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ABSTRACT:In the present study, the treatment of tannery wastewater was performed by electrocoagulation

method (EC) using aluminium and steel electrodes. Response surface methodology (RSM) with three factors;

current density (I), electrolysis time (t) and pH, with each factor at five levels, was used to optimize the

factors for higher chemical oxygen demand (COD) and total suspended solids (TSS) removal. Operational

parameters I, t and pH were varied between 22—110 mA/cm?, 5-45 min and 3-7, respectively. For the optimal

parameter values, the removal efficiency of COD and TSS attained respectively 82.2% and 85.5% for aluminium
electrodes and 67.4% and 86.2% for steel electrodes. Analysis of variance (ANOVA) showed a high variance
coefficient (R?) value of 0.96 and 0.81, for COD and TSS removal, respectively, thus ensuring a satisfactory

adjustment of the second-order regression model with the experimental data. Corresponding energy consumption

was found to be 2.92 €/m? and 8.18 €/m’, for COD removal by using aluminium and steel electrodes, respectively.
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INTRODUCTION

Considering the large amount and the low
biodegradability of chemicals present in the tannery
productive cycle, tannery wastewaters represent a
serious environmental and technological problem (Di
laconi et al., 2002). The removal of toxic organic and
inorganic compounds from tannery wastewater by
biological processes is generally insufficient, since
these compounds are virtually non-biodegradable. In
addition, tannery wastewaters are hypersaline effluents
with chloride concentrations from 1500 to 28.000 mg/L.
As known, high chloride concentrations has been
considered as inhibitory for biological wastewater
treatment (Costa and Olivi, 2009). Conventional
physico-chemical treatment processes are more suitable
for the treatment of highly saline wastewaters.
Conventional physico-chemical treatment of tannery
effluents includes pretreatment, flocculation,
sedimentation and sludge handling processes. However,
these processes tend to generate large volumes of
sludge with a high bound water content slowing down
filtration and and to increase the total dissolved solids
content of the effluent (Babu et al., 2007). High influent
suspended solids concentration of tannery
wastewaters constitutes a great problem of applying
ion exchange method as the suspended solids may clog
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the resin causing inefficient operation. Ion exchangers
also require costly regenerants and produce
troublesome waste streams (Lefebvre and Moletta,
2006). Electrocoagulation can be considered as an
alternative treatment method with many advantages
as simple equipment, easy operation and automation,
a short retention time, low sludge production and no
chemical requirement.

Electrocoagulation can be defined as the process
of destabilising suspended, emulsified, or dissolved
contaminants in an aqueous medium by introducing
an electric current into the medium (Emamjomeh and
Sivakumar, 2009; Top et al., 2011) and has attracted
great attention in wastewater treatment by the fact
that EC has been successfully used in removal of
different kinds of pollutants such as organic
compounds (Asselin et al., 2008; Abdelwahab et al.,
2009; Koparal et al., 2008; Wang et al., 2010), heavy
metals (Dermentzis et al., 2011; Zaroual et al., 2009;
Nouri et al., 2010) important anions such as nitrate
(Emamjomeh et al., 2009), fluoride (Hu et al., 2008;
Khatibikamal etal., 2010), phosphate (Irdemez et al.,
2006; Vasudevan et al., 2009) and treatment of
wastewater such as dairy wastewater (Tchamango et
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al., 2010; Kushwaha et al, 2010), textile wastewater
(Bayramogluetal., 2007; Zongo etal., 2009;) biodiesel
wastewater (Chavalparit and Ongwandee., 2009), paper
industry wastewater (Khansorthong and Hunsom 2009;
Katal, and Pahlavanzadeh, 2011), municipal wastewater
(Bukhari, 2008; Rogrigo etal., 2010), leachate (Veli et
al., 2008; Labanowski et al, 2010; Ilhan et al., 2008),
oily wastewater (Tir and Moulai-Mostefa, 2008; Tezcan
etal., 2009), petroleum refinery wastewater (E1-Naas et
al., 2009, Yavuzetal., 2010).

In electrocoagulation process, sacrificial metal
anodes (usually aluminum or iron, sometimes steel)
are used to produce metal cations that form polymeric
metal hydroxide species in solution used in dosing
polluted water. After polymeric metal hydroxide species
neutralize negatively charged particles, the particles
bind together to form aggregates of flocs, resulting in
pollutant removal by adsorption of soluble organic
compounds and trapping of colloidal particles. Finally,
these flocs are removed easily from aqueous medium
by sedimentation or flotation. Additionally, electrolytic
gas bubbles (mainly hydrogen) causing
electroflotation are generated (Holt et al., 2002;
Behbahani et al., 2011). In tannery wastewater
treatment, electrocoagulation offers inherent
advantages: high chloride content of the wastewater
leads to a decrease in energy consumption owing to
the increase in conductivity and induces in situ
electrochemical generation of the chlorine/
hypochlorite couple acting as oxidants (Chen, 2004;
Feng etal., 2007; Wang et al., 2002).

In this study, the applicability of aluminium and
steel electrodes to treat tannery wastewater was
investigated. Response surface methodology (RSM)
was used to design the experiments, to perform
statistical analysis and to determine the optimum
conditions. Three factors, namely, the current density
(D), the electrolysis time (t) and the pH were selected as
variables, whereas, COD and TSS removal efficiencies

were selected as the response. Overall operational cost
analyses were also determined.

MATERIALS & METHODS

The samples used in the study were obtained from
an equalization tank of leather processing factory
wastewater. Samples were collected and stored in
containers, and kept at 4 °C. The characterization of
tannery wastewater is given in Table 1. Before the EC
treatments, all tannery effluent samples were preserved
and analyzed according to the Standard Methods
recommended by the American Public Health
Association (APHA, 2005).

The experimental set up used for the
electrocoagulation studies is shown in Fig. 1. A
laboratory-scale plexiglass EC reactor with 9 cm
diameter and 13 cm height was constructed. Electrode
sets (two anode and two cathode electrodes)
comprised of four monopolar (MP) parallel aluminum
plates (6 cm width x 11.5 cm height and 0.1 cm
thickness), each having an effective area of 46.2 cm?.
The electrodes was placed 1.5 cm apart from each other.
A valve was installed at the bottom of the reactor to
withdraw the precipitated material through a sludge
chamber. For each test, 600 mL wastewater sample was
used. Electrolyte solution was not used because of
high salinity of the wastewater samples. Before each
run, electrodes were washed with acetone, and the
impurities on the aluminum electrode surfaces were
removed by dipping in a solution freshly prepared by
mixing 100 cm? of HCI solution (35%) and 200 cm® of
hexamethylenetetramine aqueous solution (2.80%) for
5 min (Can et al., 2005).

All the chemicals used were of analytical-reagent
grade. The electrocoagulation experiments were
initiated by using tannery effluent for 45 min with a
current density of 22 to 110 mA/cm? which was imposed
by means of a DC power supply. At the end of each
run, the floated and precipitated materials were

Table 1. Characterization of raw tannery wastewater

Parameter Value Parameter Value
pH 393 TSS, (mg/L) 1465
Conductivity,(mS/cm) 438 TVS, (mg/L) 1170
COD (mg/L) 3853 TKN, (mg/L) 834

Chloride, (mg/L) 21443 NH3-N, (mg/L) 566

Colour, (Hazen) 700
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Fig. 1. Experimental set-up

withdrawn and the clarified effluent sample was
pipetted out from the reactor, and then allowed to settle
for a few hours in a polyethylene flask. Finally, the
clarified supernatant liquid was collected and
preserved according to the standard methods (APHA,
2005) and stored for characterization.

Three analytical steps; adequacy of various
models test (sequential model sum of squares and
model summary statistics), analysis of variance
(ANOVA) and the response surface plotting were
performed to establish an optimum condition for the
COD and TSS removal from the tannery wastewater.
For the statistical design of experiments and data
analysis, Statgraphics Centurion XVI.I software
programme was used. The three most important
operating variables: initial wastewater pH (x,), current
density (x,) and operating time (x,) were optimized for
tannery wastewater. Their range and levels were shown
in Table 2. The ranges and levels of the independent
variables were determined from preliminary
experiments.In this study, central composite design
(CCD), one of the four main types of RSM designs was
used for improving and optimizing the process using
steel and aluminium electrodes. Central Composite
Design (CCD) is an experimental design used by RSM
to fit a model by least squares technique. RSM makes
it possible to represent independent process
parameters in quantitative form as:

v =1f(%,%;, X3, .., Xy ) T £

(M

where y is the response (yield), f is the response

function, ¢ is the experimental error and x , X, X.,....,X
1 223 n

are independent parameters. By plotting the expected
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response of y, a surface known as the response surface
is obtained. A higher order polynomial such as the
quadratic model (Eq. (1)) was used in this study.
Analysis of variance (ANOVA) was used to obtain the
interaction between the process variables and the
responses. The quality of the fit polynomial model was
expressed by R?, and its statistical significance was
checked by the Fisher F-test in the same program.
Model terms were evaluated by the P value
(probability) with 95% confidence level.

V= Bo+ By + By +Baxe +Buax’ 4 )

- ::x:: + E!!xg: + Buo¥i¥y + Pra¥i ¥ + Pra¥eXa

The predicted response (y) (Eq. (2)) is, therefore,
correlated to the set of regression coefficients (B): the

intercept (), linear B, B,, B,), interaction (B, B, B,;)
and quadratic coefficients (B, ,, B,,, B,,)-

RESULTS & DISCUSSION

Initial pH is an important parameter in the
determination of the performance of EC process (Do
and Chen, 1994; Tir and Mostefa, 2008). It is concluded
by the researchers (Daneshvar et al.,2006; Y11d1z et
al., 2008) that the pH of the reaction solution changes
during the electrocoagulation process and the final
pH of the effluent actually affects the overall treatment
performance. When the initial pH value is less than 4
(acidic), the effluent pH increases, while it tends to
decrease when the initial pH value is higher than 8
(basic), and the pH of the effluent changes only slightly
when the initial pH value is in the neutral range (around
6-8) (Kabdasl1 et al., 2012). Theinitial pH value ofthe
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tannery wastewater was determined to be 3.93. During
the preliminary experimental study, it was observed that
the pH of the processed wastewater increased. This
pH increase was attributed to hydrogen evolution at
cathodes by Vik et al. (1984). However, Chen (2004)
explained this increase in pH by the release of CO,
from wastewater owing to H, bubble disturbance. In
addition, the chemical dissolution of aluminium gives
rise to the pH increase which could be explained by
the excess of hydroxyl ions produced at the cathode
and by the liberation of OH- due to the occurrence of
apartial exchange of Cl' with OH in AI(OH), (Feng et
al., 2007). In the case of mild steel electrodes, pH
value increases gradually during the
electrocoagulation process. This may be due to the
formation of FeS, which was coincident with the
literature (Murugananthan et al., 2004). The pH
increase for all the studied current density values can
be explained by consequence of continuous OH-
formation at the cathode. This is due to the redox
reaction of water which being predominant than the
anodic water oxidation; or the occurrence of a partial
exchange of C1” with OH in Al (OH), (Benhadji et al.,
2011). It can be concluded from the results that COD
and TSS removal is a fuction of the initial pH.

The current density is defined as the ratio of current
input to the electrolytic cell to the surface area of the
electrode. The current supplied to the electrochemical
reactor is usually expressed in terms of current density
(Babu et al., 2007). It has been established that cell
current is one of the important parameters to control
the reaction rate in the electrochemical processes
(Adhoum et al., 2004). For a given time, the removal
efficiency increased with the increasing of cell current.
At higher cell current values, the amount of metal
oxidized increased, resulting in a greater amount of
hydroxide flocs for the removal of pollutants.As the
cell current increased, the bubble density increased
and their size decreased , resulting in a faster removal
of pollutants (Hu et al., 2003; Adhoum and Monser,

2004). In addition, Chen et al. (2002) reported that
bubble density increases and their size decreases with
increasing current density, resulting in a greater
upwards flux and a best removal of pollutant and
sludge flotation. The obtained results showed that an
increase in the current density increased the removal
efficiency, which is also stated in literature (Kobya et
al., 2003; Yang, 2007; Tir and Mostefa, 2008).

The effect of current density on the reduction
of COD, TSS, TVS and colour were studied by
conducting experiments at different current densities
(22-110 mA/cm?), and different time intervals (5-45
minute). Overall results of the experimental study
for aluminium and steel electrodes were given in
Table 3 and Table 4, respectively. Analysis of the
results show that removal percentage increased with
time. This is due to the oxidation and reduction
reactions (Babu et al., 2007). Similar results
regarding the effect of treatment time were also
reported by Kobya et al. (2006), Gupta and Babu
(2009), Babu et al. (2007), Daneshvar et al. (2006)
and Nourouzi et al. (2011).

The COD removal could be attributed to the
precipitation of dissolved organics. Since the
efficiency of COD removal depended on the quantity
of hydroxide flocs, which was bound with time and
cell current of electrocoagulation, the concentration
of COD decreased rapidly in the first 10 min of the
electrocoagulation process. Higher removal
efficiencies of COD were observed at longer time
periods and higher cell current values (Golder et al.,
2005). The lower removal efficiencies at shorter time
and low cell current could be explained by the fact that
the amount of precipitate formed was not enough and
large part of COD in the tannery wastewater was soluble
(Song et al., 2004). As seen in Fig. 2 there were no
significant differences between mild steel electrodes
and aluminum electrodes for the elimination of COD
under the same conditions. These results are
consistent with the study conducted by Feng et al.
(2007).

Table 2. Experimental range and levels of the independent variables

Variables Symbol -2 -1 0 1 2
Initial pH X1 3 4 5 6 7
Current dernsity (mA/cmz) X2 22 44 66 88 110
Electrolysis time (min) X3 5 15 25 35 45
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Fig. 2. Comparison of results of aluminium and steel electrodes

The RSM was implemented to establish the optimal
operational conditions of the EC process for a maximum
COD and TSS removal in treatment of tannery
wastewater. A multifactorial experimental design was
defined in order to evaluate the influence of several
parameters including: the type of the electrodes, the
electrolysis time, the initial pH, and the current density.
Based on the characteristics of the wastewater and its
previous statistical analysis, five different levels
(values) were chosen for each parameter. Table 2
presents the variable levels and their codifications. The
effects of x, x, and x, investigated on COD and TSS
removal efficiencies were determined using
approximating functions.

An adequate fit of the model should be obtained
to avoid poor or ambiguous results to ensure the
adequacy of the employed model in optimizing a
response surface (Myers and Montgomery, 2002;
Olmez, 2009). The analysis of variance (ANOVA) of
regression parameters of the predicted response surface
quadratic model using the experimental results is given
in Table 5. The R? coefficient gave the proportion of
the total variation in the response variable accounted
for the predictors (x’s) included in the model. A high R?
value, close to 1, was desirable and a reasonable
agreement with the quadratic model to the experimental
data (Table 5). The statistical significance of the model
was confirmed by the determination coefficients of the
model (R? values were determined to be 0.9607 and
0.8172, respectively for COD and TSS removal by using
aluminium electrodes and 0.9421 and 0.8176 by using
steel electrodes). Higher R? values (Table 5) for all
responses showed that the model could explain the
response successfully. It can be concluded that only
3.93% and 5.79% (COD removal for aluminium and steel
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electrodes) and 19.28% and 19.24% (TSS removal for
aluminium and steel electrodes) of the variability in
the response were not explained by the models. It was
suggested that R? should be at least 0.80 for a good fit
of amodel (Joglekar and May, 1987; Olmez, 2009). All
the R?values obtained in the present study for the
response variables were higher than 0.80, indicating
that the regression models explained the reaction well.
Hence, the response surface model developed in this
study for predicting COD and TSS removal efficiency
was considered to be satisfactory. Actual values were
the measured response data for a particular run, and
the predicted values were evaluated from the model
and generated by using the approximating functions.
Fig. 3 shows that the predicted values of the responses
from the models accorded well with the observed
values; the data points are distributed relatively close
to the straight line (y = x). Consequently, the models
could be used to navigate the design space. These
plots indicate adequate agreement between real data
and data obtained from the models. It can be seen
from Fig. 3 that the statistical significance of the model
was further evident from the fact that the values
calculated with the predictive equations were very
close to the experimental value. This result indicated
that the model was adequate for the prediction of each
response. As it can be seen from the Table 5, the F-
statistics values were higher for COD removals than
that of TSS removals for both electrodes. The large F-
values indicated that most of the variation in the
response could be explained by the regression model.
As seen from Table 5, the Fisher’s F-test indicated
that the values of Prob > F for three factors was less
than 0.05. Generally, the values of Prob > F less than
0.05 implied that the model terms are statistically
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Table 5. ANOVA results for response surface quadratic model analysis of variance

Electrocoagulation Optimization of Tannery Wastewater by RSM

Parameter Source Sum of Degree of Mean F-Ratio P-Value
Squares Freedom Square
X 104,397 1 104,397 11,03 0,0077
Xs 477,095 1 477,095 50,42 0,0000
X3 1230,78 1 1230,78 130,08 0,0000
X1 X 0,211444 1 0211444 0,02 0,8841
X1 X2 127,281 1 127281 13,45 0,0043
COD X X3 17,8503 1 17,8503 1,89 0,1996
X2 X2 14,3968 1 14,3968 1,52 0,2456
X X3 106,945 1 106,945 11,30 0,0072
8 X3 X3 198,996 1 198,996 21,03 0,0010
£ Total error 94,6181 10 9,46181
° Total (corr.) 24123 19
; R?=96,0777, Adj. R*=92,5476
=
= X 14,5924 1 14,5924 0,50 0,4963
g X, 387,893 1 387,893 13,25 0,0045
< X3 23,8632 1 23,8632 0,82 0,3878
X| X 542324 1 5,42324 0,19 0,6760
X1 X2 336,442 1 336,442 11,49 0,0069
TSS X X3 176,156 1 176,156 6,02 0,0341
X2 X2 162,139 1 162,139 554 0,0404
X5 X3 17,6418 1 17,6418 0,60 0,4555
X3 X3 112,132 1 112,132 383 0,0788
Total error 292,717 10 29,2717
Total (corr.) 1601,46 19
R’=81,7219, Adj. R*=65,2716
X 189,2 1 1892 22,14 0,0008
X, 527,621 1 527,621 61,74 0,0000
X3 601,476 1 601,476 70,38 0,0000
X X 3,68293 1 3,68293 043 0,5263
X1 X2 1,6562 1 1,6562 0,19 0,6691
COD X x5 567845 1 5,67845 0,66 0,4340
X2 X2 36,5701 1 36,5701 428 0,0654
X5 X3 14,8512 1 14,8512 1,74 0,2168
X3 X3 0,615626 1 0,615626 0,07 0,7938
3 Total error 85,4581 10 8,54581
= Total (corr.) 1475,82 19
% R’=94,2095, Adj. R’=88,998
B X 1,77556 1 1,77556 022 0,6474
& X2 93,7508 1 93,7508 11,74 0,0065
X3 16,4228 1 16,4228 2,06 0,1821
X1 X 85,2814 1 85,2814 10,68 0,0085
X1 X2 18,4528 1 18,4528 231 0,1595
TSS X| X3 22,8826 1 22,8826 2,87 0,1214
X2 X2 0,229091 1 0229091 0,03 0,8689
X) X3 51,3591 1 51,3591 643 0,0296
X3 X3 36,9362 1 36,9362 4,63 0,0570
Total error 79,8579 10 7,98579
Total (corr.) 437,819 19

R?=81,7601, Adj. R>=65,3441

172



www.SID.ir

Int. J. Environ. Res., 8(1):165-180,Winter 2014

(a) GO0 removal efficiency far aluminium electrode, %
= 1]

70 4

[

Predicted

COD removal efficiency for steel electrode, %

fc)
B

Predicted

il T T T T
21

Actual

TS5 remowal efficiency far aluminium electrode, %

K=2L7219

Predicted

Actual

{d} TS5 removal efficiency for steel electrode, %

F=al, 7inl

Predicted

3 T T T T
o5

FAotual

Fig. 3. Predicted versus actual values plot for (a) COD removal for aluminium electrode, (b) TSS removal for
aluminiumelectrode, (c) COD removal for steel electrode and (d) TSS removal for steel electrode

significant, whereas the values greater than 0.1 indicate
that the model terms are not significant (Guven et al.,
2008; Korbahti and Rauf, 2008; Arslan- Alaton et al.,
2009; Zhang et al., 2010). The factors with Prob > F
values greater than 0.1 should be excluded from the
RSM model. As a result, it can be concluded that none
of the factors (x,, X,, X,) would be excluded from the
RSM model for COD or TSS removal from tannery
wastewater by electrocoagulation using aluminium and
steel electrodes.

The response surface plots obtained from the
software were given in Fig. 4 and Fig. 5. These plots
provide a three-dimensional view of the COD and TSS
removals surface with different combinations of
independent variables. As shown in Figure 4 and 5, all
response surface plots have clear peaks. These peaks
can be explained as the optimum conditions for
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maximum values of the responses attributed to all
variables, pH, current density, and electolysis time in
the design space. Moving away from the points shows
reduction in removal efficiencies, meaning that neither
increase nor decrease in any of the tested variables is
desired. It can be seen from Fig. 4 and Fig. 5 that,
electrolysis time has a positive effect on COD and TSS
removal from tannery wastewater by
electrocoagulation. As shown in Fig. 4 that current
density has also a positive effect. An increase in the
current density improves the removal efficiencies up
to an optimum value.

As confirmed by ANOVA results, both COD and
TSS removal models validated by using Statgraphics
Centurion XVLI software programme were determined
to be linear functions of initial pH (x,), current density
(x,) and operating time (x,), and quadratic functions of
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Fig. 3. Effects of the variables on COD and TSS removal efficiencies for aliminium electrodes
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Fig. 4. Effects of the variables on COD and TSS removal efficiencies for steel electrodes
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Table 6. Regression coefficients for aluminium and steel electrodes

AluminiumElectrode Steel Electrode

COD TSS COD TSS
Coefficient Estimate Estimate Estimate Estimate
constant -105,892 -133,364 3,15054 274924
X4 17,338 36,7856 -3,85977 27,5345
X 1,36385 2,55899 0,641358 -0,026751
X3 4,12746 1,85797 0,522386 -0,41921
X1X1 0,09171 -0,464432 0,382727 -1,8417
X[ Xo -0,18131 -0,294773 0,0206818 -0,069034
X1 X3 -0,14937 -0,46925 0,08425 -0,169125
XoX) 0,001563 -0,005247 -0,0024918 -0,000197
X, X3 -0,01662 -0,00675 -0,0061932 0,011517
X3X3 -0,02813 0,021118 0,0015648 0,012121

Table 7. Optimum results for COD and TSS removal for aluminium and steel electrodes

Conditions Responses removal (%)
COD Optimization (x1=3.0; x2=1 10; x3= 32.9)
§ Model prediction results 86.51
] Laboratory results 82.20
§ Error 4.31
m Standart deviation +3.047
g TSS Optimization (x1=3.0; x2=93.1; x3= 45)
k=l Model prediction results 100.00
g Laboratory results 85.50
< Error 14.5
Standart deviation +10.253
COD Optimization (x;=7.0; X,=79.9; x3=45)
Model prediction results 72.74
3 Laboratory results 67.40
= Error 5.34
8 Standart deviation +3.775
E TSS Optimization (x;=3.3; Xx,=109.5; x3= 45)
8 Model prediction results 100.00
7 Laboratory results 86.20
Error 13.8
Standart deviation +9.758

Table 8. Results of the operational cost analysis for EC process in optimized conditions

Electrode CODRemoval % ENC (kWh/m°® ELC (kg/m®) OC (E/m°)

Al 82.2 4.56 1.53 2.92
Steel 67.4 4.53 4.72 8.18
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the interactions between these three parameters, as
represented by Egs. (3) - (6). The interaction effect
between current density and pH, presented the most
significant effect on the COD removal by aluminium
electrodes (p=0.043). Asreported in Table 6, the current
density and its interaction with pH have the most
significant effect on the TSS removal (p=0.007). It can
be observed that the interaction between pH and
electrolysis time has a significant effect (p=0.0341) on
TSS removal by aluminium electrodes. Electrolysis time
affects the production of aluminium ions from
aluminium electrode.

COD Removal Efficiency for Al Electrode (%)=-105,89
+17,34x +1,36x, +4,12x,+0,09x > - 0,18x x, - 0,15x X, -
0,02x x,-0,03x.? €))

TSS Removal Efficiency for Al Electrode (%) =-133,364
+36,78x, +2,55x,+ 1,85%, - 0,46)(12 -0,29x x, - 0,47x x,+
0,02x” @

COD Removal Efficiency for Steel Electrode (%) = 3,15 -
3,86x, +0,64x +0,52x,+0,38x >+ 0,02x x,+0,08x x, (5)

TSS Removal Efficiency for Steel Electrode (%) =27,49
+27,53x, - 0,03x,- 0,42x, - 1,84x12 -0,07x x,-0,17x x, +
0,01x,x,+0,01x. ©)

Numerical optimization was used to determine the
optimum process parameters for maximum COD and
TSS removal. Based on response surface and
desirability functions, the optimum conditions for COD
and TSS removals were obtained. In order to confirm
the accuracy of the predicted models and the reliability
of the optimum combination, an additional experiment
was carried out at optimum conditions. Optimum results
for COD and TSS removal for aluminium and steel
electrodes were given in Table 7. The removal
efficiencies obtained by experimental studies in
optimized conditions were found to be very close to
the values predicted by the model. COD removal
efficiencies achieved in optimized conditions by
experimental study were found to be 82.2% and 67.4%
using aluminium and steel electrodes, respectively,
whereas TSS removal efficiencies were determined to
be 85.5% and 86.2% using aluminium and steel
electrodes, respectively. The low error in the
experimental and predicted values indicated good
agreement of the results achieved from models and
experiments. These results confirm that RSM is a
powerful tool for optimizing the operational conditions
of electrocoagulation for COD and TSS removals.

The amount of energy consumption and the
amount of electrode material are two important
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parameters in the EC process that should be taken into
account in order to estimate the EC reactor operational
costs (OC) such as € per m® of the treated tannery
effluent (Eq. 7).

0C = aENC + bELC %

The first term of Eq. 15 evaluates the electrical
operational cost, where the electrical energy consumed
is calculated in kWh per m? of the treated tannery
effluent and the electrical energy price (EEP) is
calculated in € per kWh. The second term in Eq. 7
estimates the material cost of the EC process, where
the maximum possible mass of aluminium and steel,
theoretically dissolved from the anode is considered
per m® of treated tannery effluent and the electrode
material price (EMP) is given in € per kg of aluminium
and steel.

The prices for electrical energy and electrode
material in the Turkish market for July 2012 were 0.088
€/kWh and 1.65 €/ kg, respectively. Costs for electrical
energy (kWh/m?) in Eq. (8) and electrode consumptions
(kg/m*) were calculated from Faraday’s Law in Eq. (9):

ENC = —”*"‘:tEE (8)
__ imzgexhig
ELC= ZE Ry ©)

where U is cell voltage (V), i is current (A), t,. is
operating time (s) and v is volume (m?®) of the
wastewater, Mw is molecular mass of aluminium or steel,
z is number of electron transferred for aluminium and
steel electrodes, respectively and F is Faraday’s
constant (96487 C/mol) (Gengec et al., 2012). It should
be noted that the cost for chemical consumption for
pH adjustment was ignored.

The amount of electricity consumption and
electrodes mass depletion are compared in Table 8 for
both electrodes at optimized conditions. This mass
depletion was calculated by subtracting the weight of
the electrodes taken at the end of experiment from the
weight before the experiments of the same electrodes.
As it is shown, the amounts of electrodes mass
depletion for steel electrode were higher than that of
aluminum electrode in the same operational conditions.
In comparison with the operational cost of EC method
with steel and aluminium electrodes, EC treatment with
steel electrodes is evidently more economical.

CONCLUSION

Electrocoagulation could be assessed as a possible
technique for reduction of COD and TSS concentration
in the treatment of tannery wastewater. The treatment
efficiency was found to be function of the initial pH,
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applied current density and electrolysis time. Under
optimal values of process parameters, 82.2% COD,
85.5% TSS removal efficiencies for aluminium
electrodes and 67.4% COD, 86.2% TSS removal
efficiencies for steel electrodes were obtained.
Electrocoagulation was strongly enhanced at
aluminium surfaces in comparison with steel electrodes
in COD removal. But there was no significant difference
in TSS removal. In comparison with the operational
cost of EC method with steel and aluminium electrodes,
EC treatment by using steel electrodes is evidently
more economical. The response surface methodology
developed in this study showed the presence of a high
correlation between experimental and predicted values.
Analysis of variance showed a high coefficient of
determination value thus ensuring a satisfactory
adjustment of the second-order regression model with
the experimental data. The effect pH on COD removal
by aluminium electrodes is much less important than
that of current density and reaction time. The
interaction effect on COD removal between current
density and pH and current density and time is
significant. The interaction effect between the
variables on TSS removal was negligible.
Consequently; even though aluminium electrodes
provide higher COD removal efficiencies, on account
of operational cost, steel electrodes should be prefered.
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