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Abstract: The effects of processing parameters were investigated on the
electrochemical oxidation of textile dyeing wastewater containing Acid Violet 7 (AV7) at
Pt/Ir electrodes in the presence of 75% NaCl + 25% Na2COs (w/w) supporting
electrolyte mixture in a batch electrochemical reactor. Experimental parameters were
operated in the range of 300-1500 mg/L textile dye concentration, 4-20 g/L electrolyte
concentration, 5-15 mA/cm? current density, and 20-60 °C reaction temperature.
Energy consumption decreased with increasing textile dye concentration and
electrolyte concentration, and decreasing the current density. In the study, energy
consumption values were evaluated for textile dye decolorization (t=15 min) and
chemical oxygen demand (COD) removal (t=120 min) as 2.7-23.3 kWh/kg dye
decolorization and 50.9-317.9 kWh/kg COD removal, respectively.
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INTRODUCTION

Textile wastewater is a hard-to-treat one due to its strong color, large amount of
suspended solids, high chemical oxygen demand (COD), variable pH, salt content, and
high temperature. salt, auxiliary chemicals, and temperature-controlled dye bath
conditions enhance and optimize the efficiency of the dyeing process (1). Typical
dyeing processes use sodium chloride and sodium carbonate as common salts (2).
Decolorization and removal of pollutants are major problems in dyeing process with
salt elimination and water-use reduction as well (2). The main source of dyeing
wastewater is rinsing processes and spent dye bath which typically contains auxiliary
chemicals, salt, and residual dye (2). Wastewater from textile processes that can cause

damage if not treated before discharging to the environment (3).

In the literature, treatment methods such as adsorption, biosorption, biodegradation,
chemical oxidation, ozonization, coagulation, advanced oxidation, photocatalytic
oxidation, electrocoagulation, and electrochemical oxidation have been investigated in
order to remove various types of textile dyes, mainly photocatalytic degradation of
Acid Violet 7 (AV7) dye was reported using Fe3+-Al203 (4,5), ZnO (6), Fe3*-fire clay
(7), CdS-Sn02 (8), TiO2 (9), and AgBr-ZnO (10) photocatalysts.

Muthuvel and Swaminathan (4) stated that Fe3+-Al20s catalyst was efficient in the
photoassisted Fenton mineralization of Acid Violet 7 dye in the presence of H20. and
UV light. The authors determined the optimal conditions for the highest efficiency with
5x10“* M dye, 1 g/L Fe3*-Al203, 10 mmol/L H202 and pH 3. In their following study,
Muthuvel and Swaminathan (5) achieved 99% COD reduction in UV process at 90 min
and 99% COD reduction in solar process at 60 min with 5x10“% M dye, 1 g/L 25%
Fe3+-Al203 catalyst, 10 mmol H202, and 8.1 mL/s airflow rate. Krishnakumar and
Swaminathan (6) used ZnO catalyst and they obtained 94.4% COD removal with
5x10% M dye at 2 g/L ZnO catalyst, 8.1 mL/s airflow rate and pH 9. In another study,
the authors indicated that AgBr-ZnO was found to be more efficient than commercial
ZnO and prepared ZnO at pH 12 for the mineralization of AV7 (10). Krishnakumar and
Swaminathan (10) obtained 94.4% dye degradation with 5x10* M dye at 3 g/L AgBr-
ZnO catalyst, 8.1 mlL/s airflow rate and pH 12. Muthuvel et al. (7) found that 26%
Fe3+-fire clay (Fe-FC) catalyst exhibited the best photocatalytic activity at an initial pH
3 in the degradation of AV7 and its activity is significant up to pH 7. The authors
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achieved 77% AV7 dye degradation at 60 min with 20 mmol H202 at pH 7 in solar light
(7). Ghugal et al. (8) reported the photocatalytic activity of CdS-SnO2 composite for
the degradation of Acid Violet 7 dye. The authors obtained complete degradation and
mineralization with 50 mg/L dye, 49CdS-Sn0O2 composite by irradiation for 150 min
(8). Fabbri et al., (9) investigated the photocatalytic degradation of Acid Violet 7 using
TiO2 photocatalyst. The authors obtained complete AV7 degradation and mineralization
at 120 min with 20 mg/L dye and 200 mg/L TiO2 (9).

It is known that textile dyeing processes contribute very high amount of salt, auxiliary
chemicals, and textile dye in wastewater effluent that conventional treatment systems
may be inefficient for the effective treatment of industrial textile wastewater in

removing both salt and color in order to meet discharge limits (2).

Electrochemical oxidation is a promising wastewater treatment method and replacing
conventional processes in order to treat wastewater from industrial processes which
are not easily biodegradable (2). Electrolysis reactions involve electrical charges
moving between the electrolyte and the electrodes. The process depends on the use of
direct electric current for the chemical changes in non-spontaneous oxidation/reduction
reactions. The minimum amount of electrical energy that must be provided should be
equal to the change in Gibbs free energy of the reaction and the losses in the system.
In most cases, direct electrical input is larger than the enthalpic change of the
reaction, so excess energy is released in the form of heat. Therefore, energy

consumption in electrochemical processes should be optimized for its minimum use.

In this study, the electrochemical oxidation of Acid Violet 7 (AV7) textile dye using
Pt/Ir electrodes was investigated, and the effects of process variables such as current
density, electrolyte concentration, initial dye concentration, and reaction temperature

on electrochemical oxidation were analyzed for optimum energy consumption.
MATERIALS AND METHODS

Chemicals and Materials

Acid Violet 7 (AV7) textile dye (Sigma Aldrich) (Figure 1), Na2COs and NaCl (Merck)

were purchased as extra pure grade. Textile dyeing wastewater was prepared

synthetically using double distilled water. Double distilled water was obtained using
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ultrapure water system (Millipore Simplicity® UV) and water still (GFL-2008) with the
resistivity of 18.2 MQ-cm@25°C, TOC < 5 ppb.

W, Q

o c,
iy 7

W

Figure 1. Molecular structure of Acid Violet 7 textile dye (C20H16N4Na20sS>)

o

EXPERIMENTAL

The electrochemical reactor (DURAN® glass) used in this study has a heating and
cooling jacket (Rettberg, Germany) as shown in Figure 2. Iron cathodes and Pt/Ir
anodes were used as four pairs with 5 mm anode/cathode spacing. Total electrode
surface area was 172 cm?. Pt/Ir anodes (Dr. Wieland, Germany) were in spiral shape
with 90% Pt and 10% Ir composition (W=150 mm, ¢internai=10 mm, ¢wire=1.10 mm).
Iron electrodes were in cylindrical shape (¢=12.0 mm) and purchased from local
sources. Pt/Ir and iron electrodes were used as received without further preparation
and treatment. Batch electrochemical system was equipped with programmable DC
power supply (Goodwill PST-3201), heating/cooling tank (Lauda RE 630 S), mechanical
mixer (Heidolph RZR 2021), and peristaltic pump (Cole Parmer Masterflex® RZ-77924-
60). The reaction medium was mixed at 500 rpm. Influence of experimental
parameters were operated as textile dye concentration, 300-1500 mg/L; electrolyte

concentration, 4-20 g/L; current density, 5-15 mA/cm?; and reaction temperature, 20-
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Figure 2. Batch electrochemical reactor system (1. programmable DC power supply,
2. heating/cooling tank, 3. batch electrochemical reactor, 4. reactor lid, 5. electrodes,
6. sampling cell, 7. thermometer, 8. heating/cooling pump, 9. mechanical mixer).

Samples in 10 mL volume were withdrawn from the reaction medium at 5 min time
intervals for the analysis. Decolorization yield was analyzed using UNICO 4802 model
UV/Vis double beam spectrophotometer at 490 nm wavelength. Merck Spectroquant®
14541 COD cell tests used for the COD analysis.

RESULTS AND DISCUSSION

Textile dye concentration, current density, electrolyte (75% NaCl + 25% Na2CO03)
concentration, and reaction temperature parameters were investigated on energy
consumption in electrochemical oxidation of Acid Violet 7 (AV7) textile dye using Pt/Ir
anodes. In this study, 75% NaCl + 25% Na2COs (w/w) mixture was used as a
supporting electrolyte in order to increase the ionic conductivity of the reaction

medium which are also main components in real textile industry wastewater (11).

Experimental results were analyzed using Design-Expert® 10 software. Energy

consumption values were calculated using Equations 1 and 2 (12).

iV, At
C,(0.01d%)V,

EDD/0 = (Eq. 1)
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E iV_At
€OP% " (COD, - COD, \V,

(Eqg. 2)

In Equations 1 and 2, Epbw%, Ecop%, Vm, i, At, Co, COD, d%, and Vr are energy
consumption for dye decolorization (kWh/kg dye decolorization), energy consumption
for COD removal (kWh/kg COD removal), mean cell voltage (volt), current (ampere),
reaction time (h), dye concentration (g/L), chemical oxygen demand (g O2z/L), dye

decolorization percent, and electrolyte volume (L), respectively.

In the study depending on electrochemical reaction conditions, energy consumption
values were outlined in Table 1 for Acid Violet 7 textile dye decolorization (t = 15 min)
and COD removal (t=120 min) as 2.7-18.9 kWh/kg dye decolorization and 51.0-190.7
kWh/kg COD removal, respectively. Energy consumption for dye decolorization was
obtained as much lower than COD removal due to the degradation of azo bond is the

first step of the electrochemical degradation of the textile dyes (2,13).

Table 1. The influence of process parameters on energy consumption in
electrochemical oxidation of textile dyeing wastewater containing Acid Violet 7 (AV7)
using Pt/Ir electrodes.

Parameter Reaction Conditions Epx (kWh/kg dye Ecobpv (kWh/kg
decolorization) COD removal)
(t =15 min) (t =120 min)
Textile dye 300-1500 mg/L 4.5-18.9 83.5-169.8
concentration (Electrolyte=12 g/L, J=10
mA/cm?, T=40°C)
Electrolyte 4-20 g/L 5.9 - 15.0 94.2 - 177.3
concentration (AV7=900 mg/L, J=10
mA/cm?2, T=40°C)
Current density 5-15 mA/cm?2 2.7-13.8 51.0 - 190.7
(AV7=900 mg/L,
Electrolyte=12 g/L, T=40°C)
Reaction 20-60°C 6.4 -9.3 97.7 - 113.3
temperature (AV7=900 mg/L,
Electrolyte=12 g/L, J=10
mA/cm?)

In electrochemical treatment processes, organic pollutants could be removed from
wastewater by indirect and direct mechanisms (13-17). Indirect oxidation occurs in
the liquid bulk phase by the mediated oxidants, and direct oxidation at the anode
surface (13-17). Most electrochemical processes are based on indirect oxidation
because direct oxidation of organic pollutants are very slow on inert anodes due to

limiting reactions and reaction kinetics (18,19).
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Hydroxyl radicals are produced by the anodic discharge of water in indirect
electrochemical oxidation of organic pollutants at Pt/Ir anodes. Hydroxyl radicals are
adsorbed on the anode surface [S], and oxidize the organic material (20,21). This
reaction could also occur in acidic medium at high current densities (21). Oxidation
process continues by the formation of hydroxyl radicals with anodic discharge of water

molecules (20,21).

H,0+S — S|OH |+ H" + & (Eq. 3)
R+S[OH’]—>S+RO+H++e‘ (Eq. 4)

Chlorohydroxyl radicals are also produced with the presence of chloride ions, and
adsorb on the active sites of the anode surface [S], and then oxidize the organic

material (20,21).

H,0+S+CI' — S|CIOH |+ H' + 2&~ (Eq. 5)
R+ S|CIOH | > S+ RO+ H" + 2e” (Eq. 6)

Therefore, electrochemical oxidation of textile dyeing wastewater results in
decolorization with the formation of chlorohydroxyl and hydroxyl radicals. The

reactions can also yield Oz, H202, and Clz2 (20,21).

H,0 + S|OH" | > S + 0, + 3H" + 3e” (Eq. 7)
H,0 + S|OH | > S+ H,0, +H + & (Eq. 8)
H,0 + S|CIOH |+ CI' — Cl, + S+ 0, + 3H" + 4e” (Eq. 9)

Indirect oxidation also occurs with the formation of HOCI/OCI- redox mediators by the
presence of NaCl which provides the anodic evolution of Cl2 (20-24). The percentage
distribution of HOCI/OCI- depends on the solution pH (24). Chloride-chlorine-
hypochlorite-chloride cycle occurs in neutral to moderate pH solutions which maintain

the initial concentration of chlorides stable (21).

2CI" > Cl, + 2e” (Eqg. 10)
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Cl, +H,0 & HOCI+H" +CI” (Eq. 11)
HOCI < H" + OCI~ (Eg. 12)
60CI" + 3H,0 — 2CIO; + 4ClI" + 6H" + 20, + 6e~ (Eq. 13)
OCI +H,0+2e —»CI" +20H" (Eq. 14)

Figures 3-5 show the effect of process parameters on energy consumption in
electrochemical oxidation of Acid Violet 7 textile dye that obtained by the quadratic
models in Equations 15 and 16 using Design-Expert® 10. Energy consumption model
for dye decolorization evaluated using Equation 15 with R?=0.971, Ra¢?=0.947 and
signal/noise ratio=26.553 (>4); and energy consumption model for COD removal
evaluated using Equation 16 with R?=0.981, Raj?=0.935 and signal/noise ratio=18.273
(=4). These model coefficients indicating that the models are adequate and can be
used for the mathematical analysis. In Equations 15 and 16, Ep%, Ecopw, X1, X2, x3, and
X4 are energy consumption for dye decolorization (kWh/kg dye decolorization), energy
consumption for COD removal (kWh/kg COD removal), Acid Violet 7 concentration
(mg/L), 75% NaCl + 25% Na2COs electrolyte concentration (w/w) (g/L), current

density (mA/cm?), and reaction temperature (°C), respectively.

Epy, =-0.021760x; - 0.53535x, + 4.84365x5 + 0.69701x, + 4.32165 x107*x;X,
-1.87807 x107°x,X;5 - 1.10883 x 10™*x,X, - 0.086221x,x5 - 0.028898x,X,
-0.040203x5x, +1.51628 x 10°x] + 0.064540x5 + 0.042631x3

+9.51469 x10™*x3 - 14.07577
(Eq. 15)

Ecops = -0.17811x, - 33.09568x, + 70.30423x; - 0.33819x, + 0.014291x;X,
- 0.028618x,X; +2.95185 x1073x,X, - 1.02395x,X5 + 0.35414x,X,

- 0.68232x5x, +5.71180 x10°x? + 0.46313x3 + 0.59078x3
-1.63474 x1073x2 +33.19238

(Eqg. 16)

In Figure 3, energy consumption values were obtained as 3.7-31.1 kWh/kg dye
decolorization and 83.3-314.7 kWh/kg COD removal between 300-1500 mg/L Acid
Violet 7 concentration and 4-20 g/L 75% NaCl + 25% Na2COs (w/w) electrolyte

mixture. Energy consumption decreased with increasing Acid Violet 7 concentration
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and electrolyte concentration as shown in Figure 3. Ionic conductivity of the reaction
medium is a very important parameter in electrochemical cells for energy saving
processes. Solution conductivity influences current efficiency, applied cell voltage, and
electrical energy consumption. More energy is required for overcoming high ohmic
resistance between anode and cathode when the ionic conductivity of the solution is
low (25). The most common method used to increase the conductivity of the solution is
by adding a small amount of supporting electrolyte that reduces the energy
consumption during electrochemical treatment (25-27). Increasing electrolyte
concentration decreases energy consumption (2). This behavior could be attributed to
the increase of ionic conductivity of the reaction medium, and decrease of electrical
resistance and applied cell voltage as well (2,28-30). Dalvand et al. (2011) studied the
efficiency of electrocoagulation process using aluminum electrodes to treat synthetic
wastewater containing Reactive Red 198. The authors reported that energy
consumption strongly increases with increasing applied cell voltage. Petrovi¢ et al. (28)
investigated the effect of NazSOa4 electrolyte concentration on the removal of crystal
violet dye by electrochemical oxidation using platinum anode. The authors also found
that the decolorization rate increased and the process energy consumption decreased

with the increase of Na:SO4 concentration.
In Figure 3, the optimum region of lower than 10 kWh/kg dye decolorization and 95

kWh/kg COD removal energy consumption was determined at above 1200 mg/L Acid
Violet 7 and between 5.5-13.9 g/L 75%NaCl+25%Na2COs3 electrolyte mixture.
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Energy Consumption (kWh/kg dye decolorization)

Energy Consumption (kKWh/kg COD removal)

300

800

Acid Violet 7 (mg/L) 1200 8 75%NaCl+25%Na2CO3 (g/L)

1500 4

300

900
Acid Violet 7 (mg/L) 1200

16
12
8 75%NaCl+25%Na2C03 (g/L)

1500 4

Figure 3. Effect of textile dye concentration and electrolyte concentration on energy
consumption in electrochemical oxidation of Acid Violet 7 textile dye using Pt/Ir
electrodes (J=10 mA/cm?, T=40°C, taye=15 min, tcoo=120 min).
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Energy Consumption (kWh/kg dye decolorization)

Energy Consumption (kKWh/kg COD removal)

75%NaCl+25%Na2C03 (g/L)16 : J (mA/em2)
2075

Figure 4. Effect of electrolyte concentration and current density on energy
consumption in electrochemical oxidation of Acid Violet 7 textile dye using Pt/Ir
electrodes (AV7=900 mg/L, T=40°C, taye=15 min, tcoo=120 min).

In Figure 4, energy consumption values were obtained as 1.3-27.4 kWh/kg dye
decolorization and 43.7-312.2 kWh/kg COD removal between 5-15 mA/cm? current
density and 4-20 g/L 75% NaCl + 25% Na2COs (w/w) electrolyte mixture. Energy
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consumption decreased with decreasing current density as shown in Figures 4 and 5.
Although increasing current density increases electrochemical oxidation efficiency,
increasing current density causes an increase in the energy consumption according to
Equations 1 and 2. In addition, applied current may be consumed by secondary
reactions at very high cell voltages (16,31). In Figure 4, the optimum region lower
than 10 kWh/kg dye decolorization and 95 kWh/kg COD removal energy consumption
was determined at below 10.5 mA/cm? current density and between 10.1-14.6 g/L
75% NaCl + 25% Na2COs electrolyte mixture.

Energy consumption values were obtained as 1.3-20.8 kWh/kg dye decolorization and
2.4-284.9 kWh/kg COD removal between 5-15 mA/cm? current density and 20-60°C
reaction temperature in Figure 5. Energy consumption decreased by decreasing the
reaction temperature below 10.5 mA/cm? current density values as shown in Figure 5,
in which the optimum region of lower than 10 kWh/kg dye decolorization and 95
kWh/kg COD removal energy consumption was determined below 10.5 mA/cm? current
density and between 20-60°C reaction temperature. Therefore, optimum reaction

temperature was determined in the mid of the experimental conditions as 40°C.

The optimum region was determined for the energy consumption in electrochemical
oxidation of Acid Violet 7 textile dye using Pt/Ir electrodes in Figure 6. The shaded
region in Figure 6 shows energy consumption of lower than 10 kWh/kg dye
decolorization and 95 kWh/kg COD removal at optimum operating values of 40 °C
reaction temperature and 1200 mg/L textile dye concentration. In this study, energy
consumption values were obtained in a good agreement with the data previously
reported in the literature for electrochemical wastewater treatment such as 2.6-90.0
kWh/kg dye decolorization and 1.2-253.3 kWh/kg COD removal (12,15,28). The
optimum operating region was found to be applicable for the electrochemical treatment

of industrial textile wastewater.
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Energy Consumption (kKWh/kg COD removal)
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Figure 5. Effect of current density and reaction temperature on energy consumption in
electrochemical oxidation of Acid Violet 7 textile dye using Pt/Ir electrodes (AV7=900
mg/L, Electrolyte=12 g/L, taye=15 min, tcoo=120 min).
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Figure 6. Optimum region for energy consumption in electrochemical oxidation of Acid
Violet 7 textile dye using Pt/Ir electrodes (AV7=1200 mg/L, T=40°C, tdaye=15 min,
tcoo=120 min).

CONCLUSIONS

The evaluation of energy consumption in electrochemical oxidation of Acid Violet 7
textile dye was investigated using Pt/Ir anodes in the presence of 75% NaCl +25%
Na2COs supporting electrolyte mixture. Energy consumption decreased with increasing
textile dye concentration and electrolyte concentration, and decreasing the current
density. Depending on electrochemical reaction conditions, energy consumption values
were evaluated for textile dye decolorization (t=15 min) and COD removal (t=120
min) as 2.7-18.9 kWh/kg dye decolorization and 51.0-190.7 kWh/kg COD removal,
respectively. The optimum region was determined for the energy consumption in
electrochemical oxidation of Acid Violet 7 textile dye using Pt/Ir electrodes at lower
than 10 kWh/kg dye decolorization and 95 kWh/kg COD removal. In this study, energy
consumption values were obtained in a good agreement with the data reported in the
literature. Experimental findings showed that electrochemical oxidation could be an

alternative as a treatment method for textile wastewater effluent.
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Tiirkce Oz ve Anahtar Kelimeler

Pt/Ir Elektrotlar Kullanarak Asit Viyole 7 Tekstil
Boyasinin Elektrokimyasal Yiikseltgenmesinde

Enerji Tiketiminin Degerlendirilmesi

Bahadir K. Kérbahtil* and Kezban Meltem Turan?

0z: %75 NaCl + %25 Na2COs (w/w) varlifinda Pt/Ir elektrotlarda Asit Viyole 7 (AV7)
iceren tekstil boyama atikk suyunun elektrokimyasal ylkseltgenmesinde proses
parametreleri kesikli elektrokimyasal reaktérde incelenmistir. Deneysel parametreler
300-1500 mg/L tekstil boya derisimi, 4-20 g/L elektrolit derisimi, 5-15 mA/cm? akim
yogunlugu ve 20-60 °C tepkime sicakligi kullanilarak ylratilmustir. Enerji tiketimi
artan tekstil boyar madde derisimi, elektrolit derisimi ve ve azalan akim yodgunlugu ile
artmistir. Calismada, tekstil boya giderimi (t = 15 dak) ve kimyasal oksijen ihtiyaci
(KOI) giderimi (t = 120 dak) igin enerji tiilketim dederleri sirasiyla 2,7 - 23,3 kWh-kg
boya derisimi ve 50,9 - 317,9 kWh/kg KOI giderimi olarak bulunmustur.

Anahtar kelimeler: Asit Viyole 7, Elektrokimyasal Atik Su Islahi, Enerji Tlketimi, Pt/Ir
Elektrotlar, Tekstil Boyarmaddesi.

Sunulma: 29 Haziran 2016. Diizeltme: 04 AJustos 2016. Kabul: 17 Agustos 2016.
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