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ABSTRACT 
Produced Water Pretreatment Prior to Filtration with Forward Osmosis and 

Membrane Distillation Integrated System 

Abdullah Alqulayti 

The simultaneous treatment of different produced water streams with the forward osmosis-

membrane distillation hybrid system (FO-MD) has been suggested recently. This work 

investigates the need for pretreatment of produced water prior to filtration with FO-MD in order 

to reduce the level of fouling and scaling in the system. The desalter effluent (DE) stream was 

selected as FO feed solution, and the water oil separator (WO) stream was used as FO draw 

solution/MD feed solution, and a significant flux decline was observed in FO and MD within the 

first 5 hours of operations. SEM and EDX analysis indicated that the formation of scale layer on 

both membranes was the main reason for the sharp flux decline. Silica was the major contributor 

to the scaling of the support layer of the FO membrane. While the scaling layer on MD membrane 

consisted mainly of CaSO4 crystals with some deposition of Silica. Therefore, electrocoagulation 

(EC) was selected for the pretreatment of produced water to target the removal of Ca, SiO2 and 

SO4 ions in order to reduce the likelihood of inorganic fouling in FO-MD. The different 

parameters of EC, namely, the current density, electrolysis time, and initial pH were tested at a 

wide range of values of 7-70 mA/cm2, 10-60 minutes, 5-9, respectively. calcium and sulfate ions 

were not effectively removed at the relatively high applied current density of 70 mA/cm2, while 

high removal of silica was achieved even at low applied current densities. The optimum 

conditions of EC for silica removal were found to be 7 mA/cm2 for the current density and 10 

minutes for the electrolysis time which resulted in a 97% removal of silica. it was found that due 

to pretreatment, the average FO and MD fluxes increased by 49% (9.93 LMH) and 39% (8.55 

LMH), respectively. Therefore, even though EC did not show promising results in terms of the 

removal of calcium and sulfate, efficient silica removal was achieved with minimum energy 
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requirements which suggests that it could have a potential to be integrated with the FO-MD 

hybrid system for the treatment and reclamation of produced water.  
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Chapter 1 

Introduction 

1.1 Overview 

The importance of oil and gas as energy sources is well established. The extraction of oil 

and gas is associated with the generation of an aqueous waste stream known as produced 

water (PW). It is estimated that the extraction of one barrel of oil is associated with the 

production of four barrels of produced water and this ratio increases with the ageing of 

wells [1].  The composition of produced water can be very complex as it can contain high 

amounts of dissolved solids, dispersed oil and different organic and inorganic 

contaminants [2]. Therefore, the direct discharge of produced water can have severe 

impacts on the environment which necessitates its partial treatment prior to discharging 

[3]. On the other hand, due to the lack of freshwater resources especially in a country like 

Saudi Arabia, the focus has been recently towards finding efficient treatment 

technologies that enable the recycle and reuse of produced water which can reduce the 

stress on the already exhausted water resources.  

Produced water contains different contaminants with varying concentrations; therefore, 

numerous treatment technologies have been proposed for its treatment. Conventional 

methods for produced water treatment such as sand filters, cyclones, dissolved gas 

flotation and biological treatment are not capable of providing advanced treatment of 

produced water that meets standers for reinjection or reuse [4]. Also, conventional 

membrane-based treatment technologies have their limitations in terms of produced water 
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treatment. For instance, RO is not suitable for the treatment of produced water since the 

salinity of some produced water streams exceed the salinity limit of RO [2]. Also, the 

presence of oil and other organic contaminants necessitates the extensive pretreatment of 

produced water prior to RO which makes it economically not a viable option for 

produced water treatment. Hence, there is a need for advanced treatment technologies 

that can provide efficient treatment of produced water.   

Forward osmosis (FO) is an emerging membrane-based technology which has a potential 

for produced water treatment. FO utilizes osmotic pressure difference for water 

production. A semi-permeable membrane separates the feed solution which has low 

osmotic potential from the draw solution which has high osmotic potential. Osmotic 

pressure is a natural phenomenon which gives FO an advantage in terms of energy 

efficiency over other membrane-based technologies such as RO that depends on applied 

hydraulic pressure [5]. The low fouling tendency and fouling reversibility of FO makes it 

suitable for the treatment of complex solutions such as produced water [6]. The main 

drawback of FO is the need for the regeneration of the draw solution in order to maintain 

the driving force of the system.  

Membrane distillation (MD) is another emerging water treatment technology which is 

suitable for produced water treatment. MD utilizes the vapor pressure gradient between 

two streams to physically separate water vapor from the feed solution [7]. A hydrophobic 

membrane is used to separate two streams that have different vapor pressures in order to 

achieve vapor transport across the membrane [7]. One of the main advantages of MD is 

its ability to treat high salinity solutions such as produced water which were difficult to 
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treat with conventional membrane-based systems [8]. Additionally, MD operates at 

relatively lower temperatures compared to conventional thermal desalination methods 

which makes it possible for MD to utilize the low grade-heat associated with produced 

water [9].  

Hybrid systems that involve the integration of more than one water treatment technology 

can be utilized to achieve advanced produced water treatment. Recently, FO-MD hybrid 

system have been proposed by several studies for the treatment of produced water due to 

the several advantages this system could provide [10][11]. In FO, the constant 

concentration of the feed solution results in the dilution of the draw solution which leads 

to the reduction in the driving force of the system. MD if integrated with FO, can help to 

avoid this issue [12]. The diluted FO draw solution can be used as a feed solution for 

MD, and the water production from MD will allow the re-concentration of the draw 

solution [12]. FO-MD hybrid system combines the benefits of both systems and can be 

efficient in treating different streams with varying complexities simultaneously while 

providing high quality permeate. 

MD and FO are susceptible to fouling and scaling like any other membrane filtration 

systems. Mass transfer across the membrane causes the attachment of the rejected 

particles on the surface and within the pores of the membrane leading to the increased 

resistance to water transport [13]. Fouling in MD and FO can potentially be in the form 

of inorganic fouling, colloidal fouling/scaling and biofouling. Produced water contains 

high concentrations of dissolved solids, dispersed oil and different organic and inorganic 

contaminants which increases the likelihood of fouling and scaling [2]. Therefore, 
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pretreatment of produced water that targets the removal of the major contaminants which 

contributes to fouling and scaling could enhance the performance of both FO and MD 

when treating produced water.   

Electrocoagulation (EC) can be utilized for the pretreatment of produced water. EC is an 

electrochemical process that utilizes sacrificial electrodes in order to supply coagulating 

species into the solution. Recently, EC has been widely used for the treatment of 

produced water due to the several advantages this system could provide which include 

limited sludge production, low operating cost, the ability to work under wide pH range 

and more importantly its ability of removing oil from produced water [14]. Many studies 

investigated the treatment of produced water by using electrocoagulation; however, the 

focus of the majority of those papers was toward investigating the performance of EC in 

removing oil and organic contaminants from produced water, and only a limited number 

of papers focused on the efficiency of EC in removing inorganic components of produced 

water.  

1.2 Research objectives 

The objectives of this work are 

• Investigate fouling and scaling of FO-MD integrated system when treating produced 

water. 

• Evaluate the performance of electrocoagulation in removing inorganic components from 

produced water. 
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Chapter 2 

Literature Review 

2.1 Produced water 

Produced water is a by-product of oil and gas extractions [4]. Produced water can be 

generated from different sources which include the flow from geological formations 

surrounding the hydrocarbon zone, water available within the hydrocarbon zone, and the 

water injected into the fields during the production of oil and gas [4]. It is estimated that 

approximately 950 million liters of produced water are generated globally every year 

because on average, the extraction of one liter of oil is accompanied with the production 

of four liters of produced water [1]. The ratio between the amount of produced water 

generated and the amount of extracted oil increase as the age of the well increases [15]. 

For fields that are nearly depleted, the amount of produced water generated form the well 

can reach 98% of the total production [16]. Large production of water is considered the 

main reason for abandoning oil fields even if they still contain extractable hydrocarbons 

[17].  

2.1.1 Characteristics of Produced Water 

Produced water is a complex solution with a variety of organic and inorganic materials. 

The age of the reservoir, the type of extracted hydrocarbon, the geological formation of 

the field and the location of the field are all factors that influence the physical and 

chemical composition of produced water [18]. Thus, depending on the source, the 

properties of produced water can vary significantly. There is a wide range of components 

that can be found in produced water including dissolved solids which contribute to 



17 
 

salinity, oil and grease, organic material, phenols, aromatic hydrocarbons, xylenes 

(BTEX), organic acids and additives that have been used during production activities 

[19]. Al Ghouti et al. (2019) on their review presented a summary of the different 

components of produced water that have been reported in the literature as can be seen in 

Table 2.1 [2].  

Table 2.1: Concentration range of various parameters of produced water streams [2]. 

parameter Concentration (mg/L) parameter Concentration (mg/L) 

COD 1220–2600 Na 0–150,000 

TSS 1.2–1000 Sr 0–6250 

TOC 0–1500 Zn 0.01–35 

TDS 100–400,000 Li 0.038–64 

Total organic acid 0.001–10000 Al 0.4–410 

Glycol 7.7–2000 Ba 0–850 

Scale inhibitor 0.2–30 Cr 0.002–1.1 

Ethylbenzene 0.026–399.84 Mn 0.004–175 

Toluene 0.058–5.86 K 24–4300 

Xylene 0.01–1.29 Fe 0.1–1100 

Total BTEX 0.73–24.1 SO4
2- 0–15,000 

oil and grease 2–560 Ca2+ 0–74,000 

Phenol 0.001–10,000 SO4
2- 0–15,000 

 

2.1.2 Produced water management 

The complex composition of produced water limits its disposal to the environment. The 

impact of PW on the environment varies and depends on the concentration of the 

different constituents present in produced water. The discharge of PW into the sea 
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especially in onshore operations could be toxic due to the high concentrations of salts and 

chemicals present in produced water which can be absorbed in the tissues of organisms 

especially the ones living near the point of discharge [3]. Also, dispersed oil present in 

produced water contributes to the increase in the chemical oxygen demand of the 

receiving water bodies [20]. Therefore, there are strict environmental regulations that 

ensure protection against the toxicity of produced water either if it was reused or directly 

discharged [21]. There are several established methods in the oil and gas industry that 

have been used to manage produced water [22]: 

• Discharge: produced water is treated then discharged into the environment. 

• Injection: injection of produced water into the reservoir to enhance oil production. 

• Reuse: produced water undergoes high level of treatment in order to be reused for 

different purposes. 

2.2 Conventional treatment methods of Produced Water 

Produced water contains different contaminants with varying concentrations; therefore, 

numerous treatment technologies have been proposed for produced water treatment. 

There are different objectives when treating produced water which include De-oiling, 

dissolved solids removal, disinfection, suspended solids removal, and the removal of 

soluble organic materials [22]. Several biological, physical and chemical processes have 

been suggested for the treatment of produced water, the widely used technologies are 

outlined in the following sections. 
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2.2.1 Sand filters 

Filtration is an established practice in water treatment. In filtration, water is passed 

through a porous media in order to separate the impurities from water. Different materials 

can be used for filtration; however, sand is the most used one because of its abundance 

and efficiency [23]. In produced water, sand filters are used mainly to remove metals 

present in produced water. However, it requires three stages of pretreatment which are: 

pH modification, providing adequate supply of oxygen through the aeration unit, and a 

sedimentation unit to remove the suspended solids that could clog the sand filter [24]. 

The pretreatment requirements before the use of sand filtration units are considered a 

draw back of this method which could limit its application in produced water treatment 

[24].  

2.2.2 Cyclones 

Cyclones are separator vessels that operate vertically. Phase separation can be achieved 

through cyclones where water, oil and gas are separated by centrifugal forces. Water is 

collected at the bottom of the vessel, gas and oil can be extracted from the top of the 

vessel [16]. De-oiling efficiency in cyclones is around 50-70% [25]. Limited efficiency 

and the inability to remove dissolved solids are the main disadvantages of cyclones [26]. 

2.2.3 Dissolved Gas Flotation (DGF) 

In this method, suspended solids and oil droplets are removed by injecting gas bubbles 

into the solution. Particles get entrapped in the gas bubbles which make them rise to the 

surface of the solution, then they are removed through skimming [27]. Different types of 
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inert gases can be used to generate the bubbles. This method has been used in produced 

water treatment for removing oil, grease and volatile organics [27]. The disposal of the 

skimmed foam is considered the main drawback of this system [27].  

2.2.4 Adsorption 

Adsorption has shown to be an effective method in water treatment as it can achieve high 

removal of contaminants [28]. The type of the adsorption media determines the level of 

contaminants removal and the operating cost of the system. Materials such as activated 

carbon has been suggested as an economical and effective adsorption media [29]. The 

main drawbacks of the adsorption process that limit its application in produced water 

treatment include the degradation of adsorption material, waste disposal and cost of 

adsorption material [29].  

2.2.5 Electrodialysis 

Dissolved solids in water consists of negatively charged ions (anions) and positively 

charged ions (cations). In electrodialysis, membranes are used between oppositely 

charged electrodes. As the current passes through the electrodes, the membranes 

selectively separate cations and anions [22]. It has been demonstrated that ED can be 

used for salt removal from produced water with low TDS; however, ED is not suitable for 

treating produced water with high salinity [30]. The main drawback of electrodialysis is 

that it can only remove charged ions from produced water and is not capable in removing 

other constituents such as oil and other organic contaminants. 

2.2.6 Biological treatment 

Biological treatment is a well-established process in wastewater treatment [31]. 

Microorganisms present in produced water can be utilized to remove pollutants. 
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Providing the right conditions for those organisms promote their growth which increases 

the removal of contaminants [32]. However, biological treatment is not suitable for 

produced water with high TDS. It has been reported that biological treatment is more 

suitable for produced water with chloride concentrations of less than 6600 ppm [33]. The 

application of biological treatment in produced water treatment is limited due to several 

reasons such as biological sludge production, low efficiency and long contact time [34].     

2.2.7 Membrane-based treatment processes 

The regulations of disposal and reuse of produced water are becoming more stringent and 

some of the conventional treatment methods are not capable of meeting those standards 

[4]. Conventional methods have several drawbacks that limit their usage in the industry 

such as the use of toxic chemicals and the higher cost of treatment [4]. Also, conventional 

treatment methods can only remove some of the components present in produced water. 

For example, biological treatment has been proven to be effective in terms of organic 

contaminants removal, while it is not capable of removing dissolved solids [34]. 

Therefore, membrane-based treatment processes can be ideal for produced water 

treatment due to their capabilities of producing high quality permeate, low energy 

consumption, and minimum space requirements [35]. There are different membrane 

processes that have been used in water treatment which includes MF, UF, NF and RO 

[36]. The main difference between those processes is the membrane pore size which 

governs the degree of contaminants removal and hydraulic pressure requirements of the 

system [36]. Membranes with smaller pore sizes achieve higher removal of contaminants 

(NF and RO); however, they have high energy requirements in order to drive the mass 

transfer across the small pore size of the membrane. MF and UF are generally used for 
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the removal of suspended solids and colloidal organic substances, while RO and NF are 

used for the removal of dissolved solids [36]. 

2.3 Forward Osmosis (FO) 

Forward Osmosis is a water treatment technology that utilizes osmotic pressure 

difference for water production. A semi-permeable membrane separates the feed solution 

which has low osmotic potential from the draw solution which has high osmotic potential 

[37]. The osmotic pressure gradient across the membrane drives water to be transferred 

from the feed solution to the draw solution [38]. Osmotic pressure is a natural 

phenomenon which gives FO an advantage in terms of energy efficiency over other 

membrane-based technologies such as RO that depends on applied hydraulic pressure [5].  

 

Figure 2.1: FO process [39]. 
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2.3.1 Advantages of FO 

In recent years, FO has gained interest in the water, food and energy industries due to its 

several advantages. The main advantage of FO is that it has low energy consumption due 

to the fact that it is osmotically driven and have minimum hydraulic pressure 

requirements [40]. Additionally, FO can achieve high contaminants rejection with low 

fouling tendency, and even if fouling is observed, usually it is reversable by a variety of 

backwashing methods [6]. Also, the quality of the feed solution has a low impact on the 

FO process since it has the ability to tolerate highly contaminated solutions [37]. Another 

advantage of FO is that it can achieve high water recovery which can decrease the 

amount of brine produced in the desalination process [41].  

2.3.2 Challenges for FO 

Although forward osmosis has several advantages that make it suitable for different 

applications, it still has some major challenges that hinder its potential. The main 

challenges that have been reported to impact FO include concentration polarization, 

reverse salt flux, membrane fouling and draw solution properties [37].  

2.3.2.1 Concentration polarization 

The phenomenon of concentration polarization (CP) is associated with the mass transfer 

in membrane processes. CP makes the actual achieved flux to be lower than the 

theoretical flux. In FO, CP causes the osmotic pressure difference to become lower across 

the dense active layer of the membrane as opposed to the bulk solution [42]. CP in 

forward osmosis happens in two forms; external CP and internal CP [43]. Concentration 

polarization has different effects on the performance of FO depending on the orientation 
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of the membrane weather it is active layer facing feed solution (AL-FS) or active layer 

facing draw solution (AL-DS) [43].  

External concentration polarization (ECP) 

ECP is associated with the active layer of the FO membrane. Depending on the operation 

mode of the system weather it is AL-FS or AL-DS, external concentration polarization 

can have a concentrative effect (CECP) which is the case in AL-FS or a dilutive effect 

(DECP) which takes place in the case of AL-DS [44]. CECP is caused by the fact that the 

membrane allows water to be transferred from the feed solution to the draw solution 

while rejecting salts which promotes salts accumulation on the active layer when it is 

facing the feed solution [37]. The effect of ECP on forward osmosis can be mitigated by 

modifying the flow rate in order to induce turbulence [45]. 

 

 

 

 

 

 

 

 

Figure 2.2: Concentration polarization in FO. (a) AL-FS. (b) AL-DS [43] 

 

 

 

a) b) 
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Internal concentration polarization (ICP) 

ICP has been reported to be one of the main factors that contributes to the reduction of 

water production in FO [45]. It occurs in the support layer of the asymmetric FO 

membrane [45]. ICP can be in the form of a dilutive internal concentration polarization 

(DICP) or a concentrative internal concentration polarization (CICP) [43]. DICP occurs 

when the porous support layer is facing the draw solution. CICP on the other hand takes 

place when the system is operating under AL-FS configuration [43]. CICP is caused by 

the build up of Salts within the support layer of the membrane which increases the 

resistance to water transport [43]. Both forms of ICP contributes to significant reduction 

in the actual flux compared to the theoretical flux, and due to the fact that ICP takes place 

within the support layer, inducing turbulence by modifying the flow rate doesn’t help to 

mitigate the impact of ICP [42].  

2.3.2.2 Fouling of FO membrane 

Scaling of forward osmosis membranes can take place when the concentration of solutes 

with low solubility such as SiO2, CaSO4 and CaCO3 reach supersaturation conditions[46]. 

Kim et al. (2019) in their study to investigate different cleaning methods of FO 

membranes reported that cleaning methods such as osmotic backwashing can be effective 

in removing calcium sulfate scaling; However, the cleaning methods they tested were not 

effective in removing silica scaling [47]. Silica scaling in FO is mainly attributed to the 

heterogeneous nucleation of dissolved silica which involves the direct deposition of 

monosilicic acid on the surface of the membrane, then the polymerization of the 

monosilicic acid leads to the formation of a silica gel layer [5]. 
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2.4 Membrane Distillation (MD) 

Distillation processes including MD have the ability of treating solutions with high total 

dissolved solids. Membrane distillation utilizes the vapor pressure gradient between two 

streams to physically separate water vapor from the feed solution [7]. A hydrophobic 

membrane is used to separate two streams that have different vapor pressures in order to 

achieve vapor transport across the membrane [7]. Different configurations of the 

permeate side in MD have been used to maximize the driving force in MD depending on 

the conditions of the treated solution which include direct contact (DCMD), Air gap 

(AGMD), sweeping gas (SGMD) and vacuum (VMD) [7]. DCMD is the most used 

configuration of MD, the feed solution which has high vapor pressure passes on one side 

of the membrane, and the condensing solution passes on the other side of the membrane 

[48]. The temperature of the feed stream in MD typically has a range of 35-70oC which 

can be achieved by sustainable energy sources such as solar energy, geothermal energy, 

or recycling of waste heat [9]. 

 

Figure 2.3: Direct contact membrane distillation [12] 
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2.4.1 Advantages of MD 

MD has the ability of combining the advantages of traditional distillation which provides 

high quality distillate and the filtration abilities of membrane systems which made MD to 

be considered as one of the most promising technologies in water treatment [10]. One of 

the main advantages of MD is its ability to treat high salinity solutions such as produced 

water which were difficult to treat with conventional membrane-based systems [8]. 

Additionally, MD is considered an energy efficient desalination process since it doesn’t 

have the same hydraulic pressure requirements compared to RO, and it doesn’t have the 

same thermal energy requirements compared to conventional distillation methods [49]. 

The low energy consumption of MD makes it possible for MD to be coupled with 

sustainable energy sources such as solar energy, geothermal energy, and recycling of 

waste heat [9]. Also, the compact equipment size of MD makes it more appealing than 

conventional distillation since it minimizes the heat losses from the system [49].   

2.4.2 Fouling of MD membranes 

MD is susceptible to fouling like any other membrane filtration system. Mass transfer 

across the membrane causes the attachment of the rejected particles on the surface and 

within the pores of the membrane [13]. Fouling in MD can potentially be in the form of 

inorganic fouling (scaling), colloidal fouling, and biofouling. MD has been widely used 

to treat high salinity streams which increases the likelihood of scaling and colloidal 

fouling. Also, MD operates at relatively high temperatures which reduces the solubility of 

sparingly soluble salts such as calcium sulphate which can promote its crystallization and 

deposition on MD membrane. Marek Gryta (2009) investigated the effect of calcium 

sulphate scaling in MD and found that it can contribute to flux decline, membrane 
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wetting and damaging the membrane [50].  

Colloidal fouling is another issue for MD. Silica scaling has been reported to be a 

challenge for desalination processes in general including MD [51]. Silica can be present 

in water in the form of colloidal silica or dissolved silica [52]. There are different 

processes for silica scaling. One is the accumulation of silica on the membrane surface 

which can be due to colloidal silica or the polymerization of dissolved silica [53]. The 

polymerization of silica increases with the increase in temperature [54]. Also, the rate of 

polymerization increases if the solution contains high concentration of ions such as 

calcium and magnesium [54]. Additionally, the formation of silicate salts such as calcium 

silicate can also contribute to silica scaling which can form a hard layer on top of the 

membrane [54]. 

2.5 FO-MD hybrid system  

The integration of FO and MD has several advantages [55]. In FO, the constant 

concentration of the feed solution results in the dilution of the draw solution which leads 

to the reduction in the driving force of the system. MD if integrated with FO, can help to 

avoid this issue [12]. The diluted FO draw solution can be used as a feed solution for 

MD, and the water production from MD will allow the re-concentration of the draw 

solution [12]. FO-MD hybrid system combines the benefits of both systems and can be 

efficient in treating different streams with varying complexities while providing high 

quality permeate. There are different configurations of FO-MD hybrid system. In the first 

suggested FO-MD system, FO and MD operated separately in two different modules. 

This configuration was later found to be inefficient and can lead to high capital cost [55]. 

Cath et al. in their patent, suggested that combining FO and MD in one module would be 



29 
 

more efficient [56]. 

 

Figure 2.4: integrated forward osmosis and membrane distillation system [57]. 

2.6 Electrocoagulation 

EC is an electrochemical process that utilizes sacrificial electrodes in order to supply 

coagulating species into the solution. colloidal particles in water have a negative surface 

charge which increases their stability due to electrical repulsion. The repulsion of those 

particles prevents their aggregation and removal through sedimentation; therefore, 

destabilization of those particles is needed and can be achieved through 

electrocoagulation [58]. Destabilization mechanism of colloidal particles in 

electrocoagulation can be achieved through the following steps [59]: 

• Compression of the double layer surrounding charged particles. 

• Allowing the van der Waals attractions between ions to be predominant. Charged 

ions are neutralized by counter ions which where generated by the dissolution of 

the electrode.  
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• Formation of metal hydroxide flocs which can sweep and entrap suspended 

colloidal particles. 

The electrocoagulation process for the production of coagulants species involves the 

dissolution of sacrificial anode in order to generate metal cations which is usually made 

of Aluminum or Iron, on the same time the cathode generates hydroxide ions and 

hydrogen bubbles [60]. 

The chemical reaction at the anode:  

M → MZ+ + Ze- 

The chemical reaction at the cathode: 

2H2O + 2e- → 2H2(g) + 2OH- 

It is suggested that there are three different mechanisms of the electrochemical process 

which are electrocoagulation (EC), electroflotation (EF), and electrooxidation (EO) [61]. 

In the EC process, electric current is introduced to the solution which can destabilize 

dissolved and suspended contaminants [61]. The electrolysis of water at the cathode 

generates hydrogen bubbles which contributes to the electroflotation process, the 

pollutants get attached to the bubbles then float at the surface of the solution [61]. 

Electrooxidation involves the oxidation of organic materials at the surface of the anode 

[61].  
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Figure 2.5: electrochemical processes in electrocoagulation [59]. 

 
2.6.1 Advantages of Electrocoagulation 

Chemical coagulation and electrocoagulation both work by neutralizing charged colloidal 

particles in order to facilitates their aggregation, which then can be removed through 

sedimentation or filtration [62]. The difference between electrocoagulation and chemical 

coagulation is mainly in the way of which aluminum or iron ions are delivered to the 

system. Electrocoagulation has several advantages over conventional chemical 

coagulation such as [59]: 

• EC can operate under a pH range of 4-9 which is wider than the pH range of 

chemical coagulation 6-7 

• The flocs generated in EC are larger than the flocs generated in chemical 

coagulation which can improve the sedimentation process.  
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• Low sludge production can be achieved in EC, and the sludge produced in EC is 

relatively easier to be de-watered. 

• In EC systems, coagulating species are generated through sacrificial electrodes 

which eliminates the need to use chemicals as the case in chemical coagulation.  

2.6.2 Electrocoagulation disadvantages  

• Consumption of the sacrificial electrodes which necessitate their regular 

replacement  

• The passivation of the electrodes.  

• Electricity consumption.  

2.6.3 Parameters affecting EC 

2.6.3.1 Electrode material 

Electrode material is one of the main factors that effect the performance of 

electrocoagulation. Different materials have been used for the electrodes in EC including 

Al, Ag, As, Ba, Ca, Cd, Cr, Cs, Fe, Mg, Na, Si, Sr, and Zn [63]. Generally, electrodes are 

made of multivalent metals such as Fe and Al since multivalent ions form better 

coagulating species [64].   

2.6.3.2 pH 

The pH of the electrolytic solution is a key factor in the electrocoagulation process [65]. 

It can impact the dissolution of the sacrificial electrodes, type of metal hydroxides, and 

zeta-potential of colloidal particles [61]. In highly basic pH conditions, the dominant 

metal hydroxide species are Al(OH)4- and Fe(OH)4-, and they have low coagulation 

efficiency [61]. Moreover, Aluminum release rate is greatly affected by acidic pH 
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conditions, it has been reported that the release rate decreases at pH lower than 3 [66]. 

Also, acidic conditions inhibit the oxidation of metal ions because the hydroxyl ions 

which are generated by the cathode get consumed by the acid [61]. On the other hand, 

acidic pH conditions increase the dissolution rate of iron electrodes [61].  

2.6.3.3 Current density 

Current density is a crucial parameter in EC since it controls the generation rate of 

coagulating species and strongly impacts the mixing of the solution [61]. The applied 

current determines the amount of metal which is dissolved from the electrodes [61]. 

Increasing the current density lead to a higher dissolution rate of the anode which can 

improve the removal of COD; however, high current densities increase the electricity 

consumption of the system and the consumption of the electrodes which reduces the 

efficiency of EC [59]. It has been suggested that the current density should be in the 

range of 20-25 A/m2 in order to ensure the durability of the system [61].  

2.6.4 Applications of EC in produced water treatment 

EC can be used for the treatment of different streams of water such as potable water, 

domestic wastewater, industrial wastewater, heavy metal containing water, and oily 

wastewater [59]. Recently, EC has been widely used for the treatment of produced water 

due to its several advantages including its ability of removing oil from oily wastewater 

[14]. Removing oil from wastewater is considered an obstacle in water treatment 

practices, oil droplets dispersed in water have a high surface charge leading to their 

stability in water [67]. Electrocoagulation supplies electric current to the system leading 

to the electro-coalescence of oil droplets which promotes their removal [66]. Several 

studies have demonstrated the potential of EC in produced water treatment.  
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Sardari et al. (2018) used EC with aluminum electrodes as a pretreatment step before 

treating PW in FO-MD system [11]. Pretreating PW with EC helped to reduce fouling in 

FO and MD membranes and improve their flux. The pretreatment achieved a removal of 

Turbidity, TSS and TOC by 95%, 96% and 78% respectively [11].  

Sardari et al. (2018) in another study evaluated the performance of EC for the 

pretreatment of produced water before treatment with FO system [68]. PW from 

hydraulic fracturing site in Fayetteville, Arkansas was collected and characterized in 

order to come up with a recipe for the synthetic solution that they would use in their EC 

study. They reported that EC was effective in removing Turbidity, TOC, and TSS by 

more than 70%. The study demonstrated that the pretreatment of PW with EC helped to 

reduce fouling on FO membrane. Consequently, water recovery by FO system increased 

by 21% after the pretreatment [68] 

Al Hawli et al. (2019) Also used EC for hyper saline produced water pretreatment [69]. 

They tested different current densities ranging from 10 to 60 mA/cm2 and residence times 

of 10 and 30 minutes in order to evaluate their effects on the removal of contaminants. 

Their system achieved a removal of TSS, TOC and Oil content by 97%, 91.4% and 97%, 

respectively. They found that the increase in current density and reaction time do not 

improve the removal of TSS, TOC and O&G which is in agreement with the fact that EC 

can be efficient with minimum energy input [69].  

Zhao et al. (2014) conducted a study to evaluate the effect of different parameters of EC, 

namely, electrolysis time, initial pH and current density on the removal of hardness, COD 

and turbidity [70]. They used advanced statistical analysis tools such as the response 

surface method (RSM) in order to optimize the different parameters of EC that 
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maximizes contaminants removal and minimizes energy consumption. They concluded 

that the optimum conditions of EC that provide the most efficient removal of their 

targeted contaminants would be 7.36 for initial pH, 5.9 mA/cm2 for the current density 

and 30.94 minutes for the electrolysis time. These conditions helped them to achieve a 

removal of turbidity, COD, and hardness by 93.80%, 66.64% and 85.81%, respectively. 

However, they found that current density and initial pH are the main parameters that 

influenced the performance of EC [70].  

Chow and Pham (2019) conducted a study on the performance of EC to investigate the 

removal of inorganic components of PW such as silica, sulfide, calcium and magnesium 

[71]. Real and synthetic PW were used in this study. The real PW was obtained from an 

oil production facility in Canada, and the real and synthetic solutions had a TDS of 

around 5000 ppm. They reported that for the synthetic solution, the removal of sulfide, 

silica and calcium at low charge density can reach 99%, 65% and 80%, respectively. The 

real PW showed a similar behavior to the synthetic solution in terms of silica removal. 

The authors indicated that they observed some removal of Sulfide from the real solution; 

However, they couldn’t quantify it because the reduced sulfur which is present in the real 

solution interfered with sulfide concentration analysis. Interestingly, they found that in 

the real PW calcium removal was not achieved. The authors hypothesized that this 

observation was attributed to the inhibition of calcium precipitation by dissolved organic 

compounds which is present in the real solution [71].  
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Chapter 3 

Materials and Methods  

3.1 Synthetic produced water 

Synthetic produced water was used in all experiments mentioned in this study. It was 

prepared after detailed characterization of real produced water which was received from a 

local oil field. The synthetic solution was prepared by mixing salts, organic compounds, 

and oil in deionized water. Chemicals used for the preparation of the synthetic solution 

included, sodium chloride (NaCl), potassium chloride (KCl), calcium chloride (CaCl2), 

magnesium chloride (MgCl2), sodium sulfate (Na2SO4), barium chloride (BaCl2), 

strontium chloride (SrCl2), silica (SiO2) and glucose. A standard solution of oil was used 

to represent the Oil and grease content of produced water. The Chemicals were purchased 

from Sigma Aldrich, Fisher Scientific and Alfa Aesar and were of analytical grade. The 

detailed composition of the synthetic solutions of the two produced water streams (WO 

and DE) used in this work is outlined in Table 3.1.  

Table 3.1: Composition of synthetic PW 
Chemical (mg/L) WO  DE 
NaCl 62,974 1,863 
CaCl2 23,358 1,873 
MgCl2 4,074 505 
KCl 2,955 232 
Na2SO4 2,054 2,305 
SrCl2 729 33 
BaCl2 3.24 0.19 
Silica 60 50 
Glucose  642 77 
Oil and grease 15 5 
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3.2 Water quality analysis 

Inductively coupled plasma optical emission spectrometry, ICP-OES (Agilent 

Technologies, USA) was used to determine the concentrations of different ions present in 

produced water (Na, Ca, Si, Mg, Sr, S, Ba and K). 1% nitric acid was used to dilute the 

samples prior to analysis with ICP-OES. Total organic carbon analysis was conducted by 

using TOC-TN analyzer (Shimadzu, Japan). Commercial kit was used for COD, Nitrate, 

sulfate and alkalinity measurements (Hach, Germany). Additionally, pH meter (Fisher 

Scientific, USA) was used for pH measurements.  

3.3 FO-MD experiments 

3.3.1 MD and FO membranes 

hydrophobic microporous polytetrafluoroethylene (PTFE) MD membranes were used in 

all FO-MD experiments. It was purchased from Membrane Solutions, China. The 

properties of the membrane are listed in Table 3.2. 

Table 3.2: Physical properties PTFE membrane. 
Physical Property  PTFE MD membrane 
Nominal pore size (μm) 0.22 ± 0.06 
porosity 39.59 ± 4.7% 
Thickness of active layer (μm) 20 ± 0.4 
Thickness of support layer (μm) 80 ± 1.6 
Liquid entry pressure (bar) 3.74 

 

The FO membranes used in the experiments with FO-MD hybrid system were thin film 

composite polyamide (TFC-PA) hydrophilic FO membranes, supplied by Toray  

Chemicals, Korea. The properties of the membrane are listed in Table 3.3. 
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Table 3.3: Physical properties TFC-PA membrane. 
Physical Property TFC-PA FO membrane 
Thickness of active layer (μm) 0.86 ± 0.1 
Thickness of support layer (μm) 99.14 ± 1.3 
support layer porosity  63 ± 5%  
Water permeability (m/s/bar) 2.472E-7 
solute permeability (m/s/bar) 5.444E-8 

 
3.3.2 FO-MD integrated module 

The FO-MD integrated module used in this work is shown in Figure 3.1. The module 

consisted of four channels and three plates. The top and bottom channels were used for 

the FO feed stream and MD permeate stream, respectively. The middle channels were 

used for FO draw solution which also serves as MD feed solution. The middle plate of 

the module serves as a thermal and osmotic barrier between the MD feed channel and FO 

draw channel [57]. The module has an effective membrane area of 0.002 m2 for both FO 

and MD.  

 

Figure 3.1: FO-MD integrated module [72]. 
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3.3.3 Experimental setup and procedures for FO-MD experiments 

The experimental setup, as illustrated in Figure 3.2, was adopted in order to operate the 

three different streams (FO FS, MD FS and permeate) of the FO-MD hybrid system. DE 

was used as FO FS, and WO was used as MD FS and DI water was used for the 

permeate. The temperatures of MD FS and the permeate were maintained at 60 oC and 20 

oC, respectively. While the temperature of FO FS was not maintained. The configuration 

of MD membrane was AL-FS, while FO was operated under pressure retarded osmosis 

configuration (AL-DS). Three digital weighing balances were used (Mettler Toledo, 

USA) to monitor and record the weight changes of all the streams for flux calculations. 

Data logger unit (Keysight, USA) and LabVIEW program were used for data acquisition 

and storage of weight, temperature and conductivity. Initial volumes of FO FS and MD 

FS were 1L each, and the initial volume of the permeate was 0.5 L. conductivity meters 

(WTW, USA) were used to monitor the changes in the conductivities of the solutions. 

Micro gear pumps (Cole Parmer, USA) were utilized to achieve a constant flow rate of 

315 mL/min which resulted in a crossflow velocity of 8.7 cm/s. All FO-MD experiments 

were operated for 20 hours. The operating mechanisms of the FO-MD integrated system 

is shown in Figure 3.3. 
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Figure 3.2: experimental setup for FO-MD integrated system. 

 

 

Figure 3.3: operating mechanism of FO-MD integrated system [72] 
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Figure 3.4: picture of the FO-MD setup 

After each experiment, FO and MD membranes were taken out of the module and left to 

dry at room temperature and were stored for imaging and fouling investigations. 

Scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDX) 

(Carl Zeiss SMT AG, Germany) were used at an accelerating voltage of 10 kV in order to 

investigate membrane fouling and scaling.  

FO and MD fluxes were calculated by dividing the volumetric change in the feed 

solutions by the time interval (1 minute) and the effective area of the membrane as shown 

in equation 3.1 [73].  

𝐽" = 	
∆&	

∆'∗)*
                 (3.1) 

Where: 

𝐽" = water flux  

∆V = 𝑉,- − 𝑉,/, change in volume  

∆t = 𝑡1 − 𝑡2 
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𝐴4 = the effective area of the membrane 

The reverse salt flux (RSF) across the FO membrane was calculated by using equation 

3.2 [74][75]. 

𝐽5 = 	
6.8∗∆9:;<=	∗>

,∗)*
           (3.2) 

Where: 

𝐽5 = reverse salt flux in ( @
4-A

) 

∆ECEFG	= the difference between the actual EC of FO FS and theoretical EC due to RSF 

𝑉 = final volume of FO FS  

t = duration of the experiment 

𝐴4 = the effective area of the membrane 

 
3.4 Electrocoagulation setup and experimental procedures 

Electrocoagulation experiments were conducted in a 4 L glass beaker, and a magnetic 

stirrer was used to ensure proper mixing of the solution. Two iron electrodes were used as 

the anode and cathode with a surface area of 7.1 cm2 each (a diameter of 3 cm2) as shown 

in Figure 3.5. The distance between the anode and the cathode was 14 mm. DC amplifier 

(Circuit Specialists, USA) was used to supply currents to the system. EC experiments 

were conducted for 60 minutes, and samples were taken every 10 minutes to monitor the 

performance of the system. After the end of each experiment, the solution was filtered 

through a 0.45μm membrane filters (Whatman, Germany) in order to separate the flocs 

generated in the EC process from the solution [89]. The filtered solutions after EC were 

used in the FO-MD system. The electrodes were rinsed with 10% nitric acid after each 

experiment in order to remove the passivation and deposition on the surface of the 
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electrodes. Also, at the end of every experiment, the weights of the electrodes were 

recorded on a precision balance in order to determine the dissolution of the anode and the 

amount of iron ions generated in the experiment.   

 

Figure 3.5: schematic diagram of EC system [76] 

 

 

Figure 3.6: picture of the EC setup. 
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Figure 3.7: Iron electrodes used in EC experiments. 

The theoretical electrode consumption can be derived from Faraday’s law Equation 3.3 

[61]. 

𝑤 =	 I,J
KL

          (3.3) 

Where:  

𝑤 = amount of electrode material dissolved  

𝑖  = applied current 

𝑡 = time 

𝑀 = molecular weight of the metal which the electrode is made of. 

𝑒 = number of electrons  

𝐹 = Faraday’s constant 

Electrocoagulation requires the supply of current in order for the electrodes to release the 

metal and hydroxide ions into the solution. The energy consumption of the system can be 

calculated by following Equation 3.4 [69]. 
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E = >×R×,
>S

              (3.4) 

Where: 

E = energy consumption (kWh/m3) 

 V = voltage 

𝐼 = applied current 

t = time 

𝑉U= volume 
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Chapter 4 

Results and Discussion  

4.1 Produced Water Characterization 

Real produced water samples were received from a local oil field. Then, a detailed 

characterization of those samples was conducted in order to identify the composition of 

the two streams of produced water used in this study (DE and WO). Table 4.1 presents a 

comparison between the composition of the real streams we received and analyzed and 

the composition of produced water samples which were received two years ago. A 

variation was observed in the composition of the two samples especially on TDS 

concentrations even though they were from the same oil field. This is due to the fact that 

the composition of produced water changes over time [77]. Synthetic produced water 

solutions were used in all of the experiments conducted in this study. The synthetic 

solution was prepared based on the composition of the samples which were received in 

2019 since it had a higher TDS concentration. 

Table 4.1: Characterization of real produced water streams. 
 

Characteristics 

Desalter Effluent (DE) Water oil separator (WO) 

Jan - 2019 Oct - 2020 Jan - 2019 Oct - 2020 

pH  6.45 6.10 6.57 6.02 

TDS (mg/L) 7,360 6,340 104,500 92,450 

COD (mg/L) 77 89 641.5 434 

TSS (mg/L) 8 0.8 15.5 29 

TOC (mg/L) 7.2 7.8 16 16.03 

Oil and grease (mg/L) 5 7.5 7 33 
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Nitrate (mg/L) 0.49 0.77 0.01 5.05 

Sulfate (mg/L) 1560 361 1390 468.5 

Phosphate (mg/L) 0.03 0.05 0.4 0.69 

chloride (mg/L) 3160 2,870 57100 46,700 

Calcium (mg/L) 677 380 8440 8070 

Magnesium (mg/L) 129 70.8 1040 944 

Sodium (mg/L) 1480 1465 25450 20390 

Barium (mg/L) 0.128 0.08 2.135 0.92 

Strontium (mg/L) 18.3 10.1 403 350 

Silica (mg/L) 42 30.13 53 38.84 

Potassium (mg/L) 122 116 1550 1600 

 
 

4.2 Investigations of the performance of FO-MD integrated system in 

the simultaneous treatment of different produced water streams 

4.2.1 Investigations of FO flux 

FO-MD hybrid system was used for the simultaneous treatment of two different streams 

of produced water, DE which was used as FO feed solution and WO which was used as 

FO draw solution/MD Feed solution (WO-DE). FO-MD experiments were operated with 

WO-DE streams and NaCl solutions that had TDS values similar to that of WO and DE 

(Figure 4.1). The experiment with NaCl was used as a reference in order to investigate 

the performance of FO-MD system when treating produced water streams (WO and DE). 

As shown in Figure 4.1, a significant difference was observed in the overall changes in 

flux between WO-DE and NaCl. The initial flux of the experiment with WO-DE was 
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15.13 LMH. A sharp reduction in the flux was observed during the first 5 hours of 

operation followed by stabilization of the flux at the level of 6 LMH until the end of the 

experiment. The experiment with NaCl showed a different behavior in terms of flux 

changes. The initial flux was 36.2 LMH then a constant decline was observed until the 

end of the experiment. There are two main factors that could have contributed to the flux 

reduction in both experiments. The first one is the constant concentration of the feed 

solution which contributed to the reduction in the osmotic pressure difference between 

the draw and feed solution. The second factor that contributed to the flux decline in both 

experiments was internal concentration polarization, the FO configuration used here was 

AL-DS, and in this configuration monovalent ions such as Na+ and Cl- can penetrate the 

porous support layer and form a polarized layer which contributes to the internal 

concentration polarization that increases the resistance to water transport [78]. However, 

the low initial flux observed in the experiment with WO-DE and the sharp reduction in 

flux at the beginning of the experiment could indicate the potential of FO membrane 

fouling and scaling.  
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Figure 4.1: FO flux of the FO-MD hybrid system. 

SEM and EDX analysis were conducted in order to investigate FO membrane fouling, 

and fouling was observed on both layers of the FO membrane. Figure 4.2 shows the 

SEM and EDX images of the support layer, and it indicates that the scale layer consisted 

mainly of silica aggregates and some calcium sulfate crystals. The concentration of silica 

in the feed solution (DE) is 50 mg/L. The constant concentration of the feed solution 

which increased the concentration of silica in the solution and concentration polarization 

are the main factors that led to the deposition of silica on the support layer of the 

membrane. Silica scaling in FO is mainly attributed to the heterogeneous nucleation of 

silica which involves the direct deposition of monosilicic acid on the surface of the 

membrane, then the polymerization of the monosilicic acid leads to the formation of a 
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silica gel layer on the surface of the membrane [79]. Flux decline due to the deposition of 

silica on FO membrane has been observed in several studies [47][80].  

SEM and EDX images of the active layer of the membrane indicated the deposition of 

CaSO4 crystals on the surface of the membrane as can be seen from Figure 4.3. The 

solubility of CaSO4 has an inverses relationship with the temperature of the solution [81]. 

WO which was used as draw solution in this experiment contains high concentrations of 

calcium and sulphate ions, 8440 and 1390 mg/L respectively, and the operating 

temperature of the DS in this study was 60oC. Therefore, the high concentrations of 

calcium and sulfate ions coupled with the reduced solubility of CaSO4 due to operating 

conditions are the main factors that contributed to the deposition of CaSO4 on the active 

layer of the FO membrane. Moreover, the polyamide active layer of the FO membrane is 

negatively charged which could be another reason for the deposition of CaSO4 on the 

surface of the membrane. The interaction between the positively charged calcium ions 

and the carboxylic functional groups of the polyamide active layer can lead to the 

attachment of calcium ions on the surface of the membrane which can promote CaSO4 

scaling [82].  

Therefore, it can be concluded that the deposition of silica on the support layer of the FO 

membrane and calcium sulfate crystals on the active layer of the membrane are the main 

reasons for the low initial flux and sharp flux reduction observed in the experiment with 

WO-DE solutions. 
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Figure 4.2: SEM and EDX images of the support layer of FO membrane. 

 

  

 

 

 

 

 

Figure 4.3: SEM and EDX images of the active layer of FO membrane. 

 
4.2.2 investigation of MD flux 

As can be seen from Figure 4.4, the experiment with NaCl maintained a constant and 

stable flux throughout the 20 hours of operation, and the cumulative collected permeate at 

the end of this experiment was around 600 mL. This indicates that high concentrations of 

NaCl is not a limiting factor in regard to MD flux which is in accordance to what have 

been reported in the literature [10][74]. On the other hand, the experiment with WO-DE 
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showed a different behavior in terms of flux changes. During the first 4 hours of 

operation, the flux was similar to what have been observed in the experiment with NaCl 

then it was followed by a significant flux decline which led to a diminished water 

production by the end of operation. The cumulative collected permeate at the end of this 

experiment was 256 mL. The sharp flux decline and low water recovery observed in the 

experiment with WO-DE could be attributed to MD membrane fouling and scaling. 

WO mainly contains NaCl (63% by weight), but it also contains some other constituents 

such as scale-causing compounds (Ca2+, SO42-, and SiO2), dissolved oil and organic 

compounds which can contribute to membrane fouling. For oil and grease, it has been 

reported by Nawaz et al. (2021) that oil present in produced water can potentially cause 

partial pore blocking on the membrane; however, they didn’t observe a significant flux 

decline due to this partial pore blocking [10]. This indicates that the sharp flux reduction 

observed in WO-DE experiment could be attributed mainly to inorganic fouling of the 

membrane. Therefore, SEM and EDX analysis were conducted in order to investigate this 

possibility. As can be seen from Figure 4.5, the surface of the membrane was completely 

covered with a scaling layer. The deposition of CaSO4 crystals on the surface of the 

membrane was the main reason for the formation of the scaling layer, also there was 

some deposition of silica. MD feed solution (WO) contains high concentrations of 

calcium and sulfate ions and operate under a temperature of 60oC which is the main 

reason for CaSO4 crystallization and deposition on the surface of the membrane. 

Therefore, the sharp flux reduction observed in the experiment with WO-DE is mainly 

attributed to the formation of a scaling layer due to the deposition of CaSO4 on the 
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surface of the membrane. Additionally, silica colloids contributed to a lesser extent to the 

formation of the scaling layer. 

 

Figure 4.4: MD flux of the FO-MD hybrid system. 

 

 

 

 

 

 

Figure 4.5: SEM and EDX images of MD membrane 

The results discussed in this section indicate that the performance of FO-MD integrated 

system when treating different streams of produced water (WO-DE) is limited due to 
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scaling which was mainly attributed to the fact that produced water contains high 

concentrations of scale-causing compounds, namely, calcium, sulfate and silica. 

Therefore, pretreatment of produced water that targets those ions is suggested in order to 

reduce the severity of scaling and improve the water recovery of the system. 

Electrocoagulation was selected as the pretreatment method because metal hydroxides 

which are generated by electrocoagulation have been widely used for the removal of 

silica from water. Additionally, it has been demonstrated by two separate studies that 

electrocoagulation can be effective in removing Ca2+ and SO42- from produced water. 

Chow and Pham (2019) in their study to investigate the efficiency of treating produced 

water by EC reported that they achieved a removal of calcium by more than 80% at high 

charge densities [71]. On the other hand, Mamelkina et al. (2019) investigated the 

performance of EC in terms of Sulfate removal, and they reported a removal of sulfate by 

more than 50% [83]. 

4.3 Electrocoagulation 

4.3.1 Exploratory experiments 

Table 4.2 outlines the different exploratory experiments which were conducted in order 

to investigate the efficiency of EC when treating our solution. There are different 

operational parameters that impact the performance of EC, namely, current density, initial 

pH and electrolysis time. The applied current controls the generation rate of coagulating 

species and strongly impacts the mixing of the solution [61]. Different values for the 

current density ranging from 3.5 to 70 mA/cm2 were used in order to understand their 

impact on the removal of the targeted elements. The initial pH of the solution determines 

the metal hydroxide specie and the dissolution rate of the electrode, the range of pH 
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values that were tested was 5-9 in order to evaluate the performance of the system under 

both acidic and alkaline conditions. All of the experiments were run for 60 minutes and 

samples were collected every 10 minutes in order to investigate the impact of electrolysis 

time on the performance of EC. Additionally, different variations of the produced water 

synthetic solution were tested in order to see if the presence of oil and organic 

compounds in produced water have an impact on the performance of EC.  

Table 4.2: The different parameters tested in the initial electrocoagulation experiments.  

 Current Density mA/cm2 Initial pH Solution 

Experiment 1 3.5 7.6 Synthetic PW 

Experiment 2 7 5 Synthetic PW 

Experiment 3 7 7 Synthetic PW 

Experiment 4 7 9 Synthetic PW 

Experiment 5 7 7 without the organic compound 

Experiment 6 21 8 without oil 

Experiment 7 70 9 Synthetic PW 

 

The exploratory experiments indicated that the system was not efficient in removing 

calcium and Sulfate from produced water. The maximum calcium removal was less than 

10%, and it was achieved with the applied current density of 70 mA/cm2, and with the 

same current density, the maximum Sulfate removal was less than 20%. The low calcium 

removal is not in accordance with the values reported by Chow and Pham. (2019) as they 

have achieved a removal of calcium by more than 80% [71]. It is suggested that the 

difference in calcium removal between the two studies is attributed to the significant 

difference in the composition of the solutions which were tested. The produced water 
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they used in their study had a TDS of 5000 ppm and a calcium concentration of only 65 

ppm, whereas our solution had TDS and Ca+ concentrations of 97000 and 8000 ppm, 

respectively. Also, in their study they mentioned that the presence of organic compounds 

in produced water could inhibit the removal of calcium; however, we conducted an 

experiment without the organic compound (glucose), and we didn’t observe any 

improvement in the removal of calcium.  

On the other hand, Significant silica removal was achieved even with relatively low 

applied current density (3.5 mA/cm2) as can be seen from Figure 4.6. The high efficiency 

of electrocoagulation in removing silica coupled with the fact that the system was not as 

efficient in terms of the removal of calcium and Sulfate made silica removal the focus 

this thesis. 

 

Figure 4.6: Silica removal achieved through the initial EC experiments. 
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4.3.2 Optimization of electrocoagulation for silica removal 

Significant silica removal was achieved in all of the initial experiments even at low 

applied current densities. silica removal in electrocoagulation is attributed to the 

adsorption of silica into iron hydroxide flocs and the precipitation of silicate minerals 

such as calcium silicate and Iron Silicate [71]. Optimization of the different parameters of 

EC, namely, current density, initial pH and electrolysis time is necessary in order to 

achieve the highest silica removal with minimum energy input. For the current density, 

the initial pH was fixed at 6 and different values for the current densities were tested, and 

it was found that 7 mA/cm2 would be the optimum value for the current density (applied 

current of 100mA) as can be seen from Figure 4.7. The concentration of silica in the 

solution at the end of the experiment with the this current density was 2.8 mg/L, 

representing a removal of silica by 95%. The amount of iron ions generated by the 

electrochemical dissolution of the anode with this level of applied current was found to 

be 14.15 mg/L. The initial pH of the solution is an important factor that determines the 

efficiency of the system. Generally, an initial pH of 8-9 is desirable when using iron 

electrodes in order to facilitate the production of ferric hydroxide Fe(OH)3 which is a 

strong coagulant with high adsorption capacity [84]. However, we observed that higher 

pH did not increase silica removal as can be seen from Figure 4.8. This could be 

attributed to the fact that silica surface charge increases with the increase in pH which 

reduces the efficiency of the coagulation process [85]. Therefore, it was decided that no 

changes should be made on the initial pH of the produced water stream that we are using 
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as it has a pH of around 6. For electrolysis time, it was noticed in all of the EC 

experiments we conducted that the majority of silica removal was achieved at the 

beginning of the experiments and was independent of electrolysis time which is in 

accordance with what has been reported by Chow and Pham (2019) [71]. Therefore, it 

was decided that the optimum residence time for silica removal would be 10 minutes in 

order to minimize the energy consumption of the system. When applying those optimized 

conditions (current density = 7 mA/cm2, initial pH = 6, electrolysis time = 10 minutes), 

silica was removed by 97%.  

 

Figure 4.7: Silica removal at different current densities. 
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Figure 4.8: Silica removal at different pH value. 

 

4.3.3 Energy requirements of the system 

The optimized conditions of the system were found to be 7 mA/cm2 and 10 minutes for 

the current density and the reaction time respectively. Using those conditions, the energy 

consumption of the system was found to be 0.023 KWh/m3, and Table 4.2 shows the 

energy requirements of EC for the different current densities which were tested.  

Table 4.3: energy consumption of EC for different applied current densities.  

 

Applied current (mA) 50 100 300 500 

Current Density (mA/cm2) 3.5 7 21 35 

Residence time (min) 10 60 10 60 10 60 10 60 

Energy consumption (KWh/m3) 0.005 0.03 0.023 0.14 0.042 0.25 0.09 0.53 
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4.4 Pretreatment effect on the performance of FO-MD 

4.4.1 changes in FO flux 

The optimized conditions for EC were used for the pretreatment of WO and DE prior to 

filtration with the FO-MD hybrid system. The changes in FO flux after pretreatment can 

be seen in Figure 4.9. Initial FO flux for the pretreated solution was 21.2 LMH which is 

23.9% higher than the initial flux of the raw solution (17.12 LMH). The Significant 

difference in the initial flux between the pretreated solution and the raw solution could 

indicate that silica deposition on the membrane takes place at the beginning of the 

experiment which is in accordance with what have been reported by Nawaz et al. (2021) 

[10]. The average FO flux for the experiment with the pretreated solution was 9.93 LMH 

which is 49% higher than the one achieved in the experiment with the raw solution (6.67 

LMH). Additionally, the pretreatment of produced water contributed to the reduction in 

salt transfer across FO membrane. The specific reverse salt flux of the experiment with 

the pretreated solutions was found to be 23.3 g/L which is 18% less than the SRSF 

observed in the experiment with the raw solutions (28.3 g/L) as can be seen from Figure 

4.10. The formation of a scale layer on the FO membrane increases the RSF since the 

ions deposited on the membrane from the feed side attracts the oppositely charged ions 

from the draw solution [80]. The removal of silica in the pretreatment step helped to 

reduce the scaling layer which lead to the reduction in RSF.  
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Figure 4.9: FO flux of the FO-MD hybrid system. 

 

Figure 4.10: specific reveres salt flux across the FO membrane 
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4.4.2 changes in MD flux 

MD flux results are shown in Figure 4.11. For the experiment with the raw solution, a 

sharp reduction in the flux was observed only after 5 hours of operations, whereas in the 

experiment with the pretreated solutions, the flux decline was less severe. The average 

MD flux for the experiment with the pretreated solutions was 8.55 LMH which is 39% 

higher than the average flux of the experiment with raw solutions (6.42 LMH). SEM 

image in Figure 4.12 indicates the deposition of CaSO4 on MD membrane even after 

pretreatment due to the fact that EC was not effective in removing calcium and sulfate. 

CaSO4 scaling was the main reason for the sharp flux decline observed in the experiment 

with the raw solutions. This indicates that the improvement in MD flux after pretreatment 

was mainly attributed to the increase in FO flux. Nawaz et al. (2021) in their study to 

evaluate the performance of FO-MD reported that MD flux is directly related to FO flux 

which means that the increase in FO flux would result in the increase in MD flux [10]. 
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Figure 4.11: MD flux of the FO-MD hybrid system 

 

Figure 4.12: SEM image of the MD membrane indicating CaSO4 scaling. 
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4.5 Changes in conductivities of feed and draw solutions 

Figure 4.13 presents the changes in conductivities of the feed and draw solutions. No 

significant changes in the conductivities of the draw solutions were observed which 

indicate that the production rate of FO and MD were similar which led to the equalization 

in the concentrations of draw solutions. The experiment with NaCl experienced the 

highest increase in the conductivity of the feed solution due to the high FO flux achieved 

in this experiment which resulted in a slight dilution of the draw solution in the first half 

of the experiment. The concentration of the feed solution was higher after pretreatment 

compared to the experiment with raw solutions due to the increase in FO flux.  

 
 
 
 

 
 

 

 

 

 

 

 

 

Figure 4.13: changes in conductivities of the feed and draw solutions in FO-MD experiments.  
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Chapter 5 

Conclusions 

In this study, the pretreatment of two different produced water streams (WO and DE) 

using electrocoagulation was investigated prior to filtration with an FO-MD hybrid 

system. The performance of FO-MD on the treatment of WO-DE was first investigated, 

then electrocoagulation was tested on its own, followed by studying the effect of EC 

pretreatment on the performance of FO-MD. DE stream was used as FO feed solution, 

and WO was used as FO draw/MD feed solution, and the average fluxes of FO and MD 

achieved were 6.67 LMH and 6.16 LMH, respectively. FO and MD both suffered from 

sharp flux declines after 5 hours of operations which were attributed mainly to scaling of 

the membrane due to silica and calcium sulfate. Pretreatment of PW with EC was 

effective in removing silica by more than 97%. On the other hand, no significant removal 

was achieved for calcium and sulfate even at high current densities. The parameters of 

EC were optimized in order to achieve the highest removal of silica with minimum 

energy input. The optimum parameters were found to be 7 mA/cm2, 10 minutes for the 

current density and electrolysis time, respectively. The effect of pretreatment on the 

performance of FO-MD was evaluated and it was found that due to the removal of silica 

in the pretreatment, the average FO and MD fluxes increased by 49% (9.93 LMH) and 

39% (8.55 LMH), respectively. These results indicate that EC can be an efficient method 

for produced water pretreatment prior to filtration with FO-MD hybrid system especially 

for the streams that has high concentrations of silica.   
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