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The present paper deals with chemical oxygen demand (COD) reduction of a bio-digester effluent (BDE) in
a batch electrocoagulation (EC) reactor using iron electrode. A central composite (CC) experimental design
has been employed to evaluate the individual and interactive effects of four independent parameters on
the COD removal efficiency. The parameters studied are current density (j): 44.65–223.25 A/m2; initial pH
(pH0): 2–8; inter-electrode distance (g): 1–3 cm and electrolysis time (t): 30–150 min. The results have
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been analyzed using Pareto analysis of variance (ANOVA). Analysis showed a high coefficient of deter-
mination value (R2 = 0.8547) and satisfactory prediction for second-order regression model. Graphical
response surface and contour plots have been used to locate the optimum values of studied parameters.
Maximum COD and color reduction of 50.5% and 95.2%, respectively, was observed at optimum conditions.
Present study shows that EC technique can be employed in distilleries to reduce the pollution load before
treatment in aerobic treatment plants to meet the discharge standards.
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. Introduction

Ethanol manufacture from molasses generates large volumes of
igh strength wastewater that is of serious environmental concern.

ndia is the second largest producer of ethanol in Asia with around
19 distilleries, producing 3.25 × 109 l of alcohol, and generating
0.4 × 1010 l of wastewater annually [1,2].

Alcohol distilleries are rated as one of the 17 most polluting
ndustries by the Government of India. An average molasses based
istillery generates 15 l of spent wash per litre of alcohol pro-
uced [3]. Distillery effluent is characterized by extremely high
hemical oxygen demand (COD) (80–100 kg/m3) and biochem-
cal oxygen demand (BOD) (40–50 kg/m3), apart from low pH,
trong odor and dark brown color [4]. Apart from high organic
ontent, distillery wastewater also contains nutrients in the form
f nitrogen (1660–4200 mg/l), phosphorus (225–3038 mg/l) and
otassium (9600–17,475 mg/l) [5] that can lead to eutrophication
f water bodies. Further, its dark color hinders photosynthesis by

locking sunlight and is therefore deleterious to aquatic life [6].
oshi [7] indicated that land disposal of distillery effluent can lead
o groundwater contamination.
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Adequate treatment of these effluents is, therefore, essential
efore being discharged into water bodies. In addition to pollu-
ion, increasingly stringent environmental regulations are forcing
istilleries to improve existing treatment methods and also explore
lternative methods of effluent management. The regulatory agen-
ies in India require the distillery units to meet the effluent
ischarge quality standards for release of the wastewater into
urface waters (COD < 0.1 kg/m3, BOD < 0.03 kg/m3) and sewers
COD < 0.3 kg/m3, BOD < 0.1 kg/m3) [4].

The high organic content of molasses spent wash makes anaero-
ic treatment attractive in comparison to direct aerobic treatment.
herefore, bio-methanation is the primary treatment step and is
ften followed by two-stage aerobic treatment before discharge
nto a water body or on land for irrigation [8]. Sugarcane molasses
pent-wash after biological treatment by both anaerobic and aero-
ic method can still have a BOD of 250–500 mg/l [9]. Also, even
hough biological treatment results in significant COD removal,
he effluent still retains the dark color [10]. The color imparting

elanoidins are barely affected by conventional biological treat-
ent such as methane fermentation and the activated sludge

rocess [11]. Still, few researchers have explored to treat bio-
igester effluent (BDE) effluent using newer treatment methods

12].

Treatment by electrocoagulation (EC) has been practiced for the
reatment of the variety of effluents. Compared with traditional
occulation and coagulation, EC has the advantage of removing
mall colloidal particles. Electric field applied during EC process sets
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Table 1
Characteristics of bio-digester effluent used for the study.

Characteristics Value

COD (mg/l) 15,600
BOD (mg/l) 7200
Cl− (g/l) 3.0
SO4

2− (g/l) 4.23
Total solid (g/l) 34.1
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otal dissolved solids (g/l) 2.29
H 4.93
olor Dark black

maller colloidal particles in motion, thus, increasing the probabil-
ty of their coagulation. Addition of excessive amount of coagulants
an be avoided due to their in situ generation by electro-oxidation
f a sacrificial anode. EC equipment is simple and easy to oper-
te. Short reaction time and low sludge production are two other
dvantages of this technique.

EC has been used for the removal of COD and color from var-
ous synthetic and actual industrial effluents [13–20]. However,
here are only a few studies on the electrochemical treatment of
lcohol distillery wastewaters in the literature [19,20]. Vlyssides et
l. [19] observed a maximum COD removal of 89% for an influent
aving COD of 72,000 mg/l in a laboratory scale pilot plant using
t/TiO2 anode in the presence of sodium chloride as supporting
lectrolyte. Manisankar et al. [20] researched the effect of halides
n the EC treatment of distillery effluent using anodized graphite
late anodes and graphite cathodes. A maximum of 93.5% of BOD
eduction, 85.2% of COD reduction and 98.0% absorbance reduc-
ion was observed in the presence of sodium chloride as supporting
lectrolyte. However, no study is reported in open literature for the
reatment of BDE.

Response surface methodology (RSM) is a statistical based
echnique, commonly used to optimize and understand the perfor-

ance of complex systems. RSM is a collection of mathematical and
tatistical techniques useful for developing, improving and optimiz-
ng processes and can be used to evaluate the relative significance
f several affecting factors even in the presence of complex inter-
ctions.

The objective of the present study is to investigate the COD
eduction of a BDE in a batch EC reactor using iron electrodes.
everal parameters, namely current density (j), initial pH (pH0),
nter-electrode distance (g) and electrolysis time (t) were investi-
ated for their effects on the COD removal efficiency.

. Materials and methods

.1. Effluent and its characterization

The BDE used for the present study was obtained from nearby

istillery. The effluent was characterized for various parameters
amely COD, BOD, total solids, total dissolved solids, sulphate, chlo-
ide, etc., as per standard method of analysis [21]. Further, the COD
f treated effluent was also measured. The main characteristic of
he effluent used for the present study is given in Table 1. The data

c
t
(

p

able 2
rocess parameters and their levels for EC treatment of bio-digester effluent using Centra

ariable (unit) Factors (x) Level

−2

urrent density, j (A/m2) X1 44.65
nitial pH, pH0 X2 2
nter electrode distance, g (cm) X3 1
ime of electrolysis, t (min) X4 30
Materials 165 (2009) 345–352

eported in Table 1 are average of duplicate experiments with max-
mum deviation of ±5%. It may be noted that effluent was acidic in
ature and the COD/BOD is 2.2 which shows that the effluent is
ecalcitrant in nature.

.2. Reactor

The lab-scale batch experimental setup used for the EC stud-
es is shown in Fig. 1. Experiments were carried out in a 1.5 l
108 mm × 108 mm × 130 mm) rectangular reactor made up of Per-
pex glass. Iron plates of thickness 2 mm were used as electrodes.
imensions of electrodes were 100 cm × 80 cm; and area of elec-

rodes dipped into the solution was 80 mm × 70 mm. The total
ffective surface area of each electrode was 112 cm2; and a 5 cm
ap was maintained between the bottom of the electrodes and the
ottom of the cell to allowed easy stirring. The spacing between two
lectrodes in EC cell was varied from 1 to 3 cm. Magnetic stirrers
ere used to agitate the solution. The j was maintained constant by
eans of a precision digital direct current power supply (0–20 V,

–5 A).

.3. Experimental design

A 4 factor 5 level unblocked full central composite design has
een used in the present study as the experimental design model.
his model is orthogonal and rotatable, and has 16 cubic points,
axial points and 2 center points. A total of 23 experiments have

een employed in this work to evaluate the individual and interac-
ive effects of the four main independent parameters on the COD
emoval efficiency. Percentage COD removal has been taken as a
esponse of the system (Y), while four process parameters, namely,
: 44.15–223.25 A/m2; pH0: 2–8; g: 1–3 cm; and t: 30–150 min, have
een taken as input parameters. For statistical calculations, the lev-
ls for the four main variables Xi (X1 (j), X2 (pH0), X3 (g), X4 (t)) were
oded as xi according to the following relationship

i = Xi − X0

�X
(1)

here X0 is value of the Xi at the centre point and �X presents
he step change. The variables and levels of the design model are
iven in Table 2. The actual experimental design matrix is given in
able 3. Mongomery [22] has defined the statistical terms and their
efinitions.

To analyze a process or system including a response Y, where Y
epends on the input factors x1, x2, . . ., xk, the relationship between
he response and the input process parameters are described as

= f (x1, x2, . . . , xk) + ε (2)

here f is the real response function its format being unknown,
nd ε is the residual error which describes the differentiation that

an be included by the function f. The results were analyzed using
he coefficient of determination (R2), Pareto analysis of variance
ANOVA) and response plots.

A non-linear regression method was used to fit the second-order
olynomial Eq. (2) to the experimental data and to identify the rel-

l Composite Design.

−1 0 1 2

89.29 133.94 178.58 223.23
3.5 5 6.5 8
1 2 3 3

60 90 120 150
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Fig. 1. Schematic diagram of the experime

vant model terms using a statistical software, Design-expert V6.
onsidering all the linear terms, square terms and linear by linear

nteraction items, the quadratic response model can be described
s

= ˇ0 +
∑

ˇixi +
∑

ˇiix
2
ii +

∑
ˇijxixj + ε (3)

here ˇ0 is the offset term, ˇi is the slope or linear effect of the
nput factor xi, ˇii is the quadratic effect of input factor xi and ˇij
s the linear by linear interaction effect between the input factor xi
nd xj [23].

.4. Experimental procedure
Each experimental run was carried out as per the conditions
pecified in the design matrix (Table 3). The experiments were per-
ormed on effluent of known initial COD (COD0) and pH0. The pH of
he solutions was measured and adjusted by adding 0.1N NaOH or
.1N H2SO4 solutions as per the run. The electrodes spacing was set

2

s

able 3
ull factorial design used for the EC treatment of bio-digester effluent.

td. order j (X1) (A/m2) pH0 (X2) g (X3) (c

1 89.29 3.5 1
2 178.58 3.5 1
3 89.29 6.5 1
4 178.58 6.5 1
5 89.29 3.5 3
6 178.58 3.5 3
7 89.29 6.5 3
8 178.58 6.5 3
9 89.29 3.5 1

10 178.58 3.5 1
11 89.29 6.5 1
2 178.58 6.5 1

13 89.29 3.5 3
14 178.58 3.5 3
15 89.29 6.5 3
16 178.58 6.5 3
17 44.65 5 2
18 223.23 5 2
19 133.94 2 2
0 133.94 8 2
1 133.94 5 2
2 133.94 5 2
3 133.94 5 2
tup used for the electrocoagulation study.

ppropriately as per design condition. At the beginning of a run, 1.5 l
ffluent was fed into the reactor, and power supply was switched
n at t = 0. Current density was maintained constant during the run.
ater samples were drawn from supernatant liquid and its final COD
as measured.

The initial COD was determined before each experiment and
ercentage COD removal was calculated using the following rela-
ionship:

ercentage COD removal (Y) = 100(COD0 − CODt)
COD0

(4)

here COD0 is the initial COD (mg/l) and CODt is the COD after t
min) of electrolysis time (mg/l).
.5. Theory

EC process involves the generation of coagulants in situ by dis-
olving iron ions from iron electrodes. The in situ generation of iron

m) t (X4) (min) % COD reduction

Yexp (%) Ypre (%)

60 21.41 21.32
60 30.41 30.42
60 32.50 33.56
60 36.41 35.09
60 23.83 25.37
60 31.16 30.60
60 35.16 37.16
60 38.16 34.84

120 28.91 32.93
120 44.08 41.38
120 42.66 42.52
120 44.25 43.41
120 33.33 33.95
120 38.91 38.55
120 42.41 43.10
120 40.75 40.14
90 41.66 36.81
90 38.08 42.93
90 32.66 31.42
90 44.00 45.24
30 24.91 25.25

150 42.50 42.16
90 39.75 39.75
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Table 4
Adequacy of the models tested.

Source Sum of squares DF Mean square F-value Prob > F Remark

Sequential model sum of squares
Mean 37643.2 1 37643.2
Linear 772.28 4 193.07 14 <0.0001 Suggested
2FI 88.73 6 14.79 1.1 0.4016
Quadratic 131.8 4 32.95 4.44 0.0177 Suggested
Cubic 94.62 7 13.52 41.67 0.0001 Aliased
Residual 1.95 6 0.32

Total 38732.6 28 1383.31

Source S.D. Predicted R2 Adjusted R2 R2 PRESS Remark

Model summary statistics
Linear 3.71 0.7089 0.6583 0.5555 484.28 Suggested
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ations during EC process takes place at the anode, whereas at the
athode, typically H2 production occurs.

Various reactions take place in the EC reactor with iron as elec-
rode material [16,24–26].

At iron anode

Fe → Fe2+ + 2e− (5)

Also, in acidic pH, the electrode is attacked by H+ and enhances
its dissolution by following reaction:

Fe + 2H+ → Fe2+ + H2 (6)

Other reactions taking place in the vicinity of the anode are:
Under alkaline condition

Fe2+ + 2OH− → Fe(OH)2 (7)

Under acidic condition

Fe2+ + 1
4 O2 + 5

2 H2O → Fe(OH)3 + 2H+ (8)

Ferrous ions are oxidized to ferric ions by oxygen in the aqueous
phase

Fe2+ + 1
4 O2 + 1

2 H2O → Fe3+ + OH− (9)

The oxygen evolution reaction may also take place at anode and
is represented as:

2H2O → O2 + 4H+ + 4e− (10)

At cathode, following reduction reaction takes place.

2H2O + 2e− → H2 + 2OH− (11)

. Results and discussions

.1. Central composite design analysis

The most important parameters that affect the COD removal effi-
iency by EC are j, pH0, g, and t. In order to study the combined effect
f these factors, experiments were performed for different com-
inations of the physical parameters using statistically designed
xperiments. The range of values for the input variables is given in
revious sections. The results of the Y(response) of COD removal by
C were measured according to design matrix and the measured
esponses are listed in Table 3.

A system with several variables is conducted primarily by some
f the main effects and low order interactions and it may be
ssumed that the higher order interactions are small relative to
he low order interactions. Therefore, in the present work only two-
ay interactions were considered. Linear, interactive, quadratic and

ubic models were fitted to the experimental data to obtain the
egression equations. To decide about the adequacy of various mod-
ls to represent COD removal by EC, two different tests namely
equential model sum of squares and model summary statistics
ere carried out in the present study and the results are given

n Table 4. Cubic model was found to be aliased and cannot be
sed for further modelling of experimental data. A model is aliased
eans that not enough experiments have been run to indepen-

ently estimate all the terms for that model. Whenever, there are
ewer independent points in the design than there are terms in
he model, some parameters cannot be estimated independently.

model is aliased means that model is inappropriate for further

nvestigation.

Sequential model sum of squares showed that the p-values were
ower than 0.02 for quadratic and linear models (Table 4), there-
ore, both of these could be used for further study. However, model
ummary statistics showed that after excluding the cubic model

R
b
(
s
f

FI 3.67 0.7904 0.6671 0.3686 687.78
uadratic 2.73 0.9114 0.8159 0.2822 781.91 Suggested
ubic 0.57 0.9982 0.992 Aliased

hich was aliased, quadratic model was found to have maximum
Adjusted R-Squared” and the “Predicted R-Squared” values. There-
ore, quadratic model was chosen for further analysis.

.2. Fitting of second-order polynomial equation and statistical
nalysis

An empirical relationship expressed by a second-order poly-
omial equation with interaction terms was fitted between the
xperimental results obtained on the basis of central composite
xperimental design model and the input variables. The final equa-
ion obtained in terms of coded factors is given below:

= 39.75 + 1.53X1 + 3.46X2 + 0.19X3 + 4.23X4 + 0.03X2
1

−0.36X2
2 − 2.64X2

3 − 1.51X2
4 − 1.89X1X2 − 0.96X1X3

−0.16X1X4 − 0.11X2X3 − 0.66X2X4 − 0.75X3X4 (12)

ANOVA is a statistical technique that subdivides the total varia-
ion in a set of data into component parts associated with specific
ources of variation for the purpose of testing hypotheses on the
arameters of the model [27]. The statistical significance of the
atio of mean square variation due to regression and mean square
esidual error was tested using ANOVA. The ANOVA for the second-
rder equation is presented in Table 5. The ANOVA indicated that
he equation adequately represented the relationship between the
esponse (the percentage COD removal) and the significant vari-
bles. According to ANOVA (Table 5), the Fisher F-values for all
egressions were higher. The large value of F indicates that most
f the variation in the response can be explained by the regres-
ion equation. The associated p value is used to estimate whether
is large enough to indicate statistical significance. p-values lower

han 0.05 indicates that the model is statistically significant [28].
he ANOVA table also shows a term for residual error, which mea-
ures the amount of variation in the response data left unexplained
y the model.

The ANOVA result for the COD removal by EC with Fe electrodes
ystem shows F-value of 9.55, which implies that the terms in the
odel have a significant effect on the response. The model gives

oefficient of determination (R2) value of 0.9114 and an adjusted-
2 value of 0.8159, which is high and advocates a high correlation

etween the observed and the predicted values. The probability p
∼0.0001) is less than 0.05. This indicates that the model terms are
ignificant at 95% of probability level. Any factor or interaction of
actors with p < 0.05 is significant.
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Table 5
ANOVA of the second-order polynomial equation.

Source Coefficient estimate Sum of squares DF Mean square F value Prob > F Remark

Model intercept 39.75 992.81 14 70.91 9.55 0.0001 Highly significant
X1 1.53 56.30 1 56.30 7.58 0.0164 Significant
X2 3.46 286.63 1 286.63 38.59 <0.0001 Highly significant
X3 0.19 0.59 1 0.59 0.080 0.7820
X4 4.23 428.75 1 428.75 57.72 <0.0001 Highly significant
X2

1 0.030 0.022 1 0.022 0.003 0.9578
X2

2 −0.36 3.02 1 3.02 0.41 0.5345
X2

3 −2.64 41.90 1 41.90 5.64 0.0336 Significant
X2

4 −1.51 54.81 1 54.81 7.38 0.0176 Significant
X1 × X2 −1.89 57.15 1 57.15 7.69 0.0158 Significant
X1 × X3 −0.96 14.86 1 14.86 2.00 0.1807
X1 × X4 −0.16 0.41 1 0.41 0.055 0.8180
X2 × X3 −0.11 0.19 1 0.19 0.026 0.8742
X2 × X4 −0.66 7.00 1 7.00 0.94 0.3495
X3 × X4 −0.75 9.12 1 9.12 1.23 0.2879
R 3
L 8
P 5
C 7
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esidual 96.56 1
ack of fit 96.56
ure error 0.000
or total 1089.37 2

The ANOVA table obtained from the response surface quadratic
odel shows that j, pH0, t, g2, t2, and j × pH0 are significant. The

onstant, which does not depend on any factors and interaction of
actors, shows that the average COD removal of BDE by EC process
sing Fe electrodes is 39.75%, and that this average removal is inde-
endent of the factors set in the experiment. The ANOVA analysis

ndicates a linear relationship between Y and with that of j, pH0
nd t; and quadratic relationships between Y and with that of g, t,
nd the product of j and pH0 (j × pH0). The analysis shows that the
orm of the model chosen to explain the relationship between the
actors and the response is correct [29]. “Adeq Precision” measures
he signal to noise ratio. A ratio greater than 4 is desirable. For the
resent study, signal to noise ratio was found to be 11.99, which

ndicates adequate signal. Therefore, quadratic model can be used

o navigate the design space.

Data were also analyzed to check the normality of the residuals.
normal probability plot or a dot diagram of these residuals is

hown in Fig. 2. The data points on this plot lie reasonably close to

Fig. 2. Normal % probability versus residual error.

m
e
b

F
t

7.43
12.07
0.000

straight line, lending support to the conclusion that j, pH0, t, g2, t2,
nd j × pH0 are the only significant effects and that the underlying
ssumptions of the analysis are satisfied.

Fig. 3 shows the relationship between the actual and pre-
icted values of Y for COD removal of BDE by EC process using Fe
lectrodes. It is seen in Fig. 3 that the developed model is ade-
uate because the residuals for the prediction of each response
re minimum, and the data points lie close to the diagonal
ine.

.3. Effect of various parameters on maximum COD removal
fficiency
The inferences obtained from the response surfaces to esti-
ate maximum COD removal with respect to each variable, and

ach variable’s effect on COD removal efficiency are discussed
elow.

ig. 3. Scatter diagram of predicted response versus actual response for the EC
reatment of bio-digester effluent.
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be seen that the COD removal efficiency generally remains constant
with an increase in g. It seems that other factors namely j, pH0 and
t have over-riding effect on COD removal efficiency as compared to
g as pointed in Section 3.2. Therefore, the effect of g of COD removal
efficiency gets marginalized.
ig. 4. 3D response surface graph for COD removal versus current density and initial
H for the EC treatment of bio-digester effluent.

.3.1. Effect of current density (j) and initial pH (pH0)
To study the effect of j and pH0 on COD removal, experiments

ere carried out by varying j from 44.15 to 223.25 A/m2 and under
ifferent pH0 from 2 to 8. The results are plotted in Fig. 4 and Table 3.
he COD removal efficiency was found to increase with an increase
n j values at any value of pH0.

Faraday’s law describes the relationship between j and the
mount of anode material that dissolves in the solution. It is given
s

= Mjt

ZF
(13)

here m is the theoretical amount of ion produced per unit sur-
ace area by current density j passed for a duration of time t. Z is
he number of electrons involved in the oxidation/reduction reac-
ion; for Fe, Z = 2. M is the atomic weight of anode material, for Fe,

= 55.85 g/mol; and F is the Faraday’s constant (96,486 C/mol).
Generally it is known that COD removal increases with increas-

ng iron dosages in chemical coagulation. In EC, therefore, COD
emoval is expected to be governed by the amount of hydrous
xides formed in the solution. According to Faraday’s law, m is
irectly proportional to j. Therefore, COD removal by EC is governed
y the formation of metal-hydrous ferric oxide complexes. It may
e inferred from Fig. 4 that COD removal efficiency gets enhanced at
igher j value. At higher j, elevated dissolution of electrode material
Faraday’s law) with greater rate of formation of iron hydroxides
esults in higher COD removal efficiency via co-precipitation and
weep coagulation [24,30].

pH of the solution is of vital importance in the performance EC
rocess. The metal ions generation takes place at the anode; hydro-
en gas gets released at the cathode. The hydrogen gas helps in
oatation of the flocculated particles out of the water. In an attempt
o investigate the influence of pH0 on the EC process, pH0 of the
ffluent was varied in the range of 2–8 by adding 0.1N NaOH or
.1N H2SO4 solution. The results illustrated in Fig. 2b demonstrate
he COD removal efficiency at different pH0. The results reveal that

t pH0 ∼ 8, the COD removal efficiency was maximum. For pH0 < 8,
he protons in the solution get reduced to H2, and thus, the pro-
ortion of hydroxide ion produced is less and consequently there

s less COD removal efficiency [31].
F
f
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Precipitation and adsorption are the two major interaction
echanism considered during EC process. Each of the mecha-

ism is applicable at different pH ranges. At low pH values, metal
pecies like Fe2+ generated at the anode bind to the anionic col-
oidal particles present in the BDE, thus, neutralizing their charge
nd reducing their solubility. This process of removal is termed pre-
ipitation. The adsorption mechanism operates at higher pH range
>6) and involves adsorption of organic substances on amorphous

etal hydroxide precipitates [32,33]. In the present case, for pH < 6,
he primary mechanism is charge neutralization by monomeric
ationic iron species, while for higher pH, sweep coagulation with
morphous iron hydroxide explains the results [34].

.3.2. Effect of electrolysis time (t) and electrode gap (g)
The effect of g and t on COD removal by EC under varying g (from

to 3 cm) and t (from 30 to 150 min) is plotted in Fig. 5. The COD
emoval efficiency depends directly on the concentration of ions
roduced by the electrodes which in-turn depends upon t. When
he value of t increases, an increase occurs in concentration of iron
ons and their hydroxide flocs. Consequently, an increase in the t
ncreases the COD removal efficiency (Fig. 5).

The conductivity of the solution greatly affects the COD removal
fficiency. The electrical conductivity is directly proportional to the
istance between the two electrodes. As the distance between the
node and the cathode (g) increases, resistance (R) offered by the
ell increases by the relation:

= g

KA
(14)

here K is the cell specific conductance and A is electrode surface
rea. And, therefore, the current in the cell decreases at constant
oltage by the relation: current = voltage/resistance. From Faraday’s
aw, the amount of iron oxidized decreases as g increases, and thus,
he COD removal efficiency generally decreases. Fig. 5 shows the
ffect of g on the COD removal efficiency during EC process. It may
ig. 5. 3D response surface graph for COD removal versus electrode gap and time
or the EC treatment of bio-digester effluent.
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Table 6
Optimum and confirmative values of process parameters for maximum COD removal
efficiency.

Optimal levels of
process parameters

Predicted optimal value with
95% confidence intervals (%)

Average of confirmation
experiments (%)

j = 44.65 A/m2 41.21 < 51.69 < 62.18 50.5 ± 1.2
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.4. Selection of optimal levels and estimation of optimum
esponse characteristics

The aim of the work is to removal maximum COD of BDE with
inimum energy consumption. Table 6 summarizes the optimal

evel of various parameters obtained after examining the response
urves and contour plots (not shown here) and Table 5. Regression
nalysis predicts that the experiments carried out at optimum con-
itions (j = 44.65 A/m2, pH0 8, g = 2 cm and t = 120 min) will give an
verage of 51.7% COD removal.

Three confirmation experiments were conducted at predicted
ptimal levels of the process parameters, and 50.5% average COD
emoval and 97.3% average color removal was observed at optimum
onditions. The removal percentages obtained through confirma-
ion experiments are within 95% of predicted values. It may be
oted that that these optimal values are valid within the speci-
ed range of process parameters. Any extrapolation/interpolation
hould be confirmed through additional experiments.

To determine the electrode consumption, electrodes were
emoved from the EC reactor after EC. The anode consumption was
ound to be greater (1.361 g l−1 of solution) as compared to that
f cathode (0.205 g l−1 of solution). Canizares et al. [34,35] carried
ut experiments to measure the chemical dissolution rate of iron
lectrodes at various pH. It was observed that the dissolution rate of
ron was very less at basic pH and the dissolution rate increased sig-
ificantly for acidic pHs. The dissolution rate was several orders of
agnitude higher at acidic pH (≤2) as compared to that at basic or

eutral pH. It was accompanied by evolution of hydrogen bubbles
volved from the sheet surface. This chemical dissolution of iron
ccurs via oxidation of iron electrode with simultaneous reduction
f water to form hydrogen. Chemical dissolution of electrode can
e represented by following reactions:

e + 2H2O (l) → Fe2+ (aq) + H2 (g) + 2OH− (aq) (15)

Fe + 10H2O (l) + O2 → 4Fe3+ (aq) + 4H2 (g) + 12OH− (aq) (16)

In each electrochemical cell, there is a pH profile between anode
nd cathode [35]. On the anode, the water oxidation process gen-
rates a high concentration of protons, resulting in a lower pH,
hereas, water reduction at the cathode results in the formation

f hydroxyl ions and, hence, in a higher pH. This means that, in the
ase of iron-based EC cells, on the anode surface is going to be more
issolved as compared to cathode.

.5. Sludge disposal

Heating value of sludge as determined from bomb calorimeter
as found to be 5.3 MJ/kg. This sludge can be utilized for mak-

ng blended fuel briquettes with other organic fuels. This could be
sed as a fuel in the furnaces. The bottom ash obtained after its

ombustion can be blended with the cementious mixtures which
s to be further used in construction purposes. Setting and leach-
ng tests on the cementious mixtures have shown that the bottom
sh can be incorporated into the cementious matrices to a great
xtent (75 wt.% of total solid) without the risks of an unacceptable

[

[
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elay of cement setting and an excessive heavy metals leachability
rom solidified products [36,37]. This method of EC residue disposal
ecovers energy from the residues as well it chemically fixes the iron
nd other toxic metals present in EC sludge.

. Conclusion

The present study demonstrated the applicability of EC method
or COD reduction of BDE. A central composite design was suc-
essfully employed for experimental design, analysis of results
nd optimization of the operating conditions for maximizing the
OD removal. Analysis of variance showed a high coefficient of
etermination value (R2 = 0.8547), thus, ensuring a satisfactory
djustment of the second-order regression model with the exper-
mental data. Graphical response surface and contour plots were
sed to locate the optimum point. Maximum COD and color
emoval efficiency of 50.5% and 95.2%, respectively, was observed at
ptimum j, pH0, g and t values of 44.65 A/m2, 8, 2 cm and 120 min,
espectively.
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