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A B S T R A C T   

The performances of polybenzimidazole (PBI) and polysulfone (PSF) membranes for recovering 
water from reverse osmosis (RO) reject of brackish water through forward osmosis (FO) were 
assessed and compared. Non-functionalised multi-walled carbon nanotubes (MWCNT) were 
added to the membrane casting solutions, with concentrations ranging from 0 to 3 wt%. The 
experiment was conducted for eight samples using RO reject of brackish water as the feed solution 
(FS) and 2 M analytical grade MgCl2 as the draw solution (DS). The hydrophilicity, water 
permeability, salt rejection rate (Rs), water flux (WF) and porosity of the membranes improved 
with increasing MWCNT content up to 2 wt%. Also, the structural parameter, salt permeability 
and reverse solute flux decreased. PBI/MWCNT2 wt% exhibited the best performance among the 
membranes tested compared with porosity of 70 ± 4 %, structural parameter of 0.36 ± 0.2 μm, 
and Rs of 93.5 %. In contrast with the pristine PBI membrane, an average water flux enhancement 
of 15 % and 49 % was observed for the FS and DS sides, respectively, for PBI/MWCNT2 wt%. It is 
evident from the results that including MWCNT improves the performance of both membranes, 
with better relative performance for PBI membranes than PSF membranes.   

1. Introduction 

Water scarcity and contamination threaten life globally, affecting quality of life and industrial growth. By 2030, water consumption 
is anticipated to increase by 53% to 6.9 trillion m3 [1–3]. Among the present water treatment technologies, membrane-based processes 
like nanofiltration (NF), reverse osmosis (RO), multi-stage flash evaporation (MSF), ultrafiltration (UF) and multi-effects distillation 
(MED) are widely implemented to mitigate water scarcity by producing clean and potable water [4,5]. 

Forward osmosis (FO) technology is a rapidly developing method of treating and recovering water where it is separated from 
dissolved solutes using a semi-permeable membrane and osmotic pressure as the natural driving potential. The dissolved solutes are 
retained, and water alone is carried across the membrane due to differences in osmotic pressure. FO process uses a draw solution (DS) 
having an osmotic pressure higher than the feed solution (FS). FO consumes less pumping energy while also producing good product 
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quality. Additionally, it has a low fouling rate compared to contemporary methods [6–10]. It also has a high percentage of water 
recovery and a low carbon footprint [11,12]. Due to these relative advantages, FO has the potential to be an attractive water recovery 
technology, especially for removing organic contaminants and toxic heavy metal impurities [9,10]. However, the need to produce 
more high-quality membranes, an ideal DS and mitigation of internal concentration polarisation (ICP) poses challenges for FO [10,11, 
13]. 

An ideal DS is essential for FO since it provides the osmotic pressure difference needed for transporting water across the membrane. 
Besides high osmotic pressure difference, an ideal DS should promote high water flux (WF) and low viscosity for easy flow and low ICP. 
The DS must be relatively inexpensive, abundant, and easily recoverable after application in FO [14]. Many inorganic DS are 
implemented due to their advantages of being affordable, plentiful, compatible with most FS, and having low toxicity and high osmotic 
pressure. All these advantages assist in mitigating ICP [14,15]. MgCl2 has been used as DS for FO membranes as an alternative to other 
commonly used NaCl, KBr, KCl, CaSO4 and MgSO4 solutions. This is because MgCl2 is a divalent salt with a low diffusion coefficient in 
water (thereby reducing ICP) and has high osmotic pressure, which increases WF [14,16–18]. In addition, MgCl2 can be easily 
recovered via NF [19]. 

Proper membrane design is crucial for its performance and efficiency. FO membranes should be chemically, thermally, and me-
chanically stable and have high WF, low fouling tendency, low ICP and low reverse solute flux (RSF) [5]. Making the membrane 
support layer more hydrophilic and minimising the structural parameter (S) contributes to mitigating ICP further [6,20–23]. There-
fore, manufacturing membranes that provide a high salt rejection rate and WF is essential [16,17,24]. Thin-film composite as well as 
thin-film nanocomposite (TFC and TFN, respectively) membranes are predominantly used in FO because of their excellent perme-
ability and selectivity [25]. TFC membranes are comprised of an active layer stacked above a support layer since they can indepen-
dently enhance the performance of the support layer while offering favourable separation capabilities across a wide range of operating 
temperatures and pH [15,25,26]. TFN membranes, on the other hand, are formed when nanoparticles are incorporated into TFC 
membranes. This also helps improve the membrane solute rejection performance, preventing minuscule-sized contaminants from 
passing through the membrane [25]. Techniques such as interfacial polymerisation (IP) and phase inversion (PI) are the ones usually 
implemented for making TFC and TFN membranes for FO [25–28]. Recently, the incorporation of nanomaterials like multi-walled 
carbon nanotubes (MWCNT) and graphene oxide (GO), and metals/metal oxides like zeolites, gold (Au), copper (Cu), aluminium 
oxide (Al2O3), silica (SiO2), zinc oxide (ZnO), iron (III) oxide (Fe3O4) and titanium dioxide (TiO2) were carried out in TFN membranes. 
These nanoparticles mitigate limitations concerning WF and fouling and improve membrane hydrophilicity, permeability, stability, 
and selectivity. Nanoparticles also help reduce risks affiliated with radioactive contaminants and enhance water molecule transport 
and the mechanical properties of the membranes [4,5,16,28–32]. 

MWCNT nanoparticles exhibit excellent stability and improved thermal properties for enhanced water transport across the 
membrane. By embedding MWCNT in the active layer of thin film membranes, the antifouling capabilities, WF and salt rejection rates 
can be enhanced [16,20,25,29]. Polymeric materials, such as polybenzimidazole (PBI) and polysulfone (PSF), exhibit good potential 
for TFC and TFN FO membranes. Due to its aromatic heterocyclic molecular structure, PBI exhibits remarkable chemical properties, 
such as forming intramolecular and intermolecular hydrogen bonds with neighbouring PBI molecules. In aqueous environments, PBI 
becomes self-charged. It also has high thermal (resistance at high temperatures) stability, mechanical (high tensile strength) stability, 
and high pH tolerance (2–14), and it is less prone to fouling. PSF is usually implemented as a polymer substrate for preparing 
membranes to promote better chemical, thermal, and mechanical stability; it also accommodates greater pH tolerance (2–13). 
Membranes with high concentrations of PSF are denser and less porous, which aids in rejecting salt more effectively. Adding nano-
particles to PSF helps to further enhance the hydrophilicity and rejection of contaminants, with lower ICP and fouling [16,25,29–34]. 
From the above observations reported in literature studies, it is evident that PBI and PSF are good choices for TFN membrane 
fabrication. 

Integrated processes like FO/NF, NF/FO/RO and UF/FO/RO hybrid systems have been used for treating brackish water [35–37]. 
However, recovering water from the RO reject of brackish water by FO, which consumes less pumping power, is yet to be explored. 
Further, studies on treating RO reject of brackish water using PBI and PSF flat-sheet TFC and TFN membranes by FO are scarce. 
Therefore, the present study focuses on synthesising and applying PBI and PSF flat-sheet TFC and TFN membranes to recover water 
from RO reject using FO. The membranes were integrated with graphene-based non-functionalised MWCNT through non-solvent 
induced phase separation (NIPS). Using a laboratory-scale testing system, the performances of pristine PBI, pristine PSF, 
PBI/MWCNT and PSF/MWCNT membranes were compared. The impact of increasing MWCNT concentration on the membrane 
morphology, hydrophilicity, and mechanical, thermal, and intrinsic properties were analysed, in addition to FO performance. Optimal 
membrane composition and operating conditions were identified for the PBI and PSF flat-sheet membranes for water recovery from RO 
reject. 

2. Materials and methods 

2.1. Materials required for membrane fabrication 

The materials required for the fabrication of the PBI and PSF TFN-based FO membranes in the laboratory are listed as follows: 100 g 
of PBI powder ((C20H12N4)n with MW: 308 g/mol, average MW: 41,000 ± 4000 g/mol) was supplied by Sigma Aldrich, Bangalore, 
India, in pellet form; 100 g of PSF powder ((C27H21O4S)n with MW: 441 g/mol, average MW: 22,000 ± 3000 g/mol) was supplied by 
Solvay India in pellet form; 100 g of polyvinylpyrrolidone (PVP) powder ((C6H9NO)n with MW: 111 g/mol, average MW: 360,000 ±
3000 g/mol); 50g of lithium chloride powder (LiCl with MW: 42.5 g/mol); 500 ml of n-dimethylacetamide (DMAc) solution (C4H9NO 
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with MW: 87 g/mol); 500 ml of n, n-dimethylformamide (DMF) solution (C3H7NO with MW: 73 g/mol, 99.8 % purity); m-phenyl-
enediamine (MPD, 99 % purity with MW: 108.14 g/mol) and trimesoyl chloride (TMC, 98 % purity with MW: 265.48 g/mol) were 
supplied from Sigma Aldrich; 75 g of multi-walled carbon nanotubes (MWCNT) was purchased from Ad Nano Technologies, Shimoga, 
Karnataka, India. For making the DS, 100 g of magnesium chloride (analytical grade MgCl2 with MW: 95 g/mol) purchased from SD 
Fine Chem Ltd, Mumbai, India, was used. RO reject of brackish water (10 L) collected from Nemmeli Seawater Desalination Plant, 
Tamil Nadu, India, was used as FS. Other substances used were: 500 g of sodium metabisulfite (Na2S2O5 with MW: 190 g/mol), 
deionised (DI) water (5 L), acetone AR grade (1 L C3H6O with MW: 58 g/mol), toluene AR grade (1 L C7H8 with MW: 92 g/mol), woven 
polyester and glass plate (1 ft × 1 ft). 

2.2. Fabrication of PBI and PSF membranes 

Following standard practice, the casting solution for the initial pristine PBI was prepared with 26 wt% PBI, 72.5 wt% DMAc and 1.5 
wt% lithium chloride (LiCl). Similarly, the initial pristine PSF casting solution was prepared using 18 wt% PSF along with 2 wt% PVP 
being added as an agent for pore-forming and 80 wt% DMF [11,17,37–39]. However, at higher concentrations, particularly for PBI, 
membrane performance becomes inconsistent, as it is difficult to fabricate an asymmetric film of good quality due to increasing flow 
resistance and less solubility. Moreover, decreases in resistance to biological attacks, WF and membrane thickness are experienced at 
higher concentrations [39–41]. As a result, the concentrations of PBI were diluted to 14, 16, 18 and 20 wt% by adding more DMAc for 
performance comparison with 26 wt% PBI (Performance comparison results shown in Table 5 and Fig. 10a and b). 

MWCNT was used with diameters of 20–80 nm and 3–8 μm lengths. RO reject of brackish water was used as FS, while 2 M MgCl2 
was used as DS. PBI and PSF solutions were incorporated with different wt% of MWCNT (0–3 wt%). The polyamide active layers for the 
PBI and PSF membranes were prepared through an interfacial polymerisation (IP) reaction involving 0.2 wt% of TMC and 4 wt% of 
MPD. The reaction took 3 min to complete. MWCNT was then dispersed in 4 wt% MPD aqueous solution in an ultrasonic bath 
(Branson® ultrasonic bath (Danbury, Connecticut, United States)) for 4 h. Then, the MPD mixed with MWCNT was made to react with 

Table 1 
Composition of thin-film composite PBI membranes at different wt% of MWCNT.  

Materials Composition (wt%) 

PBI PBI/MWCNT1 wt% PBI/MWCNT2 wt% PBI/MWCNT3 wt% 

PBI 18 17 16 15 
LiCl 1.5 1.5 1.5 1.5 
DMAc 80.5 80.5 80.5 80.5 
MWCNT 0 1 2 3  

Table 2 
Composition of thin-film composite PSF membranes at different wt% of MWCNT.  

Materials Composition (wt%) 

PSF PSF/MWCNT1 wt% PSF/MWCNT2 wt% PSF/MWCNT3 wt% 

PSF 18 17 16 15 
PVP 2 2 2 2 
DMF 80 80 80 80 
MWCNT 0 1 2 3  

Table 3 
Analysis of the composition of RO reject water.  

S. No. Nemmeli Desalination Plant 
Brackish Water RO Brine Quality Details    

Parameters Method Unit FS DS 

1 Total Dissolved Solids IS 3025 (Part 16) – 1984 (R 2017) mg/l 37230 1428 
2 Sodium as Na IS 3025 (Part 45) – 1993 (R 2019) mg/l 9830 782 
3 Potassium as K IS 3025 (Part 45) – 1993 (R 2017) mg/l 412 89 
4 Calcium as Ca IS 3025 (Part 40) – 1991 (R 2019) mg/l 496 134 
5 Magnesium as Mg IS 3025 (Part 46) – 1994 (R 2019) mg/l 1374 157 
6 Chloride as Cl IS 3025 (Part 32) – 1988 (R 2019) mg/l 16239 1670 
7 Sulphate as SO4 IS 3025 (Part 24/Sec-1) – 2022 mg/l 2356 242 
8 COD IS 3025 (Part 58) – 2006 (R 2017) mg/l 230 23 
9 pH@25 ◦C IS 3025 (Part 11) – 1983 (R 2002) - log[H+] 8.2 7.9  
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0.2 wt% of TMC. Tables 1 and 2, respectively, present the composition of the PBI and PSF membranes at different wt% of MWCNT. 
Table 3 shows the typical composition of RO reject of brackish water (collected from Nemmeli Seawater Desalination Plant, Tamil 
Nadu, India) and the water purity analysis. 

The membranes were fabricated as follows: 18 wt% of PBI was mixed with DMAc in the presence of LiCl to form the PBI casting 
solution. Similarly, 18 wt% of PSF was mixed with DMF in the presence of PVP to form the PSF casting solution. For fabricating the 
desired PBI/MWCNT and PSF/MWCNT casting solutions, MWCNT nanoparticles were added in the required percentage and dispersed 
with DMAc or DMF for 1 h through sonication using the ultrasonic bath at 50 ◦C. The concentrations of PBI were diluted to 17, 16 and 
15 wt% using the MWCNT (1, 2 and 3 wt%, respectively) dispersed in DMAc. The concentrations of PSF were diluted to 17, 16 and 15 
wt% using the MWCNT (1, 2 and 3 wt%, respectively) dispersed in DMF. The PBI, PSF, PBI/MWCNT and PSF/MWCNT casting so-
lutions were then homogenised and continuously stirred at 60 ◦C and 150 rpm speed for 30 min. The solutions were degasified at room 
temperature for 24 h. The polymer solutions formed after degasification were poured on a fabric made of woven polyester, bound to a 
glass plate, and placed on a membrane casting machine with a heating apparatus. The film casting knife height was calibrated to 150 
μm while the casting machine speed was set at 1 cm/s. The cast PBI and PBI/MWCNT films were kept in an oven for 1 min 30 s at 165 ◦C 
while PSF and PSF/MWCNT films were kept for 1 min 30 s at 70 ◦C. The cast membranes were laid inside a deionised (DI) water bath at 
room temperature for 15 min to begin phase inversion (PI). They were subsequently stored in 30 wt% of aqueous glycerol with sodium 
metabisulfite to prevent fouling and cracking [17,40]. 

2.3. Membrane characterisation 

The PBI and PSF FO membranes were characterised based on their surface morphology, phase composition, water contact angle, 
presence of functional groups and chemical bonds, and mechanical stabilities. 

For analysing the surface morphology and the elemental distribution of MWCNT in the PBI and PSF membranes, Scanning Electron 
Microscopy (SEM) was implemented to obtain images on the top surface (Model: JEOL JCM-6000 Plus). In SEM, micrographs were 
taken at 20 μm resolution with an accelerating voltage of 15 kV, WD10 mm, SEI 5X (WD56 mm to 53 mm) to 60,000X. All samples were 
sputter-coated with gold layers to observe them (SEM in Fig. 2a–h). Transmission Electron Microscopy (TEM) (Model: 200 kV Tecnai 
G2 TF20) was employed to analyse the membrane morphology at a much closer range (TEM in Fig. 3a–f). The membranes were 
microtomed to 100 nm, and their electrons were made transparent on copper grids. Energy dispersive X-ray spectroscopy (EDS) was 
implemented to detect the composition of elements in the membranes (Model: INCA x-act analytical 10 mm2 silicon drift detector with 
PentaFET precision) (EDS in Fig. 4a–h). 

To study the MWCNT phase composition, an X-ray diffraction (XRD) analyser (Model: Japan-based XRD-2kW-RIKAGU Miniflex 
600) was implemented. CuKα radiation was applied with 2θ ranging from 10◦ to 80◦, using a step size of 0.05◦ (XRD in Fig. 5). Fourier 
transform infrared spectroscopy (FTIR) was used to determine the functional groups present and chemical bonds formed in the 

Fig. 1. (a) FO experimental laboratory-scale setup; (b) FO process schematic for the experimental setup.  
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membrane. The results were observed and recorded using an FTIR spectrometer (Model: IRAffinity-1S from Shimadzu, Japan), where 
the frequency range was measured as wave numbers typically between 4000 and 500 cm− 1 (FTIR in Fig. 6a and b). 

For studying the membrane surface water contact angles to determine the level of their hydrophilicity, a contact angle measuring 
drop shape analyser (Model: DSA 25 from Krüss, Germany) was employed. The contact angle measurements were performed on five 
random locations along the surface of each membrane sample as reference points (Contact angle measurements in Fig. 7a and b). For 
analysing the thermal stability of the membrane, a thermal analyser (Model: SDT650 simultaneous DSC-TGA analyser) was imple-
mented (DSC in Fig. 8a and b, TGA in Fig. 9a and b). The mechanical properties, such as the elongation, tensile strength, and modulus 
of elasticity/Young’s modulus, were determined using a load cell of 10 kN at a strain rate of 1 mm/min. The dual-column testing 
system tested the elongation and strength (Model: Instron 5966, Massachusetts, USA). The samples were cut up in the shape of dog 
bones (16 cm in length and 3.3 cm in width) using a hand-operated Ray-Ran press. The specimens were 30–100 μm thick, and a 
micrometre was used to measure the dimensions (Mechanical properties values in Table 4). 

Fig. 2. SEM images for (a) PBI; (b) PBI/MWCNT1 wt%; (c) PBI/MWCNT2 wt%; (d) PBI/MWCNT3 wt%; (e) PSF; (f) PSF/MWCNT1 wt%; (g) PSF/ 
MWCNT2 wt%; (h) PSF/MWCNT3 wt% FO membranes. 
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2.4. Experimental setup of the process 

The laboratory-scale setup for the FO experiment and its schematic are shown in Fig. 1a and b, respectively. The setup comprised 
two rectangular flow channels, each having 15 cm length, 10 cm breadth and 0.4 cm height. The cross-sectional area for each 
membrane was 150 cm2. The membranes were pre-compacted using an applied pressure of 3 bar to stabilise the WF. Mesh spacers 
made of woven polyester were placed in the rectangular channels to elevate the turbulence level, promote mass transport, and assist 
the membrane in reducing the external concentration polarisation (ECP) [16,17,29]. The FS and DS were introduced into the FO 
chamber with equal flow rates of 48 mL/min by co-currently using two peristaltic pump motors (Model: VENUS AQUA® U6600 Power 
Head Water Aquarium Motor). Using 2 M MgCl2 as DS, the PBI, PSF, PBI/MWCNT and PSF/MWCNT membranes were tested. The 
crossflow velocity was 0.67 cm/s. The results were documented with two different orientation types for the membranes: The active 
layer was oriented (1) towards the FS and (2) towards the DS. With the membrane inside, the FO chamber was set up horizontally with 
the FS and DS in the top and bottom compartments, respectively. The FS and DS concentrations were constant during the experiment 
by closed-loop circulation. The experiment was conducted at room temperature with 30-min time intervals for each sample. 

2.5. Equations used for FO water transport analysis 

The idealised van’t Hoff equation, which helps to derive the FS and DS osmotic pressures, is given by: 

π = iCRT (1)  

Where i denotes the van’t Hoff factor, R represents the universal gas constant (0.08314 L bar/K.mol), T refers to the process tem-
perature (K), and C indicates the solute molar concentration (mol/L). The molar concentration term C has a direct, linear connection 
with π since i, R, and T remain constant for the most part. For the concentrations of the solutions taken into consideration here, this was 
a realistic assumption [42]. 

Water flux WF is denoted by the units L/m2.h or LMH. The water mass flow rate obtained from the experiment is divided by density 
to evaluate the volumetric flow rate. Flux is evaluated by scaling this flow rate by the membrane area [42]. The theoretical equation for 
WF (or Jw) is derived from Darcy’s law of fluid flowing through a porous medium and is given by: 

Jw =A(Δπ − ΔP)=A
( (

πd − πf
)
− ΔP

)
(2)  

Here A (LMH/bar) indicates the membrane permeability coefficient for water, Δπ (bar) denotes the difference between osmotic 
pressures, ΔP (bar) represents the applied external pressure difference, πd and πf both respectively denote the osmotic pressures for the 
DS and FS [40,42–44]. The WF is calculated by measurement of the weight changes in the FS via a digital weighing machine [16,17, 
40]. WF can also be expressed as shown below: 

Jw =
(V0 − Ve)

AmΔt
(3)  

Where V0 and Ve are the feed side volumes before and after completing the experiment, Am denotes the effective membrane area and Δt 
indicates the time interval (min) [16,17,40]. 

Fig. 3. TEM analysis for (a) PBI/MWCNT1 wt%; (b) PBIMWCNT2 wt%; and (c) PBI/MWCNT3 wt%; (d) PSFMWCNT1 wt%; (e) PSF/MWCNT2 wt%; (f) 
PSF/MWCNT3 wt% FO membranes. 
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The RSF (or Js), refers to the reverse transfer of solute which impedes the water passage across the membrane and increases the FS 
osmotic pressure, thus lowering the overall Δπ value. The RSF is calculated as shown below: 

Js =

(
VeCf ,e − Ve Cf ,0

)

AmΔt
(4)  

Where Cf, e and Cf, 0 are the FS concentrations at the end and beginning of the experiment, and Ve denotes the FS volume at the end 
[40]. The conductivity of both FS and DS were measured via an HQ40d multimeter (Hach Lange GmbH, Germany) to determine the 
RSF values [15,16,28]. 

The salt permeability (B) (10− 12 m/s.pa) and the salt rejection rate (Rs) (%) were measured using equations (5) and (6). Here, Cp 
represents the concentration of permeate product water. 

B=

[
1 − Rs

Rs

]

× Jw (5) 

Fig. 4. EDS analysis images for (a) PBI; (b) PBI/MWCNT1 wt%; (c) PBI/MWCNT2 wt%; (d) PBI/MWCNT3 wt%; (e) PSF; (f) PSF/MWCNT1 wt%; (g) PSF/ 
MWCNT2 wt%; (h) PSF/MWCNT3 wt% FO membranes. 
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Rs =

[
Cf − Cp

Cf

]

× 100 (6) 

The formula for structural parameter (S) (mm) estimates the path length for diffusion of water through the FO membrane, which 
determines the degree of ICP during the FO process, is given by: 

S=
τl
ε (7)  

Where ε (%) denotes the overall porosity, τ represents the tortuosity (1 < τ < 2), and l (mm) is the membrane thickness [29,40]. 
The FO membrane porosity, which refers to the FO membrane pore volume divided by the entire membrane volume, is calculated 

through gravimetric measurement as shown below: 

Fig. 5. XRD plots for PBI, PSF, PBI/MWCNT2 wt% and PSF/MWCNT2 wt% membranes.  

Fig. 6. FTIR plots for (a) PBI membranes; (b) PSF membranes.  
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ε=
(
mwet − mdry

)/
ρw( (

mwet − mdry
)/

ρw

)
+
( (

mdry
)/

ρp

)× 100 % (8)  

Where mdry and mwet, respectively, represent the dry mass and wet mass of membranes, and ρp and ρw denote polymer and water 
densities, respectively [17,40]. 

3. Results and discussions 

3.1. Surface morphologies of the FO membranes 

The SEM images in Fig. 2a–h displays the top surface morphological characteristics of the fabricated PBI and PSF FO membranes. 
The images depict the ridge valley-type structure formed on top of PBI and PSF, typical for TFC and TFN membranes, because of the IP 
reaction between TMC and MPD [29,40]. The pore size is observed to decrease with an increase in wt% of MWCNT. This could be 
attributed to the MWCNT exhibiting strong attractive molecular forces due to their nano size. These forces result in pore size reduction 
and material compaction. The decrease in pore size can potentially cause a decrease in both WF and salt rejection rates; however, the 
tendency for WF reduction is more than compensated by the greater affinity to water shown by PBI due to the strong hydrogen bonding 

Fig. 7. a. Water contact angle measurements for PBI membranes 
b. Water contact angle measurements for PSF membranes. 
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of PBI molecules [45,46]. The polyamide active layer is observed to appear as the wt% of MWCNT increases, which results in increased 
salt rejection until 2 wt%. Although thin active layers are good for improving the WF, they sometimes tend to decrease salt rejection in 
a significant manner. An ideal FO membrane must possess an active layer that is thin, hydrophilic, dense, with high WF and an efficient 
salt rejection rate [29]. In contrast, its support layer should have low tortuosity and be porous to mitigate ICP. Therefore, strengthening 
the FO membrane surface hydrophilicity is preferable to decreasing its thickness; this is because higher hydrophilicity improves WF 
without increasing the RSF [17]. The difference in the morphology of the PSF FO membranes by adding MWCNT is attributed to 
hydrogen bonds formed between the polyamide chains and MWCNT. This, in turn, improves the hydrophilicity of PSF [40]. However, 
the intermolecular π–π interactions between PBI and MWCNT result in PBI showing slightly better hydrophilicity than PSF. This is 
reflected in the transmission electron microscopy (TEM) images and the contact angle measurements [47–49]. 

3.2. TEM analysis 

The TEM analysis for PBI and PSF membranes was conducted as shown in Fig. 3a–f. The TEM images show the distribution of the 
MWCNT in PBI and PSF membranes more explicitly. These depictions for both PBI and PSF FO membranes convey that MWCNT is 
uniformly distributed in the FO membranes without much agglomeration until 2 wt%. The diameters of the MWCNT remain constant, 
and no confined areas are detected in the vicinity of MWCNT due to the MWCNT being hydrophilic up to 2 wt%. The lengths of the 
MWCNT are observed to be relatively short, favouring the increase in WF. In both PBI and PSF membranes, MWCNT nanoparticles are 
not open-capped, indicating that they are non-functionalised. The MWCNT in PSF tend to agglomerate more than in PBI, and the 
distribution of the nanoparticles is more uniform in PBI than in PSF. Adding MWCNT also influences the membrane wettability, with 
the contact angle decreasing with increasing wt% of MWCNT until 2 wt%. This increases the hydrophilicity of the membranes for water 
transport, subsequently leading to an increase in WF and a reduction of RSF values [40,50–52]. 

3.3. Elemental distribution of the FO membranes 

To ascertain the distribution of elements and composition of MWCNT in the PBI and PSF FO membranes, energy dispersive X-ray 
spectroscopy (EDS) was implemented, as seen in Fig. 4a–h. The EDS images of PBI membranes display the peaks for oxygen (O), 
nitrogen (N) and carbon (C), which appear as expected since the PBI molecule consists of the imidazole ring containing nitrogen. As for 
the PSF membranes, the additional presence of sulphur (S) is expected because of the sulphonyl group in PSF. The high carbon content 

Fig. 8. a. DSC graph for PBI membranes 
b. DSC graph for PSF membranes. 
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in both PBI and PSF membranes is also likely due to the addition of MWCNT. The high carbon-to-oxygen ratio implies negligible 
alginate fouling on the membrane surface. Although carbon-to-oxygen (C:O) atomic ratio decreases, the C:O ratio values are high 
enough to conclude that fouling is negligible [15]. The negligible amount of fouling can make the membranes more resistant to 
biological attacks and subsequently enhance their performance, particularly with respect to porosity and WF [15]. 

3.4. XRD analysis 

The X-ray diffraction (XRD) image for the PBI and PSF membranes is depicted in Fig. 5, with diffraction peaks in between 2θ range 
of 14–25◦ for PBI and 12–20◦ for PSF. The two sharp peaks at 2θ = 26◦ confirm the presence of MWCNT and illustrate the stronger 
orientation of the reinforcement with the improved crystalline nature of the PBI/MWCNT2 wt% and PSF/MWCNT2 wt% membranes. The 
improvement in crystallinity of PBI and PSF membranes after adding MWCNT increases the mechanical and thermal stabilities. 
Additionally, it reduces RSF and causes an increase in porosity and WF [53,54]. 

3.5. FTIR spectra of the membranes 

The analysis of the FTIR graphs in Fig. 6a depicts characteristic peaks representing the amine (C–N stretch) at 1540 cm− 1 and 
aromatic bond (C––C & C––N) at 1645 cm− 1. The peaks seen at 3400 cm− 1 and 3140 cm− 1 represent the free (N–H) and H–bonded 
(N–H) stretches, respectively. The prominent peaks visible at 1445 cm− 1 and 1290 cm− 1, respectively, display the imidazole ring in- 
plane deformation and the imidazole ring breathing mode. The rising peaks at 1310 cm− 1, 1290 cm− 1 and 1135 cm− 1 for PSF 
membranes in Fig. 6b show that sulfone stretches (S––O) are present. The small peaks at 3000 cm− 1 indicate aromatic (C–H) bond 
stretches for the PBI and PSF membranes. The carboxyl (C––O) bond indicates MWCNT in PBI appears at 1735 cm− 1 and 1670 cm− 1 in 
PSF. The C––O peak increases with increase in wt% of MWCNT. The FTIR analysis of PBI and PSF synthesised in this investigation is 
consistent with the ones in the literature, in addition to confirming the physical presence of MWCNT in the membranes as in XRD, 
which also implies an increase in their crystallinity [47,48,55]. 

Fig. 9. a. TGA graph for PBI membranes 
b. TGA graph for PSF membranes. 
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3.6. Measurement of water contact angle 

The water contact angles for both PBI and PSF membranes are represented graphically in Fig. 7a and b. The contact angle decreases 
when MWCNT is added, resulting in higher hydrophilicity of the PBI and PSF membranes. The contact angle of PBI and PSF increased 
when 3 wt% of MWCNT was added to their respective casting solutions. This is due to the agglomeration of MWCNT on the membrane 
surface, which is also confirmed in previous literature studies [48,49]. PBI shows slightly higher hydrophilicity than PSF due to the 
strong hydrogen bonds between adjacent PBI molecules and the strong intermolecular π–π interactions between PBI and MWCNT. This 
is also reflected in the corresponding SEM and TEM images and the increase in WF and porosity values of the membranes [45–49]. 

Fig. 10. a. Graph of WF comparing PBI membranes at different concentrations 
b. Graph of RSF comparing PBI membranes at different concentrations. 

Table 4 
Mechanical behaviour of PBI and PSF FO membranes.  

Membrane Elongation (%) Modulus of elasticity (MPa) Tensile strength (MPa) 

PBI 27.8 ± 3.4 426 ± 34 29.3 ± 5.5 
PBI/MWCNT (1%) 24.6 ± 2.2 472 ± 53 32.5 ± 4.6 
PBI/MWCNT (2%) 20.1 ± 3.1 565 ± 40 37 ± 2.4 
PBI/MWCNT (3%) 18.6 ± 1.9 610 ± 45 38.6 ± 3 
PSF 25.9 ± 2.9 411 ± 31 26.6 ± 4.1 
PSF/MWCNT (1%) 21.7 ± 2.1 440 ± 47 29.4 ± 4 
PSF/MWCNT (2%) 18.3 ± 2.8 512 ± 31 33.3 ± 2.2 
PSF/MWCNT (3%) 16.7 ± 2.3 577 ± 38 35.5 ± 2.9  
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3.7. Thermal stability of the FO membranes 

The differential scanning calorimetry (DSC) diagrams for both PBI and PSF FO membranes are shown in Fig. 8a and b. In com-
parison, the thermogravimetric analysis (TGA) diagrams for both PBI and PSF are shown in Fig. 9a and b. For the DSC of PBI, the glass 
transition temperature (Tg) is at 420–425 ◦C while the melting temperature (Tm) is above 600 ◦C [56,57]. For the DSC of PSF, the Tg lies 
between 190 and 230 ◦C while Tm is in the range of 500–520 ◦C [58–60]. The interfacial interaction of the MWCNT comes into play for 
both PBI and PSF. In the TGA, the initial decomposition temperature of PSF is in the range of 190 ◦C-250 ◦C and the temperatures for 
varying weight losses of 10 and 20% correspond to the ranges of 210 ◦C-225 ◦C and 295 ◦C-310 ◦C respectively. It is observed that PBI 

Table 5 
SRSF values of PBI FO membranes.  

Membrane SRSF (JS/JW) (AL–FS) SRSF (JS/JW) (AL–DS) 

PBI (14 wt%) 0.1667 0.2 
PBI (16 wt%) 0.1458 0.2161 
PBI (18 wt%) 0.1212 0.2099 
PBI (20 wt%) 0.1093 0.207 
PBI (26 wt%) 0.1379 0.1879  

Table 6 
Porosities for PBI and PSF FO membranes.  

Membrane Surface morphology Porosity (ε) (%) S Value (mm) Salt rejection rates (Rs) (%) 

PBI Ridge Valley 64 ± 2 0.41 ± 0.1 81.3 
PBI/MWCNT (1%) Ridge Valley 66 ± 2 0.38 ± 0.05 89.8 
PBI/MWCNT (2%) Ridge Valley 70 ± 4 0.36 ± 0.2 93.5 
PBI/MWCNT (3%) Ridge Valley 67 ± 3 0.39 ± 0.1 90.3 
PSF Ridge Valley 61 ± 2 0.43 ± 0.1 77 
PSF/MWCNT (1%) Ridge Valley 63 ± 3 0.41 ± 0.1 87.1 
PSF/MWCNT (2%) Ridge Valley 66 ± 2 0.40 ± 0.05 89.6  

Fig. 11. a. Permeability graph of PBI membranes 
b. Permeability graph of PSF membranes. 
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and PSF membranes are thermally stable. In the TGA, the initial decomposition temperature of PBI is in the range of 360 ◦C-440 ◦C, and 
the temperatures for varying weight losses of 10 and 20% exist in the ranges of 377 ◦C-382 ◦C and 421 ◦C-425 ◦C respectively. Since 
MWCNT possess higher thermal conductivity because of their strong intermolecular forces, heat flow is enhanced by adding MWCNT, 
as it takes more time to arrive at a steady state. PBI membranes exhibit better thermal stability owing to the suitable interfacial in-
teractions of the MWCNT, with the hydrogen bonding between PBI molecules and intermolecular π–π interactions between PBI and 
MWCNT reducing the water contact angles (until 2 wt%), improving the hydrophilicity and overall performance [56–60]. 

3.8. Mechanical behaviour 

The properties that describe the mechanical behaviour of the PBI and PSF membranes are shown in Table 4. The mechanical 
properties increase with the addition of MWCNT, which further indicates that the PBI and PSF FO membranes are mechanically stable. 
PBI shows slightly more enhanced mechanical strength characteristics than PSF. This can be attributed to the hydrogen bonds in the 
PBI molecules in addition to the higher intermolecular forces of MWCNT with PBI, which render the PBI/MWCNT membranes more 
tightly packed. The reduction in pore size causes material compaction, which enhances the mechanical properties of the membrane. 
The crystallinity also improves, which is reflected in the peaks shown in the XRD for PBI and PSF upon adding MWCNT [17,39,40]. 

3.9. Determination of the performances of FO membranes 

The results for WF and RSF are seen in Fig. 10a and b, respectively, while the values of the specific reverse solute flux (SRSF) are 
shown in Table 5. For AL–FS orientation, the WF enhances with increase in PBI concentration until 20 wt% and then decreases at 26 wt 
%; for AL–DS orientation, the WF decreases with an increase in PBI concentration until 18 wt% and then increases from 20 wt% 
onwards. This is because pristine PBI membranes with high wt% of PBI are challenging to fabricate into asymmetric flat-sheet 
membranes of excellent and consistent quality. Due to this, minor inconsistent variations in WF are observed at high polymer con-
centrations. However, these variations are not significant. With respect to RSF, the values of PBI at 18 wt% and 26 wt% are the lowest 
and also identical. The SRSF values show that 20 wt% and 26 wt% PBI are the lowest for AL–FS and AL–DS orientations. However, the 
SRSF for 18 wt% PBI in the AL–FS orientation is lower than that of 26 wt% PBI. The lower the SRSF, the better the membrane per-
formance [17]. In general, considering the values of WF, RSF and SRSF, 18 wt% PBI is found to have better performance, and hence, it 
is implemented as the pristine PBI membrane in this investigation. 

Fig. 12. a. Graph of water flux for PBI membranes 
b. Graph of water flux for PSF membranes. 
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The porosity (ε), structural parameter (S) and salt rejection rate (Rs) values of the PBI and PSF membranes are seen in Table 6. The 
porosity for the PBI and PSF membranes increases with the addition of MWCNT despite the reduction in pore size. The increase in 
porosity is effective with the MWCNT addition till 2 wt%, beyond which MWCNT agglomeration sets in. The beneficial effects with 
respect to the enhancement of WF and salt rejection can be attributed to the membrane morphological characteristics changing with 
the addition of MWCNT. The S values decrease, signifying lower tortuosity. This, in addition to increase in porosity, decrease in pore 
size and higher hydrophilicity, improves the overall performance of the PBI/MWCNT and PSF/MWCNT membranes in comparison to 
the corresponding pristine membranes. The MWCNT seem to agglomerate after 3 wt%, adversely affecting the membrane performance 
through an increase in S value and decrease in porosity and salt rejection rate [17,29,39,49]. Fig. 11a and b shows the values of water 
and salt permeabilities for PBI and PSF membranes, respectively. The water permeability is seen to increase upon adding MWCNT from 
1 to 3 wt%. For salt permeability, an increase is seen with MWCNT addition till 2 wt%, and a decrease in value occurs at 3 wt% due to 
pore size reduction [17,26,50]. The WF graphs shown in Fig. 12a and b illustrate that it increases with the addition of MWCNT wt%, 
with higher values for PBI membranes than for PSF membranes. In the presence of MWCNT, the PBI membrane becomes more hy-
drophilic. Fig. 13a and b depict the RSF values of PBI and PSF. As more water flows through the membrane with the addition of 
MWCNT, a synergetic effect of reduction in RSF occurs. However, other contaminants were not allowed to pass through. The values of 
RSF for both PBI and PSF decrease until 2 wt% and then increase at 3 wt%. This is attributed to the agglomeration of MWCNT in the 
membranes, which is also reflected in the water contact angle increasing at 3 wt%. Compared to pristine PBI and PSF, PBI/MWCNT and 
PSF/MWCNT have higher hydrophilicity and permeability and exhibit lower water contact angles until 2 wt%, as seen in Fig. 7a and b. 
The RSF values of PBI membranes are slightly lower when compared to those of PSF. All these factors show that the PBI membranes 
display marginally better WF and salt rejection rates than the PSF membranes [16,39]. Among the different membrane samples 
investigated, the membrane with the best overall performance is observed to be PBI/MWCNT2 wt%. The porosity of this membrane is 70 
± 4 %, while its S and Rs values are 0.36 ± 0.2 μm and 93.5 %, respectively. Also, the WF values of 31.2 ± 1.4 LMH (for AL-FS) and 
67.1 ± 2.7 LMH (for AL-DS) are observed to be 15 % and 49 % higher than the pristine PBI membrane, respectively. The corresponding 
RSF values of 2.1 ± 0.3 g/m2.h (for AL-FS) and 4.1 ± 0.3 g/m2.h (for AL-DS) are observed to be 34 % and 43 % lower than those of the 
pristine PBI membrane, respectively. 

3.10. Comparison of PBI and PSF FO membrane performances 

The performances of PBI/MWCNT2 wt% and PSF/MWCNT2 wt% FO membranes observed in our investigation were compared with 
performances reported in other literature studies and are presented in Tables 7a and 7b, respectively. 

Fig. 13. a. Graph of reverse solute flux for PBI membranes 
b. Graph of reverse solute flux for PSF membranes. 
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Table 7 
a. Comparison of performance of PBI FO membrane reported in this investigation and those in published literature 
b. Comparison of performance of PSF FO membrane reported in this investigation and those in published literature.  

Type of membrane Incorporated nanoparticle FS DS Jw (LMH) JS (g/m2.h) Ref 

PBI flat sheet TFN MWCNT (2 wt%) RO reject of brackish water 2 M 
MgCl2 

31.2 ± 1.4 (for AL-FS) 
67.1 ± 2.7 (for AL-DS) 

2.1 ± 0.3 (for AL-FS) 
4.1 ± 0.3 (for AL-DS) 

this work 

PBI flat sheet TFC – DI 2 M 
MgCl2 

21.28 ± 0.2 (for AL-DS) 7.82 (for AL-DS) [17] 

PBI flat sheet TFC – 0.1 M NaCl 2 M NH4HCO3 ~2 (for AL-FS) 
~18 (for AL-DS) 

– [34] 

PBI flat sheet TFN SiO2 (0.5 wt%) DI 2 M 
NaCl 

16.9 ± 1.2 (for AL-DS) ~45 (for AL-DS) [49]  

Type of membrane Incorporated nanoparticle FS DS Jw (LMH) JS (g/m2.h) Ref 

PSF flat sheet TFN MWCNT (2 wt%) RO reject of brackish water 2 M MgCl2 26.2 ± 1.2 (for AL-FS) 
60.2 ± 2.1 
(for AL-DS) 

2.8 ± 0.3 (for AL-FS) 
5.2 ± 0.3 (for AL-DS) 

this work 

PSF TFN f-MWCNT (0.5 wt%) DI 2 M MgCl2 15.3 9.5 [16] 
PSF flat sheet TFN f-MWCNT (0.05 wt%) DI 2 M NaCl 30 (for AL-FS) 2.86 ± 0.4 (for AL-FS) [29] 
PSF flat sheet TFN carboxylated f-MWCNT (0.01 wt%) DI 2 M NaCl 50.23 ± 0.93 (for AL-FS) 2.76 ± 0.21 (for AL-FS) [40] 
PSF flat sheet TFN TiO2 (0.5 wt%) 10 mM NaCl 2 M NaCl 29.7 (for AL-FS) 

56.27 (for AL-DS) 
7.3 (for AL-FS) 
14.14 (for AL-DS) 

[60]  
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4. Conclusions 

The present experimental investigation was conducted with PBI and PSF TFN-based FO membranes with the addition of MWCNT to 
recover water from the RO reject of brackish water. The membranes were characterised by their morphology, hydrophilicity, me-
chanical, thermal, and intrinsic properties, and water separation performance. The morphology analysis reveals that MWCNT is 
uniformly distributed. Pore size reduction is observed due to its attractive intermolecular forces. The affinity for PBI and PSF mem-
branes towards water is due to their tendency to form hydrogen bonds with both water and MWCNT, as well as the intermolecular π–π 
interactions between PBI and MWCNT. Consequently, the contact angle of the PBI/MWCNT and PSF/MWCNT membranes decreases 
with increased MWCNT content until 2 wt% since there is a tendency for MWCNT to agglomerate at 3 wt%, which causes the contact 
angle to increase. Enhanced thermal properties upon adding MWCNT improve the thermal stability of the membranes. The mechanical 
properties also improve with increased MWCNT content due to material compaction caused by intermolecular interactions. Upon 
analysing the performances of the PBI/MWCNT and PSF/MWCNT membranes, it is confirmed that the PBI and PBI/MWCNT mem-
branes exhibit slightly better performances in terms of WF, RSF, Rs and S values compared to PSF and PSF/MWCNT membranes. The 
best overall performance for water recovery from RO reject of brackish water by FO is displayed by PBI/MWCNT2 wt% compared to the 
other PBI and PSF membranes. 
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Nomenclature 

Symbols 
π Osmotic Pressure 
i van’t Hoff factor 
C Molar concentration of the solutes 
R Universal gas constant 
T Process Temperature 
πd Osmotic pressure for the DS 
πf Osmotic pressure for the FS 
Δπ Osmotic pressure difference 
ΔP External hydraulic pressure difference 
Jw Water Flux 
Js Reverse Solute/Salt Flux 
Am Effective membrane area 
V0 Volume of FS at the beginning of the experiment 
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Ve Volume of FS at the end of the experiment 
Δt Time interval of experiment 
Cf ,e Concentration of FS at the end of the experiment 
Cf ,0 Concentration of FS at the beginning of the experiment 
τ Tortuosity 
l Membrane thickness 
ε Porosity 
mwet Membrane wet mass 
mdry Membrane dry mass 
ρw Water Density 
ρp Polymer Density 
Rs Salt rejection rate 
A Water Permeability 
B Salt Permeability 
S Structural Parameter  

Abbreviations 
AL-FS Active layer facing feed solution 
AL-DS Active layer facing draw solution 
DI Deionised 
DMAc n-dimethylacetamide 
DMF n, n-dimethylformamide 
DS Draw solution 
DSC Differential scanning calorimetry 
EDS Energy dispersive X-ray spectroscopy 
ECP External concentration polarisation 
FO Forward osmosis 
FS Feed solution 
FTIR Fourier transform infrared spectroscopy 
GO Graphene oxide 
ICP Internal concentration polarisation 
IP Interfacial polymerisation 
MED Multiple-effect distillation 
MSF Multi-stage flash distillation 
MWCNT Multi-walled carbon nanotubes 
NF Nanofiltration 
NIPS Non-solvent induced phase separation 
MPD m-phenylenediamine 
PBI Polybenzimidazole 
PI Phase inversion 
PSF Polysulfone 
PVP Polyvinylpyrrolidone 
RO Reverse osmosis 
RSF Reverse solute flux 
SEM Scanning electron microscope 
SRSF Specific reverse solute flux 
TEM Transmission electron microscopy 
TFC Thin-film composite membranes 
TFN Thin-film nanocomposite membranes 
TGA Thermogravimetric analysis 
TMC Trimesoyl chloride 
UF Ultrafiltration 
WF Water flux 
XRD X-ray diffraction 
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