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A B S T R A C T   

Polydimethylsiloxane (PDMS) composite membrane is used for treating pharmaceutical wastewater containing 
NaCl and solvent. In this study, the influence of feed concentrations of NaCl and isobutanol, process temperature 
and membrane microstructures on salt rejection are evaluated. Microstructures of PDMS membrane before and 
after separation are characterized by nuclear magnetic resonance (NMR), energy dispersive X-ray spectroscopy 
(EDS), scanning electron microscope (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction 
(XRD) and Positron annihilation life-time spectroscopy (PALS). The PV results show that NaCl will not sponta-
neously enter PDMS membrane without isobutanol. However, while NaCl feed concentration is 13 wt%, salt 
rejection of PDMS membrane drops from 100% to 99.09% with increasing feed concentration of isobutanol (up 
to 7 wt%). On the contrary, a higher temperature increases salt rejection of PDMS membrane and NaCl 
permeation through PDMS membrane is not through a vapor permeate process. Due to the relaxation of PDMS 
polymer chain, when PDMS cross-linking ratio is 0.1, the salt rejection increases from 99.87% to 100% with its 
thickness increasing from 10 μm to 17.5 μm. While the cross-linking ratio rises to 0.2, the salt rejection is 100% 
with the PDMS layer thickness of 10 μm. The relationship between relaxation of polymer chains and transport of 
NaCl in PDMS membrane is an excellent guidance and will be beneficial for the treatment of saline organic 
wastewater.   

1. Introduction 

Wastewater recycling use is one of the key concerns in global envi-
ronment [1,2]. Pharmaceutical wastewater contains large amounts of 
salts and organic solvents, such as NaCl (≤15 wt%) and isobutanol (≤7 
wt%), which poses a serious threat to the environment and human 
health [3,4]. Therefore, NaCl removal and isobutanol recovery are 
essential demands to treat wastewater. Compared with traditional 
distillation technology, membrane process has higher efficiency and 
energy-saving potential [5]. Reverse osmosis (RO) is currently the most 
mature pressure-driven membrane process for desalination and the cost 
is relatively low [6]. Non-pressure-driven membrane processes, such as 
membrane distillation (MD) and Pervaporation (PV), are also attractive 
in the treatment of wastewater with dissolved solids, and have a strong 
resistance to fouling [7]. In addition, there has been many researches on 
separation and recovery of organics from water in the PV process [8,9]. 

Compared with other membrane technologies, PV has a great potential 
in the treatment of aqueous solutions containing NaCl and isobutanol. 

PV is considered an economical and green separation process, in 
which specific components in feed preferentially dissolve and permeate 
through the dense membrane, then evaporate in downstream. There is a 
chemical potential gradient between feed side and permeate side of the 
composite membrane during PV, thereby creating a mass transfer 
driving force for the permeate [9–11]. Pervaporation membranes are 
generally dense, including hydrophilic or organophilic materials. Poly-
vinyl alcohol (PVA) [12], graphene oxide (GO) [13], mxene [11] and 
other two-dimensional hydrophilic materials have been used in perva-
poration desalination, salt rejection for high-concentration saline 
wastewater can reach 99.99%~100% [14,15]. Apart from its emerging 
application in desalination, PV has been extensively used for liquid 
separations, such as dehydration of organic solvents, evaporation of 
volatile organics from aqueous solutions, and separation of organic 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: xingwh@njtech.edu.cn (W. Xing), x.ke@hull.ac.uk (X. Ke).  

Contents lists available at ScienceDirect 

Journal of Membrane Science 

journal homepage: www.elsevier.com/locate/memsci 

https://doi.org/10.1016/j.memsci.2022.120812 
Received 12 May 2022; Received in revised form 6 July 2022; Accepted 8 July 2022   

mailto:xingwh@njtech.edu.cn
mailto:x.ke@hull.ac.uk
www.sciencedirect.com/science/journal/03767388
https://www.elsevier.com/locate/memsci
https://doi.org/10.1016/j.memsci.2022.120812
https://doi.org/10.1016/j.memsci.2022.120812
https://doi.org/10.1016/j.memsci.2022.120812
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2022.120812&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Membrane Science 659 (2022) 120812

2

mixtures [8,9]. As a typical organophilic material, polydimethylsiloxane 
(PDMS) is widely used to recover organics in water due to its easy 
preparation and low cost. Therefore, it has extensive researches on the 
separation mechanism of binary or multi-system solvent systems [16, 
17]. 

As the actual system contains not only organics but also a large 
quantity of soluble salt, researchers consequently study influence of salt 
on PV performance. At 35 ◦C–40 ◦C, PDMS-based composite membranes 
with different thicknesses are used to treat saline organic wastewater, 
including NaCl/n-butanol/water [18], NaCl/acetonitrile/water [19], 
ammonium sulfate/n-butanol/water [20,21]; As the feed concentration 
of salt increases, it can promote separation of organics from water due to 
the salting-out effect. But these separation processes did not explore the 
distribution of salt inside composite membranes. They claimed that salt 
does not pass through the functional layer of PDMS membrane as NaCl is 
not on the permeate side [22]. 

Furthermore, other researchers had systematically explored the 
distribution of salt in composite membranes based on silicone rubber. 
Through X-ray photoelectron spectroscopy (XPS), NaCl could be found 
in the membrane surface at the feed side [23]. Moreover, the theory of 
fouling on the membrane surface was proposed based on decreasing flux 
[24]. It partly explains the salt exists as hydrated ions in feed will in-
crease the affinity between salt and silicon-based membrane [25]. On 
the whole, NaCl as an impermeable component, exists in a state of hy-
drated ions and is impossible to pass through a dense and defect-free PV 
membrane [11]. However, the organics were found to change the 
microstructure of PDMS polymer chain inferred from the 
solution-diffusion model [26], thus hydrated ions may pass through the 
PDMS layer and crystallize on permeate side. In fact, we did observe 
NaCl crystals on permeate side of PDMS membranes, when treating sa-
line organic wastewater in PV (Fig. S1 for details). 

In this work, concentration of isobutanol/NaCl and temperature in 
feed are investigated to explore their influence on the salt rejection of 
PDMS membrane. Microstructures of PDMS membrane before and after 
separation are characterized by nuclear magnetic resonance (NMR), 
energy dispersive X-ray spectra (EDS), scanning electron microscope 
(SEM), Fourier transform infrared spectroscopy (FTIR) and X-ray 
diffraction (XRD). Moreover, the thickness and crosslinking degree of 
PDMS membrane are investigated to explore the influence of the 
membrane microstructure on the rejection of NaCl. The purpose is to 
study the mechanism of NaCl passing through the PDMS membrane and 
establish the relationship between relaxation of polymer chains and salt 
rejection. 

2. Materials and methods 

2.1. Materials 

All materials and regents were commercial products (analytical 
grade) and used without further purification. Isobutanol and NaCl were 
from Sinopharm Chemical Co. Ltd., China. PDMS flat composite mem-
branes were produced by Nanjing Jiusi High-Tech Co., Ltd., China [27]. 
The membrane consists of PDMS top layer with different thickness and 
crosslinking ratio, polyvinylidene fluoride (PVDF) intermediate layer 
with mean pore size of 76 nm and non-woven fabrics substrate layer. In 
addition, the thickness of PDMS layer (crosslinking ratio of TEOS: PDMS 
= 0.1) was determined by height of drawknife, therefore named PDMS, 
PDMS1, PDMS2, PDMS3, PDMS4 from low to high [28]; the crosslinking 
ratio is controlled by TEOS: PDMS = 0.08 or 0.09 or 0.1 or 0.15 or 0.2 
(PDMS layer thickness is consistent), it was therefore named PDMS0.08, 
PDMS0.09, PDMS0.1, PDMS0.15, PDMS0.2 [29]. The surface properties of 
various PDMS composite membranes are shown in Fig. S2a and Fig. S2b. 

2.2. Characterization 

The morphology of membranes was observed by SEM (Hitachi S- 

4800) at an acceleration voltage of 2 kV. An energy spectrum analysis 
system was used to analyze element distribution. Crystal structures of 
PDMS composite membranes were acquired by XRD (RIGAKU MiniFlex 
600) using Cu Kα radiation (λ = 0.154 nm) with the range of 5–40◦ and 
an increment of 0.02◦. ATR-FTIR spectra (Thermo Nicolet Nexus 470) 
were recorded in the range of 500–4000 cm− 1 to measure the surface 
properties. 

The nuclear magnetic resonance technology (LF-NMR, NM42-40H–I) 
was used to measure the influence of solvents on relaxation of PDMS 
polymer chains [30]. The free-support dense PDMS membranes were 
immersed in 13 wt% NaCl/water and 13 wt% NaCl/1-7 wt% iso-
butanol/water to reach a swelling equilibrium. Subsequently, a slice of 
membranes (1 cm in diameter, 0.1 g) was placed in the bottom of a 7 mL 
glass vial. Then the glass vial was sealed and placed into the analyzer 
coil to get the T2 decay curve. The NMR parameters are shown in 
Table 1. Moreover, the decay curve was inverted to obtain the T2 
relaxation spectrum through Laplace transform, where the number of 
inversion data points was 200, the number of iterations was 5000, and 
the fitting error was 0.006. 

Free volume property of composite membranes with different 
crosslinking ratios were analyzed by PALS (DPLS3000). The EG&G 
ORTEC fast/slow coincidence system with a resolution of 210 ps was 
used. Then the spectrum was resolved by LTv9.0 software. The positron 
source (22Na, 7 × 105 Bq) was placed between two membrane samples 
(1 cm × 1 cm). Moreover, radius of free volume cavities (r3) and frac-
tional free volume (fapp) were obtained by Eqs. (1) and (2) [31,32]. 

τ3 =
1
2

[

1 −
r3

r3 + Δr
+

(
1

2π

)

sin
(

2πr3

r3 + Δr

)]− 1

(1)  

fapp =
4π
3

r3
3I3 (2)  

where τ3 is the ortho-positronium (o-Ps) pick-off lifetime; I3 is the cor-
responding intensity of o-Ps; Δr is the electron layer of thickness 
(0.1656 nm). 

2.3. Swelling experiments 

The homogeneous PDMS0.08 composite membrane without support 
layer was used for swelling experiments to avoid the influence of the 
support. Typically, it is placed in a vacuum drying oven at 60 ◦C for 24 h 
before soaking, and then weigh it with a precision balance to obtain the 
dry membrane mass (W1). Membranes of known weight were soaked in 
30 wt% NaCl/water and 30 wt% NaCl/5 wt% isobutanol/water. After a 
given period of time, take it out and use a dust-free cloth to dry the 
membrane surface solution quickly and carefully. PDMS0.08 composite 
membranes are weighed to obtain the swollen homogeneous membrane 
mass at this time, and then put back into solution. Repeat the operation 
until the homogeneous membranes does not gain any further weight, 
and the mass (W2) of the membranes at this time is the swelling limit. 
Put the swollen composite membrane in an oven at 60 ◦C for 24 h, then 
weigh to get the mass (W3). 

Swelling degree (S1) of the homogeneous PDMS0.08 composite 
membrane is calculated by Eq. (3): 

S1 =
W2 − W1

W1
(3) 

Salt in membrane (S2) is calculated by Eq. (4): 

S2 =
W3 − W1

W1
(4)  

2.4. Pervaporation 

The diagram of the experimental devices is shown in Fig. 1. Its 
equipment is set similar to the previous work [27], including heating 
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system (water bath and feed tank), membrane module (membrane area 
is 153.86 cm2), cold trap, vacuum pump. Moreover, the peristaltic pump 
allows tangential flow through membrane module at a rate of 68 L•h− 1 

(Reynolds≈253.8). The target components on permeate side of mem-
branes are collected in a refrigerator cooling system (− 70 ◦C) with a 
vacuum pump (150 Pa). The concentration of isobutanol in permeate is 
oversaturated, so it is necessary to dilute it 10 times before analysis 
using gas chromatograph (GC). All experimental results were repeated 
at least three times, an error of <5%. The feed liquid for each experiment 
was 1.2 L, and was preheated for half an hour. Every half an hour, we 
took samples for analysis. The concentration of isobutanol and NaCl in 
feed tank were 0–7 wt% and 0–13 wt%, respectively. The temperature of 
the feed liquid is 30–60 ◦C. 

Mass transfer of NaCl in the PDMS composite membrane is indicated 
by the salt rejection (R), and measured by indirect method [33], as Eq. 
(5): 

R=

(

1 −
ms

m × Cf

)

× 100% (5)  

where ms is the weight of NaCl crystals on filter and metal sheet(g), as 
shown in Fig. 1b; m is the weight of liquid on the permeate (g); and Cf is 
the concentration of NaCl on the feed (wt%). It is worth noting that if 
only liquid evaporation occurs during PV, its theoretical salt rejection 
should be 100% [11]. However, it can be known that the components 
enter PDMS layer in a liquid state inferred from the series resistance 
model, and then vaporize in porous support [27]. Consequently, the 
hydrated ions of NaCl may pass through the PDMS layer and then 
crystallize in porous support. 

Transmission of water and isobutanol in PDMS composite membrane 
are usually indicated as the flux Ji, determined by Eq. (6): 

Ji =
mi

A × t
(6)  

where mi is the mass of component i in the permeate (g); A is the 
effective membrane area (m2); and t is the run time for the PV (hour). 

Long-term stability: Adopt PDMS4 and PDMS0.2 composite mem-
branes to separate saline organic wastewater while feed concentration is 
13 wt% NaCl and 1 wt% isobutanol at 40 ◦C. PV time was 8 hours, and 
the cycle run was 5 times. The variations of isobutanol mass concen-
tration in feed was measured by GC, and salt rejection of two types 
composite membranes were calculated by indirect method. 

3. Results and discussion 

3.1. Swelling of PDMS membrane in pure solvent 

To check whether NaCl spontaneously enters the PDMS membrane 
layer, we test the swelling degree and the results are shown in Table 2. 
The homogeneous PDMS membrane without support did not swell 
obviously in 30 wt% NaCl aqueous solution, and the performance of 
PDMS membrane did not change after drying. It comes to a conclusion 
that NaCl did not enter the membrane. In addition, although the ho-
mogeneous PDMS membrane swelled in 30 wt% NaCl/5 wt% isobutanol 
aqueous solution, there was no significant weight gain after the mem-
brane dried. Therefore, NaCl would not spontaneously enter the PDMS 
membrane. 

3.2. PV performance of PDMS composite membrane 

3.2.1. Influence of feed concentrations of NaCl and isobutanol 
During pervaporation, the concentration of the components in feed 

will greatly affect their dissolution and diffusion processes in PDMS 
composite membrane [34,35]. Moreover, it can be seen from Section 3.1 
that NaCl will not spontaneously enter the PDMS membrane, but 
chemical potential of components varies during the membrane PV. 
Therefore, the influence of feed concentrations of NaCl and isobutanol 
on flux and salt rejection are studied. Fig. 2a depicts that when iso-
butanol concentration is 7 wt% in feed and NaCl concentration increases 
from 1 wt% to 13 wt%, water flux gradually decreases and isobutanol 
flux gradually increases. This phenomenon is due to the salting-out ef-
fect: NaCl combines with free water to form hydrated ions, reducing the 
content of free water and thermodynamic activity [36]. As the free water 
for dissolving isobutanol decreases, the increase in activity of isobutanol 
leads to an increase in its mass transfer driving force and isobutanol flux. 
This is similar to the tendency of NaCl to promote the separation of 

Table 1 
NMR specific parameters.  

magnetic sampling number sampling frequency wait time Rf delay Analog gain Digital Gain cumulative frequency echo time number of echo 

42.14 MHz 80,000 100 kHz 2000 m s 0.29 m s 20 db 3 4 0.08 m s 10,000  

Fig. 1. (a) Experimental device diagram, (b) Plate membrane module.  

Table 2 
Swelling degree and salt in membrane of PDMS0.08.  

System Swelling degree 
(S1)/% 

Salt in membrane 
(S2)/% 

30 wt% NaCl/water 0.71 ± 0.33 (9.56 ± 0.27)E− 2 

30 wt% NaCl/5 wt% isobutanol/ 
water 

9.44 ± 0.01 (5.46 ± 0.01)E− 2  
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n-propanol in water with composite membrane [23]. Moreover, the size 
of hydrated ions of NaCl is much larger than that of water molecules, 
therefore reducing mass transfer and resulting in negative impact on 
water flux [19]. 

Fig. 2b describes the combined effect of feed concentrations of NaCl 
and isobutanol on salt rejection of PDMS membrane. When the iso-
butanol concentration is 1 wt% and NaCl concentration increases to 13 
wt%, the salt rejection of PDMS membrane drops to 99.87%. This is due 
to that maximum hydration number in first hydration shell of sodium 
ions is five. When more free water is added, a second, higher-level hy-
dration shell will be formed [37]. Sodium ions are more likely to form 
Na+⋅1~5H2O, and they have a smaller radius of gyration (list in 
Table 3). At the same time, the composite membrane swells in iso-
butanol and causes the free volume of the PDMS polymer chain to in-
crease [38], eventually resulting in a decrease in salt rejection of PDMS 
membrane. 

Fig. 2b shows while NaCl concentration reaches 13 wt% and iso-
butanol concentration increases from 0 wt% to 1 wt%, salt rejection of 
PDMS membrane drops from 100% to 99.87%. The high isobutanol 
concentration increases swelling of PDMS membrane and leads to 
changes in the microstructure of PDMS polymer chain [30]. The 
swelling behavior of PDMS in isobutanol could be identified by the 
spin-spin relaxation times (T2), which was measured in NMR. The higher 
T2 indicates a larger free space in the membrane, which is attributed to 
an increase in degree of polymer chain relaxation [30,39]. Fig. 3 depicts 
that the relaxation times inversion spectra of polymer network, T2s and 
T2m. On the one hand, T2s corresponded to protons of the polymer chains 
close to the crosslinking site. On the other hand, T2m corresponds to a 
proton of the polymer chain located in the network while being indi-
rectly attached to the cross-linker site [40]. As the isobutanol concen-
tration in feed gradually increased, there was no significant changes on 
T2s, but increased the T2m of PDMS. It suggests the swelling (by iso-
butanol) should increase the movement of polymer chain between the 
cross-linking sites, thereby increasing relaxation of PDMS and reducing 
the salt rejection of PDMS membrane. 

In order to investigate the distribution and mass transfer of NaCl in 
PDMS membrane, the elements, morphology, surface properties and 
structure of PDMS membrane before and after separation are analyzed. 
As shown in Fig. 4a and Fig. 4b, NaCl is shown in the transition layer, 
base membrane layer and the permeate side. It is preliminarily deter-
mined that NaCl permeation through PDMS membrane is a dissolution- 
recrystallization process. Moreover, Fig. S5a and Fig. S5b show that 
there is no NaCl inside the PDMS composite membrane when the salt 
rejection is 100%. However, when 7 wt% isobutanol is present in the 
system, sodium chloride is distributed inside the substrate. Fig. 4c and 
d depict that the surface properties and crystal structure of PDMS 
membrane have not significantly changed before and after separation. 
Moreover, PDMS membrane can maintain 100% salt rejection when 
repeatedly treating 13 wt% NaCl in water (Table S1 for details). 
Therefore, it can be concluded that NaCl can pass through PDMS 
membrane under certain feeding conditions and PDMS membrane 
microstructure did not change during this process. 

Fig. 2. Effect of feed concentration in NaCl/butanol/water ternary system on (a) flux (7 wt% isobutanol) and (b) salt rejection of PDMS membrane (feed tem-
perature: 40 ◦C). 

Table 3 
Radius of gyration of hydrate ions [37].  

hydration 
number 

Na+⋅1H2O Na+⋅2H2O Na+⋅3H2O Na+⋅4H2O Na+⋅5H2O 

radius of 
gyration 

0.375 nm 0.515 nm 0.56 nm 0.565 nm 0.61 nm  

Fig. 3. Comparison of the relaxation times of PDMS0.1 in 13 wt% NaCl/0 wt% - 
7 wt% isobutanol/water. 
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3.2.2. Effect of feed temperature 
Temperature is an important factor for the transport of components 

in PDMS composite membrane during PV. It not only affects the disso-
lution and diffusion of isobutanol, but also increases thermal motion of 
PDMS polymer chain, lead to increase its free volume [14]. Combine 
with section 3.2.1 that decrease in PDMS salt rejection is caused by in-
crease in relaxation of PDMS polymer chain. Thus, the effect of feed 
temperature is investigated under the isobutanol and NaCl concentra-
tions of 1 wt% and 13 wt%, respectively. It can be found in Fig. 5 that 
water flux and isobutanol flux gradually increase as the temperature 
rises from 30 ◦C to 60 ◦C. This is because temperature increases thermal 

movement of components, and also increases the swing of PDMS poly-
mer chain, which promotes penetration of components [41]. In addition, 
temperature rise will increase diffusivity of hydrated ions [29,42], but it 
is found from Fig. 5 that PDMS membrane salt rejection rises from 
99.34% to 99.92% with the rise of temperature. Table 1 shows that 
hydrated ion cannot be dissolved in PDMS, which makes its resistance to 
passing through PDMS membrane remarkably. Therefore, the polymer 
chain caused by temperature cannot increase the NaCl transport, and the 
relaxation of the PDMS polymer chain caused by isobutanol is a key 
factor for reduction of PDMS salt rejection. 

3.2.3. Influence of PDMS layer thickness 
The thinner thickness of PDMS layer, the more likely it is to aggre-

gate polymer chains, resulting in a looser structure of the polymer chains 
[43]. In addition, Section 3.2.2 shows that the passage of NaCl through 
the PDMS polymer membrane is attributed to the swelling and relaxa-
tion of the polymer chain, which provides a transport channel for hy-
drated ions. Composite membranes with different PDMS layer 
thicknesses were prepared to treat 13 wt% NaCl/1 wt% isobutanol/-
water system. As shown in Fig. 6, PDMS composite membranes were 
prepared with thicknesses of 10 μm, 11.3 μm, 13.2 μm, 14.8 μm, and 
17.5 μm. 

Fig. 7 depicts the effect of the PDMS layer thickness on salt rejection 
and each component flux. As shown in Fig. 7a, the composite mem-
branes have a characteristic peak near 2θ = 12◦, which corresponds to 
the PDMS tetragonal lattice reported in the literature [44]. Due to the 
solvent-induced crystallization [45], thicker polymer chains have 
enough time to arrange into new crystallites in n-heptane, resulting in 
crystallinity of PDMS gradually increases with increasing thickness. The 

Fig. 4. Element distribution of (a) membrane cross section (13 wt% NaCl/1 wt% isobutanol/water), (b) crystals on PDMS membrane permeate side; (c) Infrared 
spectra and (d) XRD pattern of PDMS membrane before and after separation. 

Fig. 5. Effect of feed temperature on flux and salt rejection (feed composi-
tion:1 wt% isobutanol and 13 wt% NaCl in water). 
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composite membrane with a higher thickness has better anti-swelling 
[46]. In addition, the mean square radius of gyration and linear den-
sity of PDMS polymer chains increase with the increase of its layer 
thickness [43]. Therefore, Fig. 7b shows that as PDMS layer thickness 
increases from 10 μm to 17.5 μm, water flux and isobutanol flux grad-
ually decrease due to resistance brought by the thickness, and salt 
rejection of composite membrane gradually increased. Permeability was 
used to exclude the influence of PDMS thickness (Fig. S3 for detail). It 
can be found that water permeability and water flux have the same trend 
with thickness. In addition, PDMS layer thickness reaches 17.5 μm, the 
mass transfer resistance of the composite membrane to hydrated ions is 
infinite, and the composite membrane salt rejection rate reaches 100% 
at this time. 

3.2.4. Influence of PDMS layer cross-linking ratio 
According to Section 3.2.3 that increasing strength of polymer chain 

can effectively reduce hydrated ions to pass through PDMS membrane. 
The strength of PDMS polymer chain can be also enhanced by increasing 
extent of cross-linking, thereby reducing the degree of swelling on it by 
organic solvents [47]. In addition, higher degree of cross-linking 

restricts on the free space between the polymer chains and results in its 
lower relaxation [48]. As shown in Fig. 8, the crosslinking ratio of PDMS 
layer was changed to prepare membranes with about 10 μm thickness. 
The membrane interfaces are well bonded and used to treat 13 wt% 
NaCl/1 wt% isobutanol/water system. 

Fig. 9a shows that as crosslinking ratio increases, the swelling degree 
of PDMS membrane gradually decreases. This is owing to the increased 
degree of cross-linking restricting the movement of polymer chains. 

The microstructure of PDMS layers with cross-linking ratios of 0.08 
and 0.2 are observed by PLAS (Fig. S4 for detail), and the free volume 
between PDMS polymer chains is calculated by Eq. (2) and Eq. (3), as 
shown in Table 4. When crosslinking ratio is 0.08, free volume of PDMS 
polymer chain is 10.792. While crosslinking ratio increases to 0.2, its 
free volume decreases by 1.7%. Xie et al. found that diffusion of NaCl in 
PVA composite membrane is limited by free volume of polymer [49]. 
Therefore, as cross-linking ratio increases, the resistance of PDMS 
membrane to hydrated ions gradually increases, and shown in Fig. 9b, 
PDMS membrane salt rejection reaches 100% when cross-linking ratio is 
0.2. The water flux and isobutanol flux in Fig. 9b gradually decrease 
with increasing resistance, same as in literature [29]. In conclusion, free 

Fig. 6. SEM cross-section images of PDMS membranes with different thicknesses.  

Fig. 7. Effect of PDMS membranes thicknesses on (a) XRD patterns, (b) flux and salt rejection (feed composition:1 wt% isobutanol and 13 wt% NaCl in water, feed 
temperature: 40 ◦C). 

Fig. 8. Cross-sectional SEM images of PDMS membranes with different crosslinking ratio (TEOS: PDMS = 0.08:1, 0.09:1, 0.1:1, 0.15:1, 0.2:1).  
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volume change between polymer chains in PDMS layer is crucial for 
hydrated ions pass through. 

3.2.5. Long-term stability 
Fig. 10 describes the variations of isobutanol concentration in feed 

and salt rejection with the long-term test of 40 h (cycle 5 times). At 
40 ◦C, PDMS4 and PDMS0.2 are used for separating 1 wt% isobutanol and 
13 wt% NaCl aqueous solution. It can be noticed that the salt rejection 
maintained at 100% during the 40 h continuously. Moreover, the iso-
butanol concentration in feed decreased gradually from 1 wt% to 
0.3–0.4 wt%, indicating that these two types of PDMS composite 
membranes have stable separation performance. 

4. Conclusions 

The transport of NaCl in PDMS composite membrane is systemati-
cally investigated. NaCl cannot be dissolved in PDMS layer and its hy-
drated ions cannot spontaneously enter PDMS polymer chain. However, 
chemical potential gradient exists in PDMS membrane during PV, 
resulting in relaxation of PDMS polymer chain. Therefore, hydrated ions 

of NaCl pass through PDMS membrane of 10 μm thickness while a cross- 
linking degree is 0.1 and the aqueous solution contains 1 wt% isobutanol 
and 13 wt% NaCl. 

The feed contains 13 wt% NaCl, the salt rejection of PDMS mem-
brane gradually decreased when feed concentration of isobutanol 
increased from 0 wt% to 7 wt%. On the contrary, its salt rejection 
gradually increased as temperature rise from 30 ◦C to 60 ◦C. In addition, 
it is observed through EDS that NaCl is distributed in substrate, and 
crystal in permeate side is NaCl. The surface properties and micro-
structure of PDMS membrane before and after separation have not 
changed, which indicates the permeate of NaCl through PDMS layer is 
not a vapor permeate process. 

By changing the thickness and cross-linking ratio of the PDMS layer, 
thereby varying its relaxation and free volume, the salt rejection of 
PDMS membrane can be effectively improved. When the cross-linking 
ratio and thickness of PDMS layer are 0.1 and 17.5 μm or 0.2 and 10 
μm, respectively, the salt rejection can reach 100% in the separation of 
13 wt% NaCl/1 wt% isobutanol/water. This study provides the potential 
for pervaporation process to treat saline organic wastewater, and may be 
applied to the separation of waste water with similar properties. 
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