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Abstract.  The treatment of saline produced water poses significates due to the to the presence of highly dissolved salts and other contaminates. In this work, the efficacy of using electrocoagulation -assisted adsorption process for remediation of salty water. The process involves applying electrochemical procedure to induce coagulation and flotation of pollutants, followed by adsorption onto selected adsorbent material.  A series of experiments were conducted using saline wastewater obtained from Siba Gas Field – Basra/Iraq at salt concentration up to 100 ppt to assess the removal efficiency of the salt content, TDS, and its effect on the pH, and ORP of the treated water. Our results indicate that the electrocoagulation process alone was not effective in handling high saline water, showing no significant removal percentage of salt contents in the treated produced water, with removal efficiency not exceeding 5% under optimal conditions. On the other hand, applying electrocoagulation-assisted adsorption technique led to an increase in salt removal percentage in the treated saline water with a removal efficiency of up to 56%. Using other combined novel techniques such as Ultrasonic have also shown higher removal efficiency of 80%. Comparative analysis with other treatment methods highlights the advantages of these integrated procedures in terms of efficiency, cost-effectiveness, and environmental sustainability. This study contributes to the development of techniques for treating salty water and provides valuable insights to address the challenges of water scarcity in saline environments, however, further clarifying research is needed to get clear picture of the results.
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INTRODUCTION 
In the sector of oil and gas, the term "produced water" refers to the water that comes with oil during extraction. This water signifies a substantial portion of the wastewater produced by these industries, amounting to over 100 billion barrels annually worldwide. The United States alone accounts for more than 20 billion barrels of this total. Produced water ascends from two primary processes within the oil and gas sector. Initially, during extraction, a mixture of water and oil is obtained, often sourced from the seawater surrounding the oil well. Secondly, the water injected into the oilfield to facilitate the extraction of deep oil eventually becomes part of the produced water or wastewater. Depending on its source, produced water can be categorized as emanating from natural gas, or oilfield origins. Subsurface formations typically contain a combination of water, oil, and gas prior to any human intervention. It is believed that before the oil entrapped within these formations arrived, the rocks were saturated predominantly with water. This water may originate from above, below, or within the hydrocarbon reservoir, or as a result of injected fluids and additives from production activities. Before the inauguration of reservoir production and the subsequent extraction of fluids to the surface, the water found within the reservoir is termed formation water. Therefore, any water present in the hydrocarbon reservoir that is brought to the surface alongside crude oil or natural gas is commonly referred to as produced water [1-5].

Releasing untreated oily wastewater into bodies of water can result in vital negative impacts on the environment and public health. This includes contaminating water sources, harming aquatic ecosystems, compromising the quality and availability of water resources, affecting agricultural areas and nature, as well as contributing to oxygen depletion through the proliferation of algal blooms drove by excessive oil components like aromatic and phenol compounds. Thus, it is crucial to properly treat produced water prior to its release to mitigate potential environmental risks. In addition, addressing wastewater issues becomes a crucial environmental issue worldwide. This arises from the increasing attention on the problem and the reduce availability of freshwater due to decreasing rainfall in many regions. Nevertheless, treating saline wastewater encounters challenges in selecting suitable treatment methods, Consequently, a range of traditional treatment techniques a utilized to tackle these challenges, such as coagulation/flocculation, electrocoagulation, adsorption, reverse osmosis, aerobic & anaerobic biological processes, and membrane filtration. Although these approaches successfully eliminate pollutants, they exhibit limitations, particularly related to reduce salt levels. Hence, there is a necessity to discover a cost-effective, eco- friendly, and highly efficient approach for salt removal [6-8].

Electrocoagulation (EC) is a new technique adopted for water desalination. In this process, an electric current is utilized to unsettle suspended impurities and dissolved substances in water. The essential components of an EC reactor include an electrolytic cell, along with an anode and a cathode setup. The electrodes often made of metal plates, operate as sacrificial electrodes. These electrodes can consist of the same or different materials, such as iron (Fe) and/or aluminum (Al). By employing a straightforward approach, the EC method generates minimal sludge while effectively extracting pollutants from wastewater. This method is known for its safety, case of control, and environmental compatibility, as well as its automation potential. During the EC process, iron dissolves from the electrodes, serving as a coagulant and releasing hydrogen gas at the cathode. However, using EC alone may not meet the required quality standards for treated wastewater, especially when dealing with heavily polluted water. Therefore, combining EC with pre-or post-treatment methods can significantly improve pollutant removal efficiency and address practical limitations. Combining EC with other treatment methods has been shown to enhance pollutant removal by up to 20% compared to using EC alone. This integrated approach can transform contaminated wastewater into clean water suitable for reuse. One such complementary method is the adsorption technique [9-26].

Adsorption presents an appealing method for wastewater treatment, thanks to the advantages of utilizing cost-effective and eco-friendly adsorbents. The adsorption process's efficiency depends on the adsorbent material used, which should present a high affinity towards the target pollutants to treat the wastewater effectively. Different materials can be used as adsorbents: activated carbons, zeolites, clay materials, industrial by-products, agricultural waste, biomass, and polymeric materials. Activated carbons stand out as the most commonly used adsorbents in wastewater treatment due to their large surface area and well-developed pore structure. However, their high cost limits their usage. As a result, researchers are exploring alternative, low-cost adsorbents such as clays. Clay-based treatment products, specifically kaolinite clay modified with various polymers and chemicals, offer a cost-effective solution. Thus, clays are sources of materials used for producing low-cost adsorbents. Clays are a particularly interesting material due to their large surface area, raging up to 800 m²/g. Clay minerals are proficient in treating oil, frequently employed in treating water with heavy color and low turbidity. In addition to their ability to promote settling, clays are effective at adsorbing organic compounds. Furthermore, adding clay to low-turbidity water enhances opportunities for particle collisions, leading to the rapid formation of settleable floc. The resulting floc comprises a mixture of encapsulated contaminants and clay solids bound by Van der Waals and electrostatic forces. Contaminants are encapsulated within a clay barrier, rendering them nonreactive to external leaching. A key focus for environmental engineers today is reducing the costs of coagulants and flocculants while improving the characteristics of the produced sludge for safe utilization [27-33].

The study aimed to assess the effectiveness and practicality of employing the EC-adsorption technique for treating produced water in order to ensure that the levels of salt, TDS and turbidity are reduced to meet acceptable standards. 

METHODOLOGY
Materials

Three different types of clays were used; Ca-Bentonite, Na-Bentonite and Kaolin with particles size of 250µm, 150µm and 50µm respectively, these clays were obtained from the local market. Kaolinite clays are characterized by excellent adsorption capabilities for cationic pollutants and in some cases anionic components from wastewater. So, in this study we attempted to use Iraqi clays to treat the oily wastewater. Siba gas field-Basra Government, Iraq, provided the salty produced water samples. Table 1 summarizes the features of saline water.
Table 1. Produce water samples characteristics.

	Waste Water Type
	Characteristics

	
	Water color
	Turbidity/ NTU
	Salt content/ ppt
	pH
	TDS/ ppt
	ORP/

mV
	Oil content/ ppm
	TSS/ ppt

	Produced

water
	Yellow
	157
	>100
	6.8
	165
	23.6
	520
	260


Experimental Setup of EC

Detail description of the EC experimental system can be found elsewhere. The experimental setup for the EC method used in the current analysis is illustrated in Fig. 1. The treatment of salty water was carried out in a batch reactor (Pyrex glass beaker) with fixed active volume of 1000 ml. For each run, the treatment volume was 900 ml with two horizontally situated electrodes dipped in the solution. Both electrodes were made of flat aluminum plates. The measurement of all circular electrodes was (95mm×2mm-1mm thickness, and operative area for coagulation was 235 cm². 100 cm² is the surface area of each electrode. The distances between the electrodes are maintained using Styrofoam where a 15 mm distance is maintained from the bottom of the beaker to the bottom end of the electrodes to allow the stirrer magnet to spin freely. The experiment was equipped with a magnetic stirrer ((BOECO MSH-300N, 50-1250RPM)) in order to keep the electrolyte well mixed. The electrodes were connected to a commercial DC power supply (220V AC input voltage and 0-16V output voltage). Salt content, TDS, conductivity, ORP, pH and temperature were determined using Hanna Multimeter (model HI-9828)- Multi-sensor probes. Commercially available ultrasonic bath (Silver Crest- 46kHz, 50W) was also used. The electrodes were submerged in salt water after being collected. The negative and positive terminals of the DC power supply are attached to the anode and cathode groups. When an electric current was passing through the electrodes, anode and cathode reactions occurred on the surface of the inner electrodes. During each run, the voltage was set to 1-4 V, and the influence of current was determined between 0.2 A and 1.5 A for 100 minutes. Turbidity was determined by using Microprocessor Turbidity Meter (Model H193703- HANNA instruments) where samples of the liquid were taken periodically and analyzed using standard procedure. In each experiment, a fresh sample of the produced water placed in the reactor. The EC-adsorption combined process proceeds under several varied conditions and factors. These factors were chosen based on preliminary experiments and previous literature. Some variables were kept constant throughout the experiments, like the distance between the electrodes (10 mm), electrode arrangement (2 monopolar electrodes), and electrode material (Al). During the treatment, the samples were taken using a pipette from the reactor bottom, stored in a graduated cylinder, and allowed to settle for 1 hour. Before and after the treatment process, several quality parameters were examined to indicate the removal efficiency and turbidity in the treated wastewater samples. Finally, the adsorption process is carried out in batch mode to study the removal of salt and several pollutants.
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Figure 1. EC experimental setup.
Combined Electrocoagulation and Adsorption Processes 

The EC and adsorption (AD) processes have shown great potential for treating several wastewaters. Both processes have merits and complications when applied individually to remove target pollutants. Therefore, any process resulting from the combination of the two technologies should be able to take advantage of their potential while mitigating their weak points. The combination of the EC and AD processes can be used to amplify the advantages that each process presents in treating wastewaters. As a first step, the EC process reduces the pollutant loading and the suspended solids concentration, which can benefit the AD process by delaying the adsorbent saturation and preventing clogging. Additionally, each adsorption/regeneration cycle could result in the adsorbent losing some of its capacity; as a result, delaying adsorbent saturation helps to increase its useful life. Alternatively, the application of the AD process as a post-treatment step results in a reduction in energy consumption by decreasing the removal requirements of the EC part of the integrated process and consequently reducing the voltage/current necessary to carry out the process. This combined process characteristic can be especially important when the effluent contains different pollutants. Moreover, removing the different pollutants can have different efficiency in each process. Therefore, combining both processes will result in a good overall removal performance.
RESULTS AND DISCUSSION
Figure 2 illustrates the results of EC experiments aimed at enhancing parameters affecting brackish water. It presents a line graph showing the relationship between time and turbidity. The graph shows a clear downward trend in turbidity over time, indicating a decrease in suspended particles in water as the EC process progresses. Initially, turbidity levels are high at 150 NTU, gradually decreasing to 1 NTU after 120 min. This trend aligns with the expected outcome of EC treatment, where the process effectively removes particles from water. The noticeable trend supports previous our research findings on the effectiveness of EC in reducing turbidity in oily wastewater, indicating agreement with established knowledge in this field. Furthermore, the gradual decrease in turbidity over time suggests the potential for enhancing EC standards to improve treatment efficiency and water quality, highlighting the possibilities for future research and application in water treatment processes.
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Figure 2. EC/Adsorption comparison study of PW turbidity removal.

In addition, the impact of adsorption of Ferrite Nanoparticles (FNP) of Mg0.6Cu0.4Fe2O4 on the EC process of saline water has been studied. The experiment involves adding these nanoparticles to the solution and studying their effect on various water quality parameters, including turbidity, total dissolved solids (TDS), salt content, acidity (pH), and oxidation reduction potential (ORP). However, for the purpose of presentation, only turbidity data will be discussed. Figure 2 illustrates that turbidity measurements were recorded at different time intervals during the EC treatment process with the addition of FNP. The data reveal a continuous decrease in turbidity over time, indicating the effectiveness of the EC process with the ferrite nanoparticles in removing suspended particles from water. The data indicate the nanoparticles' ability to reduce turbidity, with a significant decrease from 135 NTU at the beginning of the experiment to less than 1 NTU after 100 minutes. When comparing the results of EC treatment alone with those when FNP were added, several significant differences are apparent. In the EC + FNP system, there is a faster reduction in turbidity compared to EC treatment alone. Specifically, at the initial time point of 5 minutes, turbidity in the EC+ FNP nanoparticle system is lower (100 NTU) compared to EC treatment alone (110 NTU). This trend continues throughout the experiment, with turbidity decreasing more rapidly in the presence of FNP. Additionally, the final turbidity value after 100 minutes of treatment is aproximatly reaching the same level of (1 NTU). These results indicate that adding FNP enhances the efficiency of the EC process in reducing turbidity at the start of the process (20-60 min), likely due to the nanoparticles' absorption capacity and potential synergistic effects with the EC process.
After allowing the samples to stabilize for 24 hours, additional tests were conducted, as shown in Figure 3, to assess the impact of EC treatment alone and EC treatment with the addition of 0.005 grams of FNP on various water quality parameters (ie. Conductivity, NTU, TDS, Salt, pH, and ORP). The conductivity of the untreated water produced was recorded at 118.6 mS/cm. After EC treatment alone, the conductivity decreased slightly to 113 mS/cm, indicating a decrease in solute ion concentration. However, when FNP were introduced during EC treatment, the conductivity increased to 125 mS/cm, indicating a potential interaction between NFP and ions in the water. The ORP of the untreated produced water was 13.6 mV, which increased to 24 mV after EC treatment alone, indicating an increase in oxidation potential. However, when FNP were used simultaneously with EC treatment, ORP decreased slightly to 14.3 mV. The pH of the untreated produced water was 6.8, which remained relatively unchanged after EC treatment alone (6.6) but returned to its original value after EC treatment using FNP (6.8). Additionally, the salt content in the untreated produced water was 100 ppt, which decreased to 98 ppt after EC treatment alone, and also decreased to 96 ppm after EC treatment with FNP. These results indicate that while EC treatment alone effectively reduces conductivity, increases ORP, and reduces salt content, the addition of FNP may alter these parameters, which could affect the overall treatment effectiveness and water quality. Further investigations are justified to fully understand the underlying mechanisms behind these observations and improve the EC treatment process with the assistance of nanoparticles.
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Figure 3. Comparison results for treating PW with EC and NP obtained at T=23°C.
The limited decrease in salt content observed with EC treatment using FNP can stem from various factors. These include the inactive interaction between the nanoparticles and salts, instability or poor dispersion of the nanoparticles in water, and the potential selectivity of the nanoparticles towards other contaminants over salts. Improving process parameters such as nanoparticle dosage and treatment time can enhance salt removal efficiency. Given these constraints, integrating additional methods like adsorption using natural clay materials can complement the standard salt removal treatment. Natural clay possesses a high surface area and absorption capacity, enabling effective removal of dissolved ions from water through various mechanisms. By combining EC treatment and clay adsorption, synergistic effects can be achieved, leading to enhanced salt removal efficiency and the development of more comprehensive water treatment strategies tailored to specific pollutants and quality objectives.
In the following set of experiments, three different types of clay: Na-Bentonite (NaB), Ca-Bentonite (CaB), and Kaolin (KA) were used to treat highly saline produced water. The results are presented in Figure 4. Each type of clay, weighing 5 grams, was added to a constant volume of 200 mL of PW, followed by mixing for 30 min. and allowing 24 hours for settling. Subsequently, various water quality criteria were tested. For the first sample, consisting of NaB, conductivity was recorded at 63.7 mS/cm, TDS at 31.8, Salt at 43.2 ppt, ORP at 7.1 mV, and pH at 7.1. In the second sample, using CaB, conductivity was 64.3 mS/cm, TDS was 32 ppt, Salt was 43.6 ppt, ORP was 3.4 mV, and pH was 7.3. Finally, in the third sample containing KA, conductivity was 79.4 mS/cm, TDS was 39.7 ppt, Salt was 55.6 ppt, ORP was 1.9 mV, and pH was 7.5. These results highlight differences in water quality standards based on the type of clay used, indicating variations in their effectiveness in treating highly saline produced water.
When delving into the comparative analysis of EC-FNP alongside other treatment methods, a clear picture emerges of the enhanced efficacy of the treatment provided by this integrated procedure. By integrating the benefits of EC-FNP and ferrite nanoparticles, EC-FNP achieves a synergy that significantly enhances treatment efficiency. EC aids in analyzing and removing pollutants by forming clotting types, while FNP provides complementary mechanisms for pollutant absorption and catalytic degradation. This cooperative strategy ensures a more comprehensive and impactful removal of pollutants, surpassing the capabilities of traditional methods. In the realm of advanced treatment procedures, some solutions may promise heightened efficiency but often at a steep price involving equipment expenses, energy usage, and upkeep costs. Conversely, EC-FNP capitalizes on the simplicity and cost-efficiency of EC, a process that demands minimal energy consumption and equipment sophistication. Moreover, the production of FNP can be achieved using inexpensive materials and scalable methods, further bolstering the overall cost-effectiveness of the amalgamated procedure. Consequently, EC-FNP emerges as an economically viable water treatment solution that remains formidable in its efficiency.
Traditional treatment strategies often require the use of chemical additives or result in the generation of large quantities of sludge, thus raising red environmental flags related to chemical pollution and waste management. EC-FNP presents itself as a more environmentally sustainable option by reducing reliance on chemicals and minimizing sludge production. EC works by creating different types of coagulants through electrochemical processes, eliminating the need for chemical supplements. Moreover, the allocation of FNP to target specific pollutants allows for selective removal without generating excess waste. This integrated approach supports environmental sustainability by reducing resource consumption and lessening the environmental impact of water treatment protocols.
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Figure 4. Comparison results for treating PW with Clays obtained at T=23°C.
Thus, these results indicate variations in effectiveness among the different types of clay: NaB, CaB, and KA in treating highly saline produced water. NaB and CaB showed superior performance compared to KA, as evidenced by lower conductivity, TDS, and salinity values, indicating more efficient removal of soluble ions from water. Additionally, NaB exhibited the lowest value for ORP among the three types of clay. Despite performance differences, all three types of clay led to nearly neutral pH values, indicating minimal impact on water acidity or alkalinity. These results suggest that NaB and CaB may be more suitable options for treating highly saline produced water, emphasizing the importance of further analysis and comparison to determine the most effective type of clay for achieving optimal efficiency in water treatment. In short, the efficiency of salt removal using NaB at a rate of 56.8% can be calculated based on the provided data. This removal efficiency indicates a significant decrease in salt content resulting from NaB treatment. The salt removal mechanism involves several processes. Firstly, the high surface area of NaB and negatively charged surfaces facilitate the absorption of positively charged ions from water, including sodium ions (Na) and chloride (Cl) ions. Secondly, ion exchange occurs, where exchangeable ions on the clay surface are replaced by ions present in the water, effectively reducing salt concentration. Lastly, the flocculation and sedimentation properties of NaB enhance the aggregation of suspended particles and colloids, aiding in salt removal from water. These combined processes contribute to efficient salt removal from produced water using NaB as a treatment agent.
FUTURE WORK

For future work, it is essential to improve parameters such as clay dosage, mixing and settling times, and nanoparticle concentration to enhance treatment efficiency and understanding the fundamental mechanisms of salt removal. A comprehensive description of nanoparticles is necessary to understand their physical and chemical properties and interactions with pollutants in water. Studying the synergistic effects of clay-nanoparticle composites and other treatment methods can provide insight into improving treatment effectiveness. Long-term stability and performance assessments, along with field studies, are crucial to verify the validity of treatment methods under real-world conditions. Furthermore, evaluating the environmental impacts and sustainability aspects of clay and nanoparticle-based treatments is vital to ensure safe arid environmentally friendly water treatment practices. By addressing these areas, future research can enhance the development of effective, scalable, and environmentally sustainable solutions for managing salinity and improving water quality in various applications.
CONCLUSIONS
The research sheds light on the possibility of using clay and nanoscale particle-based remedies to reduce salinity and improve water quality in produced water. It outlines the improvement of treatment standards and mechanistic studies of effectiveness and the fundamental processes involved in salt removal. Furthermore, exploring the synergies between different treatment methods, assessing long-term stability, and environmental impacts are crucial steps towards practical implementation. Ultimately, this research paves the way for developing effective, scalable, and environmentally sustainable solutions to address the challenges of salinity in water treatment, with implications for various industrial and environmental applications.
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