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ABSTRACT

The present investigation envisages with the percentage chemical oxygen demand (COD)
removal from metal-working fluids through batch electrocoagulation reactor using mild
steel anode and stainless steel cathode. Box–Behnken experimental design was used to
optimize individual variables and interactions of variables on percentage COD removal.
The operating variables are the current density (2.0–2.4 Adm−2), the electrolyte pH (6–8),
and the electrolysis time (90–110 min). The responses have been critically analyzed with
Pareto analysis of variance, response surface methodology, and quadratic model for
percentage COD removal. Analysis showed a high coefficient of determination value
R2 (0.9527) for the percentage COD removal and satisfactory prediction for second-order
regression model.

Keywords: Electrocoagulation; Box–Behnken method; COD removal; Response surface
methodology; Current density

1. Introduction

India has large number of industries, namely metal
finishing industries, metal processing industries, iron
and steel manufacturing industries, electroplating
industries, etc. working on metal and its alloy. These
industries generate a huge volume of high-strength
metal-working fluids (MWFs) annually and that cause
serious environmental problems. The effluents from
these industries occupy fifth rank with respect to
discharging pollutants into local water bodies and
sewage systems [1,2]. The MFWs are characterized by
a high organic load, dark color, low pH, and low

Biodegradability Index which cannot be treated by
biological methods [3]. The MWFs contain various pol-
lutants load (biocides, corrosion inhibitors, extreme
pressure and anti wear agents, emulsifiers and surfac-
tants) and have biochemical oxygen demand (BOD),
chemical oxygen demand (COD), total organic carbon,
and total dissolved solids [4].

Many methods are performed for the last two dec-
ades to treat wide spectrum of effluent. Treatment
processes that include precipitation, co-precipitation,
chemical coagulation, air floatation, adsorption, ion
exchange processes, flocculation, membrane processes,
biological processes, phyto-extraction, extraction,
ozone oxidation, and electrochemical processes are
generally practiced in effluent treatment plants [5–8].
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In chemical treatment processes, alum, ferric chlo-
ride, lime, and other ferric compounds are commonly
used as chemical coagulants for removing pollutants
from wastewater. Major drawbacks of this process
for the removal of pollutant by chemical processes
are expensive and the chemicals present raise the
TDS level in the environment. Lime treatment done
results in the increase of pH of the water up to a
range of 10–12.

Biological processes are one of the best methods for
treatment of any wastewater, but are very slow process
for organic degradation. The process depends on the
initial concentration of BOD. If BOD of wastewater
increases during the process, the aeration rate and oxy-
gen requirement increases resulting in higher capital
and energy cost. High organic load in wastewater pre-
vents the growth of micro-organisms, and the process
needs constant low organic source of wastewater.

Difficulty in ion exchange methods is foul and pre-
cipitate can coat on the surface of media. Other prob-
lems in the methods are regeneration and activation of
the ion exchange media that makes the process com-
plex and longer. The main drawbacks in membrane
processes are high cost of membrane, brine disposal,
and fouling.

Electrochemical methods recently gained attention
as promising alternative to traditional wastewater
treatment. It is an easy and efficient process where the
coagulating agents are generated in situ by applied
current to sacrificial anode without addition of any
chemical coagulants. At the cathode, a hydrogen gas
bubble evolves, which removes the pollutant from the
effluent by floatation.

Electrocoagulation (EC) process is employed in a
wide spectrum of industrial wastewater such as elec-
troplating wastewater [9], pharmaceutical wastewater
[10], petrochemical wastewater [11], municipal
wastewater [12], paper and pulp wastewater [13,14],
brackish water [15], portable water, oil mill wastewa-
ter, nitrite effluent, textile dyes, agro industries
wastewater, laundry wastewater, etc [16]. EC is an
ideal technique for effluent treatment because of its
versatility, energy efficiency, amenability, cost effec-
tiveness [17], and environmental compatibility [18].

Use of aluminium electrodes in various combina-
tions namely (i) aluminium anode and inert cathodes
(ii) inert anode and aluminium cathode (iii) alumin-
ium as both anode and cathode was also investigated
using EC that had resulted in the removal of natural
organic matter from surface water [19]. But, iron EC is
cheaper when compared with aluminium EC [20].
These iron ions have a distinct advantage over alumi-
num ions because of its harmless property and are not

toxic like aluminum ions [21]. During EC process, a
series of active iron ionic species generated that desta-
bilize fine dispersed particles and aggregates to form
flock in the solution [22,23].

The dissolved contaminants in the effluent are
removed by sorption, coagulation, and other processes
by applying electric current [24,25]. EC is not only
used for removing COD but also used to treat a wide
range of pollutants from various synthetic and
industrial effluents [26]. The combined EC-Fenton pro-
cess increased the removal of organic matter com-
pared to EC only [27]. There are limited works as of
now on COD removal from MWFs by electrochemical
method.

Response surface methodology (RSM) is a mathe-
matical and statistical based technique used to study
the performance of EC systems, and for developing,
improving, and optimizing the processes. RSM can be
used to evaluate the relative significance of several
influencing factors even in the presence of complex
interactions.

The objective of the present study is to investi-
gate the percentage COD removal from MWFs by
batch EC reactor using iron electrodes. The effect of
several parameters namely current density, initial
pH, and electrolysis time on percentage COD
removal and statistical study were performed for EC
process.

2. Materials and methods

All the chemicals used in the present work were
analytically pure and procured from Ranbaxy Fine
Chemical Ltd, India. Distilled water used was of ultra
pure quality and the same was used for all stock
solutions. The wastewater for investigation was
collected from a small-scale metal work industry,
Chennai–Ambattur, Tamil Nadu, India. The wastewa-
ter was characterized for COD, pH, suspended solids,
dissolved solids, and color by using the standard
methods [28]. The characteristics of the wastewater
collected are shown in Table 1. Sample COD was
determined with dichromatic open reflux method.
Experiments were carried out until the error was less
than 4%. The COD removal percentage was estimated
by the following relationship.

COD removal % ¼ ½COD�i � ½COD�f
½COD�i

� 100 (1)
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where [COD]i is the initial COD concentration (mgL−1)
and [COD]f is the final COD concentration (mgL−1)
obtained after electrolysis of the effluent.

2.1. Experimental design

Design of experiments is an important tool for
modeling and analyzing the effect of process parame-
ters on specific responses. The most important aspect
of design of experiment lies in the selection of the con-
trol factors. The possible operating parameters can be
included to identify nonsignificant variables at the ear-
liest opportunity. In the present research work, the
RSM has been used to estimate the relation between
COD removal percentage and operating conditions
namely electrolyte pH, applied charge density, and
electrolysis time. Fig. 1 shows the main effect of each
parameter on percentage COD removal. Table 2 shows
the parameters and the operating ranges covered for
the experiments. The pH, current density, and electrol-
ysis time are denoted as uncoded variables as A1, A2,
and A3, respectively. The uncoded variables forms are
transformed to coded form: a1, a2, and a3 using the
following Eq. [29]:

a ¼ A� ðAmax � AminÞ
2

ðAmax � AminÞ
2

(2)

The Box–Behnken experimental design of RSM has
been selected to find the relationship between the
response functions and variables using the statistical
software tool. In the Box–Behnken mode, a total num-
ber of 17 experiments are used to estimate the COD
removal percentage from the effluent. The relationship
between the analysis of variance (ANOVA) and the
variables has been analyzed using RSM. The quality
of the fit of this model is expressed by the coefficient
of determination R2. The fit of the model is confirmed
by means of the absolute average deviation (AAD)
defined as

AAD ¼
Pp

i¼1

jXi;exp � Xi;predj
Xi;exp

� �

p

8>><
>>:

9>>=
>>;

� 100 (3)

where Xi,exp and Xi,pred are defined as the experimen-
tal and predicted responses of pollutant load removal
percentage and p is defined as the number of experi-
mental runs.

2.2. EC reactor

The experimental setup of batch EC reactor is sche-
matically represented in Fig. 2. Cylindrical reactor
made of Perspex with diameter and height of 6 and

Fig. 1. Main effect plot for the parameters on percentage COD removal.

Table 2
The level and range of variables chosen for EC

Factor Variables Unit
Range of coded and
uncoded variables

−1 0 +1
A pH – 6 7 8
B CD Adm−2 2.0 2.2 2.4
C Time min 70 90 110

Note: CD: current density.

Table 1
Characteristics of metal working fluids

Characteristics Value

pH 3.2
Color Dark green
COD (mgL−1) 3,800
Suspended solids (mgL−1) 800
Dissolved solids (mgL−1) 1,600
Total solids (mgL−1) 2,400
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8 cm, respectively. Rectangular flat plates of stainless
steel and mild steel (4 cm × 3 cm) were used for cath-
ode and anode, respectively. Two electrodes were
placed vertically and parallel into the reactor with an
inner gap of 1 cm. The electrode surface was cleaned
physically and scraped with sand paper or metal wire
brush, followed by 15% HCl acid treatment. Finally,
each electrode is washed with distilled water prior to
every run. About 300 mL of the wastewater was filled
in the reactor which dips 12 cm2 of the surface of the
electrodes. The solution was stirred magnetically at
150 rpm to avoid concentration gradient. The elec-
trodes were connected to DC supply (HIL model
3161) in monopolar mode. All the experiments were
performed under potentiostatic conditions at room
temperature (28˚C). The pH of the solution was
adjusted by adding either dilute HCl or NaOH. The
samples were collected at regular intervals of time
and analyzed for COD.

2.3. EC mechanism

During EC process, the coagulants generated
in situ play an important role in removing the organ-
ics from the wastewater. The in situ generation of
metallic cation flocks takes place at the anode,
whereas at the cathode, typically H2 production

occurs. The generated metallic hydroxides coagulated
or get adsorbed with the polluting species present in
the effluent. Electrolytic conditions, especially electro-
lyte pH, applied charge density, and electrolysis time,
are influencing the predominance of these mecha-
nisms. Many physiochemical phenomena occur in EC
process for the formation of coagulants in situ, namely
destabilization of the pollutants, particulate suspen-
sion, breaking of emulsions, and flocks formation
from destabilized pollutants. The EC mechanism can
be summarized as follows. When a potential is
applied through an external power source, the sacrifi-
cial electrode undergoes oxidation as given below
[30]:

4FeðsÞ ! 4Fe2þðaqÞ þ 8e� (4)

FeðsÞ ! Fe2þðaqÞ þ 2e� (5)

The cathode reactions can be written as:

8Hþ
ðaqÞ þ 8e� ! 4H2 (6)

2H2OðlÞ þ 2e� ! H2;ðgÞ þ 2OH�
ðaqÞ (7)

The bulk reactions for anodes can be written as:

Fe2þðaqÞ þ 2OH�
ðaqÞ ! FeðOHÞ2ðSÞ (8)

Fe2þðaqÞ þ 2H2OðlÞ þO2 ! FeðOHÞ3ðsÞ þ H2ðgÞ (9)

4Fe2þðaqÞ þ 10H2OðlÞ þO2 ! 4FeðOHÞ3ðsÞ þ 8Hþ
ðaqÞ (10)

The electrolytic gases generated at the cathode help to
float the flocculated particles from the wastewater.
The metallic flocks play a major role in the removal of
dissolved pollutants in the wastewater by precipita-
tion and/or adsorption mechanism [31]. Other iron
hydroxides can also be formed. The monomeric
forms of metal hydroxides can get polymerized
giving various forms of ferric hydroxo complexes,
namely FeðH2OÞ3þ6 , Fe(H2O)5(OH)2+, Fe(H2O)4(OH)2+,
Fe2ðH2OÞ8ðOHÞ4þ2 , Fe2ðH2OÞ6ðOHÞ4þ2 , FeðOHÞ�4 , etc.
The Fe(OH)n formed remains in the aqueous stream as
a gelatinous suspension, which can remove the pollu-
tant loads from the effluent [32]. In the electrochemical
process, strong oxidizing agents developed in situ can
take part in destructing the high organic matter to
small organic matter present in the waste by oxidizing
them:

Fig. 2. Experimental setup : (1) DC regulated power, (2)
mild steel anodes, (3) stainless steel cathode (4) magnetic
pellet and (5) magnetic stirring set-up.
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2Cl� ! Cl2ðgÞ þ 2e� (11)

Cl2ðgÞ þH2O ! HOClþHþ þ Cl� (12)

HOCl ! Hþ þOCl� (13)

OrganicþOCl� !K4 CO2 þH2Oþ Cl� þ P (14)

The hypochlorite ions can oxidize the complex organic
molecule to hydrocarbons. This improves the removal
percentage of COD in wastewater.

3. Results and discussion

3.1. Response surface method

The response of model for percentage removal of
COD for the 17 experimental conditions was formu-
lated by the Box–Behnken design as summarized in
Table 3. By the design of experimental model, the
individual variables (a1, a2,…, ak) and the response (x)
can be related as follows [33];

x ¼ fða1; a2; a3::::::akÞ þ e (15)

RSM postulates the functional relationship between
the response (x) and the independent variables. The
first- and second-order RSM can be given as:

x ¼ b0 þ
Xk

i¼1

biai þ e (16)

x ¼ b0 þ
Xk

i¼1

biai þ
Xk

i¼1

biia
2
i þ

Xk�1

i¼1

Xk
j¼2

bijaiaj þ e (17)

The response (x) can be mathematically related to the
variables as

x ¼ b0 þ b1a1 þ b2a2 þ b3a3 þ b11a
2
1 þ b22a

2
2 þ b33a

2
3 þ

b12a1a2 þ b13a1a3 þ b23a2a3

(18)

and

b ¼ 1; 2; 3; 4; . . .; k (19)

where β and k are denoted as regression coefficients
and variables, respectively.

The Box–Behnken method was used to recover the
relationship between the response and variables func-
tions (Table 2). A class of complete factorial designs
for the estimation of parameters in a second-order
model has been developed (Table 3) using Design-
expert V6. The study was focused on estimating the
influence of individual parameters on percentage
COD removal.

3.2. Effect of various parameters on percentage COD
removal

The inferences obtained from the response surfaces
to calculate the maximum percentage COD removal
with respect to each variable and each variable’s effect
on percentage COD removal are discussed below.

3.2.1. Effect of current density and electrolyte pH

Experiments were carried out according to the
experimental condition designed by RSM and the
results are presented in both surface and contour
plots. The combined effect of electrolyte pH and
applied charge on percentage COD removal is given
in Fig. 3. It has been well established that electrolyte
pH is an important parameter and has considerable
effect on EC process. From the results it is confirmed
that the COD removal rate increases with increase in

Table 3
The design of experiment and experimental response for
percentage COD removal

Run
Variable factor

Response
A: pH B: CD C: Time COD removal%

1 8.00 2.40 90.00 83.4
2 8.00 2.00 90.00 68.1
3 7.00 2.00 70.00 75.2
4 6.00 2.20 70.00 64.3
5 7.00 2.20 90.00 85.4
6 6.00 2.20 110.00 76.1
7 7.00 2.40 110.00 85.6
8 7.00 2.00 110.00 78.2
9 6.00 2.40 90.00 75.4
10 7.00 2.20 90.00 85.4
11 7.00 2.40 90.00 85.6
12 8.00 2.20 70.00 74.0
13 7.00 2.40 70.00 83.0
14 6.00 2.00 90.00 67.1
15 8.00 2.20 110.00 79.0
16 6.00 2.20 110.00 76.8
17 7.00 2.00 70.00 75.0

Note: CD: current density.
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the electrolyte pH. Further increase in pH from opti-
mal pH has no significant effect on percentage COD
removal. The pH increase in EC process was attrib-
uted to the generation of hydrogen gas at the cathode
electrode. Accordingly, the influent pH was consid-
ered as one on the key factor while designing the
experimental runs. Experiments were performed
under controlled pH conditions by adding NaOH or
HCl. From Fig. 4, it is noticed that the percentage
COD removal increases from acid to neutral with no
improvement on COD removal rate beyond pH 7. This
can be explained that the solubility of Fe(OH)3
increased beyond the electrolyte pH 7 resulting in the
formation of soluble FeðOHÞ�4 which does not contrib-
ute to the organic removal percentage [34].

3.2.2. Effect of electrolysis time and current density

Fig. 5 shows the combined effect of electrolysis
time and current density (CD A/dm3) on percentage
COD removal. It can be ascertained from Fig. 5 that the
percentage COD removal increased with electrolysis

time and applied charge density. This can be attrib-
uted to the fact that at high current densities, the
extent of anodic dissolution increases which increases
the hydroxo cationic complexes resulting in increase
in the percentage COD removal [35,36]. From Fig. 5, it
is observed that the percentage COD removal attains
marginal beyond electrolysis time of 90 min and CD
of 2.2 Adm−2. Further increase in operating parame-
ters of electrolysis time and CD shows no significant
effect on the percentage COD removal. This is because
the Fe(OH)3 flocks are generated in situ once the
charge is applied and the generated flocks adsorb the
organic molecules present in the effluent. This results
in the reduction of percentage COD with electrolysis
time and attains marginal beyond the optimal
condition.

3.3. Analysis of variance

Table 4 shows the result of ANOVA performed to
estimate the significant effect of variables on the per-
centage COD removal. From Table 4 it is noticed that
the F-statistics values for the regressions are higher.
The large F-values for the percentage COD removal
indicate that the response fits more favorable for the
regression model. The associated p-value is used to
determine whether the F-values are large enough to
indicate statistical significance. If p-values are lower
than 0.05, it indicates that the model is statistically sig-
nificant for the percentage COD removal [25]. The
residual error term in the ANOVA table shows the
amount of variation in the response data left unex-
plained by the model. Model fitting with software
(Design-expert) suggested that a quadratic model pro-
vides the best fit, and the model was found to have
significant lack of fit (0.0017). From Table 4, ANOVA
indicated that only five of the nine model terms are
significant. The reduced quadratic model for

Fig. 3. Combined effects of current density and pH on per-
centage COD removal.

Fig. 4. Combined effects of current density and time on
percentage COD removal.

Fig. 5. Combined effects of electrolysis time and current
density on percentage COD removal.
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percentage COD removal with process parameter such
as electrolyte pH (A), applied charge density (B), and
electrolysis time (C) in coded factors is given in
Eq. (20)

COD removal % ¼ 85:02þ 2:57Aþ 4:50Bþ 2:75C

þ 1:77AB� 1:93ACþ 0:24BC

� 9:31A2 � 2:43B2 � 1:95C2 ð20Þ

The multiple regression equation for actual factors is
given in the Eq. (21)

COD removal % ¼ �696:45þ 122:07Aþ 221:99B

þ 1:55Cþ 8:87AB� 0:09AC

þ 0:05BC� 9:31A2 � 60:67B2

� 4:86E� 3C2 ð21Þ

Table 4
ANOVA of the second-order polynomial equation for the percentage COD removal

Source
Coefficient
estimate

Sum of
squared

Standard
error DF

Mean
square

F-
value

p-Value
prob > F Remark

Model
intercept

85.02 692.71 1.50 9 76.97 15.65 0.0008 Significant

A-pH 2.57 57.03 0.76 1 57.03 11.60 0.0114 Significant
B-CD 4.50 192.91 0.72 1 192.91 39.22 0.0004 Significant
C-Time 2.75 69.63 0.73 1 69.63 14.16 0.0071 Significant
AB 1.77 12.60 1.11 1 12.60 2.56 0.1535
AC −1.93 17.44 1.03 1 17.44 3.55 0.1017
BC 0.24 0.27 1.03 1 0.27 0.055 0.8220
A2 −9.31 317.08 1.16 1 317.08 64.47 <0.0001 Significant
B2 −2.43 20.05 1.20 1 20.05 4.08 0.0832
C2 −1.95 13.96 1.15 1 13.96 2.84 0.1359
Residual 34.43 7 4.92
Lack of fit 34.16 3 8.54 96.69 0.0017 Significant
Pure error 0.27 4 0.088
Cor total 727.14 16

Note: Cortot: Correlationtotal.

Table 5
Adequacy of the models tested for the percentage COD removal

Sequential model sum of squares

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

Mean 1.021E + 5 1 1.021E + 5
Linear 348.40 3 116.13 3.99 0.0324 Suggested
2FI 24.45 3 8.15 0.23 0.8734
Quadratic 319.86 3 106.62 21.38 0.0006 Suggested
Cubic 34.16 4 8.54 96.69 0.0017 Aliased
Residual 0.26 3 0.088
Total 1.028E + 5 17 6049.02
Model summary statistics

Source SD R2 Adj-R2 Pred-R2 PRESS Remark

Linear 5.40 0.4791 0.3589 0.1417 624.13
2FI 5.95 0.5128 0.2204 −0.4854 1080.07
Quadratic 2.22 0.9527 0.8918 0.5503 327.03 Suggested
Cubic 0.30 0.9996 0.9981 – – Aliased

K.C. Praveen et al. / Desalination and Water Treatment 53 (2015) 2593–2603 2599



3.4. Adequacy of the models for the percentage COD
removal

Linear, interactive, quadratic, and cubic models
were fitted to the experimental data to obtain the
regression equations. To decide about the adequacy of
various models to represent removal percentage by
two different tests, namely sequential model sum of
squares and model summary statistics were carried
out and the results are given in Table 5. The cubic
model was found to be aliased for percentage COD
removal. The model adequacies were checked with R2

and adj-R2. A higher value of coefficient of determina-
tion R2 (0.9527) for percentage COD removal shows
that the quadratic model follows the response
successfully.

Data were also analyzed to check the normality of
the removal percentage. A normal probability plot or
dot diagrams for percentage COD removal are shown
in Fig. 6. The data points on this plot lay reasonably
close to a straight line for percentage COD removal
and hence the operating parameters of the analysis are
well satisfied.

Fig. 7(a) shows the relationship between the actual
and predicted values for percentage COD removal
from plating effluent by EC process using mild steel
electrodes. It can be ascertained from Fig. 7(a) that the
developed model is adequate because percentage
COD removal for the prediction of each response is
minimum, and the data points lie close to the diagonal
line. Error analysis was done to predict the error for
actual and predicted data, which gives an R2 value of
0.9391. Hence, the actual values are highly in line with
the predicted values (Fig. 7(b)).

Fig. 8 shows the graphical plot of studentized
residuals versus predicted for percentage COD

removal from the MWFs. The general impression is
that the plot should be scatter diagram, suggesting
that the variance of original observation is constant for

Fig. 6. Normal % probability vs. residual error on percentage
COD removal.

Fig. 7. (a) Scatter diagram of predicted response vs. actual
response on percentage COD removal and (b) Error analysis
for scatter diagram of predicted response vs. actual response.

Fig. 8. Predicted percentage COD removal and studentized
residual plots.
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all values of percentage COD removal (response).
Usually, it is important to confirm the model fitness to
make sure that it gives sufficient approximation to the
actual test.

Interaction plots between operating variables on
percentage COD removal are given in Figs. 9–11,
respectively. It is evident that percentage COD
removal is greatly affected by the interaction of vari-
ables. Figs. 9–11 show the interaction between
current density and time, pH and time, and pH and
current density, respectively. This indicates the
difference in apparent percentage COD removal at
different levels of pH, time, and current density.
Thus, the difference on percentage COD removal
results mainly due to the interaction between pH,
time, and current density.

4. Conclusions

In the present experimental study, the performance
of EC treatment of MWFs was investigated focusing on
the effect of operating variables such as electrolyte pH,
applied current density, and electrolysis time. From the
critical examination it was observed that the percentage
COD removal is significantly influenced by the operat-
ing variables. The response data were analyzed using
ANOVA and RSM through which individual and com-
bined variable effects on percentage COD removal
were studied. Three-level three-factor Box–Behnken
design was applied in the present investigation.
Regression equations have been developed for percent-
age COD removal and solved by statistical software
tool Design-expert. Analysis showed a high R2 value
(0.9527) for the percentage COD removal and satisfac-
tory prediction for second-order regression model.

Abbreviations

COD — chemical oxygen demand
ANOVA — analysis of variance
MWFs — metal-working fluids
BI — biodegradability index
BOD — biochemical oxygen demand
TDS — total dissolved solids
EC — electro coagulation
NOM — natural organic matter
RSM — response surface methodology
AAD — absolute average deviation
DC — direct current

Notations

f — the unknown function of response
k — the number of independent variables

Fig. 10. Interaction effect between pH and time on
percentage COD removal.

Fig. 9. Interaction effect between current density and time
on percentage COD removal.

Fig. 11. Interaction effect between pH and current density
on percentage COD removal.
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p — the number of experimental runs
a1,…ak — coded factor
A — uncoded variable
X — the response of the system
ε — the statistical error
β0, βi, βii, βij — regression coefficients
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