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SUMMARY 

Membrane technology has seen significant growth in the past few decades and been 

implemented in various industries like water treatment and food processing. In recent years, 

there is an increased demand for greener purification processes for the pharmaceutical industry, 

and membrane separation technology is at the forefront of this transformation. Organic solvent 

nanofiltration (OSN) and more recently, organic solvent forward osmosis (OSFO), have 

attracted much attention due to their potential economic and environmental benefits. The 

technology typically can achieve separation with much lower energy requirements, compared 

to conventional processes such as distillation. In addition, these athermal processes reduce the 

likelihood of damaging thermally sensitive compounds in the feed stream, thereby improving 

product quality. However, these membrane separation processes face several obstacles. The 

membrane has to be chemically stable in a wide range of organic solvents and maintain its 

performance over long period of time. This narrows down the type of polymers that can be 

used to fabricate these membranes. The membrane fabricated should also be relatively easy to 

scale-up and replicable. In addition, the purification of high-value pharmaceutical products 

should achieve high yield and purity. Therefore, the design of OSN and OSFO membranes 

should focus on high selectivity and robustness. 

 

To address these challenges, a solvent resistant hollow fibre thin-film composite (TFC) 

membrane was fabricated via a non-solvent induced phase separation process. Cross-linked 

P84 polyimide was used as the substrate due to its excellent chemical stability in a wide range 

of organic solvents commonly used in the pharmaceutical industry. To achieve solvent 

resistance, the polyimide substrate was chemically cross-linked with a diamine. TFC 

membrane was prepared via an interfacial polymerisation (IP) process and the selective layer 

was formed in the lumen. A mixture of piperazine (PIP) and polyetherimide (PEI) was used as 
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the monomers to improve solvent flux for low pressure OSN process. The membranes then 

underwent OSN performance tests to evaluate its performance. In general, the tests were 

performed on a cross-flow setup at 2 – 5 bar. Dyes of various molecular weights were added 

into organic solvents at 50 ppm concentrations to evaluate selectivity of the fabricated 

membranes. From the OSN performance tests, the TFC membrane exhibited high solvent 

permeabilities of 11.6 and 4.5 LMH/Bar for acetone and isopropanol, respectively. In addition, 

the membrane achieved a molecular weight cut-off (MWCO) of about 585 Da, showing 

promising performance in the nanofiltration range. 

 

The TFC hollow fibre membrane was further improved by optimising the dope composition 

and spinning parameters of the substrate. The mixture of amine monomers for IP was replaced 

with m-phenylenediamine (MPD) to obtain a more selective membrane for active 

pharmaceutical ingredients (APIs) with smaller molecular weights (<300 Da). To maintain its 

high solvent permeability, the TFC membrane was solvent-activated with n,n-

dimethylformamide. Moreover, a feasibility study was done on its scalability by fabricating a 

100-piece membrane module. The TFC membrane achieved high solvent permeabilities of 24.3 

and 2.33 LMH/Bar for acetone and ethanol, respectively. In addition, it achieved an even higher 

selectivity with an MWCO of about 269 Da. The scaling-up process also demonstrated that 

much of the membrane performance was maintained, showing promising potential for further 

scale-up. The membrane was further tested by concentrating levofloxacin (361 Da), an API, in 

acetone, to simulate the concentration of pharmaceutical products and recovery of organic 

solvents. The membrane maintained excellent selectivity (>99%) but gradually diminished due 

to concentration polarisation. 

 

Subsequently, the membrane was scaled-up to match that of a small commercial membrane 

module (2 inch). The scale-up module featured a membrane area of about 1.4 m2 with superior 
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packing density compared to spiral wound modules. The performance of the scale-up module 

was also similarly tested and exhibited slightly lower solvent permeabilities, while the 

selectivity was maintained. On closer inspection, this indicated that the IP process was scalable 

for hollow fibre membranes on a much larger scale but with a thicker selective layer. The 

increase in mass transport resistance resulted in the low solvent permeability achieved. 

Nonetheless, selectivity is much more important in pharmaceutical industry when processing 

of high-value APIs. Therefore, the study demonstrated that the fabrication method for the TFC 

hollow fibre membrane is facile and scalable. 

 

Lastly, the hollow fibre substrate was further modified for OSFO application. Through the 

optimisation of spinning parameters and dope composition, the resulting substrate possessed 

significantly higher porosity, thinner and overall, lower structural parameter. A similar MPD-

based selective layer was synthesized via IP and demonstrated excellent selectivity with 92.1% 

rejection for methyl red (269 Da) in ethanol. Similarly, the TFC hollow fibre membrane was 

scaled-up to 2 inch modules and tested for OSFO performance. The membrane displayed high 

isopropanol and acetone fluxes of 0.63 and 13.9 LMH, respectively, using 2 M polyethylene 

glycol (PEG) 400 as draw solute. The membrane also exhibited low specific reverse solute flux 

when PEG 400 was used as draw solute for both solvent systems. In the pharmaceutical 

concentration experiment, levofloxacin in acetone was concentrated with 2 M PEG 400 as draw 

solution. The membrane was able to concentrate the API from 1000 ppm to 16,000 ppm while 

maintaining high selectivity (>95%). Overall, this study demonstrated promising potential of 

OSFO to be used in the pharmaceutical industry for API concentration. 
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 Introduction 

1.1 Background 

1.1.1 Membrane technology 

Semi-permeable membranes have been used as a separation technology for a wide range of 

applications. A schematic illustration of a cross-flow membrane separation process is shown 

in Figure 1-1. A feed (solute-solvent mixture) is separated at the membrane interface into 

retentate (higher concentration of solute) and permeate (lower concentration of solute) using a 

driving force [1]. Depending on its applications and properties of the fluid mixture, the primary 

driving force used can be the differences in pressure, concentration, thermal gradient, as well 

as electric potential across the semi-permeable barrier [2-5]. There are several advantages for 

using membrane for separation and purification compared to conventional technology such as 

distillation and crystallisation. In general, membrane filtration processes do not require a 

change in phase of the feed stream. As a result, lower energy is usually required to accomplish 

the separation [6]. In addition, membranes can be fabricated using a wide range of polymers 

and inorganic materials, allowing membranes to be designed with application-specific 

properties. 
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Figure 1-1: Schematic illustration of a semi-permeable membrane separation process 

 

Since the advent of the first anisotropic reverse osmosis (RO) membrane by Loed and 

Sourirajan via phase inversion process in early 1960s [4], membrane technology has progressed 

drastically. Subsequent development of commercial microfiltration (MF), ultrafiltration (UF) 

and nanofiltration (NF) membranes in the 1970s led to even broader applications in wastewater 

treatment and water softening [7-10]. Since then, new membrane configurations have been 

developed and this allowed wider adoption of membrane technology by various industries 

(Figure 1-2). For example, the development of composite RO membranes significantly 

improved separation performance, which readily substituted energy intensive thermal 

desalination processes in water purification [11]. In addition, the exploration of novel 

membrane processes such as forward osmosis, membrane distillation and gas separation have 

opened the field of membrane separation and its potential applications [6, 12-14]. In recent 

decades, the development of more robust and chemically resistant membranes enabled 

membrane separation processes to be used in industries like chemical, pharmaceutical and food 

industries. As such, a new branch of membrane technology has emerged, with the aim of 

improving energy and material recovery efficiencies in these industrial processes. 
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Figure 1-2: Types of pressure-driven membrane separation technology 

 

1.1.2 Organic solvent nanofiltration and its challenges 

Organic solvent nanofiltration (OSN) technology addresses the limitations of distillation and 

evaporative processes used in purification and recovery systems, where high energy 

consumption and intense processing conditions are required [15]. OSN, a pressure-driven 

membrane process, enables thermally sensitive products in the feed stream to be refined to high 

levels without the risk of thermal degradation [16-21]. In addition, the energy consumption is 

also significantly lesser as there is no change in phase of the feed stream. The milder operating 

conditions of the system also mean that the cost of constructing the system can be kept low. 

Furthermore, OSN membrane systems can be installed modularly along existing separation 

processes to form a hybrid system, thereby encouraging the uptake of such technology in 

existing plants [19, 21]. 

 

New types of polymers were developed for OSN applications over the past few decades. 

Polymeric membranes made of polybenzimidazole (PBI), polyether ether ketones (PEEK), 

polymer with intrinsic microporosity (PIM) and polyimides exhibit excellent chemical and 
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thermal stability, vastly expanding their industrial applications [16, 19, 21-24]. New fabrication 

and treatment techniques have also enhanced the tuneable properties of the membranes, 

increasing both permeability and selectivity. One such technique is the cross-linking of 

polymeric membranes, which was frequently discussed in literature and eventually used in 

commercialised membranes [20, 25, 26]. This process enhances the chemical and thermal 

stability of polymeric membranes and made them suitable for feed streams with harsh 

conditions. 

 

Another method was also developed to prepare highly permeable OSN membranes in one-step 

process. Cross-linked polymeric membranes with low permeability underwent solvent 

annealing, resulting in several times higher solvent permeances with little compromise on 

selectivity [20, 26, 27]. This method has been applied for improving the performance of 

commercial membranes such as the Duramem™ series from Evonik [26]. In addition, studies 

on membrane surface modifications were reported to improve the selectivity and permeability 

of OSN membranes. Membrane surfaces were functionalised or altered through methods such 

as grafting, radiation, plasma-induced treatment and interfacial polymerisation [3, 28]. One of 

the more established modification techniques, interfacial polymerisation (IP), has been 

implemented in RO membranes for water desalination and proves to be a viable modification 

technique for OSN membranes [27, 29-32]. With the increasing interest in the field of OSN 

membrane, more of such membranes will soon be commercialised and used in various 

industries. 
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There are several key challenges that researchers face when developing OSN membranes. 

Compared to membranes made for water applications, OSN membranes are far more complex 

to produce. Several post treatment steps are required to achieve the desired solvent resistance 

and separation performance. The swelling of membranes in harsh organic solvents are also 

much more significant due to the interaction between the polymer chains and the organic 

solvents [16, 21]. This negatively affects the performance of the membrane in the long run, 

which is critical for industrial processes. In addition, industries like pharmaceutical and 

petrochemical requires high product purity, and current selectivity of OSN membranes are 

unable to achieve such performance reliably [33]. Another challenge that OSN membranes face 

is that a wide range of organic solvents are used in the industry, and each has different 

interactions with the membranes [15, 16, 19]. This means that it is crucial for researchers to 

design and choose application-specific membranes that are suitable for use, adding to the 

complexity of developing an OSN membrane. 

 

Another challenge researchers face when working on OSN membranes is the lack of 

comparable data in literature [34-36]. Though research on OSN has been increasing over the 

past decades, performance data from literatures are usually application-specific and have 

varying solute-solvent systems. The difficulty in finding comparable data lies in the vast 

combination of solvents and solutes that are used in each study. A particular polymeric 

membrane may exhibit excellent performance in a particular solute-solvent system while 

another polymeric membrane might not be suitable for the same set of test conditions. 

Moreover, there are no widely accepted experimental performance tests that can be used to 

evaluate and compare membranes equally due to this nature. Thus, many studies on OSN 

membrane focus on application-specific performance tests to evaluate their membranes. 
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Since the membranes fabricated are application-specific, the selectivity of the membrane must 

be tuned to achieve high solute separation. This is especially crucial in the pharmaceutical 

industries where high purity of active pharmaceutical ingredients (APIs) is required. Industries 

are also reluctant to implement OSN membrane for their processes due to the lack of robustness 

of many OSN membranes. The lack of long-term performance tests on OSN membranes is also 

one of the key challenges. Combined with the requirement of high purity for certain industries, 

many OSN membranes are unable to enter the commercialisation stage. 

 

Finally, typical issues associated with membrane separation processes such as fouling and 

concentration polarisation continues to plague OSN and needs to be addressed before it can be 

moved to large-scale processes. Researchers would need to find insights from studies 

developed in water research to aid them in solving these issues. 

 

Fortunately, there has been an increasing trend in research for OSN membranes in recent 

decade. A quick look-up on Web of Science database and one can find that an exponential 

increase of publications relating to OSN from less than 10 in 1999 to more than 1200 since 

2020 (Figure 1-3). This means that researchers are picking up interest in OSN and continual 

innovations will be made in this field. The challenges faced by polymeric OSN membranes are 

constantly being highlighted in literatures and researchers are constantly finding solutions to 

them. Researchers in this field do not have to start from scratch to develop such technology. 

Membrane separation processes have been used for water purification way before the 

introduction of OSN. The amount of literatures published for water research overshadows that 

of OSN process. Key characteristics and parameters that makes a membrane perform well has 

also been well documented in literatures thus, it is important for researchers to harness the 

knowledge and apply them to in the field of OSN. 
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Figure 1-3: Publications in Web of Science relating to OSN 

 

1.1.3 Organic solvent forward osmosis and its challenges 

With the advent of membrane separation processes in pharmaceutical industry, a new field of 

organic solvent forward osmosis (OSFO) has also been suggested as a potential alternative. 

Fundamentally, separation by OSFO process is achieved through a chemical gradient between 

the draw solution and feed solution (Figure 1-4). The driving force is provided by the draw 

solution, which contains solutes of much higher concentration than the targeted feed solution. 

With a suitable draw solute and a highly selective membrane, preferential transport of the 

solvent can be achieved. OSFO is also an athermal process, which prevents thermal damage 

from occurring to sensitive feed solutions. Furthermore, physical properties such as colour, 

taste and nutrition of feed in food processing will not be damaged. In addition, forward osmosis 

(FO) processes are able to achieve high product quality at potentially lower energy 

requirements. Hence, the technology has been utilised in water purification, food processing 

and pharmaceutical [37-47].  
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Figure 1-4: Schematic illustration of forward osmosis membrane process 

 

There are several advantages of OSFO process compared to other membrane separation 

processes. Firstly, OSFO processes operates at very low or no hydraulic pressure, leading to 

lower fouling tendencies as compared to pressure driven processes like OSN [48, 49]. 

Moreover, this results in lower costs and energy requirements to operate the system. The lower 

requirement for mechanical strength of FO membranes also means that it can also be fabricated 

to be as thin and porous as possible, thereby reducing mass transport resistance of the 

membrane [50]. Another advantage of OSFO compared to pressure-driven membrane 

separation processes is that it can be used for applications where the osmotic pressure of the 

feed stream is exceedingly high. For example, it has been proposed to combine the use of FO 

and RO in desalination of seawater and brackish water to reduce energy consumption [13, 48, 

51-53]. This shows promising potential for OSFO to be used in the pharmaceutical industry. 

Given these advantages, researchers have started to explore the utilisation of FO in organic 

solvent systems [15, 54, 55]. However, since OSFO is still a relatively new field, there are 

several challenges that needs to be addressed. 
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Concentration polarisation is a potential issue in OSFO due to the huge difference in 

concentration between the draw solution and feed solution. This phenomenon can occur at the 

membrane surface or within the membrane matrix and generally result in lower net driving 

force, decreasing solvent flux. In addition, the accumulation of solutes at the membrane 

interface increases the transport of solute across the membrane, potentially lowering product 

quality. The aggravation of concentration polarisation can also lead to membrane fouling, 

which is another unavoidable phenomenon in membrane separation processes. Membrane 

fouling can be caused by precipitation of solutes at the membrane interface due to concentration 

polarisation. It is also often caused by intermolecular adhesion of foulant as well as chemical 

and hydrodynamic interactions between the membrane and solutes [56, 57]. Membrane fouling 

in FO have been studied extensively and was observed to modify its selectivity. In cases where 

foulants are charged, it can potentially improve the rejection of ionic compounds [58]. However, 

the interaction of solute, solvent and membrane for OSFO are much more diverse and complex 

than for FO due to the wide range of organic solvents being used. Thus, more research should 

focus on studying the interactions to better understand the mass transport in OSFO. 

 

Another challenge that needs to be address in OSFO process is reverse solute diffusion. This 

phenomenon occurs when the solute from the draw solution diffuses through the membrane to 

the feed solution. When large amount of draw solute diffuses into the feed, it needs to be 

replenished to maintain the osmotic pressure, thereby adding to operating costs. Furthermore, 

the diffusion of draw solution into the feed solution can potentially contaminate the feed 

solution. Studies have shown that this is a prevalent issue if an inappropriate draw solute is 

chosen for the process [44, 51, 59]. Since there are many combinations of solute-solvent 

systems in OSFO process, research should be done to find suitable application-specific draw 

solute. Incidentally, breakthroughs in the development of draw solutions are also required to 
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enable practical use of OSFO. A desirable draw solution should exhibit high osmotic pressure, 

be regenerated easily and economically and impervious to reverse solute diffusion. 
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1.2 Research objectives 

The objectives of the research are to develop polymeric hollow fibre thin-film composite 

membranes for organic solvent membrane separation processes, and ultimately to demonstrate 

the scalability of this technology. The study can be subdivided into the following sections: 

i. Fabricate solvent resistant thin-film composite hollow fibre membrane for low pressure 

OSN processes.  

ii. Modify the fabrication process of the substrate to improve selectivity and scalability of the 

hollow fibre membrane. 

iii. Tune the selective layer to achieve higher selectivity for pharmaceutical application. 

iv. Demonstrate the scalability and long-term stability of fabricated hollow fibre thin film 

composite membranes. 

v. Develop a thin-film composite hollow fibre membrane for organic solvent forward osmosis 

in pharmaceutical application. 
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1.3 Thesis outline 

The thesis consists of 7 chapters in total to study the development of thin-film composite 

hollow fibre membrane for organic solvent applications. Chapter 1 provides a brief background 

of OSN and OSFO membrane processes and their potential challenges. Chapter 2 reviews the 

literature available on OSN and OSFO, focusing on the fabrication of polymeric membranes, 

its modifications, as well as its potential applications and challenges. 

 

Chapter 3 to Chapter 6 encompass the experimental works carried out in this study to address 

the main objectives presented. In Chapter 3, a hollow fibre thin-film composite hollow fibre 

membrane was fabricated for low pressure OSN application. In Chapter 4, the substrate was 

further improved for scalability and the selective layer was tuned for increased selectivity for 

pharmaceutical product concentration. Chapter 5 demonstrates the scalability of the thin-film 

composite hollow fibre membrane by comparing it with commercially available module of 

equivalent dimensions. In Chapter 6, the substrate was further modified to improve membrane 

characteristics favourable for organic solvent forward osmosis processes. Finally, Chapter 7 

concludes the thesis and provides some recommendation for future work. 
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 Literature review 

2.1 Fundamentals of membrane separation processes 

2.1.1 Pore-flow model 

In general, there are 2 types of transport mechanisms that are often used to describe the 

movement of solvent and solute across a semi-permeable membrane. One such model is the 

pore-flow model, where the separation of solutes is governed by molecular sieving. Larger 

molecules are prevented from permeating through the membrane while smaller molecules can 

pass through, thus achieving separation [1, 60]. This permeation of molecules is determined by 

the size of the solute, pore size and pore size distribution of the membrane as well as the 

porosity of the membrane [1]. An equation that accurately describes the relationships is known 

as the Hagen-Poiseuille equation. A simplified mathematical representation of the relationship 

can be shown as equation 2.1, where J is the solvent flux (l m-2 h-1), ε is surface porosity, rp is 

pore radius, η is viscosity of liquid, τ is tortuosity of membrane, Δx is thickness of membrane 

and ΔP is pressure difference across the membrane. 

 

 𝐽 =
𝜀𝑟𝑝

2

8𝜂𝜏∆𝑥
∆𝑃 (2.1) 

 

In this model, the viscosity of the solvent is the only property that is considered while the other 

parameters are membrane specific. Experimental studies have shown that this equation is useful 

for predicting selectivity of MF and UF membranes. However, in membranes such as NF and 

RO, several parameters start to affect the transport of solute [1, 60, 61]. With smaller pore size 

of less than 10 nm, surface forces such as charge, polarity and membrane-solvent interactions 

become more pronounced and classical fluid dynamics no longer holds [62]. As such, a 
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different branch of transport mechanism was used to describe molecular separation for 

membranes with small pore sizes. 

 

2.1.2 Solution diffusion model 

While the pore-flow model describes the transport mechanism in porous membranes, it does 

not correctly predict the transport of molecules through non-porous membranes. In the 1940s, 

the solution-diffusion model gained traction and eventually became a popular choice to 

describe RO FO and NF separation processes [2, 5, 63, 64]. The theory was based on Fick’s 

law of molecular diffusion and Henry’s law of solubility and few assumptions were made to 

simplify the model [2, 64]. Firstly, the membrane morphology is said to be homogenous and 

non-porous. Secondly, the solvent and solute dissolve in the membrane matrix and diffuse 

across their respective concentration gradient. In addition, the diffusions of solute and solvent 

were assumed to be independent of one another. Lastly, the chemical gradients developed were 

the results of a concentration or pressure gradient across the membrane [63-66]. A good 

approximation for this transport mechanism can be written as equation 2.2, where Ji is solvent 

flux, Di,m is diffusion coefficient of solvent in membrane, ci,m is concentration of solvent in 

membrane, Vi is partial molar volume of solvent, Δx is the membrane thickness, ΔP and Δπ are 

the hydraulic and osmotic pressure difference across the membrane, respectively. The osmotic 

pressure, Δπ, of a solution can be estimated by Van’t Hoff equation as shown in equation 2.3, 

where n is the number of dissociated species and c is the solution concentration. 

 

 𝐽𝑖 =
𝐷𝑖,𝑚𝑐𝑖,𝑚𝜈𝑖(∆𝑝−∆𝜋)

𝛥𝑥𝑅𝑇
 (2.2) 

 

 ∆𝜋 = 𝑛𝑅𝑇𝑐 (2.3) 
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The derivation of this equation has been done elsewhere [2, 67] and it can be simplified to 

equation 2.4. 

 

 𝐽𝑖 = 𝐴(∆𝑃 − ∆𝜋)  (2.4) 

 

where the term Di,mci,mνi/ΔxRT is replaced by A. In literatures, the constant A is referred to as 

water permeability constant and it is a key membrane performance parameter that is frequently 

compared. From this equation, we can see that the volumetric water flux through the membrane 

is dependent on the hydrostatic pressure, ∆P, across the membrane for pressure driven 

processes. Particularly, ΔP must be greater than that ∆π to have water flux. In the case of 

forward osmosis process, the main driving force is the osmotic pressure difference, ∆π, across 

the membrane. The driving force is typically provided by a draw solution of high solute 

concentration, where the osmotic pressure is greater than that of the feed solution. Meanwhile, 

∆P as the driving force is typically reduced to be very low, or otherwise insignificant.  

 

On the other hand, the equation used to describe the permeation of solute in non-porous 

membrane is expressed by equation 2.5, where Jj is the solute flux, Dj is diffusion coefficient 

of solute in the membrane, Kj is the partition coefficient, cj,m is the concentration of solute at 

the membrane interface, cj,p is the concentration of solute in the permeate. 

 

 𝐽𝑗 =
𝐷𝑗𝐾𝑗

𝛥𝑥
(𝑐𝑗,𝑚 − 𝑐𝑗,𝑝)  (2.5) 

 

Similarly, the equation has been derived by previous publications [2, 67] and subsequently 

simplified to equation 2.6. 
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 𝐽𝑗 = 𝐵(𝑐𝑗,𝑚 − 𝑐𝑗,𝑝)  (2.6) 

where DjKj/Δx is replaced by B and frequently referred to as the salt permeability constant in 

RO literature. According to this equation, solute transport is only dependent on the 

concentration gradient, (cj,m – cj,p), across the membrane at the interface.  

 

As for FO membranes, another phenomenon known as reverse solute diffusion is also present. 

Due to the concentration difference of the draw solution across the membrane, a small amount 

of draw solute tends to diffuse into the feed solution. Consequently, the osmotic pressure of 

the draw solution decreases while the feed is contaminated with the draw solute. Furthermore, 

reverse solute diffusion may indirectly contribute to lower solvent flux by promoting internal 

concentration polarisation [53, 59]. The impact of reverse solute diffusion can be determined 

by measuring reverse solute flux (RSF), which is modelled according to equation 2.6. For RSF, 

(cj,m – cj,p) is replaced by cj,d, the concentration of solute at the draw solution. 

 

2.1.3 Concentration polarisation 

One of the main challenges that all membrane-based separation processes encounter is 

concentration polarisation [2, 63-66, 68-72]. The effects of this phenomenon are illustrated in 

Figure 2-1 and can be divided into two components, external and internal concentration 

polarisation. External concentration polarisation (ECP) occurs when the rejected solutes in the 

feed solution accumulates at the membrane-feed interface (Figure 2-1 (a and b)). The general 

equation describing this phenomenon can be expressed as equation 2.7, where k is the mass 

transfer coefficient, cm and cb are the concentrations of feed solution at the membrane surface 

and bulk, respectively. 
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𝑐𝑚

𝑐𝑏
= 𝑒𝑥𝑝⁡(

𝐽𝑖

𝑘
) (2.7) 

 

Preferential transport of solvent in the feed solution occurs due to the selectivity of the 

membrane. Gradually, the concentration of solutes at the membrane interface increases and 

eventually leading to larger driving forces required to achieve the same solvent flux. In cases 

where the concentration of solute is extremely high, solute precipitation may occur and result 

in excessive fouling of the membrane. Furthermore, ECP also affects the selectivity of the 

membrane, resulting in a lower apparent solute rejection. As such, numerous research has been 

focused on mitigating this phenomenon by improving process design and membrane properties 

[70, 72-76]. 

 

 

Figure 2-1: Concentration gradient profile and effect of concentration polarisation for a 

typical TFC membrane. (a) RO mode; (b) AL-FS mode; (c) AL-DS 

 

Another type of concentration polarisation that impairs membrane performance is internal 

concentration polarisation (ICP). This phenomenon is particularly apparent in osmotically-

driven membrane processes such as FO. ICP can be further subdivided into dilutive and 

concentrative ICPs. These occurs when solutes accumulate in the membrane substrate due to 

hinderance of mass transport. The solute transport within the membrane support layer can be 
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determined by solute resistivity, K, as expressed in equation 2.8, where τ, ε and S are the 

membrane tortuosity, porosity and structural parameter, respectively. 

 

 𝐾 =⁡
𝛥𝑥𝜏

𝜀𝐷
=

𝑆

𝐷
 (2.8) 

 

Figure 2-1 (b) illustrates dilutive ICP in a thin-film composite membrane when it is used in the 

active layer facing feed solution (AL-FS) orientation. Draw solution from the bulk phase 

diffuse towards the selective layer through the membrane substrate. As solvent from the feed 

solution is drawn towards the draw solution, it dilutes the draw solution over time. In cases 

where the solvent flux is very high, the diluted draw solution at the membrane interface cannot 

be replenished sufficiently to maintain the osmotic pressure. In the active layer facing draw 

solution (AL-DS) orientation (Figure 2-1 (c)), concentrative ICP occurs instead. Solute in the 

feed solution accumulates in the substrate due to hindered diffusion, decreasing the effective 

osmotic pressure across the membrane. In both cases of ICP, the effective osmotic pressure 

across the selective layer is reduced thus, the overall solvent flux gradually decreases. 

 

2.2 Solvent resistant polymeric membranes 

2.2.1 Polymeric membranes 

Numerous polymers have been studied for use in membrane separation over the past several 

decades [77]. Ceramic membranes are also concurrently being studied for use in OSN. 

Generally, ceramic membranes have superior physical and chemical stability as compared to 

polymeric membranes [78]. The main advantages of ceramic OSN membranes are that they 

remain stable after long operations at high temperature of up to 300°C and can withstand high 

pressure without compaction [79]. In addition, they can be cleaned easily with harsh chemical 



19 
 

and physical processes and maintain their performance characteristics even after many cycles 

[79]. In particular, they do not swell in organic solvents, which plagues polymeric membranes 

in general [78]. However, ceramic membranes are usually several times more expensive than 

polymeric membranes and much harder to manufacture in large volumes. The fabrication 

process is also more energy intensive due to the high sintering temperatures. Polymeric 

membranes are less brittle than ceramic membranes, which makes them much more versatile 

in packing and scaling up [80]. However, it is important to choose the right polymer for OSN 

application, depending on their chemical and thermal stability. Typical polymers used in 

aqueous systems such as polysulfone (PSF) and polyethersulfone (PES) are prone to swelling 

in organic solvents and do not maintain its mechanical properties under prolonged use. This 

restricts the type of polymers that can be used for OSN applications. Thus, studies have been 

done to find polymeric membrane with better chemical and thermal stability for OSN 

applications that were once impossible. A review paper [81] has summarised the types of 

polymers frequently used to fabricate OSN membranes as illustrated in Table 2-1. Generally, 

these polymers exhibit excellent chemical stability in a wide range of organic solvents and have 

relatively high thermal stability, which are suitable for use in OSN applications. 

 

Polyimide is stable in a wide range of organic solvents and readily dissolves in frequently used 

solvents for dope preparation like NMP and dimethylacetamide (DMAc). In addition, the 

aromatic structure of polyimide also results in a high glass transition temperature (Tg), making 

them suitable for thermal membrane separation processes like membrane distillation. P84 and 

Matrimid are 2 types of polyimides that are generally used for OSN membrane fabrication [20, 

24, 82-86]. This is due to their commercial availability as well as excellent solvent resistance. 

As such, polyimides are widely used as asymmetric OSN membranes as well as ultrafiltration 

(UF) support for composite membranes [87]. For example, highly cross-linked polyimide and 

PA are ideal for use in strong solvents such as methanol and acetonitrile. These polymers are 
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chosen for their high stability in organic solvents as well as an acceptable level of rejection in 

the NF range [87-89].  

 

Another type of polymer frequently used for OSN membrane fabrication is 

polydimethylsiloxane (PDMS). PDMS consists of a siloxane (Si-O) backbone with methyl 

groups, giving it a higher free volume fraction. This characteristic is especially beneficial in 

applications like gas separation, where a high diffusion coefficient for solvent and gases are 

advantageous [90]. However, the membrane undergoes severe swelling in non-polar solvents 

such as alkanes [91-93]. If they are used as support for selective layers in OSN, delamination 

can occur and this negatively impacts its selectivity and therefore are not used in such 

applications. To reduce the swelling of PDMS in non-polar solvents, it can also be cross-linked 

through various methods [19, 91, 93, 94]. Recent studies also have demonstrated that swelling 

can be minimised by the incorporation of fillers such as zeolites into the membrane matrix and 

selectivities improved [92, 94, 95]. 

 

Other polymers such as PAN, PEEK and PBI have been studied for OSN applications [96, 97]. 

These polymers are studied for use in OSN applications as they exhibit different properties that 

performs better at specific OSN systems. For example, PAN is commonly used as UF support 

due to its relatively lower cost than PEEK and PBI. In addition, the simplicity of cross-linking 

a PAN support layer provide a cost effective way to produce OSN membranes [98]. On the 

other hand, PBIs and PEEK exhibits superior chemical stability in n,n-dimethylformamide 

(DMF) and harsh pH conditions, which many polymers are unable to achieve at the moment 

[99]. In recent years, polybenzimidazole (PBI) has been touted to have not only excellent 

organic solvent resistance, but also is stable in a wide range of pH conditions [100]. Just like 

polyimide, PBI can be dissolved in polar aprotic solvents like NMP and DMSO from which 

membrane can be made through phase inversion. The membrane then undergoes chemical 
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cross-linking and were reported to exhibit superior chemical stability in methanol, acetonitrile 

and DMF [100, 101]. In addition, the fabricated membrane demonstrated high selectivity, with 

MWCO of less than 500 Da [100]. 

 

The list of solvent resistant polymers is non-exhaustive, and researchers are continuously 

finding new polymers for OSN applications. Admittedly, polymeric membranes are still 

plagued by the usual compromise between permeability and selectivity while also having the 

need to maintain stability in strong solvents for long periods of time. Over the past few decades, 

large number of literatures have been dedicated to the optimisation of a membrane’s 

permeability and rejection. This can be done by replacing the polymer used, adding of 

nanoparticles into the matrix or modifying the fabrication process [21, 81]. Therefore, with 

plenty of modifications available in the literature, researchers can find the best combinations 

to optimise a membrane’s performance. Overall, the polymer chosen for OSN application 

should exhibit excellent selectivity for the solute-solvent system and be able to maintain 

stability under long periods of filtration. 
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Table 2-1 Summary of polymers used in OSN membrane fabrication 

Material Structure 

Polyimide (P84) 

 

Polyimide (Matrimid) 

 

Polyimide (Torlon) 

 

Poly(etherimide) (PEI) 
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Polydimethylsiloxane (PDMS) 

 

Polyamide (PA) 

 

Poly (Ether Ketone) (PEEK)/Sulfonated PEEK 

R = H/ R = SO3H 

 

PBI (Polybenzimidazole) 

 

Polyacrylonitrile (PAN) 

 

Poly (vinylidene fluoride) (PVDF) 
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2.2.2 Crosslinking 

The most direct way to fabricate OSN membranes is using chemically stable polymers like 

SPEEK and PDMS. However, such membranes are difficult to dissolve in many solvents and 

preparing their dope solution with suitable additives proves to be challenging. Another way of 

developing OSN membranes is to cross-link a polymeric membrane to make it resistant to 

organic solvents. The purpose of cross-linking is to form strong chemical bonds between the 

functional groups in the polymer such that it will not interact with the organic solvent. This 

process not only makes the polymer more chemically resistant, but it also changes the 

morphology of the membrane. The polymer typically becomes stronger but more brittle. 

Depending on the cross-link density, the free volume of the membrane can also be drastically 

reduced. Combined with the reduction in pore size, solvent permeability significantly decreases. 

 

Several cross-linking methods are currently used for OSN membranes, including the use of 

radical initiated, chemical cross-link as well as thermal treatment [87, 102, 103]. The 

fabrication typically involves a two-step process, firstly by phase inversion and then followed 

by cross-linking. The polyimide membrane is dissolved in a suitable solvent such as n-methyl 

pyrrolidone (NMP) and a homogenous solution is achieved through mixing. The dope solution 

is then casted onto a non-woven support and introduced into a non-solvent such as deionised 

water to induce phase inversion. Thereafter, the membrane is then placed in a cross-linker 

solution, typically consisting of diamines dissolved in short-chain alcohols [101, 102]. The 

polar solvent swells the polymer chains of the membrane to ensure sufficient contact between 

the cross-linker and polymers to facilitate thorough cross-linking [81]. It should be noted that 

though cross-linking can improve its stability in harsh solvents, its permeability will be 

negatively affected. In one study, the permeability decreased significantly after just 5 mins of 

cross-linking time however, the opposite trend for rejection is observed [104]. The performance 
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of cross-linked polyimides has showed good performance in OSN application. It is stable in 

aprotic solvents such as DMF and NMP, having shown a permeability of 5.4 (l m-2 h-1 bar-1, 

LMH/Bar) with a high rejection for rose bengal (>98%) and methyl orange (>95%) [105]. In a 

recent study, polyimide membranes has been reported to show ethanol permeance of more than 

400% as compared to commercially available ones (Duramem 300) while maintaining similar 

rejection rates [84]. This was achieved by a simple method of solvent annealing, where the 

rearrangement of the polymer chain occurs after phase inversion. This increased the density of 

the top layer while maintaining a relatively porous sublayer for improved permeance. Thus, 

the permeance of solvent across the membrane layer becomes higher due to the higher porosity 

of the sublayer while the rejection of solute is not compromised. 

 

2.3 Membrane fabrication 

2.3.1 Phase inversion 

Due to the wide range of possible applications of OSN, ceramic and polymeric membranes are 

currently being developed for specific applications. However, most commercial OSN 

membranes are polymeric due to their relatively low cost of manufacture and wide range of 

polymers to choose from. Polymeric membranes are generally fabricated via phase inversion, 

which was developed by Loeb and Sourirajan [4]. The thermodynamic behaviour of this 

process can be represented by the ternary phase diagram illustrated in Figure 2-2 and detailed 

explanation of the membrane formation process can be found elsewhere [106, 107]. Through 

processes such as gelation, vitrification or crystallisation, a thin film of solution is transformed 

into a solid piece of membrane [107]. The polymer-rich phase constitutes the solid membrane 

matrix while the polymer-lean phase will form the pores in the membrane. The phase inversion 

process can be induced through several methods, immersion precipitation, controlled 
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evaporation, thermal precipitation and vapor induced phase inversion. Among these methods, 

the immersion precipitation method is the most widely used due to its versatility and simplicity 

[17, 62, 108]. It is a membrane preparation method where a polymer solution is submerged into 

a coagulant (non-solvent) bath resulting in phase separation. The phase exchange between the 

coagulant and the solvent causes a distinct boundary layer known as the solvent front. This is 

also accompanied by a phenomenon called ‘viscous fingering’, where an instability is formed 

due to the difference in viscosity of the two fluids. This forces the polymer solution to form a 

structure that consist of a matrix (polymer) with voids, which affects the permeability of the 

membrane. The extent to which this phase exchange occurs is dependent on several factors and 

generally can lead to one of two microstructures as shown in Figure 2-3. 

 

 

Figure 2-2: Ternary phase diagram. Mechanism of phase separation for membrane fabrication 
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Figure 2-3 (a) Support layer with finger-like structures (macrovoids) (b) Support layer with 

sponge-like structures (interconnected pores) 

 

The sponge-like structure exhibit excellent mechanical strength and good solvent permeability 

due to the presence of interconnected pore in the membrane. This structure is generally 

favoured for high pressure operations such as RO. On the other hand, macrovoids present in 

the membrane is generally unwanted due to the presence of weak spots that can result in severe 

membrane compaction under high pressure operations. However, these macrovoids provide 

less mass transport resistance which enables higher permeability, suitable for use in low 

pressure applications such as FO and NF [109]. The sponge-like structure can be obtained with 

dope solution of a lower osmotic pressure and higher viscosity. This impedes the viscous 

fingers from advancing into the dope solution at a faster rate than the solvent front. This results 

in a delayed demixing and a sponge-like structure with interconnected pores is formed in favour 

of finger-like structures [110]. The formation of such macrovoids can also be suppressed by 

lowering the temperature of the coagulation bath, adding inorganic salts into the coagulation 

bath to reduce its activity and replacing with a solvent that has lower affinity with the non-

solvent. 
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Extensive research has been carried out to investigate the factors that influence the membrane 

microstructures and performance. The pore size, pore size distribution and porosity of the 

membrane depend on factors such as the polymer concentration, solvent system, initial 

temperature of the solution as well as the duration of immersion in the coagulation bath [81]. 

These factors affect the rate of diffusion of solvent out of and non-solvent into the dope solution, 

which in turn determines the membrane structure. There are also factors specific to certain 

membrane fabrication techniques that affects the membrane structure. For example, the dry-jet 

wet spinning method shown in Figure 2-4 has several factors that affect the phase inversion 

process. Parameters such as the viscosity of the dope, dimension of the spinneret, air gap, flow 

rates of bore and dope fluid, bore fluid composition as well as the uptake speed of the collecting 

drum have significant impact of the resultant structure of the hollow fibre membrane [50, 61, 

107, 111-114]. 

 

  

Figure 2-4: Schematic drawing of hollow fibre membrane fabrication using dry-jet wet 

spinning. (a) Spinning setup; (b) cross-section of spinneret 
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2.3.2 Fabrication of integrally skinned asymmetric membrane 

The first integrally-skinned asymmetric (ISA) membrane was developed by Loeb and 

Sourirajan in 1960s for RO process [4]. Since then, their method has been modified and applied 

to develop many types of polymeric ISA membranes for other applications, such as 

microfiltration and nanofiltration processes. In essence, ISA membranes are typically formed 

through the phase inversion process, as discussed in Section 2.3.1. A binary solution, 

containing a polymer and solvent, was immersed into a coagulant, typically water, to form 

polymer-rich and polymer-lean phases. These phases form the polymer matrix and voids, 

respectively. Through the phase inversion process, a steep polymer concentration gradient can 

be observed throughout the membrane matrix, as shown in Figure 2-5. A dense skin layer is 

typically formed on the surface of the membrane, while the polymer matrix decreases in density 

across the depth of the membrane. There on, studies have been done to evaluate the key 

parameters that affect the formation of ISA membranes. Twos such parameters are the dope 

composition and the effects of various dope additives on ISA membrane performance.  

 

Figure 2-5: Integrally-skinned asymmetric membrane 

Researchers have been altering the concentration of polymer in the dope solution to develop 

membranes for different applications. A higher polymer concentration leads to a more viscous 

dope solution, which reduces the rate of solvent and non-solvent exchange (delayed mixing) 
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within the solution [115-117]. This results in a membrane that has higher selectivity and lower 

permeability. The choice of solvent for preparing the dope solution can also affect the 

interaction with non-solvent in the coagulation bath. Usually, polar aprotic solvents such as N-

methyl-2-pyrrolidinone (NMP) and DMF due to their high affinities with many polymers. The 

affinity between the solvent and non-solvent is also an important factor in the phase inversion 

process. A higher solvent and non-solvent affinity will result in faster demixing, which 

consequently produce more porous membranes [108]. Other than the polymer and solvent, 

additives that are added into the dope solution can also affect the phase inversion process. 

 

The use of additives in dope preparation has been intensively studied since the advent of 

membrane fabrication [77, 118]. Additives can be loosely categorised into two branches, 

inorganic and organic additives. The former consists of inorganic salts such as metal halides, 

metal sulphates and hydrated salts. Inorganic salts such as LiCl, NaCl, KBr and KCl are 

generally pore formers that leeches out of the membrane after phase inversion [50, 116]. Other 

inorganic additives such as metal oxides and metal nanoparticles are also being studied to 

evaluate the improvement in performance of the membrane using these additives [92, 119]. 

Metal oxides such as TiO2 contained in PI for OSN application have shown to improve the 

mechanical strength of the membrane [120]. In addition, they resist the formation of 

macrovoids when TiO2 wt% increased to above 3%. This is attributed to the increased in 

viscosity of the dope solution, as well as lowering its thermodynamic stability. 

 

Alternatively, organic additives can also be added into the dope solution to change the 

microstructure of the membrane. Low MW additives such as diethylene glycol (DG) and 

alcohols and higher MW additives like polyethylene glycol (PEG) are often used as pore 

formers in UF membranes [121]. Depending on their MW, they are either leeched out during 

the phase inversion process which result in pores or be retained in the membrane thereby 
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improving hydrophilicity. This has been demonstrated to improve water permeability in 

membranes [8, 121]. Addition of organic additives such as PEG also cause the dope solution 

to be thermodynamically less stable, resulting in faster demixing [8]. 

 

Another form of additives that are frequently used in the fabrication of OSN membranes are 

co-solvents. Typically, co-solvents such as tetrahydrofuran (THF) and ethanol are added into 

the dope solution to improve selectivity of asymmetric membranes. Since THF and ethanol are 

volatile, they rapidly evaporate during the phase inversion process. This increases the polymer 

concentration at the surface of the dope and forms a dense-skin layer, delaying the demixing 

process. As such, the asymmetric membranes formed using this method consist of a dense skin-

layer on top of a highly porous sponge-like support. 

 

2.3.3 Fabrication of OSN TFC membrane 

Though the fabrication of integrally skinned asymmetric (ISA) membranes through phase 

inversion has proven to be economical and versatile for various polymeric membranes, the 

need for lower energy consumption and better performance have led to innovative processes 

such as thin film composites (TFCs). The permeability of a membrane is inversely proportional 

to its thickness thus, focus has been made to develop thinner membranes that exhibit higher 

permeability while at the same time, maintaining its mechanical strength and selectivity [29, 

50, 122-124]. For a membrane to have such performance, membranes made of two distinct 

materials have been developed. The selective layer is made of a thin layer of material like PA 

via interfacial polymerisation. The reported thickness of such selective layer is usually less 

than a few hundred nanometres [29, 30, 122, 125-128]. This highly optimised layer ensures 

that the rejection of solutes remain high while thin enough to provide exceptional permeability. 

As this layer is very thin, it does not have the mechanical strength to withstand high pressure 
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operations thus, a substrate (sublayer) is required. The sublayer is made of a highly porous 

material that provides mechanical strength to the membrane with minimal resistance. To 

develop such selective layers, we must first understand the working principle of interfacial 

polymerisation. IP is achieved by an in-situ polymerisation reaction occurring at the interface 

between two immiscible solvents containing the two reactive monomers (Figure 2-6). The 

active layer in TFCs can be synthesized using several methods available in literatures. 

 

 

Figure 2-6: Interfacial Polymerisation 

 

The supporting layer is first impregnated with the aqueous phase containing the hydrophilic 

monomer, followed by the removal of excess solution from the membrane. The organic phase 

containing the oleophilic monomer then meets the saturated support layer. The monomers react 

instantaneously, forming a dense selective layer on top of the substrate. This self-limiting 

reaction prevents further formation, thus forming a thin layer of only several hundred 

nanometres. The remaining solutions are then removed from the supporting membrane by 

means of flushing with DI water or inert gas, leaving behind a thin selective layer. 

 

There are several types of polymers that are currently being synthesized using this method. 

From literature, a large portion of TFC membranes consist of polyamide (PA) active layer as 
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it is suitable to be used in a wide range of solvents when cross-linked. Cross-linked PA showed 

excellent solvent resistance in various organic solvents and since it can be easily synthesized 

using the IP method, it is commonly used for the selective layer of a composite membrane [19, 

123, 128]. In general, the IP process involves the mixing of two monomers of PA in an aqueous 

and organic solvent on the surface of a support layer. There are several monomers that can be 

used to form PA, more commonly used ones are m-phenylenediamine (MPD) or piperazine 

(PIP) in aqueous media with trimesoyl chloride (TMC) in organic media. Low concentrations 

of monomers (<2% MPD and <0.5% TMC) are used to produce a selective layer with good 

permeability and rejection [123]. 

 

In addition, polyamide imide (PAI), poly ether amide (PEA) as well as poly urea amide (PUA) 

are also being developed as novel alternatives [19]. The performance, morphology as well as 

the composition of these active layer is also dependent on the same factors. The concentration 

of monomers and diffusion rate determines the thickness and density of the active layer formed 

[30]. Increase in both factors will result in higher rejections but lower permeability. Other 

parameters such as post treatments and overall kinetics can drastically change the morphology 

of the membrane. Thus, researchers have to understand the effects of these parameters prior to 

fabricating the membranes. Overall, this innovation has led to drastic improvement of the 

membrane performance. However, it should be noted that the added step of making the 

sublayer and selective layer increases the complexity and cost of the synthesis process and 

correspondingly, reducing the reproducibility of the membranes. 

 

2.3.4 Fabrication of OSFO TFC membrane 

The fabrication of TFC membrane for OSFO process follows similar methodology as that 

mentioned above. The selective layer should be thin to enhance solvent permeability, yet dense 
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for high solute rejection. However, the requirements for the substrate are different due to the 

issue of ICP in osmotically driven processes. The suitability of a substrate for FO process can 

be characterised by its structural parameter (S), as defined in equation 2.9, where Δxs, τ and ε 

are substrate thickness, tortuosity, and porosity, respectively.  

 

 𝑆 = ⁡
∆𝑥𝑠𝜏

𝜀
 (2.9) 

 

The derivation of S has been discussed elsewhere [50, 65, 129-131] but generally, a lower S 

will improve mass transport, thereby lowering ICP [132-138]. Since FO processes do not have 

significant hydraulic pressure, the membrane can be made very thin and porous through control 

of the dope composition and spinning parameters. A lower polymer concentration can be used 

to increase porosity while additives can be included to modify the viscosity to maintain 

spinnability [121, 139, 140]. The drum uptake speed can be increased while the dope and bore 

fluid flow rates can be kept low to increase elongation of fibres, thereby reducing overall 

thickness [109, 117]. The porosity of the substrate can be further improved by inducing the 

formation of finger-like structures throughout the polymer matrix [50]. Combining these voids 

with interconnected pores throughout the membrane, the membrane resistance can be 

substantially reduced. Therefore, by adjusting the dope composition and spinning parameters, 

a suitable substrate can be fabricated for OSFO process. 

 

2.3.5 Membrane configurations and module design 

Other than choosing a suitable polymer for membrane fabrication, it is also important to choose 

the right membrane configuration for the intended application. Membrane configuration refers 

to geometry in which the flow of feed and permeate is to the relation of the membrane. As most 
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membrane applications are based on a modular design, the membrane configuration also 

determines the manner in which the membranes are packed into modules [141]. Over the years, 

several membrane configurations have been used to form the basis for membrane fabrication. 

Each of these configurations have their advantages and disadvantages which researchers and 

engineers can use to determine the optimal configuration for different materials and 

applications. The characteristics of each membrane configurations have been analysed 

previously and can be summarised as shown in Table 2-2. There are several aspects to be 

considered when determining which membrane configuration to use. In an industrial setting, 

the production cost, packing density, energy consumption, flow distribution as well as fouling 

control are key parameters that operators consider. 

 

In the plate-and-frame configuration resembles that of a conventional filter press-concept. The 

semi-permeable membrane, along with a support spacer, are clamped together and stacked 

between plate housings as illustrated in Figure 2-7 (a). This membrane configuration offers the 

simplest design for packing flatsheet membranes and are often used in small-scale operations. 

However, it has low packing density and cannot withstand high pressures and thus are limited 

to MF and UF operations [142]. In addition, the often replacement of membrane is labour 

intensive and thus it is not suitable for large scale membrane separation operations. 

 



36 
 

 

Figure 2-7: Schematic illustration of membrane configurations. (a) Plate-and-frame; (b) 

Spiral wound; (c) Tubular / Hollow fibre. Modified from [141] 

 

Another type of membrane configuration that is often used to pack flatsheet membranes is the 

spiral wound module. The flatsheet membranes, feed flow spacers and membrane supports are 

sandwiched and rolled around a tube as shown in Figure 2-7 (b). The feed solution passes 

axially along the module while the permeate is collected centrally at the perforated tube. It is 

widely used in large scale RO, UF and GS processes due to several advantages. The packing 

density of spiral wound modules are relatively high compared to other configurations while 

being relatively easy to manufacture [143]. However, spiral wound modules are prone to 

fouling due to its small feed channel. In addition, the module size is limited due to significant 

pressure loss at the permeate [142]. As such, studies are currently being done on module 

geometry and spacer designs to improve mass transfer at the membrane surface [143]. 

 

One notable configuration that has always been touted as a potentially efficient configuration 

to be used in industries is hollow fibre. Fibres are packed into a tube and held at both ends by 

epoxy. The feed typically flows through the bore of the fibre and exits from the other end while 

the permeate is collected from the tube. Hollow fibre has one of the highest packing densities, 

which reduces the space needed for the system. In addition, it is relatively simple to 

manufacture, driving manufacturing cost down. Since hollow fibres can be potted into modules 

a b

c
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of different sizes, it allows retrofitting onto existing separation infrastructures, saving on capital 

cost [142, 144]. In addition, hollow fibre membranes can withstand high pressure without 

support, widening the potential use for the technology that cannot be done by other 

configurations. However, hollow fibres do come with its disadvantages and challenges that 

prevents it from being widely used in industries. Given the small diameter (<1000 µm) of the 

fibres, it is extremely susceptible to concentration polarisation and fouling from 

macromolecules and particles. Thus, extensive pre-treatment is required to when hollow fibres 

are used in separation. With these challenges addressed through extensive research, hollow 

fibre will prove to be a better membrane configuration to be used in many other industrial 

applications. 
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Table 2-2: Summary of commercial membrane configurations and their advantages and disadvantages [40] 

Membrane module Packing density (m2 m-3) Membrane costs Control of concentration polarization Application 

Filter cartridge module 800 -1000 low Very poor Dead-end MF 

Plate-and-frame module 400 - 800 medium good MF, UF, RO, D, ED 

Spiral-wound module 800 - 1200 low good UF, RO, GS 

Tubular module 20 - 100 very high very good MF, UF, RO 

Capillary module 600 - 1200 low very good UF, MF, D, SLM 

Hollow fibre module 2000 - 5000 very low very poor RO, GS 
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2.4 Membrane application in pharmaceutical industry (include OSFO) 

2.4.1 Solvent exchange 

Over the years, industries such as food and beverage, petrochemical and pharmaceutical have 

begun exploring the use of OSN and OSFO membranes as greener alternatives to conventional 

processes. Table 2-3 lists commercial OSN membranes used in the industry. It can be observed 

that there is a wide variety of membranes being used by the industries. Due to the wide range 

of industrial applications, there is a broad array of membrane products available in the market. 

Each membrane product is only suitable for a range of organic solvents and companies have to 

choose appropriate membranes for each desired application. 

 

In the pharmaceutical industry, it has been reported that more than 50% of capital investment 

is spent on the operation of separation processes [22, 145-147]. In addition, many processes 

utilized by the pharmaceutical industries are solvent and energy intensive [19, 22, 147, 148]. 

Figure 2-8 shows a flow diagram of a multi-step active pharmaceutical ingredient synthesis 

process. As various solvents are typically used in the multi-step synthesis process, a solvent-

exchange unit is required in between each reaction step. A typical solvent-exchange unit consist 

of a distillation column. The first solvent is concentrated via distillation while a secondary 

solvent is added step-wise. This process is repeated until the original solvent is significantly 

reduced and the reactants are dissolved into the new solvent. Such processes are energy 

intensive and also requires a large amount of solvent. 

 



40 
 

 

Figure 2-8: Flow diagram of active pharmaceutical ingredient synthesis process 

 

As such, membrane separation processes have been suggested as greener alternatives to 

conventional solvent exchange processes [22, 145-147, 149]. The main benefit of using 

membrane separation processes is that it usually occurs at room temperature, which is 

particularly useful for handling thermally sensitive compounds. The athermal process also 

reduces the amount of energy required for the entire process [22, 145, 146, 149]. In addition, 

the amount of the compatible solvent used is significantly reduced. Studies have shown that 

membrane-based solvent exchange processes can achieve high solute rejections while 

minimising the amount of solvent waste produced [146, 149, 150]. To obtain higher purity of 

compound or higher percentage of solvent exchanged, multi-staged membrane processes can 

be employed. These cascading membrane stages can therefore increase the purity of the final 

product obtained, while minimizing the use of resources.  
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Table 2-3: Commercial OSN membranes 

Membrane 

name 

Manufacturer 

Membrane type and 

material 

Solvent stability Applications 

MPF-50 

Koch Membrane 

Systems (USA) 

TFC, comprising a 

dense silicone top layer 

on a porous cross-linked 

PAN-based support 

Alcohols, ketones, esters, alkyl halides, 

alkanes 

Recovery of organometallic 

complexes from DCM, THF, 

ethyl acetate; recovery of phase 

transfer catalysts from toluene, 

separation of triglycerides from 

hexane, solvent exchange in 

pharmaceutical manufacturing 

MPF-44 

Koch Membrane 

Systems (USA) 

TFC, comprising a 

dense silicone top layer 

on a porous cross-linked 

PAN-based support 

Aqueous mixtures of lower alcohols, 

hydrocarbons, chlorinated solvents 

(DCM, chloroform), aromatics 

(toluene, xylene), ketones (MEK), 

Recovery of clindamycin from 

fermentation wastewater. 
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diethyl ether, ethyl acetate, 

cyclohexane, propylene oxide, 

acetonitrile, THF, 1,4-dioxane. 

Starmem 

120, 122, 

228, 240 

W.R. Grace-Davison 

(USA), distributed by 

Membrane Extraction 

Technology (MET) 

(UK) 

Integrally skinned 

asymmetric membranes 

with active surfaces 

based on polyimide 

(pore size <5 nm) 

Alcohols (e.g., butanol, ethanol, and 

iso-propanol); alkanes (e.g., hexane and 

heptane); aromatics (e.g., toluene and 

xylene); ethers (e.g., methyl-tert-butyl-

ether); ketones (e.g., methyl-ethyl-

ketone and methyl-isobutyl-ketone); 

and others (e.g., butyl acetate and ethyl 

acetate). 

Solvent recovery in lube oil 

dewaxing and aromatics 

enrichments, pharmaceutical 

manufacturing for solvent 

exchange and microfluidic 

purification, biotransformation 

in membrane bioreactors 

(MBRs) 

PuraMem 

S380 

Evonik MET (UK) 

TFC with cross-linked 

PDMS layer on 

Heptane, hexane 

Applications in apolar 

hydrocarbon-type solvents 
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polyimide ultrafiltration 

support 

DuraMem, 

Puramem 

280 

Evonik MET (UK) 

Integrally skinned 

asymmetric cross-linked 

polyimide-based 

membrane 

Acetone, ethanol, methanol, 

tetrahydrofuran, dimethylformamide, 

dimethyl sulfoxide, dimethylacetamide, 

isopropanol, acetonitrile, 

methylethylketone, ethyl acetate. 

Applications in most called 

aggressive solvents such as 

solvents of the polar aprotic 

solvent family 

SolSep 

NF010206 

SolSep (The 

Netherlands) 

TFC Alcohols, esters 

Upgrading of solvent mixtures 

for reuse in industrial 

applications 

SolSep 

NF010306 

SolSep (The 

Netherlands) 

TFC 

Alcohols, esters, ketones, aromatics, 

chlorinated solvents, reducing 

atmospheres 

Upgrading of solvent mixtures 

for reuse in industrial 

applications 
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SolSep 

NF030306 

SolSep (The 

Netherlands) 

TFC 

Alcohols, esters, ketones, aromatics, 

chlorinated solvents, reducing 

atmospheres 

Upgrading of solvent mixtures 

for reuse in industrial 

applications 

SolSep 

NF030306F 

SolSep (The 

Netherlands) 

TFC 

Alcohols, ketones, aromatics, 

chlorinated solvents 

Upgrading of solvent mixtures 

for reuse in industrial 

applications 

SolSep 

NF030105 

SolSep (The 

Netherlands) 

TFC Alcohols, aromatics, ketones 

Upgrading of solvent mixtures 

for reuse in industrial 

applications 

GMT-oNF-2 

GMT 

Membrantechnik 

GmbH (Germany) 

TFC comprising a 

PDMS-based top layer 

on a PAN 

(Polyacrylonitrile) 
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Desal-5 GE/Osmonics 

TFC comprising a 

poly(piperazine amide) 

top layer with an 

intermediate sulfonated 

PSf layer 

Toluene, ethyl acetate, methanol, 

dichloromethane 

Separation of oleic acid from 

methanol; separation of Pd-

BINAP and Wilkinson catalyst 

from dichloromethane 

Desal-5-DK GE/Osmonics 

TFC comprising a PA-

based top layer 

Limited chemical stability in solvents 

such as ethyl acetate and toluene 

 

HITK-T1 HITK (Germany) 

Silylated TiO2-based 

ceramic membrane 

Methanol, acetone; apolar solvents 

Retain of transition-metal 

catalysts in apolar solvents 

Inopor 0.9 

nm TiO2 

Inopor GmbH TiO2 

Methanol, 2-propanol, tetrahydrofuran 

(THF), n,n-dimethylformamide. 

 

Inopor 3 nm 

Zr PHOB 

Inopor GmbH 

ZrO2 with a silane top 

layer 

Apolar solvents  
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2.4.2 Solvent recovery 

The manufacturing of pharmaceuticals usually requires a large quantity of organic solvents and 

this leads to a large amount of waste solvents produced. In most cases, these solvents are 

disposed of and the economic and environmental cost are tremendous [22]. With increasing 

pressures imposed on the pharmaceutical industry for environmental sustainability, there is a 

growing need for more recovery of waste solvents. Conventionally, there are several methods 

to recovery these solvents, such as fractionation and azeotropic or extractive distillation [151]. 

However, these processes are typically energy intensive and take up a relatively large footprint. 

In addition, the recovered solvent have to be of very high purity as the quality of solvent used 

in the synthesis process is a critical parameter [22]. As such, the throughput of the recovery 

process will be reduced to achieve higher purity. Thus, the solvent recovery process can 

potentially be augmented by OSN membranes. When the solvent waste is collected, it can first 

be refined by OSN to reduce the concentration of impurities present. Further polishing can be 

accomplished by multi-stage diafiltration process and a final distillation process can be used to 

achieve the required purity. Not only does it increase the throughput of the distillation column 

of a given footprint, but it can potentially increase the number of waste solvent avenues that 

can be recovered [16, 146, 152, 153]. 

 

One study by Sereewatthanawut et al. integrated an OSN-based solvent recovery unit with 

existing API purification process to reduced waste solvent generated while maintaining the 

desired product quality [153]. Figure 2-9 shows the schematic diagram of the integrated solvent 

recovery unit. The feed that is purified with API is send into the solvent recovery feed with a 

single-stage OSN. A large portion of the solvent is recovered as the permeate and pumped back 

into the purification unit to reduce the amount of fresh solvents used in other manufacturing 

steps. Simultaneously, the concentration of API in the recovery tank increases and can be 
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discharged when the desired concentration is reached. Overall, the case-study demonstrated 

that a high purity of API (99.7%) can be obtained while more than 90% was recovered. In 

addition, the total amount of fresh solvents consumed during the purification process was also 

significantly reduce. This study also demonstrated the modularity of membrane-based 

separation process and allows the implementation of solvent recovery units into existing flow 

processes. This indicates promising potential for OSN membranes to be used in other recovery 

processes. 

 

 

Figure 2-9: Schematic diagram of solvent recovery unit 

 

2.4.3 Separation and purification of active pharmaceutical ingredients 

Another potential application of membrane-based separation is the post-synthesis separation 

and purification of active pharmaceutical ingredients (APIs). After the reaction has taken place 

in the reactor, impurities such as by-products and unreacted materials need to be separated from 

the API. Crystallisation and chromatography are typically used in the purification process to 

obtain API of high purity. However, crystallisation is a complex process and difficult to scale-

up, which requires a high degree of optimisation to achieve acceptable levels of purity [154]. 

Chromatography has been well-established as a purification process [151]. However, it usually 
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requires a large amount of solvents to achieve high purity, thereby producing large quantities 

of solvent waste in the process. In addition, some impurities may interact with the stationary 

phase of the chromatography column, affecting the separation factor [154]. Thus, OSN and 

OSFO membrane offers a viable alternative to these conventional processes. 

 

Figure 2-10 shows the schematic illustration of a membrane-based concentration and 

purification process. In this illustration, the API is separated from the impurities based on its 

molecular size. However, as discussed in Chapter 2, section 2.1.2, the separation of solutes in 

the field of OSN is a complex process. This is especially relevant for smaller molecules of less 

than 300 Da, where the affinity and solubility constants play a major role in determining the 

selectivity of the membrane for particular solute-solvent systems [1, 16, 155]. Buonomenna et 

al. did a comprehensive review on the performance of current OSN applications for purification 

and concentration [145]. Notably, a 10-stage OSN process was proposed for the purification 

and recovery of an API from a number of impurities present in the feed stream. The multi-stage 

dead-end configuration achieved 80% recovery of API. Another case-study was on the 

purification of an aromatic amine (390 Da) from impurities (~781 Da) using DuraMem 200, a 

commercial OSN membrane from Evonik. Due to the relatively huge difference in molecular 

weights of the API and impurities, the OSN membrane showed excellent selectivity for the API 

and achieved purity that exceeds the specification limit. 
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Figure 2-10: Schematic drawing of concentration and purification of active pharmaceutical 

ingredient 
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 Thin film composite hollow fibre membrane for low 

pressure organic solvent nanofiltration 

3.1 Introduction 

Organic solvent nanofiltration (OSN) has come a long way and has been successfully 

implemented in pharmaceutical and food industries where the recovery or purification of 

thermal sensitive substances is required [19, 146, 149, 156]. To embrace this paradigm shift 

towards the OSN technology, there has been an increasing interest in OSN research, especially 

on the fabrication of robust and high performance OSN membranes [1, 2, 6, 7]. However, due 

to the added complexity of fabricating OSN membranes with high solvent resistance, there are 

still limited choices of commercially available OSN membranes [19]. The challenge for a 

membrane to be thermally and chemically stable in various organic solvents and operating 

conditions narrows the number of polymers that can be used for making OSN membrane. Most 

commercial polymeric membranes such as polyethersulfone (PES) and polyvinylidene fluoride 

(PVDF) membranes cannot withstand aggressive organic solvents such as n,n-

dimethylformamide (DMF) [17, 19]. Moreover, post-treatments are frequently required to 

enhance the stability of most polymeric membranes, which inevitably reduces permeability and 

increase manufacturing complexity [104]. Consequently, a high operating pressure of 5 to 30 

bar is required to achieve desirable permeability. Not only are such high-pressure systems 

energy intensive but also potentially dangerous when separating highly flammable solvents 

such as acetone and methanol [82, 89, 96, 112, 157]. Therefore, there is a desire for OSN 

membranes that are capable of operating efficiently at lower pressure. 

 

Thin film composite (TFC) membranes can potentially improve the performance of OSN 

membranes. The structure and properties of substrate and selective layer can be tuned 
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independently thereby achieving higher solvent permeability and solute rejection. Several 

materials have been used for making the separating layer of TFC membranes for nanofiltration 

(NF), such as polyamide, polymers of intrinsic microporosity and graphene oxide [23, 156, 

158]. Polyamide is one of the most widely used polymer matrixes for TFC membranes and can 

be synthesized via interfacial polymerization, a promising approach to fabricate TFC 

membranes in large scale [159, 160]. With high cross-linking density, the polyamide thin film 

could exhibit excellent chemical resistance and mechanical robustness and show great 

separation performance. 

 

The performance of polyamide is strongly dependent on the thin film morphology, structure 

and thickness. Various monomers, especially the aqueous phase reactants have been studied to 

achieve different polyamide cross-linking networks for desired membrane performance [127]. 

However, a typical dense polyamide layer was formed by employing trimesoyl chloride (TMC) 

as the organic phase monomer and m-phenylendiamine (MPD) as the aqueous phase monomer, 

resulting in a tight OSN selective layer with low permeability [161]. To achieve a higher 

solvent permeability, a looser polyamide layer with a lower degree of cross-linking can be 

synthesized using branched polyethyleneimine (PEI) as the aqueous phase monomer, which 

has previously been shown to have higher water permeability [125, 126]. A small amount of 

piperazine (PIP) could be added to fine-tune the cross-link density to yield enhanced selectivity 

with no significant decrease in solvent permeability [126]. However, this type of PEI-based 

polyamide layer has not been applied in OSN application yet. 

 

The current work aims to develop high performance TFC hollow fibre membrane for low-

pressure OSN applications. The first part of the study focused on the development of solvent 

resistant polymeric hollow fibre substrates that is suitable for polyamide thin film synthesis. 

Polyimide was chosen for the hollow fibre substrates due to its superior chemical and thermal 
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stability in a large range of organic solvents [17, 104]. Furthermore, the modification process 

used to improve the chemical resistance of polyimide against strong organic solvents was facile 

and scalable [104]. Polyamide thin film was then synthesized on the inner surface of the 

polyimide substrates via interfacial polymerization by circulating the monomer solutions 

consecutively. A combination of PEI and PIP was used as monomers in the aqueous phase to 

obtain loosely cross-linked polyamide selective layer for low pressure operation. The effects 

of PEI concentration on the formation of polyamide thin film on the hollow fibre substrates 

were investigated. The resultant TFC hollow fibre membranes were tested for OSN, permeating 

acetone and isopropanol, and retaining dyes in the solvents. A 72-h study was also carried out 

to study the stability of the TFC membranes. This study explored the possibility of fabricating 

polyamide TFC hollow fibre membranes for low-pressure organic solvent nanofiltration. 

 

3.2 Materials and methods 

3.2.1 Materials and chemicals 

Polyimide (P84 Lenzing) was used to fabricate the substrate. 1-Methyl-2-pyrrolidinone 

(NMP, >99%) purchased from Merck, lithium chloride (LiCl, 99.98%) and diethylene glycol 

(DG, >99.5%) purchased from Sigma Aldrich were used in the phase inversion process. 

Isopropanol (IPA, >99.5%), polyethylene glycol 400 (PEG 400) and hexamethylene diamine 

(HDA, >98%) purchased from Sigma Aldrich were used for post-treatment and storage of 

membranes. 

 

Branched polyethyleneimine (PEI) with molecular weight 50,000 Da was purchased from 

Sigma Aldrich, trimesoyl chloride (TMC, 98%, Sigma Aldrich), sodium dodecyl sulfate 

(SDS, >95%, Sigma Aldrich), piperazine (PIP, >99%, Sigma Aldrich) and cyclohexane (Merck) 
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were used for interfacial polymerization. To evaluate the rejection capability of the TFC 

membrane, rose bengal (RB, molecular weight (MW) of 1017 Da, >95%), acid fuchsin (AF, 

MW of 585, ~70%) and methyl orange (MO, MW of 327, >85%) purchased from Sigma 

Aldrich were used. Acetone (>95%), isopropanol (IPA, >99.5%) and n,n-dimethylformamide 

(DMF, >99.8%) purchased from Sigma Aldrich were used in the solute-solvent system. 

 

3.2.2 Spinning of polyimide hollow fibre membranes and cross-linking 

The polyimide hollow fibre substrates were fabricated via dry-jet wet spinning process. 

Polyimide was first dried in the oven at 50 ℃ overnight to remove the water content prior to 

dope preparation. NMP was selected as the solvent to dissolve polyimide, and LiCl and DG 

were added to adjust the dope composition. Table 3-1 summarises the dope compositions 

prepared for spinning polyimide hollow fibre membranes. The weight percentages of 

polyimide were kept at 20 wt% for all dope solutions. The bore fluid composition and 

percentage of polymer remained unchanged for all experiments. 

 

Table 3-1 Dope composition for fabricating polyimide hollow fibre membranes 

Dope code Dope composition (wt%) 

M1 polyimide/LiCl/NMP: 20/1/79 

M2 polyimide/LiCl/NMP: 20/3/77 

M3 polyimide/DG/NMP: 20/8/72 

M4 polyimide/DG/NMP: 20/10/70 

M5 polyimide/DG/NMP: 20/12/68 
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The dope solutions were continuously stirred in a water bath at 40 ℃ for 24 hours. They were 

subsequently transferred into the syringe pump and degassed in vacuum overnight before 

spinning. The dope and bore fluids were extruded through a spinneret (0.75 mm / 1.5 mm) at 

controlled rates using two syringe pumps. The fluids pass through an air gap before immersing 

into a coagulation bath containing tap water. The fibres were then collected onto a drum at free-

falling take-up speed and subsequently rinsed with deionized (DI) water for 3 hours, to remove 

residual solvents. The air gap, dope and bore fluid flow rates were adjusted accordingly to 

obtain membranes with similar dimension and thickness. The details for the spinning 

parameters are shown in Table 3-2. 

 

Table 3-2 Spinning parameters for polyimide hollow fibre membrane 

Parameters M1 M2 M3 M4 M5 

Dope flow rate (ml/min) 8 10 3.5 5 4 

Bore fluid, NMP/DI (wt%) 30/70 

Bore fluid flow rate (ml/min) 6 10 3 7 5 

External coagulant Tap water 

Coagulant temperature (◦C) 24 

Air gap (cm) 20 20 20 20 3 

 

After fabrication, the membranes were placed in a bath of 20 g/l HDA in IPA to perform cross-

linking for more than 18 hours at room temperature. The volume of cross-linker used was 0.01 

l/g of membrane to ensure sufficient reactants in the cross-linking process. The bath was 

recirculated to induce mixing throughout the entire cross-linking process. After that, the 

membranes were soaked in IPA for 12 hours with circulation to remove any residual HDA 
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remaining in the membrane. The inner and outer diameters of the membrane before and after 

cross-linking were also recorded. The membranes were subsequently stored in PEG 400/IPA 

(40/60) wt% solution to preserve the microstructure. For additional testing and polyamide 

synthesis, the hollow fibre substrates were first air-dried for 24 hours and then potted into 

modules of 5 fibres each with an effective length of 24 cm. 

 

3.2.3 Synthesis of TFC layer by interfacial polymerisation 

Interfacial polymerization was performed on the modules to synthesize polyamide thin film 

layer, as described previously [126]. The lumen side of the hollow fibre membranes were first 

immersed in aqueous solution containing varied amounts of PEI (50 kDa) and PIP, and 0.1% 

SDS for 30 min. Prior to this, the pH of the solution was adjusted to 11 using sodium hydroxide 

(NaOH) and hydrochloric acid (HCl). Excess aqueous solution on the membrane surface was 

removed by pumping cyclohexane through the lumens for 2 min. The organic phase containing 

0.13% of TMC in cyclohexane was then introduced in a similar manner for 2 min. Subsequently, 

the membrane was left to react for 20 min before rinsing the residual reactants with DI water. 

 

3.2.4 Membrane characterisation 

The cross-section, inner and outer surfaces of the polyimide substrates and composite NF 

hollow fibre membranes were examined by a Zeiss EVO 50 Scanning Electron Microscope 

(SEM). Hollow fibre samples were fractured in liquid nitrogen and coated with platinum using 

an EMITECH SC7620 sputter coater for the SEM preparation. 

 

Fourier transform infrared spectroscopy (FTIR) was carried out using Prestige-21 

spectrophotometer from Shimadzu to determine the degree of cross-linking in the substrate. 
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Typical polyimide bands at 1780 ad 1711 cm-1 (C=O) and 1361 cm-1 (C-N), and amide bands 

at 1634 cm-1 (C=O) and 1525 cm-1 (C-N) were identified to track changes to the polymer 

structure. To further confirm the presence of the polyamide selective layer after the interfacial 

polymerization reaction, X-ray photoelectron spectroscopy (XPS) was performed using a 

Kratos AXIS Ultra. 

 

Mechanical properties of the substrate were characterised by the tensile strength test using 

Zwick 0.5 kN Universal Testing Machine. Hollow fibre samples were clamped on both ends 

and pulled at 50 mm/min until breakage. The tensile modulus, yield stress and yield strain of 

the fibres were measured along with the elongation process. 

 

A number of characterisations were done to determine the organic resistance of the membrane. 

The weight loss of the membrane was analysed before and after immersion in acetone, IPA and 

DMF. Several pieces of membrane were dried in an oven at 50 ℃ for at least 24 hours and 

weighed. Thereafter the membrane was immersed in the respective solvents individually for 

24 hours, dried and weighed. The weight loss was calculated using equation 3.1 with mi and mf 

(g) as the initial and final dry mass of the membrane, respectively. 

 

 𝑊𝑒𝑖𝑔ℎ𝑡⁡𝑙𝑜𝑠𝑠 = ⁡
𝑚𝑖−𝑚𝑓

𝑚𝑖
× 100 (3.1) 
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The degree of swelling of the membrane was also evaluated by measuring the change in length 

of the membrane when immersed in an organic solvent. Several pieces of 10 cm long 

membranes were placed inside acetone, IPA and DMF for 24 hours before measuring the length. 

The degree of swelling can then be calculated using equation 3.2, where lm and lm+s are the 

length of dry membrane and solvent impregnated membrane, respectively. 

 

 𝐷𝑒𝑔𝑟𝑒𝑒⁡𝑜𝑓⁡𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = ⁡
𝑙𝑚−𝑙𝑚+𝑠

𝑚𝑚
× 100 (3.2) 

 

3.2.5 Membrane separation properties 

The membrane separation properties were evaluated using a crossflow setup. To prevent 

concentration polarization and excessive head-loss across the module, the flow rate of each 

setup was controlled. 

 

The water, acetone and IPA permeability of the polyimide substrate and TFC membranes were 

evaluated by running the solvents from the lumen side at 1 – 2 bar for at least 1 hour before 

measurements were taken. The permeates were collected for at least 5 min and the 

performances were calculated using equation 3.3, where Ji (LMH/Bar) is the permeability of 

water, acetone or IPA, ∆P (bar) is the transmembrane pressure, A (m2) is the effect area of the 

membrane, ρi (g cm-3) is the density of water, acetone or IPA and t (h) is the time of permeate 

collected. 

 

 𝐽𝑖 =
𝑚𝑖

∆𝑃×𝐴×𝜌𝑖×𝑡
 (3.3) 
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The molecular weight cut-offs (MWCOs) of the polyimide substrates were evaluated by 

running a 2000 ppm of dextran aqueous solution with molecular weight distribution ranging 

from 6k to 450k Da at 1 bar. Similarly, the permeate were collected after 1 hour of conditioning 

and measured using gel permeation chromatography (GPC) PL-GPC50 from Varian Inc. The 

rejection of each range of dextran molecules were calculated using equation 3.4, where Ri is 

the rejection coefficient for dextran molecule with certain molecular weight i, Cf and Cp (mV) 

are responses detected by the GPC for the feed and permeate solutions, respectively. 

 

 𝑅𝑖 =
𝐶𝑓−𝐶𝑝

𝐶𝑓
× 100 (3.4) 

 

The rejection capability of the TFC membrane was measured by running acetone and IPA 

containing 35 µM of RB, AF and MO, respectively, at 2 bar. The permeates were collected 

after 1 hour of conditioning, and the dye concentrations were measured with a UV-1650 PC 

UV–Vis spectrophotometer from Shimadzu at 550 nm, 546 nm and 416 nm, respectively. The 

concentrations of dyes in acetone and IPA can then be calculated using Beer-Lambert’s law. 

The calculated concentrations were then used to determine the membrane rejection for each 

dye using equation 3.4. In addition, 72-hour stability tests were also conducted to evaluate the 

performance of the membrane under prolonged filtration. 
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3.3 Results and discussion 

3.3.1 Fabrication of solvent resistant polyimide hollow fibre substrates 

As the solvent resistant polyimide hollow fibres were produced by cross-linking the as-spun 

fibres with HDA, a substrate with higher porosity was required to achieve high solvent 

permeability after cross-linking. Thus, two pore formers, LiCl and DG, were separately added 

into the dope solution to improve the porosity of the hollow fibres. The morphology of the 

cross-linked hollow fibre substrates is shown in Figure 3-1. When LiCl was used as the pore 

former (Figure 3-1 (a-d)) the membrane seemed to be dense and a thick skin layer was observed 

near the inner surface. The addition of LiCl was expected to increase the hydrophilicity of the 

dope composition and encourage a faster rate of phase inversion [162]. However, the rapid 

solvent exchange and high viscosity of the dope solution failed to generate porous 

microstructure and resulted in the formation of a dense structure as shown in the cross-section 

(Figure 3-1 (a)). On the contrary, when DG was used as the pore former (Figure 3-1 (A-D)), 

finger-like structure was observed in the cross-section (Figure 3-1 (A)). The pores near the 

surface also seemed to be more inter-connected (Figure 3-1 (D)) compared to those synthesized 

using LiCl as the additive (Figure 3-1 (d)). The finger-like structure could decrease the mass 

transfer resistance of the substrates though the mechanical strength may be compromised. 

However, the hollow fibres should have sufficient mechanical strength for low pressure OSN 

application and details of their mechanical properties will be discussed in the section 3.3.2. 
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Figure 3-1 SEM images of hollow fibre substrate. (a-d) cross-section, inner surface, outer 

surface and enlarged cross-section of inner surface of the substrate with LiCl as pore former; 

(A-D) cross-section, inner surface, outer surface and enlarged cross-section of inner surface 

of the substrate with DG as pore former 

 

The water permeability and MWCO of the hollow fibre substrates were tested, and the results 

are shown in Figure 3-2. Both hollow fibres M1 and M2 were synthesized using LiCl as the 

pore former. The water permeability of M1 was only 4.6 LMH/Bar and there was no water 

permeability for M2 when the concentration of the pore former was increased. As illustrated 

from the SEM images (Figure 3-1 (a-d)), the formation of the dense layer and low pore inter-

connectivity resulted in the low water permeability of the hollow fibres. With such low water 

permeability, the hollow fibre membranes are not suitable as substrates for TFC membranes. 

Hollow fibres M3 to M5 were fabricated using DG as the pore formers and they showed much 

higher water permeability compared to M1 and M2. The water permeability of the hollow fibres 

increased with higher DG concentration in the dope solution and the use of DG successfully 

enhanced the porosity of the hollow fibre substrates. Meanwhile, the MWCO of the hollow 

100 µm

100 µm 100 nm 100 nm 1 µm

100 nm 100 nm 1 µm

a b c d
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fibres also increased from 75 to 125 kDa as the trade-off for the higher water permeability 

when the concentration DG was increased from 8 to 12%. The MWCO of the substrates which 

reflects the pore size of the substrates is important for the subsequent interfacial polymerization 

and relatively small pore sizes are preferred for the formation of a defect-free polyamide thin 

film [50]. Therefore, hollow fibre M3 with a smaller MWCO but reasonable water permeability 

was selected as the substrate in this study. Besides, as the cross-linking has reduced the porosity 

of the hollow fibres considerably, the water permeability of the cross-linked polyimide 

substrates was relatively lower than that of the substrates used in aqueous nanofiltration in 

previous studies [85, 163]. 

 

  

Figure 3-2 water permeability and MWCO for hollow fibre substrate 

 

3.3.2 Solvent resistant properties of polyimide hollow fibre substrates 

The physical changes of the M3 hollow fibres were observed after chemical cross-linking, as 

shown in Table 3-3. It is observed that the inner diameter of the substrate decreased from 864.0 
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µm to 851.3 µm after being cross-linked. Similarly, the outer diameter decreased and a thinner 

substrate was obtained after cross-linking. The effect of cross-linking could also be seen from 

the change in microstructure of the membrane, as shown in Figure 3-3. The microstructure near 

the membrane surface looked denser after cross-linking (Figure 3-3 (b)). The surface 

morphology also became slightly rougher as a result of the cross-linking (Figure 3-3 (B)). In 

addition, the membrane became slightly more brittle after the chemical cross-linking, as 

observed by the lower strain at break, from ~32.6% to ~22.4%. However, the tensile modulus 

and stress were higher after cross-linking due to extra intermolecular bonds. The mechanical 

strength was comparable to the hollow fibre substrates used in previous studies on low pressure 

nanofiltration processes [125, 164]. 

 

Table 3-3 Membrane properties of substrate before and after cross-linking 

 Before cross-linking After cross-linking  

Inner diameter (µm) 864.0 ± 3.6 851.3 ± 8.1 

Outer diameter (µm) 1185.7 ± 10.6 1167.0 ± 10.6 

Thickness (µm) 160.8 ± 3.5 157.8 ± 3.6 

Tensile modulus (MPa) 69.7 ± 4.9 78.4 ± 5.4 

Stress (MPa) 6.08 ± 0.47 8.40 ± 0.42 

Strain (%) 32.6 ± 9.1 22.4 ± 6.2 
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Figure 3-3 SEM images of hollow fibre substrate. (a) cross-section of uncross-linked; (A) 

inner surface of uncross-linked; (b) cross-section of cross-linked; (B) inner surface of cross-

linked 

 

The chemical compositions of the substrate before and after cross-linking were analysed by 

comparing their FTIR spectra as shown in Figure 3-4. The amide peaks, 1634 cm-1 and 1525 

cm-1, become stronger in intensity due to the formation of amide groups during cross-linking. 

On the other hand, the imide peaks at 1361 cm-1, 1711 cm-1
 and 1780 cm-1 diminished in 

intensity after cross-linking. These observations confirm that the substrate have been 

successfully cross-linked by HDA [104]. However, it should be noted that the minor peak at 

1361 cm-1
 after cross-linking indicates the presence of some unreacted imide groups after cross-

linking. The cross-linking may not be complete in the entire membrane substrate due to 
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geometric and steric constraints [165]. The polyimide substrate may still be susceptible to 

swelling and weight loss over long period of time in strong solvents such as NMP and DMF. 

The chemical resistance of the cross-linked substrates should be significantly enhanced but 

further improvement may still be needed for applications in strong solvents. 

 

 

Figure 3-4 FTIR of uncross-linked and cross-linked polyimide substrate 

 

To examine the chemical stability of the cross-linked hollow fibres, the weight changes before 

and after immersing in acetone, IPA and DMF for 24 hours were measured, and the results are 

shown in Table 3-4. The hollow fibres were highly stable and experienced negligible weight 

loss in all solvents, demonstrating great potential for OSN application. It is not surprising to 

see that uncross-linked polyimide is unstable in aprotic solvents such as DMF and 

tetrahydrofuran (THF), which dissolves the hollow fibre membranes [104]. Besides that, 

organic solvents could disrupt the packing of chains and induce polymer swelling and 

compromise their performances [20, 104, 166]. To use it as a substrate for TFC membranes, 

the hollow fibres are also required to have minimum swelling in organic solvent to avoid 
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delamination and excess stretching of the selective layer. The degree of swelling of the 

membrane was examined by monitoring the change in length of the hollow fibre membrane 

when immersed in organic solvents. There was no swelling observed in IPA while the degree 

of swelling in acetone and DMF were about 1% and 6% respectively, which was much lower 

than many reported solvent resistant hollow fibres [91]. The degree of swelling was also 

smaller than the uncross-linked polyimide membranes in other solvents [166]. With enhanced 

chemical stability, the cross-linked hollow fibres could be used as the substrates for TFC 

membranes in OSN application. 

 

Table 3-4 Swelling factor and weight loss for the cross-linked membrane  

 Solvent Before immersion After immersion Difference % 

Mass (mg) 

DMF 74.4 ± 2.0 74.2 ± 3.6 0.3 

Acetone 74.1 ± 3.2 74.2 ± 2.5 0 

IPA 74.3 ± 2.6 74.3 ± 2.9 0 

Length (cm) 

DMF 10.0 ± 0.2 10.6 ± 0.1 6 

Acetone 10.0 ± 0.1 10.1 ± 0.2 1 

IPA 10.0 ± 0.1 10.0 ± 0.2 0 

 

3.3.3 Polyamide synthesis on cross-linked polyimide hollow fibres 

Polyamide thin film membrane was synthesized (Figure 3-5) on the inner surface of the hollow 

fibres by circulating the monomer reactants through the lumen of the hollow fibres. This 

method enabled the formation of a uniform thin film layer on the hollow fibre substrates and 

has been proven to be scalable [160]. Before the interfacial polymerization, the inner layer was 

smooth with uniformly distributed pores as shown in Figure 3-3 (B). After the thin film was 

formed, a rougher fibre inner surface was observed, and the rings of polyamide are shown in 
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Figure 3-5 (a). This observation suggests successful formation of the polyamide layer, with 

morphology similar to PEI-based TFC reported in literatures [123, 126, 167]. The thickness of 

the polyamide selective layer was estimated to be about 50-70 nm as indicated in Figure 3-5 

(b). 

 

 

Figure 3-5 SEM images of TFC. (a) inner surface; (b) enlarged cross-section 

 

The changes in surface chemistry of the polyimide substrate after interfacial polymerization 

were examined using XPS, as illustrated in Figure 3-6. Since polyamide and polyimide have 

similar C1s peaks, only the nitrogen and oxygen contents are discussed here. The N1s and O1s 

peaks were deconvoluted into their respective peaks to quantify the chemical species within 

the structure. For the N1s peaks, the deconvoluted peaks at 399.2 eV and 400.7 eV correspond 

to the amide groups and imide rings, respectively [83]. As observed, the peak of amide bonds 

increased after the polyamide layer was coated onto the substrate. The presence of a small 

imide peak was due to the small amount of PIP used in the polyamide layer synthesis. For the 

O1s peaks, the peak for the polyimide substrate can be deconvoluted to O=C-N (531.6 eV) and 

C=O (533.3 eV), while the peak for the polyamide thin film can be deconvoluted to O=C-N 

(531.6 eV) and O=C-O (533.5 eV) [24, 168]. The C=O peak observed in the polyimide 

200 nm
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substrates was not present after the polyamide layer coating, but a new O=C-O peak was 

detected. Using the wide scan XPS on the substrate and the TFC membrane (Table 3-5), it is 

observed that there is an increase in atomic ratio of nitrogen (9.33% to 11.29%) after the 

substrate was coated with the polyamide layer. This can be explained by the presence of more 

nitrogen content in polyamide compared to cross-linked polyimide thus indicating the 

successful formation of polyamide layer on the substrate [169]. 

 

 

Figure 3-6 XPS narrow scan spectra on the surface of (a): N1s cross-linked polyimide 

substrate, (b) N1s polyamide thin film composite, (c) O1s cross-linked polyimide substrate, 

(d) O1s polyamide thin film composite 
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Table 3-5 Surface chemical composition of cross-linked polyimide substrate and polyamide 

TFC membrane by XPS wide-scan analysis 

Sample C (%) N (%) O (%) 

Polyimide substrate 60.07 9.33 30.6 

Polyamide TFC 57.82 11.29 30.89 

 

The PEI-PIP type of polyamide was first studied in the OSN application, and the effect of PEI 

concentration on the formation of polyamide layer was analysed. From Figure 3-7, the acetone 

permeability decreased with increasing PEI concentration in the aqueous phase and there was 

a significant drop of 33% in acetone permeability when the PEI concentration increased from 

0.1 to 0.2 wt%. The higher monomer concentration led to a more complete interfacial 

polymerization reaction resulting in a denser and less defective selective layer [170]. However, 

the subsequent increase in PEI concentration from 0.2 wt% to 0.4 wt% had lesser effect on the 

acetone permeability. This is probably due to the relatively higher concentration of PEI than 

PIP added as the aqueous monomer. The longer chained PEI monomer formed a looser 

selective layer, thereby being able to maintain its acetone permeability when varying PEI 

concentration from 0.2 wt% to 0.4 wt%. 
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Figure 3-7: Effect of PEI concentration on acetone permeability and dye rejection. (a) RB; (b) 

MO (amine solution pH=11; rejection of 35 µM dyes at pressure of 2 bar) 
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On the other hand, it seems that PEI concentration below 0.3 wt% was not sufficient to form a 

continuous film with minimum defects, probably due to slower reaction at the interface, though 

an increase of PEI concentration from 0.1 wt% to 0.3 wt% led to an increase in overall rejection 

of RB dyes. However, further increase in PEI concentration to 0.4 wt% brought a slight drop 

in the rejection. This may be caused by competing effect between the two aqueous monomers, 

PIP and PEI, during the interfacial polymerization process that stifled the cross-linking reaction 

between TMC and the amines, as pointed out by previous studies [126, 167]. In addition, an 

increase in long chain PEI monomers as compared to PIP may result in a looser selective layer 

that lowers the rejection. From these observations, a PEI concentration of 0.3 wt% and 0.1 wt% 

PIP can be said to achieve the optimal balance between dye rejection and acetone permeability. 

 

3.3.4 Performance of TFC hollow fibre membranes 

The acetone, IPA and water permeabilities of the TFC hollow fibre membranes were tested in 

a crossflow filtration setup as shown in Figure 3-8. The TFC hollow fibre membranes showed 

a high acetone permeability of 11.6 LMH/Bar, which was one of the highest so far compared 

to other OSN hollow fibre membranes published in recent years [16]. The membranes also 

showed a moderately high IPA permeability of 4.5 LMH/Bar. Though this study focuses on 

OSN application, the water permeability was also measured to compare the membrane 

performance with previous studies on PEI-based polyamide membranes used for water 

application. It could also shed light about the transport mechanism of the membrane. The water 

permeability of the membrane was 6.8 LMH/Bar, which was lower than our previous work 

[125]. This could be attributed to the nature of cross-linking process of the hollow fibre 

substrate, which increased the overall transport resistance of the membrane [20, 104]. The 

higher acetone permeability compared to both water and IPA could be due to the relatively 

lower viscosity of acetone [61]. Besides that, solvent permeability is often affected by solubility 
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and acetone could also have a Hansen solubility parameter closer to the PEI-base polyamide 

membranes [171]. 

 

  

Figure 3-8: Solvent permeability of thin film composite membrane 
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In addition, the selectivity of the TFC membrane was evaluated by measuring the rejection of 

dyes with different molecular weights and the results are summarised in Figure 3-9. The 

membrane achieved high rejections for both rose bengal (>99%) and acid fuchsin (~92%) in 

acetone and IPA. However, the rejections of acid fuchsin and methyl orange were much higher 

in water (>95%). This could be due to minor swelling of both polyamide selective layer and 

polyimide hollow fibre substrate when exposed to organic solvents [17]. In addition, the 

hydrodynamic radius of the solutes in different solvents could result in different rejections 

obtained for both cases [68]. 

 

 

Figure 3-9 Comparison of rejection and with different molecular weights 
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To preliminarily evaluate the stability of the membrane, a 72-h stability test was conducted 

with a feed solution of 35 µM acid fuchsin in acetone under 2 bar and the results are shown in 

Figure 3-10. Due to safety reasons, the test was stopped at night and resumed the follow day. 

The membrane was stored in the solvent and the membrane was conditioned for 1 h after each 

resumption of experiment. As observed, the permeability and rejection fluctuated in a narrow 

range over the period of test with initial permeability and rejection at 10.8 LMH/Bar and 90.3% 

respectively. This suggests that the performance of the membrane can potentially be maintain 

over a long period of time. 

 

  

Figure 3-10 72-h filtration test (35 µM acid fuchsin in acetone at 2 bar for 72 hours)a: The 

permeabilities are obtained from acetone feed with acid fuchsin rather than pure acetone. 
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A summary of OSN hollow fibre membranes recently developed is shown in Table 3-6. It can 

be seen that several TFC membranes are able to outperform ISA membranes, which faces the 

limitation of a one-step phase inversion process [16]. Additionally, there are not many studies 

on OSN hollow fibre TFC membranes. The membrane developed in this work exhibits 

comparable or superior OSN performance to many other TFC membranes reported in literature. 

The higher permeability could be attributed to several modifications done in this work. The 

narrow finger-like structures present in the substrates could have increased the porosity and 

thereby increasing permeability of the solvent [50]. These finger-like structures are beneficial 

in membrane systems that operating at low pressure as they will not be subjected to compaction. 

The PIP/PEI combination used to synthesize the selective layer also improved the permeability 

of the TFC membrane. The relatively loose polyamide structure allows for higher solvent 

permeability while maintaining selectivity in NF range. Overall, in terms of permeability and 

rejection, the mixed polyamide based TFC membrane shows significant improvements 

compared to many other recently developed TFC membranes. 
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Table 3-6 OSN performance of polymeric hollow fibre membranes reported in literature 

Material (Type) 

Solvent permeability  

(LMH/Bar) 

Solute 

(Mw, Da) 

Rejection (%) 

Pressure 

(bar) 

[Ref] Year 

PBI-H2SO4 (ISA) 3.5 (MeOH) TC (444) 98 5 [100] 2019 

Cross-linked PAN (ISA) 2.32 (EtOH) 

RBB (626) 

MB (320) 

99.9 

15.8 

2 [172] 2017 

Polyamide-imide (ISA) 6.4 (IPA) RB (1017) 97.3 2 [164] 2016 

Cellulose (ISA) 

6 (EtOH) 

7 (DMF) 

CR (696) 

RBB (626) 

~99 

~50 

0.2 [173] 2019 

Polyamide with PEG 300 (ISA) 0.32 (MeOH) VB12 (1355) 97.7 3 [174] 2018 

PBI on P84 polyimide (TFC) 

1.58 (Acetonitrile) 

2.6 (MeOH) 

MB (320) 99 1 [175] 2015 
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P84 polyimide with NH2-MWCNT (TFC) 

4.31 (Acetone) 

1.17 (EtOH) 

0.53 (IPA) 

BBR (826) 

TC (444) 

MB (320) 

99.9 

97.4 

99.8 

5 [82] 2018 

SFPS dual-layer Matrimid polyimide (TFC) 0.83 (MeOH) RBB (626) 99.3 16 [176] 2015 

Polyamide on P84 polyimide substrate (TFC) 

11.6 (Acetone) 

4.5 (IPA) 

RB (1017) 

AF (585) 

MO (327) 

99.9 

91.8 

46.5 

2 This work 

PS: polystyrene, RB: Rose bengal, MB: Methylene Blue, RBB: Remazol Brilliant Blue R, TC: Tetracycline, AF: Acid fuchsin, MO: Methyl orange, 

CR: Congo Red
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3.4 Conclusions 

Low-pressure hollow fibre TFC membranes were successfully fabricated for OSN application 

using dry-jet wet spinning method. The polyimide substrate was chemically cross-linked to 

enhance its solvent resistance, followed by interfacial polymerization to form a mixed-

polyamide selective layer. LiCl and DG were used as additives in dope preparation and a 

substrate with narrow finger-like structure was fabricated with DG, showing higher pure 

acetone permeability as compared to the sponge-like structures (LiCl), due to reduced transport 

resistance of the membrane. The cross-linking process enabled the substrates to possess 

excellent resistance to acetone and IPA with minimal weight loss and swelling. However, 

strong solvent such as DMF still caused significant swelling to the membrane which might 

affect the filtration performance of the TFC over long period of time. 

 

The effects of PEI monomer concentration on the performance of the selective layer were 

studied. Results showed that a 0.3 wt% of PEI with 0.1 wt% PIP delivered an optimal balance 

between solvent permeability and solute selectivity. The TFC hollow fibre membranes 

achieved high acetone and IPA permeabilities of 11.6 and 4.5 LMH/Bar, respectively, while 

having more than 90% rejection for acid fuchsin, a dye with 585 Da molecular weight. This 

shows that the TFC membrane can achieve relatively high selectivity in the nanofiltration range. 

In addition, the prolonged filtration test demonstrated that the performance of the TFC 

membrane is stable. Given the scalability and simplicity of the fabrication processes of the 

substrate and selective layer, this work proves to be a promising technique, which has potential 

to be further developed for low pressure commercial OSN hollow fibre membranes. 
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 Thin film composite hollow fibre membrane for 

pharmaceutical concentration and solvent recovery 

4.1 Introduction 

During the manufacturing of pharmaceuticals, active pharmaceuticals ingredients (APIs) and 

intermediates are often separated and concentrated throughout different reaction stages [147, 

149]. The molecular weights of these solutes are typically in the range of 200 – 1000 Da [33, 

177]. By using appropriate membranes, these APIs and intermediates can be separated via the 

differences in their molecular weights and affinity to the targeted organic solvents. In addition, 

these solutes are dissolved in commonly used organic solvents such as IPA and acetone, which 

can potentially be recycled after each reaction step. Currently, solvents are either treated and 

discharged, or recycled using energy consuming distillation techniques, leading to greater 

operating cost of the manufacturing plant [22, 54]. In this case, the use of membrane separation 

for solvent recovery can potentially reduce the overall operating cost. To achieve high 

production yield and reduce material wastage, the separation, concentration and recovery of 

these materials requires a solvent resistant membrane with superior selectivity in the 

nanofiltration range, given the small molecular sizes of the solutes. 

 

In Chapter 3, an OSN hollow fibre TFC membrane for low pressure application was developed. 

Although the TFC membrane achieved over 90% rejection of acid fuchsin (585 Da), it is still 

inadequate for pharmaceutical applications due to high purity requirements. In this work, a 

significantly more selective TFC hollow fibre membrane was developed to concentrate an API 

while recovering the organic solvent to a relatively high purity. P84 polyimide substrate was 

used as the substrate as it has been proven to be solvent resistant in several commonly used 

organic solvents [29]. In addition, the chemical cross-linking process used was easily scalable 
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and facile [164]. The substrate fabricated in previous work was further improved to increase 

the performance of the overall TFC membrane by adjusting its spinning parameters. To 

increase the selectivity of the TFC membrane for smaller (<300 Da) solutes, the monomers 

used in the interfacial polymerisation (IP) step was changed from a combination of 

piperazine/polyetherimide (PIP)/ (PEI) to m-phenylenediamine (MPD), and the IP process was 

carefully adjusted to obtain a denser selective layer for higher selectivity. This is expected to 

reduce the loss of valuable APIs during the concentration process and improve the purity of 

the recovered solvent. The permeability of the membrane was enhanced through solvent 

activation by n,n-dimethylformamide (DMF), opening up the pores of the selective layer and 

substrate while maintaining excellent rejection of solutes. To determine the scalability of the 

TFC fabrication process, the performance of a 5-piece module was compared with a 100-piece 

module. In addition, 7-day filtration experiment of the 100-piece module was also carried out 

to study the stability of the solvent-activated TFC membrane under operating conditions. Lastly, 

an API with a relatively small molecular weight was concentrated in a batch process and the 

organic solvent was recovered simultaneously. Overall, this study explored the scalability and 

stability of the TFC OSN membrane and its potential use in pharmaceutical industry. 
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4.2 Materials and methods 

4.2.1 Materials and chemicals 

The materials used for the fabrication of the substrate have been listed in Chapter 3, section 

3.2.1. For the IP process, m-phenylenediamine (MPD, >99%, Sigma Aldrich), cyclohexane 

(>99%, VWR) and benzene tricarbonyl trichloride (TMC, >98%, Sigma Aldrich) were used. 

 

To evaluate the rejection capability of the TFC membranes, rose bengal (1017 Da in molecular 

weight (MW), >95%, Sigma Aldrich), acid fuchsin (585 Da in MW, ~70%, Sigma Aldrich), 

methyl orange (327 Da in MW, >85%, Sigma Aldrich), methyl red (269 Da in MW, ACS 

reagent) and levofloxacin (361 Da in MV, >98%, Sigma Aldrich) purchased from Sigma 

Aldrich were used. Acetone (>95%, Sigma Aldrich), acetonitrile (>99.5%, Sigma Aldrich), 

isopropanol (IPA, >99.5%, Sigma Aldrich), ethanol (>99.5%, Sigma Aldrich) and n,n-

dimethylformamide (DMF, >99.8%, Sigma Aldrich) were used in the solute-solvent system. 

 

4.2.2 Fabrication of hollow fibre membrane module 

The preparation of dope is similar to that mentioned in Chapter 3, section 3.2.2. Incidentally, a 

dope mixture of 20/8/72 wt% P84/DG/NMP, respectively, was used. The P84 polyimide 

hollow fibre substrate was spun using the dry-jet wet spinning process according to the 

following conditions (Table 4-1). The spinning parameters from the previous work were further 

improved in this study to increase the performance of the substrate. For example, a smaller 

spinneret (0.5 mm / 1.0 mm) was used to increase its packing density for future scale-up works. 

In addition, a harder bore fluid and lower air gap were used to increase the extent of finger-like 

structures from the inner and outer surfaces of the membrane. This further reduces the 
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resistance of the membrane, thereby improving permeability. A detailed procedure for spinning 

and cross-linking post treatment can be found in Chapter 3, section 3.2.2. 

 

Table 4-1 Spinning condition for P84 hollow fibre 

Parameters This work Previous work [29] 

Spinneret (mm/mm) 0.5/1.0 0.75/1.5 

Dope flow rate (ml/min) 3 3.5 

Bore fluid de-ionised water (DI) NMP/DI (30/70) wt% 

Bore fluid flow rate (ml/min) 3 3 

External coagulant Tap water Tap water 

Coagulant temperature (◦C) 24 24 

Air gap (cm) 5 20 

 

The organic solvent resistant substrates were then potted into two different sets of modules and 

sealed at both ends with solvent resistant epoxy resin. The two sets of modules have an effective 

length of 0.22 m and 0.36 m, respectively. In addition, the first set of modules contain 5 fibres 

each while the longer module contains 100 fibres each. 

 

After the hollow fibre substrates were potted into modules, IP was carried out to produce a 

polyamide selective layer. This was done by soaking the modules in MPD solution and then 

purged with cyclohexane to remove excess MPD. A TMC solution was then pumped through 

the lumen to form a thin polyamide layer on the substrate. As the 100-piece module is longer 

and contains more fibres, a slightly higher crossflow rate of the solutions was used to reduce 

the dilution effect of reactants at the outlet. The modules were kept in DI for storage before 

use. A detailed explanation of the IP process can be found in Chapter 3, section 3.2.3. 
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4.2.3 Membrane characterisation and performance evaluation 

The physicochemical characteristics of the hollow fibre substrate and selective layer were 

comprehensively examined through a series of standard scientific characterisation techniques 

as described in Chapter 3, section 3.2.4. Concisely, the morphology of the polyimide substrate 

and TFC membrane were examined under a Zeiss EVO 50 Scanning Electron Microscope 

(SEM). Fourier Transform Infrared Spectroscopy (FTIR) was carried out using Prestige-21 

spectrophotometer from Shimadzu to examine the cross-linking of the polyimide substrate and 

presence of polyamide layer. To further confirm the presence of the polyamide TFC after the 

IP reaction, X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS Ultra. 

Mechanical properties of the substrate were characterised by the tensile strength test using 

Zwick 0.5 kN Universal Testing Machine. The organic solvent resistant of the substrate was 

also determined by measuring its weight loss and degree of swelling in the organic solvents, 

using methods discussed in Section 3.2.4. 

 

A crossflow setup was used to carry out membrane performance tests to reduce concentration 

polarisation and excessive head-loss across membrane modules. The permeabilities of water, 

acetone, acetonitrile and ethanol for the polyimide substrate and TFC membranes were 

evaluated using similar methods described in Chapter 3, section 3.2.5. The selectivity of the 

substrate and TFC membranes were evaluated using dextran aqueous solution and dye organic 

solutions, respectively. 50 ppm of rose bengal, acid fuchsin, methyl orange and methyl red 

were used as solutes for the organic solvent systems to provide solutes of a wide range of 

molecular weights. 
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4.2.4 Effect of solvent activation on membrane separation properties 

Solvent activation was performed on the 100-piece TFC module to examine its effect on 

selectivity and permeability. DMF was pumped at 1 bar from the lumen side for 5 min to 

activate the membranes. Subsequently, distilled water was pumped, without recirculation, at 1 

bar from the lumen side for 10 min to flush out any remaining DMF in the membrane pores. 

The selectivity and permeability tests described in Chapter 4, section 4.2.3 were then carried 

out immediately after solvent activation. 

 

4.2.5 7-day stability test and concentration of active pharmaceutical ingredients 

A 7-day stability tests of the pristine and solvent-activated TFC membranes were conducted to 

study the performance of the 100-piece TFC module under prolonged organic solvent filtration. 

The selectivity and permeability were determined using 50 ppm of methyl red in acetone. 

Levofloxacin was concentrated using the pristine and solvent-activated TFC membranes to 

simulate their performance on pharmaceutical purification process. For the pristine TFC 

membrane, 50 ppm of levofloxacin was dissolved in acetone and concentrated to 20,000 ppm 

to replicate the API recovery process. Likewise, the solvent-activated TFC membrane was used 

to concentrate levofloxacin from 5000 ppm to 20,000 ppm. The concentration of levofloxacin 

in the solutions was determined by HPLC analysis. It was carried out by Agilent HPLC system 

equipped with UV–Vis detector set at a wavelength of 220 nm and a Discovery HS C18, 150 

x 46 mm column. 25 mM potassium phosphate (pH 3.0) and acetonitrile were used as the 

mobile phase with 9:1 volumetric flow ratio. The solutions were pre-diluted to ensure that the 

concentration of levofloxacin is within the accurate range of the calibration curve. 
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4.3 Results and discussion 

4.3.1 Characterisation of P84 hollow fibre substrate 

P84 polyimide hollow fibre substrate was spun in-house using the method described in Chapter 

3, section 3.2.2 and cross-linked with HDA to achieve organic solvent resistance. The MWCO 

of the cross-linked substrate was measured to be about 100 kDa, well within the range of pore 

size suitable for a defect-free polyamide synthesis onto the substrate [50]. The changes in 

physical properties of the membrane were observed as shown in Table 4-2. Compared to our 

previous work, the inner diameter of the membrane was reduced using a smaller spinneret [29], 

aiming at achieving a higher packing density, which is beneficial to future scaling-up of the 

membrane. The SEM images of the cross-linked substrate were also taken to examine its 

morphology (Figure 4-1). As shown in Figure 4-1 (a), the low air gap and hard bore fluid used 

in the spinning process resulted in the formation of finger-like macrovoids, extending from 

both the inner and outer surfaces of the hollow fibre membrane [109]. These finger-like 

structures are understood to weaken the mechanical strength of the membrane and render it 

unsuitable for use in various applications such as gas separation and reverse osmosis. However, 

it improves the low-pressure performance of the membrane by lowering its tortuosity and 

increasing its porosity [137]. In addition, the hard bore fluid also enabled the formation of a 

thin dense layer on the inner surface which facilitates the formation of a defect-free selective 

layer through IP (Figure 4-1 (b and c)) [137, 178]. 
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Table 4-2 Properties of membrane substrate before and after cross-linking 

 Before cross-linking After cross-linking 

Inner diameter (µm) 677.2 ± 7.1 640.5 ± 5.2 

Outer diameter (µm) 978.1 ± 9.6 920.4 ± 12.3 

Thickness (µm) 150.5 ± 5.2 139.9 ± 7.7 

Tensile modulus (MPa) 69.9 ± 5.0 79.7 ± 5.6 

Stress (MPa) 6.30 ± 0.46 8.96 ± 0.70 

Strain (%) 34.0 ± 1.4 22.4 ± 0.9 

 

 

Figure 4-1: SEM images of hollow fibre substrate. (a) cross-section; (b) enlarged cross-

section near lumen; (c) inner surface 

 

The chemical compositions of the substrate before and after cross-linking were analysed by 

comparing their FTIR spectra as shown in Figure 4-2. The amide peaks, 1634 cm-1 and 1525 

cm-1, became more intense through the formation of amide groups while imide peaks at 1361 

cm-1, 1711 cm-1
 and 1780 cm-1 diminished in intensity after cross-linking. These observations 

are consistent with previous work and thus, the solvent resistance of the fabricated substrate 

should perform similarly [29, 104]. 
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Figure 4-2 FTIR spectrum of uncross-linked and cross-linked polyimide substrate 

 

The substrate was also tested for organic solvent resistance by immersing it in various organic 

solvents and measuring the change in mass and length. Table 4-3 shows the mass and length 

changes after immersing the cross-linked membrane in acetone, acetonitrile, IPA and DMF for 

7 days. The cross-linked fibres showed negligible loss of mass for all solvents tested. On the 

other hand, swelling was observed in acetone and DMF at 1% and 6%, respectively. This 

observation was similar to that discussed in Chapter 3, section 3.3.2. Thus, the performance of 

the hollow fibre substrate was subsequently tested in solvents that did not have much swelling 

impact. 

 

Subsequently, solvent permeabilities of the substrate were evaluated and illustrated in Figure 

4-3. The substrate achieved relatively high water, ethanol and acetone permeabilities at 125.5, 

50.6 and 195.9 LMH/Bar, respectively. As observed, a lower ethanol permeability compared 

to water might be due to the higher viscosity of ethanol (1.095 mPa.s) than water (0.89 mPa.s). 
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The increase in viscous resistance has been reported to significantly affect solvent permeation 

in nanofiltration membranes [179]. Similarly, the lower viscosity of acetone (0.302 mPa.s) 

might have attributed to its higher permeability across the substrate. In addition, the swelling 

of the substrate is most pronounced in acetone, which is another factor that contributed to the 

increase in acetone permeability [69].  

 

Table 4-3 Swelling degree and weight loss for cross-linked membranes in organic solvents 

for 7 days 

Parameter Solvent Before immersion (mg) After immersion (mg) % 

Mass 

Acetone 74.6 ± 2.4 74.2 ± 2.5 0 

Acetonitrile 74.3 ± 3.3 74.3 ± 3.1 0 

IPA 74.2 ± 1.7 74.3 ± 2.9 0 

DMF 74.4 ± 3.1 74.1 ± 3.6 0.4 

Length 

Acetone 10.0 ± 0.1 10.1 ± 0.2 1 

Acetonitrile 10.0 ± 0.1 10.0 ± 0.1 0 

IPA 10.0 ± 0.1 10.0 ± 0.2 0 

DMF 10.0 ± 0.2 10.6 ± 0.1 6 
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Figure 4-3: Solvent permeability of substrate 

 

4.3.2 Characterisation of polyamide thin-film composite membrane 

Polyamide selective layer was synthesized on the inner surface of the hollow fibres through in-

house interfacial polymerisation process described in our previous work [29]. PEI/PIP aqueous 

monomers were replaced with MPD to achieve higher selectivity. The SEM images in Figure 

4-4 show the change in morphology on the inner and cross-section of the hollow fibre 

membrane after IP reaction. From Figure 4-4 (a), the inner surface of the membrane became 

rougher and was covered by a ridge and valley-like layer, which is characteristic of an MPD-

based polyamide layer [180]. Comparing with our previous work, the MPD-based polyamide 

layer is thicker than that made from a PEI/PIP-based polyamide layer. Like other polymeric 

amines, the long-chained PEI yielded a polyamide layer with a lower degree of cross-linking 

and thus reduced the overall thickness of the selective layer [126]. However, in the case of 

pharmaceutical concentration and solvent recovery process, selectivity is much more critical 

than permeability of the membrane. Thus, more emphasis was placed on controlling the IP 
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reaction to ensure a defect-free selective layer. As a result, a thicker selective layer was formed 

to achieve high separation of these expensive pharmaceutical products and higher purity of 

recovered solvent. The enlarged cross-section of the membrane (Figure 4-4 (B)) shows 

voluminous voids in the selective layer that is not typically seen in MPD-based membranes for 

reverse osmosis applications. This might be explained by the lack of high pressure during the 

testing process, which does not compact the selective layer prior to SEM imaging [181]. 

Nonetheless, the control of the IP reaction was able to prepare a selective layer onto the 5-piece 

and 100-piece modules with no noticeable defects. 

 

 

Figure 4-4 SEM images of TFC membranes, (a) inner surface; (A) enlarged inner surface; (b) 

cross-section; (B) enlarged cross-section 
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The changes in surface elemental composition of the substrate and TFC were analysed using 

XPS as illustrated in Figure 4-5. From the wide scan XPS spectra in Figure 4-5 (a), it is 

observed that there is a larger elemental N peak for the TFC membrane compared to the 

substrate. This can be attributed to the higher concentration of N in polyamide compared to 

polyimide [29]. The N1s and O1s peaks were deconvoluted into their respective peaks to 

quantify the chemical bonding present on the surface. From Figure 4-5 (b) and Figure 4-5 (c), 

the O1s peak for the polyimide substrate can be deconvoluted to O=C-N (531.6 eV) and C=O 

(532.6 eV), while the peak for the polyamide thin film can be deconvoluted to O=C-N (531.6 

eV) and O=C-O (533.6 eV) [24, 168]. The C=O peak observed in the polyimide substrates was 

not present after the polyamide layer coating, but a new O=C-O peak was detected. For the 

N1s peaks, the deconvoluted peaks at 399.1 eV and 400.6 eV correspond to the amide groups 

and imide rings, respectively [83]. As observed, the amide peak increased after the polyamide 

layer was applied onto the polyimide substrate. From Table 4-4, it is observed that the 

percentage composition of N on the surface increased from 3.96% to 9.02% after the IP reaction. 

This change was also reported in the previous work where a polyamide selective layer was 

applied onto P84 substrate [29]. The final elemental composition of the TFC membrane is very 

similar to those reported in literature of MPD-based polyamide, thus, it indicates that a 

polyamide layer was successfully applied onto the substrate [30, 31, 160]. 
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Figure 4-5 (a) XPS wide scan of polyimide substrate and polyamide TFC membrane, XPS 

spectra of (b) substrate N1s, (c) TFC N1s, (d) substrate O1s and (e) TFC O1s 
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Table 4-4 Elemental composition of substrate and thin-film composite surface by XPS wide 

scan 

Element 

Composition (%) 

Substrate TFC 

O1s 13.66 11.62 

C1s 82.38 79.37 

N1s 3.96 9.02 

 

4.3.3 Scalability of hollow fibre membrane 

Figure 4-6 shows the photos of the cross-sections and outside views of the hollow fibre modules. 

The 5-piece and 100-piece modules have an effective surface area 22 cm2 and 724 cm2, 

respectively. The permeabilities and solute rejections of the modules were compared in Figure 

4-7 and Figure 4-8, respectively. From Figure 4-7, it is observed that the pure solvent 

permeability was reduced when the selective layer was synthesized onto the 100-piece module. 

To ensure a defect-free selective layer for the large module, the crossflow rate for the IP 

reaction was tweaked slightly and this may have resulted in lower permeability [160]. However, 

more emphasis should be placed on the selectivity of the membrane when performing IP 

reaction section in the context of pharmaceutical separation and purification processes. In 

addition, the permeability can be enhanced through solvent activation, which will be discussed 

in the next section. A more comprehensive study should be done on the effects of scaling up 

on the performance of hollow fibre membranes to further understand these factors. 
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Figure 4-6: Outside view and cross-section of hollow fibre membrane modules; (a) Outside 

view of 5-piece and 100-piece modules; (b) Cross-section of 5-piece and 100-piece modules 

 

 

Figure 4-7 Solvent permeability comparisons for 5-piece and 100-piece modules 
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Figure 4-8 Solute rejections comparisons for 5-piece and 100-piece modules in acetone 

 

It is also observed that there is a trend for solvent permeability, where acetone exhibited the 

highest permeability while ethanol being the lowest. These observations can be explained by 

the solvents’ kinetic diameter, molar volume, viscosity as well as affinity towards the 

membrane [29, 69, 182, 183]. Solvents such as acetone and acetonitrile with lower viscosity 

and higher affinity to the substrate and selective layer can therefore pass through the membrane 

easily compared to ethanol. From Figure 4-8, it is observed that the rejections of solutes for the 

5-piece and 100-piece modules were relatively similar. Both modules were able to achieve 

more than 90% rejection to methyl red, indicating a MWCO of less than 269 Da. Compared to 

the selective layer synthesized using a combination of PEI/PIP monomers in Chapter 3, the 

new highly selective layer shows promising potential for pharmaceutical concentration and 

solvent recovery applications. Upon closer inspection using SEM (Figure 4-9), it is revealed 

that a defect-free selective layer was successfully synthesized on the 100-piece module. Thus, 

the method for synthesizing the polyamide selective layer show promising scalability. 
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Figure 4-9 SEM images of the inner surface of the 100-piece module. (a) inlet of the module; 

(b) outlet of the module 

 

4.3.4 Extended filtration test for pristine 100-piece module 

A 7-day OSN filtration experiment was done on the pristine 100-piece module to evaluate its 

stability in OSN application. As observed from Figure 4-10, the acetone permeability remained 

stable at about 5.1 LMH/Bar while methyl red rejection kept constant at about 91.2%. This 

suggests that the performance of the membrane can be maintained for an extended period. 

However, given the low concentration of solute used in the test, the potential fouling issue 

should be further studied to understand the impact of fouling on its performance. 
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Figure 4-10 7-day filtration test for 100-piece module (50 ppm of methyl red in acetone at 2 

bar) 

 

4.3.5 Solvent activation of 100-piece module 

To increase the permeability of the 100-piece module, it was subsequently activated by DMF. 

Figure 4-11 shows the SEM images of the pristine and solvent-activated membrane. The 

surface morphology of the selective layer did not show much noticeable change after activation 

as shown by Figure 4-11 (a) and Figure 4-11 (A). However, there is a noticeable increase in 

voids in the polyamide layer as shown in the cross-sections after solvent activation Figure 4-11 

(b) and Figure 4-11 (B). As DMF is one of the top swelling solvents for aromatic polyamides, 

the polyamide layer might have been swollen and those smaller and uncross-linked molecular 

fragments were washed away by the entry of DMF into the membrane matrix [27, 184]. It can 

also be observed that there is a visible increase in porosity of the substrate, which can be 

explained by the slight loss of mass during the weight-loss experiment. Some uncross-linked 

polyimide polymers in the substrate may have also been dissolved by DMF, unblocking the 
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membrane pores and potentially increasing the overall permeability of the TFC membrane [27, 

184]. 

 

 

Figure 4-11: SEM images of pristine and solvent-activated membrane. (a) and (A) Inner 

surfaces of solvent-activated and pristine membranes; and (b) and (B) cross-sections of 

solvent-activated and pristine membranes 

 

The permeability and solute rejection of the pristine and solvent-activated membranes were 

compared, and the results are shown in Figure 4-12 and Figure 4-13. As predicted, there is a 

significant increase in solvent permeability after solvent activation. Notably, acetone 

permeability increased dramatically by about 4.8 times from 5.1 LMH/Bar to 24.3 LMH/Bar. 

On the other hand, the collapsing of the pores on the surface due to lower polymer matrix 

modulus were able to maintain the rejections of the solutes [27]. This shows potential for scale-
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up modules to use solvent activation as an effective approach to enhance permeability without 

the trade-off of much lower selectivity. However, a thorough analysis of solvent-activated 

membranes should be performed to ensure stable OSN performance over a long period of 

operation. 

 

  

Figure 4-12 Solvent permeability of pristine and solvent-activated membranes 
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Figure 4-13 Solute rejection of pristine and solvent-activated membranes 

A 7-day organic solvent filtration experiment was also performed on the solvent-activated 

membrane and the performance is shown in Figure 4-14. As observed, the membrane was able 

to maintain about 90% of methyl red rejection throughout the 7-day period. However, this is 

slightly lower than that attained by the non-activated membrane (~91.2%). This might be 

caused by the slight dissolution of the selective layer during the solvent activation process, 

negatively affecting its selectivity. On the other hand, the membrane maintained a high 

permeability of 23.5 LMH/Bar throughout the experiment. This demonstrates that solvent 

activation is an effective way to improve membrane performance, but the degree of the solvent 

activation needs to be controlled carefully. After all, the selectivity of a membrane plays a more 

important role in pharmaceutical industries due to the high value of key output materials 

(KOMs) [33], especially when industries seek for high purity in its products. 
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Figure 4-14 7-day filtration test for solvent-activated 100-piece module (50 ppm of methyl 

red in acetone at 2 bar) 
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4.3.6 Concentration of levofloxacin and solvent recovery 

The capability of the 100-piece modules for concentrating API was demonstrated by 

performing a single-pass batch process using levofloxacin as a model API. The permeate was 

collected and stored in a separate tank while the retentate was recirculated back into the feed 

tank. Consequently, the volume of feed reduces, thereby increasing the concentration of API 

in the feed. Levofloxacin (361 Da), an antibiotic, was dissolved in acetone as feed for the 

experiment. Acetone was used as the solvent for this experiment as it is one of the commonly 

used solvents in manufacturing and pharmaceutical industries [22, 185]. In addition, 

levofloxacin is highly soluble in acetone. The permeability of acetone and rejection of 

levofloxacin were measured periodically, and the data obtained for the pristine and solvent-

activated 100-piece module were plotted against time as shown in Figure 4-15. As observed, 

the initial rejection for the pristine membrane was maintained at about 99.2% for more than 9 

hours of operations. Subsequently, there was a decrease in rejection to about 95% when the 

feed concentration was increased from about 5000 ppm to 20,000 ppm. This might be caused 

by concentration polarisation at the membrane boundary due to higher API concentrations. The 

rejection of the pristine membrane gradually decreases towards the end of the experiment when 

the concentration reaches 20,000 ppm. Similarly, the solvent-activated membrane also suffered 

a drop in rejection as the concentration of feed increased. An initial rejection of about 98.2% 

for the solvent-activated membrane gradually decreased to 94.1% at the end of the experiment, 

indicating that concentration polarisation is affecting its performance. On the other hand, the 

solvent permeability of the pristine membrane also dropped drastically from 5.1 LMH/Bar to 

1.5 LMH/Bar over the course of the experiment. This further implies that fouling might have 

occurred on the membrane surfaces, reducing its permeability. Similar observation was also 

made on the solvent-activated membranes. An initial permeability of 16.2 LMH/Bar was 

gradually reduced to 6.21 LMH/Bar within 6 hours of operation. Evidently, the higher 
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permeability of the solvent-activated membrane resulted in a faster rate of concentration of the 

same amount of feed. This reduces the time taken for a batch process to complete. As 

demonstrated, the membrane was able to concentrate the API to 20,000 ppm from a low 

concentration. An even higher concentration of API can then be obtained by using energy 

intensive conventional methods of purification. In addition, more than 95% of acetone was 

recovered in each of the experiment. To reuse the recovered solvent, further polishing steps are 

required to remove trace amount of levofloxacin, but it is beyond the scope of current study. 

 

  

Figure 4-15: Levofloxacin concentration and solvent recovery - rejection and permeability for 

pristine and solvent-activated 100-piece module 
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much permanent impact on their performances. It demonstrates that the OSN membrane can 

potentially be used to recover solvents from process streams in the pharmaceutical industries. 

Its high selectivity would also allow it to be used as a polishing step to remove trace amount 

of contaminants in the recovered solvent through multi-step filtration process. In addition, it 

can also be employed as a pre-treatment for distillation during API purification processes. The 

membrane filtration process removes the main bulk of the organic solvent, leaving a more 

concentrated pharmaceutical intermediate stream with a much lower volume, thereby reducing 

the energy required to heat the organic solvent during the final purification process. However, 

similar to any membrane–based processes, fouling is still a prevalent issue that needs to be 

addressed but this issue is not the focus of current study. 

 

4.3.7 Performance comparison of solvent-activated membrane and commercial 

membranes  

The performance of the solvent-activated 100-piece module was compared with several OSN 

membranes in Table 4-5. Most of the membranes shown in the table are in flatsheet 

configuration. On the other hand, the membrane fabricated in this work is of hollow fibre 

configuration, which offers higher packing density and self-supporting capability. For the 

solvent-activated membrane, the ethanol permeability was able to match most OSN membranes 

reported in literature at 2.33 LMH/Bar. The acetone permeability also increased significantly 

compared with our previous study (24.2 vs 11.6 LMH/Bar). In addition, the selectivity of the 

solvent-activated membrane performed much better than most of the other membranes 

mentioned in the table, with a MWCO of about 269 Da. For example, the solvent-activated 

membrane achieved comparable rejection to NH2-MWCNT/PI membrane while having a 

significantly higher acetone permeability. The prolonged testing of the 100-piece module in 

this study also suggests that the solvent activation step is a promising approach. In addition, 



104 
 

the polyamide selective layer was successfully synthesized for the 5-piece and 100-piece 

membrane module, demonstrating the feasibility of scaling up the technology. Overall, the 

facile and scalable membrane fabricated in this work was able to match, if not outperform, 

many of the state-of-the-art OSN membranes.
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Table 4-5 OSN membrane performance of recent works and 100-piece module developed in this work  

Membrane 
Membrane 

size (cm2) 
Configuration Solvent 

Permeability 

(LMH/Bar) 
Solute 

Molecular 

weight 

(Da) 

Rejection 

(%) 

[Ref] 

Year 

(Catechol/POSS)/PI 21.2 Flatsheet Ethanol 1.26 Rose bengal 1017 99 
[186] 

2017 

PAN 19 
Hollow 

fibre 
Ethanol 2.32 

Remazol brilliant 

blue R 
626 99.9 

[98] 

2017 

Pebax/PAN 12.6 Flatsheet Ethanol 1.9 Brilliant blue R 826 95 
[187] 

2017 

Cellulose 6 Flatsheet Ethanol 0.3 Brilliant blue R 826 94.0 
[188] 

2018 

Kevlar 14.6 Flatsheet Ethanol 2.9 Rose bengal 1017 95 
[189] 

2019 

sPPSU-ECH 9.62 Flatsheet Ethanol 11.9 

Brilliant blue R 

Eosin Y 

Tetracycline 

826 

645 

444 

96 

95 

76.8 

[190] 

2019 

mZIF-8 TFC/PI 28.26 Flatsheet Ethanol 2.8 Rhodamine B 479 99.1 
[191] 

2020 



106 
 

NH2-MWCNT/PI - 
Hollow 

fibre 
Acetone 4.31 Brilliant blue R 826 99.9 

[82] 

2018 

PEI/PIP-based 

TFC/PI 
32 

Hollow 

fibre 
Acetone 11.6 

Acid fuchsin 

Methyl orange 

585 

327 

91.8 

46.5 

[29] 

2020 

MPD-based TFC/PI 

(Solvent-activated) 
724 

Hollow 

fibre 

Acetone 

Ethanol 

Acetonitrile 

24.2 ± 1.7 

2.33 ± 0.36 

10.58 ± 0.75 

 

Acid fuchsin 

Methyl orange 

Methyl red 

Levofloxacin 

 

585 

327 

269 

361 

 

99.4 

98.6 

90.1 

98.2 

This 

work 
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4.4 Conclusions 

In this study, a hollow fibre thin-film composite membrane was developed and scaled up by 

increasing the packing density through changes in spinning parameters. An RO-like selective 

layer was synthesized to achieve higher selectivity for pharmaceutical applications. 

Subsequently, solvent activation was applied to enhance permeability while maintaining high 

solute selectivity. Consequently, the solvent-activated membrane was able to achieve 

significantly higher permeability of various organic solvents than the pristine membrane, 

without compromising on its selectivity. In addition, it also demonstrated excellent stability in 

acetone under operating conditions over a period of 7 days. This demonstrates the scalability 

of thin-film composite fabrication and uses of solvent activation for improved performance. 

The fabricated membrane also exhibited promising results in the batch-processed concentration 

experiment of levofloxacin in acetone, reaffirming its potential for use in pharmaceutical OSN 

application. 
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 Thin film composite hollow fibre membrane: Upscaling 

5.1 Introduction 

In Chapter 4, we demonstrated the recovery of organic solvent and concentration of 

pharmaceutical product using a TFC hollow fibre membrane. An MPD-based polyamide 

selective layer was applied onto a polyimide substrate for high selectivity of low molecular 

weight (<300 Da) solutes. Furthermore, we demonstrated that the selectivity of the membrane 

was maintained when a 100-piece fibre membrane module was tested, showing upscaling 

potential for this fabrication method. However, the 100-piece module was not comparable to 

that of a commercially available membrane. 

 

As such, the methods for fabricating a membrane module of commercial size were developed 

in this chapter. The effects of scaling up to commercial sizes were discussed and the 

performances of the scaled-up modules were compared with the lab-scale module. 

Comparisons were also made on properties such as packing density and surface area of the 

scaled-up modules with commercial membranes of similar sizes. Through these comparisons, 

the advantages and disadvantages of thin-film composite hollow fibre membranes for OSN 

applications were discussed. Lastly, a pharmaceutical product was concentrated to demonstrate 

the potential of the scaled-up module for OSN applications.  
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5.2 Materials and methods 

5.2.1 Fabrication of hollow fibre membranes and modules 

The materials and methodologies described in Chapter 4, section 4.2.2 for the preparation, 

fabrication and storage of the hollow fibre membrane will be used in this chapter. As such, the 

physiochemical characteristics of the substrate will be identical to that discussed in Chapter 4. 

The selective layer synthesized for this study was also based on that described in Chapter 4, 

section 4.2.2. However, factors such as crossflow velocities, purging and reaction times during 

the IP reaction were tweaked to accommodate for the increase in fibre and module length. 

 

Typically, in a lab-scale module, the epoxy resin is potted into both ends of the module using 

a spatula. The potting method used in the lab-scale was not suitable for scaling up as it will 

take a longer time to pot a larger module and the epoxy resin volume used cannot be controlled 

easily. In addition, it is challenging to ensure that all the fibres are evenly spread and coated 

with epoxy resin to prevent leakage in the module. Instead, vertical potting was preferred due 

to its scalability and simplicity. Figure 5-1 shows the vertical potting method for a 2-in 

membrane module of 50 cm long. 2-in stainless steel modules were used for scaling up due to 

its availability as a size for commercial membranes as well as workability for a small study. 

The fibres were first aligned and bundled together using Teflon tapes to maintain its packing 

structure. For the module with 1500 fibres, 3D-printed spacers were slotted at both ends to 

separate the fibres evenly (Figure 5-2). This ensures that the fibres were evenly spread to allow 

the epoxy resin to flow. The ends of the fibres were cut cleanly and subsequently sealed with 

small amount of fast-setting epoxy resin. This is to prevent additional epoxy resin from seeping 

into the lumen of the membrane via capillary action during vertical potting. Solvent resistant 

epoxy resin was then introduced into one end of the module and left to cure. Excess epoxy 

resin on the module was subsequently removed. The steps described were then repeated on the 
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other side of the module. Overall, 3 types of modules were made and their dimensions are 

shown in Table 5-1. 

 

 

Figure 5-1: Potting of 2-inch module 
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Figure 5-2: Spacer configuration for 2-in module. (a) cross-section of spacer; (b) location of 

space along fibre bundle 

 

Table 5-1: Dimensions of hollow fibre modules 

Module # of fibres Effective membrane length (cm) 

P5 5 24 

P500 500 46 

P1500 1500 46 
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a b

Module 

length
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5.2.2 Defect identification and repair 

Defective fibres can develop throughout the membrane fabrication process and this can 

severely affect the performance of the module. During the fibre fabrication process, defective 

fibres can form and remain unnoticed during the potting process. Rough handling of the fibres 

can also potentially result in forming defects. It is also possible that the selective layer was not 

applied uniformly onto all fibres, resulting in poor selectivity. As such, a method for identifying 

and repairing these fibres is paramount to ensure continual use of the membrane module. 

 

Figure 5-3 shows the schematic drawing for defect identification and repair of a 2-in hollow 

fibre module. The permeate side (shell side) of the membrane is first purged of any residual 

solvent and filled with nitrogen gas. One end of the permeate outlet is capped while pressurised 

nitrogen gas is introduced from another permeate outlet. Bubbles can then be observed from 

defective fibres as the module is submerged in water. Subsequently, a nylon thread coated with 

solvent resistant epoxy resin was inserted into each defective fibre. The epoxy resin was left to 

cure fully before the module was used. 

 

Figure 5-3: Schematic drawing of defect identification and repair 
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5.2.3 Membrane characterisation and performance evaluation 

The hollow fibre substrates and selective layers were characterised using similar methods 

described in previous chapters. Solvent permeabilities and solute rejections of the selective 

layers were also examined accordingly to form a basis of comparison with the lab-scale module. 

Essentially, the morphologies of the selective layers were analysed using a Zeiss EVO 50 

Scanning Electron Microscope (SEM). The presence of the polyamide selective layers after the 

IP reaction were verified with X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS 

Ultra. A crossflow setup was used to carry out membrane performance tests to reduce 

concentration polarisation and excessive head-loss across membrane modules. The 

permeabilities of water, acetone, acetonitrile and IPA for the TFC membrane were evaluated 

using similar methods described in Chapter 3, section 3.2.5. The selectivity of the TFC 

membranes were evaluated at 2 bar, using dye dissolved in organic solvents. 50 ppm of rose 

bengal, acid fuchsin, methyl orange and methyl red were used as solutes for the organic solvent 

systems to provide solutes of a wide range of molecular weights. The concentrations of the 

dyes were measured using the same method mentioned in Chapter 3, section 3.2.5. An extended 

filtration experiment was also conducted to investigate the stability of the scaled-up module. 

 

5.2.4 Simultaneous pharmaceutical concentration and solvent recovery 

To evaluate the suitability of the scaled-up module for OSN application, P500 was used to 

concentrate levofloxacin and simultaneously recover acetone in a single-pass batch process. 

The rationale for choosing the solute-solvent system for this study has been mentioned in 

Chapter 4, section 4.2.5. Figure 5-4 illustrates the experimental setup. The permeability of 

acetone, concentrations of levofloxacin in the feed and permeate were collected and measured 
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periodically to evaluate the performance of the membrane. The performances obtained from 

this experiment were then compared with the membrane made in (P5 module) Chapter 4. 

 

 

Figure 5-4: Schematic drawing of pharmaceutical concentration and solvent recovery system 

 

5.3 Results and discussion 

5.3.1 Characterisation of polyamide thin-film composite membrane 

Hollow fibre substrate fabricated from Chapter 4 were potted into modules of various sizes and 

polyamide selective layers were synthesized on the lumen side of the membranes. The SEM 

images of the selective layers were shown in Figure 5-5. It can be observed that the thicknesses 

of the polyamide layer were different for each module. P5 had a polyamide layer thickness of 

about 100 nm while P500 and P1500 had thicknesses of between 300 – 500 nm. In addition, 

the selective layers formed in P500 and P1500 were of ridge-and-valleys structure [124, 192]. 

This observation is similar to that examined in Chapter 4, where the 100-piece module had a 

thicker selective layer with such characteristic. The difference in thicknesses between the lab-

scale module and scaled-up modules might be caused by different parameters used during the 

IP reactions. A higher crossflow velocity was used for the scaled-up modules to enhance 
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purging of aqueous phase and maintaining concentration of TMC during the reaction phase. In 

addition, a longer time was preferred for the reaction phase to ensure complete polymerisation 

along the entire fibre. As such, these changes in parameters potentially resulted in forming a 

selective layer that is thicker with voluminous voids. 

 

 

Figure 5-5: SEM images of the polyamide selective layer from modules with various scales. 

(a) P5; (b) P500; (c) P1500 

 

XPS was used to analyse the changes in inner surface elemental composition of P500 and 

P1500 after IP reaction and illustrated in Figure 5-6. As observed in Figure 5-6 (a, b and c), the 

elemental N peaks for P500 and P1500 are similar to that of P5. In addition, the elemental O 

peaks as shown in Figure 5-6 (d, e and f) are also comparable. Since it has been established in 

the previous chapter that the selective layer on P5 is an MPD-based polyamide layer, this 

indicates that the layers formed on P500 and P1500 after the IP reaction are indeed the same. 
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         P5             P500       P1500 

 

Figure 5-6: XPS spectra of (a) P5 N1s; (b) P500 N1s; (c) P1500 N1s; (d) P5 O1s; (e) P500 

O1s; (f) P1500 O1s 

 

5.3.2 Effect of upscaling on membrane performances 

Hollow fibre modules with 5, 500 and 1500 fibres were successfully fabricated and the cross-

sections of the scaled-up modules are shown in Figure 5-7. Subsequently, a selective layer was 

synthesized onto the lumen of the fibres. To ensure that the selective layers were properly 

synthesized, the crossflow velocities of the solvents used during the IP reaction process were 

adjusted accordingly. A higher crossflow velocity was used for P500 and P1500 modules due 

to longer module length and increase in fibres. Cyclohexane was introduced into the lumen for 

a longer time to ensure that the aqueous phase was completely purged from the surface of the 

membrane. 
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Figure 5-7: Cross-section of scaled-up hollow fibre module. (a) P1500; (b) P500 

 

The effective surface areas and nominal packing densities of the modules were calculated and 

compared with commercial membranes of similar dimensions in Table 5-2. When the module 

was scaled from P5 to P1500, the effective surface area of the module increased by 575 times 

from 0.00235 m2 to 1.41 m2. This is more than twice the effective surface area of the two 

commercial modules (PuraMem 280 and TW30) of similar sizes. As such, P1500 achieved a 

packing density of 1510 m2/m3 while the commercial membranes have a packing density of 

300 – 600 m2/m3. This aptly illustrates the advantage of hollow fibre membranes as the higher 

packing density allows for higher output for a given module size. In addition, the free-standing 

nature of hollow fibre membranes also eliminate the need for spacers and supports that are 

compatible with organic solvents. 

 

Table 5-2: Module properties 

Module 

Effective surface 

area (m2) 

Packing density 

(m2/m3) 

P5 0.00235 n.a 

P500 0.470 503 

a b
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P1500 1.41 1510 

PuraMem 280 (2520) [108]  0.6 372 

TW30 (2514) [193] 0.65 577 

 

From Figure 5-7 (a), it can be observed that the fibres were packed relatively close to one 

another with minimal gap between fibres. In addition, the spacers were able to separate the 

bundles evenly, introducing more pathways that the epoxy can flow around the fibres. 

Theoretically, a total of 2300 such fibres could be potted into each 2-in modules for maximum 

packing density of up to 2300 m2/m3. However, this introduces much more engineering 

challenges when scaling up. For example, the creeping of epoxy resin onto the fibres through 

capillary action could be exacerbated due to tighter packing, reducing the effective length of 

fibres in the module [160, 194]. In addition, an even longer pathway is required for the epoxy 

resin to completely seal the ends of the module, increasing the likelihood of a leakage. A tighter 

packing will also increase the likelihood of fibres being damaged during the potting process, 

thereby introducing unnecessary complications for scaling up. Another issue with higher 

packing density is an increase in flow restriction at the shell-side for FO process. More severe 

headloss will increasing pumping losses and also exacerbate concentration polarisation, thus 

reducing its performance. Overall, this demonstrates the scalability of the hollow fibre 

membranes fabricated in Chapter 4. 

 

As much higher flow rates were required for the scaled-up modules, a larger crossflow filtration 

system was used. The modules were tested for their performances similar to that described in 

Chapter 4 and the results are shown in Figure 5-8 and Figure 5-9. As observed in Figure 5-8, 

P5 achieved the highest solvent permeabilities for all modules. On the other hand, solvent 

permeabilities of P500 and P1500 were similar and 20 – 40% lower than P5. This trend of 

solvent permeabilities decreasing when membranes were scaled-up was also observed in 
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Chapter 4, Section 4.3.3, where a 100-piece module was fabricated. This might be caused by 

slightly different parameters used in the IP reactions on the scaled-up modules. Nonetheless, 

the similar performances of P500 and P1500 demonstrates that the increase in fibres for the 

same module dimension does not affect its performance. From Figure 5-9, it is observed that 

the selectivity of all modules remained in a similar range, regardless of the number of fibres 

and module dimensions. In addition, the membranes were able to achieve more than 91% 

rejection for methyl red, indicating a MWCOs of less than that of 269 Da. For separation and 

recovery of high-value solutes like APIs and other KOMs, a membrane with such high 

selectivity is thus desirable. The performance of P1500 was also compared with commercial 

OSN membranes as shown in Table 5-3. Permeabilities of tested solvents were much higher 

for P1500 compared to the commercial membranes. Given the much higher packing density of 

the hollow fibre module, these factors allow a much smaller module to produce the same output 

in a given system, lowering the footprint of the OSN system. The selectivity of P1500 

membrane was also comparable to most of the commercial membranes, thereby eliminating 

the traditional trade-offs associated with permeability and selectivity in membrane fabrication. 
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Figure 5-8: Solvent permeabilities of thin film composite membranes 

 

 

Figure 5-9: Rejection of dyes in ethanol
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Table 5-3: Performances of various commercial OSN membranes 

Membrane Material Membrane type 

Solvent permeability 

(LMH/Bar) 

Rejection 

(MW; %) 

Ref 

Duramem 300 Cross-linked Polyimide Integrally skinned 

Acetone; 0.15 ± 0.03 

Ethanol; 0.27 ± 0.02 

200 Da; 90 

- 

[195] 

Puramem 280 

Uncross-linked 

Polyimide 

Integrally skinned 

Toluene; 0.6 

Ethanol; 0.65 ± 0.03 

280 Da; 90 

- 

[195, 

196] 

GMT-oNF2 Silicone composite 

Thin-film 

composite 

Toluene; 2 

Acetone; 1.01 

Ethanol; 0.15 

507 Da; 98 

- 

- 

[196] 

SolSep BV 

010206 

Polyimide Integrally skinned Acetone; 1 300 Da; 95 [196] 

P1500 Polyimide 

Thin-film 

composite 

Acetone; 5.61 

Ethanol; 1.01 

- 

269 Da; 91.5 

This work 
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5.3.3 Extended filtration test for P500 

To evaluate the stability of the scaled-up TFC module P500, a 10-day filtration experiment was 

done using 50 ppm methyl red dissolved in ethanol. The permeabilities and rejections were 

measured periodically throughout the length of experiment and illustrated in Figure 5-10. The 

module was able to maintain the ethanol permeability at about 0.9 LMH/Bar throughout the 10 

days. Slight fluctuation in solvent permeabilities might be caused by the evaporation of the 

solvent collected during measurements. Otherwise, the membrane displayed excellent stability 

in the solvent. In addition, methyl red rejection was kept relatively constant at 91% throughout 

the experiment. This indicates that the membrane can be utilized for prolonged OSN 

applications. As such, a subsequent experiment was done to evaluate its OSN performance. 

 

  

Figure 5-10: Stability test of P500 module for OSN performance. 50 ppm methyl red 

dissolved in ethanol 
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5.3.4 Performance in OSN application 

To evaluate the OSN performance of the scaled-up module, P500 was used to recover acetone 

and concentrate levofloxacin simultaneously in a crossflow set-up. The reason for using P500 

instead of P1500 for the experiment was due to the large amount of solvents required for the 

experiment. Otherwise, the performances of P500 and P1500 should be similar as examined in 

Chapter 5, section 5.3.2. The performance was then compared with P5 and illustrated in Figure 

5-11. Since the time taken for the experiments to complete were different, the time axis was 

normalised to provide a clearer comparison between the 2 modules. Initially, the acetone 

permeabilities of P5 and P500 were about 5 and 6.8 LMH/Bar, respectively. As these were 

batch experiments, the concentration of levofloxacin nearly doubles every time the volumes of 

feed were halved. This explains the rapidly increasing concentrations of levofloxacin at the end 

of the experiments. As the feeds were concentrated, the acetone permeabilities gradually 

decreased and at the last 15% of time, the permeabilities dropped drastically. A similar 

observation can be made for the selectivities of the modules as the experiment progressed. 

Initial levofloxacin rejections remained about 99% but underwent a sudden decline near the 

end to 96%. This might be caused by concentration polarisation on the membrane surface due 

to the increasing concentrations of levofloxacin in the feed. Overall, both experiments were 

able to concentrate levofloxacin from 500 ppm to about 9000 ppm and more than 90% of 

acetone was recovered. From this study, it demonstrated that the polyimide based TFC hollow 

fibre membrane can be scaled up without much impact on performance. The permeability was 

slightly reduced as a trade-off to obtain a defect-free selective layer, which is evident from the 

high selectivity of the scaled-up module. 
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Figure 5-11: Simultaneous pharmaceutical concentration and solvent recovery for P5 and 

P500 modules 
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5.4 Conclusions 

This study has demonstrated that the thin-film composite hollow fibre membrane can be scaled 

to commercial sizes for OSN application. The scaled-up modules exhibited superior packing 

densities compared to commercial spiral wound modules of similar sizes. This evidently shows 

the benefit of hollow fibre membranes compared to spiral wound modules. A tight selective 

layer was applied onto the lumen of the membranes and tested for performance. The scaled-up 

modules suffered slight reduction in permeability compared to lab-scale modules (acetone, 7.1 

to 5.6 LMH/Bar) but was able to maintain its exceptional selectivity (269 Da, >91%). 

Comparing its performance to commercially available OSN membranes, it exhibited excellent 

solvent permeabilities with comparable selectivity. A 10-day filtration experiment also 

demonstrated the stability of the scaled-up module. A pharmaceutical concentration and 

solvent recovery experiment also showed potential for the scaled-up module to be used in OSN 

applications. 
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 Organic solvent forward osmosis membrane 

6.1 Introduction 

In Chapter 4, OSN membrane was used to simultaneously concentrate pharmaceutical products 

and recover organic solvent. However, higher pressure was required by the OSN membrane to 

achieve higher solute concentration, potentially adding more operating and maintenance costs. 

In addition, the fouling propensity of OSN membranes inhibited its performance drastically as 

demonstrated in Chapter 4 and Chapter 5. Thus, a more viable alternative is required to further 

concentrate solutes in an organic solvent. Organic solvent forward osmosis (OSFO) has 

received much attention in recent years as a membrane separation process for pharmaceutical 

and food industry. Essentially, OSFO utilises the difference in osmotic pressure between the 

draw and feed solution to generate solvent flux across a semi-permeable membrane. Depending 

on the purpose of the OSFO application, the solute in the feed can be concentrated to high 

levels of purity. With a suitable draw solution, the solvent can then be recovered from the draw 

solution using an appropriate regenerative process [53, 197, 198]. 

 

In this chapter, an OSFO thin-film composite hollow fibre membrane was fabricated. The dope 

composition and spinning parameters of the substrate were altered to improve the physical 

properties of the substrate for FO processes. Subsequently, an m-phenylenediamine (MPD)-

based polyamide selective layer was synthesized onto the substrate through interfacial 

polymerisation (IP) to achieve high selectivity. The performance of the TFC FO membrane 

was evaluated by standard FO tests. The OSFO performance was also investigated using a non-

toxic draw solution. Lastly, an active pharmaceutical ingredient (API) dissolved in an organic 

solvent was concentrated to demonstrate the application of OSFO in the pharmaceutical 

industry. 



127 
 

6.2 Materials and methods 

6.2.1 Materials and chemicals 

Polyimide (P84 Lenzing) was used to fabricate the substrate. 1-Methyl-2-pyrrolidinone 

(NMP, >99%) purchased from Merck and diethylene glycol (DG, >99.5%) purchased from 

Sigma Aldrich were used in the phase inversion process. Isopropanol (IPA, >99.5%), 

polyethylene glycol 400 (PEG 400) and hexamethylene diamine (HDA, >98%) purchased from 

Sigma Aldrich were used for post-treatment and storage of membranes. For the IP reaction, m-

phenylenediamine (MPD, >99%, Sigma Aldrich), cyclohexane (>99%, VWR) and benzene 

tricarbonyl trichloride (TMC, >98%, Sigma Aldrich) were used. 

 

To evaluate the selectivity of the TFC membranes, rose bengal (1017 Da in MW, >95%, Sigma 

Aldrich), methyl red (269 Da in MW, Sigma Aldrich), magnesium chloride hexahydrate (>99%, 

Merck), sodium chloride (>99%, Merck) and levofloxacin (361 Da in MW, >98%, Sigma 

Aldrich) were used. Deionized (DI) water, acetone (>95%, Sigma Aldrich), ethanol (>99.5%, 

Sigma Aldrich) and isopropanol (>99.5%, Sigma Aldrich) were used as solvents. 

 

6.2.2 Fabrication of thin-film composite hollow fibre membrane 

The hollow fibre substrates were fabricated via dry-jet wet spinning process. The dope was 

prepared in a similar manner described in the previous work [122], but the dope composition 

and spinning parameters were changed as illustrated in Table 6-1, to improve its performance 

for use as OSFO substrate. The substrate was then cross-linked by immersing it into a solution 

of 20 g/l of HDA in IPA for 18 hours to achieve solvent resistance. The cross-linked 

membranes were then stored in 40/60 wt% PEG 400/IPA solution to preserve the pores. The 

fibres were subsequently potted into modules with dimensions as shown in Table 6-2. 
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Table 6-1: Spinning parameters of hollow fibre substrate 

 This work Previous work [122] 

Dope composition 

P84/DG/NMP (wt%) 
16/8/76 20/8/72 

Dope flow rate (ml/min) 3 3.5 

Bore fluid DI water DI water 

Bore fluid flow rate (ml/min) 3 3.5 

External coagulant Tap water Tap water 

Air gap (cm) <1 5 

Drum speed (cm/s) 6 3.75 

 

Table 6-2: Dimensions of module for hollow fibre FO membranes 

Module 
Number of 

Fibres 

Module length 

(cm) 

Module diameter 

(inch) 

Membrane Area 

(cm2) 

 

P5 5 26 ~ 3/8 22  

P500 500 50 ~ 2 4145  

 

A polyamide selective layer was synthesized on the lumen side of the fibres through interfacial 

polymerisation. The membranes were first soaked in an aqueous solution containing MPD and 

then purged with cyclohexane to remove excess aqueous solution. Subsequently, a cyclohexane 

solution containing TMC was pumped through the lumens to initiate the IP reaction, forming 

a thin polyamide layer on the substrate. Afterwards, the reaction was quenched and the modules 

were stored in DI water before use. 
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6.2.3 Membrane characterisation and performance evaluation 

The chemical and physical properties of the hollow fibre substrate and the selective layer were 

examined using a series of standardised characterisation tests. The cross-section and surface 

morphologies of the polyimide substrate and TFC membrane were examined using Zeiss EVO 

50 Scanning Electron Microscope (SEM). The prepared hollow fibre samples were coated with 

platinum using EMITECH SC7620 sputter coater for the SEM preparation. 

 

To evaluate the cross-linking of the polyimide substrate, Fourier Transform Infrared 

Spectroscopy (FTIR) was carried out using Prestige-21 spectrophotometer from Shimadzu. 

Polyimide bands at 1780 cm-1 and 1711 cm-1 (C=O), 1361 cm-1 (C-N), and amide bands at 1634 

cm-1 (C=O) and 1525 cm-1 (C-N) of the pristine and cross-linked substrate were compared to 

evaluate the changes in the polymer structure. The porosity (ε) of the hollow fibre substrate 

can be determined by gravimetric method [199]. The inner surface of the TFC membrane was 

examined by X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS Ultra to confirm 

the presence of polyamide layer after IP. 
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A crossflow setup was used to test the membrane in RO mode. The permeability of water, 

ethanol and acetone for the polyimide substrate and TFC membranes was evaluated by 

pressurizing the solvents from the lumen side at 2 bar. Measurements were taken after the 

system has stabilised and the performance were calculated using equation (6.1), where Ji 

(LMH/Bar) is the solvent permeability, mi is the mass of solvent collected, ΔP (bar) is the 

transmembrane pressure, A (m2) is the effect area of the membrane, ρi (g cm-3) is the density of 

solvent, and t (h) is the time taken for permeate collection. 

 

 𝐽𝑖 =
𝑚𝑖

∆𝑃×𝐴×𝜌𝑖×𝑡
 (6.1) 

 

The molecular weight cut-off (MWCO) of the substrate was evaluated using standardised test 

with a dextran aqueous solution [200]. The selectivity of the TFC membrane was determined 

using aqueous salt solutions consisting of 2000 ppm NaCl and MgCl2. 50 ppm of rose bengal 

and methyl red dissolved in ethanol, separately, were used to investigate its OSN performance. 

The concentrations of salts and dyes were determined using a conductivity meter (Myron L 

Company, Canada) and UV-1650 PC UV–Vis spectrophotometer (Shimadzu, Japan), 

respectively [29, 125]. The rejection (R) of dextran, salts and dyes were determined using 

equation (6.2), where Cf and Cp are the concentrations of the solutes in the feed and permeate, 

respectively. 

 

 𝑅 =
𝐶𝑓−𝐶𝑝

𝐶𝑓
× 100 (6.2) 
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A bench-scale FO setup was utilized to study the FO performance of the TFC membranes in 

the active layer facing feed solution (AL-FS) orientation, as shown Figure 6-1. Solutions with 

0.5 – 1.5 M MgCl2 were used as draw solutions while DI water was used as the feed.  

 

 

Figure 6-1: Schematic diagram of forward osmosis experimental setup 

 

To determine the FO performance, the water flux Jw, (l m-2 h-1, LMH) was determined using 

equation (6.3), where Δw (g) is the change in feed mass over a time interval Δt (h), Am (m2) is 

the effective membrane area and ρw (g/l) is the density of water. 

 

 𝐽𝑤 =
∆𝑤

𝐴𝑚𝜌𝑤∆𝑡
  (6.3) 

 

The reverse solute flux (RSF), Js, (g m-2 h-1, gMH) was examined according to equation (6.4), 

where C0 (g/l) and V0 (l) are salt concentration and feed volume at time 0, Ct and Vt indicate 

the final salt concentration and feed volume over a time interval (Δt), respectively. 

 

 𝐽𝑠 =
𝐶𝑡𝑉𝑡−𝐶0𝑉0

𝐴𝑚∆𝑡
  (6.4) 
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Subsequently, the specific RSF (Js/Jw), (g/l), was plotted against draw solution concentration. 

The performance of P5 and P500 modules were then compared to evaluate the scalability of 

the TFC membrane. 

 

The structural parameter (S) of the TFC membrane was then measured using equation (6.5), 

where Ds is the diffusion coefficient for MgCl2, approximated to 1.06 x 10-9- m2 s-1 [201], ΠD 

is the osmotic pressure of the bulk draw solution, ΠF is the osmotic pressure of the feed solution 

at the membrane surface. A and B are the pure water and salt permeability coefficients, 

respectively. 

 

 𝑆 = ⁡
𝐷𝑠

𝐽𝑤
𝑙𝑛 [

𝐴𝜋𝐷+𝐵

𝐴𝜋𝐹+𝐽𝑤+𝐵
] (6.5) 

 

6.2.4 Organic solvent forward osmosis application 

The scaled-up (P500) module was tested for OSFO performance in the AL-FS orientation. The 

setup illustrated in Figure 6-1 was used for the OSFO experiments by replacing the fittings and 

tubes with solvent resistant ones. IPA and acetone were used as solvents and the respective 

solvent fluxes were measured using 0.5 – 2 M PEG 400 as draw solutions. PEG 400 

concentrations in the feed and draw solutions were measured using total organic carbon (TOC) 

analyser (Shimadzu, Japan). A known volume of solution containing PEG 400 was first oven 

dried at 60ºC to completely remove the solvent and then diluted with water for TOC analysis. 

The solvent fluxes, RSF and specific RSF were measured similarly as described in section 6.2.3. 

A concentric cylinder (CC-27) rheometer from Anton Paar was used to examine the viscosities 

of the draw solutions. A shear rate (τ) of 2000 s-1 was used to obtain the values. 
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To demonstrate the OSFO capability of the P500 module, a solution of levofloxacin in acetone 

was concentrated. 2 M PEG 400 in acetone was used as the draw solution while 1000 ppm 

levofloxacin dissolved in acetone was used as the feed solution. The feed and draw solutions 

were circulated in the AL-FS orientation and the draw solution was constantly dosed to 

maintain its concentration. The concentration of levofloxacin in the feed was determined using 

UV-1650 PC UV–Vis spectrophotometer (Shimadzu, Japan) at a wavelength of 292 nm [202]. 

The solution was appropriately diluted before measuring to obtain an accurate reading. 

 

6.3 Results and discussion 

6.3.1 Characterisation of polyimide substrate 

P84 polyimide hollow fibre substrate was spun in-house and cross-linked with HDA to achieve 

organic solvent resistance. The MWCO of the cross-linked substrate was then determined to 

be about 90 kDa using a dextran standard solution. Subsequently, the physical properties of the 

membrane after cross-linking were measured and shown in Table 6-3. Compared to the 

substrate fabricated in the previous work, the inner diameter, outer diameter and thickness of 

the membrane were significantly reduced. This was achieved by reducing the polymer 

concentration in the dope and increasing the uptake speed of the drum [115]. The lower 

polymer concentration reduces the viscosity of the dope solution, thereby having a less 

pronounced die swelling at the exit of the spinneret. The higher drum uptake speed also 

increased the elongation of the fibre, further reducing the fibre dimension. In addition, the 

decrease in bore and dope flow rates also contributed to a thinner fibre obtained for this study 

[109, 117]. 

  



134 
 

Table 6-3: Physical properties of polyimide substrate before and after cross-linking 

 This work Previous work [122] 

Inner diameter (µm) 573.7 ± 8.7 640.5 ± 5.2 

Outer diameter (µm) 823.6 ± 10.8 920.4 ± 12.3 

Thickness (µm) 125.0 ± 4.1 139.9 ± 7.7 

Porosity (%) 79 68 

 

The morphology of the cross-linked substrate was also examined using SEM imaging as shown 

in Figure 6-2. It can be observed that a thin skin layer (Figure 6-2 (c & e)) was formed on the 

outer and inner surfaces of the membrane through rapid phase inversion via using hard bore 

fluid and external coagulant [50, 109]. The thin skin layer allows for a defect-free polyamide 

selective layer to be synthesized onto the surface while reducing the overall intrinsic membrane 

resistance for higher solvent permeability [137, 178]. It can also be seen that the finger-like 

structures developed extensively towards the centre of the membrane, separated by a sponge-

like polymer matrix as shown in Figure 6-2 (b). This was achieved by using a hard bore fluid 

and lower air gap (see Table 6-1) [50, 109]. The extensive finger-like structures resulted in an 

increase in porosity from 68% to 79%. Consequently, the thinner and more porous membrane 

would improve the structural parameter of the membrane and reduce the effects of ICP [50, 

129]. Overall, the fabricated hollow fibre substrate showed desirable characteristics of a FO 

membrane. 
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Figure 6-2: SEM images of cross-linked hollow fibre substrate. (a) Cross-section; (b) 

enlarged cross-section; (c) cross-section of inner surface; (d) inner surface; (e) cross-section 

of outer surface; (f) outer surface 
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Figure 6-3 illustrates the solvent permeability of the membrane fabricated in this study and the 

previous work [122]. It was found that the solvent permeability of the membrane fabricated in 

this work is much higher than that obtained from the previous work. The permeability for water, 

ethanol and acetone improved by about 61%, 79% and 91%, respectively. The improvements 

were mainly attributed to the reduction in membrane thickness and the increase in the porosity 

of the hollow fibre substrate. Overall, the substrate fabricated in this work showed significant 

improvement in its physical properties that are potentially beneficial in FO process. 

 

   

Figure 6-3: Solvent permeability of hollow fibre substrates in various solvents 
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The chemical composition of the substrate before and after cross-linking were also analysed 

by FTIR as presented in Figure 6-4. The characteristic peaks of imide groups at 1361 cm-1 

(C=O), 1711 cm-1 (C=O) and 1780 cm-1 (C-N) diminished significantly after cross-linking. On 

the other hand, the amide peaks, 1634 cm−1 (C=O) and 1525 cm−1 (C-N), became more intense 

through the formation of amide bonds. These observations are consistent with previous works 

and thus, the solvent resistance of the fabricated substrate should perform similarly [29, 122]. 

The hollow fibre substrate was potted into two types of modules, P5 and P500, and used for 

subsequent experiments. 

 

 

Figure 6-4: FTIR spectrum of uncross-linked and cross-linked polyimide substrates. 
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6.3.2 Characterisation of selective layer 

A polyamide selective layer was synthesized on the lumens of the hollow fibre substrates in P5 

and P500 modules via interfacial polymerisation. The SEM images in Figure 6-5 show the 

morphology of the inner surface and cross-section of the membrane after IP. As observed in 

Figure 6-5 (a), the inner surface of the membrane was covered by a ridge-and-valley like texture, 

the characteristic of a typical MPD-based polyamide layer. Looking at Figure 6-5 (c), the cross-

section shows a selective layer thickness of about 150 nm. A thinner selective layer could 

potentially improve solvent permeability. However, as the OSFO membrane was used to 

concentrate high value pharmaceutical products, a TFC membrane with higher selectivity was 

favoured. 

 

 

Figure 6-5: SEM images of thin-film composite hollow fibre membranes, (a) inner surface; 

(b) enlarged inner surface; (c) cross-section 
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The changes in surface chemistry of the membrane after IP were analysed using XPS. The N1s 

and O1s peaks of the polyimide substrate and TFC were deconvoluted respectively and 

illustrated in Figure 6-6. As observed from Figure 6-6 (a and b), the amide bonds increased 

after the selective layer was synthesized onto the substrate. From Figure 6-6 (c and d), it can 

also be seen that the deconvoluted O1s peaks for the membrane changed. The C=O peak of the 

substrate was no long present and a new O=C-O peak was detected. These observations were 

also made in previous works and thus suggests that the polyamide selective layer was 

successfully synthesized onto the substrates [29, 122].  

 

 

Figure 6-6: XPS spectra of (a) substrate N1s, (b) TFC N1s, (c) substrate O1s and (d) TFC 

O1s 
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The OSN performance of P5 and P500 TFC modules were evaluated using a cross-flow setup 

and the results are illustrated in Figure 6-7 and Figure 6-8, respectively. Ethanol permeability 

of P5 module was measured at 1.65 LMH/Bar while the corresponding permeability for P500 

module was lower at 1.04 LMH/Bar. This trend is similar to that reported in the previous work, 

where the scaled-up membrane suffered from lower solvent permeability due to possible non-

uniform IP layer coating [122]. The increase in module length (from 30 cm to 50 cm) and 

enlarged module cross-sectional area (from 3/8 inch to 2 inch) might have caused uneven 

distribution of liquids during the IP process and formed less ideal selective layer. On the other 

hand, the selectivity of P500 module was very similar to P5 module, which indicates that the 

selective layer was synthesized onto the membrane without any defects. As observed from 

Figure 6-8, P500 module showed slightly higher salt rejections of MgCl2 and NaCl at 99.1% 

and 95.4%, respectively. The membranes also achieved excellent methyl red rejection of over 

92%. This suggests that the selective layer can serve well as a RO-like barrier for small solutes 

in FO operation. 
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Figure 6-7: Solvent permeabilities for P5 and P500 thin-film composite modules 

 

Figure 6-8: Solute rejections of P5 and P500 modules in ethanol and water  
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6.3.3 FO performance of lab-scale and scaled-up modules 

The modules were tested for their FO performances in the AL-FS orientation using the setup 

illustrated in Figure 6-1. Varied concentrations of MgCl2 were used as the draw solution while 

DI water was used as the feed solution. The water flux (Jw), RSF (Js) and calculated specific 

RSF (Js/Jw) were obtained and reported in Figure 6-9. As seen from Figure 6-9 (a), the water 

flux of P5 module increased from 25.6 LMH to 42.9 LMH when the concentration of MgCl2 

in the draw solution increased from 0.5 M to 1.5 M. On the other hand, P500 module achieved 

water flux of 23.0 LMH and 33.2 LMH when 0.5 M and 1.0 M of MgCl2 was used (Figure 6-9 

(A)). The comparatively lower Jw of P500 module can be attributed to its relatively lower 

intrinsic water permeability than P5 module, which is expected from the solvent permeability 

test in Figure 6-7. It can also be observed from Figure 6-9 (a) that there is a diminishing increase 

in flux when the concentration of draw solution further increased. This suggests that dilutive 

ICP is much more noticeable at a higher concentration of draw solution [130, 203]. As seen 

from Figure 6-9 (b and B), the estimated specific RSF of P5 module was higher than P500 

module. This suggests that the polyamide layer synthesized on P500 module was more 

selective than that on P5 module. This observation can also be verified by the higher solute 

rejections as illustrated in Figure 6-8. Nevertheless, both P5 and P500 modules exhibited 

excellent selectivity with very low specific RSF values. It is interesting to see that the specific 

RSFs of P5 and P500 modules at 0.5 M, 1.0 M and 1.5 M MgCl2 draw solutions were relatively 

constant. This phenomenon is consistent with several FO studies, where the specific RSF was 

found to be independent of the concentration of draw solution [130, 204]. Overall, the 

performance of the membrane in FO mode demonstrated consistent trends with that reported 

in RO mode. 
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Figure 6-9: FO performance of P5 and P500 modules in AL-FS orientation. (a) and (A) Water 

flux (Jw) and RSF (Js); (b) and (B) Specific RSF (Js/Jw) 
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6.3.4 OSFO performance tests for P500 module 

The organic solvent forward osmosis performance of P500 module was evaluated with a 

number of solvents and draw solutions. 0.5 – 2M of PEG 400 were used as draw solutes to 

investigate acetone and IPA fluxes of the module in the AL-FS orientation. Figure 6-10 

illustrates the solvent fluxes and RSF when varied concentrations of draw solution were used. 

As observed from Figure 6-10 (a), the acetone flux increased steadily from 5.1 LMH to 13.9 

LMH when the concentration of PEG 400 draw solution increased from 0.5 M to 2 M. The 

RSF of PEG 400 also increased as a function of draw solution concentration. This phenomenon 

is in line with that observed in recent studies on OSFO [54, 55]. In addition, this observation 

is also similar to that obtained in the FO study, which suggests that the solute transport 

mechanism for OSFO is similar to FO process [59]. From Figure 6-10 (A), the IPA flux and 

RSF also increased with increasing concentration of draw solution. However, IPA fluxes (0.22 

LMH to 0.63 LMH) were much lower than acetone even though the same concentrations of 

draw solutions were used. This is consistent with OSN experiments, where ethanol and IPA 

were reported to have much lower permeability than acetone [29, 122]. One possible 

explanation is that IPA has significantly higher viscosity (8.15 mPa.s) compared to acetone 

(2.24 mPa.s) as shown in Table 6-4. The hydrophilic membrane also has a higher affinity to 

the more polar acetone [205]. In addition, the difference in Hansen solubility parameter (Ra) of 

acetone to the substrate (5.04 MPa0.5) is smaller than IPA to the substrate (11.57 MPa0.5), which 

also contributed to a comparatively higher mass transport of acetone [206]. 
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Figure 6-10: Effect of draw solution concentration on organic solvent forward osmosis 

performance. (a) Acetone flux (Jace) and RSF (JPEG 400); (A) IPA flux (JIPA) and RSF (JPEG 

400); (b) and (B) Specific solute flux of PEG 400 
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Table 6-4: Viscosity of different solutions 

Solvent Draw solute Viscosity (mPa.s) 

Acetone 

Pure solvent 2.24 

0.5 M PEG 400 4.79 

1 M PEG 400 7.70 

2 M PEG 400 20.0 

IPA 

Pure solvent 8.15 

0.5 M PEG 400 13.1 

1 M PEG 400 17.8 

2 M PEG 400 26.3 

 

The solvent flux and RSF also increased at a diminishing rate as the concentrations of draw 

solutions increased. This is even more apparent when IPA was used as the solvent. As the 

membrane was tested in the AL-FS orientation, this suggests that there were significant ICP 

occurring when higher concentrations of draw solutions were used [203]. This might be caused 

by substantially higher viscosities of the draw solutions when higher concentrations of PEG 

400 were used, as shown in Table 6-4. The increase in viscosity can potentially inhibit the 

diffusion of the bulk draw solution into the substrate due to a thicker boundary layer, which 

resulted in a more severe ICP phenomenon [131, 207]. As shown in Figure 6-10 (b and B), the 

specific RSF of PEG 400 in acetone (~0.1877 g/l) is higher than IPA (~0.1527 g/l). Since 

specific RSF is an intrinsic parameter of the selective layer, this indicates that the selectivity 

of the membrane changed in different organic solvents. One possible explanation is that 

acetone caused the substrate and selective layer to swell slightly, which reduced its selectivity 

[208]. Similar observations were made in a previous OSN study, where solute rejections of 

StarmemTM 122 and PuramemTM 280 were dependent on the extent of membrane swelling and 

solute solubility parameter in the particular solvent [209]. Studies have also shown that the 
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diffusivity of solutes are influenced by solvent properties [210, 211]. Consequently, the type 

of solvent used in a draw solution will affect the reverse solute diffusion [59, 204]. This finding 

suggests a new challenge for OSFO research such that the performance obtained for different 

solute-solvent systems might not be comparable, adding to the complexity of reviewing 

literature for analysis. 

 

The P500 module was subsequently used to concentrate levofloxacin using 2 M PEG 400 as 

draw solution. Acetone was used as solvent for both the feed and draw solutions. The solvent 

flux and RSF were plotted against feed concentration as illustrated in Figure 6-11. The initial 

levofloxacin feed of 1000 ppm was gradually concentrated to approximately 16,000 ppm, a 

concentration factor of about 16. As observed from Figure 6-11 (a), the initial acetone flux is 

slightly lower than that when pure acetone was used as feed. It also decreased at an increasing 

rate when the feed got more concentrated. This might be caused by the increase in severity of 

concentrative external concentration polarisation (ECP), where levofloxacin built up on the 

membrane surface at the feed side [203, 204]. This phenomenon can be diminished by 

increasing the cross-flow velocity of the feed stream, thereby reducing the effect of ECP on 

OSFO performance. Studies have also shown that an FO membrane with high permeate flux 

can intensify the phenomenon of ECP [72, 203]. Thus, a draw solution with lower osmotic 

pressure can be used to minimize this effect. Similarly, the RSF decreased as the concentration 

of feed gradually increased. This is expected as RSF is proportional to solvent flux [59, 204]. 

From Figure 6-11 (b), the specific RSF stayed relatively constant when the feed was gradually 

concentrated. This implies that this parameter is independent of external factors such as feed 

concentration and draw solution concentrations. Instead, it was shown to be dependent on the 

intrinsic selectivity of the membrane for a particular solute-solvent system [59, 204]. 
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Figure 6-11: Concentration of levofloxacin in AL-FS orientation. Effects of feed 

concentration on (a) solvent and RSF; (b) specific RSF 
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solution regeneration should also be addressed in order for OSFO systems to be competitive to 

existing purification processes.
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Table 6-5: Concentrating feed in solvent streams using membrane-based separation processes 

Process Feed system Driving force 
Feed 

concentration 

Final 

concentration 

Concentration 

factor 

Ref 

Year 

3-stage 

OSN 

Rosmarinic acid in 

ethanol 
20 – 40 bar 0.118 g/l 0.346 g/l ~ 3 

[212] 

2011 

2-stage 

OSN 

Roxithromycin in 

methanol 
30 bar ~ 120 ppm ~ 210 ppm ~ 2 

[213] 

2014 

OSFO Tetracycline in ethanol 2 M LiCl in ethanol 1000 ppm 10,000 ppm ~ 10 
[54] 

2018 

OSN Levofloxacin in acetone <10 bar 500 ppm 20,000 ppm ~ 40 
[122] 

2021 

OSFO Levofloxacin in acetone 
2 M PEG 400 in 

acetone 
1000 ppm 16,000 ppm ~ 16 

This 

work 
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6.4 Conclusions 

In this work, a scaled-up thin-film composite hollow fibre membrane module with a membrane 

surface area of 4,145 cm2 was developed for organic solvent forward osmosis process. The 

spinning parameters and dope composition used for membrane substrate fabrication were 

optimised to decrease the mass transport resistance of the substrate with high porosity and low 

structural parameter. Subsequently, a polyamide selective layer was synthesized on the lumen 

of the substrate. The resultant P500 module showed promising OSFO results with high IPA 

and acetone fluxes of 0.63 LMH and 13.9 LMH, respectively, using 2 M PEG 400 as draw 

solute. The membrane also achieved low specific RSF using PEG 400 as draw solute for both 

solvent systems, which indicated that the selectivity was maintained in both organic solvent 

environments. In the pharmaceutical concentration experiment, levofloxacin in acetone was 

concentrated with 2 M PEG 400 as draw solution using P500 module. A concentration factor 

of 16 can be achieved while maintaining high selectivity. This study demonstrated promising 

potential of OSFO to be used in the pharmaceutical industry for API concentration. Further 

studies should focus on using feeds with compositions similar to real pharmaceutical feeds to 

evaluate the feasibility of using OSFO process in the pharmaceutical industry. In addition, 

identifying suitable draw solutes for the myriad of solute-solvent combinations present in the 

pharmaceutical industry is also an important task. 
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 Conclusions and recommendations 

7.1 Overall conclusion 

The thesis focused on the development of thin-film composite hollow fibre membranes for 

organic solvent membrane separation processes. By modifying the dope composition and 

spinning parameters, different hollow fibre substrates were fabricated with various properties 

specific for targeted applications. The hollow fibre substrates achieved solvent resistance 

through chemical cross-linking, which was demonstrated to be facile and scalable. The 

interfacial polymerisation process was also modified accordingly to tune the selectivity of the 

polyamide TFC membranes. In addition, the scalability of the hollow fibre membrane was also 

studied. The major findings of the thesis are summarised as follows: 

 

In Chapter 3, a TFC hollow fibre membrane was fabricated for low pressure organic solvent 

nanofiltration. LiCl and DG were investigated as dope additives in the spinning process and 

DG was found to enhance the physical properties of the substrate, thereby improving solvent 

permeabilities. HDA was used as a cross-linker for the post treatment process, resulting in a 

substrate that was resistant to several organic solvents. However, the cross-linked substrate is 

still susceptible to excessive swelling in harsher organic solvents such as DMF. Through the 

use of a mixture of PEI and PIP, a mix-polyamide layer was synthesized on the lumen of the 

substrate. The resultant selective layer exhibited excellent selectivity for solutes in the 

nanofiltration range while demonstrating exceptional solvent permeabilities. 

 

In Chapter 4, the hollow fibre substrate was further improved to enhance its scalability. In 

addition, a highly selective layer was synthesized on the substrate using MPD as the monomer 

in IP reaction. The resulting selective layer was able to achieve about 91% rejection for methyl 
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red (273 Da). Subsequently, the permeability was significantly enhanced through solvent 

activation while selectivity was maintained. A 100-piece module was also fabricated to 

demonstrate the scalability of the membrane. The membrane modules were also subjected to a 

7-day test and demonstrated stable performance. Finally, the 100-piece module was used to 

concentrate a pharmaceutical product while the solvent was recovered simultaneously. 

 

In Chapter 5, the TFC hollow fibre membrane was further scaled-up to match that of a 

commercial membrane, with an effective membrane area of about 1.4 m2. In comparison, a 

commercial spiral-wound module of similar size has an effective membrane area of about 0.6 

– 0.7 m2. This demonstrated the key advantage of hollow fibre membrane compared to flat 

sheets. The scaled-up modules were tested for OSN performance and showed little impact on 

performance when further scaled-up. A 10-day filtration test on the module indicated high 

stability for the OSN membrane. The module also underwent the same pharmaceutical 

concentration test described in Chapter 4 and showed promising results for OSN application. 

 

In Chapter 6, a TFC hollow fibre membrane was fabricated specifically for OSFO application. 

The substrate was further fine-tuned to improve its porosity, thickness and ultimately, structural 

parameters to enhance its solvent flux in FO mode. An RO-like, MPD-based, polyamide 

selective layer was synthesized onto the lumen of the membrane to achieve high solute 

rejection. The membrane was also scaled-up like previous study (Chapter 5) and tested for FO 

and OSFO performance. The membrane exhibited excellent solvent permeabilities with low 

specific RSF for salts and PEG 400. In addition, the membrane was able to concentration 

levofloxacin from 1000 ppm to 16,000 ppm using 2M PEG 400 in acetone as draw solution, 

demonstrating its OSFO capabilities. 
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7.2 Recommendations for future research 

7.2.1 OSN performance tests 

From this study, it has been shown that cross-linked polyimide substrates are chemically stable 

in various organic solvents like acetone, isopropanol and acetonitrile. However, there are many 

other commonly used organic solvents in the pharmaceutical industry such as 

dimethylformamide, dimethyl sulfoxide and tetrahydrofuran. Therefore, the performance and 

chemical stability of the polyimide substrate and thin film composite should also be rigorously 

tested in these organic solvents. As the selectivity of membranes can be affected by the type of 

organic solvent used, performance tests should be done in organic solvents from various 

categories (ketones, alcohols, aromatic, aliphatic, aprotic etc.). This enable researchers to have 

a more comprehensive understanding of performance based on various organic solvents, while 

appropriate comparisons can be made with membranes reported in the literature. 

 

In the pharmaceutical industry, the feed streams are much more complex than those used in 

current research. Pharmaceutical feed and waste streams may contain high concentration of 

salt, mixture of solvents, as well as presence of numerous solutes of similar molecular weight. 

These can severely affect the selectivity and permeability of membranes due to their complex 

interaction with the material. Thus, future work should use synthetic feeds that closely resemble 

real industrial feeds to obtain better representation of membrane performance. 
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7.2.2 Concentration polarisation 

Another challenge that researchers face in membrane separation processes is the effect of 

concentration polarisation. Currently, it is still not widely addressed in OSN and OSFO due to 

its complexity, especially for organic solvent separation processes where a wide range of 

solute-solvent systems are present. For the case of OSN, the increasing concentration of APIs 

intensify the effects of ECP, thereby reducing solvent permeability and lowering membrane 

selectivity. This observation was made in this work and needs to be addressed urgently. The 

issue can be mitigated by optimising the cross-flow setup, as well as improving the surface 

morphology of the selective layer. For OSFO, the use of high draw solution concentration 

increases ICP in the substrate. Consequently, the effective osmotic pressure is significantly 

reduced. Improvements should be made to the design of the substrate to further improve its 

structural parameter to alleviate ICP. In addition, the module design can also be optimised to 

improve the flow distribution of draw solution at the shell-side. 

 

7.2.3 Draw solution for OSFO 

As OSFO is still at its infancy, there are many issues that are not yet addressed by the scientific 

community. One such challenge is the choice of draw solution in an OSFO system. A desirable 

draw solution should exhibit high osmotic pressure in the selected organic solvent and easily 

regenerated with minimum energy input. In addition, the diffusion of draw solute through the 

membrane should be low to minimize contamination of the feed stream. In the case of OSFO 

application in the pharmaceutical industry, the diffusion of draw solute into the feed stream 

may render the concentrated feed unsuitable for further use, due to the low tolerance of 

contamination required for pharmaceuticals. This issue is also prevalent in the food industry 

due to its stringent standards. Thus, draw solutes that are non-toxic or compatible and with 



156 
 

extremely low permeability should be evaluated. Studies should focus on understanding the 

mechanism that affects the osmotic pressure of draw solution in organic solvents. As the 

osmotic pressure of different solutes may be different in various organic solvents, the method 

for determining osmotic pressure of a draw solution should be standardised.  

 

Another challenge for OSFO is the regeneration of draw solution after it has been diluted. As 

many commonly used organic solvents such as hexane, acetone and IPA have relatively low 

boiling points, a potential energy source to regenerate the draw solution is the waste heat from 

nearby plant processes. Vacuum-assisted distillation can be utilised to regenerate the draw 

solution at temperatures below its boiling point, while simultaneously recovering the organic 

solvent for reuse. This can potentially reduce the input of useful energy required for the OSFO 

process. However, the regeneration process may be too slow and required larger operating 

footprint due to the low heat value provided by waste heat sources. In addition, high solute 

concentrations typically found in draw solutes drastically increases the energy required to heat 

the solution. Thus, research should also focus on evaluating options to regenerate draw solution 

for OSFO. 
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