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Abstract−The independent and combined effects of four variables (current density, electrolyte concentration, air flow

rate and pH) on COD removal from wastewater by electrochemical oxidation were optimized using 24 full factorial

experimental design. ANOVA was conducted to test the combined effects of the independent variables (the four control

factors and time) on COD removal. To determine the reaction order of COD removal, 1st, 2nd or 3rd reaction orders were

considered; 1st order kinetics showed the highest average r2 value. The backward elimination regression method was

used to determine the 1st order kCOD equation, and main effects and 2-way interaction effects on the 1
st order equation

were investigated. Using this equation, kCOD values for the 16 experimental conditions were predicted and COD values

were calculated with respect to time. Finally, we tried to determine optimal operating conditions using color and COD

removal as endpoints using the multiple response surface method.

Key words: Factorial Design, Reaction Rate Constant, COD Removal, Electrochemical Treatment, Multiple Response Sur-

face Methodology

INTRODUCTION

Efficiency of wastewater treatment by electrochemical oxidation

is controlled by several parameters, such as the potential applied,

the natures of electrodes used, and pH. Conventional methods of

studying electrochemical processes based on maintaining other fac-

tors at constant levels cannot represent combinatorial and interaction

effects between the factors involved. Furthermore, these methods

require several experiments to determine optimum levels, and are

thus unreliable and time consuming [1]. The statistical technique

commonly called response surface methodology (RSM) is a pow-

erful experimental design tool to optimize and understand the per-

formance of complex systems. RSM is a collection of mathematical

and statistical techniques that is used to develop, improve, and opti-

mize processes. Furthermore, it can be used to evaluate the relative

significances of several influencing factors in the presence of com-

plex interactions. The main objective of RSM is to suggest an opti-

mum model and to determine the optimum operational conditions

for a system or to identify suitable operating parameters [2]. The

adequacy of models proposed can be verified using diagnostic tests

based on analysis of variances (ANOVA).

RSM has been recently applied to several wastewater treatment

systems. The central composite design (CCD) technique has been

used to study the effect of Fenton’s peroxidation on the removal of

organic pollutants [3], and the optimization of the treatment of azo

dye wastewater has been performed successfully using CCD [4]. A

four-level Box-Behnken factorial design was employed to optimize

the medium composition for the degradation of phenol by Pseudomo-

nas putida [5]. 

In previous studies that used RSM [3-5], the removal efficien-

cies were well predicted using the experimental data at the proposed

time. However, it was difficult to predict the removal efficiencies at

different times. Furthermore, no study has been previously under-

taken to determine the optimal operating conditions required to maxi-

mize color and COD removal simultaneously. However, in the present

study, the k regression model was used to predict color and COD

removal efficiencies even at different several times. In addition, multi-

ple response surface methodology, which has not been previously

applied to dye treatment, was used to determine the optimized operat-

ing conditions to maximize color and COD removal simultaneously.

This paper concerns the study of four operation variables (cur-

rent density, electrolyte concentration, air flow rate, pH), which are

the main parameters that influence the performance of textile waste-

water treatment by electrochemical oxidation. The independent and

combined effects of theses four variables on COD removal were

optimized. ANOVA was used to test the combined effects of inde-

pendent variables (the four control factor and time) on COD removal.

In addition, the reaction rate constant was optimized by using a 24

factorial design, which is useful for estimating main effects and inter-

actions between variables. Furthermore, using multiple response

surface methodology, we attempted to derive the optimized operat-

ing conditions to maximize the color and COD removal using the

predicted reaction rate constant.

EXPERIMENTAL

1. Electrochemical Experiments

The electrochemical reactor used in this study consisted of Ru-

Sn-Sb oxide coated titanium mesh electrodes (11 cm×6.3 cm). The
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mesh anode and cathode were positioned vertically and parallel to

each other with an inter electrode gap of 2mm. The experiments

were done using 1.0 L of Rhodamine B (RhB) dye solution with

constant stirring at 150-200 rpm using a magnetic stirrer to main-

tain uniformity throughout the system. The area of each electrode

exposed for the electrolysis was fixed at 69.3 cm2.

The chemical oxygen demands (CODs) of the RhB sample before

and after electrolysis were measured using standard methods [6].

2. Reaction Rate Constant

Reaction rate constant was calculated using the integral method

[7]. The integral method is most commonly used when the reac-

tion order is known and specific reaction rate constants are required.

The equation for reaction rate (rA) is in (1).

(1)

Where, t, CA, k, and n are time, concentration, the reaction rate

constant, and reaction order, respectively.

3. Factorial Design

To investigate the combined effects of the four factors (current

density, C; NaCl concentration, N; air flow rate, A; pH, P), the 24

full factorial design by Design-Expert software was used in this study.

COD measurements were conducted in random order under the 16

experimental conditions (Table 1) over 420minutes. ANOVA (anal-

ysis of variance) was conducted to test the statistical significances

of effects (main effects and interaction effects) of the four indepen-

dent factors on COD removal. During ANOVA, time (2 levels: 120

and 360minutes) was included as an independent factor.

4. Optimization Using the k-Regression Model

Using the regression models based on the data of factorial design

experiment, there are two approaches to determine the optimal con-

ditions of the independent variables. The first involves building a

regression model that predicts COD or color removal using the exper-

imental factors as independent variables [8]. Using this method, the

time variable must be included as an independent variable in the

regression model because the dependent variables (COD or color

removal) change with time. However, this method assumes that the

relationships between time and the values of dependent variables

are linear. The second approach involves building a k-regression

model using the reaction rate constant (k) as a dependent variable

in the regression model. Furthermore, this approach allows the incor-

poration of the non-linear relationships between time and the de-

pendent variables [9].

The first step for building the k-regression model was to deter-

mine the order of the reaction rate constant using experimental data.

In this study, 1st, 2nd, and 3rd order reaction rate constants were cal-

culated using experimental data, and the appropriate reaction order

was determined using coefficient of determination (r2). The k pre-

diction equation was then derived using the backward elimination

regression method [10], and this allowed COD values to be pre-

dicted using the reaction rate equation such as Eq. (1).

RESULTS AND DISCUSSION

1. Results of the 24 Factorial Experiment

The relation between experimental COD results and electrolysis

time is shown in Fig. 1. ANOVA was conducted to test the com-

bined effects of the independent variables (four control factors and

a time factor) on COD removal, and Table 2 summarizes results.

The effects of all five main variables were statistically significant

(p<0.01).

To examine the effects of variables on COD removal, the results

at two points were compared (current density, 14.43 and 43.29mA/

cm2; NaCl concentration, 0.5 and 1.75 g/L; air flow rate, 0 and 2 L/

min; pH, 3 and 9; time, 120 and 360min) (Fig. 2). The COD values

were lower for a current density of 43.29mA/cm2, an NaCl con-

centration of 1.75 g/L, an air flow rate of 2 L/min, a pH of 3 and

time of 360min.

As was expected, interactions were found between the five vari-

ables, and five 2-way interaction effects (C*N, C*P, N*P, C*T, and

dCA

dt
--------- = rA = kCA

n

Table 1. Experimental conditions for the 24 full factorial design study

Run

Current

density,

C (mA/cm2)

NaCl

concentration,

N (mg/L)

Air flow

rate,

A (L/min)

pH,

P (−)

No. 10 14.43 0.50 0 3

No. 20 14.43 0.50 0 9

No. 30 14.43 0.50 2 3

No. 40 14.43 0.50 2 9

No. 50 14.43 1.75 0 3

No. 60 14.43 1.75 0 9

No. 70 14.43 1.75 2 3

No. 80 14.43 1.75 2 9

No. 90 43.29 0.50 0 3

No. 10 43.29 0.50 0 9

No. 11 43.29 0.50 2 3

No. 12 43.29 0.50 2 9

No. 13 43.29 1.75 0 3

No. 14 43.29 1.75 0 9

No. 15 43.29 1.75 2 3

No. 16 43.29 1.75 2 9
Fig. 1. Experimental results of COD concentration versus electrol-

ysis time.
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N*T) and four 3-way interaction effects (C*N*A, C*N*P, N*A*P,

and C*P*T) were statistically significant (p<0.05) (Table 2). Fig. 3

shows the typical 2-way interaction effects of C*N, C*P, N*P. COD

decreased as current density was increased from 14.43mA/cm2 to

43.29mA/cm2. However, the difference between COD values at

NaCl concentrations of 0.5 g/L and 1.75 g/L (and at pH values of

Table 2. ANOVA results for main and interaction effects

Source df SS MS F p

Current density (C) 1 4740.9 4740.9 125380.4 0.0018**

NaCl concentration (N) 1 843.6 843.6 22309.5 0.0043**

Air flow rate (A) 1 203.5 203.5 5382.2 0.0087**

pH (P) 1 1475.6 1475.6 39024.2 0.0032**

Time (T) 1 15891.0 15891.0 420257.5 0.0010**

C*N 1 12.1 12.1 320.7 0.0355*

C*P 1 33.4 33.4 883.7 0.0214*

C*T 1 39.8 39.8 1053.3 0.0196*

N*P 1 8.1 8.1 214.2 0.0434*

N*T 1 6.6 6.6 173.8 0.0482*

C*N*A 1 8.5 8.5 225.0 0.0424*

C*N*P 1 101.9 101.9 2694.6 0.0123*

C*P*T 1 8.1 8.1 214.2 0.0434*

N*A*P 1 15.5 15.5 411.0 0.0314*

Effects that are not statistically significant (p>0.05) were omitted (the five-way interaction effect was used as an error source)

** p<0.01, * p<0.05

Fig. 2. The main effects of the five independent variables.

Fig. 3. Two-way interaction effects of C*N (current density and NaCl concentration), C*P (current density and pH), and N*P (NaCl
concentration and pH).
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3 and 9) was larger at a current density of 43.29mA/cm2 than at a

current density of 14.43mA/cm2, indicating that the effects of NaCl

concentration and pH on COD values increased with current den-

sity. In addition, the COD difference between pH values 3 and 9

was smaller at an NaCl concentration of 1.75 g/L than at 0.50 g/L.

However, the difference between COD values at NaCl concentra-

tion of 0.5 g/L and 1.75 g/L and at pH values of 3 and 9 was larger

at a current density of 43.29mA/cm2 than at a current density of

14.43mA/cm2.

The practical implications of 3-way interaction effects were diffi-

cult to understand in this experiment. Nevertheless, the significances

of interaction effects suggest that combinations of factors should be

considered when investigating COD removal efficiency and opti-

mizing set-up conditions.

2.Determination of the Reaction Rate Constant for COD Re-

moval

To determine the reaction order of COD removal, reaction orders

of 1st, 2nd or 3rd were considered. Table 3 shows the reaction rate con-

stants (kCOD) for 1
st, 2nd, and 3rd orders kinetics calculated by Eq. (1)

using experimental data. The 1st order kinetics had the highest aver-

age r2 value of 0.976, and thus, a 1st order reaction was considered

appropriate.

3.Optimization Using Single Response Surface Methodology

The optimal condition of the current density, NaCl concentration,

air flow rate, and pH is the combination of the particular values of

the four variables in which condition COD removal is achieved most

efficiently. In terms of the reaction rate constant kCOD, COD removal

becomes more efficient as kCOD increases. Thus, we tried to find values

for these four factors that maximize the reaction rate constant kCOD.

First-order kCOD was selected for the optimization because it had

the largest r2 value, as described above.

The 1st order kCOD prediction equation (response surface) was de-

rived using backward the elimination regression method [10] with

an alpha out value of 0.1. The initial terms used were the four main

effects, six 2-way interaction effects, four 3-way interaction effects, and

one 4-way interaction effect. The 1st order kCOD prediction equation

derived, shown below, and was found to be significant by ANOVA

(p<0.001) with r2 value of 0.994 (adjusted r2=0.988).

kCOD=0.0016165+0.000103985 *C+0.000062 * N+0.00008625 * A

kCOD=−0.00000583333 *P+0.0000314622 * C*N

kCOD=+0.00000718988 *C* A−0.000008.95126 *C*P (2)

Table 3. Reaction rate constants (k) calculated from experimental data for 1st, 2nd, and 3rd orders reactions

Run

number

Current density

 (mA/cm2)

NaCl conc.

(g/L)

Air flow rate

 (L/min)

pH,

(−)

1st Order 2nd Order 3rd Order

k r2 k r2 k r2

01 14.43 0.50 0 3 0.00284 0.966 0.000035 0.983 004.6×10−7 0.946

02 14.43 0.50 0 9 0.00238 0.977 0.000027 0.977 003.3×10−7 0.942

03 14.43 0.50 2 3 0.00328 0.967 0.000044 0.980 006.4×10−7 0.922

04 14.43 0.50 2 9 0.00252 0.978 0.000029 0.978 003.7×10−7 0.937

05 14.43 1.75 0 3 0.00366 0.965 0.000052 0.984 008.3×10−7 0.907

06 14.43 1.75 0 9 0.00267 0.973 0.000032 0.979 004.1×10−7 0.939

07 14.43 1.75 2 3 0.00415 0.974 0.000065 0.977 011.9×10−7 0.861

08 14.43 1.75 2 9 0.00312 0.979 0.000041 0.978 005.8×10−7 0.908

09 43.29 0.50 0 3 0.00543 0.986 0.000111 0.912 030.6×10−7 0.736

10 43.29 0.50 0 9 0.00349 0.961 0.000048 0.986 007.3×10−7 0.924

11 43.29 0.50 2 3 0.00669 0.988 0.000190 0.804 087.1×10−7 0.596

12 43.29 0.50 2 9 0.00386 0.972 0.000057 0.981 009.7×10−7 0.881

13 43.29 1.75 0 3 0.00745 0.985 0.000275 0.686 200.7×10−7 0.442

14 43.29 1.75 0 9 0.00507 0.988 0.000097 0.921 024.0×10−7 0.752

15 43.29 1.75 2 3 0.00818 0.975 0.000398 0.580 472.5×10−7 0.346

16 43.29 1.75 2 9 0.00589 0.988 0.000135 0.880 043.8×10−7 0.688

Average 0.976 0.912 0.795

S.D. 0.009 0.121 0.189

S.D.: standard deviation

Fig. 4. Main effects of the four independent factors on the 1st order
reaction rate constant k.
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Fig. 4 and Fig. 5 show the main effects and 2-way interaction

effects on the prediction equation, respectively. At the main effects

of the four independent variables (Fig. 4), kCOD values increased on

increasing current density, NaCl concentration and air flow rate,

but kCOD decreased on increasing pH.

kCOD increased by increasing the current density because the in-

crement of current density increases the generation of several oxi-

dants (O3, free chlorine, ClO2, H2O2, OH radical and others) [11].

Increasing the NaCl concentration increased kCOD due to the increased

mass transport of chloride ions to the anode surface and to the in-

creased diffusion in the anode diffusion layer. Thus, more oxidants

are generated by increasing NaCl concentration [11], which increases

COD removal efficiency. The effect of air flow rate on kCOD in the

present study agreed with that found by Chen and Liang [12] and

Sudoh et al. [13], who found that the production of electro-gener-

ated H2O2 was proportional to the mass transfer rate of dissolved

oxygen to the cathode surface. Chen and Liang [12] found that TOC

removal efficiencies in electrochemical reactions without oxygen dos-

ing were slightly lower than those with oxygen dosing. kCOD decreased

drastically when the initial pH was 11.0. Although chlorine/hypochlo-

rite generation is stable at given current density, but at higher pH

values hypochlorite acid is converted into chlorate or hypochlorate,

which reduces the availability of hypochlorite and reduces COD

removal. Another reason may be that under acid conditions chlo-

rine is present in solution as hypochlorous acid, which has higher

oxidation potential than hypochlorite [8]. On the other hand, hy-

pochlorite predominates under alkaline conditions [14].

The slope of current density on kCOD was greatest followed, in

descending order, by pH, NaCl concentration, and air flow rate. There-

fore, our study shows that current density has the greatest effect on

COD removal rate, and that the air flow rate has least effect.

In view of 2-way interaction effect (Fig. 5), the slope of current

density on kCOD increased on increasing NaCl concentration and air

flow rate, but decreased on increasing pH. Based on these slope

differences, pH was found to have the effect on COD removal fol-

lowed by NaCl concentration and air flow rate.

Using Eq. (2), kCOD values for the 16 experimental conditions were

predicted and COD levels were calculated using a 1st order reac-

tion rate equation in the time domain of 0-420min (Fig. 6). Predic-

tion errors were calculated for the 16 experimental conditions, and

the total average error value was found t be only 4.5mg/L (min=

2.7mg/L and max=13.0mg/L), and the total average error per-

centage to be 8.9% (min=6.2% and max=18.8%). Thus, the 1st order

kCOD regression model appeared to be suitable as a response sur-

face model for the optimization of COD removal.

Using the kCOD Eq. (2) as an objective function, the optimal operat-

ing condition that maximized the objective function (kCOD) was pre-

dicted by Design Expert software. The predicted optimal operating

condition was as follows: current density 43.21mA/cm2, NaCl 1.75

g/L, air flow rate 1.99L/min, and pH 3.06, at which k was pre-

dicted to be 0.00818 1/min. 

Using the kCOD regression model and the linear approach model

suggested by Prasad and Srivastava [8], we predicted the times re-

quired to accomplish different target COD removal percentages with

three different time combinations (60-240min, 120-360min, 180-

420min). Table 4 shows the prediction results. Furthermore, the

mean prediction error of the kCOD regression model was lowest at

19.7min, which was lower than that obtained using the linear ap-

proach [8]. Thus, in the linear approach model, the two time values

should be selected carefully, because its mean prediction error can

be more than three times those of other models (the kCOD regression

model or a model based on another linear approach model with

different time values).

4. Optimization Using Multiple Response Surface Method

Above we described the optimal solution that maximizes COD

removal rate or 1st order kCOD. However, the optimal solution may

be dependent on the end-point used, for example, the color removal.

Thus, we tried to find an optimal solution by considering two end-

points (color removal, COD removal) using the multiple response

surface method [15]. This method optimizes the desirability func-

Fig. 5. Two-way interaction effects of the four independent fac-
tors on the 1st order reaction rate constant k.

Fig. 6. Predicted results of COD concentration by k-regression
model analysis (symbols and lines represent experimental
and predicted data, respectively).
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tion which combines multiple end-points. The kCOD (k value for COD

removal) prediction equation was derived in the previous section,

and the kColor (k value for color removal) prediction equation was

developed using published data [9]. The regression options for the

kColor were the same as those for kCOD and the derived prediction equa-

tion was as follows:

kColor=−0.080516+0.017036*C+0.30228*N+0.079199*A

kColor=−0.00835176*P−0.00624455*C*N−0.000603925*C*P

kColor=−0.022886*N*P−0.00495092*A*P+0.000751481*C*N*P (3)

Using the kCOD and kColor prediction equations, the desirability func-

tion D was defined as Eq. (4). The kCOD min (kCOD max) and kColor min
(kColor max) are the minimum (maximum) values of kCOD and kColor, re-

spectively.

(4)

The simultaneous objective function D is a geometric mean of

the two transformed responses. The ranges of the desirability func-

tion D are from 0 to 1 (least to most desirable, respectively). The

optimal operating condition, which maximizes the desirability func-

tion, was found and is summarized in Table 5 with optimum solu-

tions for single responses (kCOD and kColor). The optimal operating

condition using kCOD was similar to that for kColor and the optimal

operating condition using the two end-points (kCOD and kColor) was

similar to the individual end-points (kCOD or kColor).

CONCLUSIONS

The interactions among four factors (current density, electrolyte

concentration, air flow rate, pH) were investigated with respect to

COD removal using a 24 factorial experimental design. ANOVA

was conducted to test the combined effects of independent vari-

ables (the four control factors and time) on COD removal. All five

main effects were statistically significant (p<0.01) and combined

effects of the independent factors were evident (p<0.05). In addi-

tion, we used the regression models as an alternative response surface

model for the optimization of operating conditions using four fac-

tors and interaction terms. For COD removal, 1st order kCOD achieved

better prediction results than 2nd or 3rd order kCOD. Using the kCOD
prediction equation as an objective function, the optimal operating

condition was predicted as follows: current density 43.21mA/cm2,

NaCl 1.75 g/L, air flow rate 1.99 L/min, and pH 3.06, and the kCOD
value was predicted to be 0.00818 1/min under optimal operating

condition. Using the 1st order kCOD, the required times to accomplish

several target COD removal percentages were well predicted within

the mean prediction error time of 19.7min. Multiple response sur-

face method was used to optimize the desirability function which

combined two objective functions (kCOD and kColor). The optimal oper-

ating condition identified using both objective functions (kCOD and

kColor) was similar to that using individual objective functions (kCOD
or kColor).
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