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Removal of hydroquinone from water by electrocoagulation
using flow cell and optimization by response surface
methodology
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In this study, hydroquinone was removed from water by electrocoagulation using flow electrolyzer in mono polar and bipolar
configurations in a batch recirculation mode of operation. Treatment performances of such effluents have been evaluated in terms of
chemical oxygen demand removal. The effect of important operating parameters such as current density, flow rate, concentration of
hydroquinone and supporting electrolyte on the pollutant removal and energy consumption is critically evaluated. The experimental
data were analyzed using response surface methodology (RSM). Maximum COD removal in monopolar configuration of 80.95% was
noticed at condition of supporting electrolyte concentration 2.67 g L−1, flow rate 27 mL min−1, current density 0.7 A dm−2 at energy
consumption of 2.36 kWh per kg of COD for the 1000 mg L−1 of hydroquinone concentration. In the case of bipolar configuration
a maximum COD removal of 87.13 was noticed at: supporting electrolyte concentration 4 g L−1, flow rate 29.15 mL min−1, current
density 1 Adm−2 at energy consumption of 8.495 kWh per kg of COD for the same hydroquinone concentration.

Keywords: Hydroquinone, electrocoagulation, mono and bipolar flow cell, response surface method.

Introduction

Rapid industrialization and urbanization resulted in
the discharge of large amount of wastewater to the
environment, which in turn creates more pollution. Many
industries like textile, refineries, and chemical, plastic, phar-
maceutical and food processing plants produce wastew-
aters characterized by a perceptible content of organics
with strong color, high chemical oxygen demand (COD)
with wide variation in pH values. Refractory organic com-
pounds are considered as priority pollutants because of
their high toxicity even at low concentrations.

Hydroquinone occurs in the environment as a result of
man-made processes as well as in natural products from
plants and animals. Due to its physicochemical proper-
ties, hydroquinone will be distributed mainly to the water
compartment when released into the environment. It de-
grades both as a result of photochemical and biological
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Nadu, India; E-mail: basha@cecri.res.in; cab 50@rediffmail.com
Received September 10, 2009.

processes; consequently, it does not persist in the environ-
ment. No bioaccumulation is observed. No data on hy-
droquinone concentrations in air, soil or water have been
found. However, hydroquinone has been measured in main-
stream smoke from non-filter cigarettes in amounts varying
from 110 to 300 µg per cigarette, and also in side stream
smoke. Hydroquinone has been found in plant-derived food
products (e.g., wheat germ), in brewed coffee, and in teas
prepared from the leaves of some berries where the concen-
tration sometimes exceeds 1%.[1]

Hydroquinone (HQ) is used as raw material for herbi-
cides, dyestuff and cosmetic product. It is highly toxic to
human and aquatic organism. The major signs of poison-
ing include dark urine, vomiting, abdominal pain, convul-
sion and coma. Irritation has occurred at exposure level
of 2.25 mg m−3 presence in water and soil has become a
significant pollution problem, and effective methods for
the removal or treatment need to be pursued. Wastewa-
ter treatment serves two main objectives, protecting the
environment and conserving fresh water resources. Many
efforts have been made for the biological treatment of
wastewater rich in organic compounds. The microorgan-
isms such as Pseudomonas sp,[2]Phaneuochaere sp[3] have
been used for the degradation of organic compounds.
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Hydroquinone removal from water by electrocoagulation 401

Biological methods have been proved to be ineffective. Ef-
fluents can be treated by biological methods, flocculation,
reverse osmosis, adsorption on activated charcoal, chemi-
cal oxidation methods and advanced oxidation processes.[4]

Biological methods have been proved to be ineffective.[5,6]

Flocculation, reverse osmosis and adsorption methods
transfer the pollutants to other media, thus causing sec-
ondary pollution.[7,8] Chemical oxidation methods are not
cost effective.[9] The chemical coagulation may induce sec-
ondary pollution caused by added chemical substances.
These disadvantages encouraged many studies on the use
of electrocoagulation for the treatment of several industrial
effluents containing refractory organic contaminants.[10]

The electrocoagulation (EC) process is based on the con-
tinuous in situ production of a coagulant in the contami-
nated water. It had been shown that electrocoagulation is
able to eliminate a variety of pollutants from wastewaters;
for example metal and arsenic,[11−13] clay minerals,[14,15]

oil,[16] chemical oxygen demand,[16,17] color and organic
substances.[18] Electrocoagulation is an effective technique
for the treatment of effluent of various origins.[19] Com-
pared with traditional flocculation and coagulation, EC
has the advantage of removing the smallest charged parti-
cles because of the electric field sets them in motion. The
characteristic of EC are simple equipment and easy oper-
ation, brief reactive retention period, decreased or negligi-
ble equipment for adding chemicals and decreased amount
of sludge.[20] Therefore EC has successfully used to treat
water containing food and protein wastes, synthetic de-
tergent, effluent mine wastes and heavy metal contain-
ing solutions.[21−23] Hence, Electrocoagulation has been at-
tracting with special interest in all applications of electro-
chemical treatment for the purification of wastewater.

A study has been reported where a fixed-bed reactor filled
with glass sinter spools was used to investigate the dynamics
and potential of methanogenic hydroquinone degradation
where the concentration of hydroquinone as sole energy
and carbon source in the inflowing medium varied from
550 to 2200 mg L−1.[24] The bacterial community that es-
tablished in the reactor after several weeks of operation
was fairly stable, and consisted primarily of three bacterial
species: a rod-shaped bacterium responsible for the degra-
dation of hydroquinone to acetate and hydrogen, and two
species of methanogenic bacteria, Methanospirillum hun-
gatei and Methanothix sp.

Toxic shock due to certain chemical loads such as HQ in
biological wastewater treatment systems can result in death
of microorganisms and loss of floc structure. To overcome
the limitations of existing approaches to toxicity monitor-
ing, genes encoding enzymes for light production were in-
serted to a bacterium (Shk 1) isolated from activated sludge.
The Shk 1 bioreporter indicated a toxic response to con-
centrations of hydroquinone (0.01 to 10,000 mg L−1) by re-
ductions in initial levels of bioluminescence on exposure to
the toxicant.[25] The decrease in bioluminescence was more
severe with increasing toxicant concentration. A continu-

ous toxicity monitoring system using this bioreporter was
developed for influent wastewater and tested with hydro-
quinone. The reporter exhibited a rapid and proportional
decrease in bioluminescence in response to increasing hy-
droquinone concentrations.

In this study, investigations have been conducted for re-
moval HQ by electrocoagulation using flow electrolyzer in
mono and bipolar configurations in a batch recirculation
mode of operation. The experiments have been carried out
according to Box-Behnken design. The COD reduction and
energy consumption were investigated as a function of four
independent variables such as flow rate (Q), current density
(CD), concentration of hydroquinone (HQ) and supporting
electrolyte (SE) to explore the single and combined effect of
input factors on COD reduction and optimizing the input
factors using response surface methodology (RSM).

Materials and methods

Materials and analysis of chemical oxygen demand

All the chemicals used in the study were analytically
pure. Laboratory grade hydroquinone was obtained from
Chemport (India) Private Limited, Ambarnath (Maha-
rashtra). Distilled water was used to prepare the desired
concentration of hydroquinone (HQ) solution.

The characteristics of the wastewater such as BOD,
COD, pH, solids, dissolved salts and color were estimated
using the standard methods.[26] In order to determine the
extent of degradation of the effluent chemical oxygen de-
mand (COD) was measured. The COD as the name im-
plies is the oxygen requirement of a sample for oxidation
of organic and inorganic matter. COD is generally consid-
ered as the oxygen equivalent of the amount of organic
matter oxidizable by potassium dichromate. The organic
matter of the sample is oxidized with a known excess of
potassium dichromate in a 50% sulfuric acid solution. The
excess dichromate is titrated with a standard solution of
ferrous ammonium sulfate solution. Experiments were re-
peated until the difference found less than 3%.

Response surface methodology

Response surface methodology (RSM) is a collection of sta-
tistical and mathematical methods that are useful for the
modeling and analyzing engineering problems. In this tech-
nique, the main objective is to optimize the response surface
that is influenced by various process parameters. Response
surface methodology also quantifies the relationship be-
tween the controllable input parameters and the obtained
response surfaces.[27,28] In the present study, the RSM has
been used to determine the relation between the percent-
age of COD removal and important operating parameters
such as current density (CD), flow rate(Q), concentration of
hydroquinone(HQ) and supporting electrolyte(SE). Table 1
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Table 1. Experimental range and levels of independent process
variables for both mono polar and bipolar configuration for
electrocoagulation.

Range and levels

Factor Variable Unit −1 0 +1

A HQ conc., mg L−1 250 625 1000
B Supporting electrolyte conc., g L−1 1 2.5 4
C Flow rate, Q mL min−1 25 35 45
D Current density, CD A dm−2 0.2 0.6 1

gives the parameters and the operating ranges covered. The
concentration of hydroquinone and supporting electrolyte,
flow rate and current density are referred by uncoded vari-
ables as A, B, C and D, respectively.

The variables in uncoded form are converted to coded
form: a, b, c and dusing the following Equation 1.

a = A − (Amax+Amin
2

)
Amax−Amin

2

(1)

The Box–Behnken experimental design of RSM has been
chosen to find the relationship between the response func-
tions and variables using the statistical software package
Design Expert Software-7.1.2, (Stat- Ease, Inc., Minneapo-
lis, USA). The Box–Behnken design can be considered as a
highly fractionalized three-level factorial design where the
treatment combinations are the midpoints of edges of fac-
tor levels and the center point. These designs are rotatable
(or nearly rotatable) and require three levels of each factor
under study. Box–Behnken designs can fit full quadratic
response surface models and offer advantages over other
designs. The advantages of the Box–Behnken design over
other response surface designs are: (a) it needs fewer ex-
periments than central composite design and similar ones
used for Doehlert designs; (b) in contrast to central com-
posite and Doehlert designs, it has only three levels; (c) it is
easier to arrange and interpret than other designs; (d) it
can be expanded, contracted or even translated; and (e) it
avoids combined factor extremes since midpoints of edges
of factors are always used.[29]

The three level second order design demand compara-
tively lesser number of experimental data for precise pre-
diction. Here, a total number of 29 experiments, including
3 centre points are carried out for 4 parameters. The inter-
action between the variables and the analysis of variance
(ANOVA) has been studied by using RSM. The quality of
the fit of this model is expressed by the coefficient of deter-
mination R2.The fit is confirmed by means of the absolute
average deviation (AAD) defined as

AAD =
⎧⎨
⎩

∑n
i=1

( |yi,exp−yi,pred|
yi,exp

)
n

⎫⎬
⎭ × 100 (2)

Fig. 1. Experimental setup of flow reactor.

where yi,exp and yi,pred refers the experimental and predicted
responses and n refers the number of experimental runs.

Experimental setup and procedure

Monopolar configuration

The lab scale experimental setup used for the electroco-
agulation studies is shown in Figure 1. The setup consists
of electrochemical cell; regulated multi output DC power
supply, peristaltic pump, and reservoir with the volume of
1 L. A schematic view of monopolar cell configuration is
shown in Figure 2. Two aluminum electrodes were used as
anode and cathode. PVC frame is used as a middle com-
partment. The effective surface area of anode and cathode
were 7 cm × 7 cm. The electrodes were positioned vertically
and parallel to each other with an inter electrode gap of 10
mm.

Electrolysis was carried out under batch recirculation
mode. The effluent was taken in the reservoir, which was
allowed to flow from it and was recirculated through the
reactor using a peristaltic pump. The specified flow rate was
adjusted. The required current was passed using regulated
power supply and cell voltage was noted. The experiments
where carried out six hours at different operating param-
eters as shown in Table 1. The One millilitre sample was
drawn for every hour from the reservoir and COD was
analyzed.

Bipolar configuration

The setup (see Fig. 1) consists of electrochemical cell; regu-
lated multi output DC power supply, peristaltic pump, and
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Fig. 2. Schematic view of Monopolar Electrocoagulation flow cell configuration.

reservoir. A schematic view of bipolar cell configuration is
shown in Figure 3. The bipolar cell consists of 2 compart-
ments A and B with an inlet and outlet, respectively in A
and B impart. Here, 4 aluminum electrodes were used in
the dimension of 9 cm × 9 cm × 0.1 cm. The working area
of each of the electrode surface area is 7 cm × 7 cm. The
assembly of the cell is in following manner. Two compart-
ments are adjacent to each other; among the 4 electrodes,
2 were placed between the interface of 2 compartments,
and another 2 electrodes were placed in the outer face of
the compartments A & B, respectively. The volume of the
electrolytic cell is 50 mL whereas the reservoir capacity is
1 L.

Electrolysis was carried out under batch continuous re-
circulation mode. The cyclic pathway of the effluent is as
follows, the effluent is pumped by peristaltic pump into
compartment A. Then it undergoes upward travels over
the working area of the electrode, outlet is passed into the

bottom of the compartment B, there it gets upward travels
over the working area of the electrodes. After this course
it returns to the reservoir tank. The required current was
passed using regulated power supply and cell voltage was
noted. The experiments were carried out for six hours at
different operating parameters as shown in Table 1. At ev-
ery hour sample was collected from the reservoir and COD
was analyzed.

Reaction mechanism of electrocoagulation

Electrocoagulation is based on the in situ formation of
the coagulant as the sacrificial anode corrodes due to an
applied current, while the simultaneous evolution of hydro-
gen at the cathode allows for pollutant removal by flota-
tion. This technique combines three main interdependent
processes, operating synergistically to remove pollutants:
electrochemistry, coagulation and hydrodynamics.

Fig. 3. Schematic view of Bipolar Electrocoagulation flow cell configuration.
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Fig. 4. A conceptual diagram of the electrocoagulation mecha-
nism.

In an EC process, the coagulating ions are produced
in situ involving three successive stages: (i) formation of
coagulants by electrolytic oxidation of the “sacrificial elec-
trode”, such as aluminum, (ii) destabilization of the con-
taminants, particulate suspension and breaking of emul-
sions, (iii) aggregation of the destabilized phases to form
flocs. Al gets dissolved from the anode generating corre-
sponding metal ions, which almost immediately hydrolyze
to polymeric aluminum oxyhydroxides. These polymeric
oxyhydroxides are excellent coagulating agents. Figure 4
shows a conceptual diagram of the electro coagulation
mechanism. The anodic reaction involves the dissolution
of metal, and the cathodic reaction involves the formation
of hydrogen gas and hydroxide ions.
At the Anode:

Al(s) → Al3+ + 3e− (3)

At the Cathode

3H2O + 3e− → (3/2)H2(g) + 3OH− (4)

In bulk solution:

Al3+(aq) + 3H2O → Al(OH)3+(s) + 3H+ (5)

Other reactions may be also encountered in anodic com-
partment is as follows:

2OH− → 1/2O2 + H2O + 2e− (6)
2Cl− → Cl2 + 2e− (7)

Cl− + 2OH− → OCl− + H2O + 2e− (8)

The main reaction encountered in the cathodic compart-
ment is as follows:

2H2O + 2e− → H2 + 2OH− (9)

Al3+ and OH− ions generated via electrode reactions (1)
and (2) react to form various monomeric species, such
as Al(OH)2+, Al(OH)+2 , Al2(OH)4+

2 , Al(OH)−4 ; and poly-
meric species, such as Al6(OH)3+

15 , Al7(OH)4+
17 , Al8(OH)4+

20 ,
Al13O4(OH)7+

24 , Al13(OH)5+
34 ; which transform finally into

Al(OH)3+(s), which are partly soluble in the water under
definite pH values. This step results in the colloidal particles
formation and its structures is as given here:

Granule︷ ︸︸ ︷
{[Al(OH)3]m/︸ ︷︷ ︸

Nucleus

nAl3+(3n − x) Anion−}+︸ ︷︷ ︸
Adsorption Layer

+ x Anion−︸ ︷︷ ︸
Diffusion Layer

(10)

Al(OH)3+(s) form the nucleus of a colloidal particle.
Around the nucleus, the adsorption layer of cations and an-
ions is being organized. The nucleus and adsorption layer
form a granule of the colloidal particle, which has a small
positive charge. To compensate the charge, a diffusion layer
is being formed around the granule, which makes the par-
ticle a neutral one. Aluminum hydroxides that are formed
in the process of the EC possess very high ability for ab-
sorption. Coagulated particles attract and absorb different
ions and micro-colloidal particles from the wastewater. The
flocks formed in the water are transported to the surface
by the bubbles of gases (H2 and O2, etc.) produced in the
process of electrolysis. As the solution contains Cl− ions,
Cl2 will be liberated on the anode.

According to following complex precipitation kinet-
ics, Al(OH)3+(s) adsorb the organic particles from the
wastewater by electrocoagulation process and reduce COD
in wastewater. In surface complexation mode, the pol-
lutant acts as a ligand (L) to chemically bind hydrous
aluminum:

L − H(aq)(OH)OAl(s) → L · OAl(s) + H2O (11)

The prehydrolysis of Al3+ cations also leads to the for-
mation of reactive clusters for treatment. The contribution
of separation by agglomeration of the particles by precip-
itation mechanism is predominant when pH is low, while
adsorption plays a major role of separation mechanism in
the case of operation at neutral to higher pH levels. The
strong oxidizing agents produced in situ can take part in
destructing the organic matter present in the waste by oxi-
dizing them:

2Cl− → Cl2 + 2e− (7)

Cl2 + H2O → H+ + Cl− + HOCl (12)
HOCl ↔ H+ + OCl− (13)

HQ + OCl− → CO2 + H2O + Cl− (14)

In cathode the following reactions takes place

2H3O+ + 2e− → H2 + 2H2O pH > 7 (15)
2H2O + 2e− → H2 + 2OH− pH < 7 (16)
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Table 2. The actual design of experiments and response for the percentage of COD removal and specific energy consumption in
monopolar configuration.

S.
No

Factor A:
HQ conc.
(mg L−1)

Factor B:
Supporting

electrolyte conc.
(g L−1)

Factor C:
Flow rate

(mL min−1)

Factor D:
Current
density

(A dm−2)

COD
removal

X
(%)

Specific energy
consumption E

(kW h (kg COD)−1)

1 1000 4 35 0.6 69.23 2.75
2 625 2.5 25 0.2 66.67 0.8
3 625 1 35 1 71.43 20.5
4 25. 2.5 25 0.6 75 10.88
5 625 1 25 0.6 61.9 9.69
6 625 2.5 35 0.6 61.9 5.54
7 250 2.5 35 0.2 50 0.8
8 250 2.5 45 0.6 75 10.88
9 1000 1 35 0.6 69.23 7.25

10 1000 2.5 35 0.2 61.54 0.75
11 625 2.5 45 1 71.43 10.75
12 625 4 25 0.6 76.19 3.23
13 625 2.5 35 0.6 61.9 5.54
14 250 2.5 35 1 62.5 33
15 625 2.5 45 0.2 66.67 0.86
16 1000 2.5 45 0.6 61.54 4.07
17 625 2.5 35 0.6 61.9 5.54
18 1000 2.5 35 1 73.08 8.49
19 625 2.5 35 0.6 61.9 5.54
20 625 1 45 0.6 52.38 11.05
21 625 4 35 0.2 61.9 0.64
22 1000 2.5 25 0.6 76.92 3.26
23 625 1 35 0.2 47.62 1.8
24 625 2.5 35 0.6 61.9 5.54
25 625 4 45 0.6 66.67 3.54
26 625 2.5 25 1 76.19 9.84
27 250 1 35 0.6 50 32.63
28 625 4 35 1 80.95 6.39
29 250 4 35 0.6 75 7.88

The specific energy consumption (E) for flow reactors is
obtained using the following expressions.

Specific Energy Consumption (E)

= VI

3600 × 103 × 1

�C × Q × 10−6 (17)

Where �Cis the difference in COD in mg L−1, due to the
treatment by passing I current for t seconds. V is the voltage
(V), Q represents the volumetric flow rate in L s−1.

Experimental design and optimization

HQ concentration, supporting electrolyte concentration,
flow rate, current density were chosen as independent vari-
ables and the % of COD removal, energy consumption
as dependent output response variables. Independent vari-
ables, experimental range and levels for COD removal are
given in Table 1. Experimental plan showing the actual
value of the variables together with COD removal effi-

ciency and energy consumption for monopolar and bipo-
lar configuration are given in Table 2 and 3. The behavior
of the system was explained by the following quadratic
equation

η = βo +
k∑

i=1

βixi +
k∑

i=1

βiix2
i +

k−1∑
i=1

k∑
j=2

βijxixj + ε (18)

Where η is the response, xi and xj are coded independent
variables (i = 1 to k), β0 is the constant coefficient, βi,
βii and βij (i and j = 1 to k) are the regression coeffi-
cients for the intercept, linear, quadratic and the interac-
tion terms, respectively, k is the number of independent
parameters and ε is the statistical error. The results of the
experimental design were studied and interpreted by Design
Expert Software-7.1.2, Stat-Ease, Inc., Minneapolis, USA,
(trial version) to estimate the response of the dependent
variable.
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Table 3. The actual design of experiments and response for the percentage COD removal and specific energy consumption in bipolar
configuration.

S.
No

Factor A:
HQ conc.
(mg L−1)

Factor B:
Supporting

electrolyte conc.
(g L−1)

Factor C:
Flow rate

(mL min−1)

Factor D:
Current
density

(A dm−2)

COD
removal

X
(%)

Specific energy
consumption

E
(kW h (kg COD)−1)

1 1000 4 35 0.6 84.62 4.91
2 625 2.5 25 0.2 71.43 1.6
3 625 1 35 1 85.71 40.63
4 250 2.5 25 0.6 87.5 20.89
5 625 1 25 0.6 76.19 13.78
6 625 2.5 35 0.6 76.19 9
7 250 2.5 35 0.2 62.5 4.95
8 250 2.5 45 0.6 75 23.25
9 1000 1 35 0.6 76.92 14.29
10 1000 2.5 35 0.2 73.08 1.22
11 625 2.5 45 1 80.95 20.51
12 625 4 25 0.6 80.95 6.22
13 625 2.5 35 0.6 76.19 9
14 250 2.5 35 1 87.5 51.96
15 625 2.5 45 0.2 66.67 1.71
16 1000 2.5 45 0.6 69.23 8.25
17 625 2.5 35 0.6 76.19 9
18 1000 2.5 35 1 84.62 15.85
19 625 2.5 35 0.6 76.19 9
20 625 1 45 0.6 61.9 21.63
21 625 4 35 0.2 76.19 1.31
22 1000 2.5 25 0.6 73.08 7.82
23 625 1 35 0.2 66.67 2.95
24 625 2.5 35 0.6 76.19 9
25 625 4 45 0.6 71.43 7.05
26 625 2.5 25 1 90.48 18.36
27 250 1 35 0.6 75 49.5
28 625 4 35 1 90.48 13.42
29 250 4 35 0.6 87.5 20.25

Results and discussion

Experiments according to the design in Tables 2 and 3 were
carried out and relevant results are shown in Tables 2 and 3,
which lists the percentage of COD removal (X) and specific
energy consumption (E). The relationship between four
controllable factors (such as HQ concentration, support-
ing electrolyte concentration, flow rate and current density)
and % of COD removal and specific energy consumption
for the electrocoagulation process has been studied.

The response surface methodology has been success-
fully applied for optimizing conditions for hydroquinone
removal from wastewater. Range and level of input factors
chosen in this study are presented in Table 1.

Tables 2 and 3 show the data resulting from the exper-
iment of the effect of four variables such as HQ concen-
tration (A), supporting electrolyte concentration (B), flow
rate (C) and current density (D) on the percentage of COD
removal (X) and specific energy consumption (E). The ex-

perimental results were analyzed through RSM to obtain
an empirical model for the best response. The estimated
response seems to have a functional relationship only in
a local region or near the central point of the model. The
quadratic model was used to explain the mathematical rela-
tionship between the independent variables and dependent
responses. The mathematical expressions of relationship to
the % of COD removal and specific energy consumption
with variables like A, B, C and D are shown below as in
terms of coded factors for monopolar and bipolar config-
uration, respectively.

Monopolar :
% of COD Removal, X
= 76.19 − 1.12 A + 4.06 B − 4.54 C
+ 8.60 D − 1.20AB + 2.16AC − 3.36AD
+ 1.19BC − 1.18BD1.19CD
+ 1.66A2 + 1.28 B2 − 2.31 C2 + 1.62 D2 (19)
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Table 4. ANOVA results for the percentage of COD removal in
monopolar configuration.

Source
Degrees of

freedom
Sum of
squares

Mean
square F-value P

Model 14 1682.64 120.19 3.77 0.0091
Residual 14 446.09 31.86 significant
Lack of fit 10 446.09 44.61
Pure error 4 0.000 0.000
total 28 2128.73

S.D: 5.64; R2: 0.7904; adj: R2 0.5809.

and

Specific energy Consumption, E
= +9.00 − 6.16A − 3.75B + 1.14 C + 12.25 D
− 6.17AB − 0.48AC − 8.10AD − 1.75BC
− 6.39BD + 0.51CD
+ 4.17A2 + 0.76 B2 + 0.72C2 + 3.65 D2 (20)

Bipolar :
% of COD Removal, X

= 76.19 − 1.12 A + 4.06 B − 4.54 C + 8.60 D
− 1.20AB + 2.16AC − 3.37AD + 1.19BC
− 1.19BD − 1.19CD
+ 1.66A2 + 1.28 B2 − 2.31 C2 + 1.62 D2 (21)

and

Specific energy Consumption, E
= +9.0 − 9.87 A − 7.47 B + 1.15 C + 12.25 D
+ 4.97AB − 0.48 AC − 8.10 AD − 1.76 BC
− 6.39 BD + 0.51CD
+ 7.88 A2 + 4.48 B2 − 1.13 C2 + 1.80 D2 (22)

The results of analysis of variance for monopolar con-
figuration (ANOVA) are shown in Table 4, which indicates
that the predictability of the model for % of COD Removal,
X, is at 95% confidence interval. The predicted responses fit
well with those of the experimentally obtained responses.
A coefficient of determination (R2) value of 0.7904 showed
that the equation is highly reliable. Further the computed

Table 5. ANOVA results for the specific energy consumption in
monopolar configuration.

Source
Degree of
freedom

Sum of
square

Mean
square F-value P

Model 14 945.64 6.55 3.32 0.016
Residual 14 284.77 20.34 significant
Lack of fit 10 284.77 28.48
Pure error 4 0.000 0.000
total 28 1230.4

S.D: 4.51; R2: 0.7686; adj: R2 0.5371.

Table 6. ANOVA results for the percentage of COD removal in
bipolar configuration.

Source
Degree of
freedom

Sum of
square

Mean
square F-value P

Model 14 1528.76 109.2 7.43 0.0003
Residual 14 205.66 14.69 significant
Lack of fit 10 205.66 20.57
Pure error 4 0.000 0.000
total 28 1734.42

S.D: 3.83; R2: 0.8814; adj: R2 0.7628.

F-value (3.77) is greater than that of the tabular value
F0.01(14,14) value (3.70), suggesting that the treatment is sig-
nificant. A ‘P’-value less than 0.01 indicate that the model is
statistically significant. Similarly Table 5 indicates that the
predictability of the model for specific energy consumption,
E is at 95% confidence interval. The predicted responses fit
well with those of the experimentally obtained responses.
A coefficient of determination (R2) value of 0.7686 showed
that the equation is highly reliable. Further, the computed
F-value (3.32) is greater than that of the tabular value
F0.01(14,14) value (3.70) suggesting that the treatment is sig-
nificant. A ‘P’-value less than 0.01 indicate that the model
is statistically significant.

The results of analysis of variance for bipolar configura-
tion (ANOVA) are shown in Table 6, which indicates that
the predictability of the model for % of COD Removal, X,
is at 95% confidence interval. The predicted responses fit
well with those of the experimentally obtained responses.
A coefficient of determination (R2) value of 0.8814 showed
that the equation is highly reliable better than mono po-
lar configuration. Further the computed F-value (7.43) is
greater than that of the tabular value F0.01(14,14) value (3.70)
suggesting that the treatment is significant. A ‘P’-value
less than 0.01 indicate that the model is statistically signif-
icant. Similarly Table 7 indicates that the predictability of
the model Specific energy Consumption, E is at 95% confi-
dence interval. The predicted responses fit well with those
of the experimentally obtained responses. A coefficient of
determination (R2) value of 0.8635 showed that the equa-
tion is highly reliable. Further the computed F-value (6.32)

Table 7. ANOVA results for the specific energy consumption in
bipolar configuration.

Source
Degrees of

freedom
Sum of
squares

Mean
square F-value P

Model 14 3203.31 228.81 6.32 0.0007
Residual 14 506.54 36.18 significant
Lack of fit 10 506.54 50.65
Pure error 4 0.000 0.000
total 28 3709.85

S.D: 6.02; R2: 0.8635; adj: R2 0.7269.
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Fig. 5. Response surface plot showing the effect of concentration
of HQ and SE on % of COD removal (Conditions: Q 35 mL ·
min−1; CD 0.6 A · dm−2; configuration: monopolar).

is greater than that of the tabular value F0.01(14,14) value
(3.70) suggesting that the treatment is significant. A ‘P’=
value less than 0.01 indicates that the model is statistically
significant better than mono polar configuration.

Using RSM the combined effect of 4 variables can be pre-
dicted which is difficult to observe in conventional methods.
The effects of variables on HQ removal in monopolar con-
figuration are shown through Figures 5–9 and the effects
of variables on HQ removal in bipolar configuration are
shown through Figures 10–14.

Figure 5 shows the 3D response surface plot of in-
teraction between varying concentration of hydroquinone
and supporting electrolyte concentration on percentage of

Fig. 6. Response surface plot showing the effect of concentration
of HQ and CD on % of COD removal (Conditions: Q 35 mL ·
min−1; conc. of SE 2.5 g · L−1; configuration: monopolar).

Fig. 7. Response surface plot showing the effect of Q and concen-
tration of SE on % of COD removal (Conditions: Conc. of HQ
625 mg · L−1; CD 0.6 A · dm−2; configuration: monopolar).

COD removal at 35 mL · min−1 flow rate and 0.6 A · dm−2

current density. It can be ascertained from the surface plot
that the COD removal increases with increasing support-
ing electrolyte concentration and decreasing hydroquinone
concentration. This is because an increase in supporting
electrolyte concentration increases the mobility of ions in
the solution, and in turn, increases the COD removal. On
the other hand, the ratio of hydroquinone concentration

Fig. 8. Response surface plot showing the effect of CD and con-
centration of SE on % of COD removal (Conditions: Conc. of
HQ 625 mg·L−1; Q 35 mL·min−1; configuration: monopolar).
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Fig. 9. Response surface plot showing the effect of CD and Q
on % of COD removal (Conditions: Conc. of HQ 625 mg·L−1;
Conc. of SE 2.5 g·L−1; configuration: monopolar).

to OCl− radial concentration increased with initial hydro-
quinone concentration, and in turn, decreases with COD
removal. Maximum percentage of COD removal was ob-
served at low hydroquinone (250 mg L−1) and high support-
ing electrolyte concentration (4 g L−1). The percentage of
COD removal was decreased with increase in hydroquinone
concentration, even in the presence of high supporting elec-
trolyte concentration (4 g · L−1). At high hydroquinone
concentration the efficiency of supporting electrolyte re-
duced but did not completely diminish. The surface plot
also shows the best COD removal (75%) obtained at 250
mg · L−1 hydroquinone and 4 g · L−1 of supporting elec-
trolyte.

Fig. 10. Response surface plot showing the effect of concentra-
tion of HQ and SE on % of COD removal (Conditions: Q 35
mL·min−1; CD 0.6 A·dm−2; configuration: bipolar).

Fig. 11. Response surface plot showing the effect of concentration
of HQ and CD on % of COD removal (Conditions: Q 35 mL ·
min−1; conc. of SE 2.5 g · L−1; configuration: bipolar).

Figure 6 represents the effect of hydroquinone concen-
tration and current density at fixed supporting electrolyte
concentration and flow rate. Maximum COD removal was
72% for 250 mg L−1 hydroquinone at 1 A · dm−2 current
density when keeping the flow rate and electrolyte concen-
tration at 35 mL · min−1 and 2.5 g · L−1 , respectively. COD
removal increased with increase in current density, because
the rate of generation of Al3+ ions increased with current
density, which eventually increased the COD reduction.

Figure 7 represents the effect of supporting electrolyte
concentration and flow rate at fixed concentration of hy-
droquinone and current density. Maximum COD removal

Fig. 12. Response surface plot showing the effect of Q and con-
centration of SE on % of COD removal (Conditions: Conc. of
HQ 625 mg · L−1; CD 0.6 A · dm−2; configuration: bipolar).
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Fig. 13. Response surface plot showing the effect of CD and
concentration of SE on % of COD removal (Conditions: Conc.
of HQ 625 mg · L−1; Q 35 mL · min−1; configuration: bipolar).

was 77% for 625 mg · L−1 hydroquinone concentration at
high supporting electrolyte concentration (4 g · L−1) and
low flow rate (25 mL · min−1). COD removal increased
with increasing supporting electrolyte concentration. On
the other hand, COD removal slightly decreased when in-
creasing the flow rate of wastewater. Hence, retention time
decreased when increasing the flow rate.

Figure 8 represents the effect of varying supporting elec-
trolyte concentration and different current density at fixed
concentration of hydroquinone and flow rate. It can be
ascertained from the surface plot that the COD removal

Fig. 14. Response surface plot showing the effect of CD and Q
on % of COD removal (Conditions: Conc. of HQ 625 mg · L−1;
Conc. of SE 2.5 g · L−1; configuration: bipolar).

increases with increasing supporting electrolyte concentra-
tion and increases with current density. So current density
and supporting electrolyte concentration is very important
for COD removal in flow electro coagulation process. 74 %
of COD was removed at high supporting electrolyte con-
centration (4 g · L−1) and high current density (1 A dm−2)
for 625 mg L−1 hydroquinone at 35 mL · min−1 flow rate.

Figure 9 represents the effect of varying flow rate and
different current density. It can be ascertained from the
surface plot that the COD removal increased with increase
in current density, because the rate of generation of Al3+
ions increased with current density, which eventually in-
creased the COD reduction. But flow rate is slightly effect
the efficiency of COD removal compared to current density.
Then 80% of COD was removed at high current density (1
A · dm−2) and low flow rate (25 mL · min−1) for 625 mg
· L−1 of HQ concentration in 2.5 g · L−1 of supporting
electrolyte concentration.

Figure 10 shows the 3D response surface plot of in-
teraction between varying concentration of hydroquinone
and supporting electrolyte concentration on percentage of
COD removal at 35 mL · min−1 flow rate and 0.6 A · dm−2

current density. It can be ascertained from the surface plot
that the COD removal increases with increasing support-
ing electrolyte concentration and decreases with increasing
hydroquinone concentration. This is because an increase
in supporting electrolyte concentration increases the mo-
bility of ions and in turn, increases the COD removal. On
the other hand, the ratio of hydroquinone concentration
to OCl− radial concentration increased with initial hydro-
quinone concentration, and in turn, decreases with COD
removal. Maximum % of COD removal was observed at
low hydroquinone (250 mg L−1) and high supporting elec-
trolyte concentration (4 g · L−1). The percentage of COD
removal was decreased with increase in hydroquinone con-
centration even in the presence of high supporting elec-
trolyte concentration (4 g L−1). At high hydroquinone con-
centration the efficiency of supporting electrolyte reduced
but did not completely diminish. The surface plot also
shows the best COD removal (86%) obtained at 250 mg
· L−1 hydroquinone and 4 g L−1 of supporting electrolyte.

Figure 11 represents the effect of varying hydroquinone
concentration and current density at fixed supporting elec-
trolyte concentration and flow rate. Maximum COD re-
moval was 90.4% for 250 mg · L−1 hydroquinone at 1 A ·
dm−2 current density when keeping the flow rate and elec-
trolyte concentration at 35 mL · min−1 and 2.5 g · L−1,
respectively. COD removal increased with increase in cur-
rent density, because the rate of generation of Al3+ ions
increased with current density, which eventually increased
the COD reduction.

Figure 12 represents the effect of varying supporting
electrolyte concentration and different flow rate at fixed
concentration of hydroquinone and current density. Maxi-
mum COD removal was 82% for 625 mg L−1 hydroquinone
concentration at high supporting electrolyte concentration
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(4 g · L−1) and low flow rate (25 mL · min−1). COD re-
moval linearly increased with increasing supporting elec-
trolyte concentration. On the other hand, COD removal
slightly decreased when increasing the flow rate of wastew-
ater. Hence, retention time decreased when increasing the
flow rate.

Figure 13 represents the effect of varying supporting elec-
trolyte concentration and different current density at fixed
concentration of hydroquinone and flow rate. It can be
ascertained from the surface plot that the COD removal
increases with increasing supporting electrolyte concentra-
tion and increases with current density. So current density
and supporting electrolyte concentration is very important
for COD removal in flow electro coagulation process. Then,
90.4% of COD was removed at high supporting electrolyte
concentration (4 g · L−1) and high current density (1 A ·
dm−2) for 625 mg L−1 hydroquinone at 35 mL · min−1 flow
rate.

Figure 14 represents the effect of varying different flow
rate and different current density. It can be ascertained
from the surface plot that the COD removal increased with
increase in current density, because the rate of generation of
Al3+ ions increased with current density, which eventually
increased the COD reduction. But flow rate is slightly effect
the efficiency of COD removal while compare with current
density. Then, 89% of COD was removed at high current
density (1 A · dm−2) and low flow rate (25 mL · min−1) for
625 mg · L−1 concentration at 2.5 g · L−1 of supporting
electrolyte concentration.

Conclusion

Experiments were carried out on removal of hydroquinone
in flow eletrolyzer (electro coagulation technique) cover-
ing wide range of operating conditions in monopolar and
bipolar configurations. The influence of hydroquinone con-
centration, supporting electrolyte concentration, flow rate
and current density on the rate of degradation was critically
examined. It was observed from this investigation that the
percentage of COD reduction is significantly influenced
by the hydroquinone concentration, supporting electrolyte
concentration, flow rate and current density. Current den-
sity and supporting electrolyte concentration are the im-
portant factors for degradation of hydroquinone.

The experimental data were analyzed using response sur-
face methodology and the individual and combined pa-
rameter effects on COD reduction were analyzed. Three
levels and four factors Box-Behnken experimental design
was applied. Regression equation were developed for COD
removal and energy consumption using sets of experimen-
tal data and solved using the Design Expert software. It was
observed that model predictions of COD removal and en-
ergy consumption are in good agreement with experimental
observations. Further, the parameters were optimized for
effective degradation of hydroquinone in flow electrolyzer

using response surface method. The optimized values for
80.95% of COD removal through electro-coagulation are:
supporting electrolyte concentration 2.67 g · L−1, flow rate
27 mL · min−1, 0.7 Adm−2 and energy consumption of
2.36 kWh per kg of COD for the 1000 mg · L−1 of hy-
droquinone concentration in monopolar configuration and
87.13 % of COD removal through electro-coagulation are:
supporting electrolyte concentration 4 g · L−1, flow rate
29.15 mL · min−1, 1 A · dm−2 and energy consumption
of 8.495 kWh per kg of COD for the 1000 mg · L−1 of
hydroquinone concentration in bipolar configuration.
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