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LLIISSTT  OOFF  SSYYMMBBOOLLSS  

 

A Water permeation coefficient of the membrane (l/m
2
.h.bar) 

B Solute permeation coefficient of the membrane (g/m
2
.h) 

C Concentration of all solutes (mol/l) 

i Number of ions produced during dissociation of solute, called 

dissociation factor of Van’t Hoff 

Js Salt permeability (g/m
2
.h) 

Jv, Jw Water permeability (l/m
2
.h) 

Gmix Gibbs free energy of mixing 

P Pressure (bar) 

PWP Pure water permeability (l/m
2
.h.bar) 

P Hydrostatic pressure difference across the membrane, bar 

R Universal gas constant, 8.314 x 10
-2

 (l bar/K.mol) 

S Structural parameter 

T Absolute temperature (K) 

 

Greek  

 Total solubility parameter (MPa)
1/2

 

 Total solubility parameter difference (MPa)
1/2

 

 Porosity of the membrane 

 Osmotic coefficient which distinguishes the difference of solvent 

from ideal behavior referenced to Raoult’s law 

2 Volume fraction of polymer 

 Osmotic pressure (bar) 

 Osmotic pressure gradient across the membrane (bar) 

DS Osmotic pressure of the draw solution 

eff Effective osmotic pressures difference 

F Osmotic pressures of the feed solution 

m Membrane (bulk) osmotic pressures difference 

 Tortuosity of the support layer 
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AABBSSTTRRAACCTT  

 

 

Forward osmosis (FO) process has been gaining popularity in recent years as a 

potential alternative to pressure-driven membrane processes such as reverse osmosis 

(RO) for water desalination and wastewater reclamation. However, the main drawback 

of FO system is permeate flux decline due to internal concentration polarization (ICP) 

when conventional RO membranes are used. The only commercially available FO flat 

sheet membrane developed by Hydration Technologies Inc (HTI) presented low water 

permeation flux. Therefore, the development of novel FO membranes with optimized 

structure to reduce ICP has become a critical issue to facilitate FO practical 

applications. 

In this study, single layer asymmetric microporous hollow fiber membranes were 

fabricated using Torlon polyamide-imide (PAI) material as the porous support 

followed by a simple polyelectrolyte cross-linking using polyethyleneimine (PEI) to 

produce hollow fiber membranes with a positively charged nanofiltration (NF)-like 

selective layer. The newly developed PAI hollow fiber membranes show a pure water 

permeability of 2.19-2.25 l/m
2
.h.bar and reasonable NaCl and MgCl2 rejections of 49% 

and 94% at 1 bar, respectively. It is also found that in FO processes, when using 0.5 M 

MgCl2 as a draw solution and de-ionized (DI) water as the feed in the active layer 

facing feed water (AL-FW) configuration at 23C, the water fluxes of two PAI FO 

hollow fiber membranes are 8.36 and 9.74 l/m
2
.h, respectively, and the salt to water 

flux ratio (Js/Jv) of the two membranes is smaller than 0.4 g/l, which is lower than the 

data of 0.85 g/l
 

for commercial HTI FO membrane. Different from a neutral 

membrane, the positively charged FO membrane provides double electric repulsions to 

the salt transfer through the membrane in the AL-FW configuration,  leading to a 

reduction of salt penetration, while in the active layer facing draw solution (AL-DS) 

configuration, the  positive charges facilitate salt transportation.  This study provides a 

simple and effective approach to make hollow fibers with a NF-like skin suitable for 

FO applications. 
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An improvement for the single layer PAI hollow fiber membranes has been carried out 

by incorporating a negatively charged polyelectrolyte layer on the selective skin, 

aiming to enhance membrane antifouling property. This new type of PAI FO 

membrane possesses pure water permeability of 3.7-4.3 l/m
2
.h.bar and Na2SO4 

rejection up to 85% at 1 bar. In the FO process, the membranes can achieve water flux 

of 17 and 12 l/m
2
.h for the AL-DS and AL-FW configurations, respectively, using a 

2000 ppm Na2SO4 aqueous solution as the feed and 0.5 M Na2SO4 as the draw 

solution. When the feed contained 1000 ppm bovine serum albumin (BSA) and 2000 

ppm Na2SO4, a steady water flux of 11 l/m
2
.h can be maintained using 0.5 M Na2SO4 

as the draw solution at ambient temperature of 23 C. The approach of making FO 

membranes developed in this study offers the advantages of simple fabrication process, 

tailorable selective layer and promising membrane performance for protein-contained 

wastewater treatment by FO process. 

Despite the fact that the membranes developed by means of simple post-chemical 

treatments exhibited a high water flux and high salt rejection in the FO process, the 

chemical cross-linking through entire PAI substrate still resulted in a dense structure 

which adversely affected the water flux. To overcome the drawback of cross-linking 

modification on entire PAI membrane, a dual-layer hollow fiber with PAI polymer as 

the outer layer, supported by an inner layer made of other material inert to PEI 

polyelectrolyte, was designed and fabricated. 

However, obtaining a good lamination between the two layers as well as a regular 

morphology is critical to fabricate a usable dual layer hollow fiber membrane. 

Simultaneous extrusion of PAI and polyethersulfone (PES) dope solutions was carried 

out by using a triple orifice spinneret. Thermodynamic properties and phase separation 

kinetics of the polymer dopes as well as various spinning parameters were carefully 

tailored in order to investigate the evolution of the membrane morphology and 

structure. A series of experiments have confirmed that when the external coagulant 

(water) has a higher diffusion rate in the outer layer than in the inner layer, the outer 

layer tends to expand to form large macrovoids and to hold more water at the interface. 

As a result, the accumulated water probably impedes the adhesion of the two layers, 

leading to a delamination of two layers.  On the other hand, if water has a slower 

penetration rate through the outer layer dope than the inner layer dope, a good 
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adhesion between these two layers is expected. Under this scenario, since macrovoids 

may form in the inner layer leading to the expansion of the inner layer, a distortion of 

the finger-like structure/macrovoids in the inner and an irregularity of the inner 

contour may occur. This study provides a solid foundation to develop superior dual 

layer hollow fiber membranes with an inter-penetrating dual layer structure. 

After obtaining good asymmetric microporous PAI/PES dual-layer hollow fibers, PEI 

modification on the outer PAI layer was applied to produce a NF-like thin layer, while 

the PES porous inner layer remained intact as PES is inert to PEI. It was found that the 

resultant dual-layer NF hollow fiber membrane can achieve pure water permeability of 

15.9 l/m
2
.h.bar and a high rejection to divalent cations up to 89%. In FO process, the 

dual-layer hollow fiber exhibited a water flux of 40 l/m
2
.h and Js/Jv of 0.35 g/l in the 

orientation of active layer facing draw solution by using 0.5M MgCl2 as draw solution 

and DI water as feed at room temperature. The newly developed dual layer hollow 

fibers outperform all the single layer and dual-layer NF hollow fibers reported in the 

literature for FO applications. 

In conclusion, this thesis presents the development of novel FO hollow fiber 

membranes based on the studies of the fundamental mechanisms of membrane 

chemical treatments, dual-layer membrane formation and mass transfer across charged 

FO membranes with a NF-skin layer. This work contributes to the development of 

membrane fabrication technology and facilitates the practical applications of forward 

osmosis membrane processes.  
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CCHHAAPPTTEERR  11 

IInnttrroodduuccttiioonn  

1.1. Background 

Water is one of the most essential elements for all living organisms on earth. For 

example, 55-60% of human body is water. With just a 2 liter loss of water, we can 

suffer from dehydration. It is very important to manage our water needs wisely for 

human health, environment, agriculture and industries. With water scarcity that has 

already affected many countries and the prediction of the world’s population growth 

from 6.1 billion in 2000 to 8.9 billion in 2050 (United-Nations 2004), the existing 

water supply may not be sufficient to fulfill the world’s demand. Ironically, 70% of the 

earth surface is covered by water, but 97% of this water is in the ocean (salt water) and 

only 3% is fresh water. Two-third of the planet’s fresh water is locked up in the glacier 

and polar ice caps. Another one-third comprises underground water in aquifers and 

wells, and surface water in rivers and lakes. Therefore, only less than 1% of naturally-

available fresh water can be used for daily life, environments, industries and 

agricultures, etc. Nowadays, our water resources have been contaminated and 

continuously being depleted. These water problems have stimulated people to discover 

alternative water production means, such as wastewater reclamation and seawater 

desalination. Innovative membrane-based technologies show the most potential in 

solving the water scarcity problems (McGinnis and Elimelech 2007). 

A membrane, essentially defined as a barrier, separates two phases and restricts the 

transport of various particles, molecules, or substances in a selective manner. 

Membranes have been used for more than three decades especially for water treatment 

and water production including wastewater treatment and reclamation as well as 

desalination for seawater and brackish water. They can be made in different 

configurations such as flat-sheet, tubular and hollow fiber membranes. Among these, 

hollow fibers are the most efficient configuration with a large surface area per volume, 

suggesting that they can handle a large volume of water while utilizing a minimum 
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space (Mulder 1996; Veríssimo, Peinemann et al. 2005b). Also, hollow fiber 

membranes are mechanically self-supporting while flat sheet membranes require extra 

support materials (Liu, Xu et al. 1991). Moreover, due to their structural integrity and 

construction, hollow fiber membranes can withstand certain permeate back pressures 

thus allowing flexibility in system design and operation. In addition, the advantage of 

the hollow fiber geometry over flat sheet membranes includes that it is easy to produce 

modules containing thousands of fibers, which can then be assembled as required in a 

large-scale set-up with a less demanding of pretreatment and maintenance than the 

spiral wound module (Veríssimo, Peinemann et al. 2005a). 

Hollow fiber membrane fabrication via phase inversion, especially non-solvent 

induced phase separation (NIPS) technique, is an area that has been widely explored 

by many researchers (Cabasso, Klein et al. 1976; Chung, Kafchinski et al. 1992; 

Wienk, Teunis et al. 1993; Niwa, Kawakami et al. 2000; Albrecht, Weigel et al. 2001; 

Khayet, Feng et al. 2002; Nijdam, De Jong et al. 2005; Shi, Wang et al. 2007; 

Setiawan, Wang et al. 2011). Good membranes have to meet a number of criteria. 

They should present high water permeability, high solute rejection, good thermal 

stability, high resistance to a wide variety of chemical substances over a wide pH 

range, and high mechanical strength to withstand pressure during long term processes. 

The membranes should also exhibit appropriate features of surface chemistry to 

minimize the tendency of various fouling and scaling.  

Conventional desalination and reclamation, based on reverse osmosis (RO), requires 

substantial energy to push the pure water from seawater or wastewater through a semi-

permeable membrane. In recent years, a new desalination process which is potentially 

more efficient and requires less energy as compared to RO has drawn much attention 

(Cath, Childress et al. 2006). This so-called forward osmosis (FO) is a natural process, 

where water moves automatically from a low concentration side to the high 

concentration side through a semi-permeable membrane under the driving force of 

osmotic pressure difference across the membrane. 

Presently, most available membranes used in the FO process are dense semi-permeable 

membranes that were originally designed for pressure driven RO process (Cath, 

Childress et al. 2006). These RO membranes have an asymmetric structure, typically 
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consisting of a thin selective active layer supported by thick layers of porous polymer 

and fabric. There is only one commercialized FO membrane developed by Osmotek 

Inc. (now known as Hydration Technologies Inc. (HTI)) (Herron 2008). This 

proprietary membrane is made of cellulose triacetate with a thickness of less than 50 

m supported by embedded polyester mesh. In 2007, a polybenzimidazole (PBI) 

nanofiltration (NF) hollow fiber membrane has been tested for its performance in 

forward osmosis (Wang, Chung et al. 2007). Research interest in forward osmosis 

(FO) membrane development has been rising steadily in recent years (Tang and Ng 

2008; Garcia-Castello, McCutcheon et al. 2009; Chou, Shi et al. 2010; Yip, Tiraferri et 

al. 2010; Tiraferri, Yip et al. 2011; Wei, Qiu et al. 2011; Zhang, Wang et al. 2011; 

Fang, Wang et al. 2012; Su, Chung et al. 2012). 

The commercial FO flat sheet membrane is able to achieve better performance than 

RO membranes, but it exhibits flux reductions. The lower-than-expected flux is 

attributed to the presence of internal and external concentration polarization (CP) 

during the mass transport process, which significantly reduces the effective osmotic 

driving force. The CP phenomena are associated with solute physical properties, fluid 

dynamics and, most significantly, the membrane structure. The external CP can be 

controlled hydrodynamically but the internal CP occurs in the porous support layer of 

the membrane, making it difficult to handle. Thus, the key challenge is to produce a 

membrane that can minimize the internal CP  - the main cause of the substantial flux 

decline. Therefore, a desirable FO membrane should have (i) a dense active layer for 

high solute rejection, (ii) hydrophilic surface for flux enhancement and fouling 

reduction, and (iii) high porosity of the thin support layer to reduce internal 

concentration polarization (Cath, Childress et al. 2006; Wang, Shi et al. 2010). 

1.2. Objectives 

This study aims at developing an enabling technology to fabricate hollow fiber 

membranes for FO applications. The primary objectives are to 

 develop a simple and effective method to make single-layer hollow fiber 

membranes with a nanofiltration (NF)-like selective layer as a basic step for 

forward osmosis application: 
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 to synthesize and characterize asymmetric ultrafiltration (UF) hollow fiber 

membranes as the substrate with an optimal structure 

 to perform chemical modification on the substrate in order to form a 

charged NF-like selective layer by cross-linking and multilayer 

polyelectrolyte deposition 

 fabricate and characterize dual layer hollow fiber membranes in order to 

elucidate the mechanisms associated with the lamination/delamination of outer 

and inner layers as well as regular/irregular cross-section and macrovoids 

morphology 

 develop dual layer hollow fiber membranes with a NF-like selective layer 

intended for use in FO process  

 assess the FO performance of dual layer hollow fiber membrane with a NF-like 

selective layer 

1.3. Thesis outline 

This thesis includes 7 chapters, which are highlighted as follows: 

Chapter 1: Introduction - Background information and the objectives of the study 

are provided. 

Chapter 2: Literature review - This chapter is divided into two parts. The first part 

is the review of FO technology. It starts with the introduction of FO 

concept followed by its potential applications and the challenges for 

developments. The current status of FO membrane fabrication is also 

reviewed. The second part of the literature study is the development of 

FO hollow fiber membranes with a NF-like selective layer. In this part, 

the fundamental study of phase inversion method for asymmetric 

membrane preparation is provided. This is then followed by a more 

specific review concerning fabrication of asymmetric hollow fiber 

substrates via dry jet-wet spinning technique. Development of NF-like 

selective layer, subsequently, was followed to end this chapter. 
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Chapter 3: Fabrication of novel PAI FO hollow fiber membranes with a 

positively charged NF-like selective layer - This chapter begins with a 

brief review of the FO membranes with NF-like skin. Single layer PAI 

hollow fiber membranes were fabricated followed by a simple cross-

linking modification to impart positive charges on the membrane 

surface. The discussion on the effects of cross-linking modification 

conditions on the membrane intrinsic properties such as pure water 

permeanility (PWP) and salt rejections, as well as FO performance were 

conducted based a series of experimental results. 

Chapter 4: Fabrication and characterization of FO hollow fiber membranes with 

antifouling NF-like selective layer - Single layer PAI hollow fiber 

substrates were modified by chemical cross-linking and multilayer 

polyelectrolyte deposition. The additional step of the polyelectrolyte 

deposition aims to enhance membrane antifouling property.  The FO 

performance for the feed containing protein foulant was evaluated to 

observe the effect of the modification. 

Chapter 5: Explorations of delamination and irregular structure in PAI-PES 

dual layer hollow fiber membranes - A fundamental study of PAI-PES 

dual layer hollow fiber fabrication was presented in this chapter. A 

series of experiments was performed and the results were discussed on 

how to eliminate delamination and irregular structure, which are the 

main challenges in order to obtain a good dual layer hollow fiber 

membrane. 

Chapter 6: Novel dual-layer hollow fiber membranes applied for FO process - 

Based on the understanding of the delamination mechanism, a good 

dual layer PAI-PES UF hollow fiber was fabricated and used for PEI 

polyelectrolyte modification. Since the chemical cross-linking only 

occurred on the thin outer PAI layer, while the inner layer made of PES 

is inert to PEI polyelectrolyte, a high water flux in the FO process is 

anticipated. FO experiments were performed to confirm the merit of the 

dual-layer membranes. 
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Chapter 7:  Conclusions and recommendations - The important findings of this 

study and recommendations for future work are made in this chapter. 
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CCHHAAPPTTEERR  22 

LLiitteerraattuurree  RReevviieeww  

 

This review begins with the theoretical background of forward osmosis process, the 

applications and the challenges, followed by the current status of FO membranes in 

terms of characteristics and performance. After this, the preparation of asymmetric 

membranes by phase inversion specifically for hollow fiber membrane fabrications via 

dry jet-wet spinning technique has been discussed in details. In the final section, a 

review of selective membrane surface preparation is provided. 

2.1. Forward osmosis 

2.1.1. Concept of forward osmosis 

Nowadays, water desalination and waste water reclamation have become an appealing 

method to produce fresh water due to water shortage. Reverse osmosis (RO), at 

present, is one of the most commonly used technologies for desalination and 

reclamation as it is a more economical process when compared to the traditional 

thermal process of distillation. However, in RO process, high hydraulic pressure is 

required to oppose and exceed the osmotic pressure, leading to high energy 

requirement and consequently, high operational cost. As shown in Figure 2.1, the 

energy needed for RO is much higher than forward osmosis for seawater desalination. 

Osmosis is a natural phenomenon, known as direct osmosis (DO) or forward osmosis 

(FO) which can be defined as the net movement of water molecules across a semi-

permeable membrane from a less concentrated solution to a more concentrated 

solution. FO process utilizes an osmotic pressure gradient () as a driving force 

instead of hydraulic pressure (P). Hence, FO is able to produce water at a reduced 

cost with high recovery. This phenomenon is the basis of food preservation (Cath, 

Childress et al. 2006). 
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Figure 2.1. Comparison of equivalent work for seawater desalination using various 

technologies. (MSF: multi-stage flash distillation; MED-TVC: multi effect distillation 

using thermal vapor compression; MED-LT: multi effect distillation-low temperature; 

RO: reverse osmosis; FO-LT: single column low temperature vacuum forward 

osmosis). Adapted from (McGinnis and Elimelech 2007). 

Theoretically, osmotic pressure () can be calculated (Wilkinson 1997): 

 TRCi   (2.1) 

where i is the number of ions produced during dissociation of solute, called 

dissociation factor of Van’t Hoff,  is osmotic coefficient which distinguishes the 

difference of solvent from ideal behavior referenced to Raoult’s law, C is 

concentration of all solutes, R is gas constant, T is absolute temperature. Based on 

Equation 2.1, it is important to note that the osmotic pressure depends on the molar 

concentration. 

Figure 2.2 shows membrane classification based on osmotic power. Membrane 

filtration can be classified as follows: (a) Forward osmosis (FO) which uses osmotic 

pressure gradient () as the driving force (hydraulic pressure (P) = 0). Product water 

thus flows from a less concentrated feed (F) to a more concentrated draw solution 

(DS); (b) Pressure retarded osmosis (PRO) which applies a hydraulic pressure lower 

than the osmotic pressure to the draw solution side. The net water flux is in the 

direction toward the draw solution (same as FO) (Lee, Baker et al. 1981; Achilli, Cath 

et al. 2009a); (c) Reverse osmosis (RO) that utilizes hydraulic pressure to overcome 

the osmotic pressure difference (P >). Consequently, the net water flux flows from 
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a concentrated feed (F) to the permeate (P) side. The net water flux, Jv, across a 

membrane is given by (Lee, Baker et al. 1981): 

 
 PAJ v  

 (2.2) 

where A is water permeation coefficient of the membrane,  is the osmotic pressure 

gradient across the membrane and P is the hydrostatic pressure difference across the 

membrane. 

 

 

 

 

 

Figure 2.2. Membrane classification based on osmotic power: (a) FO; (b) PRO; (c) RO 

(arrow indicates the direction of solvent flow); (d) The relationship between FO, PRO, 

and RO for an ideal semi permeable membrane. Figure was adapted from (Lee, Baker 

et al. 1981). 

(a)  > P; P = 0      (b) 0 < P <            (c) P >  
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2.1.2. FO applications and challenges 

FO has been utilized in many areas from water production and water treatment to 

pharmaceutical and food industries as well as hybrid system of FO and other 

technologies (i.e. membrane bioreactor, RO) to achieve a better performance. For 

instance, a novel membrane bioreactor (MBR) system which utilizes a submerged FO 

membrane in the bioreactor, called osmotic membrane bioreactor (OMBR) has been 

developed (Achilli, Cath et al. 2009b). Results demonstrated that OMBR required 

substantially less backwashing and has higher total organic carbon (TOC) removal 

efficiencies as compared to conventional MBRs. Moreover, McGinnis introduced a 

closed cycle osmotic heat engine based on the principles of natural osmosis for 

renewable power generation (McGinnis, McCutcheon et al. 2007). The system uses an 

ammonia-carbon dioxide as draw solution (DS) and deionized water as working fluid 

(feed). 

There are two major challenges in FO. One is the suitable draw solution. FO uses a 

particular draw solution to generate an osmotic pressure gradient across a semi-

permeable membrane. Water will naturally diffuse through the membrane from the 

feed side into the draw solution side. The next challenging step is how to separate the 

clean water from the draw solution. There are some criteria for an ideal draw solution: 

(i) It should have a significantly higher osmotic pressure than feed water on the 

opposite side. Thus, the system will possess high water flux and high feed water 

recoveries (McCutcheon, McGinnis et al. 2005); (ii) The separation of water from the 

draw solution should be easy (McCutcheon, McGinnis et al. 2005); (iii) The draw 

solution must be able to be re-generated and reused easily and economically 

(Cornelissen, Harmsen et al. 2008); (iv) The draw solution should be non-toxic and 

chemically compatible with membrane materials (Cornelissen, Harmsen et al. 2008); 

(v) The Solutes in the draw solution must have high diffusivity in liquids and low 

permeability through the selective layer of the membrane (Hancock and Cath 2009). 

Several solutions have been considered as draw solutions such as magnesium chloride, 

sodium chloride, sucrose, ammonium bicarbonate, etc. Among these solutions, 

magnesium chloride has the highest osmotic pressure for the same concentration as 

shown in Figure 2.3. 
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Figure 2.3. Osmotic pressure generate from various salt as draw solution as a function 

of concentration. Adapted from (Cath, Childress et al. 2006). 

The development of suitable draw solutions for FO process has been carried out as 

early as 1965 by Batchelder who employed a volatile solute (e.g. sulfur dioxide, 

ammonia, sodium sulfite). The product water could be recovered by heating and/or air 

stripping of the volatile solute (Batchelder 1965). Moreover, in 1972, Frank used 

chemically precipitable soluble salts (e.g. aluminium sulfate, magnesium sulfate, 

manganese sulfate) as the draw solution (Frank 1972). Hypertonic glucose solution 

(Kravath and Davis 1975) and concentrated fructose solution (Stache 1989) have been 

used as the draw solution intended for emergency water supplies in the life boat. 

McGinnis in 2002 utilized a combination of hot saturated potassium nitrate (KNO3)  

and dissolved sulfur dioxide (SO2) at a pressure of 15 atm as the draw solutions 

(McGinnis 2002). The recovery of the draw solution can be done by crystallization and 

heating. Furthermore, FO desalination process by using a concentrated ammonium 

bicarbonate solution as the draw solution has been designed (McCutcheon, McGinnis 

et al. 2005; 2006). In 2010, highly water-soluble magnetic nanoparticles have been 

used as draw solutes (Ling, Wang et al. 2010). 

The other challenge is the appropriate membrane which can reduce the effect of 

concentration polarization (CP). CP is defined as the accumulation of the solutes near 

the membrane surface as water permeates through a membrane. CP and fouling are the 

main reasons for flux decline in membrane separation process. CP reduces not only the 
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net water flux (or increasing trans-membrane pressure) but also the solute retention 

and leads to fouling. CP is reversible and can be controlled hydro-dynamically (e.g. by 

velocity adjustment or by closing off the permeate outlet, the accumulated solutes 

should diffuse back to the bulk). Fouling, on the other hand, is an irreversible 

deposition or adsorption of solutes onto the membrane surface or into the pores of the 

membrane. Therefore, fouling can only be removed by cleaning. 

Equation 2.2 shows the net water flux in osmotic-driven membrane processes. 

Concentration buildup near membrane surface during filtration process causes the 

effective osmotic pressure gradient lower than the bulk osmotic pressure gradient. 

From this equation, the water flux decreases as the osmotic pressure gradient () 

decreases (Sablani, Goosen et al. 2001). Based on the location, there are two types of 

CP: external CP (ECP), which occurs on the outside of membrane, and internal CP 

(ICP) which occurs within the porous support layer. 

Osmotic driven membrane processes (e.g. FO) has both ECP and ICP which is 

different from reverse osmosis process. Since the driving force of FO process is based 

on the osmotic pressure gradient (P = 0), membrane fouling led by ECP has a milder 

effect on net water flux as compared to pressure driven membrane processes. The 

unfavorable outcome of ECP, nevertheless, can be minimized by increasing the 

turbulence at the membrane surface (Sablani, Goosen et al. 2001; Cath, Childress et al. 

2006; McCutcheon and Elimelech 2006). However, the adverse effect of ICP (i.e. net 

water flux decline), which is exclusive to FO process, cannot be minimized by altering 

hydrodynamic conditions since ICP takes place within the membrane (Gray, 

McCutcheon et al. 2006). Based on membrane orientation, there are two types of ICP: 

(1) concentrative ICP and (2) dilutive ICP. 

Concentrative ICP, as illustrated in Figure 2.4-a, occurs when the active layer is placed 

against the draw solutions. This orientation is also known as ‘PRO mode’. Since the 

feed is facing the porous support layer, the solute in the feed water goes through the 

open structure of the porous support when it is carried on by convective water flow 

that diffuses across the active layer into the draw solutions side. The solute cannot 

penetrate into the active layer, instead, it will accumulate and lead to a concentration 

build up within the porous support layer. Dilutive ICP, on the other hand, occurs when 
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the active layer is placed against the feed water. The pure water that diffuses through 

the membrane dilutes the draw solution inside the porous support layer (Figure 2.4-b). 

Therefore, the development of the proper membrane structure which can reduce the 

effect of ICP is essential. 

      

Figure 2.4. Illustration of concentration profile across a composite or asymmetric 

membrane for internal concentration polarization (ICP) adapted from (Cath, Childress 

et al. 2006) corresponding to membrane orientation: (a) active layer facing draw 

solution (AL-DS), also known as PRO mode; (b) active layer facing feed water (AL-

FW), also known as FO mode. 

2.1.3. Current status of FO membranes 

Since Loeb-Sourirajan initiated membrane synthesis via phase inversion in 1960s, 

membrane development is mainly for pressure driven processes (not for osmosis 

driven). RO membrane, which has a thin selective layer to reject undesired solutes and 

a thick porous support to give mechanical strength to withstand high pressure and long 

term operation, is not suitable to be applied in osmosis driven process (McCutcheon, 

McGinnis et al. 2005; Elimelech and Mc Cutcheon 2008; Herron 2008). In RO, mass 

transfer takes place in the selective layer only. Therefore the possible concentration 

polarization is ECP as described in Section 2.1.1. In an osmosis driven process (FO), 

however, mass transfer occurs in both side of the membrane causing ECP and ICP. To 

overcome this problem, membranes with a new structure should be re-designed. Loeb 

et al. pioneered the investigation of the effect of a support fabric, that was attached at 

the commercial Loeb-Sourirajan (L-S) type asymmetric membrane, on the osmotic 

(a) (b) 
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water flux (Loeb, Titelman et al. 1997). It was found that water flux increased in an 

order of 6 folds for the membranes with the absence of a support fabric. 

Furthermore, two RO membranes from GE osmonic (AG and CE) has been compared 

to FO membranes produced by HTI (CTA) in FO process (McCutcheon, McGinnis et 

al. 2005). Under the same experimental conditions, the CTA membrane had a notably 

higher water flux than either GE RO membrane. The structure of two RO membranes 

differed significantly as compared to the FO membrane. AG membrane was made 

from interfacial polymerization of polyamide on a polysulfone porous support layer 

(thickness of 50 m) which was casted on a porous fabric (thickness of 90m). CE is 

an integral asymmetric membrane made from cellulose acetate (thickness of 50 m) 

supported by a porous fabric (thickness of 90m). CTA, on the other hand, has an 

overall thickness of 50 m which consists of two thin layers of cellulose triacetate on 

the top and bottom of polyester fabric. In addition to the porous support for FO 

membranes, the hydrophobicity of the membrane support layer and its effect on water 

flux in FO and PRO processes has been studied (McCutcheon and Elimelech 2008). 

The results showed that hydrophobicity of membrane support layer significantly 

hindered the water flux because of insufficient wetting leading to disruption of water 

continuity. 

Moreover, a proper substrate for FO membrane should have high porosity and 

excellent pore interconnectivity. Elimelech and McCutcheon utilized nanofiber 

electrospinning technique to fabricate the support layer of flat sheet FO membranes 

with high porosity (>80%), good pore interconnectivity (the tortuosity of ~1), and high 

degree of fiber interconnectivity which increased the mechanical strength (Elimelech 

and Mc Cutcheon 2008). Therefore, the thickness of the porous layer can be reduced. 

In addition, nanoparticles has been employed to strengthen the thin porous support 

layer (Kurth and Burk 2009). 

In the past few years, many researchers have worked on fabrication and 

characterization of forward osmosis membranes. FO membranes, both in hollow fiber 

and flat sheet configurations, reported in the literature have a dense selective layer and 

a porous support layer. The selective layer can be RO-like skin or NF-like skin. 
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 RO-like skin 

In 2008, Herron invented an integral asymmetric structure of osmosis driven flat sheet 

membrane (the first commercial FO membrane produced by Hydration Technologies). 

The membrane consisted of three layers: (1) a skin layer, with a density of > 50% 

polymer by volume and an average thickness of 8-18 m; (2) a porous layer made 

from the same polymeric material as the skin layer, with density of 15-30% by volume 

and a thickness of 25-75 m; (3) a hydrophilic support fabric embedded in the porous 

layer. The skin and porous layers were made from cellulosic material. The resultant 

membrane had a FO water flux of 22 l/m
2
.h (experiment conditions – draw solution: 

ammonium bicarbonate 6 M, feed: 0.5 M sodium chloride, temperature of 50C), and 

salt rejection of 99% (Herron 2008).  

Wang et al. worked on thin film composite (TFC) FO hollow fiber membranes, made 

of polyamide on the top of a polyethersulfone (PES) UF substrate. The substrate 

characteristics were described as follows: (1) molecular weight cut off (MWCO) of 83-

88KDa; (2) mean pore size of 12.7 nm; (3) porosity of 75%; (4) pure water 

permeability (PWP) of 266-271 l/m
2
.h.bar. Polyamide as the selective layer (thickness 

~600nm) was synthesized on the inner surface of PES hollow fiber substrate. The 

resulting membrane had the structural parameter (S) of 5.95 x 10
-4

 m, the water 

permeability (A) of 2.19 l/m
2
.h.bar and NaCl permeability (B) of 0.2 l/m

2
.h. During FO 

process using 0.5 M NaCl as a draw solution and DI-water as the feed, the membranes 

exhibited water flux of 32.2 l/m
2
.h

 
and salt flux of 3.5 g/m

2
.h for AL-DS configuration 

(Wang, Shi et al. 2010). Chou et al. from the same group further improved the FO 

hollow fiber membrane by adjusting the substrate and the active layer. The substrate 

had an UF-like skin in the lumen side (MWCO of 39KDa, mean pore size of 9.6 nm) 

without an outer skin (MWCO >500KDa). The thickness of the RO-like skin at the 

lumen side was reduced by half (~300nm). The resulting membrane had improved the 

water permeability of 3.45 l/m
2
.h.bar while the salt permeability remained unchanged 

and the structural parameter (S) of 5.5 x 10
-4

 m. FO water flux increased to 42.6 l/m
2
.h 

under the same FO experiment conditions (Chou, Shi et al. 2010). 

Yip et al. studied the fabrication of a TFC flat sheet membrane tailored for FO 

operation. The TFC-FO membrane, which had an overall thickness of 96m, consisted 
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of a thin active selective layer supported by a microporous polymer layer. The result 

showed that making a support membrane with a thin layer of the sponge-like 

morphology on the top of a finger-like layer favored to be applied in FO process. The 

FO membranes have a structural parameter (S) of 4.92 x 10
-4

 m, water permeability of 

1.14 l/m
2
.h.bar and NaCl rejection of 97.4%. FO process was carried out by employing 

1.5M NaCl as the draw solution and DI-water as the feed. The measured FO water flux 

was 18 l/m
2
.h (Yip, Tiraferri et al. 2010). Similarly, Tiraferri et al. fabricated a 

composite FO membranes made from polyamide as the active layer supported by a 

polysulfone support layer. The resultant membranes have water fluxes ranging from 4 

to 25 l/m
2
.h using 1 M NaCl as the draw solution and DI- water as the feed (Tiraferri, 

Yip et al. 2011). 

Zhang et al. compared single-skin and double-skin of  integral asymmetric flat sheet 

FO membranes made from cellulose acetate. The overall thickness of the membranes 

was 35 m and the thickness of the top skin (for both single and double-skin) was 1m 

while the bottom skin was 95 nm. The single skinned membrane had water 

permeability (A), NaCl permeability (B) and structural parameter (S) of 0.13 l/m
2
.h.bar, 

0.09 g/m
2
.h, and 5.1 x 10

-5
 m, respectively, while the double skinned membrane 

possessed A value of 0.17 l/m
2
.h.bar, B value of 0.07 g/m

2
.h and S value of 5.4 x 10

-5
 

m. During the FO process where 1.0 M NaCl was employed as the draw solution and 

DI-water as the feed, the double skin membrane had a higher water flux and salt flux 

(6.2 l/m
2
.h and 4.2 g/m

2
.h, top layer facing DS) as compared to the single skin 

membrane (4.9 l/m
2
.h and 3.5 g/m

2
.h, top layer facing DS) (Zhang, Wang et al. 2010). 

Wei et al. prepared TFC FO membranes with tailored support structure. The resultant 

membranes can achieve FO water flux of 54 l/m
2
.h with a 2 M NaCl as draw solution 

in the configuration of AL-DS (Wei, Qiu et al. 2011). 

 NF-like skin 

Chung’s group has been working on single and dual layer NF hollow fiber membranes 

utilized in FO process (Wang, Chung et al. 2007; Wang, Yang et al. 2009; Yang, 

Wang et al. 2009b; a; Su, Yang et al. 2010). Wang et al. fabricated single layer 

polybenzimidazole NF hollow fiber membrane and examined its performance in FO. 
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The fibers had inner diameter/outer diameter (ID/OD) of 0.17/0.27 mm and mean 

effective pore radius of 0.32 nm. Using a 2 M MgCl2 solution as draw solution and DI 

water as the feed, the water flux was 9 l/m
2
.h when applied in the active layer facing 

draw solution configuration (Wang, Chung et al. 2007). In later publication, Wang et 

al. further chemically modified PBI membrane surface by using p-xylylene dichloride 

to adjust effective mean pore size and pore size distribution. The 4h modified 

membrane showed water flux of 11 l/m
2
.h based on 1M MgCl2 as draw solution and 

DI water as the feed operating in the configuration of the active layer facing draw 

solution (Wang, Yang et al. 2009). Furthermore, Yang et al. developed dual-layer 

hollow fiber NF membranes utilized in FO process for concentration of protein 

solutions (Yang, Wang et al. 2009b) as well as water production (Yang, Wang et al. 

2009a). PBI was employed as the outer selective layer while PES-

polyvinylpyrrolidone (PVP) was used to form the inner support layer. The resultant 

fibers had an average pore radius of 0.4 nm, ID/OD of 0.54/0.95 mm and an outside 

layer thickness of 10 m. The membranes showed water flux of 33.8 l/m
2
.h using 

MgCl2 draw solution of 5M facing the outer active layer and feed DI water facing the 

inner support layer. Recently, Su and coworkers reported the fabrication of cellulose 

acetate hollow fiber NF membrane for FO purposes. The mean pore radius of resultant 

membrane was 0.3 nm and the fiber dimension of ID/OD was 0.35/0.55 mm/mm. 

Under FO test using 0.5M MgCl2 as draw solution and DI water as feed, the water flux 

of 2.7 l/m
2
.h and 1.8 l/m

2
.h was obtained in the orientation of active layer facing draw 

solution and feed water, respectively (Su, Yang et al. 2010). 

Wang et al. developed very thin integral asymmetric FO flat sheet membranes from 

cellulose acetate with an overall thickness of 36 m. The membrane had double skins 

with a porous structure in the middle. The top and bottom skin layers had a thickness 

of 150 nm and 50 nm, respectively. Pure water permeability, A, is 0.78 l/m
2
.h.bar 

while salt permeability, B, for MgCl2 is 0.25 l/m
2
.h. In FO process using 5 M MgCl2 as 

draw solution and DI water as feed, the resulting membrane exhibited water flux of 48 

l/m
2
.h and salt flux of 6.5 g/m

2
.h for draw solution facing bottom layer configuration. 

When the configuration was switched to draw solution facing top layer, there was 

water flux reduction to 27.4 l/m
2
.h and salt flux of 3.9 g/m

2
.h (Wang, Ong et al. 2010). 
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2.2. Development of FO hollow fiber membranes with a NF-like 

selective layer 

This part of review begins with an overview of various polymer materials used for 

membrane preparation, and the understanding of phase inversion mechanism of the 

asymmetric membranes preparation in general, followed by the discussion of the 

fabrication conditions and parameters involved in making asymmetric hollow fiber 

substrates via dry jet-wet spinning technique. Last section is the preparation of 

selective membrane surfaces. 

2.2.1. Membrane materials and phase inversion technique for asymmetric 

membrane preparation  

Generally, suitable materials used for membrane application should have high 

mechanical strength, good thermal stability over a wide range of temperature, good 

chemical stability over a wide range of pH and ability to form films and hollow fibers 

easily (Petersen 1993; Ulbricht 2006). In addition, the material should be less 

susceptible to bacterial and colloidal-particle attachments. The common membrane 

materials include cellulose acetate (Herron 2008), polysulfone (Wijmans, Kant et al. 

1985), polyethersulfone (Chou, Shi et al. 2010; Shi, Chou et al. 2012), 

polybenzimidazole (Wang and Chung 2006), and polyetherimide (Shen, Xu et al. 

2004). Hollow fiber NF membranes can be constructed from various polymers which 

have their own pros and cons. The challenge is how to select an appropriate material 

for desirable processes (Frank, Bargeman et al. 2001; Wang and Chung 2006; Yang, 

Jian et al. 2006; Liu, Xu et al. 2007). 

Loeb and Sourirajan in 1960 initiated the fabrication of asymmetric flat sheet 

membranes by phase inversion using cellulose acetate (Loeb and Sourirajan 1963). 

Since then membrane fabrication via phase inversion has grown rapidly. Asymmetric 

membranes are commonly prepared by immersion precipitation process, known as 

non-solvent induced phase separation (NIPS). The mechanism behind relies on 

induced thermodynamic demixing of a homogeneous polymer-solvent solution into a 

polymer-rich phase and a polymer-lean phase by exposure of the solution to the non-

solvent. One of the significant advantages of this technique over other membrane 
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manufacturing techniques is that various porous structures can be easily controlled by 

adjusting various fabrication parameters. However, the mechanism of membrane 

formation through phase inversion is a complex process which involves 

thermodynamic and kinetic parameters such as Gibb’s free energy of mixing, and 

diffusivities and chemical potentials of each component (Strathmann and Kock 1977). 

In the membrane formation, the thermodynamic properties of the polymer solution can 

be determined by cloud point measurement (Wijmans, Kant et al. 1985). There are 

several ways to observe the kinetics of the phase inversion: (1) light transmission on 

immersed casting solution (the light transmittance decreases when phase separation 

occurs) (Reuvers and Smolders 1987); (2) the length of precipitation front which is 

related to the diffusion of non-solvent into the casting solution (Kang, Kim et al. 1987; 

Kang and Lee 2002); (3) viscosity measurement of the casting solution (Ohya, Shiki et 

al. 2009). 

Thermodynamic properties of a polymer/solvent/non-solvent system can be 

represented by a ternary phase diagram shown in Figure 2.5. The phase diagram 

consists of four regions. The first region (region I) is the stable region or a 

homogenous region with one-phase liquid state. The initial dope solution prior to 

spinning is situated in this region. Region II, located in between the binodal curve and 

gelation boundary, is a liquid-liquid two-phase solution. This region consists of two 

curves: binodal and spinodal. The spinodal line separates the two-phase region into 

metastable (between binodal and spinodal curves: ABD and ACE) and unstable 

regions (under spinodal curve: ADE). A metastable region occurs if  

  0
,

2

2

2 
PTmixG   and an unstable region occurs if   0

,

2

2

2 
PTmixG  . The 

boundary, where   0
,

2

2

2 
PTmixG  , is called the spinodal point obtained for each 

tie line, and a collection of these points becomes the spinodal line (where Gmix is 

Gibbs free energy of mixing and 2 is volume fraction of polymer at certain 

temperature (T) and pressure (P)). Region III, confined to the gelation and swelling 

boundary, is liquid-solid two-phase swelling. The last region is region IV. In a ternary 

phase diagram, region IV is separated from region I and III by the vitrification 

boundary and swelling boundary, respectively. In this region, a polymer solution 

reaches its glass state or swelling state (one-phase glass) (Ren and Wang 2010). 
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Figure 2.5. Phase diagram of a ternary system in diffusion induced phase separation 

(DIPS) method. Adapted from (Ren and Wang 2010). 

Various morphological structures of the membranes fabricated by NIPS are strongly 

affected by gelation and demixing. A dense membrane structure can be obtained when 

a homogeneous polymer solution reaches the vitrification boundary directly and goes 

into region IV. A porous membrane is formed if a homogeneous polymer solution 

crosses the binodal/spinodal curve. In a metastable area, the polymer solution will 

phase separate into a polymer-rich phase and a polymer-lean phase based on the 

nucleation and growth (NG) mechanism. As shown in Figure 2.5, there are two 

metastable areas. One is ABD region which is NG of polymer-lean phase and the other 

one is ACE region which is NG of polymer-rich phase. If demixing is situated in ABD 

region, closed-cell membrane morphology will be developed in the beginning and 

afterward, nuclei will grow sufficiently and finally touch each other, creating an 

interconnected structure. If demixing occurs in ACE region, on the other hand, it is not 

favored for membrane formation since it will lead to low-integrity powdery 

agglomerates. If demixing turns out crossing the spinodal curve into the unstable ADE 

region, two separate phases appear following the tie-lines to form two co-continuous 

phases instead of well defined nuclei. An interconnected pore structure will be 

developed but it might evolve into a closed cell structure later (Mulder 1996; Schafer, 

Fane et al. 2005; Ren and Wang 2010). 
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There are two mechanisms for membrane formation in terms of demixing process: 

instantaneous liquid-liquid demixing and delayed onset of liquid-liquid demixing. 

Instantaneous demixing occurs when the polymer system gels and solidifies 

immediately after immersion resulting in a membrane with a fine pore skin or surface 

structure. The layer beneath the surface, however, is porous and has macrovoids 

(Schafer, Fane et al. 2005; Barzin and Sadatnia 2008; Ren and Wang 2010). For the 

delayed demixing, the composition of the entire solution remains in the homogeneous 

region for a certain period of time (Ren and Wang 2010). As a result, the membrane 

skin becomes thinner and the macrovoids are significantly reduced. Instead, sponge-

like structures are observed in the membrane structure (Mulder 1996; Barzin and 

Sadatnia 2008). Experimental results conducted by Tasselli and Drioli (Tasselli and 

Drioli 2007) have shown that utilizing water as the bore fluid resulted in a less porous 

skin due to rapid demixing as water is a strong coagulant for polyetheretherketone 

(PEEK) (water solubility parameter, , is 47.9 (MPa)
1/2

 and PEEK solubility parameter 

is 22.0 (MPa)
1/2

). The resulting membrane has water flux of 158 l/m
2
.h.bar. However, 

when n-butanol was utilized as the bore fluid, the water flux increased dramatically to 

1209 l/m
2
.h.bar. N-butanol has a solubility parameter of 23.3(MPa)

1/2
. A small 

difference in solubility between n-butanol and the polymer dope indicates that n-

butanol is a poor coagulant for PEEK. Therefore, delayed demixing occurred and 

consequently, a more open and porous skin was formed. 

2.2.2. Asymmetric hollow fiber membranes via dry jet – wet spinning technique 

A number of parameters have to be considered in the fabrication of hollow fiber 

membranes via dry jet-wet spinning technique. These include solvent type, polymer 

concentration, external and internal coagulants, air gap, non-solvent additive, viscosity 

of the dope solution and take-up speed, etc. 

 Choice of solvents 

Solvents play an important role in membrane fabrication via phase inversion method. 

A polymer has to be able to dissolve in a solvent and remains uniform and stable prior 

to precipitating in a coagulation bath. Also, the solvent and non-solvent should be 

completely miscible with each other. Common organic solvents used include N,N-
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dimethylacetamide (DMAc), N,N-dimethylformamide (DMF), N-methyl-2-

pyrrolidone (NMP), hexamethylphosphoramide (HMPA), tetramethylurea (TMU), 

triethyl phosphate (TEP) and trimethyl phosphate (TMP) (Bottino, Camera-Roda et al. 

1991; Yeow, Liu et al. 2003; Barzin and Sadatnia 2008). Barzin et al. compared 

DMAc and NMP as a solvent for the PES-water system. Non-solvent/solvent 

interaction parameter of water/DMAc is smaller than that of water/NMP, suggesting 

that water and DMAc has better miscibility as compared to water and NMP. The 

solvent/polymer interaction parameter of NMP/PES is smaller than that of 

DMAc/PES. This means that NMP is a better solvent for PES as compared to DMAc. 

Therefore, in the ternary phase diagram, the binodal curve of H2O/NMP/PES system is 

closer to the polymer-solvent axis than that of H2O/DMAc/PES system. Consequently, 

the membrane prepared by using DMAc as a solvent had more sponge-like structures 

compared to that prepared by NMP due to a higher mutual affinity between H2O and 

DMAc. Delayed demixing in H2O/DMAc/PES system suppresses the formation of 

macrovoids (Barzin and Sadatnia 2008). 

 Polymer concentration 

Several studies reported that increasing initial polymer concentration in a solution can 

slow down the non-solvent inward diffusion resulting in a denser and thicker skin, 

lower porosity and subsequently lower water flux (Kneifel and Peinemann 1992; Xu, 

Shen et al. 2003; Shi, Wang et al. 2007). Shi and co-workers studied the effect of 

polymer concentration on the polyvinylidene fluoride (PVDF) hollow fiber structure 

and performance. When the polymer concentration increased from 13 to 17 wt.%, the 

macrovoids were reduced significantly and the sponge-like structure sandwiched in the 

middle became thicker. Consequently, pure water permeability as well as MWCO 

decreased (Shi, Wang et al. 2007). Furthermore, Bonyadi et al. observed the effect of 

initial polymer concentrations on the corrugation phenomenon in the inner contour of 

hollow fiber membranes. An increase in the dope concentration from 13 to 22 wt.% 

resulted in gradual elimination of the inner contour deformation. A higher dope 

concentration might have a higher rigidity and chain orientation of the inner 

precipitated shell. Thus, there was less hydrodynamic instability. The inner shell with a 

higher rigidity will be more resistant to buckling (Bonyadi, Chung et al. 2007). 
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 Addition of non-solvent additives 

A number of studies have been carried out to fabricate porous hollow fiber membranes 

using different non-solvent additives to obtain an optimal membrane structure. The 

addition of non-solvent additives affects the thermodynamic properties of polymer 

solution as well as the solution viscosity which has an effect on the phase inversion 

kinetics as it changes the solvent and non-solvent diffusion (Yeow, Liu et al. 2003). 

There are many additives commonly used including polymeric additives (e.g. 

polyethylene glycol (PEG), poly(vinyl pyrrolidone) (PVP)), organic acids (e.g. acetic 

acid, propionic acid), inorganic salts (e.g. lithium chloride (LiCl), lithium nitrate 

(LiNO3) and lithium perchlorate (LiClO4)), weak co-solvents (e.g. methanol, ethanol, 

2-propanol, n-butanol and acetone), and weak non-solvents (e.g. glycerol, ethylene 

glycol, diethylene glycol, and -butyrolactone) (Bottino, Camera-Roda et al. 1991; 

Boom, Wienk et al. 1992; Kneifel and Peinemann 1992; Liu, Koops et al. 2003; 

Yeow, Liu et al. 2003; Xu and Qusay 2004; Mansourizadeh and Ismail 2010).  

The addition of non-solvent additives in the initial dope solution normally enhances 

the thermodynamic instability of the system made the solution closer to the phase 

separation point (Wang, Li et al. 2000). In a ternary phase diagram, it shifts the 

isothermal precipitation curve toward polymer-solvent axis, indicating that less non-

solvent is needed for precipitation in the thermodynamic equilibrium. Since it will 

reduce the miscibility area of the system and increase the precipitation rate of polymer 

solutions, macrovoids with finger-like structure are likely to be developed. 

The addition of different molecular weights of PEG (from 200 to 10,000)  into the 

PES-NMP systems has been investigated (Xu and Qusay 2004). The membrane 

structures were changed from a double-layer finger-like structure to sphere or 

ellipsoids macrovoids with an increase in PEG molecular weights from 200 to 10,000 

Da in the dope solution. As a result, PWP increased from 22 to 64 l/m
2
.h.bar and 

mechanical properties were decreased. Furthermore, Shi and coworkers studied the 

effect of PVP (Shi, Wang et al. 2007) as well as glycerol and LiCl (Shi, Wang et al. 

2008) on the formation of poly(vinylidene fluoride-co-hexafluropropylene) (PVDF-

HFP) asymmetric hollow fiber membranes. From the isothermal phase diagram, it was 

found that the addition of glycerol made the binodal line shifted further towards the 
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polymer-solvent axis followed by LiCl and PVP (15,000 Da). When water was used as 

bore fluid, larger and longer macrovoids can be observed in the fibers as the 

concentration of LiCl increased. This was because LiCl has a good affinity with water. 

However, when a weak bore fluid was used, the size of macrovoids decreased as the 

concentration of LiCl increased. The addition of LiCl or glycerol made the resultant 

membranes presenting a narrow pore size distribution compared to the addition of 

PVP. In addition, Mansourizadeh and Ismail also looked at the effect of various 

additives (i.e. PEG 200, ethanol, glycerol, acetic acid) on the polysufone hollow fiber 

membrane morphology. Their results showed that the effect of the additives used in 

reducing miscibility area of the system followed the trend of glycerol > acetic acid > 

PEG200 > ethanol. Furthermore, the addition of non-solvent additives has increased 

the surface porosity, and subsequently increased the permeability of the membranes 

(Mansourizadeh and Ismail 2010). 

Loh et al. investigated the effect of pluronic (additive) concentration on the viscosity, 

and cross-section morphology of PES membranes. It was found that increasing the 

pluronic concentration increased the viscosity of polymer solution. As a result, the 

finger-like macrovoids became narrower when the concentration increased from 5% 

(viscosity 2.8 Pa.s) to 10% (viscosity 4.3 Pa.s). A further increase of the pluronic 

concentration to 15% (viscosity 7.0 Pa.s) resulted in a more sponge-like structure. This 

is due to the increase in viscosity leading to a delayed diffusion of the non-solvent 

through the polymer solution (Loh, Wang et al. 2011). 

 External coagulant and internal coagulant (bore fluid) 

The ideal external and internal coagulants, which depend on the system, can fine tune 

the final membrane structure and performance such as suppressing the formation of 

macrovoids, etc (Tasselli and Drioli 2007; Barzin and Sadatnia 2008). Water is 

commonly used as an external and internal coagulant. However, since water is a strong 

non-solvent to the polymer, instantaneous demixing could occur during precipitation in 

water. The resultant membranes usually have a dense skin with big macrovoids 

underneath. 

Kong and Li investigated the effect of external and internal coagulants using a mixture 

of water and ethanol. If water, a strong coagulant, was used as both external and 
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internal coagulants, instantaneous demixing due to rapid precipitation would occur. 

The resultant membranes had both inner and outer skins. When a mixture of ethanol-

water (1:1) was used as the external coagulant, the outer skin disappeared due to the 

slow precipitation rate which may lead to the formation of dead pores. Increasing the 

ethanol concentration in the coagulation bath led to a shift in membrane morphology 

from large cavities to a sponge-like structure (Kong and Li 2001). Increasing the 

concentration of NMP and PEG in the internal coagulant reduced the outward 

diffusion rate of the solvent and additives from the dope into the coagulant as well as 

inward diffusion of water from the coagulation bath to the dope. As a result, the skin 

gradually disappears while the skin pore size increased due to delayed demixing (Liu, 

Koops et al. 2003). Furthermore, by varying the strength of the internal coagulant, the 

phase separation mechanism can be changed. Moriya et al. examined the effect of 

internal coagulant composition on poly(lactic acid) hollow fiber membranes by 

varying the weight ratio of dimethyl sulfoxide (DMSO) and water. As the internal 

coagulant became weaker, the water permeability was improved (from 10 to 320 

l/m
2
.h.bar) while tensile stress at break of the membrane was maintained constant at 

3.5 MPa. The structure of hollow fiber inner surface changed from a microporous to a 

spherulite structure as the internal coagulant grew weaker.  At a low concentration of 

DMSO, the liquid-liquid phase separation took place. However, when pure DMSO was 

used as the internal coagulant, the solid-liquid phase separation occurred on the inner 

surface of the membrane. Since there was no penetration of non-solvent (water), the 

liquid-liquid phase separation was not induced at the inner surface resulting in a 

hollow fiber membrane with a spherulite structure in the inner skin (Moriya, 

Maruyama et al. 2009). 

 Air gap 

The air gap between the spinneret and coagulation bath has an effect on the 

evaporation of solvent and the penetration of moisture into the nascent fiber during the 

dry period in the dry jet-wet spinning process. Therefore, the skin pore size and 

porosity can be controlled by varying the air gap. At a long air gap, for instance, the 

nascent fibers are exposed longer in the air, facilitating the moisture from air to 

penetrate into the fibers. Thus nuclei form and grow until the phase separation freeze 

the structure when the fibers enter the coagulation bath (Niwa, Kawakami et al. 2000; 
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Khulbe, Feng et al. 2004). The effect of various air gap from 10 to 90 cm on the 

performance and morphology of polyetherimide hollow fiber membranes has been 

reported. As the air gap increases, the pure water permeability and molecular weight 

cut off (MWCO) increase while the pore size distribution become broader (Khulbe, 

Feng et al. 2004).  

Bonyadi et al. investigated the corrugation phenomenon in the inner contour of 

polyacrylonitrile (PAN) hollow fibers prepared by NIPS. The results showed that 

increasing air gap can eliminate the deformation of the inner contour due to a longer 

contact time and faster solvent exchange between the internal coagulant and the dope 

solution before entering the coagulation bath (Bonyadi, Chung et al. 2007). In 

addition, Shi et al. also experienced the deformation of the inner contour of PVDF-

HFP membrane during wet spinning process (zero air gap). PVDF-HFP material, 

which shows strong viscoelastic property, entered the coagulation bath directly, and in 

an instant it froze by a strong external coagulant such as water. An increase in air gap 

to 15 cm was able to eliminate the inner contour deformation as there was an extra 

time for the polymer chains to relax and re-arrange. By using a softer internal 

coagulant to delay the precipitation, it is possible to spin hollow fibers with perfect 

annular structure at a lower air gap (Shi, Wang et al. 2007). 

 Take up speed 

In commercial hollow fiber membrane manufacture, high-speed spinning is more 

favorable in order to increase the production efficiency. Several studies have been 

conducted to observe the effect of take-up speed on membrane structure and 

morphology (Wang, Fei Li et al. 2004; Santoso, Chung et al. 2006). Wang and co-

workers have reported that increasing take-up speed can eliminate the formation of 

macrovoids in the cross section of single layer PES hollow fiber membranes as well as 

matrimid-PEI double layer hollow fiber membranes. The macrovoids disappear 

completely at a take-up speed about 5-6 times of the free fall speed (Wang, Fei Li et al. 

2004). There were several factors responsible for this result such as the induced 

elongational stresses which affected instability of polymer dope solution, polymer 

chain packing, nascent membrane deformation and outflow of spinning solvents. 
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 Temperature 

The spinning temperature includes the temperatures of dope solution, external and 

internal coagulants as well as the spinneret (Cheng 1999; Yeow, Liu et al. 2004; Yu, 

Chou et al. 2006; Widjojo, Chung et al. 2007; Wongchitphimon, Wang et al. 2011). 

Simply by varying the system temperature, membrane structures can be tailored into 

either more cellular or particulate morphologies. For semi-crystalline polymers, the 

role of dominance by either liquid-liquid (L-L) demixing or crystallization can be 

reverted depending on the precipitation temperature. The L-L demixing, for instance, 

can be suppressed and crystallization will dominate using a weak coagulant at a low 

temperature. Therefore, the resultant membrane has particulate morphology 

(spherulite). At a high precipitation temperature, on the other hand, the L-L phase 

separation will dominate the precipitation process,  resulting in a membrane with 

cellular morphology (Cheng 1999). Yeow et al. also obtained similar results that 

gelation induced by crystallization favored at a lower precipitation temperature while 

elevated temperature suppressed gelation and L-L demixing dominated the mechanism 

of phase separation process (Yeow, Liu et al. 2004). 

Yu et al. varied the temperature of the internal coagulant from 20 to 60C while the 

dope solution (PAN/DMF) was maintained at 60C. Experiments showed that the fiber 

spun using 60C internal coagulant had a smaller inner diameter than those using 20 

and 40C internal coagulants due to the fact that the rapid solidification at a high 

temperature restricts die swelling (Yu, Chou et al. 2006). Moreover, membrane 

porosity increased with temperature increase of the internal coagulant, because 

instantaneous demixing occurred as the solubility and diffusivity increased. The water 

permeability of the resultant membranes increased greatly with the increase of internal 

coagulant temperature. However, in a different system of PVDF-HFP/NMP, increasing 

the external coagulant temperature to 40C resulted in an increases in the 

thermodynamic stability of the dope resulting in a more sponge-like structures in the 

membrane matrix because of delayed demixing (Wongchitphimon, Wang et al. 2011). 
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2.2.3. Development of NF-like selective layer 

In recent years, nanofiltration (NF) processes have drawn much attention because of 

their merits such as low operating pressure, high water flux, high retentions to 

multivalent ions and organic materials with low molecular weights as well as low 

operating and maintenance costs (Yang, Jian et al. 2006). The idea of NF membranes 

came from reverse osmosis membrane operating at a low pressure. NF membrane is 

classified between UF and RO. The unique characteristic of NF is the selectivity 

between monovalent and multivalent ions while UF has zero ions rejections and RO 

retains ions completely. Principles for the rejections of multivalent ions and neutral 

organic molecules in NF membranes are based on charge interactions and size 

exclusion. As for uncharged molecules, the rejections of inorganic NF membrane are 

basically determined by sieving effect (Schafer, Fane et al. 1998; Schafer, Fane et al. 

2005). 

In general, a NF membrane consists of a selective skin layer supported by a porous 

substrate which provides necessary mechanical strength. There are several ways to 

construct the selective layer for a NF membrane. Firstly, an active layer can be 

fabricated by integrally connecting it to the support layer. Such examples include 

integral asymmetric PBI and cellulose acetate NF hollow fiber membranes (Wang, 

Chung et al. 2007; Su, Yang et al. 2010), and recently reported NF membranes using 

torlon® 4000TF poly(amide-imide) (Sun, Wang et al. 2010b). This method requires a 

delicate polymer dope formula and a precise control of spinning conditions to avoid 

defect formation. The most important factor to obtain integrally skinned asymmetric 

membrane is the speed of demixing (Mulder 1996). 

Secondly, the selective layer can be made based on the composite membrane concept – 

the active layer and porous substrate are fabricated separately using different materials. 

Typically, the porous nonselective layer is formed in the first step, followed by the 

synthesis of a thin selective layer on the top of the porous surface. The selective layer, 

which provides the selective properties, can be in either lumen side or outer side. There 

are some advantages of composite membranes: (1) the selective layer, either inside or 

outside, can be synthesized easily; (2) since each layer is made separately, it is easier 

to optimize the individual layer structures. The selective layer can be customized to 
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enhance the solvent flux and solute/ions rejections while the structure of the support 

layer can be tailored for maximum strength and compression resistance as well as 

decreasing the resistance to permeate flow. Verissimo et al. described that the 

composite membranes offer higher water permeability and higher salt rejections as 

compared to integral asymmetric membranes (Veríssimo, Peinemann et al. 2005a). (3) 

the modification of the selective layer can be done easily, such as by using cross-

linking method (Petersen 1993). The composite membranes also have the 

disadvantages of being a more expensive method of membrane fabrication and time 

consuming as compared to the integral asymmetric membranes (Petersen 1993). In 

addition, the composite membranes produced by these processes may experience 

failure and poor performance due to an increased risk of introducing defects in the 

substrate and separating layer with increasing the number of processing steps involved 

(He, Mulder et al. 2002). 

Several processes have been reported for the preparation of composite NF membranes. 

Polyamide thin film composite (TFC) by interfacial polymerization is the most 

commonly used technique (Veríssimo, Peinemann et al. 2005a; Liu, Xu et al. 2007; 

Yoon, Hsiao et al. 2009). Petersen has conducted an excellent review on TFC 

membranes for flat sheet NF and RO membranes (Petersen 1993). Multilayer 

polyelectrolyte coating has also gained attention for the preparation of charged NF 

membranes. Nevertheless, most of literatures involved flat sheet NF membranes (Jin, 

Toutianoush et al. 2003; Malaisamy and Bruening 2005; Hong and Bruening 2006; 

Ouyang, Malaisamy et al. 2008). By using chemical treatment, the surface pores of the 

membrane can be tightened and charge-contained functional groups can also be easily 

attached to the membrane surface (Ba, Langer et al. 2009). Other techniques for 

composite NF membrane fabrication include dual layer (Yang, Wang et al. 2009a), 

polyelectrolyte dip-coating (He, Frank et al. 2008), and UV-photografting (Akbari, 

Desclaux et al. 2007). 

 Interfacial polymerization 

Basically, interfacial polymerization is the polymerization that takes place at the 

interfacial boundary of two immiscible solutions between two different monomers. 

Polyamides (PA) are commonly used in the fabrication of composite membranes via 
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interfacial polymerization as the selective layer. It is formed from amide monomers 

which link together by peptide bonds or amide link. Amide link is a covalent bond 

between carboxyl group (–COOH) from acyl halides (e.g. trimesoyl chloride, iso-

phthloyl chloride) and amine group (–NH2) from amine solutions (e.g. piperazine, m-

phenylenediamine). The amide group makes PA polar and very sensitive to water. The 

amide groups may form hydrogen bonding with water molecule which weakens the 

adhesion of the active layer to the support layer during membrane fabrication. In 

addition, PA can be easily attacked by chlorine in water/wastewater treatment which 

causes degradation of amide group (Yang, Jian et al. 2006). Therefore, pretreatment 

for chlorine removal is needed. 

Verissimo and co-workers performed interfacial polymerization of N,N’-

diaminopiperazine (DAP) and trimesoyl chloride (TMC) to prepare the lumen selective 

layer on polyetherimide UF membranes. The final membrane had PWP of 6 l/m
2
.h.bar, 

NaCl, Na2SO4, glucose, sucrose, and lactose rejections of 14%, 87%, 57%, 77%, and 

91%, respectively (Veríssimo, Peinemann et al. 2005a). Similar works have been done 

by Yang et al. A polyamide hollow fiber composite membrane was prepared by 

interfacial polymerization using piperazine (PIP) as the aqueous phase monomer and 

TMC as the organic phase monomer on the lumen side of PPESK UF membrane. The 

membrane had PWP of 12.8 l/m
2
.h.bar, while the rejections of Na2SO4, sucrose, and 

raffinose were more than 99% (Yang, Zhang et al. 2007). Furthermore, Verissimo et 

al. prepared composite membranes by interfacial polymerization of piperazine (PIP), 

DAP, 1,4-bis(3-aminopropyl)-piperazine (DAPP) and N-(2-aminoethyl)-piperazine 

(EAP) with TMC separately. The investigation proved that the amine structure affected 

the membrane performance, membrane surface charge and morphology (Veríssimo, 

Peinemann et al. 2006). To increase the rejection performance of the resulting 

membrane, three-step interfacial polymerization had been carried out by Liu et al. The 

substrate was contacted with the aqueous phase monomer followed by the organic 

phase, and the aqueous phase for a second time. This method produced a denser 

selective layer compared to conventional interfacial polymerization. The resulting 

membrane had PWP of 5.3 l/m
2
.h.bar, and Na2SO4 rejection of 96% (Liu, Xu et al. 

2007). 
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 Multilayer polyelectrolyte deposition 

The word ‘polyelectrolyte’ originally comes from ‘polymer’ and ‘electrolyte’. It can be 

described as a polymer which has (an) electrolyte group(s) in each repeating unit. 

Since it contains electrolyte compounds, polyelectrolyte is able to dissociate in water 

or an aqueous solution, and therefore, presents charge property. Table 2.1 provides the 

list of commonly used polyelectrolytes from various literatures (Decher 1997; 

Krasemann and Tieke 2000; Jin, Toutianoush et al. 2003; Stanton, Harris et al. 2003; 

Klitzing and Tieke 2004; Lajimi, Abdallah et al. 2004; Miller and Bruening 2004; 

Malaisamy and Bruening 2005; Miao, Chen et al. 2005; Tieke, Toutianoush et al. 

2005; Hong and Bruening 2006; Hong, Malaisamy et al. 2006; Hong, Malaisamy et al. 

2007; Bruening, Dotzauer et al. 2008; Nanda, Tung et al. 2008; Ouyang, Malaisamy et 

al. 2008; Hoffmann and Tieke 2009; Hong, Ouyang et al. 2009; Wang, Yao et al. 

2009; Zhang, Ruan et al. 2009; Li, Goyens et al. 2010; Shan, Bacchin et al. 2010). A 

strong polyelectrolyte is fully charged in water while a weak polyelectrolyte is 

partially charged.  

Table 2.1. List of polyanions and polycations commonly used for polyelectrolyte 

membranes. 

Polyanions Polycations 

Poly(acrylic acid) (PAA) 

O OH

n

 

 

Poly(styrene sulfonate) (PSS) sodium 

salt 

SO3

-
 Na

+

n

 

Poly(diallyldimethyl ammonium chloride) 

(PDADMAC) 

N
+
Cl

-

n

 

 

poly(allylamine hydrochloride) (PAH) 

NH3

+
Cl

-

n
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(Continued)  

Polyanions Polycations 

Poly(vinyl sulfonic acid) sodium salt 

(PVSu) 

SO3

-
 Na

+

n

 

 

Poly(vinyl sulfate) (PVS) potassium 

salt 

OSO3

-
 K

+

n

 

 

Sulfated chitosan 

O

O

NH2

OSO3

-
Na

+

OSO3

-
Na

+

n 

Polyvinylamine (PVA) 

NH2

n

 

 

Poly(4-vinylpyridine) (P4VP) 

N

n

 

 

Poly(4-vinylbenzyl trimethyl ammonium 

chloride) (PVTAC) 

N
+
(CH3)3Cl

-

n

 

 

  Chitosan                     Polyethylenimine 

O

O

CH2OH

NH2

OH

n        

N

NH2

NH
N

NH

N

N
NH2NH2

NH

NH2

n

 

 

Recently, polyelectrolyte membranes gain more and more interests due to their high 

selectivity and very thin skin thickness (in the range of nm).  They have wide 

applications in water treatment (Suryanarayan, Mika et al. 2006), pervaporation 
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(Zhang, Song et al. 2008; Zhang, Gao et al. 2009) and gas separation (Van Ackern, 

Krasemann et al. 1998; Krasemann and Tieke 1999). Fabrication of polyelectrolyte 

membranes is basically a coating process of PE solutions on a porous support layer. A 

support layer that is suitable for PE coating is a UF-type support with a MWCO of ~50 

kDa (Malaisamy and Bruening 2005). After PE coating, the membrane pore size will 

become denser with a MWCO reduced to < 500 Da (Malaisamy and Bruening 2005). 

A polyelectrolyte membrane with an ultrathin skin (at nanometer scale) can be made 

by layer-by-layer deposition of aqueous polyelectrolyte solutions onto the porous 

substrate which is based on the electrostatic interaction of oppositely charged 

molecules. A minimum of two oppositely charged molecules is required here. By using 

this method the thickness of membrane skin could be easily adjusted (for example 

thickness of 4.5-bilayer polystyrene sulfonate (PSS)/poly(allylamine hydrochloride) 

(PAH) is 20 nm). In addition, the charge of the outer layer depends on the last 

polyelectrolyte used. It can be positive if the last one is a polycation or negative if a 

polyanion is the last one (Stanton, Harris et al. 2003; Hong and Bruening 2006; Hong, 

Malaisamy et al. 2006; Ouyang, Malaisamy et al. 2008; Zhang, Song et al. 2008). By 

varying the PE, the membrane can be constructed for specific applications such as the 

separation of monovalent and divalent ions, phosphate/chloride separation, 

fluoride/bromide/chloride separation, separation of protein and amino acids, etc. 

In the formation of polyelectrolyte membranes, the solid substrate commonly used 

could be (1) a UV/O3-cleaned porous alumina with 0.02 m-diameter surface pores 

(Miller and Bruening 2004; Hong and Bruening 2006; Hong, Malaisamy et al. 2006; 

Hong, Malaisamy et al. 2007), (2) a plasma-treated porous polyacrylonitrile (PAN) 

layer on poly(ethylene terephthalate) (PET) fleece (Krasemann and Tieke 2000; Jin, 

Toutianoush et al. 2003), (3) polyethersulfone (PES) UF membrane, (4) cellulose 

acetate (Lajimi, Abdallah et al. 2004). Porous alumina is attractive as a support layer 

for polyelectrolyte membranes since it has positive charges. Therefore, polyanion 

should be deposited first. Plasma-treated PAN and cellulose acetate, on the other hand, 

possess negative charges. Hence, for polyelectrolyte adsorption, the supporting 

membrane is immersed in a polycation solution. Even though PES is quite neutral, it is 

possible to use PES as a supporting material to make polyelectrolyte membranes. The 

attachment of polyelectrolyte layer is based on hydrophobic interaction. 
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The morphology and the capability of the polyelectrolyte film will be dependent on 

several variables, including: (i) molecular structure and molecular weight of 

polyelectrolyte; (ii) number of deposited layers; (iii) pH and ionic strength of the 

deposition solution. 

The molecular structure of polyelectrolyte affects its charge density. Charge density of 

polyelectrolyte can be defined as the ratio of the number of ion pairs to the total carbon 

atoms in a repeat unit (Krasemann and Tieke 2000), For example, PAH/PSS has a 

charge density of 0.09 (total ion pair = 1; total carbon = 8 + 3 = 11). The higher the 

charge density the more effective the membrane in ion repulsion and it increases the 

separation factor. 5 layers of PSS/PAH on the top of a porous alumina support gave a 

rejection to Mg
2+

 ions of 95%, PWP of 7.4 l/m
2
.h.bar, and separation factor 

(Na
+
/Mg

2+
) of 22.5. On the other hand, 5 layers of PSS/PDADMAC, which has charge 

density of 0.06, gave Mg
2+

 rejection of 42%, PWP of 17 l/m
2
.h.bar and separation 

factor (Na
+
/Mg

2+
) of 1.8. Moreover, according to Ouyang et al., PAH swells less as 

compared to PDADMAC (Ouyang, Malaisamy et al. 2008). 

The number of deposited polyelectrolyte layers also has an effect on the nanofiltration 

properties of polyelectrolyte multilayer membranes. The more polyelectrolyte pairs are 

deposited, the thicker the skin is. As a consequence, PWP decreased and ion rejection 

increased. [PAA/PAH]3PAA films has a thickness of 29.4 nm, PWP of 1 l/m
2
.h.bar 

and SO4
2-

 rejection of 54%, while  [PAA/PAH]4PAA films has a thickness of 51.7 nm, 

PWP of 0.95 l/m
2
.h.bar and SO4

2-
 rejection of 84% (Hong, Malaisamy et al. 2006). 

Addition of salts into the deposition solution would change the ionic strength of the 

deposition solution, which would reduce the electrostatic repulsion of the polymer 

chains. Therefore, polymer chains would present a coil conformation rather than flat 

conformation. Consequently, the thickness of the individual layer increased and hence, 

the flux decreased while the rejection increased (Krasemann and Tieke 2000). 

As indicated by Choi and Rubner, the degree of ionization of the weak polyelectrolytes 

in a solution and in a multilayer film was influenced by pH adjustment. The right pH 

will give the highest charge. Therefore, it can give the strongest interaction. PAH, for 

instance, is a weak polycation (carry positive charges). At a higher pH, PAH will be 

deprotonated. Because it has less charges, the amount of PAH required to neutralize 



Literature Review 

35 | P a g e  

 

the polyanion will be increased and hence, the thickness of multilayer polyelectrolyte 

will increase. A strong polyelectrolyte, on the other hand, will not be affected by pH 

difference (Choi and Rubner 2005). 

At a high pH, polyanions will be highly ionized and at a low pH, polycations will be 

highly protonated (Krasemann, Toutianoush et al. 2001). To achieve a high cross-

linking density, both the cationic and anionic polyelectrolytes need to be adsorbed in a 

highly charged state. The optimum pH for the preparation of a multilayer 

polyelectrolyte membrane, pHopt, can be expressed as the mean pKa value of the 

cationic and anionic groups of the polyelectrolyte (Krasemann, Toutianoush et al. 

2001). 

Charge density of a weak electrolyte, such as poly(acrylic acid) (PAA) and 

poly(allylamine hydrochloride) (PAH), is pH dependent. A strong electrolyte, on the 

other hand, is less pH dependent (Choi and Rubner 2005). For example, both 

PAA/PAH are weak PE. For the same number of bilayers, the deposition solution with 

a pH of 7.0 gives a higher flux of 1.48 l/m
2
.h.bar and higher SO4

2-
 rejection of 93.2% 

as compared to pH 4.5 (flux of 0.95 l/m
2
.h.bar, SO4

2-
 rejection of 84.2%) (Hong, 

Malaisamy et al. 2006). PSS and PDADMAC, on the other hand, are strong 

electrolytes. The changes in flux (from 19.1 to 20.8 l/m
2
.h.bar) and SO4

2-
 rejection 

(from 94.1% to 92.3%) for the deposition solutions with pH of 5.5 and 7.0 are 

insignificant. 

 Chemical cross-linking 

This method utilizes the unique feature in molecular structure of membrane material. A 

cross-linking reagent can be used to link one polymer chain to another. Therefore, 

many researchers have considered this method to physically and chemically modify 

membrane surface. As a result of modification, the surface pore of the membrane can 

be reduced and pore size distribution can be adjusted. Furthermore, using a certain 

cross-linking reagent is able to impart additional charges on membrane surface. 

Qiao et al. modified P84 copolyimide (BTDA- TDI/MDI, copolyimide of 3,3’,4,4’-

benzophenone tetracarboxylic dianhydride abd 80% methylpenylene-diamine + 20% 

methylene diamine) flat sheet membrane by utilizing p-xylylene diamine and 
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ethylenediamine (EDA) as cross-linkers since amine is able to have a reaction with 

polyimide backbone. The reaction had been confirmed by fourier transform infra red 

(FTIR) and X-ray photoelectron spectroscopy (XPS) that the imide groups gradually 

disappear, forming amide groups & establishing intermolecular bonds. Based on 

experimental results, EDA, which is a smaller molecules compared to p-xylylene, was 

found to be more effective in reaction with imide groups (Qiao and Chung 2006).  

Furthermore, Ba et al. functionalized the surface of P84 copolyimide (BTDA-

TDI/MDI) flat sheet membrane with amine and/or ammonium groups from branched 

polyethyleneimine (PEI) material to prepare positively charged NF membranes. 

Fourier transform infra red spectroscopy had been used to confirm the cross-linking 

reaction. The results showed that the imide groups’ spectra disappeared and amide 

peak became visible. The imide groups in P84 copolyimide can undergo cross-linking 

reaction with amines resulting in the opening of imide groups to form ortho diamine 

functionalities. Salt rejection sequence of CaCl2 > NaCl > Na2SO4 showed that the 

resultant membranes carried positive charges (Ba, Langer et al. 2009). Similarly, 

Wang and co-workers developed NF membrane from polybenzimidazole (PBI) and 

employed p-xylylene dichloride to fine tune pore size distribution and effective mean 

pore size. The –NH– functional group in the heterocyclic imidazole ring of PBI can be 

cross-linked by p-xylylene dichloride (Wang, Yang et al. 2009).  

Wang et al. made use of nitrile groups in polyacrylonitrile (PAN) to fabricate 

positively charged and negatively charged membranes. Positively charged membranes 

were prepared by a reaction between PAN and 3-(dimethylamino) propylamine 

followed by ZnCl2 saturation and soaking in a concentrated HCl solution. The FTIR 

spectra showed a reduction of nitrile and presence of amide groups after reaction. The 

positive charges were confirmed by various salts filtration that showed the rejection 

sequence of CaCl2 > NaCl > Na2SO4. The negatively charged membranes, on the other 

hand, were synthesized by hydrolysis of PAN in a NaOH solution, saturated with 

ZnCl2 and treated with a dilute NaOH solution. The nitrile groups (–CN) was 

disappeared from FTIR spectra while –C=O and –COONa functional groups turned up 

after reaction. This membrane has rejection in the order of Na2SO4 > NaCl > CaCl2 

(Wang, Yue et al. 2008). 
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Cheng et al. produced a positively charged flat sheet NF membrane by combining 

polyelectrolyte deposition and chemical cross-linking. The negatively charged 

substrates were made from polyetherimide/sulfonated polyether ether ketone blend 

membranes. It is then followed by polyethylenimine deposition via electrostatic 

interactions to get the positive charges. Subsequently, the membranes were cross-

linked with butanedioldiglycidylether to improve the stability of the modified 

membranes (Cheng, Oatley et al. 2011). 

 Dual layer 

Dual layer hollow fiber membranes, prepared by a single-step simultaneous extrusion 

of two different polymer dope solutions using the non-solvent induced phase inversion 

method, have become increasingly attractive in recent years. Emerging applications of 

dual layer hollow fiber membranes involve forward osmosis membranes consisting of 

a dense selective layer supported by a porous polymer matrix (Wang, Shi et al. 2010), 

direct contact membrane distillation (DCMD), which requires a combination of a thin 

hydrophobic layer to prevent wetting supported by a hydrophilic layer to enhance 

water flux (Bonyadi and Chung 2007), gas separation (Pereira, Nobrega et al. 2003; 

Ding, Cao et al. 2008), nanofiltration (Sun, Wang et al. 2010a), ion exchange 

membranes (He, Mulder et al. 2002) and pervaporation (Liu, Qiao et al. 2007). In 

addition to the structural benefits, dual layer hollow fiber membranes offer advantages 

from the economic point of view due to the flexibility of material preference. It can 

reduce the material cost of high performance polymers or utilize materials having 

weak mechanical strength but exceptional selectivity and/or permeability by 

combining them with inexpensive and robust polymers as a second layer. 

It is important to obtain dual layer hollow fibers with good lamination between the two 

layers as well as regular cross-section morphology. However, the fabrication of dual 

layer hollow fiber membranes is a complex process as many parameters have to be 

considered from the chemistry of two polymer dope solutions to the operating 

conditions of the spinning process. The composition of the polymer solution plays a 

critical role as it directly affects the thermodynamic property and phase inversion 

kinetics. It includes polymer concentration, solvents and non-solvent additives in most 

cases. He et al. studied the critical polymer concentration used for making dual layer 
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hollow fiber membranes. The membranes were made from sulfonated polyethersulfone 

(SPES) as the outer layer and polysulfone (PSf) as the inner layer. The results showed 

that when the concentration of SPES increased, the non-solvent diffusion from the 

outer layer to the interface decreased accordingly. Thus, less water was accumulated 

on the interface, leading to an improved lamination of both layers (He, Mulder et al. 

2002). 

Barzin and Sadatnia varied the solvent used in a dope solution for the purpose of 

studying the mutual affinity of the solvent with the non-solvent in the coagulation bath. 

It was found that a higher affinity between the solvent and the non-solvent caused a 

more sponge-like structure for the resultant membrane when the vitrification boundary 

was located in a lower polymer concentration (Barzin and Sadatnia 2008). 

The addition of organic or inorganic components to a polymer dope solution has been 

extensively used to tailor the membrane structure and morphology (Shi, Wang et al. 

2007; Shi, Wang et al. 2008; Sun, Wang et al. 2010a; Loh, Wang et al. 2011; 

Wongchitphimon, Wang et al. 2011). Shi et al. investigated the effect of various 

additives (e.g. LiCl, glycerol and polyvinylpyrrolidone) on the membrane morphology 

of single layer poly(vinylidene fluoride-co-hexafluropropylene) (PVDF-HFP) hollow 

fiber membranes. It was found that the addition of a certain additive might reduce the 

thermodynamic stability of the dope solution, resulting in a lower non-solvent 

tolerance. The addition of LiCl was able to suppress the large macrovoid formation 

significantly (Shi, Wang et al. 2008). Furthermore, Loh et al. used an amphiphilic 

additive of pluronic F127 for making single layer PES hollow fiber membrane. As the 

additive concentration increased, the finger-like macrovoids became narrower and 

more sponge-like structures were found (Loh, Wang et al. 2011). Sun et al. utilized 

alcohols as the additive to improve the adhesion of poly(amide-imide) (PAI)-cellulose 

acetate (CA) dual layer hollow fiber membranes. The addition of the non-solvent 

additive in the outer polymer dope solution enhanced the viscosity so as to slow down 

the water diffusion across the outer layer of the membrane (Sun, Wang et al. 2010a). 

Alternatively, the membrane structure and morphology can be tailored by varying the 

spinning conditions as discussed in many literatures (Pereira, Nobrega et al. 2003; 

Jiang, Chung et al. 2004; Li, Chung et al. 2004; Bonyadi, Chung et al. 2007; Shi, 
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Wang et al. 2007; Widjojo, Chung et al. 2007; Wongchitphimon, Wang et al. 2011). 

Pereira et al. reported that a longer air gap distance can prolong the contact time for the 

interpenetration of the outer and inner dope solutions at the interfacial region (Pereira, 

Nobrega et al. 2003). Bonyadi et al. also observed the effect of the air gap during the 

fabrication of single layer polyacrylonitrile (PAN) membranes (Bonyadi, Chung et al. 

2007). It was found that increasing the air gap can enhance the solvent exchange 

between the bore fluid and the dope solution and reduce the cross-section area of the 

membrane, consequently, decrease the precipitated shell radius in the inner contour. 

These factors are responsible for the improvement of inner contour regularity. 

The outer and inner surface morphologies of hollow fiber membranes can also be 

easily tailored by adjusting the compositions of the internal (bore fluid) and external 

coagulants. The addition of solvent into the bore fluid can slow down the precipitation 

rate in the lumen side, allowing a certain extent of macromolecular relaxation and re-

arrangement to eliminate the deformation of the inner contour (Bonyadi, Chung et al. 

2007; Shi, Wang et al. 2007). Widjojo et al. studied the effects of the external and 

internal coagulants on the fabrication of polyetherimide (PEI)/polyimide (P84) dual 

layer hollow fiber membranes. A more open-cell structure with macrovoids can be 

observed in the outer and inner layers when the coagulants having a larger solubility 

parameter difference with the polymer were used (Widjojo, Chung et al. 2007). 

In addition, the temperatures of the external coagulation bath and the spinneret affect 

the mass transfer of the polymer, solvent and non-solvent during the phase inversion 

process, thus alter the membrane morphology (Jiang, Chung et al. 2004; 

Wongchitphimon, Wang et al. 2011).  Experiments revealed that the outer skin might 

become denser and there were more and bigger macrovoids at a low external 

coagulation bath temperature, while a high spinneret temperature favors the 

interpenetration of the outer and inner dope solutions due to decreased dope viscosities 

and increased molecular diffusion rates. Moreover, Widjojo et al. modified the dual 

layer spinneret with an indented premixing feature to allow the outer and inner dopes 

to contact each other before they are extruded from the spinneret. The results showed 

that the premixing feature is able to improve the adhesion of the outer and inner layers 

(Widjojo, Chung et al. 2007). 
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CCHHAAPPTTEERR  33 

FFaabbrriiccaattiioonn  ooff  NNoovveell  PPAAII  FFOO  HHoollllooww  FFiibbeerr  

MMeemmbbrraanneess  wwiitthh  aa  PPoossiittiivveellyy  CChhaarrggeedd                        

NNFF--lliikkee  SSeelleeccttiivvee  LLaayyeerr  

3.1. Introduction 

Forward osmosis (FO) process is a natural phenomenon, which can be defined as the 

net movement of water molecules across a semi-permeable membrane from a less 

concentrated solution to a more concentrated solution. FO process utilizes an osmotic 

pressure gradient instead of hydraulic pressure or temperature as a driving force, thus it 

has the potential to produce water with less energy consumption (Cath, Childress et al. 

2006). However, the main drawback of FO system is permeate flux decline due to 

internal concentration polarization in the dense substrate when conventional RO 

membranes were used (Cath, Childress et al. 2006). As an alternative option, 

nanofiltration (NF) membranes have been explored for use in FO process due to their 

properties of ‘loose’ RO and high rejections to multivalent salts.  Wang et al. reported 

that polybenzimidazole (PBI) NF hollow fiber membranes with a desirable mean pore 

size can be used for FO process. Under FO tests using 1M MgCl2 as the draw solution, 

these membranes showed water flux of 4 and 6 l/m
2
.h for the configurations of active 

layer facing feed water (AL-FW) and active layer facing draw solution (AL-DS), 

respectively (Wang, Chung et al. 2007; Wang, Yang et al. 2009). PBI, however, has 

poor mechanical strength for fabrication of self-standing membranes (Chung 1997). Su 

et al. fabricated cellulose acetate NF hollow fiber membrane and explored its FO 

application. The membrane exhibited water flux in the range of 2.7-7.3 l/m
2
.h with 0.5-

2.0 M MgCl2 draw solutions for the AL-DS orientation and 1.8-5.0 l/m
2
.h with the 

same draw solutions for the AL-FW orientation (Su, Yang et al. 2010). Hydrophilic 

polymers such as cellulose and its derivatives exhibit good properties as membrane 

materials in desalination applications. However, these polymers are very sensitive to 

thermal, chemical and biological degradation (Mulder 1996). Hydrolysis to this type of 
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material occurs very rapidly in alkaline conditions. The separation process using 

cellulose-based membranes must be carried out at an optimum pH of 4 to 6.5 at 

ambient temperature (Mulder 1996).  

This study aims to fabricate poly(amide-imide) (PAI) hollow fiber membranes suitable 

for FO applications. PAI, known commercially as Torlon®, has an excellent 

mechanical property and high thermal stability (Robertson, Guiver et al. 2004). It also 

presents a good chemical stability at a wide pH range and a high resistance to many 

organic solvents because of its ability to form intra- and inter-chain hydrogen bonding 

(Robertson, Guiver et al. 2004; Kosuri and Koros 2008). In addition, PAI can be 

utilized in hollow fiber membrane fabrication using non-solvent induced phase 

separation (NIPS) technique (Higuchi, Yoshikawa et al. 2005; Kosuri and Koros 

2008). However, different from prior studies, the present work explores a simple 

method to make hollow fiber membranes with a NF-like selective layer by utilizing the 

unique feature of PAI. That is, the imide group in PAI can react with an amine-

functionalized polyelectrolyte (i.e., PEI) to form a positive charged diamine on the 

membrane surface, which has been confirmed in the present work. To the best of our 

knowledge, this is the first time to report the fabrication of PAI hollow fiber 

membranes with a positively charged NF-like selective layer using a simple chemical 

post-treatment. The performance of modified PAI hollow fiber membranes have been 

tested for FO application. 

3.2. Experimental 

3.2.1. Materials 

Torlon® 4000T (copolymer of amide and imide) (PAI, Solvay Advanced Polymers, 

Alpharetta GA) was used to make porous hollow fiber substrates. N-Methyl-2-

pyrrolidone (NMP, > 99.5%, CAS#872-50-4, Merck Chemicals, Singapore) and 

Lithium chloride (LiCl, anhydrous, CAS#7447-41-8, MP Biomed) were used as a 

solvent and additive, respectively. Purified water by a Milli-Q system (18Mcm) was 

used as the internal coagulant. Dextrans with different molecular weights (from 6,000 

to 500,000 Da, (C6H10O5)n, CAS#9004-54-0, Sigma) were used to characterize the 

molecular weight cut off (MWCO) of hollow fiber membranes. Polyethyleneimine 
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(PEI) ethylenediamine end-capped (molecular weight (Mw) ~800, Sigma Aldrich) was 

used to perform chemical post-treatment of the hollow fiber substrate. For filtration 

experiments, sodium chloride (NaCl,  99%), magnesium chloride (MgCl2, 

hexahydrate), sodium sulfate (Na2SO4, anhydrous), magnesium sulfate (MgSO4, 

heptahydrate) were purchased from Merck. All the reagents were used as received. 

3.2.2. Preparation of polymer dope solutions 

PAI and LiCl were dried in a 50C vacuum oven for 24 h to remove moisture prior to 

the dope preparation. Desired amounts of the dry polymer, additive, and solvent were 

mixed in a jacket flask equipped with an overhead stirrer and connected to a circulator 

bath at a controlled temperature of 70C. The detailed compositions of the polymer 

dope solution are shown in Table 3.1. After the polymer mixture became a 

homogeneous solution, the solution was cooled down to room temperature, filtered by 

using a 15 m stainless steel filter, transferred to a dope tank, and subsequently 

degassed under vacuum at ambient temperature over night prior to spinning. 

3.2.3. Fabrication of poly(amide-imide) hollow fiber substrates and post-treatments 

PAI hollow fiber substrates, designated as ST#1, ST#2 and ST#3, were made based on 

the same polymer material but different spinning conditions and different additive 

concentrations. The spinning conditions are listed in Table 3.1. PAI hollow fiber 

substrates were fabricated by a dry jet-wet spinning technique. The dope solution, 

connected to a high pressure nitrogen gas cylinder, was extruded through the outer 

channel of the spinneret (see Figure 3.1) at a specific flow rate using a Zenith gear 

pump. The bore fluid was extruded using a high precision syringe pump (Isco) through 

the inner channel of the spinneret. The nascent fibers went through a certain air gap 

before immersing into an external coagulation bath at a controlled temperature, and 

then collected by a roller at a free fall take-up speed. The resultant hollow fiber 

membranes were stored in a water bath for approximately 2 days at ambient 

temperature to ensure that the residual solvent has been removed completely. A post-

treatment was performed in order to minimize the membrane shrinkage during drying 

process for storage purpose. The membranes were immersed in a glycerol/water 
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mixture (1:1 by volume) for 24h. This process allowed the glycerol to stay inside the 

membrane pores as pore supporter to alleviate the pore collapse during membrane 

drying process. Removing the glycerol can be done by immersing the membranes in 

DI water for 24h prior to use. 

Table 3.1. Spinning conditions and parameters. 

Parameters ST#1 ST#2 ST#3 

Dope composition (PAI/LiCl/NMP) (wt.%) 20/0/80 15/2/83 15/3/82 

Dope flow rate (g min
-1

) 6.0 6.0 6.0 

Bore fluid (NMP/H
2
O) (vol.%) 0/100 25/75 25/75 

Bore fluid flow rate (mL min
-1

) 4.0 8.0 8.0 

Air gap (cm) 5.0 5.0 5.0 

Take up speed free fall free fall free fall 

External coagulant tap water tap water tap water 

Spinning temperature (C) 23 23 23 

Spinneret diameter (mm) 1.50 1.50 1.50 

ID of bore fluid needle (mm) 0.70 0.70 0.70 

 

Figure 3.1. Single layer hollow fiber spinning setup. 
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3.2.4. Development of NF-like selective layer by PEI cross linking 

NF-like selective layer was developed on the outer side of PAI hollow fiber substrates 

by PEI cross-linking. The reaction was conducted by immersing the hollow fiber 

substrates into a 500 mL of PEI aqueous solution at temperature of 60-80C. The 

reaction time varied from 0 to 120 min and the PEI concentration varied from 0.5% to 

2% (wt/wt). Next, the membranes were rinsed using purified water and stored for 

characterization. 

3.2.5. Characterization of PAI hollow fiber substrates 

The dimension of the hollow fiber membranes was measured by a Keyence VHX 500F 

Digital Microscope. Four different fibers were taken and a mean value was calculated 

for each sample measurement. The morphology of the cross-section and the membrane 

surface were examined by a Zeiss EVO 50 scanning electron microscope (SEM). Dry 

membrane samples were frozen and cracked in liquid nitrogen and subsequently 

mounted on the SEM stubs and dried overnight in a 50C vacuum oven prior to sputter 

coating. An Emitech SC7620 gold sputter coater was used to deposit a layer of gold 

under argon environment. 

The average overall porosity of the membrane was determined by gravimetric method 

which measures the weight of isopropyl alcohol as the wetting solvent contained in 

membrane pores. Tensile strength test of the hollow fiber membranes was performed 

using a Zwick 0.5kN Universal Testing Machine at room temperature. 

Four pieces of PAI hollow fibers were potted into a module and sealed to prepare a 

lab-scale module with an effective length of 21 cm. PWP experiments were performed 

by using two to three modules from the same batch of the membrane spinning process. 

Milli-Q ultra pure water was circulated through the shell side of the membrane module 

under a pressure of 1 bar for 90 minutes to compact the membrane prior to PWP 

measurement (Persson, Gekas et al. 1995). The PWP of the membranes (l/m
2
.h.bar) 

was calculated by: 

 PAt

V
PWP


  (3.1) 
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where V is the volume of permeate taken (l)  per determined time, t (h); A is the 

filtration area of the hollow fiber membrane (m
2
); and P represents the pressure 

difference between the feed side and the permeation side of the membrane (bar). 

MWCO and pore size distribution of PAI hollow fiber substrate were assessed by 

using a 2000 ppm dextran aqueous solution containing a mixture of several different 

molecular weights from 6,000 Da to 500,000 Da. The dextran solution was circulated 

through the shell side of the hollow fiber module and the permeate was collected for 

analysis by gel permeation chromatography (GPC) on a Polymer Laboratories-GPC 50 

plus system (double PL aquagel-OHMixed-M 8 columns). The details of the pore 

size distribution calculation can be found elsewhere (Ren, Wang et al. 2006). The 

molecular weight of dextran that gave 90% rejection was recorded as the MWCO. 

3.2.6. Measurements of chemically modified PAI hollow fibers 

Membrane surface charge (zeta potential) was observed based on the streaming 

potential measurement by using a SurPASS electrokinetic analyzer (Anton Paar 

GmbH, Austria). An electrolyte solution of 10 mM potassium chloride (KCl, Merck, 

Singapore) solution was circulated through a cylindrical measuring cell containing the 

membrane sample. The streaming potential was detected by Ag/AgCl electrodes 

located at both ends of the sample. Automatic titration was performed using a 0.1 M 

hydrochloric acid (HCl, Qrec) solution and a 0.1 M sodium hydroxide (NaOH, Merck, 

Singapore) solution to investigate the effect of pH on membrane surface charge. The 

Fairbrother-Mastin approach was used to determine the zeta potential of the membrane 

(Anton-Paar 2009). 

The chemical reaction occurred in the post-treatment was confirmed by a fourier 

transformed infrared spectrometer (FTIR, Perkin Elmer, Spectrum 2000) using the 

attenuated total reflection (ATR) with ZnSe crystal method. The hollow fiber 

membranes were dried in a vacuum oven overnight before the analysis. 

The salt rejection of chemically modified PAI hollow fibers was conducted in a bench 

scale cross-flow filtration unit. The hydraulic pressure of 1 bar was applied on the shell 

side of the hollow fiber membrane module. The salt rejection experiment was carried 
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out using a 500 ppm MgCl2 solution (~5.3mM MgCl2 solution) based on conductivity 

measurement (Mettler Toledo) of permeate and feed solutions. 

The schematic diagram of a lab-scale cross-flow FO unit used in this study is 

illustrated in Figure 3.2. The same modules used for PWP and salt rejection 

measurements were used for FO experiment. One variable-speed gear pump was used 

to supply the draw solution and two variable speed peristaltic pumps were used to 

supply the feed and dosing solution, respectively. The volumetric flow rates of the 

Shell side and lumen side were 1250 ml/min and 500 ml/min, respectively, to ensure a 

similar Reynolds number (around 2600) of the liquid flowing both in the module shell 

and fiber lumen. FO experiments were performed in two configurations: (1) draw 

solution flowed in shell side or active layer facing draw solution (AL-DS), or known 

as PRO mode, and (2) draw solution flowed in lumen side or active layer facing feed 

water (AL-FW), or known as FO mode. The volumetric water flux, Jv, was determined 

at a certain time interval by measuring the weight changes of the feed tank with a 

digital mass balance connected to a data logging system. 

 

Figure 3.2. The schematic diagram of a lab-scale cross-flow FO unit. 
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3.3. Results and discussion 

3.3.1. Morphology and property of PAI hollow fiber substrates 

Figure 3.3 shows the cross-section morphologies of SEM for three PAI hollow fiber 

substrates prepared by a variation of dope composition and spinning parameter, as 

indicated in Table 3.1. It can be seen that these substrates exhibited similar cross-

section morphologies in which the finger-like structures were developed 

simultaneously beneath the inner and outer surfaces without forming large macro-

voids. However, the ST#1 hollow fiber substrate presented the thickest sponge-like 

structure in the middle of the cross-section, followed by the ST#2 and ST#3  hollow 

fiber substrates, as shown in Figure 3.3 a2, b2 and c2. Moreover, the difference in wall 

thickness of the fibers can be easily observed. The thinner walls for the ST#2 and 

ST#3 substrates are mainly attributed to the higher flow rate of the bore fluid used (for 

ST#2 and ST#3) during membrane fabrication. A thinner substrate and less sponge-

like structure are favorable to the FO process, which will be discussed in Section 3.3.4. 

 
(a1) 

 
(b1) 

 
(c1) 

 
(a2) 

 
(b2) 

 
(c2) 

Figure 3.3. Cross section morphology of PAI hollow fiber substrates: (a1) ST#1 at 

30X; (a2) ST#1 enlarged at 200X; (b1) ST#2 at 30X; (b2) ST#2 enlarged at 200X; (c1) 

ST#3 at 30X; (c2) ST#3 enlarged at 200X. 

The properties of PAI hollow fiber substrates in terms of dimension, PWP, MWCO 

and porosity are listed in Table 3.2. The ST#2 and ST #3 hollow fiber substrates 

possessed quite large dimensions (ID/OD around 1.2/1.5 mm/mm) in comparison with 
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conventional NF hollow fibers. A larger fiber lumen is favorable to the fluid flow 

inside the lumen with less resistance based on the Hagen-Poiseuille’s law. The NF 

membranes applied for FO process reported in literature, however, had much smaller 

fiber dimensions. For instance, the ID/OD of the PBI NF membrane was 0.14/0.27 mm 

(Wang, Chung et al. 2007). 

Table 3.2. Properties of PAI hollow fiber substrates. 

Properties ST#1 ST#2 ST#3 

Fiber ID/OD (mm/mm)  0.87/1.27 1.19/1.50 1.17/1.45 

Fiber wall thickness (m)  200  155  140  

PWP (l/m
2
.h.bar) 27 122 134 

Outer skin MWCO (KDa)*  20 23 < 6  

Inner skin MWCO (KDa)
+ 

 37 44 24 

Porosity (%) 51 70 85 

From Table 3.2 it can also be seen that the ST#1 has the lowest PWP compared to 

ST#2 and ST#3 substrates as the polymer concentration in the original dope 

composition decreased from 20% to 15%, leading to increased membrane porosity. It 

seems the ST#3 hollow fiber substrate possessed an excellent pore structure, which is 

indicated by the low MWCO (<6 KDa, dextran filtration was performed from the shell 

side), high pure water flux (134 l/m
2
.h.bar) and high porosity (85%). The MWCO 

experiment was repeated to confirm the correctness of the measurement. The possible 

reason responsible for the low MWCO may be linked to the dope composition of ST#3 

substrate (PAI/LiCl/NMP: 15/3/82). Since the concentration of the additive is high 

(higher than ST#2), the thermodynamic stability of the initial dope composition was 

reduced, so instantaneous demixing might take place in the phase inversion process, 

resulting in a denser surface but more porous support (Shi, Wang et al. 2008). These 

properties are believed to be relevant to the subsequent chemical post-treatment and 

FO application. 

Table 3.3 shows the mechanical properties (tensile modulus, tensile stress at break and 

tensile strain) of the PAI hollow fiber substrates along with the counterparts of 
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polyethersulfone (PES) hollow fiber membranes reported in literature (Qin and Chung 

1999; Chung, Qin et al. 2000; Wang, Shi et al. 2010). The PAI hollow fibers possessed 

tensile modulus of 151–239 MPa, which is much higher than that of PES hollow fibers 

(57.5–138.9 MPa).  A high tensile modulus suggests a high rigidity of the membrane.  

While the tensile stress and strain at break measured for the PAI hollow fibers can 

reach as high as 6.4–12.2 MPa and 26–50%, respectively, the combination of high 

tensile stress and strain at break makes the membrane to have a high toughness. 

Table 3.3. Mechanical properties of PAI hollow fiber substrate. 

Sample 
Tensile 

Modulus (MPa) 
Stress at break 

(MPa) 
Strain at break 

(%) 

ST#1 239  16 9.8  0.5 42  4 

ST#2 224  7 12.2  1.1 50  7 

ST#3 151  4 6.4  0.2 26  4 

PES (Wang, Shi et al. 2010)  81.9 – 88.4 4.1 – 5.4 34.0 – 58.6 

PES (Chung, Qin et al. 2000) 57.5 – 104.0 0.9 – 1.7 9.9 – 16.9 

PES (Qin and Chung 1999) 107.0 – 138.9 2.8 – 3.4 29.5 – 43.8 

PES (Sukitpaneenit and Chung 

2012) 
196 – 273 5.8 – 6.9 48 – 51 

3.3.2. Optimal conditions for chemical post-treatment 

The optimal post-treatment temperature was determined by varying the temperature 

from 60 to 80C using the ST#1 hollow fiber as the model substrate while the PEI 

concentration was fixed at 1% and the post treatment time was controlled at 2h. The 

temperature effect on the PWP and salt rejections of the modified membrane can be 

observed from Table 3.4. Before the post treatment, the original membrane had the 

PWP of 26.7 l/m
2
.h.bar and the rejection of 11.9% to MgCl2. As the temperature of 

post-treatment increased, the PWP decreased to l/m
2
.h.bar while the salt rejection to 

MgCl2 increased to 94% at 70C due to more surface pores being sealed as a result of 

cross-linking reaction between the PAI and PEI. The chemical reaction has been 

confirmed by ATR-FTIR experiments and will be discussed in Section 3.3.3. The 

mechanical strength of the membranes modified at 60 and 70C remained almost 



Chapter 3 

50 | P a g e  

 

unchanged. However, when the post-treatment temperature increased to 80C, the 

reaction might be too severe, resulting in a membrane with a very poor mechanical 

strength. Hence, the post-treatment temperature of 70C was selected as an optimal 

condition applied for the treatment of other hollow fiber substrates. 

Table 3.4. Effect of post treatment temperature on membrane properties*. 

Post treatment 

Temperature (C) 

Tensile strength 

(MPa) 
PWP 

(l/m
2
.h.bar) 

Salt rejection (%) 

NaCl MgCl2 

Original-ST#1 9.8  0.5 26.7  1.5 5.1  0.7 11.9  1.5 

60 9.9  0.2 14.6  0.1 7.9  0.7 46.3  8.8 

70 9.7  0.2 1.8  0.03 49.4  3.0 94.4  0.4 

*Post treatment condition: 1 wt.% PEI solution for 2h. 

In order to determine the optimal PEI concentration, three PEI aqueous solutions of 0.5 

wt%, 1 wt% and 2 wt% were prepared. As observed in Figure 3.4, the ST#1 hollow 

fiber membranes modified with a 0.5 wt% PEI solution gave the lowest salt rejection 

to MgCl2 and the highest PWP as compared to those modified with 1 wt% and 2 wt% 

PEI solutions. When 1 wt% and 2 wt% PEI solutions were used, there was no 

significant difference in the PWP of the modified membranes, but the membrane 

treated in a 1 wt% PEI solution presented the highest rejection of NaCl. Thus, the PEI 

solution with 1 wt% concentration was used for the post-treatment.  

 

Figure 3.4. Salt rejections of ST#1 membranes immersed in various concentrations of 

PEI solution at 70C for 120 min. 
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Figure 3.5 shows the effect of post-treatment time on the filtration performance of 

modified ST#1 membrane using a 1 wt% PEI solution at 70C. Obviously, a longer 

post-treatment time allowed more PEI molecules to crosslink with PAI, leading to an 

increase in the thickness of dense outer layer. Consequently, the PWP decreased and 

the salt rejection (Rs) increased. The membranes immersed in the PEI solution for 60 

min showed MgCl2 rejection of 47% and the PWP of 12 l/m
2
.h.bar. Increasing the 

immersion time to 120 min enhanced the MgCl2 rejection significantly to 94% and 

dropped the PWP to 1.74 l/m
2
.h.bar. 

 

Figure 3.5. Effect of post-treatment time on filtration performance of treated ST#1 

membrane (test conditions: 1.0 bar, room temperature and 500ppm salt aqueous 

solution; post-treatment conditions: 70C and 1 wt% PEI solution). 

3.3.3. Characteristics of modified PAI hollow fiber membranes 

Figure 3.6 a-c show the cross section and outer surface morphology of ST#1 modified 

PAI hollow fiber. It can be seen that there is no visible difference on the cross section 

morphology as compared to the original ST#1 hollow fiber substrate depicted in Figure 

3.3 a1 and a2. However, the difference in the outer surface morphology for modified 

and unmodified membranes can be noticed as shown in Figure 3.6 c and d. The outer 

surface became denser after the post treatment. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.6. Cross section morphology of ST-1 PAI hollow fiber after post treatment: 

(a) enlarged at 30X; (b) enlarged at 200X. Outer surface morphology of ST#1 PAI 

hollow fiber: (c) after post treatment, enlarged at 20KX (post treatment condition: 1 

wt% PEI solution at 70°C for 2h); (d) before post treatment, enlarged at 20KX. 

The chemical reaction between the PAI and PEI was verified by ATR-FTIR 

measurements as shown in Figure 3.7. The typical imide bands can be detected at 1778 

and 1717 cm
-1

 (symmetric and asymmetric C=O stretching, respectively), 1379 cm
-1

 

(C-N-C stretching), 1109 and 725 cm
-1

 (imide ring) for the ST#1 PAI hollow fiber 

substrate. It can be seen clearly that after the post-treatment, the imide peaks 

disappearred while amide peaks became stronger (C=O at 1641 cm
-1

 and C-N at 1532 

cm
-1

). This confirms that the cross-linking has effectively taken place as depicted in 

Figure 3.8 where the imide rings were opened and a bond between the amine 

functional group in PEI and the imide rings in PAI has been formed. 
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Figure 3.7. ATR-FTIR spectra of the ST#1 substrate before post-treatment (top) and 

after post treatment (bottom). The inset is the spectra in the wave number region of 

1520-1670 cm
-1

. (Post-treatment conditions: 1 wt% PEI solution at 70°C for 2h). 

 

 

Figure 3.8. Reaction scheme between (a) PAI (adapted from (Robertson, Guiver et al. 

2004)) and (b) PEI; (c) cross-linked PAI. 

The charge characteristics of the ST#1 hollow fiber membrane before and after the 

post-treatment were determined in terms of zeta potential. It can be seen in Figure 3.9 

that the original PAI membrane had an isoelectric point of 4.4. At a pH below the 
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isoelectric point, the membrane were positive charged due to amine protonation, while 

at a pH above the isoelectric point the membrane was negative charged because of the 

deprotonation of carboxyl group (Childress and Elimelech 2000). Similar results were 

reported in literature (Sun, Wang et al. 2010b). However, it was noticed that after the 

post-treatment the isoelectric point was shifted to 10.4 due to more amine groups 

attached to the surface. This means the membrane presented positive charges in a wide 

pH range, which could be beneficial to some applications. 

 

Figure 3.9. Zeta potential of ST#1 hollow fiber membrane before and after post-

treatment (*post-treatment conditions: 1 wt% PEI solution at 70C for 2h). 

The rejection behaviors of the modified ST#1 membrane to various salts are depicted 

in Figure 3.10. The chemical reaction between the PAI and PEI resulted in a positive 

charged membrane due to amine groups attaching on the membrane surface. Thus, a 

high rejection of MgCl2 is expected.  It was also observed that the membrane presented 

a higher rejection to divalent cations than monovalent cations. The MgCl2 rejection 

was the highest at all post-treatment time while Na2SO4 had the lowest rejection 

though the diffusion coefficients for those salts  are comparable (MgCl2: 1.25 10
-9

 

m
2
/s; Na2SO4: 1.23 .25 10

-9
 m

2
/s (Schaep, Van Der Bruggen et al. 1998)). These 

results may be attributed to the combination of several factors: (1) the valency of the 

co-ion and counter-ion, (2) the electric charge on the membrane, and (3) the hydrated 

radius of the ions. Especially, when a charged membrane was placed in an electrolyte 

solution, the concentration of the co-ion near the membrane surface was lower than 
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that in the bulk solution, while the counter-ion concentration was higher near the 

membrane surface than in the bulk solution (Peeters, Boom et al. 1998). Since the 

counter-ion valency of SO4
2-

 is higher than that of co-ion (Na
+
) in the Na2SO4 solution, 

the positive charges of the membrane may be shielded. Therefore, the contribution 

from the electric interaction to the selective rejection behavior (Donnan repulsion 

effect) of the membrane was weakened, leading to a lower rejection to Na2SO4. Similar 

results were reported in literature (Peeters, Boom et al. 1998). 

 

Figure 3.10. Rejection behaviors of treated ST#1 membrane to various salts (test 

conditions: 1.0 bar, room temperature and 500ppm salt aqueous solution; post-

treatment conditions: 1 wt% PEI solution at 70C). 

3.3.4. PAI hollow fiber membranes with a positively charged NF-like selective layer 

for FO application 

The intrinsic properties of PAI hollow fiber membranes with a positively charged NF-

like selective layer (hereafter denoted as PAI FO hollow fibers) such as water 

permeability A, salt permeability B, and MgCl2 rejection measured in an RO cross-flow 

filtration setup are tabulated in Table 3.5. It can be seen that the PAI FO hollow fibers 

presented a water permeability ranging from 1.74 to 2.25 l/m
2
.h.bar which is higher 

than commercial HTI’s FO flat sheet membranes (HTI’s FO membrane: A value of 0.8 

– 1.13 l/m
2
.h.bar) (Gray, McCutcheon et al. 2006; Tang, She et al. 2010). The three 

PAI FO hollow fibers also exhibited a high MgCl2 rejection over 91.1% at 1 bar 

pressure. 
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Table 3.5. Intrinsic properties of PAI FO hollow fiber membranes. 

Sample 
Water permeability, 

A (l/m
2
.h.bar) 

Salt permeability* 
B (l/m

2
.h) 

MgCl
2
 Rejection 

@ 1 bar, Rsalt (%) 

ST#1 1.74 0.065 94.4 

ST#2 2.25 0.113 92.7 

ST#3 2.19 0.138 91.1 

*Salt permeability, B, is determined based on 500ppm MgCl2 solution. 

The performance of three different PAI FO hollow fiber membranes in FO process was 

determined using a 1.5 M MgCl2 solution as the draw solution and de-ionized water as 

the feed water at 23C, and the results are listed in Table 3.6. It was found that in the 

configuration of the AL-DS, the ST#1, ST#2, and ST#3 PAI FO hollow fibers showed 

a water flux of 6.34, 17.28, and 17.15 l/m
2
.h, respectively. The ST#2 and ST#3 PAI 

FO membranes presented almost three-time higher water flux as compared to the 

ST#1. Since the water flux in the FO process is determined by both the skin layer and 

the substrate structure (Chou, Shi et al. 2010), and the water permeability (A) of the 

ST#2 and ST#3 membranes is only ~1.3 times of the ST#1 membrane, the three-time 

higher water flux presented by the ST#2 and ST#3 membranes is believed to be mainly 

attributed to their much thinner and more porous substrate structure, as shown in 

Figure 3.3 and Table 3.2. 

Table 3.6. Performance of PAI FO membranes applied in FO process*. 

Sample 
AL-DS AL-FW 

Jv (l/m
2
.h)  Js/Jv (g/l)  Jv (l/m

2
.h) Js/Jv (g/l)  

ST#1 6.34 0.48 4.15 0.46 

ST#2 17.3  0.96 11.7  0.33 

ST#3 17.2  2.19 12.9  0.37 

*Draw solution:1.5M MgCl2 solution. 

The experimental FO water flux and the ratio of salt flux over water flux (Js/Jv) as a 

function of draw solute concentration are shown in Figure 3.11 for the ST#2 and ST#3 

PAI FO hollow fiber membranes. General speaking, water flux (Jv) and salt flux (Js) 

increase as the concentration of draw solution increases which is also consistent with 
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those reported in literature (Hancock and Cath 2009; Phillip, Yong et al. 2010). It was 

found that the two membranes exhibited similar water flux profiles. The water flux 

increased steadily as the concentration of the draw solution increased. For both the 

AL-DS and AL-FW configurations, the ST#2 and ST#3 PAI FO membranes presented 

similar performance. This result is rather surprising, as the UF substrates of the ST#2 

and ST#3 had different MWCOs and porosities (ε) though the fiber wall thickness (l) 

of the two membranes is similar. Perhaps, the difference in the pore size of the outer 

surface was mitigated by the chemical crosslink reaction. In the substrate, porosity, 

fiber wall thickness and tortuosity (τ) are the main parameters to affect the FO flux.  

Since the ST#2 substrate had bigger pores, it might have better pore interconnections, 

i.e., a smaller value of tortuosity as compared with the ST#3 substrate. Though the 

ST#2 substrate has a lower porosity than the ST#3 substrate, the structural parameters 

of these two substrates might be similar. 

(a) ST#2 membrane 

 

(b) ST#3 membrane 

 

(A) ST#2 membrane 

 

(B) ST#3 membrane 

 

Figure 3.11. FO experimental results of water flux and Js/Jv  in two configurations    

( AL-DS;   AL-FW). 
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The Js/Jv profiles as a function of the draw solute concentration for the ST#2 and ST#3 

PAI FO hollow fiber membranes are illustrated in Figure 3.11 (A) and (B). Overall, in 

the configuration of the AL-FW, the ST#2 and ST#3 membranes show similar Js/Jv 

profiles. The Js/Jv of the two membranes is smaller than 0.4 g/l, which is lower than in 

the AL-DS configuration for both membranes. This value is also lower than the data 

for HTI’s FO membrane which is 0.85 g/l (Tang, She et al. 2010). Surprisingly, when 

the orientation changed, a significant difference in the Js/Jv profile occurred between 

the two membranes. The Js/Jv of the ST#2 PAI FO hollow fiber membrane increased 

slightly as the draw solute concentration increased to 2.0 M and then it maintained 

almost unchanged. In contrast, the Js/Jv of the ST#3 membrane was much higher than 

the ST#2 PAI FO hollow fiber membrane, and it raised sharply with an increase in 

draw solute concentration. 

To understand this behavior, schematic concentration profiles in a positively charged 

membrane are depicted in Figure 3.12 to illustrate the salt transportation in the FO 

process. The PAI FO hollow fiber membrane consists of two parts: (1) a dense active 

skin layer (shaded) which contains most of the charge; and (2) a porous substrate 

(white) which may contain less charge, as the membrane substrate was immersed in a 

PEI solution after both fiber ends were sealed. It should be noted that different from a 

neutral membrane, the mass transfer in the charged substrate is also affected by the 

electric repulsion in addition to the structural parameter. In the AL-FW configuration 

(Figure 3.12-a),  the C1 and C4 are the salt concentrations of the bulk feed and the draw 

solution, and the C2 and C3 are the salt concentrations at the interfaces between the 

feed and the membrane surface,  and between the active layer and the porous substrate, 

respectively. The difference between the C3 and C4 was caused by water permeation 

(dilution effect) for a neutral membrane, which is so-called internal concentration 

polarization effect (Cath, Childress et al. 2006). However, the C3 in a positively 

charged membrane substrate may be smaller than in a neutral membrane substrate due 

to the Donnan exclusion that tended to expel the MgCl2 back to the draw solution. In 

addition, the charges in the dense-active surface also imposed a repulsive force to the 

salt penetration through the membrane (salt flux and salt repulsion are in opposite 

directions).  Thus there were double electrical repulsions to the salt transfer in a 

positively charged FO membrane under the configuration of AL-FW. 
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Figure 3.12. Illustration of effective osmotic pressure difference in a positively charged 

FO membrane (a) AL-FW; (b) AL-DS. 

However, in the AL-DS configuration (Figure 3.12-b), when some of the salt 

penetrated through the dense-active layer into the porous substrate, a salt concentration 

of C2 at the interface of the active layer with the porous substrate was built up. The 

positive charges in the support layer tended to expel the ions to the feed side because 

of a less mass transfer resistance in the substrate. Thus the salt transportation through a 

positively charged FO membrane was facilitated in the configuration of AL-DS (salt 

flux and salt repulsion are in the same direction). That is why the Js/Jv in the AL-FW is 

lower than in the AL-DS for both membranes. 

Comparing the ST#2 PAI FO hollow fiber membrane with the ST#3 PAI FO hollow 

fiber membrane, the main difference lies in the substrate porosity (70% for ST#2 vs. 

85% for the ST#3). In the AL-DS configuration, a highly porous substrate would 

significantly reduce the hindrance of mass transfer, making the facilitated ion 

transportation imposed by the positive charges in the substrate easily realized. Thus, 

the Js/Jv of the ST#3 PAI FO membrane was much higher than the ST#2 PAI FO 

membrane, and it increased sharply with an increase in draw solute concentration. 

Table 3.7 lists the water flux of various membranes with a NF-like selective layer used 

for FO process. It seems the performance of the ST#2 and ST#3 PAI FO hollow fiber 

membranes in the configuration of AL-FW are better than most of other NF 

membranes reported in literature.  In addition, the ST#2 and ST#3 PAI FO hollow 

fiber membranes exhibited the largest fiber lumen, which is a desirable feature for 

liquid processes. However, it should be noted that a positively charged membrane has 
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a limit with respect to fouling propensity by negatively charged foulants. The possible 

applications of this positively charged FO membrane include the treatment of 

industrial waste water containing heavy metals, or the feed steams with less organic 

foulants, etc. 

Table 3.7. Comparison of various membranes used in FO process. 

Sample 
ID/OD  

(mm)  

PWP 

(l/m
2
.h.bar)  

R
S
 MgCl

2
 

(%) 

FO  

water flux 

(l/m
2
.h)  

DS: MgCl2 

(M) 
Orientation Ref 

ST#2 1.24/1.58 2.25 92.7 
13.1  0.5 

AL-DS  

present work 

15.4  1.0  

ST#2 1.24/1.58 2.25 92.7 
8.36 0.5 

AL-FW  
10.4  1.0  

ST#3 1.24/1.54 2.19 91.1 
13.2  0.5 

AL-DS  
14.6  1.0  

ST#3 1.24/1.54 2.19 91.1 
9.74 0.5 

AL-FW  
11.0  1.0  

PBI 0.14/0.27 0.50  86.0 9.02 2.0  AL-DS (Wang, Chung et 

al. 2007)  PBI 0.14/0.27 0.50  86.0 5.20 2.0  AL-FW  

4m-PBI* 0.21/0.29 1.34 92.0 11.0  1.0  AL-DS (Wang, Yang et 

al. 2009)  4m-PBI* 0.21/0.29 1.34 92.0 5.00  1.0  AL-FW 

9m-PBI* 0.21/0.29 1.25 96.0 5.00  1.0  AL-DS (Wang, Yang et 

al. 2009) 9m-PBI* 0.21/0.29 1.25 96.0 1.70  1.0  AL-FW 

DL-PBI
#

  0.54/0.95 1.74 87.0 15.7  1.0  AL-DS (Yang, Wang et 

al. 2009a)  
DL-PBI

#

  0.54/0.95 1.74 87.0 7.50  1.0  AL-FW 

CA 0.35/0.55 0.47 97.0 2.70 0.5 AL-DS (Su, Yang et al. 

2010) CA 0.35/0.55 0.47 97.0 1.80 0.5 AL-FW 

*Chemically modified PBI; 
#
Dual-layer PBI. 

3.4. Conclusions 

Novel FO hollow fiber membranes with a positively charged NF-like selective layer 

have been successfully fabricated for the first time by the phase inversion method 

making PAI UF hollow fibers as the substrate followed by a simple chemical post-

treatment using a PEI solution to develop a positively charged dense selective layer. 

The advantages of this approach include simple fabrication process, tailorable 
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membrane structure and promising membrane performance in the AL-FW 

configuration for FO applications. 

The PAI FO hollow fibers possess the following important features: 

 PAI FO hollow fiber membranes have a large lumen with an inner diameter > 1 

mm and a wall thickness of 0.15-0.17 mm. 

 The substrate has a high porosity (70-85%) 

 PAI FO hollow fiber membranes possess a high pure water permeability of 2.19-

2.25 l/m
2
.h.bar and reasonable rejections of 49% and 94% at 1 bar pressure for 

NaCl and MgCl2, respectively. 

 In the FO process, when using a 0.5 M MgCl2 as a draw solution and DI water as 

the feed in the AL-FW configuration at 23C, the water fluxes of the ST#2 and 

ST#3 PAI FO hollow fiber membranes are 8.36 and 9.74 l/m
2
.h, respectively, and 

the Js/Jv of the two membranes is smaller than 0.4 g/l, which is lower than the data 

of 0.85 g/l
 
for HTI’s FO membrane. 

 Different from a neutral membrane, the positively charged FO membrane provides 

double electric repulsions to the salt transfer through the membrane in the AL-FW 

configuration, leading to a reduction of salt penetration, while  in the AL-DS 

configuration, the  positive charges facilitate salt transportation. 

 

The PAI FO hollow fiber membranes with a NF-like skin showed a good performance 

for multivalent heavy metal removal. Therefore, this type of membrane has good 

potential to be applied for water softening, or for the treatment of industrial waste 

water containing heavy metals using FO process. 
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CCHHAAPPTTEERR  44 

FFaabbrriiccaattiioonn  aanndd  CChhaarraacctteerriizzaattiioonn  ooff  FFOO        

HHoollllooww  FFiibbeerr  MMeemmbbrraanneess  wwiitthh                        

AAnnttiiffoouulliinngg  NNFF--lliikkee  SSeelleeccttiivvee  LLaayyeerr  

4.1. Introduction 

As described in Chapter 3, PAI composite FO membranes with a positively charged 

NF-like selective layer has been developed using UF hollow fiber as a porous 

substrate. In the FO process, the resultant membranes possess reasonable water flux of 

13 l/m
2
.h and 9.7 l/m

2
.h in the configurations of active layer facing draw solution (AL-

DS) and active layer facing feed water (AL-FW), respectively, when using 0.5 M 

MgCl2 as the draw solution and DI water as the feed at ambient temperature of 23C.  

NF membranes are commonly used for removing natural organic matter (NOM) which 

generally presents in fresh water (Alborzfar, Jonsson et al. 1998; Zularisam, Ismail et 

al. 2006). Fresh water contains 1-50 mg/l dissolved organic carbon (DOC) and 60-90% 

of DOC is NOM. This number usually varies with climate, geology and topography 

(Evans, Monteith et al. 2005; Zularisam, Ismail et al. 2006). NOM comprises of 

aromatic and aliphatic compounds (such as carboxylic, methoxyl carbonyls and 

phenolic structures) which reduce the water quality. These compounds carry negative 

charge in neutral pH. Hence, the positively charged selective layer may induce 

membrane fouling due to the electrostatic interaction (Al-Amoudi 2010).  

Therefore, in the present study, an attempt was made to develop FO hollow fiber 

membranes with a less positively charged NF-like selective layer for fouling 

mitigation. Basically, the fabrication involves a step of PAI UF hollow fiber spinning 

via phase inversion, followed by simple polyelectrolyte post-treatments using 

positively charged polyethyleneimine (PEI) for cross-linking and negatively charged 

polystyrene sulfonate sodium salt (PSS) for deposition. The resultant membranes were 

subjected to a series of characterizations using standard protocols and performance 
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evaluation in the FO process, where the feed solution used was de-ionized water, or 

water containing 2000 ppm Na2SO4, or water containing organic foulants such as 1000 

ppm bovine serum albumin (BSA). 

4.2. Experimental 

4.2.1. Materials 

Negatively charged polyelectrolyte deposition was performed by using polystyrene 

sulfonate sodium salt (PSS) with molecular weights of 70K and 500K purchased from 

Sigma Aldrich and Alfa Aesar, respectively. Glutaraldehyde (50% in solution, Sigma 

Aldrich) was used to improve the stability of the polyelectrolyte deposition. 

Hydrochloric acid (HCl, 37%, Schedelco) was used for pH adjustment. Bovine serum 

albumin (BSA, Sinopharm) was used as a model foulant in FO experiments. All the 

reagents were used as received. Other materials have been described in Chapter 3 

Section 3.2.1. 

4.2.2. Poly(amide-imide) hollow fiber substrates 

A dope composition of PAI/LiCl/NMP 14/3.5/82.5 was employed to fabricate PAI UF 

hollow fiber substrates. Dope preparations and membrane spinning process can be 

found in Chapter 3 Section 3.2.2 and 3.2.3. 

The structure and morphology of resultant membranes were examined by a Zeiss EVO 

50 SEM. The filtration experiments for measuring PWP and MWCO were conducted 

using a bench scale cross-flow setup. The standard protocol of substrate 

characterizations has been described clearly in Chapter 3 Section 3.2.5. 

4.2.3. Modification of PAI hollow fiber substrates 

The cross-linking reaction between PAI substrate and PEI was conducted by 

immersing the hollow fiber membranes into a 500 ml of 1% (wt/wt) PEI aqueous 

solution at temperature of 70 C. The reaction time varied from 30 to 75 min. Next, the 

membranes were rinsed three times using purified water to remove the remaining PEI 
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solution on the membrane surface. The cross-linked fibers were, then, split into two 

groups. One was to store in purified water for further modification and characterization 

in terms of surface charge, salt rejection and pure water permeability. The other was 

dried over night in a vacuum oven at 50C for subsequent characterization of SEM. 

Prior to the deposition of PSS layer onto the outer surface of the PAI-PEI-cross-linked 

hollow fiber membranes, four of the cross-linked fibers were put together for each 

module. A PSS solution was prepared by dissolving 1 g PSS into 1 l 0.5 M NaCl 

solution followed by the addition of concentrated hydrochloric acid to pH 2.0. The 

deposition of PSS layer onto the outer surface of the hollow fiber substrate was carried 

out at ambient temperature of 20 C by circulating the PSS solution in the shell side of 

a hollow fiber module at a flow rate of 450 ml/min for 30 min (Qiu, Qi et al. 2011). 

The module was then rinsed thoroughly by de-ionized water for approximately 5 min. 

A glutaraldehyde solution (1 wt%) was, subsequently, circulated through the 

membrane module at the same flow rate for 30 min in order to stabilize the deposition 

of PSS (Qiu, Qi et al. 2011). Lastly, the modified membranes were cleaned with de-

ionized water and stored for further use. The membranes modified with different 

conditions were designated as ST#1-ST#5 membranes, and the details of NF-like skin 

formation were summarized in Table 4.1. 

Table 4.1. Conditions used for NF-like skin formation. 

Code  
Duration of PEI post-

treatment (min)  
Molecular weight of PSS 

(kDa)  

ST#1  0  70  

ST#2  30  70  

ST#3  60  70  

ST#4  60  500  

ST#5  75  -  
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4.2.4. Characterizations and analysis 

The procedures for PWP measurement and morphology observation by SEM have 

been described in Chapter 3 Section 3.2.5.  

The membrane surface chemistry before and after modification was analyzed by 

fourier transform infrared spectrometer (FTIR, Shimadzu IR Prestige-21) using the 

attenuated total reflection (ATR) equipped with ZnSe crystal method. The 

characterization was performed on PAI flat sheet membrane prepared with the same 

concentration and modification condition as used for hollow fiber. The PAI flat sheet 

membranes were prepared by casting the polymer solution on a glass plate with a 150 

m gap casting knife followed by PEI cross-linking and PSS deposition as described 

previously. PAI flat sheet membranes were used in order to get a full coverage on the 

ATR sample holder. The flat sheet membrane samples were dried in a 50 C vacuum 

oven overnight prior to analysis. A total of 45 scans were performed at a resolution of 

4 cm
-1

 at ambient temperature. 

The original and modified membrane surface charge (zeta potential) was observed 

based on the streaming potential measurement by using a SurPASS electrokinetic 

analyzer (AntonPaarGmbH, Austria) on the PAI flat sheet membranes. The 

measurements were performed by circulating a potassium chloride (KCl, Merck, 

Singapore) electrolyte solution (10
-2

 and 10
-3

 M, 500 mL) through an adjustable gap 

cell containing membrane samples with a pressure ramp from 0 to 300 mbar. The 

measurement pH was based on the original pH of the electrolyte solution of 5.8 and 

was then increased stepwise (0.5-1 units) by titration with a 0.1 M sodium hydroxide 

(NaOH) solution until pH 11 was reached. The zeta potential of membrane surface was 

calculated based on Helmholz-Smoluchowski equation (Anton-Paar 2009). 

The details of FO performance evaluation have been described in Chapter 3 Section 

3.2.6. FO experiments were performed in two configurations: (1) the draw solution 

flowed in shell side of the membrane module where the selective layer were placed 

(AL-DS) and (2) the feed flowed in shell side (AL-FW). FO experiments with foulants 

were performed in the configuration of AL-FW only for 3 h. A 5 L feed solution was 
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prepared in order to eliminate the concentration of the feed solution due to the high 

retention of the solutes. 

4.3. Results and discussion 

In the following sections, a systematic analysis of unmodified and modified 

membranes in terms of morphology, physical and chemical properties will be 

discussed. The change in membrane surface chemistry will be correlated to the FO 

performance. 

4.3.1. Characterization of PAI membranes 

 SEM morphologies 

The SEM morphologies of the membrane cross-sections before and after modification 

are presented in Figure 4.1. It can be seen from Figure 4.1-a that the PAI substrate 

comprised finger-like structures which were developed simultaneously from the inner 

and outer surfaces without forming large macrovoids. The substrate had a thin skin 

layer (~ 2-3 m in thickness) on top of the finger-like pores and a thin sponge-like 

structure (~ 4-5 m in thickness). As compared to the previous chapter (Chapter 3), the 

hollow fiber membrane matrix used in this chapter was better defined with a thinner 

sponge-like structure in the middle and a thinner fiber wall thickness, which are 

preferred for lowering internal concentration polarization in a porous substrate during 

FO process (Chou, Shi et al. 2010; Wang, Shi et al. 2010).  
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(a) 

 
(b) 

 
(c) 

 

Figure 4.1. Cross-sectional SEM morphology of (a) PAI UF membrane substrate; (b) 

PAI membrane with 60 min PEI cross-linking; (c) PEI cross-linked PAI membrane 

with PSS deposition. 

PEI post-treatment and PSS deposition were performed on the outer surface of the 

hollow fiber membranes. It was clear from Figure 4.1 b and c that the modification did 

not change the morphology of the membrane cross-section. As the modification took 

place, the outer surface became rougher as shown in Figure 4.2. It might be due to the 

PSS molecules adsorbed as a coil than in a flat conformation because of high ionic 

strength in the polyelectrolyte solution which may reduce the mutual electrostatic 

repulsion of PSS chains (Jin, Toutianoush et al. 2003). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.2. Outer surface morphology of (a) PAI UF hollow fiber substrate; (b) PAI 

UF hollow fiber substrate with 60 min PEI cross-linking; (c) PEI cross-linked PAI 

membrane with deposition of PSS 70K (ST#3); (d) PEI cross-linked PAI membrane 

with deposition of PSS 500K (ST#4). 

 FTIR analysis 

The PEI post-treatment by the cross-linking method as well as PSS deposition were 

confirmed by the ATR-FTIR measurements. The change of the outer surface chemistry 

that occurred through the modification can be seen in Figure 4.3. The details of 

chemical reaction between the PAI and PEI have been described in Chapter 3 Section 

3.3.3. It is clearly observed from Figure 4.3 that as the cross-linking reaction between 

PAI and PEI took place (PAI-PEI30 and PAI-PEI60), the imide peaks gradually 

decreased while the amide peaks became stronger (C=O at 1641 cm
-1

 and C-N at 1532 

cm
-1

). After deposition of PSS on to the outer surface, a new peak emerged at wave 

length of 1035 cm
-1

 due to the characteristic stretching vibration of the –SO3 group in 

PSS (Temmel, Kern et al. 2006; Qiu, Qi et al. 2011). 
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Figure 4.3. ATR-FTIR spectra of PAI FO membranes. Note: PAI-PEI30/60/75 is PAI 

membrane cross-linked with PEI for 30/60/75 min; PSS70/500 is PSS used for 

deposition having molecular weight of 70K/500 kDa. 

 Zeta potential 

The charge characteristics of unmodified and modified PAI hollow fiber membranes 

were determined in terms of zeta potential. Based on electro-kinetic analysis, Figure 

4.4 exhibits the zeta potential versus pH curves of original and modified PAI 

membranes. The discrepancy of all zeta potential measurements shown here is less 

than 10%. The observed value of zeta potential is affected by ionic strength of the 

electrolyte solution as shown in Figure 4.4-a. A decrease in the zeta potential with 

increasing the concentration of the electrolyte solution can be attributed to the 

compression of the double layer (stern and diffuse layer). However, the isoelectric 

point (IEP, pH where the zeta potential is zero) is independent of ionic strength on the 

condition that the surface property is the same (Chiu and James 2007; Lin, Yu et al. 
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2009). Therefore, the electrolyte solution of 1 mM KCl would be employed to 

characterize the PSS-modified membranes. 

 

 

Figure 4.4. Plot of zeta potential vs pH of (a) PAI-PEI cross-linked at different 

concentration of electrolyte solution: 1 mM KCl ( 0 min;  30 min;  60 min; –– 

75 min) and 10 mM KCl ( 0 min;  30 min;  60 min; –– 75 min); (b) PAI-PEI 

cross-linked after PSS deposition (  ST#1;  ST#2;  ST#3;  ST#4) measured by 

using an electrolyte solution of 1 mM KCl. 
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As shown in Figure 4.4, PAI original membrane has negative zeta potential at the pH 

range of 6-11. As mention in Chapter 3, the original PAI membrane had an IEP of 4.4. 

After cross-linking reaction with PEI, the zeta potential of the cross-linked membrane 

increased to the positive region and the IEP was shifted to a higher pH. It can be seen 

that for 30 min cross-linking time, the cross-linked PAI membrane has IEP of 9.1. It is 

because during the cross-linking reaction, the amines from PEI reacted with the imide 

group from PAI original membrane and imparted the positive charges to the membrane 

surface resulting in a rising of zeta potential. When the cross-linking time increased to 

60 and 75 min, no significant change in zeta potential can be observed as well as the 

change in IEP (from 9.1 to 9.8) due to the readily formed hydrogen bonds between 

neighboring amine groups which suppresses the protonation of amine groups (Kuo, 

Chang et al. 2011). 

All the PSS deposition experiments were conducted at pH 2.0 as the substrate 

possessed positive charges at this pH condition. It was recognized that the zeta 

potential for all PSS-modified membranes (ST#1 – ST#4) decreased after PSS 

deposition. ST#1 membrane had the lowest zeta potential as it did not undergo a PEI 

cross-linking. ST#2 and ST#3 membranes were cross-linked with PEI for 30 and 60 

min, respectively, and followed by deposition of PSS having a molecular weight of 70 

kDa. As the result, the zeta potential of ST#2 membrane after PSS deposition was 

lower than ST#3 membrane. Interestingly, ST#4 membrane, modified with 60 min PEI 

cross-linking and deposition of a higher molecular weight PSS (Mw 500 kDa), had a 

more positive zeta potential as compared to ST#3 membrane which had the same PEI 

cross-linking. Theoretically, for the polyelectrolyte with a larger molecular weight, the 

charge density on the modified surface should be higher. However, this may not 

always be the case as the polyelectrolyte chain might be too long to undergo 

appropriate conformational changes for maximal surface exposure (Greene and 

Tannenbaum 2004). 

 Intrinsic properties 

The detailed characteristic properties of PAI UF hollow fiber substrate (before 

modification) are summarized in Table 4.2. The hollow fiber substrate exhibits a large 

dimension (ID/OD around 1.2/1.5 mm), high PWP (151 l/m
2
.h.bar), and high porosity 
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(86%). The PWP and salt rejections of modified PAI membranes are shown in Table 

4.3. It can be seen that there is a PWP decline after PEI cross-linking and further 

decline can be expected after PSS deposition. With an increasing cross-linking time of 

PEI-PAI, the PWP decreased from 52 to 7.8 l/m
2
.h.bar while rejection of MgCl2 

increased from 22% to 85%. This increase can be attributed to the more pores tighten 

on the selective layer. PSS depositions were performed on original PAI substrate 

(ST#1) and on PEI cross-linked substrates (ST#2–ST#4). One layer of PSS deposition 

was able to significantly decrease the PWP from 151 to 19.5 l/m
2
.h.bar. However, it 

might be unable to completely seal the big pores leading to the quite poor rejection 

towards Na2SO4. When PSS deposition was performed on the surface of PEI cross-

linked membranes, much better MgCl2 and Na2SO4 rejections can be achieved. 

However, it can be distinguished from Table 4.3, that ST#2 membrane rejection to 

Na2SO4 is lower than the rejection to MgCl2 even though the membrane had negative 

charge surface as shown in Figure 4.4. This discrepancy can be attributed to the 

sieving effect of the membrane pore radii and the size of ions as the hydrated ionic 

radius of magnesium ion (0.43 nm) is bigger than that of sulfate ion (0.38 nm) 

(Nightingale 1959; Schaep, Van Der Bruggen et al. 1998). 

Table 4.2. Properties of PAI UF hollow fiber substrate. 

Property  Value* 

MWCO shell (kDa)  17 (3) 

MWCO lumen (kDa)  58 (16) 

PWP (l/m
2
.h.bar)  151 (15) 

OD (m)  1508 (0.7) 

ID (m)  1248 (1.4) 

Porosity (%)  86 (1.2) 

Tensile strength (MPa)  6.2 (0.1) 

*Average value of four replicates (number inside bracket is standard deviation). 
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Table 4.3. PWP and salt rejection of modified membranes. 

Code  

After PEI cross-linking  After PSS deposition  

PWP  

(l/m
2
.h.bar)

 

 

Rej. 

MgCl2  

(%)  

Rej. 

Na2SO4  

(%)  

PWP  

(l/m
2
.h.bar)

 

 

Rej. 

MgCl2 

(%)  

Rej. 

Na2SO4 

(%)  

ST#1  -  19.53.1  2  0.5  11  1.4  

ST#2  52  1.2  22  1.6  4  1.8  3.7  0.4  81  6.2  74  1.5  

ST#3  
33  2.8  47  8.7  4  0.8  

4.1  0.7  80 12  85  3.6  

ST#4  4.3  0.6  81  9.4  69  3.2  

ST#5  7.8  0.1  85  0.6  -  -  -  -  

 

Since ST#3 and ST#4 membranes had the same PEI cross-linking, the amount of 

positive charge on the surface were similar. However, the molecular weight of PSS 

used was different. ST#4 was modified with 500 kDa PSS which was higher than that 

for ST#3, the PSS molecule, formed as coil in salt solution, might have difficulties to 

be absorbed by membrane surface. This is also supported by the membrane surface 

morphology observed by using SEM (section 4.3.1.1). As a result, the zeta potential 

was more positive (section 3.1.3) and it was difficult to completely cover the surface 

leading to lower rejection towards Na2SO4. 

4.3.2. Effect of PEI post-treatment and PSS molecular weight on FO performances 

of resultant membranes 

The performances of modified membranes (the ST#1 – ST#4) in FO process were 

determined using a 0.5 M Na2SO4 solution as the draw solution and de-ionized 

water/2000 ppm Na2SO4 solution as the feed at ambient temperature of 23C, and the 

results are listed in Table 4.4. It can be seen that the ST#1 membrane presented the 

lowest water flux (9.0 l/m
2
.h) and the highest salt flux (Js/Jv 15 g/l) in the configuration 

of AL-DS. This result is not surprising, as the PEI-untreated outer surface of the ST#1 

membrane cannot retain many PSS molecules as discussed in section 4.3.1.4, resulting 

in a very low Na2SO4 rejection (see Table 4.3). The significant reverse salt diffusion 

into the feed solution reduced the osmosis driving force across the membrane, thus the 
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water flux was very low. In the configuration of the AL-FW, on the other hand, the 

ST#1 membrane can achieve water flux as high as 17 l/m
2
.h, and ratio of salt flux to 

water flux is 2.2 g/l which is much lower than the AL-DS configuration. This 

phenomenon can be explained as follows. ST#1 PAI membrane consists of a negative 

charge rejection layer supported by a porous substrate which is also negatively charged 

at pH > 4.4. In the AL-FW configuration, the draw solution is in the support layer side. 

The salt concentration at the interface between the active layer and the porous substrate 

may be smaller than in a neutral membrane substrate due to the Donnan exclusion that 

tended to expel the Na2SO4 back to the draw solution. In addition, the charges in the 

dense-active surface also imposed a repulsive force to the salt penetration through the 

membrane. Therefore, there were double electrical repulsions to the salt transfer in the 

configuration of AL-FW. However, in the AL-DS configuration, when the salts passed 

through the selective layer to the porous substrate, the salt concentration at the 

interface between the selective layer and the support layer was built up. The negative 

charges in the support layer tended to expel the coming salts to the feed side because 

of a less mass transfer resistance in the porous support layer. Therefore, the membrane 

facilitates the salts transport in the configuration of AL-DS. As a result, a lower Js/Jv in 

the configuration of AL-FW was observed. It was also recognized that when AL-FW 

was used, the ST#1 membrane had the highest FO water flux as compared to other 

membranes. Given the fact that the ST#1 membrane was not treated by the PEI cross-

linking, the relatively more porous substrate of the ST#1 membrane may be attributed 

to this result. 

Table 4.4. FO performances for modified membranes. 

Code  

Feed: DI water*  Feed: 2000 ppm Na2SO4* 

AL-DS  AL-FW  AL-DS  AL-FW  

Jv  

(l/m
2
.h)  

Js/Jv  

(g/l)  

Jv  

(l/m
2
.h)  

Js/Jv  

(g/l)  

Jv  

(l/m
2
.h)  

Js/Jv  

(g/l)  

Jv  

(l/m
2
.h)  

Js/Jv  

(g/l)  

ST#1  9  0.7  15  1.3  17  3  2.2  0.9  N/A     

ST#2  23  0.5  0.8  0.1  13  0.3  0.4  0.1  16  0.6  0.8  0.1  11  0.5  1.1  0.1  

ST#3  29  0.5  0.3  0.1  13  0.3  0.2  0.0  17  0.4  0.4  0.1  12  0.3  0.2  0.0  

ST#4  26  3.1  0.7  0.3  14  0.3  0.3  0.0  17  0.3  0.6  0.1  12  0.3  0.4  0.0  

*DS: 0.5 M Na2SO4.  
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By comparing ST#1, ST#2 and ST#3, the effect of PEI cross-linking can be clearly 

seen as the water flux increased and the salt flux decreased (Table 4.4). 30 min PEI 

cross-linking was able to decrease Js/Jv from 15 g/l to 0.8 g/l and further decrease to 

0.3 g/l when 60 min PEI cross-linking was used. This is due to the denser selective 

layer after PEI cross-linking which is supported by the increasing of MgCl2 rejection 

in the RO mode (Table 4.3). In comparison of the ST#2 and ST#3 membranes, the salt 

flux of the ST#2 membrane is higher while the water flux is comparable though the 

zeta potential of the ST#2 membrane is less positive than the ST#3 membrane. The 

ST#2 membrane had undergone PEI post-treatment for 30 min while the ST#3 and 

ST#4 membranes were treated for 60 min. A higher salt flux might be due to the less 

dense selective layer of the ST#2 membrane, and this was also reflected by the lower 

Na2SO4 rejection than the ST#3 membrane in the RO mode of measurements (74% vs. 

85% for ST#2 and ST#3, respectively, in Table 4.3). 

As summarized in Table 4.4, the ST#3 membrane exhibited the best FO performance. 

It can achieve water flux of 29 l/m
2
.h and 13 l/m

2
.h in the configurations of AL-DS 

and AL-FW, respectively, when using de-ionized water as the feed and 0.5 M Na2SO4 

as the draw solution. When the feed solution contained 2000 ppm Na2SO4, the flux 

decreased to 17 l/m
2
.h and 12 l/m

2
.h for two configurations accordingly. The flux 

reduction for the AL-DS configuration is higher than that for AL-FW due to more 

severe internal concentration polarization occurred in the membrane substrate if the 

feed contained salts and faced the membrane substrate (McCutcheon and Elimelech 

2006). 

The effect of the PSS molecular weight on the FO performances has also been 

investigated by examining the behaviors of the ST#3 and ST#4 membranes. The ST#3 

was modified using PSS with a molecular weight of 70K while the ST#4 was treated 

by PSS with a molecular weight of 500K. Both the ST#3 and ST#4 membranes had 

similar water flux, but the ST#4 membrane had a higher back salt diffusion in the AL-

DS configuration as compared to ST#3 membrane. A higher reverse salt diffusion in 

ST#4 membrane is related to the salt rejection as measured in RO mode where ST#3 

membrane had a higher rejection towards Na2SO4 as compared to ST#4 membrane. 
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4.3.3. Effect of membrane surface charges on protein filtration 

In order to investigate the benefit brought by altering the membrane surface chemistry, 

i.e., from a very positively charged surface to a less positively charged surface, two 

types of membranes have been tested: one is the ST#3 and ST#4 membrane modified 

by PEI and PSS and the other is the ST#5 modified by PEI only. BSA was used as a 

model foulant for FO test, as the BSA has an iso-electric point at pH of 4.7, meaning it 

carries negative charges at neutral pH (Tang, Chong et al. 2011).  

The FO performances of the two membranes were evaluated in the following 

conditions: (a) for the ST#3 and ST#4 membrane - a 1000 ppm BSA solution was used 

as the feed and 0.5M Na2SO4 was used as the draw solution; (b) for the ST#5 

membrane - a 1000 ppm BSA solution was used as the feed and 0.25 M MgCl2 was 

used as the draw solution. The reason why MgCl2 was used for the ST#5 membrane 

was because the membrane was positively charged. The concentration of draw solution 

was 0.25 M to ensure the three membranes had the same initial flux. 

FO water flux for both DI water and BSA solution as feed are illustrated in Figure 4.5.  

The average water flux during the experiment with BSA was approximately 13 l/m
2
.h 

for ST#3, 14 l/m
2
.h for ST#4 and 11.8 l/m

2
.h for ST#5 membrane. It can be seen that 

there was a flux decline for the ST#5 membrane during the FO test while the flux of 

the ST#3-ST#4 membranes were remained the same as pure water flux for the first 4 h 

of the FO filtration. The likely cause of flux decline might be due to the increasing of 

hydraulic resistance caused by the attachment and/or adsorption of BSA onto the 

membrane surface and pores (Achilli, Cath et al. 2009b). These results demonstrate 

that the less positively charged membrane surface is favorable to the situations where 

the feed solution contains negatively charged foulants such as proteins. 
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Figure 4.5. Plot of FO normalized water flux for 4 h filtration of 1000 ppm BSA 

solution (orientation: AL-FW; ST#3 and ST#4: 1000 ppm BSA solution was used as 

the feed and 0.5M Na2SO4 was used as the draw solution; ST#5 membrane: 1000 ppm 

BSA solution was used as the feed and 0.25 M MgCl2 was used as the draw solution). 

A comparison of resultant membranes presented in this study with other membranes 

published in literature is summarized in Table 4.5. It can be seen that an improvement 

has been made compared to the positively charged PAI membranes (Chapter 3),  as the 

performance of the less positively charged ST#3 and ST#4 membranes are better.  

Cornelissen et al. tested the commercial FO membranes which had a very low Js/Jv 

(0.04 g/l) (Cornelissen, Harmsen et al. 2008). However, the membrane possessed 

lower flux as compared to the ST#3/ST#4 membranes. Another commercial FO 

membrane (Achilli, Cath et al. 2010) showed similar Js/Jv (0.33-0.58 g/l) with the this 

work, but the water flux was lower.  The cellulose acetate NF hollow fiber membranes 

presented 5.0 l/m
2
.h water flux using DI water as the feed and 2.0 M MgCl2

 
as the draw 

solution in the AL-FW configuration (Su, Yang et al. 2010), while the ST#3/ST#4 

membranes showed a reasonable water flux using 1000 ppm BSA in 2000 ppm 

Na
2
SO

4
 aqueous solution as the feed and 0.5 M Na

2
SO

4

 
as the draw solution in the 

same configuration. In summary, the ST#3 and ST#4 membranes had fairly higher 

water flux as compared to others. 

 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

1.1 

1.2 

0 1 2 3 4 

N
o
rm

al
iz

ed
 f

lu
x

 (
J v

/J
v0

) 

Time (h) 

ST#3 ST#4 ST#5 



Chapter 4 

78 | P a g e  

 

Table 4.5. Comparison of various membranes used in FO process. 

Membrane 
ID/OD 

(mm/mm) 

PWP 

(l/m2.h.bar) 

FO performance Testing conditions 

Ref. Jv 

(l/m2.h) 

Js/Jv 

(g/l) 
Orientation Feed solution Draw solution Temp.(C) 

ST#3 hollow fiber 

1.25/1.51 4.1  0.7 17  0.4 0.4  0.1 AL-DS 2000ppm Na2SO4 0.5M Na2SO4 23 

This work 
  12  0.3 0.2  0.0 AL-FW 2000ppm Na2SO4 0.5M Na2SO4 23 

  11.2 0.2 AL-FW 
1000ppm BSA + 

2000ppm Na2SO4 
0.5M Na2SO4 23 

ST#4 hollow fiber 

1.25/1.51 4.3  0.6 17  0.3 0.6  0.1 AL-DS 2000ppm Na2SO4 0.5M Na2SO4 23 

This work 
  12  0.3 0.4  0.0 AL-FW 2000ppm Na2SO4 0.5M Na2SO4 23 

  11.6 0.4 AL-FW 
1000ppm BSA + 

2000ppm Na2SO4 
0.5M Na2SO4 23 

Positively charged FO hollow 

fiber 

1.24/1.58 2.25 13.13 0.7 AL-DS DI water 0.5M MgCl2 23 

(Setiawan, Wang et al. 

2011) 

  8.36 0.3 AL-FW DI water 0.5M MgCl2 23 

Positively charged FO hollow 

fiber 

1.24/1.54 2.19 13.20 1.2 AL-DS DI water 0.5M MgCl2 23 

  9.74 0.3 AL-FW DI water 0.5M MgCl2 23 

Commercial FO flat sheet 

(thickness 40m) 
-  5.4 0.04 AL-FW DI water 1.5M MgSO4 202 

(Cornelissen, Harmsen et 

al. 2008) 

Cellulose acetate flat sheet 

composite (thickness 70-80m) 
- - 6.5 - AL-DS 3.5 wt.% NaCl 1.25M MgSO4 20 

(Sairam, Sereewatthanawut 

et al. 2011) 

Cellulose acetate flat sheet with 

double-selective layer  

(thickness 36m) 

- 0.78 48.2 0.13 
bottom 

layer-DS 
DI-water 5.0M MgCl2 220.5 

(Wang, Ong et al. 2010) 

- 0.78 27.4 0.14 
top layer-

DS 
DI-water 5.0M MgCl2 220.5 

Double dense layer flat sheet 

(thickness 35m) 

- 0.17  0.01 17.3  0.4 0.07 AL-DS DI-water 2.0M MgCl2 220.5 

(Zhang, Wang et al. 2010) 
  10.3  0.3 0.08 AL-FW DI-water 2.0M MgCl2 220.5 

Single dense layer flat sheet 

(thickness 34m) 

- 0.13  0.02 14.7  1.0 0.15 AL-DS DI-water 2.0M MgCl2 220.5 

  9.8  0.7 0.12 AL-FW DI-water 2.0M MgCl2 220.5 

Cellulose acetate NF hollow 

fiber 

0.35/0.55 0.47 7.3 - AL-DS DI-water 2.0M MgCl2 220.5 
(Su, Yang et al. 2010) 

  5.0 - AL-FW DI-water 2.0M MgCl2 220.5 

Commercial FO flat sheet  

(thickness 40m) 

  9.2 0.33 AL-FW DI-water 0.9M Na2SO4 25 
(Achilli, Cath et al. 2010) 

  9.7 0.58 AL-FW DI-water 0.5M MgCl2 25 

7
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4.4. Conclusions 

Novel FO hollow fiber membranes with an antifouling NF-like selective layer have 

been successfully developed.  The fabrication involves a step of PAI UF hollow fiber 

spinning via phase inversion, followed by simple polyelectrolyte post-treatments using 

positively charged PEI for cross-linking and negatively charged PSS for deposition. 

The surface chemistry and the permeabilities of water and salt of resultant membranes 

have been characterized. The membrane performance in the FO process has also been 

evaluated.  

The newly developed PAI FO hollow fibers possess the following important features: 

 The PAI FO hollow fiber membranes have a large lumen with an inner diameter > 1 

mm and a wall thickness of 0.13 mm. The substrate has a high porosity of 85%. 

 The PAI FO hollow fiber membranes possess a high pure water permeability of 3.7-

4.3 l/m
2
.h.bar and reasonable Na2SO4 rejections up to 85% at 1 bar. 

 In the FO process, when using 2000 ppm Na2SO4 as the feed and 0.5 M Na2SO4 as 

the draw solution at 23 C, the PAI FO hollow fiber membranes can achieve water 

flux of 17 l/m
2
.h and 12 l/m

2
.h for the configurations of AL-DS and AL-FW, 

respectively. 

 Different from highly positively charged membranes, the PSS deposited membranes 

can maintain a steady water flux of 11 l/m
2
.h when the feed contained 1000 ppm 

BSA and 2000 ppm Na2SO4, and 0.5 M Na2SO4 was used as the draw solution at 

ambient temperature of 23 C. 

The approach of making FO membranes developed in the present study offers the 

advantages of simple fabrication process, tailorable selective layer and promising 

membrane performance for protein contained wastewater treatment by FO process. 
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CCHHAAPPTTEERR  55 

EExxpplloorraattiioonnss  ooff  DDeellaammiinnaattiioonn  aanndd  IIrrrreegguullaarr  

SSttrruuccttuurree  iinn  PPAAII--PPEESS  DDuuaall  LLaayyeerr                            

HHoollllooww  FFiibbeerr  MMeemmbbrraanneess  

5.1. Introduction 

Despite the fact that the membranes developed by means of simple post-chemical 

treatments exhibited a high water flux and high salt rejection in the FO process, the 

chemical cross-linking through entire PAI substrate still resulted in a dense structure 

which adversely affected the water flux. To overcome the drawback of cross-linking 

modification on entire PAI membrane, we intend to fabricate a dual-layer hollow fiber 

with PAI polymer as the outer layer, supported by an inner layer made of other 

material inert to PEI polyelectrolyte. 

However, obtaining a good lamination between the two layers as well as a regular 

morphology is critical to making a usable dual layer hollow fiber membrane. In spite 

of many prior studies of the dual-layer hollow fiber membrane fabrication, the 

mechanisms of lamination/delamination and regular/irregular morphology of dual 

layer hollow fiber membranes are still debated. Delamination occurs when the inter-

diffusion of the polymer chains in the outer and inner dope solutions is interrupted by 

the penetration of the non-solvent from the coagulation bath (He, Mulder et al. 2002). 

Similarly, Sun et al. reported that delamination happens if there is accumulation of 

water at the interface (Sun, Wang et al. 2010a). In addition, the additive from the inner 

dope solution may move across the outer dope solution due to a concentration gradient, 

thus promoting phase separation in the interfacial region and subsequent separation of 

the two layers (Pereira, Nobrega et al. 2003). Furthermore, the experimental 

observation of Li et al. revealed that the lamination/delamination and regular/irregular 

morphology occurring in dual layer hollow fiber membrane are attributed to the 

shrinkage difference of both layers (Li, Chung et al. 2004). This problem can be 
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overcome by decreasing the ratio of the outer and inner dope flow rates. As a result, 

the outer layer, which has a higher shrinkage percentage, can tighten the inner layer. 

In this chapter, a systematic investigation of the lamination/delamination and 

regular/irregular morphology of PAI-PES dual layer hollow fiber membranes intended 

for FO applications is reported. In particular, it examines the effect of LiCl additive on 

the thermodynamic stability and phase inversion kinetics of the polymer solution by 

using the ternary phase diagram, viscosity measurements and optical microscopy 

observations. The results are then used to support the explanation and understanding of 

various morphologies and structures of dual layer membranes spun from different 

spinning conditions. The following spinning conditions were specially selected in 

order to study the underlying mechanisms of the lamination/delamination and 

regular/irregular structure of dual layer hollow fiber membranes: (1) varying the 

composition of the outer and inner polymer solutions since they directly affect the 

thermodynamic stability and phase inversion kinetics; (2) altering the bore fluid and air 

gap since they contribute to the interpenetration of the polymer solutions; (3) varying 

the ratio of the outer and inner dope flow rates; and (4) changing the temperature of the 

external coagulation bath. 

5.2. Experimental 

5.2.1. Materials 

Torlon
®
 4000T-MV (copolymer of amide and imide) (PAI, Solvay Advanced 

Polymers, Alpharetta GA) was used as the outer layer material because of its excellent 

mechanical properties, and thermal and chemical stability (Setiawan, Wang et al. 

2011). Gafone
TM

 polyethersulfone (PES, Solvay Advanced Polymers, Gujarat) was 

used as the inner layer material since PES is compatible with PAI and possesses 

excellent properties for hollow fiber spinning (Chou, Shi et al. 2010; Wang, Shi et al. 

2010; Chou, Wang et al. 2012; Shi, Chou et al. 2012). N-Methyl-2-pyrrolidone (NMP, 

> 99.5%, CAS#872-50-4, Merck Chemicals, Singapore) was used as solvent. Lithium 

chloride (LiCl, anhydrous, CAS#7447-41-8, Merck) was used as an additive in both 

the outer and inner dope solutions. Purified water by a Milli-Q system (18Mcm) was 

used as the bore fluid and tap water was used as the external coagulant. 
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5.2.2. Preparation of polymer dope solutions and dope viscosity measurements 

Preparation of polymer dope solutions prior to dual layer spinning is the same as single 

layer PAI which has been described in Chapter 3 Section 3.2.2. The detailed of the 

polymer dope compositions are shown in Table 5.1. 

Table 5.1. Composition of polymer dopes. 

Dope code*  Outer layer composition  Inner layer composition  

DL-14-0  PAI/NMP  14/86  PES/NMP 16/84 

DL-14-Li3  PAI/NMP  14/86  PES/LiCl/NMP 16/3/81 

DL-14-Li6  PAI/NMP  14/86  PES/LiCl/NMP 16/6/78  

DL-14
+

-0  PAI/LiCl/NMP 14/3.8/82.2  PES/NMP 16/84 

DL-14
+

-Li3  PAI/LiCl/NMP 14/3.8/82.2  PES/LiCl/NMP 16/3/81 

DL-14
+

-Li6  PAI/LiCl/NMP 14/3.8/82.2  PES/LiCl/NMP 16/6/78  

DL-14
+

-Li7  PAI/LiCl/NMP 14/3.8/82.2  PES/LiCl/NMP 16/7/77  

DL-18-Li6  PAI/NMP  18/82  PES/LiCl/NMP 16/6/78  

DL-19-Li7  PAI/NMP  19/81  PES/LiCl/NMP 16/7/77  

*DL-XX
+
-YYY: XX stands for composition of outer layer (concentration of PAI) and 

‘+’ sign means that LiCl (3.8 %) as additive is added into the system (e.g., 14 means 

the concentration of PAI used is 14%). YYY stands for composition of LiCl additive 

added into the inner dope systems. Concentration of PES in the inner layer is fixed at 

16%; for example, Li3 means PES/LiCl/NMP 16/3/81. 

The dynamic viscosity of the polymer dope solutions and the NMP-additive dilute 

solution was measured by a Physica MCR 101 rheometer (Anton Paar). The 

measurements were performed using a 25 mm cone plate (CP25-1) for the high 

viscosity polymer solution and a 50 mm cone plate (CP50-1) for the low viscosity 

solution of the NMP-additive at a shear rate of 0.01 to 100 s
-1

 at 25C. The viscosity 

was obtained at the shear rate of 10 s
-1

. 
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5.2.3. Determination of cloud points and phase diagrams 

The cloud points of PAI/NMP/water and PES/NMP/water systems with and without 

the additive (LiCl) were determined by a titrimetric method at room temperature of 

231 C. The homogeneous solution, consisting of a polymer and solvent with/without 

the additive, was prepared in a clear glass bottle. Water was subsequently added drop-

by-drop into the homogeneous polymer solution with stirring until the solution turned 

cloudy. The amount of water needed for the phase separation of the homogeneous 

solution can be determined by weighing the bottle before the addition of water and 

after the solution turned cloudy. 

5.2.4. Dual layer hollow fiber spinning by using a triple orifice spinneret 

Dual layer hollow fibers were fabricated by the dry jet-wet spinning technique 

illustrated in Figure 5.1. Different pairs of the outer and inner dope solutions were used 

to make PAI-PES dual layer hollow fiber membranes as described in Table 5.1.  

 

Figure 5.1. (a) Schematic diagram of dual layer spinning; (b) Cross-section of dual 

layer spinneret. 

(a) 
(b) 
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The inner dope solution, connected to a high pressure nitrogen gas cylinder, was 

extruded through channel B of the spinneret (see Figure 5.1-b) at a specific flow rate 

using a Zenith gear pump. The outer dope solution and the bore fluid were extruded 

using two high precision syringe pumps (Isco) through channels A and C, respectively. 

The nascent fibers went through a predetermined air gap before immersing into an 

external coagulation bath at a controlled temperature, and then were collected by a 

roller at a free fall take-up speed. The resultant hollow fiber membranes were stored in 

a water bath for approximately 2 days at ambient temperature to ensure that the 

residual solvent has been removed completely. The spinning conditions of PAI-PES 

dual layer hollow fiber membranes are summarized in Table 5.2. 

Table 5.2. Spinning conditions of PAI-PES dual layer hollow fiber membranes. 

Outer dope flow rate (g/min) 1.7, 2.2, 3.3, 4.4  

Inner dope flow rate (g/min)  4.6  

Bore fluid composition (NMP/water, wt%)  0/100, 25/75, 50/50, 80/20 

Bore fluid flow rate (g/min)  6  

Air gap (cm)  1, 5, 10  

Take up speed  Free fall  

External coagulant  Tap water  

External coagulant bath temperature (C)  10, 25  

 

5.2.5. Observations of membrane morphology by scanning electron microscopy 

(SEM) and phase separation by optical microscope 

The procedures for membrane morphology observation by SEM and digital 

microscope have been described in Chapter 3 Section 3.2.5. An optical microscope 

(Axiolab, Carl Zeiss) equipped with a colour video camera (TK-C921BEG, JVC) was 

used to investigate the phase separation rate of individual polymer solution. A drop of 

a homogeneous polymer solution was sandwiched in between two clean cover slips. 

Water was dropped and the growing macrovoid fingers within the solution were 

recorded. 
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5.3. Results and discussion  

5.3.1. Thermodynamic properties of polymer dope solutions 

The ternary phase diagrams of the PAI/NMP/water and PES/NMP/water systems with 

and without additives at 23C are shown in Figure 5.2. The phase diagrams were 

developed from the cloud point experiments. As illustrated in Figure 5.2-a, there is no 

significant change in the binodal curve of the PAI system with and without the 

addition of LiCl. It was reported that the ion-dipole interaction of LiCl and PAI can 

cause the PAI/LiCl/NMP system to be more thermodynamically stable even though 

LiCl also has a strong interaction with NMP (Balasubramanian and Shaikh 1973). The 

interactions of imide with Li
+
 (Choo, Rychnovsky et al. 1994) as well as amide with 

Li
+
 (Balasubramanian and Shaikh 1973) have been studied in the literature. 

                                    

  

Figure 5.2. Ternary phase diagram of (a) PAI systems ( no additive;  3.8% LiCl) 

and (b) PES systems ( no additive;  3% LiCl;  6% LiCl). 

(a) (b) 
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In contrast to the PAI/NMP system, the PES/NMP system is more sensitive to the 

addition of LiCl as shown in Figure 5.2-b. It can be seen that the addition of LiCl 

shifted the binodal curve of the PES system toward the polymer-solvent axis. The 

addition of LiCl makes the system thermodynamically unstable due to its interaction 

with NMP; hence, the ability of the solvent to dissolve the polymer decreases. 

Therefore, less water is needed for the phase separation to occur in the PES/NMP 

system with LiCl as the additive as compared to the solution without LiCl. A similar 

phenomenon has been reported in literature for the PVDF/NMP/water system (Shi, 

Wang et al. 2008). 

5.3.2. Kinetics of phase inversion 

The kinetics of the phase separation during the membrane formation for the PAI and 

PES systems are illustrated by the optical micrographs shown in Figure 5.3 and Figure 

5.4, respectively. These figures were taken for each polymer solution at different 

times, where the dark area represents the precipitated zone. As can be seen in Figure 

5.3, the rate of water penetration slows down as the PAI concentration increases from 

14% to 19%. The addition of 3.8% LiCl decreases the penetration rate considerably at 

the same PAI concentration of 14% (Figure 5.3 a and d). In contrast, as shown in 

Figure 5.4 a and b, the addition of 3% LiCl to the PES/NMP system increases the 

water penetration rate, but a further increase in additive concentration decreases the 

penetration rate. 
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Time (s) 1 2 3 4 5 

(a)  PAI/NMP 14/86      

      

(b)  PAI/NMP 18/82      

      

(c)  PAI/NMP 19/81      

      

(d)  PAI/LiCl/NMP 14/3.8/82.2     

      

Figure 5.3. Optical micrographs for water penetration through PAI/NMP systems with and without LiCl.  
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Time (s) 1  2  3  4  5  

(a)  PES/NMP 16/84      

      

(b)  PES/LiCl/NMP 16/3/81     

      

(c)  PES/LiCl/NMP 16/6/78     

      

(d)  PES/LiCl/NMP 16/7/77     

      

Figure 5.4. Optical micrographs for water penetration through PES/NMP systems with and without LiCl. 
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The viscosity of PAI and PES system is shown in Figure 5.5 and it is summarized in 

Table 5.3 for each polymer system. It can be seen that the addition of LiCl 

significantly increases the viscosity of the polymer solutions. This is because NMP is a 

polar aprotic solvent that has a lone pair of electrons. This electron pair is able to form 

an ion-dipole interaction with cations such as Li
+
 (as shown in Figure 5.6-a) 

(Balasubramanian and Shaikh 1973) and thus, the viscosity of NMP increases with the 

increasing of LiCl concentration (Figure 5.6-b). As a result, the viscosity of PAI or 

PES dope solutions increases accordingly. The increased viscosity of the polymer 

solution normally tends to retard water penetration during the phase inversion process, 

as shown in Figure 5.3-d in comparison with Figure 5.3-a. 

 

 

Figure 5.5. Plot of viscosity vs polymer concentration  of (a) PAI systems ( no 

additive;  3.8% LiCl) and (b) PES systems ( no additive;  3% LiCl;  6% LiCl). 
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Table 5.3. Viscosity and solubility parameter differences. 

Outer layer  Inner layer  

Composition  
Visc. 

(Pa.s) 
*  Composition  

Visc. 

(Pa.s) 
*  

PAI/NMP  14/86  1.6  1.8  PES/NMP 16/84 0.5  1.08  

PAI/NMP  18/82  4.6  1.8  PES/LiCl/NMP 16/3/81 1.4  6.76  

PAI/NMP  19/81  8.5  1.8  PES/LiCl/NMP 16/6/78  6.9  11.9  

PAI/LiCl/NMP 

14/3.8/82.2  
8.2  -  PES/LiCl/NMP 16/7/77  11.1  13.6  

* = |solvent-additive – polymer|, unit = MPa
1/2

. 

However, the addition of LiCl also reduces the thermodynamic stability of the 

PES/NMP system. Thus, the phase separation is mainly affected by whether the 

dominant factor is the thermodynamic properties or the phase inversion kinetics. It 

appears that the increased thermodynamic instability due to the LiCl addition in the 

PES/LiCl/NMP 16/3/81 system (Figure 5.4-b) plays a more important role than the 

increase in viscosity. 

 

 

 

Figure 5.6. (a) Chemical structure of NMP and NMP-Li
+
; (b) Plot of NMP viscosity 

without and with LiCl. 
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5.3.3. Effect of the ratio of inner dope to bore fluid flow rates 

As shown in Table 5.2, the bore fluid flow rate used is higher than the inner dope flow 

rate because of following reasons. As shown in Figure 5.7 a and d, the two membranes 

have a deformation inner contour when the inner dope to the bore fluid flow rate ratio 

of 1:1 was used at 1 cm air gap. When the pressure inside the fiber lumen is low due to 

insufficient supply of the bore fluid, there will be a compression of the inner wall 

because of a rapid formation of the lumen skin when a strong bore fluid is used. 

Therefore, the irregularity of the inner contour can be prevented by increasing the bore 

fluid flow rate (Figure 5.7 c and f) (Santoso, Chung et al. 2006).  

Ratio of inner dope to bore fluid flow rate (wt./wt.) 

1:1 2:3 

Air gap     1 cm 10 cm 1 cm 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.7. Effect of inner dope to bore fluid flow rate ratio on the cross section dual 

layer hollow fiber membrane: (a, b, c) DL-14-0 (delamination); (d, e, f) DL-14
+
-0 (no 

delamination). 

In addition, at a lower air gap, the polymer molecules have a shorter time to relax and 

release the stress after extruding out from spinneret. The instantaneous demixing and 
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solidification at the outer side of the fiber caused by a strong coagulant tended to 

freeze the polymer molecules. It forces the stress held by the macromolecules to 

release toward lumen radial direction (Shi, Wang et al. 2007). Hence, the increasing of 

air gap is able to eliminate the deformation but it generates big macrovoids. Therefore, 

here after, the inner dope to bore fluid flow rate ratio of 2:3 was applied (the inner 

dope flow rate of 4.6 g/min and the bore fluid flow rate of 6 g/min were used). 

5.3.4. Effect of the compositions of inner and outer polymer dope solutions 

Figure 5.8 shows the cross-sectional morphologies of six membranes at a 

magnification of 150X that were spun from different compositions of the outer and 

inner dope solutions. Their morphologies at a higher magnification of 500X and 

1000X are shown in Figure 5.9 and Figure 5.10, respectively. It can be seen that the 

most severe delamination occurs in Figure 5.10-a (dope code: DL-14-0) followed by 

that shown in Figure 5.10-c (dope code: DL-14-Li6), while others have a good 

adhesion at the interface of two layers. Figure 5.9 (b, d-f) shows continuously 

developed finger-like structures from outer to inner layer for fibers with good 

lamination. In addition, the hollow fiber with the most severe delamination has the 

largest macrovoids in the outer layer (Figure 5.10-a). 
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Composition of inner layer (wt. %) 

 PES/NMP 16/84  PES/LiCl/NMP 16/3/81  PES/LiCl/NMP 16/6/78  

PAI/NMP 
14/86 

   

PAI/LiCl/NMP 

14/3.8/82.2 

   

Figure 5.8. Cross-section morphology of dual layer hollow fiber membranes spun from different compositions of outer and inner layers at 

magnification of 150X. Spinning conditions: outer dope flow rate: 1.7 g/min; inner dope flow rate: 4.6 g/min; bore fluid flow rate: 6 g/min; air 

gap: 1 cm; coagulation bath temperature: 25C; bore fluid: water. 
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Composition of inner layer (wt. %) 

 PES/NMP 16/84 PES/LiCl/NMP 16/3/81 PES/LiCl/NMP 16/6/78 

PAI/NMP 
14/86 

    

PAI/LiCl/NMP 

14/3.8/82.2 

   

Figure 5.9. Cross-section morphology of dual layer hollow fiber membranes spun from different compositions of outer and inner layers at 

magnification of 500X. Vertical white arrows indicate the outer layer. Spinning conditions: outer dope flow rate: 1.7 g/min; inner dope flow 

rate: 4.6 g/min; bore fluid flow rate: 6 g/min; air gap: 1 cm; coagulation bath temperature: 25C; bore fluid: water. 
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Composition of inner layer (wt. %) 

 PES/NMP 16/84 PES/LiCl/NMP 16/3/81 PES/LiCl/NMP 16/6/78 

PAI/NMP 
14/86 

   

PAI/LiCl/NMP 

14/3.8/82.2 

   

Figure 5.10. Cross-section morphology of dual layer hollow fiber membranes spun from different compositions of outer and inner layers at 

magnification of 1000X. Vertical white arrows indicate the outer layer. Spinning conditions: outer dope flow rate: 1.7 g/min; inner dope flow 

rate: 4.6 g/min; bore fluid flow rate: 6 g/min; air gap: 1 cm; coagulation bath temperature: 25C; bore fluid: water. 
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It is important to understand the mechanisms of lamination/delamination at the 

interface of the outer and inner layers of dual layer membranes. In the present study, it 

is hypothesized that the delamination is mainly controlled by the rates of the non-

solvent (water) diffusion through the outer (JNS-outer) and inner (JNS-inner) layers, which 

also have a direct impact on the growth of the macrovoids. There are two scenarios to 

be considered as illustrated in Figure 5.11 and Table 5.4 in which the “up” and “down” 

arrows denote an increase or decrease in the quantity, respectively: 

(1) When the non-solvent (water from the external coagulant bath) has a higher 

diffusion rate in the outer layer as compared to that in the inner layer, the outer 

layer tends to expand to form large macrovoids and to hold more water at the 

interface. As a result, the accumulated water can impede the adhesion of the 

two layers, leading to a delamination. 

(2) If water has a slower penetration rate through the outer layer dope than the 

inner layer dope, good adhesion of these two layers is expected. Under this 

scenario, since macrovoids can form in the inner layer leading to the expansion 

of the inner layer, they can become distorted and the inner contour can become 

irregular. 

 

 

 

Figure 5.11. Illustration of the mechanisms of lamination/delamination at the interface 

of the layers and regular/irregular morphology of dual layer membranes. 

Scenario 1: 

Delamination happens  

if  JNS-outer > JNS-inner 

JNS-inner depends on thermodynamic 

instability and viscosity 

Scenario 2: 

No delamination happens  

if  JNS-outer < JNS-inner 

The expansion of the inner layer results 

in the deformation of the inner contour. 
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Table 5.4. List of parameters involved in PAI-PES dual layer hollow fiber fabrication. 

Parameters Effect JNS-inner JNS-outer 

LiCl   Viscosity     

LiCl   Thermodynamic instability 
a
  - 

Air gap   Inner layer expansion   -  

Ratio of outer to inner 

dope flow rate   
regularity of fiber cross-section   - - 

External coagulation bath 

temperature   
-  -  

NMP in bore fluid   Inner layer expansion 
b
 - - 

a
 For PES system only 

b
 Up to 50% NMP in bore fluid 

The first hypothesis can be used to explain the results observed in Figure 5.8 to Figure 

5.10. First, consider the cases shown in Figure 5.8 (and Figure 5.10) a, b, and c, in 

which the same outer dope composition of PAI/NMP 14/86 was used. It implies that 

the rate of non-solvent (water) penetration from the external coagulation bath into the 

outer polymer dope is the same. When water reaches the interface, for the case shown 

in Figure 5.8-a (and Figure 5.10-a), since the inner layer is very stable as indicated by 

the phase diagram in Figure 5.2-b (dope composition: PES/NMP 16/84, without LiCl 

additive), the penetration of water and NMP (from the outer dope) cannot cause the 

inner dope to phase separate rapidly. With the expansion of the PAI layer due to water 

penetration, water accumulates at the interface and delamination takes place. 

It is interesting to see that the finger-like structure developed from the outer layer can 

penetrate continuously through the interface between the two layers in Figure 5.8-b 

(Figure 5.10-b), which may be attributed to the addition of an appropriate amount of 

LiCl in the inner dope solution (dope composition: PES/LiCl/NMP 16/3/81).  It seems 

that the addition of 3% LiCl in the inner dope solution makes the inner system highly 

unstable. The solubility parameter difference can be used to confirm the compatibility 

of PES/NMP with LiCl. As shown in Table 5.3, PES/NMP without LiCl has a 

solubility parameter difference of 1.08 (MPa)
1/2

. The addition of 3% LiCl increases the 

solubility parameter difference to 6.76 (MPa)
1/2

. A lower the solubility parameter 



Chapter 5 

98 | P a g e  

 

difference implies better interaction between the polymer and solvent. The increase of 

the solubility parameter difference from 1.08 to 6.76 (MPa)
1/2

 implies that the 

solubility of the polymer in the solvent decreases; hence, a small amount of water is 

sufficient to induce phase separation to occur. However, a further increase of LiCl 

concentration to 6% decreases the adhesion of both layers. Despite increasing the 

thermodynamic instability, the addition of 6% LiCl significantly increases the 

viscosity of the polymer solution (6.9 Pa.s vs. 1.4 Pa.s, in Table 5.3). A high viscosity 

solution could hinder water diffusion. Interestingly, the macrovoids observed in the 

outer layer are larger when the adhesion between the outer and inner layer is poor. 

Second, consider the cases shown in Figure 5.10 a and d, in which the same inner dope 

composition of PES/NMP 16/84 was used. It is assumed that the water penetration rate 

through the inner polymer solution is the same. The fiber spun from the composition of 

DL-14
+
-0 (Figure 5.10-d) has a perfect adhesion in contrast to that for DL-14-0 (Figure 

5.10-a). The addition of 3.8% LiCl in the PAI dope has not resulted in a significant 

change in the thermodynamic stability as can be seen in Figure 5.2-a. However, it 

indeed increases the viscosity of the outer dope solution from 1.6 Pa.s to 8.2 Pa.s 

(Table 5.3). The decrease in water penetration rate through the outer layer has been 

observed using optical microscopy as described previously (Figure 5.3 a and d). Thus, 

the water penetration in the outer layer dope must match the rate of water diffusion in 

the inner layer dope, leading to a good adhesion of two layers. A similar approach has 

been reported to improve the adhesion by increasing the polymer concentration and 

thus the viscosity of the outer dope solution (He, Mulder et al. 2002). 

Figure 5.12 shows the cross-section morphologies of two membranes having the same 

inner layer composition of PES/LiCl/NMP 16/7/77 and different outer layer 

compositions but with similar viscosity. The outer layer of the fiber in Figure 5.12-a 

(dope code: DL-19-Li7) has a viscosity of 8.5 Pa.s, while the fiber in Figure 5.12-b 

(dope code: DL-14
+
-Li7) also has a similar viscosity of 8.2 Pa.s. It is observed that the 

finger-like structures are developed inward and outward simultaneously (shown by the 

arrows). The outer layer was solidified by the external coagulant only, while both the 

external coagulant and the bore fluid were involved in the solidification of the inner 

layer. However, the outer and inner layers of the membrane made of DL-19-Li7 have 

poor adhesion (Figure 5.12-a). At 500X and 1000X magnifications, it can be seen 
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clearly that the fiber has large macrovoids in the inner layer that was developed inward 

by the external water coagulant (shown by a rectangle in Figure 5.12-a2), as compared 

to that of DL-14
+
-Li7 (Figure 5.12-b2). 

 DL-19-Li7 DL-14
+
-Li7 

150X 

  

500X 

  

1000X 

  

Figure 5.12. Cross-section morphology of dual layer hollow fiber membranes spun 

from the same inner layer composition of PES/LiCl/NMP 16/7/77 and different outer 

layer compositions with similar viscosity (PAI/NMP 19/81: 8.5 Pa.s and 

PAI/LiCl/NMP 14/3.8/82.2: 8.2 Pa.s). Spinning conditions: outer dope flow rate:  1.7 

g/min; inner dope flow rate: 4.6 g/min; bore fluid flow rate: 6 g/min; air gap: 1 cm; 

coagulation bath temperature: 25C; bore fluid: water. 

The delamination that occurred on the fiber made from DL-19-Li7 composition can 

also be explained using the first hypothesis. Based on the phase diagram shown in 

Figure 5.2-a, the PAI/NMP/water system without LiCl is more unstable, which may 
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lead to a faster phase separation than that with LiCl. Thus, despite the similar 

viscosities, the PAI/NMP 19/81 and PAI/LiCl/NMP 14/3.8/82.2 dopes have different 

precipitation rates as shown in Figure 5.3 c and d due to the difference in their 

associated thermodynamic stability. It may be deduced that more water from the 

external coagulation bath can diffuse into the outer layer of the membrane made of 

DL-19-Li7 than that made of DL-14
+
-Li7. More water penetration results in larger 

macrovoids in the outer layer. Subsequently, the macrovoids in the inner layer, which 

were developed from the outer side, are also larger. 

It is interesting to examine the surfaces of outer and inner layers at the interface when 

delamination takes place. The DL-14-0 and DL-19-Li7 fibers, which were spun from 

different compositions of the outer and inner dope solutions, suffer a severe 

delamination. The inner surface of the outer layer and the outer surface of the inner 

layer were, then, observed by using SEM as shown in Figure 5.13 and Figure 5.14 for 

the DL-14-0 and DL-19-Li7 fibers, respectively. Large pores can be seen on the inner 

surface of the outer layer for both fibers which were formed during the penetration of 

the non-solvent (water) in the external coagulant bath. However, the texture of the 

surface between the large pores differs for the two fibers. The DL-14-0 fibers have a 

‘skin’ or a dense surface while the DL-19-Li7 has ‘no skin’ or a sponge-like surface. 

The difference in the surface texture is due to the difference in the phase inversion 

kinetics. The outer layer of DL-14-0 hollow fiber was composed of 14% PAI which 

has viscosity of 1.6 Pa.s, while DL-19-Li7 hollow fiber consists of 19% PAI with  

viscosity of 8.5 Pa.s. As described previously, a high viscosity solution could hinder 

water diffusion leading to delayed demixing. 

Furthermore, the observation of the outer surface of the inner layer also gives a clear 

picture on the degree of the phase inversion. A very porous structure on the outer 

surface of the inner layer can be seen in Figure 5.13 for the DL-14-0 fibers. In contrast, 

there are no pores on the outer surface of the DL-19-Li7 inner layer as shown in Figure 

5.14. The inner layer of the DL-14-0 fiber was made from 16% PES without any 

additive whereas DL-19-Li7 consisted of 16% PES and 7% LiCl as the additive. The 

viscosity of 16% PES without additive is measured to be 0.5 Pa.s and the total 

solubility parameter difference is 1.08 (MPa)
1/2

. The addition of 7% LiCl significantly 

increased both viscosity and total solubility parameter difference to 11 Pa.s and 13.6 
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(MPa)
1/2

, respectively. The viscosity and the total solubility parameter difference are 

shown in Table 5.3. As mentioned earlier, the total solubility parameter difference of a 

polymer/solvent system presents the interaction between the polymer and the solvent. 

The interaction is better at a lower solubility parameter difference favoring higher 

thermodynamic stability. The interaction between PES and NMP in DL-14-0 is much 

lower than that in DL-19-Li7. Therefore, delayed demixing occurs on the outer surface 

of DL-14-0 inner layer resulting in a ‘no-skin’ polymer matrix. The DL-19-Li7, on the 

other hand, has a poor affinity of polymer and solvent resulting in a dense outer skin 

due to a rapid demixing. It should be noted that the outer surface of DL-19-Li7 inner 

layer is quite rough which can be attributed to the polymer mesh from the outer layer 

(PAI). The dense outer skin of DL-19-Li7 inner layer is located underneath the 

polymer mesh. 
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Figure 5.13. Surface morphology of the dual layer hollow fiber membrane made from DL-14-0 composition. 
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Figure 5.14. Surface morphology of the dual layer hollow fiber membrane made from DL-19-Li7 composition. 
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5.3.5. Effect of air gap 

Figure 5.15 shows the cross-section of the PAI/PES dual layer hollow fiber 

membranes that were spun from the same composition for the inner layer (PES/NMP 

16/84 wt.%) and the same PAI concentration (14 wt.%) without LiCl (a) and with 

3.8% LiCl (b) as an additive at different air gaps from 1 to 10 cm. The DL-14-0 dual 

layer hollow fiber membrane spun with an air gap of 1 cm displayed a more severe 

delamination than the other fibers prepared with higher air gap distances. A higher air 

gap allows the outer and inner dope solutions to have a longer contact time for 

interpenetration (Pereira, Nobrega et al. 2003), and delays and slows down water 

diffusion through the outer layer. Hence, according to the first hypothesis, the 

delamination phenomenon will be mitigated. 

Air gap DL-14-0 DL-14
+
-0 

1 cm 

  

5 cm 

  

10 cm 

  

Figure 5.15. Cross-section morphology of dual layer hollow fiber membranes spun 

from compositions of (a) DL-14-0 and (b) DL-14
+
-0 at different air gaps. Spinning 

conditions: outer dope flow rate: 1.7 g/min; inner dope flow rate: 4.6 g/min; bore fluid 

flow rate: 6 g/min; coagulation bath temperature: 25C; bore fluid: water. 
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The interpenetration can be confirmed by examining the morphology at the interface.  

Figure 5.16 shows the SEM micrographs of the morphology at the interface of the DL-

14-0 dual layer hollow fiber membranes at different air gaps. In general, both surfaces 

(the inner surface of the outer layer and the outer surface of the inner layer) are very 

porous. As the air gap is increased, the pore size becomes smaller for both surfaces. At 

a 1 cm air gap, the areas between the pores on the outer surface of the inner layer are 

very small and thin, and the surface is smooth (Figure 5.16-b1). Therefore, the 

adhesion between outer and inner layer is poor. As the air gap is increased, these areas 

become larger and the surface is covered by micro pores and spikes that might be due 

to the interaction of polymer from both the outer and inner layers (Figure 5.16-b3). 

There are more spikes covering the inner surface of the outer layer as well (Figure 

5.16-a3). 

The DL-14
+
-0 membranes, on the other hand, have good attachment at all air gap 

distances (the outer layer cannot be peeled off) (as shown in Figure 5.15-b). However, 

it was found that in conjunction with increasing air gap distance, the macrovoids that 

developed outward from the lumen in the inner layer transformed from finger-like to 

tear-drop-like structures. This result can be explained by the second hypothesis. 

Increasing the air gap allows the phase inversion to occur much earlier and faster in the 

inner layer than in the outer layer. The macrovoid transformation occurs because the 

inner layer is unable to expand due to the robust attachment at the interface. 
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Figure 5.16. Surface morphology: (a) inner surface of the outer layer; (b) outer surface 

of the inner layer at the interface of DL-14-0 dual layer membranes spun at different 

air gaps: (1) 1 cm; (2) 5 cm; (3) 10 cm. Spinning conditions: outer dope flow rate:  1.7 

g/min; inner dope flow rate: 4.6 g/min; bore fluid flow rate: 6 g/min; coagulation bath 

temperature: 25C; bore fluid: water. 
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5.3.6. Effect of relative flow rates of polymer dopes 

Figure 5.17 shows the cross-section and interface morphologies of the DL-19-Li7 

membranes spun at different ratios of the outer to inner dope flow rates. The increase 

in outer dope flow rate results in a thicker outer layer. However, it does not help to 

improve the two-layer adhesion. It appears that the lamination/delamination is 

independent of the dope flow rates. As described previously, delamination occurs as 

the outer layer expands due to the large macrovoids. Increasing the dope flow rate 

increases the thickness of the outer layer but does not change the thermodynamic 

properties of the dope solution or the kinetics of phase inversion. Hence, the 

macrovoids are still present and thereby cause the expansion of the outer layer leading 

to delamination. 

Figure 5.18 shows the cross-section and interface morphologies of the DL-14
+
-Li6 

membranes at different ratios of the outer to inner dope flow rates. In contrast to 

Figure 5.17, no delamination can be observed. As mentioned in Section 5.3.3, the 19% 

PAI system is more unstable than the system of 14% PAI with 3.8% LiCl. Therefore, 

the latter system has a slower phase separation rate. The formation of the relatively 

narrow finger-like structures that developed continuously from the outer to inner layer 

suggests a relatively small water penetration rate through the outer layer. However, 

increasing the outer dope flow rate promotes a non-uniform thickness of the hollow 

fiber membranes as the inner layer is unable to freely expand during the phase 

separation process due to a good adhesion of the outer and inner layers. This 

observation agrees with the second hypothesis. 
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Ratio of outer to inner dope flow rates (wt. /wt.) 

0.37 : 1  0.50 : 1  0.72 : 1  1 : 1  

    

    

Figure 5.17. Cross-section morphology of dual layer hollow fiber membranes spun from composition of DL-19-Li7 at different ratios of outer 

to inner dope flow rates. Spinning conditions: bore fluid: water; bore fluid flow rate: 6 g/min; air gap: 1 cm; coagulation bath temperature: 

25C (white arrow indicates the outer layer). 
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Ratio of outer to inner dope flow rates (wt. /wt.) 

0.37 : 1  0.50 : 1  0.72 : 1  1 : 1  

    

    

Figure 5.18. Cross-section morphology of dual layer hollow fiber membranes spun from composition of DL-14
+
-Li6 at different ratios of 

outer to inner dope flow rates. Spinning conditions: bore fluid: water; bore fluid flow rate: 6 g/min; air gap: 1 cm; coagulation bath 

temperature: 25C (white arrow indicates the outer layer).  
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5.3.7. Effect of solvent fraction in bore fluid and coagulation bath temperature 

Figure 5.19 shows the cross-section morphology of the DL-18-Li6 dual layer hollow fiber 

membranes spun at 25 and 10C for the external coagulation bath temperature in 

conjunction with different bore fluid compositions from 0% to 80% NMP in water. It can 

be seen that increasing the solvent concentration in the bore fluid up to 50% results in a 

slightly larger overall fiber diameter. This is due to delayed precipitation on the lumen 

side and decreased rigidity of the inner layer. Accordingly, die swell after the dope 

extrusion from the spinneret occurs (Shi, Wang et al. 2007; Widjojo, Chung et al. 2010). 

However, with a further increase to 80% NMP, the overall diameter of the fiber is reduced 

significantly (Figure 5.19 d1 and d2), which may be attributed to a longer delay of the 

precipitation at the inner surface such that the elongational stress on the fibers because of 

gravity results in a transverse shrinking (Khayet 2003). 

In addition, it is found that the fibers spun at 25C for the external coagulation bath 

temperature have a circular and regular inner contour at all bore fluid compositions (see 

Figure 5.19 a1-d1). Interestingly, as the external coagulation bath temperature is decreased 

to 10C, the inner contour of the membranes becomes irregular when 0% to 50% NMP in 

water was used as the bore fluid. Decreasing the external coagulation bath temperature 

decreases the thermodynamic stability of the outer dope. Consequently, the precipitation at 

the outer layer becomes faster. Hence, the deformation of the inner contour occurs at 25 

and 50% NMP concentration in the bore fluid as the inner layer is unable to freely expand 

due to good adhesion of the inner and outer layers, which is consistent with the second 

hypothesis. 

The interfaces of the outer and inner layers of the DL-18-Li6 membranes shown in Figure 

5.19 are enlarged and shown in Figure 5.20. It can be seen that the adhesion of the two 

layers was improved using a low water bath temperature and a softer bore fluid, as the 

finger-like structures were developed continuously from the outer layer to the inner layer. 

At the low external coagulation bath temperature, the water diffusion through the outer 

dope solution becomes slower resulting in an improvement in the attachment between the 

outer and inner layers. Regularity of the inner contour can be achieved when a very soft 

bore fluid (80% NMP in water) was used. Similar approaches to suppress inner contour 

deformation has been reported in literature (Duarte, Pereira et al. 2008). 
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Bore fluid composition: NMP/H2O (wt. /wt.) 

 

0/100  25/75  50/50  80/20  

External bath temperature: 25C    

    

External bath temperature: 10C    

    

Figure 5.19. Cross-section morphology of DL-18-Li6 dual layer hollow fiber membranes spun at different coagulation bath temperatures. 

Spinning conditions: ratio of outer to inner dope flow rates: 0.37:1 (wt./wt.); bore fluid flow rate: 6 g/min; air gap: 1 cm; free fall take up 

speed. 
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 Bore fluid composition: NMP/H2O (wt. /wt.)  

0/100  25/75  50/50  80/20  

External bath temperature: 25C    

    

External bath temperature: 10C    

    

Figure 5.20. Outer and inner layer interface of DL-18-Li6 dual layer hollow fiber membranes spun at different coagulation bath temperatures. 

Spinning conditions: ratio of outer to inner dope flow rate: 0.37:1 (wt. /wt.); bore fluid flow rate: 6 g/min; air gap: 1 cm; free fall take up 

speed (white arrow indicates the outer layer).  
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5.4. Conclusions 

A systematic study on the lamination/delamination and regular/irregular morphology 

of PAI-PES dual layer hollow fiber membranes has been done. The thermodynamic 

properties and phase separation kinetics of two polymer dope solutions as well as 

various spinning parameters were carefully tailored in order to investigate the 

evolution of the membrane morphology and structure. The morphology of the resultant 

dual layer fibers can vary from severe delamination to excellent adhesion between the 

two layers, from a distortion of finger-like structures and an irregular inner contour to 

an appropriate morphology of the polymer matrix.  

The following conclusions can be drawn from this study: 

 When the external coagulant, water, has a higher diffusion rate in the outer 

layer than in the inner layer, the outer layer tends to expand to form large 

macrovoids and to hold more water at the interface. As a result, the 

accumulated water impedes the adhesion of the two layers, leading to a 

delamination of two layers of the dual layer hollow fiber membranes. 

 If water has a slower penetration rate through the outer layer dope than the 

inner layer dope, a good adhesion of these two layers is expected. Under this 

scenario, since macrovoids may form in the inner layer leading to the 

expansion of the inner layer, the distortion of the finger-like 

structures/macrovoids in the inner layer and irregularity of the inner contour 

may occur. 

This study provides a solid foundation to develop superior dual layer hollow fiber 

membranes with an inter-penetrating dual layer structure. 
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CCHHAAPPTTEERR  66 

NNoovveell  DDuuaall--llaayyeerr  HHoollllooww  FFiibbeerr  MMeemmbbrraanneess  

AApppplliieedd  ffoorr  FFOO  PPrroocceessss  

6.1. Introduction 

A series of studies have been reported on the use of polymeric dual-layer hollow fiber 

membranes for specific applications, including gas separation (Ding, Cao et al. 2008; 

Peng, Chung et al. 2010), pervaporation (Wang, Goh et al. 2009), membrane 

distillation (Bonyadi and Chung 2007; Teoh, Chung et al. 2011), protein separation (Li 

and Chung 2008), nanofiltration (NF) (He, Mulder et al. 2002; Sun, Wang et al. 

2010a) and forward osmosis (FO) (Yang, Wang et al. 2009a; b). For example, Yang et 

al. developed dual-layer hollow fiber NF membranes applied for FO process (Yang, 

Wang et al. 2009a; b). A polybenzimidazole (PBI) dope solution with a PBI 

concentration of 22.6 wt% was employed as the outer selective layer while 

polyethersulfone (PES) was used to form the inner support layer. The membranes 

showed a water flux of 33.8 l/m
2
.h using 5M MgCl2 as the draw solution facing the 

outer active layer and de-ionized (DI) water as the feed facing the inner support layer. 

Considering that the draw solution concentration used was quite high, obviously, the 

water flux needs to be further improved. In the FO process, the low permeate flux is 

mainly due to internal concentration polarization (ICP) (Cath, Childress et al. 2006; 

Chou, Wang et al. 2012). The ICP can be mitigated by fabricating membrane with a 

porous substrate (Wang, Shi et al. 2010; Fang, Wang et al. 2012; Shi, Chou et al. 

2012).  

It is recognized that it is very challenging to make high performance dual-layer hollow 

fibers, as it involves a sophisticated spinning process in which two different phase 

inversion pathways occur simultaneously. The major problem in a dual-layer 

composite structure is the integrity and the adhesion of the two layers, which has been 

systematically studied in Chapter 5. A good interpenetration of outer and inner 
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polymer dope can be achieved to make dual layer membranes without two-layer 

delamination. 

In Chapters 3, single-layer hollow fiber membrane with a NF-like selective layer was 

successfully fabricated by utilizing asymmetric microporous hollow fibers made of 

Torlon polyamide-imide (PAI) material as the porous substrate followed by 

polyelectrolyte post-treatment using polyethyleneimine (PEI), which imparted positive 

charges to the membrane due to amine groups in PEI and densified the outer skin of 

the membrane. A further deposition of a polyelectrolyte layer was carried out in 

Chapter 4. However, the chemical cross-linking of entire PAI substrate resulted in a 

denser substrate which adversely affected the water flux. To overcome this drawback, 

a dual-layer hollow fiber with PAI polymer as the outer layer, supported by an inner 

layer made of polyethersulfone (PES) material that is inert to PEI polyelectrolyte, may 

be an option due to the selective cross-linking of the PAI layer. 

The main purpose of Chapter 6 is to apply composite PAI-PES dual-layer hollow fiber 

membranes for FO application based on the studies in Chapters 3, 4 and 5.  

Microporous PAI-PES dual-layer hollow fibers were fabricated by one-step co-

extrusion, followed by PEI polyelectrolyte post-treatment, resulting in a positively 

charged NF-like thin selective layer supported by a porous PES inner layer. The 

resultant membranes, subsequently, were further treated by multilayer polyelectrolyte 

deposition to tighten the selective layer. To the best of our knowledge, the cross-

linking modification on microporous dual-layer hollow fiber membranes has not been 

explored previously as an alternative strategy to fabricate NF membranes applied for 

FO application. 

6.2. Experimental 

6.2.1. Materials 

A series of different molecular weight (Mw) polyethylenimine (PEI; (1) 

ethylenediamine branched ~800, Aldrich; (2) ~2,000, 50 wt. % in H2O, Aldrich; (3) 

branched ~25,000, Aldrich; (4) branched 50,000-100,000, Polysciences; (5) ~750,000, 

50 wt.% in H2O, Aldrich) were used to cross-link PAI-PES UF hollow fiber substrates. 
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Poly(styrenesulfonate) (PSS, Mw 70,000, Sigma Aldrich) and poly(allylamine 

hydrochloride) (PAH, Mw 120,000, Sigma Aldrich) were used in multilayer 

polyelectrolyte deposition. A series of different molecular weight polyethylene glycol 

(PEG, Mw 400; 600; 1,000; 2,000, Merck) were used to determine the pore size and 

pore size distribution of PEI cross-linked dual layer hollow fiber membranes. All the 

reagents were used as received. Other materials have been described in Chapter 3 

Section 3.2.1 and Chapter 4 Section 4.2.1. 

6.2.2. Fabrication of UF PAI-PES dual layer hollow fiber substrates 

Dual layer PAI-PES UF hollow fiber substrates were fabricated based on method 

described in Chapter 5. The spinning conditions for each fiber are summarized in 

Table 6.1.  

Table 6.1. Spinning conditions and parameters. 

Parameters DL-A DL-B DL-C 

Outer dope, wt.% PAI/LiCl/NMP 14/3.8/82.2 

Inner dope, wt.% PES/PEG400/NMP 16/10/74 
PES/LiCl/NMP 

16/6/78 

Bore fluid DI water DI water DI water 

Outer dope flow rate, g/min 1.7 1.7 2.0 

Inner dope flow rate, g/min 5.3 5.3 5.3 

Bore fluid flow rate, g/min 8 8 8 

Air gap, cm 5 5 5 

Take up speed Free fall Free fall Free fall 

External coagulant Tap water Tap water Tap water 

External coagulant bath 

temperature, C 
25 40 25 
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6.2.3. Modification of PAI-PES dual layer hollow fiber substrates 

The cross-linking reaction between PAI-PEI dual layer hollow fiber substrates and PEI 

was conducted by immersing the substrates into a 500 ml of 1% (wt/wt) PEI aqueous 

solution at temperature of 70 C for 75 min. The details of the procedures have been 

explained in Chapter 4 Section 4.2.3. The deposition of multilayer polyelectrolytes was 

done on the outer surface of the cross-linked PAI-PES dual layer hollow fiber 

membranes. Prior to the deposition, four of the cross-linked fibers were put together 

for each module. The polyelectrolyte solutions were prepared by dissolving 1 g 

polyelectrolyte (PSS/PAH) into 1 liter 0.5 M NaCl solution. The orientation of 

multilayer polyelectrolyte was PSS-PAH-PSS-glutaraldehyde. Multilayer 

polyelectrolyte deposition was carried out at ambient temperature of 20 C by 

circulating the polyelectrolyte solution in the shell side of a hollow fiber module at a 

flow rate of 450 ml/min for 10 min each. The module was, subsequently, rinsed 

thoroughly by de-ionized water for approximately 1 min prior to the next deposition. 

At the end of deposition, a glutaraldehyde solution (1 wt%) was circulated through the 

membrane module as described in Chapter 4 Section 4.2.3. The membranes codes after 

modification are listed in Table 6.2. 

Table 6.2. Modification condition and membrane code after modification. 

Membrane code PEI cross-linking* Code after MLPE deposition 

DL-C-800 1% PEI 800 DL-C-800-d 

DL-C-2000 1% PEI 2,000 DL-C-2000-d 

DL-C-25K 1% PEI 25,000 DL-C-25K-d 

DL-C-50K 1% PEI 50,000 DL-C-50K-d 

DL-C-750K 1% PEI 750,000 DL-C-750K-d 
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6.2.4. Characterization and analysis 

 Membrane morphology observation and surface chemistry analysis  

Membrane morphology observation by SEM and membrane dimension measurement 

by digital microscope has been described in Chapter 3 Section 3.2.4. 

The cross-linking reaction between PAI and PEI was confirmed by fourier transform 

infrared spectroscopy using the attenuated total reflection (FTIR-ATR) with ZnSe 

crystal. PES was chosen as the inner layer material because it has no reaction with PEI 

during the cross-linking reaction. The confirmation of intact PES was analyzed by 

FTIR-ATR. The characterization was performed on PES flat sheet membrane prepared 

with the same dope concentration and modification condition as used for dual layer 

hollow fiber. The details procedures can be found in Chapter 4 Section 4.2.4. 

 Surface charge before and after modification 

The original and modified membrane surface charge (zeta potential) was observed 

based on the streaming potential measurement by using a SurPASS electrokinetic 

analyzer (AntonPaarGmbH, Austria) on the PAI flat sheet membranes. The zeta 

potential was measured at pH of 5-6 which is the pH of the feed and draw solution. 

The details procedures can be found in Chapter 4 Section 4.2.4. 

 Pure water permeability (PWP), salt rejection measurement, pore size and pore 

size distribution 

PWP experiments were performed before and after modification by using a bench-

scale hollow fiber cross-flow filtration unit. Pore size and pore size distribution of 

hollow fiber substrates were measured by filtering a 2000 ppm dextran aqueous 

solution followed by GPC analysis. Salt rejection experiments were performed after 

PEI cross-linking as well as after polyelectrolyte deposition. 

The determination of pore size and pore size distribution of the PEI-cross-linked 

membranes was carried out by filtering a 200 ppm PEG aqueous solution as the feed. 

Each molecular weight of PEG solutions was circulated for 30 min prior to collect the 

permeate. The total organic carbon (TOC) of feed and permeate was analyzed by a 
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TOC Analyzer (Shimadzu, Model: TOC-V CSH) which is equipped with a non-

disperse infrared detector. 

 Performance in FO process 

Details of experiments have been described in Chapter 4 Section 4.2.4. 

6.3. Results and discussion 

6.3.1. Effects of coagulation bath temperature 

Coagulation bath temperature has an effect on the structure and morphology of the 

resultant hollow fiber membranes. Thus, the membrane structure can be tailored 

simply by varying the system temperature (Cheng 1999). Figure 6.1 a and b shows the 

morphologies of DL-A and DL-B dual layer hollow fiber membranes spun at 25C and 

40C coagulation bath temperatures. A significant change of the cross-section 

morphology has been observed when the coagulation bath temperature increased from 

25 to 40C. The twisted finger-like macrovoids formed at 25C (Figure 6.1-a2) 

disappeared and became straight at 40C (Figure 6.1-b2). As discussed in Chapter 5, at 

a higher air gap, the phase inversion in the inner (lumen) side occurs much earlier and 

faster than in the outer layer. Therefore, due to the perfect adhesion of outer and inner 

layers at the interface, the inner layer is unable to expand resulting in twisted finger-

like macrovoids. The increase in coagulation bath temperature enhanced the 

thermodynamic stability of the outer dope solutions, leading to a slower demixing on 

the outer skin (Wongchitphimon, Wang et al. 2011). As a result, the pore size of the 

outer surface of DL-B is larger than that of DL-A which was spun at 25C. However, 

the non-solvent diffusion through the outer layer to the inner layer seems faster which 

tends to freeze the structure at a low air gap and 25C external coagulation bath 

temperature (see Figure 6.2). 
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SEM 30X SEM 150X Digital microscope 

   

   

   

Figure 6.1.Cross-section morphology of dual layer hollow fiber membranes. 
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Figure 6.2. Cross-section morphology of dual layer hollow fiber membrane spun from 

outer and inner dope composition of PAI/LiCl/NMP 14/3.8/82.2 and 

PES/PEG400/NMP 16/10/74 at 1 cm air gap and external coagulation bath temperature 

of 25C. 

6.3.2. Effect of non-solvent additive on the morphology of the dual layer hollow 

fiber membranes 

In order to examine the effect of additive on the inner layer macrovoids, two types of 

additives, PEG400 (Figure 6.1-a2) and LiCl (Figure 6.1-c2), were added into the PES 

solution as the inner dope individually. The fibers were spun with the same outer layer 

composition of PAI/LiCl/NMP 14/3.8/82.2. As shown in Figure 6.1-a2, using 10% 

PEG as an additive, the resultant dual layer hollow fibers exhibited large and twisted 

macrovoids in the inner layer. In contrast, when a small molecular additive, LiCl, was 

used, the large macrovoids in the inner layer was suppressed, as shown in Figure 6.1-

c2 for 6% LiCl. These observations were believed to be associated with the change in 

the thermodynamic properties and phase inversion kinetics of the PES systems (Shi, 

Wang et al. 2008; Ahmed, Idris et al. 2010). PES systems with 10% PEG 400 as the 

additive have the total solubility parameter difference (t) of 0.98 (MPa)
1/2

. Total 

solubility parameter difference of PES/LiCl/NMP 16/6/78 is shown in Table 5.3. The 

addition of 6% LiCl significantly increases t to 11.9 (MPa)
1/2

 which enhances the 

thermodynamic instability. However, the addition of 6% LiCl increased the viscosity 

of PES solution significantly to 6.9 Pa.s as listed in Table 5.3 due to the strong 

interaction of the additive with the solvent. The viscosity of PES system with 10% 

PEG400 is 0.8 Pa.s.  A high viscosity of spinning dope slows down the non-solvent 
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diffusion into the polymer solution leading to a delayed demixing, and thus, suppresses 

the formation of big macrovoids (Shi, Wang et al. 2008). 

6.3.3. Substrate characteristics: pure water permeability (PWP), MWCO, and pore 

size distribution 

The dimension, PWP and MWCO of hollow fiber membranes prepared with different 

conditions are presented in Table 6.3. It can be seen that all fibers possessed quite large 

dimensions (OD/ID 1.40/1.05 mm/mm). A large fiber lumen is favorable for the fluid 

flow with less resistance. As the temperature of the coagulation bath increased from 25 

to 40C, the PWP and the outer skin MWCO also increased for fibers spun at the same 

air gap due to the increasing of the thermodynamic stability of the system. The pore 

size and pore size distribution of the three fibers are presented in Figure 6.3. Fiber DL-

C spun with composition of PAI/LiCl/NMP 14/3.8/82.2 as the outer layer and 

PES/LiCl/NMP 16/6/78 as the inner layer has the narrowest pore size distribution. 

Therefore, the DL-C substrate was chosen for chemical cross-linking with PEI 

followed by multilayer polyelectrolyte deposition. 

Table 6.3. Dimension, PWP and MWCO of dual-layer hollow fiber substrates spun at 

different conditions. 

Substrate 

code 

Outside 

diameter, mm 
Inside diameter, 

mm 
PWP, 

l/m
2
.h.bar 

Outer skin 

MWCO, KDa 

DL-A 1.43  1.07  135  3  16 

DL-B 1.43  1.05  189  27  43 

DL-C 1.39  1.03  149  16  31 
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Figure 6.3. Pore size distributions (f(d)) of PAI-PES dual layer hollow fiber 

membranes (() DL-A; () DL-B; () DL-C). 

6.3.4. Surface morphology of the modified membranes 

The PEI cross-linking reaction was taken place on the outer layer of the dual layer 

substrate. The details of the cross-linking reaction and charge characteristic can be 

found in Chapter 3. The surface morphology of the original and modified membranes 

by PEI 50 is shown in Figure 6.4. There is no obvious change in the morphology of the 

outer surface before and after PEI cross-linking using different molecular weights of 

PEI. However, the outer surface becomes rougher after multilayer polyelectrolyte 

deposition. Single layer PAI hollow fiber membranes also show similar results which 

have been discussed in Chapter 4.  There is no significant change on the inner surface 

of the entire modified dual layer hollow fiber membranes. This suggests that the 

multilayer polyelectrolyte deposition only took place on the outer surface of the 

membranes. 
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 Outer surface Inner surface 

(a) 

Original 

substrate 

  

(b) 

PEI 50K 

  

(c) 

Polyelectrolyte 

deposition 

  

Figure 6.4. Surface morphology of DL-C dual layer: (a) original; (b) modified with 

PEI 50K; (c) multilayer polyelectrolyte deposition. 

6.3.5. Characterization of modified membranes 

 PWP and salt rejection of cross-linked membranes 

Before PEI cross-linking, the original substrate of DL-C had the PWP of 149 

l/m
2
.h.bar as shown in Table 6.3. PWP and MgCl2 rejection of the cross-linked 

membranes measured in a RO cross-flow filtration setup are tabulated in Table 6.4. As 

the molecular weight of PEI cross-linker increased, the PWP decreased from 22.6 

l/m
2
.h.bar when PEI with molecular weight of 800 was used to 11.7 l/m

2
.h.bar when 

PEI with molecular weight of 750,000 was used. On the other hand, the salt rejection 
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to MgCl2 increased from 58% to 89% due to a larger coverage of the surface pores by 

the PEI. Since the DL-C-800 membrane has the lowest MgCl2 rejection, it has not been 

further modified by the multilayer polyelectrolyte deposition. 

Table 6.4. PWP and salt rejection of PEI cross-linked membranes. 

Membrane code PWP, l/m
2
.h.bar Rej. MgCl2, % 

DL-C-800 22.6 ± 0.1 58 ± 3 

DL-C-2000 19.9 ± 2.7 75 ± 6 

DL-C-25K 12.4 ± 0.6 79 ± 12 

DL-C-50K 15.4 ± 1.2 89 ± 3 

DL-C-750K 11.7 ± 0.2 78 ± 8 

 

 Pore size and pore size distribution 

The pore size and pore size distribution of the PEI cross-linked membranes were 

determined based on the membrane rejection to PEG molecules. Figure 6.5 shows the 

relationship between the solute rejection and the stoke radius of the solute, whereas 

Figure 6.6 shows the pore size distribution of the outer surface after PEI cross-linking. 

The mean effective pore diameter is summarized in Table 6.5. It can be seen that DL-

C-2000 has the largest effective pore diameter of 3.08 nm. The results of the 

membrane pore size correspond to the PWP results as shown in Table 6.4 where 

membrane with a higher mean effective pore diameter, D*, has a higher PWP. 

 

Figure 6.5. Effect of different molecular weight PEI as cross-linker on the rejection of 

neutral PEG solute ( DL-C-2000;  DL-C-25K;  DL-C-50K;  DL-C-750K). 
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Figure 6.6. Plot of pore size and pore size distribution. 

 

Table 6.5. Mean effective pore diameter (D*) and geometric standard deviation (p). 

Membrane code D* (nm) p (nm) 

DL-C-2000 3.08 1.01 

DL-C-25K 2.23 1.02 

DL-C-50K 2.43 1.02 

DL-C-750K 2.21 1.02 

 

 

 Surface chemistry by FTIR 

The chemical reaction between the PAI and PEI was verified by FTIR-ATR 

measurements as discussed in Chapter 3. The FTIR spectra of the original substrate 

and the cross-linked membranes with different molecular weights of PEI are shown in 

Figure 6.7. It can be seen that after the cross-linking reaction with low-molecular-

weight PEI (2000 and 25K), the imide peaks completely disappeared. However, when 

the PEI with high molecular weights (50K and 750K) was used, the imide peaks (1720 

cm
-1

) can still be observed which means that the substrate was partially cross-linked. 

This could be due to the fact that lower-molecular-weight PEI (1800 and 25K) can 

easily penetrate into the surface pores and cross-link the entire surface since they are 

smaller than the MWCO of the substrate as illustrated in Figure 6.8. The PES as the 
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inner layer remains intact as shown in Figure 6.9. There is no change in FTIR spectra 

before and after PEI cross-linking for PES. 

 

Figure 6.7. FTIR spectra of original substrate and PEI cross-linked membranes. 

 

 
                 (a)         (b)          (c) 

Figure 6.8. Illustration of PEI cross-linking on the surface pore with different 

molecular weights: (a) ~800 or ~2,000;  (b) ~25K; (c) ~50K or ~750K. 
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Figure 6.9. FTIR spectra of PES before (continuous line) and after PEI cross-linking. 

Multilayer polyelectrolyte depositions were performed on the outer surface of 

positively charged PEI cross-linked membranes with the following sequences: PSS-

PAH-PSS-glutaraldehyde. It is difficult to determine PAH spectra since it overlaps 

with PAI spectra. Therefore, polyelectrolyte depositions are confirmed by analyzing 

the characteristic peaks of sulfonate group from PSS. As shown in Figure 6.10, no 

obvious difference among the modified membranes after multilayer polyelectrolyte 

deposition.  The sulfonate peak can be observed at wave length of 1028 and 1037 cm
-1

 

throughout all the different PEI molecular weights. A clearer observation of the two 

characteristic peaks is shown in Figure 6.11. 
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Figure 6.10. FTIR-ATR spectra of the cross-linked DL-C dual layer hollow fiber 

membranes modified by PEI cross-linking and multilayer polyelectrolyte deposition. 

 

Figure 6.11. Characteristic peaks of sulfonate group at 1028 and 1037 cm-1 after 

multilayer polyelectrolyte deposition in comparison with original substrate and PEI 

cross-linking only. 
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 Zeta potential 

The charge characteristics of modified membranes were determined in terms of zeta 

potential as shown in Table 6.6. As described in Chapter 3, the PAI substrate has 

negative charges at pH of 5-6. The chemical reaction between the PAI and PEI resulted 

in a positively charged membrane due to amine groups which bonded on the 

membrane outer surface as discussed earlier in Chapter 3. The effect of PEI molecular 

weight on the zeta potential of the cross-linked membranes before and after 

polyelectrolyte deposition can be seen clearly from Table 6.6. As the PEI molecular 

weight increases, the zeta potential of the cross-linked membranes increases since 

there are more amine groups attached on the surface. The positively charged surface of 

the PEI cross-linked membranes is desired to promote electrostatic interaction with 

PSS as polyanion as described previously in Chapter 4. Three layers of 

polyelectrolytes were deposited on the outer surface of the cross-linked membranes in 

the sequence of PSS-PAH-PSS. A decrease in the zeta potential is expected since the 

last layer was PSS polyanion. 

Table 6.6. Zeta potential of various PEI cross-linked membranes before and after 

multilayer polyelectrolyte deposition (MLPE). 

Membrane code 
PEI cross-linked 

Zeta potential (mV) 

MLPE 

Zeta potential (mV) 

DL-C-2000 35.3 9.3 

DL-C-25K 37.1 25.3 

DL-C-50K 39.2 18.8 

DL-C-750K 42.6 26.1 

 

 Contact angle 

Contact angle measurement shows the degree of hydrophilicity on the outer surface of 

the dual layer membranes. The effect of PEI cross-linking and multilayer 

polyelectrolyte deposition on the surface hydrophilicity is tabulated in Table 6.7. The 

original dual layer substrate has a contact angle of 71 on the outer surface. There is a 

slight decrease in the contact angle after PEI cross-linking as shown in Table 6.7 due 

to the contribution of amine groups from PEI. A further decrease in contact angle can 
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be observed after the depositions of multilayer polyelectrolytes. The sulfonate group in 

the PSS is believed to have a contribution to the increase in hydrophilicity. 

Table 6.7. Contact angle of various PEI cross-linked membranes before and after 

multilayer polyelectrolyte deposition (MLPE). 

Membrane code 
Cross-linked 

Contact angle () 

MLPE 

Contact angle () 

DL-C-2000 66.2 ± 0.1 44.5 ± 4.3 

DL-C-25K 61.8 ± 1.2 34.8 ± 1.2 

DL-C-50K 70.0 ± 1.8 38.5 ± 0.4 

DL-C-750K 69.9 ± 0.7 55.8 ± 0.9 

* Substrate contact angle is 71.10.7 

6.3.6. Intrinsic properties of dual layer FO hollow fiber membranes 

The modification of the substrate increases the thickness of the membrane selective 

layer which in turn increases the membrane resistance resulting in a decrease in the 

water permeability across the membrane. Table 6.8 shows the pure water permeability 

(PWP) and salt rejection of the polyelectrolyte membranes. After the deposition of 

multilayer polyelectrolytes, the PWP of all the membranes decreases to around 4 

l/m
2
.h.bar. The polyelectrolyte layers could have been very dense and thus 

significantly reduce the effective pore diameter. PWP is relatively constant for all 

polyelectrolyte membranes.  

Table 6.8. Intrinsic properties of dual layer FO hollow fiber membranes after 

deposition of polyelectrolytes. 

Membrane code PWP, l/m
2
.h.bar Rej. MgCl2, % 

DL-C-2000-d 3.8  0.4 92  1.6 

DL-C-25K-d 4.1  0.3 97  1.0 

DL-C-50K-d 4.0  0.3 96  1.2 

DL-C-750K-d 3.5  0.4 97  1.5 
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The deposition of multilayer polyelectrolytes on the outer layer of the PEI cross-linked 

membranes has increased the salt rejection to above 90%, though, the positive charges 

of the active layer after polyelectrolyte depositions decreased as shown in Table 6.6. 

This is because multilayer polyelectrolyte depositions form a dense network structure 

(Jin, Toutianoush et al. 2003). However, it can be seen that the salt rejection of the 

DL-C-2000-d is slightly lower than the other membranes. This could be due to the fact 

that the DL-C-2000-d membrane has the biggest effective pore size as compared to the 

rest of the membranes (Figure 6.6). 

6.3.7. FO performance 

The FO performances of dual layer membranes before and after polyelectrolyte 

deposition are shown in Table 6.9. It was found that the dual layer hollow fiber 

membranes modified by PEI cross-linking have a better performance in the AL-FW 

orientation than in the AL-DS orientation, similar to the results reported in Chapter 4. 

The Js/Jv in the AL-FW for all membranes is much smaller compared with their 

counterparts in the AL-DS orientation. This might be due to the shielding effect 

occurred at the interface between the high concentration draw solution and the 

positively charged active layer in the AL-DS orientation by the counter ions (Peeters, 

Boom et al. 1998) as illustrated in Figure 6.12a and consequently, the active layer of 

the membrane was unable to reject the co-ions. However, in the AL-FW orientation 

(Figure 6.12b), the salt concentration at the interfaces between the outer layer and the 

inner support layer was lower than the bulk concentration of the draw solution due to 

water dilution. Therefore, the shielding effect may not be severe and the co-ions can be 

repelled by the positively charged outer layer of the membrane. In addition, the 

facilitated transport in the AL-DS orientation (salt flux and salt repulsion are in the 

same direction) and retarded transport in the AL-FW orientation (salt flux and salt 

repulsion are in the opposite direction) also played roles. Furthermore, the water flux 

in the orientation of AL-FW is higher than that in AL-DS as shown in Table 6.9. 

Normally, AL-FW is known to show lower flux due to more severe dilutive ICP. The 

lower than expected water flux in AL-DS might be due to the high salt flux. As a 

consequence, the salt concentration at the interface of selective layer and porous 

support increase leading to the decrease in the effective osmotic pressure difference as 
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the driving force. In addition, as compared to the wall thickness of single layer PAI 

hollow fiber membrane which is around 140 m (refer to Chapter 3), the thickness of 

PAI layer in dual layer membrane is only 40 m. Therefore, the amount of positive 

charge carried by the dual layer membrane is less than that in the single layer 

membrane. 

Table 6.9. Performance of dual layer FO hollow fiber membranes applied in FO 

process*. 

Membrane code 
AL-DS AL-FW 

Jv (l/m
2
.h) Js/Jv (g/l) Jv (l/m

2
.h) Js/Jv (g/l) 

DL-C-2000 12.8 18.8 28.7 1.08 

DL-C-25K 17.3 10.1 31.4 0.45 

DL-C-50K 10.9 16.1 26.1 1.50 

DL-C-750K 18.8 6.48 26.8 0.67 

DL-C-2000-d 32.6 1.17 18.7 1.61 

DL-C-25K-d 39.3 0.35 20.8 0.31 

DL-C-50K-d 41.2 0.37 19.0 0.66 

DL-C-750K-d 37.6 0.41 19.8 0.29 

* Draw solution: 0.5M MgCl2 and feed water: DI water 

       
(a)    (b) 

Figure 6.12. Illustration of effective osmotic pressure difference in a PEI cross-linked 

dual layer membrane ( selective layer;  cross-linked PAI layer;  PES layer) in 

the orientation of (a) AL-DS; (b) AL-FW. 
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The deposition of multilayer polyelectrolyte forms a dense layer over the PEI cross-

linked membrane resulting in a tremendous increase of salt rejection and water flux as 

shown in Table 6.9. In this case, the salt rejection mechanism depends on both size 

exclusion and membrane charge. Since there are more ions retained by the selective 

layer in the orientation of AL-DS, the salt concentration at the interface of selective 

layer and porous support layer, C2 (Figure 6.13-a) is lower as compared to the previous 

membranes (Figure 6.12-a). Therefore, the effective osmotic pressure difference across 

the membrane as the driving force is higher resulting in a higher FO water flux. In 

contrast, the FO water flux in the orientation of AL-FW is lower than that in the 

orientation of AL-DS. It is also lower than the FO water flux of PEI cross-linked 

membranes before multilayer deposition in the same orientation. This is due to the 

more severe internal concentration polarization in the orientation of AL-FW. 

             
(a)    (b) 

Figure 6.13. Illustration of effective osmotic pressure difference in a PEI cross-linked 

+ MLPE deposition dual layer membrane ( polyelectrolyte layer;  selective layer; 

 cross-linked PAI layer;  PES layer) in the orientation of (a) AL-DS; (b) AL-FW. 

An overall comparison of single layer and dual layer FO hollow fiber membranes is 

listed in Table 6.10. It is shown that there is an improvement in FO water flux for dual 

layer hollow fiber membranes made from PAI as the outer layer and PES as the inner 

layer. The PES inner layer remains intact during the cross-linking reaction with PEI 

resulting in a more porous support layer. In addition, the porosity of the inner layer can 

be easily tailored since the outer and inner layers are developed from different polymer 

dopes during dual layer hollow fiber spinning process. 
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Table 6.10. Overall comparison of single layer and dual layer FO hollow fiber membranes. 

Membrane 
PWP 

(l/m
2
.h.bar) 

Salt rej 

(%) 

FO performances FO conditions 
Ref. 

Orientation Jv (l/m
2
.h) Js/Jv (g/l) DS FW 

Single layer 

PAI, ST#2 
2.25 

92.7 

(MgCl2) 

AL-DS 13.1 0.73 
0.5 M 

MgCl2 
DI-water Ch.3 

AL-FW 8.40 0.29 

Single layer  

PAI, ST#3 
2.19 

91.1 

(MgCl2) 

AL-DS 13.2 1.19 
0.5 M 

MgCl2 
DI-water Ch.3 

AL-FW 9.70 0.29 

Improved 

single layer 

PAI, ST#3 

4.10 
85.0 

(Na2SO4) 

AL-DS 29.0 0.30 
0.5 M 

Na2SO4 
DI-water Ch.4 

AL-FW 13.0 0.20 

Improved 

single layer 

PAI, ST#4 

4.30 
69.0   

(Na2SO4) 

AL-DS 26.0 0.70 
0.5 M 

Na2SO4 
DI-water Ch.4 

AL-FW 14.0 0.30 

Dual layer  

PAI-PES 

DL-C-25K-d  

4.10 
97.0 

(MgCl2) 

AL-DS 39.3 0.35 
0.5 M 

MgCl2 
DI-water Ch 6 

AL-FW 20.8 0.31 

Dual layer 

PAI-PES 

DL-C-750K-d  

3.50 
97.0 

(MgCl2) 

AL-DS 37.6 0.41 
0.5 M 

MgCl2 
DI-water Ch 6 

AL-FW 19.8 0.29 
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6.4. Conclusions 

Microporous dual layer hollow fiber membranes using PAI as the selective layer and 

PES as the inner support layer have been successfully fabricated with a delamination-

free structure. The compositions of the inner polymer solutions, coagulation water bath 

temperature, etc. determine the morphology and structure of dual layer hollow fiber 

membranes. 

A simple chemical cross-linking and multilayer polyelectrolytes depositions on the 

microporous dual layer hollow fiber have been carried out to develop a suitable FO 

membrane. The resultant novel FO membranes present promising performance in AL-

DS and AL-FW configurations for FO application. A water flux of 40 l/m
2
.h and Js/Jv 

of 0.35 g/l were achieved using a 0.5 M MgCl2 as draw solution and DI-water as feed 

at room temperature for AL-DS configuration. In the AL-FW configuration, the water 

flux of 20 l/m
2
.h and Js/Jv of 0.35 g/l were achieved using the same condition of the 

draw solution and the feed. 
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CCHHAAPPTTEERR  77 

CCoonncclluussiioonnss  aanndd  RReeccoommmmeennddaattiioonnss  

7.1. Overall conclusions 

This thesis presents the development of novel hollow fiber membranes for FO 

application. The current FO membranes are subjected to a lower than expected flux 

decline due to internal concentration polarization (ICP). Therefore, a membrane with a 

thin and porous support layer is needed to reduce the effect of ICP, meanwhile a dense 

ultra-thin selective layer with high water permeability and high salt reject is desirable.  

A series of novel FO hollow fiber membranes were developed by either single layer 

hollow fiber spinning followed by chemical cross-linking (Chapter 3) and further 

polyelectrolyte deposition (Chapter 4) or dual layer hollow fiber spinning (Chapter 5) 

followed by chemical modifications (Chapter 6). 

Fabrication and modification of single layer FO hollow fiber membranes made from 

poly(amide-imide) (PAI) material have been investigated. The resulting membranes 

have a NF-like selective layer supported by a porous polymer matrix. The porous 

support, however, has been affected by the cross-linking reaction during the 

development of the NF-like selective layer. Further improvement has been proposed 

by fabricating a membrane with an inert support layer via dual layer hollow fiber 

spinning process. In the fabrication of dual layer hollow fiber membranes, the 

mechanisms associated with the lamination/delamination of the outer and inner layers 

as well as regular/irregular cross-section and macrovoids morphology were 

investigated systematically. All the membranes were characterized by the standard 

protocol in terms of structure and morphology, pore size and pore size distribution, 

pure water permeability, salt rejection, FO performance, etc. 

 

 



Chapter 7 

138 | P a g e  

 

The major findings and conclusions are summarized as follows: 

 Single layer PAI FO hollow fiber membranes have been successfully fabricated by 

the phase inversion method followed by simple chemical cross-linking using a PEI 

solution to develop a positively charged NF-like selective layer. By varying the 

reaction parameters (e.g., temperature, time, and concentration), the pore size of 

the selective layer can be easily tailored. 

 In the FO process, the positively charged single layer hollow fiber membrane has 

a FO water flux of 9.74 l/m
2
.h and the ratio of salt to water flux ,Js/Jv, less than 0.4 

g/l when using 0.5 M MgCl2 as a draw solution and DI water as the feed in the 

AL-FW configuration at 23C. 

 Different from a neutral membrane, the positively charged FO membrane provides 

double electric repulsions to the salt transfer through the membrane in the AL-FW 

configuration, leading to a reduction of salt penetration, while  in the AL-DS 

configuration, the  positive charges facilitate salt transportation. 

 The positively charged membrane surface promotes the attachment of anionic 

polyelectrolytes such as polystyrene sulfonate (PSS) via electrostatic interactions. 

Different from the highly positively charged membranes, the PSS deposited 

membranes can maintain a steady water flux of 14 l/m
2
.h when the feed contained 

1000 ppm BSA and a 0.5 M Na2SO4 was used as the draw solution in the AL-FW 

configuration at ambient temperature of 23 C. 

 The morphology of the resultant dual layer fibers can vary from severe 

delamination to excellent adhesion between the two layers, from a distortion of 

finger-like structures and an irregular inner contour to an appropriate morphology 

of the polymer matrix. The thermodynamic properties and phase separation 

kinetics of two polymer dope solutions as well as various spinning parameters 

affect the evolution of the membrane morphology and structure. 

 When the external coagulant, water, has a higher diffusion rate in the outer layer 

than in the inner layer, the outer layer tends to expand to form large macrovoids 

and to hold more water at the interface. As a result, the accumulated water 
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impedes the adhesion of the two layers, leading to a delamination of two layers of 

the dual layer hollow fiber membranes. 

 If water has a slower penetration rate through the outer layer dope than the inner 

layer dope, a good adhesion of these two layers is expected. Under this scenario, 

since macrovoids may form in the inner layer leading to the expansion of the inner 

layer, the distortion of the finger-like structures/macrovoids in the inner layer and 

irregularity of the inner contour may occur. 

 A simple chemical cross-linking and multilayer polyelectrolytes depositions on the 

microporous dual layer hollow fiber has been done to develop a suitable FO 

membrane. The resultant novel FO membranes present promising performance in 

AL-DS and AL-FW configurations for FO application. A water flux of 40 l/m
2
.h 

and Js/Jv of 0.35 g/l were achieved using 0.5 M MgCl2 as the draw solution and 

DI-water as the feed at room temperature for AL-DS configuration. In the AL-FW 

configuration, the water flux of 20 l/m
2
.h and Js/Jv of 0.35 g/l were achieved using 

the same condition of the draw solution and feed. Significantly higher FO water 

flux can be achieved when an inert polymer to PEI cross-linking reaction is 

employed as the support layer. 

7.2. Recommendations for future research 

The following tasks are suggested as future projects to spring board from this work: 

 Different pairs of polymer dope solutions can be used to make dual layer hollow 

fiber membranes to deepen the understanding and to further assess the hypothesis 

proposed in Chapter 5. As mentioned in Chapter 5, the rate of non-solvent 

diffusion through the outer and inner layer plays an important role in 

lamination/delamination of outer and inner layer as well as in regular/irregularity 

of cross-section morphology and macrovoids structure. Polymer/solvent/non-

solvent system for either outer layer or inner layer can be varied to obtain a dual 

layer membrane with appropriate water and salt permeability. 

 Other spinning parameters which are not studied in this thesis, which include 

temperature of bore fluid and polymer dopes, types of internal and external 
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coagulants (e.g., alcohols, etc), and take up speed, etc., are suggested to study in 

the future. 

 Using a higher PAI concentration in the outer polymer dope solution to enhance 

the charge density after PEI cross-linking is the next step to further improve the 

selective layer of the membranes. A new system has to be designed precisely to 

avoid delamination as well as irregular morphology of cross-section and finger-

like macrovoids. 

 Polymers with a high hydrophilicity can be considered as the support layer of dual 

layer hollow fiber membranes to enhance water permeability. An option is to use 

sulfonated polymers such as sufonated polyethersulfone (SPES), sulfonated 

polyetherether ketone (SPEEK), etc. However, the major drawback of these 

polymers is that they can swell easily and have weak mechanical strength. 

Therefore, they can be blended with PES as the inner layer material to increase the 

membrane hydrophilicity, and hence water flux. In addition, polyacrylonitrile 

(PAN) is a potential candidate to substitute PES as the support layer due to its 

hydrophilicity and solvent resistance ability. PAN is widely used as the material of 

UF membrane prepared via the phase inversion technique (Wang, Yue et al. 2006; 

Qiu, Qi et al. 2011). 

 FO process can be performed in two orientations. One is active layer facing draw 

solution (AL-DS) and the other one is active layer facing feed water (AL-FW). 

Normally, AL-DS orientation is favorable since it can produce higher water flux 

than AL-FW orientation as the latter suffers more severe dilutive ICP when the 

draw solution is inside the porous support layer (Wang, Shi et al. 2010). In the 

orientation of AL-DS, on the other hand, the feed flows against the porous support 

layer. When the feed contains particles/foulants, they can easily penetrate into the 

porous support and clog the pores. Pore clogging reduces the water flux and is 

difficult to clean. Therefore, double skinned FO membranes can be designed to 

retain the draw solutes and the particles/foulants from the feed solution. 

 Mathematical equations can be developed to correlate the membrane fabrication 

parameters, membrane properties, operating and feed conditions as well as the 
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separation requirements. Fabrication parameters (such as characteristics and 

concentration of polymer, non-solvent additives and solvent, air gap/evaporation 

period, internal and external coagulants, temperature and take up speed) affect the 

properties of fabricated membrane as illustrated in Figure 7.1. Membrane 

properties (such as pore size, tortuosity, porosity, etc) as well as operating and 

feed conditions (such as cross-flow velocity, temperature, etc) influence the 

separation requirements (e.g. water flux and salt rejection) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. Correlation of membrane parameters involved in the desirable membrane 

fabrication 

 

Membrane fabrication parameters: 

Polymer, non-solvent additive, solvent, air 

gap/evaporation period, internal and external 

coagulants, temperature, take up speed 

Membrane properties: 

Pore size and pore size distribution, 

tortuosity, porosity, thickness, membrane 

charge and charge density 

Operating and feed conditions: 

Cross-flow velocity, temperature, 

pressure, feed composition, draw 

solution (for FO) 

Separation requirements: 

Water flux, salt flux 

Desirable membranes 

Yes 

No No 
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