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ABSTRACT

The aim of this research was to remove the chemical oxygen demand (COD) and color from
an industrial wastewater using electro-Fenton process. The effects of five important parame-
ters including H,O,/Fe** molar ratio, current density, pH, H,O,/Petroleum refinery
wastewater and reaction time on the process were carefully considered. The response
surface methodology was applied to minimize the number of runs and investigate the opti-
mum operating conditions. Forty-seven runs were carried out and the optimum conditions
for COD and color removal were statistically obtained as 80.13% and 75.11% at H,O,/ Fe?*
molar ratio of 4.2 for COD removal and 2.49 for color removal, current density was
60.89 mA for COD removal and 57.72 mA for color removal, pH was 3.32 for COD and 3.34
for color removal, H>O,/PRE was 0.05 for COD removal and 0.03 for color removal, and
reaction time recorded as 62.05 min for COD removal and 63.04 min for color removal.
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1. Introduction

The refining process of crude oil produces more
than 2,500 refined products and generates large vol-
umes of effluents [1]. Approximately 0.4-1.6 times the
volume of the processed crude oil is discharged as
petroleum refinery wastewater [2]. Significant advance-
ment has been made by several novel approaches to
petroleum refinery effluent (PRE) treatment through
chemical oxygen demand (COD) reduction. Some of
these approaches are the cross-flow membrane bioreac-
tors [3], adsorption of pollutants onto date-pit activated
carbon [4], coagulation and coagulant aids [5] electro
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coagulation [6], electrochemical oxidation [1], and cat-
alytic vacuum distillation [7]. These techniques have
some limitations such as partial degradation of the
effluent, toxic intermediates production, energy con-
sumption, and secondary phases generation that
impose extra cost in the process.

Fenton process is an oxidative cycle with the hydro-
xyl radicals being generated through the catalytic
decomposition of H,O, by Fe*" in the classical Fenton
peroxidation or with Fe’* in the case of Fenton-like
reactions. Since Fe* salt is cheaper than Fe?*, the
Fenton-like process was informed by this factor [8]. The
summary of the sequence of the hydroxyl radicals
(‘OH) generation is: (i) formation of a Fe(II)-H,O, com-
plex, followed by the decomposition of the complex in a
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uni-molecular method to yield Fe®* ions and
hydroperoxide/superoxide radicals (H,O/O,"). There-
after, the yielded Fe®" ions catalyze the decomposition
of H,O, to yield of hydroxyl radicals ((OH) [9].

The catalytic reaction between the radical and
organic components (is represented by RH) is very
fast [10]. The entity RH is the organic substrate (com-
prising carbon chains and/or rings and other ele-
ments, such as oxygen or nitrogen) and its oxidative
destruction produces highly reactive organic radicals
(R"). The free organic radicals are transient intermedi-
ates which their further oxidation by OH, Fe®*, Fe?",
H,0,, and O, generates more stable products [11].

Due to the catalyzing ‘OH generated from hydro-
gen peroxide requires minimal energy input [12]. The
absence of mass transfer limitation due to its homoge-
neous catalytic nature and easy-to-handle reagents
also make the method attractive [13]. In the Fenton
oxidation process, the reaction time required for
mineralization is remarkably less than that of the other
advance oxidation processes [14].

Feng et al. proposed a new concept of utilizing the
biological electrons produced from a microbial fuel
cell to power an E-Fenton process to treat wastewater
at natural pH as a bioelectro-Fenton process [15].

In the current research, PRE treatment (COD and
color reduction) was used by the electro-Fenton treat-
ment in a five-level central composite design (CCD)
coupled with the response surface methodology
(RSM) for the data analysis. The operating parameters
effect and their combination on the PRE treatment
were investigated. The optimized conditions were also
obtained.

2. Experimental
2.1. Materials and methods
2.1.1. Wastewater sampling and characterization

The study was conducted on an industrial
wastewater sample obtained from Shazand oil refinery
(Arak, Iran). The sample was taken from the equaliza-
tion basin (EQU) which is where materials are sepa-
rated based on the difference in density in API
separator. These materials are 184 m®/h oily water
sewers, 9.5 m>/h oily waters, 140 m3/h non-oily water
sewers, and 72.6 m>/h waters polluted by substances
obtained from the salt suppressor system. One sample
from the EQU was taken and kept in a plastic bag then
immediately transported to Arak University Chemical
Engineering Research Laboratory and stored in a
refrigerator at 4°C before further analysis. The charac-
teristics of this wastewater are presented in Table 1.
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Table 1
Characteristics of the used wastewater
Parameter Unit Value
Chemical oxygen demand (COD) mg/1 1,895
Total organic carbon (TOC) mg/1 275
pH - 74
Color Color unit 100

2.1.2. Electro-Fenton experiments

Analytical grade chemical reagents from Merck
(Darmstadt, Germany) were used in the study. Aqu-
eous solutions were prepared in double-distilled
deionized water. The E-Fenton experiments were car-
ried out on laboratory scale using 400 cm® beakers as
reactors. Initial waste pH was adjusted to the desired
values with concentrated sulfuric acid (or sodium
hydroxide) before adding Fenton reagents. For pH
measurement a METTLER-TOLEDO, 320 pH meter
was used. Before measurements, the pH meter was
calibrated with the standard buffers at room tempera-
ture. A direct current (DC) power supply (fabricated
by Kala Gostaran-e-Farda supplier, 30 V and 3 A) was
used to provide the desired current. A pair of anodic
and cathodic ferrous electrodes were used [each elec-
trode had 2 x 0.5 cm (active electrode area in wastewa-
ter) with 3 cm apart]. In each run, a pre-decided
amount of ferrous sulfate heptahydrate (FeSO,-7H,0)
and hydrogen peroxide (30%) was used to activate
E-Fenton reactions. In an electrolytic cell, 400 cm® of
wastewater was placed and desired amounts of iron
(Fe**) and hydrogen peroxide (H,O,) were added
before the electrical current was turned on. All tests
were conducted at room temperature (27+2°C) and
atmospheric pressure. The wastewater was stirred
thoroughly with a magnetic stirrer. At appropriate
time intervals, DC power source was turned off and
the reaction was terminated. Therefore, the samples
were allowed to stay still for 30 min (for solids
sedimentation) and the supernatant was then taken for
wastewater quality measurements. COD concentration
was also measured calorimetrically using a DR/2010
spectrophotometer (HACH, US) at 605 nm wavelength.

The first PRE color obtained from the refinery was
assumed 100 color units and its adsorption was con-
sidered at 465 nm by spectrophotometer [16]. The
other samples adsorption was tested at the same
wavelength and its color was compared with the base
solution (PRE).

It seems that the residual Fe ions obtained from
the electro-Fenton process should be used by
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(Cr,0,)* ions according to the standard method for
COD analysis (APHA). The coagulation process con-
sumes the residual Fe ions (Fe** and Fe®*) with OH™
obtained from H,O,. In the experiments, each sample
was coagulated after electro-Fenton process by extra
30 min. In fact, Fe(OH), and Fe(OH); sediments were
formed in the reaction container during this extra
30 min. This is a key point in the electro-Fenton pro-
cess (oxidation with coagulation and flocculation). On
the other hand, the main electro-Fenton process will
be disconnected when the electricity (current density)
is switched off (as a significant parameter in the elec-
tro-Fenton process). Therefore, Fe ions production will
almost be stopped at the end of reaction time and
switching off the electricity. The residual Fe ions are
used in the coagulation process (during 30 min). This
is a reasonable assumption which is applied for COD
measurement in the electro-Fenton process. This
assumption and COD measurement technique have
exactly been applied in the similar researches [17,18].

2.1.3. Experimental design and statistical analysis

According to the literature, Mohajeri et al. [18] con-
sidered some effective parameters such as reaction
time, pH, current density, and H,O,/ Fe?* molar ratio
on the landfill leachate treatment by electro-Fenton
process, while Basheer Hasan et al. [17] studied the
other parameters such as reaction time, molar ratio of
hydrogen peroxide to PRE, and mass ratio of hydrogen
peroxide to catalyst on the oxidative mineralization of
PRE by Fenton-like process. Therefore, we combined
the various applied parameters [such as reaction time,
current density, pH, and H,O,/PRE (mole of H,O, per
volume of petroleum refinery wastewater) and H,O,/
Fe?* molar ratio] in the current research. However,
some authors studied molar or mass ratio of H,O,/
Fe?" but they could not exactly find consumed salt and
H,0,. In this research, the consumed salt and H,O,
with two last applied ratios were found. In fact, 400 ml
PRE in each experiment was used and the mole of
H,0, from the first ratio was found. Then, the mole of
salt was obtained from the second ratio. According to
the literature, the applied pH range for electro-Fenton
process is around 2-5 [18-20]. However, the other
parameters ranges were found in the similar publica-
tions [17,18], but some finite experiments were also
carried out (all of the parameters were fixed and one
parameter was gradually changed and its effect on the
COD and color removal was carefully checked). It was
observed that the removals were increased with a
parameter enhancement and then were decreased with
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the same parameter enhancement. A maximum point
was obtained in each experiment (second order equa-
tion). So, a valid range for all of the parameters was
investigated [21,22].

Design Expert 6.0.6 software (Stat-Ease Inc.,
Minneapolis, US) was utilized for design, mathemati-
cal modeling, and optimization. The variables (inde-
pendent factors) used in this study were: reaction time
(Xy), current density (X»), pH (X3), H,O,/PRE (Xy),
and molar ratio of H,O,/Fe?* (X5). COD and color
removal efficiencies (Y; and Y, respectively) were
considered as the dependent factors (response). Perfor-
mance of the process was evaluated by analyzing the
COD and color removal efficiencies.

Meanwhile, temperature (28°C), stirring rate
(400 rpm), and distance between electrodes (3 cm) were
kept constant to reduce the number of factors and to
simplify the experimental design. The five independent
variables were converted to dimensionless ones (X, X5,
X3, X4, and Xs). The low, center, and high levels of each
variable are designated according to face centered CCD
as —1, 0, and +1, respectively. For statistical calculations,
the selected independent variables were converted into
dimensionless codified values to allow comparison of
factors of different natures with different units and to
decrease the error in the polynomial fit [18]. Table 2
shows independent variables and their levels for the
CCD used in the present study. The ranges of selected
parameters were determined by preliminary experi-
ments based on the literature: pH of 2-5, molar ratio
(H,O,/Fe**) of 0.5-5, current density of 25-80 mA/ cm?,
reaction time of 10-90 min, and H,O,/PRE of 0.01-0.07
[23]. The design considered of 2* factorial points aug-
mented by 2k axial points and a center point, where k is
the number of variables (5 in this case).

According to the statistical analysis by software
(DoE), the experiments were conducted in 32 factorial
points, 10 axial, and 5 central points (Table 3). Since
the optimum point is close to the central point so,

Table 2
Independent variables and their levels for the CCD

Coded levels of

Symbol Factor variables

-1 0 1
A Reaction time 10 50 90
B Current density 25 52.5 80
C pH 2 3.5 5
D H,0,/PRE 0.01 0.04 0.07
E Molar ratio 0.5 2.75 5




Table 3

Experimental matrix design for overall optimization
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Run Type Reaction time Current density pH H,0,/PRE Molar ratio
17 Center 50 52.5 3.5 0.04 2.75
37 Center 50 52.5 35 0.04 2.75
39 Center 50 52.5 35 0.04 2.75
41 Center 50 52.5 3.5 0.04 2.75
47 Center 50 52.5 35 0.04 2.75
34 Axial 50 52.5 5 0.04 2.75
35 Axial 50 25 35 0.04 2.75
36 Axial 50 80 35 0.04 2.75
38 Axial 50 52.5 35 0.04 0.5
40 Axial 10 52.5 35 0.04 2.75
42 Axial 50 52.5 35 0.01 2.75
43 Axial 50 52.5 35 0.07 2.75
44 Axial 50 52.5 35 0.04 5

45 Axial 50 52.5 2 0.04 2.75
46 Axial 90 52.5 35 0.04 2.75
1 Factorial 10 25 5 0.01 5

2 Factorial 10 25 2 0.01 0.5
3 Factorial 10 25 5 0.01 0.5
4 Factorial 10 25 2 0.01 5

5 Factorial 90 25 5 0.07 0.5
6 Factorial 920 80 5 0.01 0.5
7 Factorial 920 80 5 0.07 0.5
8 Factorial 90 80 2 0.01 5

9 Factorial 10 80 5 0.01 5

10 Factorial 10 25 2 0.07 0.5
11 Factorial 90 80 5 0.07 5

12 Factorial 10 80 2 0.07 0.5
13 Factorial 10 80 2 0.07 5

14 Factorial 10 25 5 0.07 5

15 Factorial 920 80 2 0.07 0.5
16 Factorial 920 80 5 0.01 5

18 Factorial 90 25 5 0.01 5

19 Factorial 10 25 5 0.07 0.5
20 Factorial 920 80 2 0.01 0.5
21 Factorial 90 25 5 0.01 0.5
22 Factorial 10 25 2 0.07 5

23 Factorial 920 25 2 0.01 5

24 Factorial 10 80 5 0.01 0.5
25 Factorial 920 25 2 0.07 5

26 Factorial 920 25 2 0.07 0.5
27 Factorial 920 80 2 0.07 5

28 Factorial 90 25 5 0.07 5

29 Factorial 10 80 5 0.07 0.5
30 Factorial 90 25 2 0.01 0.5
31 Factorial 10 80 5 0.07 5

32 Factorial 10 80 2 0.01 0.5
33 Factorial 10 80 2 0.01 5

axial and central points (10 + 5 =15 points) are close to
it. The rest of data [32 Factorial points (most of
points)] show a removal less than 50% (Table 4).
According to the software manual, this is a reasonable

result.

3. Results and discussion
3.1. ANOVA analysis
According to the software, ANOVA can be used

for the data analysis. The quality of the fit polynomial
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Table 4
Experimental design and result for COD and color
removal

COD removal (%) Color removal (%)

Run no
Observed  Predicted Observed  Predicted

1 19.03 18.26 6.79 8.47
2 10.57 11.92 11.2 10.71
3 6.55 11.92 8.93 10.71
4 23.25 24.18 11.91 12.11
5 33.19 32.56 34.32 32.97
6 33.61 35.86 38.14 39.01
7 46.51 46.86 42.43 40.27
8 63.42 64.56 54.58 52.57
9 28.96 29.84 22.4 21.65
10 19.45 19 21.69 21.73
11 64.05 64.04 49.22 47.59
12 32.76 33.3 35.04 34.63
13 56.23 54.16 41.47 41.95
14 32.55 34.74 27.05 25.41
15 60.04 58.34 51.48 52.43
16 49.68 48.36 41.23 40.41
17 71.67 72.16 71.27 70.85
18 37.42 36.78 29.91 30.03
19 18.39 19 18.83 21.73
20 54.54 52.06 50.89 51.17
21 27.69 28.2 29.55 28.63
22 34.67 35.94 29.67 29.05
23 52.85 52.98 41 39.39
24 13.31 13.66 19.07 20.25
25 59.41 57.3 49.58 49.65
26 42.49 44.04 43.62 42.33
27 73.15 75.52 61.02 59.75
28 46.93 45.82 39.69 40.29
29 30.87 32.1 28.6 28.19
30 444 444 38.97 37.99
31 54.54 52.96 36.35 35.51
32 19.87 19.58 29.08 26.69
33 36.36 35.76 28.72 28.09
34 60.25 59.85 60.78 59.24
35 59.19 58.14 55.89 55.69
36 69.98 71.08 66.74 67.13
37 72.73 72.16 69.72 70.85
38 59.41 58.1 59.95 60.65
39 71.25 72.16 70.08 70.85
40 58.56 56.89 57.33 55.55
41 72.51 72.16 68.89 70.85
42 60.04 59.24 59.71 58.87
43 69.76 70.62 66.74 67.97
44 71.45 72.82 65.31 65.01
45 68.07 68.55 66.38 67.14
46 76.95 78.67 73.06 75.23
47 72.93 72.16 69.36 70.85

model was expressed by the coefficient of determina-
tion R? and its statistical significant was checked by
the student t-test in the same program. Model terms
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were evaluated by the p-value (probability).
Three-dimensional plots and their respective contour
plots were obtained based on effects of the five factors
at three levels.

Initially the regression model was chosen in the
software. Then, parameters combinatorial effects (and
also parameters second power effects) on the removals
were carefully checked [by checking R* predicted
(>0.98)]. For easiness, some terms which have a very
small coefficient were also ignored. This mathematical
modeling method is supported by the Iliterature
[18,24,25].

Egs. (1) and (2) present the models for percentage
COD and color removals:

COD removal (%) = 72.16 + 10.89A + 6.47B — 4.35C
+5.69D + 7.36E — 2.57AC
—1.86AD — 0.92AE + 1.66BD
+ 0.98BE + 1.18CD + 1.17DE
— 4.38A% — 7.55B% — 7.96C?
—7.23D% — 6.7E?

1)

Color removal (%) = 70.85 + 9.84A + 5.82B — 3.95C
+4.55D + 2.18E — 0.70AB
—1.43AC — 1.67AD — 0.70BC
—0.77BD + 1.48DE — 5.46A
—9.34B% — 7.66C? — 7.43D?
— 8.02E>

@

where, A, B, C, D, and E are reaction time, current
density, pH, H,O,/PRE (mole of H,O, per PRE vol-
ume), and H,0,/Fe** molar ratio, respectively. On the
basis of the coefficients in Eqs. (1) and (2), it can be
seen that COD and color removals increase with the
reaction time (Xj), current density (X,), H,O,/PRE
(Xy), and molar ratio of H,O,/Fe*" (Xs) but decrease
with pH (X3). A considerable effect of the interaction
between the variables of reaction time and pH (AC);
reaction time and molar ratio of H,O,/Fe?" (AE); reac-
tion time and ratio of H,O,/PRE (AD), reaction time
and current density (AB); and reaction time and pH
(AC) was also observed. Table 4 shows experimental
design and results for COD and color removal
[obtained from the experiments (observed) and Egs.
(1) and (2) (Predicted)]. The behavior of the system
can be explained by Student t-test and p-value [18].
The ANOVA analysis indicated that all five variables,
viz. molar ratio H,O,/Fe(Il), current density, pH, reac-
tion time, ratio of H,O,/PRE, and their interactions
were significant and played important roles in miner-
alization and decolorization of waste by the E-Fenton
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treatment. Tables 5 and 6 illustrate variance analysis
for response surface quadratic model terms for COD
and color removal, respectively. The model F-values
of 271.15 and 307.87 imply the models are significant
for percentage COD and color removals. There is only
a 0.01% chance that model F-values occurs due to
noise. For the COD removal model, the “Lack of Fit
F-value” of 4.64 implies the Lack of Fit is not signifi-
cant relative to the pure error. There is a 11.54%
chance that a “Lack of Fit F-value” occurs due to
noise. For color removal, the “Lack of Fit F-value” of
7.11 also implies the Lack of Fit is not significant.
There is a 6.52% chance that a “Lack of Fit F-value”
occurs due to noise. The statistical analysis showed
that all variables had significant effect on the models.
The quadratic model statistical results for COD and
color removals are summarized in Table 7. They indi-
cate a high reliability in the estimation of COD and
color removal efficiencies (R>=0.9940 and 0.9941,
respectively). A high R” coefficient ensures a satisfac-
tory adjustment of the quadratic model to the experi-
mental data. In optimizing a response surface, an
adequate fit of the model should be achieved to keep
away from poor outcome. It also demonstrates that
response surface quadratic models for our parameters
were significant at the 3% confidence level since p-val-
ues were less than 0.05. The “Predicted R-Squared” of
0.9899 and 0.9835 are in reasonable agreement with
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the “Adjusted R-Squared” of 0.9903 and 0.9909,
respectively. The adequate precision (AP) value is a
measure of the “signal to noise ratio” and was found
to be 73.334 for COD removal and 83.578 for color
removal, which indicates an adequate signal (Table 7).
AP values higher than four are desirable and confirm
that the predicted models can be used to navigate the
space defined by the CCD.

Fig. 1 ((a) and (b)) shows that the predicted values
of the responses from the models accorded well with
the observed values; the data points are distributed
relatively close to the straight line (y=x). Conse-
quently, the models could be used to navigate the
design space. These plots indicate adequate agreement
between real data and data obtained from the models.

The residuals from the least squares fit are impor-
tant for judging model adequacy. Through construct-
ing the plot of studentized residuals vs. the normal
percent of probability (Fig. 2), a check was made for
the normality assumption, which was found to be
satisfied for both COD and color removals as the
residuals plots approximated a straight line.

3.2. Three-dimensional plots of the regression

For the graphical explanation of the interactions,
the three-dimensional plots of the regression models
were used. The corresponding response surface plots

Table 5

Analysis of variance for response surface quadratic model terms for COD removal

Source Sum of squares DF Mean square F-value prob>F Remark
Model 11,202.94 17 658.99 271.15 <0.0001 Significant
A 4,035.39 1 4,035.40 1,660.41 <0.0001 Significant
B 1,421.59 1 1,421.60 584.93 <0.0001 Significant
C 632.25 1 632.25 260.15 <0.0001 Significant
D 1,100.56 1 1,100.56 452.84 <0.0001 Significant
E 1,842.65 1 1,842.65 758.18 <0.0001 Significant
AC 211.46 1 211.46 87.00 <0.0001 Significant
AD 110.26 1 110.26 45.36 <0.0001 Significant
AE 26.97 1 26.97 11.10 0.0024 Significant
BD 88.05 1 88.04 36.23 <0.0001 Significant
BE 31.01 1 31.01 12.76 0.0013 Significant
CD 44.74 1 44.74 18.42 0.0002 Significant
DE 43.71 1 43.71 17.98 0.0002 Significant
A? 46.6 1 46.61 19.18 0.0002 Significant
B? 138.59 1 138.59 57.07 <0.0001 Significant
c? 100.51 1 100.51 41.35 <0.0001 Significant
D? 127.26 1 127.26 52.36 <0.0001 Significant
E? 109.29 1 109.29 44.97 <0.0001 Significant
Residual 68.05 28 2.43

Lack of fit 66.33 25 2.65 4.64 0.1154 Not significant
Pure error 1.72 3 0.57

Cor. total 18,617.31 46
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Table 6

Analysis of variance for response surface quadratic model terms for color removal

Source Sum of squares DF Mean square F-value prob>F Remark
Model 8,258.77 16 516.17 307.87 <0.0001 Significant
A 3,292.07 1 3,292.07 1,963.54 <0.0001 Significant
B 1,151.43 1 1,151.43 686.76 <0.0001 Significant
C 519.83 1 519.83 310.05 <0.0001 Significant
D 704.07 1 704.06 419.94 <0.0001 Significant
E 161.53 1 161.54 96.35 <0.0001 Significant
AB 15.55 1 15.55 9.28 0.0049 Significant
AC 65.81 1 65.81 39.25 <0.0001 Significant
AD 89.48 1 89.48 53.37 <0.0001 Significant
BC 15.50 1 15.49 9.25 0.0050 Significant
BD 19.05 1 19.049 11.36 0.0021 Significant
DE 70.00 1 70.00 41.75 <0.0001 Significant
A? 72.44 1 72.44 4321 <0.0001 Significant
B? 212.11 1 212.11 126.52 <0.0001 Significant
c? 92.94 1 92.94 55.44 <0.0001 Significant
D? 134.20 1 134.20 80.05 <0.0001 Significant
E? 156.57 1 156.57 93.38 <0.0001 Significant
Residual 48.62 29 1.67

Lack of fit 47.84 26 1.84 7.11 0.0652 Not significant
Pure error 0.77 3 0.26

Cor. total 16,711.59 46

Table 7

Quadratic model ANOVA results for COD and color
removals

Variable COD removal Color removal
Standard deviation 1.56 1.29

Mean 47.69 43.69

R? 0.9940 0.9941

R? adjusted 0.9903 0.9909

R? predicted 0.9819 0.9835
Coefficient of variance 3.27 2.96

Press 204.1 137.23
Adequate precision 73.334 83.578

obtained from the above quadratic Egs. (1) and (2) are
illustrated in Figs. 3 and 4. The response surface plots
(Figs. 3 and 4) obtained from the software provides a
three-dimensional view of the COD and color
removals surface with different combinations of inde-
pendent variables. Some interactions among variables
were significant so the curvature of three-dimensional
surfaces was obvious, as shown in Figs. 3 and 4.

All response surface plots have clear peaks, mean-
ing that the optimum conditions for maximum values
of the responses are attributed to all variables, i.e. molar
ratio, current density, pH, ratio of HO,/PRE, and reac-
tion time in the design space. The plots indicate opti-
mum operating conditions to be approximately at pH

3.5, molar ratio H,O,/Fe** 2.75, current density
52.5 mA/cm?, reaction time 50 min, and H,O,/PRE
0.06. The COD and color removals under these condi-
tions were 72.16% and 70.85%, respectively. By moving
away from these points, reduction in removal efficien-
cies occurs, meaning that neither increase nor decrease
in any of the tested variables is desired. Figs. 3 and 4
show that electrolysis time has a positive effect on
mineralization and decolorization of wastewater. It is
noted that the maximum COD and color removals are
obtained with an electrolysis time of about three quar-
ters of the range studied. After that the removal efficien-
cies did not change considerably.

Current density has also a positive effect on the
mineralization and decolorization of wastewater by
E-Fenton process (Figs. 3 and 4). In the E-Fenton pro-
cess, the OH" formation rate is controlled by the
applied current during electrolysis. An increase in the
current density improves the removal efficiencies up
to an optimum value. As can be seen in Figs. 3 and 4,
COD and color removal efficiencies increased when
current density was raised from 35 to 55 mA/cm?,
representing an improvement of mineralization and
decolorization. This trend can be attributed to greater
production of OH" at the surface of the anode and
also higher electro-regeneration of ferrous ions from
ferric ions at high current density, which increased the
efficiency of Fenton chain reactions. The continuous
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Fig. 1. Predicted vs. actual values for (a) COD removal
and (b) color removal.

conversion of Fe®" into Fe”* is a great advantage com-
pared to chemical Fenton systems [18]. On the other
hand, further increase in current density would cause
competitive electrode reactions such as the discharge
of oxygen at the anode via reaction (3) and the evolu-
tion of hydrogen at the cathode via reaction (4):

2H,O — 4H' + O, +4e” 3)
2H" +2¢~ — H, @

These can inhibit the main reactions [11]. The COD
removal efficiency was 67.13% at 80 mA/cm?
compared with 70.85% at 52.5 mA/cm?.

In contrast, when a low current density is applied
(20 mA /cm?), Fig. 3 shows inhibition of the degrada-
tion rate because of the low concentration of oxidants
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Fig. 2. Normal probability vs. internally studentized

residuals values for (a) COD removal and (b) color
removal.

produced, thus yielding a smaller concentration of
OH: [18].

In order to maximize the effectiveness of the pro-
cess, it is highly important to determine the optimal
operational H,0,/Fe** molar ratio and H,O,/PRE. As
can be seen in Figs. 3 and 4, any increase in H,O,/ Fe?*
molar ratio (4.2 and 2.49 for COD and color removals,
respectively) and H,O,/PRE (0.05 and 0.03 for COD
and color removals, respectively) decreased the
removal efficiency. This may be due to the fact that
Fenton’s reaction mechanisms would change and some
side reactions would occur. It seems that excessive
hydrogen peroxide has a scavenging effect on
hydroxyl radicals [Eq. (5)] [11,18]:

H,O, + OH' — H02 + H,0 5)
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Fig. 3. Three-dimensional surface of COD removal as a function: (a) H,O,/PRE and molar ratio, (b) pH and molar ratio,
(c) current density and molar ratio, (d) molar ratio and reaction time, (e) pH and H,O,/PRE, (f) current density and
H,0,/PRE, (g) reaction time and H,O,/PRE, (h) pH and current density, (i) pH and reaction time, and (j) reaction time

and current density.
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Fig. 4. Three-dimensional surface of color removal as a function: (a) current density and reaction time, (b) pH and
reaction time, (¢) HyO,/PRE and reaction time, (d) molar ratio and reaction time, (e) molar ratio and current density, (f)
H,0,/PRE and current density, (g) current density and pH, (h) pH and H,O,/PRE, (i) pH and molar ratio, and (j)
H,0,/PRE and molar ratio.
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Table 8

Optimum conditions found by design expert and verification for COD and color removal

Response Reaction time Current density pH H;O,/PRE H,0,/ Fe?**molar ratio Removal (%) Error
(min) (mA /cm?) Observed Predicted

COD removal 62.05 60.89 3.32 0.05 42 78.15 80.13 1.98

Color removal 63.04 57.72 3.34 0.03 2.49 73.48 75.11 1.63

This reaction leads to the production of hydroper-
oxyl radical, a species with much weaker oxidizing
power compared to hydroxyl radical [26]. Also an
excess amount of hydrogen peroxide can cause the
auto decomposition of H,O, to oxygen and water, and
the recombination of OH" radicals, thereby decreasing
the concentration of hydroxyl radicals and reducing
compound elimination efficiency [Egs. (6) and (7)]:

2H,0, — 2H,0 + O, (6)

This phenomenon was also reported by [27]. On
the other hand, when the molar ratio is low, COD
removal decreases because of scavenging effect of
excess Fe”* [Eq. (5)]. There is a competition between
Fe’* and organic compounds for hydroxyl radicals
resulting in reduced COD and color removal efficien-
cies [28]. In addition, the Fe** formed can react with
H,0, to generate Fe** and hydroperoxyl radicals
(HO,") in solution [16,18]. Therefore, it is noted that
the maximum COD and color removals are obtained
with molar ratio located near the center of the
experimental region.

In E-Fenton process, pH plays an important role
because it controls the production of the hydroxyl
radical and the concentration of ferrous ions in the
solution. The highest E-Fenton activity was attained at
pH 3.5, where the COD and color removal percentages
rose up to 65 and 71% at 50 min. When the pH
increases, the iron ions especially the Fe** precipitate,
which inhibit the regeneration of ferrous ions. There-
fore, the amount of catalyst of Fenton’s reaction
decreases. Furthermore, the small amount generation
of hydroxyl radicals at pH 6 (compared with the
generated hydroxyl radicals at pH 3.5) causes the less
degradation. Also, hydrogen peroxide is unstable in
basic solution and may itself rapidly decompose to
water and oxygen as pH increases above 5. It is
reported that stable hydroxyl radicals are produced at
pH values of 2—4 and that high oxidizing potential
was exhibited in this pH range [7,29].

On the other hand, when pH <2, H,O, cannot be
decomposed to OH' by Fe?*. In this case, H,O, turns

into H;O; by capturing one proton. H;O," is elec-
trophilic, leading to lowered rate of reaction between
H,0, and Fe®", thereby reducing the degradation effi-
ciency. These results are in agreement with other stud-
ies on the oxidation of organic compounds [18,23].

3.3. Optimization and validation experiment

The software automatically gives optimum condi-
tions. It is necessary to validate these conditions with
comparing the theoretical removal data with the
experimental one. An experiment can satisfy our
model as Mohajeri et al. [18] and Davarnejad et al.
[24,25] exactly did the same validation process.

Numerical optimization was used to determine the
optimum process parameters for maximum waste
mineralization and decolorization. Based on response
surface and desirability functions, the optimum condi-
tions for COD and color removals were obtained. In
this case, all variables were targeted to be in range.
COD and color removals were also maximized. Opti-
mized conditions under specified constraints were
obtained for highest desirability at pH 3.32, molar
ratio 4.2, current density 60.89 mA/ cm?, reaction time
62.05 min, and H,0,/PRE 0.05. Under these condi-
tions, 80.13% COD removal was predicted based on
desirability function of 1.00. Furthermore, optimized
conditions under specified constraints were obtained
for highest desirability at pH 3.34, molar ratio 2.49,
current density 57.72mA/cm?  reaction time
63.04 min, and H,0,/PRE 0.03. Under these condi-
tions, 75.11% color removal was predicted based on
desirability function of 1.00. In order to confirm the
accuracy of the predicted models and the reliability of
the optimum combination, an additional experiment
was carried out at optimum conditions. The experi-
mental values were found to agree well with the pre-
dicted ones, with COD and color removal efficiencies
of 78.15% and 73.48%, respectively. Table 8 presents
the experimental results under the optimum condi-
tions compared with the simulated values from the
proposed models [Egs. (1) and (2)]. The low error in
the experimental and predicted values indicates good
agreement of the results achieved from models and
experiments. These results confirm that RSM is a
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powerful tool for optimizing the operational condi-
tions of E-Fenton for COD and color removals.

4. Conclusions

CCD and RSM were adopted in this study to deter-
mine the optimal experimental conditions for E-Fenton
process. They were shown to yield statistically reliable
results for treatment of waste water. Optimum condi-
tions for this advanced oxidation process were found to
be H,0,/Fe?* molar ratio (4.2 for COD removal and
249 for color removal), H,O,/PRE (0.05 for COD
removal and 0.03 for color removal), current density
(60.89 for COD removal and 57.72 for color removal),
pH (3.32 for COD removal and 3.34 for color removal),
and reaction time (62.05 min for COD removal and
63.04 for color removal). Agreement of the quadratic
models with the experimental data was satisfactory.
Analysis of variance showed good coefficient of deter-
mination values (R* > 0.99). Within the tested operating
conditions, maximum COD and color removals
achieved as 80.13 and 75.11%, respectively. Since both
COD and color removals for a wastewater are requested
at the same time, the best operating conditions are sug-
gested at reaction time of 63.04 min, current density
60.89 mA /cm?, pH of 3.34, 0.05 H,O,/PRE, and H,O,/
Fe®* molar ratio of 4.20.
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