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ABSTRACT 

Membranes that enable the recovery of organic compounds from dilute aqueous solution are 

desired for applications such as biobutanol production. The polymer of intrinsic 

microporosity PIM-1 shows promise for organophilic separations and here it is incorporated 

into thin film composite (TFC) membranes in order to increase the flux of permeate. 

Asymmetric polyvinylidene fluoride (PVDF) supports were prepared with pore sizes at the 

surface in the size range 25-55 nm and fractional surface porosities in the range 0.38-0.69, as 

determined by atomic force microscopy (AFM). The addition of phosphoric acid to the PVDF 

dope solution helped to control the pore size and porosity. Supports were coated with PIM-1 

to form TFC membranes with active layer thicknesses in the range 1.0-2.9 m. Membranes 

were tested for the pervaporation of a 1-butanol/water mixture (5 wt.%). At 65 C, values of 

total flux up to 9 kg m
-2

 h
-1

 were obtained, with separation factors up to 18.5 and values of 

pervaporation separation index (PSI) up to 112 kg m
2

 h
1

. 
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1. Introduction 

 

Pervaporation, in which evaporation occurs through a membrane, was first observed a 

century ago [1]. Hydrophilic pervaporation has found increasing use since the 1980s, when it 

was applied for the dehydration of alcohol [2]. Organophilic pervaporation, for the removal 

of organics from aqueous solution or for the separation of organic-organic mixtures, is much 

less well developed, but has attracted much attention in recent years. A promising application 

area is biobutanol production, where an economic and energy-efficient separation technique 

is needed to separate the product from the dilute fermentation broth [3-8].  

 

A number of hydrophobic polymers have been investigated for organophilic 

pervaporation, including poly(dimethylsiloxane) (PDMS) [9], poly(octylmethyl siloxane) 

(POMS) [10-12], polyvinylidene fluoride (PVDF) [13], polyether-block-polyamide (PEBA) 

[14], poly(1-trimethylsilyl-1-propyne) (PTMSP) [15] and the polymer of intrinsic 

microporosity PIM-1 [16-19]. Inorganic membrane materials such as silicalite-1 [20] have 

also been employed. Improved performance can be achieved with mixed matrix membranes 

(MMMs) [6], such as PDMS/silicalite-1 [21], PDMS/ZIF-7 [22], PEBA/Zn(BDC)(TED)0.5 

[23] and PIM-1 with graphene-like fillers [24].   

 

Polymers of intrinsic microporosity (PIMs) are glassy polymers that behave like 

microporous materials as defined by IUPAC (pore size <2 nm) [25]. Their backbones are 

composed of fused rings, so there are no single bonds about which rotation can occur, and 

they include sites of contortion, such as spiro-centres, which give rise to a macromolecular 

structure that twists and turns. They cannot pack efficiently in the solid state and thus possess 

high free volume. The prototypical PIM, referred to as PIM-1 (Figure 1), is a yellow, 

fluorescent, organophilic, membrane-forming polymer [16, 26]. In addition to its potential for 

organophilic pervaporation, it has been investigated for organic solvent nanofiltration [27-30] 

and gas separation [31-44], for which it helped to define the 2008 upper bound of 

performance for gas pairs such as O2/N2, H2/N2, CO2/CH4 and CO2/N2 [45]. The first 

application of PIM-1 to reach the marketplace is in an end-of-life indicator for organic vapour 

absorbing cartridges [46, 47]. 
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Fig. 1. Synthesis of PIM-1 from tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane 

(TTSBI) and tetrafluoroterephthalonitrile (TFTPN). Reagents and conditions: 

Dimethylacetamide, toluene, K2CO3, 160 C, 40 min. 

 

The potential of PIM-1 for organophilic pervaporation was recognised in the first 

publication concerning a PIM-1 membrane [16], which reported results for pervaporation of 

phenol/water mixtures, demonstrating a tenfold enrichment of phenol in the permeate. 

Subsequent studies looked at pervaporation of ethanol/water [17] and butanol/water [18] 

mixtures, and the use of pervaporation for the removal of volatile organic compounds 

(VOCs), such as ethyl acetate, dimethyl ether and acetonitrile, from wastewater [19]. MMMs 

of PIM-1 with silicalite-1 [48] and graphene-like fillers [24] have also been investigated for 

pervaporation. All these studies were carried out on free-standing membranes with 

thicknesses in the range 30-110 m. 

 

The performance of a pervaporation membrane is characterized by its productivity 

and its selectivity. Productivity may be expressed in terms of flux, which generally increases 

as membrane thickness decreases, so a very thin membrane is desirable to maximise flux. 

However, a membrane must also be mechanically robust for practical application. Thus, 

commercial membranes usually have an asymmetric structure, with a thin active layer on the 

surface of a macroporous support. The active layer may be of the same material as the 

support (integrally skinned), or a different material (thin film composite). The aim of the 

present research was to generate thin film composite (TFC) membranes with a PIM-1 active 

layer for organophilic pervaporation. 
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Ideally, the macroporous support in a TFC membrane would merely provide 

mechanical stability and would not influence the transport properties. However, in practice, 

the nature of the support may have a profound influence on the performance [49]. TFC 

membranes of PIM-1 on polyacrylonitrile (PAN) supports have successfully been applied in 

organic solvent nanofiltration [27, 30]. However, when PIM-1/PAN TFC membranes were 

investigated for organophilic pervaporation [50], the relatively hydrophilic support was found 

to dominate the behaviour. In phenol/water pervaporation, with the active PIM-1 layer of the 

TFC on the feed side, the flux was reduced, compared to a free-standing membrane, and the 

separation shifted from organophilic to hydrophilic. This could be attributed to condensation 

of water within the pores of the PAN support. It was found that organophilic behaviour could 

be recovered by turning the membrane around, so that the support was on the feed side. 

However, for both phenol/water and butanol/water pervaporation, PIM-1/PAN TFC 

membranes gave lower selectivities than those that could be achieved with free-standing 

PIM-1 membranes. Thus, the present work sought to develop tailored supports based on a 

more hydrophobic polymer, PVDF. 

 

PVDF is an ideal candidate for use as a polymeric support in TFC membranes, 

because of its excellent thermal and chemical stability. PVDF has been used as the support 

material for pervaporation membranes with active layers of PDMS [49, 51-53], PDMS/ZIF-7 

[22], silica-filled PTMSP [54] and PEBA/Zn(BDC)(TED)0.5 [23]. PVDF substrates have been 

utilised for TFC membranes not only in flat-sheet form, but also in hollow fibre form [55]. 

Macroporous supports are prepared by a phase-inversion process, most commonly brought 

about by immersion of a polymer solution in a non-solvent. A variety of non-solvent 

additives, such as glycerol, ethylene glycol, polyethylene glycol, lithium chloride, methanol 

and phosphoric acid [56-58], may be included in the polymer solution to control the porosity 

of the resulting film. Phosphoric acid can be a particularly effective additive for improving 

flux [58-62] and so was utilised in the present work in order to tailor the support. 
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2. Experimental 

 

2.1 Materials 

 

PIM-1 was prepared as described by Du et al. [63]. Characterization by multi-detector 

gel permeation chromatography (Viscotek VE2001 GPC solvent/sample module with two 

PLgel mixed-B columns and Viscotek TDA302 triple detector array, CHCl3 eluent with a 

flow rate of 1 ml min
-1

, analysis by OmniSEC software) gave weight-average molar mass Mw 

= 186,000 g mol
-1

 and polydispersity Mw/Mn = 2.5. 

 

Polyvinylidene fluoride (PVDF, Mw ~5.3410
5 

g mol
-1

) was purchased from Sigma-

Aldrich.  Polypropylene (PP) non-woven fabric was purchased from Freudenberg Filtration 

Tech Ltd (Germany). Dimethylacetamide (DMAC), chloroform, 1-butanol, phosphoric acid 

and formaldehyde (37 wt% in water) were all supplied by Sigma-Aldrich. A commercial 

PDMS pervaporation membrane was kindly provided by Pervatech BV (The Netherlands). 

 

2.2 Membrane preparation 

 

Free-standing PIM-1 membranes were prepared by solution casting. 0.14 g PIM-1 

powder was dissolved in 10 ml chloroform with mechanical stirring for 24 h. Then the 

solution was cast in a glass petri dish (6.9 cm diameter). The film was dried for 2 days under 

a nitrogen atmosphere at room temperature. 

 

For the preparation of PVDF supports, dope solutions were prepared of PVDF in 

DMAC at concentrations of 18, 20 and 22 wt.%. The dope solutions were mechanically 

stirred at 70 C for 10 h and subsequently left overnight to remove bubbles. Homogeneous 

dope solutions (normally 25 ml) were cast on PP non-woven fabric at a coating velocity of 

0.05 m s
-1

, using an automatic film applicator (Elcometer 4340) with a doctor blade set to a 

casting gap of 250 μm. After casting, the polymer films were immediately immersed in 

distilled water at room temperature for 1 h to solidify the support thoroughly. The PVDF 

supports were stored in dilute formaldehyde solution (1 wt.%) until use, in accordance with 

the procedure of Claes et al. [54]. Supports prepared from 18, 20 and 22 wt.% PVDF solution 

are referred to as PVDF 18, 20 and 22, respectively. 
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PVDF supports were also fabricated with phosphoric acid as an additive to control the 

porosity and pore size distribution. Dope solutions were prepared of 18 wt.% PVDF with 3 

and 5 wt.% phosphoric acid in DMAC, and the above procedure followed. Supports prepared 

with 3 and 5 wt.% phosphoric acid are referred to as PVDF 18-A3 and 18-A5, respectively. 

 

TFC membranes of PIM-1 on PVDF supports were prepared by dip-coating. Solutions 

were prepared of PIM-1 in chloroform at concentrations of 2, 3 and 4 wt.%. A PVDF support 

was dried under vacuum at ambient temperature for 1 h, then a piece (63  45 mm) was fixed 

on a glass slide and the edge sealed with aluminium tape, to ensure only the PVDF-coated 

side of the support came into contact with PIM-1 solution.  A KSV NIMA dip-coater was 

used to immerse the support vertically into the PIM-1 solution with a constant speed of 100 

mm min
-1

; it was kept immersed for 2 sec, then removed at 100 mm min
-1

. The membrane 

was then dried for 10 min in ambient air for solidification to occur. Membranes were stored 

under ambient conditions, and dried in a vacuum desiccator for 1 h before use. 

 

2.3 Membrane characterization 

 

For analysis of morphology, cross sections of PVDF supports and PIM-1/PVDF TFC 

membranes were examined by a Field Emission Gun Scanning Electron Microscope (FEG-

SEM Philips XL30) at an acceleration voltage of 10 keV. All the membrane sample were 

frozen in liquid nitrogen, fractured for cross section imaging, then coated with a Au layer (~4 

nm) to prevent charging under the electron beam. 

 

The surface morphology of PVDF supports was examined by Atomic Force 

Microscopy (AFM) (Bruker Multimode), with a scanning area of 5  5 μm and a scanning 

rate of 1.0 Hz.  2D surface scanning image, 3D surface structure and roughness parameters 

were computed automatically using Nanoscope Analysis software. The pore size distribution, 

average pore size and surface porosity of PVDF supports were determined using ImageJ 

software. The software converted the AFM 2D surface image to a black and red image, in 

which red spots represented pores on the support surface; the total red area in a specific area 

was computed [64]. This was repeated eight times for each sample and an average value 

obtained. 
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Water contact angles of PVDF supports were measured by a Theta optical tensiometer 

(Biolin Scientific). A droplet of deionized water was placed on a dry membrane sample; the 

static sessile drop method was applied and data were analyzed by OneAttension software. 

The angle formed between the liquid and solid interface was determined by a high-resolution 

camera. Each sample was tested eight times and an average value obtained. 

 

2.4 Pervaporation 

 

A batch pervaporation system (Figure 2) was constructed in-house. A circular disk 

(diameter 1.8 cm) was cut from a membrane sheet, fixed in the membrane cell and sealed 

with a Viton O-ring. Subsequently, 5 wt.% butanol/water feed solution was prepared and kept 

at a constant temperature by heating with a water bath. Most experiments were carried out at 

65 C, but further experiments were undertaken for one membrane (PVDF 18-A3 dip-coated 

with 2 wt.% PIM-1 solution) at 40 and 50 C, to investigate the effect of feed temperature. 

The pervaporation was operated using vacuum as driving force, keeping the pressure on the 

permeate side at 0.2 mbar. The permeate vapour was cooled by liquid nitrogen and collected 

in a trap. Permeate collected during the first hour was discarded, due to the non-equilibrium 

condition. Then, the pervaporation was run another 2 h. The total flux, Jtotal, was calculated 

using  

  

 𝐽total =
𝑚

𝐴𝑡
 (1) 

 

where m is the mass of permeate collected over time t for a membrane of area A. For each 

type of membrane, measurements were repeated on five membrane discs, to obtain an 

average and standard deviation. Total flux was broken down into partial fluxes, Ji, for each 

component in the mixture, on the basis of the permeate composition. Flux depends on the 

driving force for permeation, and thus on the conditions of the experiment, and also on the 

thickness, l, of the membrane. To obtain properties that relate primarily to the membrane 

material, partial fluxes may be related to permeabilities for each component,  

 

 𝑃𝑖 =
𝐽𝑖𝑙

(𝑓𝑖,f−𝑓𝑖,p)
 (2) 
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where fi,f and fi,p are fugacities or partial pressures of component i in the feed and permeate, 

respectively.  

 

Butanol concentrations were determined by gas chromatography (GC). The butanol-

water sample was diluted with acetone to form a single liquid phase. Analysis was performed 

using an Agilent 7820A gas chromatography system with a flame ionization detector, which 

responds to butanol and acetone, but not to water. The concentration of butanol in the diluted 

sample was determined from the area of the butanol peak using a calibration line from 

measurements of butanol/acetone/water mixtures of known composition (see supplementary 

information). The composition of the original sample was then calculated on the basis of the 

known dilution.  The column was a PoraPLOT Q-HT (10 m  0.32 mm  20 µm). Helium 

was used as carrier gas with a constant flow rate of 1.2 mL min
-1

. The ion source was set at a 

temperature of 190 C. The oven temperature programming was initially 175 C, kept 

isothermal for 2 min, ramped at 15 C min
-1

 up to 200 C, and isothermal again at this 

temperature for 2.5 min. The injection volume was 2 μL, applying a split ratio of 60:1. The 

scanning time was 6.1 min. 

 

Separation factors were calculated using  

 

  =
(𝑌butanol/𝑌water)

(𝑋butanol/𝑋water)
 (3) 

 

where Ybutanol/Ywater is the weight ratio of butanol to water in the permeate and Xbutanol/Xwater is 

the corresponding ratio in the feed. Alternatively, selectivity may be expressed as a ratio of 

permeabilities.  

 

  =
𝑃butanol

𝑃water
 (4) 

 

There is generally a trade-off between productivity and selectivity. The overall 

performance of a membrane is indicated by a pervaporation separation index [65] 

 

 PSI = 𝐽total(− 1) (5) 
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which is zero if there is no separation, either because there is no flux (Jtotal=0) or because 

there is no separation (=1). 

 

A further experiment was conducted with one membrane (PVDF 18 dip-coated with 4 

wt.% PIM-1 solution) to monitor the pervaporation performance over time at 65 C. 

Pervaporation was run for 1 h, then the membrane transferred to fresh 5 wt.% butanol 

solution (7.5 g butanol, 142.5 g water), and pervaporation conducted for 5 h, collecting the 

permeate and a sample of the feed for analysis after each hour. 

 

 

Fig. 2. Schematic illustration of batch pervaporation apparatus. 
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3. Results and Discussion 

 

3.1 PVDF supports 

 

PVDF supports were prepared on PP non-woven fabric using DMAC dope solutions 

with three different PVDF concentrations (18, 20 and 22 wt.%) and, for 18 wt.% PVDF, with 

phosphoric acid as a non-solvent additive at 3 and 5 wt.% (Table 1). Cross-sectional SEM 

showed that the PVDF was successfully coated on the non-woven fabric (Fig. 3(a)), and that 

PVDF layers were formed of 40-55 m thickness with finger-like macropores (Fig. 3(b)).  

 

 

Table 1. Composition of dope solution, average pore size, fractional surface porosity (fp), 

average roughness (Ra), peak to valley roughness (Rz) and root mean square roughness (Rq) 

from atomic force microscopy, and water contact angle for PVDF supports. 

PVDF 

support 

Dope solution Atomic force microscopy 
Water contact 

angle  

(degrees) 
PVDF 

(wt.%) 

H3PO4 

(wt.%) 

Average  

pore size  

(nm) 

fp Ra Rz Rq 

18 18 0 54.5 0.518 52.8 66.3 46.1 84 

18-A3 18 3 43.2 0.693 47.5 59.5 43.3 80 

18-A5 18 5 25.3 0.625 33.8 42.5 28.4 73 

20 20 0 44.8 0.473 46.6 56.6 43.7 79 

22 22 0 28.6 0.376 41.5 50.5 30.6 76 
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(a)  (b)   

(c)  

Fig. 3. Representative scanning electron micrographs of cross sections of (a) PVDF 18 on PP 

non-woven fabric, (b) the same support at higher magnification, showing finger-like 

macropores and (c) PIM-1 thin film (coated from 2 wt.% solution) on PVDF 18. 

 

The surface morphology of the PVDF supports was investigated by AFM (See 

supplementary information for images). Average pore sizes and values of surface porosity, 

from analysis of the surface images, are included in Table 1. It can be seen that increasing 

the PVDF concentration in the dope solution decreases both the average pore size and surface 

porosity in the final support. However, addition of phosphoric acid at 3 wt.% enhances 

surface porosity while decreasing the average pore size; this is desirable for TFC membranes, 

since high surface porosity increases flux while a relatively small pore size helps to ensure a 

defect-free coating of the active layer.  A higher concentration of acid (5 wt.%) decreases 

pore size further, but with a slight loss of surface porosity. Both thermodynamic and kinetic 

factors may contribute to the observed effect of phosphoric acid as a non-solvent additive in 

the PVDF solution [62]. From the thermodynamic point of view, a non-solvent additive shifts 

the cloud point curve in the phase diagram, as a consequence of which less water is needed to 

bring about phase inversion under given conditions [66]. This leads to faster demixing and a 

more porous structure. From the kinetic point of view, an additive may increase the viscosity 

of the solution, which can slow down phase separation [67]. The latter effect is likely to 
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dominate at higher additive concentrations.   

 

Distributions of pore size are provided in the supplementary information. Surface 

roughness is indicated by the roughness parameters, from AFM topographical images, 

tabulated in Table 1. Smaller surface pore size generally corresponds to a smoother surface 

(smaller roughness parameters) [68]. This in turn leads to a slightly more hydrophilic surface 

[64], as indicated by the water contact angles in Table 1. 

 

3.2 PIM-1/PVDF TFC membranes 

 

PIM-1/PVDF TFC membranes were prepared by dip-coating PVDF supports with 

solutions of PIM-1 in chloroform at concentrations of 2, 3 and 4 wt.%. Thin PIM-1 active 

layers were formed on the supports (Fig. 3(c)). For the same dip-coating conditions, higher 

PIM-1 concentrations gave thicker PIM-1 layers, as might be expected. For each support, 

TFC membranes were obtained with active layer thicknesses in the ranges 1.0-1.2, 2.0-2.2 

and 2.7-2.9 m for 2, 3 and 4 wt.%, respectively. Active layer thicknesses from SEM analysis 

are given for each membrane in the supplementary information. 

 

3.3 Pervaporation performance 

 

The PIM-1/PVDF TFC membranes were tested for the pervaporation of a 1-

butanol/water mixture (5 wt.% 1-butanol) at a temperature of 65 C, and one membrane was 

also tested at temperatures of 40 and 50 C.  For all the TFC membranes, a significant 

enhancement in 1-butanol concentration was achieved, with permeate concentrations in the 

range 28-49 wt.% 1-butanol, representing separation factors in the range 7.5-18.5. High 

values of total flux, up to 9 kg m
2

 h
1

, were obtained. The best of the membranes (TFC PIM-

1 from a 2 wt.% solution on PVDF 18-A3) gave a PSI of 112 kg m
2

 h
1

 at 65 C.  Details of 

the pervaporation results are given in the supplementary information. 

 

For comparison, a free-standing PIM-1 membrane (thickness 27 m) and a composite 

membrane with a PDMS active layer were tested under identical conditions, with the results 

shown in Table 2. As expected, PIM-1/PVDF TFC membranes gave significantly higher 

fluxes than the free-standing PIM-1 membrane, albeit with a slight loss of selectivity. Both 

flux and selectivity were better than for a PDMS composite membrane under the same 
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conditions. Also included in Table 2 are representative data from the literature, obtained 

under a variety of conditions. The fluxes achieved here are higher than for most membranes 

reported in the literature, with the notable exception of VITO 1, a TFC membrane of PTMSP 

filled with hydrophobic silica, on a PVDF support [15]. 
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Table 2. Butanol/water pervaporation performance of various membranes: active layer thickness, feed temperature, feed composition, total flux 

(Jtotal), separation factor () and pervaporation separation index (PSI). 

Membrane 

Active layer 

thickness 

(m) 

Feed 

temperature 

(C) 

Feed 

composition 

(wt.% butanol) 

Jtotal 

(kg m
2

 h
1

) 
 

PSI 

(kg m
2

 h
1

) 
Reference 

PIM-1/PVDF 18-A3 (2% PIM-1) 1.0 65 5 9.08 13.3 112 This work 

PIM-1 free-standing 27 65 5 1.85 19.6 34 This work 

PDMS supported (Pervatech)  65 5 5.25 9.9 47 This work 

PDMS/ceramic hollow fibre 10 40 1 1.28 43 54 [9] 

PDMS/PE/brass 65 37 2 0.132 32 4 [69] 

ZIF-7/PDMS MMM on PVDF 20 60 5 1.689 66 110 [22] 

PDMS Pervap 4060 (Sulzer)  50 5 3.4 39 129 [15] 

Silica-filled PTMSP/PVDF (VITO 1) 2.4 50 5 9.5 104 978 [15] 

PTMSP free-standing 22 70 6 2.097 41 84 [70] 

Surface-modified PVDF 120 50 7.5 4.126 6.4 22 [71] 

PEBA/ceramic hollow fibre 3.5 40 1 2.011 20 40 [14] 

Norbornene block copolymer on PAN 1.3 60 1 4.300 21 86 [72] 

HBPE-HTPB-PU on PAN 31 70 3.42 0.3207 10.2 3 [73] 
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For a given support, the total flux, Jtotal, increases with decreasing thickness of the 

PIM-1 active layer, as can be seen in Fig. 4(a). The same trend is observed for the water flux 

and, to a lesser extent, the butanol flux. Fig. 4(a) also shows that the flux depends on the 

support. The primary way in which the support may influence flux is through its surface 

porosity, as low surface porosity reduces the effective membrane area. This can be taken into 

account by dividing measured fluxes by the fractional surface porosity, fp, of the support, 

derived from AFM measurements. The flux may be further normalized for the thickness of 

the active layer, by multiplying by active layer thickness, l. Values of Jtotall/fp and Jbutanoll/fp 

are plotted in Fig. 4(b). It can be seen that different supports give results in very reasonable 

agreement when the surface porosity is taken into account. However, the thickness-

normalised flux decreases with decreasing active layer thickness, over the thickness range 1-3 

m. Thus, although the membranes with the thinnest active layers show the highest fluxes, 

they are not as high as might be expected on the basis of the performance of TFC membranes 

with thicker active layers. The thickness-dependence does not extrapolate linearly to very 

much thicker, free-standing membranes. Extrapolation of the data in Fig. 4(b) to 27 m (the 

thickness of the free-standing PIM-1 membrane of Table 2) gives a normalised total flux of 

147 kg m
2

 h
1

 m, nearly three times higher than the experimental value of 50 kg m
2

 h
1

 

m.  

 

The decrease in the thickness-normalised flux as the thickness of the active layer 

decreases may relate either to the process or to the material. A pervaporation process may be 

affected by concentration polarization [74], the build-up of a boundary layer in the feed, close 

to the membrane surface, that is enriched in the less permeable component. This can be 

particularly pronounced for thin films that exhibit high fluxes, reducing the flux compared to 

that which would be observed in the absence of the effect. Material properties may also 

depend on thickness, particularly for a high free volume, glassy polymer such as PIM-1, 

which relies on frustrated packing for its free volume and thus its permeation properties. The 

conformational freedom of a polymer chain is perturbed by a surface or other boundary, and 

surface effects become more pronounced the thinner the film. In thin films, not only may the 

properties differ from those in the bulk of a thick film, but physical aging processes may also 

be much more rapid [75]. For PIM-1, ultrathin films (down to 35 nm thickness) on 

polyacrylonitrile (PAN) and alumina supports have been investigated for organic solvent 

nanofiltration [30]. In that work, a decrease in permeability was observed for film thicknesses 



16 

 

below 140 nm, which was attributed to enhanced packing in ultrathin films. In the present 

work, under the conditions of the pervaporation experiments, a dependence on film thickness 

is seen at greater thicknesses (1-3 m). 

 

   

  

Fig. 4. Dependence of (a) total flux on PIM-1 thickness, (b) Jtotall/fp (black symbols) and 

Jbutanoll/fp (grey symbols) on PIM-1 thickness, (c) separation factor on Jbutanoll/fp and (d) 

pervaporation separation index on PIM-1 thickness for TFC membranes of PIM-1 on PVDF 

18 (), PVDF 18-A3 (), PVDF 18-A5(), PVDF 20 () and PVDF 22 (+).  

 

The separation factor, , increases with increasing butanol flux, normalised for PIM-1 

thickness and surface porosity, as can be seen in Fig. 4(c). The separation factor represents 

the ability to concentrate up a dilute butanol solution. However, under the conditions of these 

experiments, butanol fluxes are lower than water fluxes for all the PIM-1/PVDF TFC 

membranes studied. The high water content of the feed provides a high driving force for 

water transport. It should be noted that pure water does not pass through a PIM-1 membrane, 

but water transport is possible when an alcohol is present [76]. As has been discussed by 
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Rozicka et al. [77], there is a distinction between the apparent properties of a membrane, in 

terms of the separation that can be achieved under given conditions, and the intrinsic 

properties, which relate to the permeabilities of different components through the membrane.   

 

 Taking both flux and separation factor into account, Fig 4(d) shows that the support 

has a profound influence on the values of PSI that are achieved. PVDF18-A3 clearly 

outperforms the other supports studied here. This demonstrates that optimization of the 

support is as critical as selection of the active layer in developing composite membranes for 

applications such as butanol purification. 

 

The temperature dependences of flux, separation factor and PSI are shown in Fig. 5 for 

one membrane. Flux and separation factor increase with increasing temperature, both leading 

to a significant enhancement in PSI at higher tmeperature. 

 

  

Fig. 5. Dependence on temperature of (a) total flux () and butanol flux (), and (b) 

separation factor (, left axis) and PSI (, right axis), for pervaporation of a 5 wt% 1-

butanol aqueous solution with a TFC membrane of PVDF 18-A3 dip-coated with 2 wt.% 

PIM-1 solution. 

 

 Fig. 6 shows the results of an experiment in which the pervaporation performance was 

monitored over a 5 h period, sampling the feed and collecting the permeate after each hour.  

This enables the mass balance to be checked for the pervaporation process. Inevitably, there 

are small losses of butanol associated with each sampling step, but on average this is just 

1.2% of the original butanol per step.  Within acceptable error, butanol lost from the feed is 

accounted for in the permeate and in the samples of feed taken for analysis. 
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Fig. 6 Dependence on time of fraction of original butanol in the feed (), fraction permeated 

(), fraction in samples of feed taken for analysis () and the sum of these (dashed line), for 

pervaporation of a 5 wt% 1-butanol aqueous solution at 65C with a TFC membrane of 

PVDF 18 dip-coated with 4 wt.% PIM-1 solution. 

 

 

4. Conclusions 

 

Supports of macroporous PVDF on PP non-woven fabric have been developed and 

used to prepare high-flux TFC membranes with PIM-1 as the active layer. Supports were 

obtained with surface pore sizes in the range 25-55 nm and fractional surface porosities in the 

range 0.38-0.69, as determined by atomic force microscopy. The addition of 3 wt.% 

phosphoric acid to the PVDF dope solution was beneficial in enhancing surface porosity 

while decreasing pore size. At 5 wt.% phosphoric acid there was a further decrease in pore 

size, but with a slight loss of surface porosity. Optimization of the surface porosity of the 

support is critical to the development of high performance TFC membranes. 

 

In pervaporation with TFC membranes of a 1-butanol/water mixture (5 wt.%), total 

flux increased on decreasing the PIM-1 thickness from 2.8 m to 1.0 m. However, 

thickness-normalised flux showed a decrease with decreasing PIM-1 thickness, suggesting 

that better performance should be achievable. Flux and separation factor increased with 

increasing feed temperature. At 65 C, values of total flux up to 9 kg m
-2

 h
-1

 were obtained, 

with PSI values up to 112 kg m
2

 h
1

, which represents very good performance compared to 

most data reported in the literature. This work focussed on pure PIM-1 as the active layer. 
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Further enhancements in performance can be expected with nanocomposite active layers, and 

that will be the focus of future work. 
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