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Abstract 

Polysulfone (PSf) membrane supports were blended with pristine multi-walled carbon nanotubes 

(MWCTNs), functionalized MWCNTs (MWf), graphene oxide (GO) and their corresponding 

carbon-TiO2 composites. The surface hydrophilicity and the porous structure of the supports 

depended markedly on loading, type and surface chemistry of the nanostructured material, as well 

as on the addition or not of polyvinylpyrrolidone (PVP). These PSf supports were used to 

develop polyamide thin-film composite (TFC) membranes, whose performance was evaluated in 

forward osmosis using distilled water and 0.6 M NaCl solutions. TFC membranes prepared on 

PSf supports containing MWf and GO showed higher water permeation and draw solute rejection 

than those with hydrophobic MWCNTs or neat PSf only. An improved performance was 

observed when both carbon-TiO2 composites and PVP were used, due to a porous structure of 

more elongated and straight finger-like pores and enhanced hydrophilicity. Among them, the 

most permeable membrane was that containing 0.5 wt.% of a GO-TiO2 composite and PVP (12.5 

L m–2 h–1 of water flux; ca. 60% higher than a TFC membrane on a commercial PSf support). 

However, the best performing membrane with the lowest specific solute flux (0.41 g L–1) was that 

obtained when replacing GO by MWf. 

Keywords: Forward osmosis; carbon nanotubes; graphene oxide; polysulfone; thin-film 

composite membranes. 
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1. Introduction 

Natural water supplies are becoming scarce and/or contaminated in some regions of the 

world, seawater desalination offering an excellent solution to mitigate the problem. Among the 

available desalination technologies, forward osmosis (FO) is receiving much attention [1]. In this 

process, a selective semipermeable membrane separates two solutions with different 

concentrations: a feed solution and a more concentrated draw solution. By using the osmotic 

pressure difference to transport the water molecules across the membrane, FO may overcome 

some limitations typically faced by reverse osmosis (RO) (such as membrane lifetime and energy 

consumption), mainly in desalination of high-salinity brines or industrial wastewaters [2, 3]. Even 

so, the implementation of FO in desalination still poses crucial challenges such as fouling, reverse 

solute diffusion and internal concentration polarization (ICP), and thus novel membranes and 

draw solutes are under development [4].  

FO membranes available in the market mainly consist of cellulose triacetate membranes or 

thin-film composite (TFC) membranes composed by two layers: a porous membrane support and 

an active skin layer of polyamide. The reverse solute diffusion is mainly controlled by the 

chemical properties of the active layer, while high water fluxes and reduced ICP are achieved by 

minimizing the so-called structural parameter (S) of the support. The S parameter proportionally 

increases with the thickness and tortuosity of the support, and decreases as the porosity increases 

[2]. The hydrophilicity of the support also plays an important role on the performance [5].  

Polysulfone (PSf) membranes are widely used as supports for TFC membranes in water 

applications, but their hydrophobic character decreases the effective porosity of the membrane 

when immersed in water, and is also responsible for higher fouling and shorter lifetime. One 

approach to enhance the hydrophilicity of PSf membranes is by blending a surface modifier or 

filler of hydrophilic nature, such as silica (SiO2) [6, 7], titanium dioxide (TiO2) [8, 9], zeolites 

[10, 11], halloysite nanotubes (Al2Si2O5(OH)4 · 2H2O) [12] and, more recently, nanostructured 
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carbon materials [13-17]. Multi-walled carbon nanotubes (MWCNTs) and graphene derivatives 

such as graphene oxide (GO) and reduced GO (rGO), are interesting alternatives due to their 

transport characteristics, huge strength, smooth structure and easily tunable surface chemistry 

[18-21]. The incorporation of oxygen-containing surface groups in these materials increases their 

hydrophilicity and, as consequence, improves their dispersion in specific solvents and polymers 

[14, 22], which may affect the membrane properties. 

In the particular case of TFC membranes, the incorporation of MWCTNs, GO and rGO has 

been accomplished following the strategy described above (i.e., by blending the nanostructured 

carbon material with the support matrix) or by adding the carbon material into the active layer 

(also known as thin-film nanocomposite –TFN– membranes). Wang et al. [23] used carboxylated 

MWCNTs (2 wt.% optimum loading) in polyethersulfone (PES) supports to fabricate TFC 

membranes with water fluxes higher than the unmodified PES support. In a subsequent study 

[17], rGO modified graphitic carbon nitride (0.5 wt.%) was used to enhance the membrane 

performance. Park et al. [24] reported that the addition of GO (0.25 wt.%) in TFC membranes 

favoured the formation of the active layer and enhanced water permeability. On the other hand, 

TFN membranes containing MWCNTs (0.1 wt.%) functionalized with amine groups exhibited 

160% higher water flux than the control TFC membrane (without MWCNTs), although the salt 

rejection was not remarkable [25]. In a recent work, Song et al. proposed [26] the incorporation 

of pristine CNTs (0.05 wt.%) in both active and support layers, leading to a double-skinned TFN 

membrane with an excellent solute rejection and a water flux 54% higher than the double-skinned 

TFC membrane without CNTs. The effect of adding GO (400-600 ppm) in TFN membranes also 

allowed to enhance the water flux under reasonable draw solute rejections [27]. Regarding a 

particular application in RO, instead of FO, GO (0.12 wt.%) improved the water flux obtained 

with TFN membranes (up to 80%) without significantly affecting salt selectivity [28]. Yin et al. 

[29] proposed that GO nanosheets may serve as water channels when incorporated in TFN 

membranes, although a lower optimum GO loading (0.015 wt.%) was reported. The water flux of 
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TFN membranes containing carboxy-functionalized MWCNTs (0.1 wt.%) was improved almost 

twice without sacrificing solute rejection (> 90%), showing better antifouling and antioxidative 

properties than the control TFN membrane [30]. PSf membranes containing MWCNTs (0.1 

wt.%) functionalized with polydopamine presented a high mechanical strength, enhanced 

permeability and good rejections (99.98%) using bovine serum albumin (BSA) solution, but 

membranes modified with polydopamine-MWCNTs presented lower water permeability than 

their analogues with acid-MWCNTs [31].  

Therefore, in general, the incorporation of MWCNTs, GO and rGO into the support of TFC 

membranes resulted in an improved membrane performance by enhancing the surface 

hydrophilicity and by minimizing the structural parameter (S), consequently lowering ICP. On the 

other hand, the direct addition of these carbon materials into the active layer allowed enhancing 

the surface hydrophilicity, and the fouling and chlorine resistances. According to the referred 

works, the optimum material loading for TFC membranes was between 0.015 and 0.5 wt.%, 

depending on the different functionalization treatments performed on MWCNTs or GO, the layer 

where the carbon material was incorporated (support or active layer), as well as the synthesis 

conditions used in the development of these membranes, among others. This broad interval of 

carbon material loadings hinders the adequate comparison between MWCNTs and GO when used 

to prepare TFC membranes.  

In the present work, the incorporation of nanostructured carbon-based materials into the 

support of TFC membranes was investigated. In particular, PSf membrane supports blended with 

pristine MWCNTs, functionalized MWCNTs and GO were prepared to study the effect of 

loading, type and surface chemistry of these materials on the hydrophilicity and structure of the 

membranes. Furthermore, these chemical and structural properties were also investigated for PSf 

supports prepared with a pore forming agent (polyvinylpyrrolidone, PVP) and/or carbon-TiO2 

composites. Selected supports were then used to prepare TFC membranes and to assess their 



6 

performances in terms of water permeation and reverse solute diffusion in FO experiments. To 

the best of our knowledge, carbon-TiO2 composites, in particular using functionalized MWCNTs 

or GO, were not previously incorporated into supports of TFC membranes for FO, although some 

works were reported for RO [32, 33] and nanofiltration [34]. 

2. Experimental 

2.1. Materials 

Polysulfone Udel® P-3500 LCD MB3 polymer, kindly supplied in pellet form by Solvay, 

was used to prepare the PSf supports. Polyvinylpyrrolidone (PVP, 10 kDa) and 1-methyl-2-

pyrrolidinone (NMP, 99.5%) obtained from Sigma-Aldrich were used as pore forming agent and 

solvent, respectively, to develop PSf supports. m-Phenylenediamine (MPD, 99%) and 1,3,5-

benzenetricarbonyl trichloride (TMC, 98%) from Sigma-Aldrich were used to prepare TFC 

membranes (i.e., using PSf as supports). Sodium chloride (NaCl, 99.5%) and n-hexane (C6H6, 

>99%) were supplied by Merck, while nitric acid (HNO3, 65 wt.%) was obtained from Fluka. 

Commercial PSf membranes (HT Tuffryn® with 0.2 µm pore size and 25 mm diameter) were 

purchased from Pall Corporation and used as reference membrane supports. 

2.2. Synthesis of nanostructured carbon materials and carbon-TiO2 composites 

Pristine MWCNTs prepared by CVD were supplied by Nanocyl™ (NC3100 series), while 

functionalized MWCNTs were obtained by a HNO3 hydrothermal oxidation method [22]. The 

pristine and functionalized MWCNTs will be referred hereafter as MWp and MWf, respectively. 

On the other hand, an aqueous suspension of GO was obtained by sonicating graphite oxide 

prepared following a modified Hummers method [35]. 

Carbon-TiO2 composites were synthesized by liquid phase deposition method according to 

our previous works [36, 37]. The carbon-TiO2 composites will be denoted as GOT or MWfT, 

which refers to the type of carbon material used, GO or MWf, respectively. Commercial TiO2 
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(Degussa P25 from Evonik) without the addition of carbon material was used as reference 

(hereafter referred as P25). The detailed procedure for preparation of the materials is given in 

Section S1, Supporting Information. 

2.3. Preparation of PSf supports and TFC membranes 

PSf supports blended with nanostructured materials were prepared by a non-solvent 

induced phase separation method studying different synthesis parameters such as addition of PVP 

and loading, type and surface chemistry of nanostructured carbon materials (i.e., MWp, MWf or 

GO), as well as their corresponding carbon-TiO2 composites (i.e., MWfT or GOT), including P25 

as reference. In some cases, PVP (5 wt.%) was added as pore forming agent. Neat PSf supports 

were also prepared following the same experimental procedure but without any amount of 

nanostructured material added. Both bench-prepared PSf and commercial PSf supports were used 

to prepare TFC membranes following a methodology adapted from [9]. The detailed procedure 

for fabrication of the PSf supports and TFC membranes is provided in Sections S2 and S3, 

Supporting Information, respectively. 

The PSf supports were labelled as follows: XY/S-P, where X is the amount of 

nanostructured material used (ranging from 0.05 to 0.5 wt.%); Y indicates the type of material 

used, i.e. MWp (pristine MWCNTs), MWf (functionalized MWCNTs), GO (graphene oxide), 

MWfT (MWf-TiO2 composite), GOT (GO-TiO2 composite) or P25 (bare TiO2); P indicates the 

presence of PVP. The nomenclature and composition of the prepared PSf supports are 

summarized in Table 1. TFC membranes are referred by using “M” instead of “S” to the 

corresponding support label, i.e., XY/M-P instead of XY/S-P (e.g., 0.1MWp/M-P would be the 

TFC membrane prepared on the 0.1MWp/S-P support). 
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Table 1. Labels and chemical compositions of the PSf supports. 

Support  
label 

Nanostructured material PVP 
(wt.%) (type) (wt.%) 

S - - - 
S-P - - 5 
0.05MWp/S MWp 0.05 - 
0.1MWp/S MWp 0.1 - 
0.3MWp/S MWp 0.3 - 
0.5MWp/S MWp 0.5 - 
0.1MWf/S MWf 0.1 - 
0.1GO/S GO 0.1 - 
0.05MWp/S-P MWp 0.05 5 
0.1MWp/S-P MWp 0.1 5 
0.3MWp/S-P MWp 0.3 5 
0.5MWp/S-P MWp 0.5 5 
0.1MWf/S-P MWf 0.1 5 
0.1GO/S-P GO 0.1 5 
0.5MWfT/S-P MWfT 0.5 5 
0.5GOT/S-P GOT 0.5 5 
0.5P25/S-P P25 0.5 5 

 

2.4. Characterization of nanostructured materials, PSf supports and TFC membranes  

The morphological analysis of the samples was studied by scanning electron microscopy 

(SEM) using a FEI Quanta 400FEG ESEM/EDAX Genesis X4M instrument. The mean pore 

diameter (dpore) was determined for each membrane using Image J software. The specific surface 

area (SBET) [38] and the total pore volume (Vpore) [37, 39] were calculated from N2 adsorption-

desorption isotherms at –196 ºC using a Quantachrome NOVA 4200e, while the overall 

porosity (ɛ) of the membranes was determined by the gravimetric method [21]. The 

hydrophilicity/hydrophobicity of the membrane surface was determined by water contact angle 

measurements using an Attension optical tensiometer (model Theta) [40]. The surface chemistry 

of the carbon materials was characterized by temperature programmed desorption (TPD) and pH 

measurements of point of zero charge (pHPZC) [37, 41]. Viscosity of selected dope solutions was 

measured at 25 ºC using a controlled stress rheometer (ARG2, TA Instruments). More 

information about the methods used is included in Section S4, Supporting Information. 
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2.5. Evaluation of FO performance 

The performance of bench-prepared TFC membranes was evaluated in a home-made FO 

unit (Figure S1). In a typical run, the membrane was placed into a “H-shaped” glass module 

operating in co-current flow (effective membrane area of 2 cm2) at room temperature. Then, DI 

water (feed) and a 0.6 M NaCl solution (draw) were pumped in recirculation mode at a linear 

velocity of 0.09 cm s–1 for 150 min. Each TFC membrane was evaluated under the pressure 

retarded osmosis (PRO) mode (i.e., active layer facing the draw solution) and FO mode (i.e., 

active layer facing the feed solution).  

The most efficient TFC membrane (0.5MWfT/M-P) was also tested by using: (i) different 

NaCl (draw) concentrations, i.e., 0.6, 1.0 and 2.0 M; (ii) different types of draw solutions: KCl, 

MgCl2 and MgSO4; and (iii) a different membrane module configuration (W-cell).  

The water flux (Jw) was calculated by measuring the weight changes of the feed solution by 

applying Eq. 1 

 

(1) 

where Jw is the permeate flux (L m–2 h–1, LMH), ΔV is the permeate volume (L), Am is the 

effective area of the membrane (m2), and Δt is the sampling time (h).  

Ionic conductivity was measured in both feed and draw streams by using online 

conductivity meters (VWR mod. 310) and ion chromatography (Metrohm, mod. 881 Compact IC 

pro) to determine the reverse solute flux by applying Eq. 2: 

 

(2) 

where Js is the solute reverse flux (g m–2 h–1, gMH), Ct is the solute concentration (determined by 

ion chromatography) and Vt is the volume in the feed solution at a given time (h). 
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3. Results and discussion 

3.1. Characterization of the nanostructured carbon materials and the carbon-TiO2 composites 

The morphology of the nanostructured materials before their incorporation in PSf supports 

was studied by SEM. Representative SEM micrographs of MWp, MWf, GO, MWfT, GOT and 

P25 are shown in Figures 1a-f, respectively. Both MWp (Figure 1a) and MWf (Figure 1b) consist 

of agglomerated CNTs, while GO (Figure 1c) presents a layered structure. For the composites, 

the morphology depends on the nanostructured carbon material used and the accessibility for 

TiO2 assembling during the preparation method. Clusters of TiO2 particles surrounded by CNTs 

were observed for MWfT (Figure 1d - inset), while a homogeneous assembly of TiO2 particles on 

both sides of GO layers was observed for GOT (Figure 1e). In the case of P25 (Figure 1f), the 

typical structure of TiO2 particles was revealed. 

 
Figure 1. SEM micrographs for the nanostructured carbon materials (a-c), the corresponding 

carbon-TiO2 composites (d, e) and the P25 material (f). 

The different morphologies of the materials obviously have influence on their textural 

characteristics (Table 2). Thus, the BET specific surface area (SBET) and the total pore volume 

!"#$%& '"#$%( )"#G+
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(Vpore) were determined, GO presenting the lowest SBET (21 m2 g–1) and Vpore (0.03 cm3 g–1) due to 

the stretched assembly of the GO sheets, originated by strong hydrogen bonding when the 

suspension was dried to perform the N2 adsorption analysis [36]. Both MWp and MWf materials 

presented the largest porosity due to their significant exposed structure formed by CNT bundles, 

and the higher SBET determined for MWf can be due to the removal of amorphous carbon present 

on the bundles during the HNO3 hydrothermal oxidation [22]. Regarding the carbon-TiO2 

composites, both MWfT and GOT presented higher SBET and Vpore than P25, although different 

trends were observed depending on the type of material used. In fact, MWfT has a lower SBET 

than GOT, probably due to the better distribution of TiO2 particles on GO sheets rather than in 

CNTs (Figure 1e vs. d, respectively), a significant development of the porosity (i.e., SBET and 

Vpore) being observed for GOT in comparison with GO. 

Table 2. Textural and chemical properties of the nanostructured carbon materials and the 

corresponding carbon-TiO2 composites. 

Sample SBET (± 5 m2 g–1) Vpore (± 0.01 cm3 g–1) OTPD (± 0.1 wt.%) pHPZC (± 0.1) 

MWp 315 0.77 0.4 7.0 

MWf 400 0.65 9.2 4.4 
GO 21 0.03 23.6 2.8 

MWfT 86 0.16 - 3.6 

GOT 117 0.17 - 3.2 
P25 55 0.13 - 6.3 

 

The surface chemistry of the carbon materials was modified by introducing oxygen-

containing functional groups originating hydrophilic materials (MWf and GO). The oxygen 

content (OTPD, Table 2) determined from the amounts of CO and CO2 evolved during TPD 

experiments was higher for GO than for MWf (23.6 wt.% and 9.2 wt.%, respectively). The HNO3 

hydrothermal oxidation performed over MWp was less severe than the method used for the 

synthesis of GO, the later including stronger oxidants such as H2SO4 and KMnO4. Furthermore, 
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the graphitic structure of the carbon material and the surface accessibility to be oxidized could 

also contribute to the larger functionalization obtained for GO. In general, the presence of 

oxygen-containing groups improves the interaction between the carbon phase and the TiO2 

particles by means of Ti–O–C bonds [42]. The low pHPZC values for MWfT, GO and GOT 

(Table 2) indicate a higher acidity in comparison to the other materials. The surface chemistry of 

GO should be responsible not only for its high dispersion in the solution during the preparation of 

the composites, but also for the good assembly of the TiO2 particles on GO [43], as observed by 

SEM (Figure 1e). 

3.2. Characterization of the membranes 

3.2.1. Structure of PSf and PSf-PVP supports blended with nanostructured carbon materials 

The morphology of the neat PSf support (referred to “S”) and PSf supports blended with 

nanostructured materials (XY/S) and also with PVP (XY/S-P) was studied by SEM. Figures 2 

and 4 show representative SEM images of the top surfaces and cross-sections (at the same 

magnifications), respectively. All PSf supports presented a comparable dense top surface with no 

open pores (Figures 2a, b, d and e), although a structure of interconnected sponge-like pores was 

revealed below the dense layer, when the sample was broken for SEM analysis (Figure 2c). The 

colour of the membrane surface varied from bright grey to dark grey when high material loadings 

were added. However, the incorporation of different types of materials (i.e., MWp, MWf and 

GO) and the addition of PVP, does not seem to affect significantly the surface topology of the 

modified supports (Figures 2b, d and e with their corresponding inset images), since the major 

differences were found at the bottom of the supports, as discussed below in terms of SEM 

analysis of their cross-sections. On the other hand, the surface of TFC membranes (i.e., XY/M 

and XY/M-P) was different from that of the respective supports (Figure 2f vs. b). TFC 

membranes showed a typical ridge-valley surface, resulting from the interfacial polymerization of 

MPD and TMC on the corresponding PSf support [9]. 
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Figure 2. SEM micrographs of the top surface for neat PSf (a) and nanostructured material/PSf 

blended supports (b-e) (inset images show a higher magnification). The top surface for a TFC 

membrane is also shown as reference (f). 

Regarding the cross-section micrographs (Figure 3), the supports consist of a typical 

asymmetric structure with a thin dense top-layer and a porous sub-layer. The morphology of the 

neat S support (Figure 3a) was different from that observed for PSf supports (without PVP) 

modified with nanostructured materials (Figures 3b-d); the support blended with hydrophobic 

MWp mainly presented macrovoids (Figures 3b and c), while those containing hydrophilic 

materials (MWf and GO) showed finger-like macrovoids (e.g., Figure 3d for 0.1MWf/S). 

Increasing MWp loadings above 0.3 wt.% led to the appearance of pinholes and CNT aggregates, 

which negatively influenced the mechanical stability and structure of the corresponding supports. 

The surface chemistry of the nanostructured carbon materials obviously affected the 

thermodynamic compatibility between the polymer and the solvent, in such manner that the 

addition of hydrophilic materials such as MWf and GO resulted in a faster onset of phase 

inversion, favouring the formation of larger finger-like macrovoids in the membranes [14, 24]. 

On the contrary, the addition of hydrophobic MWp led to a slower solvent/non-solvent exchange 
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during phase inversion, favouring the formation of sponge-like structures and large macrovoids. 

This phenomenon was more notorious when the viscosity of the membrane casting solution was 

enhanced by adding high MWp loadings (above 0.3 wt.%). In fact, the viscosity of the casting 

solutions varied from 41.85 to 244.2 Pa s when the MWp loadings used were 0.1 or 0.3 wt.%, 

respectively. Thus, the demixing process between solvent and non-solvent might have been 

retarded, the phase separation rate decreasing [15]. 

 

Figure 3. SEM micrographs of the cross-section for neat PSf (a) and nanostructured material/PSf 

blended supports (b-h) (inset images with higher magnification). The cross-section for a TFC 

membrane is also shown (i). 

The formation of larger and elongated finger-like pores across the membrane was always 

favoured by the addition of PVP, regardless of the type and amount of material blended 
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(Figures 3e-h). In general, the nanostructured material was homogenously dispersed throughout 

the support structure even at high loadings (Figure 3h for 0.5MWfT/S-P), although some isolated 

CNT bundles and GO sheets were also found through the finger-like pores of the supports 

(Figures 3e and f – insets, respectively). Furthermore, more elongated and straight finger-like 

pores were formed in supports blended with PVP and P25 or carbon-TiO2 composites (Figures 3g 

and h, respectively). In these particular cases, the addition of TiO2 nanoparticles allowed to 

increase the material loading up to 0.5 wt.%, which was also the optimum bare-TiO2 loading 

reported by Emadzadeh et al. for modified PSf supports [44]. Therefore, the addition of PVP 

enhanced the hydrophilicity of the casting solution and decreased its viscosity (e.g., 1.792 and 

8.862 Pa s for casting solutions containing 0.1 and 0.3 wt.% MWp, respectively, and PVP), the 

solvent/non-solvent exchange being accelerated and thus, favouring the formation of finger-like 

pores. This quicker solvent/non-solvent exchange was further evident when PVP and large 

loadings of carbon-TiO2 composites or P25 were added in the membranes, since these materials 

presented larger amounts of hydroxyl groups in their structure [32-34, 44]. As an example, 

Figure 3i shows that the polyamide layer of TFC membranes was deposited onto the support 

surface and also into the network consisting of finger-like pores. During the interfacial 

polymerization, the monomers MPD and TMC react to form a highly cross-linked polyamide 

layer, which is confined to the region near the interface of two solutions containing the monomers 

[45]. Because the membrane support is soaked in the aqueous MPD solution before being 

contacted with the TMC solution, PSf supports with high porosity, high surface hydrophilicity 

and a smooth surface improve the contact between both monomers and, as consequence, the 

formation of the polyamide layer. This fact was recently described by Park et al. [24] for TFC 

membranes prepared on PSf supports containing well-dispersed GO. 

The effect of different loading and type of material on the overall porosity of modified PSf 

and PSf-PVP supports was evaluated by applying the gravimetric method. Modified PSf supports 

presented always higher (or similar) values of porosity (78-85%) than those obtained for the neat 
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S support (78%) and the commercial Tuffryn PSf support (71%), regardless of the material type 

and loading (Figures 4a and b). In general, the overall porosity seems to increase with the use of 

hydrophilic materials (i.e., MWf and GO). However, this trend is less significant with PSf-PVP 

supports, probably because the addition of a pore forming agent, on its own, enhanced the 

porosity of the resulting supports (e.g., 85 and 89%, for 0.1GO/S and 0.1GO/S-P, respectively), 

even at high loadings of materials (e.g., 89% for 0.5GOT/S-P). PSf and PSf-PVP supports 

blended with a MWp loading above 0.3 wt.% presented lower porosity than the neat 

corresponding supports (Figure 4a). This less porous structure could be explained by the 

increased viscosity of the dope solution, which favours a slow solvent/non-solvent exchange 

during the phase inversion. Nevertheless, PSf-PVP supports blended with high loadings of 

hydrophilic material, i.e., 0.5 wt.% of GOT, MWfT or P25, presented an enhancement of the 

overall porosity, because the addition of TiO2 nanoparticles improved the hydrophilicity of the 

membrane casting solution and thus, offset the effect of increased viscosity. 

 

Figure 4. Dependency of the overall porosity (ε) and the contact angle (θ) for PSf and PSf-PVP 

supports blended with increasing MWp loadings (a) and different nanostructured materials (b). 

The data obtained for neat and commercial PSf supports are also included as reference. 

The mean pore diameter (dpore) of the supports also seems to be influenced by the different 

loading, type and surface chemistry of the material, as well as by the addition of PVP. In general, 
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PSf supports blended with nanostructured materials presented larger pores (dpore = 0.6-0.8 µm) 

than those obtained with the neat S support (0.4 µm) and commercial Tuffryn (0.2 µm). 

Moreover, high MWp loadings seem to decrease the dpore of the support, while pores slightly 

larger are obtained with the addition of hydrophilic materials (e.g., dpore = 0.7 and 0.8 µm for 

0.1MWp/S and 0.1MWf/S, respectively). Supports containing PVP showed larger finger-like 

pores regardless of the type, load or chemical properties of the material blended, although slightly 

lower pore sizes were obtained for supports with high contents of hydrophilic materials (e.g., 

dpore = 2.4 µm for 0.5MWfT/S-P). 

3.2.2. Surface hydrophilicity of PSf and PSf-PVP supports blended with nanostructured carbon 

materials 

The surface hydrophilicity of modified PSf supports was markedly influenced by the 

surface chemistry of the material blended and the presence of PVP. Thus, hydrophilic materials 

such as MWf, GO, P25 and carbon-TiO2 composites led to supports with lower contact angles 

than that obtained for the neat S support (e.g., 77º, 68º and 66º for S, 0.1MWf/S and 0.1GO/S, 

respectively) (Figure 4b). An increase of the hydrophobic MWp loading seems to produce PSf 

supports with higher contact angles (e.g., 77º, 79º and 81º for S, 0.1MWp/S and 0.5MWp/S, 

respectively) (Figure 4a). Supports prepared with PVP generally showed lower contact angles 

than those prepared without PVP (e.g., 80º and 76º for 0.3MWp/S and 0.3MWp/S-P, 

respectively) (Figure 4a). It is noteworthy to mention that the PSf supports with the lowest 

contact angles (around 61º) were those prepared with PVP and GOT, MWfT or P25, these values 

being comparable to that determined for the commercial Tuffryn membrane (58º) (Figure 4b). 

3.3. Comparative performance of TFC membranes in forward osmosis 

TFC membranes (i.e., M membranes) prepared by using PSf and PSf-PVP supports 

containing different loadings and types of nanostructured materials were tested in both PRO 

(active layer facing the draw solution) and FO modes (active layer facing the feed solution) 
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employing DI water and 0.6 M NaCl solution, as feed and draw solutions, respectively. TFC 

membranes were evaluated in terms of water flux (Jw), reverse solute flux (Js) and specific solute 

flux (Js/Jw), as shown in Figures 5 and 6 for supports prepared without or with PVP, respectively. 

The orientation of the active layer had a marked effect on the water flux of all membranes 

tested in this study; the membrane performance in PRO mode was always better than in FO 

(Figures 5 and 6), which might be attributed to the dilutive ICP effect when the active layer faces 

the feed solution [46]. As DI water was used as feed, water should flow with low resistance 

across the hydrophilic and porous substrate due to a very small concentrative ICP effect [47]. 

Regarding the PVP-free PSf supports (Figure 5a) tested in PRO mode, M membranes 

containing only hydrophilic materials (i.e., GO and MWf) presented higher water flux than the 

TFC membrane prepared on the neat S support (i.e., M), which could be due to the presence of 

finger-like macrovoids, a higher porosity (85% for both 0.1MWf/S and 0.1GO/S), a larger dpore 

(0.8 µm) and a lower contact angle (68º and 66º for 0.1MWf/S and 0.1GO/S, respectively) of 

both supports compared to the neat S support (78%, 0.5 µm and 78º). The addition of any 

hydrophobic MWp loading (i.e., 0.1MWp/S and 0.3MWp/S) did not improve the water flux in 

both operation modes, probably due the support structure formed by macrovoids, low porosity 

and surface hydrophilicity (e.g., ε = 80% and θ = 81º for 0.3MWp/S), which could adversely 

contribute to the ICP effect and the correct formation of the active layer during the development 

of TFC membranes [24]. This fact was more evident when membranes containing higher MWp 

loadings were compared, i.e., Jw = 2.7 and 2.4 L m–2 h–1 in PRO mode for 0.1MWp/M and 

0.3MWp/M, respectively. 

The performance of these TFC membranes was also evaluated in terms of reverse solute 

flux (Figure 5b). TFC membranes tested in PRO mode presented always higher reverse solute 

fluxes than in FO due to the concentrations of solute at the membrane interfaces, which are 

related to both Jw and Js in an analogous way [48]. In addition, the active layer of the TFC 
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membrane should hinder the draw solute reverse leakage through the membrane in FO mode 

[47]. Therefore, the reverse solute flux should increase a priori proportionally as the water flux. 

Nonetheless, M membranes containing hydrophilic carbon materials (i.e., MWf and GO) 

presented low salt leakage, even if they had high Jw values. On the contrary, 0.3MWp/M 

presented the highest salt leakage and the lowest Jw (Figures 5b and a). To clearly discriminate 

which is the best membrane in terms of clean water yield (i.e., without draw solute), the specific 

solute flux (Js/Jw ratio) was calculated for M membranes (Figure 5c). In this context, 0.1MWf/M 

and 0.1GO/M were more efficient than the neat M membrane (e.g., Js/Jw = 0.74, 0.46 and 1.86 g 

L–1 in FO, respectively), while 0.3MWp/M was the worst (Js/Jw = 3.93 g L–1). Therefore, the 

chemical functionalization of the carbon materials seems to have a beneficial influence on the salt 

rejection of TFC membranes. The enhanced surface hydrophilicity of PSf supports by blending 

MWf or GO might have positively influenced the formation of the active layer during the 

development of TFC membranes [24], in contrast to 0.3MWp/M, presenting a high contact angle 

(80º). The improvement of salt rejection with oxidized CNT-based membranes was already 

reported by our group for direct contact membrane distillation of salty water, a correlation of the 

permeate flux with the amount of oxygen-containing groups created on CNTs being established 

[22]. Therefore, considering the results shown in Figure 5, the PSf support blended with 0.1 wt.% 

GO seems to be the best option to prepare TFC membranes for both PRO and FO modes. 

In what concerns PSf-PVP supports, M-P membranes containing PVP and nanostructured 

materials (Figure 6) presented always a superior performance than their homologues without PVP 

(Figure 5). Considering a 0.1 wt.% material loading, M-P membranes containing the hydrophobic 

MWp showed higher water fluxes than those with hydrophilic carbon materials (MWf and GO), 

the flux values varying as follows: 0.1MWp/M-P > 0.1GO/M-P > 0.1MWf/M-P. Since the 

porosity of these supports was comparable (ranging from 87% to 89%) and 0.1MWp/S-P had a 

higher contact angle, these results might be explained by an increase in the width of the elongated 

finger-like pores formed during the preparation of the PSf-PVP support, i.e., dpore = 3.0 µm 
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(0.1MWp/S-P) > 2.5 µm (0.1GO/S-P) > 2.0 µm (0.1MWf/S-P). Therefore, the surface 

hydrophilicity induced by the addition of functionalized carbon materials seems to be less 

relevant for the water flux than the size of the finger-like pores. Thus, the largest dpore of 

0.1MWp/M-P allowed to achieve high water fluxes (11.5 and 10.8 L m–2 h–1 in PRO and FO 

modes, respectively), although it also favoured a high salt leakage (Figure 6b). Analogously to M 

membranes, M-P membranes with MWf or GO showed a higher selectivity towards NaCl, i.e., 

lower Js/Jw, than that containing MWp (Figure 6c). Therefore, the addition of PVP to PSf 

supports might not influence the rejection properties of TFC membranes, this property being 

mainly affected by the addition of functionalized carbon materials. Once again, the M-P 

membrane with 0.1 wt.% GO was the most efficient, followed by that with 0.1 wt.% MWf and by 

0.1 wt.% MWp. 

Analogously to M membranes, a higher MWp loading did not enhance the water flux, nor 

the reverse solute flux of M-P membranes. As previously described, the addition of TiO2 

nanoparticles as P25 or carbon-TiO2 composites enhanced the structure and hydrophilicity of the 

resulting PSf supports, the material loading being increased up to 0.5 wt.%, which was 

established as the optimum loading for TFC membranes [9, 44]. TiO2 assembly onto the surface 

of carbon materials is intended to play a dual beneficial role: (i) to enhance the performance of 

modified TFC membranes due to a reduced ICP effect [8] and, (ii) to improve the dispersion of 

particles throughout the polymer matrix by reducing their agglomeration [32]. In this context, 

PSf-PVP supports blended with 0.5 wt.% of carbon-TiO2 composites (i.e., GOT and MWfT) were 

used to prepare TFC membranes, and the results were compared with those containing P25 (as 

reference TiO2 material). Figure 6a shows that all M-P membranes containing TiO2 nanoparticles 

(i.e., P25, GOT and MWfT) showed higher water fluxes than their analogues prepared with 

hydrophilic carbon materials (GO and MWf). The addition of TiO2 favoured a high surface 

hydrophilicity and a low tortuosity by the formation of more elongated and straight finger-like 

pores connecting both top and bottom layers of the support and, consequently, reducing its 
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structural parameter [8, 9]. The water fluxes obtained in PRO mode for these membranes varied 

as follows: 0.5P25/M-P (10.5 L m–2 h–1) < 0.5MWfT/M-P (11.5 L m–2 h–1) < 0.5GOT/M-P (12.5 

L m–2 h–1). Because the surface hydrophilicity of these membranes was comparable, this trend 

might be explained by the differences found in their structural parameter and dpore; the 0.5GOT/S-

P support presented the lowest S and the highest dpore. The enhancement of water permeation with 

the dpore for M-P membranes was previously pointed out for the case of 0.1MWp/M-P. On the 

other hand, the addition of carbon-TiO2 composites to PSf-PVP supports not only increased the 

water fluxes, but also decreased the reverse solute fluxes obtained with the corresponding M-P 

membranes (Figure 6b). In particular, M-P membranes containing carbon-TiO2 composites 

presented lower Js values than that with P25 in both PRO and FO modes. Furthermore, the 

specific solute fluxes of both 0.5MWfT/M-P and 0.5GOT/M-P membranes were also lower than 

the M-P membrane containing only TiO2 nanoparticles (0.5P25/M-P) (Figure 6c). Therefore, the 

use of carbon-TiO2 composites into TFC membranes allowed to enhance the surface 

hydrophilicity, to reduce the structural parameter and to increase the selectivity towards NaCl. 

Additionally, the performance of M-P membranes was compared with a TFC membrane 

prepared on the commercial PSf support (Tuffryn/M), better efficiencies being always obtained 

with all M-P membranes prepared in this study. It is noteworthy to indicate that Tuffryn/M had 

the worst solute rejection (Js). 

Overall, the 0.5MWfT/M-P membrane presented the lowest Js/Jw = 0.41 g L–1 among the 

TFC membranes with a Jw ≈ 8.4 L m–2 h–1 and a Js ≈ of only 3.5 g m–2 h–1 in FO mode (Figure 6), 

while 0.1GO/M was the best performing membrane without PVP, resulting in Js/Jw = 0.46 g L–1, 

Jw ≈ 3.6 L m–2 h–1 and Js ≈ 1.7 g m–2 h–1 in FO mode (Figure 5). 
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Figure 5. (a) Water flux (Jw), (b) reverse solute flux (Js) and (c) specific solute flux (Js/Jw) 

obtained in both PRO and FO modes for TFC membranes prepared on different PSf supports. 

!"!

#"!

$"!

%"!

&"!

! "
'!
#
(F
*+
,#
-

.L0*1OP4

R0*1OP4

!

"

#

$

%

&!

! "
'(
F
*
H

,-./M1OP

4./M1OP

!

"

#

$

%

&

! "
'(
F
*
H

,-.LM1OP
4.LM1OPa) 

b) 

c) 



23 

 

Figure 6. (a) Water flux (Jw), (b) reverse solute flux (Js) and (c) specific solute flux (Js/Jw) 

obtained in both PRO and FO modes for TFC membranes prepared on different PSf-PVP 

supports. 
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3.4. Influence of the draw solution and membrane module configuration on the membrane 

performance in forward osmosis 

The draw solution properties and the membrane module are among the major factors 

influencing the FO performance. The most efficient 0.5MWfT/M-P membrane was studied in FO 

mode with different type and concentrations of draw solutions, as well as membrane module 

configurations. In this context, water flux, reserve solute flux and specific solute flux were 

analyzed using DI water (feed) and varying the NaCl solution concentration (Figure 7). An 

increase of the draw solution concentration usually leads to a higher osmotic pressure and, as 

consequence, to higher water fluxes. The results obtained for 0.5MWfT/M-P show a two-fold 

enhanced water flux with the higher NaCl concentration (e.g., Jw ≈ 8.4 and 17.1 L m–2 h–1 for 0.6 

and 2.0 M NaCl, respectively). As observed, the increase of the water flux is not proportional to 

the draw solution concentration, due to an increase of the dilutive ICP with the draw solution 

concentration and, thereby, the overall gain of water is lower [49]. Furthermore, a higher NaCl 

concentration produced a considerable salt leakage (e.g., Js ≈ 3.5 and 10.5 g m–2 h–1 for 0.6 and 

2.0 M NaCl concentration, respectively), which increases the corresponding specific solute flux 

(Js/Jw). 

The performance of 0.5MWfT/M-P was also investigated with three other draw solutions: 

KCl (monovalent ions), MgCl2 (divalent cation and monovalent anion) and MgSO4 (divalent 

ions). Among the selected draw solutions, MgCl2 exhibits the highest osmotic pressure at 2.0 M 

concentration, both NaCl and KCl present similar intermediate osmotic pressures, and MgSO4 

has the lowest osmotic pressure. Thus, MgCl2 is expected to generate the highest water flux; 

however, the measured water flux for 0.5MWfT/M-P decreased as follows: NaCl ≤ KCl < MgCl2 

< MgSO4. This behaviour was previously reported for the case of CaCl2 [49], and confirms that 

not only the osmotic pressure, but also the type of draw solution, plays a significant role in the 

FO performance [49]. 
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Figure 7. Water flux (Jw), reverse solute flux (Js) and specific solute flux (Js/Jw) obtained in FO 

mode for 0.5MWfT/M-P by using different draw solutions and membrane modules. 

The 0.5MWfT/M-P membrane was also tested in a specifically designed membrane module 

(W-cell, Figure S1) under the optimized draw solution conditions, a higher water permeation 

being observed in Figure 7 (i.e., Jw ≈ 17.1 and 20.3 L m–2 h–1 for H-cell and W-cell, respectively). 

This better performance obtained with the W-cell could be due to a decrease of the ICP, as 

consequence of the arrangement of the inlet streams. However, the specific solute flux was 

increased with the W-cell, although the value was quiet low (0.66 g L-1). Table 3 compares the 

performance of the membranes prepared in this work with those reported in the literature at 

different feed and draw solutions. 

Table 3. Comparison between the performance of the FO membrane prepared in this work and 

FO membranes reported in the literature. 

Membrane Feed 
solution 

Draw 
solution 

Jw  
(L m2 h–1) 

Js  
(g m2 h–1) 

Js/Jw  
(g L-1) Ref. 

0.5MWfT/M-P DI water 1.0 M NaCl 12.7 5.8 0.46 This 
work 

0.5MWfT/M-P DI water 2.0 M NaCl 20.3 13.3 0.66 This 
work 

0.05 wt.% pristine 
CNTs/PSf DI water 2.0 M MgCl2 ≈ 9.2 7.4 0.80 [26] 

0.05wt.% functionalized 
CNTs/PEI DI water 1.0 M NaCl 22.4 9.0 0.40 [50] 
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0.25 wt.% GO/PSf DI water 0.5 M NaCl 19.8 3.4 0.17 [24] 
0.5 wt. rGO modified 

graphitic carbon 
nitride/PES 

DI water 2.0 M NaCl 41.4 ≈ 9.5 0.23 [17] 

2.0 wt. GO/PSf DI water 1.0 M NaCl 9.2 3.8 0.41 [51] 
2.0 wt. LDH/PSf DI water 1.0 M NaCl 9.3 6.5 0.70 [51] 

2.0 wt. LDH-GO/PSf DI water 1.0 M NaCl 13.4 6.2 0.46 [51] 
600 ppm GO/HPAN DI water 2.0 M NaCl ≈ 32 ≈ 7 0.22 [27] 
0.6 wt.% TiO2/PSf DI water 0.5 M NaCl 18.8 7.4 0.39 [9] 
0.6 wt.% TiO2/PSf DI water 2.0 M NaCl 33 15.7 0.48 [9] 

TFC membrane (Oasys) DI water 1.0 M NaCl 31.9 11.5 0.36 [52] 
TFC membrane (HTI) DI water 1.0 M NaCl 9.8 8.3 0.85 [52] 
CTA membrane (HTI) DI water 1.0 M NaCl 9.9 5.2 0.52 [52] 

PEI: polyetherimide; PES: polyethersulfone; LDH: layered double hydroxide; HPAN: hydrolyzed polyacrylonitrile; 
HTI: Hydration Technology Innovations Company; CTA: Cellulose Triacetate. 

4. Conclusions 

PSf supports blended with nanostructured materials, including pristine and functionalized 

MWCNTs, GO and carbon-TiO2 composites, were prepared analysing different synthesis 

parameters. The surface hydrophilicity and the structure, in particular porosity, pore size and 

morphology of the PSf supports can be controlled by varying the loading, type and chemical 

properties of the material blended. 

Hydrophobic MWCNTs (MWp) favour the formation of supports with macrovoids and 

high contact angles, while hydrophilic carbon materials (like MWf and GO) led to supports with 

lower contact angles, higher porosity and larger finger-like macrovoids when compared to the 

neat PSf support. The addition of a pore forming agent (PVP) and carbon-TiO2 composites into 

PSf supports allowed to obtain a porous structure of more elongated and straight finger-like 

pores, and enhanced the surface hydrophilicity. 

Selected PSf supports were used to prepare TFC membranes, whose performance was 

evaluated under PRO and FO modes, the following conclusions being highlighted: 

- Hydrophilic carbon materials (i.e., GO and MWf) are preferred in TFC membranes, because 

they favour a higher water flux and a lower draw solute leakage, compared to membranes with 
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hydrophobic MWp or only neat PSf; this behaviour is explained by a more porous structure 

formed by larger finger-like macrovoids and a higher surface hydrophilicity induced by adding 

GO or MWf. 

- The use of PVP in membranes containing hydrophobic MWp allows to achieve higher water 

fluxes than their analogues prepared with GO or MWf due to the formation of wider finger-like 

pores, although it also produced a lower selectivity towards NaCl. 

- The addition of TiO2-based materials in TFC membranes containing PVP produced an enhanced 

permeation without sacrificing markedly the reverse solute flux. In particular, carbon-TiO2 

composites demonstrated to have a beneficial effect on TFC-membrane supports, a membrane 

prepared with 0.5 wt.% of a GO-TiO2 composite and PVP being the most active in FO, in 

particular when compared with a TFC membrane prepared on a commercial PSf support (Tuffryn 

from Pall Corporation). 

- Different types and concentrations of draw solutions, as well as the membrane module 

configuration may enhance the water permeation of TFC membranes in FO, although they also 

affect the salt leakage. 
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