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H I G H L I G H T S   A B S T R A C T  
• Aluminum ions release from the anode faster 

than hydroxyl ions from the cathode.  
• An innovative reactor from a local factory is 

used to reduce TDS in petroleum effluent.  
• Box-Behnken Design and Minitab optimized 

experimental design, analysis, and variables. 
• longer electrolysis durations and higher 

current densities led to decreased TDS levels. 

 This study aims to employ an electrocoagulation reactor to treat petroleum effluent 
from a local plant and reduce dissolved solids (TDS) to suitable levels for reuse. 
A continuous reactor configuration featured a finned stainless steel cathode tube 
positioned between two cylindrical aluminum anodes. This study explored the 
influence of treatment duration (4–60 minutes), current density (0–6.0 mA.cm-2), 
and influent rate (50–150 ml/min) on the final TDS value. Flow rate increase 
correlated with increased final TDS values, while longer electrolysis durations and 
higher current densities led to decreased TDS levels. Optimized electrolysis 
conditions at 1 hour, 5 mA.cm-2, and 50 ml/min, with inner and outer anode 
consumptions of 0.18 g and 0.45 g, respectively, achieved a final TDS of 2000.45 
mg/l, representing a reduction of 207.55 mg/l. The regression model, with a p-
value of 0.0001, F-value of 219.37, and R2 of 99.75%, demonstrated the 
significance of the model components, indicating its robustness. The energy 
consumption was 3.65 kWh/m3, and the total operating cost was only 0.74 $ per 
m3. This study confirms the efficacy of the novel continuous reactor in managing 
petroleum wastewater under practical conditions with low consumption values of 
electrodes and electrical energy. 
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1. Introduction 
Crude oil undergoes various refining processes in petroleum refinery plants to yield valuable products such as kerosene and 

gasoline. Throughout these operations, oily wastewater is generated, notably in units like desalters, condensate systems, 
hydrocrackers, and condensate flares [1]. The refining of crude oil is water-intensive, resulting in significant wastewater 
production [2]. Crude oil itself comprises a complex mixture of organic (hydrocarbons) and inorganic components (including 
turbidity, Total Dissolved Solids (TDS), Chemical Oxygen Demand (COD), Total Suspended Solids (TSS), ammonia (NH3), 
arsenic (As), and various toxic metals) [3, 4]. The water content in crude oil can vary depending on factors such as well depth 
and location, consequently leading to the discharge of oily effluents, a primary contributor to marine ecological pollution [5]. 
Due to the persistent nature of oily wastewater, its presence poses significant challenges to both environmental and human health 
[6-8]. Hence, depending on the composition and volume of emulsified oily wastes, diverse treatment methodologies are required 
to address effluent sources effectively.  

Al-Muthanna petroleum refinery has a daily capacity of 30000 barrels. The water content in crude oil from oil fields is 0.2 
ppm, consumes 3.2 cubic meters of fresh water per hour per thousand barrels of crude oil in the desalter unit and 1.5 cubic meters 
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of fresh water per hour per thousand barrels of crude oil in the refinery units (distillation tower, stripper tower, and other services). 
The amount of wastewater discharged is 4 cubic meters per hour. The basic treatment techniques used to accomplish this goal 
include adsorption, cyclone separation, chemical precipitation, and electrochemical approaches [9]. The effectiveness of the 
employed techniques is influenced by their capacity for elimination, time required to finish the treatment, additional pollutants 
produced, construction cost, and operation/maintenance costs [10]. Therefore, to remove organic and inorganic components from 
wastewater and allow freshwater reuse, some skillful treatment techniques are required due to the quick development of 
industries and human needs [11]. 

Physical, chemical, and mechanical processes are used to treat these effluents, ordinarily accompanied by biological 
processes [12]. Mechanical and physical treatments include gravitational or centrifugal separations, membrane filtration, 
flotation, and others. These classic procedures can remove solid particles, emulsified oil, and free oil in suspension from 
wastewater [13]. 

The biological process is effective in reducing biochemical oxygen demand (BOD). However, when very toxic recalcitrant 
contaminants, such as the aromatic part of dissolved organic compounds, are present in wastewater, employing the biological 
process is insufficient [14,15]. Furthermore, previous approaches have revealed various operational issues such as energy 
consumption, partial effluent degradation, secondary phase creation, and toxic intermediates synthesis, all of which impose 
additional costs on the process. Innovative approaches should be used to remove these harmful contaminants in this case [16, 
17]. Adsorption is one of the most effective wastewater treatment procedures for reducing organic and inorganic chemicals that 
remain in effluents after conventional treatment. The most extensively used approach is adsorption using activated carbon, which 
requires prohibitively expensive adsorbents [18].  

In recent years, electrochemical wastewater treatment technologies have received a lot of attention [19-21]. These methods 
include electro-oxidation, electro-fenton, and electro-coagulation (EC), as well as their sequential and concurrent combinations, 
for the treatment of industrial wastewater [22-24]. Electro-fenton is a revolutionary variation of the traditional Fenton method 
for the elimination of organic contaminants. A high level of contaminant eradication is achieved in this procedure by using 
Fenton's reagents and anodic oxidation [25, 26]. 

EC can avoid using excessive coagulant ingredients by treating wastewater with electricity [27]. It was proposed for the first 
time in the United Kingdom in 1889. In “1904” Elmore was the first to propose the use of electrolysis in mineral extraction [28]. 
The EC process is an eco-friendly, effective, speedy, and economical remediation for the removal of various toxicants, such as 
dissolved metals, tannin, phenol, and COD, from water and wastewater [29, 30]. A comparison topic between the electrochemical 
method and other conventional methods is shown in Table 1: 

Table 1: A comparison between electrochemical technologies and another treatment method 

Treatment methods Advantages Disadvantages 

Adsorption Applicable for a wide range of the pH 
Easy operating conditions 

Generation of waste products 
Low selectivity 

Chemical precipitation Not complex operation 
Capital cost is low 

Additional cost needed to disposal the 
huge sludge 

Membrane filtration High selectivity 
Space requirement is not large 

Membrane fouling requires High 
operating cost 

Ion exchange 
Convenient operations Too expensive 

Highly sensitive to the pH value of the 
solution 

Electro-coagulation 

The tool's affordability, simplicity, and ease of use. 
Because there are no moving parts needed and the process 
is electrically controlled, minimal maintenance is needed. 
It can be powered by wind or solar energy. 
Easy to collect, dehydrate, filter, and separate; low EC 
sludge production. 
Chemical coagulants are unnecessary since they will result 
in secondary contamination. 
The cathode electrodes' emission of hydrogen gas during 
the remediation procedure. These bubbles aid in the 
collection and removal of contaminants by bringing them to 
the top of the treated water.  

Electrical energy consumption, which 
limits its utilization and raises 
operating expenses. 
During the anode oxidation process, an 
oxide layer may form on the electrode 
surfaces, decreasing the removal 
effectiveness. 
The anode electrodes need to be 
changed on a regular basis due to the 
high conductivity of the solutions, 
which causes their consumption to rise 
quickly.  
   

EC is a simple and efficacious method for treating different kinds of wastewater that has had great success in eliminating 
the majority of pollutants [31]. The EC mechanism is based on the decomposition process, which releases so many ions from the 
anode and cathode. Through the adsorption process, contaminants are eliminated because aluminum ions (in the case of 
aluminum electrodes) react with hydroxyl ions to generate electro-coagulants [32, 33]. Typically, iron or aluminum serves as the 
anode and cathode, negating the need for chemical additives. For the last three decades, EC has been applied as a successful 
water-remediation technology to remove a wide range of pollutants [34, 35]. As the electric current passes through the EC cell, 
redox reactions proceed at both electrodes. According to water analysis, the anode's surface produces Al3+ ions due to the 
oxidation process of the anode. These ions combine with the cathode's OH- ions that are produced based on the reduction process 
to generate solid Al(OH)3 coagulants [18]. Oxygen and hydrogen gases emitted from the anode and cathode, respectively, will 
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encourage the flotation process of lighter pollutants toward the surface of a liquid. With the help of adsorption, electro-coagulants 
created from the ions produced by the two electrodes will remove pollutants efficiently [19, 22]. 

Aluminum ions are released from the anode much more frequently than hydroxyl ions released from the cathode because 
the oxidation process in the electrochemical cell typically proceeds more quickly than the reduction process. To increase the 
reactor's capacity, the cathode's surface area should be increased. Fins on either side of the cathode's surface and a reactor with 
a relatively low wet volume were used in this work to address this problem. More hydroxyl ions and aluminum ions from finned-
cathode and tubular anodes, respectively, will increase the production of Al(OH)3 coagulants and consequently enhance pollution 
removal efficiency.  

This project will utilize this innovative reactor to decrease the TDS presented in petroleum effluent released from a local 
petroleum factory. The experimental design, result analysis, and operational variable optimization were conducted utilizing the 
Box-Behnken Design (BBD) methodology and Minitab software. 

2. Materials and methods 
2.1 Petroleum wastewater collection 

Petroleum wastewater utilized in this study was collected from the Al-Muthanna petroleum refinery's effluent discharge 
point Table 2, with an approximate daily flow rate of 96 m3, and subsequently processed in a continuous EC reactor. 

Table 2: Petroleum wastewater characterization 

Variables TDS [mg/l] pH [ - ] Conductivity [ms/cm] (OC) [mg/l] 
Amounts 2208 7.9 4.370 1466.8 

 
Equation 1 below is used to compute the actual electrode consumption (ACE) during the continuous EC process [5, 36]: 

 Actual Consumption of Electrodes (AEC) = w1 − w2 (1) 

w1 stands for the electrode mass prior to testing, and w2 for the electrode mass following testing [37].  
Equations (2 and 3) are conducted to calculate the values of electrical energy consumption in (kwh/m3) and total operating 

cost in ($/m3), as follows: 

 Econs= (U. I . t)/(1000 .V) (2) 

 Total operating cost= a × AEC + b × Econs  (3)  

where U refers to the voltage applied (volt), I is the supplied current (Amps.), t is the electrolysis time (h), V refers to the solution 
volume (m3), and a and b symbols refer to the price per unit weight of electrode ($/mg) and unit electric energy price ($/kW.h) 
unit electric energy price ($/kW.h) [equal to 2.74*10-3 $/mg and 0.013 $/kW.h at the time of this research], respectively. 

2.2 Electrocoagulation reactor design 
A direct current supply type (YX-305D, Yaxun-China) was used throughout the experiment to maintain a steady current 

while permitting voltage fluctuations. There was a 2.5 L plastic EC tank on hand. Three concentric electrode tubes were employed 
in an EC reactor for this experiment. Figure 1 (a and b) depicts the electrode configuration and the procedure of the EC treatment. 
On the basis of that initial hypothesis, the current analysis identified a novel electrode configuration design Table 3. 

Table 3: Dimensions of electrodes used in this study 

Parameters  Height (cm) Outer diameter (cm) Fin Height (cm) No. of Fins Wet height (cm) 

Inner Anode (Aluminum) 10 1.5 - - 7.5 
Cathode (Stainless steel) 10 5 10 6 7.5 
Outer Anode (Aluminum) 10 12 - - 7.5 

 
The overall immersed surface area of the anode was 319 cm2. The inside and outside anodes were separated from the cathode 

by 1 cm and 2 cm, respectively, and were connected to the direct current (DC) electricity source. Two-Side Finned (2SF) stainless 
steel with longitudinal fins on both sides serves as the cathode in this study. The six interior fins had a diameter of 1 cm, a height 
of 10, and a thickness of 0.3 cm, while the six outside fins had a diameter of 2 cm, a height of 10, and a thickness of 0.3 cm. The 
surface area of the entire structure was 667 cm2.  

Generally speaking, the electrochemical cell's oxidation process is quicker than its reduction process. This implies that the 
anode releases aluminum ions more quickly than the cathode releases hydroxyl ions. For this reason, the cathode's surface area 
must be optimized without unduly increasing the reactor's volume. This work used fins on both sides of the cathode's surface 
with a remarkably small reactor wet volume in an attempt to solve this problem. More electro-coagulants containing aluminum 
ions will be produced as a result of the increased hydroxyl ion content, and higher pollution removal efficiency may be achieved 
as a result. 
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After each experiment, the electrodes were cleaned and washed with distilled water, allowed to dry, and then weighed to 
determine the amount of consumption. TDS concentrations were also measured. In this study, the analyzed indices were TDS. 
The TDS of petroleum wastewater was calculated using a conductivity meter of ions (HM DIGITAL-Korea). 

 
Figure 1: (a) The procedure of the present EC and (b) how the electrodes are positioned 

2.3 Experimental design planning 
The EC experiments were devised, assessed, and refined using Minitab-18 along with the Box-Behnken Design (BBD). By 

incorporating the desired response into a second-order polynomial Equation, Equation 2 serves to establish the mathematical 
relationship between the responses and the operational variables. The degree to which the model accurately reflects reality hinges 
on the regression coefficient value (R2) and the analysis of variance (ANOVA) feedback [38, 39]. 

 𝑌𝑌 = 𝐵𝐵0 + ∑ 𝐵𝐵𝑖𝑖𝑋𝑋𝑖𝑖 + ∑ 𝐵𝐵𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖2
𝑞𝑞
𝑖𝑖=1

𝑞𝑞
𝑖𝑖=1 + ∑ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖𝑋𝑋𝑗𝑗 +𝑗𝑗 𝜀𝜀𝑖𝑖  (2) 

In this equation, Y represents the final TDS value, where q stands for all of the operational parameters, X1 to Xq denotes 
the operating factors, and the coefficient vectors range from B0 to Bij. The present study investigated CD (X1: 0.63–5.0 mA.cm-

2), electrolysis time (X2: 4-60 minutes), and flow rate (X3: 50-150 ml.min-1). Design specialists recommended 12 trial 
investigations utilizing 3 centroids, specifically employing BBD, to optimize the identified response. The explored solutions are 
represented as Y in terms of the Final TDS value, where q stands for all of the operational parameters, The operating factors 
range from X1 to Xq, and the coefficient vectors range from Bo to Bij. The current study investigated CD current density (X1: 
0.63–5.0 mA.cm-2), electrolysis time (X2: 4-60 minutes), and flow rate (X3: 50-150 ml.min-1). Design specialists suggested 12 
trial investigations using 3 centroids, particularly using RSM-BBD, to improve the identified response. 

3. Results and discussion 
Table 4 displays the operational factors' actual values as well as the experimental and anticipated final TDS levels for the 

inner and outer tubular electrodes. Figure 2 displays the observed results of the final (TDS) as dots along the fitted line. The final 
TDS predicted values, as a result of this, significantly deviate from the fitted line. The difference between the experimental and 
predicted TDS levels shows that random error is minimal. Positive residuals are indicated by dots above this line, indicating that 
the expected values are more than the observed values. The residual is negative if any dots fall below this line, suggesting that 
the results are poorer than what was actually seen. 

Table 4: The main results of the studied variables 

Run X1: CD 
(mA/cm2) 

X2: 
Electrolysis 
time (min) 

X3: Flow 
rate 
(ml/min) 

Experimental 
TDS 
(mg/l) 

Predicted 
TDS 
(mg/l) 

Inner Anode 
Consumption 
(g) 

Outer Anode 
Consumption 
(g) 

1 0.630 4 100 2206 2211 0.001 0.01 
2 5.000 4 100 2210 2209 0.001 0.01 
3 0.630 60 100 2181 2182 0.02 0.13 
4 5.000 60 100 2071 2066 0.07 0.17 
5 0.630 32 50 2200 2197 0.03 0.08 
6 5.000 32 50 2133 2136 0.02 0.15 
7 0.630 32 150 2273 2270 0.02 0.07 
8 5.000 32 150 2210 2213 0.03 0.12 
9 2.815 4 50 2250 2248 0.001 0.02 
10 2.815 60 50 2040 2042 0.05 0.27 
11 2.815 4 150 2206 2204 0.001 0.02 
12 2.815 60 150 2237 2238 0.02 0.13 
13 2.815 32 100 2149 2153 0.03 0.18 
14 2.815 32 100 2153 2153 0.04 0.18 
15 2.815 32 100 2158 2153 0.03 0.18 
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Figure 2: Final TDS experimental and predicted values 

3.1 Mathematical relationship of investigated responses 
Analyzing the relationships among operational factors in relation to key parameters enables the prediction of final TDS 

based on experimental data utilizing the mathematical correlation Equation 3. Assessing the model fit relies on peak regression 
factor values and the alignment between variable response values and the generated TDS model, with higher regression parameter 
values indicating a better model fit [40]. As observed, the high values of the regression coefficient R2-adj (0.993) and R2 (0.998) 
for the studied response variable TDS indicate the excellent fit of the model to the data [5]. 

YTDS %= 2420.7- 19.80 X1- 4.234 X2- 3.322 X3+ 3.604 X1
2- 0.00452 X2

2+ 0.01338 X3
2- 0.4658 X1 X2 + 0.0092 X1 

X3+ 0.04304 X2 X3   (R2 = 0.998; R2-adj = 0.993)  (3) 

To ensure the model's reliability, analysis of variance (ANOVA) was employed as a key analytical tool [36] (Table 5). Table 
5 presents the variance analysis results for the final TDS levels. Certain model components exhibit statistical significance in the 
proposed models, with p-values less than 0.05. The high F-parameter value of 219.37 for TDS in the current study indicates an 
excellent fit of the generated model. Moreover, the Lack-of-Fit p-value exceeding 0.05 further supports the accuracy and 
statistical significance of the generated model. According to the ANOVA results, these models suggest that the EC process 
effectively removes contaminants from oily wastewater. 

Table 5: Results of the final TDS value's ANOVA test 

Source Degree of Freedom Sum of squares Mean square F-Value P-Value Remarks 
Model 9 56037.8 6226.4 219.37 <0.0001 highly 

significant 
X1 1 6962.0 6962.0 245.28 <0.0001 highly 

significant 
X2 1 14706.1 14706.1 518.13 <0.0001 highly 

significant 
X3 1 11476.1 11476.1 404.33 <0.0001 highly 

significant 
X12 1 1093.4 1093.4 38.52 0.002 Significant 
X22 1 46.3 46.3 1.63 0.258  
X32 1 4133.4 4133.4 145.63 <0.0001 highly 

significant 
X1*X2 1 3249.0 3249.0 114.47 <0.0001 highly 

significant 
X1*X3 1 4.0 4.0 0.14 0.723  
X2*X3 1 14520.3 14520.3 511.58 <0.0001 highly 

significant 
Error 5 141.9 28.4    
Lack-of-Fit 3 101.2 33.7 1.66 0.397  
Pure Error 2 40.7 20.3    
Total 14 56179.7     
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3.2 Process factors' effects on the final TDS response 

3.2.1 Current density's impact 
Figure 3 shows how current density affects the final TDS response when the mean values of other factors are taken into 

consideration. Current density is the most crucial operating variable to take into account during the electrocoagulation process 
since it affects both the amount of various ions released from electrodes and, as a result, the rate of pollutant removal. Because 
an electric current is continuously supplied without the need for chemical additives to reduce the amount of TDS, the 
electrochemical coagulation technique is always reliant on the production of coagulants. The way that TDS responds will be 
affected by the production of these coagulants in the ECR. As a result, a number of factors, including the electrocoagulation 
reactor's performance, the electric current used, and the electrode arrangement and active area, might change the TDS 
concentration [41, 42]. 

 
Figure 3: Influence of current density (mA/cm2) on the final TDS 

Figure 3 displays the correlation between the ultimate removal of TDS and CD parameters with an influent rate of 100 
ml/min and a mean treatment time of 32 minutes to highlight how current density impacts the efficiency of EC reactors. The 
results demonstrate that the anode's capacity to produce sufficient adsorbents to eliminate pollutants from wastewater increases 
as CD increases. The TDS decreased from 2181 ppm at 0.630 mA.cm-2 to 2071 ppm at 5.000 mA.cm-2. Additionally, the current 
design's cathodic active area helped create more hydroxyl ions than were necessary to build more electro-coagulants, which 
enhanced the removal of TDS [38, 43]. The findings can be explained as the reaction accelerates at high current density levels 
because the amount of TDS steadily decreases with rising current density. According to Jasim, AlJaberi, Salman, Alardhi, Le, 
Kulcsár, Jakab [1] and Ganzenko, Huguenot, Van Hullebusch, Esposito, Oturan [22], the efficiency of pollutant removal is now 
operating similarly to the existing density. The final TDS response to the CD and the average values of other variables are 
quantitatively illustrated in Equation 4: 

 Y =  1531 X1 – 226.7 X12                                                      R2  =  88.5% (4) 

3.2.2 Effects of electrolysis duration 
When the mean values of other variables are employed, as shown in Figure 4, we can observe how the electrolysis duration 

impacts the final TDS response. In Figure 4, a steady decline in the final studied response as the electrolysis duration increases 
is illustrated. Adsorption typically happens in three sequential steps: first, the contaminant is transported from the solution to the 
adsorbent surface. Then, it is adsorbed on the surface. Lastly, it is transported within the adsorbent particle. In order to make the 
adsorption process more active and quick, as well as to reduce the amount of time needed to complete the process, low energy 
will be used. This is because the anode's dissolution creates anions that are needed to work with opposite ions to form coagulants. 
The necessary adsorbents for the electrocoagulation process were formed as a result of the constant release of hydroxyl and 
aluminum ions. As a result, aluminum hydroxyl functions as an effective adsorbent and can remove harmful pollutants from 
wastewater. The cathode tube's active area on both sides supplies a significant quantity of hydroxyl ions needed to create the 
adsorbent. The results of this study demonstrate how the continuous supply of current into the electrolytic cell during the reaction 
time has impacted the continuity of pollutant adsorption through the formation of the adsorbent due to the reaction between 
aluminum and hydroxyl ions released from the anode's dissolution and the cathode's reduction, independently. 
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Figure 4: The influence of the electrolysis time on the final TDS 

With prolonged designed time, contaminants undergo elimination from the solution through adsorption and desorption 
processes occurring within the EC cell [27, 44]. Within the EC process, electrostatic interactions among negatively charged 
particles induce the electro-generation of Al(OH)3 and impurities, leading to hetero-aggregation. This amalgamation of 
aluminum ion composites and TDS from wastewater results in flocculation. The production of additional aluminum ionic 
composites necessitates longer reaction times to neutralize the anions in the effluent. Both [6] and [25] reached similar 
conclusions. Equation 5 establishes the relationship between the TDS response and treatment time when recent variables are at 
their mean values: 

Y =  124.4 X2 –  1.514X22                                   R2  =  82.2%  (5) 

3.2.3 Effect of flow rate 
When the mean values of other factors are taken into account, as shown in Figure 5, we can observe how flow rate impacts 

the final TDS response. The removal of TDS is significantly impacted by the wastewater flow rate, as seen in Figure 5. Changes 
in the wastewater flow rate affect how long the current electrodes in the EC reactor take to complete an electrolysis cycle. The 
existing architecture of the chemical reactor allows for continuous operation; hence, the flow rate ( 50 - 150 ml/min) was the 
operational factor picked. It has been shown that the TDS behavior changes when the influent rate changes. Because the pollutant 
reduction process does not give the pollutants enough time to attach to the various ions, they drop when flow rates increase when 
they are low, but they increase as flow rates increase when they are high. The concentration of contaminants in the reactor will 
rise as a result of the wastewater's feed increases. In order to accelerate the sedimentation and flotation process, a suitable amount 
of electro-coagulant is needed to adsorb pollutants to a certain extent and generate a mixture of flocs and pollutants. Additionally, 
a higher flow rate will result in a shorter residence time for the material inside the reactor (the secondary passage process) and 
more vortices between the electrodes, which will lessen the destabilization process between the material particles. 

 
Figure 5: Flow rate's effect on final TDS 
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Due to this, some of the solutions pass without having an impact on the environment. A similar conclusion was made in [1]. 
Equation 6 illustrates the quadratic relation between the TDS response and influent rate at the mean values of other variables: 

 Y =  44.56 X3 – 0.2044 X32                                      R2  =  98.1% (6) 

The amount of aluminum ions emitted from the anode is correlated with the TDS value. It depends on length of the 
electrolysis, the flow rate, and current density how easily aluminum ions dissolve. This demonstrates how the concentration of 
dissolved solids can change based on how much electrode is actually consumed in addition to the concentration of dissolved 
salts. The studied response starts to increase at ultimate CD values when the production of Al-ions is high and much greater than 
the contaminants in the sample, and it rises at high influent rates when the concentration of dissolved salts is high. Figure 6 
shows the contour plots indicating each set of operational parameters—current density of 2.815 mA/cm2, 32 min of the 
electrolysis time, and 100 ml/min of influent rate—significantly affects the TDS response. While each pair is changed in 
accordance with the planned range, the other variable is maintained at its typical value for each occurrence. The treatment time-
influent rate pair has a substantially greater influence than the CD-treatment period pair and the CD-influent rate pair, based on 
the behavior of TDS removal displayed in the contour plot. These results closely match the ANOVA test displayed in Table 5. 

  
Figure 6: The response of final TDS compared to the analyzed variables' contour plots. (a) Pair of the CD and 
               treatment time (a) Pair of CD and flow rate (b) (c) Pair of treatment time and flow rates 

3.3 Electrodes consumption 
Because the release of different ions from the electrodes causes higher concentrations of pollutants to demand more 

adsorbents at the start of the experiment, the results can be explained by the fact that when there is an excess of adsorbents, the 
dissolution of the electrodes is decreased. The active area provided by the existing design of the innovative electrode and the 
electrical conductivity of greasy wastewater caused a progressive increase and decrease in the actual electrode consumption. The 
development of an oxide layer on the anode surface slows the anode decomposition process. As it regulates the pace at which 
pollutants are eliminated by ions released from the electrodes, electrode consumption is a crucial component of 
electrocoagulation. Because of the cathode's careful design, which gives it a larger surface area than the outer side due to the 
presence of fins, the results show that consuming the outer electrode has a greater effect on the final TDS value than consuming 
the inner electrode. This helps to release a larger amount of hydroxide, which combines with the aluminum ion to form a large 
amount of adsorbent. To purge a solution of contaminants.  
3.3.1 Consumption of inner-anode 

For the factors examined, the electrical exhaustion of anodes was determined using Equation 1. Based on Figure 7, the 
following goals will be investigated to comprehend how process variables impact the consumption response of the inner anode 
when the mean values of other variables are present: 

The findings depicted in Figures 7a and 7b indicate that the inner anode consumption increased with CD but accelerated 
with longer treatment durations. Upon reaching moderate levels, this response gradually plateaued and eventually declined. 
Figure 7c illustrates the consumption of the inner anode relative to the influent rate. Initially, influent rates surged before 
gradually decreasing.  
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Figure 7: Operating parameter effects on inner-anode consumption. (a) CD (mA/cm2), (b) The treatment time 

(min), and (c) The influent rate (ml/min) 

3.3.2 Consumption of outer-anode 
The following research objectives will be examined in light of Figure 8 in order to ascertain how process parameters affect 

the response of the consumption of the outer anode in the event of mean values for other operating variables. Figures 8a and 8b 
illustrate the relationship between the electrolysis time, current density, and the response of the outer anode to consumption. The 
findings demonstrated that the consumption amount of the outer anode steadily rose as current density did, decreased gradually 
at high values, and slowed down gradually at intermediate values. However, as the length of the electrolysis increased, it quickly 
expanded. The consumption response of the outer anode as a function of the influent rate is shown in Figure 8c. The flow rates 
first climbed, then gradually declined.  

More adsorbents are required at the start of the experiment because various ions are released from the electrodes at increasing 
pollutant concentrations. As a result, when there are too many adsorbents, the electrodes' dissolving rate is decreased. Due to the 
innovative electrode's current design's increased active area and the electrical conductivity of greasy wastewater, actual electrode 
consumption increased and eventually decreased. Anode degradation is slowed by the development of an oxide layer on its 
surface. According to [1] and [6], the same variables had a significant impact on electrode consumption. 

 

 
Figure 8: Operating parameter effects on outer-anode consumption. (a) CD (mA.cm-2), (b) The treatment time (min),  

                        and (c) The influent rate (ml.min-1) 
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3.4 Effect of electrode consumption on TDS response 
The final TDS response seen in Figure 9 will be evaluated in order to ascertain how inner and outer anode consumption 

impacts it. Figure 9 illustrates how the use of internal and external anodes and the final TDS response are related. An essential 
element of  EC is electrode consumption; It regulates the pace at which ions released from the electrodes remove contaminants. 
The findings show that consumption of the outer electrode has a greater impact on the final TDS value than consumption of the 
inner electrode because the outside electrode has a larger surface area, which makes it simpler for a larger amount of hydroxide 
to be released. After that, the aluminum ion interacts with this hydroxide to create a considerable amount of adsorbent that can 
be used to remove pollutants from a solution. 

  
Figure 9: The effect of the final TDS reaction on the consumption of the inner and outer anodes 

Figure 10 illustrates how the pair of internal and external anode consumption significantly affects the TDS response during 
the period of EC operation. The ultimate TDS response pattern seen in Figure 3d (10) indicates that the final TDS value will 
drop when electrode consumption rises since both anode consumption significantly affects the TDS value. These results fit the 
ANOVA results listed in Table 5 precisely. 

 
Figure 10:  Consumption of anodes on the final TDS 
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Consumption of inner-anode:  

Y = -0.0159 - 0.00644 X1 + 0.001361 X2 + 0.000503 X3 - 0.00032 X12 - 0.000011 X22 - 0.000003 X32 + 

0.000204 X1*X2 + 0.000046 X1*X3 - 0.000005 X2*X3            (R2=0.8995 ; R2
Adj=0.7187)  (7)  
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Consumption of outer anode: 

Y= -0.1377 + 0.0539 X1 + 0.00556 X2 + 0.00126 X3 - 0.00716 X12- 0.000018 X22 - 0.000003 X32 + 

0.000163 X1*X2 - 0.000114 X1*X3 - 0.000027 X2*X3 (R2=0.9664 ; R2Adj=0.9059)  (8) 

The high regression coefficient values of R2 of Equations 7 and 8 show that the model fits the data well and is consistent with 
their (R2 -adj) values. 

Operational parameter optimization: Statistical software (Minitab-18) facilitated the evaluation of optimization phases. 
Achieving a feedback accuracy of 1, as depicted in Table 6, ensured precision in acquired data. Following an hour of treatment 
at a CD of 5.0 mA/cm2 and an influent rate of 50 ml/min, the final TDS was minimized to 2000.45 mg/l. The study's key findings 
emphasized the efficacy of the newly developed EC reactor in removing TDS from petroleum wastewater. Larger fins exhibited 
a favorable influence, resulting in improved process variables, notably electrolysis duration and current density, compared to 
previous research. Table 7 provides a comparative value between the present study and those found in previous studies. 

Table 6: The optimum conditions of the studied variables 

Responses Value 

CD (mA/cm2) 5 
Final TDS (mg/L) 2000 
Outer anode consumption (g) 0.63 
Inner anode consumption (g) 0.45 
Electrolysis time (min) 60 
Flow rate (ml.min-1) 50 

Table 7: A comparison between the present findings and some previous studies for TDS minimizing in wastewater 

Optimal conditions Removal efficiency Ref. 
40 A/m2 and 20 min 49.78% [45] 
Six electrodes with 2000 mA current flow for 90 min 99% [46] 
5.5-27.8 mA/cm2 and 30 min Limited removal of TDS [47] 
1.625 A and 40 min 17.5% [48] 
60 min, 1 A, and 50 rpm 20% [49] 
75 rpm, 10 min, 4 L/min, 2 mA/cm2, pH 8, 1 cm2, and 0.25 L/min 92.3% [50] 
pH 4, 60 min, 5 mA/cm2 78% [51] 

4. Conclusion 
Experiments were conducted on the effluent from the Al-Muthanna petroleum refinery to assess the efficacy of the state-of-

the-art EC system in TDS removal. Optimal conditions of 50 ml/min flow rate, 5 mA/cm2 current density, and 1-hour reaction 
time were determined. Consistent with previous findings, electrolysis time and current density emerged as critical factors 
influencing TDS elimination. Enhanced TDS removal was observed with increased current density (up to 5 mA/cm2) and reaction 
time (up to 1 hour). Conversely, TDS removal decreased with higher flow rates. Notably, external electrode consumption had a 
more pronounced effect on final TDS values than internal electrode consumption. ANOVA data analysis and a high regression 
coefficient (R2 = 99.75%) affirm the accuracy of the updated predictive model. These findings unequivocally establish the 
reliability of the modern EC device for the remediation of petroleum effluent. The present innovative electrocoagulation reactor 
could be used as a pre-treatment process in addition to other treatment technologies, such as membrane technologies.  
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