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Abstract 

In this study, the anodic oxidation approach was applied to remove organic hydrocarbon from 

effluent wastewater from Al-Muthana petroleum refinery. The treatment process was achieved 

using a batch tubular electro-reactor of 1 liter in volume consisted of two concentric graphite 

electrodes. Impact of current density, pH and addition of NaCl were studied. The optimum 

operation conditions could be obtained when the operation is carried out at a current density of 8 

mAcm-2, pH of 6.0, and addition 1g/L of NaCl for 120 min starting from an initial chemical 

oxygen demand (COD) of 800 ppm which results in COD removal efficiency (RE%) of 84.3% 

with a COD discharge lower than 150ppm. The result showed that the electro-oxidation process 

was applied efficiently for the treatment of hydrocarbons - loaded wastewater. This technique can 

be applied in the treatment processes of wastewater produced from petroleum refineries with high 

performance, low cost, and simple operation 

 

Keywords: Wastewater, Electro-oxidation method; COD; Cell current density; Organic 

compounds removal. 

 

 

Introduction  

Nowadays, the main challenge faced by different industrial sectors is how to treat wastewaters generated 

from them, because these wastewaters contain various complex pollutants in addition to their huge 

amount systems. Oil refineries are considered one of the most important Iraqi industries in which huge 

amounts of water are used through various processes such as distillation, thermal cracking, hydro-

treatment, and cooling with desalination systems [1]. It was found that the volume of effluent resulting 

from the operation of the oil refinery is about 1.6 times the amount of crude oil used in operation. In 

addition, the percentage of wastewater discharged is around 85% of the amount of fresh water utilized 

in refinery process. Hence, the treatment of this wastewater is necessary to reuse it again and to prevent 

environmental pollution [2]. 

Depending on the plant configuration, production method, and used oil source, the generated wastewater 

characteristics vary accordingly [3]. Nevertheless, most of the generated wastewaters contain high 

concentrations of aromatic and aliphatic pollutants which lead to adverse effect on the environment [4]. 

Therefore, the adoption of a feasible, low-cost and effective approach to treat these effluents should be 

considered. 
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Various methods have been used to treat refinery wastewater which include coagulation [4], chemical 

oxidation [5], adsorption [7], biological methods [6], advanced oxidation processes [3], membrane 

treatment [8], and electrochemical methods [9, 10]. 

Generally, these traditional methods only transfer contaminants from one phase to another and suffer 

from low efficiency in operation. In addition, the selection of any of these methods depends entirely on 

the characteristics of the wastewater and the ultimate goal in case it is to be reused or discharged. Among 

these methods, electrochemical processing plays an important role because of its many advantages such 

as versatility, selectivity, and cheap methods [11]. Also, these systems do not depend on the source of 

the wastewater or its characteristics, as the reaction can be controlled through any value of the current 

available in these systems [12]. 

Anodic oxidation is found in electrochemical treatment systems which is receiving more attention in the 

treatment of oily wastewater. It depends on the producing of a powerful oxidizing agent (OH•) on the 

surface of the anode which has the ability to attack contaminants and convert them into water and carbon 

dioxide [13]. Unlike other advanced oxidation methods that generate hydroxyl radicals via chemical 

reaction (Fenton process) or photochemical reactions (photo-Fenton process), anodic oxidation does not 

involve using or storage of dangerous chemicals and has the ability to easily scale-up as well as reduce 

in labor cost and can be automated [14]. 

Two routes can be perused for the oxidation of contaminants by anodic oxidation, which are the direct 

and indirect routes. In the first (direct) route, the contaminants are first adsorbed onto the surface of 

anode then subjected to direct oxidation by electrons. In this case, the type of anodic material plays an 

essential role in the rate of oxidation of these pollutants [15]. Different kinds of anodic materials were 

utilized in the direct oxidation process and their oxidation strength has been investigated in the oxidation 

of various pollutants such as phenol [15]. They are Lead Dioxide (PbO2), dimensionally stable anode 

(DSA), SnO2-doped, and Boron-Doped Diamond (BDD). Among these, BDD is the best due to its high 

stability, chemical resistance, wide window for water oxidation, ability to generate weakly adsorbed 

hydroxyl radicals leading to an efficient oxidation process, and the ability of using it for long time to 

overcome the highly production cost of it [13,14]. 

In the second (indirect) route, many other oxidizing agents such as hypochlorite/chlorine, ozone, and 

hydrogen peroxide are indirectly generated at the anode, which attack the pollutants in the solution and 

convert them into less harmful compounds, carbon dioxide, and water [16,17]. In most wastewater, 

chloride ions are present and used in indirect oxidation to generate hypochlorite species by chemical 

reaction between chlorine gas generated from chloride ions and water [17]. In addition, many research 

papers have mentioned the activity of chlorine to degrade by indirect oxidation many contaminants such 

as dyes and complex organic materials [19]. Moreover, the addition of chloride ions leads to an increase 

in conductivity, thus reducing energy consumption during oxidation and increasing current efficiency 

[20]. 

In the present work, the organic Content as COD in wastewater produced from Al-Dewaniya petroleum 

refinery plant was reduced via indirect anodic oxidation process using a batch tubular electrochemical 

reactor consisted of concentric electrodes made from graphite where the impact of various variables 

including pH, current density, and addition of NaCl on the COD removal efficiency was investigated. 

The configuration of concentric electrodes used in the present work gives better distribution of current 

and potential along the two electrodes. 
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2. Experimental work 

Twenty liters of wastewater generated from Al-Muthana petroleum refinery were taken from the 

reservoir prior to the biological unit in this plant and kept at temperature of 4 ºC until use.  Table 1 

displays the properties of this wastewater.  

 

Table 1. Properties of Al-Muthana  petroleum wastewater 

Parameter 
COD 

(ppm) 

Conductivity 

(µS/cm) 
pH 

Turbidity 

NTU 

T.D.S 

(ppm) 

Cl-

(ppm) 

SO4
-2 

(ppm) 

Value 800 3320 7.8 5.9 1325 456 534 

 

A batch tubular electrochemical oxidation cell composed from a one-liter Pyrex beaker in which hollow 

cylinder graphite cathode with dimensions (80 mm inside diameter, 100 mm outside diameter, and 100 

mm length) was inserted. A cover made of Perspex with dimensions (130 mm outside diameter and a 

thickness of 10 mm) was put on the beaker and has a central hole to fix the anode which is graphite rode 

with dimensions as 18mm in diameter and 90 mm in length. Also, it has two holes to insert probes of 

pH and conductivity -meters. The gap between electrodes was fixed at 30 mm. Glavanostaic operation 

at constant current was used in which the current was supplied via a digital power supply, Type 

(UTP3315TFL-II, China). Firstly, 790 ml of wastewater was put into the beaker and then stirred at a 

speed of 100 rpm via a magnetic hotplate stirrer for a period of time (ten minutes) then its pH was 

regulated utilizing (1M) HCl or(1M) NaOH for the value according to run condition and finally cathode 

was inserted and the cover was assembled with beaker. All experiments were performed at 25 ºC (room 

temperature). Fig.1 displays the configuration of the electrooxidation system.  

 
Fig. (1) The electrochemical apparatus 

 

For detecting the pH of solution, a digital pH meter type- PH211, HNNA Instrument Inc, Romania was 

used while for measuring the TDS and conductivity of the solution performed using model COM-
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100/HM digital meter, (Korea) was used. Every 10 min of treatment, samples were taken to analyze their 

COD value using thermos-reactor type-RD-125, Lovibond combined with spectrophotometer type-MD-

200, Lovibond. Measuring the COD were achieved triply for each run and the average value was 

considered in this study. 

The measurement of COD removal efficiency (RE%) was performed by Equation (1), [21]: 

𝑅𝐸% =
𝐶𝑖−𝐶𝑓

𝐶𝑖
× 100  (1)                        

To estimate the required energy consumption (EC) in unit (kWh/kg COD), Equation 2 was used [21]: 

𝐸𝐶 =
𝑈.𝐼.𝑡 ×1000

(𝐶𝑂𝐷𝑖−𝐶𝑂𝐷𝑓) 𝑉
  (2) 

                           

3. Results and discussion 

3.1 Effect of current density 

The decay of COD versus time for various values of current densities is displayed in Figure 2 using 

effluent with 1g/L NaCl and initial pH of 6. It was evident that an increase in the current density results 

in a decrease in the final COD value of wastewater. It has been cleared that the decomposition efficiency 

proceeds progressively like an almost exponential profile over time as the anodic oxidation proceeds. 

This demeanor can be explained as a gradual decrease in the concentration of organic pollutants during 

electrolysis coming from the generation of a high concentration of ClO- which brings the oxidation 

process under the control of mass transfer in the bulk solution, in addition to a slight increase in the 

decomposition efficiency occurred at the final stage of oxidation due to the happen secondary reactions 

such as O2 generation [22]. Similar exponential decay of COD was recognized by Souza and Ruotolo 

[13] in the treatment of petroleum refinery wastewater using BDD anode confirming the degradation 

process was under mass transfer process. The best current density in their work was 50mA/cm2 which 

is higher than the value used in the present work because the high oxygen overvoltage of BDD in 

comparison with graphite.  Santos et al. [25] found an exponential decay of COD but at low current 

density (10mA/cm2) in case of using Ti/RuO2 anode which has a lower oxygen overvoltage in 

comparison with BDD. Yun-Hai et al. [24] confirmed the exponential decay of COD in the treatment of 

oilefied produced wastewate using sno2 anode.  However, using graphite in present work has the 

economic advantage as a good replacement of the expensive BDD. 

Table 2 displays the COD removal efficiency at various current densities where a good COD removal 

of 84.25% was achieved at a current density of 8 mAcm-2 and electrolysis time of 120 min. No substantial 

increasing in COD removal higher than 8 mAcm-2 was observed. Besides, increasing the current density 

results of course in increasing the consumption of electricity energy. Utilizing higher current densities 

(>8mAcm-2) lead  an increase in the power consumption to be greater than 32.3Kwh/Kg COD. Therefore, 

selecting 8mAcm-2 is preferred for further study. The same trends regarding energy consumption were 

confirmed by previous works [13, 21- 25]. 
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Fig. (2) The influence of current density on COD removal at pH=6, 1g/L NaCl, 25◦C. 

 

Table 2. The influence of current density on COD removal 

Current density (mA/cm2) RE% EC (kWh/kg COD) 

4 75 10.5 

8 84.25 32.3 

12 86.25 44.6 

 

3.2 Effect of pH 

Figure 6 shows the decay of COD over time at various pH using the effluent with 1 g/L NaCl and 

operating at a current density of 8 mA-2. The results show that starting with a lower initial pH can lead 

to a higher removal efficiency with a lower final value of COD. This behavior was clearly observed in 

Table 3 where a significant effect of pH was observed on COD removal. The maximum value of COD 

removal efficiency occurred when the pH value was equal to or less than 6. A similar trend was 

confirmed by Fil et al [26] in their work for treating wastewater from pistachio processing industry via 

indirect anodic oxidation utilizing a graphite anode where obtaining higher removal efficiency for COD 

occurred only in acidic solution in the presence of NaCl. Ibrahim et al. [23] demonstrated that neutral 

conditions lead to higher removal of COD compared to alkaline media. This behavior can be elucidated 

by the fact that the presence of chlorine ions in the oxidation process can lead to formation of 

hypochlorous as a stronger oxidizing agent in the acidic solution compared to the hypochlorite that is 

generated in the basic solution, hence anodic oxidation in general results in a better removal of COD in 

acidic or neutral conditions than in basic conditions. Previous studies confirmed that active chlorine 

exists as hypochlorite under alkaline conditions, which is a less powerful oxidizing agent against organic 

species compared to hypochlorous acid, which is the main species present at pH close to 3 [21,26,27]. 
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However, to safely discharge the effluent, it is recommended to use a pH value close to neutral conditions 

and then a pH of 6 was considered for further study. 

 
Fig. (3) The influence of pH on COD removal at 8 mAcm-2, 1g/L NaCl, and 25◦C. 

 

Table 3. The influence of pH on COD removal 

 

 

 

 

 

 

3.3 Effect of NaCl addition 

The decay of COD verses time at different NaCl concentrations utilizing wastewater at a pH value of 6 

and supplying a current density of 8 mA cm-2 is shown in Fig. 4. The results showed that increasing the 

addition of NaCl results in a decrease in the COD of the post-treatment wastewater. Table 4 also confirms 

this behavior. It was observed that increasing the NaCl concentration from 0 to 2 g/L leads to an increase 

in the removal efficiency of COD from 77.5 to 86.375% at the end of 120 minutes. 

This result proved the ability of chlorine ions originally present in the wastewater to oxidize pollutants 

even at low concentrations. Besides energy consumption was slightly reduced as the concentration of 

NaCl goes beyond 1 g/L. Additionally using higher concentration of NaCl can lead to the generation of 

chlorinated organic compounds that are difficult to destroy by indirect anodic oxidation as observed in 

previous works [28].  

pH RE% EC (kWh/kg COD) 

9 78.75 40.5 

6 84.25 32.3 

3 86.875 30 
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Fig. (4) The influence of NaCl addition on COD removal at 8mAcm-2, pH=6, and 25◦C. 

 

Similar trends have been documented via Britto-Costa and Ruotolo [28] in their work for oxidation of 

phenol using a DSA or BDD electrode where the addition of NaCl increased COD. Souza and Rotolo 

[13] investigated the anodic oxidation of oil refinery wastewater using a BDD anode and discovered that 

the addition of 450 mg-1 NaCl led to a high removal of COD compared to without adding NaCl. Another 

study was conducted by Ibrahim et al. [23] for anodic oxidation treatment of effluents in oil refineries 

where the increase in NaCl concentration led to a better reduction in COD using a titanium anode. Nasser 

et al. [10] confirmed a similar trend in oil refinery wastewater treatment by anodic oxidation using a 

tubular electrochemical reactor with a spiral design of anode operating in a batch recycling system. 

 

Table 4. The influence of NaCl addition on COD removal 

NaCl addition ((g/L) RE% EC (kWh/kg COD) 

0 77.5 39.8 

1.0 84.25 32.3 

2.0 86.375 29.6 

 

4. Conclusions 

The application of indirect anodic oxidation using graphite electrodes as a cheap material has been found 

to be an effective and environmentally friendly approach in treating effluent discharged from the Iraqi 

petroleum refining plant. An increase in efficiency of COD removal was observed with an increase in 

current density or NaCl addition. Whereas using any initial pH more than 7 results in decreasing the 

efficiency of COD removal. Current density has the greatest effect on COD removal efficiency compared 

to other variables. It is not preferable to increase the concentration of NaCl above 1 g/L because the TDS 

value exceeded the standard limits as observed experimentally. The best removal efficiency of 84.25% 

was achieved with a minimum energy consumption of 32.3 kWh/kg COD when operating at a current 

density of 8 mA cm-2 for an electrolysis time of 120 min after adjusting the pH of the wastewater to 6 

and adding NaCl at a concentration of 1 g/L. Starting with a pH of 6 leads to an increase in the pH at the 
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end of treatment to 6.8 as observed experimentally which is closer to the neutral value and thus safely 

discharging the post-treatment effluent into the environment 

 

5. Abbreviations and acronyms 

 

Symbol Definition unit 

COD Chemical Oxygen Demand mg L-1  

BOD Biological oxygen demand mg L-1  

TDS Total dissolved solid mg L-1  

API American petroleum institute  

 RE Removal efficiency  

Ci Initial concentration mg/l 

Cf Final concentration mg/l 

EC Specific energy consumption kWh/kg 

U cell voltage volt 

I Current Ampere 

T Electrolysis time h 

CODi initial chemical oxygen demand mg/l 

CODf final chemical oxygen demand mg/l 

V volume of the effluent L 

BBO Boron Doped Diamond - 

DSA Dimensional Stable Anode - 
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