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ABSTRACT 

 
Evaluation of Forward Osmosis Spacer Performance for Produced Water 

Treatment 

Jawad Mohammed AlQattan  

 

Forward osmosis (FO) is one of the emerging membrane technologies in a field of water 

treatment. The potential advantages of a FO process are lower energy consumption, and 

higher fouling reversibility compared to other membrane-based desalting technologies, 

e.g., reverse osmosis and nanofiltration, due to low working pressure. Despite high fouling 

reversibility, membrane fouling can be still a major obstacle in the FO process. Thus, the 

employment of spacers can help in enhancing water flux and minimizing membrane 

fouling. However, the current design of spacers has a potential problem related to spacer 

fouling, thereby deteriorating the FO process. Therefore, the spacers were examined with 

the different designs (i.e., hole-type and twisted spacers) fabricated via a 3D-printer for the 

treatment of shale gas produced water (SGPW). To evaluate the performance of the 

spacers, either synthetic SGPW or Milli-Q water as feed solution (FS) and different 

concentration of sodium chloride as a draw solution (DS) were employed. Water flux, 

reverse solute flux (RSF) and reverse solute flux selectivity (RSFS) were firstly measured 

with increasing DS concentration with Milli-Q water as FS and a 1-hole spacer exhibited 

the highest water flux. When increasing FS concentration to 0.3 M NaCl, hole-type spacers 

exhibited higher water flux than twisted spacers. Therefore, 0-hole and hole-type spacers 

were selected for SGPW treatment. During SGPW treatment, severe flux decline was 
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observed with all experiments due to the formation of BaSO4 scaling. Flux decline of 1-

hole spacers was slightly severer than 0-hole. This might be because scales were broken 

by high shear force and more covered the membrane surface as shown in SEM images. 

However, interestingly, hole-type spacers showed no change of pressure drop during 

SGPW treatment while the pressure drop of the 0-hole spacer increased. Holes of spacers 

can prevent the accumulation of foulants on the spacer surface, thereby resulting in no 

change of pressure drop. Physical cleaning with no spacer and the 0-hole spacer showed 

less than 95% cleaning efficiency while hole-type spacers could enhance the cleaning 

efficiency and achieve 100%. This might be because the micro-jet induced by holes of the 

spacer can more readily destroy and remove foulants on the surface. 
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Chapter I  

1.1 Introduction  

The demand for treating produced water has been growing more and more every year since 

the production of produced water has been increased from the development of the oil fields 

across the globe. Oil considers one of the main energy sources worldwide and the increase 

in its production can lead to increasing the production of produced water which has 

unfavorable effects in the environment [1]. Even, the production of produced water can be 

higher than the production of the oil in a dome of the oil fields. This can lead to a high 

volume of the produced water during oil production. The salinity of most produced water 

is higher than that of the seawater. Besides, hydrocarbons, heavy metals and chemical 

additives that are dissolved in the produced water are harmful to human and marine 

organisms when discharge without treatment [2]. The discharge of the produced water from 

petroleum activities has some regulations in some countries. For example, the European 

Standard requites to have less than 10 mg/l of the suspended solid and 5 mg/l of the 

hydrocarbons for the effluents from the onshore operations [3]. Moreover, high quality of 

water is required by petroleum companies for produced water re-injection to avoid or 

minimize damages to the formation of the oil or gas wells. Therefore, the treatment of 

produced water is necessary so that it can be reused and help to save some water sources 

as well as to protect the environment [4].  

The conventional technologies for treating produced water such as gravity separators and 

coalesce plates cannot alone meet the purity that is required for water to be re-injected or 

discharged [5]. Moreover, the high cost and large footprint are the major drawbacks of 

these methods [6]. Thus, membrane treatment technologies with some advantages can be 
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the promising methods for produced water treatment and they can be combined with each 

other or with other treatment technologies to meet the required discharge or reuse standards 

[7]. Some of these advantages are low energy requirement, moderate capital costs and easy 

control and a small footprint [8]. Membrane technologies such as microfiltration (MF), 

ultrafiltration (UF), reverse osmosis (RO) and forward osmosis (FO) show growth potential 

in the treatment of the produced water, but they have some problems such as membrane 

fouling [9]. Earlier studies showed that MF and UF processes could be used to remove the 

oil from the produced water [10–12] while the dissolved solids can be removed by using 

nanofiltration (NF) and RO processes [13,14]. Mondal et al. [15] examined NF and low-

pressure RO membranes to treat oily wastewater. Zaidi et al. [16] reviewed the treatment 

of produced water using MF and UF membranes. They concluded that membrane 

technology could be a good technology to treat produced water. Therefore, a novel low-

cost and low-fouling membrane process should be developed to minimize the 

environmental problems associated with produced water and to maximize the possibility 

of wastewater reuse for either the oilfield or other beneficial ways [17].  

FO is a semi-permeable membrane used for separating two solutions with different 

concentrations [18]. Water molecules migrate from the feed solution (FS) with low 

concentration to the draw solution (DS) with high concentration due to the osmotic pressure 

gradient across the membrane [19]. This can eliminate the need for hydraulic pressure and 

hence lead to high fouling reversibility of the FO membrane, which ensures the long 

lifetime of the membrane. However, FO needs additional desalting processes to separate 

pure water from the diluted DS and re-concentrate the diluted DS [20].  
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Produced water contains a high total dissolved solid (TDS) level which can potentially 

cause inorganic fouling in/on membranes [21]. Therefore, FO can be most suitable for 

treating produced water due to its high fouling reversibility and the DS with high osmotic 

pressure. Hutchings et al. [22] treated produced water to be reused in the hydraulic 

fracturing operations. They chose 26% w/w of NaCl as the DS and produced water with 

TDS about 5000 mg/l as the FS. FO was able to achieve a 70% recovery. Despite high 

fouling reversibility, FO membranes suffered from severe membrane scaling due to the 

high content of inorganics. Kim et al. [23] investigated the fertilizer-drawn FO (FDFO) for 

treating coal seam gas (CSG) produced water to produce a nutrient-rich solution for 

irrigation. The results showed that FDFO has the lowest specific energy consumption 

(SEC) when compared with RO-FDFO hybrid process and RO. According to the final 

nutrient concentration simulation, RO-FDFO hybrid process has the lower final 

concentration and the higher maximum recovery. Thus, it was concluded that RO-FDFO 

hybrid process is an effective method for treating CSG produced water when it was 

compared with FDFO and RO. Despite high fouling reversibility, FO still suffers from 

severe membrane fouling due to high fouling potential of the produced water. Therefore, 

an effective method to mitigate membrane fouling should be proposed for treatment of the 

produced water.  

Spacers can be used to not only create flow channels between membranes but also enhance 

the water flux by mitigating the concentration polarization. This can be useful to control 

membrane fouling. Zou et al. [24] tested the feed spacers in FO by using microalgae as 

foulant. They concluded that the spacer could help to improve the initial water flux and 

reduce membrane fouling. However, to improve the efficiency of the membrane module, 
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spacer geometry, such as filament shape, filament thickness and filament angle, needs to 

be optimized [25]. Another study by Kerdi et al. [26] examined the performance of 

perforated feed spacers with MF membrane. Three different types of perforated spacers (1-

hole, 2-hole and 3-hole) were evaluated in term of permeate flux, pressure drop and 

membrane fouling. It was concluded that the feed spacer with holes in the filament could 

improve the performance of the process depending on the operating condition of the cross-

flow of the system. Moreover, the performance of spacer with 1-hole was found to be the 

best in term of the permeate flux and minimum fouling in the membrane surface but it was 

the least in the reduction of the pressure drop.  

 

1.2 Research Objectives:  

The objectives of this research are 

• Evaluate the newly designed spacers for FO in terms of water flux and RSF.  

• Evaluate the newly designed spacers for SGPW treatment.     

 

1.3 Thesis Layout:  

The content of this thesis has been prepared by an overview of produced water with a focus 

on FO membrane technology with spacers. Chapter II provides the literature review which 

presents background about produced water. It gives information about the characterization 

of produced water and the management methods of produced water. Also, it highlights 

some of the methods for treating produced water. Then, it focuses on the FO membrane 

technology. It provides details about concentration polarization, draw solution, and 

application of FO. Finally, it gives information about spacers.  
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Chapter III presents the methods and materials employed in this research. It includes the 

different type of experiments that were done to evaluate the performance of the different 

spacers. Also, a detailed explanation of the different spacer can be found in this section. 

Moreover, the experiment setup and procedure for this project are mentioned in this 

chapter.  

Chapter IV shows the result collected from each experiment and discuss them. All data 

obtained from the different experiments to evaluate the performance of the spacers have 

been discussed in this chapter. Chapter V provides the conclusions of the research.     
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Chapter II  

Literature Review  

2.1 Produced Water  

The reservoir produces crude oil or natural gas that includes liquid or gaseous 

hydrocarbons, produced water, dissolved or suspended solids. The produced water can 

produce from different sources within the reservoir such as the flow from above or below 

the hydrocarbon zone or within the area. Moreover, it can be from the flow of the injected 

fluids and additives that are used in the production activities. When the water is in the 

reservoir, it is called connate water or formation water. When the water becomes to the 

surface, it is called produced water. Different factors can change the physical and chemical 

properties of the produced water: the geographical location of the field, the lifetime of a 

reservoir, and the type of hydrocarbon that is produced. The produced water volume is 

changing with the time of the oil and gas wells. In the beginning, the produced fluids from 

the well consist of a small percentage of the produced water, but with time this percentage 

increases and the percentage of the hydrocarbons decreases [27]. The gas wells usually 

discharge produced water less than the oil wells. As the age of the oil wells increases the 

production of the produced water increases as well. When the oil wells reach the end of 

their production lifetime, the produced water is about 98% of the wells discharge [17]. 

2.1.1 Characteristics of Produced Water 

Produced water that discharges with oil and gas production has a convoluted solution. This 

solution is changing over the time of field production. Salt content, oil and grease, bacteria, 

viruses, heavy metals, chemical compounds, inorganic and organic compounds are the 

primary concern with the produced water. Produced water can also include precipitated 
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solids, sand, clays, and different suspended solids from the well-bore operations and the 

formation production. Salt that dissolved in the produced water with different 

concentration has different cations and anions. The main cations involve Na+, K+, Ca2+, 

Mg2+, Br2+, Sr2+, and Fe2+ while the anions are F-, Cl-, SO42- and HCO3-. Table (2.1) donates 

comparison between the chemical composition of produced water from the oil field and the 

chemical composition of the seawater [4]. The salt content of produced water is the primary 

concern in the onshore operation while oil and grease are the primary concern for both 

onshore and offshore operation. The produced water is more saline than the seawater as 

shown in Table (2.1).  

The produced water has small droplets of dispersed oil that can have potentially toxic 

effects on the environment. The main problem with the dispersed oil droplets in the 

produced water with it discharged is the increase in the biological oxygen demand [28]. 

Oil density, interfacial tension between oil and water, and the type of chemical treatment 

are some of the factors that can affect the concentration of the dispersed oil in the produced 

water [29]. The organic and inorganic components that release from the offshore wells with 

the produced water can vary in the physical state. It can be a solution, suspension, emulsion, 

and adsorbed particles. Fatty acids, phenols, aromatic hydrocarbon, and aliphatic 

compounds are generally organics in the produced water from oil or gas wells. The 

reservoir type and the environmental condition can help to determine the existent of these 

organics in the produced water. 

The characterization of the produced water from gas production is not the same as from oil 

production. The water in the gas reservoir is in the vapor phase, but this water will condense 

after the production. Thus, the produced water will contain condensed water. The produced 
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water from gas fields have low TDS compare with the produced water from the oil field. 

On the other hand, the hydrocarbon levels are high in the produced water from the gas 

fields. The ratio of the toxicity of produced water that discharges from gas and oil fields 

was found to be 10 [4].  

Table (2.1): Chemical composition of produced water from Permian Basin and seawater 
[4]. 

Components Permian Basin (Oilfield) 

(mg/L) 

Typical Seawater 

(mg/L) 

Bicarbonate (HCO3-) 1538.1 107 

Hydrogen sulfide (H2S) 22.5 N/A 

Chloride (Cl-) 130636 19352.9 

Sulfate (SO42- ) 4594.1 2412.4 

Sodium (Na+) 80421.2 10783.8 

Potassium (K+) 398.6 399.1 

Magnesium (Mg2+) 894.1 1283.7 

Calcium (Ca2+) 4395.5 412.1 

Strontium (Sr2+) 88.9 7.9 

Iron (Fe2+) 65.3 15.5 

Total Dissolved Solids (TDS) 223054.3 34774.4 

 

The pH levels are between 6-7.7 for the produced water from the oil field while they are 

between 3.3-5.5 for the produced water from the gas field. The produced water that 

discharges from the oil field may have groundwater or seawater, which used to inject into 

the reservoir to maintain the hydraulic pressure. Moreover, the chemical additives used for 

drilling and production purposes can be found in the produced water. Some of these 

chemicals may affect the organic compounds that are dissolved in the produced water. 
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2.1.2 Produced Water Management 

When the produced water is mixed with the seawater, it has less environmental hazard like 

when it discharged near to the shore or onshore. The produced water can have different 

effects when it discharged such as soil contamination, pollution of fresh and underground 

water because of the dissolved organic compounds. Moreover, the high toxicity of the 

produced water compounds forms severe hazards to human and other living species. The 

produced water can be treated to remove the pollutants. When the water meets some quality 

conditions, it can be reused and recycled to increase the oil production. Moreover, it can 

also be used for irrigation and other various industrial applications. The cost of treatment 

is related to the level of the water quality where the cost increases when the water quality 

increases [4]. 

The location of the plant should be taken into consideration when the treatment method is 

selected. When the plant is offshore, the treatment of produced water must be fast because 

the accumulation of the water is not feasible for a long time that can cause environmental 

effects [17]. There are different ways to manage produced water.  

2.1.2.1 Discharge:  

The produced water can be discharged directly when it meets the regulatory norms. Most 

of the produced water on the offshore operations released to the ocean which is subject to 

the regulation standards. These standards are different from country to another [29].  

2.1.2.2 Underground injection: 

The underground injection can be done for disposal purpose or to enhance the oil 

production. The wells that are used to inject the produced water for disposal purpose. They 

are usually in formations where water can enter at a pressure less than the fracture pressure. 



 23 

Moreover, it should be isolated from the hydrocarbon production formation. The produced 

water should be treated before the injection to the underground which can help to manage 

excessive solid and dissolved oil. On the other hand, it can be used to help with the start-

up or ongoing production of the oil. The produced water can be injected to increase the oil 

production which can be injected in the same well or transferred and injected into another 

well. For onshore operation, the majority of the produced water is injected into the well to 

maintain the pressure of the reservoir. Also, the produced water can be used for a fracking 

purpose since fracturing requires a lot of water [29].  

2.1.2.3 Evaporation:  

The evaporation of the produced water can be done by first directing the water into a pond 

with a large surface area. The evaporation rate is depending on the size, depth and location 

of the pond. Moreover, the quality of the produced water can have an effect on the rate of 

the evaporation. So, the produced water should be treated to reduce the solids and other 

constituents. When their concentration increases, the evaporation rate will decrease. The 

evaporation technique can be done onsite of the production in a small pond or it can be 

conducted to large commercial facilities [29].  

2.1.2.4 Beneficial ways:  

The produced water can be reused for agricultural purposes. It uses for irrigation, livestock 

or wildlife watering and habitats. The salinity of the produced water is the major problem 

when it is used for the agricultural purposes. Crops have different sensitivity to the salinity. 

When the salinity rises, the crops yield will decrease. So, produced water should be treated 

to reduce the salinity when it is used for some types of the crop [30]. 
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2.1.3 Produced Water Treatment Methods 

The produced water must be treated before it can be used for the majority of applications. 

The general objectives of the produced water treatments are [31]:  

1. Removal of the dispersal oil and grease from the produced water.  

2. Soluble organic removal.  

3. Removal of bacterial and microorganisms.  

4. Suspended solids removal.  

5. Dissolved gas removal.  

6. Removal of dissolved salts, sulfates, nitrates, and contaminates.  

7. Removal of the excess water hardness. 

Below are some of the methods and technologies that are used to treat produced water 

before it can be reused or discharged [31,32] 

1. Gravity Separator.  

2. Physical Adsorption. 

3. Extraction. 

4. Evaporation.  

5. Photocatalytic Treatment.  

6. Electrochemical Process.  

7. Demulsifies. 

8. UV Light/Ozone.    

9. Ion Exchange. 

10. Membrane Treatment.  
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2.2 Conventional Membrane Treatment Technologies for Produced 

Water 

The conventional methods that are used to treat produced water have some disadvantages 

and limitations such as the use of the toxic chemicals and a large footprint. While 

membrane treatment methods have some advantages that make them be the promising 

methods for produced water treatment and reuse. Some of these advantages are [32]:  

1. Low energy requirement.  

2. Smaller space needed for the process.  

3. Moderate capital costs.  

4. Easy to control and a small footprint. 

The material of the membrane can vary immensely depending on the chemical composition 

and type of the process. The objectives of synthesis membrane for treating produced water 

are always the same. An ideal membrane must:  

1. Be reasonable mechanical strength to handle the process.  

2. Have a high flowrate for the permeate. 

3. Be selective for the desired component in the permeate.  

MF, UF, NF, RO and FO are the different membrane-based operation that can be used for 

removing some of the species in the produced water with a specific range of sizes. MF is 

used in general to remove the suspended solids while UF is usually used for removing odor, 

color, viruses and colloidal organic substances. On the other hand, NF and RO are used to 

remove substances and dissolved solid with a small size [17].Table (2.2) provides a 

comparison between these different membranes.  
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Table (2.2): Comparison between different membranes treatment for produced water 
[17]. 

Treatment Advantages Disadvantages 

Microfiltration (MF)  

and  

Ultrafiltration (UF) 

Can remove emulsified oil 
even with very small 
droplet size, removal of 
almost all nondissolved 
carbon, high expected 
lifetime, especially in case 
of ceramic membranes.  

Needs periodic backwash, 
chemical cleaning may be 
required, high quantities of 
iron in the feed can cause 
fouling.  

 

Nanofiltration (NF) Mature technology for 
water treatment, initial 
positive results with 
produced water, high 
product recovery, the 
energy requirement is less 
than RO and disposal cost 
is minor.  

May require scale 
inhibitors and pretreatment, 
not sufficient as a stand-
alone technology for 
produced water.  

 

Reverse Osmosis (RO) Robust and well-proven 
technology for seawater 
treatment.  

Intensive pretreatment and 
process integration are 
required when considering 
for produced water.  

Forward Osmosis (FO) High rejection of all 
contaminants. 
Reversible membrane 
fouling. Can achieve high 
water flux. High salinity 
produced water can be 
used as a draw solution.  

 

Draw solution after a 
period of time gets diluted. 
Diluted draw solution 
needs to be re-concentrated 
for reuse. Reverse solute 
diffusion.  

 

 

2.2.1 Microfiltration (MF) and Ultrafiltration (UF) Membranes 

MF has a pore size between 0.1- 3µm while UF has a pore size between 0.01- 0.1µm. MF 

and UF can be made from polymeric or ceramic materials. They can be used as a 

pretreatment or as a final treatment step based on the quality of the produced water. 

However, ceramic membranes are more desired than delicate polymeric membranes 

because they can handle higher temperature, higher oil content and strong cleaning agents. 
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The polymeric membrane can be made from polyacrylonitrile and polyvinylidene. On the 

other hand, clays of nitrides, carbons and oxides of metals are used to make ceramic 

membranes [33]. UF is an effective method that is used to remove oil from produced water 

when it is compared with the traditional separation method. This is because of its high 

effectivity to remove oil from the produced water. Moreover, there is no need for chemical 

additives and the energy required for the process is low. Furthermore, it is more effective 

than MF to remove hydrocarbons and suspended solid form produced water [34]. There 

are different studies that can be found for the MF and UF membranes.   

Compose et al. [35] studied MF with combination with air-lift reactor with polystyrene 

particles as support. The experiment was done with the MF system stand alone and with 

the combined system. MF system has to remove efficiencies about 35 % for carbon oxygen 

demand (COD) and 25 % for total influent organic carbon (TOC). On the other hand, the 

removing efficiency of the combined system was 65 % for COD and 80% for TOC.  

Mueller et al. [8] examined the performance of the MF membrane in a cross-flow mode. 

The test was performed by using ceramic and polymeric MF membranes. It was found that 

the membranes have excellent performance for removing oil while they had a problem with 

fouling. The characterization of the membrane was changed from hydrophilic to 

hydrophobic to overcome the fouling problem. Also, suspended solid was added to reduce 

the intensity of the fouling. 

Bilstad and Espedal [36] examined MF and UF membranes in a pilot plant to treat produced 

water from the oil field. The experiment concluded that UF is better than MF to be used 

for removing hydrocarbon and dissolved constituents. The total hydrocarbon can be 
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removed to 96%. While BTX were removed by 54% and some of the heavy metals also 

were removed by 95%. 

Lee and Frankiewicz [37] examined a hydrophilic UF membrane with a pore size of about 

0.01 µm. The test was done in crossflow mode for treating produced water from the oil 

filed. The produced water was treated first by using hydrocyclone which help to remove 

the sand and oil from the produced water. This led to removing 73% of the solids and 54% 

of the oil content in the produced water. After that, the produced water is introduced into 

the UF membrane where the oil and gas concentration can be reduced to less than 2 mg/L. 

2.2.2 Nanofiltration (NF) and Reverse Osmosis (RO) Membranes 

NF and RO are pressure-driven membrane processes. NF membrane has a pore size of 1-

10 nm that is smaller than MF and UF membrane but large than RO. The RO membrane 

considers the finest partition membrane process which has a pore size between 0.0001- 

0.001µm. When the TDS in the produced water in the range of 500-25000 ppm, NF 

membrane applies to be used. The hydraulic pressure is applied to suppress the osmotic 

pressure of the feed produced water. This can help to force water molecules to diffuse 

through a dense, non-porous membrane. However, the major problem in RO is the fouling 

of the membrane such as biofouling, scaling and organic fouling because it can deteriorate 

the membrane [33,38].  

Ebrahimi et al. [39] tested the MF or UF as a pretreatment membrane combined with NF 

membranes. When the MF was combined with NF, the study showed that oil content 

reduced to 93% in the produced water. On the other hand, the study showed that oil content 

reduced to 99.5% when UF was combined with NF membrane. Moreover, TOC was 

limited to 49% in both cases.    
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The fouling problem can be reduced by using a pretreatment process before the RO 

membrane. The fouling tendency of RO and NF was studied by Xu and Drewes [40]. They 

studied the process with and without MF as a pretreatment in the process of treating 

produced water. The authors found that the membranes with high permeability have more 

fouling. Moreover, the fouling can be increased with the hydrophobic and rough surfaces 

of the membrane. The is because organic and inorganic components in the produced water 

have more potential to interact with a rough and hydrophobic membrane which can lead to 

having more fouling and a high degree of flux decline. When the MF was used as a 

pretreatment, the fouling was reduced. On the other hand, the anionic surfactant and caustic 

cleaning were used to restore the permeability which was more effective than acid cleaning.  

Xu et al. [41] examined and compared NF and ultra-low-pressure reverse osmosis with a 

conventional RO system. The study was done with testing the rejecting of various 

constituents at low and high recoveries. It was found that the specific flux which is the flux 

rate divided by the net driving pressure was highest for the NF membrane and the rejection 

was poor for this case. Also, the ultra-low-pressure reverse osmosis is similar to the RO 

process in term of the permeate quality even when the specific flux was higher. 

2.2.3 Combined Technology Processes 

Different technologies can be combined to be used to treat produced water. These 

technologies can be used as a pretreatment system to help to overcome some of the 

problems such as biofouling that are associated with using some types of membranes. Qiao 

et al. [42] studied a hybrid membrane pilot-scale plant to treat oilfield wastewater to be 

suitable as injection water. The pilot plant as shown in Figure (2.1) consists of the aeration 

tank, air floatation, sand filter and UF unit. The aeration tank employed to oxidized the 
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reductive substance such as sulfur, Fe and large-size oil drops in the wastewater. The 

results showed that 50 % of the crude oil could be removed by the aeration tank. Then, the 

effluent from the tank introduced to the air floatation and treated with Polyaluminium 

Chloride (PAC) and Polyacrylamide (PAM) as demulsifying and coagulant agents, 

respectively, which can help to aggregate emulsifying oil into large-size which can enhance 

the oil removal. The oil and total suspended solid after the air floatation can be less than 1 

mg/L and 10 mg/L, respectively. The sand filter was employed before the UF unit to act as 

a safe filter to reduce the fluctuation of water quality of the influent. UF unit is the final 

treatment unit in the plant. Data showed that oil and total suspended solids in the effluent 

of the UF are less than 0.5mg/L and 1 mg/L, respectively.  

 

Figure (2.1): Proposed treatment method for produced water [42]. 

  

Another study by Cakmakce et al. [7] proposed to use different technologies before the 

membrane process. They tested the different combination of methods to determine the best 

pretreatment methods to obtain both best effluent water quality and high permeate flux. 

The study included dissolved air floatation (DAF), acid cracking, coagulation with lime 

and precipitation, cartridge filters, MF and NF or RO. The required level of COD was 

obtained when NF was employed. However, the salt concentration was high because of the 

high salt content in the feed. They concluded that the best method to treat produced water 
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based on their experimental results by using oil/water separator, DAF system, ceramic or 

metallic cartridge filter, ceramic or metallic MF which can help to remove very small 

particles, will give the best pretreatment method in term of the permeate flux and the quality 

of the water. The DAF system can help to remove the smaller oil particles. After that, the 

water can be introduced to the activated carbon adsorption to remove any organic matter 

before the RO membrane that is the final treatment step as shown in Figure (2.2).    

 

Figure (2.2): Proposed treatment method for produced water [7]. 

 

2.3 Forward Osmosis  

FO or direct osmosis is one of the technologies which is used in water treatment. FO may 

not be in the present the core stream but FO is highly becoming a topic of interest over the 

past few years. A simple schematic of the FO membrane technology is shown in Figure 

(2.3). The working principle of the FO is based on using the natural osmosis which uses a 

semipermeable membrane to draw the water molecules through the membrane [43]. 

Osmosis is a phenomenon in which water can transfer across the membrane from a higher 

water chemical potential area to a lower chemical potential area. Hence highly concentrated 

draw solution is utilized. It is usually coupled with other desalting processes to recover the 

draw solution and get a pure permeate [19]. 
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Figure (2.3): Simple schematic of a FO concept.  

The net movement of the water across the semipermeable membrane is driven by the 

difference in the osmotic pressure across the membrane which can reject most of the solute 

molecules or ions. The driving force of the FO is the osmosis pressure differential across 

the membrane while RO applies higher hydraulic pressure than the osmotic pressure of the 

feed solution. The pressure-retarded osmosis (PRO) can be seen as an intermediate process 

between FO and RO processes. PRO is a process that not only uses the osmotic pressure 

difference between the freshwater and seawater to produce the water but also applies 

hydraulic pressure less than osmotic pressure difference to convert the osmotic pressure of 

the seawater into a hydrostatic pressure to be used to generate electricity. The general 

equation for the water flux for FO, PRO and RO yields [19]:  

     𝐽* = 𝐴(𝜎∆𝜋 − ∆𝑃)    (2.1) 

Where:  

 𝐽*: is the water flux.  

 A: is the water permeability of the membrane.  

 𝜎: is the reflection coefficient. 

 ∆𝜋: is the osmotic pressure differential across the membrane.  

 ∆𝑃: is the applied pressure which is for FO is equal to 0.  
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As shown in Figure (2.4), PRO is similar to RO where the hydraulic pressure is applied. 

However, PRO is applied in the reverse direction of the osmotic pressure while the water 

flux is in the same direction of the concentrated solution as FO. Lee et al. [44] characterized 

the direction of the flux and the driving forces of the three different processes. As shown 

in Figure (2.5), the applied pressure is equal to zero for the FO process. It is greater than 

∆𝜋 for the RO process and less than ∆𝜋 for the PRO process.  

 
 

Figure (2.4): The direction of the solvents flow in FO, RPO and RO [19]. 

 
Figure (2.5): Relationship of water flux, osmotic pressure and hydraulic pressure 

differential in FO, PRO and RO processes [44]. 
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2.3.1 Draw Solution 

The driving force of the FO process is the osmotic pressure difference induced by the 

concentrated solution, referred to as Draw solution (DS) in the permeate side of the 

membrane. The availability of the suitable DS can be critical to not only help to increase 

the efficiency of the FO but also save the cost of the subsequent steps in the recovery of 

the DS. Therefore, the adequate DS should have higher osmotic pressure, low cost and 

minimal toxicity [45,46]. The osmotic pressure of the solution can be expressed by the 

Morse equation which is driven from the Van’t Hoff equation as shown below [47]:  

                                 				𝜋 = 𝑖𝑀𝑅𝑇 = 𝑖 67
8
9 𝑅𝑇    (2.2) 

Where:  

 i: is the Van’t Hoff factor. 

 M: is the molarity of the solute which is equal to 67
8
9.  

 n: is the solute moles.  

 V: is the volume of the solution.  

 R: is the gas constant  

 T: is the absolute temperature.  

To achieve high osmotic pressure, the draw solute should have good solubility in the water 

to obtain high maximum molar concentration. On the other hand, an ionic compound which 

can be entirely dissociated can be used to produce more ionic species which can result from 

having high i value. This can be concluded that the most favorable DS is the multivalent 

ionic solutes which have a high water solubility and a high degree of dissociation [47].  

The reverse solute flux (RSF) can be defined as the draw solute which diffuses from the 

DS to the FS through FO membrane. This can occur due to the large concentration 
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difference between the DS and FS [18]. The RSF of the draw solute can be expressed in 

the below equation [48]:  

     −𝐽: = 	−𝐵(𝐶=,>?𝐶@,>)   (2.3) 

Where:  

𝐽:: is the reverse solute flux.  

𝐵: is the salt permeation coefficient.  

𝐶=,>: is the solute concentration of DS across the active layer.  

𝐶@,>: is the solute concentration of FS across the active layer. 

The RSF in the FO process is inevitable due to the highly concentrated DS. Cath et al. [49] 

stated that the reverse solute flux should be a careful account in the FO process because it 

could increase the external concentration polarization (ECP) behavior that leads to have 

membrane fouling and reduce water permeation in the process.   

The reverse solute flux selectivity (RSFS) defined as a ratio of the water flux to the RSF 

and can be expressed by the following equation [50]:  

    𝑅𝑆𝐹𝑆 = 	 BC
BD
= (E

F
)𝑛𝑅H𝑇    (2.4) 

Where: 

 𝑛: is the number of dissolved species created by the draw solute (e.g.,2 for NaCl). 

 𝑅H: is the gas ideal gas constant. 

 T: is the absolute temperature. 

RSFS is an important intrinsic property of the membrane which is related to the efficiency 

of the membrane. So, high RSFS is desired to obtain high water flux with low RSF to 

prevent or mitigate the harmful effect of RSF [51]. 
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The generation of the DS after the FO process should be easy and cheap. The FO process 

should be coupled with another desalting process to obtain pure water and recover the 

diluted DS. When FO is used for desalination of seawater, the water is removed from the 

seawater by using DS. Then, the pure water is separated from the DS by another process 

such as RO, UF, NF or Membrane Distillation (MD). These processes required hydraulic 

pressure or heat to regenerate the dilute DS. So, the cost of the regeneration of the diluted 

DS depends on the type of the DS and the selection of the regeneration process [46,52].  

Zhao et al. [53] used FO-NF system for brackish water desalination as shown in Figure 

(2.6). Also, they compared the FO-NF system with standalone RO system. They used NF 

to regenerate the diluted DS (MgSO4 and Na2SO4) after FO. They stated that the 

performance of the FO-NF for brackish water desalination is better than the standalone RO. 

This is because of the lower hydraulic pressure and membrane fouling of the FO-NF 

system. Moreover, FO-NF system has higher flux recovery after physical cleaning with 

deionized water. 

 

Figure (2.6): Schematic of the FO-NF system [53].  
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Ge et al. [54] investigated FO-MD hybrid system to remove organic arsenicals by using 

decasodium phytate as DS. The simple schematic of the system can be seen in Figure (2.7). 

They used MD to recover the DS after the FO. According to their results, 100% of recovery 

of the DS was achieved by MD and DS was not detected on the permeate of the hybrid 

system. The high rejection of DS by MD was carried out at a temperature between 50 0C 

and 70 0C.  

The molecular weight and the viscosity of the draw solute are important when selecting the 

draw solute for the DS. The draw solute is preferable to have a small molecular weight and 

low viscosity in its aqueous solution. The high molecular weight and high viscosity of the 

draw solute can lead to having a low diffusion coefficient which can cause internal 

concentration polarization (ICP) that can affect the FO process. Table (2.3) states some of 

the draw solutions and water flux in the FO process [55]. The osmotic pressure of several 

solutions with different concentration can be found in Figure (2.8).    

 

 

Figure (2.7): Schematic of the FO-MD hybrid system. 
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Table (2.3):Overview of the Draw solution and the water flux in the FO process [47].  

Draw 

Solute 

Concentration 

(M) 

Osmotic 

Pressure 

(atm) 

Feed 

Solution 

Water 

Flux 

(LMH) 

NaCl 0.6 28 DI Water 9.6 

MgCl2 0.36 28 DI Water 8.4 

KCl 2 89.3 DI Water 22.6 

NH4HCO3 0.67 28 DI Water 7.3 

Sucrose 1 26.7 DI Water 12.9 

 

 

 

Figure (2.8):Osmatic pressure as function solution concentration at 25 oC [19]. 

2.3.2 Concentration Polarization  

Concentration polarization can occur in the desalting membrane separation processes 

including pressure-driven RO and osmotically driven FO. This phenomenon appears due 
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to the semi-permeable membrane which allows the transport of water molecules and 

readily rejects ions. The FS in the FO process becomes more concentrated in the active 

layer of the membrane while the DS becomes more diluted in the support layer of the 

membrane. This can affect the differential osmotic pressure which can lead to the effect 

the solvent flow [56]. The CP in the FO process can be classified into two types of 

concentration polarization which are internal and external concentration polarizations. The 

ICP which occurs within the support layer of the membrane while the ECP that happens at 

the active layer surface of the membrane. In the FO process, the osmotic pressure is 

responsible for the water flux in the process. The osmotic pressure can reduce and affect 

the performance of the FO process because of the CPs on both sides of the membrane [57].  

2.3.2.1 External Concentration Polarization  

Salt concentration can increase in the feed side and decrease in the draw side in case of a 

symmetric membrane as shown in Figure (2.9a) where water flows from FS to DS. The 

concentrative ECP can occur when the feed solution is facing the active layer of the 

membrane and the solutes build up at the layer as shown in Figure (2.9b). On the other 

hand, the dilutive ECP can happen when the draw solution is facing the permeate layer of 

the membrane as shown in Figure (2.9c) [58]. The osmotic- driven process can have both 

concentrative and dilutive CP. The ECP can be minimized by controlling the flow velocity 

and increasing the turbulence at the surface of the membrane [59].     
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Figure (2.9): Illustration of concentration profiles: (a) A symmetric dense membrane. (b) 

An asymmetric membrane with the dense active layer against the FS (FO mode). (c) An 

asymmetric membrane with the dense active layer against the FS (RPO mode). Key:	∆𝝅 is 

the effective osmotic driving force, 𝝅𝑭,𝒃 is the bulk feed osmotic pressure, 𝝅𝑭,𝒎 is the 

membrane surface osmotic pressure on the feed side, 𝝅𝑫,𝒃 is the bulk draw osmotic 

pressure and 𝝅𝑫,𝒎 is the membrane surface osmotic pressure on the draw side [58]. 

2.3.2.2 Internal Concentration Polarization 

The symmetric membrane as shown in Figure (2.9a), has both concentrative and dilutive 

ECPs while the asymmetric membrane has ICP as shown in Figures (2.9a &2.9c) [58].  

ICP is the major reason behind the diminution of the water flux in the FO process. Based 

on the membrane orientation, there are two phenomena for the asymmetric or composite 

membrane consisting of a dense layer and a porous supporting layer. When the active layer 

is facing the feed solution and the supporting layer is facing the draw solution, water will 

permeate the active layer and dilute the draw solution in the supporting layer side as shown 

Figure (2.9b). This can be defined as dilute internal CP. On the other hand, if the 
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supporting layer is forcing the feed solution not the draw solution, there will be a polarized 

layer inside the porous supporting layer. This can be referred to as concentrative internal 

CP where the solutes build up at the supporting layer as shown in Figure (2.9c). The 

osmatic pressure difference across the membrane is lower than the osmotic pressure 

between the draw solution bulk and the feed solution bulk. This is due to the combination 

of the ECP and the ICP [60]. 

The ICP can take place inside the membrane support layer not like the ECP that take place 

outside of the membrane. So, the ICP cannot be moderated by controlling the water flow 

velocity or increasing the turbulence like the ECP. The ICP can cause a severe decline in 

the osmotic pressure that will lead to a decrease in the water flux [61].       

The theoretical equations to calculate the water flux (𝐽*) and the RSF (𝐽:) with the effects 

of both ECP and ICP are expressed below[62]:  

  𝐽* = 𝐴{
PQ	 RST6?

UCV
Q 9?PW RSTX

UC
YZ
[

\] ^
UC
[RSTXUCYZ

[?RST6?UCVQ 9]
}               (2.5) 

  𝐽: = 𝐵{
bQ	 RST6?

UCV
Q 9?bW RSTX

UC
YZ
[

\] ^
UC
[RSTXUCYZ

[?RST6?UCVQ 9]
}            (2.6) 

Where:  

            𝑘d: is the feed solute mass transfer coefficient. 

            𝜋= and 𝜋@: are the bulk osmotic pressures of draw solution and feed solution,       

            respectively. 

            𝐶=	and 𝐶@	: are the bulk concentration of draw solution and feed solution,       

            respectively. 

             S: is the structural parameter of the support layer.  
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             D: is the bulk diffusion coefficient of the draw salt.  

The term exp 6− BCh
=
9 is related to the dilutive ICP and exp iBC

jZ
k accounts for the 

concentrative ECP [62]. The solute resistivity within the support layer (K) can be 

calculated by using equation (2.7) [48]. It can be seen from equations (2.5) and (2.6) that 

small K value will lead to less ICP, resulting in higher water flux [63]. 

   𝑘 = 	 lm
n=
= 	 h

=
                                        (2.7) 

Where:  

             𝑡, 𝜏 and 𝜀: are thickness, tortuosity and porosity, respectively of the support layer.  

2.3.3 Membranes for FO 

The active layer of the membrane should have a high density which can lead to having high 

solute rejection. Also, the membrane should have a high porosity, low tortuosity and low 

thickness of the supporting layer to have low ICP. Moreover, higher hydrophilicity to 

enhance the water flux and decrease the membrane fouling. The membrane should have 

high mechanical strength to sustain hydraulic pressure when it is used in PRO. The 

performance of the FO can be further improved by developing a membrane with high water 

flux, high salt rejection, small ICP and high mechanical strength [64]. The types of FO 

membrane are cellulose triacetate (CTA) and polyamide thin film composite (TFC). TFC 

membrane has higher water flux and lower RSF than CTA membrane when they were 

tested under the same conditions. Also, TFC membrane has better pH stability and 

resistance hydrolysis and biological degradation when it compared with the CTA 

membrane [65].         
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2.3.4 Membranes Fouling 

Membrane fouling is inevitable in all membrane processes and can cause a negative effect 

on the performance of water flux across the membrane. The osmatic-driven process like 

the FO process has low fouling tendency and high fouling reversibility than the pressure-

driven process such as the RO process because of the no or low applied hydraulic applied 

pressure [66]. This can lead to less cleaning and maintenance for the process, longer 

lifetime of the membrane. Hence, the operational cost will be lower [67]. The comparison 

of membrane fouling between FO and RO processes was studied by Holloway et al. [68]. 

It was found that the change in the flux rate was higher in the RO compare to FO. Moreover, 

Lee et al. [69] investigated the organic fouling in both FO and RO. It was reported that 

organic fouling under the FO could be maintained by increasing the flow velocity. On the 

other hand, there was no change in the case of RO when the flow velocity was increased. 

Moreover, membrane orientation where active layer facing FS (AL-FS) or active layer 

facing DS (AL-DS) can have an influence on fouling [70,71]. When the AL-DS mode is 

employed, fouling in the support layer which facing FS could promote ICP by decreasing 

the porosity of the support layer of the membrane [72]. In addition, membrane type can 

have an impact on the fouling propensity. FTC membrane has lower fouling reversibility 

than CTA membrane because of the different physiochemical surface property of the 

membrane [73].      

2.3.5 Challenges in FO 

The reverse solute flux, membrane fouling, membrane characteristics and the draw solution 

properties are the main challenges in the FO process. These challenges are related to each 
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other and can affect each other. Figure (2.10) provides the relationship between the 

different challenges in the FO process and how they are related to each other [74].  

The ICP can be reduced by making the support layer of the membrane as porous as 

possible. On the other hand, the active layer of the membrane should have high selectively 

to reduce the RSF which can reduce the membrane fouling, lower water flux by reducing 

osmotic driving force and increase the replenishment cost of DS [75]. The small ion size 

of the draw solute can help to reduce the ICP in the FO process but this can increase the 

reverse solute flux which can also increase the membrane fouling [74]. 

Figure (2.10): The relationship between the main challenges of the FO process [74]. 

 

2.3.6 Applications of FO 

The FO process requires no or low hydraulic pressure which helps to have low energy 

consumption comparing to the pressure-driven processes (e.g., RO) [76]. Thus, when there 

is fouling layer in the surface of the membrane, physical cleaning can be used to remove 

the layer on the membrane surface [77,78]. The FO has the potential to have high water 

flux because of the high osmotic pressure. Also, it has high water recovery which can help 
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to reduce the volume of the desalination brine [79]. FO has an advantage in maintaining 

the physical properties of the feed which it can be helpful in the food and pharmaceutical 

fields [80].  

The potential applications of FO are summarized in Figure (2.11). Areas of the potential 

applications of FO can include seawater desalination [81–83], treatment of industrial 

wastewater [84,85], power generation [44,86] and food industry to treat liquid foods 

[87,88]. Moreover, FO can be used in controlling drug release in the body [89]. FO 

processes are used in the field of wastewater treatment such as produced water from oil 

and gas exploration and production operations. The dissolved constituents in the produced 

water can be treated by FO. It can provide good quality water which can be used in the oil 

and gas industries.  

The membrane fouling in the FO process is expected to have better fouling reversibility 

compared with pressure-driven processes which make the FO process more suitable for 

treating produced water [17]. Hickenbottom et al. [90] used CTA membrane to treat 

produced water by FO. The concentration of draw solution of this study was 260 g/L of 

NaCl. They concluded for this study that FO can be used to treat produced water. Also, the 

rejection of both organic and inorganic contaminants was reported which was very high. 

The FO system was able to recover 80 % of the water from the wastewater. The dilution 

of the draw solution led to reducing the flux rate over a period of time.   
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Figure (2.11): Summary of different applications of FO. 

 
2.4 Spacers  

Spiral-wound modules (SWM) are used in a wide range in membrane processes for water 

treatment and purification. In these modules, spacers are used to separate the membrane 

layers as shown in Figure (2.12) [91]. Spacers play a role to generate feed and draw flow 

unsteadiness/ turbulence which can minimize the concentration polarization, improve the 

mass transfer and lower membrane fouling. Moreover, spacers are used to provide 

mechanical support to the membrane [92]. On the other hand, spacers can elevate the 

pressure drop along the flow channel which can lead to an increase in the production rate 

of water [93]. Conventional spacers are typically a mesh-like structure of layered filament. 

The performance of the membrane process can be affected by membrane fouling with time 

which can result in water flux decline [94]. 
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Figure (2.12): Schematic of a spiral wound model with spacers [91]. 

 

The ways to externally control the fouling such as chemical cleaning and changing 

operating conditions are available but these ways are limited to various applications due to 

fouling resistance to these methods [95]. For instance, Baker et al. [96] studied biofouling 

in membrane system for water desalination. They conclude that the biofouling in the 

membrane surface becomes resistance to the chemical cleaning due to the formation of 

resistance micro-organisms. On the other hand, spacers with a specific design can be 

chosen for some applications and associate with operating conditions to improve the flux 

and minimize the pressure drop. The geometry of the spacers can play an essential role in 

the membrane system. The geometric parameters for spacers can include the shape of the 

filament, filament spacing, filament thickness and angle between filaments. The spacer 

orientation can influence on the fouling and hydrodynamic conditions [97]. Neal et al. [25] 

study the effect spacer orientation on the critical flux. They also investigated particle 

deposition in the spacer. They concluded that the deposition of the particles depends on the 

spacer positioning. Also, there is a reduction on the fouling and enhancement on the critical 
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flux when the spacer with 90o orientation against the mean flow stream used. This is 

because of eddy formation and turbulent production that lead to influence the local 

hydrodynamics on the surface. Another study by Haaksman et al. [98] was conducted to 

investigate the characterization of feed spacer performance. They found that the spacer 

performance can be improved by alternation the filament thickness which could lead to 

reducing the concentration polarization due to the generated high shear stress on the 

membrane. Linares et al. [99] Study the impact of feed spacer thickness (0.7, 0.78 and 1.15 

mm) on the biofouling development and membrane performance in FO. They conducted 

the experiments at the same feed flow and the same run time. They found that all spacers 

have the same amount of biomass while the reduction of flux decreased with a thicker 

spacer.       
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Chapter III  

Material and Methods 

The purpose of this research was to evaluate the different type of spacers to enhance the 

water flux in the FO process and to examine the effect of the spacer on the membrane 

fouling during SGPW treatment. All FO experiments were conducted with different types 

of spacers to evaluate:  

1- Effect of DS concentration on the FO performance. 

2- Effect of FS concentration on the FO performance.     

3- Synthetic shale gas produced water treatment using a normal (0-hole) spacer and 

the selected spacers. 

This section presents the membrane module details and specification, spacer details, 

experimental setup and operating procedure.     

3.1 Membrane Model Details and Specifications. 

Commercially available Cellulose triacetate (CTA) embedded in a woven polyester mesh 

FO membrane was used for all of the experiments. This membrane was provided by 

Hydration Technology Innovations (HTI) (Albany, OR, USA). CTA membrane was 

installed in a custom-made cross-flow cell as shown below in Figure (3.1). The FO cell 

has an effective membrane area of 6.2 cm ´ 1.5 cm.  
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Figure (3.1): The custom-made cross-flow membrane cell. 

 
3.2 Spacer Details.  

All spacers used in this study were designed by Computer Aided Design (CAD) in 

SolidWorks software (Dassault System Solid-Works Cooperation, USA) and fabricated by 

a high-resolution 3D-printing technology. The spacers were printed by polymerization of 

liquid resin (Acrylate Monomer, BV-007). The angle between the crossing filament is 45o 

and the incident flow angle is 90o for all type of the spacers. The spacers thickness was 1.8 

mm. Seven spacers were 3D-printed as listed and shown below.  

a. Normal spacer with no holes (0-Hole). 

b. Spacer with one hole at the filament intersection (1-Hole).  

c. Spacer with two holes (one hole at the filament intersection and one hole at the 

center of the filament) (2-Hole).  

d. Spacer with three holes (one hole at the filament intersection and two holes in the 

filament) (3-Hole).  

e. Spacer with one time twisted spiral (1t-Spiral). 

f. Spacer with two times twisted spirals (2t-Spiral). 
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g. Spacer with three times twisted spirals (3t-Spiral). 

 
(a) 0- hole spacer. 

 
(b) 1- hole spacer. 

 
(c) 2- hole spacer. 

 
(d) 3- hole spacer. 

 
(e) 1t-spiral spacer. 

 
(f) 2t-spiral spacer. 

 
(g) 3t-spiral spacer. 

 
Figure (3.2): Photographs of different 3D printed spacers. 
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3.3 Experimental Setup and Operating Procedure.   

The experiment setup and schematic are described in Figure (3.3). Variable speed pumps 

(Cole-Parmer, USA) were used to circulate the FS and DS in a closed- loop which led to 

having a batch mode process operation. All experiments were conducted with a flow rate 

of 300 ml/min. The DS tank was placed on a digital balance which is connected to a 

computer to determine the water flux by measuring the weight change over the time. All 

reading from the balance were continuously recorded at a time interval of 1 min. The water 

flux was calculated from the volume change of the DS divided by the membrane area and 

time interval as shown in the following equation [100]: 

     𝐽* =
(8QrsCZ	?	8QrsCt	)	

∆l∗Ev
    (3.1) 

Where:  

 𝑉=xy*Z	𝑎𝑛𝑑	𝑉=xy*t	: are the final and initial volume of the experiment, respectively. 

𝐴>: is the effective membrane area.  

The water flux was calculated for each interval and the data were averaged.  A conductivity 

meter (Hach, Germany) was connected to the FS tank to measure the TDS of the FS to 

calculate the RSF of the experiments. The TDS was recorded for every 15 min. The RSF  

can be obtained through the increase of TDS in the FS and was calculated by using the 

following equation [47]: 

     𝐽: =
(b|8|)?(b}8})

∆l∗Ev
         (3.2) 

Where:  

𝐶l and 𝑉l: are the salt concentration and feed volume over a predetermined time ∆𝑡, 

respectively.   
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𝐶~ and 𝑉~: are the initial concentration and feed volume, respectively.  

The RSFS can be defined as the ratio of the water flux to the RSF as presented in the 

following equation [101]:  

     𝑅𝑆𝐹𝑆 = BC
BD

     (3.3)  

The experiments were carried out under the AL-FS mode where the active layer side was 

facing the FS while the support layer side was facing the DS. The spacers were placed on 

the feed side and draw side of the membrane as shown in Figure (3.4). Each experiment 

was repeated for two times to get more accurate data and the results of both experiments 

were averaged. The FS and DS volume for each experiment was set to be one liter.  

 

 

(a) 
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(b) 

Figure (3.3): (a) the experiment setup and (b) schematic diagram of the FO.  

 

Figure (3.4): Schematic of membrane cell with a membrane and a spacer. 
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3.3.1 Effect of DS Concentration on FO Experiments. 

This section of experiments was conducted with seven different types of spacers and 

without a spacer for an hour to study the effect of changing DS concentration with different 

types of spacers on the water flux and RSF. Milli-Q water was utilized as the FS and the 

concentration of the DS was varied at 0.6 M, 1.2 M and 1.8 M of NaCl. The DS was 

prepared by dissolving NaCl in Deionized (DI) water. The system was flushed with DI 

water after experiments and a new membrane was used for each experiment.     

3.3.2 Effect of FS Concentration on FO Experiments. 

FO experiments were carried out with seven different types of spacers and without a spacer 

for an hour to evaluate the effect of changing FS on the water flux and RSF. The FS 

concentration was increased to 0.3 M of NaCl while the concentration of the DS was 1.2 

M of NaCl. The FS and DS were prepared by dissolving NaCl in DI water. The system was 

cleaned by flushing DI water after each experiment. A new membrane was used for each 

new experiment.     

3.3.3 Synthetic Shale Gas Produced Water Treatment Using the Normal 

(0-hole) Spacer and the Best Spacers. 

In this study, synthetic SGPW was employed as the FS and its chemical composition 

presented in Table (3.1). The composition of SGPW was adopted according to the typical 

constituents in the Marcellus shale gas in the USA [102]. For synthetic SGPW, NaBr, 

BaCl2, Na2SO4 and NaCl were purchased from Sigma Aldrich. It was assumed that oil and 

grease are removed entirely from the SGPW by using a pretreatment process.  
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Table (3.1):Chemical composition of synthetic SGPW [102].  

 (g/L)  (g/L) 

TDS 160 Ca 9.8 

Cl 91 Ba 3.3 

SO4 0.007 Br 1.2 

Na 44 

 

The concentration of the DS for FO experiments was chosen to be 5 M of NaCl. The 

examination of spacer performance consisted of the treatment of SGPW in terms of water 

flux, the surface analysis of fouled FO membrane, pressure drop measurements and 

physical cleaning efficiency measurements. The system was cleaned after each run by 

circulating citric acid solution for 24 hours to remove remaining of scaling in the system 

and flushed with DI water.  

3.3.3.1 Water flux and Membrane Surface Analysis:   

The membrane without a spacer, 0-hole spacer, 1-hole spacer and 2-hole spacer were used 

for SGPW treatment. The experiments were conducted up to reaching the accumulated 

permeate volume of 180 ml. The membrane samples were kept after each experiment for 

scanning electron microscopy (SEM, Zeiss supra, Carl Zeiss AG, Germany) analysis. The 

membrane sample was soaked in the DI water for a couple of seconds to remove FS and 

DS form the membrane surface. The sample was first coated with Ir. Then, the SEM 

imaging was conducted with an accelerating voltage of 5 kV. Energy dispersive X-ray 

spectroscopy (EDX) was further carried out to identify elements on the fouled membrane 

surface.  
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3.3.3.2 Water flux, Pressure Drop and Physical Cleaning Analysis:  

The pressure drop was measured before and after SGPW treatment by using pressure 

transmitter manufactured by Omega, USA model PX5200-400WUDI with flowing DI 

water on the FS side. It was connected in the feed side of the membrane cell as shown in 

Figure (3.5). Physical cleaning was carried out by increasing the flow rate up to three 

times, and then its efficiency was obtained by calculating the flux recovery which is 

estimated by comparing initial water flux before and after physical cleaning. The following 

equation was used to estimate the flux recovery [103].   

    𝐹𝑙𝑢𝑥	𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 	 BC�
BCt

∗ 100%   (3.4) 

Where:  

 𝐽*� and  𝐽*�: are the water flux after and before physical cleaning, respectively.    

 

Figure (3.5): Schematic of the connection of pressure gauge to the membrane cell.  

  

The procedure of the experiment is summarized as follows:  

• DI water was placed in the feed side and the pressure drop was recorded.  

• The synthetic SGPW was placed in the feed side and 5 M of NaCl was placed in 

the draw side.  
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• The system was carried out to collect 180 ml in the permeate side and water flux 

was recorded.  

• The pressure drop was recorded again after collecting 180 ml of the permeate.  

• The physical cleaning was done in both sides with DI water by increasing flow 

rate three times.  

• The experiment was run for two hours with fresh synthetic SGPW and DS. And, 

the water flux was recorded to evaluate the physical cleaning efficiency with 

different type of spacers.  

• After an experiment, the system was cleaned by using citric acid solution for 24 

hours and flashed with DI water.   

• Next experiments were prepared and conducted. 
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Chapter IV 

Results and Discussions  

4.1 Effect of DS Concentration on FO Experiments. 

4.1.1 Hole Type Spacers  

Water flux and RSF for hole-type spacers are shown in Figures (4.1) and (4.2), 

respectively, for DI water as FS and 0.6 M, 1.2 M and 1.8 M of NaCl as DS. The water 

flux of all type of spacers is higher than the one without a spacer. The water flux of spacer 

with 0-hole is about 17.49 LMH which is 26.5 % higher than the one without spacer (12.84 

LMH) in the case of 0.6 M. There was no significant difference among hole type spacers, 

but the spacer with 1-hole produced the highest overall water flux (17.85 LMH) with 0.6 

M when compared to 2-hole and 3-hole spacers which produced 16.70 LMH and 17.30 

LMH, respectively. When the concentration of DS was increased to 1.2 M, the 0-hole 

spacer produced about 24.54 LMH of permeate flux which is 28.7% higher than the one 

without the spacer (17.49 LMH), whereas 1-hole, 2-hole and 3-hole spacers have water 

flux about 24.95 LMH, 24.94 and 24.14 LMH, respectively. The percentages of 

enhancement for a spacer with 1-hole and 2-hole are about 1.17% and 1.12%, respectively, 

compared with the 0-hole spacer. The water flux was obtained for a 0-hole spacer with an 

average flux of 30.20 LMH which is 31.1% higher than the one without the spacer (20.80 

LMH) when the concentration of the DS was increased to be 1.8 M. The 1-hole spacer has 

the highest water flux (31.35 LMH) which can enhance the water flux by 2.5% higher than 

the 0-hole spacer. On the other hand, the spacers with 2-hole and 3-hole have water flux 

about 28.89 LMH and 27.46 LMH, respectively.  
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In term of RSF, as shown in Figure (4.2), when the concentration of DS was 0.6 M, the 0-

hole spacer has RSF value about 31.43 gMH compared to no spacer (20.1 gMH). The 2-

hole spacer exhibited the lowest RSF (20 gMH) followed by 1-hole (23.57 gMH) and 3-

hole (22.14 gMH) spacers. Spacers with 1-hole, 2-hole and 3-hole have RSF value less 

than 0-hole spacer by 25%, 36.35% and 29.54%, respectively. On the other hand, when the 

concentration of the DS was increased to be 1.2 M, the RSF value for 0-hole was found to 

be 34.23 gMH and 23.57 for the one without the spacer. Moreover, the values for spacers 

with 1-hole, 2-hole and 3-hole were recorded to be 42.77 gMH, 40,64 gMH and 34.23 

gMH, respectively. In this case, the 0-hole spacer and 3-hole spacer has the lowest RSF 

values when compared with the other hole type spacers. For 1.8 M, the RSF values were 

about 47.02 gMH for the 0-hole spacer and 31.04 gMH for the one without the spacer. 

Spacer with 3-hole has the lowest RSF value (42.77 gMH) compared to 1-hole (49.85 

gMH) and 2-hole (43.48 gMH) as it can be seen in Figure (4.2). The 3-hole and 2-hole 

spacers have RSF value less than 0-hole by 9% and 7%, respectively.   

The results indicate that spacers, in general, can improve the performance of the filtration 

and increase the water flux. Moreover, the spacer with 1-hole is the most effective hole 

spacer in term of water flux when compared to other spacers. When the spacer is placed in 

the feed side, it can increase the turbulence of the inlet feed which lead to decrease the CP 

in the membrane surface [104]. Moreover, spacers can help to improve the water flux by 

increasing the cross-flow velocity which can lead to enhance the mass transfer and mitigate 

CP [105,106]. Also, when spacers are placed in both feed and draw channels, they can help 

to reduce both ECP and ICP which can lead to having better water flux performance [107]. 

The designed hole type spacer can increase the velocity through the holes inside the spacer. 
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So, it can help to improve the membrane filtration performance by reducing more the CP 

problem. The results showed that when the filament holes increased, the water flux 

decreased. This may be due to the distribution of the fluid momentum across the holes [26]. 

For all experiments, as the DS concentration increases, the water flux increases as well as 

in Figure (4.2) due to the rise in the osmotic driving force. Moreover, when DS 

concentration increases, the RSF increases as it can be seen in Figures (4.3) due to the high 

concentration difference between the FS and the DS.  

The draw solute in the FO process can be lost through RSF which defines as the permeation 

of the draw solutes from the DS into the FS through the membrane. Thus, the ability of the 

membrane to minimize the draw solute lost is referred to as RSFS [51]. The RSFS, which 

is the volume of the water produced per the mass of draw solute lost, was calculated to 

investigate the performance of the spacers further. As shown in Figure (4.3), the RSFS 

values did not vary significantly with the different type of hole spacers. This could imply 

that there was no damage to the membrane surface when the hole type spacers were used.  
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Figure (4.1): Water flux at different DS concentrations for the hole spacers. 

 

 
Figure (4.2): Reverse solute flux (RSF) at different DS concentrations for the hole 

spacers. 
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Figure (4.3): Reverse solute flux selectivity (RSFS) for the hole spacers. 
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spacer (31.35 LMH). In term of RSF, the 2t-spiral spacer exhibited the lowest RSF (17.86 

gMH) which is 45 % less than the 0t-spiral spacer (31.43 gMH) while 1t- spiral and 3t-

spiral spacers have RSF values about 20.72 gMH and 21.43 gMH, respectively. The 

concentration of the DS was changed to be 1.2 M and the lowest RSF value for the twisted 

spacers was obtained for the 1t-spiral spacer (37.09 gMH) which is 7.5% higher than 3-

hole spacer (34.23 gMH), followed by 2t-spiral (38.50 gMH) and 3t-spiral (42.79 gMH) 

spacers. However, when the 1.8 M concentration of DS was used, the 2t-spiral and 3t-spiral 

spacers have the lowest RSF values (44.16 gMH), but this value is about 3 % higher than 

the 3-hole spacer (42.77 gMH) and 1.5 % higher than 2-hole spacer (43.48 gMH). Also, 

RSFS was calculated for the twisted spiral spacers to evaluate further the spacers which 

presented in Figure (4.6). As it can be seen in Figure (4.6), there is no significant 

difference in the values of the RSFS which can also imply that there is no damage to the 

membrane surface.   

 
Figure (4.4): Water flux at different DS concentrations for the twisted spiral spacers. 
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Figure (4.5): Reverse solute flux (RSF) at different DS concentrations for the twisted 

spiral spacers. 

 

 
Figure (4.6): Reverse solute flux selectivity (RSFS) for the twisted spiral spacers. 
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The experimental evaluation of the hole and the twisted spiral spacers showed that spacers 

can improve the permeate water flux. On the other hand, hole type spacers performance 

was better than twisted spiral spacers. The 1-hole spacer has the highest permeated water 

flux among all other type of spacer. Moreover, 3-hole type spacer as discussed before 

showed lower RSF values when the DS concentration increased. The major difference 

between hole and other spacers that makes the hole spacer better is the formation of micro-

jets inside the hole spacers. The idea is to have flow over the filament intersection not only 

in the downstream side of the filament. If there is no flow in the filament intersection, the 

velocity will be low in the downstream side [26]. So, the spacers with holes have the 

potential to enhance the permeate water flux and reduce the fouling problem.   
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4.2 Effect of FS Concentration on FO Experiments. 

To further evaluate the performance of the spacers, FS concentration was increased to be 

0.3 M of NaCl. The comparison between the different FS concentrations with different hole 

spacers can be seen in Figure (4.7). Also, the results for twisted spiral spaces with different 

FS concentration are represented in Figure (4.8). The decline rate percentages for 0-hole, 

1-hole, 2-hole and 3-hole when the concentration of FS increased to be 0.3 M of NaCl are 

28.6%, 31.3%, 33% and 37%, respectively. Moreover, the 1t-spiral, the 2t-spiral and the 

3t-spiral have decline rate percentage about 34.5%, 32.5% and 36%, respectively.  

However, the 0-hole spacer and 1-hole spacer had the highest water flux and showed a less 

severe decline in the water flux than other spacers. On the other hand, the spacer with 3-

hole has the highest decline rate among other types of spacers. Spacer with 1-hole has the 

highest water flux because when the fluid enters the hole of the spacers, the velocity could 

increase which can lead to the formation of the micro-jects at the exit of the hole of the 

spacer. Moreover, the micro-jet exit velocity can be sufficient to change from a steady state 

to unsteady state. In the case of the spacers with 2-hole and 3-hole, the micro-jet has lower 

exit velocity which can lead to having low water flux. Moreover, the fluid momentum can 

be decreased because the fluid is turned from the downstream of the filament to the holes 

inside the filament intersection [26].    

So, the 0-hole spacer, 1-hole spacer and 2-hole spacer are chosen among all other type of 

spacers to treat the SGPW. The 0-hole spacer and spacer with 1-hole was selected because 

it has less decline rate among all other types of spacers. Furthermore, the spacer with 3-

hole showed the lowest RSF value among other spacers, but 2-hole spacer has lower 
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decline rate than the 3-hole spacer when the concentration of the FS increased. Thus, the 

2-hole spacer was selected to treat SGPW.  

  
Figure (4.7): Water flux at different FS concentrations for hole type spacers. 

 

 
Figure (4.8): Water flux at different FS concentrations for twisted spiral type spacers. 
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4.3 Synthetic Shale Gas Produced Water (SGPW) Treatment Using the 

Normal (0-Hole) Spacer and The Best Spacers. 

The DS concentration of the FO process for treating the SGPW was chosen to be 5 M. 

Figure (4.9) shows the normalized water flux verses accumulated permeate volume. When 

the experiment was carried out without the spacer, the water flux was about 9 L/m2/h which 

exhibited the lowest initial water flux when compared to the initial water flux of spacers 

experiments. On the other hand, the spacer with 1-hole promoted the highest initial water 

flux (15.1 L/m2/h) followed by the 0-hole spacer with initial water flux about 14 L/m2/h 

while the initial water flux for the spacer with 2-hole is about 13.2 14 L/m2/h. Spacers can 

affect membrane performance and improve water flux. The improvement of the membrane 

performance by spacers attributed to the mitigation of the concentration polarization [108]. 

The performance of spacer with 1-hole in term of water flux was observed to be better than 

the 0-hole spacer because the micro-jet inside the spacer. Moreover, 1-hole spacer in better 

than 2-hole spacer because it has higher exit velocity than 2-hole spacer which can help 

change from steady state to unsteady state. This can lead to more breakdown of the 

turbulent eddies that are formed at the downstream of the filament. In term of decline rate, 

the 0-hole spacer has less decline rate than the other type of spacers followed by the spacer 

with 1-hole as it can be seen in Figure (4.9). This might be because the hole spacers can 

break down the scaling due to the high shear force which can lead to cover more area of 

the membrane surface, as it can be seen in Figures (4.11) and (4.12), which cause an effect 

on the water flux. Thus, hole spacers might have a limited impact on the water flux decline 

rate.  
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Figure (4.9): Normalized water flux vs. accumulated permeate volume for treatment of 

SGPW by using different spacers.  
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to maintain the pressure drop for the FO process as shown in Figure (4.10) which can help 

to minimize the energy consumption when compared to the 0-hole spacer. The micro-jet 

inside the hole type spacers can help to breakdown and reduce the size of the scaling in the 

membrane surface as shown in Figure (4.11) which leads to maintaining the pressure drops 

inside the membrane model.   

  
Figure (4.10): Pressure drop of different spacers inside the membrane cell.  

 
The SEM image of the pristine membrane active layer surface presented in Figure (4.11a) 

while the SEM images of the FO membrane surface after the treatment of SGWP can be 

seen in Figures (14.11b, c, d and e) for no spacer experiment, the 0-hole spacer, 1-hole 

spacer and 2-hole spacer, respectively. Scale formation is a complex phenomenon that can 

affect the performance of membrane technologies. The scaling in the membrane system 

can occur due to surface crystallization and bulk crystallization. The surface crystallization 

can be due to the large growth of the scale on the surface of the membrane. This can lead 

to a decline in the water flux and surface blockage in the membrane surface. On the other 
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hand, when the crystal particles take place in the bulk phase and residue on the surface of 

the membrane, the bulk crystallization occurs. Also, this can cause a decline in the water 

flux [109]. In this study, both surface and bulk crystallization are occurred as it can be seen 

in Figures (4.11) and (4.12). As it can be seen in Figure (4.11b and c), the scaling on the 

membrane surface can be seen as barite crystals shape which is because of the formation 

of the barium sulfate (BaSO4) on the surface of the membrane. This crystal shape was 

similar to the other studies [109,110]. The barium sulfate has low solubility in water which 

can cause a problem in the membrane systems.  

To identify the scaling on the surface of the membrane, EDX analysis was performed. The 

EDX results show peaks that identified the presence of the barium sulfate on the surface of 

the membrane. Also, the results showed that there is also sodium chloride in the surface of 

the membrane. Moreover, the 0-hole spacer has the highest peak of the sodium chloride 

and barium sulfate. To further investigate and identify the scaling on the membrane surface, 

EDX mapping was conducted. The results as shown in Figure (4.12), confirm the present 

of O, S, and B elements in the membrane surface.  

In the case of the hole spacer, the shape of the barite was damaged and reduced as in 

Figures (4.11d and e). The hole in the filament intersection can help to break down the 

formation of scaling. Moreover, the hole spacers not only lightened the barite crystals 

scaling but also damage the accumulation of the scaling. Therefore, they help to reduce 

some operating expenditures such as chemical cleaning. When the hole spacers used the 

lifetime of the membrane could be increased because of the reduction in the scaling 

problem that affects the performance of the membrane.  
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(a) Pristine (b)Without spacer 

 
(c) 0-Hole spacer 

 
(d) 1-Hole spacer 

 
(e) 2-Hole spacer 

 

 

Figure (4.11): SEM images of FO membrane surface after the treatment of SGPW. 
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(a) Without spacer 

 
(b) 0-Hole spacer 

 
(c) 1-Hole spacer 

 
(d) 2-Hole spacer 

 

Figure (4.12): EDX mapping of scaling on the membrane surface. 
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The effectiveness of physical cleaning on the membrane surface by using DI water for the 

recovery of the water flus can be seen in Figure (4.13). The physical cleaning was 

performed on the membrane surface after the treatment of the SGPW. It was observed that 

the hole type spacer could increase the efficiency of the physical cleaning that the scaling 

on the active layer could be removed by physical cleaning. The water flux could be fully 

recovered after physical cleaning in case of 1-hole and 2- hole spacers.  However, the 

cleaning efficiency for the 0-hole spacer is around 93% while it is around 95% for 

experiment without the spacer. The holes inside the filament intersection can help with the 

physical cleaning which fluid can pass through these holes and remove the particles from 

the surface of the membrane. Furthermore, the 0-hole spacer can have some particles near 

the filament intersection of the spacer that could not be removed only by the downstream 

flow rate.  

  
Figure (4.13): Physical cleaning efficiency after treatment of SGPW.   
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It has been determined that the hole in the spacers can help to improve the performance of 

the spacer. The spacer in general can increase the water flux but 1-hole-type spacer has the 

higher initial water flux. Moreover, the hole in the spacers can maintain the pressure drop 

in FO and can help to recover the water flux after physical cleaning. The scaling problem 

can be readily controlled when using hole spacers which can increase the lifetime of the 

membrane. Besides, this can be usual to reduce the maintenance cost and to reduce energy 

consumption.   
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Chapter V 

Conclusions  

This work evaluates the performance of the newly design spacers (i.e., hole type and 

twisted spacers) for FO process to be used to treat SGPW. The results reported in this study 

showed that spacers, in general, can remarkably enhance the water flux in the FO process 

while the 1-hole spacer could help to increase the water flux more than other spacers 

because the presence of holes in the filament could enhance shear force on the membrane 

surface. When spacers were used to treat SGPW, the 0-hole spacer exhibited the lowest 

decline rate among other spacers, while the 1-hole spacer showed the best performance in 

term of the water flux. It was also observed that the hole type spacer broke down the scaling 

that formed on the membrane surface during the treatment of SGPW. Spacers have the 

same pressure drops regardless of the existence of the holes in the filament of the spacers. 

However, 0-hole spacer exhibited increased pressure drop after the treatment of SGPW 

while hole spacers had no change in the pressure drop. Moreover, hole type spacers showed 

higher cleaning efficiency than the 0-hole spacer when the physical cleaning was 

employed. These results indicate that holes in the filament could help in readily destroying 

and removing the scaling layer on the surface of both membranes and spacers, which leads 

to more stable operation during SGPW treatment.  
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