
Understanding the transport enhancement of poly 
(vinyl alcohol) based hybrid membranes with 
dispersed nanochannels for pervaporation 
application

This is the Accepted version of the following publication

Yang, G, Xie, Zongli, Doherty, Cara M, Cran, Marlene, Ng, D and Gray, 
Stephen (2020) Understanding the transport enhancement of poly (vinyl 
alcohol) based hybrid membranes with dispersed nanochannels for 
pervaporation application. Journal of Membrane Science, 603. ISSN 0376-
7388  

The publisher’s official version can be found at 
https://www.sciencedirect.com/science/article/abs/pii/S0376738820305846?via%3Dihub
Note that access to this version may require subscription.

Downloaded from VU Research Repository  https://vuir.vu.edu.au/41215/ 



 

1 
 

Understanding the transport enhancement of poly (vinyl alcohol) based hybrid 1 

membranes with dispersed nanochannels for pervaporation application 2 

Guang Yanga,b, Zongli Xieb,*, Cara M. Dohertyb, Marlene Crana, Derrick Ngb, Stephen Graya,* 3 

a Institute for Sustainable Industries and Liveable Cities, Victoria University, PO Box 14428, Melbourne, Vic. 8001, 4 

Australia. 5 
b CSIRO Manufacturing, Private Bag 10, Clayton South, Vic. 3169, Australia.  6 

 7 

Corresponding authors: 8 

* Email：stephen.gray@vu.edu.au; Tel. +61-3-9919-8097 9 

* Email: zongli.xie@csiro.au; Tel. +61-3-9545-2938 10 

Abstract 11 

Hybrid membranes, featuring combinations of inorganic and organic materials at the nanometre or 12 

molecular level, have been widely reported as providing superior separation performance compared 13 

with the traditional polymeric membranes. However, for rational design of membranes, there remains 14 

a major doubt as to how each constituent functions in the separation process. Herein, carbon nanotube 15 

(CNT) incorporated poly (vinyl alcohol) (PVA) membranes were analysed using pervaporation (PV) 16 

process for aqueous mixture separation. The impacts of CNT on the functional properties, 17 

morphologies and microscale structures of the PVA/CNT hybrid membranes was investigated by ATR-18 

FTIR, AFM, SEM and positron annihilation lifetime spectroscopy (PALS). Further, a comparison of 19 

the interactions between the membrane and solvents (water and ethanol) were identified by swelling 20 

test and XRD. The resultant PVA/CNT hybrid membranes were then subject to both desalination and 21 

dehydration of ethanol. The results showed that PVA exhibited preferential adsorption of water over 22 

ethanol. The addition of CNT enlarged the fractional free volume (FFV) and enhanced water diffusivity 23 
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(up to 185%), which indicated a diffusion-dominated type of the PVA/CNT hybrid membranes with a 24 

synergistic effect of CNT on water transport. The transport of Na+ ions through the membrane was 25 

examined to be with larger activation energy than that of ethanol during the separation process. This 26 

work investigated the state of polymer as well as the effect of nanofillers in the separation of water vs. 27 

non-volatile or volatile component for the first time, which can provide in-depth understanding of the 28 

polymer-based hybrid membranes for practical applications. 29 

Keywords: Pervaporation; carbon nanotube; poly vinyl alcohol; desalination; dehydration of ethanol. 30 

1. Introduction  31 

Pervaporation (PV) is a membrane process in which the solutes transport through a semi-32 

permeable barrier via a route of preferential adsorption, permeation and desorption as described by the 33 

generally accepted solution-diffusion theory [1-3]. Unlike conventional pressure-driven membrane 34 

processes such as microfiltration (MF) [4], ultrafiltration (UF) [5], nanofiltration (NF) [6] and reverse 35 

osmosis (RO) [7], PV involves a flow of gas or vacuum at the downstream side of the membrane, 36 

which causes a partial pressure difference for continuous separation. A phase change from liquid to 37 

vapor is observed across the membrane [8], with the membrane being active in determining selectivity 38 

[9]. As such, PV shows notable advantages in separating similar-boiling point and azeotropic mixtures 39 

over commonly utilized distillation [10]. Depending on the physicochemical properties, the PV 40 

membranes can exhibit hydrophilic or organophilic (hydrophobic) property. The applications of PV 41 

include dehydration of solvents, desalination and isolation of organics from aqueous-organic mixtures 42 

or anhydrous organic mixtures. The past several decades have witnessed the rapid development of PV 43 

in industry, particularly in the application of solvent dehydration using hydrophilic membranes. The 44 
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first industrial alcohol-water separation apparatus was establish by GFT (Germany) in 1984 [9]. From 45 

then on, large-scale applications have been developed rapidly by companies including PolyAn GmbH 46 

(Germany), Pervatech B.V. (Netherlands), DeltaMem AG (management buy-out of Sulzer, Switzerland) 47 

and Mitsubishi (Japan). 48 

Although module construction and process optimization are indispensable for the development 49 

of PV, separation ultimately relies on the membrane materials as they determine the mass transfer 50 

characteristics [11]. So far, polymeric [12], inorganic [13] and hybrid materials [14] have been 51 

extensively developed in attempts to advance the PV process. Hybrid membranes in particular are the 52 

most appealing in pursuing high selectivity, permeability, processability and long term stability. [1]. 53 

With the inherited superior merits from both polymeric and inorganic membranes, hybrid membranes 54 

are usually obtained by integrating the polymer matrix with inorganic fillers via physical blending [15], 55 

sol-gel method [16], or layer by layer self-assembly [17], and are proven to address the inherent issues 56 

of polymeric membranes (swelling, poor chemical and thermal stability) and inorganic membranes 57 

(inferior film formation, highly brittle and unavoidable defects) [18-21]. Featuring multiphase 58 

(typically polymer phase, inorganic phase and intermediate phase) and various interactions (van der 59 

Waals force, hydrogen bond, π-π interaction, covalent and ionic bonds) spanning from nanoscale to 60 

macroscale, the integration of these two disparate building blocks enables high flexibility toward 61 

rational structure design of membrane, thus exhibiting new opportunities capable of tackling the trade-62 

off effect of higher flux at the expense of reduced selectivity [22]. For hydrophilic PV, poly (vinyl 63 

alcohol) (PVA) is well suited as a membrane material due to its high affinity to water and excellent 64 

film-forming properties. However, swelling and possible dissolution in aqueous environment hinders 65 

its practical application [23, 24]. Modification of PVA by either chemical crosslinking or blending with 66 
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nanofillers is a prerequisite before use. PVA is often crosslinked with glutaraldehyde, maleic acid and 67 

so forth because hydroxyl groups are reactive with aldehydes or carboxylic acid groups [25]. Although 68 

crosslinking restrains swelling and ensures the stability of the membrane, it usually causes the 69 

reduction of hydrophilic groups (the hydrophilicity of the membrane) and impedes the molecule 70 

transport [26, 27]. Comparatively, PVA based organic-inorganic hybrids provide a judicious strategy 71 

to further enhance the performance as they can possess the effective cross-linking between PVA chains 72 

with crosslinkers while with the loaded nanofillers exhibiting specific functions.   73 

To date, zeolite, silica (SiO2), titanium dioxide (TiO2), carbon nanotube (CNT), graphene oxide 74 

(GO), graphene oxide quantum dot (GOQD) and metal-organic framework (MOF) have been 75 

successfully incorporated into the PVA matrix with enhanced separation performance [28-33]. Based 76 

on the morphology and geometry, they can be classified into two types: permeable nanofillers and 77 

impermeable nanofillers as shown in Fig. 1. For nanoparticles (e.g., SiO2, TiO2 and GO) incorporated 78 

membranes, the dispersed phase is not permeable to the solutes (Fig. 1a) which results in a long and 79 

tortuous path through the polymer continuous phase or the polymer-filler interface. On the other hand, 80 

the dispersed porous fillers such as MOF and CNT, can provide an additional permeating pathway (Fig. 81 

1b). In that case, transport through the dispersed phase can be usually described as molecular sieving, 82 

surface adsorption, or bulk diffusion [34-36]. Similar to aquaporins with biological channels for fast 83 

water transport in the biological-cell membranes, CNT as permeable nanofiller has similar structure 84 

comprised of cylindrical carbon [37]. The spiralling of graphite sheets provides a smooth, narrow and 85 

hydrophobic nanochannel for mass transport and it is reported that structure facilitates the formation 86 

of confined water chains, as well as bearing weak interactions with water molecules for nearly barrier-87 

free transport [38]. Previous studies have reported remarkable enhancements in the water permeation 88 
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flux of the CNT incorporated membranes such as polyethersulfone (PES) , polyamide (PA) and 89 

polyvinylidene fluoride (PVDF) [37, 39, 40]. Moreover, CNT has molecular sieving effect depending 90 

on the diameter of the inner pore. A 0.93 nm diameter CNT or functionalized 1.09 nm diameter CNT 91 

showed a salt rejection of over 95% [41]. However, for CNT incorporated membranes, even though 92 

the diameter of CNT is much larger than the solutes, high separation performance of the membrane 93 

can still be obtained. For example, Lee et al. [37] showed that the CNT of 10-20 nm diameter in 94 

polyamide matrix exhibited a higher water flux than PA without CNT while there was almost no 95 

sacrifice of salt rejection. Our previous study also demonstrated significant increases in permeation 96 

flux of the crosslinked PVA/CNT hybrid membranes with high rejection for sodium chloride (NaCl) 97 

[32]. However, nanoscale physicochemical changes of the polymer matrix such as free volume and 98 

crystallinity which are highly associated with the permselectivity of the membrane, have been rarely 99 

studied for hybrid membranes. Although CNT incorporated PVA membranes have been researched in 100 

PV process [24, 42-44], the CNTs used were usually derived from acid oxidation under heating. That 101 

made the influence of the CNT functional groups unclear due to the complex composition (-OH, -102 

COOH and -C=O) [45, 46]. The PVA matrix has variable types (crosslinked or uncrosslinked), which 103 

calls for comparison to guide rational membrane design. More importantly, it is worthwhile 104 

investigating the comprehensive separation capability of PVA based membranes toward both 105 

desalination and alcohol dehydration for practical application.  106 

 107 

 108 

 109 

 110 
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Fig. 1. Permeation through (a) hybrid membrane with impermeable nanofillers and (b) hybrid membrane with 118 

permeable nanofillers.  119 

Herein, to address the abovementioned queries and gain further understanding, the transport 120 

properties of the PVA/CNT hybrid membranes for both desalination and alcohol dehydration processes 121 

were systematically investigated as a necessary extension for its proven separation capability with a 122 

particular focus on the effect of various CNT (carboxyl functionalized or nonfunctionalized) on the 123 

nano-physicochemical properties of polymer phase. Carboxyl functionalized and pristine CNTs are 124 

served as nanofillers to compare the effect of functional groups. Crosslinked and uncrosslinked PVA 125 

were employed as the polymer matrixes. As diffusion through the membrane is highly related to the 126 

free volume and selective separation to the free volume cavity size, positron annihilation lifetime 127 

spectroscopy (PALS) analysis was applied to the PVA based hybrid membranes. In addition, for 128 

aqueous mixture separation, PV is subjected to strong interactions between water molecules and 129 

hydrophilic membrane materials, and the properties of polymeric membranes in wet condition are 130 

usually different compared with those in the dry state. Therefore, detailed wet state polymer phase 131 

characterizations (XRD, wet state PALS and swelling) were investigated. This study aims to elucidate 132 

how the polymer and nanofillers in hybrid membranes function in separating different type of aqueous 133 

(a) (b) 
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mixtures, and to correlate the inherent transport properties of the membrane with PV performance. 134 

2. Experimental  135 

2.1. Materials  136 

PVA of 98-99% hydrolysed (molecular weight of 160,000 g/mol), maleic acid (MA), p-toluene 137 

sulfonic acid (98.5% monohydrate), ethanol and NaCl obtained from Sigma-Aldrich were used as 138 

received for the experiment. Two kinds of carbon nanotubes, i.e. multiwalled carbon nanotube 139 

(MWCNT) as well as functionalised multiwalled carbon nanotube (F-MWCNT) with 3.86 wt% of 140 

carboxyl groups were purchased from XFNANO Co. Ltd. The inner diameter of the above carbon 141 

nanotubes was in the range 2-5 nm with the outer diameter < 8 nm and the specific surface area＞200 142 

m2/g. The length of MWCNT and F-MWCNT was in the range of 0.5-2 μm. Milli-Q deionised water 143 

(18.1 MΩ cm) was used throughout the study. 144 

2.2. Synthesis of PVA based hybrid membranes 145 

Firstly, 100 mg of MWCNT or F-MWCNT was dispersed in 50 mL of ethanol with ultrasonication 146 

in an ice bath for 2 h. A mass of PVA powder (12 g) was dissolved slowly in 200 mL of Milli-Q 147 

deionised water at 90°C and stirred for 3 h to obtain a homogeneous solution. After cooling to room 148 

temperature, blending of the PVA/CNT mixture was realized by the addition of a predetermined 149 

amount of MWCNT/ethanol or F-MWCNT/ethanol dispersion to the PVA solution. The composition 150 

of the PVA/CNT membranes is presented in Table 1 and all the mass fractions of CNTs, MA and p-151 

toluene sulphonic acid were relative to the PVA. For the crosslinked PVA based membranes, specified 152 

amounts of MA and p-toluene sulfonic acid (catalyst) were dissolved in the PVA solution or 153 
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PVA/FMWCNT mixture under stirring for 2 h. After degassing for 24 h, all the resultant mixtures, i.e., 154 

the PVA-MA, PVA-CNT, PVA-FCNT, and PVA-MA-FCNT were cast on a plastic plate using a casting 155 

bar of 100 μm. After drying for 24 h, the obtained films were detached from the plate and treated under 156 

140 °C in an oven for 2 h as described elsewhere [32].  157 

Table 1 158 

The composition of the fabricated membranes. 159 

Membranes MWCNT loading (wt%) F-MWCNT loading (wt%) MA loading (wt%) catalyst (wt%) Membrane thickness (μm) 

PVA-MA - - 20 1.5 19.5 ± 1.7 

PVA-CNT0.5 0.5 - - - 20.7 ± 1.6 

PVA-CNT1 1 - - - 20.5 ± 2.1 

PVA-CNT2 2 - - - 19.8 ± 2.3 

PVA-FCNT0.5 - 0.5 - - 19.2 ± 2.7 

PVA-FCNT1 - 1 - - 20.3 ± 1.5 

PVA-FCNT2 - 2 - - 20.1 ± 2.2 

PVA-MA-FCNT0.5 - 0.5 20 1.5 21.2 ± 2.4 

PVA-MA-FCNT1 - 1 20 1.5 19.9 ± 1.9 

PVA-MA-FCNT2 - 2 20 1.5 20.9 ± 1.6 

 160 

2.3. Characterisation of PVA based hybrid membranes 161 

For the characterisation of the fabricated membranes, 3 samples of each type of membranes (PVA-162 

MA, PVA-CNT, PVA-FCNT and PVA-MA-FCNT) were tested. The surface and cross-section 163 

morphologies of the fabricated membrane were observed and photographed by Zeiss Merlin Gemini 2 164 

Field Emission Scanning Electron Microscopy (FESEM) and the TECNAI 12 transmission electron 165 

microscope (TEM). The surface roughness was probed by atomic force microscope (AFM) using SPM-166 

9700 (SHIMADZU). The presence of functional groups was detected by attenuated total reflectance-167 

Fourier transform infrared (ATR-FTIR) spectroscopy (Perkin-Elmer Spectrum 2000 FTIR instrument). 168 
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A Rigaku SmartLab X-ray Diffractometer, operating in parallel beam mode under CuK radiation (45kV, 169 

200mA), equipped with a HyPix-3000 detector, was employed to obtain the X-ray diffraction (XRD) 170 

patterns. For the wet state results, samples were immersed with water or ethanol for 96 h to ensure an 171 

equilibrium state. The samples were scanned over the 2θ range 10° to 50° rapidly before the 172 

evaporation of ethanol. The resultant degree of crystallinity was calculated according to [47]; where 173 

Xc is the degree of crystallinity, Ic (2θ) and Ia (2θ) are the X-ray scattering intensity of crystalline region 174 

and amorphous region, respectively. 175 

𝑋𝑐 =
∫ 𝐼𝑐(2𝜃)𝑑(2𝜃)
0

2𝜃≠0

∫ 𝐼𝑎(2𝜃)𝑑(2𝜃) + ∫ 𝐼𝑐(2𝜃)𝑑(2𝜃)
0

2𝜃≠0

0

2𝜃≠0

× 100% (1.) 176 

PALS was applied for the average free volume characterisation of both the dry and wet states 177 

according to our previous study [29, 48]. Briefly, the membranes were first annealed at 50 °C overnight. 178 

Then, they were cut and piled to 4 mm in a nitrogen atmosphere with a Mylar sealed 22Na positron 179 

source fixed in the middle of the sample followed by the measurement of an automated EG & GOrtec 180 

fast-fast spectrometer. After the dry state characterisation, the membranes were immersed in 3.5 wt% 181 

NaCl solution or ethanol overnight and measured in a sealed sample holder to prevent evaporation. 182 

The time resolution of the tests was 240 ps and the LT v9 software was used for analysing the resulted 183 

spectra [49]. The average pore radius (R), average volume of the free volume elements (VF) and the 184 

fractional free volume (FFV) were obtained by the following equations assuming the free volume 185 

elements were distributed as spherical cavities in the polymer [50]; 186 

τ3 =
1

2
[1 −

𝑅

𝑅+△𝑅
+

1

2𝜋
sin (

2𝜋𝑅

𝑅+△𝑅
)]

−1
(2)                                                                                          187 
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𝑉𝐹 =
4

3
𝑅3 (3) 188 

FFV = 𝑉𝐹𝐼3 (4) 189 

τ3 is the o-Ps lifetime; ∆R of 1.66 Å is the empirical electron layer thickness [29] and I3 is the 190 

intensity of o-Ps.  191 

The swelling properties were tested as follows: (1) pre-dried freestanding membrane samples 192 

were soaked in DI water or ethanol at ambient temperature for 96 h to reach absorption equilibrium; 193 

(2) the water or ethanol adsorbed on the surface were removed by tissues manually to obtain Ws as the 194 

wet weight, and (3) the samples were then placed in an oven at 25 °C for 30 h and measured again for 195 

the dry weight of Wd. The degree of swelling (DS) was calculated in Eq (5). 196 

𝑠 =
𝑤𝑠−𝑤𝑑

𝑤𝑑
× 100% (5)                                                 197 

2.4. Pervaporation performance evaluation 198 

PV separation tests were conducted using a bench-scale PV set-up as described elsewhere [14]. 199 

To be specific, a membrane with separating area of 12.6 cm2 was employed. A predetermined NaCl 200 

solution or ethanol/water mixture was circulated with a flow rate of 50 mL/min on the upstream side 201 

of the membrane by a Masterflex® peristaltic pump. The feed temperature was kept as required via a 202 

water bath. 1 Torr of vacuum pressure was maintained on the permeate side by a vacuum pump. Finally, 203 

the permeating vapor were condensed in a dry-ice or liquid nitrogen cold trap. The performance tests 204 

were performed on 3 samples of each type of membranes (PVA-MA, PVA-CNT, PVA-FCNT and PVA-205 

MA-FCNT) and conducted for 3 h upon reaching a stable state whereas the long-term tests were 206 

operated for 30 h. Permeance (the normalized driving force for permeation flux in a unit of GPU = 1 207 
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× 10-6 m3(STP)/m2 s cmHg), selectivity (α), salt rejection, separation factor (β) for dehydration of 208 

ethanol were applied to evaluate the transport properties of the membranes based on Eq (6-10) [51, 209 

52]. Ethanol permeance can also be calculated using Eq (7). The salt concentration of the feed (Cf) and 210 

permeate (Cp) were derived from a pre-calibrated Oakton® Con 110 conductivity meter. For ethanol 211 

dehydration, the ethanol concentration in the permeate side was determined by nuclear magnetic 212 

resonance (NMR, Bruker 400 Ultrashield with Icon NMR analysis software). 213 

𝐽𝑖 =
𝑀𝑖

𝐴 × 𝑡
(6) 214 

(P/𝑙)𝑖 =
𝐽𝑖

𝑃𝑖0 − 𝑃𝑖
=

𝐽𝑖
𝛾𝑖0𝑥𝑖0𝑃𝑖0

𝑠𝑎𝑡 − 𝑃𝑖𝑙
(7) 215 

𝑅 =
𝐶𝑓 − 𝐶𝑝

𝐶𝑓
× 100% (8) 216 

𝛼 =
(𝑃 𝑙⁄ )𝑖

(𝑃 𝑙⁄ )𝑗

(9) 217 

β =
𝑌𝑖/𝑌𝑗

𝑋𝑖/𝑋𝑗
(10)                      218 

For PV dehydration of ethanol, the weight fractions of each component i and j in the feed and 219 

permeate were denoted as X and Y, respectively. Ji (kg/m2 h) represented the permeation flux of 220 

component i in which Mi (mass of component i in the permeate side) was divided by the product of A 221 

(the effective membrane area) and t (permeation time). 222 

For permeance calculation, Ji was converted to the volume under standard temperature and 223 

pressure (STP). Pi0 and Pil represented the partial pressures of i in the feed and permeate side, 224 
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respectively. γi0 (achieved by ASPEN HYSYS program) and xi0 were the activity coefficient and the 225 

mole fraction of i in the feed solution,respectively. Pi0
sat was derived from the saturated vapor pressure 226 

of pure component i whereas the pressure on the permeate side (Pil) was negligible. l (m) was the 227 

thickness of the membrane.  228 

2.5. Penetrant diffusion properties 229 

The water diffusion coefficient Dw (m2/s) was investigated based on the time lag method [53] 230 

using DI water as the feed. In Eq (11), Q, t, l and C0 were the total amount of diffusing water per unit 231 

surface of the membrane (kg/m2), time of pervaporation experiment (min), the thickness of the 232 

membrane (m) and concentration (kg/m3) of water in membrane, respectively. The relationship 233 

between Q and t, as well as the obtained D are shown in Fig. S4 in the supporting information. NaCl 234 

diffusion through the synthetized membranes was investigated by the kinetic desorption method 235 

described elsewhere [29]. The diffusivity was determined by Eq (12) where Mt and M∞ were the 236 

amount of NaCl in the solution at time t and the total amount when desorption was finished. The 237 

solubility, K, was the ratio of the equilibrium amount of water or NaCl absorbed into the membrane 238 

per unit membrane volume [54]. According to the solution-diffusion model, permeability, P, was the 239 

product of D and K (both applicable for water and salt). 240 

𝑄 = 𝐶0 (
𝐷𝑤𝑡

𝑙
+
𝑙

3
) (11) 241 

𝐷𝑆 =
𝜋 × 𝑙0

2

16
[
𝑑 (

𝑀𝑡
𝑀∞

)

𝑑 (t
1
2)

]

2

(12) 242 
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𝑃 = 𝐷 × 𝐾 (13) 243 

The relationship between the permeation flux and temperature for pervaporation generally follows 244 

the Arrhenius equation (14) where Ai, R, T and Ea were the pre-exponential factor, the gas constant 245 

(8.314510−3 kJ/mol K), the absolute temperature (K) and the apparent activation energy for the 246 

permeation (kJ/mol), respectively [55].  247 

𝐽𝑖 = 𝐴𝑖𝑒𝑥𝑝 (−
𝐸𝑎
𝑅𝑇

) (14) 248 

                                                               249 

3. Results and discussion 250 

3.1. Changes of the fabricated membranes with the addition of CNT. 251 

3.1.1 Functional structure changes of the PVA/CNT hybrid membranes 252 

In Fig. 2a, comparisons between pure PVA, PVA-MA, PVA-CNT1, PVA-FCNT1 and PVA-MA-253 

FCNT1 were performed using ATR-FTIR to identify the bulk chemistry changes that occurred in the 254 

PVA/CNT hybrid membranes. In general, the characteristic bands at 3000-3500 cm-1, 2800-3000 cm−1, 255 

1400-1500 cm−1 and 1100-1000 cm−1, correspond to the -OH from intermolecular and intramolecular 256 

hydrogen bonds, the stretching vibrations of C-H from alkyl groups, -CH2 from PVA backbone and C-257 

OH stretching vibrations, respectively [26]. For the PVA-CNT1 and PVA-FCNT1 samples, the F-258 

MWCNT or MWCNT were physically mixed with PVA (PVA-FCNT spectra comparison with PVA-259 

MA in Fig. S1 in Supporting Information). On the other hand, C=O characteristic bands at a 260 

wavenumber of 1710-1750 cm-1 and two C-O bands at 1330-1050 cm-1 (in the grey area of Fig. 2a.), 261 
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which were attributed to the formation of ester groups, were present for PVA-MA and PVA-MA-262 

FCNT1. That implied the -OH from PVA reacted with -COOH from MA or F-MWCNT through 263 

dehydration condensation in the presence of catalyst under certain conditions such as the heat treatment. 264 

Since the F-MWCNT was functionalized with carboxyl groups, it was possible that they would be 265 

esterified with PVA apart from the presence of MA [56]. To further investigate the PVA-MA-FCNT 266 

system, Fig. 2b shows the transmittance spectra representing ester groups (grey area) that grew with 267 

F-MWCNT loading, indicating that more ester groups were generated upon addition of F-MWCNT. 268 

Meanwhile, transmittance in 3000-3500 cm-1 region decreased because of the consumption of 269 

hydrogen-bonded hydroxyl groups, coinciding with the augment of esterification reactions. 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

Fig. 2. ATR-FTIR spectra of the PVA based hybrid membranes. 278 

 279 

3.1.2 Morphology before and after the addition of CNT 280 

The surface roughness changes of the PVA based hybrid membranes are presented in Fig.3. In 281 

comparison with PVA-MA (Ra=69.1 ± 6 nm), the surface roughness of PVA-CNT1 decreased to 25.7 ± 282 

4 nm. The surfaces of the membranes were even smoother with the addition of functionalized CNT, 283 

i.e., 10.97 ± 2 nm for PVA-FCNT1 and 12.44 ± 3 nm for PVA-MA-FCNT1. Such surface morphology 284 

(a) (b) 
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transformation can be attributed to the PVA-nanofiller interactions and the subsequent film forming 285 

kinetic. Blending of CNT allowed PVA to be less mobile during solvent evaporation and heat-treatment 286 

whereas PVA chains without CNT were possible to become highly mobile especially when the heating 287 

temperature was higher than its glass transition temperature. Compared with the MWCNT 288 

incorporated membrane, the functional groups on F-MWCNT reinforced the interactions with PVA, 289 

making it reasonable to exhibit flatter surface. Additionally, the corresponding photographs of the PVA 290 

based membranes are shown in Fig. 4. The PVA-MA was transparent whilst the PVA/CNT membranes 291 

were dark due to the addition of CNT. According to the photographs, it could be observed that the 292 

dispersion of F-MWCNT in PVA was relatively uniform whereas macroscopic domains that were 293 

possibly comprised of agglomerated MWCNTs could be found in PVA-CNT1. 294 

The FESEM images of the PVA/CNT hybrid membranes with different CNT loadings are shown 295 

in Fig. 5. As can be seen, the surface of the PVA-MA sample (Fig. 5a) was homogeneous without 296 

defects such as cracks, ruptures or pinholes. While with the addition of F-MWCNT, the content of 297 

inhomogeneous spots which may represent the CNT tips on the surface increased from PVA-MA-298 

FCNT0.5 to PVA-MA-FCNT1 (Fig. 5b to c). Interconnected bundle-like protrusions or wrinkles were 299 

observed on the surface of PVA-MA-FCNT2 (Fig. 3d), implying the formation of the CNT 300 

agglomeration. The corresponding cross-section pictures of PVA-MA-FCNT1 (Fig. 5e) and PVA-MA-301 

FCNT2 (Fig. 5f) showed good consistency with the surface morphology as the PVA/CNT hybrid 302 

materials were distributed across the longitudinal direction. By contrast, for PVA-CNT1 (Fig. 5g), 303 

which was with identical CNT loading as PVA-MA-FCNT1, large inclusions resulting from CNT-rich 304 

domains or submicroscale entangled bundles became obvious on the membrane surface, suggesting 305 

inferior dispersion of MWCNT in PVA compared with that of the F-MWCNT. Besides, the cross-306 
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section of PVA-CNT1 (Fig. 5h) and PVA-CNT2 (Fig. 5i) exhibited increasing agglomeration in the 307 

polymer matrix with internal crumpled morphology. It is widely acknowledged that nanomaterials with 308 

high surface energy easily agglomerate owing to van der Waals forces [57]. The functionalization of 309 

CNT with carboxylic groups changed the hydrophobicity of the outer surface, improving the 310 

hydrophilicity and the interfacial interactions with PVA. That is conducive to disentanglement of CNT 311 

in the polymer matrix, thus showing good compatibility and uniform dispersion. On the other hand, 312 

the increase in the CNT loading induced significant morphological change of PVA-CNT1 and PVA-313 

CNT2, which might result from the development of the entropically-driven phase separation behaviour 314 

with the agglomeration of the nanomaterials in the polymer as investigated by Akcora [58].  315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

Fig. 3. AFM surface roughness of the PVA based hybrid membranes. 331 

(a) (b) 

(c) (d) 
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 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

Fig. 4. Optical pictures of the PVA based hybrid membranes. 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

Fig. 5. FESEM surface and cross-section images of (a) surface of PVA-MA; (b) surface of PVA-MA-FCNT0.5; (c) 365 

surface of PVA-MA-FCNT1; (d) surface of PVA-MA-FCNT2; (e) cross-section of PVA-MA-FCNT1; (f) cross-366 

section of PVA-MA-FCNT2; (g) surface of PVA-CNT1; (h) cross-section of PVA-CNT1; (i) cross-section of PVA-367 

CNT2. The corresponding thicknesses of the membranes (~ 20 µm) are marked. 368 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

5 µm 5 µm 5 µm 

5 µm 

5 µm 

10 µm 

10 µm 10 µm 
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~20 µm 
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3.2. Interactions with water and ethanol 369 

3.2.1 Swelling behaviour in different solvents 370 

Table 2 shows the degree of swelling (DS) of the membranes in various solvents at room 371 

temperature. Clearly, the DS in water was far greater than that in ethanol for all the membrane samples, 372 

showing the solvent-dependent swelling behaviour of the PVA based membranes. It is understandable 373 

that chemical crosslinking reduced the number of hydroxyl groups of PVA and that resulted in a 374 

decrement of the DS. The DS was further restrained when the F-MWCNT loading for PVA-MA-FCNT 375 

was 2 wt%. That was a direct indication of the extra chemical linkage of F-MWCNT and PVA within 376 

the membrane. For the blended membranes, swelling in water decreased with the content of CNT, 377 

which was mainly attributed to the increased rigidification [56]. The rigidification in turn decreases 378 

the mobility of polymer chains as a physical anti-swelling effect. In addition, for the PVA-FCNT 379 

membranes, there was strong interaction between the hydrophilic functional groups [59], which further 380 

suppressed polymer chain mobility. On the other hand, as PVA is an ethanol-insoluble polymer, the 381 

hybrid membranes showed almost complete swelling resistance and it was even further inhibited with 382 

CNT content in the polymer for PVA-FCNT and PVA-MA-FCNT membranes. However, it can be 383 

observed that the ethanol swelling of PVA-CNT membranes was proportional to MWCNT loading. 384 

Due to the hydrophobic nature of MWCNTs, they could be readily dispersed in ethanol and the resulted 385 

PVA-CNT membranes were imparted with better compatibility with ethanol, thus showing higher 386 

swelling degree compared with others. 387 

 388 

 389 

 390 
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Table 2 391 

Degree of swelling for the fabricated membranes in water or ethanol. 392 

Membranes DS in water（%） DS in ethanol （%） 

PVA-MA 60 ± 5 1.58 ± 5 

PVA-CNT0.5 89 ± 6 2.49 ± 0.19 

PVA-CNT1 76 ± 5 3.58 ± 0.17  

PVA-CNT2 66 ± 5 4.72 ± 0.20 

PVA-FCNT0.5 88 ± 7 2.28 ± 0.16 

PVA-FCNT1 66 ± 5 1.94 ± 0.15 

PVA-FCNT2 50 ± 3 1.59 ± 0.11 

PVA-MA-FCNT0.5 60 ± 4 1.37 ± 0.18 

PVA-MA-FCNT1 47 ± 3 0.89 ± 0.11 

PVA-MA-FCNT2 34 ± 1 0.67 ± 0.09 

 393 

3.2.2 Effect of solvents on the crystalline properties of the PVA based membranes  394 

Fig. 6 displays the XRD diffraction profiles of both dry and wetted states of the hybrid membranes. 395 

For the dry-state membranes in Fig. 6a, strong peaks at 2θ = 19.5 °, referring to the characteristic peaks 396 

for the orthorhombic lattice (101) of PVA were present for all the samples which indicated the 397 

crystalline region in the semi-crystalline PVA polymer. There was a decrease in this peak intensity for 398 

the crosslinked membranes compared with those of the blended membranes. The reason for that was 399 

the consumption of hydroxyl groups by the crosslinking reaction. For the samples wetted with ethanol 400 

in Fig. 6b, the diffraction profiles were almost identical with those of the dry-state samples except for  401 

tiny decreases in the peak intensities. That might be the interference of the trapped ethanol in the 402 

polymer matrix. The amorphous portion remained a glassy state in ethanol. However, the XRD patterns 403 

of the water-swollen membranes were transformed to two dominant halo-shaped peaks centred around 404 

2θ of 28° and 43°. The diffraction patterns exhibited more of the characteristic peaks of water as 405 

reported in previous literature [60]. In that case, there were new intermediate phases including the PVA 406 

chains and water molecules, or the CNT and water. It could be demonstrated that a large amount of the 407 
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crystalline PVA had been dissolved by long-term contact of water, forming a large swollen amorphous 408 

PVA phase. The corresponding degree of crystallinity was calculated as shown in Table 3. Compared 409 

with the reduction of crystallinity in ethanol (3.8% for PVA-MA, 7.1% for PVA-CNT1, 4.6% for PVA-410 

FCNT1 and 4.1% for PVA-MA-FCNT1), a significant decrease in PVA crystallinity in water was 411 

confirmed with 62.8%, 90.2%, 83.1% and 63.3% for PVA-MA, PVA-CNT1, PVA-FCNT1 and PVA-412 

MA-FCNT1, respectively. Overall, the semi-crystalline nature of dry PVA did not show an obvious 413 

difference with ethanol, whereas it was altered by water with significant decrease in the degree of 414 

crystallinity as shown by the reduction in crystalline phase [61]. 415 

 416 

 417 

 418 

 419 

Fig. 6. X-ray diffraction profiles of the membranes in different states; (a) dry state, (b)ethanol wetted state and (3) 420 

water wetted state.   421 

 422 

 423 

Table 3 424 

Degree of crystallinity of the as-fabricated membranes in different environments. 425 

Membranes Dry Ethanol Water 

PVA-MA 15.6±3% 15.0±2.2% 5.8±1.1% 

PVA-CNT1 36.8±4.1% 36.6±3% 3.6±0.8% 

PVA-FCNT1 38.4±2.5%% 37.8±2.7%% 6.5%±0.9% 

PVA-MA-FCNT1 9.8±3% 9.4±2.1% 3.6±0.5% 

 426 

 427 

 428 

 429 

(b) (c) (a) 
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3.2.3 PALS analysis of the PVA based hybrid membranes 430 

  431 

 432 

 433 

 434 

 435 

Fig. 7. PALS results of (a) average free volume cavity diameter and (b) FFV. 436 

The changes of the free volume properties for the PVA based hybrid membranes in dry and swollen 437 

states were characterized by PALS in terms of free volume cavity diameter (Fig. 7a) and FFV (Fig. 438 

7b). The PVA-MA-FCNT membranes showed signs of positronium inhibition, however, no o-Ps 439 

formed which made it difficult for obtaining reliable pore size and intensity data. Therefore, only the 440 

PALS results of PVA-MA, PVA-FCNT and PVA-CNT membranes can be discussed in this section. In 441 

Fig. 7a, compared with PVA-MA (0.372 ± 0.008 nm), there were notable increases in the diameters 442 

for the PVA/CNT hybrid membranes, i.e., 0.396 ± 0.006 nm for PVA-CNT1, 0.405 ± 0.004 nm for 443 

PVA-FCNT1. As reported previously [62], a dramatic increase in the interfacial area was usually 444 

realized by intercalating nanoscale inorganic fillers of high specific surface area into the polymer 445 

matrix, leading to a large amount of volume fraction of interfacial polymer with distinguished 446 

properties from the bulk polymer. As a result, the free volume of polymer grew with the addition of 447 

nanofillers rather than a compacted structure of the neat polymer. Moreover, the dispersion state of F-448 

MWCNT was much better than MWCNT, resulting in a greater available interface area. That might 449 

contribute to a higher free volume diameter for PVA-FCNT1. For the swollen membranes, it could be 450 

seen that the diameters were enlarged to 0.514 ± 0.007 nm for PVA-MA, 0.627 ± 0.005 nm for PVA-451 

(a) (b) 
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CNT1, 0.462 ± 0.003 nm for PVA-FCNT1 (ethanol wetted membranes), and 0.544 ± 0.005 nm for 452 

PVA-MA, 0.546 ± 0.002 nm for PVA-CNT1, 0.563 ± 0.002 nm for PVA-FCNT1 (water wetted 453 

membranes), showing a solvent effect on changing the polymer backbone chain mobility and thus the 454 

free volume. However, the hole diameter of PVA-CNT1 in ethanol was significantly different to the 455 

others as a result of the affinity and adsorptive property of MWCNT to ethanol. 456 

The FFV (Fig. 7b), namely the free volume scaled on the specific volume of the membrane matrix, 457 

showed good coherence with the trend of pore size diameters. After the incorporation of carbon 458 

nanotube, the FFV of PVA-MA was increased by 79% (PVA-CNT1) and 172% (PVA-FCNT1) for the 459 

dry state; 59% (PVA-CNT1) and 43% (PVA-FCNT1) for the water wetted state and 92% (PVA-CNT1) 460 

and 40% (PVA-FCNT1) for the ethanol wetted state. It is notable that the FFV of PVA-FCNT1 was 461 

much higher than that of PVA-CNT1 in the dry state. That could be reasonably attributed to the better 462 

dispersion state of F-MWCNT, effectively disrupting the polymer chain packing. On the other hand, 463 

the MWCNT showed good compatibility with ethanol, thus the FFV in ethanol wetted state was 464 

obviously higher than that of PVA-FCNT, in line with the pore diameter results. As the diffusion 465 

through the membrane is intrinsically related to the microstructure of the membrane, the enrichment 466 

of free volume would exert an influence on the transport property and separation performance based 467 

on the free volume theory [62]. 468 

3.3. PVA/CNT membrane separation performance 469 

3.3.1. Comparison between PV desalination and dehydration of ethanol  470 

The PV performance of the synthesized membranes for both desalination and dehydration of 471 

ethanol at a feed temperature of 30 °C was evaluated in terms of water permeance, salt rejection and 472 

separation factor as depicted in Fig. 8. For desalination (Fig. 8a), the crosslinked PVA network (PVA-473 

https://www.sciencedirect.com/topics/materials-science/density-specific-gravity
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MA) showed salt rejection of 96.5% with water permeance of 6.13 × 104 GPU. After the incorporation 474 

of CNT, a significant improvement of the water permeance could be observed. For PVA-CNT1, the 475 

water permeance was increased by 116% with respect to that of PVA-MA but a decreased salt rejection 476 

of 93.4%. The lower salt rejection of PVA-CNT can be attributed to the severe swelling and inferior 477 

dispersion state of MWCNT that increased the nonselective transport (discussion of salt permeability 478 

in 3.3.2). The PVA-FCNT1 exhibited a better salt rejection of 97.4% as well as water permeance up to 479 

11.9 × 104 GPU. The best overall desalination performance was observed when the PVA was 480 

crosslinked with MA and F-MWCNT, i.e., 99.9% of salt rejection with 7.4 × 104 GPU of water 481 

permeance. Likewise, the dehydration of ethanol was conducted as shown in Fig. 8b. The water content 482 

in the permeate side was 95.5 wt% (PVA-MA), 90.1 wt% (PVA-CNT1), 98.1 wt% (PVA-FCNT1) and 483 

99.5 wt% (PVA-MA-FCNT1), resulting in separation factors of 505.3, 216.7, 1229.3 and 4738.1, 484 

respectively. The water permeance followed a similar trend as those in the desalination process yet 485 

with much lower values. It is reasonable that the permeance in the desalination process was higher 486 

than that of ethanol dehydration process because the aqueous salt solution as the feed contained many 487 

more free water molecules following a pseudo-liquid mixture mode. On the other hand, considering 488 

that the ethanol content in the feed was much higher than NaCl (96 wt% : 3.5 wt%), better separation 489 

performance was obtained during the ethanol dehydration process, implying an intrinsic difference 490 

between these two PV processes. For desalination, NaCl was unable to permeate through the 491 

membrane in its crystalloid state and thus the transport was realized by the hydration of the Na+ and 492 

Cl- ions and then the dissolution into the membrane. In order to keep charge neutrality, both hydrated 493 

Na+ ions and Cl- ions permeated through the membrane stoichiometrically. For separation of ethanol-494 

water mixture, ethanol formed hydrogen bonding with water while kept its molecularity. PVA showed 495 
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a preferential adsorption selectivity for water as discussed in the swelling test. 496 

For further investigation, the effect of feed concentration was investigated as illustrated in Fig. 9. 497 

Overall, the water permeance was positively correlated to the water content in the feed as a result of 498 

the sorption of water at the liquid/membrane interface. For PVA-MA, PVA-CNT1 and PVA-FCNT1, 499 

the salt rejections decreased when NaCl concentration in the feed grew gradually, while the ethanol in 500 

the permeate (otherwise the water content in the permeate) increased with water concentration in the 501 

feed. Therefore, it could be identified that the water content played different roles in affecting the 502 

separation process. For desalination, diffusion of NaCl in the membrane exhibited a concentration-503 

dependant effect due to the increased dissolution of NaCl in the membrane. However, for ethanol 504 

dehydration, the increase in water content caused the swelling of the PVA and thus a plasticization 505 

effect, which enhanced segmental polymer chain mobility [63] and decreased the selectivity between 506 

water and ethanol. Notably, the PVA-MA-FCNT1 had a stable performance in both PV processes with 507 

nearly complete rejections, proving that the crosslinked PVA with good swelling resistance hindered 508 

the transport of salts and alcohol effectively while allowing effective permeation of water molecules. 509 

Such good performance of PVA-MA-FCNT1 was further proven by comparison with PVA-FCNT1 in 510 

a 30 h ethanol dehydration test, in which PVA-MA-FCNT1 exhibited stable performance whereas the 511 

separation efficiency of PVA-FCNT1 declined with time (Fig. S3 in Supporting Information).   512 

 513 

 514 

 515 

 516 

 517 



 

25 
 

 518 

  519 

 520 

 521 

 522 

 523 

Fig. 8. PV performance of PVA-MA, PVA-CNT1, PVA-FCNT1 and PVA-MA-FCNT1 using (a) 3.5 wt% NaCl 524 

aqueous solution and (b) 96 wt% ethanol aqueous mixture at 30 °C.  525 

 526 

 527 

 528 

    529 

 530 

 531 

 532 

 533 

 534 

Fig. 9. PV performance under different feed concentrations at 30 °C. 535 

The effect of feed temperature on the PV process was performed from 30 °C to 70 °C. The 536 

separation performance is displayed in Fig. 10, where gradual declines of water permeance with 537 

temperature were observed. This is mainly due to the rapid increase in the partial vapor pressure of 538 

water (31.84 Torr for 30 °C, 92.58 Torr for 50 °C and 233.84 Torr for 70 °C) in the feed side after 539 

normalizing the driving force. The temperature dependency of the transport can be analysed using an 540 

Arrhenius-type equation. Activation energy (Ea) for water, hydrated Na+ ions (same with Cl- ions) and 541 

(a) (b) 

(a) (b) 
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ethanol transport were listed in Table 4 (logarithmic plots using Eq 14 in Fig.S2 in Supporting 542 

Information). As discussed above, NaCl dissociated and water molecules formed concentric hydration 543 

shells around the ions. Ethanol was also dissolved by forming hydrogen bonds with water. From the 544 

PALS results in 3.2.3, the average pore sizes of the PVA based hybrid membranes were smaller than 545 

the hydrated sizes of ions and ethanol (0.66 nm for Cl−, 0.72 nm for Na+ and 0.68 nm for ethanol). 546 

Hence, permeation of salt through the free volume might be realized upon removing some water 547 

molecules from the hydration shell to form smaller hydrated ions or ethanol. The Ea demonstrated the 548 

energy barrier for permeation and the solutes with higher Ea were expected to experience larger energy 549 

barriers for entry into the free volume and exponentially smaller permeation rates. The activation 550 

energy for permeation of NaCl was higher than ethanol or water, indicating that NaCl required more 551 

energy to permeate through. In addition, as a volatile compound, ethanol has an increasing partial 552 

vapor pressure difference across the membrane when temperature is increased. That contributes to the 553 

enhanced ethanol transport through the membrane.   554 

 555 

   556 

     557 

 558 

 559 

 560 

 561 

 562 

 563 

Fig. 10. PV performance vs. different feed temperatures; (a) desalination of 3.5 wt% NaCl solution; (b) 564 

dehydration of 96 wt% ethanol aqueous mixture.  565 

 566 

(a) (b) 
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Table 4 567 

The activation energy for permeation of the PVA based hybrid membranes (kJ/mol). 568 

Permeates PVA-MA PVA-CNT1 PVA-FCNT1 PVA-MA-FCNT1 

water 21.70 21.20 22.19 24.19 

ethanol 46.31 44.73 44.48 43.40 

Na+ 49.47 49.80 49.88 49.30 

 569 

3.3.2. Effects of CNT on water transport and separation 570 

To further investigate the contribution of CNT to the water permeation mechanism of the PVA 571 

based hybrid membranes, water solubility and diffusivity were calculated. Fig. 11 shows the variation 572 

of solubility (dimensionless) and diffusivity (cm2/s) before and after the addition of CNT scaled on 573 

that of PVA-MA (Q-t relation in Fig.S4 in the Supporting Information). As shown, PVA-CNT1 and 574 

PVA-FCNT1 had increased water solubilities while PVA-MA-FCNT1 showed a decreased one. 575 

Notably, the diffusivities were all elevated (85% for PVA-CNT1, 77% for PVA-FCNT1 and 56% for 576 

PVA-MA-FCNT1). As both the solubility and diffusivity contributed to the water transport through 577 

the membranes according to the solution-diffusion theory, the evolution implied that the water 578 

transport was altered to a diffusion-controlled type with reinforced interfacial interactions between 579 

CNT and PVA. It was demonstrated earlier that the incorporation of CNT increased the FFV (Fig. 7) 580 

and therefore favoured water transport. However, taking the PVA-FCNT1 for example, the increase in 581 

the FFV was only increasing 43% compared with the PVA-MA, while that of diffusivity is 77%. This 582 

may imply that the F-MWCNT contributed to the fast water transport synergistically as extra water 583 

transport channel. More specifically, the TEM image of PVA-FCNT1 is employed to illustrate 584 

transport with nanochannels as shown in Fig. 12. The F-MWCNT was distributed uniformly in the 585 

polymer. The proposed transport was that water permeated through the polymer matrix with dispersed 586 
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nanochannels. When they encountered F-MWCNT, the transport was enhanced by flowing through the 587 

hollow space or along the outer surface. The overall water permeation was facilitated as the F-588 

MWCNT contributed to water transport partly along the whole water permeation path through the 589 

membrane. It is worth mentioning that the dispersion state of CNT in the polymer plays an important 590 

role in determining the separation performance. As MWCNT is hydrophobic, there is an strong 591 

tendency to be immobilized in bundles, thus increasing the probability of defects. Finally, the effect of 592 

CNT loading on the separation performance is shown in Fig.13. For the blended hybrid membranes 593 

(PVA-CNT and PVA-FCNT), the water permeation increased with MWCNT and F-MWCNT (from 594 

0.5 wt% to 2 wt%) as the number of nanochannels in the polymer matrix were rising. For PVA-MA-595 

FCNT, the water permeance decreased at 1% CNT loading, which implied that the transport was 596 

hindered by increased crosslinking. While when the CNT loading reached 2%, the water permeance 597 

was the highest for all the membranes. That might be the result of F-MWCNT agglomeration in the 598 

membrane when the concentration of nanofiller was relatively high as shown in SEM (Fig.5). 599 

Corresponding salt permeability and ethanol permeance were also depicted in Fig.14. The PVA-CNT 600 

membranes had much higher salt permeabilities than PVA-FCNT and PVA-MA-FCNT membranes, 601 

which can be attributed to their higher swelling. That negatively augmented the solubility of NaCl in 602 

the membrane [32]. Further, the poor dispersion and lack of functional groups of CNT were conductive 603 

to nonselective transport through the membrane [37]. Therefore, the high salt permeability proved 604 

inferior for salt rejection of the PVA-CNT membranes. Similar trend was also observed for the ethanol 605 

permeance. It should be noted that there were significant increases in both the salt and ethanol transport 606 

at 2 wt% loading of MWCNT and F-MWCNT, implying the nonselective microscopic defects had 607 

already existed in the membrane, elevating the nonselective transport in line with the above water 608 
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permeance results.        609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

Fig. 11. Variations of water solubility and diffusivity compared with PVA-MA. 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

Fig. 12. TEM image of PVA-FCNT1 (enlarged CNT image inserted) with proposed water transport mechanism. 640 

The green transport path showed the permeation through polymer phase; The blue path represented a partially 641 

affected permeation path via polymer phase and outer surface of F-MWCNT; The orange path indicated a 642 

combined path of polymer phase and through-hollow-space of F-MWCNT.   643 

 644 
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 645 

 646 

                                                647 

 648 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

Fig. 13. Water permeance change with CNT loading; (a) water permeance in desalination by PV and (b) water 657 

permeance in dehydration of ethanol by PV.  658 

 659 

 660 

                                                   661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

Fig. 14. Salt and ethanol transport with CNT loading; (a) NaCl permeability with CNT loading and (b) ethanol 669 

permeance with CNT loading. 670 

4. Conclusions 671 

In this work, PVA/CNT hybrid membranes with different combinations were employed to 672 

investigate the functions of the polymer and CNT in the PV separation processes of water/NaCl and 673 

water/ethanol. For the PVA matrix, the incorporation of CNT induced an increase in both the free 674 

volume cavity diameter and the fractional free volume, which is favourable for the water transport 675 

through the membranes. The states of the polymer in various solvents were found to be responsible for 676 

the separation of ions/water and ethanol/water. The PVA showed inherent adsorption affinity of water 677 

over ethanol, which significantly affected the polymer chain mobility and the crystalline structure. 678 

(b) (a) 

(a) (b) 
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Compared with the blended membranes (PVA-CNT1 and PVA-FCNT1), the PVA-MA-FCNT1 679 

membrane was proven to have high separation performance with nearly complete rejection of ions and 680 

ethanol. The water diffusion results further implied enhanced water transport potentially brought by 681 

the CNT with additional fast water transport paths. Overall, this work provided a comprehensive study 682 

on how the polymer and nanofillers contributed to the separation of aqueous mixtures, benefiting the 683 

judicious design of polymer-based hybrid membranes and applications. 684 
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