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1. Introduction 

The petrochemical industry significantly contributes to industrial wastewater generation, 
producing effluents that contain complex mixtures of organic compounds, oils, heavy metals, and 
suspended solids. The complexity of petrochemical wastewater arises from its diverse contaminant 
profile, necessitating effective treatment methods to mitigate adverse environmental impacts and 
protect public health [1], [2]. Failing to treat these effluents before discharge properly can result in 
severe ecological degradation and pose risks to local communities, as the contaminated water can 
disrupt aquatic ecosystems and affect drinking water sources [3], [4]. The Indonesian government has 
a regulation from the Minister of Environment that stipulates the permissible quality standards for 
upstream petrochemical industrial wastewater discharged into the environment, namely, chemical 
oxygen demand (COD) must not exceed 200 mg-O2/L, biological oxygen demand (BOD) must not 
exceed 100 mg-O2/L, TSS must not exceed 150 mg-dry matter/L, and pH levels must between 6-9. 
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 Petrochemical wastewater (PW) cannot be discharged directly due to its 
high chemical oxygen demand (COD), which poses environmental risks. 
Electrocoagulation (EC) is a promising treatment method capable of 
reducing COD to meet regulatory standards. This study investigates the 
influence of initial pH and applied voltage on COD removal during EC 
treatment of PW. In the first stage, the initial pH was adjusted to 12.25 
(control), 9, 7, and 5 at a constant voltage of 10 V. In the second stage, 
voltages of 5, 10, and 15 V were applied at the previously determined 
optimum pH. The results showed that an initial pH of 7 produced the 
highest COD removal (52.96%), outperforming pH 9, 5, and 12.25. The 
superior performance at neutral pH was attributed to the dominant 
formation of Fe(OH)₂ and Fe(OH)₃ coagulants, which effectively 
destabilize and adsorb organic contaminants. Voltage variation further 
demonstrated that COD removals of 50.22%, 52.96%, and 55.41% were 
achieved at 5, 10, and 15 V, respectively, indicating higher removal with 
increasing voltage. However, increasing voltage also raises operational 
costs. Economic evaluation revealed that pH 7 and 5 V provided the most 
cost-effective operation, with the lowest operating cost per CODremoved 
(38.71 IDR/g CODremoved). Although COD removal at this condition was 
slightly lower than at higher voltages, the cost savings make it the 
preferred operating point. These findings highlight key operational 
parameters for optimizing EC performance and support its sustainable 
implementation for petrochemical wastewater treatment. 
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Traditional treatment methods, such as chemical coagulation, biological treatment, and advanced 
oxidation, have been employed with varying success rates [5], [6]. These approaches, however, often 
encounter challenges, including extensive chemical requirements, substantial sludge production, and 
operational complexities [7], [8]. For instance, conventional biological methods may struggle to 
effectively degrade the high concentrations of toxic contaminants often found in petrochemical 
wastewater, which can hinder biomass activity and reduce treatment efficacy [4], [9]. Due to these 
limitations, there is a growing need for more efficient and sustainable alternatives to conventional 
wastewater treatment processes. 

In this context, electrocoagulation (EC) has gained traction as a promising technology for treating 
petrochemical wastewater. This EC method utilizes an electric current to generate coagulants in situ, 
thereby reducing the requirement for external chemical additives [9], [10]. The effectiveness of EC 
lies in its ability to remove various pollutants, such as oils, heavy metals, and suspended solids, while 
simultaneously minimizing sludge production and simplifying operational processes [11], [12]. 
Moreover, its operational parameters, particularly initial pH and applied voltage, play a critical role 
in optimizing treatment performance. The initial pH influences the speciation of coagulant ions and 
contaminant solubility, while the voltage affects the rate of coagulant generation and energy efficiency 
[8], [11]. Although electrocoagulation (EC) has been applied to a variety of wastewaters, systematic 
studies on real petrochemical wastewater with its uniquely complex contaminant profile that 
simultaneously quantify treatment efficiency, electrode consumption, kinetics, and the trade-offs in 
operating cost for varying initial pH and voltage remain limited. This study addresses that gap by 
experimentally evaluating those coupled effects on real petrochemical effluent from Indonesia. 

Research into optimizing these parameters is crucial for enhancing the performance of EC systems 
in petrochemical wastewater treatment. By examining the effects of variables such as initial pH and 
voltage on treatment outcomes, researchers can further develop strategies to improve the process's 
efficiency and sustainability. Consequently, this study aims to investigate the influence of these 
operational parameters on the EC process, providing insights that could lead to better optimization 
and deployment of this technology in real-world applications, thereby contributing to a more 
sustainable solution for managing petrochemical wastewater challenges. 

2. Research Methodology 

2.1. Materials 

Petrochemical wastewater (PW) was collected from a petrochemical industry in Cilegon, 
Indonesia. The fresh petrochemical wastewater (PW) had characteristics shown in Table 1. 

Table 1.  The Petrochemical Wastewater Characteristic 

Parameter Unit Value 

pH - 12.25 

Color Pt-Co 7,489.9 

TSS (Total Suspended Solids) mg-dry matter/L 480 

Dissolved Iron (Fe) mg-Fe/L < 0.09 

BOD5 mg-O2/L 1,706 

COD mg-O2/L 6,884 

 

The iron electrode plates (mild iron) were obtained from a local market and measured 20 cm × 3.1 
cm × 3 mm. The 98% H2SO4 solution was obtained from a local market. 

2.2. Experimental Set-Up, Design, and Procedures 

The detailed experimental setup is presented in Fig. 1. EC pretreatment was conducted in a 1000 
mL glass beaker equipped with a magnetic stirrer. The iron electrodes were oven-dried at 105-110°C 
for two hours before use. As much as 1000 mL of PW was placed in the beaker, and its pH was 
adjusted using 98% H2SO4 to obtain pH values of 12.25 (control, without 98% H2SO4 addition), 9, 7, 
and 5. The electrodes were then immersed in the PW. The active electrode dimension was 
lengh×width×thickness of 9.5cm×3.1cm×3mm. Meanwhile, the inter-electrode distance was 
maintained at 5 cm. The cathode and anode were connected to the negative and positive terminals of 
a DC power supply, respectively. The applied voltages were varied at 15 V, 10 V, and 5 V. The EC 
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process was carried out under ambient conditions for 80 min with continuous stirring at 500 rpm. The 
stirrer bar was 3.8 cm long. Every 20 minutes, the liquid temperature and pH were measured using a 
thermometer and a calibrated digital pH meter. Subsequently, the electrical current was recorded every 
20 minutes. A 50 mL sample was then filtered through Whatman No. 42 filter paper, and the filtrate 
was collected in a 50 mL graduated cylinder and stored in sealed bottles. 

 

Fig. 1. Laboratory-scale electrocoagulation (EC) set-up 

2.3. Analyses 

1) pH  

The liquid's acidity (pH) was measured with a calibrated digital pH meter. 

2) Temperature 

The liquid temperature was quantified using a mercury thermometer. 

3) Electrical Current 

The electrical current was measured by reading the digital display of the power DC supply. 

4) COD 

The COD concentration was calculated using the dilution factor method. COD analysis was 
performed using the closed reflux method with spectrophotometry. A 2 mL liquid sample was reacted 
with COD reagent in a vial, heated in a COD reactor at 150°C for 2 hours, then cooled and measured 
with a COD meter. The COD of the sample was determined using Equation (1), where c is the COD 
reading on the COD meter, and f is the dilution factor. 

COD = 
𝐶

10
×  𝑓                                        (1) 

COD removal was obtained from the difference in influent COD and effluent COD values, while 
the COD removal efficiency was calculated using Equation (2).  

COD Removal =
COD𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡−COD𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

COD𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
× 100%                    (2)  

5) Electrode weight measurement 

Electrode weight was measured to evaluate the rate of electrode material consumption during 
electrocoagulation. Before the operation, the electrodes were oven-dried at 105-110°C for 2 hours, 
then weighed on an analytical balance to record their initial mass (Wi). After the process, the electrodes 
were removed from the reactor, dried, and re-weighed to obtain their final mass (Wf). The difference 
between these two measurements reflected the amount of electrode material that had dissolved into 
the solution as a consequence of electrochemical oxidation-reduction reactions. 

2.4. Kinetics 

The decrease in COD concentration in PW was simulated using empirical first- and second-order 
kinetic models. The formulas for the two models are shown in Equations (3) and (4). 

ln(𝐶𝑂𝐷𝑡) = ln(𝐶𝑂𝐷0) − 𝑘1𝑡                      (3) 
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1

𝐶𝑂𝐷𝑡
= 𝑘2𝑡 +

1

𝐶𝑂𝐷0
                        (4) 

Where, 𝐶𝑂𝐷0 is the initial COD concentration (g/L), 𝐶𝑂𝐷𝑡 is the COD concentration at time t 
(g/L), 𝑘1 is the kinetic constant for the first-order model, 𝑘2 is the kinetic constant for the second-
order model, 𝑡 is the operating time (minutes). 

In the first-order kinetic model, the graph of the relationship of 𝑡 vs ln(𝐶𝑂𝐷𝑡) was made. Then, a 
linear equation for expressing the relationship of 𝑡 vs ln(𝐶𝑂𝐷𝑡). The slope of the equation is 𝑘1. In 

the second-order kinetic model, the graph of the relationship of 𝑡 vs 
1

𝐶𝑂𝐷𝑡
 was made. Then, a linear 

equation for expressing the relationship of 𝑡 vs 
1

𝐶𝑂𝐷𝑡
. The slope of the equation is 𝑘2. Microsoft Excel 

was used in this kinetic analysis. 

2.5. Operating Cost 

The operational cost in EC needs to be calculated. The operating cost consisted of energy, 
electrode, and chemical costs. The operating cost (OC, IDR/L) was quantified using Equation (5). 

𝑂𝐶 = 𝐴 × 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 + 𝐵 × 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 + 𝐶 × 𝐶𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙                            (5) 

Where, 𝑂𝐶 is the operating cost (IDR/L), 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 is the energy consumption (Ws/L), 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 

is the electrode consumption (g/L), 𝐶𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 is the H2SO4 98% chemical consumption (L/L). Unit 
prices of A, B, and C, based on local prices in Indonesia, are as follows: electrical energy price 
27.69×10-5 IDR/Ws (watt-second), iron material price 20 IDR/g, and chemical price for technical-
grade H2SO4 (purity 98% v/v) 15,000 IDR/L. The 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 and 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 were calculated using 

Equations (6) and (7), respectively. 

𝐶𝑒𝑛𝑒𝑟𝑔𝑦 =
𝑉×𝐼×𝑡

𝜈
                        (6) 

𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =
𝐼×𝑀𝑤𝐹𝑒×𝑡

𝑧×𝐹×𝑣
                        (7) 

Where, 𝐼 is the electrical current (A), 𝑉 is the electrical voltage (V), 𝑀𝑤 is the molecular weight 
of Fe (56 g/mol), 𝑧 is the number of electron transfer (z=2), 𝐹 is the Faraday’s constant (F=96,485 
C/mol), 𝑡 is the operating time (s), 𝜈 is the PW volume (L). 

Furthermore, the operating cost per g CODremoved was calculated using Equation (8). 

𝐸 (
𝐼𝐷𝑅

𝑔 𝐶𝑂𝐷𝑟𝑒𝑚𝑜𝑣𝑒𝑑
) =

𝑂𝐶

𝑔 𝐶𝑂𝐷𝑟𝑒𝑚𝑜𝑣𝑒𝑑
                           (8) 

3. Results and Discussion 

3.1.  Effect of Initial pHs at a Voltage of 10 V 

The initial pHs play a critical role in determining the performance of the EC process, especially 
when applied to PW, which generally contains high levels of COD, complex organic compounds, and 
toxic substances. Variations in pHs can affect the floc formation mechanism, the solubility of metal 
species produced by the anode, and the stability of colloids in solution [8], [11]. 

1) Electrode consumption 

Table 2.  The Changes in Electrode Weight at Various Initial pHs with a Constant Voltage of 10 V 

Initial 

pH 
Voltage 

Anode Weight (g) Cathode Weight (g) 

Before 

used 

After 

used 
Weight loss 

Before 

used 

After 

used 

Weight 

gain 

12.25 10 137.45 133.47 -3.98 137.31 137.43 0.12 

9 10 122.40 117.73 -4.67 137.88 137.96 0.08 

7 10 126.16 120.52 -5.64 127.12 127.64 0.52 

5 10 120.19 115.69 -4.50 127.29 127.33 0.04 
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Electrode consumption during electrolysis was highly dependent on the initial pH, as shown by the 
changes in iron electrode mass in Table 2. At pH 7, the anode exhibited the most significant weight 
loss of 5.64 g, while the cathode simultaneously gained 0.52 g, indicating substantial anode dissolution 
and cathode precipitation. According to Faraday's law, the rate of anode mass loss is proportional to 
the electrolysis current and time, with higher current densities accelerating the oxidation of Fe to Fe2+ 
ions [9]. Fe2+ then reacts with OH- to form the coagulant Fe(OH)2, which enhances pollutant 
destabilization and sludge formation [9]. The significant mass loss at pH 7 indicated that this condition 
maintained the highest ionic conductivity and current transfer, explaining the superior electrode 
dissolution and coagulant availability. 

At an acidic pH of 5, the anode mass loss was 4.50 g lower than at neutral pH, and the cathode 
mass gain was minimal at 0.04 g. This phenomenon can be attributed to the fact that under acidic 
conditions, Fe2+ remains more soluble and is less hydrolyzed to Fe(OH)2, thus limiting the formation 
of stable hydroxide flocs [9], [13]. In addition, the high concentration of H+ ions competes with Fe2+ 
hydrolysis, increasing corrosion but failing to yield the gelatinous coagulant required for efficient 
pollutant removal. Under more alkaline conditions of pH 9 and 12.25, the anode losses were 4.67 g 
and 3.98 g, respectively, lower than at neutral pH, due to the buffering effect that limits Fe dissolution 
and favors electrode passivation [9]. The changes between anode and cathode masses highlight their 
different roles, with the anode corroding and becoming porous, while the cathode surface accumulates 
flocs and sometimes reduces Fe, thus slightly increasing its weight [9]. Overall, the results indicate 
that pH 7 was the optimal condition, as it promoted the most significant anode dissolution, maximized 
Fe2+ availability, and enhanced coagulant formation, whereas the acidic pH 5 and the highly alkaline 
pH 9 and 12.25 conditions limited electrode consumption efficiency and treatment performance.  

2) pH and Temperature 

The pH of the liquid evolved significantly during EC, as shown in Fig. 2. The feeds initially 
adjusted to pH 5, 7, and 9 showed a consistent upward trend, whereas the original alkaline feed (initial 
pH 12.25) did not show a consistent change and remained essentially constant. Specifically, the 
measured pH of the liquid increased from 7.03 to 11.86 at an initial pH of 7, from 5.06 to 10.13 at an 
initial pH of 5, and from 9.03 to 10.28 at an initial pH of 9 over 80 minutes, while the original alkaline 
feed remained close to 12.25-12.12 throughout the process. This behavior indicates that cathodic water 
reduction produces OH- and H2 evolution, which accumulate in large amounts and raise the solution 
pH. Simultaneous dissolution of Fe through the anode process produces Fe2+, which hydrolyzes to 
Fe(OH)2/Fe(OH)3, consuming some OH- but not enough to offset the net OH- production in most 
processes [14], [15]. The net OH- accumulation and moderate temperature increase during electrolysis, 
therefore, drive an increase in pH in the feed, which starts at or below neutral [16].  

The near-constant pH observed in the feed at 12.25 can be attributed to the strong initial alkalinity 
and the solution's buffering capacity, both from carbonate/bicarbonate and other basic species. When 
the aqueous phase already contains high OH-/alkalinity, additional OH- formation results in only a 
slight change in the measured pH, and the precipitation/complexation equilibrium tends to stabilize 
the pH [17]. Conversely, feeds starting at lower pH are more likely to show significant pH increases 
due to OH-. From an operational perspective, the pH trajectory is essential because it alters Fe 
speciation during processing, neutral feeds rapidly evolving towards alkaline conditions favor rapid 
Fe(OH)2/Fe(OH)3 formation and promote coagulation, but sustained pH >8–9 risks converting 
hydroxides to soluble hydroxo anions, e.g., Fe(OH)4

- and reducing coagulation efficiency [14], [18].  

Optimal performance at neutral pH can be explained by Fe(III) speciation. The pC–pH diagrams 
show that Fe(OH)₃ reaches its minimum solubility near pH 7, where it precipitates rapidly and forms 
dense hydroxide flocs with high surface area, maximizing sweeping coagulation. At lower pH, soluble 
Fe³⁺ and Fe(OH)²⁺ species dominate, limiting solid hydroxide formation and reducing coagulation 
efficiency. At higher pH values (>8–9), Fe(III) increasingly forms soluble hydroxo-complexes such 
as Fe(OH)₄⁻, which redissolve hydroxide solids and suppress floc formation. This behavior produces 
the typical bell-shaped relationship between EC performance and pH. 

Thus, an initial pH near 7 provides the most favorable balance between hydroxide precipitation 
and solubility, allowing dissolved Fe³⁺ to convert efficiently into insoluble Fe(OH)₃—the primary 
active coagulant in EC. At low pH, delayed floc formation reduces pollutant destabilization, whereas 
at high pH, the formation of soluble anionic complexes limits the availability of solid hydroxides. The 
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minimum-solubility window around pH 7, therefore, yields the strongest coagulation and highest 
removal efficiency. 

 

Fig. 2. Liquid pH profiles during the EC process at various initial pHs with a constant voltage of 10 V 

The temperature in all processes as seen in Fig. 3. increased steadily for 80 minutes where at pH 
7, namely 27 to 78°C, pH 9, namely 30 to 74°C, pH 5, namely 31 to 71.5°C, and pH 12.25, namely 
29 to 69°C, which is expected for an electrically driven process where continuous current input 
converts electrical energy into heat and accelerates the electrochemical reaction [16]. pH 7 achieved 
the highest temperature because it maintained the highest current, reaching 80 minutes, and because 
the higher charge transfer resulted in more heating [19]. Furthermore, pH 7 promoted rapid dissolution 
of the anode Fe and the formation of Fe(OH)2/Fe(OH)3 flocs, which temporarily increased ionic 
mobility and conductivity, sustaining higher currents and thus higher temperature rises [17]. 

The initial alkaline feed, pH 12.25, remained nearly constant at 12.25-12.12 and heated the least, 
reaching 69°C at the end because its initial alkalinity and high buffering capacity limited the net 
change in ionic speciation and conductivity during the process, resulting in a minor net increase in 
current-driven heating [14]. The behavior of pH 5 and 9 intermediates follows the same reasoning: 
both show the formation of OH- at the cathode, increasing pH and moderating coagulant production, 
resulting in intermediate conductivity/current and an increase in the intermediate temperature. 

 

Fig. 3. Temperature profiles during the EC process at various initial pHs with a constant voltage of 10 V 

3) COD Removal 

The effect of initial pH on COD removal during EC of petrochemical wastewater is a crucial 
operational factor. The effect of initial pH on COD removal during EC of petrochemical wastewater 
is shown in Fig. 4. At a constant voltage of 10 V, COD removal efficiencies of 27.92%, 52.96%, 
37.00%, and 24.16% were obtained for initial pH values of 5, 7, 9, and 12.25, respectively. These 
results indicated that neutral conditions, namely pH 7, provided the highest COD removal efficiency. 
At neutral pH, Fe is predominantly present as Fe(OH)2 and Fe(OH)3, which act as effective coagulants, 
destabilizing and adsorbing organic pollutants. Under acidic conditions, which is pH 5, basic 
conditions, namely pH 9, and fundamental conditions, namely pH 12.25, Fe species are primarily 
present as dissolved ions (Fe2+, Fe3+, Fe(OH)+, Fe(OH)3

-, Fe(OH)4
-), which are less efficient for 

coagulation [14], [17]. 
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COD removal at pH 9 in this study was 37.00% lower than under neutral conditions, which is 
consistent with previous reports that, although more hydroxide is formed with increasing alkalinity, 
excessive precipitation reduces its reactivity and ability to adsorb organic matter [20]. The relatively 
low efficiency (24.16%) at fundamental conditions, pH 12.25, further supported this observation. The 
poor performance at acidic pH, pH 5, with an efficiency of 27.92%, was consistent with previous 
findings that excessive dissolution of Fe ions limited the formation of hydroxide flocs [17]. 

This observed trend was consistent with previous studies reporting that COD removal increases 
with increasing solution pH due to increased formation of Fe(OH)2 and Fe(OH)3 coagulants, until 
reaching a critical range around neutral pH. After that, efficiency decreases as the dissolved hydroxide 
complexes revert to ionic species [14]. For example, vinasse treated with EC showed the best COD 
removal at pH 6-7.5, whereas at pH >8, COD removal decreased due to the dominance of dissolved 
Fe-hydroxo complexes (Fe(OH)3, Fe(OH)4

-). Similarly, [18] emphasized that the removal mechanism 
is highly dependent on the final pH and the interaction between Fe(II)/Fe(III) with organic matter, 
which explains the partial removal observed in some cases. Thus, a neutral pH of 7 provided an 
optimal environment for coagulant formation, resulting in the highest COD removal efficiency, and 
was therefore selected as the basis for further studies on the effect of applied voltage. 

 

Fig. 4. COD concentration profiles during the EC process at various initial pHs and constant voltage of 10 V 

At pH 7, Fe2+ generated at the anode was efficiently hydrolyzed to form amorphous Fe(OH)2 and 
Fe(OH)3. These low-solubility hydroxides readily precipitated into large, reactive flocs that were most 
effective for sweeping coagulation. At acidic conditions, pH 5, Fe species remained mostly soluble as 
Fe2+/Fe3+, limiting the formation of solid hydroxides. At alkaline conditions, pH ≥ 9, Fe(III) was 
further converted into soluble hydroxo-complexes such as Fe(OH)4

-, which re-dissolve or prevent the 
formation of stable flocs. This pH-dependent speciation explained the bell-shaped efficiency trend 
and supported why electrode dissolution, coagulant formation, and COD removal all peak at pH 7. 

4) Current Profile 

Fig.5. shows an increase in electrical current across all initial pH conditions at a fixed cell voltage 
of 10 V. At 0 min, the current ranged from 5.37 to 5.92 A and increased to 7.34 to 7.89 A after 80 
min. The highest current was observed at pH 7 (7.89 A), followed by pH 9 (7.67 A), pH 5 (7.52 A), 
and the initial alkaline feed pH of 12.25 (7.34 A). This behavior can be interpreted by combining 
Ohm's law with the solution conductivity that evolves during electrocoagulation, as the cell voltage 
(V) is kept constant, the electrical resistance (R) decreases, increasing the measured current (I) [16]. 

The initial increase in current is primarily due to the anodic dissolution of iron, which releases Fe2+ 
and subsequently Fe hydroxyl species, increasing the ionic strength and conductivity of the solution 
[14], [20]. Simultaneously, electrochemical reactions, including the formation of OH- at the cathode 
and a moderate increase in temperature during electrolysis, further reduce the resistivity and thus 
increase the current [14]. Higher current densities generate more metal ions and OH-, resulting in more 
coagulants, which increase conductivity and temporarily increase I for a constant V [20]. 

The differences in current profiles at various initial pHs were due to Fe speciation and the balance 
between ion production and ion removal. A neutral pH of 7 produced the highest stable current, 
consistent with the formation and persistence of dissolved Fe species and the coagulant 
Fe(OH)2/Fe(OH)3, which maintained a relatively high ionic content throughout treatment [14]. At very 
high pHs of 9 and 12.25, or strongly acidic pHs of 5, competing processes (e.g., redissolution to less 
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conductive hydroxo-anions at very high pH, complexation, or rapid removal of particular ionic species 
at other pH ranges) can reduce the net conductivity gain and thus result in slightly lower currents [14], 
[17]. Furthermore, the formation and accumulation of floc/sludge over time can ultimately increase 
cell resistance by removing ions from the mass and through physical barriers that tend to slow the 
current increase and bring the system toward a steady state [16]. 

From an operational perspective, higher currents obtained at pH 7 correlated with better COD 
removal observed under the same conditions. Increased current, i.e., higher effective charge transfer, 
and higher local coagulant formation promote the formation of Fe(OH)2/Fe(OH)3 flocs that remove 
organic matter [14], [20]. However, studies also warn that increasing current density beyond the 
optimal value will increase energy consumption, bubble formation, and potential anode passivation, 
so the operating point must balance removal performance and cost [20].  

 

Fig. 5. Electrical current profiles during the EC process at various initial pHs with a constant voltage of 10 V 

5)  Kinetic analysis  

Kinetic analysis using the first and second-order kinetic models was successfully carried out. The 
1st-order kinetic model is presented in Fig. 6, and the 2nd-order kinetic model is presented in Fig. 7.  

 

Fig. 6. The 1st-order kinetic model for the EC process at various initial pHs with a constant voltage of 10 V 

 

Fig. 7. The 2nd-order kinetic model for the EC process at various initial pHs with a constant voltage of 10 V 
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Furthermore, the kinetic constant values in both the first-order kinetic model and the second-order 
kinetic model are shown in Table 3. Based on Fig. 6 and Fig. 7, and Table 3, the decrease in COD 
concentration during the EC process followed a second-order reaction, as the second-order kinetic 
model provided a better fit than the first-order model. These results are reasonable, given that 
electrocoagulation is a complex, heterogeneous process influenced by pH-dependent phenomena, 
such as the speciation of iron coagulants, the efficiency of floc formation, and the stability of colloidal 
particles. These factors interact simultaneously during treatment, making simple kinetic assumptions 
difficult to apply. Therefore, the slightly superior fit of the second-order model under varying pH 
conditions is more indicative of the multi-component nature of the removal mechanism than evidence 
of a proper second-order kinetic pathway. 

Table 3.  The Results of Kinetic Analysis at Various Initial pHs with a Constant Voltage of 10 V 

Initial pH Voltage 
First-order Second-order 

𝒌𝟏 (/s) 𝑹𝟐 𝒌𝟐 (/(g/L.s)) 𝑹𝟐 

12.25 10 0.0035 0.95 0.0006 0.96 

9 10 0.0056 0.85 0.0011 0.89 

7 10 0.0084 0.70 0.0019 0.76 

5 10 0.0041 0.84 0.0007 0.86 

 

According to Table 3, in the second-order kinetic model, the EC process at initial pH of 12.25, 9, 
7, and 5 had 𝑘2 kinetic constant of 0.0006, 0.0011, 0.0019, and 0.0007, respectively. It shows that the 
initial pH of 7 was the most suitable, as it yielded the highest COD removal rate. At pH 7 (neutral), 
the Fe species predominates as Fe(OH)2 and Fe(OH)3, acting as coagulants. On the other hand, under 
acidic or alkaline conditions, the Fe species predominates as ions. Fe(OH)2 and Fe(OH)3 coagulants 
have a higher ability to adsorb COD than Fe ions. Hence, the rate of increase in COD in PW was 
higher at an initial pH of 7 than at lower or higher pH levels. 

Although the second-order model showed slightly higher R2 values than the first-order model, the 
improvement was only slight. The second-order model was the better-fitting of the evaluated models, 
but it did not fully describe the kinetic behavior of the EC process. The modest R2 values suggested 
that COD removal during EC was influenced by multiple interacting mechanisms, including Fe 
dissolution, hydrolysis to Fe(OH)2/Fe(OH)3, floc growth, pollutant adsorption, and mass transfer 
effects, which were not fully captured by ideal first- or second-order models. 

6) Operating cost 

The results of the operating cost calculation are presented in Table 4. In the calculation, the authors 
used the operating time of 40 minutes because after that time, the COD concentrations are not 
significantly different. According to Table 3, the most efficient EC occurs at an initial pH of 7, with 
the lowest operating cost per CODremoved of 70.07 IDR/gCODremoved. Therefore, in stage 2, the initial 
pH of 7 was used with varying electrical voltages. 

Table 4.  The Results of the Operating Cost Analysis at Various Initial pHs with a Constant Voltage of 10 V 

and an Operating Time of 40 Minutes 

Initial 

pH 

Voltage 

(V) 

Current 

(A) 
t (s) 

Cenergy 

(Ws/L) 

Celectrode 

(g/L) 

Cchemical 

(L/L) 

OC 

(IDR/L) 

CODremoved 

(g/L) 

E (IDR/g 

CODremoved) 

12.25 10 6.43 2400 154400 4.48 0 132.37 1.66 79.57 

9 10 6.54 2400 157040 4.56 6.2×10-3 227.89 2.55 89.47 

7 10 6.71 2400 161040 4.67 7.8×10-3 255.45 3.65 70.07 

5 10 6.34 2400 152240 4.42 9.9×10-3 279.21 1.92 145.29 

 

As shown in Table 4, the operating cost per liter at pH 7 (255.45 IDR/L) was actually higher than 
that at pH 12.25 (132.37 IDR/L) and pH 9 (227.89 IDR/L). However, pH 7 achieved substantially 
higher COD removal (3.65 g/L), resulting in the lowest cost per unit of CODremoved. This indicates that 
the advantage of pH seven does not arise from lower operating cost, but from significantly better 
treatment performance, which compensates for the higher energy and electrode consumption. 
Therefore, the cost effectiveness at pH 7 reflects an operational balance, with higher removal 
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efficiency driven by optimal Fe(OH)2/Fe(OH)3 formation, moderate operating costs, and the lowest 
normalized cost per CODremoved. This clarifies that the optimality of pH seven results from the 
efficiency-cost trade-off rather than solely from the lowest operating expenditure. 

 

3.2. Effect of Voltages at an Initial pH of 7 

1) Electrode consumption 

Electrode consumption increased substantially with the applied voltage, as shown in Table 5. At 5 
V, the anode experienced the lowest weight loss of 0.73 g; at 10 V, 5.64 g; and at 15 V, 6.72 g after 
80 minutes of operation. In contrast, the cathode showed a slight weight gain due to deposition of 
reduced species, with values of 0.09 g, 0.52 g, and 0.21 g at 5 V, 10 V, and 15 V, respectively. This 
confirms that the anodic dissolution dominates the overall electrode consumption, consistent with 
Faraday’s law of electrolysis. The trend of electrode loss correlated directly with the current density. 
Voltages of 5, 10, and 15 V resulted in currents of 0.9, 5.92, and 8.42 A at the beginning of the EC 
process.  

Table 5.  The Changes in Electrode Weight at Various Voltages with an Initial pH of 7 

Initial 

pH 
Voltage 

Anode Weight (g) Cathode Weight (g) 

Before 

used 

After 

used 
Weight loss 

Before 

used 

After 

used 
Weight gain 

7 5 136.9 136.17 -0.73 138.22 138.31 0.09 

7 10 127.12 120.52 -5.64 127.12 127.64 0.52 

7 15 138.01 131.29 -6.72 121.28 121.49 0.21 

2) pH and Temperature 

The variations in pH and temperature during the EC process are presented in Fig. 8 and Fig. 9. At 
10 V, the pH rose more strongly, increasing from 7.03 at the start to 11.85 after 80 minutes, while at 
15 V it rose from 7.07 to 10.45 over the same period. At 5 V, the increase in pH was more moderate, 
from 7.06 to 8.01 after 80 minutes. This behaviour is explained by competing electrode reactions that 
scale differently with applied voltage. Increasing voltage increases cathodic water reduction and thus 
OH⁻ production, thereby increasing pH. But higher anodic potentials also accelerate two opposing 
processes that generate acidity or remove OH-, such as enhanced anodic oxidation of iron to Fe3+ (and 
faster hydrolysis of Fe3+), and increased oxygen evolution reaction (OER, anodic water oxidation) that 
produces protons (H+). Both routes counterbalance the cathodic OH-. At 15 V, the final pH was lower 
than at 10 V, and this trend can be attributed to competing electrode reactions at high current density. 
Although OH- generation at the cathode typically increases pH during EC, the rapid oxidation of water 

at the anode (2H2O → O2 + 4H+ + 4e-) becomes more pronounced at higher voltages. This reaction 

produces H⁺ ions that partially counterbalance the OH- formed at the cathode, thereby limiting the 
overall pH increase. As a result, the system exhibited a lower final pH at 15 V than at 10 V, despite 
the stronger electrical input. Incorporating this effect provided a more accurate interpretation of the 
pH behavior and aligned with the electrochemical principles governing high-current-density 
operation. In particular, Fe3+ hydrolysis and the formation of hydroxo-iron species release or consume 
protons or consume OH-. At a voltage of 10 V, OH- production at the cathode dominated, and net pH 
rose strongly. The OH- production rate exceeded its consumption for coagulant formation, leading to 
a more pronounced pH increase (from 7.03 to 11.85 within 80 minutes) [19]. At 15 V, the anodic 
proton-generating reactions and the faster hydrolysis of Fe species became significant enough to 
neutralize part of the OH-, resulting in a lower net pH increase. At alkaline pH, Fe2+ can be converted 
not only into Fe(OH)2 but also into anionic hydroxo-iron species such as Fe(OH)3

- and Fe(OH)4
-, 

thereby limiting further pH increase. This explanation is consistent with previous studies reporting 
that pH initially increases due to OH- production, but may stabilize or slightly decrease once OH- is 
increasingly consumed in the formation of various hydroxo-iron complexes [14]. The observed lower 
final pH at 15 V compared with 10 V was consistent with increased anodic oxidation of Fe to Fe3+ and 
OER competing with cathodic OH- generation at high applied potential. This interpretation also 
explains why pH sometimes stabilizes or even decreases after an initial rise when voltage and current 
density are high.  
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Fig. 8. Liquid pH profiles during the EC process at various voltages with an initial pH of 7 

Temperature also showed a strong voltage dependence (Fig. 9). At 15 V, the solution temperature 
increased steeply from 27°C at 0 min to 89°C at 80 min. At 10 V, it rose from 27°C to 78°C, whereas 
at 5 V it remained almost constant (from 31°C to 34.5°C). This heating effect is caused by Joule 
heating as the current increases with voltage. Moderate heating improves mass transfer and accelerates 
coagulant formation, but excessive heating at 15 V may destabilize flocs and increase energy 
consumption, thereby reducing process sustainability. 

 

Fig. 9. Temperature profiles during the EC process at various voltages with an initial pH of 7 

3) COD Removal  

 

Fig. 10. COD concentration profiles during the EC process at various voltages with an initial pH of 7 

The COD concentration profiles at different voltages are shown in Fig. 10. At 15 V, COD 
decreased from 6884 mg/L to 3069.5 mg/L after 80 minutes, corresponding to a COD removal 
efficiency of 55.41%. At 10 V, COD was reduced from 6884 mg/L to 3238.5 mg/L (52.96% removal), 
while at 5 V, the final COD was 3400 mg/L (50.22% removal). The higher current at elevated voltages 
accelerated anodic dissolution, producing more Fe2+/Fe3+ ions that hydrolyzed to Fe(OH)2 and 
Fe(OH)3, thereby enhancing floc formation [15]. The sharpest COD reduction occurred in the first 20 
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minutes, where concentrations dropped to around 4000 mg/L at 15 V, indicating rapid destabilization 
of easily removed organics. Beyond 20 minutes, the COD removal rate slowed, suggesting that more 
recalcitrant compounds required longer treatment and higher floc availability. Although 15 V achieved 
the highest COD removal, the difference with 10 V was relatively minor, despite higher electrode and 
energy consumption. This indicates that excessively high voltages are not favorable from an economic 
and operational perspective, as they generate unnecessary electrode wear and sludge.  

4) Current profile  

 

Fig. 11. Electrical current profiles during the EC process at various voltages with an initial pH of 7 

The current profiles under different voltages are illustrated in Fig. 11. At 15 V, the current rapidly 
increased from 8.42 A at the start to about 10.14 A within the first 20 minutes, after which it remained 
relatively stable until the end of the process. At 10 V, the current rose gradually from 5.92 to 7.89 A, 
whereas at 5 V it was almost constant at 0.9–1.0 A. This behavior is explained by Equation (9). 

𝑉 = 𝐼 × 𝑅                     (9) 

Resistance (R) changed during the electrocoagulation process. At the beginning, the high 
concentrations of Fe²⁺ and OH⁻ ions reduced the solution resistance, leading to a rapid increase in 
current. As the process progressed, these ions were consumed to form hydroxo-iron species and 
sludge, thereby increasing resistance and slowing further current growth despite the constant applied 
voltage [14]. At 15 V, the current stabilized sooner because the resistance increased more rapidly, 
whereas at 10 V the current continued to rise steadily, reflecting a more balanced balance between ion 
production and consumption. At 5 V, the driving force for ion generation was too low, so the current 
remained nearly unchanged throughout the process. Therefore, 10 V represents a balanced condition, 
combining adequate current for effective pollutant removal with lower energy and electrode 
consumption compared with 15 V. 

5) Kinetic analysis 

Kinetic analysis using the first- and second-order kinetic models was successfully carried out. The 
results for the first-order kinetic model are presented in Fig. 12. Then, the results for the second-order 
kinetic model are presented in Fig. 13. Furthermore, the kinetic constant values in both the first-order 
kinetic model and the second-order kinetic model are shown in Table 6.  

 

Fig. 12. The results of the 1st-order kinetic model for the EC process at various voltages with an initial pH 7 
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Fig. 13. The results of the 1st-order kinetic model for the EC process at various voltages with an initial pH 7 

Table 6.  The Results of the Kinetic Analysis at Various Voltages with an Initial pH of 7 

Initial 

pH 
Voltage 

First-order Second-order 

𝒌𝟏 (/s) 𝑹𝟐 𝒌𝟐 (/(g/L.s)) 𝑹𝟐 

7 5 0.0087 0.86 0.0019 0.90 

7 10 0.0084 0.70 0.0019 0.76 

7 15 0.0087 0.63 0.0020 0.68 

 

Based on Fig. 12, Fig. 13, and Table 6, the decrease in COD concentration during the EC process 
followed a second-order reaction, as the second-order kinetic model provided a better fit than the first-
order model. The second-order model consistently produced higher R2 values, indicating a better fit 
for all voltage conditions. This is reasonable because electrocoagulation is a complex and 
heterogeneous process involving pollutant–coagulant interactions, bubble generation, and dynamic 
changes in the wastewater matrix. Such complexity makes simple kinetic expressions difficult to 
apply, and the slightly better performance of the second-order model likely reflects the multi-
component nature of the removal mechanism rather than an actual second-order reaction behavior. 

According to Table 6, in the second-order kinetic model, the EC process at electrical voltages of 
5, 10, and 15 V had 𝑘2 kinetic constant of 0.0019, 0.0019, and 0.0020, respectively. It shows that an 
electrical voltage of 15 V decreases COD more than 5 or 10 V. The higher the voltage, the greater the 
electrical current supplied, so more Fe(OH)2 and Fe(OH)3 are formed. As a consequence, EC at higher 
voltages can remove higher COD concentrations. However, the 𝑘2 The value was not significantly 
different at various voltages (5, 10, and 15 V).  Therefore, it is essential to calculate operating costs to 
determine the optimal EC voltage for treating PW. 

6) Operating cost 

The operating cost assessment for the EC process is presented in Table 7, using an operating time 
of 40 minutes because COD reduction becomes relatively stable beyond this duration. While cost 
analysis identifies 5 V as the most economical condition, a more nuanced interpretation is needed 
when considering performance, efficiency, and practical applicability. From a performance 
perspective, 15 V provided the highest COD removal (55.41%) and the fastest reaction kinetics, 
reflected by the highest second-order rate constant (k2). This condition maximized treatment 
effectiveness, but it also resulted in the highest energy consumption of 344.160 Ws/L and electrode 
dissolution of 6.66 g/L, leading to the highest operating cost of 90.67 IDR/g CODremoved. 

A more balanced option was the 10 V condition, which achieved 52.96% COD removal, only 
slightly lower than that of the 15 V condition. However, it did so with significantly reduced energy 
demand and electrode consumption, resulting in a noticeably lower operating cost of 70.07 IDR/g 
CODremoved. This makes the 10 V offer strong treatment performance while avoiding the steep cost 
increase associated with 15 V. In contrast, 5 V emerged as the most economical and sustainable 
operating point, with the lowest cost of 38.71 IDR/g CODremoved. Although its COD removal of 50.45% 
was modestly lower than at 10 and 15 V, the substantial reduction in energy and electrode usage made 
it far more attractive for scale-up. Overall, although different voltages offer different advantages, 15 
V provided the highest removal efficiency, and 10 V offered a reasonable compromise. Based on a 
trade-off, the results clearly indicate that 5 V is the most optimal operating condition when all key 
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criteria are considered together. Its substantially lower operating cost, coupled with only marginally 
lower COD removal compared to higher voltages, makes 5 V the most practical and sustainable 
choice, particularly for full-scale applications where cost efficiency and long-term operational stability 
are critical. 

Table 7.  The Results of the Operating Cost Analysis at Voltages with an Initial pH of 7 and an Operating 

Time of 40 Minutes  

Initial 

pH 

Voltage 

(V) 

Current 

(A) 
t (s) 

Cenergy 

(Ws/L) 

Celectrode 

(g/L) 

Cchemical 

(L/L) 

OC 

(IDR/L) 

CODremoved 

(g/L) 

E (IDR/g 

CODremoved) 

7 5 0.95 2400 11440 0.66 7.83×10-3 133.84 3.46 38.71 

7 10 6.71 2400 161040 4.67 7.83×10-3 255.45 3.65 70.07 

7 15 9.56 2400 344160 6.66 7.83×10-3 345.86 3.81 90.67 

4. Conclusion 

This study evaluated electrocoagulation (EC) for treating petrochemical wastewater (PW) by 
examining the effects of initial pH and applied voltage. In stage 1, initial pHs of 12.25, 9, 7, and 5 
resulted in COD removals of 24.4%, 37.0%, 52.96%, and 27.92%, identifying pH 7 as the optimum. 
Using this pH in stage 2, voltages of 5, 10, and 15 V achieved COD removals of 50.22%, 52.96%, 
and 55.41%, respectively. Although higher voltages slightly improved removal efficiency, the 
economic assessment showed that pH 7 at 5 V provided the most cost-effective operation, yielding 
the lowest operating cost per CODremoved (38.71 IDR/gCODremoved). This condition is therefore 
recommended for industrial applications due to its favorable balance between performance and cost. 
The results also confirm that a neutral pH promotes the formation of Fe(OH)₃, the most effective 
coagulant species produced by iron electrodes, explaining the superior treatment efficiency at pH 7. 
Overall, the findings highlight the critical role of pH and voltage in optimizing EC performance and 
support its sustainable implementation for petrochemical wastewater treatment. 
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