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ABSTRACT

Hexavalent chromium [Cr(VI)] is one of the toxic heavy metals and total suspended solids both pres-
ent in different industrial effluents. The key objective is to adopt best and design suitable methods
either to reduce or to prevent heavy metals from wastewater. This present study concerns with EC
(electrocoagulation) technique which was a robust technique used to treat polluted tannery effluent
without using any chemicals and easy to operate and generate less by-products after wastewater
treatment. In electro coagulation electric current is applied to both electrodes (anodes and cathodes)
whereby sacrificial anodes corrode to create free ions for coagulations in the solution. This study
also optimize process variables like current density, operating time and initial pH for electro coag-
ulation for removal of Cr(VI) and total suspended solids (TSS). The response surface methodology
(RSM) with central composite design (CCD) used in the development of modelling and statistical
analysis of tannery wastewater by EC where RSM is a best mathematical and statistical tool for opti-
mizing the solutions and identify the best solution and artificial neural network which is a robust
technique of optimization, validate the RSM prediction. A CCD was executed for suitable and ade-
quate measurement and predicted two factor interaction model were design for %Cr(VI) removal
efficiency for both aluminium and iron electrode. The most significant model for %TSS removal effi-
ciency for aluminium and iron electrode, respectively, was quadratic and linear. These models gave
coefficient of determination R-squared value, adjusted R-squared value and predicted R-squared
values for Cr(VI) and TSS for both Al and Fe electrode, respectively. The optimum condition for
predicted maximum Cr(VI) removal was found to be 53.93% and 57.72% for Al and Fe electrodes,

respectively, similarly 89% and 86% for %TSS removal.
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1. Introduction

Industrial waste are usually generated from differ-
ent industrial processes, the amount and toxicity of waste
released from industrial varies with the industrial processes,
among all the industrial wastes tannery effluents are high-
est pollutant [1]. Other industries like electroplating, dairy,
textile, oil and oil in water emulsion etc. also generate toxic
wastewater [2]. Electroplating industry, leather tanning
and textile mill generate a high concentration of chromium
(Cr(VI)) in its effluents 140, 10-15 and 5-20 mg/L of Cr(VI),
respectively [3,4]. Various treatment are used for tannery
effluent like physico-chemical methods, sedimentation,
electroflotation, coagulation, filtration, adsorption, reverse
osmosis, chemical precipitation etc. [5-7]. Cr(VI) is naturally
soluble in aqueous solution [8]. Approximately, 90% of tan-
neries in the world use Cr salt as tanning material and at
least 60% of the Cr is used up in tanning process rest remain
in the tanning effluent [9].

The electrocoagulation (EC) technology is highly accept-
able for wastewater treatment, due to the need for simple
and easy operation, good settling ability of the sludge, lower
sludge production, bigger flocks and reducing the secondary
pollution without using chemicals and also being safe and
environmentally friendly [10,11]. EC is a treatment process
of applying electrical current to treat contaminated waste-
water and capable of removing small particles with direct
current applied, setting them into motion [12,13].

2. Experimental setup and working process
2.1. Apparatus required

The electrocoagulation unit was used 2-L glass reactor
for treatment of 1.5 L of tannery effluent. The reactor hav-
ing an area of 4 cm? x 6 cm? and height of 12 cm, contains
six Al or Fe electrodes with magnetic stirrer. Al and Fe elec-
trodes were having thickness of 5 mm, length and width of
5 and 10 cm, respectively. The whole process was connected
by D.C. power supply through connecting wire. Tannery
effluent which was collected from tanneries treated by EC
reactor at maintain initial pH (3, 6.5, and 10), current den-
sity (15, 30, and 45 mA/cm?) and operating time (30, 60,
and 120 min) [14]. U.V. double beam spectrophotometer,
pH-meter and L.R.-30 were used for measuring Cr(VI), pH of
solution and total suspended solids of samples [15].

2.2. Experiment processes and analytical approach

For experiment, tannery effluent was collected and seg-
regated it into nine other sample for experiment for both Al
and Fe electrodes and maintained initial pH at 3, 6.5 and 10
as required for experiment [16,17]. In these samples, took
one sample and maintain initial pH-3 (more acidic) by using
acids and treated it for 120 min at 15 mA/cm? current den-
sity [18,19]. In that treated sample picked out the treated
samples at 30, 60 and 120 min for checking Cr(VI) and total
suspended solids (TSS) concentration in treated sample.
Similarly took other samples and maintained parameters
(initial pH, current density, operating time) like (3, 15, 120),
(3, 30, 120), (3, 45, 120), (6.5, 15, 120), (6.5, 30, 120), (6.5, 45,
120), (10, 15, 120), (10, 30, 120), (10, 45, 120) and picked treated
sample at 30 and 60 min also for both electrodes (Table 1).

The calculation of %Cr(VI) removal efficiency and
%TSS removal efficiency after electrocoagulation process
were performed using the following formula [20,21].

{(CO_C)}
%Cp =| ~——==|x100 1)
C‘0

where C,-contaminant removal, C and C are concentration
of wastewater before and after electrocoagulation.

3. Methodology

Response surface methodology is a collection of math-
ematical and statistical techniques useful for the model-
ling and analysis of problems in which a response of inter-
est is influenced by several variables and the objective is
to optimize this response [20,22,23].

A central composite design (CCD) is very effective
design tool for fitting second-order model was pointed out
in this study. The number of tests required for CCD include:
2¢ factorial points, 2k axial points fixed at a distance and n,
central points where k is the number of factors [20] then
total number of design points in a CCD is N = 2"+ 2k + 1.

The value of alpha (the axial points, &) and 7, are cho-
sen so that the CCD can acquire certain desirable prop-
erties causes the CCD to be rotatable. A CCD for 3 factors
(operating time, current density, pH) have 8 design points
(2¢ = 8), 6 axial points (2k = 6), and 6 central points and
total 8 + 6 + 6 = 20 runs, with alpha to be 1.

The data obtained from the experiment was analyzed
using Design-Expert trial version software (Stat-Ease Inc.,
Minneapolis) for three analytical steps: various model test,
analysis of variance (ANOVA) and the response surface
plotting were performed to establish an optimal condition
[24,25]. The optimum operating time and current density,
two dependent factors were analysed as response; Cr(VI)
and TSS removal. A regression model was employed for
predicting the optimum conditions. The response can be
expressed as polynomial model [20,22,26].

Y=+ iBiXi + Zn: Zn: B XX, + iﬁiin 2)

i=1 j=i+1

where Y is the predicted response; n is the number of
independent factor, X, the controlling factors, (3, constant
coefficient.

Response surface plots were developed from model
equation. These response surface plots are helpful in locat-
ing the optimized condition [3,13]. In numerical optimi-
zation each parameter is set at a desired goal (maximum,

Table 1
Input variable factors and initial ranges

Factor Variables Range of initial variables
A pH 3 6.5 10

B Current density (mA/cm?) 15 30 45

C Treatment time (min) 30 60 120
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minimum, target, within range and none) along with upper
and lower limits for each variable (Fig. 1).

3.1. Artificial neural network modeling

Artificial neural network (ANN) is a parallel comput-
ing model, which can map almost any function of practi-
cal use [3]. In it normalized CCD data (with range -1 to +1)
were used to train the ANN model in visual gene developer
1.7 neural network tool platform. In this case six neurons
were chosen for the hidden layer. The sigmoidal, hyperbolic
and Gaussian transfer functions were used for input to hid-
den layer mapping and predicted, which transfer function
gave best R*-value for data and compared with models,
which was selected through response surface methodology
(RSM) technique. The Bayesian regulation based function
“TRAINBR’ was applied in the feed-forward back propaga-
tion framework to train the network in working platform
[27]. The ANN model used to validate the optimum RSM
predictions.

4. Results and discussion
4.1. Statistical result and analysis

The three factor variable and two response for both
aluminium and iron electrode for electrocoagulation was
analyzed using RSM, respectively. The CCD Tables 2 and
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Fig. 1. Schematic representation of methodology.

3 developed the mathematical equations where ANOVA
and ANN predicted response was analysed as a function of
current density, pH and operating time.

4.2. Model selection and validation

Predicted responses were formed to develop mod-
els using RSM [3,20]. The responses were correlated with
three factors variable (pH, current density, operating
time) according to three factor variable RSM predicted
four model (linear, two factor interaction, quadratic and
cubic). To determine a most significant model following
parameters must follow:

¢ The model F-value must be high.

® The value of Prob. > F must less then 0.05 indicate terms
are significant [28].

* The predicted R*value is close to the Adj.-R* value or
difference not more than 20% [20].

* Adeq. precision measures the signal to noise ratio.
A ratio greater than 4 is desirable [3].

4.2.1. Model selection for %Cr(VI) removal efficiency
for Al and Fe electrode

To develop a response surface regression model for
%Cr(VI) for Al electrode a two factor interaction model
was most significant and polynomial model as shown in
Eq. (3) and Table 4.

% Cr(VI) removal efficiency =+39.39 —0.633 x pH
+0.133 x current density + 0.075 x Operating time
—0.013 x pH x current density —9.95 x pH x time
+1.44 x current density x time €))

To develop a response surface regression model for
%Cr(VI) for Fe electrode a two factor interaction model was
most significant and polynomial model as shown in Eq. (4)
and Table 5.

% Cr(VI) removal efficiency = +46.14 —2.33 x pH
+0.231x current density + 0.066 x Operating time
—0.019 x pH x current density —7.613 x pH x time
+1.042 x current density x time 4)

4.2.2. Validation of model for %Cr(VI) removal efficiency

The response surface model was selected for higher
R?-value like 0.9621 and 0.99 for Al and Fe electrode, respec-
tively. However R? , value likely close to the R*-value
insure a satisfactory result. For validation of model graph-
ical method were used and characterize the residue of the
models. A residual is a difference between experimental
value and its predicted value [20,26]. If the model is valid,
the residue should be structure less, it should be unrelated
to any other variable like predicted response. The graph-
ical representation of residue vs predicted response for
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CCD with experimental and predicted responses for Cr(VI) removal efficiency

S. No. Actual value %Cr(VI) removal efficiency for Al %Cr(VI) removal efficiency for Fe
pH Current density Operating Exp. ANOVA ANN Exp. ANOVA ANN
(mA/cm?) time (min) pred. pred. pred. pred.

1 3 15 30 40.25 39.90 40.39 45.01 43.49 44.15
2 3 45 120 54.63 53.93 52.08 59.01 57.72 56.11
3 6.5 30 60 40.30 38.88 38.55 36.32 36.93 36.50
4 6.5 30 60 38.50 38.88 38.55 35.72 36.93 36.50
5 10 15 30 31.45 31.96 30.96 22.65 23.45 23.08
6 10 15 120 33.01 31.73 32.80 25.03 23.97 24.32
7 6.5 30 60 39.30 38.88 38.55 37.31 36.93 36.40
8 6.5 30 60 40.01 38.88 38.55 36.65 36.93 36.40
9 3 30 60 46.47 44.61 45.05 48.72 48.78 49.28
10 6.5 30 60 39.40 38.88 38.55 37.02 36.93 36.40
11 10 45 30 33.65 33.19 34.16 27.23 25.41 27.10
12 3 15 120 45.42 45.95 46.54 47.65 48.80 50.31
13 6.5 30 30 36.40 37.26 37.11 35.43 35.49 36.16
14 10 45 120 36.40 36.87 37.34 27.74 28.75 29.33
15 6.5 30 60 38.50 38.88 38.55 36.96 36.93 36.40
16 6.5 45 60 41.03 40.86 40.44 40.67 39.41 38.96
17 6.5 30 120 40.03 42.12 41.90 40.67 39.81 39.67
18 6.5 15 60 35.50 36.90 36.22 34.14 34.44 33.71
19 10 30 60 33.12 33.15 33.35 25.23 25.07 25.22
20 3 45 30 42.32 43.98 45.90 49.24 49.60 50.76

Table 3

CCD with experimental and predicted responses for TSS removal efficiency

S. No. Actual value %TSS removal efficiency for Al %TSS removal efficiency for Fe
pH Current density Operating Exp. ANOVA ANN Exp. ANOVA ANN

(mA/cm?) time (min) pred. pred. pred. pred.

1 10 15 120 76.3 77.84 79.08 76.8 76.50 79.14
2 6.5 30 60 86.2 84.59 85.39 87.3 86.85 81.68
3 3 15 120 94.6 94.98 92.50 76.4 75.75 80.56
4 6.5 30 60 85.2 84.59 85.39 88.3 86.85 81.68
5 10 45 30 75.4 75.65 75.12 78.9 79.19 83.64
6 6.5 30 60 84.2 84.59 85.39 87.5 86.85 81.68
7 10 15 30 72.3 73.51 73.15 74.2 73.64 78.48
8 6.5 30 120 89.4 87.48 88.92 87.5 88.91 82.02
9 6.5 15 60 82.8 83.52 84.19 81.5 83.23 79.57
10 3 30 60 93.5 93.16 90.31 752 76.17 82.19
11 10 45 120 772 79.98 80.95 80.3 79.90 83.90
12 6.5 30 60 85.6 84.59 85.39 86.4 86.85 81.68
13 6.5 45 60 914 85.66 86.36 89 89.21 84.44
14 3 15 30 90.3 90.65 88.31 70.1 69.89 80.00
15 10 30 60 74.5 76.02 75.90 76.8 77.77 80.83
16 6.5 30 30 85.3 83.15 84.32 85.1 85.63 81.57
17 6.5 30 60 86.4 84.59 85.39 88.3 86.85 81.68
18 6.5 30 60 85.5 84.59 85.39 87.2 86.85 81.68
19 3 45 30 86.2 92.79 90.29 77.8 77.74 84.83
20 3 45 120 96.8 97.12 93.54 81.5 81.45 85.00
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Model selection for Al electrode

97

Model R?-value Adj.-R*value Pred.-R?>value Adeq. precision F-value Prob.>F Model condition
Linear 0.9033 0.8852 0.7945 26.707 49.81 <0.0001 Significant
Two factor interaction  0.9621 0.9446 0.8104 29.828 55.01 <0.0001 Most significant
Quadratic 0.9738 0.9503 0.7063 26.334 41.33 <0.0001 More significant
Cubic 0.9925 0.9763 -3.1438 33.773 61.25 <0.0001 Aliased
Table 5
Model selection for Fe electrode
Model R?-value Adj-R*value Pred.-R*value Adeq. precision F-value Prob.>F Model condition
Linear 0.9752 0.9705 0.9420 47.62 209.47 <0.0001 Significant
Two factor interaction  0.9900 0.9854 0.8982 51.58 215.03 <0.0001 Most significant
Quadratic 0.9919 0.9845 0.8429 41.62 135.30 <0.0001 More significant
Cubic 0.9990 0.9967 0.9232 81.39 442.82 <0.0001 Aliased
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Fig. 2. Normal % probability vs. residual of %Cr(VI) removal
for 2F interaction model for Al electrode.

Al and Fe electrode were shown in Figs. 3 and 5 which
was not in a particular structure and normal % probabil-
ity plot also show the normal distribution of residues for
responses in Figs. 2 and 4.

4.2.3. Model selection for %TSS removal efficiency for
Al and Fe electrodes

To develop a response surface regression model for %TSS
for Al electrode a linear model was most significant and
polynomial model as shown in Eq. (5) and Table 6.

% TSS removal by Al electrode = +95.48 —2.45x pH
+0.07 x current density + 0.048 x Operating time (5)

To develop a response surface regression model for %TSS
for Fe electrode a quadratic model was most significant
and polynomial model as shown in Eq. (6) and Table 7.

% TSS removal by Fe electrode =+34.77 -11.32x pH
+0.49 x current density +0.102 x time
—0.0109 x pH x current density —4.76 x pH x time
—7.97 x current density x time —0.80 x pH*
—2.808 x current density” —7.138 x time” (6)

4.2.4. Validation of model for %TSS removal efficiency

The response surface model was selected for higher
R?-value like 0.88 and 0.97 for Al and Fe electrode, respec-
tively (Figs. 6-9).
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Fig. 4. Normal % probability vs. residual graph for %Cr(VI)
removal for 2F interaction model for Fe electrode.

4.3. Analysis of variance for %Cr(VI) and %TSS removal
for Al and Fe electrodes

The p-value was used as a tool to check the significant
factors. The factors, which show the major effect for %Cr(VI)
removal by Al and Fe electrodes were the linear effect of
pH, current density and operating time, Having p-value of
<0.0001 significant for each factor as shown in Table 8 and
others interaction terms pH x operating time and current
density x operating time are significant with p-value 0.0035
and 0.0449, respectively for Al electrode and significant
interaction terms for Fe electrode is pH x current density
and pH x operating time with p value 0.0215 and 0.0092,
respectively. The lack of fit F-test predicts the variation in
the data around the fitted model. If the model does not fit
the data means, the lack of fit will be significant. Here for
%Cr(VI) removal by Al and Fe electrode the p-value for
the lack of fit equals 0.0721 and 0.0367, respectively, shows

Table 6
Model selection for Al electrode

I I I I I
20 Kl 40 50 60

Fig. 5. Residual vs. actual value graph of %Cr(VI) removal for
2F interaction model for Fe electrode.

that for Al electrode lack of fit was insignificant. It implies
that the significant model correlation between the factor
variables and process response.

%TSS removal by Al and Fe electrode show in
Table 9 in which the p-value for the lack of fit equals 0.0037
and 0.0727, respectively, shows that for Fe electrode lack of
fit was insignificant.

4.4. Optimization analysis of responses

Table 10 shows the optimal parameters suggested by
RSM. These optimized values was obtained at pH = 3, cur-
rent density = 45 mA/cm? and operating time 120 min which
produced overall desirability (D) 0.970 and 0.965 for Al and
Fe electrode, respectively, for giving 53.930% by Al and
57.724% by Fe electrode. Table 11 show the optimal condi-
tion for %TSS removal efficiency.

Model R’-value Adj-R?>value DPred.-R*value Adeq. precision F-value Prob.>F Model condition
Linear 0.8807 0.8583 0.7857 20.34 39.36 <0.0001 Most significant
Two factor interaction  0.8957 0.8476 0.3774 14.94 18.61 <0.0001 significant
Quadratic 0.9444 0.8943 0.4659 15.40 18.86 <0.0001 More significant
Cubic 0.9892 0.9659 -1.19686 22.87 42.41 <0.0001 Aliased

Table 7

Model selection for Fe electrode

Model R?-value Adj.-R*value Pred.-R?*value Adeq. precision F-value Prob.>F Model condition
Linear 0.1396 -0.0217 -0.4026 3.113 0.87 0.4792 Not significant
Two factor interaction ~ 0.1547 -0.2354 -3.4621 2.502 0.40 0.8683 Not significant
Quadratic 0.9789 0.9599 0.8996 23.56 51.50 <0.0001 Significant
Cubic 0.9838 0.9486 -20.3653 18.31 28.00 <0.0001 Aliased
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These optimized value was obtain at pH = 3, current
density = 45 mA/cm? and operating time = 120 min, which
gives overall desirability (D) = 0.991 for Al electrode and
for pH = 6.964, current density = 32.096 mA/cm?, operat-
ing time 119.922 min gave desirability (D) = 1.000 for Fe
electrode.

5. Summary and conclusions

Electrocoagulation is a best technique for tannery waste-
water treatment or removal of heavy metals from contam-
inated water and produced less sludge, no chemical used
in the processes. A central composite design (CCD) was
executed for suitable and adequate measurement and pre-
dicted two factor interaction model was most significant for
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%Cr(VI) removal efficiency for both aluminium and iron
electrode and for %TSS removal efficiency, quadratic model
was found suitable for Fe electrode and linear model for Al
electrode. These models gave coefficient of determination
R-squared value, adjusted R-squared value and predicted
R-squared values (0.9621, 0.9446, 0.8104), (0.9900, 0.8583,
0.8982), (0.8857, 0.8583, 0.7857), (0.9789, 0.9599, 0.8996) for
%Cr(VI) removal efficiency for Al and Fe electrodes and
%TSS removal efficiency for Al and Fe electrodes, respec-
tively, and F-value was 55.01, 215.03, 39.36 and 51.50, which
was high enough. In multiple optimization for %Cr(VI)
removal efficiency was found 53.930% and 57.724% for Al
and Fe electrode, respectively, and for %TSS removal effi-
ciency was found 96.586% and 89.004%, respectively.

Finally, this study concluded that Al electrode was best
fitted for Cr(VI) removal efficiency over to Fe electrode in
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Table 8

ANOVA prediction of 2FI model for %Cr(VI) removal for Al
and Fe electrode

Table 9
ANOVA prediction of linear and quadratic model for %TSS
removal for Al and Fe electrode, respectively

Source %Cr(VI) removal %Cr(VI) removal Source %TSS removal %TSS removal
efficiency for Al efficiency for Fe efficiency for Al efficiency for Fe
F-value Prob.>F  F-value Prob.>F F-value Prob.>F F-value Prob.>F
Model (2FI) 55.01 <0.0001* 215.03  <0.0001* Model 39.36 <0.0001*  51.50 <0.0001*
A-pH 24558  <0.0001* 1,184.10 <0.0001* A-pH 109.01  <0.0001* 2.24 0.1657
B-current density  33.40 <0.0001* 58.41 <0.0001* B-current density 1.70 0.2108  58.55 <0.0001*
C-operating time  39.42 <0.0001* 39.05 <0.0001* C-operating time  7.36 0.0153*  19.99 0.0012*
AB 2.56 0.1338 6.83 0.0215* AB 1.97 0.1911
AC 12.70 0.0035* 9.32 0.0092* AC 3.42 0.0942
BC 492 0.0449* 3.21 0.0965 BC 1.76 0.2141
Residual A? 199.62  <0.0001*
Lack of fit 3.99 0.0721(NS) 5.62 0.0367* B 0.82 0.3876
*significant at p < 0.05; NS = Not significant c 0.033 008600
Residual
Lack of fit 15.41 0.0037* 4.13 0.0727 (NS)

*significant at p < 0.05; NS = Not significant

Table 10
Multiple response optimization with RSM and ANN prediction for %Cr(VI)

S. No. Parameters Goal Upper limit Lower limit
1 pH In range 10 3
2 Current density In range 45 15
3 Operating time In range 120 30
4 %Cr(VI) removal by Al Maximize 54.63 31.45
5 %Cr(VI) removal by Fe Maximize 59.01 22.65
Validation experiment pH Current density Operating %Cr(VI) removal %Cr(VI) removal
(mA/cm?) time (min) efficiency by Al efficiency by Fe
Validation at 3 45 120 53.930 57.724
optimize condition
ANN prediction 3 45 120 52.08 56.11
Table 11
Multiple response optimizations with RSM and ANN prediction for %TSS
S. No. Parameters Goal Upper limit Lower limit
1 pH In range 10 3
2 Current density In range 45 15
3 Operating time In range 120 30
4 %TSS removal by Al Maximize 96.80 72.30
5 %TSS removal by Fe  Maximize 89.00 70.10
Validation experiment pH Current density (mA/cm?) Operating time (min) %TSS removal efficiency by Al
Validation at optimize 3 45 120 96.586
condition
ANN prediction 3 45 120 94.33
Validation experiment pH Current density (mA/cm?) Operating time (min) %TSS removal efficiency by Fe
Validation at optimize 6.964 32.096 119.922 89.004
condition
ANN prediction 6.964 32.096 119.922 86.025
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all pH range but in acidic medium Fe electrode performed
better than Al For TSS removal Fe electrode was best
fitted and gave better removal efficiency.
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