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ABSTRACT

In this study, the application of full factorial design and a surface response methodology
was used to model the two-factor influence. Time and current intensity on bacterial
biomass, color, turbidity, and natural organic matter (NOM) removal from Oued El
Harrach River were discussed. A factorial experimental design was used to investigate
the bacterial biomass and color removal from Oued El Harrach River situated in north-
ern Algeria which is treated by electrocoagulation using iron plate electrodes. However,
a response surface methodology (RSM) was used to reduce the turbidity and NOM. The
bacteria removal efficiency was determined after 30 min of treatment. The combined
effects of operating parameters on removal turbidity and NOM were also analyzed. A
regression model was found to fit the experimental data very well. Besides, the results
were statistically analyzed using the student’s t-test, analysis of variance, F-test, and lack
of fit in order to define the most important process variables affecting the removal
of bacteria biomass, color turbidity, and NOM from Oued El Harrach River. The
predicted results using factorial regression model showed high regression coefficient
values (i.e. R2

bact = 0.9687 and R2
colo = 0.9983) which are in substantial agreement with

experimental data. On the other hand, predicted values of turbidity and NOM obtained
from central composite model were in close agreement with the experimental values
(i.e. R2

turb = 0.9442 and R2
NOM = 0.9432). This study proved that factorial design and RSM

could efficiently be applied for the wastewater treatment modeling by electrocoagulation
process.
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1. Introduction

The Oued El Harrach River is located in northern
Algeria. It consists of various organic and inorganic
compounds which may be either dissolved or
suspended. These compounds are commonly classified
as potential pollution problem for surface waters
and the ecosystem. Bacterial biomass is among the
various forms of pollution problem. Its removal is
considered as the usual prerequisite. There are several
conventional techniques which are used to remove
bacterial biomass from wastewater, such as ozonation,
adsorption, oxidation, biosorption [1], membrane
process chemical oxidation [2], Fenton’s oxidative
treatment [3] adsorption [4], chemical precipitation
[5,6], coagulation/flocculation [4,7], sedimentation/
flotation and air stripping [7,8], membrane processes
as nanofiltration [9,10], microfiltration [10], and
ultrafiltration [11].

The electrocoagulation (EC) has been tested on
several waters, such as synthetic natural water [12],
laundry wastewaters [13], pasta and cookie processing
wastewaters [14], dairy wastewaters [15], alcohol
distillery wastewaters [16], and distillery effluents [17].
This technique has many advantages compared
to conventional processes in terms of its simple
equipment, e.g. easy operation, less retention time,
chemicals adding reduction or absence, electro-
generated flocks rapid sedimentation, and less sludge
production [18,19]. In addition, the experimental
design technique application in the electrocoagulation
process can result in improved product yield and
reduced process variability, and it is also possible to
reduce the experiment number [20,21]. EC is an evolv-
ing technology that has been effectively applied in the
industrial wastewater treatment containing various
pollutants, such as textile wastewaters, olive mill
wastewaters [22,23], and polluted water containing
several toxic substances [24].

Electrocoagulation is a simple and efficient method
where the coagulating agent is generated in situ by
dissolving electrochemically either aluminum or iron
ions from, respectively, aluminum or iron electrodes
[25,26]. Coagulants dissolved from the anodes during
the electrocoagulation process cause the destabiliza-
tion of pollutants. Iron anodes can produce ferrous or
ferric ions according to Eq. (1). Ferrous and ferric
hydroxides are produced according to Eq. (2), where
m depends on the pH [27]. Hydrogen formation on
the cathode (Eq. (3)) is usually the main reduction
reaction occurring on the iron electrodes during EC
treatment [28]. According to Eq. (4), Fe2+ after oxida-
tion become Fe3+ in dissolved oxygen presence and in
a neutral or high pH (above 7.0) [29].

FeðsÞ ! FenþðeqÞ þ ne� (1)

FenþðeqÞ þOH� $ FeðOHÞ n�mð Þþ
m (2)

2H2Oþ 2e� ! H2ðgÞ þ 2OH (3)

4Fe2þðaqÞ þ 10H2OþO2ðaqÞ ! 4Fe OHð Þ3ðsÞþ8Hþ (4)

Hydrogen evolution can induce particles flotation [28].
This electroflotation technology can be used for effi-
cient precipitated, coagulated, or flocculated material
separation [29].

This study aimed to establish the functional rela-
tionships between some operating parameters, namely
time and current intensity. The experimental work is
carried out using experiment design in order to exam-
ine the main factors affecting the different responses
and their interactions. The electrocoagulation effi-
ciency to remove bacteria biomass, color, turbidity,
and natural organic matter (NOM) from Oued El Har-
rach River was also reported. It can be noted that the
NOM is composed by complex mixture of different
organic materials such as bacteria, viruses, humic
acids, fluvic acids, polysaccharides, and proteins [30].

2. Material and methods

2.1. Electrocoagulation process description

Electrocoagulation process involves three stages:
coagulant formation through dissolution of anode
electrode metal ions, pollutants destabilization,
suspended particles, and de-emulsification, and insta-
ble phases and flock-forming aggregation [18,31,32].
Pollutant destabilization, suspended particles, and
de-emulsification mechanism can be established
through dispersed double-layer compression, ion neu-
tralization species existing in water and wastewaters,
and flocks and sludge forming [18,33].

2.2. Reactor design

The EC experiments were conducted in a 1-L Plexi-
glas reactor. The anode and cathode, fully immersed in
water, with dimensions of 4.5 cm × 5.5 cm × 1 cm
(L × W × T) made of plate iron were connected to a digi-
tal dc power supply in bipolar mode. The experiments
were realized with 0.5 L of wastewater placed into the
electrolytic cell. All the experiments were performed in
batch mode at room temperature. At the end of each
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electrocoagulation treatment study, a solution with
flocks was allowed to settle for 1 h in the container
before bacteria analysis; the amount of sludge pro-
duced was expressed as a ratio. The samples for chemi-
cal analysis were taken from limpid phase. Neither
centrifuging nor filtration was performed in this study.

2.3. Response determination

All variables are assumed to be measurable, the
full factorial design and the response surface can be
expressed as follows:

Y ¼ fðX1; X2; X3 . . . XiÞ

where Y is the system answer, and Xi is the action
variable called factors.

The responses (%Yμ) were determined by measur-
ing the yield efficiency and defined as:

%Yl ¼ ð Y0 � YECð Þ= Y0Þ � 100 (5)

where Y0 is the initial concentration and YEC is the
final concentration after electrocoagulation process.
The removal bacterial, color, turbidity, and NOM
responses were measured under suitable conditions.
Initial pH, conductivity, temperature of 25˚C, and dis-
tance between electrodes of 1.5 cm were used.

3. Results and discussion

The Oued El Harrach River consists of various
pathogenic micro-organisms and parasites, which is
one of the biggest pollution problems for local ground
and surface waters. Initial wastewater quality before
treatment process is presented in Table 1.

3.1. Experimental designs for removal tests

The parameters involved in the destruction of
charge bacteria, color, turbidity, and NOM in the
wastewater were carried out by experimental design
using statistical software JMP (Version 9). The factors
levels (−) and (+) in the destruction bacteria for

current intensity (X1) and time (X2) are given in
Table 2. All the experiments were carried out with
iron electrode for coagulation treatment.

For better understanding of all effects, the number
of experiments (run) is given by aK = 22, where a is the
number of levels and K is the number of factors. The
two levels assigned to each variable are expressed in
coded forms as (−) and (+) [34,35].

The model performance was evaluated by the vari-
ance analysis (ANOVA) which included the Fisher’s
F-test (overall model significance), its associated
probability p > F, the determination coefficient R2, and
the lake of fit. The student’s t-value for the estimated
coefficients and the associated probabilities p > |t|
was also applied.

3.1.1. Full factorial design

An experiment two-level factorial design (22) was
adopted for the quantification effects of the two fac-
tors on the bacteria biomass removal and color
(Table 3).

Six possible combinations with the bacterial bio-
mass and color inactivation yield were tabulated in
order to investigate the coefficients effects, standard
deviation coefficients, standardized effects, , and other
statistical fitted model parameters. The Fisher’s “F”
and student’s t-test were used to determine the
parameter significance regression coefficients. The
p-values were used as tools to check the significance
of each of the interactions among the variables. In gen-
eral, larger the t magnitude is and smaller the p value
will be the more significant is the corresponding
coefficient term [36].

Main factor, interaction effect, model coefficients,
each coefficient standard deviation, and probability for
the full factorial designs are presented in Table 4. As
can be seen, all main factors and their interactions are
significant at 5% of probability level (p < 0.05). The
regression equation developed from different experi-
ment sets shows the yield dependence on individual
parameters as well as interactions for simultaneous
parameters variation [37,38].

Results show also that the Fisher’s “F” was very
much higher compared to tabulated value for the full
factorial design.

3.1.2. Analysis of variance

The variance analysis for the full factorial design is
presented in Table 5. The p value is lower than 0.05
(95% confidence) indicates that the model is consid-
ered to be statistically significant for bacteria biomass
and color. DF stands for the degrees of freedom

Table 1
Initial wastewater quality

Parameters Concentration

Bacterial biomass (DO600) 0.839
Color (DO415) 0.415
NOM (mg/l) 540.78
Turbidity (NTU) 227
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associated with each variation source. The squares
sum indicates the associated squares sum for each
variation source and the mean square is calculated by
dividing the squares sum by DF. The Fisher’s “F” ratio
(model mean square divided by the error mean
square) tests the hypothesis that all the regression
parameters are zero. Prob. > F is the probability of
obtaining a greater F-value by chance alone, if the

specified model fits no better than the overall response
mean.

To confirm the model correlation and significance,
a new experiment was developed (Fig. 1(a) and (b)),
the experimental values agreement with the prediction
model considering both the correlation between theo-
retical and experimental values. The obtained model
coefficients for bacteria biomass removal (Fig. 1(a))
was evaluated as R2 = 0.9687 indicates that the facto-
rial model accuracy was satisfactory. The coefficient
R2
adj (0.9218) is more suitable for comparing models

with independent variables of different numbers [39].
The color experimental response is given in Parity plot
(Fig. 1(b)). The determination coefficient (R2) was
evaluated as 0.9983, and the adjusted R-square value
(R2

adj) was 0.9958. The two values were both close to 1,
which indicated a relatively high correlation degree
between the actual and the predicted responses [40].

The standardized effects of Pareto chart at p = 0.005
is presented in Fig. 2. All the values presented an
absolute value higher than 2.3 (p = 0.005), which were
located at the dash line right, were significant. A
p-value less than 0.005 (95% confidence) indicates that
the model is considered to be statistically significant.

Table 2
Factors, levels, and responses used in experimental designs

Factors

Level

(−) (+)

X1 current intensity “Int.” (A) 2 3
X2 time “t” (min) 10 30

Responses
Ybact. (%) Bacterial biomass “Bact.”
Ycolo. (%) Color “Colo.”
Yturb. (NTU) Turbidity “Turb.”
YNOM (mg/l) Natural organic matter “NOM”

Table 3
A two-level factorial design of both runs (bacteria biomass
and color removal)

Run Int. (A) t (min)

Removal
efficiency (%)

Bact. Colo.

1 −1 −1 70.00 49.42
2 +1 −1 93.00 54.53
3 0 0 93.00 58.31
4 0 0 92.77 64.00
5 −1 1 94.81 63.59
6 1 1 99.00 93.24

Table 4
Regression analysis for bacteria biomass and color

Term Coefficient Standard error t-value p-value

Bact.
Constant 90.53 1.17 76.88 0.0002*
X1 6.95 1.14 4.82 0.0405*
X2 7.55 1.14 5.23 0.0346*
X1X2 −4.85 1.14 −3.37 0.0781

Colo.
Constant 64.79 0.39 162.67 <.0001*
X1 8.69 0.48 17.81 0.0031*
X2 13.22 0.48 27.10 0.0014*
X1X2 6.13 0.48 12.58 0.0063*

*It means “interation effect” where p < 0.05.

Table 5
ANOVA for the regression model representing bacteria
biomass (Bact.) and color (Colo.)

Term DF SS MS F p > F

Bact.
Model 3 0.0034 0.0001 22.78 0.0243
Residual 2 0.0001 0.0000
Total 5 0.0035

Colo.
Model 3 1,151.69 383.89 402.24 0.0025*
Residual 2 1.90 0.952
Total 5 1,153.59

*It means “interation effect” where p < 0.05.
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The effect of absolute standardized value of each factor
and its interaction appeared at each bar right. Fig. 2(a)
and (b) gives the relative importance of the individual
and interaction effects with time and current intensity.

Operating current density is critical in batch elec-
trocoagulation process as it is the only operating
parameter that can be controlled directly [41,42]. In
this system, electrode spacing is fixed and current is
continuously supplied. The graphical interpretation of
models (bacteria biomass and color removal) is shown
in Fig. 3. The bacteria biomass uptake was found to
decrease with increasing current intensity indicating
that bacteria biomass cell cannot resist the electrical
field increases. Consequently, the EC treatment effect
on color values may be considered as an electric
charge function.

The final predicted model in terms of significant
actual factor for abatement of bacteria biomass
(Eq. (6)) and color removal (Eq. (7)) by EC are deter-
mined by the factorial design model and given below:

Ybact: ¼ 90:53þ 6:95X1 þ 7:55X2 � 4:85X1X2 (6)

Ycolo: ¼ 64:79þ 8:69X1 þ 13:22X2 þ 6:13X1X2 (7)

3.1.3. Interaction effects

According to Eqs. (6) and (7), the main observed
effects of current intensity (X1) and time (X2) had a
significant positive effect on bacteria biomass and
color removal, respectively. Besides, the interaction

70 75 80 85 90 95 100

70

75

80

85

90

95

100
O

bs
er

ve
d 

ba
ct

er
ia

Predicted bacteria 

50 60 70 80 90 100

50

60

70

80

90

100

 O
bs

er
ve

d 
co

lo
r

 Predicted color 

(a) (b)

Fig. 1. Parity plot comparing the bacteria biomass (a) and color (b) uptake data with the Oued El Harrach River predic-
tions model by electrocoagulation process.
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Fig. 2. Standardized effects of Pareto chart on the removal efficiency for (a) bacteria biomass and (b) Oued El Harrach
River color by electrocoagulation process.
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effect of both factors, the current intensity (X1) and the
time (X2) on color removal is presented in Fig. 4. It is
noted that the time interaction and current intensity
were not statistically significant on the bacterial bio-
mass response. Electrocoagulation removed color with
high efficiency (Fig. 3(b)), and it is noticeable that the
color removal increases vs. time as well as the electric
current. The model predicts total color removal at
intermediate current density, high treatment time, and
high initial pH. Vepsalainen et al. [44] found the same
results explaining that the EC treatment effectively
removes toxic pollutants from pulp mill effluents; also,
Khoufi et al. and Hanafi et al. [23,43] removed toxicity
which is mainly caused by polyphenols (tannins) from
olive mill wastewaters.

3.1.4. Central composite design

The full factorial design is not statistically signifi-
cant for the other responses as turbidity and NOM.

Consequently, the response surface methodology
(RSM) was applied in order to modeling the (EC) effi-
ciency on both previous responses. Table 6 shows all
variables with response of turbidity and NOM.

Regression analysis for both responses turbidity
and NOM is presented in Table 7. The effects of vari-
ables and their interactions can be estimated showing
that the current intensity and time have a negative
effect on both responses, i.e. turbidity and NOM. Also,
the results show that the F-value was very much
higher compared to tabulated value for central com-
posite model fitting in the ANOVA which is given in
Table 8.

Fig. 4(a) shows the actual and the predicted removal
turbidity plot. The actual values were the measured
response data for a particular run and the predicted
values were determined by approximating function
employed for the models. The determination coefficient
(R2) was evaluated as 0.9442, and the adjusted R-square
value (R2

adj) was 0.9044. The two values were both close

Fig. 3. The graphical interpretation of models showing the current intensity effect (X1) and time (X2) on removal (a) bacte-
rial biomass and (b) Oued El Harrach River color.
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Fig. 4. Parity plot comparing the turbidity (a) and NOM (b) uptake data with the model prediction.
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to 1, which indicated a relatively high correlation
degree between the actual and the predicted responses.
In the present study, the NOM removal quantity (NOM
mg/l) shows that the model fits well with the
experiment (Fig. 4(b)). The predicted R2 of 0.9432 is in
reasonable agreement with the adjusted R2 of 0.9026
which is in reasonable agreement with experimental
results.

In order to determine the influence of most impor-
tant parameters, a standardized Pareto chart was
employed (Fig. 5). It consists of bars with a length
proportional to the estimated effects of absolute value,
divided by the standard error. The bars are displayed
in effects of size order, with the largest effects on top.
In this study, the chart includes a vertical line at the
critical t-value for a “α” of 3.9, and its bar effect (posi-
tive or negative) is smaller than the critical t-value that
is considered neither significant nor affecting the
response variable.

The removal turbidity effect on time was signifi-
cant as shown in Fig. 5(a). Moreover, for the NOM
response, the interaction between current intensity
and time was negatively significant (Fig. 5(b)).

Effect of both current intensity and time on turbid-
ity and NOM during the EC treatment was elucidated
in Fig. 6(a) and (b), respectively. The NOM was
decreased with the current intensity. However, the
current intensity and time interaction effect (X1X2) had
negative significant impact on NOM removal which
confirms the previous result (ANOVA), i.e. more the
NOM decreased the time and the current intensity
increased. It is noticed that the NOM starts to decrease
after 10 min of treatment process. On the other hand,
the lowest increase in NOM has been observed after
30 min. This result may be explained by the bacteria
destruction by electric field, than the bacteria cell
polysaccharide and proteins liberalization. According
to Sharp and al. [45], the hydrophobic NOM has a
higher charge density than hydrophilic NOM and is
therefore more easily removed during electrocoagula-
tion treatment. However, the turbidity increase was
affected by residual iron after 30 min of treatment pro-
cess. Although residual iron concentration was corre-
lated with initial pH and electric charge, the model
terms could not predict the residual iron in sufficient
accuracy. Bubbles and normal flocculation caused by
EC treatment may be a source of high turbidities.
Moreover, residual metals can cause problems such as
deposition and process chemical decomposition where
water is consumed. The concentration of residual met-
als (Fe) and the formation of Fe(III) hydrolysis prod-
ucts were elevated in EC treatment because they are
not very soluble [46]. This sludge production can be
removed by sedimentation or filtration [47].

Table 6
Central composite design fit for the yield turbidity and
NOM

Run Config. Int. (A) t (min)

Removal efficiency

Turbidity NOM

1 00 0 0 19.8 753.33
2 A0 1 0 60.2 63.6
3 00 0 0 19.8 753.33
4 00 0 0 20 752.32
5 −+ −1 1 70 4,240
6 00 0 0 19.8 750
7 ++ 1 1 1.5 11.25
8 00 0 0 20 750
9 – −1 −1 136 886.66
10 0A 0 1 17 113.33
11 +− 1 −1 14 140
12 0a 0 −1 99.2 113.33
13 a0 −1 0 122 2,933.33

Table 7
Regression analysis for turbidity and NOM

Term Coefficient Standard error t-value p-value

Turbidity
Constant 25.99 6.513 3.99 0.0052*
X1 −20.525 7.8762 −3.20 0.0150*
X2 −47.775 6.40 −7.46 0.0001*
X1X2 −18.1875 7.84 −2.32 0.0535
X1X1 51.50 9.43 5.46 0.0009*
X2X2 16.95 9.43 1.80 0.1155

NOM
Constant 688.59 161.64 4.26 0.0037*
X1 −1,307.52 158.93 −8.23 <.0001*
X2 537.43 158.93 3.38 0.0117*
X1X2 −870.52 194.65 −4.47 0.0029*
X1X1 968.38 234.25 4.13 0.0044*
X2X2 −416.75 234.25 −1.78 0.1185

*It means “interation effect” where p < 0.05.

Table 8
ANOVA for the regression model representation

Term DF SS MS F p > F

Turbidity
Model 5 29,194.93 5,838.99 23.7286 0.0003*
Residual 7 1,722.514 246.07
Total 12 30,917.45

NOM
Model 5 17,619,347 3,523,869 23.2514 0.0003*
Residual 7 1,060,888 151,555
Total 12 18,680,234

*It means “interation effect” where p < 0.05.
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The response central methodology application
resulting in the following regression equation which is
an empirical relationship between current density and
time for removal turbidity and NOM is presented in
Eqs. (8) and (9), respectively.

Yturb: ¼ 25:99� 20:52X1 � 47:75X2 þ 51:50X2
1 (8)

YNOM ¼ 688:59� 1; 307:52X1 þ 537:43X2 � 870:52X1X2

þ 968:38X2
1

(9)

3.1.5. Interaction effects

The effect of each factor was statistically significant
(p < 0.05). For turbidity and NOM, it was shown that
the main effect X1, X2 and interaction X1, X2 are highly

significant. The interaction plots for turbidity and
NOM removal (Table 7) showed that time and current
intensity interaction played a major role.

Dissolved iron hydroxides in solution and further
coagulates impurities in wastewater forming large
agglomerates as seen in previous Eq. (2). Bratby [27]
showed that ferrous iron produced from anodes does
not coagulate well with NOM. However, iron cations
and hydrolyzed species can cause destabilization of
particles or chemical aggregates in the solution [33,48].
Thus, ferrous and ferric irons form flocs which are
easily separated during the filtration. Ferrous and fer-
ric ions as well as hydroxides are more soluble at low
pH; their high charge have a great influence on bacte-
ria cell and neutralization of organic particles as well
as other pollutants [44]. EC treatment removes impuri-
ties which are in colloidal form, as in chemical coag-
ulation. The main particle removal mechanisms are

X1

X2

X1X2

X1X1

X2X2

 T
er

m

Standardized Effect

3.9

X1

X2

X1X2

X1X1

X2X2

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

Standardizd Effect

Te
rm

3.9(a) (b)

Fig. 5. Standardized effects of Pareto chart on the removal efficiency for turbidity (a) and NOM (b) of Oued El Harrach
River by electrocoagulation process; (X1) current intensity, (X2) time.

Fig. 6. Response surface plots showing the current intensity effect (X1) and time (X2) on removal turbidity (a) and NOM
(b) of Oued El Harrach River.
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the same for electrocoagulation and inorganic chemi-
cal coagulants: double-layer compression, adsorption
destabilization, bridging, and precipitation [28]. In
addition, ferrous hydroxide forms a dark-green gelati-
nous suspension which plays an important part on
contaminants removal by complication or electrostatic
attraction. This phenomenon is characterized by the
electric field application on the colloidal particles
charge. The smallest particles (bacteria and NOM) are
the first to be removed by electrocoagulation.

4. Conclusions

In this study, the current intensity and experimen-
tal time factor effects on EC treatment efficiency were
studied. Bacterial biomass removal, color, turbidity,
and NOM were used as responses. Full factorial
design and RSM were carried out to achieve a better
understanding of the relationship between the factors
and responses. Moreover, bacteria biomass removal
and color were investigated using full factorial design.
However, responses of turbidity and NOM were also
investigated by applying RSM.

The results show that after a short treatment time
with an electrical current increase induces total bacte-
rial biomass elimination. The electrocoagulation pro-
cess appeared to be an efficient technique to remove
micro-organisms from Oued El Harrach River. Full
factorial design and RSM can provide a further insight
for electrocoagulation process of potential use.
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electrochemical cell structure on natural organic mat-
ter (NOM) removal from surface water through
electrocoagulation (EC), Sep. Purif. Technol. 99 (2012)
20–27.

[48] W. Lemlikchi, S. Khaldi, M.O. Mecherri, H. Lounici,
N. Drouiche, Degradation of disperse red 167 azo dye
by bipolar electrocoagulation, Sep. Sci. and Technol.
47 (2012) 1682–1688.

10 N. Boudjema et al. / Desalination and Water Treatment

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
O

ta
go

] 
at

 2
2:

39
 1

3 
Ju

ly
 2

01
5 


	Abstract
	1. Introduction
	2. Material and methods
	2.1. Electrocoagulation process description
	2.2. Reactor design
	2.3. Response determination

	3. Results and discussion
	3.1. Experimental designs for removal tests
	3.1.1. Full factorial design
	3.1.2. Analysis of variance
	3.1.3. Interaction effects
	3.1.4. Central composite design
	3.1.5. Interaction effects


	4. Conclusions
	Acknowledgment
	References



