result shows that at
higher temperatures, H,0, undergoes self-decomposition
(Equation 6) (18).

H>02 — H20 + %Oz (6)

In a study by Hameed et al. (20) similar results were
also observed. Hameed et al. (20) reported that MG re-
movals percentage increased from 85.59 to 98.14% as the
temperature increased from 30°C to 50°C during the first
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Figure 2. Degradation efficiency of MG dye at various temperature; Cdye =200 mg L, T=10 minutes, CD =10 mA cm?, pH =3, CH,0, =50 mg L",d=1cm

10 minutes of the Fenton process. Panizza et al. (18) re-
ported that the degradation rate of alizarin red dye in-
creased when the temperature increased from 25°Cto35°C.

3.2. Distance Between the Electrodes

To investigate the influence of space between the elec-
trodes on treatment efficiency, the experiments were per-
formed at varying electrode distance from 0.5 to 3 cm. The
results are presented in Figure 3. The MG removal percent-
ages were observed to be 92.4%, 94, 91.1%,and 90.5% for elec-
trode spacing of 0.5, 1, 2, and 3 cm, respectively. Accord-
ingly, the maximum removal percentage was observed at
1 cm electrode spacing. By decreasing electrode spacing
from 1to 0.5 cm, MG removal efficiency also decreased, be-
cause anodic oxidation of Fe** to Fe>* could occur when
the electrodes were placed too short (21). The removal ef-
ficiency decreased as the distance between the electrodes
increased up to 1 cm, because a longer distance between
the electrodes can limit mass transfer of Fe* to the cath-
ode surface which will govern Fe** regeneration (22). In ad-
dition, an increase in the space between the electrodes re-
sults in an increase in ohmic drop through the electrolyte
and then an equivalent increase in cell voltage and energy
consumption (23).

Our results agree with data achieved in other stud-
ies, such as COD and color removal from synthetic textile
wastewater by EF method (24) and removal of salicylic acid
from aqueous solution by EFP (21). Zang et al. (25) stud-
ied the removal of COD from landfill leachate by EFP and
showed that there existed an optimal distance range be-
tween the electrodes (1.3 - 2.1 cm) so that an over 7% higher

100.0.
¢ 95.0. 94.0
9 923
k3 911 90.5
£ 90.0
|88
g

85.0
£
=2

80.0 .

05 1 2 3

Electrode Distance, cm

Figure 3. Effects of distance between the electrodes on color removal; Cdye=200mg
L', T=10 minutes, CD =10 mA cm?, pH = 3, CH,0, = 50mg L", temperature = 25°C

COD removal was achieved than when the electrodes were
positioned beyond this range. Thus, the distance of 1 cm
was determined as optimum for the experiment.

3.3. Mineralization Study

Figure 4 illustrates the rate of dye mineralization as a
function of electrolysis time in the EFP and ECP. EFP effi-
ciency was obviously higher than that of ECP. After 30 min-
utes of treatment, more than 95% of TOC was removed in
EFP, meaning that almost all the organic compounds were
entirely mineralized to CO, and H,0 while the mineral-
ization efficiency of ECP after 30 minutes was 76.5%. As
observed, EFP showed more mineralization efficiency over
than ECP; the unselective attaches of hydroxyl free radi-
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Figure 4. Time-coarse of MG mineralization by EFP and ECP; CD =10 mA cm”, pH =
3,CH,0,=50mgL",d =1cm, temperature = 25°C

cals and EFP’s high oxidation potential accounted for the
higher mineralization power of EFP (26).

Akyol et al. (27) investigated removal efficiencies of the
liquid organic fertilizer manufacturing wastewater by EFP
and ECP using iron electrodes. In their study, EFP resulted
in higher removal efficiencies (81% of TOC in 10 min) than
that of ECP (79% of TOC in 45 minutes).

3.4. Energy Consumption

The energy consumption values in the EFP and ECP for
mineralization of MG dye in different time intervals are cal-
culated and presented in Table 2. Despite high removal
efficiency of COD in EFP, the energy consumptions were
less than in the ECP. For example, energy consumption in
EFP was 0.0189 kWh g COD after 30 minutes for 96.2% of
COD reduction, while only 77% of COD abated consuming
0.0236 kWh g COD in ECP.

Table 2. Energy Consumption Values in the EFP and ECP. Initial COD of Sample =304
mgL',CD=10 mAcm? (I=0.18 A), pH=3,CH,0, =50 mg L, d=1cm,V=15.4 (v)

Time, Min Kind of Process COD Removal, EC, kWh/g COD
%

EF 63.9 0.0047
5

EC 55 0.0055

EF 72.9 0.0083
10

EC 70.1 0.0086

EF 85 0.0107
15

EC 72.2 0.0126

EF 92.8 0.0131
20

EC 753 0.0161

EF 96.2 0.0189
30

EC 77 0.0236

Int ] Health Life Sci. 2018; 4(1):79605.

According to Hafaied et al. (17) energy consumptions
were approximately 1 kWh/g COD when EFP was applied
to treatment of Acid Redi8 synthetic solution using a
graphite-felt cathode (electrolysis time = 1 hours, initial
COD =56 mg L, COD removed = 30%, V=250 mL, I =250
mA).

3.5. Conclusion

It has been demonstrated that a synthetic solution of
MG dye at high concentrations can be effectively degraded
by EFP using sacrificial iron electrode. Under optimal value
of process parameters, 96.2% of COD removal was obtained
after only 30 minutes of treatment. Under our experimen-
tal conditions, the total organic carbon measurements
showed an efficient mineralization of 95.3% after 30 min-
utes of treatment. Moreover, it was found that despite high
removal efficiency of COD in the EFP, energy consumption
was lower than in ECP. Overall, EFP seems to be a clean and
efficient method for the degradation of MG dye in wastew-
ater.
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