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Most of the distilleries in India and the world over employ bio-methanation of molasses spent wash in
a bio-digester plant followed by two-stage aerobic treatment as a treatment strategy. The bio-digester
effluent (BDE) generated after this treatment strategy still has a high chemical oxygen demand (COD) and
dark brown color, and cannot be directly discharged into a water body.

In the present study, electrocoagulation (EC) has been employed for the COD and color removal of
a BDE in a batch EC reactor using stainless steel (SS) electrode. A central composite (CC) experimen-
tal design has been employed to evaluate the individual and interactive effects of four independent
parameters namely initial pH (pHo: 3.5-9.5), current density (j: 39.06-195.31 Am~2), inter-electrode dis-
tance (g: 1-2 cm) and electrolysis time (t: 30-150 min) on the COD and color removal efficiency. Pareto
analysis of variance (ANOVA) showed a high coefficient of determination value for COD (R?=0.9144)
and color (R%=0.7650) between the experimental values and the predicted values by a second-order
regression model. Maximum COD and color removal of 61.6 and 98.4%, respectively, were observed at
optimum conditions. Detailed physico-chemical analysis of electrode and residues (scum and sludge)
of the EC process has also been carried out. A strategy for the disposal of EC residues has been
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proposed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electrocoagulation (EC) has been employed for the treatment of
a variety of effluents like pulp and paper mill [1,2], oily [3], olive
mill [4], tannery [5], restaurant [6], heavy metals laden [7], textile
[8], colored water [9], etc. Compared with traditional flocculation
and coagulation, EC has the advantage of removing small colloidal
particles.

Alcohol is separated by distillation and the residual liquor is dis-
charged as effluent. This effluent, called as spent wash, is highly
acidic, dark colored and contains high percentage of organic and
inorganic matter both in suspended and dissolved forms [10]. The
high organic content of molasses spent wash makes anaerobic
treatment attractive in comparison to direct aerobic treatment.
Therefore, bio-methanation is employed as a primary treatment
step. In this, effluent is usually subjected to anaerobic digestion for
removing organic matter and producing biogas which is used as a
fuel substitute to produce steam for the fermentation process [11].
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Bio-methanation is often followed by two-stage aerobic treatment
before discharge into a water body or on land for irrigation [12].
Biological treatment results in significant chemical oxygen demand
(COD) and biological oxygen demand (BOD) removal, however, the
effluent retains high amount of COD and color [13]. Treated dis-
tillery wastewater still contains almost the same dark brown color
as that before the treatment because of the non-biodegradability of
the colored compounds [14]. The melanoidins are barely affected
by conventional biological treatment such as methane fermenta-
tion and the activated sludge process, and they cause color in the
final effluent [15].

Alcohol distilleries are regarded as one of the most polluting
industries by the Government of India. The regulatory agencies
in India require the distillery units to meet the minimal national
standards (MINAS) for release of the distillery wastewater into
surface waters (COD<0.1kgm~3, BOD<0.03kgm3) and sewers
(COD<0.3kgm3,BOD<0.1 kgm~3)[16].

Few researchers have explored new methods for the treatment
of bio-digester effluent (BDE) [17]. In the present work, authors aim
to treat BDE using EC technology. Only few studies are reported for
the EC treatment of distillery spent wash [18]. However, no study
is reported for the treatment of BDE using EC method.

EC process generates some amount of residue (scum and
sludge). These residues contain the metal and other inorganic and


http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:vimalcsr@yahoo.co.in
mailto:id_mall2000@yahoo.co.in
dx.doi.org/10.1016/j.cej.2008.09.043

C. Thakur et al. / Chemical Engineering Journal 148 (2009) 496-505 497

Power

source @ %_
Parﬁ‘j"e' Parallel
anode Cathode

Electrocoagulation
cell

Magnetic [
. —_—
bar stirrer

Rheostat

b
————— [~~Wastewater

L

J

Magnetic

—
stirrer

Fig. 1. Schematic diagram of the experimental setup used for the electrocoagulation study.

organic compounds. Disposal of these residues is very important
from environmental point of view. No open literature is available
on the disposal of residue.

In the present work, full factorial central composite (CC) design
based on response surface methodology (RSM) has been used to
design the experiments for the treatment of BDE using stainless
steel (SS) electrodes. Effects of four operational parameters namely
initial pH (pHg), current density (j), inter-electrode distance (g)
and electrolysis time (t) have been assessed. Detailed physico-
chemical analysis of electrode and residues (scum and sludge) has
also been carried out to understand the EC mechanism. A strat-
egy for the disposal of EC residues has been proposed based on
thermo-degradation analysis.

2. Materials and methods
2.1. Effluent and its characterization

The BDE obtained from nearby distillery was characterized
for various parameters as per standard method of analysis [19].
The main characteristics of the effluent were: COD=9310mgl-1,
BOD=3724mgl-!, CI-=2.0gl"!, total solid=17gl-!, total sus-
pended solids=15.44 g1, total dissolved solids=1.56g1~1, pH 8.5,
conductivity = 5.37 milli mho, and turbidity = 1400 NTU.

2.2. Reactor

Schematic diagram of this lab-scale batch experimental setup
is shown in Fig. 1. A lab-scale rectangular batch reactor made of
perspex glass having 1.51 (108 mm x 108 mm x 130 mm) reactor
volume was used for the EC experiments. SS plates of 3 mm thick-
ness and 100 mm x 80 mm dimensions were used as electrodes.
Two pairs of such electrodes were used in the present study. The
area of electrodes dipped into the solution was 80 mm x 80 mm.

The spacing between two electrodes in EC cell was varied in the
range of 1-2 cm. Bottom of the electrodes were kept 5 cm above the
bottom of the cell to allowed easy stirring. Magnetic stirrer was used
to agitate the solution. The j was maintained constant by means of
a precision digital direct current power supply (0-20V, 0-5A).

2.3. Experimental design

Atotal of 23 experiments were employed to evaluate the individ-
ual and interactive effects of the four main independent parameters
on the COD and color removal efficiency. Percentage COD and color
removal has been taken as a response (Y) of the system, while four
process parameters, namely, pHg: 3.5-9.5; j: 39.06-196.31 Am~2;
g: 1-2 cm; and t: 30-150 min have been taken as input parameters.
For statistical calculations, the levels for the four main variables X;
(X1 (pHo), X2 (j), X3 (g), X4 (t)) were coded as x; according to the
following relationship

Xi —Xo
%= Tox
where Xj is value of the X; at the centre point and §X presents
the step change. The variables and levels of the design model are
given in Table 1. The actual experimental design matrix is given in
Table 2. Mongomery [20] has given experimental design, the sta-
tistical terms and their definitions, and the statistical procedure in
detail.

(1)

2.4. Experimental procedure

Each experimental run was performed as per the conditions
specified in the design matrix (Table 2). The pH of the solutions
was measured and adjusted by adding 0.IN NaOH or 0.1N H,SO4
solutions. The electrode spacing was set appropriately as per design
condition, and 1.51 effluent of known initial COD (CODg) was fed

Table 1
Process parameters and their levels for EC treatment of bio-digester effluent using stainless-steel electrode.
Variable, unit Factors Level

X -2 -1 0 1 2
Initial pH, pHo bl 35 5 6.5 8 95
Current density, j (Am~2) X3 39.06 78.13 117.19 156.25 195.31
Inter-electrode distance, g (cm) X3 1 1 1.5 2 2
Time of electrolysis, t (min) X4 30 60 90 120 150
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Table 2
Full factorial design used for the EC treatment of bio-digester effluent.
Std. order pHo (X1) Jj(X2) g(X3) t(Xa) %COD reduction %Color reduction
Yexp (%) Yore (%) Yexp (%) Ypre (%)
1 5 78.125 1 60 27.39 31.02 87.1 87.22
2 8 78.125 1 60 21.24 16.31 82.25 75.91
3 5 156.25 1 60 45.27 45.85 94.2 94.68
4 8 156.25 1 60 42.4 38.84 94.53 88.92
5 5 78.125 2 60 48.33 44.74 95.8 90.67
6 8 78.125 2 60 26.69 27.94 83.29 78.66
7 5 156.25 2 60 63.96 57.31 89.8 93.41
8 8 156.25 2 60 43.51 48.22 92.13 86.94
g 5 78.125 1 120 54.92 49.84 95.5 99.53
10 8 78.125 1 120 36.27 43.29 91.6 89.14
11 5 156.25 1 120 58.24 57.36 99.1 104.88
12 8 156.25 1 120 55.29 58.51 96.05 100.03
13 5 78.125 2 120 47.38 51.31 94.9 101.66
14 8 78.125 2 120 43.61 42.66 92.2 90.57
15 5 156.25 2 120 52.01 56.57 97.1 102.288
16 8 156.25 2 120 58.9 55.64 95.7 96.73
17 3.5 117.1875 1.5 90 43.71 45.46 94.6 84.17
18 9.5 117.1875 1.5 90 31.56 29.81 56.88 67.31
19 6.5 39.0625 1.5 90 26.68 26.04 75.7 80.34
20 6.5 195.3125 1.5 90 53.2 53.84 98.6 93.96
21 6.5 117.1875 1.5 30 23.55 27.83 52 63.35
22 6.5 117.1875 1.5 150 58.35 54.07 96.8 85.45
23 6.5 117.1875 1.5 90 48.9 48.9 95.4 95.4

into the reactor at the beginning of a run. Power supply was
switched on at t=0. The j was maintained constant during the run.
Samples were drawn from supernatant liquid, and its final COD was
measured. The percentage COD removal was calculated using the
following relationship:

100(CODy — CODy)

COD, 2)

Percentage COD removal (Y) =
where CODy is the initial COD (mgl-1) and CODy is the COD after
time, t (min), of electrolysis time (mgl-1).

The color of the BDE samples before and after the EC
was measured by a UV-vis spectrophotometer (Model Lambda
35, PerkinElmer Instruments, Switzerland). A sample was first
centrifuged at 10,000 rpm for 15 min. The absorbance of the super-
natant was measured at an optimum wavelength of 475 nm [17].
The percentage of color removal was calculated from the difference
in absorbance values before and after treatment.

2.5. Physico-chemical analysis of electrodes and residues

To understand the morphology of the electrode before and
after the EC of BDE, and to study the distribution of the ele-
ments in the electrode and residues (scum and sludge), a
scanning electron microscope (SEM) QUANTA, Model 200 FEG,
USA was employed. Samples were first gold coated using Sput-
ter Coater, Edwards S150 to provide conductivity to the samples,
and then the SEMs and energy dispersive X-ray (EDX) spectra were
taken.

Thermo gravimetric analysis (TGA) of the residues was carried
out using PerkinElemer (Pyris Diamond) Thermogravimetric Anal-
yser. TGA scans were recorded from 25°C to 1000 °C using a scan
rate of 100°Cmin~! in the air atmosphere.

The heating value of scum and sludge was estimated using a
standard adiabatic bomb calorimeter equipped with a digital firing
unit (Toshniwal, Bombay).

Table 3

Adequacy of the models tested for COD removal.

Source Sum of squares Degree of freedom Mean square Fvalue Prob>F Remark
Sequential model sum of squares

Mean 56328.01 1 56328.01

Linear 2676.66 4 669.16 16.50 <0.0001 Suggested
2FI 338.90 6 56.48 1.616 0.2029

Quadratic 284.97 4 71.24 2.99 0.0588 Suggested
Cubic 308.32 7 44.046 485.88 <0.0001 Aliased
Residual 0.54 6 0.09

Total 59937.42 28 2140.62

Source Std. dev. Predicted R? Adjusted R? R? PRESS Remark
Model summary statistics

Linear 6.36 0.59 0.69 0.74 1469.27 Suggested
2FI 5.91 0.41 0.73 0.83 2128.41

Quadratic 4.87 0.36 0.82 0.91 2278.72 Suggested
Cubic 0.30 0.99 0.99 Aliased
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Table 4
Adequacy of the models tested for color removal.
Source Sum of squares Degree of freedom Mean square F value Prob>F Remark
Sequential model sum of squares
Mean 228300 1 228300
Linear 1438.43 4 359.61 3.99 0.01 Suggested
2F1 60.58 6 10.1 0.085 0.99
Quadratic 1188.55 4 297.14 4.68 0.01 Suggested
Cubic 820.31 7 117.19 132.63 <0.0001 Aliased
Residual 53 6 0.88
Total 231800 28 8278.46
Source Std. dev. Predicted R? Adjusted R? R? PRESS Remark
Model summary statistics
Linear 9.5 0.08 0.30 0.40 3222.12 Suggested
2FI 10.88 -0.39 0.08 0.42 4896.67
Quadratic 7.97 —0.949 0.51 0.76 6849.3 Suggested
Cubic 0.94 0.99 0.99 Aliased

3. Results and discussions

3.1. Fitting of second-order polynomial equation and statistical
analysis

Experiments were performed to study the effect of pHy, j, g, and
t on the COD and color removal efficiency of the EC process. The
results of the Y (response) of COD and color removal by EC were
measured according to design matrix and the measured responses
are listed in Table 2.

Linear, interactive, quadratic and cubic models were fitted to the
experimental data to obtain the regression equations. Two different
tests namely sequential model sum of squares and model summary
statistics were employed to decide about the adequacy of various
models to represent COD and color removal by EC. Results of these
tests are given in Tables 3 and 4, for COD and color removal, respec-
tively. Cubic model was found to be aliased. For quadratic and linear
models, p value was lower than 0.02, and both of these could be used
for further study as per sequential model sum of squares test. As per
model summary statistics, the quadratic model was found to have
maximum “Adjusted R-Squared” and “Predicted R-Squared” val-
ues excluding cubic model which was aliased. Therefore, quadratic
model was chosen for further analysis.

A system with several variables is affected primarily by some
of the main effects and lower order interactions, and higher order
interactions are usually small as compared to the lower order inter-
actions. Therefore, in the present work only two-way interactions
were considered. Regression method was used to fit the second-
order polynomial to the experimental data and to identify the
relevant model terms. The final equations obtained in terms of
coded factors for COD and color removal are given by Egs. (3) and
(4), respectively.

Y = 48.90 — 3.91X; + 6.95X; + 2.71X3 + 6.56X4 — 2.82X7
—2.24X3 +3.48X3 — 1.99X3 + 1.93X1X; — 0.52X1X3

+2.04X; X4 — 0.56X2X3 — 1.83X2X4 — 3.06X3X4 (3)
Y = 95.40 — 4.22X; + 3.41X5 + 0.037X3 + 5.53X4 — 4.91X?

~2.06X2 +9.41X2 — 5.25X% + 1.39X1 X5 — 0.18X1 X3

+0.23X1 X4 — 1.18X3X3 — 0.53X,X4 — 0.33X3Xy (4)

The statistical significance of the ratio of mean square variation
due to regression and mean square residual error was tested using
ANOVA [21]. The ANOVA for the second-order equation fitted for

Table 5

ANOVA of the second-order polynomial equation for COD removal.

Source Coefficient estimate Sum of squares Degree of Freedom Mean square Fvalue Prob>F Remark

Model 3300.54 14 235.75 9.92 <0.0001 Highly significant
Intercept 48.9

Xq —-3.91 367.31 1 367.31 15.46 0.0017 Significant

Xa 6.95 1159.12 1 1159.12 48.79 <0.0001 Highly significant
X3 2.71 117.56 1 117.56 4.95 0.0445 Low significant
X4 6.56 1032.68 1 1032.68 43.46 <0.0001 Highly significant
X]2 —2.82 190.35 1 190.35 8.01 0.0142 Low significant
X22 —2.24 120.42 1 120.42 5.07 0.0423 Low significant
st 3.48 72.74 1 72.74 3.06 0.1037

Xj -1.99 94.8 1 94.8 3.99 0.0671 Low significant
X1 x X3 1.93 59.41 1 59.41 2.5 0.1378

X1 xX3 —0.52 4.36 1 4.36 0.18 0.6755

X1 x X4 2.04 66.54 1 66.54 2.8 0.1181

Xy x X3 —-0.56 5.07 1 5.07 0.21 0.6516

Xo x X4 —1.83 534 1 53.4 2.25 0.1577

X3 x Xy —3.06 150.12 1 150.12 6.32 0.0259 Low significant
Residual 308.87 13 23.76

Lack of fit 308.87 8 38.61

Pure error 0 5 0

Cor total 3609.41 27




500 C. Thakur et al. / Chemical Engineering Journal 148 (2009) 496-505

Table 6

ANOVA of the second-order polynomial equation for color removal.

Source Coefficient estimate Sum of squares Degree of freedom Mean square F value Prob>F Remark
Model 2687.55 14 191.96 3.02 0.02 Significant
Intercept 95.4

X —-4.21 426.62 1 426.62 6.71 0.02

Xa 3.40 278.55 1 278.5 4.38 0.05

X3 0.03 0.0216 1 0.0216 0.00 0.98

X4 5.52 733.15 1 733.15 11.54 0.00 Significant
X2 —4.91 579.77 1 579.77 9.12 0.01 Significant
X2 -2.06 102.09 1 102.09 1.60 0.22

X32 9.40 530.79 1 530.79 8.35 0.01 Significant
Xﬁ -5.25 661.5 1 661.5 10.41 0.00 Significant
X1 x Xo 1.38 30.71 1 30.719 0.48 0.49

X1 x X3 -0.17 0.49 1 0.49 0.00 0.93

X1 x Xa 0.22 0.83 1 0.83 0.01 0.91

X3 x X3 -1.18 22.30 1 22.30 0.35 0.56

Xy x X4 -0.52 4.48 1 4.48 0.07 0.79

X3 x Xa -0.33 1.74 1 1.749 0.02 0.87

Residual 825.61 13 63.50

Lack of fit 825.61 8 103.20

Pure error 0 5 0

Cor total 3513.17 27

COD and color removal is presented in Tables 5 and 6, respectively.
The ANOVA result for the COD and color removal by EC with SS elec-
trodes system show Fvalue 0f9.92 and 3.023, respectively. The large
value of Findicates that most of the variation in the response can be
explained by the regression equation. The associated p value is used
to estimate whether Fis large enough to indicate statistical signifi-
cance. Any factor or interaction of factors with p <0.05 is considered
to be significant. The probability p (~0.0001) is less than 0.05. This
indicates that the model terms are significant at 95% of probability
level and that the model is statistically significant [22]. The ANOVA
indicated that the equation adequately represented the relation-
ship between the response (the percentage COD and color removal)
and the significant variables. The model gave coefficient of deter-
mination (R?) value of 0.9144 and 0.765; and adjusted-R? value of
0.82 and 0.5119 for COD and color removal, respectively. Values are
high and advocate a high correlation between the observed and
the predicted values. “Adeq Precision” measures the signal to noise
ratio. Aratio greater than 4 is desirable. For the present study, signal
to noise ratio was found to be 11.83, which indicates adequate sig-
nal. Therefore, quadratic model can be used to navigate the design
space. The ANOVA results show that j, t and pHg are the signifi-
cant factors that affect the COD removal by EC. The constant, which
does not depend on any factors and interaction of factors, shows
that the average COD and color removal of BDE by EC process using
SS electrodes is 48.9% and 95.4%, respectively, and that this aver-
age removal is independent of the factors set in the experiment.
The ANOVA analysis shows that the form of the model chosen to
explain the relationship between the factors and the response is
correct [23].

Table 2 shows the relationship between the actual and predicted
values of Y. It can be inferred that the residuals for the prediction
of each response are minimum, lending support that the results of
ANOVA analysis are correct.

3.2. Effect of various parameters on maximum COD removal
efficiency

The inferences obtained from the response surfaces to estimate
maximum COD and color removal with respect to each variable,
and effect of each variable on COD and color removal efficiency are
discussed below.

To study the effect of j and pHg on COD and color removal, exper-
iments were carried out by varyingj from 39.06 to 195.31 Am~2 and

under different pHp from 3.5 t0 9.5. The results are plotted in Fig. 2A.
The COD and color removal efficiency was found to increase with
an increase in j values at any value of pHg. According to Faraday’s
law given below, the theoretical amount of ion produced per unit
surface area (m) is directly proportional to the j passed for time t.

Mijt
m= 7§ ®)
where Z is the number of electrons involved in the

oxidation-reduction reaction; for Fe, Z=2. M is the atomic
weight of anode material, for SS, M=55.85gmol~!; and F is the
Faraday’s constant (96,486 Cmol~!) [1,7]. COD and color removal
by EC is governed by the formation of metal-hydrous ferric oxide
complexes. It can be inferred from Fig. 2A that higher COD and color
removal efficiency is achieved at higher j value. This is due to the
higher dissolution of electrode material with higher rate of forma-
tion of iron hydroxides resulting in higher COD and color removal
efficiency due to co-precipitation [24]. Also, increased amount of
sludge produced from the electrodes at higher j value enhances
the COD and color removal efficiency via sweep coagulation [25].

pH of the solution is of vital importance in the performance EC
process. Various reactions take place in the EC reactor with SS as
electrode material. At SS anode, in situ generation of coagulants
takes place by dissolving iron ions from SS electrodes [11]:

Fe — Fe?t t2e (6)

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

Fe + 2H' — Fe?* +H, (7)

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

Fe?t + 10, + 1H,0 — Fe3* + OH™ (8)

Other reactions taking place in the vicinity of the anode are:
At cathode, H, production occurs via following removal reac-
tion:

2H,0 + 2e~ — Hy +20H- (9)

Typically, at the cathode the solution becomes alkaline with
time. The applied current forces OH™ ion migration to the anode, so
that the pH near the anode is higher than that in the bulk solution,
thus, favoring ferric hydroxide formation.
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Fig.2. Three-dimensional response surface graphs for COD and color removal versus
current density and pH for the EC treatment of bio-digester effluent. (A) COD removal
and (B) color removal.

In an attempt to investigate the influence of pHg on the EC pro-
cess, pHg of the effluent was varied in the range of 3.5-9.5. The
results illustrated in Fig. 2 demonstrate the COD and color removal
efficiency at different pHp. The results reveal that at pHyp-6.75,
the COD and color removal efficiency was maximum. For pHg <6,
the protons in the solution get reduced to H;, and thus, the pro-
portion of hydroxide ion produced is less and consequently there
is less COD and color removal efficiency [26]. Precipitation and
adsorption are the two major interaction mechanisms which are
applicable at different pH ranges. At low pH values, metal species
like Fe2* generated at the anode bind to the anionic colloidal parti-
cles present in the BDE, thus, neutralizing their charge and reducing
their solubility. This process of removal is termed precipitation.
The adsorption mechanism operates at higher pH range (>6) and
involves adsorption of organic substances on amorphous metal
hydroxide precipitates [27].

The COD and color removal efficiency depends directly on the
concentration of ions produced by the electrodes which in-turn
depends upon t. The effect of g and t on COD and color removal by

EC under varying g (from 1 to 2cm) and t (from 30 to 150 min) is
plotted in Fig. 3. When the value of t increases, an increase occurs in
concentration of iron ions and their hydroxide flocs. Consequently,
an increase in the t increases the COD and color removal efficiency
(Fig. 3).

The electrical conductivity is directly proportional to the dis-
tance between the two electrodes. As the distance (g) between
the anode and the cathode increases, resistance (R) offered by the
cell increases. From Faraday’s law, the amount of iron oxidized
decreases as g increases, and thus, the COD and color removal
efficiency generally decreases. Fig. 3 shows the effect of g on the
COD and color removal efficiency during EC process. It can be seen
that the COD and color removal efficiency generally remained con-
stant with an increase in g. It seems that other factors namely
Jj» pPHo and t have over-riding effect on COD and color removal
efficiency as compared to g. Therefore, the effect of g on COD
and color removal efficiency gets marginalized in the present
study.
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Fig. 3. Three-dimensional response surface graph for COD and color removal versus
electrode gap and time for the EC treatment of bio-digester effluent. (A) COD removal
and (B) color removal.
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3.3. Selection of optimal levels and estimation of optimum
response characteristics

Optimal level of various parameters obtained after examining
the response curves and contour plots (not shown here) were pHyp
6.75,j=146.75Am™2, g=1cm and t =130 min. Maximum COD and
color removal of 61.6 and 99.17%, respectively, was predicted at
this optimal condition. Three confirmation experiments were con-
ducted at predicted optimal levels of the process parameters, and
63.1% average COD removal and 98.4% average color removal was
observed. The removal percentages obtained through confirmation

experiments were within 95% confidence interval of the predicted
value.

In comparison, EC with aluminum electrodes gave maximum
COD and color removal efficiency of 52.23% and 97.82%, respec-
tively, at j =120 A/m?, pHo=6.0, g=1cm, and t=150 min [28].

3.4. Physico-chemical analysis of electrodes and residues
SEM images of fresh SS electrodes; and used electrode before

and after cleaning are shown in Fig. 4. The surface of the origi-
nal SS plate surface prior to its use in EC experiments is rough,

Scum (100x)

Sludge (100x)

Fig. 4. SEM images of stainless steel electrode prior to its use, un-cleaned and cleaned electrodes after its use in EC experiments; scum and sludge.
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and this roughness is uniformly distributed throughout the sur-
face with no dents on the surface. Fig. 4 also shows the SEM of
the same electrode after several cycles of its use in EC experi-
ments. The SEM of one such electrode before its cleaning in one
such EC cycle is also shown at different magnifications. The elec-
trode surface is now found to contain a number of dents having
sizes in the range of 50-500 um. These dents are formed around
the nucleus of the active sites where the electrode dissolution
took place producing iron hydroxide. Amorphous organics are seen
adhered to the surface of the uncleaned electrode [2]. The cleaned
electrode shows same types of dents with some micro-flocs and
sludge particles entrapped in it. Fig. 4 also shows SEM images of
dried scum and sludge obtained during the EC process. Both scum
and sludge are crystalline in nature with 50-200 nm size. The aver-
age size of crystalline sludge particles is bigger than that of the scum
particles.

The sludge generated during the EC process poses disposal
and management problem. EC sludge can be dried and thermally
degraded. The bottom ash obtained after its combustion can be
blended with the cementitious materials. To study the degradation
kinetics of scum and sludge, TGA was carried out. The operating
pressure was kept slightly positive, the air flow rate was main-
tained at 200mImin~! and the heating rate was maintained at

100°C min~!. The TGA, differential thermal analysis (DTA) and dif-
ferential thermal gravimetery (DTG) curves of the EC scum and
sludge in oxidizing atmosphere are shown in Fig. 5a and b, respec-
tively. The TGA trace of the scum (Fig. 5a) in oxidizing atmosphere
shows the loss of moisture and the evolution of some light weight
molecules including water (2.4% weight loss) from 25 °C to 100°C.
Higher temperature drying (from 100°C to 250°C) occurs due to
loss of the surface bound water. The rate of weight loss was found
to increase between ~250°C and ~700 °C (~38% weight loss). This
weight loss is generally associated with the evolution of CO, and
CO. In the last temperature range between ~700°C and 1000°C,
residues oxidize and lose their weight gradually; and there is ~4.5%
weight loss. Maximum degradation rate of 2.84mgmin-! was
observed at 300 °C. The strong exothermic peak centered between
250°C and 700°C is due to the oxidative degradation of the sam-
ple. This broad peak as that observed from the first derivative loss
curve may be due to the combustion of carbon species. Thermal
degradation characteristics of sludge (Fig. 5b) show removal of
moisture (about 2.5%) up to temperature of 100 °C followed by an
active degradation zone between 100°C and 400 °C. Total degra-
dation during this zone is about 27%. Beyond 400 °C, the residues
oxidize and lose their weight gradually; and there is ~6% weight
loss. Residue left at 1000 °C is the weight of the ash. It is 63.4% of
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Fig. 5. Thermogravimetric analysis of (a) scum and (b) sludge under air atmosphere.
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Table 7
EDX properties of scum and sludge.
Element Weight%

Scum Sludge
Fe 12.28 24.52
C 29.35 15.26
(6] 25.03 24.01
Rb 00.49 00.73
Nb 03.90 04.46
Mo 04.27 02.51
Pd 00.71 00.35
Ca 00.34 00.33
Pr 00.63 01.09
Cr 07.13 06.97
Mn 00.38 00.74
Gd 01.23 01.74
Ni 02.02 03.49

the total sludge. Thus, the amount of ash in sludge is higher than
that of scum which showed 41.4% ash. Therefore, it is expected that
the amount of organics is low in sludge as compared to thatin scum.
Hence, the calorific value of sludge is expected to be lower than that
of scum.

EDX was conducted to study the distribution of the elements
in scum and sludge (Table 7). Scum and sludge obtained after EC
experiments were found to contain 12.28% and 24.52% iron; 29.35%
and 15.26% carbon; 25.03% and 24.01% oxygen, respectively. Thus,
scum contains lesser amount of iron and higher amount of carbon
and oxygen as compared to sludge. This was as expected from the
TGA analysis.

Heating value of scum and sludge as determined from bomb
calorimeter were found to be 7.8 and 3.3M]kg~!, respectively.
Higher heating value of scum is due to the higher percentage of
carbon content present in the scum.

Scum and sludge can be utilized for making blended fuel bri-
quettes with other organic fuels. This could be used as a fuel in
the furnaces. The bottom ash obtained after its combustion can be
blended with the cementitious materials which is to be further used
in construction purposes. Setting and leaching tests on the cementi-
tious materials have shown that the bottom ash can be incorporated
into the cementitious materials to a great extent (75 wt.% of total
solid) without the risks of an unacceptable delay of cement setting
and an excessive heavy metals leachability from solidified prod-
ucts [29,30]. This method of EC residue disposal recovers energy
from the residues as well it chemically fixes the iron and other toxic
metals present in EC sludge.

4. Conclusion

The present study demonstrates that EC can be employed as
a method for COD and color removal of BDE. A CC design was
successfully employed for experimental design, analysis of results
and optimization of the operating conditions for maximizing the
COD and color removal. The results reveal that the COD and color
removal efficiency was maximum at pHg~6.75. For pH<6, the
primary mechanism for COD and color removal is the charge neu-
tralization by monomeric cationic iron species, while for higher
pH, sweep coagulation with amorphous iron hydroxide explains
the results. COD and color removal were found to increase with
an increase in current density (j) and time (t). Analysis of variance
showed a high coefficient of determination value (R% =0.9144) for
COD and (R?=0.764) for color, thus, ensuring a satisfactory fit of
the second-order regression model with that of the experimental
data. Maximum COD and color removal efficiency of 63.1 and 98.4%,
respectively, were observed at optimum pHy, j, gand t values of 6.75,
146.75Am2, 1 cm and 130 min, respectively. SEM analysis of the

used electrode surface showed the presence of a number of dents
with width in the range of 50-500 wm. Scum obtained after the
EC process was found to have greater heating value as compared
to sludge. This was due to the higher percentage of carbon content
present in the scum which was confirmed by EDX analysis. Residues
of the EC process (scum and sludge) can be utilized for making
blended fuel briquettes with other organic fuels, which can be fur-
ther used as a fuel in the furnaces. The bottom ash obtained after
its combustion can be blended with the cementitious materials.
This mixture can be used in construction purposes, thus, recover-
ing energy from the residues as well as chemically fixing the iron
and other toxic metals present in the EC sludge.
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