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A B S T R A C T   

The cost of polymer membranes significantly affects their industrial applications, which is inversely proportional 
to their thickness. Hence, to economically realize the industrial applications of polymer membranes, their 
thickness should be reduced. In this work, a facile and scalable coating method was used to fabricate thin 
pervaporation composite membranes. The viscosity of the membrane solution and the hydrodynamic diameter of 
the polymer coil in heptane were optimized. Polydimethylsiloxane/polytetrafluoroethylene composite mem-
branes with thickness as low as 700 nm could be obtained. The composite membranes showed an amorphous 
structure with almost constant surface hydrophobicity, and a flux as high as 2.4 kg/(m2⋅h) can be obtained while 
the separation factor sustains 8.6 at 40 ◦C for the separation of 5 wt% ethanol-water solution. The effects of the 
feed pressure, feed temperature, and vapor permeation and substrates on their performance were investigated. 
Results showed that too low or too high viscosity of membrane solution is not suitable for the formation of the 
membrane without defects. This also indicated that the coating method developed in this study, using an opti-
mum membrane solution viscosity, is an efficient approach for the large-scale fabrication of sub-micron-thick 
membranes.   

1. Introduction 

Pervaporation (PV), a membrane-based liquid/liquid separation 
technique, has been extensively investigated for water-organic, organic- 
organic, and organic-water separation applications owing to its energy- 
efficiency, mild operating conditions, small footprint, and flexibility 
[1–3]. Many industrial PV units with good separation performance such 
as those used for the dehydration of organic solvents have been installed 
worldwide [1,2]. Various PV-based technologies such as the desalina-
tion of brine and PV-coupling reaction technology have evolved over the 
past few years [2]. However, despite these achievements, the high 
fabrication cost of membranes limits the wide-spread application of the 
PV technology. Therefore, it is imperative to develop cost-effective PV 
membranes with high separation performance [4]. 

There are three main factors affecting the choice of PV membranes 
for separation applications: selectivity (separation factor), stability, and 
flux. Therefore, the development of ultrathin (sub-micron or even less 
thickness) defect-free membranes with maximum flux and (or keep) 

selectivity has been the primary focus of researchers [5]. For large- 
volume membrane applications, PV membranes should possess high 
flux or permeability to minimize the membrane area, and hence the cost 
[6,7]. Bruggen et al. [8] reported that the production cost of PV mem-
branes relies more on their flux instead of selectivity. An increase in the 
flux can linearly decrease the required membrane area [9], thus 
reducing the investment cost. On the other hand, the selectivity of PV 
membranes should be increased by 78% to achieve 34% higher flux [8]. 
Our previous work also demonstrated that membranes with high flux 
and moderate selectivity exhibit higher ethanol flux (for the separation 
of ethanol-water solutions) than those with high selectivity and mod-
erate flux [10]. Thus, flux is the key factor to reduce the fabrication cost 
of PV membranes for industrial applications [11]. 

There are two common approaches employed to improve the flux of 
PV membranes while maintaining the separation factor constant (or 
improving). One is to develop novel materials or matrix mixed materials 
[12–14]. The other is to decrease the thickness of the selective layer of 
the PV composite membrane as the flux of a PV membrane is inversely 
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proportional to its thickness. The selectivity of PV membranes is theo-
retically independent of the thickness of its selective layer as long as the 
selective layer is defect-free [15]. Therefore, in order to achieve high 
flux, the membrane should be as thin as possible (thickness less than 1 
μm or even lower) [11]. However, only a few reports are available on the 
fabrication of sub-micron-thick PV composite membranes for the sepa-
ration of organic-water solutions. Firpo et al. [15] reported the fabri-
cation of a 230 nm-thick polydimethylsiloxane (PDMS) membrane using 
the spin coating method and measured its gas permeability. However, 
the area of PDMS membranes prepared using this method is too small 
(only 100 μm2), which limits their widespread application as hundreds 
or thousands of square meters of defect-free membranes are typically 
required in an industrial facility. Jadav et al. [16] also fabricated a 
PDMS membrane with a thickness of about 200 nm by pouring the 
membrane solution on a polysulfone support with a fixed area. The 
resulting membrane was used for methanol-water separation. However, 
the separation performance of the membrane was not sufficiently 
investigated. The authors paid more attention on investigating the effect 
of the thickness of the membrane on its structure and properties. Both 
the methods mentioned above lack the feasibility of large-scale fabri-
cation. The lack of a practical scale-up fabrication method would impede 
the industrial progress of membrane materials [9]. 

Therefore, in this study, we proposed a facile scale-up casting 
method to fabricate sub-micron-thick PV membranes by rational tuning 
of the viscosity of the membrane solution. PDMS was selected to fabri-
cate the membrane owing to its low cost, easy processability, good hy-
drophobicity, and excellent stability [7,17,18]. In addition, it has 
already been industrialized by our group [19]. Hence, the fabrication of 
sub-micron-thick and cost-effective PDMS-based composite membranes 
will promote their widespread industrial PV applications. 

The thickness of a membrane is affected by three factors: the vis-
cosity and concentration of the membrane solution and the pore size of 
the substrate. The concentration of the membrane solution can signifi-
cantly affect the membrane thickness especially for the preparation of 
homogeneous membranes (or free-standing membranes). However, for 
the fabrication of thin composite membranes, the concentration of the 
membrane solution is less important than its viscosity. This is because 
PDMS can penetrate the pores of the substrate when the viscosity of 
membrane is low [11], leading to the leakage of the selective layer. On 
the other hand, when the viscosity is too high, the flowability of the 
membrane solution is poor, affecting its spread on the substrate surface, 
and finally leading to the leakage of the selective layer irrespective of the 
concentration of the membrane solution. Thus, the viscosity of the 
membrane solution should be carefully controlled. Furthermore, at the 
optimum membrane solution viscosity, the thickness of the selective 
layer of a PDMS composite membrane with a certain membrane solution 
concentration can be controlled by varying the thickness of the casting 
knife. Hence, in this study the effect of the viscosity of the membrane 
solution on the thickness of PDMS composite membranes was investi-
gated. Different substrates were used to determine the optimum pore 
size for the fabrication of sub-micron-thick composite membranes. The 
effect of the thickness of the composite membranes on their properties 
was investigated using various analytical techniques such as Raman 
spectroscopy and scanning electron microscopy (SEM). The PV and 
vapor permeation (VP) separation performance of the composite with 
the optimum thickness were investigated. 

2. Experimental 

2.1. Materials 

PDMS (RTV615) was purchased from GE Toshiba Silicones Co. Ltd., 
Japan. Polytetrafluoroethylene (PTFE) (with a pore size of 0.1 and 0.22 
μm), polyamide (PA) (with a pore size of 0.05 μm), and polyvinylidene 
fluoride (PVDF) (with a pore size of 0.05 μm) used as the membrane 
substrates were purchased from Tianjin Jinteng Co., Ltd. Heptane and 

alcohols such as methanol, ethanol, butanol, and propanol were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. All the reagents 
were of analytical grade and were used without further purification. 
Deionized water was used for all the experiments. 

2.2. Membrane preparation 

The membrane solution was prepared by dissolving PDMS in heptane 
at part A:part B weight ratio of 10:1 under agitation at 70 ◦C. A 
Brookfield DV3T rotational rheometer was used to monitor the changes 
in the viscosity of the membrane solution at 25 ◦C. The fabrication 
conditions such as reaction time, support layer and its pore size were 
investigated as shown in Table 1. The membrane solution was coated 
onto the substrate surface using a casting knife with different heights 
(10, 30, 60, 80, and 200 μm) to obtain PDMS composite membranes with 
different selective layer thicknesses. The as-cast PDMS composite 
membrane was then left overnight to evaporate the solvent at room 
temperature followed by drying in an oven for complete cross-linking at 
80 ◦C for 8 h. 

2.3. Membrane characterization 

The surface morphology and thickness of the membranes were 
examined using field-emission SEM (FE-SEM, Hitachi Limited S-4800, 
Japan) at a working voltage of 5 kV and a working current of 10 μA. The 
distribution of Si on the membranes was analyzed using energy disper-
sive X-ray spectroscopy (EDX) (Hitachi Horiba Emax, Japan) at a 
working voltage of 25 kV. The roughness of the membranes with an area 
of 5 µm × 5 μm was measured using atomic force microscopy (AFM) 
(Bruker Dimension Icon, Germany). The roughness of the support layer 
with an area of 100 µm × 100 μm was determined using a white light 
interferometer (Keyence VK X-1000, Japan). The water contact angle of 
the membrane surface was determined using a contact angle drop-water 
(MAIST A100P, China). A 2-μL drop of water was placed on the mem-
brane surface with a camera capturing the digital photographs. The 
contact angle was calculated by the system software. The sorption 
ability of the membrane towards various alcohols was investigated using 
the quartz crystal microbalance technique (QCM, Stanford Research 
Systems, QCM200, USA) at a fixed feed vapor concentration at room 
temperature. The properties of the membranes were analyzed by X-ray 
diffraction (XRD) (Bruker D8 Advance, Germany) using a Cu Kα radia-
tion over the 2θ range of 5–60◦ at a step width of 0.02◦ at room tem-
perature. The Raman spectra of the membranes were recorded over the 
wavenumber range of 100–4000 cm− 1 using a confocal Raman micro-
scope (HORIBA Scientific, HR800, France) with a 632-nm HeNe laser. 
The heat flow produced by mixing the membrane and different solvents 

Table 1 
Fabrication conditions of different membrane.  

Reaction time 
(h) 

PDMS concentration 
(wt%) 

Crosslinker 
concentration (wt%) 

Support 
layer 

0.5 5 0.5 PTFE(0.1 
μm) 

1 5 0.5 PTFE(0.1 
μm) 

3 5 0.5 PTFE(0.1 
μm) 

5 5 0.5 PTFE(0.1 
μm) 

7 5 0.5 PTFE(0.1 
μm) 

5 5 0.5 PTFE(0.22 
μm) 

5 5 0.5 PA(0.05 
μm) 

5 5 0.5 PVDF(0.05 
μm)  
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was analyzed using an isothermal titration calorimeter (MicroCal, 
ITC200, UK). Although polymer molecules can form numerous config-
urations in a solution [20,21], the spherical configuration is often 
assumed to estimate the hydrodynamic diameter of the polymer chain 
coil using dynamic light scattering [22]. In this study, the hydrodynamic 
diameter of the polymer coil in heptane with different viscosities was 
measured using a Malvern Zetasizer (ZS90, UK). 

2.4. Membrane performance 

The schematic of the PV separation process has been described 
elsewhere [10]. A flat membrane with an effective area of 9 cm2 

installed in a stainless-steel PV cell was used for the separation of 
ethanol aqueous binary solutions. The feed stream was circulated be-
tween the feed tanker and the PV cell using a microgear pump 
(CT3000F, Lead Fluid Technology Co., Ltd). The flow rate of the feed 
stream could be controlled. A counterbalance valve was installed at the 
outlet of the PV cell to control the feed pressure. The permeate pressure 
was 300 Pa unless otherwise specified. Furthermore, in order to make 
the data more comparable with those reported previously, more appli-
cable variables (flux and separation factor) were used as it is a direct 
measurement of production[23]. The membrane permeability and 
selectivity will be used in our following studies on the evaluation of the 
membrane performance. The flux (J) can be calculated as follows: 

J =
W
At

(1)  

where W is the weight of the permeate collected in the nitrogen trap for a 
given time (t) and a given membrane area (A). The average of three 
weight of the permeate was taken to ensure the accuracy. 

The separation factor (β) is obtained using the following equation: 

β =
Cp

a/Cp
w

Cf
a/Cf

w
(2)  

where Cp and Cf are the weight fractions of solutes in the permeate and 
feed, respectively, which were analyzed by a gas chromatography 
(SCION456-GC-SQ) equipment with a heated flame ionization detector 
by internal standard method. The subscript a and w denote alcohol and 
water, respectively. The average of three detected concentrations was 
taken to ensure the accuracy. 

3. Results and discussions 

3.1. Effect of the viscosity of membrane solution 

As discussed earlier, the viscosity of the membrane solution is an 
important parameter affecting the performance of PV membranes. 
Theoretically, the viscosity of the PDMS membrane solution is related to 
the pre-cross-linking level of PDMS at a certain membrane solution 
concentration [21]. Other factors such as the reaction temperature, part 
A: part B ratio, and agitation speed can affect the time required for 
achieving the desired viscosity. The reaction temperature can signifi-
cantly affect the viscosity, and it is hard to control and also related to 

Fig. 1. Relationship between the reaction time and the viscosity of the membrane solution (a) between the diameter of the PDMS chain in heptane and the viscosity 
of the membrane solution (b). 

Fig. 2. SEM images of the composite membranes obtained at the membrane solution viscosities of about 25 (a: cross-sectional, á: surface), 120 (b: cross-sectional, b́: 
surface), and 250 mPa⋅s (c: cross-sectional, ć: surface). 
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membrane concentration. Agitation speed has less effect on viscosity. 
Therefore, these parameters were assigned fixed values for the experi-
ments: membrane solution concentration = 5 wt%, reaction tempera-
ture = 70 ◦C, agitation speed = 800 rpm. The relationship between the 
reaction time and the viscosity of the membrane solution under these 
conditions is shown in Fig. 1. 

As can be observed from Fig. 1(a) the viscosity of the membrane 
solution increased exponentially with an increase in the reaction time 
because of the cross-linking of the polymer in the solution [11]. This is 
because the viscosity of linear polymer solutions is empirically related to 
their molecular weight, and hence the hydrodynamic diameter [21]. The 
larger the membrane solution viscosity, the larger the hydrodynamic 
diameter of the polymer coil, as illustrated in Fig. 1(b). The polymer 
chains are entangled with each other. And these polymer molecules take 
on numerous configurations in solution. With entanglement of polymer 
chains in solution, the diameter of polymer coil increases. Therefore, we 
assumed the polymer chains in solution as a spherical configuration by 
consulting references [21]. This suggests that at very low membrane 
solution viscosities (less than 25 mPa⋅s), the membrane solution could 
simply flows into the pores of the substrate because of the small size of 
the pores (>0.05 µm), resulting in the formation of visible defects on the 
surface. No clear interface between the selective layer and the substrate 
could be observed under these conditions, as shown in Fig. 2(á). With an 
increase in the membrane solution viscosity, the diameter of the poly-
mer coil reached the value of 100 nm or greater and the polymer mo-
lecular size became large enough for the exclusion of the polymer from 
the pores of the substrate. Sufficient amount of polymer was applied on 

the substrate surface to form a visible defect-free surface shown in Fig. 2 
(b), membrane prepared with proper viscosity varied from 80 to 150 
mPa⋅s showed similar characteristics like degree of cross-linking, sepa-
ration performance, hydrophobicity and etc. A clear interface could be 
observed because of the reduced penetration of the polymer solution 
(Fig. 2(b́)). However, at very high membrane solution viscosities (higher 
than 200 mPa⋅s) the flowability of the membrane solution decreased, 
which affected the uniform surface coverage of the substrate. The 
reduced flowability of the membrane solution also resulted in the for-
mation of pinholes after the evaporation of the solution (heptane). As 
the membrane solution could not flow to the pinholes and fill them 
because of its low flowability, defects were formed in the membrane 
(Fig. 2(c)). Therefore, by controlling the viscosity of the membrane so-
lution, the hydrodynamic diameter of polymers can be maintained to be 
larger than the pores of the substrate. In this study, the membrane so-
lution viscosity of 80–150 mPa⋅s was found to be optimum (based on the 
trial and error method) for the fabrication process. 

At the optimum membrane solution viscosity, the PTFE substrate 
with the pore size about 0.1 μm was used for the fabrication of the 
PDMS/PTFE composite membranes with different selective layer 
thicknesses. The SEM images of these membranes are shown in Fig. 3. 

It can be observed from the cross-sectional SEM images (Fig. 3 (a1) to 
(d1)) that the selective layer thickness of the membranes could vary 
from 200 to 1250 nm by varying the height of the casting knife. At the 
casting knife height of 200 μm, an 1800 nm-thick selective layer could 
be obtained. Thus, membranes with different selective layer thicknesses 
could be obtained by varying the height of the casting knife while 

Fig. 3. Cross-sectional SEM images (a1: 200 nm; b1: 700 nm; c1: 1000 nm; d1: 1250 nm), surface SEM images (a2: 200 nm; b2: 700 nm; c2: 1000 nm; d2: 1250 nm) 
and surface profile (a3: 200 nm; b3: 700 nm; c3: 1000 nm; d3: 1250 nm) of the PDMS/PTFE membranes with different selective layer thicknesses. 
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maintaining the membrane solution concentration constant. 
Fig. 3 (a2) to (d2) also show the surface SEM images of the PDMS/ 

PTFE composite membranes with different selective layer thicknesses. It 
can be observed that all the composite membranes showed dense and 
defect-free membrane surfaces irrespective of the selective layer thick-
ness. It is obvious that at 70 ◦C, no small micro-gel particles appeared at 
the surface, because the PDMS concentration we used was 5 wt% which 
may be too low to form it. 

Fig. 3 (a3) to (d3) show the surface roughness of the PDMS/PTFE 
composite membranes with different selective layer thickness. It can be 
observed from the figure that the surface roughness of the composite 
membranes increased with a decrease in the thickness of the selective 
layer. The surface roughness of the membranes varied from 1.37 nm for 
the free-standing membrane (membrane without support layer) to 69 
nm for the composite membrane with a 200 nm-thick selective layer 
(Fig. 4(a)). This is because the surface roughness of the PTFE substrate 
was about 0.45 μm, as shown in Fig. 4(b). These results suggest that if 
the selective layer is thin, it cannot totally cover the valley of the sub-
strate, resulting in the formation of a thin membrane with high surface 
roughness. On the other hand, thick selective layers can fill the valley on 
the membrane surface, thus decreasing the surface roughness of the 
membrane and making it smoother. These results indicate that very thin 
composite membranes were formed in this study. 

Jadav et al. [16] reported that thin membranes exhibit a large 
amount of crystalline domains as compared to thick membranes. These 
crystalline domains do not favor permeation through the membrane 
because the mass transport mainly occurs via amorphous domains [24]. 
However, as shown in Fig. 3(a2) to (d2) (SEM images), there are no 

obvious crystallites on the surface of membrane. In fact, the crystallite 
usually appears like white particles or hexahedron and quadrangle at 
5000 magnification of SEM image as reported [16]. Thus, we also car-
ried out the XRD analysis of the composite membranes with different 
selective layer thicknesses. The results are shown in Fig. 5. 

The membranes showed a peak at around 2θ = 12◦ [16,25,26] cor-
responding to the PDMS tetragonal crystal lattice. The intensity of this 
peak decreased with a decrease in the selective layer thickness. This 
phenomenon can be explained by solvent-induced crystallization [27], 
which means that introduction of solvents can enhance the mobility of 
polymer chains and favor the arrangement of the polymer chain into 
new crystallites. In this work, the retention time of heptane in the 
thicker membranes was longer than that in the thinner membrane. Thus, 
the polymer chains in the thicker membranes had sufficient time to 
arrange into new crystallites, leading to an intense XRD peak at around 
2θ = 12◦. These results also suggest that a decrease in the thickness of 
the selective layer weakened the crystallization of PDMS. In order to 
further examine the constant amorphous state in the thinner mem-
branes, the Raman spectra of the composite membranes were recorded 
(Fig. 6). 

As can be observed from Fig. 6, all the composite membranes showed 
similar PDMS peaks, which were consistent with those reported previ-
ously [28]. The peak at 488 cm− 1 can be ascribed to Si-O-Si (amorphous 
fraction). No peak was observed at ca. 466 cm− 1, indicating that the 
composite membranes did not exhibit the PDMS crystalline fraction, and 
hence were amorphous [29]. The Raman spectra of the membranes 
showed peaks corresponding to Si-CH3 symmetric stretching and Si-CH3 

Fig. 4. Surface roughness of the free-standing membrane and composite membranes with different selective layer thicknesses (a) surface profile of the PTFE sub-
strate (b). 

Fig. 5. XRD patterns of the composite membranes with different selective layer 
thicknesses. Fig. 6. Raman spectra of the substrate and composite membranes with 

different selective layer thicknesses. 
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asymmetric stretching at 2910 and 2965 cm− 1, respectively [28–30]. 
Furthermore, no peaks were observed at 913 and 2165 cm− 1, indicating 
the absence of the Si-H stretching bonds. This indicates that PDMS was 
completely cross-linked during the reaction [31]. Therefore, Raman 
spectroscopy also confirmed that the amorphous structure of the mem-
branes was not affected by their thickness. In addition, the water contact 
angle of membrane with different thickness varies from 119.8◦ to 120.6◦

which indicates thickness did not affect their surface hydrophobicity. 
The water contact angles obtained in this study were consistent with 
those reported previously for free-standing PDMS membranes[32]. 

3.2. PV performance of the membranes with different thicknesses 

In order to further confirm the dense and defect-free structure of the 
composite membrane, their performance for the separation of a 5 wt% 
ethanol aqueous solution was evaluated. This is because according to the 
Fick’s law and solution-diffusion mechanism, the flux through a dense 
and defect-free membrane should be proportional to its reciprocal 
thickness, while the separation factor should be independent of the 
thickness [33]. The results for the evaluation of the effect of thickness on 
separation performance of the composite membranes are shown in Fig. 7 
(a). It shows that fluxes increase with decreasing thickness with an 
increasing slope (concave up). This is because thinner thickness means 
less resistance for the permeation; higher fluxes can thus be obtained. 
Furthermore, as shows in Fig. 7, with the decrease in thickness, the d- 
spacing of membrane increases; accordingly, larger channels can thus be 
formed for the permeation. The synergistic effects of these two factors 
finally led to the increasing fluxes with decreasing thickness with a 

rising slope (concave up). The separation factor on the other hand, 
remained constant as expected at the thicknesses greater than or equal 
to about 700 nm, indicating that the membranes were dense and defect- 
free [32]. With a decrease in the thickness to about 200 nm, the flux 
increased to about 3.5 kg/m2 h; however, the separation factor 
decreased to about 6. This is because when the membrane thickness is 
very low, the selective layer cannot completely cover the substrate 
surface because of its roughness, resulting in the formation of pinholes in 
the membrane. Thus, the diffusion through these pinholes becomes 
important in such membranes, finally resulting in a decrease in the 
separation factor [33]. Or from Fig. 7, it can be observed that the 
decrease in the separation factor was not as high as that reported pre-
viously for membranes with defects. In addition, unlike membranes with 
defects, the composite defect-free membranes prepared in this study did 
not exhibit a sharp increase in the flux [32]. Therefore, we guess that the 
membrane with a thickness of about 200 nm showed no defects or only a 
few defects. It showed a low separation factor owing to its very thin 
thickness that could not provide adequate separation. And the detailed 
investigation has been conducting in our lab to determine the exact 
reason for this. 

3.3. PV performance of the membranes under different conditions 

Fig. 8 shows the PV performance of the composite membranes at 
different feed pressures. It can be observed from Fig. 8(a) that the total 
flux remained almost constant with an increase in the feed gauge pres-
sure from 0 to 500 kPa. This is because the feed pressure cannot affect 
the saturated vapor pressure of the solution, which is the driving force of 

Fig. 7. Effects of thickness on the PDMS/PTFE composite membrane performances (a) and on the d-spacing of PDMS membrane (5 wt% ethanol-water solution, 
temperature: 40 ◦C, vacuum pressure: 280 Pa). 

Fig. 8. Effect of the feed pressure on the separation performance of a PDMS/PTFE composite membrane without defects for the separation of a 5 wt% ethanol-water 
solution at 40 ◦C and a permeate pressure of 300 Pa. 
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the PV process. Thus, the feed pressure does not affect the membrane 
flux significantly. However, the fluxes of water and ethanol show a 
contrary trend with increased feed pressure. More water can be 
squeezed through the membrane under the feed pressure quickly, 
mainly because of the lower kinetics diameter. The permeate water will 
prevent the permeation of ethanol, leading to the decreasing ethanol 
flux. If the membrane has defects, its flux will show a sharp increase, 
which is not observed by the 700 nm-thick membrane. In addition, even 
500 kPa feed pressure was used, the membrane still shows a separation 
factor as high as 7, which indicates the membrane is dense without 
defect. As shown in Fig. 9, when a membrane with defects was tested 
under the same feed pressure, the separation performance was affected 
significantly. Although low feed pressures (less than 100 kPa) had little 
effect on the membrane performance because of the possible liquid entry 
pressure or the accumulation of the liquid in the defects, resulting in the 
blockage of the defects and the entry of the liquid into the pores [34,35]. 
When the feed pressure increased further, (to surpass its liquid entry 
pressure) the liquid could still penetrate the pores deteriorating the PV 
performance of the membranes. These results indicate that polymer 
casting solution without sufficient viscosity cannot totally cover the 
substrate. Furthermore, if a PV membrane is industrially employed, high 
feed pressure has to be used because of the ducting resistance. High feed 
pressure will reduce the separation factor and enlarge the defect in the 
membrane instead of improving its PV performance. 

The separation performance of 700 nm thick membrane was also 

studied, as shown in Fig. 10. It can be seen that both water and ethanol 
fluxes increase with increasing feed ethanol concentration because more 
ethanol adsorbed in the membrane can cause membrane swelling, 
leading to reduced transport resistances for ethanol and water, higher 
flux can thus be obtained with the increase in the feed ethanol con-
centration. However, due to the membrane swelling and the existence of 
transport resistance, the increase in the permeate ethanol concentration 
is less than that in the feed ethanol concentration, resulting in a 
decreasing separation factor. 

3.4. Vapor permeation (VP) performance 

Fig. 11 shows the separation performance of the membranes with 
different thicknesses for the VP of a cyclohexane/nitrogen (N2) mixture, 
because a membrane with defects can exhibit good separation perfor-
mance in the PV process because of the accumulation of the liquid in 
narrow defects, which effectively blocks the defects in the membrane. 
However, such membranes exhibit poor gas separation or vapor 
permeation performances [35]. 

To test whether the membrane is dense without defect, the per-
meances of nitrogen and carbon dioxide were determined, as shown in 
Fig. 12. It shows that ideal selectivity of CO2/N2 of three membranes 
with different thicknesses is all approximately 12.3, indicating the 
membranes are dense according to the literature [36]. Therefore, based 
on the results shown in Figs. 9, 11, and 12, it can be stated that the 700 
nm-thick PDMS/PTFE composite membrane was free of defects.” 

3.5. Uniformity of the membrane performance at different locations 

Fig. 13 shows the separation performances of the three membranes 
obtained by cutting the A4-size PDMS/PTFE composite membrane at 
three different locations. The membranes showed similar separation 
performances with an average separation factor of about 8.6 and an 
average total flux of about 2.4 kg/(m2⋅h) at 40 ◦C. This demonstrates the 
stability and feasibility of the casting method used in this study espe-
cially for the industrial scale-up. Furthermore, it can be observed from 
Fig. 13 that an increase in the feed temperature resulted in a significant 
increase in the flux because of the enhanced driving force and mobility 
of the membrane polymer and the separated species [37]. On the other 
hand, the separation factor increased slightly with an increase in the 
feed temperature. The result indicates that the sub-micron-thick PDMS/ 
PTFE composite membranes prepared in this study were defect-free 
because when the membranes have defects, the separation factor may 
decrease greatly, as previously reported. [12,33,38–40]. The slight 

Fig. 9. Effect of the feed pressure on the separation performance of a PDMS/ 
PTFE composite membrane with defects for the separation of a 5 wt% ethanol- 
water solution at 40 ◦C and a permeate pressure of 101.325 kPa. 

Fig. 10. Effect of feed ethanol concentration on the separation performance of 
700 nm-thick PDMS/PTFE composite membrane. 

Fig. 11. VP performance of the membranes with different thicknesses for the 
separation of cyclohexane/nitrogen mixture (cyclohexane concentration =
40,000 ppm, temperature = 30 ◦C, vacuum pressure = 180 Pa). 
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increase in the separation factor with temperature can be attributed to 
the fact that on the one hand, the increasing temperature can deteriorate 
the sorption selectivity, and weaken the separation factor; on the other 
hand, the average activation energy of ethanol (as calculated from the 
slope of the curve shown in) was 35.32 kJ/mol, which is higher than that 

of water (33.94 kJ/mol), as shown in Fig. 14. Higher activation energy 
implies higher sensitivity to temperature [17,41], and higher ethanol 
flux can thus be expected with higher temperatures. These two opposite 
factors compensate each other, leading to a slight increase in the sepa-
ration factor. 

3.6. Generality 

To demonstrate the generality of the coating method used in this 
study, other substrates such as PTFE (0.22 μm-thick), PVDF, and PA 
were used for the fabrication of the composite membranes. The results 
are shown in Fig. 15. 

All the composite membranes exhibited good separation perfor-
mance. The membranes deposited on the PVDF and PA substrates 
showed low separation factor and total flux. This can be attributed to the 
small pore size of these membranes, which increased the resistance of 
the substrate and affected the transportation of the PV membrane, thus 
reducing the flux and separation factor [11,42,43]. Fig. 15 also shows 
that the membrane fabricated using the PTFE substrate (pore size =
0.22 μm) showed the best separation performance among all the mem-
branes investigated. However, the chances of its successful fabrication 
without leakage are too low. Thus, PTFE is not suitable for the fabri-
cation of industrial PV membranes. The generality results suggest that 
the coating method (with controlled membrane solution viscosity) used 
in this study is an efficient approach for the fabrication of industrial PV 
membranes. 

Fig. 12. Ideal selectivity of membranes with different thicknesses of pure CO2 and N2 at different feed pressure.  

Fig. 13. Uniformity of the membrane performance at different temperatures 
for the separation of a 5 wt% ethanol-water solution at a permeate pressure of 
280 Pa. 

Fig. 14. Semi-logarithmic plots of ethanol and water flux vs. the reciprocal of 
the absolute temperature. 

Fig. 15. Separation performance of the composite membranes with 
different substrates. 
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3.7. Comparison of the separation performance 

The PV performance of the thin composite membrane prepared in 
this study for the separation of a 5 wt% ethanol-water solution was 
compared with those of the membranes reported previously (Fig. 16). 

The sub-micron-thick PDMS composite membrane exhibited the 
highest flux (even higher than some inorganic membranes) [55] among 
all the membranes compared because of its low transport resistance due 
to its sub-micron thickness. Meanwhile, this membrane maintained its 
intrinsic separation factor because its surface hydrophobicity and 
amorphous structure did not change with a decrease in the thickness. 
Therefore, this thin membrane will significantly reduce the fabrication 
cost of PV membranes. 

4. Conclusions 

In this study, sub-micron-thick (700 nm) PDMS composite mem-
branes without defects were fabricated using a facile scale-up coating 
method by controlling the viscosity of the membrane solution. The 
viscosity of the membrane solution was found to be related with the 
hydrodynamic diameter of the polymer coil in heptane, which plays a 
vital role in the formation of defect-free sub-micron-thick membranes. 
The characterization results revealed that the amorphous structures of 
the PDMS selective layer did not vary with its thickness. Therefore, 
separation factor about 8.6 and total flux as high as about 2.4 kg/(m2⋅h) 
can be obtained at 40 ◦C for the separation of 5 wt% ethanol-water so-
lution. These values are much higher than those reported for other pure 
polymer membranes. 

The vapor permeation and separation performance studies under 
different conditions revealed that the membrane showed a dense and 
defect-free structure. Various substrates with different pore sizes were 
used to evaluate the generality of this coating method. The PDMS se-
lective layer could be easily coated on these substrates when the pore 
size was less than or equal to 0.1 μm, demonstrating the good generality 
of the coating method. 
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