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A B S T R A C T   

Several conventional methods are employed to remove numerous pollutants from oily wastewater 
discharged from oil-field activities. The purpose of this study is to use a new design of an elec-
trocoagulation reactor (ECR) to treat oily wastewater effluents from the Al-Muthanna petroleum 
plant to minimize a Total Dissolved Solids (TDS) to levels suitable for employment. In a 
continuous ECR, a One-Sided-Finned cathode tube (1SF) made of aluminum was inserted between 
a pair of aluminum-cylindrical anodes. The effects of the electrolysis period (4–60 min), current 
density (0.63–5.0 mA/cm2), and flow rate (50–150 ml/min) on Final TDS value were investi-
gated. The increment of flow rate causes the final TDS value to be increased, while the extending 
of the electrolysis process and the raise in current density reduces it. The final TDS was 1842.54 
mg/l (reduce by 307.46 mg/l) at optimum values of 1-h electrolysis, 5 mA/cm2 current density, 
and 50 ml/min flow rate, with an inner anode consumption of 0.13 g and an outer anode con-
sumption of 0.43 g. Regression models with a p-value of 0.001 and F-value of 27.01 noted that the 
selected model components were important, and the estimated model is considered prominent. 
Furthermore, the regression coefficient (R2 = 97.99%) for the final TDS response revealed that 
the model fit the data well. This study confirmed the ability of the new electrocoagulation reactor 
to treat petroleum wastewater under significant conditions which overcomes the drawbacks of 
the conventional designs of electrocoagulation reactors.   

1. Introduction 

During the extraction and refinement of crude oil, water is employed extensively [1–3]. When crude oil is extracted from un-
derground reservoirs, a lot of generated water is released upstream [4,5]. A greater amount of oily wastewater effluent is released 
downstream during the refining of crude oil. Aquatic biota are harmed by oil spills and industrial process discharge into bodies of water 
[6]. Water contamination is still a big issue since it endangers living creatures’ health, the environment, and the economy [7]. A 
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significant amount of water is released as effluent during the refining of oil. Cleaning these effluents lessens pollution and enables 
water reusing [8]. 

Substantial amounts of water, also known as produced water (PW), are routinely created during different activities done in oil-field 
process. PW has both organic and inorganic components [9]. Organic components include hydrocarbons, whereas inorganic ones may 
include ammonia, cyanide, heavy metals, total suspended solids (TSS), total dissolved solids (TDS), and total organic carbon (TOC) 
[10]. The high concentration of aliphatic and aromatic compounds in the refinery effluents causes significant harm to the ecology [11]. 
The TDS term is used to estimate the dissolved organic matter and inorganic salts of aquatic bodies including calcium, chloride, 
potassium, sulfates, magnesium, sodium and bicarbonates. The increment of TDS level in aquatic systems may occur as a result of 
human activities such as water use, agriculture, mining, and industry processes. The excess levels of TDS cause toxic to human and 
aquatic life. The wastewater produced from oil-field activities involving TDS and oil content which is above the average maximum 
value set by local standards. The average amount of TDS content in oil-field activities is also affected by the age and location of the oil 
wells. The acidic or semi-neutral solutions, unlike the basic solutions which have a greater value of TDS due to the abundance of 
different ions in such solution as the time of reaction increases. 

Table 1 provides the permissible ranges of TDS in portable water and details when the TDS ranges presented in water is acceptable 
for drinking or not [7,10]. 

In refinery effluent treatment, oil-water separation using chemical coagulation process is commonly used prior to the biological 
treatment [12]. However, these systems had numerous technical and operational drawbacks, as well as significant sludge formation. As 
a result, a practical and efficient technique for treating the effluents produced by petroleum refineries should be used [3]. Total 
dissolved solids in these effluents is one of the essential issues in any treatment technologies which are employed to minimize this effect 
in the contaminated water. 

In most cases, using just one method to treat wastewater is insufficient for optimal results. Therefore, a combination of chemical, 
physical, and biological treatments is the most typical way to treat oily wastewater. The presence of aromatic rings and the high 
molecular weight of the organics may be the cause of this. A number of elements, such as removal capacity, estimated time to reach the 
treatment border, alternative pollutants produced, building cost, operating cost, and maintenance cost, have an impact on the 
effectiveness of the essential processes [13]. Due to the danger that dye molecules pose to living organisms, the biological processing of 
textile wastewater is inefficient. Adsorption and precipitation are physical processes that require effort and expense. On the other 
hand, the majority of chemical reactions produce secondary pollutants, like the addition of chlorine and aluminum sulfate. Similar to 
this, secondary pollutants are produced by other cutting-edge technologies like UV/O3 or UV/H2O2 photo-oxidation [14]. Other 
methods, like electro-coagulation, have been used to remove contaminants from wastewater [15], which primarily uses electrolytic 
reactions on the electrode plate to aid in coagulation. Contaminants are removed by dissipating the electric charge brought on by 
destabilizing elements [16]. 

Electrocoagulation is an effective wastewater treatment process for finely dispersed particles. EC is a straightforward process with a 
number of benefits over alternative methods, including the lack of additional chemicals or pricey equipment [9]. The old method’s 
chemical-intensive steps have been replaced with this simple and effective technology [17]. The oxide layer, energy consumption, and 
sludge generation are all disadvantages of the electrical coagulation technique. In the electrolytic oxidation process, coagulants form in 
the electrolytic oxidation reaction due to direct current from the anode electrode [18]. Metal ion composites were created by dissolving 
a “sacrificial anode” with an electrical current. These ions come together to form flocs, which absorb dissolved substances and lessen 
the stability of colloidal pollutants in wastewater [19,20]. 

When an electric current is passed between electrodes in EC, redox processes take place. At the anode, oxidation takes place, while 
at the cathode, reduction happens. Using water analysis, an electric current generates Al3+ ions on the anode’s surface, which react 
with OH− ions on the cathode to create solid Al(OH)3 agglomeration. O2 and H2 gases are simultaneously emitted near the anode and 
cathode, respectively. These gases promote flotation, which causes flocs to rise to the liquid’s surface and lighter objects to sink (Eqs. 
(1)–(5)) [10,21].  

Al(s) → Al3+(aq) + 3e− (1)  

2H2O → O2 + 4H+ + 4 e− (2)  

2H2O + 2e− → H2(g) + 2OH−
(aq)                                                                                                                                                  (3)  

Al3+(aq) + 3OH− → Al(OH)3                                                                                                                                                         (4)  

nAl(OH)3 → Aln(OH)3n                                                                                                                                                              (5) 

Table 1 
TDS ranges and details of acceptance.  

TDS ranges (ppm) Details 

Less than 50 Unacceptable because it has less crucial minerals 
50–150 It is good for areas where the aquatic systems polluted by industrial waste or sewage 
150–350 Good 
350–1200 Least acceptable 
Above 2000 Unacceptable  
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Electro-coagulants are formed based on different ions released throughout the electrocoagulation reactor that help in trapping or 
adsorbing the pollutants [22,23]. The electro-generated coagulants better than chemical coagulants due to their larger size than 
chemical coagulants, have a small pH range at which they are soluble, and are easily separated [24]. The usage of electrocoagulation 
process to remove pollutants from produced wastewater [25,26], effluents from the textile industry [27,28], heavy metals from oily 
wastewater, including zinc and copper [29,30], chromium in tannery waste [31], color removal from sugar beet molasses [32], 
phosphate derived from mining effluents [33] has all been applicable. 

As known, the electrochemical cell’s oxidation process moves more quickly than its reduction process, which results in a signifi-
cantly larger release of aluminum ions from the anode than hydroxyl ions from the cathode. As a result, the cathode’s surface area 
should be increased while minimizing the volume of the reactor. Since the oxidation process is more rapid than the reduction process 
throughout the EC cell, which means that the release of Al ions from the anode is much than the release of OH ions at the cathode, 
therefore, the surface area of the cathode has been maximized without excessive enlargement of the reactor’s volume. This study 
attained the solution to this issue via the employment of multi-fins at the outer surface of the cathode with a significantly small wet 
volume of the reactor. As a result, the amount of OH ions has been increased, more electro-coagulants are generated incorporated with 
aluminum ions, and consequently higher removal efficiency of pollutants is attained. As a result, more electro-coagulants containing 
aluminum ions will be produced, increasing the number of hydroxyl ions and raising the removal efficiency of contaminants. In order 
to lower the total dissolved solids (TDS) in petroleum wastewater discharged from the Al-Muthanna petroleum facility, this study 
intends to deploy this new reactor. With this contemporary method, it also seeks to measure electrode exhaustion while being affected 
by operational factors (applied current, reaction time, and flow rate) that are more efficient. Application of the (RSM-BBD) and Minitab 
software for experimental design, analysis, and optimization. 

2. Materials and methods 

2.1. Petroleum wastewater 

The Al-Muthanna petroleum refinery’s effluent discharge point was employed to collect the petroleum wastewater used in this 
investigation (Table 2) and a continuous reactor was employed to handle. The leadership of the refinery estimates that this factory 
produced approx. 96 m3/day of effluents every day. 

The continuous electrocoagulation process actual electrode consumption (ACE) was calculated using Equation (6) below [9,34]: 

Actual Consumption of Electrodes (AEC)=W1 − W2 (6)  

where W1 represents the electrode mass before the trial and W2 represents the electrode mass after the trial [35]. 

2.2. Electrocoagulation reactor 

A DC-supply was used (YX-305D, Yaxun, China) to keep a constant current while allowing for voltage fluctuations with experiment 
time. The EC reactor was made of plastic and held 2.5 L. In this experiment, an electrocoagulation reactor with three concentric 
electrode tubes was used. The cathode electrode was located in between the outer and inner anode electrodes. A plastic sedimentation 
tank of 2.5 L in the shape of a cylindrical bowl with a conical base and a plastic cover that supports a set of 5 baffles plates (length 10 
cm, height 2 cm, and thickness 0.2 cm) in series mode. The sedimentation tank separates the oil content from the cleaned water using 
gravitation and the difference in densities where the water is heavier than the oil content. A diagram of the electrode configuration and 
electrocoagulation reactor is shown in Fig. 1. An aluminum One-Side Finned (1SF) tube cathode contains 27 fins, the space between 
each fin 0.4 cm, and each fin are divided at its terminal end into 3 small fins with an entire area of 2185 cm2. A total surface area of 425 
cm2 of tubular aluminum anodes surround the cathode, one on the outside and one inside. These anodes were inserted into wastewater 
at a depth of 7.5 cm. The 319 cm2 active area is used when moisture volume refers to the area of the anodes submerged in water. The 
distance between the inner and outer anodes and the cathode was 1 cm, but the distance between the two was 2 cm. In this research, 
total dissolved solids (TDS) was chosen as the analyzed indicator. A conductivity meter (conductivity meter -HM DIGITAL, Korea) was 
used to measure TDS ions presented in PW. 

Since the oxidation and reduction processes are taking place at the anode and the cathode electrodes, respectively, so the anode 
electrode is eroded to discharge Al ions and materials are deposited on the surface of the cathode. A sandpaper (type: extra fine 
280–320) was performed for the cathode only to remove any compounds generated or adsorbed on its surface as a result of the electro- 
deposition influence during the electrocoagulation process. Otherwise, the anode electrode was cleaned using a rough-brush and 
washing it by diluted hydrogen chloride acid and distilled water. By the way, the estimation of the electrodes consumption prior and 
after each run was conducted after the cleaning procedure to obtain the real value of electrodes consumption. But in general, the 
cleaning process was conducted carefully to keep electrodes safe as possible. 

Table 2 
Characterization of petroleum wastewater.  

Variables (OC) (mg/l) TDS (mg/l) Conductivity (μs/cm) pH 

Values 1870.41 2150 4267 8.1  

M.A. Jasim et al.                                                                                                                                                                                                       



Heliyon 9 (2023) e17794

4

2.3. Experimental design 

The Box-Behnken response surface methodology (RSM-BBD) and Minitab, a statistical tool, were used to plan, analyze, and modify 
the electrocoagulation investigations. A mathematical relation between the studied response and the operating variables can be 
presented in a second-order (quadratic) equation (Equation (7)). The regression coefficient (R2) value and the analysis of variance 
(ANOVA) results define how the obtained model will fit well to the RSM-BBD designed data with the confidence level of 95% [36,37, 
43]. 

Y =B0 +
∑q

i=1
BiXi +

∑q

i=1
BiiX2

i +
∑

i

∑

j
BijXiXj + ε (7)  

where Y is the examined answers, expressed as the Final TDS value, and X1, X2, to Xq are the operational factors, q denotes all 
operational parameters, and Bo to Bij are the coefficient vectors. 

In this work, the effects of current density CD (X1: 0.630–5.00 mA/cm2), electrolysis time (X2: 4–60 min), and flow rate (X3: 
50–150 ml/min) were investigated. To enhance the detected responses, design experts recommended 12 experimental investigations 
with 3 centroids, notably employing RSM-BBD. 

3. Results and discussions 

Table 3 shows the actual inner and outer tubular electrode consumption along with the experimental and predicted final TDS values 
based on real values (and coded values) of the operating variables. 

The experimental values of final TDS are shown as points on the fitted line in Fig. 2. As a result, the final TDS projected values show 
very little variance from the fitted line. This indicates that there is little random error between the experimental and anticipated values 
of TDS. Points above the line show a positive residual, meaning that the predicted values are higher than the observed values. Points 

Fig. 1. A diagram showing (a) the electrocoagulation cell and (b) the arrangement of the electrodes.  

Table 3 
The findings of the variables investigated.  

Run X1: CD (mA/ 
cm2) 

X2: Electrolysis time 
(min) 

X3: Flow rate 
(ml/min) 

Experimental 
TDS 

Predicted 
TDS 

Inner Anode 
Consumption (g) 

Outer Anode 
Consumption (g) 

1 0.630(− 1) 4(− 1) 100(0) 2207 2180 0.001 0.010 
2 5.000(+1) 4(− 1) 100(0) 2165 2173 0.001 0.010 
3 0.630(− 1) 60(+1) 100(0) 2117 2109 0.030 0.110 
4 5.000(+1) 60(+1) 100(0) 1938 1965 0.060 0.150 
5 0.630(− 1) 32(0) 50(− 1) 2130 2143 0.030 0.070 
6 5.000(+1) 32(0) 50(− 1) 2059 2037 0.060 0.120 
7 0.630(− 1) 32(0) 150(+1) 2265 2287 0.030 0.050 
8 5.000(+1) 32(0) 150(+1) 2254 2241 0.050 0.080 
9 2.815(0) 4(− 1) 50(− 1) 2186 2200 0.001 0.020 
10 2.815(0) 60(+1) 50(− 1) 1895 1890 0.070 0.210 
11 2.815(0) 4(− 1) 150(+1) 2198 2203 0.010 0.010 
12 2.815(0) 60(+1) 150(+1) 2247 2233 0.060 0.070 
13 2.815(0) 32(0) 100(0) 2066 2073 0.050 0.120 
14 2.815(0) 32(0) 100(0) 2082 2073 0.060 0.100 
15 2.815(0) 32(0) 100(0) 2070 2073 0.050 0.110  
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below the fitted line denote a negative residual, meaning that the predicted values are less than the observed values. The observed final 
TDS values, which in Fig. 2 range from 1895 to 2265, match the expected values of 1890–2287. 

The mathematical relationship between the examined responses 
The mathematical correlation (Equation (8)) shows final TDS can be predicted based on experimental data by examining the re-

lationships between operating variables in terms of practical parameters. The perfect agreement between the variable response values 
and the created TDS models and the peak values of the regression factors serve as indicators of how well the model fits; the bigger the 
value of the regression parameter, the better the model fits [38]:  

Y = 2527.1 – 60.1 X1 − 6.53 X2 − 5.76 X3 + 8.33 X1
2 − 0.0073 X2

2 + 0.02582 X3
2 − 0.560 X1*X2 + 0.137 X1*X3 + 0.06071 X2*X3 (R2 = 0.9799; 

R2 (Adjusted) = 0.9437)                                                                                                                                                             (8) 

Degrees of freedom were taken into account using the adjusted coefficient of regression (Adjusted R2). The final TDS response’s 
high regression coefficient (0.9799) and the model’s (R2 -adj) value of (0.9437) suggest that the model offers a strong match to the data 
[9]. 

3.1. Analysis of variance (ANOVA) 

Analysis of variance (ANOVA) was employed as a technique of analysis to match the function to the data since it is crucial to 
evaluate the quality of the model matched [34,43]. 

Table 4 displays the findings of the analysis of variance for the final TDS levels. P-values less than 0.050 highlight the significance of 
specific model components, whereas p-values more than 0.100 show that regression models are statistically insignificant. The 
calculated model is impressive in the current investigation because the value of F for TDS is 27.07. High values of the regression 
coefficient for a response also signify the model’s applicability and acceptability of the updated R2-adjusted value. Additionally, the 
(Lack-of-Fit) p-value was higher than 0.05, demonstrating the statistical significance of the current model, which successfully fits the 
data. The ANOVA results reveal that this model demonstrated the efficiency of the electrocoagulation method in removing pollutants 
from oily wastewater. 

Process parameters’ impact on final TDS Response 
Fig. 3 depicts the effect of process parameters on final TDS response in a case of other variables’ mean values. 
As a rule of thumb, the oxidation process is more rapid than the reduction process throughout the EC cell, which means that the 

release of Al ions from the anode is much than the release of OH ions at the cathode, therefore, the surface area of the cathode has been 
maximized without excessive enlargement of the reactor’s volume. This study attained the solution to this issue via the employment of 
multi-fins at the outer surface of the cathode with a significantly small wet volume of the reactor. As a result, the amount of OH ions has 
been increased, more electro-coagulants are generated incorporated with aluminum ions, and consequently higher removal efficiency 
of pollutants is attained. 

3.1.1. The effect of current density 
The quantity of different ions released from electrodes and, consequently, the rate of pollutants removal are both impacted by 

current density, making this operating variable as the most important to consider throughout the electrocoagulation process [39,40]. 

Fig. 2. Experimental and predicted values for final TDS.  
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Electrochemical coagulation technology is always dependent in its process on the generation of coagulants due to the continuous 
supply of electric current without any addition of chemical additives to decrease the amount of TDS. The generation of these co-
agulants in the ECR will impact the behavior of TDS’ response. Therefore, the concentration of TDS may be altered according to several 
influences, such as the performance of the electrocoagulation reactor, electric current applied, and the configuration of electrodes and 
their active area. 

To study the effects of current density on EC reactor performance. Fig. 3a illustrates the correlation among final TDS removal and 
current density at a flow rate of 100 ml/min and a mean reaction period of 32 min. The findings led to a decrease in TDS from 2117 mg/ 
L at 0.630 mA/cm2 to 1938 mg/L at 5.000 mA/cm2. Increased current density makes it easier for the anode to produce enough 
adsorbents to remove contaminants from the solution, and the cathodic active area of the current design helped produce the extra 
hydroxyl ions required to produce more electro-generated coagulants, which increased TDS removal [36,41]. The results can be 
explained by the fact that the amount of TDS decreases with increasing current density, yet the reaction gradually increases at high 
current density values. The efficiency of removing contaminants from wastewater behaves similarly to what [14,23] have observed. 
The mathematical relationship between the average values of various variables and the final TDS response to the current density is 
shown in Equation (9): 

Y= 1490 X1 –220.4 X2
1 R2 = 0.88 (9)  

Table 4 
ANOVA test outcomes for final TDS value.  

Source Degree of Freedom Sum of squares Mean square F-Value P-Value  

Model 9 165,766 18418.4 27.07 0.001 significant 
X1 1 11,476 11476.1 16.87 0.009 significant 
X2 1 39,060 39060.1 57.42 0.001 significant 
X3 1 60,205 60204.5 88.50 <0.0001 highly significant 
X1

2 1 5846 5846.3 8.59 0.033  
X2

2 1 120 120.3 0.18 0.692  
X3

2 1 15,381 15380.8 22.61 0.005  
X1*X2 1 4692 4692.3 6.90 0.047  
X1*X3 1 900 900.0 1.32 0.302  
X2*X3 1 28,900 28900.0 42.48 0.001 significant 
Error 5 3401 680.3    
Lack-of-Fit 3 3263 1087.6 15.69 0.061  
Pure Error 2 139 69.3    
Total 14 169,167      

Fig. 3. The impact of the operating parameters on the final TDS. (a) Current density (mA/cm2), (b) the electrolysis time (min), and (c) flow rate 
(ml/min). 
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3.1.2. The influence of electrolysis time 
The response time is one of the most important operational elements that directly influences how well an electrocoagulation reactor 

performs [12]. The amount of time the solution volume where the electrodes are located is in contact with the current electrodes 
during the electrolysis process, as stated in the EC section, is referred to as the electrolysis time in this work. The duration of the 
treatment procedure should be evaluated in order to estimate how long it will take to produce a sufficient amount of electro-coagulants 
for adsorption-based pollutant elimination from petroleum wastewater [42]. Fig. 3b clearly shows that as the electrolysis time in-
creases, the final TDS response rapidly drops. As the reaction time increases, these contaminants are removed from the diluted solution 
due to the electrocoagulation cell’s adsorption and desorption processes [26]. During the electrocoagulation process, the 
electro-generated Al(OH)3 and impurities hetero-aggregated as a result of the electrostatic contact between the negatively charged 
particles. The various kinds of aluminum ion composites produce flocculent when they react with TDS in wastewater. The synthesis of 
aluminum ionic composites will grow with increased reaction time, and as a result, the wastewater’s anions will be balanced. Based on 
the core observations that the TDS elimination efficiency improves as the reaction time increases. The finned design of the cathode 
provides an adequate amount of electro-generated coagulants for treating the solution [9]. An extremely higher rate of gas-bubble 
generation at electrodes and the formation of passivation effect on the electrode will reduce the destabilizing pollutant rate and 
removal efficiency, decreasing this behavior. But the positive effect of these bubbles formed among fins will formed many of tiny 
eddies that will assist the agitation process throughout the EC reactor. 

This discovery is identical to what [10,24] stated. Equation (10) illustrates the mathematical relationship between the final TDS 
response and the electrolysis time when other variables have mean values: 

Y= 122.4 X2 –1.503 X2
2R2 = 0.816 (10)  

3.1.3. Effect of flow rate 
Fig. 3c shows that the wastewater flow rate also has a significant influence on TDS removal. When the wastewater flow rate is 

altered, the electrolysis time in the EC reactor—which houses the current electrodes—changes. The flow rate, which varied from 50 to 
150 ml/min, was chosen as an operating factor because the chemical reactor’s current design distinguishes itself by a continuous 
operation mode. TDS behavior alters when the flow rate changes, as demonstrated. When flow rates are low, it decreases with 
increasing flow rates; however, when flow rates are high, Due to the pollutant reduction process’ failure to allow enough time for the 
pollutants to adsorb on the different ions and the passing of some of the solution outside without reaction, the TDS response increases 
rapidly with rising flow rates [14] came to a same conclusion. Equation (11) shows the mathematical relationship between the final 
TDS response and flow rate given the median rates of other variables: 

Y= 42.15 X3 –0.1878 X2
3R2 = 0.98 (11) 

Fig. 4. The final TDS response vs. the Contour plots of the studied variables. (a) current density-electrolysis time pair (b) current density-flow rate 
pair (c) electrolysis time-flow rate pair. 
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The TDS value is associated with the anode’s release of aluminum ions. The dissolution of aluminum ions depends on the flow rate, 
electrolysis time, and current density. This demonstrates that dissolved solids tend to diminish or grow depending on the electrode’s 
real consumption and the amount of dissolved salts. When the emissions of aluminum ions are high and considerably bigger than the 
pollutants in the solution, the TDS response begins to increase at high current density values, and also when the amount of dissolved 
salts is high, it increases TDS at high flow rates. Fig. 4 depicts the major effect of each pair of operational parameters on the final TDS 
response by the contour plots, where the other variable is held constant at its mean value for each case while each pair is adjusted 
according to the planned range, e.g., 32 min of electrolysis time, 2.815 mA/cm2 of current density, and a flow rate of 100 ml/min. 
According to the behavior of TDS response shown in the (contour plot), the electrolysis time-flow rate pair has a noticeably bigger 
impact than the current density-electrolysis period pair and the current density-flow rate pair. These results matched those of the 
ANOVA test well, as shown in Table 4. 

3.2. Consumption of electrodes 

3.2.1. Inner anode consumption 
Equation (6) was used to calculate the electrical exhaustion of anodes for the factors studied. The following objectives will be 

investigated based on Fig. 5 to evaluate the impact of process factors on the inner anode consumption response in the case of other 
variables’ mean values. 

The relationship between the inner anode consumption response, current density, and electrolysis time is depicted in Fig. 5a and b. 
According to the findings, the internal anode consumption increased gradually with increasing current density and rapidly with 
increasing electrolysis time. The response then gradually slows down when it reaches the middle values and tends to diminish at high 
values. Fig. 5c depicts the inner anode consumption response as a function of flow rate. As flow rates increased, they slowly decreased. 

3.2.2. Outer anode consumption study 
The following objectives will be investigated based on Fig. 6 to evaluate the impact of process factors on the outer anode con-

sumption response in the case of other variables’ mean values. Fig. 6a and b show the relationship between outer anode consumption 
response, current density, and electrolysis time. According to the findings, the outer anode consumption increased gradually with 
increasing current density then gradually slows down when it reaches the middle values and tends to diminish at high values. But it 
increased rapidly with increasing electrolysis time. Fig. 6c depicts the outer anode consumption response as a function of flow rate. As 
flow rates increased, they slowly decreased. 

The results can be explained by the fact that larger concentrations of pollutants require more adsorbents at the beginning of the 
experiment due to the release of various ions from the electrodes; therefore, when there is an excess of adsorbents, the dissolution of 
the electrodes is reduced. Actual consumption of electrodes increased and declined gradually due to the active area supplied by the 
novel electrode’s current design and greasy wastewater’s electrical conductivity. The formation of an oxide layer on the anode surface 
slows the anode decomposition process. The considerable effect of the same variables on electrode consumption was documented by 
Refs. [10,14]. 

3.3. Effect of each electrode’s consumption on the final TDS value 

In accordance with Fig. 7, the purposes that follow will be investigated to assess the impact of inner and outer anode consumption 

Fig. 5. The impact of the operating parameters on Inner Anode Consumption. (a)Current density (mA/cm2), (b) the electrolysis time (min), and (c) 
flow rate (ml/min). 
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on the final TDS response. 
The relationship between the final TDS response and the internal and external anode consumption is depicted in Fig. 7. Electrode 

consumption is an important factor in electrocoagulation because it controls the rate at which pollutants are removed by ions dis-
charged from the electrodes. According to the findings, the effect of consuming the outer electrode on the final TDS value is greater 
than the effect of consuming the inner electrode due to the careful design of the cathode, which provides a larger surface area than the 
outer side due to the presence of fins, which aids in the release of a larger amount of hydroxide that combines with the aluminum ion, 
forming a large amount of adsorbent. To remove impurities from a solution. 

Fig. 8 shows the significant effect of the internal and external anode consumption pair on the final total dissolved solids. The final 
TDS response behavior shown in Fig. 8 showed that the inner and outer anode consumption pair has a significant influence on the TDS 
value, with the increase of electrodes consumption, the final TDS value will decrease. These results were in good agreement with those 
obtained by ANOVA test shown in Table 4. 

Based on the results of the experiments, Table 5 shows the mathematical correlations of inner and outer anode consumption, 
operational variables in aspects of precise factors for calculating electric inner and outer anode consumption (Equations (12) and (13)). 

Fig. 6. The impact of the operating parameters on Outer Anode Consumption. (a) Current density (mA/cm2), (b) the electrolysis time (min), and (c) 
flow rate (ml/min). 

Fig. 7. The influence of the inner and outer anode consumption on the final TDS response.  
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Peak regression factor values and the perfect convention between variable response values expenditure of electrode models are in-
dicators of model fit. The high regression coefficient values (0.9184 and 0.9142) for inner and outer anode consumption responses 
indicate that the model fits the data well and is consistent with the (R2 -adj) values of 0.9709 and 0.9694. 

3.4. Optimization of operating parameters 

Statistic software (Minitab-18) was used to assessment the optimization steps. The acquired feedbacks are precise when D equals 1, 
as shown in Fig. 9. One hour of electrolysis at a current density of 5.0 mA/cm2 and a flow rate of 50 ml/min was optimal for reduced of 
the final TDS to 1842.54 mg/l. The study’s main results suggested that petroleum wastewater may be processing using a newly 
designed electrocoagulation reactor to remove TDS. Due to the favorable impact of larger fins, optimum process factor values, 
essentially electrolysis period and current density, were lower than in prior research. 

According to Fig. 9, the optimum flow rate was the lowest achievable value for the reason that increasing the flow rate causes the 
drainage of unprocessed solution to increase because the solution’s holding time in the reactor shortens, affecting the necessary 
interplay between the ions in the solution. To guarantee the emission of several ions necessary for a compilation of electro-coagulants, 
a higher current density and electrolysis period might be advantageous. Under ideal circumstances, 0.56 g of actual electrode con-
sumption was consumed. 

4. Conclusions 

The state-of-the-art electrocoagulation apparatus has been tested for its ability to remove TDS from the Muthanna petroleum re-
finery effluent. 1 h, 5 mA/cm2, and 50 ml/min proved to be the optimum reaction period, current density, and flow rate, respectively. 
As mentioned above, the main factors affecting the removal of TDS are current density and electrolysis period. The removal improves 
as the current density and response time ramp up to 5000 mA/cm2 and 1 h, respectively. The elimination of TDS decreases when the 
flow rate is increased. According to the findings, the effect of consuming the outer electrode on the final TDS value is greater than the 
effect of consuming the inner electrode. Higher regression coefficients (R2 = 97.99%) and ANOVA analyses of the data show that the 
quadratic polynomial model has been appropriately modified. Comprehensive, the results of the research showed that the innovative 
design of the electrocoagulation reactor is dependable for the purification of petroleum effluent as well as increasing the active area 
relatively with the working volume due to the finned modification of the cathode and tubular shape of the anodes. 
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