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ABSTRACT

This study was conducted to investigate the effect of initial pH, current density, and electrolysis time on process perfor-
mance in terms of decolorization and chemical oxygen demand (COD) removal from disperse dyebath wastewater (DDW)
by mono-polar parallel laboratory scale electrocoagulation (EC) process. COD reduction of 51.3% and decolorization of
92.8% were obtained with operating cost of 0.19 €/m’ treated wastewater for Al-Al electrode pair, while 90.5% of decol-
orization and 49.2% of COD reduction were obtained with operating cost of 0.20 €/m? treated wastewater for an Fe-Fe elec-
trode pair. The amount of sludge production were highly related to type of the electrode materials. At the optimum
conditions, the amount of sludge produced were 0.18 kg/m® and 0.28 kg/m® for Al-Al and Fe-Fe electrode pairs, respec-
tively. High decolorization can be explained by the hydrophobic nature of the disperse dye, while limited COD removal
was observed due to the high dissolved organic matter of the DDW based on auxiliary chemicals. Energy, electrode, and
chemical consumptions and sludge handling were considered as major cost items to find a cost-effective and sustainable
solution for EC. The contribution of each cost items on operating cost were determined as 10.0%, 51.1%, 30.5% and 8.4%
for Al-Al, and they were also determined as 9.0%, 38.0%, 40.5% and 12.5% for Fe-Fe, respectively. COD reduction and
decolorization were fitted to first-order kinetic rule.
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1. Introduction

The textile sector generates colored wastewater
that is heavily polluted with generally synthetic dyes,
auxiliaries, and salts [1]. Thus, textile wastewater dis-
charged into a freshwater environment has become
crucial issue. Especially colored discharges have
shown to cause toxic effects on aquatic flora and
reduced light transmittance directly prevents photo-
synthetic activity [2].

Synthetic dyes are classified into azoic, reactive,
disperse, direct, acid, basic, sulfur, mordant, and vat
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dyes based upon their chemical composition and the
method of their application in the dyeing process [3].
The most common allergen dyes which adversely
affects the immune system by penetrating through the
skin are disperse ones characterized by lipophilic
behavior and low molecular weights [4]. Concern
arises, as many disperse dyes are made from known
carcinogens such as azo and nitro-compounds [5].
Anthraquinone-based disperse dyestuffs are the most
resistant ones to biological and chemical reduction
due to their aromatic ring structure [6].

Disperse dyestuffs characterized by non-ionic
small particles which have aqueous dispersions insol-
uble at room temperature and substantivity to hydro-
phobic fibers [7]. Thus, these dyes are suitable for
dyeing of polyester, cellulose acetate, nylon and
acrylic fibers [8]. Dyeing of polyester fibers is very
difficult in normal conditions due to the high crystal-
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line structure of the fibers, the hydrophobic character
and the absence of effective functional groups in
which the dye molecules can form chemical bonds.
Therefore, the dyeing process can be carried out at
high temperatures (up to 130°C) for the fibers to be
dyed efficiently [9]. Dye particles are stabilized with
dispersing agents used as auxiliary chemicals. In
order to avoid problems during the dyeing process
with disperse dyestuffs, the pH of the flotte should be
kept between 4.5 and 5.5 [10]. It is recommended to
adjust the pH of the dyebath with organic acid (i.e.
acetic acid) for better adsorption onto the fiber [11].
The quantity of dye lost in the discharged effluent is
estimated to be around 10% for disperse dyes [12].

Biological methods, especially activated sludge,
are preferred to treat textile wastewater; because they
are generally cheap and capable to remove organic
pollutants and dyes [13]. Disperse dyebath wastewa-
ter (DDW) cannot be readily bio-degraded, because
the structures of most commercial dye compounds
are generally complex and most of them are non-bio-
degradable [14]. The dyestuff and organic pollutants
in textile wastewater can be effectively removed by
conventional methods such as chemical coagulation
[15], advanced oxidation [16] and adsorption [17],
electrooxidation [18]; but, the operating cost of these
treatment methods are relatively high. To treat non-
biodegradable material in textile wastewater by con-
ventional methods is required more chemicals and
energy consumptions comparing to electrocoagula-
tion (EC) proces. Therefore, EC process started to
commonly used to treat wastewater containing textile
dyes [19-24]. EC used to overcome some problems
caused by other treatment methods. Additionally, EC
have some advantages such as less sludge produc-
tion, small area requirement and low initial invest-
ment cost [25-27].

Most of studies have been focused on treatment of
synthetically prepared dye solution using lab-scale
EC process in a batch mode. Based on previous stud-
ies, decolorization varies between 85-100% while
COD reduction changed from 40% up to 80% at opti-
mized operating conditions [28,29]. Initial pH, cur-
rent density, current efficiency, electrode material
(aluminum, iron or stainless steel), electrode connec-
tion type (monopolar parallel or serial, and bipolar-
serial), electrolysis time, inner-electrode distance and
temperature have been determined as important fac-
tors for process efficiency [30-32]. Electrochemical,

chemical and physical processes, which occur simul-
taneously or sequentially in the EC, complicate the
description of the pollutant removal mechanism
[33,34]. It is reported that EC is very efficient in
treatment of wastewater containing dye with low
energy consumption [25,35].

The management of sludges generated in treat-
ment plants is of importance that they cannot be
neglected when the treatment costs of treatment slud-
ges are taken into consideration. The amount of
monomeric and polymeric precipitates based on Al-
Al and Fe-Fe electrode pairs differ due to the auxil-
iary chemicals used in the textile sector. Therefore, it
is of great importance to determine the sludge
amount generated from the EC process.

Traditionally, optimization has been carried out by
monitoring the influence of one factor at a time on
response to find the best solution [36]. Its major
drawback is that it does not represent the interactive
effects among the independent variables on response.
At the same time, the one-factor optimization
increases the number of experimental runs, which is
often very expensive or highly time-consuming
approach [37,38]. Response Surface Methodology
(RSM) is a combination of mathematical and statisti-
cal methods to design the experiments, useful to
improve and optimize the process performance [39].
RSM can be used to developed satisfactory relation
between response and EC variables with a limited
number of experiments [40] Analysis of variance
(ANOVA) is a statistical method used to determine
the significant effects of variables and goodness of
fitted models [41].

Dye removal from the textile wastewaters by EC is
widely studied; however, limited studies are available
about the effect of dyeing auxiliaries (acetic acid and
dispersing agent) on the process performance with
the lowest cost. Therefore, the main aims of the study
are (i) to determine optimum operating conditions
with cost-effective approach using both Al-Al and
Fe-Fe sacrificial electrode pairs to remove COD and
decolarization for DDW consisting of the disperse
dyes and dyeing auxiliaries, (ii) to predict the COD
reduction and decolorization rates satisfactorily by
kinetic assessment, and (iii) to reveal the relationship
between electrode consumption and sludge produc-
tion.
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2. Materials and Methods

2.1 Synthetic and real industrial disperse dyebath
wastewater (DDW)

Synthetic DDW was prepared on the basis of typi-
cal disperse dyeing recipe obtained from a local tex-
tile manufacturer using 120 mg/L disperse dyes (by
mixing three dyes: 5 mg/L of Disperse Yellow 241
(STPRS YEL CES5G), 100 mg/L of Disperse Red 362
(STPRS PNK FBSM), and 15 mg/L of Disperse Blue
(STPRS RBN CERN), 1.5 g/L dispersing agent and
1.5 g/L acetic acid. In addition, 1 g/L NaCl was
added to reduce the energy cost by increasing con-
ductivity and reducing the potential difference [19].
10% of the disperse dyes and all of the dye auxiliaries
were assumed to remain in the DDW. In order to ver-
ify the results obtained with synthetic wastewater,
real wastewater was collected from the local textile
manufacturer’s disperse dyebath effluent. Characteri-
zations of synthetic and real disperse dyebath waste-
water are presented in Table 1.

2.2 Experimental procedure

The experimental setup used in this study has been
described in our previous publication [42]. At the
beginning of each run, NaOH was used to set the pH,
and 200 rpm mixing rate in the EC reactor was kept
constant throughout the batch experiment at room
temperature. Then, the supernatant was collected
from the EC and filtered using glass fiber filters
(0.45 mm microspore) to find decolorization and
COD reduction rate. Electrode consumption and the
amount of genereted sludge were determined using

ing the experiments and data analysis. Design of
Experiments (DoE) is a powerful technique to opti-
mize process performance and it has been broadly
implemented in process design and development. A
three-factor and a five-level central composite design
(CCD) consisting of 17 runs were conducted includ-
ing three replicates at the center point (a= 0) for Al-
Al and Fe-Fe electrode pair. The coded process vari-
ables at five levels between -1.68 and +1.68 at the
actual ranges determined according to preliminary
experimental studies and literature surveys and pre-
sented in Table 2.

In our study, the polynomial function including
quadratic terms allows to predict the responses (COD
removal (Ycop, %), decolorization (Ys,s %) for Al-
Al and Fe-Fe electrode pairs) based on the indepen-
dent variables (X, X, and X3) at selected range. The
experimental findings were evaluated by the analysis
of variance (ANOVA) in the confidence level of
95%. Backward elimination procedure was used to
exclude the non-significant terms (p value > 0.05).

2.4 Analytical Methods

All chemicals were of analytical grade obtained
from Merck. Disperse dye auxiliary and dyestuffs
were obtained from local manufacturer. Three wave-
lengths, 436 nm, 525 nm, and 620 nm, were chosen
to determine the apparent color based on EN ISO
7887. Decolorization was only presented in terms of
absorbance at 525 nm, because of the dominant
wavelength was 525 nm for DDW. Closed reflux col-

Table 2. Independent process variables and their ranges

the methods suggested by previous studies [28,43]. Variables Unit Range
Initial pH (X,) - 4.0-9.0
2.3 Re.sponse Surface Method . Current density (Xy) Alm? 0.8- 602
Design Expert software package, version 11.0.3 o )
(Stat-Ease Inc., MN, USA) was used for the schedul- Electrolysis time (X;) min 16-184
Table 1. Characterization of synthetic and real disperse dyebath wastewater
Synthetic Real
Parameter Unit
Value SD (%) Value SD (%)
436 nm cm’! 0.459 0.03 0.543 0.04
Color 525 nm cm’” 0.958 0.05 0.830 0.06
620 nm cm’! 0.327 0.03 0.417 0.03
COD mg/L 3530 93 3200 85
pH - 3.37 0.1 3.45 0.1
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orimetric method (SM 5220 C) was used for COD
analysis. WTW 340i model pH meter was used to
measure pH.

2.5 Operating Cost

Electricity, electrode material, and chemical con-
sumption are considered to determine the operating
cost by using followed equation (Eq. 1) for treatment
of DDW:

Operating Cost = o Ccpemical T B Chteetricity

* 7 Cetectrode + n'CSludge 1
where Ccpemica i the chemical consumption (kg/m?),
Chjectricity 18 the electricity consumption (kWh/m?),
Chlectrode 18 the electrode consumption (kg/m?), and
Cgludge 1s the amount of generated sludge (kg/m?)
were determined based on previous studies [44]. The
unit prices for electrical energy, electrode materials

(Al and Fe) and sodium hydroxide from Turkish mar-
ket used in calculating the operating cost were
0.072 €/kWh, 1.65 €/Kg for Al electrode, 0.85 €/Kg
for Fe electrode and 0.40 €/Kg, respectively. The cost
of sludge handling was 0.09 €/Kg.

3. Results and Discussion

3.1 Prediction of model equations and statistical
analysis

Initial pH, current density and electrolysis time
which were determined as the most important operat-
ing parameters were optimized by using approximat-
ing functions based on the data given in literature
(XXX). CCD were selected to reduce the number of
experiments and to reveal the combined effect of the
independent variables on process performance in
terms of COD reduction and decolorization for both
Al-Al and Fe-Fe electrode pair (Table 3).

Table 3. Experimental planning and actual responses obtained in the experiments

Variables Responses
Al-Al electrode pair Fe-Fe electrode pair

Run
’ X, X X }i 12{5 C?D CEner§y CEleclr;dc CChem;cal Cslud3ge E(;t:ltl }i l; C?D CEncr§y CEIeclr;deC(‘hcm;cal Csll.d§e E(z)t:tl
%) (%) (E/m’) (€/m’) (€/m’) (E/m’) €m’) (%) (%) (E/m’) (€/m’) (€/m’) (€/m’) €m’)
1 6.5 35.010.092.38 432 0.04 008 009 0.03 023 8925 442 0.04 0.09 0.09 0.05 0.26
2 65 60210.096.24 425 0.13 0.13 0.09 0.05 039 9238 427 0.11 0.15 0.09 0.07 043
3 65 350 1.6 80.38 157 0.01 0.02 0.09 0.02 0.13 5544 107 0.01 0.02 0.09 0.01 0.13
4 50 200 50 87.37 258 0.01 0.02 0.07 0.02 0.12 64.10 226 0.01 0.03 0.07 0.02 0.12
5 3.9 35.010.0 8820 41.3 0.04 0.09 003 0.03 0.18 71.82 382 0.04 0.09 0.03 0.04 020
6 6.0 350 10.0 94.26 455 0.04 0.08 0.09 0.02 0.23 8935 423 0.04 0.09 0.09 0.04 026
7 8.0 50.0 15.0 86.12 484 0.15 0.17 0.12 0.05 048 9134 464 0.14 020 0.12 0.10 0.55
8 5.0 50.0 15.0 99.79 552 0.15 0.15 0.07 0.05 042 9823 522 0.14 020 0.07 0.10 0.50
9 80 200 50 79.65 212 0.01 0.03 0.12 0.02 0.17 7474 209 0.01 0.03 0.12 0.02 0.17
10 5.0 50.0 5.0 90.08 28.1 0.05 0.05 0.07 0.02 0.19 71.19 257 0.05 0.07 0.07 0.03 0.21
11 5.0 20.015.0 89.25 51.5 0.02 0.08 0.07 0.03 0.20 91.44 504 0.02 0.08 0.07 0.03 0.20
12 6.5 35.0 18.4 98.85 54.6 0.07 0.14 0.09 0.05 035 9457 532 0.06 0.17 0.09 0.08 0.40
13 6.5 35.0 10.0 94.05 455 0.04 0.08 0.09 002 023 9134 422 0.04 009 0.09 0.04 0.25
14 8.0 50.0 5.0 85.18 26.5 0.05 0.06 0.11 0.02 024 6722 235 0.05 007 0.11 003 0.26
15 9.0 35.0 10.0 72.34 39.8 0.04 0.08 0.12 0.02 0.26 8330 37.6 0.04 009 0.12 0.04 0.29
16 6.5 9.8 10.0 8.70 37.8 0.01 0.03 0.09 0.02 0.14 8539 351 0.01 0.03 0.09 0.02 0.14
17 8.0 20.0 15.0 80.17 51.9 0.02 0.07 011 0.02 022 90.18 484 0.02 008 0.11 0.05 0.25

CR lsp5 : Color removal at 525 nm
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The experimental results were analyzed by RSM.
An empirical relationship expressed by a second-
order polynomial equation between process vari-
ables and responses according the results. The fitted
second-order models in terms of coded factors can be
used to explain COD reduction and decolorization.
The fitted models are given in Eq. 2 and for Al-Al
electrode pair and Eq. 4 and 5 for Fe-Fe electrode
pair:

Al electrode;
YCR575 =+91.52 - 454X1 + 3.11X2
’ +3.23x; - 4.09x,> 2)

Yeop = T44.71 - 1L11x; + 1.15x,
+12.51x3 - 1.41x,2 - 1.55%,2 - 3.32x52 (3)

Fe electrode;
=+89.74 + 131)(1 + 1.41X2+ 1170)(3
- 2.53x1X; - 4.10x,” - 5.00x5° 4)

Yep

525nm

Yeop =+ 42.87 - 0.9306x; + 1.34x, + 12.90x;
- 1.68%, - 1.32x, - 3.78x57 (5)

The signs in front of the fitted model terms can be
used to explain the type of effect (synergistic or
antagonistic) on response. It was observed that, when
the value of positive sign terms in models was
increased, it leads to an increase in COD reduction

Table 4. ANOVA results

and decolorization. The terms with negative signs
have diminishing effect on response. The generated
models for both of Al-Al and Fe-Fe electrode pair fit-
ted very well to the actual results for treatment of
DDW by EC. The model must be generated appropri-
ately to avoid poor or ambiguous results [45]. After
discarding the non-significant terms by backward
elimination process at p<0.05, the fitted models were
regenerated only with statistically significant terms
and were tested by ANOVA (Table 4).

Based on previous study, for a good fitting of
experimental results with proposed models, R? and
AP should be at least 0.80 and 4, respectively [28].
Adjusted R? indicates how well terms fit a curve or
line but adjusts for the number of terms in a model. If
the model contains a large number of non-significant
terms, the R%,gjusiea Value will be decrease. The value
of R%,gjusted is €qual to or less than R, In addition, the
closeness of R?gjusiea and Pred-R* values (allowable
value 0.2) is indicative of a statistically successful
model [46]. Most of the CV values were less than 5%
which represents great precision and reliability for
our experimental results [47]. Based on descriptive
statistics, generated models can be used to reveal the
process behavior.

3.2 Effect of variables
It was determined that initial pH, current density
and electrolysis time had remarkably effect on decol-

Response Ele. R? R Pred-R? SD CV  PRESS F-value  Prob>F AP
CR As25 (%) 0.88  0.85 0.78 291 329 19514 2292  <0.0001  16.50
COD (%) 098  0.97 0.95 1.98 500  116.03 9747  <0.0001  33.06
Conergy(€/m?) 098 097 0.94 0.008 1574 0.0019 14822  <0.0001  33.53
Chlcctrode (€/m°) 099  0.99 0.98 0.005 613  0.0008 282.83  <0.0001  52.66
Cchemical (€/m°) 094 093 0.89 0.0062  7.08  0.0010 22678  <0.0001  39.96
Total Cost (€/m’) 098  0.97 0.92 0.018  8.09  0.0109 7482 <0.0001  27.93
CR 55 (%) 096 094 0.85 3.17 385 36724  39.62  <0.0001  19.32
COD (%) 099 098 0.96 1.65 442 94.67 150.78  <0.0001  40.89
Conergy(€/m?) 094 093 0.90 0.012  26.05 0.0032 67.63  <0.0001  24.52
Chlcctrode (€/m°) 099  0.99 0.99 0.0021 225  0.0001 4000 <0.0001  178.3
CChemical (€/m°) 094 093 0.89 0.0062  7.08  0.0010 22678  <0.0001  39.96
Total Cost (€/m°) 098  0.97 0.93 0.0185 821  0.0123 79.10  <0.0001  28.43

AP: Adequate Precision, CV: Coefficient of Variance, PRESS: Predicted Residual Error sum of squares, SD: Standard Deviation
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Fig. 1. Profile of COD removal and decolorization for Fe-Fe electrode pair.

orization and COD reduction for Al-Al and Fe-Fe
electrode pairs. All of them were statistically signifi-
cant (p <0.005). 3D surface response plots (Fig. 1 for
Fe-Fe electrode pair and Fig. 2 for Al-Al electrode
pair) were prepared to estimate the effect of indepen-
dent variables on COD reduction and decolorization.
In each plot, two variables were demonstrated while
the other one was kept at center point (a= 0).

EC is one of the methods frequently used to
achieve the desired success in the treatment of textile
wastewater. The optimum pH value determination is
very important. pH controls the generation of mono-
meric and polymeric species which have different
absorbing properties based on the electrode type in
the aqueous solution. It was determined that COD
removal efficiency increased up to 43% by increasing
pH value to 5.8 and decolorization increased up to
90% when the pH value was increased to 6.8 for Fe-
Fe electrode pair. The amount of flock generation
related with current density and electrolysis time
according to the Faraday law. Increased electrolysis
period and current density resulted in increased COD
reduction and decolorization.

When the operating cost was not considered, 52%
COD reduction and 97% decolorization were
obtained for Fe-Fe electrode pair at the highest cur-
rent density (50 A/m?) and electrolysis time (15 min).
Limited COD reduction can be explained by the fact
that all COD in the DDW was dissolved. Disperse
dyes can be treated with EC process at shorter elec-

trolysis times and current densities due to their
hydrophobic nature. Similarly, in a previous study
with DDW without auxiliary chemicals, it was
reported that decolorization was achieved within a
short electrolysis time of 4.5 min [48]. Based on
another study conducted with stainless steel elec-
trodes, the electrolysis time of 10-15 minutes was
sufficient for approximately 55% COD removal and
100% decolorization, with an optimum pH range of
5.5 to 9.5 [49]. In addition, it is reported that less
chemical is used for disperse dyestuffs than reactive
dyestuffs in chemical coagulation processes [20].

As seen in Fig. 2, to obtain highest COD reduction
and decolorization for Al-Al electrode pair, pH
should be in the range of 5.0-7.0 to form Al (OH); in
solid form. Therefore, the initial pH value was very
important. When the initial pH was increased from
5.0 to 8.0, there was no change in COD removal effi-
ciency (=45%), but a decrease in color removal. At
the same time, similar to another studies, when alu-
minum electrode was used, COD and color removal
efficiencies increased as electrolysis time and current
density increased [50].

Design Expert software used for numerical optimi-
zation of the experimental conditions (independent
variables) such as initial pH, current density and elec-
trolysis time to maximize the COD removal effi-
ciency and decolorization and to minimize the total
operating costs included energy, electrode and chemi-
cal consumption and sludge handling based on the
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desirability functions. The goals for each indepen-
dent variable were selected in the range as criteria,
while the goal is to maximize the response variable in
terms of COD removal efficiency and decolorization
and is to minimize the total operating cost. Same
weight and the same importance were selected both
dependent and independent variables. For the Al-Al
electrode pair, a current density of 20 A/m?, an elec-
trolysis period of 15 minutes and an initial pH of 5.3
were determined as optimum operating conditions to
achieve 92.8% decolorization and 51.3% COD
removal efficiency with operating cost of 0.19 €/m>
treated wastewater. However, if the Fe-Fe electrode
pair was used, a current density of 20 A/m? an elec-
trolysis period of 15 minutes and an initial pH of 6.20
were determined as optimum operating conditions to
achieve 90.5% decolorization and 49.2% COD
removal efficiency with operating cost of 0.20 €/m>
treated wastewater. Al-Al electrode pair are proved to
be better than the Fe-Fe electrode pair in the present
study.

At the optimum, cost items were determined as
energy (0.269 kWh/m® equal to 0.019 €/m? for Al-Al
electrode pair and 0.252 kWh/m® 0.018 €/m? for Fe-
Fe electrode pair), electrode (0.059 kg/m> equal to
0.097 €/m? for Al-Al electrode pair and 0.089 kg/m?
equal to 0.076 €/m* for Fe-Fe electrode pair), chemi-
cal consumption (0.058 €/m* for Al-Al electrode pair
and 0.081 €/m’ for Fe-Fe electrode pair) and sludge
handling (0.18 kg/m® equal to 0.016 €/m? for Al-Al

electrode pair and 0.28 kg/m® equal to 0.025 €/m? for
Fe-Fe electrode pair).

Eventually, total operating cost components
included energy, electrode and chemical consump-
tion and sludge handling were determined as 10.0%,
51.1%, 30.5% and 8.4% for Al-Al electrode pairs,
and 9.0%, 38.0%, 40.5% and 12.5% for Fe-Fe elec-
trode pairs, respectively. The results showed that
there are significant differences between the contri-
bution of cost items on total cost, even though the
costs are relatively equal. Al-Al electrode pair gives
better decolorization and COD reduction at lower
pH. Based on our results, it is simply seen that oper-
ating cost items change mostly based on NaOH utili-
zation to regulate inital pH due to the low pH of
DDW which was neglected in many previous studies.

3.3 Verification of optimized conditions using syn-
thetic and real DDW

The appropriateness of the predictive model equa-
tion was tested using optimal conditions to deter-
mine the optimal response values for synthetic DDW.
The predicted COD and decloarization values were
in close agreement with the experimental values
(error <5%) and were found to be not significantly
different using paired t-test [51]. In experimental
studies were conducted with real wastewater, 93.0%
of decolorization and 51.5% of COD reduction were
obtained with sludge production of 185 mg/L for Al-
Al electrode pair, while 92.2% of decolorization and
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46.9% of COD reduction were obtained with sludge
production of 276 mg/L for an Fe-Fe electrode pair.
The current experimental results confirmed that the
prediction models were of sufficient accuracy and
precision in verification studies conducted with both
synthetic and real wastewater.

3.4 Kinetic study

The treated samples were collected at 5S-minute
intervals to monitor changes in decolorization and
COD reduction from the EC at the optimum operat-
ing condition for kinetic assessment. Kinetic evalua-
tion of EC process using both Al-Al and Fe-Fe
electrode pair indicated that COD removal and decol-
orization fitted fairly well the first-order kinetic rules

(Eq. D).
C,=Cye' (1)

Where k; is the first-order rate constant in 1/min,
C, is effluent COD (mg/L) or Color (1/cm), t is elec-
trolysis time.

The removal rate can be obtained from the slope of
straight line as a kinetic coefficient for COD reduc-
tion and decolorization. Decolorization rate constants
were calculated as 0.21 1/min and 0.20 1/min for Al-
Al and Fe-Fe electrode pair, respectively. Similarly,
researchers reported that decolorization rate constant
for textile dye increased from 0.26 1/min to 0.34 1/
min by increased current density from 2.0 mA/cm? to
4.5 mA/cm? [19]. COD reduction has a lower kinetic
constant compared to decolarization. The first order
COD reduction rate constants were determined as
0.051 1/min and 0.047 1/min for Al-Al and Fe-Fe
electrode pair, respectively. In another study con-

y=0,286x- 0,015
R? = 0,89 Al-Al (Actual)

y=0,313x-0,01
R? =0,97 Fe-Fe (Actual)
A

N
LM - 0213%-0,015

ducted using real wastewater, COD reducation rate
constants were 0.050 1/min, 0.026 1/min and 0.044
1/min for Fe-Fe, Al-Al and Al-Fe electrodes pairs,
respectively [52]. These results show that electrode
material has a significant effect on COD reduction
rate.

3.5 Sludge Production

In electrocoagulation processes, coagulant is pro-
duced electrochemically. In this process, metal disso-
lution occurs in the anode in accordance with faraday
laws, while water reduction in the cathode. The for-
mation of polymeric and monomeric aluminum/iron
compounds based on electrode materials can be
explained by complex electrochemical reactions and
solution pH [53]. Therefore, it is important to deter-
mine the relationship between sludge formation and
actual electrode consumption. The relationship
between electrode consumption and sludge produc-
tion are illustrated in Fig. 3.

The increase theoretical dissolution as a function of
applied current and electrolysis time was confirmed
by the measuring the amount of produced sluge. At
the optimum condition, the amount of generated
sludges were 0.18 kg/m? (equal to 1.61 g/g of dye
removed) and 0.28 kg/m® (equal to 2.60 g/g of dye
removed) for Al-Al and Fe-Fe electrode pairs,
respectively. Similar results reported at previous
studies [54]. Experimental studies have shown that
there was the linear relationship between electrode
loss a nd sludge production.

4. Conclusions
In this study, the process variables affecting COD

y=0,325x-0,01
R? = 0,97 Fe-Fe (Theoritical)

R? = 0,92 Al-Al (Actual)

0,3 -
'E O Actual-Fe
g @ Theoritical-Fe
§ 02
a A Actual-Al
£
% A Theoritical-Al
]
o 0,1 -
°
£
o
K
[T
w
0,0 T
0 0,2

0,4 0,6 0,8

Sludge production (kg/m?3)

Fig. 3. The relationship between electrode consumption and sludge production.
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removal and decolorization from DDW simulated by
a batch-operated laboratory scale EC were optimized
using RSM. The Al-Al electrode pair was proved to
be better than Fe-Fe electrode pair as a sacrificial
electrode material in terms of COD removal and
decolorization with low operating cost. The results
showed that there is a significant difference between
the cost items, even though the operating costs are
relatively equal for treatment of DDW. Although it
has been neglected in many studies, the chemical cost
required for pH regulation had a significant share in
the total cost. In addition, it was obviously deductible
that the decolorization was occurred more quickly
than COD removal for both electrodes based on
kinetic rate constants. Experimental studies reveal
that the there was a linear relationship between elec-
trode loss a nd sludge generation.
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