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ABSTRACT 

 

Evaluation of Different Forward Osmosis Membrane Cleaning Strategies for 

Produced Water Streams Treatment 

Talal Alamoudi  

Forward osmosis (FO) as a novel membrane separation technology has recently been 

investigated in various water treatment applications. The natural mass transfer process 

between two solutions driven by the osmotic pressure difference leads to many 

operational advantages in the FO process, such as low energy consumption and minimal 

fouling problems. It makes FO a feasible technology for the treatment of produced water 

(PW). Although previously, the treatment of PW using FO has been investigated, osmotic 

backwashing (OB) is not systematically examined for water flux recovery of the PW-

fouled FO membranes. Moreover, the cleaning of FO membranes used for the 

simultaneous treatment of different PW streams was never previously attempted. In this 

study, OB was thoroughly investigated for the cleaning of PW-fouled FO membranes. 

Also, FO membrane chemical cleaning using SDS and NaOH solutions was examined 

too. To investigate OB, the cleaning efficiency of a 60 min OB cleaning protocol was 

examined under different FO operating modes in (5 x 20 h) experiments using synthetic 

desalter effluent as FO feed solution (FS) and 1.2 M NaCl solution or water-oil separator 

outlet (WO) as draw solutions (DS). The AL-FS (active layer facing FS) mode 

outcompeted the AL-DS (active layer facing DS) mode, achieving a flux of 12.9 LMH 

and 80.1% water reclamation when using WO as a DS. Therefore, this FO configuration 
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was selected when evaluating the cleaning protocols. Moreover, after evaluating different 

OB methods, the 30 min OB protocol achieved the highest system efficiency rate of 95% 

and was studied for the treatment of real PW streams. The SDS and NaOH chemical 

cleaning methods achieved flux recovery rates of 99% and 98% by the end of the third 

treatment cycle, respectively, outperforming the 89% flux recovery rate of the optimized 

OB protocol. Although the investigated cleaning methods were able to restore the system 

performance, a substantial increase in RSF was observed due to mainly irreversible 

colloidal fouling. This study demonstrates the feasibility of OB and chemical cleaning in 

restoring FO system performance for the simultaneous treatment of PW streams.  
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Chapter I 

Introduction  

The management of wastewater generated by the oil and gas (O&G) industries, known as 

“produced water” (PW), remains a major operational and environmental challenge faced 

by the O&G producers [1, 2]. The volume of generated PW largely depends on the 

location and the age of the oil field and it is estimated to be 7-8 times larger by volume 

than the fields’ oil production [3]. This PW to extracted oil volume ratio is expected to 

increase to 12 by 2025 due to the aging of wells [4]. It is estimated that more than 437 

million barrels of PW are generated per day by the global petroleum industry making PW 

one of the largest industrial wastewater streams [5, 6]. Based on the concentrations and 

the relative toxicity of chemical constituents in PW and exposure time, PW might cause 

ecological harm to the receiving waters and must be treated to meet discharge 

requirements [7]. The large volumes of PW generated by the O&G industry and their 

potential harmful environmental impacts show the growing need for effective and 

sustainable technologies for PW management.  

Oil production requires the injection of significant quantities of fresh water and chemical 

additives such as biocides, pH adjusters, corrosion inhibitors, cross-linkers, and 

surfactants to facilitate petroleum extraction. After injection, water from the geological 

formations flows back to the surface with O&G, salts, and other contaminants [8, 9].  The 

chemical composition of PW largely depends on the operational conditions, chemical 

additives used in the O&G production process, and reservoir characteristics. PW contains 
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dissolved and particulate organics (e.g., petroleum fractions) and inorganic chemicals 

(e.g., total dissolved solids (TDS)) [10].  

The selection of PW treatment methods is a challenging problem due to the high 

concentration of organics and high salinity levels in PW streams and is primarily dictated 

by the treated water quality objectives and the chemical composition of  PW [1, 7].  

Although several technologies were explored for the management of PW, the injection of 

PW into underground disposal wells remains the primary practiced management method 

[11]. However, there are many limitations to this practice such as the cost of development 

and maintenance of injection wells, limited injection capacities, and environmental 

impacts [12]. Other treatment methods such as membrane separation technologies, 

biological treatment methods, and conventional techniques have operational limitations 

(e.g., costly treatment, high energy demand, and inability to withstand PW chemical 

composition or to meet water quality targets) [13].  

Forward Osmosis (FO) is a novel membrane technology that is driven by the osmotic 

pressure difference generated by the low and high solute concentrations of feed and draw 

solutions, respectively [14]. This osmotic pressure gradient functions as the driving force 

for the spontaneous water transport through the hydrophilic, dense, highly selective semi-

permeable FO membrane resulting in the concentration and the dilution of the feed 

solution (FS) and draw solution (DS), respectively [15]. The natural mass transfer process 

in FO is what gives FO main advantages over other pressure-driven membrane separation 

processes. Low hydraulic pressure requirements lead to lower energy consumption and 

membrane fouling potential compared to traditional pressure-driven membrane processes 
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[16, 17]. In addition, FO is recognized for its reduced use of chemicals for fouling and 

scaling control and high levels of contaminates rejection [18].  

Although the FO process has many advantages, it also exhibits some limitations such as 

concentration polarization, reverse draw solutes transport, and membrane fouling [16]. 

Moreover, the requirements of product water recovery and draw solution regeneration 

limit its application in processes at a larger scale [19]. Although FO cannot be used as a 

stand-alone process to produce freshwater, it can be used in applications with dilution and 

concentration purposes. Also, it can be used in hybrid systems with other membrane 

separation processes as an advanced pretreatment process [15]. FO has been investigated 

for many applications such as acid mine drainage [20], food processing [21], wastewater 

treatment [22], and PW treatment [23].   

Despite the several advantages of the FO process such as high reversible membrane 

fouling propensity, FO membrane fouling remains one of the technology’s operational 

challenges [24]. Membrane fouling results from the formation of layers of solids, oil, and 

other solutes on the membrane surface. This results in decreased flux performance and 

higher operational costs such as the use of chemicals and energy for fouling removal and 

the downtime of treatment installation [6]. Major types of membrane fouling in PW 

treatment applications were identified in previous studies and they include colloidal 

fouling, scaling, and organic fouling [13, 25]. Membrane scaling restricts the efficiency 

of physical cleaning due to the formation of a thick scaling layer [26]. Moreover, 

colloids’ size and membrane orientation significantly influence flux decline and fouling 

reversibility [25, 27].  
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There are many commonly used membrane cleaning strategies for FO systems reported in 

the literature. The reported fouling mitigating measures include physical cleaning (e.g., 

hydraulic flushing, osmotic backwashing), and chemical cleaning (e.g., SDS, sodium 

EDTA) [5, 28]. Osmotic backwashing (OB) cleaning efficiency is widely reported for 

organic and inorganic fouling [16]. Although osmotic backwashing and chemical 

cleaning using SDS and NaOH solutions can be effective in restoring FO water flux when 

treating PW streams, silica colloidal fouling detected in PW treatment applications can 

limit the efficiency of these cleaning methods due to the formation of a strong 

polymerized silica layer on the membrane surface [25, 28, 29]. Many studies investigated 

the cleaning of PW-fouled FO membranes; however, there is no comprehensive 

investigation of cleaning methods used for the simultaneous treatment of different PW 

streams for long extended periods of exposure. To the best of our knowledge, the 

optimization of the OB cleaning protocol for FO systems in PW treatment applications 

was not investigated in the literature. Only the optimization of chemical cleaning 

methods was investigated for FO systems in PW treatment applications [5].  

1.1 Research Objectives  

The objectives of this research are:  

1- Detailed investigation and optimization of osmotic backwashing as a physical 

cleaning method for PW-fouled FO membranes.  

2- Evaluating the performance and impacts of different FO membrane cleaning 

protocols for the simultaneous treatment of different PW streams. 
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1.2 Thesis Layout  

The content of this paper has been prepared by an overview of PW with a focus on FO 

process performance, membrane fouling, and cleaning protocols. Chapter II presents the 

literature review which provides background information on PW and FO process. It 

covers the sources and characterization of PW streams as well as some of investigated 

PW treatment methods. Then, it covers the FO membrane technology. This includes the 

FO process governing concepts, limitations, advantages, and applications. Moreover, FO 

membrane cleaning methods were also investigated.   

Chapter III details the materials and methods implemented in this study. This includes the 

experimental procedures, setup, and instruments used in this study. The equations used to 

analyze the experimental results are also presented in this chapter.  

Chapter IV presents the results collected from the experiments and discusses the new 

findings. All data obtained to examine the cleaning efficiency of OB and the other 

chemical cleaning methods are discussed in this chapter. Finally, Chapter V summarizes 

the conclusions of this research.   
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Chapter II 

Literature Review 

2.1 Produced Water 

The high water consumption and generation of industrial wastewater is one of the main 

features of the O&G industry. The wastewater generated by the petroleum industry 

includes PW associated with O&G extraction activities – upstream sector –  and other 

wastewater streams associated with refining operations – downstream sector. Figure 

(2.1) shows the different wastewater streams generated by O&G extraction and 

production operations. These generated wastewater streams have a high pollution 

potential and complex chemical composition [4].  

2.1.1 Sources of Produced Water  

O&G operations result in the generation of PW associated with fuel production. There are 

conventional and unconventional sources for fuel production. In conventional O&G 

extraction operations, water is injected into the oil or gas well to maintain hydraulic 

pressure and enhance oil recovery as the extraction process reduces pressure in the 

reservoir [30]. The water found with petroleum and gas in natural confined layers of 

porous material is known as “formation water” and is found below the hydrocarbons 

within the porous media of the reservoir [4]. The water extracted together with the 

hydrocarbons during O&G production is known as PW which includes both the 

formation water and the injection water [31].  
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In unconventional O&G extraction operations, hydrocarbon resources are recovered from 

low permeability geological formations by the use of Hydraulic Fracturing (HF) [9]. HF 

is a process where fluids are pumped into wells under high pressure to fracture the 

subsurface O&G in order to increase the permeability of the reservoir and enhance 

hydrocarbons recovery [12, 32]. The unconventional sources of fossil fuels include shale 

oil and gas [33]. In this unconventional process, water flowing back to the surface at high 

rates immediately after well stimulation is known as “flowback” water while long-term 

water flows associated with oil and gas production are classified as PW [9]. The 

classification of PW depends on its origin and the major PW types include oilfield PW, 

natural gas PW, and coal bed methane (CBM) [34].  

2.1.2 Waste Streams Generated by Oil & Gas Downstream Operations  

Oher wastewater streams generated by O&G extraction and production processes include 

Desalter effluent (DE) and Water Oil Separator effluent commonly known as “WOSEP”.  

Desalter effluent is generated by the refineries’ crude oil desalting operations that use 

freshwater or/and treated water. The DE waste stream is oily wastewater that contains oil 

droplets and dissolved salts [35]. WOSEP is generated when produced water is passed 

through a water-oil separator before reuse or reinjection into the oil well to separate the 

water from oil. This step is vital to ensure the safe treatment and disposal of PW [36].  
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Figure (2.1): (a) Generation of  PW from upstream O&G extraction operations. (b) Generation of 
wastewater streams from downstream oil refining activities. [4] 

2.1.3 Characteristics of Produced Water  

 The quality and quantity of PW generated by O&G extraction operations are spatially 

and temporally dependent. They depend on the geochemistry and location of the reservoir 

formations, the type of retrieved hydrocarbons, the quality of the fracturing fluid, and the 

nature of the extraction operations [37, 38].  PW may also contain some of the chemical 

characteristics of the hydrocarbons (petroleum fractions) with which it is has been 

confined in the reservoir formations [10].  

PW streams can contain a wide range of chemicals such as total dissolved solids (TDS), 

hydrocarbons, chemical additives (used in O&G operations), organic compounds, and 

dissolved metals [31]. Tables (2.1 & 2.2) show the results of analyses performed on PW 
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from the Arabian Gulf and Venango County, Pennsylvania, respectively [39, 40]. The 

major chemical constituents of concern in PW streams are salts, oil and grease, organic 

acids, BTEX, polyaromatic hydrocarbons, organic acids, phenol, chemical additives,  and 

natural organic and inorganic compounds [4]. 

Table (2.1): Chemical composition of PW from the Arabian Gulf [40].  

Parameter Values 
(ppm) Parameter Values 

(ppm) Parameter Values 
(ppm) 

Sodium	 65,372 Barium  5.52 TDS 187,440 

Calcium  14,161 Boron 31.7 Hardness 53,621 

Magnesium  2,773 Lithium 5.6 Sulfate  573 

Potassium 2,671 Silicon  2.96 Alkalinity 
as HCO3- 82.4 

Strontium 409 Chloride  119,437 Total 
alkalinity 119 

 

2.1.4 Produced Water Environmental Impacts   

Since PW has a highly polluted content composed of oil and dissolved chemical 

components that come naturally from the extraction wells or chemical additives, the 

negative impacts of untreated produced water discharges may be serious [4, 10]. The 

highly polluted content of PW with its high concentrations of hydrocarbons and metals 

can pollute water bodies and soil; and can be toxic for benthic communities and [31, 41]. 

Therefore, regulations concerning PW management and treatment are essential to 

minimize its harmful environmental impacts.  
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Table (2.2): Chemical composition of PW from primary recovery operations in Venango County, 
Pennsylvania [39]. 

Parameter Values Parameter Values Parameter Values 

pH 5.2-7.4 Aluminum 
(g/L) 156-1,730 Phenols (g/L) 28-875 

Osmotic 
pressure 

(milliosmoles) 
340-2740 Arsenic (g/L) 24-992 Benzene 

(g/L) 79-3,236 

Sulfates 
(mg/L) 1-584 Barium 

(mg/L) 0.04-670 Toluene (g/L) 540-3,214 

Surfactants 
(mg/L) 0.1-2.5 Beryllium 

(g/L) 0.2-95 Ethylbenzene 
(g/L) 55-174 

Total 
Alkalinity 

(mg/L) 
5.8-251 Cadmium 

(g/L) 0.3-150 Xylene (g/L) 200-2,117 

TDS (mg/L) 14,210-
135,506 Copper (g/L) 15-264 Magnesium 

(mg/L) 87-1,820 

Oil & Grease 
(mg/L) 2.74-78 Iron (mg/L) 3.97-140 TSS (mg/L) 20-614 

Ammonia 
(mg/L) 2.22-17 Lead (g/L) 13.9-910 Zinc (g/L) 14-310 

Calcium 
(mg/L) 10.8-6,750 Manganese 

(g/L) 175-7,500 Lithium (g/L) 273-3,660 

Bromide 
(mg/L) 57-538 Nickel (g/L) 26-790 Hardness 

(mg/L) 2,199-30,720 

Chlorides 
(mg/L) 6,350-63,700 Silver (g/L) 0.59-21,100 Sodium 

(mg/L) 6-26,700 

The United States Environmental Protection Agency (U.S. EPA) regulates the PW 

discharge and treatment requirements [42]. In the O&G industry, most regulations focus 

on O&G content [4]. Based on the Convention for the Protection of the Marine 

Environment of the North-East Atlantic (OSPAR Convention), the upper limit for oil 

content in discharged water was set at 30 mg/L in the North Sea Region [43]. The Royal 

Commission for Jubail and Yanbu of the Kingdom of Saudi Arabia prohibits the 

contamination of groundwater and sets guidelines for industrial wastewater streams 

pretreatment and discharge into the Red Sea and the Arabian Gulf [44].   



 

 
 

24 

2.2 Produced Water Management  

Since PW is the largest generated waste stream in the O&G industry, effective 

management of the huge volumes of PW became a priority for the sustainable 

development of O&G fields [31, 45]. In most cases, PW is discharged to natural 

receiving bodies. However, the discharge of PW without adequate treatment may 

contaminate water bodies as well as soil [46]. PW generated from offshore facilities is 

usually discharged to the ocean after appropriate treatment applications. However, in 

inshore facilities, the injection of PW into disposal wells remains the primary 

management method [10, 11].  

Since the water used for pressurizing the oil fields in Saudi Arabia is desalinated 

seawater, generated PW has high salinity levels which make PW re-injection into the oil 

fields the primary objective of PW desalination and reuse [47]. If PW is treated to meet 

the appropriate quality criteria, it could be reused again in O&G operations, or even for 

other purposes such as irrigation, livestock watering, streamflow augmentation, and other 

municipal and industrial uses [38].  

2.2.1 Produced Water Well Injection & Water Discharge  

The commonly used methods of underground well injection and discharge into water 

bodies have many limitations. The available capacity of the injection well is a restrictive 

factor for ongoing O&G operations. Also, the expense for the development and 

maintenance of the disposal well is another limitation [12]. The capital cost of well 

installation is estimated at US$400,000–3,000,000 and the operational reinjection cost is 

estimated at US$0.40–1.75 per barrel [48]. The PW well injection method’s long-term 
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adverse impacts on the environment is another challenge. Furthermore, the geology in 

certain regions is not conducive for deep well injection [49].		

The discharge of large volumes of PW into surface waters has many adverse 

environmental effects such as salt deposition [48]. Offshore |PW discharges in the United 

States must follow the U.S. EPA regulations and water quality standards [50]. 

Furthermore, the discharge and dilution of PW into municipal wastewater treatment 

facilities has been shown to be an ineffective management solution due to the nature of 

the PW composition and the limited treatment capacities of municipal wastewater 

treatment facilities [51]. The industrial wastewater facilities under the jurisdiction of the 

Royal Commission of Jubail and Yanbu in Saudi Arabia have set standards for the 

influent wastewater quality which may require O&G facilities to treat their own 

wastewater streams prior to disposal [44]. Therefore, on-site treatment and reuse of PW 

can be a more effective management strategy.  

2.3 Produced Water Treatment  

Different physical, chemical, and biological treatment methods can be utilized for PW 

treatment. The treatment methods are developed for either conventional treatment or 

polishing treatment of PW [4].  

2.3.1 Produced Water Conventional Treatment Methods 

Conventional PW treatment methods were developed primarily to meet discharge 

regulations and operational requirements. For instance, inshore O&G facilities’ major 

objective is removing dispersed O&G and suspended solids to avoid operational 



 

 
 

26 

damages. For offshore facilities, reducing O&G to acceptable levels and mitigating 

toxicity impacts on aquatic fauna and flora are the main treatment objectives [4]. In O&G 

extraction operations, the water-rich stream generated by a phase separation system and 

water extracted from other oil treatment stages are sent to the Primary Water Treatment 

System (e.g., hydrocyclone, corrugated plate separator, API separator, etc) as shown in 

Fig. (2.2) This is followed by a secondary treatment system before sending the effluent to 

well injection, surface discharge, or another facility [52]. Although such conventional 

treatment methods achieve the regulatory requirements for PW discharge and disposal 

into well injection, they don’t achieve the required water quality standard for PW reuse in 

other applications [52].    

 

Figure (2.2): Conventional treatment train for PW [4, 52]. 
 

2.3.2 Produced Water Polishing Methods  

Tertiary water treatment is usually required for the reduction of O&G content and other 

concerning substances if the PW is to be reused for other applications such as irrigation 

and aquifer storage [4].  The American Petroleum Institute assessed many polishing 
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methods for PW treatment and they include different combinations of treatment 

technologies. Some of these technologies are listed in Table (2.3) [4, 53].   

Table (2.3): Different treatment technologies used for polishing PW streams [4, 10]. 

Polishing Treatment Category Examples of Treatment Technologies 
Physical Treatment Carbon Adsorption – Enhanced Flotation – 

Cyclones 

Biological Treatment 
Activated Sludge – Trickling Filters – 

Sequencing Batch Reactors – Lagoons – 
Anaerobic Systems 

Chemical Treatment Coagulation And Flocculation – Electrodialysis 
– Ion Exchange 

Thermal Treatment Evaporation – Multistage Flash 
Membrane Treatment 

Technologies 
Microfiltration (MF) – Ultrafiltration (UF) – 
Nanofiltration (NF) – Reverse Osmosis (RO) 

2.3.2.1 Physical Treatment Methods  

Adsorption is one of the developed physical technologies that can retain pollutants and 

significantly lower the final effluent concentrations. The main drawbacks of this 

technology are the cost of installation and maintenance. However, high added-value 

applications can justify their installation [4]. Different adsorbent materials such as 

activated carbon and organoclay can remove pollutants such as TOC, BTEX, oil,  total 

petroleum hydrocarbons, and O&G content [54]. Another physical treatment method that 

could be utilized for PW treatment is enhanced flotation technology. In this technology, 

fine gas bubbles are injected into a water phase which leads to the formation of foam on 

the surface of the water that traps the oil droplets and oil-coated solids. When the foam is 

skimmed from the surface, the small size droplets of oil are removed and the clarified 

water is collected at the bottom of the floating zone [55, 56].  
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2.3.2.2 Chemical Treatment Methods  

Chemical precipitation is one of the chemical treatment methods studied for PW 

polishing. Coagulants such as modified hot lime, mixed metal polymer, calcite, and ferric 

ions have been examined for the treatment of O&G PW [57]. However, coagulation and 

flocculation have not been found effective in removing dissolved components. In 

addition, the formed sludge from the precipitation process is another challenge in this 

process [4]. Another chemical treatment technology is chemical demulsification. 

Demulsifiers are surface-active materials that can be used to separate emulsions from 

water in PW. These chemicals with demulsifying characteristics specific to the 

composition of the crude oil to be treated are added to achieve flexible and effective 

separation of emulsions [46]. However, the presence of other chemicals in PW such as 

iron sulfides, clay, drilling mud, etc. might reduce the effectiveness of the demulsification 

process [58].  

2.3.2.3  Biological Treatment Methods  

Biological treatment is known to be effective for the removal of different compounds. In 

biological oxidation, microorganisms such as bacteria, algae, fungi, and protozoa convert 

dissolved organics and ammonia into water and CO2p; and nitrates/nitrites, respectively 

[4]. Biological treatment processes such as activated sludge and fixed bed hybrid 

biological reactor, membrane bioreactors, and anaerobic treatment, have been studied for 

the treatment of PW [59, 60].  It can be implemented as a pretreatment stage for PW 

management; however, one of the biological treatment limitations is the effective 

pretreatment and nutrients addition requirements [60].  
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2.3.2.4 Thermal Treatment Methods  

Thermal treatment technologies are more suitable for regions that have abundant energy 

resources. This includes specifically oil-producing countries such as Saudi Arabia. These 

technologies include multistage flash (MSF) distillation, evaporation, and multi-effect 

distillation (MED). Their major advantage is their tolerance to high TDS levels [4].  

However, MED and MSF technologies require extensive use of chemicals as scale 

inhibitors and have intensive energy requirements [47].  Another thermally-driven 

technology is membrane distillation (MD). In this process, thermal energy drives the MD 

separation process. Membrane distillation can achieve water of high purity due to its 

capacity to reject theoretically all the salts, metals, and other nonvolatile components in 

PW [11]. Different types of hollow fiber membranes in direct MD contact for desalting 

highly saline oilfield PW were also tested. The results showed that over 99%, and 90% of 

salt and total carbon, respectively were rejected [61].   

2.3.2.5 Membrane Treatment Methods  

Membrane technologies are used in offshore PW treatment. Membranes can be classified 

based on their pore size into microfiltration membrane (50–500 nm), ultrafiltration 

membrane (2–50 nm), nanofiltration membrane (0.6–2 nm), and reverse osmosis 

membrane (0.3–0.6 nm) [62]. Ceramic membranes with crossflow ultrafiltration have 

shown a strong potential for offshore PW treatment [63]. However, membrane fouling 

remains a major operational challenge when using membranes for PW treatment [64]. 

Table (2.4) shows a summary of PW membrane treatment technologies taken from E. 

Drioli et al [47].   
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Table (2.4): A comparison of different membrane treatment technologies for PW treatment [47]. 

Membrane 

Technology 
Objective Advantages Disadvantages 

Microfiltration/ 

Ultrafiltration 

Can be used to remove 
suspended solids, 

viruses, odor, color 
dispersed and 

emulsified oil contents, 
etc 

Can remove very small 
droplets of emulsified 
oil, removal of almost 

all non-dissolved 
carbon, high expected 

life time, energy 
efficient 

Needs periodic 
backwash, high 

quantities of iron in the 
feed may cause 

irreversible fouling 

Nanofiltration 

Effective technology as 
softening treatment for 

the subsequent 
processes 

Initial positive results 
with PW, high product 

recovery, energy 
requirement is less than 

RO 

May require scale 
inhibitors and 

pretreatment, not 
sufficient as a stand-
alone technology for 

PW 

Reverse 
Osmosis 

Possesses the capability 
to produce potable 

quality water from PW 

Well-established 
technology for seawater 

treatment, process, 
modifications have 
generated excellent 

results for PW treatment 

Intensive pretreatment 
and process integration 
requirements for PW 

treatment, 
Mineralization or pH 
adjustment may be 

required in case of PW. 

Membrane 
Distillation 

Has the potential to 
produce ultrapure water 

Can utilize waste grade 
heat often associated 

with PW, Can 
completely reject all 

nonvolatile feed 
contents. 

No comprehensive 
study on the real 

operational problems, 
not much studied for 

PW treatment. 

Forward 
Osmosis 

Can concentrate PW to 
high levels with high 

rejection of organic and 
inorganic impurities 

High rejection of all 
contaminants, reversible 

membrane fouling 

Regeneration of DS 
solution is required, 
periodic membrane 

cleaning. 

 

2.4 Forward Osmosis  

Forward osmosis became a widely recognized membrane-based process for the treatment 

of complex water sources using the natural process of osmosis [65, 66]. The FO process 
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uses the osmotic pressure difference between a high-salinity solution and a low-salinity 

solution as an energy source as shown in Figure (2.3) [17, 67]. This energy source, the 

osmotic pressure difference, allows water to pass through a semi-permeable membrane 

due to the osmotic pressure difference while solutes in the feed solution can be rejected 

by the active layer of the FO membrane as shown in Figure (2.4) [68]. Many factors 

influence the FO performance such as operating temperature, membrane orientation, and 

selection of feed and draw solutions [68-70]. Although the FO process cannot be used to 

produce fresh water in a stand-alone system, it can be used for dilution and concentration 

purposes [15, 70].   

 

Figure (2.3): Water flow (Jw) direction in the FO process due to the osmotic pressure difference.  

2.4.1 Forward Osmosis Process   

The working principle of the FO process is based on using the natural osmotic difference 

between low-salinity and high-salinity solutions to mainly extract water molecules from 

the low-concentration solution (FS) to the high-concentration solution (DS). This 

selective extraction happens using a highly selective dense membrane as shown in Figure 



 

 
 

32 

(2.4) [68]. The basic equation describing ideal water transfer across the membrane in FO 

is [15]:  

     J" = A	(π#,% −	π&,%)	                             (2.1)  

Where: 

J"	: is the water flux. 

A: is the water permeability coefficient of the membrane.  

π#,%		and	π&,%: are the osmotic pressure of the bulk draw and feed sides, respectively.   

However, concentration polarization (CP) and reverse salt flux (RSF) impact the 

performance of the FO process in real FO operation; therefore, the basic equation of Jw 

(Equation 2.1) is modified when considering internal CP (ICP), and external CP (ECP), 

as well as the RSF effects on FO performance. Based on the AL-FS mode (active layer 

facing feed solution), the equation is modified to become the following equation [71]:  

J"(AL − FS) = A	 0
	(!,#	)*+,

%&'(
!)*+,

-.	(-,#	 )*+/
&'
. 0

12/ /&'
0	[	)*+/&'. 0.)*+,

%&'(
!)*+,

-
	
]
	1                            (2.2) 

Where:  

J": is the water flux. 

A: is the water permeability coefficient of the membrane.  

B: is the bulk solute permeability coefficient of the FO membrane. 

π#,% and π&,%: are the osmotic pressure of the bulk draw and feed sides, respectively.   

S: is the structural parameter.  

k: is the mass transfer coefficient. 
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D5678: is the bulk solute diffusion coefficient.  

 

Figure (2.4): Mass transfer in FO process. Jw and Js are water flux and RSF, respectively. 

2.4.2 FO Advantages  

The natural mass transfer phenomena in FO leads to many process advantages compared 

to other pressure-driven membrane separation technologies. One of the reported 

advantages of the FO process is lower energy cost compared to other membrane 

separation processes as the FO process is driven by the osmotic pressure gradient. FO 

process doesn’t require significant external pressure or temperature gradient compared to 

other technologies such as reverse osmosis (RO) [68, 70, 72]. Moreover, it was found that 

FO features lower fouling propensity and higher fouling reversibility compared to other 

membrane technologies [16, 17]. This can be explained by the absence of an applied 

hydraulic pressure and the generally lower fluxes typically obtained in FO resulting in a 

less dense fouling layer and more reversible fouling [16, 68]. In addition, the reduced use 

of chemicals is one of the advantages of FO since lower fouling tendency reduces the 

cleaning requirements and frequency [68, 73]. Another advantage of the FO process is its 

high rejection levels of feed solutes compared to the RO process. This results from the 
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retarded forward diffusion of feed solutes by the reverse diffusion of draw solutes in the 

FO process that limits the pore diffusion of feed solutes [74].  

2.4.3 FO Challenges & Limitations  

Although FO has many advantages, the technology faces a number of limitations. One of 

these major limitations is the DS regeneration requirement. For the efficient widespread 

use of FO, the diluted DS must be continuously regenerated by another re-concentration 

system in order to separate the original DS from the transported water [23, 70]. This is 

why the FO process cannot be used as a stand-alone system to generate clean water [70]. 

In addition, one of the main downsides of FO is the ICP phenomenon occurring inside the 

FO membrane support layer which leads to a huge drop in the osmotic pressure gradient 

and lower water flux [68]. Moreover, the reverse draw solutes diffusion phenomenon in 

FO can aggravate FO fouling and limit the FO performance [73].  

2.4.4 FO Applications  

FO has been used in a wide range of applications, including wastewater treatment, 

seawater desalination, and dewatering and concentration in the food industry [70]. FO has 

been used in combination with RO in a hybrid process where FO is used to concentrate 

wastewater streams to produce dilute seawater prior to the RO desalination process [75]. 

In addition, the integration of FO and anaerobic digestion for wastewater treatment and 

resource recovery has been tested. The FO pre-concentration of wastewater streams 

resulted in the effective enrichment of organics and salinity in wastewater [76]. 

Moreover, FO was also tested for the desalination of brackish groundwater and reuse of 

wastewater in an FO-NF hybrid system. The results showed that the system produced 
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water with suitable quality for potable use or unrestricted irrigation [66]. Wang et al [77] 

tested the performance of hollow fiber FO membranes to concentrate whey protein 

solutions. The results showed that the system achieved relatively high water flux,  high 

rejection of whey (>99.97%), and low reverse solute flux.  

2.4.5 Draw Solutions   

Since one of the main challenges in the FO process is DS regeneration, which generally 

requires the use of a subsequent energy-intensive process, the selection of suitable DS 

that can be regenerated and reused easily is crucial [68, 70]. Therefore, the selection of 

suitable DS can reduce the energy cost and the carbon footprint [78]. The draw solutes 

that form the homogeneous DS play a huge role in the FO process. The challenge in DS 

selection is that the draw solutes should have a strong affiliation with the water molecules 

either via hydration or ionization to generate the required high osmotic pressure for the 

osmotically driven FO process. However, this strong affiliation makes the separation of 

solutes from water to allow the reuse of the draw solutes and the production of purified 

water very difficult [78].   

Draw solutes can be categorized into non-responsive and responsive ones [78]. Non-

responsive draw solutes do not exhibit significant changes in their water affinity at 

different temperatures, electromagnetic fields, or light. This includes inorganic salts such 

as NaCl; and polymers and organic molecules such as polyelectrolytes. On the other 

hand, the responsive draw solutes undergo substantial changes in water affinity in 

response to different stimulates. This usually is often accompanied by phase transitions 

between two states with different water affinities which makes a responsive draw solution 
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easier to recover. This category includes nanoparticles and hydrogels [68, 78]. A 

successful DS must satisfy the following requirements [78]:  

1- Causes no damage to the FO membrane  

2- Has low toxicity with no adverse effects on public health and the environment.   

3- Has minimal draw solute reverse diffusion  

4- Has low viscosity  

5- Chemically stable for repeated use  

6- Cost-effective  

2.4.6 Reverse Solute Flux  

Reverse draw solutes flux across the FO membrane from DS to FS seems to be an 

inevitable phenomenon in FO as a result of the concentration gradient [16]. The draw 

solutes’ reverse flux might harm the FO performance as it can amplify membrane fouling 

by intensifying the cake-enhanced osmotic pressure (CEOP) effect and enhancing 

biofouling through the nutrients’ RSF from the DS side [79, 80]. Moreover, RSF 

contributes to ICP in the support layer which causes a sharp drop in the osmotic pressure 

gradient across the selective layer [81].  

RSF in general increases with increasing water flux. It is reported that lower reverse draw 

solute flux is achieved under the AL-FS mode than the AL-DS (active layer facing draw 

solution) mode [16, 65]. It was also found that the measured RSF also increases as the DS 

concentration increases for both orientations [82, 83]. Moreover, the pressure-assisted 

forward osmosis (PAFO) condition exhibits higher reverse salt flux compared to the FO 

condition due to membrane deformation [84].  
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However, one of the advantages of RSF is that it hinders the pore diffusion of FS, 

contributing to the high selectivity of the FO process [74]. Therefore, specific RSF 

(SRSF), which is the fraction of the reverse draw solute flux to the FO water flux, can be 

used as an evaluation parameter for the FO performance [16]. RSF can be reduced to 

enhance FO performance through the development of a highly selective membrane active 

layer or the use of a draw solution consisting of multivalent ions [16].  The RSF in A-

LFS mode can be expressed using the following equation [71]:  

J9 = B	 0
	:!,#	)*+,

%&'(
!)*+,

-.	:-,#	 )*+/
&'
. 0

12/ /&'
0	[	)*+/&'. 0.		)*+,
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!)*+,

-
	
]
	1                             (2.3) 

Where: 

J9: is the RSF. 

J": is the water flux. 

B: is the bulk solute permeability coefficient of the FO membrane. 

c#,% and c&,%: are the bulk solute concentrations of the draw and feed sides, respectively.   

S: is the structural parameter.  

k: is the mass transfer coefficient. 

D5678: is the bulk solute diffusion coefficient.  

2.4.7 Concentration Polarization   

CP phenomenon develops in all types of membrane separation processes; however, it is 

more prominent in osmotically-driven membrane separation processes due to the nature 

of the process [16, 85]. CP develops due to the concentration difference at the membrane-

solution interface resulting from the selective transfer of species through the 
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semipermeable membrane. This concentration difference results in a concentration 

gradient between the draw and feed solutions through the asymmetric FO membrane 

[16]. CP in the FO process can be classified as internal concentration polarization that 

occurs within the membrane porous support layer, and external concentration polarization 

which can happen at the membrane boundary [16]. In addition, depending on the 

orientation of the FO membrane, CP can be either concentrative or dilutive as shown in 

Figure (2.5) [15, 68].  

 

Figure (2.5): Concentration polarization in the FO process under FO and PRO Modes. CD,b and 
CF,b  are the bulk concentrations of the draw and feed sides, respectively. CD,m and CF,m are the 

transmembrane concentrations of the draw and feed sides, respectively. Both ICP and ECP reduce 
the effective transmembrane osmotic pressure [15]. 

 

2.4.7.1 External Concentration Polarization  

ECP is a common phenomenon in pressure-driven and osmotic-driven membrane 

processes. ECP occurs at the surface of the active layer of the FO membrane due to the 
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difference in the solution’s concentration at the bulk solution from that of the membrane 

surface [16]. Both concentrative and dilutive ECP can take place in the FO process in 

accordance with membrane orientation as shown in Figure (2.5). In FO mode (AL-FS 

configuration), the water flow pushes the feed solutes from the feed solution towards the 

surface of the selective layer on the feed side, which results in concentrative ECP. In 

PRO mode (AL-DS configuration), the water flow pushes the draw solutes away from the 

membrane surface on the feed side, which results in dilutive ECP [68]. In addition, ECP 

can be easily attenuated by many means such as increasing cross-flow velocity and 

membrane orientation. such methods help in increasing mixing near the membrane 

surface area which reduced ECP at the membrane surface [86].  

2.4.7.2 Internal Concentration Polarization  

Unlike ECP, ICP is a unique CP phenomenon that occurs inside the porous support layer of the 

FO membrane. Although both ECP and ICP reduce the osmotic pressure gradient, ICP is much 

more detrimental to the FO process as it has a greater impact on the osmotic pressure gradient 

than ECP [16]. The severe impacts of ICP can be mitigated by increasing the temperature of the 

solutions which would increase the diffusivity of the solutes resulting in better mixing and 

consequently to lesser ICP. In addition, it was found that the PRO mode is more effective in 

reducing the ICP effect compared to the FO mode which generally results in higher water flux 

when the system is operated under PRO mode than when it is operated under FO mode [87].   

In FO mode, water permeates through the membrane from the FS to the DS which results in the 

dilution of the DS within the interior of the porous support layer. However, The porous support 

layer prevents the good mixing of the DS and the permeate which leads to lower concentration 

within the support layer than that in the bulk DS. This phenomenon is known as dilutive ICP. 

This effect reduces the driving force generated by the osmotic gradient [17]. In PRO mode, 
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concentrative ICP results from the convective flow of water that pushes the feed solutes into the 

support layer and the permeation of the draw solutes from the DS to the feed side across the 

selective layer. This increases the solutes’ concentrations within the support layer and leads to 

reduced effective osmotic driving force [68, 88]. Both concentrative and dilutive ICP lead to a 

significant drop in the osmotic pressure gradient as shown in Figure (2.5).  

2.5  Forward Osmosis Membranes  

FO performance is largely dependent on the FO membrane characteristics. FO 

membranes are usually asymmetric polymeric membranes consisting of a porous support 

structure, which provides mechanical stability, and a selective active layer that rejects 

particles and solutes from the draw and feed solutions [68, 75]. The main parameters used 

to characterize the FO membranes are [75] : 

1- Water permeability coefficient of the active layer (A) 

2- Salt permeability coefficient of the active layer (B) 

3- The structural parameter of the support payer (S)  

The desired characteristics of  FO membranes are a high A value (for high water flux), a 

low B value (for low RSF), and a low S value (for more limited ICP effects). FO 

membranes are either developed for the FO process or adapted from existing NF/RO 

membranes. The used membrane geometries include hollow fiber and flat sheet (spiral 

wound) configurations [68, 75]. The most widely investigated FO membranes are thin-

film composite polyamide (TFC-PA) and cellulose triacetate (CTA) membranes [89]. It 

has been reported that the TFC membrane has lower reverse salt transport, higher water 
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flux, better salt rejection, good pH stability, and better resistance to hydrolysis and 

biological degradation than the CTA membrane [90, 91].  

2.6 Forward Osmosis Fouling/Scaling  

 
Although FO technology has a lower fouling propensity and high fouling reversibility 

compared to pressure-driven membrane technologies, membrane fouling has a significant 

impact on the efficiency of the FO process and irreversible fouling in the FO process has 

been reported in many studies [25, 92]. Fouling forms a cake/gel layer on the membrane 

surfaces or blocks the membrane pores especially in the support layer [93]. This fouling 

behavior causes a decline in membrane permeability, flux decline, changes in salt 

rejection, and membrane deformation [94, 95]. The four major types of membrane 

fouling include organic fouling, inorganic fouling, biological fouling, and colloidal 

fouling. Table. (2.5) shows the different types of membrane fouling in the FO process. In 

real FO operating conditions, a combination of different types of fouling occurs 

simultaneously [92].  

Generally, physical cleaning techniques such as flushing and osmotic backwashing may 

reduce or completely eliminate the need for any chemical reagents for cleaning FO 

membranes [16]. Osmotic backwashing, a specific cleaning strategy to FO process, is 

effective in detaching the fouling layer from the membranes and facilitating its diffusion 

away from the membrane surface especially when used in combination with hydraulic 

flushing [70]. However, the severity of fouling is largely dependent on operating 

conditions and synergistic effects between different types of fouling may require other 

cleaning strategies. Other examined cleaning techniques include chemical cleaning; and  
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periodic air scouring and CO2 nucleation [16, 25, 70].  

Table (2.5): Different types of FO membrane fouling [92]. 
 

 

2.7 Forward Osmosis Applications in Produced Water Treatment  

The advantages of the FO process such as its ability to reject contaminants found in O&G 

waste streams, its low fouling propensity, and high fouling reversibility make it a 

promising alternative treatment method for produced water, drilling wastewater, and 

other difficult to treat wastewater streams [12, 17, 24]. Several studies investigated the 

performance of FO technology in PW treatment applications. Other studies investigated 

the changes in FO membrane properties and its performance in terms of fouling 

propensity and contaminants rejection after exposure to PW feed waters [12, 96, 97].  

The use of FO as a stand-alone treatment process to reduce the volume of PW using NaCl 

solution as a DS was investigated in several studies [2, 98]. It was found that the FO 

Fouling Type Fouling Behavior  

Organic Fouling 
Caused by organic macromolecules such as natural organic compounds 

and biopolymers 

Inorganic 

Fouling/ Scaling 

Caused by the crystallization of sparingly soluble salts such as silica and 

calcium salts through direct growth on membrane surface or the 

deposition of crystals formed in the bulk solution on membrane surface 

Biofouling 

Caused by formation of biofilms due to complex sessile microbial 

community deposition and permanent attachment to the membrane 

surface 

Colloidal 

Fouling 

Caused by the deposition of solid-like colloidal particles with sizes 

ranging from 1 to 1000 nm 
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system can achieve up to 50% volume reduction of pretreated PW and maintain a stable 

water flux of 12 LMH [2]. In addition, membrane fouling and concentration equilibration 

between the FS and DS were the major identified factors behind the flux loss in the 

system [98]. Moreover, Alqattan et al [99] studied the performance of FO in the treatment 

of PW using different spacer designs. The study showed that the hole-type spacer design 

achieved full cleaning efficiency due to the micro-jets effect induced by the spacer holes. 

Moreover, different FO membrane cleaning strategies were evaluated in PW treatment 

applications such as chemical cleaning and osmotic backwashing to investigate fouling 

reversibility [5, 29]. Li et al. [100] studied the factors affecting the FO performance when 

treating PW streams. It was found that water flux decreases with increasing 

concentrations of crude oil and surfactants in PW and that a 50% decrease of water flux 

occurred within the first 1 hr of operation.  

Hybrid technologies are a combination of more than one treatment technology to enhance 

the benefits of the technologies such as improved water quality and better operational 

performance [13]. Coupling the FO process with other treatment technologies has many 

advantages since the system cannot produce pure water and is usually introduced as a 

standalone desalination process for various applications with dilution and concentration 

purposes or as an advanced pretreatment process for other desalination processes such as 

RO [1, 15]. The treatment performance of the FO process was investigated in an FO-RO 

pilot-scale system for direct potable reuse of raw PW. It was found that the system 

produced high-quality permeate and achieved high rejection of the measured ions and 

hydrocarbons during extended exposure to PW. However, the FO membranes were 

susceptible to fouling and organic matter changed the membrane integrity and 
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performance [1]. Al Hawli et al. [101] combined electro-coagulation and FO technology 

for the treatment and reclamation of PW. The system removed the PW conductivity by 

16% and achieved a total of 99% removal of total suspended solids (TSS).  

Recent studies investigated FO-MD hybrid systems for PW treatment applications [13, 

102]. In this system, a solution is prepared to serve simultaneously as a DS for FO and as 

a FS for MD. In an FO-MD integrated system, the drawbacks of both processes can be 

reduced by regenerating the FO DS by the thermally-driven MD process and rejecting 

evaporative contaminants, surfactants, and trace organics by the FO process that might 

severely impact the performance of the MD process [13]. Al-Furaiji et al [3] explored the 

use of hybrid FO−MD for the treatment of extremely saline PW using different salt 

solutions as DS. A substantial difference between the FO and the MD water flux was 

observed and it was attributed to the difference in osmotic pressure and vapor pressures 

of the tested draw solutions. Moreover, Nawaz et al. [13] investigated the simultaneous 

treatment of different PW streams using a hybrid FO−MD system by using different PW 

streams as an FS and WO as a DS. The system achieved a stable FO flux ranging 

between 8.30 LMH and 26.78 LMH. 

2.8 Major Foulants Identified in FO Treatment of Produced Water 

The complex chemical composition and high concentrations of metals, salinity, and dissolved 

organic carbon (DOC) in PW streams make it difficult to treat and contribute to FO membrane 

fouling [5, 7, 31]. Organic fouling, scaling, and colloidal fouling have been detected in FO 

membrane systems used for PW treatment [1, 13, 23]. In PW treatment, the fouling material 

found on the FO membrane consists of chemical constituents from PW streams such as 

hydrocarbons, organic acids, and chemical additives used in the O&G operation processes [5]. 
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Organic fouling is the most dominant fouling type detected on FO membranes when treating PW 

streams. The foulants include aliphatic and aromatic hydrocarbons; and carbonates. In addition, 

inorganic fouling is also reported in the literature and its major constituents are calcium, iron, 

sodium, chloride, and silicon [103].  

Several studies reported the contribution of fouling, especially organic fouling, to the decline in 

water flux during the FO treatment of PW [1, 2, 5]. Such decline in FO performance can be 

caused by the deposition of foulants on the membrane surface or entrapment in membrane pores 

which hinder the transport of water and solutes through the FO membrane [5]. Moreover, it was 

found that the high concentrations of organic compounds in PW streams severely fouled the FO 

membrane and that the formation of a fouling cake layer on the feed side of the FO membrane 

leads to increased sorption of DOC to the FO membrane when treating PW [1].  In addition, the 

extended exposure of FO membrane surface to PW streams’ organic constituents such as aliphatic 

and aromatic hydrocarbons allows them to interact with the membrane polymers and degrade 

their performance resulting in the permeation of even the ingredient materials of the FO 

membranes itself [1].  

Nawaz et al [13] investigated fouling on FO membranes during the simultaneous treatment of PW 

streams. The foulants observed on the FO membrane during PW treatment included: calcium 

silicate, calcium sulfate (gypsum), and sodium chloride crystals [13]. Moreover, calcium 

carbonate with traces of oil residues was detected on the fouled FO membrane surfaces when 

treating PW influenced by hydraulic fracturing flowback [12]. Such fouling behavior limits the 

FO process performance [104, 105]. The colloidal scaling from silica colloids causes serious 

homogeneous and heterogeneous nucleation over the membrane surface resulting in pore 

blocking by the colloidal scale layer [25, 103]. In addition, the attachment of calcium ions on the 

active layer of the FO membrane during PW treatment can link between various foulants and the 

membrane active layer due to the calcium ions’ ability to interact with the membrane’s material. 
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Therefore, the deposition of CaSO4 on the FO membrane can exacerbate the ECP effect 

contributing to FO flux decline when treating PW using FO [13].  

2.9 Simultaneous Treatment of PW Streams  

The simultaneous treatment of PW using FO technology can be defined as the 

simultaneous utilization of different PW streams generated by O&G extraction and 

processing operations such as water-oil separators and desalter effluents. Different 

streams can be utilized as a DS or FS based on their chemical composition and osmotic 

potential. The stream with the higher osmotic potential and the stream with the lower 

osmotic potential can be used as DS and FS, respectively. This configuration allows the 

FO system to concentrate the FS and dilute the DS as a standalone treatment process 

before discharge or as a pretreatment step for the subsequent treatment process. Nawaz et 

al [13]  investigated this novel concept of simultaneous treatment of two different PW 

streams using FO technology in a hybrid FO-MD system. In this hybrid treatment 

process, FO serves as a concentration and desalination process while membrane 

distillation (MD) is used for DS regeneration and production of pure water [13].  

The main management strategy of PW in Saudi Arabia is reinjection into the oil fields. 

However, due to the high salinity of PW produced in O&G operations in Saudi Arabia, it 

is challenging to meet the water quality requirements for reinjection or reuse [47]. 

Moreover, the injection of O&G upstream wastewater streams such as DE into dead wells 

has high operational and capital costs [106]. Therefore, the simultaneous treatment of 

different PW streams would allow for the dilution of the high salinity PW streams which 

can help facilitate the reuse or reinjection of PW. While the concentration of low salinity 



 

 
 

47 

O&G wastewater streams such as DE would reduce the required volumes for reinjection 

thus reducing the management cost. In addition, the simultaneous treatment of PW 

streams would allow the on-site reuse of PW without the need for large-scale off-site 

treatment operations. This local reuse of PW can significantly limit the volumes of DE 

wastewater sent for deep well injection, PW trucking frequency, and the procurement of 

treated water such as desalinated seawater for well injection thus reducing the 

environmental impacts and costs of PW management [12].		

2.10 FO Membrane Cleaning Methods  

The employment of FO technology in the treatment of wastewater streams having high 

fouling potential such as municipal wastewater and produced water from O&G 

operations makes fouling an inevitable operational challenge [16, 25, 92]. Designing FO 

systems that operate with stable performance is preferred to systems with high initial 

osmotic gradients [70]. Therefore, several physical and chemical cleaning methods have 

been investigated in many studies to control and mitigate membrane fouling in FO [25, 

87]. These membrane cleaning techniques are similar to those employed for RO, NF, and 

membrane bioreactors (MBR) such as hydraulic flushing, chemical cleaning, and air 

scouring [16, 87, 107]. The reported cleaning methods for FO membranes used in PW 

treatment applications include hydraulic flushing, osmotic backwashing, and different 

chemical cleaning protocols [5, 28].   

One of the advantages of the FO process is that organic and inorganic fouling can be 

easily cleaned by physical cleaning methods. The most commonly used physical cleaning 

methods are osmotic backwashing and hydraulic flushing of the FO membranes [16]. The 
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effectiveness of these physical cleaning methods helps in reducing the need for chemical 

reagents for chemical cleaning [25]. Osmotic backwashing is a physical cleaning method 

specific to the FO process which utilizes osmotically induced reverse permeate flow to 

remove the fouling layer from the FO membrane and flushing it away from the 

membrane surface [29, 70]. It is reported that osmotic backwashing exhibits higher 

cleaning efficiency than hydraulic flushing for all types of membrane fouling [25]. Both 

hydraulic flushing and osmotic backwashing of FO membrane removed the deposited 

solids and restored water flux after the treatment of drilling mud and fracturing 

wastewater [108]. Other reported physical cleaning methods used in FO applications 

include air scouring, periodic sparging of CO2 saturated solution, and application of 

electric field [25, 109].  

Although physical cleaning methods can be effective in the FO process, their 

effectiveness decreases when irreversible fouling accumulates on the membrane surface 

[87]. Moreover, it is reported in the literature that the biopolymers’ stickiness causes 

sharp flux decline and irreversible fouling [110]. Therefore, chemical cleaning is required 

for the effective management of biofouling [110]. In addition, chemical cleaning should 

be applied to the membrane when the flux decline is severe [87]. The prevalent cleaning 

agents in the literature remain sodium NaOCl, HCl, EDTA, and SDS [5, 29, 87]. 

Chemical cleaning protocols using SDS and SDBS were reported to be effective for 

restoring membrane performance and recovering the fouled FO membrane when treating 

PW.  
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2.10.1 Criteria for FO Membrane Cleaning Method Selection  

The selection of effective membrane cleaning methods in the FO process is essential to 

manage fouling and to ensure stable long-term FO operation [28]. Due to the formation 

of different fouling types in FO systems, the selected cleaning method should be tailored 

to the fouling types, their severity, and their synergies in the FO process [92]. Different 

fouling types require different cleaning measures as shown in several studies that 

investigated several FO fouling mitigation measures [16, 25]. For instance, physical 

cleaning methods such as osmotic backwashing are widely recognized for their 

effectiveness in cleaning FO membranes and recovering their performance [70]. 

However, such methods aren’t effective enough in removing the biofouling layer from 

FO membranes which requires chemical cleaning [110].  

Moreover, the cleaning methods should account for the synergistic effects between the 

different types of foulants in the FO process such as the interactions between scaling and 

organic fouling [111]. Such synergetic interactions between different foulants are more 

common in FO practical applications where more complex feed solutions are used and 

this requires the optimizations of the cleaning methods [92, 111]. Also, the severity of 

fouling and the nature of treated water in FO systems can limit the efficiency of some 

cleaning methods. For instance, it is reported that severe scaling can form a thick fouling 

layer on the surface of the FO membrane that limits the efficiency of hydraulic flushing 

in restoring FO performance [26]. In addition, the cleaning protocol must not impact the 

membrane integrity as some cleaning agents were reported to have negative impacts on 

membrane properties [28].  
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Other important selection considerations are the cost of treatment, treatment downtime, 

and cleaning efficiency. Membrane cleaning methods mostly require the use of 

chemicals, or energy, as well as downtime of treatment installation [6]. Economic 

considerations such as installation requirements and storage of chemicals must be 

considered when evaluating different methods [25]. In addition, the consumption of clean 

water and chemicals for the cleanup of the FO membrane falls under the cost of treatment 

as these resources become part of the consumables in the FO process. Some cleaning 

methods outperform others; however, they require extended time for their installation. 

For instance, cleaning FO membranes used in PW treatment using SDS for 30 minutes is 

slightly more effective than cleaning it for 15 minutes as it achieves higher flux recovery 

(by less than 3%). However, this protocol requires double the treatment downtime 

compared to the 15 min protocol which impacts the overall performance of the FO 

system. Therefore, cleaning methods should be evaluated based on not only their cleaning 

efficiency but also their broader impacts on the FO process and the full cost of their 

installation.  

2.10.2 Osmotic Backwashing  

Osmotic backwashing (OB) is a physical membrane cleaning method that is specific to 

the FO process [70].  In OB, the permeate flux direction is reversed from the draw side to 

the feed side by placing a high concentration solution on the feed side and a low 

concentration solution on the draw side as shown in Figure (2.6). Salt solutions such as 

NaCl and ultrapure water can be used in OB. Exchanging the salt concentration gradient 

over the membrane drives the reversed direction of permeate flux. Such cleaning methods 

can remove the cake fouling layer accumulated on the membrane surface and flush the 
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membrane pores [29, 112]. Using this technique in combination with hydraulic flushing 

makes it an effective cleaning method [99]. Due to the low fouling propensity of the FO 

process, OB can easily clean organic and inorganic, thus reducing the need for chemical 

reagents for cleaning [16].   

 

Figure (2.6): FO system setup during operation vs. osmotic backwashing. The reverse permeate 
flux in osmotic backwashing helps in removing the fouling layer accumulated on the membrane 

layer and flushing it away. 

Osmotic backwashing has been examined to remove irreversible fouling in many 

applications such as the treatment of wastewater, PW, and landfill leachate. [29, 87, 113]. 

Organic membrane fouling can significantly be reduced OB when FO membrane is 

subject to landfill leachate treatment as shown in other studies. It was found that 

membrane de-fouling mostly occurs at the early phase of the backwash which can help in 

reducing the downtime of the backwashing installation [113]. In addition, Kim et al [25] 

investigated OB FO cleaning performance with organic, inorganic, and colloidal foulants. 

The study found OB very effective in removing the organic and scaling fouling layers 
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and can fully recover water flux with better efficiency than hydraulic flushing. However, 

the study showed its limited efficiency in removing silica colloidal fouling even when it 

is combined with other methods such as air scouring and hydraulic flushing [25].  

Moreover, OB has also been investigated in the treatment of PW streams. Lu & Wang 

[29] examined osmotic backwashing of cellulose triacetate (CTA) membrane used for the 

treatment of reverse osmosis concentrate from the coal chemical industry (ROC). The 

study showed that 97.1% of the water flux was recovered by OB outperforming other 

chemical and physical cleaning methods such as the use of higher flow rates and HCl 

solution as a cleaning chemical. Only 20% of foulants were adsorbed on the membrane 

after OB due to poor hydraulic conditions near the membrane edges. The results showed 

that the effectiveness of OB in removing colloidal fouling since the formation of Si-

containing foulants was identified as the major contributing factor to flux decline during 

long-term treatment of ROC [29]. Moreover, OB was investigated in cleaning TFC-PA 

FO membrane for treatment of polymer-flooding PW. The OB of the membranes with 

NaCl solution achieved between 75% and 89% flux recovery depending on the TFC 

membrane type. However, chemical cleaning using 0.1 wt % SDBS solution achieved the 

highest flux recovery [28].  

2.10.3 Physiochemical Cleaning Methods  

Although the reduced need for chemical cleaning is one of the advantages of the FO 

process, literature shows that many chemical agents were tested in FO membrane 

chemical cleaning protocols. The tested chemical methods include the use of citric acid, 

ethylenediaminetetraacetate (EDTA), NaOCl, NaOH, sodium dodecyl sulfate  (SDS), and 
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periodic sparging of CO2 saturated solution [5, 25, 28, 87]. It is reported that chemical 

cleaning may be required to recover initial water flux if combined fouling occurs in the 

FO process due to the synergetic effects between different types of foulants [16]. 

However, the selection of the cleaning protocol must account for the impacts of the 

cleaning agents on the FO membrane properties since exposure to chemical agents such 

as Alconox and NaOH might cause irreversible changes in FO membrane properties [28, 

107].    

Several chemical cleaning methods were investigated for fouling mitigation in the FO 

process. Wang et al. evaluated different chemical cleaning methods for municipal 

wastewater treatment using TFC PA FO membranes. It was found that using  0.1% 

NaOH/0.1% sodium dodecyl sulfate (SDS) mixture cleaning followed by acid cleaning 

with either 2% citric acid or 0.5% HCl was the most effective cleaning strategy [107]. Lv 

et al. investigated several chemical and physical cleaning methods for the concentration 

of actual oily wastewater by FO and the results showed that OB outperformed all 

chemical cleaning methods in flux recovery [114]. Moreover, a variety of chemical 

cleaning agents have been tested to clean NF and RO membranes used in PW treatment 

applications. the cleaning efficiencies of NaOH, EDTA, and SDS have been examined 

for NF/RO membranes fouled by PW from a petroleum refinery, and the results showed 

that SDS was the most effective cleaning agent for recovering membrane flux [115].   

Several studies that investigated chemical cleaning of PW-fouled FO membranes can be 

found in the literature. Coday et al investigated the efficiency of chemical cleaning of 

CTA and TFC FO membranes using EDTA or KL7330 in PW treatment applications. 
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The chemical cleaning efficiency of EDTA solution was higher due to its ability to 

address divalent–organic compound complexations in the cake layer and scaling on the 

membrane surface [12]. In addition, Kim et al examined different FO membrane 

chemical cleaning strategies for the treatment of Polymer-Flooding PW. The results 

showed that sodium dodecyl benzenesulfonate (SDBS) cleaning protocol achieved the 

most effective recovery for the membranes [28]. Moreover, Zhao et al investigated 

fouling and chemical cleaning when treating gas field produced/process water (PPW) 

using TFC FO hollow fiber membranes. It was found that chemical cleaning with SDS 

for 15 min is the most effective method for restoring water flux during batch treatment of 

PPW [5]. The high cleaning efficiency of SDS and other surfactants is due to their ability 

to dissolve macromolecules such as oil in water by the formation of micelles that can 

remove the PW-foulants from the membrane surface [13].   
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Chapter III 

Materials & Methods  

3.1 Composition of Synthetic & Real Produced Water Streams  

Two real streams were identified and collected from local O&G industrial sites. These 

two streams are desalter effluent (DE) and PW effluent from the water oil separator 

(WO). The characteristics of these two streams are presented in Table (3.1). The detailed 

characterization of these two streams was performed using advanced analytical 

techniques and standard methods [116]. Based on these characterization results, the 

compositions of the synthetic DE and WO streams were established as shown in Table 

(3.2). The DE stream was chosen as the potential FS while the WO stream and 1.2 M 

NaCl solution were chosen as the potential DS based on the streams’ TDS concentrations 

with the low concentration and high concentration solutions being selected as FS and DS, 

respectively. It is important to note that although the chemical composition of the 

synthetic streams was based on the analyzed chemical composition of the real streams; 

the characteristics of these two streams cannot be 100% the same and some margins of 

error must be kept into account. The chemical composition of PW is subject to many 

factors related to O&G extraction and processing operations which leads to variations in 

the reported characteristics of the real streams.   
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Table (3.1): Characteristics of real produced water streams.  

Characteristics Desalter Effluent (DE) WOSEP Outlet (WO) 
pH @ point of generation 6.10 6.02 

Temp oC @ point of generation 50.8 61.4 
Conductivity (mS/cm) 8.90 112.3 

TDS (ppm) 6,340 92,450 
COD (mg/L) 89 434 

Nitrate (mg/L) 0.77 5.05 
Sulfate (mg/L) 361 468.5 

Phosphate (mg/L) 0.05 0.69 
Total nitrogen (mg/L) 10.5 55 

TSS (mg/L) 0.8 29 
TOC (mg/L) 7.8 16.03 

Volatile acids (mg/L as 
CH3COOH) 

23.8 49.3 

Chlorides (mg/L) 2,870 46,700 
Oil and grease (mg/L) 7.5 33 

Calcium (mg/L) 380 8070 
Magnesium (mg/L) 70.8 944 

Sodium (mg/L) 1465 20390 
Barium (mg/L) 0.08 0.92 

Strontium (mg/L) 10.1 350 
Silicon (mg/L) 14.04 18.1 

Potassium (mg/L) 116 1600 
 

All elements in synthetic PW streams were added based on their detected concentrations 

in real streams. Glucose was added to represent chemical oxygen demand (COD). The oil 

used in synthetic streams was a standard emulsion of oil in water. In addition, a 1.2 M 

NaCl solution (SW) was used as one of the draw solutions in the study since NaCl is one 

of the most explored and attractive inorganic draw solutes [68, 117]. Moreover, a 

concentration of 1.2 M for the NaCl solution was selected since it yields a TDS 

concentration close to the WO stream’s concentration and falls within the typical range of 

sweater desalination plants reject streams in the Arabian Gulf region [118]. The synthetic 
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streams were always freshly prepared before each experiment. The chemicals were of 

reagent grade and were received from Alfa Aesar, Fisher Scientific, or Sigma Aldrich.  

Table (3.2): Chemical composition of synthetic PW streams and 1.2 M NaCl solution.  
*Calculated through LENNTECH online osmotic pressure calculator 

(https://www.lenntech.com/calculators/osmotic/osmotic-pressure.htm)   

3.2 FO Membrane  

In all experiments, TFC- PA hydrophilic FO membranes were used. The membranes 

were purchased from Toray Chemicals, Korea. The thicknesses of the support layer (SL) 

and active layer (AL) of the TFC-PA membranes are 99.14 ± 1.3 and 0.86 ± 0.1 μm, 

respectively. The support layer porosity is 63±5%. Water permeability of the FO 

membrane (A) is 2.472E−7 m/s/bar, solute permeability (B) is 5.444E−8 m/s, and 

structural parameter (S) is 3.28E−4 m. Further details on the TFC-PA membrane can be 

found elsewhere [68]. The used membrane size was 6 cm × 1.6 cm giving a total active 

area of 0.00096 m2.  

Chemical Constituent  DE Chemical  WO 1.2 M NaCl Solution 
NaCl (mg/L) 1,863 62,974 70,128 
KCl (mg/L) 232 2,955 - 

CaCl2 (mg/L) 1,873 23,358 - 
MgCl2 (mg/L) 505 4,074 - 
Na2SO4 (mg/L) 2,305 2,054 - 
BaCl2 (mg/L) 0.19 3.24 - 
SrCl2 (mg/L) 33 729 - 

Glucose  (mg/L) 77 642 - 
Silica colloids (0.3 ) (mg/L) 50 60 - 

Oil and grease  5 7 - 
Osmotic Pressure* (bar) 4.3 70.3 55.2 

Conductivity ;<
=>

  10,590  124,500 99,100 

Total Dissolved Solids (TDS) (mg/L) 6,873 96,348 70,120 
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3.3 Analytical Methods  

The concentration of the following cations and anions:  Ca, K, Na, Mg, S, and Si was 

determined by inductively coupled plasma optical emission spectrometry (Agilent 5110 

ICP-OES, Agilent Technologies, USA). Chloride (Cl1-) concentration was detected using 

photometric analysis (Aquakem 250, Thermo Scientific, USA). In addition, total organic 

carbon (TOC) values were measured by a TOC analyzer (TOC-L, Shimadzu, Japan). All 

FS and DS samples were collected after the end of each experiment and stored in a 

refrigerator at 4 ◦C for TOC and inorganic solutes analysis. In ICP -OES analysis, the 

samples were diluted using 1% nitric acid solution. For TOC and Chloride testing, the 

samples were diluted properly using ultrapure DI water. The pH values of the solutions 

were measured at the beginning and the end of each experiment using a pH meter 

(Fisherbrand™ Accumet™ AB150, Fisher Scientific, USA). Moreover, the temperature 

and conductivity of the FS and DS were measured continuously throughout the 

experiments using two conductivity probes (TetraCon 325 with LF 298, WTW, USA) as 

shown in Figure (3.1).  

The impact of long-term operation and the cleaning methods on FO membrane integrity 

was evaluated by conducting SEM, XRF, and FTIR imaging for a selected number of FO 

membranes. The functional groups of the stored dried TFC membranes were analyzed, 

before and after use in the FO process, using Fourier transform infrared spectroscopy 

(FTIR) (IR 2000, Perkin-Elmer, USA). A scanning electron microscope (SEM) (Gemini 

II, Carl Zeiss SMT AG, Germany) and energy-dispersive X-ray spectroscopy (EDX) 

were used at an accelerating voltage of  30 kV to investigate the membranes’ morphology 

before and after the FO experiments and to understand the interaction of the foulants 
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from the PPW with the membrane. Moreover, the inner surface roughness parameters of 

the virgin and fouled membranes were measured by atomic force microscopy (AFM) ( 

Gemini II, Carl Zeiss SMT AG, Germany).  

3.4 Experimental Setup & Design  

In all experiments, the FO system was operated in batch mode as it is a widely used 

operation mode for optimization experiments in lab and pilot-scale studies [70]. 

Moreover, all experiments were conducted at lab temperature (23 ± 1) with a constant 

counter-current cross-flow velocity of 8.7 cm/sec (250 ml/min) to maintain a more 

constant osmotic pressure over the FO module [70]. The initial volume of 1 L was used 

for both DS and FS.  

The FO setup is shown in Figure (3.1). It consists of a standard membrane cell, two 

conductivity probes (TetraCon 325 with LF 298, WTW, USA, two variable-speed gear 

pumps (75211-70, Cole-Parmer, USA), a digital weighing balance (ME3002E, Mettler 

Toledo, USA), and a plate stirrer (C-MAG HS7, IKA, Germany). The membrane cell has 

two symmetric channels (i.e., 60 mm long, 16 mm wide, and 3 mm deep) on both sides of 

the membrane. The draw and feed solutions were always freshly prepared before each FO 

treatment cycle using deionized water (DI) water (Milli-Q Advantage A10, Millipore, 

USA) and other solutes based on the chemical composition of the synthetic solutions as 

detailed in Table (3.2). The same membrane coupon from the same original sheet was 

used for all treatment cycles in each experiment, after which it was air-dried and stored 

for imaging and characterization. The same setup was used to optimize the OB cleaning 

protocol and investigate chemical cleaning methods.   
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Throughout the experiments, bulk solutions’ conductivity, temperature, and weight 

changes were automatically recorded on a minute-by-minute basis through the Labview 

data acquisition and storage system to investigate system performance in terms of water 

flux, reverse salt flux, and flux recovery during PW treatment and OB.  

The FO water flux (J") was calculated by recording the volume changes in the FS (∆V) as 

a function of time (∆t) (minute by minute) and using Equation (3.1) [119].  

J? =	
1
@0

× ∆B
∆?

                     (3.1) 

Where:  

J?	(LMH): is the water flux at time t  

AC	(mD): is the effective membrane area  

∆V	(L): is the change in FS volume  

∆t	(h): is the time for collecting the permeate volume  

The normalized water flux (JE) was calculated by dividing water flux (J",:) by initial 

water flux (JF) as shown in Equation (3.2). Where JF is the initial water flux in the first 

cycle of operation, and J",:	is the water flux after c cycles of operation (c = 1, 2, 3, 4, 5) 

[13]. 

JE = G',1
G2

                           (3.2) 

The increase in FS conductivity detected throughout the experiment was due to both the 

concentration of the FS and RSF. The reverse draw solutes diffusion from DS to FS was 



 

 
 

61 

determined by measuring the electric conductivity (EC) of the FS at the end of each 

treatment cycle [30]. The change in EC of the FS due to RSF was measured using 

Equations (3.3 & 3.4). The change in FS electric conductivity was then transferred into 

TDS using a TDS to EC ratio (κ))	of 0.7 (
CH

IJ
KL

:CJ
) as shown in Equation (3.5) [120]. 

Equation (3.6) shows the calculation of RSF based on the measured TDS values. For 

calculating specific RSF (SRSF), the RSF value was divided with the water flux value 

(J") [121]. However, due to the assumptions made above, the SRSF values cannot be 

100% correct and some margins of error must be kept into account.  

∆ECML& =	 [ECN −	(ECO × CF)]																																																														(3.3) 

CF = 	 B-,3
B-,4

                                                                                  (3.4) [70] 

Where: 

∆ECML&: is the gain in FS EC due to RSF 

ECN 	C
CH
I
D: is the final FS EC value based on recorded conductivity values 

ECO 	C
CH
I
D: is the initial FS EC value based on recorded conductivity values 

CF: is the concentration factor  

V&,O:	 is the FS initial volume of 1L  

V&,N: is the FS final value after 20 h of operation  

∆TDSML& (mg/L) = κ) × ∆ECML& (KL
:C
)                                      (3.5) 

Where:	

∆TDSML&	(mg/L):	is	the	gain	in	FS	TDS	value	due	to	RSF	
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κ)(
CH

IJ
KL

:CJ
):	is	the	TDS	to	EC	ratio	

∆ECML&	(
KL
:C
):	is	the	gain	in	FS	EC	value	due	to	RSF	

J9 C
H

I×C5D = 	
∆Q#L6(-×B-(	

?	×	@
                                                       (3.6) 

Where:		

J9 C
H

C5×R
D:	is	RSF		

V&L:	is	the	FS	final	volume	after	20	h	of	operation		

A:	is	the	membrane	total	active	area	of	0.00096	m2			

t:	is	the	20	h	total	period	of	the	treatment	cycle	

To examine OB cleaning performance, four different FO system configurations were 

examined based on membrane orientations and selected draw solutions as shown in 

Table (3.3). The four configurations were examined for long-term treatment of PW by 

conducting (5 x 20 h) experiments which consist of five consecutive twenty-hour long 

treatment cycles.  A 60 min OB cleaning period was performed to clean the fouled FO 

membrane and recover its performance for the next cycle. Figure (3.2) shows the 

experimental procedures.  
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Table (3.3): The different examined configurations in the FO process used to examine the fouling 
behavior and OB cleaning performance for PW treatment.  

Configurations Description 

(SW-DE) – AL-FS 
1.2 M NaCl and synthetic DE solutions were used as DS 

and FS, respectively, using AL-FS mode 

(SW-DE) – AL-DS 
1.2 M NaCl and synthetic DE solutions were used as DS 

and FS, respectively, using AL-DS mode 

(WO-DE) – AL-FS 
Synthetic WO and DE solutions were used as DS and 

FS, respectively, using AL-FS mode 

(WO-DE) – AL-DS 
Synthetic WO and DE solutions were used as DS and 

FS, respectively, using AL-DS mode 

 

Figure (3.1): Experimental setup. 
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Figure (3.2): Experimental procedures. 

3.5 Cleaning Methods  

3.5.1 Osmotic Backwashing  

OB was performed by flowing DI and the concentrated FS in the DS and FS channels, 

respectively, to generate reverse water flow to the fouling layer after each treatment 

cycle. Both solutions were maintained at room temperature (23 ± 1) and were circulated 

at the same counter-current cross-flow velocity of 8.7 cm/sec (250 ml/min) used during 

the treatment process. After OB, DI water was circulated for 20 min in both flow 

channels for clean up.  

The concentrated DE was used as a DS for the OB process. This method is more practical 

as it can be done at the same site without the need of consuming other streams for 

osmotic backwashing such as NaCl solution which is used in the NaCl OB protocol in 
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other studies [28, 29]. After investigating the four different FO process configurations, 

the best performing configuration, based on overall flux and flux reversibility, was 

selected to optimize the OB protocol. Two additional OB methods were examined using 

synthetic PW streams besides the tested 60 min OB cleaning protocol as shown in Table 

(3.4).  

In addition, a baseline experiment was performed using the selected WO-DE 

configuration where no cleaning protocols were applied to further investigate the system 

performance and the cleaning methods’ efficiency. (5 x 20 hr) experiments were carried 

out for all examined OB methods and the baseline experiment. In addition, the best 

performing OB protocol, based on cleaning downtime and OB water consumption, was 

selected for further analysis and was carried out in (3 x 20 hr) experiments using real DS 

and FS streams.  

Table (3.4): Examined osmotic backwashing cleaning protocols. 

OB Cleaning Protocol Description 

60 min OB Osmotic backwashing carried out for 60 min using 
concentrated FS as DS and DI water as FS. 

30 min OB Osmotic backwashing carried out for 30 min using 
concentrated FS as DS and DI water as FS. 

2 x 30 min OB 
Osmotic backwashing carried out for 30 min after the 10th 

and 20th hour of operation using concentrated FS as DS and 
DI water as FS. 

3.5.2 Chemical Cleaning  

10 mM SDS and 0.1 wt % NaOH solutions were tested for the chemical cleaning 

protocols. The SDS and NaOH chemical cleaning protocols were carried out in (3 x 20 

hr) experiments where a 30 min chemical cleaning protocol was applied after each 
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treatment cycle to restore the membrane performance. The duration and frequency of the 

cleaning runs were selected based on the standards used in the optimized OB cleaning 

protocol. The (WO-DE) AL-FS configuration, which was used for examining the OB 

cleaning protocols, was selected for both chemical cleaning protocols.   

It has been reported that SDS can achieve good cleaning efficiency when its 

concentration exceeds its critical micelle concentration (CMC) of 8.36 mM at 20 °C 

[122]. For chemical cleaning, the cleaning solution was provided inside both the FS and 

DS channels and was flushed inside them for 30 min after each 20 h FO treatment cycle. 

The fouled membrane was washed with the chemical solutions at the same operational 

crossflow velocity of 8.7 cm/sec (250 ml/min) at lab temperature (23 ± 1 ). The cleaning 

agent residual can remain in the flow channel and inside the FO membrane. Therefore, DI 

water was circulated for 20 min inside the flow channels after chemical cleaning.  

3.6 Parameter Determination  

3.6.1 Treated Streams Characterization 

To investigate the impacts of the FO treatment process on the PW streams’ 

characteristics, the TOC, S, Sr, Si, Na, K, Cl, Ba, Mg, and Ca concentrations were 

analyzed. The samples were collected after the end of the first, second, and final 

treatment cycles of each experiment. The measured concentration of each solute in FS 

(CC)69ST)U	) was evaluated using the aforementioned standard analytical methods. The 

expected concentration of each solute in the FS (C)*+):?)U	) was calculated based on the 

CF of the FS at the end of each treatment cycle and the solute’s initial concentration 
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(COEO?O68		) in FS as shown in Equation (3.7). This calculation is based on the assumption 

of zero solutes transfer across the membrane. % Difference was collected by measuring 

the difference between the expected and measured solutes’ values using Equation (3.8).  

C)*+):?)U	 =	COEO?O68		 × 	CF                                    (3.7) 

% Difference = 707*89:7;.77<=71>7;
77<=71>7;

																									    (3. 8) 

3.6.2 Cleaning Efficiency Assessment		

A comprehensive assessment of the system efficiency when using OB cleaning protocols 

is obtained by multiplying effective recovery by system availability. System Efficiency is 

calculated as shown in Equation (3.9) [123].  

System Efficiency = System Availability ×  Effective Recovery                      (3.9) 

System availability measures the time the FO process is effectively producing water. 

Therefore, the time not utilized in water extraction is not considered. This fraction is 

calculated using Equation (3.10) [123].  

System Availability =  
?43,>:*>3?@	
?>A>*,	

                                             (3.10) 

Where tNO8?T6?OEH	is effective operation time of 20 h for each treatment cycle and t?V?68 is 

total operation time which includes both the time allocated for FO membrane cleaning 

and effective operation time.  
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Effective recovery measures net water produced. FS water consumed during osmotic 

backwashing is discounted. This yield is calculated using Equation (3.11) [123].  

Effective Recovery =  B'*>7:	=:A;917;	.	BB/
B'*>7:	=:A;917;	

					                            (3.11) 

Where V"6?)T	+TVUS:)U	is the volume of recovered water during FO operation and VWX is 

the volume of water consumed in OB.  

 

 

 

 

  



 

 
 

69 

Chapter IV 

 Results & Discussion  

4.1 FO System Performance  

4.1.1 Effects of DS Selection and Membrane Orientation on Osmotic Backwashing  

Efficiency and System Performance.  

 
Figure (4.1): FO system water flux performance for PW treatment using different draw solutions 

and membrane orientations.  

The FO system performance using the 1.2 M NaCl solution and the WO stream as draw 

solutions with different membrane orientations is shown in Figure (4.1). The water flux 

showed a continuous decline, almost linearly, throughout the experiments except in the 

WO-DE (AL-DS) configuration which exhibited a sharp decline between the 1st  h and 
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5th hr of operation followed by gradual flux stabilization in the initial runs. The 

continuous, almost linear decline in water flux was mainly due to the continuous dilution 

of DS and loss of osmotic potential during treatment. However, the sharp water flux 

decline in WO-DE (AL-DS) configuration can be attributed to the combined effects of 

the complex chemical composition of the WO stream and the low fouling resistance 

found in the AL-DS membrane mode. It is found that the AL-DS mode exhibits more 

severe fouling in the support layer which results in more significant flux decline and less 

stable flux due to inner membrane fouling and internal concentration polarization [27, 

87]. It is also reported that organic foulants can enter and clog the internal pores of the 

porous support layer in the initial stages of the treatment process. In addition, the surface 

roughness of the support layer can contribute to rapid fouling in AL-DS mode which 

leads to the rapid decline in system performance [27].  

Moreover, the silica colloids found in the WO stream can make a polymerized silica 

colloidal fouling layer after interacting with the TFC PA membrane on which it attaches 

firmly due to the strong Si–O binding energy [25]. Looking at the SEM image in Figure 

(4.2e & 4.2f), the calcium silicate layer can be observed on the support layer, covering 

large areas of the membrane surface. It has been reported earlier that silica colloids can 

dominate inorganic fouling in PW treatment applications which causes a flux decline by 

pore blocking [103]. Such colloidal fouling has been reported previously as a factor 

behind FO flux decline when using WO as a DS in AL-DS configuration [13].  



 

 
 

71 

       

   

    

Figure (4.2): SEM images of fouled active layers (AL) and support layers (SL) of FO membranes 
collected after the end of the experiment under different FO configurations. 60 Min OB cleaning 
protocol was used between the 5 cycles of operation. (a) SW-DE (AL-FS): AL (b) SW-DE (AL-
FS): SL (c) WO-DE (AL-FS): AL (d) WO-DE (AL-FS): SL (e) WO-DE (AL-DS): AL (f) WO-

DE (AL-DS): SL.  

(a) (b) 

(c) (d) 

(e) (f) 
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The AL-FS mode outperformed the AL-DS mode in terms of overall water flux when 

using both SW and WO as draw solutions as shown in Table (4.1).  It is widely 

established that AL-DS mode is more desirable than AL-FS mode to achieve higher 

water flux due to the generally higher effective concentration difference across the 

membrane active layer under the AL-DS mode [124]. However, given the high 

concentrations of small radius monovalent salts like NaCl and KCl in both draw 

solutions, the diffusion of these salts creates a polarized layer inside the porous support 

layer of the FO membrane leading to higher ICP and sharper flux decline [125]. 

Moreover, more severe foulant accumulation on the membrane rough support layer and 

lower flux performance were reported when treating PW under AL-DS mode [29]. Based 

on the above results, the AL-DS mode was found unsuitable for the simultaneous 

treatment of PW streams and the AL-FS mode was selected to investigate membrane 

cleaning methods.   

The two experiments conducted under AL-FS mode were executed under the same initial 

operating conditions but with different draw solutions; therefore, the similar trends in 

flux decline observed in both experiments as shown in Figure (4.1) suggest that the 

decline in water flux could be mainly attributed to the continuous concentration and 

dilution of the FS and DS, respectively. In addition, the higher flux performance achieved 

when using WO as a DS under AL-FS mode can be attributed to the higher osmotic 

potential of the WO solution as shown in Table (3.2).  
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Table (4.1): Water flux (𝐽!) and SRSF values achieved under the four FO process configurations 
using 60 min OB cleaning protocol. 

 SW-DE (AL-FS) SW-DE (AL-DS) WO-DE (AL-FS) WO-DE (AL-DS) 

Run (LMH) SRSF 
(g/L) (LMH) SRSF 

(g/L)  (LMH) SRSF 
(g/L)  (LMH) SRSF 

(g/L) 
1 14.6 0.09 12.6 0.53 16.1 0.38 7.7 14.29 

2 14.6 0.12 12.1 0.56 15.5 0.66 8.2 14.61 

3 14.2 0.11 10.2 0.68 15.0 0.70 10.7 14.73 

4 13.5 0.14 11.0 0.66 13.9 0.96 10.7 15.44 

5 12.8 0.15 10.7 0.68 12.9 1.01 10.3 16.38 

The SRSF data in Table (4.1) shows that SRSF values for the AL-FS mode were much 

lower than that for the AL-DS orientation which is consistent with previous findings [82, 

124]. Severe concentrative ICP of the DS solutes occurs in the AL-DS orientation which 

greatly increases the concentration of the solutes at the AL-SL interface leading to higher 

solutes permeation [82]. However, in AL-FS mode, dilutive ICP slows down the mass 

transfer rate, resulting in fewer draw solutes reaching the selective layer [68]. Moreover, 

higher SRSF values were achieved when using WO as a DS since the solution has a 

higher concentration of monovalent salts compared to the 1.2 M NaCl solution, and the 

draw solutes permeation flux increases with the increase of the draw solutes 

concentration [82]. In addition, the data in Figure (4.4) shows an overall increase in 

SRSF throughout the experiment under all conditions. This can be attributed to the 

decrease in membrane selectivity due to the irreversible fouling in the membrane which 

can cause more severe reverse solute diffusion [126]. 
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Figure (4.3): Impact of membrane orientation and DS selection on flux recovery during long 
term operation using 60 min OB protocol for FO membrane cleaning. 

The normalized water flux values of each treatment cycle under the four configurations 

are presented in Figure (4.3). The OB protocol maintained high flux recovery rates above 

(95%) during the second cycle under all configurations; however, the flux continued 

declining, in long-term operation, due to irreversible fouling. The OB protocol was more 

effective in restoring water flux in SW-DE (AL-FS) configuration compared to the other 

configurations due mainly to two factors: (i) the fouling on the active layer under AL-FS 

mode is mainly external compared to the combination of external & internal fouling 

under AL-DS mode, and (ii) less colloidal and organic fouling potential on the layer 

facing the DS when using NaCl as the DS. 

The overall increase in the system performance under the WO-DE (AL-DS) 

configuration as shown in Figure (4.3) can be attributed to the severe fouling occurring 

in the porous support layer that caused a sharp decline in water which led to the 
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stabilization of the system performance in the long run as shown in Figure (4.1). Internal 

pore clogging and adsorption under the AL-DS mode can cause irreversible fouling in the 

support layer causing a significant decrease in initial water flux in the consecutive runs 

[27]. Therefore, the decrease rate of water flux in this configuration gradually becomes 

more stable and comparable to that in AL-FS mode starting from the third treatment cycle 

as shown in Figure (4.1). This implies that the major fouling mechanism shifted from 

inner-membrane fouling inside the support layer to cake deposition on the membrane 

surface since large size foulants that could not enter the porous support layer were 

deposited on it, leading to a cake layer formation [27, 127]. The combined effects of cake 

layer formation and irreversible internal fouling in the support layer led to low but stable 

system performance throughout the experiment which led to an overall increase in water 

flux compared to the first two cycles that exhibited highly unstable performance.  

 

Figure (4.4): Impact of membrane Orientation and DS selection on normalized specific RSF 
using 60 Minutes OB cleaning protocol for FO membrane cleaning. 

 

1 2 3 4 5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

N
or

m
al

iz
ed

 S
pe

ci
fic

 R
SF

 (S
R

SF
/S

R
SF

0)

Cycle

 SW-DE (AL-FS)
 SW-DE (AL-DS)
 WO-DE (AL-FS)
 WO-DE (AL-DS)



 

 
 

76 

4.1.2 Osmotic Backwashing Optimization  

The water flux recoveries of the WO-DE (AL-FS) system using different OB cleaning 

protocols are compared against a baseline experiment where no cleaning protocol is 

applied as shown in Figure (4.5). The baseline experiment exhibited the sharpest flux 

decline rate with water flux recovery dropping to 64% in the fifth cycle. The OB cleaning 

strategies exhibited an almost linear decline in water flux at different rates achieving an 

average water flux recovery rate of 95% for the first cycle but then the efficiency of OB 

cleaning was reduced to below 85% in the fifth cycle. Higher flux recovery achieved with 

the OB cleaning protocols compared to the baseline experiment implies that reverse flow 

of water flux can be effective in breaking strong interaction between the fouling layer and 

the membrane surface. This result is consistent with other studies that examined OB 

cleaning in PW treatment applications [28, 108].  

The long-term operation can limit the cleaning efficiency as more irreversible fouling 

accumulates on the membrane surface. The irreversible fouling could be attributed to 

CaSO4 scaling and colloidal silica fouling occurring on the surface of the TFC FO 

membrane as shown in Figures (4.2c & 4.2d). The formed polymerized silica layer is 

strongly attached to the membrane due to the strong Si–O bond [128]. It is found that OB 

cleaning efficiency is limited for the silica colloidal fouling [25]. Moreover, CaSO4 

scaling cannot be easily removed from the membrane surface [13].  

It can also be observed from Figure (4.5) that the (60 Min) and (2 x 30) Min OB 

protocols achieved the highest flux recoveries. This could be attributed to the longer 

cleaning period of these two methods compared to the (30 Min) OB protocol. However, 
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the similar cleaning efficiencies of these two methods suggest that the duration of the OB 

protocol plays a more important role in flux recovery than the frequency of the cleaning 

period. A Longer OB period provides enough reverse water permeation to detach the 

foulants from the membrane surface. Moreover, the same trend of increasing SRSF 

values throughout the optimization experiments was observed as shown in Figure (4.6) 

which can also be attributed to the decrease in membrane selectivity due to the 

irreversible fouling in the membrane as observed when the WO-DE (AL-FS) 

configuration was examined [126]. 

 

Figure (4.5): Flux recoveries using different OB cleaning protocols for FO membrane cleaning 
under the WO-DE (AL-FS) configuration. 

1 2 3 4 5
0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

N
or

m
al

iz
ed

 W
at

er
 F

lu
x 

(J
w

 / 
Jw

0)

Cycle

 Baseline 
 OB (60 min)
 OB (30 min)
 OB (2x30 min)



 

 
 

78 

 

Figure (4.6): Normalized specific RSF values using different OB cleaning protocols for FO 
membrane cleaning under the WO-DE (AL-FS) configuration. 

Table (4.2) details the system efficiency rates together with the availability and recovery 

rates for each examined OB protocol. It can be observed that the (30 Min) OB cleaning 

protocol has the highest efficiency due to its higher availability and effective recovery 

rates as this protocol requires a shorter cleaning period and less water consumption for 

OB. Although both (60 Min) and ( 2 x 30 Min) OB protocols have the same system 

availability rates, the system efficiency of the (60 Min) OB protocol is slightly higher due 

to its lower water requirement for OB. Therefore, the (30 Min) OB cleaning protocol was 

selected to test the flux recovery using real PW streams. The optimization of the OB 

protocol allows the increase in total net water produced throughout the experiment [123].   
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Table (4.2): Evaluation of the Investigated OB Cleaning Protocols in terms of Availability, 
Recovery, and Efficiency. 

OB  Method Run System 
Availability (%) 

Effective 
Recovery (%) 

System 
Efficiency (%) 

60 Min OB 

# 1 100 100 100 
# 2 95.2 95.5 91.0 
# 3 95.2 99.3 94.6 
# 4 95.2 95.9 91.4 
# 5 95.2 95.5 91.3 

30 Min OB 

# 1 100 100 100 
# 2 97.6 97.6 95.2 
# 3 97.6 97.5 95.1 
# 4 97.6 98.2 95.8 
# 5 97.6 97.5 95.1 

2 x 30 Min OB 

# 1 100 100 100 
# 2 95.2 95.8 91.3 
# 3 95.2 95.8 91.2 
# 4 95.2 95.8 91.3 
# 5 95.2 96.1 91.5 

 

4.1.3  Comparison of Cleaning Efficiency between OB and other Cleaning Protocols   

As shown in Figure (4.7), a continuous decline in water flux, almost linearly during the 

whole experiment was observed when the 30 min OB cleaning protocol is implemented 

using both real and synthetic PW streams in long-term operation. This water flux trend is 

consistent with the flux data obtained under the WO-DE (AL-FS) configuration when 

using the 60 min OB cleaning protocol as shown in Figure (4.1). However, it can be 

observed from Figure (4.7) that the FO system achieved higher overall water flux when 

synthetic PW streams are used compared to the system performance when real streams 
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are used. This can be attributed to the higher initial osmotic difference between the 

synthetic PW streams compared to the real ones. The recorded conductivity values of real 

WO and DE streams were 108,200 and 11,450  (;<
=>
),	respectively. This is different from 

the recorded values of the synthetic streams as shown in Table (3.2).  

 

Figure (4.7): FO system water flux performance using 30 min OB, NaOH, and SDS cleaning 
protocols using synthetic PW streams and 30 min OB cleaning protocol using real PW streams 

under the WO-DE (AL-FS) configuration. 

In addition, the (30 min OB) cleaning protocol achieved higher water flux recovery rates 

when using real streams as shown in Figure (4.8). Water flux recovery rates of 96% and 

89% were achieved in the third cycle when using real and synthetic streams, respectively. 

This can be attributed to the system’s higher water flux performance when it is operated 

using synthetic streams as faster water permeation can lead to a larger drag force of 

foulants to the membrane surface resulting in more severe fouling [29]. In addition, the 
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SRFS values increased throughout the experiment as shown in Figure (4.9) which is 

consistent with the SRSF trends observed during extended exposure to PW as shown in 

Figures (4.4 & 4.6).  

The NaOH cleaning protocol yielded higher water flux recovery rates throughout the 

experiment compared to the OB cleaning protocol achieving a water flux recovery rate of 

98% in the third cycle Figure (4.8). This higher cleaning efficiency can be attributed to: 

(i) the deprotonation of the foulants’ functional groups under alkaline conditions and the 

electrostatic repulsion between the negatively charged foulants that can facilitate the 

removal of foulants from the membrane surface (ii) the water-soluble soap micelles 

formed by the alkaline NaOH solution can react with oils and fats through saponification 

[107, 122].  

As shown in Figure (4.8), after chemical cleaning with the 0.1 wt % SDS solution, the 

TFC membrane exhibited the highest flux recovery rate with ~99% of the initial flux 

value restored in the third operational cycle. Surfactants such as SDS can absorb the 

organics with the hydrophobic tails (dodecyl) or solubilize the macromolecules such as 

oil and fat found in oily wastewater such as WO and DE by the formation of micelles 

[107, 129]. This cleaning mechanism facilitates the rinsability of the hydrocarbons and 

makes it suitable to remove foulants under cross-flow hydraulic shear force [5]. The 

effectiveness of surfactant-based chemical cleaning protocols in restoring water flux in 

FO systems used to treat PW streams is widely reported [5, 28].  

Although the investigated chemical cleaning protocols achieved higher effective recovery 

rates for the fouled FO membrane compared to the OB cleaning protocols, they have 
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some limitations. Chemical cleaning requires the recirculation of DI water to remove the 

chemicals before operating the FO system again. In addition, aggressive chemical 

cleaning could not fully recover water flux due to the polymerization of the silica 

colloidal fouling layer [25]. Figures (4.10c & 4.10d) show the irreversible colloidal 

silica fouling on the FO membrane after chemical cleaning. Moreover, SRSF increased 

throughout the experiment under all investigated physical and chemical cleaning methods 

as shown in Figure (4.9). This trend is observed in all experiments when using the WO-

DE (AL-FS) configuration in long-term operation for the treatment of PW. The limited 

cleaning efficiency of OB in this study compared to other studies that examined other 

cleaning methods for cleaning PW-fouled FO membranes can be attributed to the 20 h 

long treatment cycles and extended period of operation in this study. In general, shorter 

periods of PW treatment were used when examining cleaning protocols in the literature 

[5, 29]. The effectiveness of physical cleaning methods such as OB declines with time as 

more irreversible fouling accumulates on the membrane surface [87].		 
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Figure (4.8): Flux recovery rates achieved with 30 min OB, NaOH, and SDS cleaning protocols 
using synthetic PW streams and 30 min OB cleaning protocol using real PW streams under WO-

DE (AL-FS) configuration. 

 
Figure (4.9): Normalized specific RSF achieved with 30 min OB, NaOH, and SDS cleaning 

protocols using synthetic PW streams and 30 min OB cleaning protocol using real PW streams 
under WO-DE (AL-FS) configuration. 
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Figure (4.10): SEM Images of active layers (AL) and support layers (SL) of FO membranes 
after a 20 hr treatment cycle using the WO-DE (AL-FS) configuration followed by a cleaning 
protocol. (a) AL after OB  (b) SL after OB (c) AL after SDS Chemical Cleaning  (d) SL after 

SDS Chemical Cleaning. 

4.2  Treated PW Streams Characterization 

4.2.1 Effects of DS selection and Membrane Orientation on PW Characterization  

Figure (4.11) presents the calculated %Difference values between measured and expected solutes 

concentrations in FS using the four different FO configurations. Positive %Difference values 

correspond to higher measured values than expected which indicate RSF while negative values 

indicate FS solutes permeation to the DS side or fouling on or inside the FO membrane. The 

figure shows a general trend of higher %Difference values in monovalent ions concentrations 

when the system is operated under the AL-DS mode than when it is operated under the AL-FS 
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mode, especially when WO is used as a DS due to the absence of dilutive ICP of the draw solutes 

under AL-DS mode which enhances RSF. This is consistent with the higher RSF and more severe 

inner-membrane fouling reported for the AL-DS mode in previous studies [82, 127].  

 

 
Figure (4.11): % Difference between expected and measured values of Na, K, Cl, Ca, Mg, S, Si, 

and TOC in concentrated FS after one cycle of treatment under different FO system 
configurations. 

In addition, the data in Figure (4.11) shows that the %Difference values in Na+ and Cl- 

concentrations were higher when 1.2 M NaCl solution was used as a DS compared to using WO 

as a DS under AL-FS mode. This can be attributed to the more severe fouling occurring on the 

FO membrane when using a complex PW stream as a DS. Membrane fouling reduces the 

membrane porosity and pore size which can hinder the transport of the solutes across the FO 

membrane [124]. However, the measured %Difference values of these two solutes were higher 

when WO was used as a DS compared to the use of 1.2 M NaCl solution under the AL-DS mode. 

This can be attributed to much higher RSF reported for the WO-DE (AL-DS) configuration which 
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has higher osmotic potential across the membrane that can overcome the impacts of severe 

fouling on the membrane. 

The decline in Mg2+ and Ca2+ concentrations when using 1.2 M NaCl solution as a DS as shown 

in Figures (4.11) can be attributed to their higher concentrations in the FS compared to their 

virtually zero concentrations in the DS. This leads to the forward solute diffusion of these solutes 

across the membrane towards the DS. Moreover, the sharp decline in TOC, silicon, and sulfur 

under all configurations can be attributed to the organic fouling, CaSO4 scaling, and the silica 

colloidal fouling found on the FO membrane as shown in Figure (4.2).   

4.2.2 30 min Osmotic Backwashing Protocol Treated PW Streams Characterization  

Table (4.3): %Difference between expected and measured values of Na, K, Cl, Ca, Mg, Si, TOC, 
and S solutes in concentrated real and synthetic FS using the 30 min OB cleaning protocol.  

 OB (30 min) – Synthetic PW Streams OB (30 min) – Real PW Streams 
               Cycle                    
Parameter First Second Final First Second Final 

Na 29% 41% 49% 22% 15% 22% 
K 72% 75% 69% 40% 35% 27% 
Cl 10% 11% 12% 27% 30% 20% 
Ca -7% -6% -10% 7% 1% -3% 
Mg 1% 0% -2% -10% -13% -13% 
Si -82% -77% -82% -2% -3% -3% 

TOC -18% -21% -15% -16% -11% -29% 
S -4% -3% -7% - - - 

Table (4.3) details the %Difference values of the treated PW streams using real and 

synthetic streams, respectively, under the AL-FS mode and the 30 min OB cleaning 

protocol. The overall trend shows that the %Difference values remained stable 

throughout the experiment and didn’t significantly change by the duration of exposure to 

PW. However, when using synthetic PW streams, an increase of almost 70% in the 
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measured %Difference values of sodium ions was observed. In addition, the %Difference 

values of sodium ions in synthetic streams are much higher than those of the real streams. 

Such differences and trends in reported %Difference values can explain the sharper 

increase in the measured SRSF values by the end of the experiment when using synthetic 

streams compared to the values recorded when using real ones as shown in Figure (4.9). 

Such observations might indicate that the RSF was mainly driven by positively charged 

monovalent ions such as sodium ions during the simultaneous treatment of the PW 

streams as the negatively charged ions of the membrane layer can attract the positive ions 

from the DS which results in RSF [13].  

In addition, Table (4.3) shows a significant decrease in silicon concentrations when 

synthetic streams are used instead of real streams. This can be attributed to more severe 

silica colloidal fouling occurring on the FO membrane when using synthetic streams 

mainly due to the higher concentration of silicon in synthetic streams compared to real 

streams. Since silica colloidal fouling was identified as one of the major irreversible 

foulants in the treatment process, this observed difference can explain the higher flux 

recovery rate achieved when implementing the OB cleaning protocol using real streams 

compared to the use of synthetic ones as shown in Figure (4.8).  

4.3 Membrane Characterization  

4.3.1 Roughness of the Virgin and Fouled Membrane Surface 

 



 

 
 

88 

The inner surface roughness was characterized using atomic force microscopy (AFM, 

Park Systems XE-100, USA) under tapping mode with a scan area of 30 μm × 30 μm. 

The surface roughness parameters are expressed as the mean roughness (Ra) and the root 

mean square roughness (Rq). Each sample was measured at four different locations on 

the active layer and the averaged result was reported. The selected membranes are shown 

in Table (4.4). The data shows that no significant changes in the active layer surface 

roughness of the FO membrane were observed under long-term FO operation for the 

simultaneous treatment of synthetic PW streams. Moreover, the membrane orientation 

and the different examined OB cleaning protocols didn’t impact the surface roughness of 

the active layer when treating synthetic PW streams. However, the reported surface 

roughness is significantly higher when treating real PW streams. This can be attributed to 

the difference in chemical composition between real and synthetic PW streams. The 

selected representative foulants do not represent the exact chemical composition of the 

real streams that contain other organic foulants.  

Table (4.4): Active layer surface roughness measured using Atomic Force Microscopy. 

Configuration  Cleaning Protocol Ra (nm) Rq (nm) 

Virgin Membrane NA 50.5 [130] NA 

WO-DE (AL-FS) 60 min OB 31.6 40.5 

WO-DE (AL-DS)  60 min OB 27.1 34.3 

WO-DE (AL-FS)  Base line 29.0 36.7 

WO-DE (AL-FS)  30 Min OB 32.5 41.1 

WO-DE (AL-FS) 2 x 30 Min 26.5 33.8 

WO-DE (AL-FS)  60 Min OB: Real PW Streams 224.05 291.5 
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4.3.2 Membrane Functional Groups  

 
Figure (4.12): FT-IR results of selected TFC-PA membranes. The samples were rinsed with DI 

water after the end of the experiment. 

The active layer of the FO membranes used in PW treatment experiments detailed in Table (4.4) 

was rinsed with DI water and analyzed by FT-IR. The spectra were compared with the FT-IR 

spectra of a virgin TFC-PA membrane as shown in Figure (4.12). Compared to the virgin FO 

membrane, the bands at wavenumber 3100–3700 cm-1 show severe attenuation except for the two 

membranes that were used for synthetic PW streams treatment and were cleaned using the 60 min 

OB cleaning protocol. This can be attributed to the coating of the colloidal silica foulants as the 

Si-OH silanols group is present in a wide range of 3700-3200 cm-1 bands [131]. This suggests 

that the silica colloids attached to the TFC-PA membrane are mainly irreversible. Moreover, the 

bands at wavenumber 1650–1740 cm-1 show severe attenuation in the membrane used under AL-

DS mode compared to the other membranes that were used under the AL-FS mode. This can be 

attributed to organic fouling on the active layer since the peaks at 1726 cm-1 are attributed to the 

carboxyl group (CO st.) vibrations [132].  
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Figure (4.13): EDX Mapping of Fouling on the FO Membrane Surfaces Shown in the EDX 
Images of Figures (4.2 & 4.10) with (a)-(f) are EDX mapping of images shown in Figure (4.2) 

and  (g)-(j) mapping of images shown in Figure (4.10).   
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Chapter V 

Conclusions  

This work evaluates the cleaning efficiency of OB, optimizes its protocol, and examines 

the performance of chemical cleaning methods in recovering PW-fouled FO membranes 

during long extended periods of exposure. The results show that using WO and DE 

streams as DS and FS, respectively, can achieve good and highly stable water fluxes 

during batch cycle treatment of PW under AL-FS mode. Moreover, OB can effectively 

recover the system performance; however, its efficiency was limited due to irreversible 

fouling. Using WO as a DS to concentrate DE streams achieves higher flux rates 

compared to the use of 1.2M NaCl solution as a DS due to the WO stream’s higher 

osmotic potential. Moreover, the AL-FS mode outperformed the AL-DS mode due to its 

lower fouling propensity. The 30 Min OB cleaning protocol was found to be the most 

efficient OB cleaning protocol based on its higher system availability and effective 

recovery rates. Additionally, SDS and NaOH cleaning are more effective for restoring 

membrane performance in comparison to OB cleaning. Also, the system achieved higher 

flux recovery rates when using real PW streams mainly due to the less severe fouling 

occurring on the membrane surface. Moreover, the results reported in this study show 

that the FO system exhibits increasing RSF during long-term operation primarily due to 

irreversible fouling. Long extended exposure to PW streams didn’t impact the integrity of 

the FO membranes. For the ongoing and upcoming studies, proper pretreatment of PW 

streams and the removal of silica colloidal foulants need to be investigated for improved 

FO performance during the simultaneous treatment of PW streams.    
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