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Abstract

This study shows the results of the experimental investigation of refinery wastewater treatment by the electro-Fenton process. The
experiments were designed using Taguchi design approach with an orthogonal array (OA) of Lis runs. Four process variables
(current density (CD), temperature (T), Fe*" concentration (Fe?*), and time (t)) at four different levels were considered for the
present design. Regression analysis was performed to predict a correlation for the response function (chemical oxygen demand
(COD) reduction efficiency) of the treatment process by the electro-Fenton technique. Analysis of variance (ANOVA) was carried
out to verify the significant variables that control COD reduction. Moreover, a linear model analysis was implemented for the signal
to noise (S/N) ratios with "larger the better" and for means. Based on S/N ratios and means responses, the operating conditions for
optimum COD reduction were: CD = 8 mA/cm?, T = 60°C, Fe* = 0.4 mM, and t = 6 h, at which 87.35% of COD was reduced.
ANOVA shows that the operating temperature had the most significant impact on COD reduction efficiency. The R-square value
for the predicted COD reduction correlation was 90.00%. Considering ranks based on delta statistics, the relative magnitude of

effects of the process variables were: T, Fe?*, t, and CD.
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1. Introduction

Petroleum refinery effluents (PREs) are highly
polluted wastewater; typically, it contains high levels
of harmful aromatic and aliphatic contaminants, to a
great extent, as same as its concentrations in crude oil
(Alkmim et al., 2017; El-Naas et al., 2014,
Mohammad et al., 2019). Large volumes of PREs are
generated because of high water consumption in the
refining process (Abbas A.S. et al., 2016; Coelho et
al., 2006). Refinery wastewater are characterized by
its priority pollutants because of its toxic and harmful
effects on the environment and human beings, and
phenols are one of the main important of these
contaminants (Abdelwahab et al., 2009).

Even though the recent strict global
adjustments and rules to control pollution are highly
considered, the need for efficient water treatment

technologies becomes essential (Britto-Costa and
Ruotolo, 2012). There are many researches on
treatment technologies of wastewater, namely:
coagulation-flocculation (Ammar and Akbar, 2018; Li
et al., 2018; Salehin et al., 2016), adsorption (El-Naas
etal., 2010, 2017), membrane (Allami et al., 2018) and
electrochemical. Electrochemical treatment processes
offer several distinct benefits such as environmentally
appropriate, flexibility, energy efficiency, safety,
selectivity, proper to automation, and economic
(Brillas et al., 2009; Salman et al., 2018).

The electro-Fenton process is one of the most
popular electrochemical oxidation processes that is
adeptly used to degrade persistent organic molecules
in wastewater (Brillas et al., 2009). The power of the
electro-Fenton process comes from hydroxyl free
radicals ("OH) that are generated from the incentive
decomposition of hydrogen peroxide (H,O,) in the
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presence of an iron salt (Fe?") in an acidic medium
(Moreira et al., 2017). In the electro-Fenton process,
Fe*" and H,O; can be generated promptly in the
solution. H>O, is produced from the reduction of
dissolved oxygen at the cathode (Eq. 1), while Fe*" is
generated from reduced ferric cations (Fe**) as in Eq.
(2) or from a sacrificial iron anode (Eq. 3) (Yan et al.,
2014).

0,+2H" +2¢” - H,0, (1)
Fe®" +e” — Fe®” (2)
Fe—> Fe®’ +e 3)

Eq. (4) displays the production of "OH from
the reaction of H,O, with Fe?* (Pimentel, 2010). "OH
produced from Eq. (4) initialize the devastating
oxidation of the organic contaminants (RH) and make
highly active organic free radicals (R") (Eq. 5), which
are undergone to further oxidation reactions and
transformed to more stable products by Fe*" and Fe?",
0, 'OH, and H,0, (Umar et al., 2010).

Fe®” +H,0, » Fe®” +*OH +OH " 4)

RH +"OH — R* +H,0 — further oxidation (5)

Many parameters have a great impact on the
degradation efficiency of the organic pollutants
presented in wastewaters by the -electro-Fenton
oxidation process (Gokkus et al., 2017), namely pH,
initial wastewater concentration, Fe?" concentration,
applied current density, operating temperature,
electrode material, and reaction time. The traditional
way to verify the effect of a set of parameters on the
efficiency, varying one variable at a time and holding
the others fixed, does not give satisfying results over a
wide range of settings. It takes a long time and high
cost before the optimized level of operation is
included. Therefore, a design of parameters is
essential for experimental work with several inputs.
Taguchi's parameter design is frequently and
efficiently applied in industry, but it also can be used
for scientific research (Jamaludin et al., 2016). The

target of Taguchi design consists in making a robust
process/or product versus noise parameters
(ungovernable or expensive to control factors) by
finding out the ideal set of process parameters that
optimize the performance (Das et al., 2014).

The present study aims to analyze the effects of
the control variables on the COD reduction in
wastewater by the electro-Fenton process and identify
the ideal set of the variables that maximize the
efficiency. Four control factors including temperature
(T), current density (CD), Fe?* concentration (Fe?*),
and time (t) were selected for our study.

2. Experimental
2.1. Design of experiments

Taguchi experimental design based on the
orthogonal array (OA) technique allows examining
the effect of several inputs on the response
characteristic together with a minimum number of
runs (Dean and Unal, 1991). The effect of four process
parameters: temperature (30-60°C), current density
(2-8mAcm), Fe?" concentration (0.05-0.4 mM), and
time (1-6 h) were considered. Each of the four control
parameters is checked on four levels, as shown in
Table 1.

Table 1. Control parameters and their levels

Control parameter Levels
Temperature, °C 30 40 50 60
Current density, mAcm™ 2 4 6 8
Fe?* concentration, mM 005010204
Time, h 1.5 3 4.5 6

Table 2 shows the layout of Lis (4*) OA used
in this study. The notation 4* stands for that there were
4 variables and each of them was examined on 4
different levels. Taguchi parameter design was
explained to identify the best control parameters levels
that gives the optimum output characteristic by
performing a linear model analysis for signal-to-noise
ratios (S/N) and means and analysis of variance
(ANOVA) to find out the statistical significance of
each parameter on the output. Moreover, the
parameters effects are graphically examined.

Table 2. Layout of Lis (4*) OA

No. T,-C Fe?*, mM CD, mAcm? t,h
1 30 0.05 2 1.5
2 30 0.1 4 3
3 30 0.2 6 4.5
4 30 0.4 8 6
5 40 0.1 2 4.5
6 40 0.05 4 6
7 40 0.4 6 1.5
] 40 0.2 8 3
9 50 0.2 2 4.5
10 50 0.4 4 6
11 50 0.05 6 1.5
12 50 0.1 8 3
13 60 0.4 2 6
14 60 0.2 4 4.5
15 60 0.1 6 3
16 60 0.05 8 1.5
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Regression analysis was also used to bring out a
mathematical relation between predictors (process
parameters) and the response (percentage of reduced
COD). Minitab 19 software (Minitab Inc, 2010) was
used to develop the experimental design of Taguchi
and to perform the analysis.

2.2. Electro-Fenton oxidation experiments

Degradation of refinery wastewater (COD =
1124 mg/L, TDS = 970 mg/L and pH= 7.4) by the
electro-Fenton process was performed in an open,
undivided cell with a working volume of 0.5 liter. The
anode was MnO;-graphite electrode (1.5 cm diameter
and 6 cm length) prepared in previous work (Abbas
Z.1. and Abbas A.S., 2019), while the cathode was a
hollow cylindrical graphite electrode (10 cm outside
diameter, 8 cm inside diameter and 15 cm length). The
anode was fixed at the center of the cathode and
rotated at 200 rpm by electrical gearbox (Heidolph
Standard, Dual-Range Mixer, with LED 115 VAC).
Before electrolysis, compressed air (Resun ACO-001)
with a flow rate of 1 L/min was bubbled into the
solution for 20 minutes and remained for the whole
time of operation for all experiments to ensure O,
saturation in the electrolysis media. A required
catalytic amount (0.05, 0.1, 0.2, and 0.4 mM) of
FeSO47H,O (BDH) was added, and the current was
remained constant at certain values (2, 4, 6, and 8 mA
cm?).

Experiments were monitored by the DC power
supply (UNI-T: UTP3315TF-L)
potentiostat/galvanostat that assured the application of
different currents. The operating temperature was
measured by a mercury thermometer and set to the
desired values (30, 40, 50, and 60°C +1°C) by using
hotplate magnetic stirrer (Stuart CB126). The initial
pH of solutions was adjusted in a range of 2.8 to 3.0
by the addition of 1 M H,>SO4 (Thomas Baker). This
pH range was chosen to optimize the H,O» production
in a medium saturated with dissolved O, (Pimentel,
2010). The pH was measured by a pH meter (Basic20)
and calibrated with three standard buffers at pH values
of 4, 7 and 9. The ionic strength of the solution was
maintained constant by adding 50 mM Na,SO; to
improve the conductivity. Samples were withdrawn
before and after electrolysis, and COD analysis was
performed to estimate the degradation efficiency in
terms of reduced COD percent. Fig. 1 shows a
schematic diagram of the experimental setup.

2.3. Test method: COD analysis

The efficiency of the electro-Fenton process
was determined by testing COD of wastewater before
and after electrolysis. Collected samples were digested
with an oxidizing agent (K,Cr,O;) for 120 min at
150°C in (Lovibond COD reactor RD 125).

Digested samples were cooled down to room
temperature and further being analyzed in a
photometer (MD 200 COD VARIO Photometer).

(12)

(10)

Fig. 1. Schematic diagram of the electro-Fenton oxidation
experiments, (1) power supply, (2) electrical gearbox, (3)
brass ring, (4) MnOz anode electrode, (5) graphite cathode,
(6) thermometer, (7) magnetic bar, (8) beaker, (9) hot-plate
magnetic stirrer, (10) air pump, (11) flow meter, (12)
rubber tube

The COD reduction from the treated solution
by the electro-Fenton process was evaluated using Eq.

(6).

COD, -COD

COD Reduction (%) = L(100)
COD,

(6)

where COD. is the initial value of COD concentration
(in mg/L) at zero time, while CODy is the value of
COD concentration (in mg/L) after t time electrolysis.

3. Results and discussion
3.1. Taguchi design analysis for COD reduction

The sets of the process variables in the Lis (4%)
standard OA obtained from Taguchi design were
implemented and the quality characteristic of the
process at each set was evaluated. COD reduction of
organics is the quality characteristic of the electro-
Fenton process and it was estimated from Eq. (6) and
recorded in Table 3.

Taguchi method anticipates the signal to noise
(S/N) ratios to recognize control parameters levels that
minimize the variance of the response induced by
noise factors. The S/N ratio is the desired output value
(mean of the output) to the undesired value (standard
deviation of the output), the noise is the undesired
value. There are three types of S/N ratios: the larger
the better (LTB), the nominal the better (NTB), and
the smaller the better (STB). The choice of S/N type
depends on the experimental goal and on the desired
quality characteristic of the process. To maximize the
COD reduction efficiency, the larger the better (LTB)
S/N ratio type was chosen (Eq. 7). The standard
formula for evaluating this response is:
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S 1S 1
= | ==10log—Y — ™)
(Nji Ogn;Y;

where Yjj is the measured value of the process response
for i trail and j" run, while n is the number of
duplications (Chaulia and Das, 2008). In general, for
any S/N ratio formula, the highest S/N ratio represents
the best results (Nandhini et al., 2014).

Table 3 presents the Taguchi parameters design
with the experimentally obtained responses (COD
reduction) and S/N ratios.

3.2. Linear model analysis

The linear model analysis provides coefficients
for each parameter measured at (No. of levels minus
1) p-values, t-values. These outcomes are necessary to
examine the statistical significance of each parameter
to the response and the order of effectiveness of each
factor on the process response.

3.2.1. Linear model analysis for means and S/N ratios
The order of the coefficients by absolute value

signifies the relative strength of the relationship
between process response (reduced COD) and process
parameters (T, CD, Fe?*, and t). Each coefficient
describes the size and direction of the relationship
between the response and the parameter. Tables 4 and
5 show the estimated model coefficients (Coeff.) for
S/N ratios and means at no of levels-1.

Linear model analysis by  Taguchi
experimental design for COD degradation is carried
out with a ‘larger the better’ approach for the S/N
ratios (Eq. 7). S/N ratios against T, CD, Fe, and t gave
details of the main effects plot for S/N ratios as in Fig.
2, which displays the main effects plot for S/N ratios
in the assessment of COD reduction. Maximum COD
reduction achieved at a parameter level that possesses
the highest value for the S/N ratio.

The combination of (T = 60°C, CD= 8 mAcm
2, Fe?* = 0.4mM, and t = 6 h) parameters gave the
highest COD reduction of 87.35%. Fig. 3 presents the
main effects plot for means. Analysis for means
showed that the values for means displayed the same
order of significance of the process variables that
noticed in the S/N ratios.

Table 3. Taguchi parameter design of Lis(4*) standard orthogonal array with responses

and S/N ratios corresponding to each parameter sets

No. T,-C Fe?*, Mm CD, mAcm? t,h Reduced COD, % (S/N)
1 30 0.05 2 1.5 24.47 30.046
2 30 0.1 4 3 32.96 30.361
3 30 0.2 6 4.5 38.41 31.689
4 30 0.4 8 6 53.79 34.614
5 40 0.1 2 4.5 49.17 33.833
6 40 0.05 4 6 52.32 34.374
7 40 0.4 6 1.5 59.77 35.530
8 40 0.2 8 3 52.73 34.441
9 50 0.2 2 4.5 57.74 35.825
10 50 0.4 4 6 4691 36.312
11 50 0.05 6 1.5 47.13 35.354
12 50 0.1 8 3 41.36 34.277
13 60 0.4 2 6 69.39 36.826
14 60 0.2 4 4.5 61.97 35.844
15 60 0.1 6 3 66.96 36.516
16 60 0.05 8 1.5 66.23 36.422

Table 4. Estimated model coefficients for S/N ratios

Term Coeff. *SE Coeff. t-value p-value
Constant 34.5164 0.1420 243.051 0.000
temp 30 -2.8391 0.2460 -11.542 0.001
temp 40 0.0281 0.2460 0.114 0.916
temp 50 0.9254 0.2460 3.762 0.033
CD2 -0.3836 0.2460 -1.560 0.217
CD 4 -0.2939 0.2460 -1.195 0.318
CD 6 0.2558 0.2460 1.040 0.375
Fe 0.05 -0.4677 0.2460 -1.902 0.153
Fe 0.10 -0.7696 0.2460 -3.129 0.052
Fe 0.20 -0.0668 0.2460 -0.271 0.804
time 1.5 -0.5924 0.2460 -2.408 0.095
time 3.0 -0.2710 0.2460 -1.102 0.351
time 4.5 0.0475 0.2460 0.193 0.859

Note:* SE Coeff. is the standard error of a model's coefficients
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Table 5. Estimated model coefficients for means

Term Coeff. *SE Coeff. t-value p-value
Constant 54.5655 0.6321 86.319 0.000
temp 30 -15.3275 1.0949 -13.999 0.001
temp 40 -1.0684 1.0949 -0.976 0.401
temp 50 4.8220 1.0949 4.404 0.022
CD2 -1.5178 1.0949 -1.386 0.260
CD 4 -1.4015 1.0949 -1.280 0.291
CD 6 1.3625 1.0949 1.244 0.302
Fe 0.05 -2.3366 1.0949 -2.134 0.123
Fe 0.10 -4.3576 1.0949 -3.980 0.028
Fe 0.20 -0.8290 1.0949 -0.757 0.504
time 1.5 -3.2474 1.0949 -2.966 0.059
time 3.0 -1.1515 1.0949 -1.052 0.370
time 4.5 0.2370 1.0949 0.216 0.843
Note: *SE Coeff. is the standard error of model's coefficients
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3.2.2. Analysis of variance for means and S/N ratio

Analysis of variance (ANOVA) was evaluated
for S/IN ratios and means for the process quality
characteristic under study. The sequential sum of
squares (Seq SS) and an adjusted sum of squares (Adj
SS) in the ANOVA table showed the relative
importance of each parameter. The main outcomes of
an ANOVA study record the sources of variation,
degrees of freedom for each source, a total sum of
squares, and mean squares. Moreover, f-statistics and
p-values obtained from ANOVA study, are used to
determine whether the parameters are statistically
significant.

Below, there is an explanation of each element
listed in ANOVA Table:

- Source: refers to the source of variation which
can be attributed to the factor, the interaction, or the
error, while the total is a sum of all the sources.

- DOF: for each source in the ANOVA table,
the degree of freedom is evaluated, and it is equal to
the No. of parameters minus 1. Since the parameters
are four, thus, the DOF is 3.

- SS: the sum of squares between groups
(parameters) and the sum of squares within groups
(error).

- MS: a mean square of each source is the
quantity obtained from the division of the sum of
squares on the degrees of freedom.

- F-value: it is calculated as (variance in the
mean square between groups (MS)/mean of the
within-group variance (error MS)); comparing the

obtained F value with a critical one allows the
determination of the statistical significance of each
source; also, we can use p-value for this target.

- p-value: it is used to define the statistical
significance of each factor; typically compared with a
chosen alpha value.

Tables 6 and 7 show that the highest sum of
squares (SS) value belonged to temperature ‘T’ and it
had the greatest effect on the COD reduction. Based
on p-values presented in tables below, the statistical
significance of each variable is T, Fe, t, and CD. The
variable T was the most significant, while the variable
CD was the least significant in estimating COD
reduction values and each variable possesses 3 DOF
with 15 degrees of freedom for the full set of variables.

3.2.3. Response characteristic of means and S/N ratios

The responses for S/N ratios and means in
Tables 8 and 9 present the average of the response
characteristic for each parameter at each level and the
ranks based on Delta statistics, which compare the
relative magnitude of effects. The Delta statistic is the
highest minus the lowest average for each factor.
Ranks based on Delta values are as follows: rank 1 to
the highest Delta value, rank 2 to the second-highest,
and so on.

The S/N ratios and means of each level in the
response Tables 8-9 are used to decide which level of
each factor gives the best result. Based on the large the
better, the results indicated that the best results are
obtained at the fourth level of each parameter.

Table 6. ANOVA for S/N ratios

Source DOF Seq SS Adj SS Adj MS F p
T 3 49.8919 49.8919 16.6306 51.54 0.004
CD 3 1.9074 1.9074 0.6358 1.97 0.296
Fe 3 10.0641 10.0641 3.3547 10.40 0.043
t 3 4.3689 4.3689 1.4563 4.51 0.124
Residual Error 3 0.9680 0.9680 0.3227 --- ---
Total 15 67.2004 --- --- --- ---
Table 7. ANOVA for Means
Source DOF Seq SS Adj SS Adj MS F p
T 3 1573.13 1573.13 524.377 82.02 0.002
CD 3 34.19 34.19 11.397 1.78 0.323
Fe 3 326.93 326.93 108.978 17.05 0.022
t 3 116.99 116.99 38.998 6.10 0.086
Residual Error 3 19.18 19.18 6.394 --- ---
Total 15 2070.43 - — o ---
Table 8. Response table for S/N Ratios (Larger is better)
Level T CD Fe t
1 31.68 34.13 34.05 33.92
2 34.54 34.22 33.75 34.25
3 35.44 34.77 34.45 34.56
4 36.40 34.94 35.82 35.33
Delta 4.72 0.81 2.07 1.41
Rank 1 4 2 3
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Table 9. Response table for Means

Level T CD Fe t
1 39.24 53.05 52.23 51.32
2 53.50 53.16 50.21 53.41
3 59.39 55.93 53.74 54.80
4 66.14 56.12 62.09 58.73
Delta 26.90 3.07 11.88 7.41
Rank 1 4 2 3
Table 10. Coefficients
Term Coeff. SE Coeff. 95% CI t-Value p-Value VIF
Constant 23.65 3.26 (16.56; 30.75) 7.26 0.000
T 0.00925 0.00119 (0.00665; 0.01185) 7.75 0.000 1.35
T*t 0.0336 0.0134 (0.0045; 0.0627) 2.51 0.027 1.29
CD*Fe 5.72 1.28 (2.94; 8.50) 4.48 0.001 1.08
Table 11. Analysis of variance
Source DOF Seq SS Contribution Adj SS Adj MS F-Value p-Value
Regression 3 1863.41 90.00% 1863.4 621.14 36.00 0.000
T 1 1428.40 68.99% 1036.4 1036.39 60.08 0.000
T*t 1 89.16 4.31% 109.1 109.12 6.32 0.027
CD*Fe 1 345.85 16.70% 345.9 345.85 20.05 0.001
Error 12 207.02 10.00% 207.0 17.25
Total 15 2070.43 100.00%
S *R-sq R-sg(ad)) PRESS **R-sg(pred)
4.15351 90.00% 87.50% 400.929 80.64%

Note: *R-sq: the correlation coefficient (R?), **R-sq (pred.): the predicted correlation coefficient (pred. R?)

3.3. Regression analysis

Regression analysis implies modeling of a
mathematical relationship between one or multiple
continuous predictors (process variables) and one
response (reduced COD). The obtained mathematical
relationship is further applied to estimate new
observation. The method of the least squares was used
in the analysis to estimate the regression equation. The
main outputs from regression analysis are regression
equation, table of coefficients, and an ANOVA table,
which explain the statistical significance, the size and
the direction of the relationship between the variables
and the process response.

The direction of the relationship between the
variables and the response is denoted by the sign of
each coefficient. Coefficients are those numbers in the
regression model by which the variables (predictors)
are multiplied and each one estimates the change in the
mean response per unit change in a predictor while
other predictors held constant. For each coefficient
there is an estimated p-value which examines the null
hypothesis, i.e., coefficients had none effect and are
equal to zero. The regression equation for the reduced
COD is given in Eq. (8).

COD reduction ef ficiency, % = 23.65 + 0.00925 -
T2 4+0.0036-T -t +5.72-CD - Fe (®)

The regression results from Table 10 indicated
that all terms presented in the model are statistically
significant because of their low p-values (< 0.05).

Significant interaction terms (T2, Txt, and CDxFe)
implies that the relation between a predictor (eg. T in
Txt) and the response depends on the other predictor
in the term (in case, t). A goodness-of-fit test is an
important implement to verify if the model provides
enough fit to the data. The obtained model describes
90% (R?) of the observed data and predicts new
observations with a predicted R? (R-squared) of
80.64%.

Table 11 shows the ANOVA for reduced COD
based on the regression -correlation developed.
Regression has the greatest impact on the model; it has
the largest contribution (90%). The order of impact for
the sources presented was: Regression > TxT > Txt
> CDxFe > Error, with a total DOF of 15. The
residual plot used to determine the adequacy of the
obtained model meet the assumption of the analysis
(residuals are random and normally distributed). The
various plots ‘histogram of residuals’, ‘normal
probability plot’, ‘residual fit’ and ‘residual order’
(Minitab Inc., 2000) are shown in Fig. 4.

The Normal probability plot (Fig. 4a) shows
that residuals are normally distributed. If the residuals
are normally distributed, the points should generate a
straight line. The normality assumption may be invalid
since the points on the plot depart from a straight line.
The normal probability plot of a dataset comprising
less than fifty observations shows a curvature in tails
even though the residuals are randomly distributed.
Nonlinearity and a significant variance may be
observed with a small number of observations,
although the residuals are normally distributed.
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Fig. 4. Residual plots for COD reduction: (a) Normal probability plot, (b) Residual versus fit, (c) Residual versus order,
(d) Residual versus order

In residuals versus fit (Fig. 4b), residuals lie in
a random pattern around zero-line. In this plot,
residuals must be randomly distributed around zero-
line. An outlier may be recognized if a point located
away from many points. Moreover, residuals should
not exhibit any remarkable patterns. The following
may refer to an error that is not random:

. An increasing or decreasing set of points.

. Domination of positive or negative residuals.

. Patterns, for example, decreasing residuals
with decreasing fits.

Clusters around zero value occurred in the
histogram (Fig. 4c) and that may indicate that the
residuals are not normally distributed, but histogram
pattern alone is not enough to make such a decision
since the normal probability plot and residual versus
fit indicated that residuals are normally distributed.
The histogram plots should display a normal
distribution of the observed response around a mean
value equal to zero. Because the appearance of the
histogram changes based on the number of intervals
used to group the observations, the normal probability
plot and goodness-of-fit tests are used to determine the
normality of the residuals.

In residuals versus order (Fig. 4d), residuals are
independent and have no detected manner. Plotting
residuals versus the order of the collected data give an
insight on whether the responses can be considered
independent of each other. Independent residuals have
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no trend when displayed in time order. Ideally,
residuals should fall randomly around centerline.

4. Conclusions

The effect of process variables on reduced
COD in refinery wastewater by the electro-Fenton
process was checked out using Taguchi experimental
design. The experimental design was employed using
the Lis OA technique. Four process variables on four
levels, namely temperature, current density, Fe
concentration and time, were selected to examine their
effects on the output characteristic.

The optimum set of process variables was
specified from a linear model analysis for S/N ratios
and means. The ideal set was: temperature of 60 °C,
the current density of 8 mAcm™, Fe concentration of
0.4mM, and the time of 6 h. Within the selected
process variables, the temperature was determined to
be the control variable that has a pronounced effect on
the output characteristic, i.e. reduced COD. The
optimum value of COD degradation efficiency from
refinery wastewater by the electro-Fenton process for
a 95% confidence interval (CI) was found to be
87.35% (£ 3.5%).

The findings in this work are of great
importance, which explains how each variable affects
the reduction of COD from refinery wastewater by the
applied electro-Fenton technique using MnO; anode,
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toward making process control having the desired
variables settings.

References

Abbas A.S., Hafiz M.H., Salman R.H., (2016), Indirect
electrochemical oxidation of phenol using rotating
cylinder reactor, Iragi Journal of Chemical and
Petroleum Engineering, 17, 43-55.

Abbas Z.1., Abbas A.S., (2019), Oxidative degradation of
phenolic wastewater by electro-Fenton process using
MnO2-graphite electrode, Journal of Environmental
Chemical Engineering, 7, 103-108.

Abdelwahab O., Amin N.K., El-Ashtoukhy E.Z., (2009),
Electrochemical removal of phenol from oil refinery
wastewater, Journal of Hazardous Materials, 163, 711-
716.

Alkmim A.R., Costa, P.R. da Moser P.B., Neta L.S.F.,
Santiago V.M.J., Cerqueira A.C., Reis B.G., Amaral
M.C.S., (2017), Potential use of membrane bioreactor to
treat petroleum refinery effluent: comprehension of
dynamic of organic matter removal, fouling
characteristics and membrane lifetime, Bioprocess
Biosystems Engineering, 40, 1839-1850.

Allami S., Hasan B., Redah M., Hamody H., Ali Z.D.A.,
(2018), Using low cost membrane in dual-chamber
microbial fuel cells (MFCs) for petroleum refinery
wastewater treatment, IOP Conference Series: Material
Science and Engineering, 1-7.

Ammar S.H., Akbar A.S., (2018), Oilfield produced water
treatment in internal-loop airlift reactor using
electrocoagulation/flotation technique, Chinese Journal
of Chemical Engineering, 26, 879-885.

Brillas E., Sirés I., Oturan M.A., (2009), Electro-Fenton
process and related electrochemical technologies based
on Fenton’s reaction chemistry, Chemical Reviews, 109,
6570-6631.

Britto-Costa P.H., Ruotolo L.A.M., (2012), Phenol removal
from wastewaters by electrochemical oxidation using
boron doped diamond (BDD) and Ti/Tio.7Ru0302 DSA®
electrodes, Brazilian Journal of Chemical Engineering,
29, 763-773.

Chaulia P.K., Das R., (2008), Process parameter
optimization for fly ash brick by Taguchi method,
Materials Research, 11, 159-164.

Coelho A., Castro A.V., Dezotti M., Sant’Anna Jr G.L.,
(2006), Treatment of petroleum refinery sourwater by
advanced oxidation processes, Journal of Hazardous
Materials, 137, 178-184.

Das P., Samanta S.K., Das R., Dutta P., (2014),
Optimization of degree of sphericity of primary phase
during cooling slope casting of A356 Al alloy: Taguchi
method and regression analysis, Measurement, 55, 605-
615.

Dean E.B., Unal R., (1991), Taguchi Approach to Design
Optimization for Quality and Cost: An Overview, Proc.
of the 13th Annual Conf. of the Int. Society of
Parametric Analysts, New Orleans, LA, USA, 1-10.

El-Naas M.H., Al-Zuhair S., Abu Alhaija M., (2017),
Removal of phenol from petroleum refinery wastewater
through adsorption on date-pit activated carbon,
Chemical Engineering Journal, 162, 997-1005.

El-Naas M.H., Al-zuhair S., Alhaijja M.A., (2010),
Reduction of COD in refinery wastewater through
adsorption on date-pit activated carbon, Journal of
Hazardous Materials, 173, 750-757.

El-Naas M.H., Alhaija M.A., Al-zuhair S., (2014),
Evaluation of a three-step process for the treatment of
petroleum  refinery = wastewater, Journal  of
Environmental Chemical Engineering, 2, 56-62.

Gokkus O., Yildiz N., Koparal A.S., Yildiz Y.S., (2017),
Evaluation of the effect of oxygen on electro-Fenton
treatment performance for real textile wastewater using
the Taguchi approach, International Journal of
Environmental Science and Technology, 15, 449-460.

Jamaludin K.R., Muhamad N., Rahman M.N.A., Amin
S.Y.M., Ahmad S., Ibrahim M.H.L., (2016), Sintering
Parameter Optimisation of the SS316L Metal Injection
Molding (MIM) Compacts for Final Density Using
Taguchi Method, The 3rd South East Asian Technical
University Consortium (SEATUC) Symposium, 258-
262.

Li T., Chen C., Liu T., He F., (2018), Oil removal in tight-
emulsified petroleum waste water by flocculation, IOP
Conference Series: Material Science and Engineering,
392, http://doi.org/10.1088/1757-899X/392/4/042005.

Minitab Inc., (2010), MINITAB User’s Guide 2: Data
Analysis and Quality Tools, On line at:
https://shamsulsarip.files.wordpress.com/2015/07/minit
ab_book.pdf.

Moreira F.C., Boaventura R.A.R., Brillas E., Vilar V.J.P.,
(2017), Electrochemical advanced oxidation processes:
A review on their application to synthetic and real
wastewaters, Applied Catalysis B: Environmental, 202,
217-261.

Nandhini M., Suchithra B., Saravana-thamizhan R., Prakash
D.G., (2014), Optimization of parameters for dye
removal by electro-oxidation using Taguchi Design,
Journal of Electrochemical Science and Engineering, 4,
227-234.

Pimentel M., (2010), Oxidation of phenol and cresol by
electrochemical advanced oxidation method in
homogeneous medium: application to treatment of a
real effluent of aeronautical industry, PhD Thesis,
University Paris-Est, Paris, France.

Salehin M., Rohani A.A., Nosrati M., (2016), Refinery
wastewater treatment using sodium aluminate, Chemical
Engineering Letters: Modeling, Simulation and Control,
1, 19-22.

Salman R.H., Hafiz M.H., Abbas A.S., (2018), The
performance of MnO2/graphite electrode for TOC
removal from wastewater by indirect electrochemical
oxidation process, IOP Conference Series: Material
Science and Engineering, 454, 1-6.

Umar M., AzizH.A., Yusoff M.S., (2010), Trends in the use
of Fenton, eclectro-Fenton and photo-Fenton for the
treatment of landfill leachate, Waste Management, 30,
2113-2121.

Yan L., Wang Y., Li J., Ma H.,, Liu H,, Li T., Zhang Y.,
(2014), Comparative study of different electrochemical
methods for petroleum refinery wastewater treatment,
Desalination, 341, 87-93.

2037




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


