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A B S T R A C T

Surface modified porous polysulfone (PSF) hollow fiber membrane was prepared by dip-coating of poly-
dimethylsiloxane (PDMS). The prepared membranes were used in an air gap membrane distillation (AGMD)
process for dehydration of MEG-water mixtures. The membranes were characterized in terms of Field Emission
Scanning Electronic Microscopy (FESEM), N2 permeation, contact angle measurement and wetting pressure.
From FESEM images, the prepared membrane showed a porous structure with finger-like cavities. In addition,
formation of ultra-thin coating layer on the inner and outer surface was confirmed by FESEM. From N2 per-
meation test, the modified membrane showed smaller mean pore size (9 nm) and lower surface porosity com-
pared to the plain membrane. The modified membrane showed a good hydrophobicity with water contact angle
of 118° and wetting pressure of 800 kPa. The permeate flux of about 26 kg/m2h was obtained for the modified
membrane at MEG concentration of 20wt%, feed temperature of 90 °C and feed velocity of 0.66m/s. Due to the
improved structure, the modified membrane showed a stable AGMD operation for 80 h compared to the plain
membrane.

1. Introduction

Mono-ethylene glycol (MEG) is one of the most favored hydrate
inhibitors used in hydrocarbon transportation pipelines and processing
facilities. It has several properties such as low volatility, low toxicity,
low flammability, favorable thermodynamic behavior, simple and
proven technology requirements and high availability [1]. In economic
point of view, it usually essential to separate MEG from the produced
water, so that it can be recovered to reduce the operating costs. The
regeneration process, with high energy consumption, is the basic MEG
recovery method and is comprised of a simple distillation column to
remove most of the water [2]. Therefore, cost effective separation
technologies are required in the chemical industries in order to be
economical. Membrane distillation (MD) which involves membrane and
distillation systems can be a good alternative to the traditional dis-
tillation processes. So far, MD has been used in several separation
processes, such as desalination [3–5], wastewater treatment [6–9], and
food industries [10,11]. MD is a non-isothermal membrane process
which has been introduced for about fifty years, however there is still
need to be improved for sufficient industrial application [12]. In MD,

vapor pressure gradient across a porous hydrophobic membrane results
in transportation of vapor molecules from high vapor pressure to the
low vapor pressure. In general, four main configurations are known for
MD which are air gap (AGMD), sweeping gas (SGMD), vacuum (VMD)
and direct contact (DCMD) [13–15].

MD can be an alternative for concentrating aqueous solutions of
dihydric alcohol or poly-alcohols such as MEG, diethylene glycol (DEG)
and glycerol, which are usually non-volatile or semi-volatile. Porous
polytetrafluoroethylene (PTFE) membranes for dehydration of DEG by
a VMD process was studied by Chen and Huang [16]. The results
showed that the water content in the feed solution was reduced from
15wt% to 2wt% in 100min. VMD at the condition of 90 °C, stirring
speed of 1500 rpm and vacuum of 715 torr. Continuous-effect mem-
brane distillation (CEMD) process was applied to concentrate aqueous
glycerol solution by using a hollow fiber AGMD module [17]. From the
experiments it was found that a feed of 10 g/L could be concentrated up
to about 400 g/L with a rejection efficiency of more than 99.9%. In
another study, commercial PTFE membranes were applied for DCMD of
water-ethylene glycol mixtures [18]. The experiments showed complete
rejection of glycol where an effective concentration was achieved.
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Mohammadi and Akbarabadi [19] investigated VMD of MEG-water
mixtures at different temperature and circulation rates by using a flat-
sheet polypropylene membrane module. The results showed that by
increasing temperature and recirculation rate the permeate flux was
increased with no effect on MEG rejection. Moreover, increasing of feed
flow rate higher than 0.67 L/min had no significant effect on the
permeate flux. Shirazi et al. [6] studied SGMD of dilute glycerol was-
tewater using a flat-sheet PTFE membrane module. The effects of op-
erating parameters such as feed temperature, feed flow rate, sweep gas
flow rate and glycerol concentration in aqueous phase on the permeate
flux were investigated. The maximum permeate flux of about 21 L/m2 h
was achieved at the optimum conditions.

Comparing with the other MD configurations, AGMD has several
advantages such as no contact of permeate with membrane, relatively
high flux, low heat lost and less fouling tendency [20]. In AGMD, the
membrane module holds a stagnant air gap between the membrane and
a condensation surface which is placed inside the module. The tem-
perature difference between the feed solution and the cold surface is the
driving force for evaporation of volatile compounds at the hot liquid-
vapor interfaces which is formed at the mouth of the membrane pores.
It should be noted that research on AGMD of glycol solutions are lim-
ited in the literature.

The membrane properties such as surface porosity (permeability)
and hydrophobicity are important parameters in order to achieve a
worthy permeate flux in a MD process. Polysulfone (PSF) has been
applied for preparation of the membranes due to good mechanical
strength, thermal and chemical stability. Therefore, this study aims to
prepare a highly porous PSF hollow fiber membrane by a phase-in-
version process. Phase-inversion behavior of the polymer solution was
evaluated through the cloud point measurements in order to achieve a
solution composition for improving the membrane surface porosity. A
dip-coating process by polydimethylsiloxane (PDMS) was conducted in
order to enhance surface hydrophobicity of the membrane with a
minimum influence on the surface porosity. The plain and modified
membrane modules were prepared and used in the AGMD process for
dehydration of MEG-water mixtures. The prepared membranes were
characterized in terms of Field Emission Scanning Electronic
Microscopy (FESEM), gas permeation, contact angle measurement and
wetting pressure. The effect of feed temperature, feed flowrate and
MEG concentration in the liquid phase on the permeation flux of the
membrane was investigated through the AGMD system. In addition,
long-term stability of the membranes was studied for the AGMD op-
eration.

2. Experimental

2.1. Materials

Polysulfone (Udel P-1700) in pellet form (Solvay Advance
Polymers) was used for the fabrication of hollow fiber membranes. 1-
methyl-2-pyrrolidone (NMP,> 99.5%) was provided by MERCK and
used as the polymer solvent. Glycerol was purchased from MERCK and
used as the non-solvent additive in the polymer solution. The poly-
dimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) was prepared
using 10:1 mixture of the base polymer and the curing agent where n-
hexane was used as the solvent for PDMS. The PDMS solution of 0.5 wt
% was used for surface coating of the hollow fiber membranes. Ethanol
was purchased from Sigma-Aldrich and used for post-treatment of the
membranes. MEG anhydrous 99.8% (Sigma-Aldrich) was used to pre-
pare the feed solutions for AGMD experiments.

2.2. Cloud point measurements

In order to study phase-inversion of the polymer solution, cloud
point diagram of PSF/NMP/glycerol/water was measured using a ti-
tration method. To measure the cloud points, the polymer solutions

were prepared at constant 6 wt% glycerol in NMP and the polymer
concentration in the range of 1–20wt%. The cloud points were ob-
tained at 25 °C by addition of distilled water droplets using a burette
under a constant stirring. When a local precipitation occurred at the
high polymer concentration, the stirring was continued to achieve a
homogeneous solution. More water droplets were added into the solu-
tion to achieve a cloudy form. Composition of the solution at the cloud
point was measured by weight.

2.3. Fabrication of PSF hollow fiber membranes

The PSF pellets were dried at 60 ± 2 °C in a vacuum oven for 24 h
to remove the moisture content. Using 17wt% PSF, 4 wt% glycerol and
79wt% NMP, the homogeneous polymer solution was prepared under
stirring at 60 °C. The prepared solution was de-bubbled under 15min
sonication and kept for 24 h at room temperature before spinning. The
hollow fiber membranes were fabricated by a wet spinning process.
Table 1 exhibits the detailed spinning conditions. The fresh hollow fi-
bers were immersed in distilled water for 3 days to remove the residual
solvent and non-solvent. Post treatment of the fibers was conducted by
immersion in pure ethanol for 15min in order to minimize fiber
shrinkage and pore collapse before drying at room temperature.

2.4. Surface modification of PSF hollow fiber membranes

In order to enhance surface hydrophobicity of porous PSF hollow
fiber membranes, a dip-coating method by 0.5 wt% solution of PDMS
was conducted. PDMS is known as one of the intrinsically hydrophobic
materials which has water contact angle of about 115° [21]. In this
study, the prepared porous PSF hollow fiber membranes were immersed
in the PDMS solution for 2 h under constant stirring. Then the hollow
fibers were kept in a vacuum oven for 12 h at 70 °C to remove n-hexane.
The modified membranes were subjected to the characterization ex-
periments.

2.5. Characterization of PSF hollow fiber membranes

2.5.1. Field emission scanning electronic microscopy (FESEM)
Structural morphology of the prepared PSF hollow fiber membranes

was evaluated via a field emission scanning electronic microscopy
(Hitachi S-4700 FE-SEM). To prepare the membrane samples, the dried
fibers were immersed in liquid nitrogen and fractured carefully. Before
capture images of the fibers, they were coated by sputtering platinum.
The FESEM micrographs of cross-section, outer skin layer, inner surface
and outer surface of the hollow fibers were taken at various magnifi-
cations.

2.5.2. Gas permeation test
Gas permeation test using an inert gas such as N2 has been em-

ployed to estimate mean pore size and effective surface porosity of
porous membranes [22–24]. In the present study, the testing apparatus

Table 1
Spinning conditions for hollow fiber membrane fabrication.

Parameter value

Dope Extrusion Velocity (cm/s) 8.5
Bore Fluid Velocity (cm/s) 25.5
Bore Composition (wt.%) NMP/H2O 70/30
External Coagulant Tap Water
Air Gap Distance (cm) 0.0
Spinneret o.d/i.d. (mm/mm) 0.7/0.3
Spinning Dope Temperature (oC) 25
External Coagulant Temperature (oC) 25
Jet-Stretch Ratioa 1

a The ratio of wind up drum velocity to the dope extrusion velocity.
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was based on the constant pressure method. The membrane module
containing two hollow fibers with the length of about 10 cm was ap-
plied to measure N2 permeance. Pure N2 was supplied to the shell side
of the module and the permeation flowrate was measured from the
lumen side at room temperature by a soap bubble flow meter. The
upstream pressure was increased from 100 kPa to 200 kPa at intervals
of 20 kPa. The N2 permeance was calculated according to the outer
surface of the hollow fibers. Assuming cylindrical pores on the outer
skin layer of the membrane, the overall N2 permeance through the
membrane can be expected as summation of Poiseuille and Knudsen
flows [25]:
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Where JA is the N2 permeance (mol/m2 s Pa); rp and Lp are pore radius
and effective pore length, respectively (m); ε is surface porosity which is
defined as ratio of the area of pores over total surface area of the fiber;
R is gas constant 8.314 (J/mol K); μ is N2 viscosity (Kg/m s); M is N2

molecular weight (kg/mol); T is gas temperature (K); and P̄ is mean
pressure (Pa). By plotting JA vs. mean pressures according to Eq. (1) and
obtaining the intercept (K0) and slope (P0), mean pore size and effective
surface porosity over pore length can be estimated as:
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2.5.3. Contact angle measurement
In order to measure water contact angle (CA), the membrane sample

was dried in a vacuum oven at 60 °C for 12 h. The Force Tensiometer
(KRÜSS) equipment was used to measure outer surface contact angle of
the hollow fiber membranes. By setting water droplet size of 0.2 μl and
drop rate of 0.5 μL/s, the mean values of contact angle for left and right
sides of any droplets were obtained. The CA values of each sample were
obtained at ten various position of the sample and then averaged. In
addition, the variation of CA as a function of time for each membrane
was evaluated.

2.5.4. Wetting pressure
Wetting pressure test were conducted to estimate the wetting re-

sistance of the prepared porous membranes. In this test, by using a
diaphragm pump, distilled water was pressurized in the lumen side of
the hollow fibers with dead-ends. The pressure was slowly increased at
0.5 bar intervals and the fibers were kept at any constant pressure for
30min to check if any water droplet appeared in the outer surface. The
pressure for appearance of first droplet on the outer surface of the
membrane was considered as wetting pressure.

2.5.5. Air gap membrane distillation experiment
For membrane distillation test, the stainless steel MD module was

prepared by random packing of 20 hollow fibers with effective length of
15 cm. The approximate distance between the distributed fibers in the
module was 2mm and the air gap width was about 4mm. The con-
figuration of the module is shown in Fig. 1. The characteristics of the
membrane module are given in Table 2. Then, the prepared module was
placed in the AGMD system as shown in Fig. 2.

The MEG solutions of 20–80wt% was flowed by a diaphragm pump
through the lumen side of hollow fibers. Temperature of the MEG so-
lution was controlled in the range of 60–90 °C by an electric heater in
the solution tank. The liquid phase velocity in the lumen side of the
fibers was set 0.66m/s and the gage pressure was adjusted to 50 kPa.
The shell side temperature of the membrane module was set to 10 °C
using a coolant heat exchanger. The pure water flux was calculated as

below:

=
×

J m
A tw

i (4)

Where m (kg) represents the weight of produced water in time t (h), and
Ai (m2) is the inner surface of the hollow fibers in the membrane
module.

3. Results and discussion

3.1. Cloud points of the PSF solutions

Coagulation rate of the polymer solution plays an important role on
the properties of the prepared membrane where a fast coagulation can
result in porous and anisotropic membranes [26]. Introducing a non-
solvent additive into the polymer solution can cause an instable ther-
modynamic condition and increase the coagulation rate of the polymer
solution [27]. In the present study, glycerol as a strong non-solvent
additive was added into the PSF solution to improve phase-inversion
rate and prepare porous membranes. Phase-inversion behavior of the
PSF solutions was quantitatively studied by cloud point measurements
and the ternary phase diagram is shown in Fig. 3. As can be seen, by
addition of glycerol, the isothermal cloud points moved toward the
polymer–solvent axis which reveals that less water is required for
coagulation of the solutions. A similar trend was observed by addition
of different types of additives in the PSF solution [23]. From Fig. 3, for
PSF solution of 17 wt%, about 5.5 wt% and 1wt% water was required
for coagulation of the plain solution and the solution with 6% glycerol,
respectively. Since the PSF solution with 6% glycerol was close to the
coagulation state, it could result in a dense and sponge-like structure.
Liu et al. [28] prepared the polyethersulfone solutions close to the
coagulation state which resulted in hollow fiber membranes with
sponge-like and macrovoid free structure. Indeed, the sponge-like
structure can provide a high degree of tortuosity which can affect the
permeate flux of MD [29]. Therefore, in the present study, in order to
prepare a membrane with an open structure, 4 wt% of glycerol was
used in the PSF solution of 17 wt%. About 1.5 wt% water was required

Fig. 1. Configuration of the air gap membrane distillation module.

Table 2
Characteristics of the membrane distillation module.

Parameter Value

Module o.d. (mm) 14
Module length (mm) 250
Effective fibers length (mm) 150
Fiber o.d. (mm) 0.67
Fiber i.d. (mm) 0.35
Number of fibers 20
Membrane area (m2) 0.0066
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for coagulation of the prepared solution which confirmed an instable
thermodynamic state. This solution is expected to generate an open
membrane structure with large finger-like macrovoids which can result
in high permeate flux for the MD application.

3.2. Morphology of the prepared hollow fiber membranes

FESEM micrographs of cross-section, outer skin layer, inner skin
layer, inner surface and outer surface were obtained to evaluate mor-
phology of the prepared PSF hollow fiber membranes. The membranes
possess an average inner diameter of 350 μm and outer diameter of
670 μm. FESEM micrographs of the plain membrane are shown in

Fig. 4. The plain PSF membrane showed large finger-likes, which ex-
tended from the outer surface to near the inner layer of the membrane.
The addition of glycerol into the spinning solution can cause thermo-
dynamic instability, which improved liquid–liquid phase separation.
This phenomenon resulted in generation of large finger-likes and a thin
outer skin. It should be noted that thermodynamic and kinetic effects of
the polymer solution during phase separation controls the final mem-
brane structure. In general, the addition of non-solvent additives in the
polymer solution results in improvement of phase separation, which
produces membranes with open structure (thermodynamic effect). In
contrast, the addition of non-solvent additives can increase the solution
viscosity, which results in reduction of solvent/non-solvent exchange
rate during the phase separation process and produces a denser mem-
brane structure (kinetic effect). Type and concentration of non-solvent
additives can affect thermodynamic and kinetic, which is useful for
tailoring the membrane properties such as permeation flux, separation
factor and morphology [30]. In this case, due to the low viscosity of the
PSF solution containing 4 wt% glycerol (870 cp at 25 °C), it seems that
the kinetic effect was not important and the thermodynamic effect
controlled the membrane structure.

As shown in Fig. 4 (3,4), a delay phase separation from the bore side
produced a sponge-like sublayer which can be related to the use of 70%
NMP solution as the bore fluid. In fact, using a weak non-solvent in the
bore side results in reducing the polymer concentration and the delay
solidification of the localized polymer-rich phase could generate an
open-cell structure. The prepared membrane illustrated an inner skin-
less layer. A similar morphology was reported for the PSF hollow fiber
membrane when using different NMP aqueous solutions as the bore
fluid [31].

Fig. 5 shows FESEM micrographs of the modified PSF hollow fiber
membrane. As can be seen, there was no significant changes in cross-
sectional morphology. However, an ultra-thin coated layer with thick-
ness of about 100 nm was formed on the outer surface of the membrane.

Solution Tank
Diaphragm pump

Membrane module

To measure water flow

PI

PI

Cooling
heat exchanger

Heater

FI

 
Fig. 2. Schematic of the air gap membrane distillation system.

Fig. 3. Cloud point diagram of PSF/NMP/glycerol/water system at 25 °C:
plain solutions; solutions with 6% glycerol; and spinning solution with 4%
glycerol.
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In addition, it seems that a thin layer of PDMS was also formed on the
inner surface of the membrane. Li et al. [32] studied the details of
PDMS casting on the surface of the ultrafiltration flat PSF membrane. It
was found that by increasing the casting thickness from 100 to 500 μm
the N2 permeance of the composite membrane reduced from 259 to 128
GPU, respectively. This significant N2 permeance reduction was related
to the higher thickness and penetration of PDMS to the PSF layer. In the
present study, due to the formation of ultra-thin coated layer a good gas
permeability can be expected for the prepared composite PSF-PDMS
hollow fiber membrane. In fact, highly permeable hydrophobic mem-
branes with good surface porosity can enhance water flux of the MD
process.

3.3. Properties of PSF hollow fiber membranes

The main objective of this study was to enhance surface hydro-
phobicity of the PSF hollow fiber membrane without a significant re-
duction in the gas permeability. For this purpose, an ultra-thin layer of
PDMS was coated on the surface of the membrane. The structure of the
prepared membranes was characterized in terms of N2 permeability,
wetting pressure and water contact angle. The characterization results
are given in Table 3.

Mean pore size and effective surface porosity of the membranes
were measured by N2 permeation test and the results are given in
Table 3. N2 permeance as function of mean pressure for the membranes
was plotted in Fig. 6. The values of slope (P0) and intercept (K0) of the
solid lines (the best linear fit to the data) were obtained to estimate the
mean pore size and the effective surface porosity by Eqs. (2) and (3).
Since the slope of N2 permeance line for the PSF membranes is rea-
sonably low, it shows that Poiseuille flow controls permeability through
the membrane pores. This confirms nano-scale pore sizes of the mem-
brane, as shown in Table 3. The modified PSF membrane illustrated N2

permeance of 820 GPU at 100 kPa which is significantly lower than N2

permeance of the plain membrane. Although an ultra-thin PDMS
coating layer was formed on the membrane surface, the intrusion of
PDMS into the pores could result in pore size and surface porosity re-
duction. Due to the low viscosity of the PDMS solution (0.5 wt%), it is
subjected to penetrate the membrane pores. In a similar study for
composite flat PSF membranes, by increasing PDMS casting thickness a
significant N2 permeance reduction was observed for the prepared
composite membrane [32].

Wetting pressure and contact angle measurement were conducted to

evaluate wetting resistance of the PSF hollow fiber membranes. The
measured outer and inner surfaces contact angle values of the PSF
hollow fiber membranes are given in Table 3. As can be seen, PDMS
modification resulted in enhancement of the outer surface contact angle
from about 83° to 118° and the inner surface from about 77° to 97°. This
significant hydrophobicity improvement can confirm a good PDMS
coating process. Indeed, membrane hydrophobicity is the main factor in
a MD process which can significantly affect the produced flux. In the
present study, since the MEG solution is flowed in the lumen side of the
hollow fiber membranes in the module, the improvement of the inner
surface hydrophobicity can minimize the membrane wetting during the
AGMD process. Measured contact angle of the membranes as function
of the contact time with water is shown in Fig. 7. After 60 s, the plain
membrane showed about 6% reduction in the inner and outer surfaces
contact angle which confirms wetting tendency of the membrane. On
the other hand, the PDMS coated membrane showed about 1.5–2%
reduction in the inner and outer surfaces contact angle which demon-
strated higher wetting stability of the membrane for the MD process.
The prepared PSF membranes stability in the AGMD process will be
discussed in the later section.

For wetting pressure, as stated by Laplace–Young equation (Eq. (5)),
the pressure difference that is required for penetration of the liquid in
the membrane pores is proportional to pore size, surface contact angle
and surface tension of the liquid [33].

= −ΔP
γ cosθ
r

2
p m, (5)

Where γ is surface tension of the liquid phase (N/m); θ is the contact
angle between the membrane surface and the liquid; and rp,m is max-
imum pore size of the membrane (m).

From Table 3 can be seen that the plain PSF membrane has a re-
latively lower wetting pressure compared to the modified PSF mem-
brane. Since the PDMS coated membrane showed smaller mean pore
size and higher surface hydrophobicity, the high wetting pressure of
about 800 kPa can be confirmed. Therefore, the combined effects of
smaller pore size and higher hydrophobicity decreased the possibility of
the membrane wetting. It should be noted that the modified membrane
can easily withstand wetting for the membrane distillation process
which is operated at a low pressure difference of 50 kPa (in this case).

Fig. 4. FESEM micrographs of the plain PSF hollow fiber membrane, (1) cross section; (2) outer skin layer; (3) inner skin layer; (4) inner surface; and (5) outer
surface.

Fig. 5. FESEM micrographs of modified PSF hollow fiber membrane, (1) cross section; (2) outer skin layer; (3) inner skin layer; (4) inner surface; and (5) outer
surface.
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3.4. AGMD performance of the PSF hollow fiber membranes

Fig. 8 shows water flux of the prepared membranes as function of
the feed temperature at constant MEG concentration of 20 wt% and the
feed velocity of 0.66m/s. The experiments were conducted at the feed
temperature in the range of 60–90 °C, while the coolant surface tem-
perature was kept constant at 10 °C. A significant improvement was
observed in the water flux of the membranes by increasing temperature.
Since the driving force of mass transfer for MD processes is vapor
pressure difference across the membrane, increasing temperature can
increase vapor pressure based on Antoine equation and subsequence
flux improvement. In addition, increasing temperature can increase
water vapor diffusion coefficient through the membrane pores which
results in improvement of the flux [34]. From Fig. 8, the modified PSF
membrane showed a relatively smaller water flux compared to the plain
membrane. As mentioned earlier, the modified membrane with smaller
pore size and surface porosity provided a smaller contact area which
can result in a lower water flux. At 90 °C the modified membrane
showed water flux of about 26 kg/m2 h which is 13% less than the flux
of the plain membrane. However, due to the enhanced surface hydro-
phobicity of the modified membrane, a more stable AGMD operation
can be expected.

For the modified membrane, the effect of operating parameters such
as MEG concentration and the feed velocity on the permeate flux is
shown in Fig. 9. For the effect of feed velocity, at the constant feed
temperature of 90 °C and MEG concentration of 20%, it can be seen that
a slight improvement in the water permeate flux was observed when
the velocity increased from 0.33 to 1.32m/s. However, a severe re-
duction in water permeate flux was observed by increasing MEG con-
centration in the feed solution from 20 to 80wt% at the constant feed
velocity of 0.66m/s and feed temperature of 90 °C. In fact, by in-
creasing the feed velocity, reduction of temperature and concentration
boundary layer thickness can result in a decrease in the mass and heat

transfer resistance [35,36]. This phenomena could reduce temperature
and concentration difference between the bulk liquid and the mem-
brane surface which improved permeate flux of the membrane, conse-
quently. From Fig. 9, this effect is more sever at a higher feed velocity,
since an insignificant effect on the flux was observed at the velocity
higher than 0.99m/s. As for MEG concentration in the feed, an increase
in the concentration results in reduction of vapor pressure and water
activity which plays an important role in the permeate flux reduction
[36]. In fact, reduction of vapor pressure can minimize vaporization of
at the membrane surface resulting in a decline of vapor diffusion
through the membrane pores. Mohammadi and Akbarabadi [19] re-
ported that about 53% flux reduction was attained in a VMD process
when MEG concentration increased from 20 to 60% at the feed flowrate
of 0.8 L/min and the temperature of 60 °C.

In order to evaluate stability of the prepared PSF hollow fiber
membranes, a long-term AGMD operation for about 80 h was conducted
and the results are given in Fig. 10. The test was performed at constant
the feed velocity of 0.33m/s, the temperature of 90 °C and MEG con-
centration of 20 wt%. As can be seen for the plain PSF membrane, the
sharp decline of the permeate flux during initial 6 h of the operation can
be related to the partial wetting. Although the plain membrane showed
higher permeate flux at initial stage of the operation due to the higher
surface porosity, the severe flux reduction can be attributed to the
lower surface hydrophobicity and the larger pore size. The permeate
flux of the plain membrane was reduced from 25 kg/m2h to about
13 kg/m2h during 80 h of the operation. On the other hand, the mod-
ified PSF membrane with higher surface hydrophobicity and wetting
resistance showed a more stable AGMD operation. A gradual flux re-
duction of about 27% was observed during 80 h of the operation.

Dehydration performance of poly-alcohols by different MD pro-
cesses was compared in Table 4. Hydrophobic commercial poly-
propylene (PP) and PTFE membranes have been used in different MD
processes. As can be seen, the permeate flux of the commercial

Table 3
Properties of PSF hollow fiber membranes.

Membrane N2 permeance @100 kPa
(GPU)

Mean pore size
(nm)

Surface porosity
(m−1)

Wetting pressure
(kPa)

Outer surface contact angle
(ᵒ)

Inner surface contact angle
(ᵒ)

Plain PSF 4050 18 872 500 82.8 ± 1.38 76.5 ± 1.31
Modified PSF 820 9 35 800 118 ± 0.63 98.2 ± 0.41
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Fig. 6. N2 permeance of the PSF hollow fiber membranes as function of mean pressure.
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membranes is relatively lower than the flux of the in-house made
asymmetric PSF membrane. It should be noted that commercial PP and
PTFE membranes are usually prepared by stretching and thermal
methods [37,38], which demonstrate large pore size and low surface
porosity. The modified PSF membrane prepared in the present work has
good hydrophobicity, high wetting resistance and surface porosity
which resulted in a reasonable permeate flux.

4. Conclusion

In the present study, porous PSF hollow fiber membrane was pre-
pared by a phase-inversion process. Modification by PDMS coating was
conducted to enhance surface hydrophobicity of the membrane. The
structure of the membranes was characterized in terms of FESEM, N2

permeation, water contact angle and wetting pressure. The plain and

Fig. 7. Water contact angle of the PSF hollow fiber membranes as function of contact time: (A) Plain PSF; (B) Modified PSF; (1) Outer surface; and (2) Inner surface.

Fig. 8. Effect of temperature on water flux of the PSF hollow fiber membranes (VF=0.66 m/s and CMEG= 20wt%).
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modified membrane modules were prepared and used in the AGMD
process for dehydration of the MEG solutions. The main findings can be
summarized as follows:

• From N2 permeation test, the modified membrane showed smaller
mean pore size (9 nm) and lower surface porosity compared to the
plain membrane.

• The modified membrane showed a good hydrophobicity with water

contact angle of 118°.

• Modification by PDMS resulted in improvement of wetting pressure
of the membrane from 500 to 800 kPa.

• The modified membrane illustrated permeate flux of about 26 kg/
m2h at MEG concentration of 20 wt%, feed temperature of 90 °C and
feed velocity of 0.66ml/min.

• A more stable AGMD operation was observed for the modified
membrane compared to the plain membrane. The modified

Fig. 9. Effect of feed velocity and MEG concentration on the water flux of the modified PSF hollow fiber membrane.

Fig. 10. Water flux of the PSF membranes as function of operating time in long-term AGMD experiments (CMEG=20wt%; VF=0.33 m/s; and TF= 90 °C).

Table 4
Comparison of different MD processes for dehydration of poly-alcohols.

Membrane Pore size (μm) Distillation process Remarks Permeate flux (kg/m2h) Ref.

Commercial PP 0.2 VMD MEG solution 60 wt%, Th= 60 °C, Qf= 0.8 L/min 6 [19]
Commercial PP 0.2 AGMD Glycerol solution 20 wt%, Th= 90 °C, Tc= 30 °C, Qf= 30 L/h 5.5 [17]
Commercial PTFE 0.2 VMD DEG solution 85 wt%, Th= 90 °C, vacuum degree= 715 torr 17.32 [16]
Commercial PTFE 0.2 DCMD MEG solution 37 wt%, Th= 65 °C, Tc= 25 °C 20 [18]
Commercial PTFE 0.22 SGMD Glycerol solution 5 wt%, Th= 65 °C 13.54 [6]
Modified PSF present work 0.009 AGMD MEG solution 20 wt%, Th= 90 °C, Tc= 10 °C, Qf= 100ml/min 26 –
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membrane showed a gradual flux reduction of about 27% during
80 h of the operation.

• In comparison with the commercial PP and PTFE membrane, a
reasonable permeate flux was obtained for the modified PSF mem-
brane due to the improved structure.
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