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ABSTRACT 

The high demand for clean water resources has generated substantial research 

interest in terms of sustainable and low energy water purification technologies such 

as forward osmosis (FO). Compared to other membrane based technologies, the FO 

process is less energy intensive. However, there are challenges that need solutions to 

enable the FO to compete with other technologies for desalination. Suitable draw 

solution and a proper membrane are required to overcome the FO process challenges. 

Enormous effort has been expended to find a new material and better membrane 

design in order to develop a novel FO membrane that can meet high performance 

demands in relation to water flux, salt rejection and mechanical strength. This is of 

particular importance for the newly introduced concept of pressure assisted osmosis 

(PAO). The objectives of this dissertation are to understand the fundamentals of the 

FO and PAO as a basis for fabricating a suitable membrane for the FO and PAO 

process. 

In the first part of the work, PAO and its potential application to overcome the 

limitations of osmotic equilibrium in the FO process is investigated. One of the 

practical applications of the FO process is desalination for irrigation purposes 

through the means of hybrid desalination units such as fertiliser drawn forward 

osmosis (FDFO). The utilisation of PAO in FDFO desalination is assessed .By 

integrating the PAO process into the FDFO desalination unit, water flux can be 

generated beyond the point of osmotic equilibrium. As a result, diluted fertilizer as 

DS in the FDFO unit can be applied for direct fertigation without the need for an 

additional post-treatment process such as nanofiltration to recover the fertiliser draw 

solution (DS). Integration of the PAO process has proved to be very effective in 
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generating extra water flux. This can serve to reduce the capital costs since no 

separate post-treatment process such as the NF is necessary.  

In the second part of the work, a thin film composite membrane for the FO and PAO 

process is fabricated through Polyethersulfone as a polymer materials base. Phase 

inversion in the precipitation bath and membrane formation mechanism of these 

polymers, both with and without backing fabric support, is investigated. The 

membrane chemical properties and hydrophilicity have been found to play a key role 

in the mass transfer of water flux during the FO process. Therefore, attention has 

been directed at increasing the hydrophilicity of the membrane through blending 

sulphonated materials. It has been found that sulphonation not only affects the 

membrane performance but also the membrane structure and morphology. Through 

sulphonation, porosity and hydrophilicity of the substrate increases while the finger 

like structure disappears. This leads one to suppose that the high water flux does not 

have a direct relationship with the finger like membrane structure. Regardless of 

membrane morphology, substrate hydrophilicity is the key to achieving a high 

performance membrane. Sulphonation has been found to have a tremendous effect on 

the physical and chemical properties of the membrane. While sulphonation 

dramatically increases the hydrophilicity of the substrate, it decreases the membrane 

mechanical strength. Due to higher hydrophilicity and lower ICP as a result of 

blending the sulphonation polymer, a membrane with better performance in terms of 

water flux and selectivity has been developed for the FO process. 

In the last part of the work, a special thin film composite (TFC) flat sheet membrane 

on a backing fabric is developed for the PAO application. The newly developed 

concept of PAO has introduced a hydraulic pressure to the feed side to overcome 
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osmotic equilibrium and the extraction of more water. Accordingly, under the PAO 

process, a membrane with considerable mechanical strength is required. A thin film 

composite membrane supported on woven mesh fabric is designed to specifically 

solve the problem by embedding a woven mesh fabric support. An earlier part of this 

study reveals that the mechanical stability and special physical properties of the 

support layer are critical for the PAO process.    
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  Background 1.1

Water is essential for all life on Earth; there is no substitute for it. However while 

water resources are abundant on Earth, water supplies are not meeting human 

demands. Water resources are not scarce but the supply of usable water is limited. 

With the industrial revolution after the eighteenth century in addition to residential 

and agricultural sectors, the commercial, industrial and power generation sectors 

increase rapidly. Furthermore, population growth and the global consumption of 

water has increased exponentially.  

Seawater consists of 97% of the world‘s water resources. Removing the dissolved 

salt and mineral concentration through a desalination process is regarded as a 

solution to solve the water shortage. However, in the desalination industry major 

interests focus on developing cost-effective processes to provide suitable water 

quality for different sectors to meet their quality standard. Water used in different 

sectors requires a specific water quality.  Various desalination technologies have 

been developed and improved. However, developing new cost effective technologies 

have yet to be found especially for the agricultural sector where very large volumes 

of low-cost water are required. 

Membrane based technologies are gaining popularity over other desalination 

processes. In the membrane based processes semi permeable membranes are utilised 

to separate water molecules from dissolved salts and other impurities. Reverse 

osmosis (RO), Nanofiltration (NF), Microfiltration (MF) and Ultrafiltration (UF) are 

common technologies in water treatment application. RO is the most popular 

technology used for the desalination industry today to produce high quality water; 

however, this process requires massive energy. Most of the energy requirements for 
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desalination by the RO process are consumed by the feed pressurisation step. 

Depending on the water total dissolved solids (TDS) quality energy requirements 

vary which, means for brackish water carrying less TDS than seawater the process is 

less energy intensive and less energy is required for pressurisation. However, still 

energy consumption is far too high by economical standards.  

Recently forward osmosis (FO) has been introduced as a low cost water desalination 

process. It does not require pressure and driving force generated by osmotic pressure 

of the draw solution. Then, energy requirements for FO are limited to the pumps 

consumption used for the crossflow arrangement of the FS and DS on both sides of 

the membranes. As the FO does not require the kind of additional energy to 

pressurise feed water streams as the RO required, it can be considered as an 

environmentally friendly desalination technology having a low carbon footprint. 

These advantages attract considerable research attention and in a short period of time 

its potential has been evaluated in a wide range of applications such as sea and 

brackish water desalination, wastewater treatment, power generation, food 

processing and fertigation for farming. 

For example, fertiliser drawn forward osmosis (FDFO) is a similar unique concept 

which uses commercially available fertilisers as draw solution to desalinate 

brackish/sea water for agricultural use (Phuntsho et al. 2011). Unlike many other FO 

processes, in FDFO, the resultant low concentration fertilizer DS does not require 

any necessary regeneration and thus can easily be used with some concentration 

adjustments to irrigate any suitable agricultural crops. In this FO process, as the final 

step of draw solute recovery is eliminated, it helps the FDFO process to take a real 

advantage from the low cost FO desalination. However, water production is limited 
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as the feed solution and draw solution reach an osmotic equilibrium. This reduces the 

available driving force (net osmotic pressure difference) across the semipermeable 

membrane which results in continuous flux decreases. Thus, to overcome the osmotic 

equilibrium an applied hydraulic pressure during the FO process is introduced with 

the aim of enhancing the water flux. This approach exploits the synergies of the two 

driving forces (osmotic pressure and the hydraulic pressure) in a single stage. The 

pressure assisted osmosis (PAO) could be more advantageous particularly for the 

FDFO desalination process where the maximum dilution of the fertiliser DS is 

preferred for meeting the nutrient concentrations acceptable for direct fertigation. At 

the end, to get advantages of FO process, suitable semi permeable membranes are 

required. FO membrane for various FO applications needs different properties and 

characterisation. Therefore, a high performance membrane that could function 

sustainably can extend the scope of FO water desalination to large-scale applications.  

 Research Motivation  1.2

Since FO study gained momentum decades ago, extensive effort has been made to 

fabricate a suitable membrane for the process. Considering FO is not a pressure 

based desalination technology and the driving force is generated by draw solutes, a 

specific membrane is required for the process. Polymeric asymmetric membranes are 

commercialised for the FO process; however, to achieve high water flux the 

concentration polarization phenomena, especially the internal concentration 

polarization (ICP) need to be considered as major factors affecting the water 

transport across the semi permeable membrane. 

Considering different types of FO applications, FO membranes with different 

characteristics are required. For example, a high permeable membrane with low 



 

5 
 

structural parameter can perform well under the FO process while for the pressure 

retarded osmosis (PRO) and PAO also a high permeable membrane is required; 

however, it should be able to withstand the applied pressure. Each particular FO 

application needs a FO membrane with specific properties which are closely related 

to the feed and draw solution and types of application. For example, in the recently 

studied PAO process, Reverse solute flux (RSF) which is a serious operational issue 

in the FO, seems to be better controlled despite higher water flux produced by the 

PAO process. This particular phenomenon gives an edge for the design of a high 

permeable membrane for the PAO process by producing a thinner and controlled 

polyamide (PA) layer to achieve higher water flux. Thus, this study first focus on 

evaluating new PAO application and this is fundamental to designing a suitable 

membrane for the FO and PAO process. Finding and developing a suitable 

membrane remain as major challenges for further development of FO application. 

This becomes a primary motive for this current research work.  

 Objectives and Scope of the Study  1.3

Cellulose triacetate (CTA) membrane has been used for the FO and PAO process. 

TFC membrane comprising Psf and PES in their support polymeric structure is 

commonly used for the RO application. However, the TFC-FO membrane has 

recently become of research interest. Even though TFC-FO has been fabricated 

commercially in recent years, the fundamental studies on the mechanism of water 

and salt transport of the polymers are insufficient. Furthermore, fabrication 

procedure to embed the woven or nonwoven backing fabric support in the membrane 

structure has not been investigated thoroughly. Lack of clear guidelines and 

methodology to successfully make a stable embedded membrane with high 
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performance has pushed the research on FO membrane to ignore developing the 

membrane on fabric support. Membrane that has been synthesized without a backing 

fabric support is not mechanically stable. Furthermore, the membrane formation and 

chemical properties in relation to increased porosity, hydrophilicity and decreased 

ICP for forward osmosis is also an interesting topic for researchers. Due to applied 

hydraulic pressure required in the process, the PAO membrane needs to be reinforced 

for a sustainable performance. 

The main objective of this research is to develop a high performance membrane for 

FO and PAO process. This fundamentals and factors affecting the FO and PAO 

processes and their relationship with the membrane design and property will be 

investigated.  

Looking into the above research insufficiencies, the main objectives of this study are: 

  

- Assessing the fundamentals of membrane fabrication on top of backing fabric 

support through phase inversion and interfacial polymerization. 

- Developing high performance FO membrane by increasing membrane substrate 

hydrophlicity. 

- Developing a stable membrane that can endure the applied hydraulic pressure in the 

PAO process with high water permeability. 

- Further investigating the new concept of PAO and their potential on FDFO 

desalination unit.  
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 Structure Outline of the Thesis  1.4

The study looks into three main aspects: FO and PAO fundamentals through 

potential integration of PAO in the FDFO desalination process, developing a high 

performance membrane for the FO and a suitable membrane for the PAO processes. 

The outline of the thesis which is consists of seven chapters is as follows: 

Chapter 1 as an introduction chapter included background, research motivation, 

objectives and scope of the study.  

Chapter 2 provides information and literature about membrane based desalination 

techniques and their alternatives, FO and PAO process, FO applications, FO 

challenges, membranes for engineered osmosis, engineering principles for the design 

of polymeric membranes, phase inversion membranes, composite membranes, 

custom designs of flat sheet FO membranes and finally important factors in 

fabricating TFC FO membranes. 

Chapter 3 presents materials and methods used in this study. Chapter 4 gives an 

osmotic processes classification, modelling and investigates the pressure assisted 

fertiliser drawn osmosis process to enhance final dilution of the fertiliser draw 

solution beyond osmotic equilibrium.  

Chapter 5 a high performance TFC FO membrane is developed on a hydrophilic 

substrate through a sulphonated polyethersulfone (PES). 

Chapter 6 a sustainable TFC membrane supported on a compacted woven fabric 

mesh support is developed for the PAO. 

Chapter 7 summarises the outcomes, general conclusions, recommendations and 

future work.                
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 Introduction 2.1

The chapter provides a brief introduction to forward osmosis (FO), classifications of 

the osmotic processes and recent developments and latest findings on the FO process, 

application, membrane materials and fabrication methods with a particular focus on 

pressure assisted osmosis (PAO). This chapter first discusses the water-related issues 

as a threat to global welfare and security, followed by available desalination 

technologies for seawater and brackish water desalination. The review also identifies 

the major challenges for the FO process to be able to replace or compete with current 

desalination technologies. The challenges include suitable draw solution (DS) and 

fluid management with the main focus on a possible new membrane material and the 

fabrication method to provide a robust and high performance membrane for FO 

application including PAO. Application of FO on hybrid systems as an opportunity 

to expand engineered osmosis is also covered. Although DS and fluid management 

are not limiting factors in PAO and in hybrid systems as much as a single standalone 

FO. However, finding a suitable membrane remains as a most important issue. Any 

successful FO application particularly in PAO and hybrid FO units such as FO-PAO, 

FO-RO, etc. depends on a customized enhanced FO membrane with good 

mechanical strength.  

 Current and emerging technologies for global water crises  2.2

Fresh water is vital for mankind and therefore, water scarcity can greatly endanger 

the world’s welfare and security. Reclamation of wastewater and treatment of 

brackish and saline water  has the potential to fulfil the future demand (Qadir et al. 

2007; Vörösmarty et al. 2010). Feasibility of these projects is currently limited by 

technical and financial obstacles, particularly, in undeveloped countries. Initial 
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investment in equipment required for water purification and cost of energy is  still 

high even for developed countries (Ghaffour et al. 2013). Engineered osmosis or FO 

is an emerging process in membrane based technologies for desalination or water 

purification (McGinnis & Elimelech 2008). In FO, a higher concentrated solution 

draws water through a membrane from a feed solution with lower concentration. The 

process is spontaneous and based on osmosis that occurs by different solution 

concentrations in feed and DS (Logan & Elimelech 2012). The process can be done 

with very little energy required for the pumps to keep constant flow of the solution. 

Based on the osmosis principal, FO can be used for a wide variety of solution 

treatments in different industries such as wastewater treatment, food processing and 

energy production, etc. (Garcia-Castello et al. 2009; Logan & Elimelech 2012; 

Rahardianto et al. 2007). In FO, different kinds of organic and inorganic materials as 

a DS can be used. They may include natural salt, fertilizers, soluble polymers, 

volatile gases and magnetic nanomaterial (Achilli. et al. 2010). Utilizing FO to 

produce potable water from brackish or sea water is still a challenge. That is due to a 

further process required to recover the DS to be able to obtain fresh drinking water 

(Cath et al. 2006). However, in some FO applications rather than drinking water 

applications, DS recovery may not require or be necessary for the process. For 

example, the separation of the DS is not required when  FO is used to desalinate 

brackish water through fertilizer for fertigation purposes or applying FO in food 

processing or energy production, through pressure retarded osmosis (PRO) (Logan & 

Elimelech 2012; Phuntsho et al. 2011) .  

Reverse osmosis (RO) is a more familiar process than engineered osmosis in the field 

of desalination. Thus, the RO process will be explained briefly before further 
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discussion of FO. The concept of "osmosis" has been discovered and studied for 

several centuries. One of the earliest studies on osmosis goes back to 1748 by the 

French scientist Nollet. Over the next two centuries many researchers evaluated these 

phenomena (Williams 2003). By the mid-1950s, researchers have succeeded in 

producing fresh water from seawater. However, low flux was the main challenge for 

commercialization until the discovery by Sidney Loeb and Srinivasa Sourirajan for 

making asymmetric membranes for seawater desalination (Glater 1998). In the late-

1970s,  John Cadotte discovered that a composite membrane could be made through 

interfacial polymerization of m-phenylene diamine (MPD) and trimesoyl chloride 

(TMC) (Cadotte 1981). This new composite membrane had higher flux and low salt 

passage compared to previous membranes. Almost all commercial RO membranes 

are now made by the John Cadotte fabrication method. The thin film composite 

(TFC) FO membrane fabrication method is a modified design of this method as well.  

In pressure based membranes such as RO, most of the consumed energy is in regard 

to the applied hydraulic pressure. Required pressure for treating brackish water 

ranges from 15–25 bar while for higher saline feeds such as seawater systems it 

varies from 54 to 80 bar (Ng et al. 2006). In general, however, it is difficult to 

calculate the cost of water treatment and desalination by RO systems. It means that 

the cost can vary greatly over different regions geographically, sea water quality and 

other costs related to work force and maintenance (Greenlee et al. 2009). Figure 2.1 

illustrates major desalination technologies by capacities. RO accounts for 59.85 % of 

total water production (Global Water Intelligence (GWI/IDA DesalData)). 

In general, energy cost related to the RO operation, fouling and maintenance are the 

major challenges of RO plants. Finding indicate that pre-treatment of water can 

http://en.wikipedia.org/wiki/Flux
http://en.wikipedia.org/wiki/Sidney_Loeb
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reduce the cost by up to 30% for sea water desalination in the RO process (Pearce 

2008). FO has successfully been deployed for pre-treatment of sea water with high 

solids content. Thus, there is a potential cost savings in RO using FO as a pre-

treatment unit. FO as an emerging technology may be added to the list of 

technologies in stand-alone or hybrid systems for comparison in terms of their 

contribution for desalination in the near future. 

 
Figure 2.1: Illustration of major desalination technologies with their relative 

contributions to worldwide capacity for desalination. Data obtained from (Global 

Water Intelligence (GWI/IDA DesalData)). 

 Forward osmosis (FO)  2.3

FO utilizes the osmotic pressure differences between the draw solution (DS) and the 

feed solution (FS) as a driving force to transfer water across the membrane without 

external hydraulic pressure (Tijing et al. 2014). Unlike RO, FO operates at no 

applied hydraulic pressures or just requires a very low pressure (in the case of 

pressure assisted osmosis). Therefore, it requires a much lower energy and compared 

to the other pressure-driven membrane processes, it has a lower membrane fouling 

tendency, (Cath et al. 2006). Extensive work has been undertaken to investigate the 

concept of FO for many applications, such as treatment of wastewater, membrane 

bio-reactor, food industries and farm fertigation. As discussed, FO has gained 
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popularity in numerous fields, however, newly introduced  PAO has gained research 

momentum for practical FO application in hybrid systems including a recovery tool 

in fertilizer drawn forward osmosis (FDFO) or for enhancing performance in oil and 

gas wastewater treatment (Coday et al. 2013; Hickenbottom et al. 2013a).  

 

 

Figure 2.2: Water flow and relationship between RO, PRO, FO and PAO for an ideal 

semi-permeable membrane. In FO, water diffuses to the more saline side of the 

membrane and ΔP is approximately zero.  PAO is similar to FO but additional 

pressure is applied on the feed side. In PRO, positive pressure (Δπ > ΔP) occurs and 

as a result of water diffuses to the more saline liquid side. In RO, due to hydraulic 

pressure (ΔP > Δπ), water diffuses to the less saline side.  

Figure 2.2 illustrates the difference between the RO and different engineered 

osmosis. Regardless of different FO application, the flow of water naturally is from 

low concentrated solution (P1) to higher concentrated solution (P2) while in RO 

water flux flow requires applied hydraulic pressure to overcome osmotic pressure 

(Δπ). Thus water flow is from (P2) to (P1). It also shows the relationship between 

RO, PRO, FO and PAO for an ideal semi-permeable membrane. 

The general equation for the water transport through the salt rejecting membranes is 

given by the following equation. 



 

14 
 

 Jw =A [ΔP – σ Δπ]                                     

Where Jw is the water flux, A is the pure water permeability coefficient, ∆π is the net 

osmotic pressure between the feed and the permeate solution, ∆P is the applied 

pressure and σ is the reflection coefficient. Generally, reflection coefficient is 

assumed unity for salt rejecting membranes. The net osmotic pressure (Δπ) can be 

written as follows: 

Δπ = πF - πp 

 Where πF is the osmotic pressure on the FS and πp is the osmotic pressure of the 

permeate. Then based on hydraulic pressure applied at the feed solution side, osmotic 

processes can be classified into four categories which are depicted in Figure 2.2. 

Figure 2.2 illustrates jars containing dissolved solutes in water. For the first jar on the 

left side if this state is allowed to continue, the spontaneous flow of the water 

through a semi-permeable membrane from a low concentrated solution (P1) to a 

higher concentrated solution (P2) occurs; this refers to natural osmosis, or FO. This 

is the principle behind the use of concentrated DS as a driving force for desalination. 

Unlike the FO process, in the RO process water diffuses through the semipermeable 

membrane by applied hydraulic pressure while the salt ions are rejected by thin 

rejection layer.  

PRO and FO processes are similar in principal but in the PRO process, the applied 

pressure is on the DS side [ΔP (P2-P1) < Δπ] opposite to the osmotic gradient that 

partially retards the water crossing the FO membrane generated by the osmotic 

driving force. The schematic of Figure 2.2 further shows the definition and principles 

of PRO. As can be seen, generated hydraulic pressure within the DS chamber can be 
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used to drive a hydraulic turbine for energy production. Lastly, the PAO process can 

be described as an in-situ combination of RO and FO processes. The total osmotic 

pressure on the permeate side is therefore a combination of both the osmotic pressure 

of the permeate (πF) and the DS (πD) that is already present on the permeate side of 

the membrane. Applied hydraulic pressure on the feed side (P1) is bigger than on the 

permeate side (DS side) then ΔP (P2-P1) < 0, where the driving force is                    

= ΔP – (πF - πp + πD) for the PAO process (Sahebi et al. 2015). 

Despite the great advantages of FO over other pressurised membrane based 

technologies, still this technology is more and less limited to the research field. There 

are a few challenges that limit the commercialization of FO for the practical field 

especially in the desalination sector. However, a description of the PAO and PRO 

process is given prior to further clarification of challenges that limit the FO process. 

 Pressure Assisted Osmosis (PAO) 2.3.1

Given that the FO process is concentration-based, it can be hindered by operational 

process limitations. Limited water can be induced through the semi-permeable FO 

membrane because of a number of factors that have been extensively studied 

(Phuntsho et al. 2013). Firstly, besides the Internal Concentration Polarisation (ICP), 

which is a major limiting factor in the FO system, other factors such as External 

Concentration Polarisation (ECP), membrane fouling and reverse solute can 

substantially impact the net osmotic pressure (Δπ) values across the semi-permeable 

membrane which is the main driving force in the FO (McCutcheon & Elimelech 

2006a; Mi & Elimelech 2008). Secondly, the transfer of water across the membrane 

continues until the osmotic pressure of the DS reaches an equilibrium state with the 

feed solution (FS) (Coday et al. 2013; Phuntsho. et al. 2014). Extensive efforts have 
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been made to optimize the operating factor, the membrane materials while modifying 

the design in order to reduce those limiting factors, particularly, the ICP. However, 

the ICP remains a major issue in the FO membrane (McCutcheon & Elimelech 

2006a; McCutcheon. & Elimelech. 2007). Recently, a few studies on the combined 

processes of hydraulic pressure and the osmotic process known as PAO have 

reported attempts to exploit the synergies of the two processes in a single stage to 

overcome low flux in the FO process (Coday et al. 2013; Yun et al. 2013b). Use of 

external pressure to induce water flux beyond the point of osmotic equilibrium seems 

to be very useful especially for water production using fertilizer for fertigation by FO 

application or treating oil and gas wastewater products.        

 In PAO, water flux through the semi-permeable membrane will be induced due to 

combined action of osmotic (∆π) and hydraulic applied pressures (∆P). The newly 

developed PAO concept is of particle interest in a hybrid FO system. An external 

hydraulic pressure (ΔP) is applied on the feed side of the membrane; further water 

flux can be induced from the FS towards the DS side. The advantage with this 

concept is that, the applied pressure does not have to overcome feed osmotic pressure 

(∆π) (as in RO or NF) due to the state of osmotic equilibrium created within the 

membrane by the presence of the DS on the opposite side of the FS. Figure 2.2 

presents the water flux diagram for PAO processes as a function of hydraulic 

pressure.                    

 Applying PAO may be particularly interesting in a hybrid FO-PAO system in the 

fertilizer drawn forward osmosis (FDFO) unit. In a current FDFO system which is a 

hybrid  FO-NF system, energy consumption is observed to be less energy-intensive 

in this system compared to other pressure-based membranes, like RO; however, the 



 

17 
 

final diluted DS (fertilizer) still requires a post-treatment process to meet the 

acceptable nutrient levels for fertigation (Phuntsho, Shon , et al. 2012). Based on 

recent studies, the primary objective of providing this hydraulic pressure in the FO 

process was to enhance water flux (Blandin et al. 2013; Coday et al. 2013; Yun et al. 

2013b). Then new concepts of applying hydraulic pressure seem to be a right step to 

expand FO application especially in hybrid FO systems for saving energy and 

lowering the foot print. 

 PAO for energy savings in desalination units, oil and gas wastewater 2.3.2

treatment. 

 The concept of PAO can be combined with other desalination units for performance 

enhancement or energy savings and as a result can reduce the footprint. For example, 

it can be utilized as a pre-treatment step for RO desalination. That can result in a 

significant dilution of the feed resources and fouling problem. A slight hydraulic 

applied pressure to the feed side can result in a greater dilution of the RO feed; this 

can contribute a significant saving in the energy cost in the RO plant. This can be 

regarded as an anti-fouling strategy in RO desalination plants that decreases 

operational costs. Furthermore, it can be applied in the hybrid desalination units such 

as FDFO. Using the PAO process could dilute the fertiliser DS beyond the osmotic 

equilibrium concentrations so that the final fertiliser concentration can meet the 

fertigation standard. Hence, no separate post-treatment process such as NF is 

necessary for recovery of fertiliser. Figure 2.3 shows FDFO desalination unit for 

fertigation using fertilizer as DS and NF for recovery of fertilizer. In this hybrid 

system NF can be replaced entirely with PAO. When DS reaches equilibrium state 

with the feed solution, replacing the NF unit with PAO can further dilute the 

obtained water in the DS side to reach standard nutrients limits for fertigation. 
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Replacing the NF unit with PAO in the FDFO can fulfil two objectives: less energy 

requirement because DS recovery will not be necessary through NF and desalinated 

water can be applied directly for fertigation without dilution with fresh water which 

can ease the operation. 

 

Figure 2.3: Schematic of FDFO desalination unit for fertigation using NF for DS 

recovery. 

PAO seems to be another promising application for treating industrial wastewater as 

well. There are industries that utilize RO or other treatment plant for reducing their 

industrial wastewater problems to eliminate heavy metals and hazardous materials. 

The main objective will be removing hazardous elements from the wastewater to a 

standard level before discharging the product water to the sea/river or stream.  

Treatment and reuse of oil and gas (O&G) production wastewater from shale gas or 

oil production from hydraulic fracturing in an environmental friendly manner is 

critical to sustainability and meeting stringent regulations (Shaffer et al. 2013). High 

salinity, free and emulsified hydrocarbons, silts and clays released from producing 
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formations, and process additives common in O&G drilling wastewater render many 

conventional treatment technologies ineffective. FO has been established as a 

promising solution for treatment and desalination of complex industrial streams and 

especially O&G exploration and production wastewaters (Coday et al. 2014). The FO 

or PAO process can operate as a stand-alone technology with minimal pre-treatment 

or be coupled with other advanced processes such as RO or membrane distillation 

(MD).                                                                                                                                             

During well hydraulic fracturing in oil and gas exploration, a large volume of fresh 

water is consumed. It generates larger volumes of contaminated wastewater. A novel 

concept of FO can be utilized for treatment of drilling waste. FO has two major 

benefits: the volume of the waste stream can be greatly reduced thus lessening the 

need for a fresh water source. Hickenbottom et al. indicate that by using FO more 

than 80% of the water from the drilling waste could be recovered                                

(Hickenbottom et al. 2013b). Backwashing was presented to be an effective cleaning 

technique to restore water flux.………………………………………………………..                                                                                                                                                                                                                                                     

Figure 2.4 (a) shows the schematic of oil and gas waste water treatment applying the 

FO and PAO process. Salt has been used as DS for treating drilling waste water 

while Figure 2.4 (b) shows Oasays’ membrane brine concentrator (MBC). Oasays 

accepted to set up a full-scale MBC system in a shale gas fracturing application. 

MBC can outperform RO especially for the feed with a high TDS (5000 mg/l). The 

cost is also 50 % lower than brine concentrator evaporators that are operating in the 

shale markets today. 
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                             (a)                                                            (b) 

Figure 2.4: (a) Schematic of oil and gas waste water treatment applying FO and PAO 

process, adapted with permission from (Coday et al. 2014) , and (b) Illustration of 

Oasays’ membrane brine concentrator (MBC). 

 Pressure Retarded Osmosis (PRO)  2.3.3

Salinity or salty aquifer has the potential to produce energies if they exposed to the 

stream with no or less salinity via a semi permeable membrane. Equilibrium occurs 

between these two streams if a proper FO membrane is placed between two streams 

(Lee et al. 1981a). This power generation method is called pressure retarded osmosis 

(PRO). Sidney Loeb the pioneer of RO membrane and osmotic process considered 

PRO potential for power generation  and made presentations (for example Euro 

membrane 1995) on the Dead Sea to Mediterranean PRO scheme (Loeb et al. 1978; 

Loeb et al. 1976). Figure 2.5 illustrates the simplified schematic diagram of a PRO 

system with relevant dimension where PRO can utilize and extract the power of salt 

and equilibrium with the help of a semi-permeable membrane. In principle, a PRO 

system based on engineered osmosis would take in seawater and river water on either 

side of a membrane. The flow of water to the DS creates a flow that can be delivered 

through a turbine to generate power. The world's first PRO plant with a capacity of 

http://newsoffice.mit.edu/2014/energy-from-salt-water-0820
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4 kW was started by Statkraft on 2009 in Norway (Helfer et al. 2014). Through this 

research and further studies by several groups finding a suitable membrane has been 

identified as a major limiting factor (Kim & Elimelech 2012; Yip & Elimelech 

2011). 

 

Figure 2.5: Illustration of a PRO system with relevant dimension (Banchik. et al. 

2014b). 

 Through recent studies it has been concluded that the optimal dimensions of large 

PRO systems, 95 % of a system’s maximum output can be produced using only half 

or less of the membrane area (Banchik et al. 2014; Banchik. 2013; Banchik. et al. 

2014a). This can decrease the size of the membrane which can lower much of PRO 

plant cost. Then a nonlinear relationship between membrane area and power output 

exists for large systems. When the number of membrane increases, the generated 

power can increases to a certain point, after which it levels off gradually. 

Furthermore, they found that a mix of treated wastewater and RO plant brine can 

produce twice as much power as a combination of  river stream and seawater 

(Banchik. 2013; Banchik. et al. 2014b). Based on this fact, a PRO system could even 

http://en.wikipedia.org/wiki/Statkraft
http://newsoffice.mit.edu/2014/energy-from-salt-water-0820
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power a wastewater treatment plant in coastal regions by taking in seawater as DS 

and treated wastewater as a feed to generate renewable energy to cover the power 

required for the treatment plant. So in parts of the world especially in a coastal city a 

large volume of required water can be generated through a desalination plant now or 

will be in near future. Thus produced brine from desalination plants can be used to 

generate power and cover large amount of power required for a desalination plant. 

Further research is required to see whether it can be economically viable or not 

(Zhang et al. 2013). 

 Hybrid FO applications 2.4

FO systems can be divided into two categories: stand-alone FO units and hybrid FO 

units. The most important hybrid FO units are discussed below in more detail. 

As illustrated schematically in Figure 2.6, the concentrated feed solution is the output 

of the FO system while permeate consisting of reusable water (potable or non-

potable depending on the design of the system). 

In hybrid FO systems, the FO part still functions as an energy-efficient water 

extractor, extracting water from a feed stream, which is difficult (expensive) to treat 

with traditional membrane technologies. 

 

 

http://newsoffice.mit.edu/2014/energy-from-salt-water-0820
http://newsoffice.mit.edu/2014/energy-from-salt-water-0820
http://www.forwardosmosistech.com/stand-alone-forward-osmosis-system-for-low-energy-water-extraction/
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Figure 2.6: Schematic of hybrid forward osmosis systems for desalination of 

seawater, wastewater treatment and energy production. 

Hybrid FO systems can be divided into 2 categories as well: (1) hybrid FO systems 

for water treatment (NF-FO, RO-FO, MD-FO, etc.) and (2) hybrid FO systems for 

energy production (PRO-MD). The RO-FO will be explained; this seems to be more 

promising for water treatment and desalination in addition to PRO-MD for energy 

production. 

 Hybrid RO-FO system 2.4.1

Hybrid FO with RO (low-pressure reverse osmosis) systems is a versatile hybrid 

system for several applications including low cost seawater desalination, and to 

reduce fouling propensity of producing fresh water from impaired-quality water 

sources, compared to conventional high pressure RO systems. This hybrid system 

can be divided into two categories: open and closed RO-FO hybrid systems. 

 Open RO-FO hybrid systems can be the most suitable option for desalination when 

urban run-off water or municipal waste water can be used as feed and DS can be 

seawater. The seawater as a DS, draws fresh water from the waste water stream. The 

DS will be diluted which can be desalinated by low pressure brackish water RO 

while reducing the wastewater volume. Hence, the economical benefits include: 

http://www.forwardosmosistech.com/hybrid-forward-osmosis-systems-for-desalination-of-seawater-and-wastewater-treatment/
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• Less energy requirements to desalinate the diluted seawater 

• Reduced volume of wastewater means saving cost of transporting or 

treatment 

However, closed RO-FO hybrid systems can be useful for the wastewater with higher 

total suspended solids (TSS) which is difficult to treat. In this hybrid system a 

specific osmotic agent can be used as DS. Due to the high fouling tendency of this 

kind of feed solution, stand-alone RO application will be difficult and expensive. 

Thus pre-treatments are absolutely necessary. FO can be placed as a pre-treatment 

which is far less prone to fouling. During FO operation, first water permeates from 

the feed side (wastewater with high TSS) to the DS side with specific osmotic agents 

to the draw fresh water from the waste water stream and reduces its volume. In the 

first RO hybrid system which used seawater as a DS, then diluted seawater 

desalinated by low pressure RO then brine can be disposed as in a common RO 

desalination plant. However, with a specific osmotic agent used as DS in the second 

system, diluted product will be treated with low pressure RO but re-concentrated DS 

will return back to the FO cycle. Hence, the economical benefits include: 

• Less energy and maintenance requirements due to low-fouling FO 

membranes  

• Reduced volume of wastewater means saving cost of transporting or 

treatment 

• The product water can be re-used for industrial processes 
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 Hybrid PRO-MD system 2.4.2

Heat engines are well known for their efficiency in the heating and cooling 

and converting of low grade heat to mechanical work and electricity. An 

osmotic heat engine can be used for converting unproductive low temperature 

biomass heat (non-combustion), low-concentration solar thermal energy, 

geothermal heat sources or ocean thermal energy conversion. An ammonia–

carbon dioxide osmotic heat engine was first reported by Yale university in 

2007 (Robert L. McGinnis, McCutcheon, & Elimelech, 2007). This is a 

closed cycle PRO process. It is well known as an osmotic heat engine (OHE) 

that uses a combination of a highly concentrated NH3/CO2 DS and a 

deionized working fluid. This is power generation from osmotic pressure 

gradients and allows for a probable operating efficiency of 5–10%. A 

relatively more completed system suggested by Yale University contains a 

hybrid PRO−MD, utilizing low-grade heat for power generation. This system 

can operate as an osmotic heat engine and work in a closed-loop system. 

Initial assessment shows that the hybrid PRO-MD system can achieve an 

energy efficiency of 9.8% theoretically with a temperature difference of 40 

°C with 1 M NaCl as DS. Furthermore, since the heat source can be powered 

by virtually any kind of energy, osmotic heat engines (OHE) are very 

versatile with a wide range of applicability. OHE can be a promising 

technology to generate electricity from any low-grade heat sources. Figure 

2.7 shows a schematic of a hybrid PRO−MD system for power generation. To 

advance OHE beyond conceptualization, several factors need to be 

considered carefully. Currently there is a technology gap for bringing this 
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system to be able to compare with the same conventional energy generator 

system. For example, the hydraulic pressures on the PRO membrane are 

nearly 46, 100, and 220 bar for the 1, 2, and 4 mol/kg NaCl as DS, 

respectively.    

Figure 2.7: Schematic of hybrid pressure retarded osmosis−membrane distillation 

system for power generation from low-grade heat (Lin et al. 2014). 
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Figure 2.8: Energy conversion from salinity gradients by forward osmosis–

electrokinetics (Jiao et al. 2014).  

Therefore, a mechanically robust PRO membrane is needed to be capable of 

withstanding the intense pressure. This is absolutely necessary to take advantage of 

the energy efficiency achieved by a high DS concentration in the hybrid PRO-MD 

system. 

There is another novel hybrid FO system for energy production that can convert a 

salinity gradient to electricity through Forward Osmosis–Electrokinetics hybrid 

system (EK-FO). Figure 2.8 illustrates the schematic of the EK-FO process. 

However, energy efficiency from this system seems to be lower than hybrid PRO-

MD system (Jiao et al. 2014; Lin et al. 2014). Although hybrid systems have been 

developed to ignore FO limitation in desalination sector for production of potable 

water but still those limitation factors exist to some extent. Challenges that limit the 

FO process will be discussed in more details in the following sections. 
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 FO challenges 2.5

FO has few challenges before full commercialisation. These include finding a 

suitable DS, a better membrane and recently added, and better fluid management 

when applying the FO in the practical large scale field. 

  Draw solution 2.5.1

 Osmotic agents 2.5.1.1

 There are several elements and chemicals that can be used as DS in FO. Ionic salts, 

regular fertilizer and other osmotic agents. For instance, calcium salts are of interest 

because of retrograde solubility. Surfactants exhibit great changes in solubility at a 

distinct temperature (Gadelha et al. 2014). Poly-electrolytes and water soluble 

polymers are potential non-volatile and non-toxic alternatives as well. However, the 

osmotic potential of polymers are unexpectedly low due to the length of the polymer 

chain (Picorel et al. 1998). Interestingly, Li.D et al. introduced stimuli-responsive 

hydrogels as the draw solutes for the FO process (Li et al. 2011). As mentioned in 

the previous section, a few novel studies have tried to use FO in hybrid desalination 

systems setup with DS as medium. For instance, Ge et al. used hydrogels as the draw 

solute in a hybrid MD-FO unit (Ge et al. 2013). In the MD-FO hybrid, DS will be 

thermally recovered. MD runs at a higher temperature compared to FO. Therefore, 

higher water flux is obtained due to substantial reduction of hydrogel viscosity. Also 

many researches have been done to select a suitable osmotic agent as a DS and it is 

not clear which DS to introduce that would meet all the criteria that have been 

pointed out for suitable osmotic agents. 
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 Screening osmotic agents for FO application 2.5.1.2

DS for FO needs to generate relatively high osmotic pressure, to be easily 

recoverable, to have low cost and low leakage (reverse salt flux) and zero toxicity. A 

variety of DS have been investigated for the FO process in recent years. 

Unfortunately most of the potential agents can be ignored for FO desalination due to 

toxicity or reactivity concerns (Ge et al. 2013). The conventional ionic salt has the 

least difficulty in handling and toxicity, given that the recovery of DS is crucial for 

obtaining the product water as potable drinking water. Firstly, an alternative osmotic 

agent such as magnetoferritin seems to be interesting. Magnetoferritin has potential 

as an osmotic agent. It can be recovered with a magnetic field. However, low 

osmotic pressure generated by magnetoferritin makes it non feasible for any practical 

application despite the easy recovery (Kim et al. 2011). Furthermore smart DS for 

FO have seen significant advances in which smart draw agents with responsive 

properties can be recovered under different stimuli from water. Also there are few 

limited operational factors in addition to low water flux for this proposed DS as well. 

Therefore in conclusion DS screening focus will be on salt base ionic elements which 

can meet most of the criteria for suitable DS for FO process. First of all, after the 

initial screening mentioned at the beginning of this section, the best DS for the FO 

process can be categorized in diffident terms. Achilli et al. studied wide varieties of 

potential osmotic agents as a DS for FO and concluded that the best DS ranked in 

terms of performance were KHCO3, CaCl2, MgCl2, MgSO4, plus NaHCO3. However, 

in terms of replenishment cost analysis the best DS were KHCO3, MgSO4, NaCl, 

NaHCO3, and Na2SO4. Considering performance and cost effectiveness (KHCO3, 

MgSO4, and NaHCO3) have been ranked the most suitable (Achilli. et al. 2010). 
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Adding fouling factor (chemical fouling) which is common in the FO application, 

chemical fouling can screen it further and determine the most suitable DS in the FO 

process. When either feed or DS containing ions with scale precursor potential (for 

example Ca2+, Ba2+, SO4
2-, Mg2+ and CO3

2- ) the chance of scaling will increase on 

the membrane surface. This is particularly true when the feed solution concentration 

is above the solubility limits of water-soluble minerals such as CaCO3 (calcite), 

CaSO4 (gypsum), BaSO4 (barite), and Mg (OH)2 (Achilli. et al. 2010; Fritzmann et 

al. 2007; Rahardianto et al. 2007) . 

Mg(OH)2 can be formed only at pH greater than 9 (Rahardianto et al. 2007). Thus, 

there will be a low risk of scaling in use of MgCl2 in most FO applications. Other 

DS’s with higher risk of scaling that is (CaCl2, MgSO4, KHCO3, NaHCO3, and 

Na2SO4) limited to specific FO applications with pure feed solutions. For food 

concentration NaHCO3 or KHCO3 may be most desirable due to high FO water flux 

with low reverse salt diffusion. Due to various ion matrix of the feed solutions in the 

case of FO application in brackish or seawater treatment, DS which contain scale 

precursors are not recommended. Therefore, MgCl2 may be the most suitable DS for 

various water and wastewater applications. However, considering the different 

characteristics of those DS, specific FO application and types of membrane being 

used are essential prior to selecting appropriate DS (Achilli. et al. 2010). Table 2.1 

shows the history of draw solutes used in FO with different regeneration method.  

In conclusion, organic, inorganic compounds and polymers have the potential to be 

used as a DS. Draw agents with responsive properties are attractive for FO 

application. The stimuli-responsive polymer hydrogel draw agent has also been 

investigated in the FO process. The stimuli-responsive property of hydrogels can be 

enhanced by further optimization. However, most of the stimuli such as solar 
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irradiation, direct heating and magnetic nano particles have been studied in the non-

continuous FO processes. More work is required to develop continuous stimuli FO 

processes for practical applications. 

Table 2.1 History of draw solutes used in FO with different regeneration methods. 

Modified from (Ge et al. 2013) .  

Year 

 

Osmotic agent Regenerating method 

 

References 

 

1965          

1972 

1975 

1976 

1989 

1997 

2002 

2005 

2008 

2010 

2011 

2011 

 

2014 

 

So2 

Al2So4   

Glucose  

Nutrient solution                 

Fructose   

MgCl2  

KNO3, SO2                         

NH4HCO3  

Salt, ethanol 

Magnetic nanoparticles 

Fertilizer   

Stimuli-responsive 

polymer hydrogels  

Thermo-responsive 

copolymers with ionic 

group            

Heating or air 

stripping 

Precipitation by 

doping Ca(OH)2 

None 

None 

None 

None 

SO2 removed 

through standard 

means 

Heating  

Pervaporation 

Magnetic field 

Direct application 

Pressure- heating 

Heating to 70 °C  

 

 

(Batchelder 1965) 

(Frank 1972) 

(Kravath & Davis 1975) 

(Kessler & Moody 1976) 

(Stache 1989) 

(Loeb et al. 1997) 

(McGinnis 2002) 

(McCutcheon. et al. 2005) 

(McCormick. et al. 2008) 

(Ling et al. 2010) 

(Phuntsho et al. 2011) 

(Li et al. 2011) 

(Kim et al. 2014) 

 

 

 

 

 Membrane  2.5.2

The second limitation that challenges the FO process is a lack of a suitable 

membrane. The FO process can run without hydraulic pressure as a driving force. As 
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it is a unique process, it needs a unique membrane to fulfil the osmotic requirement. 

The process for making a suitable and durable FO membrane has yet to be 

discovered.  Fabricating a suitable membrane for FO is another major challenge. A 

review of the literature and history of research on the FO process presents that there 

are mainly three pathways to membranes that can be used in FO process. The most 

common approach and the earliest one was using a RO membrane for FO 

application. The main obstacle is low water flux across the membrane due to a thick 

backing fabric support and a dense hydrophobic support polymer that hinders the 

water transport. Although there is limited published data on this approach, in recent 

studies, fluxes of up to 3.1 Lm-2h-1 were reported (Arena. et al. 2011). The low fluxes 

can be mainly related to the fact that RO membranes possess a relatively thick 

polymer support and the support of a non-woven fabric to withstand the high applied 

hydraulic pressure. 

The second approach is to modify the RO membrane for FO application. Also it is 

almost impossible to replace the thick backing fabric but further modification on the 

membrane polymer support structure is possible by increasing the hydrophilicity 

nature of the support. There are few works that mainly focus on increasing 

membrane hydrophilicity. It has been done through direct and indirect sulphonation, 

dopamine and polyethylene glycol coating treatment to increase the membrane 

wettability. Using dopamine for RO membrane modification proves to be interesting. 

Also results have not been promising for the FO process however a very large 

improvement is found for pressure retarded osmosis (PRO) for energy production 

(Arena et al. 2011). 
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The third and final approach is to design and fabricate a membrane that is customised 

for the FO process. Understanding the fundamentals of the FO process, and its 

dependency on osmotic pressure and the role of osmotic agent, make it possible to 

design a membrane that can suit the process. So far a membrane that is robust, 

hydrophilic, thin with porous backing fabric support has been recommended based 

on fundamental findings (Gray et al. 2006). Although the FO already has been 

exploited in several applications, designing a suitable membrane remains as a major 

challenge (Yip & Elimelech 2011). FO desalination technologies can be viable in the 

coming years, if a proper high performance membrane is carefully considered. There 

are a few considerations that need to be overseen regarding a suitable membrane for 

FO which are concentration polarization (CP) and fouling. Concentration 

polarization is an existing problem in most of the membrane separation technologies. 

CP, however, is the main reason for low water flux in FO membranes; the CP will be 

explained in more detail and fabrication of suitable membrane will be discussed in 

section 2.5.  

  Concentration polarization in an osmotic driven membrane 2.5.2.1

The flux in an osmotic driven membrane such as FO depends on osmotic pressure 

difference (Δπ) across the membrane thin active layer. However, the osmotic 

pressure is lower across the active layer compared to bulk osmotic pressure in the 

feed and DS. This results in lower water flux which is often attributed to several 

phenomena (Cath et al. 2006). Two types of CP phenomena, (1) external CP and, (2) 

internal CP in osmotic driven membrane processes can take place as discussed in 

more details below: 
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  External concentration polarization 2.5.2.1.1

In the RO process, CP mostly occurs on the exterior surface of the membrane which 

is known as external concentration polarization (ECP) (McCutcheon & Elimelech 

2006c). Due to constant pressure and rejection of solute by the rejection layer of the 

membrane, bulk osmotic pressure near the membrane surface increasingly builds up. 

This causes a reduction in water flux through the membrane (Hoek & Elimelech 

2003). The actual osmotic pressure is higher than that in the bulk and water flux is 

therefore reduced. ECP is a well-known phenomenon in the RO membranes. Also 

ECP exists in the FO process but it is not a major problem compared to the RO 

process or existence of ICP that is much more common with FO (Mccutcheon & 

Elimelech 2007). In membranes with a dense symmetric structure used as a FO 

membrane, the ECP can causes a dilutive effect on the DS near the membrane 

surface, causing osmotic pressure decrease resulting in water flux decline. Unlike the 

RO membrane, ECP effects depend on operational mode as well (Tan & Ng 2008). 

 FO process divides into two operational modes known as FO and PRO modes 

shown in Figure 2.9. In the PRO mode DS faces the selective layer while in the FO 

mode the DS faces the support layer. Effects of ECP have been observed to be 

opposite in the two modes. However, in the both modes it can reduce the water flux 

through dilutive ECP in PRO mode on DS side and concentrative ECP in FO mode 

on feed solution side. Furthermore, regardless of the operational modes, it is well 

known that the ECP can be limited by increasing the water flow rate (McCutcheon & 

Elimelech 2006a). 
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Figure 2.9: Water flux transport in the PRO and FO mode in FO process (Wang et al. 

2010). 

  Internal concentration polarization 2.5.2.2

Internal concentration polarization (ICP) is a more severe problem in the FO process 

which is related to the membrane structure (Hoek & Elimelech). This phenomenon 

occurs within the semi permeable membrane. Solute characteristics may play a role 

in the ICP effect as well. Solute with different diffusivity and molecular size can 

affect the ICP (Zhao & Zou 2011). Thus the ICP can be related to the membrane 

substrate morphology directly or solute characteristics indirectly. It means the ICP 

depends on both morphology and solute diffusivity in the FO membrane. Solute 

diffusivity is an element chemical property but it can be hindered by membrane 

tortuosity (Mitragotri et al. 2011). Similar to ECP, there are different ICP effects 

depending on operational modes. In the PRO mode, mostly concentrative ICP exists. 

Solute accumulates in the membrane support structure through feed solution as well 

as reverse solute flux from DS. As a result, this increases the osmotic pressure within 

the membrane structure in the feed side, resulting in water flux decline (Yip & 
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Elimelech 2011). Furthermore, dilutive ICP occurs in the FO mode resulting in DS 

osmotic pressure decrease and water flux decline. In conclusion, it has been revealed 

that, firstly ICP can causes more flux decline compared to the ECP, secondly ICP is 

more obvious in the PRO mode and finally ICP is more severe at the higher DS 

concentration (Tang et al. 2010). Unlike ECP, the ICP effects cannot be limited by 

hydrodynamic flow conditions such as increasing turbulence through applying a 

spacer or water flow rate (Xu et al. 2010). Through this fundamental, a considerable 

effort has been made to design a suitable membrane for the FO process to minimize 

the ICP effect in recent years. Thus the desirable membrane structure needs to be a 

thin substrate which is highly porous and possesses a low structural parameter. 

  Reverse solute flux (RSF) 2.5.2.3

Another major problem in the FO process which is directly related to the membrane 

properties is reverse solute flux (RSF). Also this phenomenon can be related to the 

types of different DS based on their molecular size and monovalent or divalent ions 

as well (Zhao & Zou 2011). However, the membrane is the main barrier that can 

limit RSF regardless of DS properties. Permeated salt from the DS side can 

accumulate in the membrane structure and reduce the effective driving force required 

for the FO process. Furthermore, the mechanism of fouling in FO is relatively 

different with RO and is reversible (Mi & Elimelech 2010). Recent studies revealed 

that RSF is correlated with membrane fouling. The reverse diffusion of draw solutes 

can enhance the osmotic pressure within the cake layer and accelerate the FO fouling 

(Tang et al. 2010). Specific reverse solute flux (SRSF) which is the amount of RSF 

per obtained water flux can represent membrane selectivity regardless of DS 

concentration (Phillip et al. 2010). In addition to water flux and membrane rejection, 
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SRSF can be the third measurement for membrane performance. RSF can be 

controlled based on two strategies in FO: the first is a membrane with desired 

morphologies that has been discussed previously and, the second is the selection of a 

suitable osmotic agent as a DS. For example, multivalent ions (Mg2+ and Ca2+) can 

encounter higher salt rejection compared to monovalent ions (Na+). Higher rejection 

can lower salt reverse flux in the FO process. Also monovalent ions have lower  

diffusivity which can enhance  greater ICP (Zhao & Zou 2011). Generally, RSF is an 

undesirable phenomenon in the FO process which can be minimized by design of a 

suitable membrane. However, RSF is a much lower problem in other FO application 

like the PAO process. In the PAO process applied hydraulic pressure can increase the 

water flux that likely limits the diffusivity of the draw solutes through the membrane. 

This occurs due to enhanced convective water flux that drives the draw solutes away 

from the membrane (Phuntsho, Shon , et al. 2012). 

Fouling is a common problem with the different kinds of membranes but it is  rarely 

with the FO membranes if suitable membrane and proper DS are chosen based on 

feed solution properties (Tang et al. 2010). Thus, fouling can be related to RSF 

indirectly. Improved membrane resistance to fouling can be achieved through a 

modified selective layer or special support structure designed for limiting the fouling 

on both sides of the membrane. Wang et al. (Wang et al. 2010) designed a double-

skinned FO which limits the solutes in the DS from entering into the membrane 

porous substrate. This can decrease the ICP within the membrane structure and 

potential fouling across the membrane surface. Water flux was 48.2 L m−2h−1 while 

reverse salt flux was 6.5 g m−2h−1 using 5.0 M MgCl2 as the DS (Tang et al. 2010). In 

addition, as mentioned before, properties and diffusivities of the osmotic agent are 
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related to RSF and as a consequence in the fouling formation (Tang et al. 2010; Zhao 

& Zou 2011). 

  Fluid management 2.5.3

Researchers on FO have raised two major challenges which are to identify a suitable 

DS and to develop an appropriate membrane to  decrease the effect of CP, reverse 

solute diffusion and fouling (Cath et al. 2006; Chung 2012).  

Yale University has recently presented a standard methodology for assessing 

performance in osmotically driven membrane processes (Cath et al. 2013). The  first 

pilot plant on FO was developed by Yale University 8 years ago (Elimelech 2007). 

They have concluded that the most important factor to advance the field of FO is the 

development of new membranes. Another study has a further investigation and 

conclusion for FO capability performance in a large pilot scale. Robert W. Field and  

Jun Jie Wu suggested a third area which is as important as the other two challenges 

especially for the practical large scale application (Field & Wu 2013). Even if the 

ICP is reduced within membranes and a suitable DS is found but there is other factor 

that can limit the FO application. Unlike RO with only one influential film mass 

transfer coefficient, there will be three in FO for desalination. As module size 

increases, mass transfer limitation is more vigorous in FO than in other membranes. 

Developing a module with superb film mass transfer coefficients may not be feasible 

for large scale application. Thus, the FO future may lie with the wastewater niche 

applications or PRO for energy production. Then regarding FO application, PRO 

might be more important for energy production than FO for potable water 

desalination.  
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  Membrane for engineered osmosis 2.6

Any dense permeable material with selective properties can be used as a membrane 

for FO (Lacey & Loeb 1972). By 1960, the Loeb–Sourirajan process for developing 

high-flux RO membranes revolutionized membrane separation technology for 

desalination (Bui et al. 2011; Cath et al. 2006). They evaluated the use of asymmetric 

polyamide membranes for the FO process.  RO membranes used for all studies 

involving osmosis in the 1970s; however, lower flux than expected was common 

with those RO membranes (Cath et al. 2006). Later on, during the 1990s, Osmotek 

Inc. developed a special membrane for FO.  This membrane has been evaluated 

successfully in a wide variety of applications (Cath et al. 2006; Cath et al. 2005; 

Mallevialle et al. 1996). 

HTI membrane is made of cellulose triacetate (CTA). CTA FO membrane is 

different from RO membranes in regards to thickness and backing fabric support. RO 

membranes are comprised of a thin active layer and a thick porous polymeric 

substrate with a thick backing fabric support. Instead of the CTA FO membrane 

embedded polyester mesh provides mechanical support. Based on the results, the 

CTA FO membrane is superior to RO membranes for FO application (Cath et al. 

2006). Thinner membrane substrate and the lack of a thick nonwoven fabric support 

are the major contributing factors for HTI FO high performance compared to the RO 

membranes.  

In summary, an excellent membrane for FO would be a thin membrane, porous and 

hydrophilic membrane. Higher hydrophilicity is required for enhanced flux and 

reduced membrane fouling. Furthermore, the membrane needs reasonable 

mechanical strength to withstand hydraulic pressure especially when used for PRO or 

PAO (Cath et al. 2006). Designing a robust membrane for FO is critical for further 
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advance in FO application. Membranes that can achieve high flux and salt rejection 

with high mechanical strength to support high hydraulic pressures especially for 

PAO and PRO application will result in higher efficiency in current applications. 

 Polymeric membranes  2.6.1

In terms of applications, membrane can be divided into two main groups: Industrial 

applications including desalination (FO, RO, UF, MF, ED, MD, gas separation, per-

evaporation and medical application (artificial kidneys, controlled release 

pharmaceuticals and blood oxygenators) (Baker 2000). Polymeric membranes can be 

categorized in terms of substrate structure and fabrication methods, regardless of 

their application. Membrane differences in terms of substrate structure and 

configuration are briefly discussed before explaining the fabrication methods. 

  Substrate structure 2.6.1.1

In terms of substrate structure, membranes can be divided into two categories, (1) 

membranes with symmetrical structure, and (2) membranes with asymmetric 

structure. The following sections will briefly define the two structure differences. 

  Symmetrical membranes 2.6.1.1.1

Symmetrical membranes have a uniform structure and morphology. These substrates 

can be either microporous or dense films. They are be used in packaging applications 

and industrial use. However, making a symmetrical membrane thinner than 20 μm, 

mechanically strong and defect-free, is difficult. Therefore, due to their dense 

structure with high thickness, water flux is limited (Hughes 1996). Figure 2.10 shows 

the symmetrical and asymmetrical membrane differences. 
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  Asymmetric membranes 2.6.1.1.2

 In the 1960s, the development of asymmetric cellulose acetate membranes 

consisting of a thin surface layer on a microporous support was a breakthrough in 

membrane fabrication technology. There was a limit to manufacturing mechanically 

strong symmetrical membranes. The development of novel membrane fabrication 

techniques was considered a revolution in membrane technology (Baker 2000). 

Figure 2.10 shows the diagrams of the principal types of symmetrical and 

asymmetrical membranes. Asymmetric membranes can be fabricated thorough 

several different casting method. For example asymmetric composite membranes are 

in general an improvement over phase inversion membranes, since the composite 

technique allows fabricating and modifying the support and active (skin) layer 

independently (Baker 2000; Nunes & Peinemann 2001). Therefore, asymmetric 

membranes have a much improved performance and are widely used for pressure 

based membrane processes, such as RO for seawater desalination. 

 

 

Figure 2.10:  Illustration of the principal types of membrane in terms of their 

structure  (Baker 2000). 
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 Membrane modules  2.6.1.2

FO membrane modules are divided into 4 generic design and configuration, (1) the 

plate & frame module, (2) the spiral wound module, (3) the tubular module, and (4) 

the hollow fibre module (Stephenson et al. 2000). As it can be seen from Figure 2.11, 

the tubular and the hollow fiber modules are very similar but the difference is the 

inner dimensions of their tubular/hollow fiber membrane components.  

Each design potentially caters to different application areas and thus they are treated 

separately. There are two criteria for characterization of those modules, (1) 

achievable packing density and, (2) industrial application. However, packing density 

is a more important characterization criterion because it contributes remarkably to 

the overall footprint of an FO system. This means the smaller the packing density the 

larger the FO system footprint and vice versa. Figure 2.11 illustrates the schematic of 

4 types of membrane modules. 

 Spiral wound module 2.6.1.2.1

Spiral wound module is the most common membrane configuration. They are based 

on flat sheet membranes with high packing density. For example, they can reach 

packing densities as high as 1200 m2/m3 with the distance between membrane layers 

less than 1mm. Therefore, the spiral wound modules tend to foul very easily 

especially for  wastewater streams (Schwinge et al. 2004). However, packing density 

cannot reach the same values for FO as it is in the case for spiral wound RO 

modules, because the FO must be a cross flow on either side of each individual 

membrane layer. Thus the total thickness of spacers between membrane layers 

increases the total thickness of spacers between membrane layers which resulted in 
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packing efficiency decreases. Packing densities of the spiral wound modules for FO 

are half of RO and close to 600 m2/m3 (Cath et al. 2006).  

Similar to RO, the  spiral wound FO modules for industrial water treatment are 

limited to applications where the feed contains low concentrations of fouling agents 

(Xu et al. 2010). In conclusion, this module due to high packing density is suitable 

for large-volume applications; however, membrane fouling is a main issue if the feed 

is not pre-treated to remove the majority of fouling agents. 

  The plate and frame module 2.6.1.2.2

Plate & and frame module  that are also known as stacked membrane modules are for 

the feed such as wastewater that contains high amounts of fouling. Most of 

commercial membrane bioreactor (MBR) modules belong to the plate & frame 

configuration (Lutchmiah et al. 2014). This module typically consists of flat sheet 

membranes sealed to frames. The frame provides the overall flow distribution and 

mechanical integrity of the module. It has the lowest packing density and largest 

footprint among the four module designs. Therefore, it has been excluded from being 

used in high volume applications such as municipal waste water treatment and 

desalination of seawater. However, in many lower volume applications, where the 

waste streams to be treated contain high amounts of fouling agents and/or have high 

viscosities, the low packing density of plate & frame modules represents an 

operational advantage. 

The larger distance between membrane sheets in this module results in a lower 

pressure drop across the module therefore lower energy required for pumping 

solutions through the module as well as a lower propensity towards clogging of flow 

channels due to accumulation of fouling agents. In conclusion, the biggest advantage 
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for this module is ease of operation when the feed contains high amounts of fouling 

agents or for feed with high viscosities. However, the large footprint increases space 

requirements which make it unsuitable for high volume applications (Beaudry & 

Herron 1997). 

 
Figure 2.11: Schematic for membrane modules. Modified from (Sincero & Sincero 

2002). 

  Hollow fibre module 2.6.1.2.3

The hollow fibre modules are similar to tubular modules with much higher packing 

densities. Due to their small internal diameters these modules are prone to fouling 

and clogging. Therefore, their usage is limited to applications where the feed solution 

contains low concentrations of fouling agents such as in desalination. They have a 

small footprint due to high packing density but significantly are prone to fouling and 

membrane clogging (Bui et al. 2011). 

http://www.forwardosmosistech.com/tubular-forward-osmosis-membrane-modules/
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  Tubular module 2.6.1.2.4

This module is well-known in the water treatment industry for ultra-filtration 

applications. Due to the nature of the modules, lower packing density, feed with high 

fouling agents and high viscosity they will have less effect on. They have Inner 

diameters of the modules ranging from 5 mm to 15 mm that are coated with micro-

porous polymeric layers on either the inside or outside walls. Regarding FO 

industrial application, the tubular modules may be a suitable option for feed with 

high fouling / high viscosity wastewater streams. Then they are similar to plate and 

frame modules for FO application of high foulant feed. The main advantage is that 

they have up to 4-5 times higher packing densities compared to plate and frame 

modules which significantly reduce the overall footprint of the tubular FO modules. 

However, the overall thickness of the porous tube wall might render the tubular 

configuration unfit for FO processes due to severe build-up of ICP (Kimura & Nakao 

1975). 

  Engineering principles for the design of polymeric membranes 2.7

There are several different techniques to prepare synthetic membranes, including 

sintering, stretching, track-etching, solvent evaporation, water vapor imbibition and 

phase inversion. Among these technologies, phase inversion is the most widely used 

method for preparing polymeric membranes. It is a very convenient and versatile 

technique that potentially allows various kinds of morphologies and separation 

properties to be obtained. Thus most commercially available membranes are obtained 

by phase inversion due to the mentioned advantages. 
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  Phase inversion induced asymmetric membranes 2.7.1

Loeb and Sourirajan developed the first asymmetric, high-flux RO membrane which 

is now well known as the Loeb–Sourirajan technique. Phase inversion is the most 

important asymmetric membrane fabrication method. Phase inversion is the most 

popular for preparing polymeric membranes due to it being a versatile technique that 

allows several kinds of morphologies and structures. Therefore, it is not surprising to 

see that most of the commercially available membranes especially in desalination 

industries are synthesized via phase inversion. In this process, the polymer solution is 

precipitated into two phases: (1) solid phase, polymer-rich phase that forms the 

membrane substrate, and (2) a liquid phase, where pores form under polymer-poor 

phase. Those phases will be further explored through a ternary phase diagram (Figure 

2.12). 

 A variety of membranes with different pore morphologies can be fabricated for 

different applications via phase inversion. They can vary from porous microfiltration 

membranes, to a much denser membrane such as RO and gas separation membranes. 

In order to fabricate suitable membranes for water desalination especially osmotic 

membranes,  understanding the fundamental theories on membrane precipitation 

through phase inversion is essential (Tsay & McHugh 1990; Wijmans et al. 1983).  

Generally, in phase inversion, polymer is transformed from a liquid phase to a solid 

phase in a manner that can be controlled by solvent, non-solvent and polymer 

concentration rate (Chickering III et al. 2000). 

The ternary phase diagram illustrated in Figure 2.12 can explain the pathway the 

polymer solution has followed in the phase inversion step. The phase regions and 

boundaries are illustrated in a ternary phase diagram. 
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Figure 2.12:  Ternary phase diagram of  system with three component used in Loeb–

Sourirajan membranes fabrication (Husain 2012). 

The points 2 and 3 represent the change in polymer dope composition for the skin 

layer and the porous sublayer respectively after the polymer film with initial 

composition (point 1) is immersed in a nonsolvent bath such as water. Point 1 shows 

the initial polymer dope composition and the skin layer formation is believed to form 

before phase inversion in the air gap through the evaporation of volatile solvent from 

the surface of casted film at an arbitrary composition point 2 closer to the glassy 

region of the phase diagram. The interior porous sub layers, beneath the skin layer, 

form through the spinodal region around point 3 (Baker 2000; Husain 2012; Tsay & 

McHugh 1990). 

A polymer solution with approximately 20% by weight of dissolved polymer can 

form a dense, selective skin layer on top of the membrane surface (metastable region 

in the ternary diagram, Figure 2.12). As a consequence, the dense skin layer slows 

down the entry of non-solvent in precipitation bath (water bath) into the underlying 

polymer solution. Thus it precipitates more slowly and forms a more porous 

substructure. Factors which determine the pore size and the porosity of membranes 

developed by this method are polymer concentration rate, additives and solvent /non 
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solvent compatibility. Decreasing the polymer concentration or increasing the non-

solvent content of the casting solution enhances porosity. It is important that the non-

solvent be completely incompatible with the polymer. Semi-compatible non-solvents 

encourage the slow precipitating which  results in a dense rather than a microporous 

film (Guillen et al. 2011). 

 Immersion precipitation process (Loeb–Sourirajan process) 2.7.1.1

As described in the previous section, polymer precipitation can be achieved in 

several ways. However, precipitation by immersion in a non-solvent bath which is 

well known as the Loeb–Sourirajan process is the most important membrane-

preparation technique for membrane fabrication. In fact, the Loeb–Sourirajan process 

is a subcategory of the general class of phase inversion membranes. Figure 2.13 

shows Loeb–Sourirajan membrane casting setup equipment used to fabricate RO and 

UF membranes. A casting knife is used to coat the casting solution onto a moving 

backing fabric or polyester web which is then immersed in the water bath tank for 

precipitation. (Miller et al. 1966). 
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Figure 2.13: Schematic of Loeb–Sourirajan membrane casting machine used to 

fabricate  RO and UF membranes (Miller et al. 1966). 

 Forward osmosis membrane fabrication methods 2.8

Optimizing the membrane material and the fabrication procedure are two common 

methods to improve the membrane performance. Based on previous studies, there are 

at least two different fabrication techniques to produce polymeric membranes for FO 

application and one distinguished fabrication technique to produce non polymeric, 

inorganic membranes. Polymeric membranes are divided in to: (1) integral 

asymmetric membranes which were fabricated via one-step non-solvent induced 

phase separation (NIPS); polybenzimidazole (PBI) and cellulose acetate (CA), 

cellulose triacetate (CTA) and (2) composite membranes which were fabricated via a 

two or more step preparation using phase inversion followed by interfacial 

polymerization. The third type of novel non-polymeric membranes has been listed as 

inorganic membranes for engineered osmosis. 
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 Phase inversion membranes 2.8.1

The fabrication of asymmetric and symmetric membranes through one stage 

precipitation of a polymer solution is called phase inversion. Phase inversion is one 

of the most versatile membrane fabrication techniques to prepare vast varieties of 

different polymeric membranes including FO. In the following section the most 

popular membrane for FO that is fabricated through phase inversion will be 

presented. 

 Cellulose acetate (CA)  2.8.1.1

Cellulose ester polymers, especially cellulose acetate (CA) have attracted attention in 

order to fabricate a suitable membrane for the FO process due to their availability, 

low cost and high resistance to chlorine. Initially, CA has been used to fabricate RO 

membranes since Loeb-Sourirajan introduced it in the mid-1960’s (Zhao. et al. 

2012).  CA RO membrane could not perform in the FO process due to a thick non-

woven fabric support and low porosity of CA structure support. Therefore, CA 

material was not implemented for FO until recently. The Hydration Technology 

Innovations, HTI Company improved the structure design and  applied woven 

polyester mesh with a high open area as a backing support fabric (Herron 2008). 

CTA FO membrane has an asymmetric structure that is formed via phase inversion. 

The membrane has been fabricated through a different fabrication method than the 

CTA RO membrane. Therefore, embedding a polyester mesh woven fabric with high 

open rate was successful without any appearance of air bubble or polymer 

penetration that can cause defect points on the membrane surface (Herron 2008). 

CTA FO membrane fabricated by HTI is relatively thin (90µm) compared to the 

similar CA RO membrane (250 µm). Cross section morphology of CTA FO 
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membrane on woven polyester mesh has been shown in Figure 2.14. Porous open 

polyester mesh and thinner CA support material greatly reduced the ICP compared to 

the RO membranes. HTI CTA membranes were extensively evaluated in various FO 

application in the past decade in lab and pilot scale studies (Cath et al. 2006). 

Few research groups have tried to develop a FO hollow fiber membrane based on CA 

material as well. In recent years, Chung’s group has developed CA hollow fiber 

membranes through phase inversion (Su et al. 2010). Also further studies and a few 

other groups have tried to modify the CA membrane in both flat sheet and hollow 

fiber. However, low water flux, low rejection, poor resistance and hydrolysis are the 

drawbacks for CA based membranes. These problems have diverted research focus 

from the CA material to screening better materials for a FO membrane. 

Figure 2.14: Schematic of CTA FO membrane from HTI on woven polyester mesh 

(Yip et al. 2010). 
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 Polybenzimidazole (PBI)  2.8.1.2

Hydrophilic polybenzimidazole (PBI) is another material that has been used to 

develop a membrane for FO through phase inversion (Wang et al. 2009). Also in 

terms of hydrophilicity it is similar to CA material but its excellent chemical stability 

and self-charged properties make it a promising material for the FO membrane. 

However, similar to the CA material low rejection is common with the PBI 

membrane. Further modification has been applied through manufacturing a double 

skin PBI membrane or the dual-layer structure PBI-PES to increase membrane 

performance in terms of rejection (Yang et al. 2009).   

 Polyamide-imide (PAI) 2.8.1.3

Polyamide-imide has been used as a base support material to fabricate FO hollow 

fibre and flat membranes through phase inversion in recent years (Setiawan et al. 

2011). The advantage for this kind of membrane is that it has a capability to easily 

crosslink to materials like polyethyleneimide (PEI) molecules for further 

modifications. PAI crosslinking greatly depends on several conditions which include 

PEI molecular weight, concentration, casting temperature and crosslinking time 

(Setiawan et al. 2011). However, in terms of rejection and water flux performance it 

was not promising. Performance results for the flat sheet PAI membrane were better 

than hollow fibre membrane due to the ease of further modification of the flat sheet 

PAI layer. For instance, a positively charged selective layer using the PAI on a 

woven fabric shows a better performance compared to a similar hollow fibre 

membrane due to modification (Qiu et al. 2012a). 
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Table 2.2: Recent FO membranes made through phase inversion. DI water was used 

as the feed.  

 

 Composite membranes 2.8.2

Composite membranes are composed of multiple layers and are fabricated in 

multiple stages. They are usually prepared in two steps, (1) fabrication of base 

support substrate and, (2) formation of a selective layer on top of the support through 

the next step which can be interfacial polymerisation, spin coating, etc (Kedem & 

Katchalsky 1963). The advantage for the composite membrane is the ability to 

modify and control both support and selective layers for membrane custom design. 

Based on selective layer formation methods, a composite membrane for FO can be 

divided in to three categories. 

 

Membrane          

Materials 

Draw 

solution 

[M] 

   Flux              

L m-2 h-1  

References 

Flat sheet cellulose 
acetate membrane 

CA 1.0 NaCl      12 (Yip et al. 

2010) 

Flat sheet double 
skinned 

CA 2.0 NaCl      22 (Wang et al. 

2010) 

Flat sheet with an NF-
like selective layer 

polyamide-

imide 

0.5 MgCl2      95 (Qiu et al. 

2012a) 

PBI-PES dual layer 
hollow fiber 

PBI-PES  5.0 MgCl2     24.5 (Yang et al. 

2009) 
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  Thin film composite (TFC) 2.8.2.1

Thin-film composite (TFC) membranes are principally designed for use in water 

desalination or water purification. Also it has  other applications such as fuel cells 

and batteries (Baker 2000; Lonsdale 1982). A TFC membrane is fabricated through 

two or more multiple fabrication stages (Petersen 1993). Developing TFC 

membranes for various applications including desalination was introduced by 

Cadotte in the 1970s (Cadotte 1977). However, the earliest work on fabrication of 

TFC for FO membrane application dated back to 2010 (Wei et al. 2011a; Yip et al. 

2010). Generally, TFC FO membranes consist of porous membrane support and a top 

thin rejection layer mainly polyamide. This structure can be supported by backing 

support fabrics for additional mechanical strength. The formation of a thin rejection 

layer of polyamides can be formed via interfacial polymerization (IP). IP occurs 

between two monomer solutions such as m-phenylenediamine (MPD) monomer 

dissolved in nonpolar organic solvent, for example water and trimesoyl chloride 

(TMC) monomer in a polar organic solvent, e.g. hexane. Reaction occurs when MPD 

saturated membrane substrate is exposed to the TMC solution which results in 

forming a thin selective layer on the top of the membrane support (Cadotte 1981). 

Resulting TFC membranes exhibit a high performance (Wei et al. 2011a). However, 

TFC membranes typically suffer from compaction effects especially for a pressure 

based membrane such as RO, PRO and possibly PAO process. Due to constant 

applied hydraulic pressure, the polymers are compacted which results in a lower 

porosity. In general, the higher the pressure, the greater the compaction and this can 

affect membrane performance in the long term (Pendergast et al. 2010). Although the 

procedures for fabrication of FO and RO TFC membrane are similar, the fabrication 

http://en.wikipedia.org/wiki/Water_desalination
http://en.wikipedia.org/wiki/Water_desalination
http://en.wikipedia.org/wiki/Water_purification
http://en.wikipedia.org/wiki/Fuel_cell
http://en.wikipedia.org/wiki/Battery_%28electricity%29
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schemes are quite different. They have different essential requirements for preparing 

the support structure that stands as a cushion for the selective layer. Therefore, the 

main difference between FO and RO TFC membrane is: (1) different polymeric 

support nature and structure, and (2) supporting backing fabric. Unlike RO with 

hydrophobic dense polymeric support, FO requires a hydrophilic and porous support 

structure (Cath et al. 2006). Furthermore, the FO membrane requires a very thin and 

porous support fabric which can be woven mesh or non-woven PET fabrics. 

However, RO membranes require a thick support fabric commonly a nonwoven PET 

fabrics to withstand high hydraulic pressure. Therefore, poor TFC RO membrane 

performance in FO application can be related to both RO support structure and thick 

backing fabric support (McCutcheon & Elimelech 2008a). Based on this 

fundamental, research groups have tried to develop a TFC membrane that can 

perform in the FO process. Initial efforts show that a finger-like support structure is 

preferred to form TFC FO membranes (Yip et al. 2010).  

Further studies evaluated the porous support hydrophilicity and its effect on FO 

performance. Results confirm the important role of hydrophilic support 

characteristics on FO performance (Wang et al. 2012b). Increased hydrophilicity can 

be achieved either by choosing more hydrophilic materials such as polyethersulfone 

(PES) or direct sulphonation post treatment through thermal sulphonation or 

blending with sulphonated polymers (Ariza. et al. 2002). A new comprehensive 

approach to fabricate high performance TFC FO membranes using sulphonated 

materials in the preparation of membrane supports was demonstrated by Widjojo et 

al. (Widjojo et al. 2011, 2013). From this finding it can be concluded that membrane 

hydrophlicity has more effect on and that it has a performance than support structure 
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morphology. Resultant hydrophilic membrane (sulphonated membrane) also shows 

fully sponge-like structure but  attains a superior performance in terms of water 

fluxes and salt reverse fluxes (Widjojo et al. 2011). Earlier research on TFC FO 

membrane has related the membrane performance to the membrane finger-like 

structure (Tiraferri et al. 2011a). Also this can be true for hydrophobic polysulfone 

polymers used in that study but when other modification factors such as increasing 

the substrate hydrophilicty are considered, the role of membrane structure in terms of 

morphologies on membrane performance may be less important. Furthermore, in 

addition to sulphonation, polydopamine (PDA) coating on the Psf support layer can 

enhance hydrophilic properties of the membrane (Arena et al. 2011; Han. et al. 

2012). TFC support membrane surface coated with PDA before interfacial 

polymerization showed improved performance in both water flux and salt rejection 

(Han. et al. 2012).  Also earlier work using PDA on TFC RO membrane showed 

significant improvement. PDA coated TFC RO membrane structure after removing 

their nonwoven fabric layer showed remarkable performance improvement. Water 

flux  was enhanced by eight to fifteen fold in comparison with the uncoated 

membranes (Arena et al. 2011) . 

These findings provide an opportunity for screening new hydrophilic materials as an 

FO support. Few studies evaluate the capability of hydrophilic cellulose acetate 

materials as support for fabricating TFC FO membrane (Li et al. 2012). Further 

studies confirmed that cellulose-based polymers can perform as a reliable 

hydrophilic support for a TFC FO membrane (Alsvik. et al. 2013). In addition, an 

alternative concept of using electrospinning nanofibers as a support structure for the 

FO membrane can remarkably decrease ICP and structural parameter. Lower 

structural parameter in those nanofiber supports is related to its high porosity and low 
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tortuosity characteristics of membrane films that are fabricated through 

electrospinning. Results show relatively high water fluxes which are attributed to the 

high porosity and a relative thin thickness of the eletrospun nanofiber supports (Bui 

et al. 2011; Bui & McCutcheon 2013; Song et al. 2011). For instance, using the same 

types of CTA polymer material for producing nanofiber supports water fluxes 

improved significantly more than the commercial HTI-CTA FO membrane (Song et 

al. 2011). Furthermore, close performance in different mode of FO and PRO in FO 

process indicated a significant reduction of ICP within the membrane substrate was 

made through electrospinning. In conclusion, TFC membranes have higher 

performance but unlike the cellulose triacetate membrane, TFC membranes consist 

of polyamide that are not tolerant to chlorine (Sagle & Freeman 2004). 

 Thin Film Nanocomposite (TFN) 2.8.2.1.1

Principally, thin film nanocomposite membranes (TFN) are a modified form of TFC 

through applying nanoparticles such as zeolites, carbon nano particulates and, etc. on 

the membrane support structure or selective layer to obtain higher performance 

(Jeong et al. 2007). Figure 2.15 shows TFC and TFN membranes conceptual 

illustration. A wide verities of carbon based nano materials can be used to fabricate 

TFN membranes. 
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                   (a)                                 (b)                                   (c) 

Figure 2.15: Illustration of (a) TFC and (b) TFN membrane with nano particles on 

selective layer  (Jeong et al. 2007), and TFN membrane with nano particles within 

support structure layer  (Ma et al. 2013). 

For instance, developing thin film nanocomposite (TFN) FO membranes using multi-

walled carbon nanotubes in the membrane selective layer or graphene oxide in the 

membrane support structure (Amini. et al. 2013). This is explained in the section 

2.10 (custom designs of flat sheet FO membranes). 

 Layer-by-layer composite membranes (LbL)  2.8.2.2

The LbL self-assembly occurs through an electrostatic force hydrophobic attraction 

which is a covalent bonding force (Decher 1997; Johnson et al. 2012; Lojou & 

Bianco 2004). This is a simple, robust and flexible process to fabricate a membrane 

for specific separation purposes. LbL fabrication can be assembled via dip-coating, 

spin-coating, or spraying methods with the aid of electrostatic interaction.  The 

membrane performance properties can be controlled by deposition time, the ionic 

strength of the polyelectrolyte solution and the pH of the polyelectrolyte solutions 

(Decher 1997) . Results show that an FO membrane fabricated through the LbL 

method has a high performance. For instance, water flux up to 100 LMH was 

achieved using a 2 M MgCl2 with good rejections (Duong et al. 2013; Saren et al. 

2011). However, it has poor performance in terms of monovalent ion rejection such 

Nanoparticle 
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as NaCl. Further studies have improved the rejection performance for monovalent 

ions by applying an additional layer of polyelectrolyte (Duong et al. 2013). 

 Figure 2.16: Shows layer-by-layer assembly of poly (allylamine hydrochloride) 

(PAH) and poly(sodium 4-styrene-sulfonate) (PSS) membrane, PSS was used as the 

polyanion and PAH as the polycation (Saren et al. 2011). 

 Biomimetic membranes 2.8.2.3

Despite a promising result for the CNT and vertically stand CNT membrane (Kar et 

al. 2012; Wang et al. 2013), currently the highest performance belongs to the 

successfully made biomimetic membrane (Honglei et al. 2012). Biomimetic 

membranes have been copied through the function of the biological membranes in 

the cells  that are characterized by their high permeability and specific selectivity 

towards water and different solutes (Xie, He, et al. 2013). Their unique performance 

is related to the proteins known as Aquaporins (AQPs). Membrane design has been 

achieved by mimicking nature through coating of vesicles and black lipid membranes 

on the top surface of a membrane substrate (Kaufman et al. 2010). Still, however, 

incorporation of aquaporin remains important (Rigaud et al. 1995). 

Regarding FO application, a novel study demonstrates an outstanding performance 
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by coating aquaporin-containing proteoliposomes or proteopolymersome on the 

surface of the membrane support followed by interfacial polymerization (Sun et al. 

2013; Xie, He, et al. 2013). Also, further study achieved mechanically robust 

Aquaporin Z-embedded biomimetic membranes for FO with high performance (Xie 

& Tong). Fabricated flat sheet biomimetic FO membrane showed 142 LMH in  PRO 

mode when 2 M NaCl was used as a DS (Honglei et al. 2012). Figure 2.17 (a) shows 

preparation procedure of aquaporin based biomimetic membranes prepared through 

an interfacial polymerization process. A thin layer (yellow line) which contains 

aquaporin forms the active layer supported by a porous support layer. Figure 2.17 (b) 

shows permeability values for FO, RO and EE-EO (polyethylethylene polyethylene 

oxide diblock membrane) to ABA and AqpZ-ABA with incorporated AqpZ 

Biomimetic membrane. It shows that incorporation of AqpZ increases the 

performance more than a fold over existing RO and FO membranes. (Kumar et al. 

2007).  

   (a)                                                                               (b) 

Figure 2.17: (a) Aquaporin based biomimetic membranes fabricated through 

interfacial polymerization (Tang et al. 2013), and  (b) Comparison of permeability 

for polymeric membranes of FO, RO and EE-EO membrane  to ABA  and AqpZ-

ABA with incorporated AqpZ biomimetic membrane (Kumar et al. 2007). 
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 Inorganic membranes 2.8.3

FO membranes prepared through organic polymers are subjected to low stability and 

severe internal concentration polarization (You et al. 2013). Thin film inorganic  

(TFI) membranes such as zeolite membranes have been widely studied in recent 

decades for liquid pervaporation and gas separation (Caro et al. 2000; Tavolaro & 

Drioli 1999). For example, tetra ethylorthosilicate (TEOS)-driven silica membrane 

has networks with micro-pores of nanometers (0.3−0.8 nm) for gas separation 

(Coterillo et al. 2008). Compared to polymeric membranes they possess a narrow 

pore size distribution and specific pore structure, a potential factor for higher 

performance in terms of higher permeability and selectivity in desalination. 

Furthermore, they show better resistance to chemical conditions. However, the 

performance of zeolite membranes can be affected by hydraulic pressure, ion 

concentration, feed solution propriety and temperature. Zeolite NaA membrane has 

been fabricated supported on a porous a-Al2O3 ceramic for RO application (thickness 

5 ≈ mm). Rejection and water flow performs through inter-crystal pores and zeolite 

pores in zeolite membranes. However, synthesis of an asymmetric inorganic 

membrane using a supporting substrate with large thickness (1−5 mm) will promote 

severe ICP in FO application. Thick porous α-Al2O3, γ-Al2O3, and TiO2  for 

pressure-driven membrane processes have been developed on a substrate with low 

flexibility (You et al. 2013). In a recent study, Shijie et al. have developed a TFI-FO 

membrane by LBL deposition of micro-porous silica xerogels on a stainless steel 

mesh (SSM) support for the FO process. They demonstrated that the ability of TFI 

membrane to sustain the FO process without any wrinkling, cracking or deformation 

under the severest conditions. This also suggests TFI has superiority over a 

polymeric FO membrane. Figure 2.18 shows TFI membrane which is made of micro-

javascript:popupOBO('CHEBI:48729','B924553G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=48729')
javascript:popupOBO('CMO:0001784','B924553G')
javascript:popupOBO('CHEBI:48729','B924553G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=48729')
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porous silica xerogels on a stainless steel mesh (SSM) frame. The results show that 

the TFI membrane could obtain water flux of 60.3 L m−2 h−1 driven by 2.0 M NaCl 

DS. The specific solute flux was  (0.19 g L−1) which is lower than (CTA) membrane 

(0.46 g L−1) (You et al. 2013). 

  
   (a)                                                     (b) 

Figure 2.18: SEM images of TFI FO membrane (a) top surface, and (b) membrane 
cross section (You et al. 2013). 
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Table 2.3: Recent FO composite membranes. DI water was used as a feed. 

 

Table 2.3 shows a summary of recent FO composite membranes made via different 

material and fabrication methods Biomimetic flat sheet composite membrane shows 

the highest performance so far while typical flat sheet membrane using CA or Psf for 

the substrate has moderate flux 20-50 L m-2 h-1. 

 

Membrane      Materials Draw 

solution [M] 

   Flux              

L m-2 h-1  

References 

Flat sheet TFC 

membrane 

Psf, PA 2.0 NaCl   19 (Yip et al. 

2010) 

CA double-skin flat 
sheet 

CA 2.0 NaCl   22 (Wang et al. 

2010) 

Flat sheet 
nanocomposite  

Psf, PA, 

CNT 

2.0 NaCl    95 (Amini. et al. 

2013) 

TFC-FO membrane Psf+ 

sulfonated  

2.0 NaCl    39 (Zhou. et al. 

2014) 

LbL flat sheet ------- 2.0 MgCl2   49 (Qiu et al. 

2011) 

Biomimetic flat 
sheet 

------- 2.0 NaCl 142  (PRO) (Wang et al. 

2012b) 
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 Custom designs of flat sheet FO membranes 2.9

Based on FO fundamentals and requirements, three factors can increase the water 

flux in FO. As mentioned in Section 2.3.2.1, TFC membranes usually consist of three 

distinct layers which include: (1) thin active layer, (2) support polymeric layer and 

(3) support backing fabric for additional mechanical strength. There are several 

options for manufacturing high performance FO membrane through separate design 

and modification for each layer. 

Before discussing the possibilities and technical approach for designing and 

modifying each layer in a thin film flat sheet membrane, the basic procedure 

involved for fabrication of TFC FO membrane which involved two steps is briefly 

explained: 

1) Casting support layer through phase inversion 

Polymer solution is prepared from 12-20 % Polysulfone (Psf) in NMP/DMF solvent 

with or without pore former. The dope solution will be degased before it is cast onto 

a thin PET fabric. The PET fabric is attached to a glass plate. PET or woven 

polyester mesh will be treated with NMP before casting. Then the excess NMP 

solvent is dried out using an air knife or paper filter. The polymer solution is then 

carefully poured on top of the fabric and casted by a casting knife. Figure 2.19 shows 

a typical hand casting knife for fabricating a FO membrane.  Immediately, the whole 

glass plate is immersed into a precipitation bath contain DI water at room 

temperature to initiate the phase inversion.  The resulting membrane film is allowed 

to rest in the precipitation bath for at least 10 minutes. Then it will be stored in DI 

water for 24 h before the forming of the polyamide rejection layer on the top surface 

of the membrane film (Yip et al. 2010). This will be explained in the next step. 
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Figure 2.19: A typical hand casting knife for fabricating FO membrane by Paul N. 

Gardner Company, Inc. 

  

2) Forming the polyamide rejection layer through interfacial polymerisation (IP) 

The membrane film is acquired from phase inversion submerged into 3% (w/v) 

aqueous solution of MPD for 2 min. Then excess MPD solution will be removed 

through an air knife. The mesh-embedded Psf substrate will be placed into a sealed 

frame to allow coating for the top surface of the membrane film only. TFC FO 

membrane modification is possible through both phase inversion and phase inversion 

steps that will be discussed in the following sections in more detail. 

 Selective rejection layer 2.9.1

The ideal FO membranes should have a large water permeability and good ions 

rejection. Water permeability is mainly determined by the properties of the support 

structure and the rejection layer while rejection is mainly obtained by a thin 
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polyamide selective layer. Therefore an ultrathin rejection layer is required to 

increase selectivity without hindering water flux. Depending on FO application and 

feed solution characteristics, the requirements for membranes thin layer properties 

and selectivity are different. For example for desalination proposes using brackish or 

sea water as a feed, the selective layer should be more and less similar to the RO 

membranes to allow  the passage of water but reject  most of the sodium and chloride 

ions (Wei et al. 2011a; Yip et al. 2010). For this purpose similar to RO the suitable 

materials are limited. They include cross linked polyamide formed by interfacial 

polymerization or cellulose acetate (CA) / cellulose triacetate (CTA) through phase 

inversion (Lee et al. 2011). Similarly, selective layer modification is limited as well. 

There are studies that have tried to improve the selective layer by chemical 

modification, applying PDA or Graphene nanosheet coating or incorporating 

nanoparticles such as zeolite and CNT on the thin PA selective layer. Those 

modifications can occur during or after interfacial polymerization for increasing 

performance or improving the selective layer properties for fouling resistance. For 

example, Ning et al. developed a Zeolite-polyamide thin film nanocomposite 

membrane by incorporating 0.02–0.1 wt. % zeolite in PA layer. TFN membrane with 

0.1 wt./v% zeolite loading performance  increased almost 80% higher compared to 

the baseline TFC membrane (Ma et al. 2012). Materials such as layer-by-layer 

polyelectrolytes and polybenzimidazole (PBI) with hydrophilic nature can be used 

for FO application other than desalination.  
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     (a)                                                           (b) 

 

  

  (c)                                                         (d) 

Figure 2.20: (a) Diagram shows ion transport through and modified and unmodified 

membranes (Zhou. et al. 2009), (b) poly(ethylene glycol)-modified nascent TFC 

membranes and surface grafted poly(ethylene glycol) chain  to repulsion of 

macromolecule (Kang et al. 2007), (c) Polyamide TFC membranes functionalized 

with graphene oxide for fouling control (Perreault et al. 2013), and (d) amine 

functionalized MWCNTs in MPD solution reacting with TMC to form better 

selective thin layer (Amini. et al. 2013). 

Figure 2.20 shows the possibilities of membrane selective layer modification through 

several different methods. Figure 2.20 (a) shows ion transport through modified and 

unmodified polyamide membranes. This TFC membrane was modified by self-
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assembly of polyethyleneimine on the membrane surface. Modification improved 

antifouling properties to cationic foulants due to the application of the 

polyethyleneimine layer on the membrane surface (Zhou. et al. 2009). Figure 2.20 

(b) shows the rejection layer modification in TFC membranes through surface 

grafted poly (ethylene glycol). Figure 2.20 (c) illustrates polyamide membranes 

functionalized with graphene oxide nanosheets for fouling control and finally Figure 

2.20 (d) shows membrane rejection layer modified through functionalized MWCNTs 

in MPD aqueous solution. Amini et al. reported that this particular modification can 

significantly improve the selective layer permeability and thus the performance. This 

novel TFN membrane was fabricated by interfacial polymerization through multi-

walled carbon nanotubes (F-MWCNTs) and functionalized amine used as additive in 

the MPD solution during interfacial polymerisation for forming the selective layer. 

The loaded F-MWCNTs were 0.01–0.1 wt%. Using 10 mM NaCl solution as feed 

solution along with 2 M NaCl solution as DS, the TFN membranes showed high 

water flux of  95.7 Lm2 h-1 with acceptable salt rejection (Amini. et al. 2013).  

 Support polymeric layer 2.9.2

In the phase inversion membranes such as CTA or PBI membranes, the support layer 

functions as both the support structure and the rejection layer (Zhang et al. 2010). 

However, regarding the composite membranes for FO, the support structure is not 

carrying both burdens. The ideal TFC FO membrane can be semi-permeable without 

the porous polymeric layer; however, without  the support polymeric structure, the 

selective layer will not be able to stand independently (Chou et al. 2010). The 

polymeric substrate gives the membrane its frame and mechanical strength and a 

cushion for a selective thin rejection layer and without it, the rejection layer will not 
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be able to be free-standing. 

The main differences between RO and FO membranes are in support polymeric 

properties in addition to support backing fabrics which will be discussed in the next 

section (section 2.10.3). High structural parameter (S value) and thick backing fabric 

support are the main factors that limit use of RO membrane for FO application. S 

values for the RO membranes are usually bigger than a few mm (1<S) while it is a 

few hundred  µm (200-700 µm) for FO membranes (Mccutcheon & Elimelech 2007; 

Yip et al. 2010). 

Previous studies suggest that more hydrophilic membrane and finger like structures  

can enhance the membrane performance (Yip et al. 2010). Furthermore, ICP and 

ECP play a crucial role in the FO membrane. Thus to minimize this effect especially 

ICP, the supporting FO membrane polymeric layer requires special chemical 

properties and structure designed to minimize the ICP effect (McCutcheon & 

Elimelech 2006c, 2007). Structural parameter which can be obtained through 

tortuosity, porosity and thickness of the membrane supporting layer, is the main 

element to improve FO membrane design. This can be achieved by designing a 

membrane with high porosity, small tortuosity and lower thickness to decrease 

structural parameter (Yip et al. 2010).  

 The main approaches to decrease the S value for FO membranes can be achieved by 

fabricating a thin membrane which is supported by a highly porous woven/non-

woven backing fabric thus increasing the porosity and the hydrophilicity of 

polymeric support by adding pore formers such as PEG and EG. Furthermore, 

enhancing membrane hydrophilic nature is possible through modification by a 

hydrophilic agent such as direct thermal sulphonation or blending with sulphonated 
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polymers. This is in addition to the casting condition in  phase inversion that has an 

obvious role in reducing ICP and  structural parameter by producing a more porous 

membrane through precipitation bath components and conditions (Tiraferri et al. 

2011a; Yip et al. 2010). 

Figure 2.21 shows a poly (phthalazinone ether sulfone ketone), PPESK, and 

sulfonated poly (phthalazinone ether sulfone ketone), SPPESK. Regardless of the 

membrane finger or sponge like morphology, substrate hydrophilicity plays a greater 

role than membrane morphology. Hydrophilic sulfonated membrane with a sponge-

like structure can perform better than a hydrophobic finger like structure FO 

membrane. Thus higher performance may depend more on support hydrophilicity 

than substrate morphology (Han et al. 2012; Widjojo et al. 2011, 2013). 

 In addition to support polymeric film through phase inversion, electrospinning has 

been recognized as an efficient versatile technique for the fabrication of polymer 

nanofiber matrix in recent years (Ma et al. 2005; Ramakrishna et al. 2006). Their 

potential application is based on the use of such fibres as reinforcement in 

nanocomposite development for medical and separation industries (Ramakrishna et 

al. 2005). Due to the precise control on the fibre size, shape and morphology, 

electrospun fibrous membranes have been used for filtration and MD processes 

successfully (Tijing et al. 2014). Regarding electrospun nanofibre film for FO 

application, the concept is relatively new. The nanofiber support layer is a porous 

structure, which provides direct routes for water and salt diffusion. Figure 2.23 

shows the schematic of FO membrane with a scaffold-like nanofiber as a support 

layer (Song et al. 2011). 
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Through (1) fabrication method (electrospinning), (2) choosing and modifying 

hydrophilic support materials, and (3) incorporating nanomaterials in membrane 

substrate during phase inversion, custom design of support layer for FO membrane is 

possible.  

Firstly, conventional thin film composite (TFC) membrane possesses the polymeric 

sponge and finger like structure substrate as support. Support membrane properties 

are the main cause for the membrane high ICP which results in poor water flux. Even 

using the same materials in an electrospun nanofiber FO membrane, the conventional 

polymeric support (sponge or finger like structure) will be replaced with a thinner, 

more porous and less tortuous nanofiber film structure (Bui & McCutcheon 2012). 

TFC membrane fabricated through nanofiber as their membrane support showed 2-5 

times higher water flux depending on fabrication condition and post treatment (Bui et 

al. 2011). Xiaoxiao et al. has reported that using polyethersulfone (PES) nanofiber as 

support layer can greatly enhance the membrane performance. Using 1M NaCl as a 

DS, water flux of 46 LMH with a reverse solute flux of 0.6 GMH was achieved 

(Song et al. 2011). The diameters of nanofibers were in the range of 50–150 nm for 

this PES nanofiber support layer with 45 µm thickness.  
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Figure 2.21: Poly (phthalazinone ether sulfone ketone), PPESK reaction into 

sulfonated poly(phthalazinone ether sulfone ketone), SPPESK. 

 

 

 

 

 

 

 

 

Figure 2.22: Schematic of FO membrane made of nanofiber (Song et al. 2011).  

 

Further studies tried to use more hydrophilic materials such as nylon 6,6  to produce 

a nanofiber matrix for the FO application (Bui & McCutcheon 2012). Nylon 6,6 

polymer was the choice of material for the support layer, mainly due to its 

hydrophilicity, good mechanical strength, and excellent compatibility with a 

polyamide selective film (Huang et al. 2013). This significantly reduces the structural 

parameter to 250 µm.  
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Secondly, custom design of an FO membrane is possible by choosing more 

hydrophilic materials like CTA or PES than hydrophobic Psf materials. Furthermore, 

modifying support with hydrophilic nature through sulphonation can modify the 

substrate properties. Incorporating nanomaterials in support polymeric layer can 

enhance and specialise the membrane properties for a specific purpose which can 

include performance enhancement or fouling resistance. This kind of membrane is 

commonly called thin film nanocomposite membrane (TFN). Figure 2.23 shows 

membrane formation from a polymer solution with graphene oxide (GO) through 

phase inversion. 

 

Figure 2.23: Schematic illustration of membrane formation from polymer solution 

with graphene oxide (GO) through phase inversion (Ganesh et al. 2013). 

 Support backing fabric 2.9.3

Membrane mechanical strength is the most important characteristic for the 

membrane to be industrialised (Yip et al. 2010). However, most of research works 

have not incorporated backing fabrics in their casted membrane. The composite 

membrane support acts as a support for the rejection layer and is comprised of two 
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elements, the backing fabric support and the porous polymeric material (Lee & Liu 

1976). The backing that is incorporated into the porous polymeric matrix is 

preferably woven, but may be non-woven in most RO membranes. For the FO, the 

woven backing is preferred over a non-woven backing material for two key reasons, 

(1) the woven backing yields membranes with sufficient mechanical integrity 

required for standard membrane manufacturing practices, and (2) the woven backing 

simultaneously minimizes water transport resistance due to the inherent large 

openings in the backing structure (Farr, Bharwada, et al. 2013). For instance, 

commercial CTA and TFC FO membrane from HTI both possess a woven polyester 

mesh. Figure 2.24 (a) shows CTA FO membrane from HTI with woven polyester 

mesh, (b) CTA FO from HTI with non-woven backing fabric, (c) thin film comosoite 

FO membrane on non-woven from Woongjin, (d) thin film comosoite FO 

membranbe on woven poleyster mesh from University of Tecnhlogy Sydney. 

Based on FO fundamental requirements for achieving high flux, the backing fabric 

should be thin and porous preferably woven fabrics. CTA FO membrane from HTI 

shows better performance than CTA FO on non-woven fabric (Wei et al. 2011b). 
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     (a)                                                         (b) 

                                    (c)                                                              (d) 

Figure 2.24: (a) shows CTA FO membrane from HTI with woven polyester mesh, (b) 

CTA FO from HTI with non-woven backing fabric, (c) thin film composite FO 

membrane on a non-woven fabric from Woongjin, (d) thin film comosoite FO 

membrane on woven polester mesh from University of Technology Sydney. 

The woven-backed membranes show a distinct advantage over the non-woven 

backing due to the overall thinness of the membrane that can be produced as well as 

reduced diffusional barrier to osmotic agent migration within the support layer (Farr 

et al. 2014). However, casting a FO membrane on fabric with this property seems to 

be challenging due to certain obstacles including: 

1) Firstly by removing any RO membrane backing fabric for quick observation and 
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comparison with the conventional backing fabric used for FO membrane fabrication, 

it is clear that the RO backing fabric is thick non-woven (200 µm) and more 

importantly it doesn’t appear to be porous (similar to note taking paper with open 

pores ≈ 1 µm). However, conventional backing fabrics either woven or non-woven 

for FO are thinner (40-70 µm) and more importantly they are porous with big open 

pores ≈ 100 µm (Figure 2.25). 

2) Due to the FO membrane backing support fabric high porosity, polymer solution 

penetrates to the back of the fabric which can cause defect points, creasing and 

wrinkling on the membrane top surface skin layer. 

3) Backing fabric pre-treatment with NMP solution will improve the casting and can 

remove the defect points to some extent, however, combining backing material and a 

porous polymer-based support into an inseparable matrix to form a defect free 

composite support layer is still a challenge. 

                               (a)                                                                   (b) 

Figure 2.25 (a) non woven backing fabric used in RO membrane, (b) poleyster mesh 

woven backing fabric used in TFC-HTI FO membrane. 

On a commercial scale, FO membrane is fabricated by casting the solution on a 

rotating drum and pulling the backing material into the solution from the top. In this 
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case, polymer penetration through the fabric will be limited because of the casting 

method this will be explained in the next section) (Herron 2008). However, 

simulating this fabrication method under laboratory conditions is challenging. 

Therefore, either using hand cast or automatic casting knife, the polymer solution 

will be poured on top of the fabric similar to the commercial RO membrane 

fabrication method. For fabrication of FO, PAO or PRO membranes to be able to be 

tested in a regular FO cell (2.7cm -8 cm) a large piece of membrane that was 

reinforced with backing fabric support is required. 

 Regarding the backing fabric custom design, there are various potential materials 

that can be used for membrane backing support. So far, metal mesh (You et al. 

2013), woven and non-woven fabrics  have been used for developing FO membranes 

(Qiu et al. 2012a; Yip et al. 2010). Also there are patented works that suggest a 

spacer fabric or polyaniline as backing support (Farr, Herron, et al. 2013). 

Furthermore, there are materials like nanocellulose or microfibrillated cellulose 

(MFC) that may be a suitable option as a backing fabric support for an engineered 

osmosis membrane. Nanocellulose stands out as a unique choice among those 

options. MFC has been around since the early 1980s and is composed of nanosized 

cellulose fibrils that can be extracted from wood. Due to good stability, durability 

and high surface area they are expected to be a promising functional entity in the 

next generation of membrane separation technologies (Mathew et al. 2013), 

including MFC-enabled FO membranes, considering the following point: 

1) There are a large number of functional groups that are present on the surface of 

the nanocelluloses substrate that gives a positive approach to modify the surface 

according to needs. 

2) MFC substrate is similar to electrospinning nanofibers. However, it may function 

http://en.wikipedia.org/wiki/Nanotechnology
http://en.wikipedia.org/wiki/Cellulose
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as both a support polymeric structure and a backing fabric support due to it stiffness; 

this may lead to a fully bio based FO membrane for different FO applications.  

 

                                        (a)                                                         (b)                                                                             

Figure 2.26 Schematic of Nanocelluloses thin membrane film (a) and SEM image of  

Nanocelluloses fibre (b) (Klemm et al. 2006). 

 Important factors in fabricating TFC FO membrane 2.10

 Membrane wrinkling, creasing and defect points  2.10.1

Wrinkling and creasing occur in the phase inversion stage during polymer 

precipitation. It is common when woven or non-woven backing support fabric is used 

for additional mechanical strength. Wrinkling is frequently related to the fabric used 

for the FO membrane fabrication because without it or using RO membrane thick 

nonwoven backing fabric, defect point and wrinkles disappear significantly. There 

are several factors that can create defect points and wrinkles. This may be the reason 

that most of the research groups had not used any backing fabrics for the FO 

membrane or if they were used, there would be a lot of defect points which would 

make only a small piece of the fabricated membranes suitable for the test. Therefore, 

making similar membrane (cast on the woven or non-woven backing fabrics) in the 
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lab condition is very challenging. However, fabrication of FO, PAO and PRO 

membrane reinforced with backing fabric support is crucial in the laboratory 

condition for further research development on engineered osmosis. 

It is worth noting that the FO fabrication method on a commercial scale is quite 

different from the method for the RO membrane and this may explain this FO 

membrane fabrication adoption for limiting the problem. The main reasons for the 

FO membrane unique fabrication style on the rotating roll related to several factors 

involved for fabrication. First of all, backing fabric support in the RO membrane is 

thick nonwoven fabric while for the  FO membrane thin non-woven or woven mesh 

can be used. Therefore, due to more porous fabric with bigger pore size, polymer 

penetration is common during the FO membrane fabrication. Although it is not 

proven that this polymer penetration is the reason for the defect point appearance and 

membrane wrinkles during phase inversion, however, due to the nature of the 

backing fabric required for the FO and lower polymers concentration (less viscose 

casting solution) for the FO membrane, the fabrication method in a commercial scale 

is quite different to prevent and limit the casting solution strike through the backing 

fabric. Figure 2.27 (a) shows the membrane fabrication RO-style where the backing 

fabric will turn on the rotating roll and then the polymer solution will be poured on 

the top surface of the fabric. In contrast, Figure 2.27 (b) shows membrane fabrication 

FO-style where the polymer solution is cast on the rotating roll then backing support 

fabric will be pulled on the top surface of the casted polymer. This FO membrane 

fabrication technique includes all three commercial FO membranes currently 

manufactured and distributed by the HTI Company. 
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     (a)                                                       (b) 

Figure 2.27: (a) Membrane fabrication RO-style, and (b) FO style. Modified figure 

from (Herron 2008). 

Based on literatures, there are suggestions for fabric pre-treatment to increase 

polymer and backing fabric compatibility or changing the precipitation bath 

component and temperature (Tiraferri et al. 2011a).  

Although wrinkle and defect points can be minimised by making the backing fabric 

compatible with the polymer solution or softening precipitation bath by NMP but 

still it exists to the point that interfacial polarization becomes very difficult or 

impossible due to various defect points and wrinkles on the membrane top surface. 

To this point, for preventing the polymer penetration, high polymer concentration 

solution will stay on the fabrics but the outcome structure will be a dense support 

with low water flux while with low polymer concentration solution will penetrate the 

back of the fabric, resulting in shrinkage, wrinkles and defect points. 
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 Membrane pore size in support layer 2.10.2

Based on membrane fabrication methods, factors for controlling the membrane pore 

size in the support layer are different. For instance, for the polymer precipitation by 

solvent evaporation which was the earliest methods of making micro porous 

membranes, pore size mostly depends on evaporation time before non-solvent 

treatment. Figure 2.28 (a)  shows SEM images of cellulose acetate membranes 

fabricated from acetone and 2-methyl-2,4-pentanediol. If the evaporation step is 

extended before phase inversion by plunging in water, average non-solvent droplet 

diameter will be larger and as a consequence the average pore size will be larger. It 

seems polymer concentration and non-solvent miscibility in the precipitation bath 

with solvent in polymer dope plays a crucial role in achieving the finger-like 

structure. Figure 2.28 (b) shows a polysulfone membrane obtained by phase 

inversion through precipitation bath. The schematic diagrams shows phase inversion 

in two different precipitation baths and their effect on membrane structure. 

Precipitation bath contains non solvent with high miscibility with solvent exit in the 

polymer solution that leads to fast solvent non solvent exchange during phase 

inversion which results in finger-like morphology in the membrane substrate (Mark 

& Kroschwitz 1989; Miller et al. 1966).  
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(a)                                                                 (b) 

Figure 2.28: (a) SEM images of CA membranes fabricated from acetone and 2-

methyl-2,4-pentanediol. The evaporation time is different for four samples (Mark & 

Kroschwitz 1989), (b) SEM images of PSF membranes fabricated from a solution of 

NMP and different non solvent in the precipitation bath (Guillen et al. 2011).  

 Then, membrane pore distribution and pore size, first can be controlled (1) through 

different non-solvent and solvent components in the precipitation bath, and (2) 

through polymer casting solution concentration and pore former additives like PEG, 

EG and LiCl3. Lower polymer concentration leads to a membrane with macrovoid 

and finger- like morphology in their structure while higher polymer concentration 

leads to a dense membrane substrate (Wang et al. 2012b; Yip et al. 2010). Thus, 

applying additives is usual for preparing a membrane with a higher concentration to 

produce micro and nano pores across the membrane substrate. Custom design of 

membrane support layer is possible through a different protocol, precipitation bath 

conditions to obtain the desired structure, porosity and morphology.  FO membrane 

porosity and optimum pore size are crucial factors especially at the membrane top 

surface skin layer for successful interfacial polymerization (this will be discussed in 

the next section).  
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 Membrane pore size in skin layer 2.10.3

The possible ways to control the membrane pore size in the membrane skin layer and 

then the role of porous skin layer properties and pore size on membrane fabrication 

(successful interfacial polymerization) and performance are important. 

Membrane pore size on the skin layer has a greater effect on interfacial 

polymerization than pore size in the membrane substrate. Interfacial of TFC 

membrane was used to produce RO membranes with improved performance in terms 

of salt rejections and water fluxes compared to those fabricated by the Loeb– 

Sourirajan method in the early 60s. For the FO membrane, a selective polyamide 

layer can be formed via interfacial polymerization similar to the RO membrane. 

Rejection PA layer forms through the reaction of MPD saturated membrane film 

when exposed to TMC solution either in hexane or ISOPAR-G solution (zinc salt of 

mono-2-butyloctyl phosphate). As a result, the MPD and TMC then react at the 

interface of the two solutions (on the top surface of a membrane film) to form an 

extremely thin membrane rejection layer. Figure 2.29 shows the interfacial 

polymerization process in the TFC FO membrane.  

Based on these fundamentals, the following points can be obtained; (1) a porous 

membrane skin layer is essential to initiate the IP reaction, (2) IP reaction is a result 

of MPD eruption from pores when the membrane surface is exposed to the TMC 

solution. 
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Figure 2.29: Schematic diagram of the interfacial polymerization process. 

Surface porosity of polysulfone membrane and pore size are important parameters 

for developing different kinds of TFC membranes. Figure 2.30 shows an illustration 

of polyamide–polysulfone layers from Type 1 (smaller pore size) and Type 2 (bigger 

pore size) TFC membranes. The TFC membrane marked as type 1 shows superior 

salt rejection than type 2. This study shows a two-fold thicker skin layer in type 1 

membrane because of decreased penetration of polyamide into the pores of Psf with 

smaller pore size than type 2. However, in the type 2 membrane, the polyamide filled 

the pores while the skin layer is relatively thinner. PA layer was 0.2 µm for type 1 

versus 0.1µm for type 2. 

 This increases  the possibility of higher defect points across the membrane thin PA 

layer, consequently, lower salt rejection is achieved (Singh et al. 2006). Membrane 

with larger hydrophilicity used in type 2 favours penetration of the diamine monomer 

into the pores. Thus polyamide formation is accomplished inside the pore. 
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Figure 2.30: Illustration of polyamide–polysulfone layers for two 

type TFC membrane (Singh et al. 2006). 

 

 

Figure 2.31: The effects of PSF substrate and chemistry in producing TFC membrane 

through MPD-TMC reaction (a) higher permeability and surface with relative 

roughness, (b) relatively impermeable and medium surface roughness, (c) the highest 

permeability and the highest roughness, and (d) the lowest permeability and medium 

surface roughness (Ghosh & Hoek 2009a). 

 

Another comprehensive study evaluated the membrane pore size and chemical 

properties on interfacial polymerisation (Ghosh & Hoek 2009a). Figure 2.31 
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illustrates the scenario of interfacial polymerisation on PSF support with different 

chemical properties and pore size. Substrates (a) and (b) have the same pore size and 

so on for (c) and (d) but with pores at least twice as large as samples (a and b). 

Substrate (a) is a more permeable TFC membrane with rougher surface than (b) 

membrane. Generally, hydrophobic skin layer pores produced a membrane which is 

more permeable with rougher surface due to less polyamide formation within the 

pores. Similarly for the substrates (c) and (d) that had similar pores size but different 

hydrophilic properties. Substrate (c) was more permeable than (d) sample and had 

the most permeable substrate with highest surface roughness among all samples. This 

is related to bigger pore size compared to (a) and (b) substrates and its hydrophobic 

property compares to the (d) substrate. Pores with hydrophilic properties are prone to 

polyamide formation inside thus produced thinner PA layer, less rough surface with 

much lower permeability. These results can help for a better design of FO 

membranes, which requires porous and hydrophilic substrate (Ghosh & Hoek 

2009a). 

 Concluding remarks and recommendations 2.11

Engineered osmosis processes have risen as an emerging technology in recent years. 

 It has potential in several applications such as water purification, desalination, 

wastewater treatment, power generation and food processing. It is unlikely for FO to 

take over the dominant desalination technology such as RO in the near future. 

However, it is still attractive considering its fast growing application and hybrid FO 

systems for desalination and energy production due to FO advantages over pressure 

based membrane technologies. Nevertheless, FO needs to overcome challenges 

before practical large scale application. Development of suitable FO membranes and 
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suitable draw solutes can significantly shift the commercial interest and FO 

competition capability to the other desalination technologies. Application of FO on 

hybrid systems is a very good opportunity to expand engineered osmosis. Although 

DS and fluid management are not limiting factors in hybrid systems as much as 

single stand FO. However, finding a suitable membrane with a high mechanical 

strength remains as an important issue. Any successful FO application particularly in 

PAO and hybrid FO units depends on a novel customized enhanced robust FO 

membrane. 
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 Introduction  3.1

The experimental work covers fabricated forward osmosis (FO) and pressure assisted 

osmosis (PAO) membranes and a comprehensive investigation of the PAO process 

using CTA membrane with different feed solution (FS) and draw solution (DS). 

Developed FO and PAO membranes were evaluated using mainly NaCl as DS and 

DI and brackish water (BW) as FS. The PAO process was investigated as a post-

treatment process for the fertiliser drawn FO (FDFO) desalination process. The new 

pressure assisted fertiliser drawn osmosis (PAFDO) process was assessed to 

potentially eliminate NF post-treatment in the FDFO desalination unit.   

Basic membrane properties such as salt rejection and water permeability for the 

fabricated membranes as well as the commercial membrane were determined by the 

RO process. Membrane fabrication materials and characterisation procedures for the 

FO and PAO process were carried out in this chapter. Descriptions of the detailed 

fabrication method and developing procedures specific to certain work can be found 

in their respective chapters. 

 Experimental Materials 3.2

 Membranes fabrication materials 3.2.1

Polyethersulfone (PES) granules (Mn: 55,000 - Good fellow, UK), Polysulfone (Psf) 

25000 (Sigma–Aldrich Pty. Ltd, Australia), and Polyester mesh woven fabric 

(PETEX 07-11/5, 07-40/25, SEFAR Pty. Ltd, Australia) was used for preparing the 

membrane polymeric support. 1-methyl-2- pyrrolidinone (NMP, anhydrous, 99.5%), 

Polyethylene glycol (PEG, MW 400) (Sigma–Aldrich Pty. Ltd, Australia) were used 

in the casting solution. M-phenylenediamine (MPD, >99%), 1,3,5-
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benzenetricarbonyl trichloride (TMC, 98%) and n-hexane (Sigma–Aldrich Pty. Ltd, 

Australia) were used for interfacial polymerization. 

The sulphonated Polyethersulfone (SPES) polymer was prepared by a method 

described by Zhou and Xiao et al (Xiao et al. 2010). The detail procedure will be 

discussed in the respective chapter. The sulphonated PES polymer was synthesized 

and prepared at the National University of Singapore (NUS). The detailed procedure 

will be presented at the respective chapter. Chemicals were used as received for the 

synthesis of SPES polymer; 4,40-difluorobenzophenone (DFBP) and  2,2-Bis(4-

hydroxy-3,5-dimethyl-phenyl) propane (TMBPA) were obtained from (Sigma–

Aldrich Pty. Ltd, Singapore). Sodium hydroxide and fuming sulphuric acid of 50% 

were received from Wako Junyaku Kogyo Co. Ltd.  CTA FO membranes were 

obtained from HTI (Albany, OR) and FO and RO membranes from Woongjin 

Chemicals, Korea were used for comparison and validation purposes. 

 Chemicals used as draw and feed solution 3.2.2

Sodium chloride (99.5%) was utilized as the draw solute to prepare the feed and 

draw solutions for the fabricated membrane performance evaluation. The deionized 

(DI) water was produced by a Milli-Q unit (Millipore) with a resistivity of 15 MΩ 

cm. Three other draw solutes for the PAO investigation were fertilisers. Mono 

ammonium phosphate (MAP) or NH4H2PO4, ammonium sulphate (SOA) or 

(NH4)2SO4, and potassium chloride or KCl were just used in the PAO experiment. 

The thermodynamic properties of the solutions such as osmotic pressure, viscosity, 

diffusion coefficient and density were analysed using a thermodynamic modelling 

software OLI Stream Analyser 3.2 (OLI Systems Inc., Morris Plains, NJ, US).  
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 Membrane fabrication procedure 3.2.3

The PAO flat sheet TFC substrates were fabricated on a woven polyester mesh 

fabric. However, the sulphonated PES membrane was fabricated without any backing 

fabrics and evaluated as a FO membrane. Both TFC PAO and TFC FO membrane 

fabrication procedures required two stages. First, the casting of a membrane polymer 

support with or without backing support was prepared via phase inversion. The 

second stage was the formation of a thin rejection layer through interfacial 

polymerization.  

Prepared polymer dopes were degassed using digital bench top ultrasonic cleaners 

(Soni clean Pty Ltd, Australia) before using the solution for casting. Flat glass plate 

was used as a fabrication ground for the stainless steel film applicator (Sheen 

Instruments Ltd, UK) with an adjustable gate. Figure 3.1 shows the film applicator 

used to fabricate membranes in this study. The casted membrane was sunk 

immediately into a water bath to initiate the first stage which is phase inversion to 

prepare the membrane polymeric support. 

The resultant membrane was soaked in a solution of 3.4% wt aqueous MPD solution 

for 120 seconds. Air knife was used to remove the excessive MPD solution on the 

membrane surface. Figure 3.2 shows the membrane frame which was used for 

interfacial polymerization. The membrane substrate was placed in a frame that was 

sealed around the corners and bottom but open on the top side. This allows the TMC 

solution just to react with the top surface of the substrate where the rejection layer is 

needed. N-hexane solution of 0.15-0.3 wt % TMC was gently poured onto the 

membrane top surface and was allowed to react for 60 sec to form the ultra-thin PA 

rejection layer. The resultant composite membrane was rinsed with DI water to 

remove the residual solution and stored in DI water at 4◦C for characterization.  
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Figure 3.1:  Stainless steel film applicator and the glass plate. 

 

Figure 3.2: Membrane frame which was used for the interfacial polymerization. 
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 Membrane characterizations 3.3

 Basic characterisation 3.3.1

 Thickness was measured by digital micrometre (Model 293-330 Mitutoyo, Japan). 

Water permeability and membrane salt rejection which was relevant to this study was 

carried out through the RO unit. 

 Field Emission Scanning Electron Microscope (FESEM)  3.3.2

Membrane cross section and rejection layer surface morphology was obtained via 

high-resolution Schottky Field Emission Scanning Electron Microscope (SEM, Zeiss 

Supra 55VP, Carl Zies AG, Germany). The membrane was dried at vacuumed 

condition then samples were flash frozen in liquid nitrogen before fracturing. For the 

membrane with a backing fabric a sharp razor was used for a decent cut. For better 

SEM images resolution, all samples were sputter coated with a thin layer of carbon 

before observation, using Balzers Sputter Coater (SCD 050, BAL-TEC, Germany) 

with applied operating 10-15 kV. Figure 3.3 shows the high-resolution Schottky field 

emission scanning electron microscope to obtain the SEM images.  
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Figure 3.3: High-resolution Schottky field emission scanning electron microscope 
(SEM Zeiss Supra 55 VP). 
 

 Forward osmosis (FO) and pressure assisted osmosis (PAO) test 3.4

 FO lab scale set up and performance tests 3.4.1

Fabricated FO membranes and all related experiments were carried out using the FO lab 

scale set up. Figure 3.4 shows the lab scale FO unit used for the experimental studies. 

The illustrated FO unit is comprised of an FO cell with a carved channel in both sides. 

Effective membrane area of 2.002 x 10-3 m2 dimensions is 7.7 cm length x 2.6 cm 

width x 0.3 cm depth. 

Crossflow rate for all FO and PAO experiments was 400 ml/min. Crossflow was 

controlled by two variable speed peristaltic pumps (0.07 HP, Thermo Fisher 

Scientific, USA and Cole Palmer model 75211-15, 50-5000 RPM). The temperature 

of all feed and draw solutions was controlled heater/chiller. It was maintained at 
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25±1°C for all FO and PAO experiments. Performance of the membrane in terms of 

water flux in all experiments was measured from the continuous changes in the DS 

tank. A digital mass scale was connected to a computer and the accumulated flux 

data was printed on excel sheet via software at three-minute intervals. Each test was 

run for a period of at least four hours. 

 

 

Figure 3.4: Schematic of the lab-scale crossflow forward osmosis experimental 

setup. 

DS with different molar concentrations and FS solution with different properties 

were used to evaluate the fabricated membranes. A balance (EK-4100i, A&D 

Company Ltd., Japan) connected to a computer continuously printed down the 

change in the DS tank every 3 min. The permeated water flux was calculated from 

the average volume change of the FS and DS: 

𝐽𝐽 = ΔV
Δt.Me                                                                                                                 (1) 

Where ΔV (L) is the permeated water to a DS tank Δt  is the time (h) for the collected 

water and Me is the membrane surface area (m2). Fabricated membranes were 

evaluated under two FO modes. In the PRO mode, the DS was in direct contact with 
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the rejection layer and the feed solution was in contact with the membrane backing 

support while in the FO mode it was vice versa. 

The initial volume for the DS and FS were 2.0 L for each tank. The solutions were 

pumped by gear pump passing through a flow-meter and then the membrane in the 

FO cell. Solutions were returned to their respective tanks after passing through a 

temperature controlling bath. Thus the DS was continuously diluted while the FS 

concentration was increased. This was continued for a period of time and it was 

declined until both solutions had reached an osmotic equilibrium state. Each 

experiment was run for duration of at least four hours to achieve a reliable data 

reading especially in regards to the reverse diffusion of draw solutes. 

 PAO lab scale set up and performance tests 3.4.2

Performance of the fabricated TFC-PAO membranes and all related PAO 

experiments was obtained through a bench-scale crossflow filtration unit. The 

schematic layout of the bench-scale crossflow PAO lab scale setup is shown in 

Figure 3.5. It is similar to the bench scale FO unit used in this study in terms of cell 

dimension. It consisted of one gear pump and one pressure pump each connected to 

the crossflow membrane cell with channel dimensions of 2.6 cm width and 7.7 cm 

length. However, in all PAO experiments, the channel on the DS side of the 

membrane cell was filled with 6 razor cut layers of polystyrene spacers to prevent 

membrane damage. For generating applied hydraulic pressure on the feed side in the 

PAO experiments, a nanofiltration pressure pump was used for producing hydraulic 

pressure. The amount of hydraulic pressure was regulated manually via a pressure 

valve.  
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The pressure pump could generate 10 bars at the maximum capacity. For the PAO 

the applied pressure was varied between 0 and 10 bar. The crossflows and 

temperature for both the DS and FS were similar to the bench scale FO experiments. 

The reverse diffusion of the draw solutes was obtained by measuring the electrical 

conductivity (EC) through a multimeter (CP-500L, ISTEK, Korea) when DI was 

used as feed. In the case when BW was used as FS, cations were analysed using ICP-

MS.  

 

Figure 3.5: Schematic of the lab-scale experimental setup for pressure assisted 

osmosis process. 

 Water contact angle 3.4.3

The contact angles of membranes were obtained with the sessile drop method, using 

an Optical Tensiometer (Attension Theta Lite 100, Biolin Scientific, Finland). Figure 

3.6 shows an Optical Tensiometer to measure contact angles in this study. Membrane 

samples were dried in a vacuum at room temperature for 24 h. Small deionized water 

droplets (5-7µL) were applied onto a levelled membrane surface and water drops 

reaction were captured by a camera and the imaging software determines the contact 
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angles.  At least 3 measurements were obtained to get the average value in order to 

minimize the measurement error. 

 

Figure 3.6: Optical tensiometer using the sessile drop method to measure membrane 

contact angles. 

 Membrane porosity 3.4.4

The membrane was fully wetted overnight. Excess water from the membrane surface 

was removed using tissue paper and then the membrane was weighed. After drying at 

a vacuum condition for 24 hours the membrane weight was measured again. 

Membrane porosity (ε) was obtained by measuring the dry mass (W2) and wet mass 

(W1) of membrane samples according to the following equation (Sukitpaneenit & 

Chung 2009) : 

𝜀 = (𝑊1−𝑊2)/𝜌𝜌

�𝑊1−𝑊2
𝜌𝜌 �,+[𝑊2/𝜌𝜌]

  × 100                                                                                   (2) 
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Where  𝜌𝜌  and  𝜌𝜌  are density of wetting solvent (Isopropanol ethanol in the 

current study) and membrane, respectively (Sukitpaneenit & Chung 2012; Wang et 

al. 2012b). 

 Mechanical strength  3.4.5

Tensile strength was evaluated using an Instron bench-type tensile test machine 

(LR5K Plus). 

Figure 3.7 shows the bench-type tensile test machine used in this study. The 

maximum load limit was 100 N according to ASTM D882-10 while the crosshead 

speed adjusted to 5 mm/min. At least three sticky tape shaped specimens for each 

fabricated membrane sample were tested and the average was reported as the tensile 

property for each sample.  

Figure 3.7: Bench-type tensile test machine for measuring membrane tensile 

strength. 
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 Measurement and data analysis 3.5

 Pure water permeability 3.5.1

Pure water permeability (PWP) or A coefficient properties of fabricated TFC 

membranes and CTA membrane used in the PAO process were measured in the same 

cross-flow filtration setup used for the PAO test (Figure 3.5), in the RO testing mode. 

The A value can be reported on (LMH bar-1) or (L M-2h-1).  The water permeability 

coefficient (A) was calculated through an applied pressure range of 1–10 bar on the 

membrane selective layer with DI water as a feed. The A value was obtained 

according to the following equation: 

𝑃𝑃𝑃 (𝐴) = 𝑄
𝑀𝑀𝑀∗ΔP

                                                                                                   (3)                                                                                                                                                               

Where Δp is the applied pressure, Q (L h-1) is the water permeation volumetric flow 

rate, Mem (m2) is the membrane area. 

 

 Salt rejection and salt permeability tests 3.5.2

The membrane salt rejection and salt permeability, B values of the FO/PAO 

membrane were measured in the same PAO setup (Figure 3.5) in RO mode over 1–

10 bar. BW10 NaCl was used as the feed solution. Rejection was determined based 

on conductivity measurement (Ultra Meter IITM 4P, Myron L Company, CA) of the 

feed and permeate. 

𝑅 = 𝐶𝐶−𝐶𝐶
𝐶𝐶

  × 100%                                                                                                 (4) 

Where Cf is the salt concentrations in the feed tank and Cp is the salt concentrations 

in the permeated flux. Accordingly, B value, the salt permeability was calculated 

according to the following equation (Lee et al. 1981b): 

𝐵 = 𝐴(1−𝑅)(Δp−Δ𝜋)
𝑅

                                                                                                     (5) 
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Where ΔP the applied pressure and R is the salt rejection of the membrane during 

rejection test in the RO mode, Δπ is the difference in the osmotic pressure across the 

membrane.   

 Measurement of the reverse solute flux 3.5.3

FO and PAO are associated with two different solution concentrations on each side 

of the membrane. Bidirectional movement of solutes is possible in membrane used in 

the FO and PAO process. However, this bidirectional movement is measured and 

named differently. Salt rejection is referred to the amount of solute fluxes that can 

pass through the rejection layer for the feed to the other side of the membrane while 

the reverse solute flux (RSF) is referred to the amount of solute fluxes in the feed 

permeated from draw solutes. The specific RSF (SRSF)  is measured as a ratio 

(SRSF=Js/Jw) of reverse draw solute flux (Js) and the water flux (Jw) while Js (where 

Js =B*ΔC) is given as a function of the solute permeability coefficient B and the 

concentration difference ΔC (where ΔC=CD-CF)   (Phillip et al. 2010). Feed solution 

conductivity is measured via conductivity meter (Model: H270G-BNDL, Hach). The 

conductivity meter probe was placed in the FS tank and conductivity of the FS was 

recorded every 3 minute using data logging features. This data was then used to evaluate 

the RSF trend. Standard conductivity curve was used to find the RSF values for 

particular sets of experiment where the DI water was used as feed and the single 

component solute such NaCl was used as the DS. 

 Determining membrane structural parameter  3.5.4

A large structural parameter is responsible for severe ICP in the FO membrane.  In 

general, the membrane structural parameter or S value can be measured by 

calculating the support layer thickness (𝑡) and tortuosity (𝜏) over its porosity (ε): 
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𝑆 = 𝑡𝑡
𝜀

                                                                                                                          (6) 

However, calculating the S value based on Eq (5) is challenging when the membrane 

tortuosity (𝜏) is not clear. In this study, the membrane structural parameter for the FO 

and PAO membrane was measured through the following calculation. 

Based on the classical ICP model developed by Loeb et al. (Loeb et al. 1997), the 

water flux can be calculated by the following equations in the FO process: 

 𝐽𝑤 = 𝐷
𝑆

 �𝑙𝑙 𝐴𝐴𝐷,𝑏+𝐵
𝐴𝐴𝐹,𝑏+𝐽𝐽+𝐵

 �                                                                                           (7) 

Where D is the bulk diffusion coefficient of the draw solute, B is the salt 

permeability coefficient of the membrane active layer,   and  𝜋𝐷,𝑏 is the bulk osmotic 

pressure of the FS and DS respectively. In the experimental tests, the membrane 

effective structural parameter can be determined using the empirical equation 

previously described. The water flux, Jw, was measured with the membrane in the 

FO mode (rejection layer facing the feed solution) using a 1 M NaCl DS and DI 

water as FS. Based on equation 7, the membrane support structural parameter was 

calculated using the following equation:  

𝑆 = �𝐷𝐷
𝐽𝐽
� 𝑙𝑙 𝐴𝐴𝐷,𝑏+𝐵

𝐴𝐴𝐹,𝑏+𝐽𝐽+𝐵
                                                                                              (8) 

However, the solute diffusion resistivity, K, within the porous support can be used to 

obtain the structural parameter as well. It can be defined as in the following equation. 

𝐾 = 𝑡𝑡
𝜏𝜏

= 𝑆
𝐷

                                                                                                                 (9) 

D is the bulk diffusion coefficient of the draw solute, and S is the structural 

parameter of the membrane referred to in equation 1. This equation can be used to 

estimate the structural parameter as well.               
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 Introduction  4.1

Forward osmosis (FO) has been recently emerging as an alternative membrane 

process for desalination. Unlike the reverse osmosis (RO) process, which operates at 

very high hydraulic pressure, FO simply utilises osmotic pressure difference between 

the concentrated draw solution (DS) and the feed solution (FS) as a driving force to 

transfer water across the semipermeable membrane without using pressure or energy 

(Cath et al. 2006; Holloway et al. 2007; Shuaifei et al. 2012). The only energy 

required is simply for maintaining adequate crossflows that provides dynamic 

contact with the FO membrane which otherwise would result in severe concentration 

polarisation (CP) effects, thereby reducing the water flux. Several research works 

have been published on the potential applications of the FO process including 

desalination for potable water, water treatment, wastewater treatment, membrane 

bio-reactor, food industries, pharmaceutical industry and recently in desalination for 

irrigation (Achilli et al. 2009; Garcia-Castello et al. 2009; Holloway et al. 2007; 

Phuntsho et al. 2011). 

However, FO is a concentration-based process because of which it has its own 

process limitations. One of the major limitations is that, the water fluxes in the FO 

process have been observed to be much lower than the expected water flux based on 

the bulk osmotic pressure difference between the DS and FS. This low process 

efficiency is caused by severe CP effects present on both sides of the FO membrane 

unlike in the pressure based membrane process where CP effect is present only on 

the feed side of the membrane. The second major limitation of the FO process is that, 

the transfer of water across the membrane towards the DS from FS occurs until the 

point at which the osmotic pressure of the DS reaches equilibrium with the FS. Once 
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osmotic equilibrium is attained, the water flux becomes zero and therefore further 

dilution of the DS beyond this equilibrium concentration is not possible without 

providing external driving force. This means that, the final concentration of the 

diluted DS will still have osmotic pressure equivalent to the osmotic pressure of the 

FS. The lowest possible concentration of the diluted DS in the FO process is at 

osmotic equilibrium with the incoming fresh FS for FO modules operated with the 

DS and FS under counter-current crossflow directions. If the FO process is operated 

with DS and FS under the co-current crossflow directions, the final concentration of 

the diluted DS will in fact have osmotic pressure equal to the feed concentrate, much 

higher than the osmotic pressure of the fresh FS(Phuntsho. et al. 2014). This final 

concentration of the diluted DS will have a significant bearing on the post-treatment 

process especially where complete separation of draw solutes and the pure water is 

necessary. Unless the FO process is used, in which the diluted DS can be directly 

used without the need to separate the draw solutes and the pure water, FO cannot be 

used as a standalone process. Recently, the integration of several other processes 

with FO were reported such as with RO (Bamaga. et al. 2011; Choi et al. 2009), 

nanofiltration or NF (Phuntsho et al. 2013; Tan & Ng 2010), ultrafiltration  or UF 

(Ling & Chung 2011a), membrane distillation  or MD (Wang et al. 2011; Xie, 

Nghiem, et al. 2013), etc. 

One of the practical applications of the FO process is in the desalination for irrigation 

purpose since the cost of RO desalinated water remains high and commercially not 

viable for irrigation. Phuntsho et al. has reported several studies on the fertiliser 

drawn FO (FDFO) process in which a concentrated fertiliser solution is used as DS 

(Phuntsho et al. 2011; Phuntsho. et al. 2013). The advantage of this process is that, 



 

106 
 

the final diluted fertiliser solution can be applied directly for fertigation of crops 

without requiring additional process to separate and remove the fertiliser draw 

solutes from the diluted DS unlike for the potable purpose. Fertilisers DS can be even 

customised as per the requirements of  a particular crop or growth stage. However, 

when a saline feed water with high TDS is used for desalination, the final diluted 

fertiliser DS at osmotic equilibrium could contain fertiliser or particular nutrient 

concentrations much higher than acceptable limits for fertigation. Several approaches 

were suggested in our earlier studies to reduce the fertiliser concentrations in the 

diluted fertiliser DS. These included using blended or mixed fertilisers containing 

multiple nutrients as DS to reduce the concentration of particular nutrient (Phuntsho. 

et al. 2012), using NF as either pre-treatment or post-treatment to reduce the fertiliser 

concentration (Phuntsho et al. 2013; Phuntsho. et al. 2012), using dual stage FO 

process for desalination and wastewater treatment (Cath et al. 2010; Phuntsho, 

HoKyong, et al. 2012) and applying pressure on the FS during the FO process 

(Sahebi et al. 2015) .  

Few studies have recently reported on the concept of introducing an applied 

hydraulic pressure during the FO process with the aim of enhancing the water flux 

(Blandin et al. 2013; Choi et al. 2009; Coday et al. 2013; Oh et al. 2014; Yun et al. 

2013a). This approach exploits the synergies of the two driving forces (osmotic 

pressure and the hydraulic pressure) in a single stage.  Such study was driven mainly 

by the desire to enhance water flux and feed recovery rate to compensate the low 

efficiency of the FO process due to CP effects and the dilutive internal CP (ICP) 

effect in particular. The in-situ combination of the FO and RO process in a single 

stage may offer other advantages such lower footprint of the FO process and 
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enhanced dilution of the final DS that can reduce energy for the post-treatment 

process. In the published literature so far, several different terms are used to describe 

this particular mode of FO process using applied pressure such as pressure assisted 

osmosis (PAO) (Oh et al. 2014),  pressure assisted FO (PAFO) (Yun et al. 2013a), 

assisted FO (AFO) (Blandin et al. 2013) and pressurised FO (PFO) by Cody et al. 

(Coday et al. 2013) although the term PFO was used only in the form of graphical 

abstract and not exactly defined in their paper. Although, all these terms describe the 

same osmotic process, we have used the term pressure assisted osmosis or PAO in 

this study as this term seems to more consistently distinguishes it from the pressure 

retarded osmosis (PRO) for osmotic power generation, a closely related process but 

where the pressure is applied on the DS side of the membrane. This is similar to the 

preferred use of term forward osmosis to more consistently distinguish it from the 

term reverse osmosis. In other terms used for the FO process include direct osmosis, 

osmotic dilution, etc. However, all other terms used in describing the FO process 

with hydraulic pressure applied on the FS is considered to have identical meaning 

with the PAO process.  

The use of combined driving forces could be more advantageous particularly for 

FDFO desalination process where the maximum dilution of the fertiliser DS is 

preferred for meeting the nutrient concentrations acceptable for direct fertigation 

rather than to separate the fertiliser DS. The main objective of this study is therefore 

to evaluate the potential  application of PAO in the FDFO process, hereby termed as 

pressure assisted fertiliser drawn osmosis or PAFDO process. The hydraulic pressure 

applied during the FDFO process could enhance the dilution of the fertiliser DS so 

that final diluted fertiliser solution can then be applied directly for fertigation 
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potentially eliminating the need for an additional post-treatment process such as NF 

for nutrient reduction. The specific objectives of the study are therefore to validate 

PAO process through lab-scale experiments and theoretical models, evaluate the 

effective gain in water flux in the PAFDO process under different DS and FS 

concentrations and assess the significance of the PAFDO process and its implications 

for modular applications. We report here how PAFDO process could be very 

effective in generating water flux even after the DS concentration has reached the 

point of osmotic equilibrium with the FS, thereby achieving much higher dilution of 

the fertiliser DS. 

 Classification of osmotic processes and modelling 4.2

Solutions containing dissolved solutes in water generate osmotic pressure. When a 

hydraulic pressure higher than the osmotic pressure of the FS is applied, the water 

comes out of the membrane rejecting and leaving the salt behind and this process is 

termed as RO. Osmosis, on the other hand however, refers to the spontaneous flow of 

the water through a semi-permeable membrane from a low concentrated solution to 

higher concentrated solution. This same principle is adopted in the FO process where 

the concentrated DS is used as a driving force for desalination. 

The general equation for the water transport through the salt rejecting membranes is 

given by the following equation (Ling & Chung 2011a; McCutcheon. & Elimelech. 

2007).  

𝐽𝑤 = 𝐴 [∆𝑃 −  𝜎∆𝜋]                           (1) 
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Where Jw is the water flux, A is the pure water permeability coefficient, ∆π is the net 

pressure between the feed and the permeate (or filtrate), ∆P is the applied hydraulic 

or trans membrane pressure and σ is the reflection coefficient (generally assumed 

unity for salt rejecting membranes). The net osmotic pressure (Δπ) can be written as 

follows: 

∆𝜋 =  𝜋𝐹 −  𝜋𝑝                              (2) 

Where πF is the osmotic pressure on the FS and the πp is the osmotic pressure of the 

permeate or filtrate. 

Based on hydraulic pressure applied either on the FS side or the DS side, the osmotic 

processes may be classified into four different types, which may be described by the 

conditions stated below. This same processes have been presented in Figure 4.1, 

modified from the osmotic processes phenomenon described by Lee et al. (Lee et al. 

1981b): 

Forward osmosis (FO): ΔP = 0, driving force = πD – (πF - πp) 

Reverse osmosis (RO): ΔP > Δπ, driving force = ΔP - (πF - πp) 

Pressure retarded osmosis (PRO): ΔP < Δπ, driving force = πD – (πF - πp) - ΔP 

Pressure assisted  osmosis (PAO): ΔP < 0, driving force = ΔP – (πF - πp - πD)  

Where πD is the osmotic pressure of the DS. While the principles of the PRO and FO 

processes are similar however, in the PRO process, the pressure is applied on the DS 

side (ΔP < Δπ) opposite to the osmotic gradient that partially retards the water 

crossing the FO membrane generated by the osmotic driving force. This creates 
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hydraulic pressure within the DS chamber that in turn can be used to drive a 

hydraulic turbine to generate osmotic power. The DS in the PRO process is located 

on the active layer side of the membrane so that the membrane can withstand the 

hydraulic pressure in the DS chamber.  

For the PAO process however, the hydraulic pressure ΔP is applied on the FS side 

unlike in the PRO process where ΔP is applied on the DS side although in both the 

processes, the ΔP is applied on the active layer side of the membrane. The PAO 

process can therefore be described as an in-situ combination of RO and FO 

processes. The total osmotic pressure on the permeate side is therefore a combination 

of both the osmotic pressure of the permeate (πp) and the DS (πD) that is already 

present on the permeate side of the membrane. Hence, ∆π can be re-written by 

adding the osmotic pressure of the DS (πD) on the permeate side of the membrane as 

below. 

∆𝜋 =  𝜋𝐹 − (𝜋𝑝 +  𝜋𝐷)                             (3) 

Equation (1) can therefore be re-written as follows for the PAO process: 

𝐽𝑤 = 𝐴 �∆𝑃 −  �𝜋𝐹 −  𝜋𝑝 −  𝜋𝐷��                            (4) 

Osmotic pressure of the permeate is comparatively lower than the DS and hence can 

also be safely neglected (πp = 0).  

Equation (4) is however relevant only under static condition. Once the process starts 

and becomes under dynamic condition, the transfer of water across the membrane 

alters the solute concentrations at the membrane surface boundary layer, 

phenomenon we know as CP effects. Two independent solutions exist on each side 
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of the membrane in the FO or PAO process that results in two different types of CP 

phenomena: concentrative CP on the membrane surface towards facing the FS and 

dilutive CP on the membrane surface facing the DS. Given that the synthetic 

polymeric membranes are generally asymmetric (thin active layer on the porous 

support layer), each of these CP effects could occur either on the active layer 

(external CP or ECP) or inside the support layer (ICP). For FO process operated in 

FO mode (FS facing the membrane active layer and DS facing the porous support 

layer), CP phenomena involve both concentrative ECP and dilutive ICP. 

Concentrative ECP occurs at the membrane active layer because the concentration or 

the osmotic pressure of the feed at the membrane surface increases due to permeation 

of water through the membrane and rejecting the salt. The feed osmotic pressure at 

the membrane rejecting surface (πF,m) is described by the following equation : 







=

k
J w

bFmF exp,, pp
                        (5) 

where πF,b is the bulk osmotic pressure of the FS and kF the mass transfer coefficient, 

given by the following relationship: 

h

F
F d

DShk =
                              (6) 

Where Sh is the Sherwood number, DF is the feed solute diffusion coefficient and dh 

the hydraulic diameter of the feed channel. The Sherwood number relates to flow 

conditions in the membrane channel (McCutcheon & Elimelech 2006): 
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33.0

Re85.1 





=

L
d

ScSh h

 (Laminar flow)                          (7) 

33.075.0Re04.0 ScSh =
 (Turbulent flow)                          (8) 

Where Re is the Reynolds number, Sc the Schmidt number and L the length of the 

channel .The Schmidt number (Sc) can be calculated using the following 

relationship:  

FF DD
Sc

ρ
µν

==                              (9) 

where ν is the kinematic viscosity of the solution, ρ the solution density and µ the 

dynamic viscosity.  

On the other hand the dilutive ICP occurs inside the membrane support layer facing 

the DS due to back diffusion of draw solutes by the convective water flux coming 

from the feed displacing the draw solutes away from the membrane active layer 

interface. This lowers the DS concentration near the active layer thereby reducing the 

effective osmotic driving force. The osmotic pressure (πD,i) near the membrane active 

layer interface, inside the support layer is given by the following equation : 

( )DwbDiD KJ−= exp,, pp
                            (10) 

where KD is the solute resistivity for diffusion of draw solutes within the porous 

support which can be defined as: 
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ε
τ

D
D D

τK =                                         (11) 

where t, τ and ε represent thickness, tortuosity and porosity of the support layer, 

respectively. The value of KD can be however determined by the following flux 

relationship described by Loeb et al. (McCutcheon. & Elimelech. 2007) for FO 

mode: 

mFw

bD

w
D AJB

AB
J

K
,

,ln1
π

π
++

+








=                (12) 

Wherein B is the salt permeability coefficient of the membrane active layer. 

Therefore, the water flux shown by Equation (4) has been modified to take into 

account the concentrative ECP and dilutive ICP phenomenon under PAO mode as 

follows (Lee et al. 1981b): 

𝐽𝑤 = 𝐴 �∆𝑃 + 𝜋𝐷,𝑖 −  𝜋𝐹,𝑚�                                      (13) 

Combining equations (5) and (10) with (13), the modified water transport in the PAO 

can be represented by the following relationship.  

𝐽𝑤 = 𝐴 �∆𝑃 +  𝜋𝐷,𝑏 exp(−𝐽𝑤𝐾)  −  𝜋𝐹,𝑏 exp �𝐽𝑤
𝑘
��                       (14) 

The second term in equation (14) takes into account the dilutive ICP effects πD,b exp 

(-JwK) for DS facing the support layer side of the asymmetric FO membrane. In the 

earlier studies with the PAO process (Choi et al. 2009; Oh et al. 2014; Yun et al. 

2013a), the second term used was πD,b exp (-Jw/kD) which accounts for dilutive ECP 

for symmetric membrane and not dilutive ICP for asymmetric membrane. This could 
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have been one of the reasons why their model and the experimental data on water 

flux had slightly poorer correlation.  
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ΔP > Δπ
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ΔP - ΔP 
Flux reversal point
ΔP =Δπ
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ΔP =0
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Figure. 4.1: The relationship and direction of water flux as a function of applied 

pressure in FO, PRO, RO and PAO for an ideal semipermeable membrane. Figure 

modified from (Lee et al. 1981b).      

 Materials and Methods  4.3

 Feed and draw solutions 4.3.1

Four different types of draw solutes were used in this study. While NaCl was mainly 

used for validating the theoretical model, the other three draw solutes were fertilisers 

such as ammonium sulphate (SOA) or (NH4)2SO4, monoammonium phosphate 

(MAP) or NH4H2PO4 and potassium chloride or KCl and all these fertilisers were 
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used as DS in the earlier studies (Phuntsho et al. 2013; Phuntsho et al. 2011). All the 

chemicals used for the lab-scale experiments in this study were of reagent grade 

supplied by Sigma–Aldrich, Australia. The DS of specified concentrations were 

prepared by dissolving the solutes in deionised water (DI) with the help of a 

magnetic stirrer. Depending on the objective, a wide range of DS concentrations 

were used in this study and they are all specified in the figures and discussion. NaCl 

solution was used as FS that simulates brackish water (BW) representing FS of 

different total dissolved solids (TDS). In most cases, BW in the study refers to the 

NaCl concentration of 10 g/L unless stated otherwise. The thermodynamic properties 

of the solutions such as osmotic pressure, viscosity, diffusion coefficient, density, 

etc. were analysed using a thermodynamic modelling software OLI Stream Analyser 

3.2 (OLI Systems Inc., Morris Plains, NJ, US).  

 Bench-scale pressure assisted osmosis (PAO) experimental setup and its 4.3.2

operation 

The schematic layout of the bench-scale crossflow FO/PAO experimental setup 

shown in Figure 4.2, consisted of two pumps (one each for DS and FS), each 

connected to the crossflow membrane cell with channel dimensions of 2.6 cm width, 

7.7 cm length and 0.3 cm depth on both sides of the membrane. All the FO and PAO 

experiments were conducted using flat sheet cellulose triacetate (CTA) FO 

membrane supplied by Hydration Technology Innovations (HTI, Albany, OR). The 

pure water permeability coefficient (A) and salt rejection of the CTA FO membrane 

were determined in the RO mode using the same membrane cell at pressures ranging 

from 0 to 10 bar. The permeability coefficient A was found to be 0.91 Lm-2h-1bar-1 

(2.52 x 10-7 m/s/bar) while salt rejection was 97.5% and salt permeability coefficient 
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B =1.29 x 10-7m/s. The other characteristics of the CTA FO membrane have been 

widely reported including in our earlier studies (Cath et al. 2006; Tang. et al. 2010). 

The channel on the DS side of the membrane cell was filled with 6 layers of diamond 

shaped polystyrene spacers to prevent membrane deformation and damage when 

hydraulic pressure was applied on the active layer side of the membrane.  

Pressure pump was used for the FS and the applied hydraulic pressure was adjusted 

manually using pressure valve installed at the outlet of the membrane cell and the 

valve located in the bypass. Both FO and PAO experiments were conducted with 

membrane active layer facing the FS and support layer facing the DS. The applied 

pressure on the feed side varied between 0 and 10 bar only as the maximum pressure 

rating for the pump was only up to 11 bar. The crossflow for the DS was maintained 

using a low-pressure variable speed gear pump (Cole Parmer). The DS and FS 

temperatures were maintained at 25 °C with the help of water bath connected to 

heating/chilling system. The crossflows for both the DS and FS were maintained at 

400 mL/min in counter-current direction. Each experiment was carried out for an 

average of 4 h duration. The water flux was measured by recording the change in the 

weight of the DS tank held on the digital mass scale connected to PC for online data 

logging. The FO and PAO experiments were carried out in the batch mode where 

both the diluted DS and feed concentrate were recycled back to their respective 

tanks. The reverse diffusion of the draw solutes was evaluated either by observing 

the electrical conductivity (EC) using a multimeter (CP-500L, ISTEK, Korea) when 

DI was used as feed or by analysing the cations using inductively coupled plasma 

mass spectrometry (ICP-MS) when BW was used as FS. 
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Figure 4.2: Schematic of the lab-scale experimental setup for PAO process. 

  Results and discussion  4.4

This study can be divided in to two parts. In the first one, FO/PAO experiments were 

conducted using NaCl as both DS and FS mainly to validate the PAO process with 

the help of models discussed under section 2. The experimental and theoretical water 

fluxes were comparatively studied. In the second part, fertiliser DS were used to 

study the PAFDO process and finally the significance and implications of the results 

are discussed in relation to the modular applications. 

 Validating the pressure assisted osmosis (PAO) process   4.4.1

PAO experiments were conducted under different solute concentrations using NaCl 

for both the DS and FS. NaCl solute was chosen because the thermodynamic 

properties of NaCl are well known and widely studied and hence found easier for 
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modelling works. Moreover, NaCl was used as solutes in our earlier study with the 

FO modelling and the same modelling approach has been adopted here for the PAO 

process (Phuntsho. et al. 2014). Theoretical water flux was calculated using equation 

(14) and the parameters listed in Table 4.1. 

The variations or increase in the water flux with the hydraulic pressure in the PAO 

process are presented in Figure 4.3 (a) using NaCl solution either as DS or FS or 

both. PAO experiments were conducted under four different DS-FS conditions, (DI-

DI, BW-DI, DI-BW and BW-BW) with the applied pressure varying from 0 to 10 

bar. Here BW refers to NaCl solution with a concentration of 10 g/L. The results in 

Figure 4.3 show that, the applied hydraulic pressure not only has a positive influence 

on the water flux in the PAO process as reported in the earlier studies (Blandin et al. 

2013; Coday et al. 2013; Yun et al. 2013a) but also shows good correlation between 

the experimental water flux and the theoretical water flux calculated using the 

proposed model. The water flux in the PAO process increased significantly 

compared to FO process depending on the applied pressure and the DS-FS 

conditions. 
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Table 4.1: Essential parameters used for mathematical modelling for FO and PAO 

processes. 

Parameters Values 

   Membrane material (HTI, Albany, OR) CTA 

   Pure water permeability coefficient, A (Lm-2h-1bar-1) 0.91 

   Salt (NaCl) permeability coefficient, B (Lm-2h-1) 0.46 

   Salt rejection (1000 mg/L NaCl at 10 bar) 97.2% 

Thermodynamic properties  of 1.0 M NaCl (from OLI Stream Analyser 3.2) 

   Diffusion coefficient (m2/s) 1.409610-9 

   Density at 0.11 M NaCl (kg/m3) 1035.97 

   Dynamic viscosity (cP) 0.9735 

Solution temperature (both DS and FS) 25oC 

 

In the first set of experiments, DI water was used on both sides of the membrane, 

which simulates the pure water permeability test conducted in the RO mode of 

operation. The results in Figure 4.3 (a) show  that the water flux increased linearly 

with the applied pressure and the average water flux determined from the slope of the 

flux versus pressure plot was found to be 0.91 Lm-2h-1bar-1 and this value has been 

used as a pure water permeability coefficient (A) for calculations of the models.            
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In the second set of experiments under the BW-DI condition, the water flux is 

positive (3.47 Lm-2 h-1) in the FO process (ΔP=0) and we know that this flux is 

generated solely by the osmotic pressure difference between the BW as DS and DI as 

FS. When the pressure was however introduced on the feed side, the water flux was 

observed to increase linearly with the pressure at an average of 0.66 Lm-2 h-1bar-1. 

This translates to about 19% gain in water flux per unit applied pressure in addition 

to the water flux generated by the osmotic driving force. In the third set of 

experiments under the DI-BW condition, the water flux was negative in the FO 

process (∆P=0) and this is expected because the osmotic pressure of the DS is lower 

(DI) than the FS (BW). This mode is generally termed as PRO mode of operation 

applied mainly for osmotic power generation. When the pressure is however applied 

on the BW feed side, the negative water flux decreases until the water flux was 

observed to reverse towards positive indicating that, the applied pressure (∆P) has 

overcome the osmotic pressure of the FS. Extrapolation of the flux data with the 

applied pressure indicates that the water flux is zero at about 7.8 bar applied 

pressure, which is equal to the osmotic pressure of the BW (10 g/L NaCl). Water flux 

increased somewhat linearly with the applied pressure up to 10 bar tested in this 

study. This DI-BW condition for the PAO process is similar to the RO process with 

the only difference being that, DI water is already present on the DS side of the 

membrane in the PAO process. In the RO process however, the permeate is released 

only after adequate hydraulic pressure (higher than osmotic pressure of the FS) is 

introduced on the feed side and hence negative flux is not expected to occur in the 

RO process. 

For the last conditions tested (BW-BW), the water flux is zero in the absence of 

applied pressure because of the equal concentration between the DS and the FS. 
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However, when the pressure was applied on the FS side, the water flux increased 

linearly with the applied pressure at an average of 0.6 Lm-2 h-1bar-1. This increase in 

the water flux due to applied pressure is quite significant given that the two solutions 

were under osmotic equilibrium and with zero water flux there was no possibilities of 

further reducing the DS concentrations. The results in Figure 4.3 (a) therefore show 

the suitability of the applied pressure in generating additional water flux after the FO 

process has reached osmotic equilibrium. The presence of DS on the permeate side 

with equal osmotic pressure as the FS, reduces the net osmotic pressure difference 

which the applied pressure has to overcome to zero (Δπ = 0) and hence produce 

water flux much higher than under the condition in which the solution is absent on 

the DS or the permeate side of the membrane. This advantage is clearly visible when 

we compare the differences in the water flux between BW-BW and DI-BW 

experimental conditions. DI-BW simulates the RO process and hence it requires 

applied pressure higher than the osmotic pressure of the BW (7.8 bar for 10,000 

mg/L NaCl) to generate a positive permeate flux. At the same applied pressure 

however, the water flux for BW-BW is much higher than DI-BW condition even 

though both used the FS of the same osmotic pressure. 

Figure 4.3 (a) also presents the theoretical water flux (shown in dashed lines) 

modelled using equation (14). The theoretical water flux matches fairly well with the 

experimental water flux indicating that equation (14) can be useful in predicting the 

water flux in for the PAO process as long as the thermodynamic properties of the DS 

and FS are known.  

The next sets of experiments were conducted to see the differences in the net gain in 

the water flux when PAO is operated under different DS concentrations or the 
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osmotic pressure difference. The water fluxes obtained under the FO mode (ΔP=0) 

and the PAO mode (6 bar) of operations under different NaCl DS concentrations 

with BW10 (10 g/L NaCl) as the FS are presented in Figure 3(b). Under the FO 

mode of operation, the water flux increases with the increase in the NaCl DS 

concentrations although this increase was non-linear and but rather logarithmic. This 

non-linearity of flux is consistent with many earlier studies which is attributed to the 

enhanced dilutive ICP and concentrative ECP effects at higher water flux that in turn 

reduces the effective driving force when higher DS concentrations are used (Gray et 

al. 2006; McCutcheon & Elimelech 2006a; Tan & Ng 2008; Tang. et al. 2010; Zhao 

et al. 2011). When a pressure of 6 bar is however applied under the PAO mode of 

operation, the water flux increases significantly at all the DS concentrations tested. 

Although the water flux under the applied pressure showed a similar logarithmic 

trend with the DS concentrations as in the FO process however, a closer observation 

reveals a significant difference in the actual increase or percentage gain in the water 

flux due to the applied pressure under different DS concentrations. The actual gain in 

water flux due to applied pressure of 6 bar in the PAO process is presented in Figure 

4.3 (b) as a percentage of the water flux increase beyond the FO process. These 

results indicate that, the total increase or gain in the water flux on applying pressure 

is slightly higher at lower DS concentration than at higher DS concentrations 

confirming earlier studies by Oh et al. (2014). For example, the net gain in the water 

flux at 0.5 M DS concentration (BW10 as FS) on applying 6 bar pressure is 85% 

whereas at this same applied pressure, the net gain at 3 M DS concentration is only 

9%. The experimental water fluxes in Figure 4.3 (b) also closely matched with the 

theoretical flux calculated using model presented by equation (14). More detailed 



 

123 
 

discussions on this can be found in the next Section (4.2) using three fertilisers 

solutions as DS in the FDFO process. 

 

(a) 

 

(b) 

Figure 4.3: Variation of water flux in the FO/PAO processes (a) at different applied 

pressures under different DS-FS combinations (BW refers to 10 g/L NaCl solution) 

and (b) at different DS concentrations using BW as FS at an applied pressure of 6 

bar. The data points refer to the experimental water flux while dotted lines refer to 

the theoretical flux calculated using models discussed under Section 2. 
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 PAO process for the pressure assisted fertiliser drawn osmosis (PAFDO) 4.4.2

desalination 

The water fluxes under the FDFO mode (ΔP=0) and the PAFDO mode (10 bar) of 

operations using three types of fertilisers as DS and BW10 as the FS are presented in 

Figure 4.5. Similar to the earlier results with NaCl in Figure 4.3 (b), the water flux 

increases non-linearly with the increase in the DS concentrations for all these 

fertiliser DS tested as shown in Figures 4.4 (a), 4.4 (b) and 4.4 (c) for SOA, KCl and 

MAP, respectively. On the application of 10 bar hydraulic pressure, the water flux 

increased significantly for all the three fertiliser DS tested. Several interesting 

observations are made from the results presented in Figure 4.4 and are discussed 

below.  

The comparison of the water fluxes under FDFO process (ΔP = 0) for the three 

fertilisers shows that, KCl generates the highest water flux followed by SOA and 

MAP at the same bulk osmotic pressure difference, consistent with our earlier studies 

on the fertiliser DS (Cath et al. 2010; Coday et al. 2013; Oh et al. 2014; Yun et al. 

2013a). The trend in the water flux increase with the DS concentration under both 

FDFO mode and PAFDO mode of operations is non-linear for all the three fertilisers 

tested as shown in Figures 4.4 (a) to 4.4 (c). A summary of the net gain in water flux 

entirely due to 10 bar applied pressure is presented in Figure 4.4 (d) for all the three 

fertiliser DS. Similar to the earlier results with NaCl in Figure 4.3 (b), the results in 

Figure 4.4 (d) indicate that, the gain in the water flux due to applied pressure is 

higher at lower DS concentration than at higher DS concentrations. For example, the 

net gain in water flux due to applied pressure of 10 bar are 7.38, 8.62  and 9.42 Lm-

2h-1 at 0.1 M fertiliser DS which decreases to 4.93, 5.22 and 5.87 at 3 M DS 
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concentrations for SOA, KCl and MAP, respectively. In fact, this translates to 

1928%, 345% and 237% increase in the water flux at 0.1 M DS compared to only 

38%, 29% and 69% increase at 3 M for SOA, KCl and MAP, respectively at 10 bar 

applied pressure. These results clearly demonstrate the advantages if the applied 

pressure is introduced at the lower stages of the osmotic process (when the net 

osmotic driving force becomes significantly reduced) rather than applying 

throughout the stages. This also indicates that, the applied pressure in the PAO 

process could be more effective when the DS concentration approaches closer to the 

osmotic equilibrium, where the driving force becomes significantly reduced.  

However, the results in Figures 4.3 and 4.4 also indicate that, although water flux can 

be increased under the PAO or PAFDO mode by applying pressure nevertheless, this 

increased water flux is also likely to further exacerbate the severity of both the 

dilutive ICP and concentrative ECP effects. Perhaps this explains why the net gain in 

water flux at higher DS concentrations is much lower than the net gain at lower DS 

concentrations for similar feed concentrations used in the PAO/PAFDO process. This 

study therefore shows that, applying hydraulic pressure to enhance the FO water flux 

irrespective of the available osmotic driving force may not be an effective option and 

hence must be targeted at the lower end of the FO process where the driving force 

decreases due to continuous dilution of the DS.   

 



 

126 
 

 

(a) (b) 

 

                               (c)                             (d) 

Figure 4.4: Influence of applied pressure on the water flux and the net gain in water 

flux under various DS concentrations for the three fertilisers used as DS using 10 g/L 

NaCl solution as FS. (a) For SOA, (b) for KCl, (c) for MAP and (d) the net gains in 

the water flux per unit applied pressure (specific water flux) when a hydraulic 

pressure of 10 bar was applied on the feed side of the membrane. In Figure 4.3 (b), 

the applied pressure of 6 bar was used since during the initial stage of the study, a 

lower applied pressure was preferred until it was realised later that higher applied 

pressure was possible and hence 10 bar was used in this experiment.  
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Comparing the three fertilisers DS used in this study, the effective gain in the water 

flux (in terms of specific water flux) at 10 bar applied pressure was highest for MAP 

followed by KCl and SOA. For example, the effective gains in water flux for MAP 

were 0.94 Lm-2h-1bar-1 at 0.1 M and 0.57 Lm-2h-1bar-1 at 3 M. The same gains in 

water flux for SOA were 0.74 Lm-2h-1bar-1 for 0.1 M and 0.47 Lm-2h-1bar-1 for 3 M 

concentrations. The water flux under the FO process is lowest for MAP amongst the 

three DS tested however; it has the highest effective gain in water flux under the 

PAFDO mode. This might be explained due to the less severity of dilutive ICP 

effects under the combined driving force (osmotic pressure difference and the 

applied pressure) for MAP. Even though, MAP has the highest effective gain in 

water flux nevertheless, it still has much lower water flux both in the FDFO and 

PAFDO modes and hence the severity of dilutive ICP effect should be lower than the 

other two fertiliser DS which has much higher water flux under both modes of 

operation. 

Osmotic equilibrium occurs when the osmotic pressure of the solutions on both sides 

of the membrane becomes equal and the net transfer of water across the membrane 

becomes zero. At this point, the ultimate dilution of the DS has been achieved and 

any further dilution of the DS is not possible by the natural osmotic process. The 

hydraulic pressure of 10 bar was applied on the feed side under the condition in 

which the fertiliser DS was at osmotic equilibrium with the BW and the results are 

presented in Figure 4.5 for all the four different DS used in this study. The FS 

concentrations ranged 0 - 35 g/L NaCl and the DS concentrations for SOA, MAP and 

KCl with equal osmotic pressure as FS were determined using OLI Stream Analyzer 
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3.2. Experimental flux at these bulk DS and FS concentrations were observed zero, 

which confirmed that the selected fertiliser DS concentrations using OLI Stream 

Analyser were at osmotic equilibrium with the NaCl FS.  

The results in Figures 4.5 (a) and 4.5 (b) indicate that, a significant water flux can be 

obtained by applying a slight hydraulic pressure on the feed when the DS reaches 

osmotic equilibrium with the FS. For example, when MAP DS and BW5 (5 g/L 

NaCl) FS are in osmotic equilibrium, the water flux becomes zero however, when a 

hydraulic pressure of 10 bar is applied, the water flux of 9.46 Lm-2h-1 was gained 

which could significantly help in further diluting of the DS beyond the 

concentrations at the point of osmotic equilibrium. Although, all the three fertiliser 

DS showed a significant increase in water flux however, the gain in water flux 

decreased somewhat exponentially with the increase in the feed concentrations. 

Similar results were obtained using NaCl as FS under the applied pressure of 6 bar 

and moreover, the theoretical water flux obtained using model fitted very closely 

(shown by dashed lines) with the experimental water flux as presented in Figure 4.5 

(b). This is interesting given that the net bulk osmotic pressure, which the applied 

pressure has to overcome, is zero for all cases under osmotic equilibrium irrespective 

of the level of concentrations at which the equilibrium is reached. The exponential 

decrease in the flux at higher osmotic equilibrium concentrations can be explained 

due to the different extent of dilution and concentration of solutes at the membrane 

surface that decreases the effective driving force due to increase in the net osmotic 

pressure. 

At static osmotic equilibrium condition, the net osmotic pressure between the FS and 

DS (permeate side) is zero (i.e Δπ = πF,b - πb,D =0) and this is true irrespective of the 
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concentration levels at which the osmotic equilibrium has reached. However, once 

the applied pressure generates the water flux, the process becomes dynamic which 

then alters the concentration profiles of both the FS and DS at their respective 

membrane surfaces. This change in the DS and FS concentrations (both using NaCl) 

under dynamic condition at 6 bar applied pressure at different levels of osmotic 

equilibrium has been simulated and presented in Figure 4.5 (b). The simulation 

results indicate that, the net osmotic pressure which the applied pressure has to 

overcome not only becomes positive (Δπ>0) but its value increases with the increase 

in the concentration level at which the osmotic equilibrium has attained. This 

explains the reason for lower gain in water flux when the hydraulic pressure is 

applied at higher level of concentrations under osmotic equilibrium.  

The net gain in water fluxes at 10 bar applied pressure is different for the three 

fertiliser DS even though, the osmotic equilibrium occurred under the same FS (5 

g/L NaCl) condition as shown in Figure 4.5 (a). Comparing these net gain in water 

fluxes for the three fertiliser DS, it is found that the trend is similar to the water 

fluxes under FDFO or PAFDO modes of operations presented in Figure 4.4. This 

indicates that the differences in the net gain in water fluxes for the three fertiliser DS 

is likely due to other thermodynamic properties such as diffusion coefficient, 

viscosity, density, speciation and ionisation, etc., which could influence the mass 

transfer and the CP effects to different degree thereby significantly affecting their 

performances. 

It is however significant to note that, water flux of 4.08, 3.60 and 1.83 was generated 

from a feed with salt concentration as high as the seawater TDS (35 g/L) using a 

hydraulic pressure of meagre 10 bar which is impossible in the RO mode of 
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operation and (where the applied pressure has to be more than 29.3 bar). This clearly 

shows the advantage offered by the presence of DS on the permeate side of the FO 

membrane during the PAFDO process which reduces the net osmotic pressure which 

the applied pressure has to overcome thereby increasing the net driving force. The 

analogy to the PAO process could be, like as if a vacuum is applied on the permeate 

side of the FO membrane and this vacuum is generated by the osmotic pressure of 

the draw solution. 

 

 

(a) 
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(b) 

Figure 4.5: Variation of the water fluxes when the hydraulic pressure is applied 

under the condition in which the osmotic equilibrium occurs at different DS-FS 

concentrations levels (a) using three fertilisers as DS with BW as FS (with 

concentrations ranging from 0 to 35 g/L NaCl at an applied pressure of 10 bar and 

(b) using NaCl as DS with FS ranging from 0 to 35 g/L NaCl at an applied pressure 

of 6 bar and the variation of the effective osmotic pressures of the DS and FS at the 

membrane surface. The equivalent concentrations of SOA, KCl and MAP were 

determined using OLI Stream Analyser 3.2. 

  Reverse draw solute diffusion and feed solute rejection in the PAO 4.4.3

process

In addition to the water flux, it is important to assess the performance of the PAO 

process in terms of solute flux. As in any osmotic process, PAO is associated with 

two independent solutions on each side of the membrane and hence there is a 
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bidirectional movement of solutes. The solute fluxes are usually assessed in terms of 

salt rejection for feed solutes and the specific reverse solute flux (SRSF) for draw 

solutes. The SRSF is measured as a ratio (SRSF=Js/Jw) of reverse draw solute flux 

(Js) and the water flux (Jw) while Js (where Js =B*ΔC) is given as a function of solute 

permeability coefficient B and the concentration difference ΔC (where ΔC=CD-CF)   

(Phillip et al. 2010; Tan & Ng 2010). The assessment of the SRSF is significant 

given its implications to the FO process such as its potential to accelerate membrane 

scaling and fouling on interaction with the feed solutes, economic loss of the draw 

solutes and the likely contamination of the feed concentrate which could complicate 

the brine management (Boo et al. 2012; Hancock & Cath 2009; Phillip et al. 2010; 

She, Jin, Li, et al. 2012). To assess the SRSF for the PAO process, two sets of 

experiments were conducted: one set with BW10-DI and another set with 0.5 M 

KCl-BW at pressures ranging from 0 to 10 bar.  

The SRSF for both NaCl and KCl, and the feed rejection data for the PAO 

experiments are presented in Figure 4.6. The results show a slight decrease in the 

SRSF with increase in the applied pressure for the PAO process compared to the FO 

process. For example, the SRSF for FO process (ΔP=0) is 0.77 g/L and 0.60 g/L for 

NaCl and KCl, respectively however, it decreases to 0.49 g/L and 0.45 g/L, 

respectively in the PAO process on the application of 10 bar pressure. These results 

are consistent with the earlier studies on the PAO process where a generally 

decreasing trend in the solute flux was observed with the increase in the applied 

pressure under the PAO process.  

The decline in the SRSF in the PAO process is likely due to either change in the B 

value or change in the ΔC or both.  Although, the membrane deformation was not 
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assessed in this study, Blandin et al. (Blandin et al. 2013) observed a slight stretching 

of the membrane that led to increase in the pure water permeability coefficient (A) 

and the solute permeability coefficient (B) of the membrane although this issue was 

not reported in the other studies for the PAO process (Coday et al. 2013; Yun et al. 

2013a). However, membrane deformation has been reported in some of the earlier 

studies with the PRO process, a process quite similar to the PAO process (Kim & 

Elimelech 2012; She, Jin & Tang 2012).  

The study however, observed a decrease in the reverse diffusion of the draw solutes 

with applied pressure indicating that the increased water permeability likely limits 

the diffusivity of the draw solutes through the membrane due to enhanced convective 

water flux that drives the draw solutes away from the membrane due to back 

diffusion (Phuntsho. et al. 2012).   

The alternative explanation is that, increasing the applied pressure increases the 

water flux which in turn alters the solute concentrations at the membrane boundary 

layer on both sides of the membrane due to enhanced CP effects. This reduces the 

concentration difference (ΔC=CD-CF) between the DS and FS that determines the 

rate of reverse diffusion of the draw solutes. The DS concentration decreases due to 

increased dilution while FS concentration increases due to more feed solute rejection 

thereby reducing the ΔC and ultimately the SRSF (Coday et al. 2013).  

Figure 4.6 also presents the variation in the feed solute rejection due to applied 

pressure in the PAO process. The results are presented for experiments conducted 

using 0.5 M KCl as DS and BW10 as FS. The results indicate that the NaCl feed 

rejection increases with the increase in the applied pressure, a trend that could be 

considered consistent to the SRSF. This increased rejection is a result of the 
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enhanced water flux due to applied pressure in addition to the water flux generated 

by the osmotic driving force. This can also be explained due to dilution effect from 

the enhanced water flux at higher applied pressure, a similar phenomenon observed 

with the RO process when operated at higher applied pressure (Hancock & Cath 

2009; Lee et al. 2014; Phillip et al. 2010).     

 

Figure 4.6: Influence of reverse diffusion of draw solutes and the feed solute 

rejection due to applied pressure in the PAFDO process. 

 Understanding the significance and implications of the PAFDO process 4.4.4

In the FDFO desalination process, it is impossible to achieve fertiliser concentrations 

acceptable for direct fertigation especially when a feed with higher TDS or osmotic 

pressure is used. One of the options is to integrate NF with the FDFO process where 

NF is used as post-treatment process to reduce fertiliser concentration to acceptable 

limit before fertigation. However, NF becomes an additional process that not only 
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requires energy but also increases its footprint. One of the objectives of this study 

was therefore to evaluate whether the pressure assisted fertiliser drawn osmosis or 

PAFDO could substitute FDFO-NF hybrid process thereby removing the footprint of 

NF post-treatment system completely. There are several positive implications of 

introducing in-situ hydraulic pressure in the PAFDO process rather than the FDFO-

NF process, which are worth discussing here. 

The synergies from the two driving forces (osmotic driving force and the hydraulic 

applied pressure) enhances the water flux which can then reduce the number of 

elements required for the desalination up to the point of osmotic equilibrium thereby 

decreasing the capital cost and foot print of the membrane modules. Alternatively, 

for the fixed number of membrane elements designed to reach osmotic equilibrium 

under the FO process alone, the in-situ introduction of hydraulic driving force would 

reach osmotic equilibrium earlier along the elements in the module and hence the 

additional water flux due to applied pressure could dilute the DS beyond the point of 

osmotic equilibrium or have higher dilution factor. PAFDO process should therefore 

be able to operate at a much higher feed recovery rate and final DS dilution factor 

because of the additional flux generated due to the applied pressure.  

However, applying hydraulic pressure throughout the FDFO process may not be 

optimum based on the results in Figures 4.3 (a) and 4.5 since applied pressure is 

more effective at lower DS concentration when the FDFO process approaches closer 

towards osmotic equilibrium. Therefore, based on these results, applying the 

hydraulic pressure in the later stages of the membrane elements would provide the 

optimum gain in water flux rather than applying throughout. However, applying the 

hydraulic pressure only after the osmotic equilibrium has attained completely would 
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mean that, a separate PAO stage is necessary that would add to the cost of membrane 

modules and hence may appear not much different from having a separate NF 

process. However, a separate PAFDO will be more advantageous than a separate NF 

process given the synergies of the two driving forces in PAFDO against only single 

driving force for the NF stage. However, for example, if the FDFO process is 

designed to achieve osmotic equilibrium in two stages, the optimum design could be 

to have PAFDO in the second stage instead of both the stages. However, it is 

worthwhile to note the earlier findings that, the water flux under PAO mode is 

slightly lower than the water fluxes added for FO and RO process operated 

separately and this has been attributed due to slightly enhanced dilutive ICP and 

concentrative ECP effects for FO operated under the enhanced water flux. Therefore, 

a comparative economic assessment of the PAFDO versus FDFO-NF could only 

provide the true advantages of each process over the other.  

Figure 4.7 presents the simulation of how the concentrations of the diluted SOA DS 

that comes of the FO membrane module would vary depending on the membrane 

area and applied hydraulic pressure used in the PAFDO process. For the simulation, 

PAFDO  (10 bar) data for SOA DS obtained in this study was applied to the 8040 

CTA FO membrane element (membrane area of 9.0 m2) reported in the earlier study 

(Eun et al. 2014). Simulation was performed by assuming that the PAFDO was 

operated after the diluted DS and FS have reached osmotic equilibrium at which 

point the water flux due to osmotic driving force is zero.  The simulation results in 

Figure 4.7 indicate that, as the membrane area increases with the addition of number 

of membrane elements, the dilution of the DS will increase as shown by the 

exponential decrease in the diluted SOA DS concentrations compared to FDFO 

process (without pressure) where the diluted DS concentration would remain same at 
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osmotic equilibrium. Using 10 numbers of 8040 membrane elements in series (total 

membrane area of 90 m2), PAFDO can achieve additional dilution factor of almost 7 

compared to the SOA concentration at osmotic equilibrium with 10 g/L NaCl FS. 

Using higher applied hydraulic pressure could further enhance the DS dilution factor 

with the simulation showing a dilution factor of about 14 at an applied pressure of 20 

bar that results in the final diluted DS concentrations of 1.2 g/L SOA which is very 

close to acceptable nitrogen concentration of 275 mg/L for fertigation of tomato 

plants (Phuntsho. et al. 2012). Therefore, by optimising the total membrane area, 

feed recovery rates and the applied hydraulic pressure, it is possible that PAFDO 

could achieve the final diluted DS concentrations suitable for direct fertigation of 

crops thereby potentially eliminating the need for the NF post-treatment process.  

However, most polyamide based thin film composite (TFC) FO membranes recently 

reported have comparatively weak tensile strength. This is because, effort on 

membrane fabrication has been mainly focussed on improving the water flux by 

reducing the membrane thickness and the porosity of the membrane support layer 

resulting in low tensile strength. The tensile strength of the CTA FO membrane used 

in this study did not show any evidence of extensive damage when tested up to 

hydraulic pressure of 10 bar however; CTA membranes have low comparatively 

lower permeability than the TFC membranes. Therefore, deformation may become 

an issue especially when TFC FO membranes are used for the PAO process and are 

subject of interest for future investigations.  
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Figure 4.7: Variations in the expected concentrations of the diluted SOA fertiliser DS 

with total membrane area in the PAFDO process under the hydraulic pressures of 10 

and 20 bar applied at the osmotic equilibrium between diluted SOA DS (20.2 g/L) 

and 10 g/L NaCl FS. Simulations were performed for 8040 CTA FO membrane 

element with an effective membrane area of 9.0 m2 per element. Initial DS flow rate 

for 8040 CTA element was assumed at 120 L/h. For this particular simulation, 

influence of feed recovery rate was neglected for convenience and hence the results 

may slightly vary in the values although the trend would be similar. Readers are 

advised to consider the relative trend rather than the absolute data in this figure as 

more accurate simulation would require taking many other factors into 

considerations. 
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 Concluding remarks 4.5

In this study, the pressure assisted osmosis or PAO was evaluated for its application 

in the fertiliser drawn forward osmosis or FDFO desalination process. Termed in this 

study as pressure assisted fertiliser drawn osmosis or PAFDO, the main objective of 

introducing pressure simultaneously during the FDFO process is to enhance the final 

osmotic dilution of the fertiliser DS by generating water flux beyond the point of 

osmotic equilibrium. PAFDO is expected to produce final diluted fertiliser DS that 

meets acceptable nutrient concentrations for direct fertigation potentially eliminating 

the need for an additional post-treatment process such as NF to reduce the fertiliser 

concentrations. The following specific conclusions have been drawn from this study:  

• Application of small hydraulic applied pressure on the FS could help 

significantly gain water flux for the FO process and the experimental water flux 

closely fit with the models suggested.  

• The study on the PAO using NaCl and PAFDO using three different fertilisers 

DS (NH4)2SO4, NH4H2PO4 and KCl suggests that, the hydraulic pressure could 

be more suitable when applied at lower DS concentrations especially when the 

osmotic driving force gradually decreases and the DS and FS approaches closer 

towards osmotic equilibrium. 

• The additional water flux generated by the applied pressure could help dilute the 

fertiliser DS concentrations beyond the point of osmotic equilibrium making the 

PAFDO process potential for application as a standalone process without the 

need of additional post-treatment process such as NF to reduce the final fertiliser 

concentration to acceptable level for direct fertigation.  
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• The net gain in water flux under the PAO or PAFDO however decreases when 

the TDS of the feed increases.  

• The specific reverse solute flux was lower and feed solute rejection was higher in 

the PAO or PAFDO mode compared to FO or FDFO mode of operations. 

• Nevertheless, further work including long-term operations are required for better 

understanding the effects of hydraulic pressure on the FO membrane and 

membrane fouling and scaling, and the effect of pressure on ICP, which reduces 

the efficiency of the PAO. 
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                     Chapter 5

THIN FILM COMPOSITE 
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 Introduction 5.1

 
The forward osmosis (FO) process has been emerging as an alternative technology 

for desalination, water treatment and power generation in recent years (Cath et al. 

2006; Chung 2012). FO utilizes osmotic pressure for spontaneous water diffusion 

from the feed to the draw solution across a semi-permeable membrane. Compared to 

the pressure based driven membrane technology such as reverse osmosis (RO), the 

FO process displays several merits that can potentially surpass the RO technology for 

certain applications (Liu et al. 2009). Practically, FO can be used as a pre-treatment 

or in hybrid units for desalination. Applying FO as a pre-treatment can minimize 

reverse osmosis (RO) fouling and energy by treating raw feed water  to much cleaner 

feed water (Yangali-Quintanilla et al. 2011). Furthermore, FO hybrid system has 

been proposed for desalination for fertigation by using fertilizer as the draw solution 

(DS) (Phuntsho et al. 2013; Phuntsho et al. 2011). Other potential and more practical 

applications of the FO process include juice or food concentration (Garcia-Castello et 

al. 2009), protein and pharmaceutical enrichment (Ling & Chung 2011b), and power 

generation (Achilli. et al. 2009; Lee et al. 1981b; Loeb 2002; Peinemann et al. 2008).  

Lack of high performing membranes and draw solution (DS) that can be recycled 

effectively still remains as major obstacles for the commercialisation of the FO 

technology (Cath et al. 2006; McCutcheon et al. 2005; Phuntsho et al. 2011). The 

flat-sheet cellulose triacetate (CTA) FO membrane produced by Hydration 

Technologies Inc. (HTI, Albany, OR) is the only FO membrane which is 

commercially available in the market at larger scale although few more companies 

such as Oasys (Boston, MA) have started to make FO membranes in the market in 

limited quantities. Regardless of its broad applications for the FO process, CTA FO 
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membrane has relatively lower water flux than the few reported polyamide based 

thin film composite (TFC) FO membranes (Cath et al. 2006). Recently, attention has 

been drawn to the development of asymmetric flat sheet or hollow fibre FO 

membranes via phase inversion technique followed by interfacial polymerization 

(Rong et al. 2010; Yip et al. 2010). This TFC FO membrane has been inspired from 

membrane approach that was originally developed for the RO process. It contains  a 

very thin polyamide rejection layer and a polysulfone (Psf) support layer casted on a 

fabric support (usually made of non-woven polyethylene terephthalate or PET fabric) 

that gives additional mechanical strength to the membrane structure (Cadotte 1981). 

Chemically modified TFC-RO membrane has also been investigated for the FO 

process and it has been found that existing RO membrane can be used for all 

engineered osmosis applications  (Arena. et al. 2011). However, the thick nonwoven 

support fabric and the hydrophobic Psf support layer results in very high internal 

concentration polarization (ICP) effects that significantly reduces the water flux 

during the FO process (Arena. et al. 2011). Tiraferri et al. (Tiraferri et al. 2011a), and 

Yip et al. (Yip et al. 2010),  hypostasized that an optimal FO membrane should 

consist of a very thin polyamide rejection layer on top of a highly porous finger-like 

structure substrate to decrease the ICP. Afterward, investigations have demonstrated 

that membrane hydrophilicity plays a major role in inducing water flux across semi-

permeable membranes (McCutcheon & Elimelech 2008b). Reports by Wang et al. 

confirmed that FO performance can be further enhanced in TFC membranes by 

increasing membrane hydrophilicity (Wang et al. 2012a). Hence, in addition to a 

finger-like structure, hydrophilicity has been added to the hypothesis for 

enhancement of water flux in the FO process. However, hydrophilic polymers have 

several disadvantages as membrane substrates: (1) swelling that is the super water 
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uptake that can negatively affect membrane substrate strength and PA rejection layer 

stability with the over stretched substrate; and (2) interfacial polymerization 

formation inside pores instead of membrane top surface (Ghosh & Hoek 2009b). 

Also increased hydrophilicity can improve binding between the PA rejection layer 

and the substrate top surface compared to the substrate with a relatively hydrophobic 

nature and rough surface (Ghosh et al. 2008; Wang et al. 2012a). Furthermore, 

membrane casting materials and interfacial polymerization have a great effect on 

permeability regardless of hydrophilicity (Ghosh & Hoek 2009b). Based on polymer 

solution and casting condition, each substrate can produce a different skin layer and 

pores morphology. Herein, substrate physical and chemical properties can affect 

polyamide rejection layer formation resulting in different membrane performance 

(Ghosh & Hoek 2009b).  

Recently, sulphonated polyethersulfone (SPES) has been studied as a promising 

material in the proton exchange membrane fuel cell (PEMFC) applications and also 

for both RO and FO membranes to increase hydrophilicity and fouling resistance 

(Blanco et al. 2001; Wen et al. 2009). It is also assumed that the sulphonation of the 

polymer materials can introduce not only the hydrophilic nature to the membrane 

substrate which enhance water flux of the resultant FO membranes, but also may 

help change its membrane substrate morphology. Therefore, the objectives of this 

study are: (1) to investigate the influence of PES sulphonation on the formation of 

substrate morphology and its mechanical strength and (2) to investigate the effect of 

blended sulphonated materials as membrane substrates on FO performance. The 

synthesized SPES could be directly blended with PES at specific ratios to prepare 

modified membranes. As a benchmark, a non-sulphonated polyethersulfone (PES) 
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material was also assessed. The effects of membrane substrate structure on water flux 

and salt transports were investigated and compared. 

 Material and methods 5.2

 Chemicals 5.2.1

Polyethersulfone (PES) granules (Mn: 55,000 - Good fellow, UK) have been used as 

materials for the synthesis of membrane substrates. N-methyl-2-pyrrolidone (NMP) 

(Sigma–Aldrich Pty. Ltd, Australia) was used for the fabrication of membrane 

substrates. M-phenylenediamine (MPD) with >99% purity and trimesoyl chloride 

(TMC) with 98% purity (Sigma–Aldrich Pty. Ltd, Australia) were used as received 

in this study for the interfacial polymerisation process. N-hexane from Sigma–

Aldrich with >99.0% purity was utilized as the solvent for TMC. Sodium chloride 

(NaCl) reagent grade was used to prepare draw solution and feed solution supplied 

by Sigma–Aldrich, Australia. NaCl was dissolved in deionized (DI) to prepare 0.5, 1 

and 2 M concentrations for use as draw solutions with DI water as feed solution (FS). 

 Synthesis of SPES polymer 5.2.2

The sulphonated polyethersulfone (SPES) polymer was synthesized following the 

method described by Xiao et al. (Li et al. 2007; Xiao et al. 2010). The chemical 

structures of PES and SPES are illustrated in Figure 5.1.  A mixture containing 772 g 

of DMSO, 257 g of toluene, 16.47 g (0.039 mol) of 5, 50 –carbonylbis (2-

fluorobenzene sulfonic acid) sodium salt, 76.59 g (0.351 mol) of DFBP, 99.98 g 

(0.390 mol) of TMBPF and 67.38 g (0.488 mol) of potassium carbonate were poured 

into a five-necked reactor equipped with a reflux condenser, a stirrer, a nitrogen-

introducing tube and a thermometer. The reactor was heated to 140°C and 

maintained at this temperature for 12 h under constant stirring, then a nitrogen 
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atmosphere for 8 h to remove water generated out of the system followed by distilled 

toluene for another 2 h. The mixture was diluted with 180 g of N-methylpyroridinone 

(NMP) after it cooled down to room temperature. The mixture was discharged into 

2000 g of methanol to precipitate the polymer solution followed by filtration and 

washing with water several times to remove residual methanol. The collected 

polymer was dried at 80°C for 10 h and 150°C for 8 h under nitrogen atmosphere. 

Figure 5.2 shows the flow chart for the PES sulphonation reaction and preparation 

procedure  (Li et al. 2007). 

                    PES                                                             SPES 

Figure 5.1: Chemical structure of PES and SPES synthesized in this study. 
 
 
 

 
 
 
Figure 5.2: PES sulphonation reaction and preparation procedure  (Li et al. 2007). 
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 Fabrication of flat-sheet TFC FO membranes 5.2.3

 Fabrication of FO membrane substrates via phase inversion 5.2.3.1

Casting solutions were prepared using certain amount of PES and SPES as shown in 

Table 5.1.  Polyethersulfone (PES) and sulphonated PES (SPES) were dissolved in 

NMP then stirred by magnetic stirrers at room temperature for 24 hours. The 

polymer solutions were then degassed using digital bench top ultrasonic cleaner 

(Soniclean Pty Ltd, Australia) for 60 min. They were stored in a desiccator for over 

48 hours before casting. Casting was performed on a glass plate using a stainless 

steel film applicator (Sheen Instruments Ltd, UK) with an adjustable gate height 

fixed at 200 µm. The casted substrate was immersed immediately into a DI water 

bath to initiate phase inversion and it remained in the bath for 10 minutes. The 

resultant substrates were then kept in DI water before conducting the next stage 

which was formation of the polyamide rejection layer on top of this substrate.   

Table 5.1: TFC-FO casting solutions composition with different sulphonated 

polymer blending ratio.  

Membrane ID Casting solution composition Sulphonated polymer (%) 

 PES (wt%) MNP (wt%) SPES (wt%) 

TFC1 12 88 0 0 

TFC2 8 88 4 25 

TFC3 6 88 6 50 
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 Forming of rejection layer via interfacial polymerization 5.2.3.2

The rejection layer on the top surface of the membrane substrates was formed by 

interfacial polymerisation. The substrate was soaked first in 3.4 wt % aqueous MPD 

solution for 120 seconds and then with the help of an air knife the excessive MPD 

solution was removed from the membrane top surface. Then n-hexane solution of 

0.15 wt % TMC was gently poured onto the top surface of substrates that were sealed 

in a frame for 60 sec to form the ultra-thin PA rejection layer. Sealed frame will 

allow TMC solution to react with the MPD just on the top surface of the membrane. 

Figure 5.3 shows the polyamide formation by reaction between TMC and MPD. The 

resultant TFC-FO composite membrane was rinsed with DI water to remove the 

residual solution and stored in DI water at 4 ◦C for characterization and for 

conducting performance experiments.  

        

Figure 5.3: Polyamide formation by reaction between TMC and MPD (Tang. et al. 
2009). 
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 Membrane characterizations 5.2.4

 Membrane substrate characterisation  5.2.4.1

Membrane substrate morphologies were studied using a high-resolution Schottky 

Field Emission Scanning Electron Microscope (SEM, Zeiss Supra 55VP, Carl Zies 

AG, Germany). Membrane substrates were first dried in a vacuum condition at room 

temperature for 24 h. To view the cross sections of the membranes, samples were 

then flash-frozen in liquid nitrogen to preserve the pore structure then coated with a 

thin layer of carbon using Balzers Sputter coater (SCD 050, BAL-TEC, Germany) 

before SEM imaging. 

The contact angles of the membranes were measured by the sessile drop method, 

using an Optical Tensiometer (Attension Theta Lite 100, Biolin Scientific, Finland). 

Membrane samples were first dried in vacuum at room temperature for 24 h. Small 

distilled water droplets (5-7µL) were applied onto a levelled membrane surface and 

profiles of the water drops were captured by a camera and the imaging software 

determined the contact angles. At least 3 measurements were obtained to get the 

average value of the contact angle. Membrane thicknesses were measured using a 

digital micrometre (293-330 Mitutoyo, Japan). Membrane porosity (ε) was obtained 

by measuring the dry mass (W2) and wet mass (W1) of membrane samples according 

to the following equation (Sukitpaneenit & Chung 2009): 

𝜀 = (𝑊1−𝑊2)/𝜌𝜌

�𝑊1−𝑊2
𝜌𝜌 �,+[𝑊2/𝜌𝜌]

  × 100%                                                                                 (1) 

Where  𝜌𝜌  and  𝜌𝜌  are density of wetting solvent and membrane, respectively.     

The mechanical property of the membrane substrate was measured in terms of its 

tensile strength using LS1 tensile testing equipment (AMETEK, Lloyd instruments 
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ltd, UK). The membranes substrates were cut into strips of 10 mm width and 25 mm 

length and the testing was conducted at the rate of 10 mm/min.  

 TFC-FO membrane characterizations 5.2.4.2

The water permeability coefficient (A) and salt rejection of the fabricated TFC 

membrane were determined based on the pure water fluxes obtained in the RO mode 

using the same membrane cell at pressures ranging from 0-10 bar. Salt rejection (Rs) 

property of the TFC-FO membranes was determined by measuring the electrical 

conductivity of the permeate and the feed water (200 ppm NaCl) at 1 bar applied 

pressure. The salt permeability coefficient (B) was then determined based on the 

following equation: 

     1−𝑅𝑅
𝑅𝑅

= 𝐵
𝐴(𝛥𝛥−𝛥𝛥)

                                                                                                     (2)  
                                                                                                                                  

 FO performance experiments 5.2.5

FO experiments were conducted on a crossflow bench-scale FO experimental setup 

as per the schematic experimental layout shown in a previous study (Phuntsho. et al. 

2013). It consisted of two pumps (one each for DS and FS), each connected to the 

crossflow FO membrane cell. The volumetric flow rates of both sides were 200 

mL/min. The FO water flux Jw was determined by measuring the weight change of 

the feed tank using a digital mass balance connected to a data logging system. 

Heating/chilling unit maintained DS and FS temperatures at 25 °C. 

 The membranes performances were evaluated under two different modes: (1) FO 

mode where the active layer faced the FS (AL-facing-FS), (2) pressure retarded 

osmosis (PRO mode) where the active layer faced DS (AL-facing-DS). For salt 

permeability, the reverse solute flux was evaluated by observing the increase in the 

electrical conductivity (EC) of the DI feed water using a multimeter (CP-500L, 
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ISTEK, Korea). A thermodynamic modelling software OLI Stream Analyser 3.2 

(OLI Systems Inc., Morris Plains, NJ, US) was used to analysis the thermodynamic 

properties of the solutions such as viscosity, osmotic pressure, density and diffusion 

coefficient.  

Based on the classical ICP model developed by Loeb et al, the water flux can be 

predicted by the following equations in the FO process for the FO mode (AL-FS) 

(Loeb et al. 1997): 

 𝐽𝑤 = 1
𝐾𝐷

 �𝑙𝑙 𝐴𝐴𝐷,𝑏+𝐵
𝐴𝐴𝐹𝐹+𝐽𝐽+𝐵

 �                               (AL-FS)-FO                                       (3)                                                                                                

For the PRO mode (AL-DS), the water flux in FO processes can be obtained by the 

following equations.  

 𝐽𝑤 = 1
𝐾𝐷

 �   𝑙𝑙 𝐴𝐴𝐷,𝑚+𝐽𝐽+𝐵
𝐴𝐴𝐹,𝑏+𝐵

 �                        (AL-DS)-PRO mode                             (4) 

Where πF,b and πD,b are the bulk osmotic pressure of the FS and DS, πDm and πFm are 

the osmotic pressures on membrane surfaces facing the DS and FS, respectively, B is 

the salt permeability coefficient of the membrane, KD is the solute resistivity for 

diffusion of draw solutes within the porous support which can be defined as: 

𝐾𝐷 = 𝑡𝑡
𝜀𝜀

= 𝑆
𝐷

                                                                                                               (5) 

Where t, ε and τ represent thickness, porosity and tortuosity of the support layer, 

respectively. This equation shows the relationship among solute diffusion resistivity 

within the porous layer KD, diffusivity D, membrane structural parameter S, 

membrane porosity ε and membrane thickness t. This equation can be used to obtain 

the membrane structural parameters as well. 
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 Results and discussion 5.3

 Characteristic of membrane substrates 5.3.1

Sulphonated PES membrane substrate was synthesized by blending PES with the 

SPES and compared with the pure PES substrate. The effect of sulphonation on the 

PES substrate formation by phase inversion was investigated in terms of its 

membrane morphology and changes in membrane hydrophilicity, and mechanical 

strength. Figure 5.4 shows the SEM images of membrane substrates casted with 

different concentrations of sulphonated polymer as explained in Table 5.1. The 

thicknesses of these membrane substrates were in the range 65–80 µm although the 

height of the casting knife was adjusted to 200 µm for all the substrate samples. 

Figure 5.4 (a) shows the cross-section, top and bottom SEM images of the membrane 

substrate casted from pure PES (no sulphonation)  showing clearly the presence of a 

large number of finger-like pore structures which is in parallel with previous reported 

studies (Tiraferri et al. 2011b; Yip et al. 2010). With sulphonation however, the 

membrane substrate formed loses its finger like morphology although it was still 

faintly visible at 25 wt% as shown in Figure 5.4 (b). At higher sulphonation, (50 wt 

%), SPES substrates did not exhibit any finger like structures but rather a sponge-like 

structure with few macrovoids were observed as presented in Figure 5.4 (c). 

Membrane substrates formed during the phase inversion stage usually have few 

distinguished structures and morphologies (Mark 1968). Several pathways may occur 

for the original polymer solution during the phase inversion stage which can be 

explained using a ternary diagram (Wijmans et al. 1985b). Based on the ternary 

diagram, delayed demixing in the phase inversion can affect the substrate 

morphology. Adding sulphonated material would cause delayed demixing which 
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results in a sponge like substrate and significantly reduces macrovoid formation as 

the sulphonated material content increases. 

Figure 5.4 also shows that while changes in membrane substrate cross section are 

obvious under different casting solution composition with a different degree of 

sulphonation, changes in the membrane top surface cannot be clearly visualised from 

SEM images even at a magnification of 10,000. However, previous studies have 

shown that as the sulphonation concentration increases, membrane surface roughness 

decreases (Widjojo et al. 2011). The top skin layer and the more porous sub layer can 

be formed by two separate pathways during the phase inversion stage. The top skin 

layer that forms on the surface of the porous membrane film is hypothesized to occur 

when the solvent diffusion from the membrane exceeds the non-solvent infusion. 

This process can increase the polymer concentration on the top side and form a slight 

denser skin during phase inversion on the membrane top surface (Wijmans et al. 

1985a). Therefore, delayed demixing due to increase sulphonated materials not only 

significantly changes the membrane substrate and morphology but it can affect the 

surface properties such as pore size and roughness as has previously been reported 

(Widjojo et al. 2011). 
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Top surface 

Bottom surface Mag x 10 K  

1 µm  

 

            (a) PES                              (b) SPES (25 wt%)                   (c) SPES (50 wt%)            

Figure 5.4: SEM images of membrane substrates with different blending ratio of 

sulphonated polymer for TFC fabrication: (a) no sulphonated polymer; (b) 25 wt% 

sulphonated material; (c) 50 wt% sulphonated material. All samples were fabricated 

through 12 wt% polymer concentration in NMP. 
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The membrane bottom surface morphology in Figure 5.4 (a) shows traces of 

macrovoids in the substrate sample without sulphonation (TFC1) and this macrovoids 

seem to decrease with sulphonation as shown in Figure 5.4 (b) for TFC2 (25 wt %). 

No such macrovoids can be found with the substrate sample TFC3, (50 wt %) as 

shown in Figure 5.4 (c). A closer SEM observation of the membrane cross section 

reveals that the sulphonation increases the porosity of the membrane substrate.  

Table 5.2 presents the membrane substrates characteristics at different degree of 

sulphonation. The results confirm the hypothesis that the sulphonation of PES 

increases the hydrophlicity and relatively porosity of the membrane substrate. The 

contact angle of PES membrane substrate (without sulphonation) has a contact angle 

of 77.3◦, while the contact angles for sulphonated substrates showed relatively lower 

contact angles in the range of 15–20◦ due to the increased hydrophilicity. Thus these 

results show that the higher degree of hydrophilicity can be achieved by increasing 

the degree of sulphonation on the PES. 

Table 5.2: Characteristics of membrane substrates at different sulphonation rates. 

Sample ID 
Thickness  

(µm) 
Porosity% Contact angle (º) 

   Active layer           Support layer 

TFC1-(PES)     80± 3.0 77 ± 1 52 ± 1 65 ± 1 

TFC2-(SPES-25%) 71± 2.0 75 ± 1 27 ± 1 26 ± 2 

TFC3-(SPES-50%) 65± 3.0 79 ± 3 20 ± 1 20 ± 2 
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Table 5.3: Mechanical properties of membranes with a different degree of 
sulphonation. 

Membrane ID Tensile strength Modulus Elongation break 
(%) 

TFC1-(PES)     7.8 241 17.9 

TFC2-(SPES-25%) 3.6 72.1 36.2 

TFC3-(SPES-50%) 1.1 12 43.3 

 

Table 5.3 shows the mechanical strengths of fabricated membrane substrates with a 

different sulphonation ratio. With an increase in the sulphonation, the tensile strength 

and Young’s modulus decreases while the elongation at break increases. From these 

results, it is clear if the sulphonation is increased beyond 50 wt%, the membrane 

substrate would have very poor mechanical strength. Earlier studies have suggested 

that, the reduction in tensile strength due to sulphonation may be related to two 

factors: (1) the binding of strong polar sulfonic acid to the polymer chain may 

decrease the aggregative state and (2) the polymer matrix is expanded due to 

sulphonation thereby augmenting the polymer chain movements which gives the 

polymer material more flexibility (Guan et al. 2005; Smitha et al. 2003). 

Figure 5.5 shows the comparative FTIR spectra of PES and SPES (50 wt%) 

membrane substrate samples to confirm the presence of SO3H group on the polymer 

chains. The symmetrical stretching vibrations of sulfonic acid groups and aromatic 

SO3H symmetric appear at ~1180 cm-1  and ~1025 cm-1, respectively (Guan et al. 

2005; Kim et al. 1999) however, based on Figure 5.5, we could not detect the peaks 

distinctly probably because of near overlapping band. However, absorption peak at 
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3420 cm-1 is due to stretching vibrations link to the hydroxyls of sulfonic acid groups 

which confirm the presence of sulfonic acid groups in the SPES membrane samples. 

 

 
Figure 5.5: FTIR spectra of membrane substrate sample for PES and SPES 50 wt%. 
 

 Characterization of TFC-FO membranes 5.3.2

TFC-FO membranes were prepared via interfacial polymerisation on the top surface 

of prepared membrane substrates. Table 5.4 summarizes the TFC-FO membrane 

transport properties and their structural parameters. The pure water permeability 

coefficient of the TFC-FO membranes increases with the increase in sulphonation 

rates. For example, the A values of 1.1 Lm-2h-1bar-1
 with the TFC1 (substrate without 

sulphonation) increased to 2.1 Lm-2h-1bar-1
 and 2.9 Lm-2h-1bar-1

 for TFC2 (25 wt% 

sulphonation) and TFC3 (50 wt% sulphonation), respectively.  

The salt permeability coefficient (B) also slightly increased for TFC2 and TFC3 with 

a higher degree of sulphonation. However, regardless of degree of substrate 

sulphonation, all the TFC membranes showed a reasonable salt rejection of 93.3 %, 

91.3 %, 91.1 % with TFC1, TFC2 and TFC3, respectively. 
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The membrane A and B parameters are intrinsic membrane properties related to the 

top rejection layer independent the substrate properties. However, the increase in the 

A and B values with the degree of sulphonation is probably related to the 

characteristics of the top skin layer of the membrane substrate formed during the 

phase inversion stage that likely effected the formation of polyamide rejection layer. 

It was discussed earlier under Section 5.3.1 that, at higher degree of sulphonation, a 

much smother top skin surface is formed that likely provided a more suitbale 

conditions for the formation of a PA rejection layer with much more uniform 

thickness. At no sulphonation or at lower degree of sulphonation, the top skin layer 

of the substrate is more rough which may likely result in the formation of much 

thicker PA layer (average) thereby reducing the membrane permeability.  

Lower structural parameter is preferable for membrane based osmotic process such 

as FO. The membrane structural parameter is related to the degree of ICP and hence 

the membrane performances under the FO process. Table 5.4 shows the structural 

parameters (S value) of the three TFC-FO membranes. These results indicate that the 

S values of the TFC-FO membrane decrease with an increase in the degree of 

sulphonation. The S value for TFC1 was 1096 µm which decreased to 335 µm and 

245 µm for TFC2 and TFC3, respectively with sulphonation.  

Generally, higher degree of sulphonation resulted in more porous and hydrophilic 

substrate which lowers the structural parameter and the ICP effects. Most previous 

works indicate that the membrane porosity and water permeability is related to the 

polymer concentration and additives such as pore formers (McGinnis & McGurgan 

2013); however, the findings in Table 5.2 show that, sulphonation also makes the 

membrane substrate more porous for the sample prepared at similar polymer 
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concentrations (all the three membrane substrate samples were fabricated with 12 % 

polymer concentration). Furthermore, Table 5.4 shows that, the permeability of the 

TFC membrane  active layer increases with the increase in  the sulphonation degree 

although both the TFC membranes with 25 wt % and 50 wt % sulphonation 

composed of similar polymer concentration as the TFC1 without  sulphonation.  

Membrane with different degree of sulphonation has different chemical properties 

and top surface pore size and topologies which consequently effect the interfacial 

polymerisation and PA layer formation (Widjojo et al. 2011). Although it is hard to 

differentiate the effect of sulphonation on interfacial polymerisation through SEM 

images however, the performance in terms of water flux and salt permeability can 

greatly help in interpreting the rejection layer properties under increased 

sulphonation rate. For example, the intrinsic pure water permeability (A value) for 

TFC1 (without substrate sulphonation) was 1.1 L/m2 h-1 bar-1 which increases to 2.1 

L/m2 h-1 bar-1 for TFC2 (25 wt%) and 2.9 L/m2 h-1 bar-1 for TFC3 (50 wt%) membrane 

samples. However, this also correspondingly led to slight decrease in the salt 

rejection or increases in the salt permeability (B value) of the sulphonated TFC 

membranes compared to un-sulphonated TFC1 membrane. The higher water 

permeability and higher salt permeability for TFC3 compared to TFC2 also indicate 

that at higher sulphonation degree, it results in the formation of thinner PA rejection 

layer due to smoother substrates.  
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Table 5.4. Transport properties and structural parameters of fabricated membrane 

samples in comparison with CTA-HTI membrane. 

 a Evaluated in the RO testing mode over an applied pressure range of 1bar with DI water as feed water .                                                                                                                           
b Evaluated in the RO testing mode over an applied pressure range of 1bar for a feed water containing 200 ppm NaCl .                                                                                      
c Evaluated based on experiments under the FO mode using 2 M NaCl as the draw solution with DI water as feed water. 

 

 Performance of TFC-FO membranes for FO process 5.3.3

The performances of synthesized TFC-FO membranes with different sulphonation 

degree were assessed under both FO and PRO mode of operations using 0.5 – 2.0 M 

NaCl as DS and DI water as feed. Their comparative performances in term of water 

fluxes and reverse solute fluxes are presented in Figure 5.6. Figure 5.6 (a) compares 

the membrane performance in terms of water flux and reverse solute flux for the TFC 

membrane samples under the FO and PRO mode of membrane orientation at various 

NaCl DS concentrations with DI FS. 

As expected, the water flux presented in Figure 5.6 (a) increases with an increase in 

DS concentration for all the TFC membrane samples due to a greater driving force 

generated by higher DS concentration.  

Sample 
ID 

a Water permeability       
(A)                                           

b Salt permeability B 
(10−8 m/s) 

NaCl 
rejection (%)   

cS 
value 

  
L/m2 h-1 
bar-1             ×10−12 m/s Pa      

TFC-1 1.1 ± 0.15 3.1±0.5        2.6±0.1.3 93.2 1096 
TFC-2 2.1 ±0.26 5.1±0.5        4.1±0.1.3 91.3 335 
TFC-3 2.9 ±0.25 8.1±0.5        5.1±0.1.3 91.1 245 
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(a) 

 

(b) 

Figure 5.6: Performance comparison of fabricated membranes in terms of water flux 

and reverse solute flux under FO and PRO with various NaCl concentrations as DS 

and DI water as feed. (a) performance of membrane samples in terms of water flux, 

(b) performance of membrane samples in terms of reverse solute flux. (TFC1 

contains 0 wt % sulphonated material in the membrane substrate while TFC2 and 

TFC3 have 25 wt % and 50 wt %   sulphonated material in the membrane substrates 

respectively).  
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As shown in Figure 5.6 (a), the water flux performances of the TFC FO membrane 

improve significantly by sulphonation with higher performances at higher degree of 

sulphonation. Table 5.5 shows the summary of water fluxes using 2 M NaCl as DS 

and DI water as FS under two different modes of membrane orientations. For 

example, the water flux of the TFC3 FO membrane at 2 M NaCl was 35.1 Lm-2h-1 

compared to 25 Lm-2h-1for TFC2 and 17.12 Lm-2h-1 for TFC1. These results clearly 

show the benefits of sulphonation of the PES substrate on FO water flux. Similar 

improvement in water flux for the sulphonated TFC membranes were also observed 

under the PRO mode of membrane orientation. For example, the water flux for TFC1 

FO membrane at 2 M NaCl DS and DI as FS under the PRO mode was 21.5 Lm-2h-1 

which increased to 31.0 Lm-2h-1 and 42.1 Lm-2h-1for TFC2 and TFC3, respectively. 

These water fluxes under the PRO mode of membrane orientation are only about 

20% – 26% higher than water fluxes under the FO mode of membrane orientation. 

This is slightly lower than significant differences in the water fluxes observed 

between FO and PRO modes of membrane orientation with PRO mode generally 

producing twice or more water fluxes compared to under FO modes of membrane 

orientations with the PA based TFC FO membranes (Phuntsho. et al. 2013). This 

lower water flux differences between the FO and PRO modes of membrane 

orientation indicates that, the extent of dilutive ICP during the FO mode is not very 

significant probably further supporting the positive influence of substrate 

sulphonation. However, as pointed out earlier, although sulphonation increases the 

water flux by improving its substrate structure and hydrophilicity however, the 

mechanical strength (tensile strength) of TFC membrane decreases with the increase 

in the degree of sulphonation (Table 5.3).  
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Table 5.5:  Performance of fabricated TFC-FO membrane using 2 M NaCl as DS and 

DI as FS under FO and PRO mode. 

 

Membrane 
ID 

 FO mode    PRO mode  

  Water 
flux 

RSF(g m-2h-1 ) SRSF 
(gL-1) 

Water 
flux 

RSF(g m-2h-1 )  SRSF  (gL-1) 

TFC1      17 7.5 0.44 21.5 8.1 0.37 

TFC2      25 9.5 0.38 31 10 0.32 

TFC3     35.1 9.9 0.28 `42.1 11.1 0.26 

 

Based on the water flux performances under the FO and PRO modes of membrane 

orientations presented in Figure 5.6 and Table 5.5, it is clear that, substrate 

sulphonation can significantly help improve the performances of the TFC FO 

membranes in terms of water flux. This increase in water flux is due to two main 

reasons: change in the membrane support morphology and the improvement in its 

hydrophilic property however, a closer observation on the membrane cross section 

morphologies for the three TFC FO membrane samples reveals interesting points. 

TFC3 membrane possesses a denser sponge-like support layer structure compared to 

finger-like support structures for TFC2 and TFC1 and yet TFC3 resulted in the best 

performance in terms of water flux. This result therefore indicates that, the 

performances of the FO membranes can be improved by not only having a finger-like 

membrane substrate structure morphology but also by improving the hydrophilicity 

of the sponge-like membrane substrate such as through optimum sulphonation. The 

main advantage of the sponge-like substrate compared to the finger-like substrate 

could be in the form of better resistance to membrane compaction during the 
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operations such as in the pressure retarded osmosis for power generation and 

pressure assisted osmosis. 

Reverse solute flux (RSF) is another important performance parameter for assessing 

the performance of the FO membranes. It measures the extent of draw solute that 

reversely diffuses through the FO membrane during the osmotic process. A high RSF 

of the FO membrane may have significant implications on the loss of draw solutes 

towards the feed water complicating the concentrate management, membrane 

fouling/scaling and water flux performance. Figure 5.6 (b) and Table 5.5 show the 

RSF of three fabricated TFC FO membrane samples under the FO and PRO modes of 

membrane orientations. Although the water flux increases with the increase in the 

degree of membrane substrate sulphonation however, this also correspondingly 

increased the RSF of the TFC FO membranes. For example, the RSF of the TFC1 

membrane (at 2 M NaCl as DS and DI as FS under FO mode) was 7.5 g m-2h-1 which 

then increased to 9.5 g m-2h-1 and 9.9 g m-2h-1 with sulphonation for TFC2 and TFC3, 

respectively. Likewise under the PRO mode of membrane orientation using similar 

DS-FS condition, the RSF for the TFC1 membrane sample was 8.1 g m-2h-1 which 

increased to 10 g m-2h-1 and 11.1 g m-2h-1 for TFC2 and TFC3 FO membranes, 

respectively. Although the RSF under the PRO mode of membrane orientation is 

higher than under the FO mode however, the ratio of RSF generally termed as the 

specific RSF (SRSF) is fairly constant irrespective of the membrane orientations of 

the DS concentrations.  However, the SRSF remained fairly similar (0.25 – 0.45 gL-

1) for both the un-sulphonated and sulphonated TFC FO membranes. Table 5.6 

presents the comparative performances of three fabricated TFC FO membranes in 

this study with other works reported in the literature. It is clear from these 
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comparative data that, sulphonated TFC FO membrane fabricated in this study has 

comparable performance in terms of water flux and SRSF. 

Table 5.6: Performance comparison of flat sheet TFC-FO membranes in FO mode of 
operation. 
 
Membrane 
types 
 

Materials Water  flux 
(Lm-2h-1) 

 

 Specific 
reverse 
salt flux 
(gL-1) 
 

 DS 
(M)  
NaCl 
 

FS 

 

References 

 

SPES TFC-FO     PES 18/25 0.4/ 0.32 1/2 DI Present work 

SPES TFC-FO     PES 26/35 0.36/0.28 1/2 DI Present work 

TFC flat-sheet 
(HTI) 

Psf 13 0.81 
 

2 DI (Phillip et al. 2010) 

TFC flat-sheet 
membrane 

Psf 12 0.4 
 

1 --- (Wei et al. 2011a) 

TFC flat-sheet 
membrane 

Psf 20.5 -- 1 DI (Tiraferri et al. 2011a) 

TFC flat-sheet 
membrane 

Psf 15.1 - 1 DI (Yip et al. 2010) 

SPSf TFC FO  Psf 26 0.3 
 

2 DI (Wang et al. 2012a) 

SPSf TFC FO 
 

Psf 18 0.2 1 DI (Wang et al. 2012a) 

 
 

  Concluding remarks 5.4

The effect of sulphonation on the PES substrate to synthesise TFC-FO membranes 

was studied through substrate characterisation such as morphology, tensile strength 

and TFC membrane performances. The following summary is drawn from this work: 

• Sulphonation of PES substrate resulted in significant influence on the 

substrate morphology by changing the substrate morphology from finger-like 

to more sponge-like substrate at higher degree of sulphonation, increase in 

substrate hydrophilic property, improvement in membrane permeability 

coefficient (A value) and decrease in membrane structural parameter (S value) 
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and tensile strength although it resulted in increased salt permeability (B 

value) and salt rejection.  

• The performances of the TFC-FO membranes in terms of water flux and 

specific reverse solute flux increased with the increase in the degree of 

sulphonation. The TFC FO membrane at 50 wt % sulphonation showed the 

best performance with water fluxes of 35.1 L m-2h-1 (FO mode) and 42.1 L m-

2h-1 (PRO mode) using 2 M NaCl as DS and DI water as FS compared to 17.0 

L m-2h-1 (FO mode) and 21.5 L m-2h-1 (PRO mode) for un-sulphonated TFC 

FO membrane under the same operating conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 
 



 

167 
 

  Chapter 6

THIN-FILM COMPOSITE 

MEMBRANE SUPPORTED 

ON A COMPACTED WOVEN 

FABRIC MESH SUPPORT 

FOR PRESSURE ASSISTED 

OSMOSIS 
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 Introduction 6.1

 Forward Osmosis (FO) has drawn significant research attention as an alternative 

membrane process for desalination, osmotic energy generation and treating impaired 

water sources (Achilli et al. 2009; Holloway et al. 2007; Phuntsho. et al. 2012; Zhao 

et al. 2012). Unlike pressure based membrane processes such as RO and NF, FO  

utilises osmotic pressure generated by Draw Solution (DS) as a driving force to 

transfer water across a semipermeable membrane without applying hydraulic 

pressure (Chung et al. 2012). However, since the FO process is based on 

concentration difference, the water flux decrease is due to the continuous decline in 

the DS concentration during the process (Ge et al. 2013; McCutcheon et al. 2006; 

Zhao et al. 2012). Furthermore, the water flux is also limited due to other factors 

such as concentration polarisation (CP) phenomena that occur on both sides of the 

membrane (Gray et al. 2006; Phuntsho. et al. 2013). CP is particularly more 

significant when it occurs within the support layer of the asymmetric polymer 

membrane where the hydrodynamic mixing cannot be provided during the FO 

process and is known as ICP. ICP can substantially impact the net osmotic pressure 

(Δπ), which is the main driving force in the FO process, and hence, the transfer of 

water across the membrane in the FO process. Water flux occurs until the osmotic 

pressure of the DS attains equilibrium with the Feed Solution (FS) (Achilli et al. 

2009; Garcia-Castello et al. 2009). Extensive design modification efforts have been 

made to optimize the operating factors and the membrane materials in order to 

reduce the limiting factors, particularly the ICP hindrance. However, the ICP and 

appropriate membrane remain major issues in the FO process (Gray et al. 2006). 
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 Recently, a few studies on the combined processes of applied hydraulic pressure and 

osmosis have reported attempts to exploit the synergies of the two processes in a 

single stage to overcome low flux in the FO process (Blandin et al. 2013; Coday et 

al. 2013; Yun et al. 2013b). The concept of Pressure Assisted Osmosis (PAO) is 

applied in an expanding FO process application. In this process, pressure is applied 

to the feed side to enhance the water flux albeit at a lower energy cost (Yun et al. 

2013b). Previous work has demonstrated that applied hydraulic pressure can increase 

the FO performance (Oh et al. 2014; Yun et al. 2013b); however, performance also 

depends on the FO membranes properties such as type, structure and materials 

(Coday et al. 2013). 

To date, most of the published papers have used cellulose triacetate with embedded 

polyester support screen membrane (CTA-ES) from HTI to investigate the process 

(Oh et al. 2014; Yun et al. 2013b). Low water flux is common in the CTA 

membranes. Furthermore, only recently, HTI has designed and produced a large 

scale, new thin film composite membrane with embedded polyester screen support 

(TFC-ES). However, these membranes are still largely unavailable to researchers. 

Therefore most of the PAO process has been validated using the CTA-ES membrane 

from the HTI (Coday et al. 2013; Yun et al. 2013b). One exception is a study by 

Coday et al. in which  TFC-ES from HTI has been used in addition to the CTA 

membrane (Coday et al. 2013). Based on the HTI operating limits and guideline 

(OLG) sheet for supplied membrane kits and casting procedures for the FO 

membrane on a large scale (described in US Patent 7,445,712 B2), the TFC 

membrane for FO seems to have been fabricated in a similar way to that of the CTA-

FO membrane (Herron 2008). The polymer solution is casted on a roll which is 

followed by pulling the fabric from the top to embed it in the casted polymer 
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solution. This unique fabrication method for the FO membrane confines the polymer 

penetration to the back of the porous fabric support and prevents the formation of air 

bubbles as explained in the patent (Herron 2008). However, the commercial scale 

solution of embedding the woven polyester mesh on the roll is generally difficult at a 

lab scale level using manual casting knife and flat glass plate.  

The FO membrane can be made with or without any backing fabric support. 

Nevertheless, the membrane needs adequate mechanical strength to perform 

sustainably under certain hydraulic pressure. Most recent efforts for fabricating high 

performance membrane have been devoted to modifying the structural morphology 

and chemical properties of the polymeric support to enhance the membrane 

performance. A thin film composite FO membrane fabricated under lab conditions is 

not effective in the PAO process due to the likely compaction of the polymeric 

membrane substrate and lack of backing fabric support (Wang et al. 2012a; Widjojo 

et al. 2011). Although most of the new FO membranes have reported enhanced water 

flux and salt rejection properties compared to the CTA membrane but they have low 

tensile strength, particularly for the PAO process (Wang et al. 2012a; Widjojo et al. 

2011). Furthermore, even the commercial TFC-FO membrane with finger like 

morphology supported by PET nonwoven backing fabric may not be effective for the 

PAO process due to the likely compaction of substrate which could lead to crack and 

defect points on the membrane surface and rejection layer. Thus, the membrane 

substrate with finger-like structures may not be appropriate when subjected to 

applied hydraulic pressure in the PAO process. 

Few studies have reported the successful reinforcement of the FO substrate with 

backing fabric support (highly porous non-woven PET) (Tiraferri et al. 2011b; Yu et 
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al. 2011). However, following their protocols, producing large pieces of defect and 

wrinkle free membrane substrate by using a highly porous nonwoven fabric support 

was challenging due to polymer penetration and wrinkle formation. R.Mc Ginnis, 

and G. Mcguregan (Herron 2008; McGinnis & McGurgan 2013) have used bilayer 

backing fabric to make the support layer sturdier and thicker. The use of bilayer 

backing fabric can block the polymer solution from penetrating the backing layer and 

limit the appearance of wrinkles and defect points. Furthermore, in the commercial 

scale membrane fabrication additional strategies in machine design such as optical 

alignment are considered in order to prevent the creasing and folding over of the 

membrane (McGinnis & McGurgan 2013). This strategy is very challenging in terms 

of duplicating FO membranes fabrication supported by backing fabric under lab 

conditions. 

 Understanding how the applied pressure influences the membrane and the 

performance in PAO is crucial for the development of a suitable membrane for the 

PAO processes. Considering the nature of the PAO process, such a membrane would 

have intermediate characteristics between RO and FO membranes suitable under 

both the FO and RO modes of operation. Like the FO membrane, an ideal PAO 

membrane should possess high water flux, low solute flux and good chemical 

stability. This is in addition to mechanical strength which is indispensable for this 

pressurised process. 

The present work is therefore aimed at solving the above problems by incorporating 

woven mesh fabric into the substrate to reinforce and produce a wrinkle and defect 

free TFC membrane for the PAO process. The compacted woven polyester mesh 

fabrics may reduce wrinkle formation since it is relatively impervious to the polymer 
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solution. Furthermore, this study has systematically investigated the possible 

solutions for embedding woven mesh fabric to the membrane polymeric support by 

applying lab scale and commercial scale FO membrane fabrication methods to 

produce a defect free membrane. The morphologies and physical characteristics of 

the resultant TFC membranes were investigated and compared to commercial CTA-

ES, WJ-FO and WJ-RO membranes to illustrate the potential of the fabricated 

membrane for the PAO process and the relative importance of the backing fabric 

support properties and membrane support structure. 

 Materials and Methods  6.2

 Chemicals and membrane materials 6.2.1

 Polyethersulfone (PES) granules (Mn: 55,000 - Good fellow, UK) and Polyester 

mesh woven fabric (PETEX 07-11/5, 07-40/25, SEFAR Pty. Ltd, Australia) were 

used for preparing the membrane substrates. 1-methyl-2-pyrrolidinone (NMP, 

anhydrous, 99.5%) andPolyethylene glycol (PEG, MW 400) (Sigma–Aldrich Pty. 

Ltd, Australia) were used in the casting solution. Chemicals used for interfacial 

polymerization included m-phenylenediamine (MPD,>99%), 1,3,5-benzene 

tricarbonyl trichloride (TMC, 98%) and n-hexane (Sigma–Aldrich Pty. Ltd, 

Australia). CTA FO membranes were obtained from HTI (Albany, OR) and the FO 

and RO membranes from Woongjin Chemicals, Korea were used for comparison and 

validation purposes.  
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 Synthesis of flat-sheet TFC PAO membranes 6.2.2

 Polymer concentration and additives rate  6.2.2.1

In this study, the PES polymer concentration for fabricated TFC membranes ranged 

from 12-18%. At a higher polymer concentration, pore former agents such as LiCl3 

or other additives like PEG are necessary to make the membrane more permeable 

(Qiu et al. 2012b; Tang et al. 2014; Wang et al. 2012a). In this study, the optimum 

level of PEG as an additive was 10-20 wt %.  The casting solution component for 

five types of fabricated TFC membranes (denoted T1 to T5) and their preparation 

conditions are summarized in Table 6.1. 

Table 6.1: Synthesis conditions for TFC PAO membranes. 

*Note: Woven polyester mesh fabric for all fabricated samples was 60 µm in 
thickness  
 

 Fabrication methods 6.2.2.2

Figure 6.1 demonstrates the two fabrication methods on the roll (rotating drum) used 

for the fabricating of the RO and FO membranes at a commercial scale. Method 1 

(M1) is used for casting the RO membrane using a thick non-woven fabric support 

with highly viscose solution containing a high polymer concentration. In this method, 

the non-woven backing fabric support is firstly placed on the roll and then the 

Membra
ne 
 ID 

Open 
area 
(%) Substrate layer via phase inversion 

 
 
Fabrication methods 

     
PES 

(Wt.%) 
NMP 

(Wt.%) 
PEG 

(Wt.%)     
T1 5      18     72 10     M1   
T2 5 

 
   18     62 20 

 
  M1   

T3 5 
 

   12     88 -- 
 

  M1   
T4 25 

 
   18     72 10 

 
  M2   

T5 25 
 

   18     72 10     M1   
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polymer solution is poured on the top of the thick nonwoven fabric and cast by a 

casting knife on top of the roll (Herron 2008; Tiraferri et al. 2011b). Due to thick 

non-woven fabric and the viscose polymer solution used in the RO membrane, 

polymer penetration to the back of the fabric is limited. The whole structure is then 

immersed in the water bath for the initiating phase inversion.  Similar method but on 

a glass plate instead of a rotating drum is used for the casting of T1,T2,T3 and T5 

samples illustrated in the Table 6.1. However, the fabrication procedure for the FO 

membrane at the commercial scale follows the casting method 2 (M2) as depicted at 

Figure 6.1. In this method, the polymer solution is firstly, poured onto a rotating 

drum and then; the polymer solution is casted through a casting knife on the roll 

followed by pulling the woven or nonwoven fabric into the casted polymer solution 

from the top so that the backing fabric is fully embedded (Herron 2008). The whole 

structure is immersed in a water bath to initiate phase inversion. This method is used 

for casting the T4 sample. The fabrication method 1 (RO style) and method 2 (FO 

style) are investigated to fabricate a defect and wrinkle free TFC membrane for the 

PAO process using woven mesh fabric on the glass plate instead of the rotating 

drum. 
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Porous fabric

Casted membrane

FO membrane 

Method 2Method 1
RO membrane 

Rotating drum

Water bath

Casting knifeCasting knife

Polymer solution

Rotating drum

 Figure 6.1: Schematic of RO and FO membrane fabrication methods in commercial 

scale. Modified from (Herron 2008). 

 Casting polymer solution on woven polyester mesh fabric support 6.2.2.3

The choices of backing fabric support for the fabricated samples (T1-T5) are 

presented in Table 6.1. The flat sheet TFC substrates are fabricated on woven 

polyester mesh over two stages. First, the casting of a membrane polymer support 

layer embedded on woven fabric mesh through a phase inversion stage is followed 

by a second stage; the formation of a polyamide (PA) thin selective layer through 

interfacial polymerization.  

For the first stage, casting solutions are prepared by applying a certain amount of 

PES and PEG as a pore former (Table 6.1). Polyethersulfone (PES) is dissolved in 

NMP and PEG then stirred by magnetic stirrers at 60 ◦C for 24 hours. The polymer 

dopes are then degassed using digital bench top ultrasonic cleaners (Soniclean Pty 

Ltd, Australia) for 60 min and stored in a desiccator for at least 48 hours before 

casting. To prepare the membrane support (samples T1-T3), the woven polyester 

mesh with a 5 % open area is placed on top of a flat glass plate, and then the fabric is 

treated with NPM (except T3). Thereafter the fabric is dried carefully by an air knife 
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to remove the excess NPM. Casting is performed on a glass plate using a stainless 

steel film applicator (Sheen Instruments Ltd, UK) with an adjustable gate height 

fixed at 200 µm (∼8 mils). The casted substrate is immersed immediately into a 

precipitation bath that contains DI water at room temperature to initiate phase 

inversion and remains in the bath for at least 10 minutes. The resultant substrate is 

stored in DI water before undertaking the next stage which is the formation of an 

active rejection layer. All samples (T1, T2, T3, T5) in this study are fabricated through 

this casting method (M1- RO style) except the T4 sample which is fabricated through 

the casting method (M2 - FO style). 

 Formation of a polyamide rejection layer 6.2.2.4

The rejection layer of TFC membranes is formed by interfacial polymerization on the 

top surface of the hand-cast PES film embedded with polyester woven fabric mesh. 

The substrate is soaked in a solution of 3.4% wt aqueous MPD solution for 2 minutes 

and then the excessive MPD solution on the substrate surface is removed using an air 

knife.  Next, the membrane substrate is placed in a frame that is sealed around the 

corners and bottom but is open on the top side, allowing the TMC solution to react 

with the top surface of the MPD saturated substrate membrane where the active layer 

is needed. N-hexane solution of 0.15 wt% TMC is gently poured onto the substrate 

and this is allowed to react with the membrane top surface for 60 sec to form an 

ultra-thin PA rejection layer. This protocol was used for all fabricated samples. The 

resultant TFC composite membranes are rinsed with DI water to remove the residual 

solution and are then stored in DI water at 4 ◦C before characterization.  
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 Membrane characterization 6.2.3

     Characterization of membrane morphology, contact angle, porosity 6.2.3.1

and tensile strength 

Membrane cross-sections and surface morphologies are examined using a high-

resolution Schottky Field Emission Scanning Electron Microscope (SEM, Zeiss 

Supra 55VP, Carl Zies AG, Germany). First, membrane samples are dried in a 

vacuum at room temperature for 24 h. To view the cross sections of the membranes, 

samples are then flash-frozen in liquid nitrogen to preserve the pore structure. Woven 

fabric mesh support stiffness makes it difficult for a decent cut thus a sharp razor 

blade is used. All samples are sputter coated with thin layer of carbon before SEM 

imaging using Balzers Sputter coater (SCD 050, BAL-TEC, Germany) which is 

operated at the 10-15 Kv applied voltage.  

The contact angles of the membranes are measured with the sessile drop method, 

using an Optical Tensiometer (Attension Theta Lite 100, Biolin Scientific, Finland). 

Membrane samples are dried in a vacuum at room temperature for 24 h. Small 

deionized water droplets (5-7µL) are applied onto a levelled membrane surface and 

profiles of the water drops are captured by a camera and the imaging software to 

determine the contact angles. At least 3 measurements are obtained to get the average 

value.  

Membrane thicknesses are measured using a digital micrometre (293-330 Mitutoyo, 

Japan). Membrane porosity (ε) is obtained by measuring the dry mass (W2) and wet 

mass (W1) of the  membrane samples and calculated based on the following equation 

(Sukitpaneenit & Chung 2009) : 

𝜀 = (𝑊1−𝑊2)/𝜌𝜌

�𝑊1−𝑊2
𝜌𝜌 �,+[𝑊2/𝜌𝜌]

  × 100%                                                                                 (1) 
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Where  𝜌𝜌  and  𝜌𝜌  are the density of the wetting solvent (Isopropanol ethanol in the 

current study) and membrane, respectively. Tensile strength is evaluated using an 

Instron bench-type tensile test machine (LR5K Plus). The maximum load limit is 100 

N according to ASTM D882-10 while the crosshead speed is adjusted to 5 mm/min. 

At least five dog-bone-shaped specimens for each fabricated membrane sample are 

tested, and the average of these is used as the tensile property for each sample. 

 
 Measurement of pure water permeability and rejection properties 6.2.3.2

Pure water permeability of TFC membranes are measured in the same cross-flow 

filtration setup used in the PAO test, in the RO testing mode. Pure water permeability 

coefficient (A) is evaluated at an applied pressure range of 1–10 bar with DI water as 

a feed. The A value is calculated according to the following equation: 

A = Jw
Δp

                                                                                                      (2) 

Where Δp is the applied pressure and Jw is the permeate water flux. The pure water 

permeability of the embedded substrate was also determined through Equation (2). 

Sodium chloride rejection and salt permeability, B value of a membrane is measured 

in the PAO setup under the RO mode at 1–10 bar, using 10 g/L NaCl solution as 

feed. For all tests conducted in the RO mode a diamond patterned feed spacer was 

used. Rejection is determined based on conductivity measurement (Ultra Meter IITM 

4P, Myron L Company, CA) of the feed and permeate by the following equation. 

𝑅 = 𝐶𝐶−𝐶𝐶
𝐶𝐶

  × 100%                                                                                                  (3) 

where Cf and Cp are the salt concentrations in the feed and the permeate, 

respectively. 
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The salt permeability B value of a membrane is calculated according to the following 

equation (Lee et al. 1981b): 

𝐵 = 𝐴(1−𝑅)(Δp−Δ𝜋)
𝑅

                                                                                                     (4) 

Where ΔP is the applied pressure and R is the salt rejection of the membrane during 

the rejection test in the RO mode, Δπ is the osmotic pressure difference across the 

membrane.   

 Determining the membrane structural parameter         6.2.3.3

  S value is one of the critical properties of the TFC-PAO membranes given by the 

following relationship that depends on the support layer thickness (𝑡) and tortuosity 

(𝜏) and its porosity (ε): 

 𝑆 = 𝑡𝑡
𝜀

                                                                                                                        (5) 

In the experimental tests, the membrane effective structural parameter can be 

determined using the empirical equation. Based on the classical ICP model 

developed by Loeb et al. (Loeb et al. 1997), the water flux can be calculated by the 

following equations in the FO process: 

 𝐽𝑤 = 𝐷
𝑆

 �𝑙𝑙 𝐴𝐴𝐷,𝑏+𝐵
𝐴𝐴𝐹,𝑏+𝐽𝐽+𝐵

 �                                                                                            (6) 

Where D is the bulk diffusion coefficient of the draw solute, B is the salt 

permeability coefficient of the membrane active layer, and 𝜋𝐹,𝑏   and  𝜋𝐷,𝑏 are the 

bulk osmotic pressures of the FS and DS respectively. Based on equation 6, the 

membrane support structural parameter is determined using the following equation:  

𝑆 = �𝐷𝐷
𝐽𝑤
� 𝑙𝑙 𝐴𝐴𝐷,𝑏+𝐵

𝐴𝐴𝐹,𝑏+𝐽𝑤+𝐵
                                                                                               (7)    
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 Membrane tests in PAO process  6.2.3.4

Membrane tests in the PAO process are carried out in FO/PAO cell similar to the cell 

used in our previous work (Sahebi et al.). Two variable-speed gear pumps are used to 

supply the feed and draw solutions respectively. Each pump is connected to the cross 

flow membrane cell with channel dimensions of 2.6 cm width, 7.7 cm length and 0.3 

cm depth on both sides of the membrane. The volumetric flow rates of both sides are 

400 mL/min. All PAO experiments are performed under FO mode configurations: 

active layer facing FS (AL-FS) at 25 °C in which the pressure was applied on the 

feed. The active layer facing DS (AL-DS) (PRO mode) orientation is ignored 

because of possible damage to the active layer of the membrane as a result of a 

rejection layer collision with the spacer in the PRO mode. The channel on the DS 

side of the membrane cell is filled with 6 layers of diamond shaped polystyrene 

spacers to prevent membrane deformation and damage due to applied hydraulic 

pressure on the feed side. Concentrated NaCl solutions (0.11, 0.5, 1 and 2.0 M) are 

used as draw solutions. The feed solution contains 10 g/L NaCl and DI water. The 

water flux Jw is determined by measuring the changes in the volume of the DS tank 

connected to a digital mass balance data logging system and a PC. A pressure pump 

is used for the feed solution side and the applied hydraulic pressure is adjusted 

manually using the pressure valve. The applied pressure on the feed varies between 0 

and 10 bars; the maximum pressure rating for the pump is only up to 11 bars. The 

reverse diffusion of the draw solutes is evaluated by observing the electrical 

conductivity (EC) using a multimeter (CP-500L, ISTEK, Korea) when DI is used as 

feed. In this study, to validate the derived water flux produced by the fabricated 

TFC-PAO membrane, a commercial cellulose triacetate (CTA-ES) FO membrane 

(Hydration Technology Inc., Albany, OR) and a TFC-FO/TFC-RO from Woongjin 
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Chemicals is tested under the PAO mode of different ranges of applied hydraulic 

pressure. The thermodynamic properties of the solutions such as osmotic pressure, 

viscosity, diffusion coefficient, density, etc. are analysed using  thermodynamic 

modelling software OLI Stream Analyser 3.2 (OLI Systems Inc., Morris Plains, NJ, 

US).  

 Results and discussion 6.3

In these sections, a systematic analysis of a fabricated wrinkle free TFC membrane 

for the PAO process will be presented. Fabrication methods and backing fabric 

support properties affect membrane formation and the appearance of wrinkle and 

defect points. Consequently, they affect interfacial polymerization. Understanding 

these fundamentals provides a basis for the rational selection of a backing fabric 

support and fabrication method in order to effectively embed the backing fabric 

support to produce a wrinkle and defect free TFC membrane for the PAO or FO 

process under the lab conditions. For a better membrane performance comparison 

under the PAO process, fabricated samples have been compared to commercially 

available FO and RO membranes. 

 Membrane substrate layer 6.3.1

 Role of polymer concentration, backing fabric properties and casting        6.3.1.1

method on membrane support structure formation 

Polymer solution concentration and viscosity can affect the casting of membrane 

support layer particularly when it is embedded with backing fabrics. Low polymer 

concentration forms dilute polymer dope that can penetrate to the back of the fabric 

support during membrane casting (Lee et al. 1981b; S. et al. 2012; Wang et al. 

2012a), which can cause seve\ral problems including creases, wrinkles and defect 
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points. Furthermore, low polymer concentration rate plus additives has a significant 

effect on membrane permeability and desirable for FO membranes (McGinnis & 

McGurgan 2013).  

Lower polymer concentrations have been used to fabricate finger like structures to 

minimize the impact of ICP and the support layer on diffusion in the FO membrane 

as evidenced by previous studies (S. et al. 2012; Tang et al. 2014; Tiraferri et al. 

2011b). Membrane performance in terms of water flux has an inverse relationship 

with polymer concentration (McGinnis & McGurgan 2013). However, in the PAO 

process due to the required applied hydraulic pressure, membranes need to be denser 

to prevent rupture and compaction during the process. Therefore, higher polymer 

concentration is required to produce a membrane free of a finger like structure. 

However, to maintain permeability, PEG is used as a pore former in a higher 

polymer concentration for our fabricated TFC membranes (Table 6.1).  

The support layer of the FO membrane is typically polymeric micro porous support 

membranes, which may (or may not) be supported by a non-woven or woven 

backing fabric. In the PAO membranes since higher mechanical strength is essential, 

a structural supports by backing fabric is necessary due to withstand hydraulic 

pressure required in the PAO process. A comprehensive explanation of the casting 

procedure for fabricating FO membranes supported by backing fabric on a 

commercial scale is described in the HTI patent (Herron 2008) which is similar to the 

fabrication method (M2) presented in  Figure 6.1. This method has been chosen in 

commercial scale in order to prevent the polymer solution penetration through the 

backing woven mesh fabric in the CTA-FO membrane which otherwise leads to 

defect points across the FO membrane substrate due to trapped air bubbles.  
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Figure 6.2 (a) shows the images of the T5 sample on woven mesh fabric with a 25 % 

open area as compared to Figure 6.2 (b), a membrane film without backing fabric. As 

evident, regular backing fabric for casting a membrane has a severe effect on 

membrane support during phase inversion which causes very unsmooth surface. The 

membrane film without backing fabric support is smooth and free of wrinkles and 

defect points while wrinkle and defect points appeared for the membrane sample 

casted with the same polymer solution on woven fabric with a regular opening mesh. 

Figure 6.2 (c) shows the same images of the T5 sample and is compared with the 

Figure 6.2 (d), the T1 (T2 and T3 had a similar appearance) membrane sample using 

compacted woven mesh fabric with a 5 % open area. A similar fabrication protocol 

but different backing fabric supports in terms of open area was used. Casting 

solution, casting method (M1), and fabric thickness (60 µm) were the same but the 

woven mesh fabric had a 25% open area for Figure 6.2 (c) while it was 5% in Figure 

6.2 (d) (Table 6.1). This can indicate the effect of the backing fabric properties in 

terms of the open area and mesh opening on the membrane support layer formation 

during phase inversion. This has been confirmed during our observation when the 

polymer solution is casted on fabrics with 1%, 5%, 10%, 25% and 50% open areas. 

Membrane support casted on a woven mesh fabrics with a smaller open area (1%, 

5%) was wrinkle free due to limited polymer solution penetration while on fabrics 

with a bigger open area (10%, 25%),  severe wrinkles appeared. 
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Figure 6.2: Picture and SEM images of membranes substrate displaying (a) T5 sample 

on backing fabric support casted through method 1 and (b) substrate caste without 

backing fabric (Both (a, b) fabricated from 18 wt % PES in 72 % NMP and 10% PEG 

solvent). Picture and SEM images of membranes substrate displaying (c) T5 sample 

cast on woven polyester mesh with 25% precent open area and (d) T1 sample cast on 

compacted woven polyester mesh with 5% precent open area (Both (c, d)  fabricated 

from 18 wt % PES in 72 % NMP and 10% PEG solvent and casting method (1)). 

In this study, woven mesh backing fabric used for the T1-T3 membrane samples were 

different from the T4, T5 samples in terms of open area percentage but all have a 

similar thickness of 60 µm (Table 6.1). Firstly, attempts to fabricate the TFC 

membrane with regular woven mesh backing fabric (25% open area) for T4, T5 

samples using both casting methods will be explained. Both fabrication methods 

(M2) and (M1) were used to fabricate T4 and T5 samples respectively. T5 sample was 

fabricated through casting method (M1) which is similar to the T1-T3 samples (Table 

6.1). Due to a large open area (25%) in the backing fabric, penetration occurred even 

at very high levels of polymer concentration (higher viscosity) for T5 sample. 

However, it could not be utilized for our PAO process due to complete penetration 

that caused wrinkles. Furthermore, trapped air bubbles led to the formation of air 

pockets and defect points at the membrane surface. However, these membrane 

With backing fabric Without backing fabric

ba
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samples were tested in a smaller FO unit which only required a smaller membrane 

area (3 cm2) while for the PAO unit at least 21 cm2 of defect free TFC membrane 

required.  

The T4 sample was fabricated using a similar procedure presented at the commercial 

scale (M2) to resolve the penetration problem and validation of the FO membrane 

fabrication method on a large scale. Instead of a rotating drum, a flat glass plate was 

used. The casting method is similar to the commercial FO membrane fabrication on 

the roll and a few previous research works (Herron 2008; Qiu et al. 2012b). The 

fabricated T4 membrane sample was wrinkle free and appeared to be a defect free 

membrane; however, samples could not be utilized for interfacial polymerisation due 

to membrane skin layer properties as this will be discussed later under the 

characterization section 3.2. Therefore from findings on T5 sample, in this study, 

backing fabric with 5% was chosen to obtain a wrinkle free membrane and from 

findings on T4 sample, casting method (M1) was chosen which is suitable for 

interfacial polymerisation under lab condition. 

Previous studies have used different strategies to mitigate the impact of polymer 

solution penetration for FO membrane fabrication supported by backing fabric. For 

example, choosing unique fabrication method (Herron 2008), or a double layer 

backing fabric to confront the polymer penetration challenge (McGinnis & 

McGurgan 2013). However, in this study, TFC membrane for the PAO process (T1, 

T2) and T3 developed on a distinguished woven fabric mesh support that not only 

improved the membrane mechanical strength but limited the polymer penetration and 

prevent wrinkle formation on the membrane substrate. However, despite the 

compacted appearance (Figures 6.2 (c) and (d)) and low fabric open rate (5%), it has 
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shown high water permeability of 1554 L/m2 h-1 bar due to overlapped fabric knitting 

instead of tangled knitting. Thus, this specific fabric dose not hinders water passage 

significantly. 

 Characterization of membrane substrates layer 6.3.1.2

Five TFC membranes were fabricated in this study. In order to better understand  and 

compare the role of support structures on the structural parameter S (the current 

section) and  the PAO performance (Section 3.3) in our TFC (T1-T3), tow 

commercial FO membranes (CTA-ES, WJ-FO) plus WJ- RO membrane were also 

characterized. Regarding polymer penetration to the fabric in addition to casting 

solution concentration and backing fabric properties, there are other factors to 

consider. For instance, fabric pre-treatment by NMP can facilitate penetration by 

diluting the casted polymer solution through residual NMP close to the fabric thread. 

 All fabricated membranes on the woven fabric mesh were pre-treated with NMP 

prior to the casting except the T3 sample. In addition to compatibility, this allows 

slight penetration of the casting solution into the backing layer, without allowing 

complete “strike through”. This also prevents the detachment of PES support layer 

from the backing fabric in cases where the compacted fabric is used for T1 and T2 

samples.  

Figures 6.3 (b), 6.4 (b), and 6.5 (b) show the bottom surface of membrane samples 

fabricated through casting method (M1) for T1, T2, T3 respectively. Figures 6.3 (b), 

6.4 (b) show a slight penetration in T1 and T2 samples. Although their polymer 

concentration was higher than T3 sample, the fabric pre-treatment with NMP caused 

a slight penetration due to residual NMP around the fabric filament. NMP pre-

treatment can help join the backing fabric to the PES substrate in order to prevent 
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membrane film detachment from the support backing fabric. Furthermore, residual 

NMP on the fabric from the pre-treatment can dilute the polymer solution a few 

micrometres near the bottom of the substrate close to the fabric filament. 

Subsequently, the bottom can become more porous and less ICP may occur at the 

bottom surface. Sub-micrometre pores were observed for both T1, T2 substrates along 

with big pores where cast polymer did not cover the bottom surface, although the 

pores for both substrates appeared to be similar. Figure 6.5 (b) also shows the T3 

sample, casted with a dilute polymer of 12% without any fabric pre-treatment. As a 

result, a finger like structure morphology forms but it has only slightly penetrated to 

the woven mesh fabric due to lack of fabric pre-treatment with NMP. However, for 

the T3 sample with NMP pre-treated backing fabric, casting was not successful 

(result not shown). Due to the low polymer dope used for T3 sample (Table 6.1), 

residual NMP from the pre-treatment causes a further dilution of the polymer dope in 

a few micrometres around the fabric filament and facilitates the penetration. This 

indicates that complete penetration of the polymer solution is closely related to 

polymer solution viscosity in addition to fabric physical properties.                                                                                                                        

Figure 6.6 shows the cross section, top and bottom membrane surface of the T4 

sample casted through casting method (M2), FO style in commercial scale. A unique 

fabrication method made it possible, firstly to eliminate membrane wrinkle and 

defect points that can be detected by the naked eyes  and secondly to reduce the 

thickness of the substrate to even less than 100 μm. M2 is a unique FO membrane 

manufacturing method in a large scale which is compactable by incorporating 

backing fabric support and low polymer solution concentration. Thus, the polymer 

penetration through the back of the fabric due to dilute polymer solution and open 

mesh fabric can be avoided (Herron 2008). However, as Figure 6.6 shows the SEM 
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images of bottom and top surface of the T4  sample using  casting method (M2) under 

lab condition had a severe effect on membrane top and bottom surface morphology 

and pore size which probably make it unsuitable for interfacial polymerisation. 

Figure 6.3: SEM images of T1 membrane substrate displaying (a) cross-section and 

(b) bottom surface cast on compacted woven polyester mesh fabric support 

fabricated from 18 wt % PES in 72 % NMP and 10 % PEG  solvent. This sample 

was fabricated through casting method 1. 

Figure 6.4: SEM images of T2 membrane substrate displaying (a) cross-section and 

(b) bottom surface cast on compacted woven polyester mesh fabric support 

fabricated from 18 wt % PES in 62 % NMP and 20 % PEG  solvent. This sample 

was fabricated through casting method 1. 

 

a b

b
a a 
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Figure 6.5: SEM images of T3 membrane substrate displaying (a) cross-section and 

(b) bottom surface cast on compacted woven polyester mesh fabric support 

fabricated from 12 wt % PES in 88 % NMP solvent, without PEG as pore former. 

This sample was fabricated through casting method 1 and backing fabric was not 

pre-treated with NMP solvent prior to casting. 

                                                           

Figure 6.6: SEM images of T4 membrane substrate displaying (left) cross-section 

and (right) bottom and surface cast on compacted woven polyester mesh fabric 

support fabricated from 18 wt % PES in 72 % NMP and 10 % PEG  solvent. This 

sample was fabricated through casting method 2 (FO style on large scale).    

                                      

a b
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surface

Top 
surface
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WJ-FO membrane seems to be very fragile compared to the other membranes 

evaluated in this study. Although it is supported by non-woven backing fabric, 

however, the backing fabric seems to be very thin (unknown materials). Presumably 

due to the lack of applied hydraulic pressure in typical FO applications there is no 

need for a membrane that can withstand significantly higher applied pressure. 

However, the WJ-FO membrane shows significant changes even under the FO test. 

Figures 6.7 (a) and 6.7 (b) show the SEM cross section images of new and used 

membrane, respectively. Although there was no applied hydraulic pressure during 

the FO process, however, the membrane with the finger like structure is vulnerable to 

compaction even with the slight pressure created by flux  cross flow. The thickness 

reduced from ∼140µm to almost ∼70µm. Thus, applied hydraulic pressure in the 

PAO process can further compress the whole membrane and causing severe damage 

to both the membrane substrate and the active layer similar to the T3 substrate. 

WJ-FO and T3 membrane samples were used to validate the hypothesis of this study 

which is the need for stable membrane free of finger like structures for the PAO 

process. The finger-like pores are preferred for FO membranes to minimize the 

structural parameter; as such pores have a tortuosity of near unity. However, due to 

possible compaction of finger like structure, a denser substrate with higher structural 

parameters can perform sustainably under PAO process.  
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Figure 6.7: SEM cross section images of Woongjin FO membrane substrate 

displaying (a) new membrane and (b) after few FO experiments. Woongjin 

membrane is a TFC-FO membrane cast on unknown nonwoven fabric support. 

Table 6.2 shows the thickness measurement and effect of applied pressure on the 

membrane physical property in terms of compaction and thickness. T1 and T2 

substrates had overall thickness ∼150µm while T3, T4 and T5 substrates had overall 

thickness of ∼100µm. Under the PAO process, the T1 was less compacted than the 

T2 substrate which is related to the composition of PEG additive as a pore-former

additive in the T2 sample which was 20% against 10 % for the T1 sample. The 

addition of the PEG to the polymer solution support layer may increase the tendency 

of the membrane to become more compacted under applied hydraulic pressure. 

Furthermore, it may lose permeability faster overtime and be slightly less resistant 

against damage and distortion compared to the T1 sample. The WJ-FO membrane 

thickness was reduced by more than 50 % even under the FO process and similarly 

T3 thickness was decreased by 30 % due to the substrate’s finger like structure. The 

CTA membrane did not show any noticeable change in thickness due to applied 

pressure. 
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Table 6.2: Characterisation of membrane substrates. 

Sample ID Thickness (µm) Porosity% 
 

S Value (mm) Contact angle ( º ) 

 
New membrane Used membrane 

   
Active layer          Support layer 

T1 
 

150.2 ± 3.0  142±2 

 
 

77 ± 1 2.72 ± 0.15 56 ± 1 
 

75 ± 1 

T2 
 

155.3 ± 1.2  141±3 

 
 

79 ± 1 2.21 ± 0.15 57 ± 1 
 

76 ± 2 

T3 
 

103.2 ± 3.2  72±4 

 
 

74 ± 3 0.72 ± 0.17 55 ± 1 
 

75 ± 2 

T4 
 

99.3 ± 3.3  ____ 

       
 
       57 ± 1 

 
54 ± 1 

 
74 ± 2 

T5 
 

105.2 ± 3.1  ____ 

      
 
       59 ± 1 

 
51 ± 3 

 
72 ± 1 

CTA-ES 
 

103.2 ± 1.2  102±3 

 
 

55 ± 1 0.85 ± 0.15 76 ± 2 
 

81 ± 3 

WJ-FO 
 

141.2 ± 3.6  70±3 

 
 

84 ± 3 0.55 ± 0.21 65 ± 1 
 

65 ± 3 

WJ-RO 
 

155.2 ± 2.5  151±2 
 

61±1           16.5 ± 2 96 ± 1 
 

105 ± 2 
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Other characterisations of membrane substrates are summarised in Table 6.2. The 

low value of the structural parameter is desired to minimize the detrimental effects of 

ICP in the FO membranes. Between T1 and T2 samples, T2 performed better under 

the PAO test. This substrate was slightly more porous than the T1 sample with lower 

S value (T1 2.72mm, T2 2.21mm) (Table 6.2). The improved pore structure and 

porosity of T2 was likely due to the use of higher volume of PEG (Table 6.1) (Wang 

et al. 2012a). Gravimetric measurements in Table 6.2 confirmed that both substrates 

(WJ-FO and T3) had high porosities (74±3% for T3 and 84±3% for WJ-FO). 

Corresponding to the high porosity and the finger-like pore structures, relatively 

small S values were obtained for both substrates (0.72 ±0.17 mm for T3 and 

0.55±0.21 mm for WJ-FO). There is a large difference between the measured overall 

S values for T3, 0.72 mm and the estimated values for T1 and T2. This can be 

attributed to the finger-like pores, higher porosity and lower membrane thickness in 

the T3 sample. Denser substrate, lower porosity and the tortuous nature of the T1 and 

T2 samples contributed to the overall higher structural parameter compared to the T3 

sample (S ≈ 0.72 mm) or WJ-FO membrane (S ≈ 0.55 mm). Furthermore, Table 6.2 

also shows that WJ-RO had the highest structural parameter (S ≈ 16.5 mm) which is 

the main reason for RO membranes in general for their poor performance in the FO 

process despite their higher water permeability. 

The hydrophilicity of the substrates prepared in the current studies was characterised 

by using contact angle measurements (Table 6.2). The contact angle of fabricated T1 

and T2 was ∼56◦, lower than those of the CTA (∼76◦) and the WJ-FO (∼65◦) 

membrane. The relatively low contact angles for the T1 and T2 could be attributed to 

the hydrophilic nature of PES and the addition of PEG in the membrane casting 
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solutions (Wang et al. 2012a; Widjojo et al. 2011). Additional substrate samples 

prepared without the addition of PEG had much higher contact angle values and 

lower porosity which resulted in poor performance under the FO and PAO process 

(results not shown). Previous studies also confirm that hydrophilic substrates tend to 

have better water flux as a result of improved substrate wetting (McCutcheon & 

Elimelech 2008b). Therefore a higher water flux is expected from the composite 

membranes (T1- T3). Results in Table 6.4 demonstrate that water permeability for the 

T1 and T2 is 2.2 L/m2 h-1 bar   and 3.7  L/m2 h-1 bar respectively which is several 

times greater than water permeability of the CTA membrane (0.9 L/m2 h-1 bar) 

indicating the direct relationship between membrane hydrophilicity and water 

permeability.  The relationship between the membrane structural parameter and 

water permeability with the membrane performance under FO and PAO process is 

discussed in the section 3.3. 

Table 6.3: Mechanical properties of TFC membrane substrates. 

Membrane 

ID 

 

Tensile strength 

(MPa) 

Young’s Modulus 

(MPa) 

 

Elongation break  

(%) 

 

TFC-1 

TFC-2 

TFC-3 

CTA 

WJ-RO 

WJ-FO 

148.6 

111.4 

84.4 

61.9 

35.8 

25.8 

1323.23 

1132.82 

749.19 

532.55 

141.69 

90.66 

41.68 

43.34 

45.53 

63.68 

37.76 

41.45 

  

Table 6.3 summarises tensile strengths of fabricated TFC-PAO membranes and it 

was compared with the commercial FO and RO membrane. Young’s modulus and 



 

195 
 

tensile strength were highest for T1 and T2 and lowest for the WJ- FO membrane. 

CTA membrane tensile strength and modulus were lower than fabricated TFC-PAO 

samples in this study and higher than WJ-RO membrane while elongation at break 

was the highest among all samples.                        

 Membrane rejection layer 6.3.2

 Relating substrate morphology to forming polyamide thin layer 6.3.2.1

The top skin layer and pore size of the membrane surface play a major role in 

forming the polyamide rejection layer (Tang et al. 2009; Tiraferri et al. 2011b; 

Wijmans et al. 1985b). For a better illustration of the rejection layer morphology’s 

requirements, the T3 and T4 skin layer samples have been chosen for the purposes of 

comparison. Figure 6.8 (a) shows SEM images of the T3 membrane fabricated by 

casting method (M1). The finger like structure and spongy sub layer pores beneath 

the top skin layer are attributed to the low polymer concentration used for T3 sample. 

Such a smooth top skin layer with small pore size (<50 nm) is necessary to have 

better results in interfacial polymerization. Figure 6.8 (b) shows the membrane 

surface (bottom surface) of the T4 sample fabricated by M2 casting method. Similar 

to commercial FO membrane fabrication presented in the patent (Herron 2008), the 

skin layer was in contact with glass plate which leads to large pore size on the 

membrane bottom surface where rejection layer is supposed to form. SEM images of 

the T4 top and bottom surface together have been shown in Figure 6.7 in the previous 

section.  

Generally, polyamide layer forms as a result of MPD solution eruption from the 

membrane pores, reacts with TMC that results in the formation of a thin skin PA 

rejection layer. However, in the membrane surface with a large pore size, such as our 
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T4 sample, TMC can penetrate the pores and result in PA formation inside the pores 

and formation of PA layer with uneven thickness increasing the chance of some 

uncoated area and defect points on the membrane rejection layer (Tang et al. 2014). 

Top skin layers with optimum pore size are critical for optimum rejection layer 

formation, otherwise membrane rejection will be compromised (Petersen 1993). It 

was not possible to fabricate a PA layer on the T4 embedded polyester mesh 

membrane either on the top or bottom surface of the substrate. Figures 6.7 and 6.8 

(b) show large pore size (~1µm) on the surface that was in contact with glass plate. 

SEM image of T4 membrane sample top side reveals a defect point that caused by M2 

fabrication method and woven polyester mesh embedding. Also through the literature 

review and previous studies, we could not confirm what would be the optimum pore 

size for forming the rejection layer on the membrane top skin layer. However, some 

studies suggest that there is a  relationship between morphology and rejection surface 

properties of the PA layer to the top skin pore size (Singh et al. 2006). Findings show 

surfaces with a smaller pore size will form a smoother rejection layer compared to 

surfaces with a larger pore size (Ghosh & Hoek 2009b). 
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Figure 6.8: SEM images of membrane substrate displaying (a) cross-section for T3 

sample on compacted woven polyester mesh fabric fabricated through casting 

method 1 and (b) bottom surface for T4 sample cast on regular woven polyester 

mesh fabric fabricated through casting 2. Complete casting solution condition 

presented in Table 6.1.  

Generally, low polymer concentration results in a finger like structure and  have a 

higher chance of big open pores at the top skin layer depending on their phase 

inversion pathway (Tiraferri et al. 2011b). Figure 6.8 (a) shows the cross section for 

the T3 sample. The polymer concentration was low for this sample compared to the 

other substrate (Table 6.1), however, the top skin layer with a porous sub layer is 

evidence that liquid-liquid phase separation occurred as it was expected for low 

polymer concentrations during the phase inversion stage (Singh et al. 2006). The 

polymer concentration rate at the membrane top surface became more concentrated 

as a result of air exposure during the casting. It means solvent evaporation occurred 

in the gap between casting and the precipitation bath. Thus, as it is evident from 

Figure 6.8 (a), big pores in the membrane porous sub layer couldn’t extend to the 

membrane surface.  

Gelation usually takes place at high polymer concentrations (Singh et al. 2006). 

Figures 6.4 (a) and 6.5 (a) show T1 and T2 fabricated samples with high polymer 

Top skin Layer
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concentrations (18 %) where the gelation pathway occurred in the phase inversion 

stage. In those samples, the membrane substrate is less porous and free of finger like 

structures, thus membrane surfaces are usually denser at the top skin and sub layer. 

Similarly, the polymer concentrations in the T4 and T5 samples were high (Table 6.1) 

and gelation pathways are expected for the membrane substrate. However, the 

liquid–liquid phase inversion occurs for the bottom surface which is the last part of 

the casted membrane to solidify in the precipitation bath. Here, the precipitation 

pathway intersects the binodal before crossing into the gelation region, causing a 

lower polymer concentration and an open skin layer with larger pores in the bottom 

surface (Bokhorst et al. 1981; Tiraferri et al. 2011b). This may help to explain the 

fail interfacial polymerisation attempt when duplicating the FO membrane 

fabrication on commercial scale in T4 membrane sample under lab condition. Bottom 

surface morphology and optimum pore size were not critical in our fabricated TFC 

membrane (T1, T2 T3). However, it was a fundamental requirement in the T4 

membrane sample to form a rejection layer on the surface that was in contact with 

the glass plate. 

 Characterization of membrane rejection layers 6.3.2.2

The active rejection layers of the TFC PAO membranes were fabricated on top of the 

PES substrates via interfacial polymerization as explained under section 3.2.1. 

Figures 6.9 (a) and 9.6 (b) show the SEM images of polyamide layers form on the 

top of T1 membrane sample and cross section view of the T2 membranes sample. It  

showed a ridge-valley morphology which is typical for TFC polyamide membranes 

formed by interfacial polymerization (Tang et al. 2009). The separation properties 

(water permeability A, NaCl rejection R and NaCl permeability B) of membranes T1, 
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T2 and T3 are characterized  (T4 and T5 samples ignored) and compared with 

commercial CTA-ES , WJ- FO and RO membranes presented in  Table 6.4.  

Table 6.4: Properties of fabricated TFC and other commercial membranes.  

a Evaluated in the RO testing mode over an applied pressure range of 1–10 bar with DI water as feed 
water.                                                                                                                              
b Evaluated in the RO testing mode over an applied pressure range of 1–10 bar for a feed water 
containing BW10 NaCl. 
 

According to data tabulated in Table 6.4, both the T1 and T2 exhibited much higher 

water permeability and better NaCl rejection compared to the commercial CTA 

membrane. As a result of its higher porosity and possibly thinner rejection layer 

(presented in Table 6.2), the T2 had a relatively higher pure water permeability and 

was nearly triple the amount of the CTA membrane. Also, the WJ-FO membrane 

shows better results in terms of water permeability compared to CTA membrane. 

However, it could not be used for the PAO process due to its fragile structure. The T3 

also shows water permeability of 4.5 ±0.25 L/m2 h-1 bar-1 which is higher than the T1 

and T2 membrane samples. However, similar to the WJ-FO membrane, it could not 

be used in the PAO process because of the finger like structure properties and 

compaction under applied hydraulic pressure. However, the T3 sample could endure 

higher pressure compared to the WJ-FO membrane of up to 4 bar (performance data 

will be discussed in the next section) which could be attributed to the presence of the 

Sample 
ID 

Support 
materia
l               

     a Water 
permeability (A)                                           

b Salt 
permeability B 
(10−8 m/s)            

NaCl 
rejection (%)   

B/A 
(kPa)   

    
L/m2 h-1 
bar-1             

×10−12 m/s 
Pa       

 
  

T1 PES 2.2  6.1±0.5 5.6±0.1.3   96.2 
 

9.15 
T2 PES 3.7  10.1±0.5 14±0.1.3 

 
94.3 

 
14.2 

T3 PES 4.5  11.1±0.5 18±0.1.3 
 

91.2 
 

18.2 
CTA CTA 0.91  2.6±0.5 16± 1.3 

 
78 ± 4 61 

WJ-FO PSF 2.71 7.2±0.5 23± 1.3 
 

85 ± 1    32.2 
WJ-RO PSF 1.15 3.19±0.5 2.9± 1.3   96 ± 5   9.1 
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polyester woven mesh fabric support that provides more mechanical strength than 

thin non-woven backing fabric support in WJ-FO. 

 At an applied pressure of 10 bar in the RO testing mode, T1 and T2 had decent NaCl 

rejection of 96.2% and 94.3%, respectively as shown in Table 6.4. It is worth noting 

that the solute rejection under applied hydraulic pressure can increase significantly at 

higher testing pressures as confirmed by the previous study (Tang. et al. 2010). T2 

had improved water permeability over T1 but it also causes higher salt permeability 

and lower rejection compared to the T1 sample as shown in Table 6.4. Compared to 

the CTA membrane that had relatively low water permeability, the TFC-PAO 

membrane samples (T1, T2) exhibited superior separation properties and water 

permeability.  

Table 6.4 also summarized the B/A ratio which is a direct indicator of the selectivity 

of an FO membrane. A larger B/A ratio indicates lower selectivity and is likely to 

increase draw solution reverse diffusion which can accelerate the possibility of 

membrane fouling on the membrane surface in addition to the economic loss of the 

draw solutes (Tang. et al. 2010; Xiao et al. 2011). Furthermore, due to the nature of 

PAO and effect of applied hydraulic pressure on the process, with increases in 

applied hydraulic pressure, there was a decrease in the reverse solute flux that will be 

elaborated upon in section 3.3. Generally, a lower B/A ratio is preferred. In the 

current study, both T1 and T2 had relatively low B/A ratios of 9 and 14 respectively 

compared to 61 for the CTA membrane and 32 for the WJ-FO membrane hence, this 

indicates their superior separation properties alongside their high water permeability. 
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Figure 6.9: SEM images of membrane rejection thin layer displaying (a) top surface 

view for T1 sample and (b) cross section view for T2 sample cast on PES membrane 

substrate through interfacial polymerisation. Thin polyamide cross-linked rejection 

layer formed through reaction between 3.5 wt % MPD in water and 0.15 % TMC in 

hexane. 

Overall, compared to the CTA membrane, TFC membrane is chemically tolerant and 

they have superior permeability and separation properties (Lee et al. 2011). Obtained 

data illustrated in Table 6.4 for the T1 and T2 membrane samples show that TFC 

polyamide based membranes can be promising alternatives to existing CTA based 

FO membranes for newly developed PAO process. 

 PAO performance evaluation  6.3.3

Fabricated TFC membranes performances were validated by a comparison with the 

commercial FO (CTA-ES, WJ-FO) and WJ-RO membrane under the FO and PAO 

process using various FS and DS conditions. For the fabricated TFC membranes (T1, 

T2, T3) alongside other membranes used for validation, the net increase in water flux 

per unit pressure was higher at higher hydraulic pressure. Increasing applied pressure 

did impact the performance of our membrane samples under the PAO process (T1, 

T2). The external hydraulic pressure has a significant impact on CTA water flux in 

the PAO process, and the results for fabricated membrane samples evaluated with the 

a

b bb bb

b
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PAO process (T1, T2) were more considerable. Using 0.5 M NaCl as a DS, CTA flux 

improved approximately two times by increasing pressure up to 10 bar on the feed 

side while improvement for the T1 and T2 membrane was approximately 10 times and 

roughly twice that of the CTA membrane when hydraulic  pressure was increased up 

to 10 bar. It is worth noting that among all the membranes evaluated in the current 

study, the T1 and T2 substrates had a poor water flux in the FO process despite their 

superior water permeability (T1 , 2.21 L/m2 h bar-1 and T2, 3.7 L/m2 h bar-1). This can 

be related to the higher structural parameters of those substrates (T1=2.72 mm, 

T2=2.21 mm) and the compacted woven fabric mesh support. Support fabric can 

hinder the water flux in the FO process; also, it shows a less significant effect on 

water flux under PAO performance due to applied hydraulic pressure.  

 

                               (a)                                                           
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(b) 

Figure 6.10: Performance comparisons of fabricated membranes with commercial 

membranes in terms of water flux (a) with 0.5 M NaCl as DS and DI water as FS and 

(b) 0.5 M NaCl as DS and BW10 as FS at different applied hydraulic pressure.  

Figure 6.10 (a) shows the water flux for T1, T2, CTA and Wj-RO membranes under 

the PAO process with 0.5 M NaCl concentration as DS and DI as FS at an applied 

pressure of 0 to 10 bar. T3 and WJ-FO could not perform under applied hydraulic 

pressure of 10 bar. However, WJ-FO and T3 membrane had the highest water flux in 

the FO mode. This can be explained by their lower structural parameter compared to 

the CTA, RO and our fabricated TFC membrane samples. Furthermore, high 

performance during FO process in the WJ-FO substrate is attributed to its higher 

porosity and membrane finger like structure supported on thin non-woven fabric in 

comparison with other membrane samples evaluated in this study (Table 6.2 and 

Figure 6.7). While the commercial WJ-FO membranes were optimized in terms of 

permeability, finger like and porous substrates to achieve a low structural parameter, 
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its support layer was far from optimal for enduring applied hydraulic pressure under 

the PAO process and hence this customized design for the FO process could not 

perform under the PAO process. Required applied pressure in the PAO process can 

cause compaction and distortion across the membrane substrate.  

Between the T1 and T2 substrates, the T2 shows a better result in both the FO and 

PAO processes due to it more porous structure in addition to its higher water 

permeability and lower structural parameter than the T1 substrate (Tables 6.2 and 

6.4). Using 0.5 M  NaCl as DS and DI water as FS, T2 obtained a flux of 37 L/m2 h-1 

when applied hydraulic pressure was10 bar, which was 300% higher compared to 

that of CTA membrane. This is more than 3 times that of the CTA membrane that is 

currently used for the PAO process. Furthermore, similar results were observed when 

brackish water used as a feed solution. Using 0.5M  NaCl as DS and 10 g/L NaCl as 

FS, T2 obtained a water flux of 17 L/m2 h-1 against 11 L/m2 h-1  for CTA membrane 

when applied hydraulic pressure was10 bar. Figures 6.10 (b) shows the water flux 

increased linearly for T1 and T2 substrates at an average of ≈1.1 Lm-2 h-1bar-1 and 

1.05 Lm-2 h-1bar-1, respectively.  

T1 and T2 had an S value in the range of 2.72 and 2.21 mm respectively which was 

much larger than the CTA of 0.85 mm (Table 6.2). However, results illustrated in 

Figure 6.10 (a) and (b) indicate that despite the bigger S value, the T1 and T2 had 

better results under the PAO process in terms of water flux. Better performance 

under the PAO process can be attributed to those membrane properties such as higher 

hydrophilicity and porosity in addition to higher water permeability and better 

rejection property (Tables 6.2 and 6.4). In addition, the WJ-RO membrane has a 

higher A value (1.15 L/m2 h-1 bar-1) compared to the CTA-ES (0.91 L/m2 h-1 bar-1) 
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used in this study. However, the higher S value for the tested RO membrane (16.55 

mm) makes it impractical for FO or PAO application (Table 6.2 and 6.4 -Figures 

6.10 and 6.11). Our optimum TFC-PAO membranes had a higher A value than the 

CTA membrane while their S value was much lower than the RO membrane. Such a 

membrane can be located between the FO and RO membrane characteristics. 

In the FO membrane, a higher A value (water permeability) and lower S value 

(structural parameter) are favourable for obtaining higher water flux. However, the 

PAO needs a stable, dense and porous membrane with high water permeability. It 

seems that unlike the FO, membranes with a higher S value are more appropriate for 

the PAO due to the need to withstand required applied hydraulic pressure during the 

process. Based on results from the Figure 6.10 and Tables 6.2 and 6.4, we can 

conclude that membranes free of finger like structures with higher water permeability 

than the CTA membrane and a lower S value than the RO are more favourable for 

PAO applications.  

For assessing the poor results of T1 and T2 during FO process, the compact woven 

backing of two samples of T1 and T2 were carefully removed and tested in similar 

experiments. Results show a significant water flux increase under FO experiments 

(results not shown). This confirms that reinforcing the membrane support layer with 

backing fabric (woven or non-woven) can sacrifice a large portion of flux 

enhancement in the FO process. However, T1 and T2 shows better water flux 

compare to the other membrane in the PAO process. Their better PAO water flux 

over other membranes was mainly due to their superior separation properties and 

higher water permeability (Table 6.4) as predicted by equation (6). The current 

results suggest that the TFC-PAO membranes offer significant advantages over 
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integral asymmetric membranes like CTA-ES from HTI or the WJ-FO membrane for 

the PAO process. Also reinforcement with fabric support can hinder some of the 

water flux through the membrane structure. However, due to increased strength 

through applying woven mesh fabric, it is possible to produce a thinner support 

membrane meaning shorter paths for flux flow that can amend the portion of flux 

decline due to applied fabric support. 

 

Figure 6.11: Variation of water flux in the fabricated membrane with commercial 

membranes with 0.5 M NaCl as DS and DI water as FS at an applied pressure of 0 

and 10 bar.  

Figure 6.11 shows variation of water flux in the fabricated membrane with 

commercial membranes at  applied hydraulic pressure of 0 and 10 bar and the gain 

illustrated in terms of water flux and specific water flux (SWF). SWF is defined here 

as permeate flux per unit applied pressure that gives an indirect comparison toll to 

measure membrane performance and effectiveness under the PAO process. Higher 
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SWF is favourable for the PAO membranes. Interesting observations are made from 

results illustrated and are discussed below.  

Firstly,  the T2 substrate had the highest water flux which was 37 LMH  at applied 

pressure of 10 bar, almost 800% net water gain compare to the FO process (ΔP = 0) 

with the specific water flux of 3.3 L/m2 h-1 bar-1
 . That is the highest water flux and 

net gain among all other tested membrane under the PAO process. CTA water flux 

was 16.5 L/m2 h-1 at the similar condition which was 85% net water gains with the 

specific water flux of 1.05 L/m2 h-1 bar-1
. Secondly, WJ-RO had the lowest water flux 

4.5 L/m2 h-1 under PAO process at a similar condition .Interestingly, the net water 

gain for the WJ-RO membrane was much higher than the CTA membrane which was 

300% and an 85% increase in net gain water flux respectively. However in terms of 

SWF, RO was much lower than the CTA and fabricated TFC samples T1 and T2 

samples. Obtained results from Figure 6.11 for the WJ-RO membrane revealed the 

interesting design criteria for the PAO membrane. In general, RO membranes have 

very high structure parameter (15-30 mm), however, they have higher water 

permeability compared to the commercially available CTA-FO membrane. A higher 

structure parameter makes RO membranes inappropriate for the FO process. 

However, under applied pressure, the net gain percentage in water flux was higher 

than the CTA membrane due to its higher water permeability, 1.15 L/m2 h-1 bar-1 

(Table 6.4).  

Figure 6.12 shows the salt permeability (B value) against water permeability (A 

value) for the fabricated and other commercial membranes in this study. In general, 

membrane substrates with higher water permeability but lower NaCl permeability are 

preferred (Wei et al. 2011a). Based on William A et al. 2010, membranes for 
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desalination contain two important transport parameters, which are structure 

parameter (S) and active layer salt permeability coefficient (B). Referring to their 

described equation, a higher S value will decrease the draw solute reverse flux 

(Phillip et al. 2010). Therefore lower salt permeability in the T1, T2 samples in 

comparison to the CTA and WJ FO membranes can be related to their higher 

structural parameter alongside their thin film polyamide rejection layer properties. 

 

Figure 6.12: Salt permeability versus water permeability for the synthesized TFC and 

commercial membranes. 
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Figure 6.13: Influence of reverse salt flux due to applied pressure in the PAO process 

using 05M NaCl as draw solution and DI water as FS. 

The solute fluxes across the semipermeable FO membrane are usually assessed in 

terms of salt rejection for feed solutes which has been presented in the previous 

section (section 3.3 Table 6.2) and reverse solute flux (RSF) or specific reverse 

solute flux (SRSF) for draw solutes. The SRSF is calculated as a ratio (SRSF=Js/Jw) 

of reverse draw solute flux (Js) and the water flux (Jw). The SRSF for NaCl as DS 

and DI as FS for the PAO experiments at pressures ranging from 0 to 10 bar are 

presented in Figure 6.13. Obtained data shows the SRSF for T1, T2 membrane is 

compared to the CTA membrane under PAO process. The T3 and WJ-FO membrane 

could not perform under the PAO process due to their fragile substrate and hence 

their results are excluded. SRSF was generally declining for the T1, T2 sample and 

the CTA FO membranes under the PAO process with an increase in applied 
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hydraulic pressure. Similar results have been confirmed through a previous study on 

the PAO process which is in contrast to the conventional FO process (Blandin et al. 

2013; Oh et al. 2014).  Declining RSF or SRSF with increased hydraulic pressure can 

be attributed to the force of water flowing from the feed side by applied pressure in 

the PAO process. This is in addition to osmotic pressure produced by osmotic agents 

which may reduce the concentration difference close to the membrane surface, the 

main driving force for reverse solute flux. For example, the SRSF for the T1, T2 

sample under the FO process (ΔP=0) is 1.4  g/L and 1.60 g/L respectively. However, 

it decreases to 0.18 g/L and 0.20 g/L, respectively where applied hydraulic pressure 

is increased to 10 bar. Meanwhile, SPRF for the CTA FO membrane was higher than 

both the T1 and T2 samples. Also it declined at a similar rate where it decreases from 

2.1 g/L for the FO process (ΔP=0) to and 0.62 g/L under the PAO process at 10 bar 

hydraulic pressure. In addition to the effect of PAO process on RSF or SRSF due to 

the increased water permeability, the T1 and T2 substrates had a higher S value and 

tortuosity that can limit the draw solute diffusion further compared to the CTA 

membranes with lower structural parameters (Table 6.2).  

 Concluding remarks 6.4

In this study, TFC-PAO membrane fabricated on specific compacted woven 

polyester mesh was shown to have a superior performance when compared to the 

CTA membrane that has been often used in recent PAO studies. The membrane 

substrate, prepared by phase inversion was free of finger-like structures and 

reinforced by woven mesh fabric to produce a membrane substrate with suitable 

structural parameter for which could be utilized in the PAO process.  
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• The resulting PAO membranes T1 and T2 also had larger structural 

parameters 2.7 mm and 2.2 mm compared to the FO membranes but they had 

higher water permeability (A value) and high selectivity which leads to a 

higher net water flux gain in the PAO process. 

• Compared to the commercial CTA-ES from HTI, both T1 and T2 exhibited 

superior performance under the PAO process.  With a 0.5 M NaCl as DS, T2 

achieved a flux of ∼37 L/m2 h, which was 300% higher than the commercial 

CTA membrane at an applied pressure of 10 bar.  

• Water flux through the TFC-PAO membranes significantly increased with 

applied hydraulic pressure while reducing the specific reverse solute flux. 

• The PAO process requires a membrane that can endure applied hydraulic 

pressure. Therefore it should be a dense but porous and permeable substrate 

that is free of finger like structures and reinforced by backing fabrics. 

• Unlike for the FO process which requires membrane which has a very low 

structural parameter, higher structure parameter seems to be more 

appropriate for the PAO process. Further development taking the form of 

modified membrane designs will be needed for improving the overall PAO 

membrane performance. 
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Based on the results obtained from this study, the following conclusions and 

recommendations are presented useful for future study for further development of 

high performance and sustainable FO membrane for different engineered osmosis 

applications.  

 Pressure assisted fertilizer drawn osmosis process  7.1

Use of external hydraulic pressure alongside the osmotic gradient across the 

membrane in the Pressure Assisted Osmosis (PAO) proved to be effective in terms of 

water flux enhancement and further DS dilution. The concept of PAO is applied in an 

expanding FO process application. In this process, pressure is applied to the feed side 

to enhance the water flux albeit at a lower energy cost (Yun et al. 2013b). Previous 

work has demonstrated that applied hydraulic pressure can increase the FO 

performance (Oh et al. 2014; Yun et al. 2013b); however, performance also depends 

on the FO membranes properties such as type, structure and materials (Coday et al. 

2013). In this study, the combined processes of applied hydraulic pressure and 

osmosis have been reported to exploit the synergies of the two processes in a single 

stage to overcome low flux in the FO process (Blandin et al. 2013; Coday et al. 2013; 

Yun et al. 2013b).  

One of the practical applications of the FO process is in the desalination for irrigation 

through novel concept of using fertilizer as draw solution. The use of hybrid FO-

PAO system could be more advantageous where dilution of the fertiliser DS is to 

meet the nutrient concentrations acceptable for direct fertigation rather than to 

separate the fertiliser DS. The additional water flux generated by the applied pressure 

could help dilute the fertiliser DS concentration beyond the point of osmotic 

equilibrium making the PAFDFO process for application as a standalone process 
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without the need of additional post-treatment process such as NF to reduce the final 

fertiliser concentration to acceptable level for direct fertigation.  

In this study, the PAO was evaluated for its application in the FDFO desalination 

process. The study on the PAO using NaCl and PAFDFO using three different 

fertilisers DS, (NH4)2SO4, NH4H2PO4 and KCl suggests that, the hydraulic pressure 

could be more suitable when applied at lower DS concentrations especially when the 

osmotic driving force gradually decreases and the DS and FS approaches closer 

towards osmotic equilibrium. 

The specific reverse solute flux was lower and feed solute rejection was higher in the 

PAO or PAFDO mode compared to FO or FDFO mode of operations. However, 

further work including long-term operations using different membrane materials is 

required for better understanding the effects of hydraulic pressure on the FO 

membrane and membrane fouling and scaling, and the effect of pressure on ICP, 

which reduces the efficiency of the PAO. 

 Thin film composite forward osmosis membrane   7.2

In this work, sulphonated polyethersulfone (SPES) has been synthesized and then 

blended with PES to increase the membrane hydrophilicity. Then comprehensive 

investigation was conducted to evaluate the FO performance, formation, 

morphology, and mechanical strength of flat sheets membrane made of sulphonated 

materials with different degrees of sulphonation. 

Introducing sulphonated polymer results in a higher degree of hydrophilicity and 

relatively higher porosity. The contact angle of PES membrane substrates without 

any sulphonation material (TFC1) has an average contact angle of 77.3◦, while the 

substrates comprising 25 or 50 wt % sulphonation material have relatively low 
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contact angles in the range of 15–20◦ due to the increased hydrophilicity. Fabricated 

substrates with more hydrophilic nature performed better under the FO process. 

Study by previous research groups suggested that the ideal membrane substrate for 

FO should have finger-like structure morphology to enhance the water transport and 

limit the ICP. However, in this study, membrane substrate with finger-like structure 

has the lowest water flux compared to the dense substrate which possesses sponge 

morphology. Higher water flux in the membrane sample with sponge morphologies 

can be attributed to a much more hydrophilic nature due to higher rate of sulphonated 

materials. Furthermore, this study reveals that membrane substrate with higher 

degree of sulphonation has sponge morphology compared to the non-sulphonated 

materials which possess a finger-like structure. Therefore, this work suggests that 

membrane properties like hydrophilicity have a greater effect on water transport 

within the membrane substrate than the membrane structure morphologies. 

Membrane morphology is not a governing factor in achieving higher performance in 

FO membrane and other membrane properties such as hydrophilicity are major 

factors as well.  

The following points summarize the findings in this work: 

The TFC3 membrane sample blended with the 50 wt % sulphonated materials shows 

the best performance in terms of water flux, while it possesses fully sponge-like 

structure morphology. However, it was the most hydrophilic substrate which is the 

reason for high water flux of 42.0 35 L m-2h-1  under PRO and 35 L m-2h-1 under  FO 

modes when 2 M NaCl as DS and DI water as FS were used. The TFC1 membrane 

casted without sulphonated material contains finger-like structure in the membrane 

substrate with water fluxes of 13.5 and 10.5 Lm-2h-1 tested under PRO and FO 

modes, respectively, when DI water as FS and  2 M NaCl as DS were used. 
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With an increase in sulphonated material ratio in the membrane substrates, the 

membrane porosity increased and the structural parameter decreased. This caused the 

internal concentration polarization (ICP) to decrease within the membrane substrate. 

However, with an increase in membrane sulphonation ratio, membrane tensile 

strength decreased.  Thus finding new materials to increase hydrophilicity without 

sacrificing membrane tensile strength and stability will lead to high performance and 

sustainable TFC-FO membrane in the future. 

Finally this study concludes that high performance membrane for osmotically driven 

membrane processes can be achieved not only through optimum design of structural 

characteristics of the support layer but via chemical properties that can affect the 

substrates characteristics as well. Membrane with hydrophilic support will be critical 

to minimise the ICP and to improve the flux performance in future process 

technologies such as FO, PRO and PAO that rely on osmotic force to induce water 

across polymeric asymmetric membranes. In the meantime, due to the nature of PAO 

and PRO, membranes with finger-like structure are not stable due to compaction. 

Thus, developing a high performance membrane free of macro-avoid structure is 

worthwhile investment.   

 Thin film composite supported on woven fabric for pressure assisted 7.3

osmosis 

To date, most of the published papers have used cellulose triacetate with embedded 

polyester support screen membrane (CTA-ES) from HTI to investigate the PAO 

process (Oh et al. 2014; Yun et al. 2013b). Low water flux is common in the CTA 

membranes. 
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For developing thin film composite membrane on a backing fabric two fabrication 

methods and a backing fabric support with different properties were investigated. 

Understanding fundamentals provides a basis for the rational selection of a backing 

fabric support and fabrication method in order to effectively embed the backing 

fabric support to produce a wrinkle and defect free TFC membrane for the PAO or 

FO process under the lab conditions. 

 The support layer of the FO membranes is typically polymeric micro porous support 

membranes, which may (or may not) be supported by a non-woven or woven 

backing fabric. In the PAO membranes since higher mechanical strength is essential, 

a structural supports by backing fabric is necessary due to withstand hydraulic 

pressure required in the PAO process. 

Polymer penetration through the backing fabric seems to be a challenge in casting 

FO membrane. Previous studies have used different strategies to mitigate the impact 

of polymer solution penetration for FO membrane fabrication supported by backing 

fabric. For example, choosing unique fabrication method (Herron 2008), or a double 

layer backing fabric to confront the polymer penetration challenge (McGinnis & 

McGurgan 2013). However, in this study, TFC membrane for the PAO process T1, 

T2 and T3 developed on a distinguished woven fabric mesh support that not only 

improved the membrane mechanical strength but limited the polymer penetration and 

prevent wrinkle formation on the membrane substrate. Membrane support casted on 

a woven mesh fabrics with a smaller open area (1%, 5%) were wrinkle free due to 

limited polymer solution penetration while on fabrics with a bigger open area (10%, 

25%),  severe wrinkles appeared. 
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This work is therefore aimed at solving the above problems by incorporating woven 

mesh fabric into the substrate to reinforce and produce a wrinkle and defect free TFC 

membrane for the PAO process. The compacted woven polyester mesh fabrics 

reduced wrinkle formation since it is relatively impervious to the polymer solution. 

In addition to a specific fabric, 2 fabrication methods also have been investigated for 

fabricating PAO membrane.  

Compared to the commercial CTA-ES from HTI, both T1 and T2 exhibited superior 

performance under the PAO process.  With a 0.5 M NaCl as DS, T2 achieved a flux 

of ∼37 L/m2 h, which was 300% higher than the commercial CTA membrane at an 

applied pressure of 10 bar. Furthermore, with an increase in applied hydraulic 

pressure and RSF declines which is in contrast to the conventional FO process. 

Declining RSF or SRSF with increased hydraulic pressure can be attributed to the 

force of water flowing from the feed side by applied pressure in the PAO process. 

This is in addition to osmotic pressure produced by osmotic agents which may 

reduce the concentration difference close to the membrane surface, the main driving 

force for RSF. 

The study on fabricating thin film composite membrane for pressure assisted osmosis 

indicates that unlike FO process which requires membrane with a very low structural 

parameter, higher structure parameter and a membrane free of finger-like structure 

seems to be more appropriate for the PAO process. In the FO membrane, a higher A 

value (water permeability) and lower S value (structural parameter) are favourable 

for obtaining higher water flux. However, the PAO needs a stable, dense and porous 

membrane with high water permeability due to the need to withstand required 

applied hydraulic pressure during the process. Based on the results, we can conclude 
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that membranes free of finger like structures with higher water permeability than the 

CTA membrane and a lower S value than the RO are more favourable for PAO 

applications.  

 Recommendations and future work 7.4

FO application in standalone and hybrid system has expanded tremendously in recent 

years. FO seems to be a promising technology not only to obtain sustainable potable 

water but also to desalinate brackish water for the agricultural sector. However, 

several questions need to be answered to enable FO to be used on a commercial 

scale. For example how much energy is needed to run a FO or hybrid FO to produce 

water for drinking or other usage. Except for the gear pumps that need to flow the DS 

and FS solution across the membrane sides, no further energy is required to draw and 

desalinate water in FO process. However, depending on the product water end use, 

extra stages are needed to recover the draw solute. This is the most energy intensive 

part of the FO process especially when the target product is drinking water. That is 

why; desalination using fertilizer for fertigation seems to be attractive since it does 

not require DS recovery in the end use product. However, to reduce the fertiliser 

concentration in the end use product to meet the nutrient level for fertigation, NF is 

integrated as post-treatment to reduce the fertiliser concentration. Since then further 

development has been made by this study which suggests and tests the potential of 

PAO integration instead of FO. This is believed to be a step in the right direction for 

other units to improve the FDFO desalinating efficiency and reduce the overall 

energy consumption required for the process. However, a comprehensive economic 

investigation is needed to evaluate the both integrated systems. The economic 

efficiency of DS recovery (in the case of FDFO fertigation) or DS full separation (in 
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the case of potable water as a final product) using RO, NF and UF is not clear 

enough. Thus, proper investigation is needed to evaluate the PAO economic 

efficiency to remove the NF as post-treatment in the FDFO desalination unit. 

Secondly, PAO has the potential to produce much higher water flux compared to the 

FO since it exploits the synergies of the two driving forces (osmotic pressure and the 

hydraulic pressure) in a single stage. It is well-known that higher water flux can 

increase fouling propensity and consequently the fouled membrane subjected to 

severe concentration polarization. Thus systematic investigation should be 

considered regarding the membrane fouling in the PAO and hybrid FO-PAO 

processes. 

Finally, FO membrane has been developed significantly in terms of water flux using 

hydrophilic membrane substrate through incorporating nanoparticle and chemical 

treatment such as sulphonation. However, FO and PAO membranes need high 

selectivity and tensile strength to function sustainably. Therefore, much more 

investigation is required to develop a hydrophilic membrane substrate without 

sacrificing those two important factors. 
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