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a b s t r a c t

The ability of electrocoagulation to remove Cr(III) from aqueous solutions is studied using aluminium
anode and taking into account many factors such as pH, potential, time and temperature.

In order to check these factors and their effects on the electrocoagulation of Cr(III), we have established a
model of this technique following a methodological strategy using experiments design. The mathematical
eywords:
lectrocoagulation
hromium
xperimental design
esponse surface methodology

model is established, using a central composite design rotatable and uniform. The model describes the
change of the measured responses of chromium removal efficiency, energy consumption and aluminium
dissolved according to the pH, potential, time and temperature.

The graphical representation of this model in the space of the variables enabled us to define the opti-
mum conditions for these parameters. The optimum value of pH, potential, time and temperature are
respectively 4.23, 9.14 V, 10 min, and 27.5 ◦C. An efficiency of 91% of the removal chromium is observed
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. Introduction

The industries of textile, tannery and other industries generate
lot of pollutants. Chromium is one of the major sources of envi-

onmental pollution. It is discharged into the environment through
he disposal of waste from industries like leather tanning, metallur-
ical and metal finishing, textiles and ceramics, pigment and wood
reservatives, photographic sensitizer manufacturing, etc. In the
nvironment, chromium occurs mainly in trivalent and hexavalent
orms. The hexavalent chromium Cr(VI) is toxic and carcinogenic
hile the element in its trivalent state Cr(III) is an essential nutrient

or plant and animale metabolism in trace amounts [1]. However,
r(III) has also been shown to be a potential hazard, especially in
he aquatic environment. Mammalian in vitro tests have shown
hat trivalent chromium is a potential toxic, because it is a com-
etitive inhibitor of a many cellular process [2]. The techniques for
ecovering or removing Cr from wastewater are chemical reduc-

ion and precipitation, adsorption by several types of adsorbents
uch as activated carbon [3], Pinus sylvestris bark [4], sphag-
um moss peat [5] and bone charcoal [6,7], ions exchange [8]
nd membrane technologies [9,10]. Most of these methods suf-
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er from some drawbacks such as high capital and operational
osts.

In recent years, electrocoagulation has been successfully used
o treat a variety of industrial wastewater [11–19]. The goal of this

ethod is to form flocs of metal hydroxides within the effluent to
e cleaned by electrodissolution of soluble anodes. Three mains
rocesses occur during electrocoagulation: electrolytic reactions
t the surface of electrodes, formation of coagulants in aqueous
hase, adsorption of soluble or colloidal pollutants on coagulants,
nd removal by sedimentation or flotation. The main reactions at
he electrodes of aluminium are

node : Al → Al3+ + 3e− (I)

athode : 2H2O + 2e− → H2 + 2OH− (II)

Alaq
3+ and OH− ions generated by electrode reactions (I) and

II) react to form various monomeric and polymeric species which
ransform finally into Al (OH)3 according to complex precipitation
inetics [20].

Electrocoagulation has the potential to be the distinct econom-
cal and environmental choice for treatment of wastewater and

ther related water management issues. Electrocoagulation is an
fficient technique since adsorption of hydroxide on mineral sur-
aces are a 100 times greater on in situ rather than on precipitated
ydroxides when metal hydroxides are used as coagulant. Electro-
oagulation needs simple equipments, designable for virtually any

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:z_zaroual@yahoo.fr
dx.doi.org/10.1016/j.cej.2008.09.040
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Optimization of the removal of chromium by electrocoagulation
Z. Zaroual et al. / Chemical Engi

ize. It is cost-effective, and easily operable. The start-up and oper-
ting costs are relatively low. It requires low maintenance cost with
o moving parts. Since practically no chemical addition is required

n this process, it brings minimum chance of secondary pollution. It
eeds low current, and it can be run even by green processes, such
s, solar, wind-mills and fuel cells. Electrocoagulation process can
ffectively destabilize small colloidal particles. It produces mini-
al sludge. Gas bubbles produced during electrolysis can enhance

otation. It removes the smallest colloidal particles efficiently com-
ared to conventional chemical and biological techniques, because
he smallest charged particles have greater probability of being
oagulated by the electric field that sets them in motion.

Although electrocoagulation has numerous advantages, it has
ome drawbacks as discussed below. The sacrificial anodes need
o be replaced periodically. It requires a high conductivity of the
astewater suspensions. In case of the removal of organic com-
ounds, some toxic chlorinated organic compound may be formed

n situ if chlorides are also present. An impermeable oxide film may
e formed on the electrodes that may interfere with the perfor-
ance of the electrocoagulation cell. However, changing polarity
ay help reduce this interference.
This work focuses on removal of chromium from effluent by

lectrocoagulation using aluminium as electrode material and in
ontinuous system. Some studies [21,22] show the effectiveness of
his method in batch system with mild steel electrode using bipolar
r monopolar configurations.

In the electrocoagulation process, many factors such as pH,
pplied potential and the application time influence the process
fficiency. The process efficiency may be increased by the opti-
ization of these factors. In conventional multifactor experiments,

ptimization is usually carried out by varying a single factor while
eeping all the other factors fixed at a specific set of conditions. This
ethod is time consuming, requires large number of experiments.
These limitations of a classical method can be eliminated by

ptimizing all the affecting parameters collectively by statistical
xperimental design such as response surface methodology (RSM)
23]. RSM is a collection of mathematical and statistical techniques
seful for developing, improving and optimizing the process and
an be used to evaluate the relative significance of several affect-
ng factors even in the presence of complex interactions. The main
bjective of RSM is to determine the optimum operational condi-
ions for the system or to determine a domain that satisfies the
perating specifications. The application of statistical experimen-
al design techniques in electrocoagulation process development
an result in improved product yields, reduced process variability,
loser confirmation of the output response to nominal and target
equirements and reduced development time and overall costs.

The purpose of this paper is to optimize and model the removal
f Cr(III) from polluted waters using the electrocoagulation process
y searching a possible optimum in the response surface repre-
enting the relationship between, on the one hand, the chromium
emoval efficiency, in the other part, the energy consumption and
he variables governing the treatment.

In this work the relationship between the chromium removal,
he energy consumption and four quantitative variables, i.e. pH,
lectrolysis potential, electrolysis times and temperature, are deter-
ined by a parabolic model for a set of experiments according to a

ractional central composite design. The Statistical calculations are
one by using JMP (John’s Macintosh Project) software [24].
. Experimental

The electrocoagulation (EC) is carried out in a mechanically
tirred reactor (STR) (Fig. 1). The chromium solution is introduced
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ontinuously in the electrochemical reactor, having a capacity of 5 l.
he STR consisted of a dished-bottom cylindrical tank of internal
iameter D = 20.6 cm and ratio H/D = 0.73 equipped with a Rushton
ropeller of 6 cm diameter placed, 6 cm from the bottom in order to
void settling and favour EC. The anode and cathode were both flat
luminium electrodes of rectangular shape. The effective area of
he anode is S = 109 cm2 and the distance between both electrodes
s e = 10 mm.

These electrodes are connected to a digital DC power supply
Didalab, France); this later is used to apply the desired potential. An
mmeter is optional for monitoring the electrolysis current during
xperiment. Conductivity and pH are measured using a CD810 con-
uctimeter (Radiometer Analytical, France) and a ProfilLine pH197i
Hmeter (WTW, Germany), respectively.

The mixing rate used is 300 rpm to ensure a good mixing.
A stock chromium solution (200 mg/l) is prepared, with distilled

ater, using chromium basic sulphate (Cr(OH)SO4, 26% as Cr2O3)
sed in tanning process. The pH is adjusted to desirable value using
aOH or H2SO4 with high purity.

During this experiment, the pH of solution is adjusted to
equired value and the reactor is maintained at a fixed temperature.
he desired potential and flow are applied. The effluent from the
lectrocoagulation unit is sampled. After 30 min, the steady state
peration is achieved.

Samples are filtered, with commercial paper filtration, and the
emaining Cr(III) is determined in the solution by atomic absorption
pectrophotometry (AAS, Varian model AA-20).

The removal chromium efficiency is calculated as

Removal efficiency = Ci − Cf

Ci
× 100

here Ci is the initial chromium concentration (mg/l) and Cf is the
nal chromium concentration (mg/l).

The percentage of aluminium remaining in solution is calculated
y the following relation:

= massdissolved

massremained
× 100

The weight of dissolved aluminium is calculated by the Faraday’s
aw:

= M × I

z × F
× 3600

Q

here Z = 3 is the number of electrons corresponding to aluminium
xidation, M is the molecular weight (g/mol), F is Faraday’s constant
96,500 C), I is the electrolysis current (A) and Q is the volume flow
ate (m3/h).

The energy consumption W (kWh/m3) in the electrocoagula-
ion process results mainly in ohmic losses rather than electrolysis
eactions, and calculated from:

= U × I

Q × 1000

here U is the voltage (V), I is the electrolysis current (A) and Q is
he volume flow (m3/h).

.1. Statistical analysis
s achieved by using the RSM. A rotatable central composite design
niform is used to study the empirical relationships between three
esponses (chromium removal efficiency, energy consumption and
issolved aluminium) and four factors: pH, potential, time and tem-
erature. Table 1 shows the levels attributed to each variable.
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F hermostated electrochemical reactor; (4) cathode and anode; (5) ammeter; (6) DC power
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ig. 1. Schematic diagram of experimental set-up. (1) Inlet reservoir; (2) pump; (3) t
upply; (7) agitator; (8) outlet reservoir.

.1.1. Mathematical model
The behaviour of the system is explained by the following
uadratic equation:

= ˇ0 +
4∑

j=1

ˇjXj +
4∑

j=1

4∑

j′=1,j /= j′
ˇjj′ XjXj′ +

4∑

j=1

ˇjjXj
2

able 1
he central composite design presented according to the standard order.

rder Coded variables values

ogical run Random run X1 X2 X3 X4

1 30 −1 −1 −1 −1
2 22 1 −1 −1 −1
3 21 −1 1 −1 −1
4 26 1 1 −1 −1
5 1 −1 −1 1 −1
6 5 1 −1 1 −1
7 29 −1 1 1 −1
8 4 1 1 1 −1
9 27 −1 −1 −1 1

10 25 1 −1 −1 1
11 20 −1 1 −1 1
12 13 1 1 −1 1
13 10 −1 −1 1 1
14 8 1 −1 1 1
15 18 −1 1 1 1
16 23 1 1 1 1
17 24 −2 0 0 0
18 31 2 0 0 0
19 12 0 −2 0 0
0 3 0 2 0 0

21 6 0 −2 0
2 8 0 0 2 0
3 5 0 0 0 −2
4 19 0 0 0 2
5 7 0 0 0 0
6 1 0 0 0 0

27 6 0 0 0 0
8 7 0 0 0 0
9 9 0 0 0 0
0 4 0 0 0 0

31 2 0 0 0 0

w
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y

2
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e
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N

x
x
x
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Fig. 2. A central composite rotatable design for four factors X1, X2, X3 and X4.

here �: theoretical response function; Xj: coded variables of the
ystem; ˇ0, ˇj, ˇjj

′ and ˇjj: true model coefficients.
The observed response yi for the ith experiment is

i = �i + ei (ei : error).

.1.2. The central composite design

Thirty-one experiments are used to estimate the model coef-

cients. The graphical representation of the distribution of these
xperimental points is given in Fig. 2. The corresponding four vari-
ble central composite design is shown in Table 2. The variables are

able 2
atural and coded variables.

atural variable (xj) Coded variables X1, X2, X3, X4

−2 −1 0 1 2

1 = pH 2 3 4 5 6
2 = potential (V) 2.5 4.5 6.5 8.5 10.5
3 = time (min) 10 15 20 25 30
4 = temperature (◦C) 15 20 25 30 35
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Student ‘t’ test. The Fisher’s ‘F’ test is used to determine the sig-
nificance of each of the interaction among the variables, which in
turns may indicate the patterns of the interactions among the vari-
ables. In general, the larger the magnitude of F, the smaller the value
Fig. 3. Main effects plot of parameters for chromium removal efficiency.

oded according to the following equation:

i = xi − x0

�x

here Xi is the dimensionless value of an independent variable, xi
s the real value of an independent variable, x0 is the value of xi at
he center point and �x is the step range.

The 31 experiments can be divided into three groups as follows:

NF = 24 factorial experiments carried out at the corners of the cube;
Na = 2 × 4 axial experiments carried out on the axes at a distance
of ±˛ from the center. The distance ˛ is calculated so as to obtain
rotatability. A four central composite design is rotatable if:

˛ = ±(NF)1/4 = ±2

N0 experiments are carried out at the center of the experimental
domain. In our case, the N0 value was fixed at 7 so as to obtain
orthogonality and isovariance by rotation properties. The experi-
ments repeated at the center of the domain (25–31 in Table 1) leads
to calculate an independent estimation of the ‘pure’ experimental
error variance.

.1.3. Validation of the model
In the case of a composite design, the validation of the model

s carried out by an appropriate analysis of variance (ANOVA). The
odel is considered adequate if the variance due to regression is

ignificantly different from the total variance.
‘Statistica’ software is performed for regression and graphical

nalysis of data obtained. The optimum of studied parameters
pH, potential, time and temperature) is obtained by analysing the
esponse surface contour plots.

. Result and discussion

The most important parameters, which affect the efficiency of
lectrocoagulation, are pH, potential, time and temperature of the
olution. In order to study the combined effect of these factors,
xperiments are performed for different combinations of the phys-
cal parameters using statistically designed experiments. The pH
ange studied is between 2 and 6. The potential is between 2.5 and
0.5 V. The time is varied between 10 and 30 min and temperature
etween 15 and 35 ◦C.

The main effects of each of the parameter on chromium removal
fficiency, energy consumption and dissolved aluminium are given
n Figs. 3–5, respectively. Fig. 3 shows that the removal effi-
iency increases with increasing pH, potential, time or temperature.
ndeed, the removal efficiency of chromium depends on the quan-

ity of aluminium generated in the medium. The later depends on
lectrolysis potential, electrolysis time, pH solution and tempera-
ure. Indeed, when the potential (or time) increases, the quantity of
issolved aluminium in solution increases, therefore the amount of
luminium hydroxide Al(OH)3 formed is important. Consequently,
Fig. 4. Main effects plot of parameters for energy consumption.

e note high chromium removal efficiencies at high potential. Fur-
hermore, the electrocoagulation is most effective when the pH
f the medium is ≥4. The mechanism of chromium removal is
robably the precipitation as chromium hydroxide Cr(OH)3 and
dsorption on formed hydroxide precipitate Al(OH)3. However, Ks

Al(OH)3) � Ks (Cr(OH)3), in fact, it is the aluminium hydroxide
hich is formed initially in the medium. Furthermore, during all

he experiences, we note only the formation of white aluminium
ydroxide that becomes green with time. Then the probable mech-
nism of chromium removal is adsorption. Fig. 4 shows that the
nergy consumption increases with each parameter. The energy
onsumption is high at higher electrolysis potential. The same trend
as found by Chen et al [16]. Moreover, it is shown form Fig. 5 that

he amount of aluminium remaining in the solution decreases with
he increase of one of parameters: pH, potential or time. On one
and, when the pH of the medium increases, the precipitation of
ydroxide of aluminium is favoured, on the other hand the quan-
ity of aluminium in solution increases with time and electrolysis
otential. In the same time, the amount of OH− generated raises
ith potential or time. Consequently, the aluminium hydroxide is

ormed. Fig. 5 shows that the amount of aluminium remaining in
he solution decreases and becomes stable when the temperature
ncreases. The total precipitation of aluminium hydroxide is got-
en at 25 ◦C. At weak temperature, the conductivity of solution is
ower, then the amount of OH− generated is insufficient to total
recipitation of aluminium. The increase of temperature improves
he formation of aluminium hydroxide.

Table 3 shows the experimental results of removal efficiency
f chromium, energy consumption and the amount of aluminium
emaining in the solution for the 31 experiments. Using the exper-
mental results, the regression model equations (second-order
olynomial) relating the three responses are developed and are
iven in Eqs. (1), (2) and (3), respectively. Apart from the linear
ffect of the parameter for the three responses, the RSM also gives
n insight into the quadratic and interaction effect of the param-
ters. These analyses are done by means of Fisher’s ‘F’ test and
Fig. 5. Main effects plot of parameters for aluminium remaining in solution.
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Table 3
The experimental data for chromium removal efficiency, energy consumption and the dissolved aluminium remaining in solution according to central composite design.

Logical run Response %E Response P (kWh/m3) Response %Al

%E experimental %E predicted P experimental P predicted %Al experimental %Al predicted

1 7.07 6.17 0.486 0.505 71.62 70.50
2 36.66 38.43 0.362 0.347 18.37 17.46
3 58.70 59.74 2.206 2.178 24.82 24.49
4 84.56 85.55 2.103 2.109 23.21 22.83
5 50.1 49.71 0.975 1.031 35.04 35.88
6 70.44 70.55 0.934 0.990 6.05 6.10
7 75.61 75.36 3.069 3.014 12.17 11.75
8 90.35 89.73 3.023 3.061 33.27 33.35
9 13.61 14.95 0.386 0.342 84.75 83.01

10 45.32 44.62 0.45 0.462 10 10.90
11 72.28 71.22 3.254 3.156 18.83 19.25
12 93.32 94.42 3.426 3.364 1.02 −1.47
13 54.6 52.66 0.617 0.568 49.15 50.01
14 71.23 70.90 0.782 0.805 2.5 1.17
15 82.05 81.00 3.683 3.692 8.89 8.14
16 92.83 92.78 4.079 4.017 9.59 10.68
17 33.63 35.19 1.508 1.578 65.13 65.40
18 80.42 79.16 1.768 1.745 14 14.90
19 12.26 12.66 0.014 −0.040 43.49 43.87
20 88.28 88.11 4.743 4.845 6.56 7.36
21 53.34 51.43 0.983 1.063 24.5 26.48
22 91.2 93.34 2.275 2.242 4.81 4.00
23 64.62 63.62 1.361 1.298 24.84 25.09
24 74.22 75.45 1.979 2.090 14 14.92
25 75.45 73.77 1.484 1.482 11.05 10.65
26 73.48 73.77 1.473 1.482 10.45 10.65
27 72.32 73.77 1.48 1.482 10.94 10.65
28 73.27 73.77 1.482 1.482 10.82 10.65
29 73.14 73.77 1.474 1.482 10.3 10.65
3
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0 75.82 73.77 1.496
31 72.93 73.77 1.485

f P, the more significant is the corresponding coefficient term. The
egression coefficient, F and P values for all the linear, quadratic
nd interaction effects of the parameter are given in Tables 4–6 for
hree responses, respectively. It is observed that the coefficients for
he linear effect of all the factors pH, potential, time and temper-
ture (P < 0.0001 for all) for three responses are highly significant
xcept pH (P = 0.0096) for energy consumption is slightly less sig-
ificant. However, for the removal efficiency of chromium, all of the

nteraction effect of the variables is found highly significant exempt

he interaction between pH and temperature (P = 0.1269) and the
nteraction between potential and temperature (P = 0.1139). For the
nergy consumption, the whole interactions of variables, except the
nteraction pH–potential (P = 0.2204) and the interaction pH–time

able 4
stimated regression coefficients and corresponding F and P values for chromium
emoval efficiency.

erm Coefficient Sum of squares F P

onstant 73.772857 – – <0.0001
1 11.01125 2909.9430 1122.72 <0.0001
2 18.862917 8539.4310 3294.702 <0.0001
3 10.475417 2633.6245 1016.111 <0.0001
4 2.95625 209.7459 80.9246 <0.0001
1X2 −1.615625 41.7639 16.1134 0.0010
1X3 −2.856875 130.5878 50.3836 <0.0001
1X4 −0.648125 6.7211 2.5931 0.1269
2X3 −6.983125 780.2246 301.0279 <0.0001
2X4 0.673125 7.2496 2.7970 0.1139
3X4 −1.458125 34.0181 13.1249 0.0023
1X1 −4.157902 494.3674 190.7379 <0.0001
2X2 −5.846652 977.4980 377.1404 <0.0001
3X3 −0.346652 3.4363 1.3258 0.2665
4X4 −1.059152 32.0788 12.3767 0.0029

r
s
a

T
E
c

T

C
X
X
X
X
X
X
X
X
X
X
X
X
X
X

1.482 10.9 10.65
1.482 10.08 10.65

P = 0.1143), are considered as very significant factors. Whereas,
ll interaction of variables is highly significant except the inter-
ction time–temperature, for the responses aluminium remaining
n solution. The significance of these interaction effects between
he variables will have been lost if experiments are carried out by
onventional methods.

The coefficient of the quadratic effect of all the variables pH,
otential, time and temperature is highly significant for three
esponses, except the quadratic effect of time for the response

emoval efficiency of chromium that are found not significant. Con-
equently, the best fitting response functions, for the three models
re then conveniently written as follows:

able 5
stimated regression coefficients and corresponding F and P values for energy
onsumption.

erm Coefficient Sum of squares F P

onstant 1.482 – –0 <0.0001
1 0.0417917 0.041917 8.6555 0.0096
2 1.2212417 35.794349 7391.224 <0.0001
3 0.2947083 2.084472 430.4255 <0.0001
4 0.198125 0.942084 194.5323 <0.0001
1X2 0.0221875 0.007877 1.6264 0.2204
1X3 0.0290625 0.013514 2.7905 0.1143
1X4 0.0694375 0.077145 15.9298 0.0011
2X3 0.0775625 0.096255 19.8758 0.0004
2X4 0.2851875 1.301311 268.7094 <0.0001
3X4 −0.074938 0.089850 18.5533 0.0005
1X1 0.0449771 0.057847 11.9450 0.0033
2X2 0.2300521 1.513400 312.5040 <0.0001
3X3 0.0427271 0.052204 10.7798 0.0047
4X4 0.0529771 0.080256 16.5722 0.0009
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Table 6
Estimated regression coefficients and corresponding F and P values for aluminium
remaining in solution.

Term Coefficient Sum of squares F P

Constant 10.648571 – – <0.0001
X1 −12.62583 3825.8800 2466.681 <0.0001
X2 −9.126667 1999.1051 1288.894 <0.0001
X3 −5.618333 757.5761 488.4362 <0.0001
X4 −2.541667 155.0417 99.9609 <0.0001
X1X2 12.845 2639.9044 1702.04 <0.0001
X1X3 5.8175 541.4929 349.1197 <0.0001
X1X4 −4.76625 363.4742 234.3447 <0.0001
X2X3 5.47125 478.9532 308.7982 <0.0001
X2X4 −4.435 314.7076 202.9032 <0.0001
X3X4 0.4075 2.6569 1.7130 0.2091
X1X1 7.3761905 1555.8426 1003.107 <0.0001
X2X2 3.7411905 400.2405 258.0493 <0.0001
X3X3 1.1486905 37.7318 24.3270 0.0002
X4X4 2.3399405 156.5709 100.9468 <0.0001

Table 7
Regression variance analysis for chromium removal efficiency.

Source Degree of
freedom

Sum of squares Mean square Fstatistics P
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Table 9
Regression variance analysis for aluminium remaining in solution.

Source Degree of
freedom

Sum of squares Mean square Fstatistics P
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plots for chromium removal efficiency in Fig. 7 shows the interac-
tion effect of pH and potential at fixed values of the time (t = 10 min,
X3 = −2) and of the temperature (T = 27.5 ◦C, X4 = 0.5). The response
surface of mutual interactions between the variables is found to
odel 14 16644.150 1188.87 458.6915 <0.0001
esidual 16 41.470 2.59 –

otal 30 16685.619

Chromium removal efficiency models:

� = 73.772 + 11.01X1 + 18.862X2 + 10.475X3 + 2.956X4

−1.615X1X2 − 2.856X1X3 − 6.983X2X3 − 1.458X3X4

−4.157X2
1 − 5.846X2

2 − 1.059X2
4 (1)

Energy consumption:

� = 1.482 + 0.0417X1 + 1.2217X2 + 0.294X3 + 0.198X4

+0.069X1X4 + 0.077X2X3 + 0.285X2X4 − 0.074X3X4

+0.044X2
1 + 0.230X2

2 + 0.0427X2
3 + 0.052X2

4 (2)

Aluminium remaining in solution:

� = 10.648 − 12.626X1 − 9.127X2 − 5.618X3 − 2.542X4

+12.845X1X2 + 5.817X1X3 − 4.766X1X4 + 5.471X2X3

−4.435X2X4 + 7.376X2
1 + 3.741X2

2 + 1.149X2
3 + 2.340X2

4 (3)

The statistical significance of the ratio of mean square variation
ue to regression and mean square residual error is tested using
NOVA. ANOVA is a statistical technique that subdivides the total
ariation in a set of data into component parts associated with spe-

ific sources of variation for the model. According to the ANOVA
Tables 7–9), the Fstatistics values for all regression are higher. The
arge value of F indicates that most of the variation in the response
an be explained by the regression equation. The associated P value
s used to estimate whether Fstatistics is large enough to indicate sta-

able 8
egression variance analysis for energy consumption.

ource Degree of
freedom

Sum of squares Mean square Fstatistics P

odel 14 42.000612 3.00004 619.4831 <0.0001
esidual 16 0.077485 0.00484 –

otal 30 42.078097
F
t

odel 14 12934.633 923.902 595.6727 <0.0001
esidual 16 24.816 1.551 –

otal 30 12959.449

istical significance. A P value lower than 0.01 indicates that the
odel is considered to be statistically significant. The P values for

ll of the regressions are lower than 0.01. This means that at least
ne of the terms in the regression equation have a significant cor-
elation with the response variable. The ANOVA table also shows a
erm for residual error, which measures the amount of variation in
he response data left unexplained by the model. The form of the

odel chosen to explain the relationship between the factors and
he response is correct.

Further, the ANOVA for chromium removal efficiency, energy
onsumption and aluminium remaining in solution indicates that
he second-order polynomial model (Eqs. (1), (2) and (3)) is
ighly significant and adequate to represent the actual relation-
hip between the response and variables, with very small P values
nd a high value of coefficient of determination (R2 = 0.9994, R2 = 1,
2 = 0.9996 for chromium removal efficiency, energy consumption
nd aluminium remaining in solution, respectively). This implies
hat 99.94%, 100% and 99.96% of sample variation for chromium
emoval efficiency, energy consumption and aluminium remaining
n solution, respectively, are explained by the model.

The 3D response surface and 2D contour plot are generally the
raphical representation of the regression equation. This represen-
ation shows the relative effects of any two variables when the
emaining variables are kept constant. We will use it to search the
ptimal values of the process parameters: maximum chromium
emoval efficiency with low energy consumption and less alu-
inium remaining in solution. Then, the response surface plots

nd contour plots to estimate the removal efficiency (Figs. 6 and 7),
nergy consumption (Figs. 8 and 9) and aluminium remaining in
olution (Figs. 10 and 11), are given. Thus, the surface and contour
ig. 6. Response surface plot of chromium removal efficiency (time = 10 min and
emperature = 27.5 ◦C).
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Fig. 7. Contour plot of estimated response surface of chromium removal efficiency
(time = 10 min and temperature = 27.5 ◦C).

Fig. 8. Response surface plot of energy consumption (time = 10 min and tempera-
ture = 27.5 ◦C).

Fig. 9. Isoresponse contour plot for energy consumption (time = 10 min and tem-
perature = 27.5 ◦C).
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ig. 10. Response surface plot of aluminium remaining in solution (time = 10 min
nd temperature = 27.5 ◦C).

e elliptical and the maximum chromium removal efficiency is
btained in the following cases:

The pH and the electrolysis potential increase simultaneously.
The pH increases and the potential is between 9.14 and 10.5 V and
remains unchanged.
The potential increases and pH is between 4.14 and 6 and remains
stable.

The geometrical representation of the response energy con-
umption shows at fixed pH, when the potential increases the
nergy consumption increases. We also note that, the influence
f pH is not significant. Then, to have a weak energy it is benefi-
ial to work with low potential. The lowest value of the potential
hich gives maximum of chromium removal is 9.14 V. However,

he contour plots of percentage of aluminium remaining in solu-
ion (Fig. 11 Fig. 11) shows that at fixed potential, when the pH
ncreases the quantity of dissolved aluminium decreases. We must,
hen, choose a value of pH corresponding to a lower aluminium
ontent in solution and which approaches the pH of a effluent of
anning. Thus, this pH is 4.23. From where, the optimum condi-
ion for treatment of discharge charged out of trivalent chromium
s given in Table 10. Under these conditions, the estimated values of

hromium removal efficiency, energy consumption and aluminium
emaining in solution for the treatment by electrocoagulation of the
rivalent chromium are respectively, 91%, 3.536 kWh/m3 and 0.57%.
his result is experimentally confirmed.

ig. 11. Isoresponse contour plot for aluminium remaining in solution (time = 10 min
nd temperature = 27.5 ◦C).
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Table 10
Optimum values of the process parameter.

Parameter Optimum values

pH 4.23
P
T
T

4

t
r
m
t
r
a
d
e
R
c

R

[

[

[

[

[

[

[

[

[

[

[

[

[

otential (V) 9.14
ime (min) 10
emperature (◦C) 27.5

. Conclusion

The present study clearly demonstrated the applicability of elec-
rocoagulation process using the aluminium anode for chromium
emoval. This study clearly showed that RSM is one of the suitable
ethods to optimize the best operating conditions to maximize

he chromium removal. An orthogonal central composite uniform
otational design is successfully employed for experimental design
nd analysis of results. Satisfactory empirical model equations are
eveloped for three parameters, the chromium removal efficiency,
nergy consumption and aluminium remaining in solution using
SM to optimize the parameters. Graphical response surface and
ontour plot is used to locate the optimum point.
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