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Abstract 

Sulphonated polyethersulfone (SPES) has been synthesized for developing high performance 

thin film composite (TFC) forward osmosis (FO) membranes with enhanced hydrophilic 

support layer. Sulphonated substrate not only affects the membrane performance but also 

changes the membrane morphology from finger-like structure to a sponge-like morphology at 

higher degree of sulphonation thereby affecting the mechanical strength of the FO membrane. 

Non-sulphonated TFC-FO membrane with 12 wt % polymer concentration shows a faint 

finger-like structure while sulphonated samples at a similar polymer concentration show a 

fully sponge-like structure with much higher performance. For example, a water flux of 35 

Lm-2h-1 and 0.28 gL-1 specific reverse solute flux was achieved with sulphonated TFC-FO 

membrane sample (50 wt% SPES) under the FO mode using 2 M NaCl as the draw solution 

and deionised water as feed. Substrate sulphonation also considerably decreased the 

membrane structural parameter from 1096 µm without sulphonation to 245 µm at 50 wt% 

sulphonation. This study therefore shows that, besides surface morphology, the water flux of 

the FO membrane can also be enhanced by improving its substrate hydrophilic property. 

 

Keywords: Forward osmosis, Sulphonated polymer, Sponge-like structure, Hydrophilic 

substrate 

 

 

1 Introduction 

The forward osmosis (FO) process has been emerging as an alternative technology for 

desalination, water treatment and power generation in recent years [1, 2]. FO utilizes osmotic 

pressure for spontaneous water transport from the feed to the draw solution (DS) across a 

semi-permeable membrane. Compared to the pressure driven membrane technology such as 
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reverse osmosis (RO), the FO process displays several merits that can potentially surpass the 

RO technology for certain applications especially where DS recovery and regeneration are 

not essential  [3]. Practically, FO can be used as a pre-treatment or in hybrid units for 

desalination. Applying FO as a pre-treatment could minimize RO fouling and scaling while at 

the same time provides easier cleaning process for desalination or water treatment plant [4]. 

FO-nanofiltration or FO-pressure assisted osmosis hybrid systems have been proposed for 

fertigation by using fertilizer as DS [5-8]. Other potential and more practical applications of 

the FO process include juice and food concentration [9], protein and pharmaceutical 

enrichment [10], and power generation [11-14].  

 

Lack of high performing membranes and DS that can be recycled effectively still remains as 

a major obstacle for the commercialisation of the FO technology [2, 5, 15]. The flat-sheet 

cellulose triacetate (CTA) FO membrane produced by Hydration Technologies Inc. (HTI, 

Albany, OR) is an FO membrane which is commercially available in the market produced at 

a large scale, although few more companies such as Oasys (Boston, MA) have started to 

make FO membranes but still in limited quantities. Regardless of its broad applications for 

the FO process, CTA FO membrane has relatively lower water flux than the few reported 

polyamide-based thin film composite (TFC) FO membranes [16]. Recently, attention has 

been drawn to the development of asymmetric flat sheet or hollow fibre FO membranes via 

phase inversion technique followed by interfacial polymerization [17, 18]. This TFC FO 

membrane has been inspired from the membrane fabrication approach that was originally 

developed for the RO process. It contains  a very thin polyamide (PA) rejection layer and a 

polysulfone (Psf) support layer casted on a fabric support (usually made of non-woven 

polyethylene terephthalate or PET fabric) that gives additional mechanical strength to the 

membrane structure [19]. Chemically-modified TFC-RO membrane has also been 

investigated for the FO process and it has been found that the existing RO membrane can be 

used for all engineered osmosis applications  [20]. However, the thick nonwoven support 

fabric and the hydrophobic Psf support layer results in high internal concentration 

polarization (ICP) effects that significantly reduces the water flux during the FO process [20]. 

Tiraferri et al. [21] and Yip et al. [17]  suggested that an optimal FO membrane should 

consist of a very thin PA rejection layer on top of a highly porous finger-like structure 

substrate to decrease the ICP. Later studies have also demonstrated that membrane 

hydrophilicity plays a major role in inducing water flux across semi-permeable membranes 

[22]. A report by Wang et al. confirmed that FO performance can be further enhanced in TFC 



membranes by increasing membrane hydrophilicity [23]. Hence, in addition to the membrane 

support layer morphological structure, the other properties such as hydrophilicity has been 

manipulated to enhance the water flux in the FO process. However, hydrophilic polymers 

pose several disadvantages as membrane substrates, which include: (1) swelling that can 

negatively affect the membrane substrate strength as well as the stability of the PA rejection 

layer due to overstretched substrate, and; (2) interfacial polymerization formation inside the 

pores instead of just at the membrane top surface [24]. But on a positive note, increased 

substrate hydrophilicity can improve binding between the PA rejection layer and the substrate 

top surface compared to that of a substrate with a relatively hydrophobic nature and rough 

surface [23, 25]. Furthermore, interfacial polymerization has a significant effect on 

permeability regardless of substrate hydrophilicity [24]. Based on polymer solution and 

casting condition, each substrate can produce a different top skin layer and structural 

morphology. The physical and chemical properties of the substrate can therefore affect the 

PA layer formation resulting in different membrane performances [24]. 

 

Recently, sulphonated polyethersulfone (SPES) has been studied as a promising material in 

the proton exchange membrane fuel cell (PEMFC) applications and also for both RO and FO 

membranes to increase hydrophilicity and fouling resistance [26, 27]. It is also assumed that 

the sulphonation of the polymer materials can introduce not only the hydrophilic nature to the 

membrane substrate which enhances the water flux of the resultant FO membranes, but also 

may help change its membrane substrate morphology. Therefore, the objectives of this study 

are: (1) to investigate the influence of sulphonation of PES on the formation of substrate 

morphology and its mechanical strength, and (2) to investigate the effect of blended 

sulphonated materials as membrane substrates on FO performance. The synthesized SPES 

was directly blended with PES at specific ratios to prepare modified membranes.  

 

2. Material and methods 

2.1. Chemicals 

 

Polyethersulfone (PES) granules (Mn: 55,000 - Good fellow, UK) and N-methyl-2-

pyrrolidone (NMP) (Sigma–Aldrich Pty. Ltd, Australia) were used for the fabrication of 

membrane substrates. M-phenylenediamine (MPD) with >99% purity and trimesoyl chloride 

(TMC) with 98% purity (Sigma–Aldrich Pty. Ltd, Australia) were used as received in this 

study for the interfacial polymerization process. N-hexane from Sigma–Aldrich with >99.0% 



purity was utilized as the solvent for TMC. Sodium chloride (NaCl) reagent grade supplied 

by Sigma–Aldrich, Australia was used to prepare DS and feed solution (FS). NaCl was 

dissolved in deionized (DI) water to prepare 0.5, 1 and 2 M concentrations for use as DS with 

DI water as FS. 

 

2.2 Synthesis of SPES polymer 

The SPES polymer was synthesized following the method described by Xiao et al. [28]. The 

chemical structures of PES and SPES are illustrated in Figure 1.  A mixture containing 772 g 

of dimethylsulfoxide, 257 g of toluene, 16.47 g (0.039 mol) of carbonylbis (2-fluorobenzene 

sulfonic acid) sodium salt, 99.98 g (0.390 mol) of tetra methyl bis phenol F and 67.38 g 

(0.488 mol) of potassium carbonate were poured into a five-necked reactor equipped with a 

reflux condenser, a stirrer, a nitrogen-introducing tube and a thermometer. The reactor was 

heated to 140°C and maintained at this temperature for 12 h under constant stirring, then 

under nitrogen atmosphere for 8 h to remove water generated out of the system and then 

distilled toluene off for another 2 h. The mixture was diluted with 180 g of NMP after it 

cooled down to room temperature. The mixture was discharged into 2000 g of methanol to 

precipitate the polymer solution followed by filtration and washing with water several times 

to remove residual methanol. The collected polymer was dried at 80°C for 10 h and then at 

150°C for another 8 h under nitrogen atmosphere [28]. 

                    PES                                                             SPES 

Figure 1: Chemical structure of PES and SPES synthesized in this study. 

 

2.3. Fabrication of flat-sheet TFC FO membranes 

2.3.1 Fabrication of FO membrane substrates via phase inversion 

 

Casting solutions were prepared using certain amounts of PES and SPES as shown in Table 

1.  PES and SPES were dissolved in NMP and then stirred by a magnetic stirrer at room 

temperature for 24 hours. The polymer solutions were then degassed using digital bench top 

ultrasonic cleaner (Soniclean Pty Ltd, Australia) for 60 min and then stored in a desiccator for 

over 48 hours before casting. Casting was performed on a glass plate using a stainless steel 

film applicator (Sheen Instruments Ltd, UK) with an adjustable gate height fixed at 200 µm. 



The casted substrate was immersed immediately into a DI water bath to initiate phase 

inversion and it remained in the bath for 10 minutes. The resultant substrates were then kept 

in DI water before conducting the next stage on the formation of the PA rejection layer on top 

of the substrates.   

 

Table 1: TFC-FO casting solution composition with different sulphonated polymer blend 

ratios.  

Membrane ID Casting solution composition Sulphonated polymer (%) 

 PES (wt%) NMP (wt%) SPES (wt%) 

TFC1 12 88 0 0 

TFC2 8 88 4 25 

TFC3 6 88 6 50 

 

2.3.2 Forming of rejection layer via interfacial polymerization 

The rejection layer on the top surface of the membrane substrates was formed by interfacial 

polymerization. The substrate was soaked first in 3.4 wt % aqueous MPD solution for 120 

seconds and then with the help of an air knife the excess MPD solution was removed from 

the membrane top surface. Then n-hexane solution of 0.15 wt % TMC was gently poured 

onto the top surface of substrates that were sealed in a frame for 60 seconds to form the ultra-

thin PA rejection layer.The sealed frame allows TMC solution to react with the MPD just on 

the top surface of the membrane. The resultant TFC-FO composite membrane was rinsed 

with DI water to remove the residual solution and then stored in DI water at 4 ◦C before 

characterization and performance tests.  

2.4. Membrane characterizations 

2.4.1. Membrane substrate characterization  

 

Membrane substrate morphologies were studied using a high-resolution Schottky field 

emission scanning electron microscope (SEM, Zeiss Supra 55VP, Carl Zies AG, Germany). 

Membrane substrates were first dried in a vacuum condition at room temperature for 24 h. To 



view the cross sections of the membranes, the samples were then flash-frozen in liquid 

nitrogen to preserve the pore structure then coated with a thin layer of carbon using Balzers 

Sputter coater (SCD 050, BAL-TEC, Germany) before SEM imaging. 

 

The contact angles of the membranes were measured by a sessile drop method, using an 

optical tensiometer (Attension Theta Lite 100, Biolin Scientific, Finland). Membrane samples 

were first dried in vacuum at room temperature for 24 h. Small DI water droplets (5-7 µL) 

were applied onto a levelled membrane surface and profiles of the water drops were captured 

by a camera and the imaging software determined the contact angles. At least 3 

measurements were obtained to get the average value of the contact angle. Membrane 

thickness was measured using a digital micrometre (293-330 Mitutoyo, Japan). Membrane 

porosity (ε) was obtained by measuring the dry mass (W2) and wet mass (W1) of membrane 

samples according to the following equation [29, 30]: 

𝜀 =
(𝑊1−𝑊2)/𝜌𝑖

[
𝑊1−𝑊2

𝜌𝑖
]+[𝑊2/𝜌𝑚]

  × 100%,                                                                                              (1) 

where  𝜌𝑖   and  𝜌𝑚  are the densities of wetting solvent and membrane, respectively.     

The mechanical property of the membrane substrate was measured in terms of its tensile 

strength using LS1 tensile testing equipment (AMETEK, Lloyd instruments ltd, UK). The 

membranes substrates were cut into strips of 10 mm width and 25 mm length and the testing 

was conducted at the rate of 10 mm/min.  

2.4.2. TFC-FO membrane characterization 

The water permeability coefficient (A) and salt rejection of the fabricated TFC membrane 

were determined based on the pure water fluxes obtained in the RO mode using the same 

membrane cell at different pressures ranging from 0-10 bar. Salt rejection (Rs) property of the 

TFC-FO membranes was determined by measuring the electrical conductivity of the 

permeate and the feed water (200 ppm NaCl) at 1 bar applied pressure. The salt permeability 

coefficient (B) was then determined based on the following equation: 

     
1−𝑅𝑠

𝑅𝑠
=

𝐵

𝐴(𝛥𝑃−𝛥𝜋)
 ,                                                                                                                (2)  

 

where ΔP is the applied hydraulic pressure and Δπ is the net osmotic pressure between the 

feed and the permeate. 

                                                                                                                                  



2.5. Forward osmosis performance experiments 

 

FO experiments were conducted on a crossflow bench-scale FO experimental setup as 

reported in our previous study [31]. It consisted of two pumps (one each for DS and FS), each 

connected to the crossflow FO membrane cell. The volumetric flow rates of both sides were 

200 mL/min. The FO water flux (Jw) was determined by measuring the weight change of the 

feed tank using a digital mass balance connected to a data logging system. A heating/chilling 

unit maintained the DS and FS temperatures at 25 °C. 

 

The membrane performances were evaluated under two different modes: (1) FO mode where 

the active layer faced the FS (AL-facing-FS), and (2) pressure retarded osmosis (PRO) mode 

where the active layer faced the DS (AL-facing-DS). For salt permeability, the reverse solute 

flux (RSF) was evaluated by observing the increase in the electrical conductivity (EC) of the 

DI feed water using a multimeter (CP-500L, ISTEK, Korea). RSF refers to the rate of reverse 

diffusion of draw solute mass (g) through the membrane per unit area (m2) and per unit time 

(h). For a given draw solute, the RSF increases when a higher DS concentrations are used 

during the FO process however, it also results in proportionately higher water flux. It has 

been observed that the ratio of reverse solute flux to water flux is constant for a particular 

draw solute for a specific membrane and this ratio is termed as the specific reverse solute flux 

(SRSF) and this data has been used in this study. A thermodynamic modelling software OLI 

Stream Analyser 3.2 (OLI Systems Inc., Morris Plains, NJ, US) was used to analyse the 

thermodynamic properties of the solutions such as viscosity, osmotic pressure, density and 

diffusion coefficient.  

 

Based on the classical ICP model developed by Loeb et al, the water flux is represented by 

the following equations in the FO process (for FO and PRO modes) [32]:   

   𝐽𝑤 =
1

𝐾𝐷
 [𝑙𝑛

𝐴𝜋𝐷,𝑏+𝐵

𝐴𝜋𝐹𝑚+𝐽𝑤+𝐵
 ]                           (AL-FS)-FO mode,                                         (3)                                                                                                                                        

  𝐽𝑤 =
1

𝐾𝐷
 [   𝑙𝑛

𝐴𝜋𝐷,𝑚+𝐽𝑤+𝐵

𝐴𝜋𝐹,𝑏+𝐵
 ]                        (AL-DS)-PRO mode,                                      (4)                     

where πF,b and πD,b are the bulk osmotic pressure of the FS and DS, πDm and πFm are the 

osmotic pressures on membrane surfaces facing the DS and FS, respectively, B is the salt 

permeability coefficient of the membrane, and KD is the solute resistivity for diffusion of 

draw solutes within the porous support defined as: 



𝐾𝐷 =
𝑡𝜏

𝜀𝐷
=

𝑆

𝐷
 .                                                                                                                          (5) 

 

This equation shows the relationship among solute diffusion resistivity within the porous 

layer KD, diffusivity D, membrane structural parameter S, membrane porosity ε , membrane 

thickness t and membrane tortuosity  𝜏. This equation can be used to obtain the membrane 

structural parameter as well. 

 

3. Results and discussion 

3.1 Effect of membrane substrates 

 

Sulphonated PES membrane substrate was synthesized by blending PES with the SPES and 

was compared with the pure PES substrate. The effect of sulphonation on the PES substrate 

formation by phase inversion was investigated in terms of its membrane morphology and 

changes in membrane hydrophilicity and mechanical strength. Figure 2 shows the SEM 

images of membrane substrates casted with different concentrations of sulphonated polymer 

as explained in Table 1. The height of the casting knife was adjusted to 200 µm for all the 

substrate samples. However, after phase inversion, the thickness of these membrane 

substrates obtained was in the range of 65–80 µm. Previous studies confirm the  effect of 

sulphonation on membrane thickness without clear indication [33, 34]. Many factors can 

affect membrane thickness during phase inversion, however, the thermodynamics of casting 

solution is considered to be the major contributing factor [35, 36]. Generally, the lower the 

thermodynamic instability of casting solution, the thinner the synthesized membrane will be. 

From SEM images (Figure 2) and thickness measurement, it was found that higher degree of 

sulphonation can cause sponge-like structure and thinner substrate. Due to the effect of larger 

swelling behaviour in the highly sulphonated samples, the membrane becomes thicker during 

actual test and under wet condition.     

 

Figure 2 (a) shows the cross-section, top and bottom SEM images of the membrane substrate 

casted from pure PES (no sulphonation) indicating clearly the presence of a large number of 

finger-like pore structures which is in congruent with previous reported studies [17, 37]. With 

sulphonation however, the membrane substrate formed loses its finger-like morphology 

although it was still faintly visible at 25 wt% as shown in Figure 2 (b). At higher 

sulphonation  (50 wt %), SPES substrates did not exhibit any finger like structures but rather 



a sponge-like structure with few macrovoids were observed as presented in Figure 2 (c). 

Membrane substrates formed during the phase inversion stage usually have few distinguished 

structures and morphologies [38]. Several pathways may occur for the original polymer 

solution during the phase inversion stage which can be explained using a ternary diagram 

[39]. Based on the ternary diagram, delayed demixing in the phase inversion can affect the 

substrate morphology. Adding sulphonated material would cause delayed demixing which 

results in a sponge-like substrate and significantly reduces macrovoid formation as the 

sulphonated material content increases. In other words, instantaneous demixing in non-

sulphonated sample was expected to form a macrovoid structure. 

 

Figure 2 also shows that while changes in membrane substrate cross section are obvious 

under different casting solution composition with a different degree of sulphonation, changes 

in the membrane top surface cannot be clearly visualised from SEM images.. However, 

previous studies showed that as the sulphonation concentration increases, membrane surface 

roughness decreases using atomic force microscopy (AFM) [33]. The top skin layer and the 

more porous sub layer can be formed by two separate pathways during the phase inversion 

stage. The top skin layer that forms on the surface of the porous membrane film is 

hypothesized to occur when the solvent diffusion from the membrane exceeds the non- 

solvent infusion which can increase the polymer concentration on the top side and form a  



 

 

          (a) PES                              (b) SPES (25 wt%)                   (c) SPES (50 wt%) 

 

Figure 2: SEM images of membrane substrates with different blending ratios of 

sulphonated polymer for TFC fabrication: (a) no sulphonated polymer; (b) 25 wt% 

sulphonated material; (c) 50 wt% sulphonated material. All samples were fabricated 

under 12 wt% polymer concentration in NMP. 

Top surface 

Bottom surface Mag x 10 K  

1 µm  



slightly denser skin during phase inversion on the membrane top surface [40]. Therefore, 

delayed demixing due to increased sulphonated materials not only significantly changes the 

membrane substrate and morphology but also affects the surface properties such as roughness 

as previously reported. Furthermore, previous study shows that with an increased in 

sulphonated polymer, substrate become more porous with a relatively larger pore size [33]. 

The membrane bottom surface morphology in Figure 2 (a) shows traces of macrovoids in the 

substrate sample without sulphonation (TFC1) and these macrovoids seem to decrease with 

sulphonation as shown in Figure 2 (b) for TFC2 (25 wt %). No such macrovoids can be found 

with the substrate sample TFC3 (50 wt %) as shown in Figure 2 (c).  

Table 2 presents the membrane substrate characteristics at different degrees of sulphonation. 

The results confirm the hypothesis that the sulphonation of PES increases the hydrophilicity 

and the porosity of the membrane substrate. The contact angle of PES membrane substrate 

(without sulphonation) was 77.3°, while those of the sulphonated substrates showed relatively 

lower contact angles in the range of 20–25° due to the increased hydrophilicity. Thus, these 

results show that the higher degree of hydrophilicity can be achieved by increasing the degree 

of sulphonation on the PES. 

 

Table 2: Characteristics of membrane substrates at different sulphonation rates. 

Sample ID 
Thickness  

(µm) 

Porosity 

(%) 

Contact 

angle (º)  

Mechanical properties 

Tensile 

strength (MPa) 

Modulus 

(MPa) 

Elongation at 

break (%) 

TFC1-(PES)     80± 3.0 75 ± 1 77.3 ± 1 7.8 241 17.9 

TFC2-(SPES-

25%) 71± 2.0 
77 ± 1 

26 ± 2 

3.6 72.1 36.2 

TFC3-(SPES-

50%) 65± 3.0 
79 ± 3 

20 ± 2 

1.1 12 43.3 

 

The mechanical strength of the fabricated membrane substrates is shown in Table 2 with 

different sulphonation ratios. With an increase in the sulphonation, the tensile strength and 

Young’s modulus decrease while the elongation at break increases. From these results, it is 



clear that if the sulphonation is increased beyond 50 wt %, the membrane substrate would 

have very poor mechanical strength.FO is not a pressure based membrane process and hence 

tensile strength of the polymeric support layer is not supposed to be a significant issue. It may 

however become an issue for FO application at larger-scale using membrane modules during 

which large flows are expected that could automatically build certain pressure during the 

operation. To strengthen the membrane tensile strength, the substrate can be supported using 

a backing fabric although this could compromise the water flux performance. Earlier studies 

have suggested that the reduction in tensile strength due to sulphonation may be related to 

two factors, namely: (1) the binding of strong polar sulfonic acid to the polymer chain may 

decrease the aggregative state and (2) the polymer matrix is expanded due to sulphonation 

thereby augmenting the polymer chain movements which give the polymer material more 

flexibility [41, 42]. 

 

Figure 3 shows the comparative FTIR spectra of PES and SPES (50 wt %) membrane 

substrate samples to confirm the presence of SO3H group on the polymer chains. The 

symmetrical stretching vibrations of sulfonic acid groups and aromatic SO3H symmetric 

appear at ~1180 cm-1  and ~1025 cm-1, respectively [42, 43]. However, based on Figure 3, we 

could not detect the peaks distinctly probably because of near overlapping bands. The 

absorption peak at 3420 cm-1 is attributed to stretching vibrations linked to the hydroxyls of 

sulfonic acid groups, which confirm the presence of sulfonic acid groups in the SPES 

membrane samples. 

Figure 3: FTIR spectra of membrane substrate sample for PES and SPES 50 wt %. 



3.2. Characterization of TFC-FO membranes 

TFC-FO membranes were prepared via interfacial polymerisation on the top surface of 

prepared membrane substrates. Table 3 summarizes the TFC-FO membrane transport 

properties and their structural parameters. The pure water permeability coefficient (A) of the 

TFC-FO membranes increases with the increase in sulphonation rates. For example, the A 

values of 1.1 Lm-2h-1bar-1
 (LMH bar-1) for the TFC1 (substrate without sulphonation) 

increased to 2.1 LMH bar-1
 and 2.9 LMH bar-1

 for TFC2 (25 wt% sulphonation) and TFC3 (50 

wt% sulphonation), respectively.  

 

The salt permeability coefficient (B) also slightly increased with the degree of sulphonation. 

However, regardless of the degree of substrate sulphonation, all the TFC membranes showed 

a reasonable salt rejection of 93.3 %, 91.3 %, and 91.1 % for TFC1, TFC2 and TFC3, 

respectively. 

 

The membrane A and B parameters are intrinsic membrane properties related to the top 

rejection layer independent of the substrate properties. The increase in the A and B values 

with the degree of sulphonation is therefore probably related to the characteristics of the top 

skin layer of the membrane substrate formed during the phase inversion stage that likely 

affected the formation of the PA rejection layer. It was discussed earlier under Section 3.1 

that, at higher degree of sulphonation, a much smoother top skin surface is generally formed 

that likely provided more suitable conditions for the formation of a PA rejection layer with 

uniform thickness. At no sulphonation or at lower degree of sulphonation, the top skin layer 

of the substrate could be rougher which may likely result in the formation of non-uniform 

thickness with a much thicker PA layer (average) thereby reducing the membrane 

permeability.  

 

Lower structural parameter is preferable for any membrane-based osmotic processes. The 

membrane structural parameter is related to the degree of ICP and membrane properties such 

as thickness and porosity. The structural parameters (S value) of the three TFC-FO 

membranes shown in Table 3 indicate that the S values of the TFC-FO membrane decreased 

with an increase in the degree of sulphonation. The S value for TFC1 was 1096 µm which 



decreased to 335 µm and 245 µm for TFC2 and TFC3, respectively with sulphonation. TFC2 

and TFC3 had lower thickness and higher porosities than TFC1. 

 

Generally, higher degree of sulphonation resulted in more porous substrate with lowers 

structural parameter. Most previous works indicate that the membrane porosity and water 

permeability are related to the polymer concentration used to cast the membrane substrate 

and additives such as pore formers [44]; however, the results in Table 2 show that 

sulphonation makes the membrane substrate more porous for the sample prepared at similar 

polymer concentrations (all the three membrane substrate samples were fabricated with 12 

wt% polymer concentration). Furthermore, the permeability of the TFC active layer increases 

with the increase in  the sulphonation degree although both the TFC membranes with 25 wt 

% and 50 wt % sulphonation were composed of similar polymer concentrations as the TFC1 

without  sulphonation.  

 

Membranes with various degree of sulphonation have different chemical properties and top 

surface pore size and topologies which consequently affect the interfacial polymerization and 

PA layer formation [33]. Although it is hard to differentiate the effect of sulphonation on 

interfacial polymerization through SEM images however, the performance in terms of water 

flux and salt permeability can greatly help in interpreting the rejection layer properties under 

increased sulphonation rate. For example, the A value for TFC1 (without substrate 

sulphonation) was 1.1 LMH bar-1 which increased to 2.1 LMH bar-1 for TFC2 (25 wt %) and 

2.9 LMH bar-1 for TFC3 (50 wt %) membrane samples. However, this also correspondingly 

led to slight decrease in the salt rejection or increase in the B value of the sulphonated TFC 

membranes compared to un-sulphonated TFC1 membrane. The higher water permeability and 

higher salt permeability for TFC3 compared to TFC2 also indicate that at higher sulphonation 

degree, it results in the formation of thinner PA rejection layer due to smoother substrates.  

  



Table 3. Transport properties and structural parameters of fabricated membrane samples. 

a Evaluated in the RO testing mode over an applied pressure range of 1 bar with DI water as feed water .                                                                                                                           

b Evaluated in the RO testing mode over an applied pressure range of 1 bar for a feed water containing 200 ppm NaCl .                                                                                                                                                                          

c Evaluated on experiments under the FO mode using 2 M NaCl as the draw solution with DI water as feed water. 

 

3.3 Performance of TFC-FO membranes  

 

The performances of synthesized TFC-FO membranes with different sulphonation degree 

were assessed under both FO and PRO modes of operations using 0.5 – 2.0 M NaCl as DS 

and DI water as feed. Their comparative performances in terms of water fluxes and reverse 

solute fluxes for the TFC membrane samples under the FO and PRO modes of membrane 

orientation at various NaCl DS concentrations with DI FS are presented in Figure 4.  

As expected, the water flux presented in Figure 4 (a) increases with an increase in DS 

concentration for all the TFC membrane samples due to a greater driving force generated by 

higher DS concentration.  

  

Sample ID      a Water permeability (A)                                           b Salt permeability B (10−8 m/s) NaCl rejection (%)   cS value 

  L/m2 h-1 bar-1             ×10−12 m/s Pa      

TFC-1 1.1 ± 0.15 3.1±0.5        2.6±0.1.3 93.2 1096 

TFC-2 2.1 ±0.26 5.1±0.5        4.1±0.1.3 91.3 335 

TFC-3 2.9 ±0.25 8.1±0.5        5.1±0.1.3 91.1 245 



 

                                  (a)                                   (b)   

 

Figure 4: Performance comparison of fabricated membranes in terms of water flux and 

reverse solute flux under FO and PRO with various NaCl concentrations as DS and DI water 

as feed. (a) performance of membrane samples in terms of water flux, (b) performance of 

membrane samples in terms of reverse solute flux. (TFC1 contains 0 wt % sulphonated 

concentration in the membrane substrate while TFC2 and TFC3 have 25 wt % and 50 wt %   

sulphonated concentration in the membrane substrates, respectively).  

As shown in Figure 4 (a), the water flux performances of the TFC FO membrane were 

improved significantly with the increase in the degree of sulphonation. Table 4 shows the 

summary of water fluxes using 2 M NaCl as DS and DI water as FS under two different 

modes of membrane orientations. For example, the water flux of the TFC3 FO membrane at 2 

M NaCl was 35.1 LMH compared to 25 LMH for TFC2 and 17.12 LMH for TFC1. These 

results clearly show the benefits of sulphonation of the PES substrate on FO water flux. 

Similar improvement in water flux for the sulphonated TFC membranes was also observed 

under the PRO mode of membrane orientation. For example, the water flux for TFC1 FO 

membrane at 2 M NaCl DS and DI as FS under the PRO mode was 21.5 LMH which 

increased to 31.0 LMH and 42.1 LMH for TFC2 and TFC3, respectively. These water fluxes 

under the PRO mode of membrane orientation are only about 20 – 26% higher than water 

fluxes under the FO mode of membrane orientation. This is slightly lower than significant 

differences in the water fluxes observed between FO and PRO modes of membrane 

orientation with PRO mode generally producing twice or more water fluxes compared to 

those under FO modes of membrane orientations with the PA based TFC FO membranes [31, 



45, 46]. This lower water flux differences between the FO and PRO modes of membrane 

orientation indicate that, the extent of dilutive ICP in the FO mode is less significant probably 

further supporting the positive influence of substrate sulphonation. As pointed out earlier, 

although sulphonation increases the water flux by improving its substrate structure and 

hydrophilicity, however, the mechanical strength (tensile strength) of TFC membrane 

decreases with the increase of the degree of sulphonation (Table 2).  

 

Table 4: Performance of fabricated TFC-FO membrane using 2 M NaCl as DS and DI as FS 

under FO and PRO modes. 

Membrane 

ID 

 FO mode     PRO mode  

  Water flux 

(LMH) 

RSF         

(g m-2h-1 ) 

SRSF 

(gL-1) 

 

 

Water flux 

(LMH) 

RSF (g m-2h-1 )   SRSF (gL-1) 

TFC1      17 7.5 0.44  21.5 8.1 0.37 

TFC2      25 9.5 0.38  31 10 0.32 

TFC3     35.1 9.9 0.28  `42.1 11.1 0.26 

 

Based on the water flux performances under the FO and PRO modes of membrane 

orientations presented in Figure 4 and Tables 3 and 4, it is clear that, substrate sulphonation 

can significantly help improve the performances of the TFC FO membranes in terms of water 

flux. This increase in water flux is likely due to two main reasons: (1) change in the 

membrane support morphology and, (2) the improvement in its hydrophilic property. 

However, a closer observation on the membrane cross section morphologies for the three 

TFC FO membrane samples (Figure 2) reveals interesting results. TFC3 membrane possesses 

a denser sponge-like support layer structure compared to finger-like support structures for 

TFC2 and TFC1 and yet TFC3 resulted in the best performance in terms of water flux. This 

result therefore indicates that, the performances of the FO membranes can be improved by 

not only having a finger-like membrane substrate structure morphology but also by 

improving the hydrophilicity of the sponge-like membrane substrate such as through 

optimum sulphonation. The main advantage of the sponge-like substrate compared to the 

finger-like substrate could be in the form of better resistance to membrane compaction. 



Membrane with higher number of macro voids in the sub layer tends to undergo compaction 

when subjected to hydraulic pressure adversely affecting the membrane performance. During 

compaction, the walls of the pores could come closer making the membrane substrate more 

denser resulting in reduction in pore size water permeability of the substrate [47, 48] . 

RSF is another important performance parameter in assessing the performance of the FO 

membranes. It measures the extent of draw solute that reversely diffuses through the FO 

membrane during the osmotic process. A high RSF of the FO membrane   results in 

significant loss of DS towards the feed water complicating the concentrate management, 

membrane fouling/scaling and water flux performance beside the economic loss. Figure 4 (b) 

and Table 4 show the RSF of three fabricated TFC FO membrane samples under the FO and 

PRO modes of membrane orientations. Although the water flux increases with the increase in 

the degree of membrane substrate sulphonation however, this also correspondingly increased 

the RSF of the TFC FO membranes. For example, the RSF of the TFC1 membrane (at 2 M 

NaCl as DS and DI as FS under FO mode) was 7.5 g m-2h-1 which then increased to 9.5 g m-

2h-1 and 9.9 g m-2h-1 with sulphonation for TFC2 and TFC3, respectively. Likewise under the 

PRO mode of membrane orientation using similar DS-FS condition, the RSF for the TFC1 

membrane sample was 8.1 g m-2h-1 which increased to 10 g m-2h-1 and 11.1 g m-2h-1 for TFC2 

and TFC3 FO membranes, respectively. Although the RSF under the PRO mode of membrane 

orientation is higher than under the FO mode however, the ratio of RSF generally termed as 

the specific RSF (SRSF) (ratio of RSF to the water flux) is fairly constant irrespective of the 

membrane orientations or the DS concentrations [49].  The SRSF decreased slightly with the 

increase of sulphonation. Table 5 presents the comparative performances of three fabricated 

TFC FO membranes in this study with other works reported in the literature. It is clear from 

these comparative data that, sulphonated TFC FO membranes fabricated in this study have 

comparable performances in terms of water flux and SRSF. 

 

  



Table 5: Performance comparison of flat sheet TFC-FO membranes in FO mode. 

 

Membrane types 

 

Materials Water  flux 

(Lm-2h-1) 

 

 Specific reverse 

salt flux (gL-1) 

 

 DS 

(M)  

NaCl 

 

FS 

 

References 

 

SPES TFC-FO     PES 18/25 0.4/ 0.32 1/2 DI Present 

work 

SPES TFC-FO     PES 26/35 0.36/0.28 1/2 DI Present 

work 

TFC flat-sheet 

(HTI) 

Psf 13 0.81 

 

2 DI [50] 

TFC flat-sheet 

membrane 

Psf 12 0.4 

 

1 10mM 

NaCl 

[51] 

TFC flat-sheet 

membrane 

Psf 20.5 -- 1 DI [21] 

TFC flat-sheet 

membrane 

Psf 15.1 - 1 DI [17] 

SPSf TFC FO  Psf 26 0.3 

 

2 DI [23] 

SPSf TFC FO 

 

Psf 18 0.2 1 DI [23] 

 

 

4. Conclusions 

The effect of sulphonation on the PES substrate to synthesize TFC-FO membranes was 

studied through substrate characterisation such as morphology, wettability, tensile strength 

and TFC membrane performances. The following summary is drawn from this work: 

 

 Sulphonation of PES substrate changes the substrate morphology from finger-like to a 

sponge-like substrate at higher degree of sulphonation, increases substrate 

hydrophilicity, improves  membrane permeability coefficient (A value), and decreases 

membrane structural parameter (S value) although it resulted in increased salt 

permeability (B value), salt rejection and tensile strength.  



 

 The performances of the TFC-FO membranes in terms of water flux increased while 

the specific reverse solute flux decreased with the increase in the degree of 

sulphonation. The TFC FO membrane at 50 wt % sulphonation showed the best 

performance with water fluxes of 35.1 L m-2h-1 (FO mode) and 42.1 L m-2h-1 (PRO 

mode) using 2 M NaCl as DS and DI water as FS compared to 17.0 L m-2h-1 (FO 

mode) and 21.5 L m-2h-1 (PRO mode) for un-sulphonated TFC FO membrane under 

the same operating conditions. 
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