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Introduction 
In the past 20 years, gas separation becomes more and 

more important in membrane technologies. Hollow fiber 
composite membranes are one of the major membrane types 
for gas separation which are prepared from two or more kinds 
of materials through special techniques. A typical composite 
membrane combines a porous hollow fiber membrane as a 
substrate and a dense coating layer as the separation layer 
[1]. Therefore, the performance of composite membranes for 
gas separation depends on top layer material. However, the 
structure of the substrate is also important to reduce the gas 
transport resistance. The sub layer porosity should be as high as 
possible to avoid additional mass transfer resistance against the 
permeating compounds. Poly ether sulfone (PES) is one of the 
promising polymeric materials due to its excellent chemical and 
physical properties such as robust mechanical strength, good 
thermal stability, and superior chemical resistance [2]. It is a good 
candidate to be used as the support in composite membrane. 
Poly dimethyl siloxane (PDMS) has both good permeability and 
excellent adhesion property to the support that has been proven 
to be an excellent coating material [3-6]. 

The asymmetric polymeric membranes are mainly prepared 
using the immersion phase inversion method [7]. It is well  
known that the polymer concentration plays an essential role 
in membrane formation. Polymer concentration has a strong 
correlation to viscosity and gives a big influent to the membrane 
performance [8-11]. The viscosity of a polymer solution 
increases by increasing polymer concentration. Eventually, a 
critical concentration is reached where the entanglement of 
the polymer chains are inevitable [12]. Generally, a concept of 
critical polymer concentration is often employed as a guideline 
for a proper selection of polymer content in dope solutions. 
It has been hypothesized by Chung et al. that at or above the 
critical concentration, the polymer exhibits significant chain 
entanglement, which aids the formation of dense skin with 
minimal defects on the hollow fibers [13].

In the present paper, we report the preparation of PES/
PDMS hollow fiber composite membranes for gas separation. 
The main object of the present work is to investigate the effect 
of PES concentration in the dope solution on the hollow fiber 
membranes structure and performance of the PES/PDMS 
composite membrane.
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Abstract

In this research, we studied the effects of poly ether sulfone (PES) dope concentration varied from 22 to 28 wt. % on the morphologies 
and mean surface pore sizes of the PES hollow fiber substrates. In addition, the relations between the mean surfaces pore sizes of the PES 
substrate to the gas separation performances of the poly ether sulfone/poly dimethyl siloxane (PES/PDMS) hollow fiber composite membranes 
were explored. Results showed that as the PES concentration in the dope solution increased, both the mean pore size of the PES substrate and the 
gas permeance of PES/PDMS composite membrane decreased. SEM pictures showed that the dense layer of the PES substrate became apparently 
thicker and denser with the increase in PES dope concentration.
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Experimental
Materials

Poly ether sulfone (PES) [Ultra son® E1010; Mw=72,000, 
Mw/Mn=3.54], obtained from BASF (Germany). N-methyl-
2-pyrrolidone (NMP, >99%) was purchased from Tianjin Da 
maoChemical Reagent Factory, was use as solvent. (PDMS, 
Sylgard 184) was supplied by Dow Chemicals.

Viscosity measurement
The critical polymer concentration can be determined from 

the correlation of viscosity versus polymer concentration. Figure 
1 shows the viscosities corresponding to different polymer 
concentration at the spinning temperature of 25 °C. It can be 
seen that the critical polymer concentration is about 26 wt. %. In 
order to investigate the effect of PES concentration which were 
near the critical polymer concentration on the PES HF structures, 
PES dope concentrations of 22, 24, 26 and 28 wt. % were chosen 
in this study.

Figure 1: The critical concentration of PES/NMP dope solution.

Preparation of the PES/PDMS hollow fiber composite 
membrane
Table 1: The dope and bore fluid compositions.

Fiber No. Polymer Dope 
Composition (Wt. %)

Bore Fluid Composition 
(Wt. %)

A
PES NMP NMP H2O

22 78

95 5
B 24 76

C 26 74

D 28 72

The PES hollow fibers were fabricated by a dry-jet wet-
spinning process. The detailed experimental procedures can 
be found elsewhere [14]. In this study, the dope and bore fluid 
flow rates were kept constant during spinning. Some spinning 
parameters are shown in Table 1. The as-spun fibers were 
immersed in water for 3 days to remove the residual solvent. The 
procedure of solvent exchange was to immerse these fibers into 
methanol for 30min each time by three times and then n-hexane 
for 30min each time with three times. After the n-hexane wetted 

HF was air-dried, the dry fibers were dip-coated with 3 wt. % 
silicone rubber solution. 

Determination of the membrane morphology and gas 
permeation properties

The morphologies of membranes were examined using 
scanning electron microscopy on a JEOL JSM-7800F. The gas 
flow rates were measured using a bubble flow meter with 
pure nitrogen (99.99%), oxygen (99.99%) and carbon dioxide 
(99.99%). The permeance, P/L, was calculated by the following 
equation:

P/L=Q/A∆P=Q/nDl∆Pπ  (1)

Where P is the permeability of separating layer (Barrer), 
L the thickness of the apparent dense-selective layer (cm), Q 
the pure gas flux (cm3/s), n the number of fibers in one testing 
module, D the outer diameter of the testing fibers (cm), l the 
effective length of the modules (cm), and ∆P the gas pressure 
difference cross the membrane (cmHg). We use GPU as the unit 
of permeance (1GPU=1×10−6cm3 (STP)/cm2 s cmHg). 

The ideal separation factor can be determined from the 
following equation:

α_(A/B)=〖(P/L)〗_A/〖(P/L)〗_B   (2)

Results and Discussion
Membrane morphologies

Figure 2: Cross-sections and outer surface morphologies of 
PES hollow fiber membranes (CS, cross-sections; OS, outer 
surface).
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Figure 2 shows the cross-section and outer surface 
morphologies of PES hollow fiber membranes spun from various 
PES/NMP dope concentrations. For all dope compositions the 
fibers have a typical asymmetric structure, which is composed of 
a sponge-like section and a finger-like porous structure. A large 
long finger-like macro voids are clearly seen in Figure 2a for low 
polymer concentration, whereas a much smaller macro voids in 
Figure 2b for high concentration. This is attributed to the changes 
of viscosity at different polymer concentration. Viscosity has a 
significant effect on the membrane morphologies. The greater 
viscosity at higher polymer concentration will remarkably 
delay the exchange rate between the solvent and water during 
the polymer precipitation process, leading to a higher polymer 
concentration at the interface between the polymer solution 
and the non-solvent (water) and results in development of a 
less porous morphology [15]. Polymers in a solution of high 
viscosity exhibit significant chain entanglement, which is one of 
the requirements to prepare a membrane with minimum defects 
[12]. As can be seen, small pores and defects were observed on 
the surface layer of membrane when the PES concentration at 22 
wt. %. A similar observation was also reported elsewhere [16-
18].

Membrane mean pore size 
The effect of PES concentration on the membrane pore size 

is shown in Figure 3. Gas permeation tests were used to measure 
the average pore size. By increasing the polymer concentration, it 
was observed that the mean pore size decreased. As can be seen 
from the Figure 3, the mean pore size decreased from 5.26nm to 

0.95nm. The low polymer concentration accelerates the solvent-
non solvent exchange rate across the interface, leading to a more 
rapid precipitation. Consequently, the pores on the outer surface 
of membrane become larger. This is in accordance with the SEM 
observation (Figure 1).

Figure 3: Membrane mean pore sizes versus polymer 
concentrations.

Gas Permeability and Selectivity
The pressure-normalized fluxes of N2, O2 and CO2 for non-

coated and silicone-coated hollow fiber membranes were 
measured at 25 °C at a pressure difference of 2bar and 5bar, 
respectively. The idea selectivity of O2/N2 and CO2/N2 was then 
calculated using Eq. (2). Uncoated and coated membranes were 
tested at 2bar and 5 bar, respectively. All experiments were 
carried out at 25 °C.

Table 2: Separation properties of uncoated and coated membranes at different polymer concentration.

Fiber No.
Uncoated Coated

Permeance(GPU) Selectivity Permeance(GPU) Selectivity

N2 O2 CO2 O2/N2 CO2/N2 N2 O2 CO2 O2/N2 CO2/N2

A 3878.67 3645.38 3568.37 0.94 0.92 60.14 140.41 633.50 2.33 10.53

B 2535.11 2357.65 2332.30 0.93 0.92 50.53 121.39 571.84 2.40 11.32

C 1678.32 1594.40 1560.83 0.95 0.93 30.66 82.21 352.59 2.68 11.50

D 1095.78 997.15 1030.65 0.91 0.94 6.50 20.33 85.49 3.13 13.08

Table 2 summaries the separation properties of both 
uncoated and PMDA coated membranes. It can be seen that the 
gas flux increases with the decrease in PES dope concentration. 
The reason is that the decrease in polymer concentration in the 
spinning dope favors the formation of a less dense top layer 
[19-23]. The extremely high permeation fluxes of these gases 
through the uncoated hollow fiber membranes indicate that the 
gas transport through these membranes were predominantly 

determined by a combined Knudsen flow and Poiseuille flow 
mechanism [14]. All the uncoated membrane exhibited poor 
selectivity. This is due to the existent of defects at the surface 
layer. 

Table 3 Intrinsic permeation properties of flat dense neat 
PES membrane. Dense membranes were tested at 35 °C and 
10.1325×105Pa (10atm).

Table 3: Intrinsic permeation properties of flat dense neat PES membrane.

Permeability (Barrer) Selectivity

N2 O2 CH4 CO2 O2/N2 CO2/N2 CO2/CH4

0.0764 0.5705 0.0855 3.1970 7.4672 41.8455 37.3918
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After PDMS coating, the permeance of all membranes have 
been substantially reduced and the selectivity greatly enhanced. 
The function of silicone coating is caulk the pinholes or defects on 
the membrane outer dense layer. The membrane spun from the 
high polymer concentration present low pressure-normalized 
flux, but high selectivities. Compared with the intrinsic gas 
separation properties of PES dense film Table 3, all the samples 
show relatively low selectivity. Note that, the ideal selectivities 
of CO2/N2 and O2/N2 are 10-13 and 2-3 respectively, which match 
the intrinsic selectivity of PDMS polymer. Therefore, the PDMS 
coating layers dominate the gas transport performance. 

In summary, fiber A with a PES concentration of 22 wt. % 
is the best substrate for preparing PES/PDMS composite gas 
separation membrane, since it shows the highest CO2 permeance 
of 633.5 GPU with a similar CO2/N2 selectivity of 10.5. 

Conclusion
Polymer dope concentration is an important factor which 

influences the resultant morphology and performance of PES/
PDMS hollow fiber composite membranes. It is observed that 
increasing PES concentration in the spinning dope decreases 
the mean pore size of the PES hollow fiber substrate. On the 
other hand, with similar gas selectivities to the intrinsic PDMS 
polymer, it is preferred to increase the mean pore size of the PES 
substrate as much as possible. Our results show that the best gas 
separation performance can be obtained by reducing the PES 
concentration to 22 wt. % in the dope solution. 
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