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Abstract: Electrochemical oxidation (EO) investigated chemical oxygen demand (COD) subtraction
from petroleum refinery wastewater (PRW) as a capable remediation process. Titanium substrates
coated with iridium–tantalum oxide mixtures (Ti/IrO2–Ta2O5) were used as the dimensional stable
anode (DSA). The Box-Behnken Design (BBD), a statistical experimental design and response surface
methodology (RSM), was used to matrix the current density, temperature, and electrolyte (NaCl)
concentration variables, with COD removal efficiency as the response factor. A second-order verifiable
relationship between the response and independent variables was derived where the analysis of
variance displayed a high coefficient of determination value (R2 = 0.9799). The predicted values
calculated with the model equations were very close to the experimental values where the model was
highly significant. Based on the BBD for current density, the optimum process conditions, temperature
and electrolyte (NaCl) concentration were 7.5 mA/cm2, 42 ◦C and 4.5 g/L, respectively. They were
resulting in a COD removal efficiency of 99.83% after a 12-hour EO period.

Keywords: box-behnken design; electrochemical oxidation; petroleum refinery wastewater; chemical
oxygen demand; response surface methodology; remediation; dimensional stable anode

1. Introduction

Global demand for petroleum products is increasing rapidly; thus, our environment is
exposed to rising hazardous impacts. One of these issues comes from large quantities of
wastewater produced during crude oil processing, where approximately 0.6–1.4 of wastew-
ater per ton of oil generated has high levels of contaminants [1]. It is estimated that the
petroleum refinery industry generates an average of 5.34 billion litres per day of wastewater
globally [2]. South Africa produces approximately 115 million litres of oil a day through six
refineries by consuming 177 million litres of freshwater and generating about 137 million
wastewater [3]. These high water demands and consumption have resulted in water becom-
ing increasingly scarce and reducing groundwater levels, thus increasing water shortages
in many areas [4]. Effluents from petroleum refinery are significant pollution sources that
exhibit high concentrations of organic and inorganic pollutants and are characterised by
high concentrations of chemical oxygen demand, fats, oil and grease, and phenol [2]. These
pollutants have various adverse impacts on the surrounding environment. Due to the
existence of these pollutants, petroleum refinery wastewater (PRW) is categorised as a
hazardous waste by many environmental regulations worldwide [5]. Therefore, before
discharging the wastewater into the environment, the amounts of these contaminants must
be lowered to acceptable levels [6,7].

In recent years, advanced treatment methods, such as electrochemical [8], ozona-
tion [9], and photocatalytic oxidation [10], have been described as effective for the treatment
of petroleum refinery wastewater. Electrocoagulation (EC) and electrochemical oxidation
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(EO) are more efficient than others in treating petroleum refinery wastewater (PRW). The
EO process shows a unique advantage that electrical energy instead of chemical reagents is
employed to degrade organic compounds. It is a clean process, a simple operation, and a
small footprint of the treatment device [8]. Previous studies, such as by Park et al. (2012) [9]
and Shestakova et al. (2014) [10], mainly focused on the study of electrodes with high
oxygen growth potential for minimising the effect of bubbles. The mixed metal oxide
(MMO) electrodes, Ti/IrO2–Ta2O5, exhibited good electro-catalytic action and electrochem-
ical stability due to their suitable IrO2 loading [11]. A chemical reaction concerning the loss
of one or more electrons on the anode surface by an atom or molecule formed from catalyst
product during the passage through the anode, cathode, and electrolyte solution of the
direct electrical current [12]. To break down even the most resistant organic compounds,
EO is considered a very effective method. Organic pollutant anodic oxidation can occur in
different ways, including direct and indirect oxidation [13].

The removal of chemical oxygen demand (COD) from electrochemical oxidation can
be optimised by different variables that significantly affect the removal rate. The tempera-
ture [14], sodium chloride (NaCl) concentration [15], and current density [16] are some of
the variables commonly studied concerning the removal of organic pollutants. The nature
of other factors also determines the effect of one factor. According to Raju et al. (2008) [17],
researchers have historically used multivariate systems to optimise the process by research-
ing one factor at a time (OFAT). The OFAT approach was once considered the standardised,
systematic, and acknowledged scientific experimentation method [18]. However, it has been
proven that this method is inefficient and can potentially be catastrophic. This approach’s
main pitfalls are that more runs are needed for the same accuracy in effect estimation, do
not predict interactions between the process’s operational factors, and skip optimum factor
settings [19].

To avoid this, a statistical multivariable experimental study approach, which is widely
known as response surface methodology (RSM), was employed [20]. RSM is a helpful
tool since it allows estimating several factor effects and their interactions on one or more
response variables [21]. RSM includes a complete factorial design, central composite de-
sign, and Box-Behnken design (BDD) [22]. The BDD is a practical choice and an effective
alternative to the full factorial and central composite design [23] due to its cost-efficiency
and less time consumption [24]. Previous studies have shown the successful application
of BBD in several processes, such as photoelectro-persulfate, ultrasound, adsorption, and
electrochemical treatment [25–28].

Although previous studies have used RSM to investigate how different factors affect
COD reduction of various types of wastewater, this research focused on PRW remediation
and recycling in the South African Industrial context. Thus, this study aims to optimise the
EO process to remove COD using the BBD at operational parameters NaCl concentration,
temperature and current density.

2. Materials and Methods
2.1. Materials

High-grade chemicals and reagents were used for this research. Sodium chloride
(NaCl), purchased from Merck, was used as the supporting electrolyte, and COD reagents
were purchased from Hanna Instruments. All solutions used in this study were composed
using water from an ultrapure Milli-Q purification system (MQ, Millipore).

2.2. Experimental Setup

A laboratory-scale EO system used in this study is shown in Figure 1. The system
consisted of a glass reactor, water bath (FMH instrument), DC (Direct Current) power
supply and two Ti/IrO2–Ta2O5 electrodes (NMT electrodes, Pinetown, South Africa). The
EO reactor had a total working volume of 1 L and was submerged in a water bath (FMH
instruments) equipped with an immersion heating unit to keep the temperature constant.
The two Ti/IrO2–Ta2O5 electrodes used were immersed in the wastewater and served as
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anode and cathode with a total effective area of 200 cm2. The DC power supply was used to
supply current to the EO system. All the EO experiments were conducted at an electrolysis
time of 12 hours. The electrolysis time of 12 hours was determined to yield optimum
removal efficiency based on the current experimental conditions [7]. The parameters used
for the study were temperature (20 ◦C, 40 ◦C, and 60 ◦C), current density (5, 7.5, and
10 mA/cm2) and NaCl concentration as a supporting electrolyte (2, 4, and 6 g/L) [29]. The
temperature steadily raised with an increase in electrolysis time. Therefore, the EO reactor
was cooled with a cooling jacket. The initial pH was kept constant at an optimal 4 to ensure
removal efficiency [8]. Samples were taken after 12 hours, and each run was duplicated.

Figure 1. A schematic diagram for an electrochemical oxidation (EO) process.

2.3. Analytical Method

All equipment and meters were calibrated and checked according to the manufac-
turer’s instruction. Electron Conductivity (EC) and temperature (T) were measured using
a Crison CM 35+ handheld 147 meters (Merck Pty Ltd. South Africa). The pH calculated
with Jenway 3510 Bench pH/mV Meter and Turbidity with an HF 148 Scientific Micro TPI.
Infrared Turbidity Meter. COD samples were dissolved in a Thermo reactor Model 149
HI839800-02 (Hanna Pty Ltd., Cape Town, South Africa) and calculated using a COD Meter
and Multiparameter photometer Model 150 HI83214-02 (Hanna Pty Ltd.).

2.4. Experimental Design

In the present study, the RSM analysis has been used to determine the relationship
between the COD removal model and the optimum operating conditions. The BBD of RSM
was chosen to determine the relationship between the response function and the variables
using the Design-Expert (version 11.1.2.0, Stat ease Inc., Minneapolis, MN, USA). The range
and level of independent variables were considered at three levels (Table 1).

Table 1. The levels and range of independent variables chosen for EO.

Coded Levels

Symbols Independent Variables Units −1 0 +1

A Temperature ◦C 20 40 60
B NaCl Concentration g/L 2 4 6
C Current Density mA/cm2 5 7.5 10

A second-order polynomial model given below was fitted to the experimental data
for COD removal [30]
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y = β0 + β1x1 + β2x2 + β3x3 + β11x1
2 + β22x2

2 + β33x3
2 + β12x1x2 + β13x1x3 + β23x2x3 (1)

where y is the COD removal in coded units, β0 is a constant, β1, β2, and β3 are the
regression coefficients for linear effects, β11, β22, and β33 are the quadratic coefficients, β12,
β13, and β23 are the interaction coefficients and x1, x2, and x3 are the operating variables. β
is the correlation coefficient. With a 95% confidence level, P-value was used to evaluate the
effect of model functions [31].

The Box-Behnken design (BBD) was used in this study. In this design, each factor
was tested on three levels. BBD method is advantageous as it is sensitive to outliers,
missing data, and default setting reduces the average prediction variances, resulting in a
robust model with outstanding prediction characteristics [32]. The design matrix indicating
experimental run order and output data for the BDD can be seen in Table 2.

Table 2. Box-Behnken Design output (responses) results.

Run

Independent Variables COD Removal (%)

A:
Temperature (◦C)

B: NaCl
Concentration (g/L)

C: Current Density
(mA/cm2)

Experimental
Values

Predicted
Values

1 40 2 7.5 87.00 87.28
2 40 4 7.5 91.70 90.89
3 40 6 7.5 90.20 89.92
4 60 2 10 84.90 84.95
5 20 4 7.5 88.20 88.50
6 20 6 10 86.20 86.73
7 40 4 10 90.60 90.87
8 20 2 10 85.90 85.52
9 40 4 5 89.10 89.43

10 20 2 5 83.70 83.90
11 20 6 5 86.00 85.75
12 60 6 10 89.10 88.38
13 40 6 10 89.70 89.74
14 60 2 5 83.40 83.05
15 60 4 7.5 88.50 88.90
16 60 6 5 86.70 87.12

The model investigated the influence of temperature (A), NaCl concentration (B), and
current density (C) on the EO process using COD removal. The experimental results indi-
cated that the COD removal was significantly affected by these parameters (independent
variables). The results indicated that a maximum COD removal of 91.7% was achieved
at temperature, NaCl concentration and current density of 40 ◦C, 4 g/L and 7.5 mA/cm2,
respectively. This experimental run was conducted over a 12-hour electrolysis period. The
experimental results compare well with the optimised, predicted COD removal percentage.
A close correlation between experimental and predicted values was found when a fair
agreement was reached between the coefficient of determination (R2) predicted.

3. Results and Discussion
3.1. Model Fitting

The data attained from 16 experimental runs were fitted into a second-order poly-
nomial model equation to determine the relationship between the coded factors and the
response, as shown in Equation (2).

The ANOVA analysis for the Box-Behnken design where A is temperature, B the
NaCl concentration, and C the current density, is summarised in Table 3. The ANOVA was
used to evaluate the determination coefficient, lack of fit, and the importance of the linear,
squared, and interaction effects on the independent variables’ response. The p-value was
used to determine the significance of the coefficient and the combined factors’ interaction
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strength. Based on the F-test and P-test, the adequacy of the model in ANOVA research is
acknowledged. The regression equation’s response variation may be explained if the f -test
value becomes higher than the p-value. The p-value is used to evaluate whether f is large
enough to signal statistical significance [32].

COD Removal % = 90.89 + 0.2A + 1.32B + 0.72C + 0.56AB + 0.068AC − 0.16BC − 2.19A2 − 2.29B2 − 0.74C2 (2)

Table 3. Analysis of variation (ANOVA) of the quadratic model.

Source Sum of Squares Df Mean Square F-Value p-Value

Model 176.58 9 19.62 119.22 <0.0001 1

A-Temperature 0.80 1 0.80 4.86 0.0382 1

B-NaCl concentration 37.02 1 37.02 224.96 <0.0001 1

C-Current Density 11.02 1 11.02 66.98 <0.0001 1

AB 4.95 1 4.95 30.08 <0.0001 1

AC 0.076 1 0.076 0.46 0.5049 2

BC 0.45 1 0.45 2.75 0.1117
A2 29.58 1 29.58 179.74 <0.0001
B2 28.09 1 28.09 170.66 <0.0001
C2 2.92 1 2.92 17.76 0.0004

Residual 3.62 22 0.16
Lack of Fit 2.69 6 0.45 7.66 0.0005 1

Pure Error 0.93 16 0.058
Corr. Total 180.20 31

Std. Deviation 0.41 R-Squared 0.9799
Mean 87.56 Adjusted R2 0.9717

Coefficient of variation % 0.46 Predicted R2 0.9564

Df-degree of freedom 1 significant 2 not significant.

The respective variables indicated a highly significant model when the p-value is
smaller, and this was confirmed by Abbas et al. (2020) [33]. According to Table 3, the
model’s p-value is less than 0.0001, which indicated that the predicted quadratic model was
significantly fitted. The independent variables, temperature (A), NaCl (B), current density
and the interaction factor AB, showed the most significant effect on COD removal with
p < 0.05. The interaction terms AC and BC were not significant. The p-value of the lack of
fit was 0.0005, implying that the lack of fit was significant relative to the model’s pure error.

Fit statistics are shown in Table 4. The coefficient of determination R2 is a statistical
parameter that measures how well the data fits the line [34]. A close correlation in experi-
mental and predicted values were found when there was a reasonable agreement between
predicted R2 (0.9564) and adjusted R2 (0.9717). The difference between the predicted and
adjusted R2 should be less than 0.2 for the model to be considered well fitted and able to
make satisfactory predictions.

Table 4. Fit statistics.

R2 Adjusted R2 Predicted R2

COD reduction
efficiency % 0.9799 0.9717 0.9564

For this study, predicted and adjusted R2 agreed with this. The high value of the
determination coefficient (R2 = 0.9799) indicated enough mathematical model modification.
This R2 value showed that the model could describe variations of 97.99% in response to
independent variables. A low coefficient of variation value of 0.46 indicated an accurate,
reproducible and reliable model [35]. Hence, the regression model is significant.

3.2. Validation of Model

After the regression model was developed, the fitted model was tested to ensure an ac-
curate approximation to the actual system was provided. Thangam et al. (2014) [36] stated
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that optimising the fitted response surface is likely to produce inadequate or misleading
performance if the model is not adequately fitted. Three types of model diagnostics were
used for verification: the normal, residual, and predicted vs. experimental plot.

The evaluation of the predicted and experimental values of COD removal is pre-
sented in Figure 2. It can be observed that the data scattered closer to the 45-degree line,
resulting in a higher determination coefficient above 0.9. This specifies that more than
90% of each independent variable in this study went through the modelling equation
presented in Equation (1). Therefore, the agreement between the predicted and experimen-
tal COD removal values is adequate and per the statistical significance of the quadratic
model produced.

Figure 2. Predicted vs. experimental COD removal values.

The normality probability plot of the residual was constructed to investigate the
independability of linear regression. The graph in Figure 2 displays the scatter of residuals
in a linear format. Several points lie very close to and on the regression line, indicating a
perfect fit of the model compared to the data. The upper and lower normal percentage
probabilities are also located close to the line. This shows that the model has a perfect fit at
the boundary points, as well. Thus, the normality percentage probability plot (Figure 3)
showed that the exact values provided enough estimation to the model. These findings are
like the ones obtained by Darvishmotevalli et al. (2019) [37]. Furthermore, this confirms
the accuracy of the Box-Behnken experimental design.

Figure 3. The plot of internally studentized residuals vs. predicted.
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The least-squares residuals are an essential tool for evaluating the model’s adequacy
and accuracy [38]. Figure 4 shows the plot of residuals vs. the predicted response. The
model’s residual plots are distributed evenly above and below the horizontal axis and
proved their quality [39]. Thus, the results indicated good maximum response predictions
and constant variance and adequacy of the quadratic models.

Figure 4. The plot of internally studentized residuals vs. predicted response.

3.3. Analysis of Response

To visualise and assess the independent variables’ influence, the three-dimensional
(3D) response surface plots and their corresponding two-dimensional (2D) contour maps
for the modelled response were constructed. The 3D plot is handy in evaluating the sys-
tem’s behaviour within the experimental design [40]. These plots endorsed the previously
presented ANOVA study by identifying the relative contributions to the operating parame-
ters’ response. The different single and interacting effects of parameters A, B, and C on
COD removal are displayed.

As shown in Figure 5a,b, the plot illustrates an elliptical shape, while Figure 6a,b and
Figure 7a,b are circular. According to Sathian et al. (2014) [41], the curve’s elliptical shape
suggests a strong interaction between the two variables, and a circular shape indicates no
interaction between the variables. Therefore, the contour’s oval form in Figure 5a reflects
the reciprocal interactions of temperature and NaCl concentration.

Figure 5. (a) Three-dimensional (3D) response graph and (b) contour plot for the effect temperature
and NaCl concentration.
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Figure 6. (a) Three-dimensional (3D) response graph and (b) contour plot for the effect of temperature
and current density.

Figure 7. (a) Three-dimensional (3D) response graph and (b) contour plot for the NaCl concentration
and current density.

As shown in Figure 5a,b, the effects of temperature and NaCl concentration were
determined when the current density was at its centre point (7.5 mA/cm2). When the
temperature and NaCl concentration were at a low level (20 ◦C and 5 mA/cm2), COD
removal was low. Therefore, a significant improvement in COD removal can be obtained
by increasing the temperature and NaCl concentration to 42 ◦C and 4.5 g/L, respectively.

The interaction between temperature and current density and NaCl concentration & cur-
rent density was statistically insignificant, as shown in Figure 6a,b and Figure 7a,b, respectively.

This section showed that current density had little interaction with both temperature
and NaCl concentration. However, temperature and NaCl concentration were shown to
have strong interactions. This information obtained and the mathematical models devel-
oped will be used to evaluate for scale-up.

3.4. Economic Evaluation

The EO process’s technical feasibility is usually evaluated in terms of COD removal
efficiency, while the energy consumption evaluates the economic feasibility. The energy
consumption was calculated using Equation (3) [17].

Energy Consumption =
UIt

V (COD0 − CODt)
(3)
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where U is the applied voltage; I is the applied current (Amp); V is the volume of treated
wastewater (L); t is operating time (h), COD0 is the initial COD of wastewater (mg/L), and
CODt is the treated COD of wastewater at electrolysis time.

The energy consumption for EO treatment was calculated as 0.214 kWh/ kg COD for
optimum COD removal at a current density, temperature and electrolyte (NaCl) concentra-
tion were 7.5 mA/cm2, 42 ◦C and 4.5 g/L, respectively. Comparable results were obtained
in good agreement with the data reported in the literature [16,42]. Titanium was selected
because of its practicality, stability, and cost-effective material for electrochemical oxidation
of organic pollutants [16,43].

The EO process exhibited lower energy consumption than other treatment technolo-
gies such as ozonation and Fenton oxidation [44]; photocatalysis [45] due to the pollutants’
complete mineralisation under optimal conditions. Therefore, the EO treatment process
can be economically feasible for PRW applications’ treatment from an energy consumption
perspective due to the COD removal efficiency. Along with its capability of treating high-
strength wastewater, the EO process provides a significant advantage of the technology to
be adopted by a wide range of different wastewater treatment applications [46–49]. Experi-
mental discoveries showed that electrochemical oxidation with Ti/IrO2–Ta2O5 electrodes
could be an alternative as a treatment technique for PRW wastewater effluent.

RSM assists with understanding the behaviour of a system and guidance to evaluate
the significances of different situations. The mathematical optimisation part in design
expert allows maximising the desirability application [34]. This optimisation process was
carried out to maximise the COD reduction efficiency of PRW.

4. Conclusions

Process optimisation of the EO process of COD removal for PRW treatment was stud-
ied using BBD with RSM. The temperature, current density, and electrolyte concentration
applied were investigated as the primary operating parameters on COD removal efficiency.
At an optimised temperature of 42 ◦C, applied current density of 7.5 mA/cm2, and a
mid-NaCl concentration of 4.5 g/L, the EO process with dimensional stable anodes (DSAs)
could efficiently remove 99.83% COD in 12 hours. The BBD data demonstrated significant
effects of the variables studied and their interactive effects in reducing COD. Furthermore,
the ANOVA results showed that the COD removal efficiency model was significant and
adequate, as proven by the statistical indexes, including lack of fit, coefficient of varia-
tion, and proper precision. Therefore, RSM could be effectively adopted to optimise the
operating multivariable in complex EO processes.

Author Contributions: Conceptualisation, S.C. and M.A.; methodology, S.C. and M.A.; formal analy-
sis, S.C.; investigation, S.C.; resources, M.A.; data curation, S.C.; writing—original draft preparation,
S.C.; writing—review and editing, M.A.; supervision, M.A., project administration, M.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to internal policies.

Acknowledgments: The authors are thankful to the Department of Chemical Engineering and the
Environmental Engineering Research Group (EnvERG) for their support. The Research Directorate
of Cape Peninsula University of Technology (CPUT), South Africa, for the postgraduate student
assistance and their commitment towards the article processing charges (APC), as well as the African
Union Mwalimu Nyerere for the student scholarship.

Conflicts of Interest: The authors declare no conflict of interest.



Water 2021, 13, 835 10 of 11

Abbreviations

ANOVA: analysis of variation; BBD: Box-Behnken design; COD: chemical oxygen demand;
DC: direct current; DSA: dimensional stable anode; EC: electron conductivity; EO; electrochemical
oxidation; NaCl: sodium chloride; OFAT: one factor at a time; PRW: petroleum refinery wastewater;
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