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Deposition of a polymeric porous superhydrophobic thin layer on the surface 
of poly(vinylidenefl uoride) hollow fi ber membrane
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Porous superhydrophobic layer of low-density polyethylene (LDPE) was created by a simple approach on the 
Poly(vinylidenefl uoride) (PVDF) hollow fi ber membranes. Acetone and ethanol mixtures with different volume 
ratios were used as the non-solvent on the coating surface. A 5:1 (v/v) acetone/ethanol ratio provided a porous 
surface with a 152° ± 3.2 water contact angle. The high contact angle could reduce membrane wettability for 
better carbon dioxide capture when the membrane was used as gas-liquid contactor in absorption processes. To 
assess the effect of the created superhydrophobic layer, the pristine and modifi ed membranes were tested in a CO2 
absorption system for ten days. The results revealed that the absorption fl ux in the modifi ed membrane was higher 
than that of pristine membrane.
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INTRODUCTION

In recent years, the greenhouse gases (e.g., CO2) in 
the atmosphere have become problematic because of 
their signifi cant role in heat capturing. Almost half of 
the CO2 emissions to the atmosphere were produced by 
burning fossil fuels in power plants1. Therefore, a more 
effi cient method to capture CO2 from fl ue gas streams 
is needed. Membrane technology, a promising approach 
to this issue due to its improved CO2 selectivity and 
separation capacity, has been used in membrane gas 
absorption systems. The original idea for CO2 absorp-
tion by membrane contactors was developed by Qi and 
Cussler; this initial idea was followed by several attempts 
to improve the effi ciency of CO2 capture2–9.

Membrane gas absorption has several advantages over 
conventional absorption processes, such as a high mass 
transfer area and excellent operational fl exibility, which 
may prevent fl ooding, loading, foaming and channeling 
problems. Membrane contactors are dominated by the 
membrane wetting problem, which refers to the increase 
in the membrane’s mass transfer resistance when the 
absorption liquid penetrates the membrane pores. This 
increased résistance leads to a decrease in the mass fl ux 
over prolonged periods of operation.

Common absorbent liquids used in CO2 absorption 
systems are generally alkanolamine solutions. These 
amines can penetrate membrane pores more easily than 
water can due to their low surface tension, especially at 
high concentrations. At chariyawut et al. water and 2M 
monoethanolamine (MEA) were used separately as ab-
sorbents in microporous Poly(vinylidenefl uoride) (PVDF) 
hollow fi ber membranes10. The results revealed that the 
CO2 fl ux remained constant for 15 days of testing using 
water as an absorbent, whereas the fl ux continuously 
decreased when MEA was used, reaching the value of 
approximately 57% of the initial fl ux after 15 days.

Different hydrophobic polymeric materials, such as 
polypropylene (PP), polyethylene (PE), polytetrafl uoro-
ethylene (PTFE) and PVDF, have been used to prepare 
hollow fi ber membrane contactors for CO2 absorption. 
PTFE hollow fi ber membranes maintained constant fl ux 

through 6600 hr of testing in a CO2-MEA absorption 
system11. Despite this advantage, the application of these 
membranes is limited due to the high cost of production. 
Many studies have sought to overcome the membrane 
wetting problem using inexpensive materials. Different 
PVDF hollow fi ber membrane structures was prepared 
using non-solvent additives in the spinning polymer dope 
to produce a porous membrane with a small pore size 
to reduce the wetting resistance9, 12, 13.

A superhydrophobic membrane surface could reduce 
membrane wetting. To satisfy this purpose, plasma reac-
tor was used to improve the surface hydrophobicity of 
the membranes14. Lin et al. achieved a water contact 
angle of 155o with treated fl at-sheet PVDF membranes 
in a plasma reactor using CF4

15. They observed that the 
CO2 absorption fl uxes increased by 7% and 17% relative 
to untreated PVDF and PTFE, respectively when using 
1M AMP as an absorbent. The improvement is attributed 
to an increase in the elemental fl uorine-to-carbon ratio, 
which reduces the membrane surface energy.

An alternative technique involving the deposition 
a rough layer on the membrane surface could yield 
a low-cost, porous and superhydrophobic surface. This 
technique was applied to eliminate the membrane wet-
ting infl uence on the deterioration in the performance of 
CO2 absorption fl ux. A superhydrophobic PP fl at sheet 
surface with a 169° contact angle (42o greater than plain 
PP) was fabricated by Franco et al. using methyl ethyl 
ketone (MEK) and cyclohexanone as non-solvent addi-
tives in a PP/xylene mixture16. The same non-solvents 
were considered by Lv et al. to improve the outer 
surface of PP hollow fi ber membranes for CO2 absorp-
tion17. The membrane achieved a contact angle of 158o 
and demonstrated good stability during a lengthy CO2 
absorption operation when using 1M MEA.

In the present study, superhydrophobic membrane 
surface was fabricated using simple and low cost ap-
proach (dip coating). PVDF hollow fi ber membranes 
were selected as a base surface because of their low 
assembly cost. Acetone and ethanol were adopted to 
prepare a low-cost non-solvent mixture. LDPE was used 
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due to low dissolving temperature in xylene compared to 
PP. Contact angle, SEM, and AFM examinations were 
performed to assess the surface behavior in terms of 
porosity and hydrophobicity.  

EXPERIMENTAL 

Materials
Commercial-grade PVDF hollow fi bers supplied by Pall 

Co. (UMP-153) were used in all experiments. Xylene 
(≥ 98.5% mixture of isomers + ethyl benzene basis) 
(Sigma-Aldrich) was used to dissolve commercial low-
-density polyethylene (LDPE) produced by Petlin Ld., 
Malaysia. Acetone (≥ 99.8%) and ethanol (≥ 99.9%) 
were purchased from Merck and used as non-solvents. 

Preparation of superhydrophobic surface
LDPE polymer pellets were dissolved slowly in xylene 

(concentration of 10 mg.mL–1) without any further tre-
atment at 85oC using a heating mantle with stirring with 
a magnetic stirrer until the polymer dissolved completely. 
Hollow fi ber ends were closed by chemical resistant 
epoxy to prevent the coating solution to come inside the 
lumen. At room temperature, the PVDF hollow fi ber was 
immersed in the non-solvent solution for 30 s followed 
by LDPE solution for 10 s. The sample was then dried 
under vacuum at room temperature for 2 hours. 

Field emission electron microscopy (FESEM) tests
Field emission electronic microscopy (ZEISS SUPRA 

35VP) was used to investigate the surface and cross-
-section morphology of treated and untreated PVDF 
hollow fi bers. The samples were fractured cryogenically 
and sputter-coated with platinum before testing.

Atomic force microscopy (AFM)
An atomic force microscope (Park System XE100, Ko-

rea) was used to examine the surface morphology of the 
created layer. The samples were observed under room 
temperature by AFM operated in the tapping mode to 
obtain the images with a scan size of 10 μm × 10 μm.

The roughness parameters obtained from AFM ana-
lysis software, such as the mean roughness (Ra) and the 
standard deviation of the height value in the selected 
area (Rq), were used to assess the effect of the modi-
fi cation method. The calculations of these parameters 
have been discussed in more detail by Stamatialis et al. 
and Chung et al.18, 19. 

Water contact angle measurement
A contact goniometer (Rame-Hart 250-F1, USA) was 

used to measure the contact angle between the distilled 
water drop and the outer surface of the PVDF hollow fi -
ber membranes. The distilled water (volume) was dropped 
on the external membrane surface using a syringe. The 
contact angles were estimated using Rame-Hart image 
processing software. The reported contact angle was an 
average of fi ve measurements at different positions on 
the membrane surface to eliminate measurement error.

Porosity measurement
Five untreated and fi ve treated 3-cm-long PVDF hollow 

fi bers were used to measure the overall porosity (εo).The 

membranes were dried in an oven at 50oC for 24 hours, 
then the fi bers were left to cool down before weighing 
them separately using a balance (Wd). The hollow fi ber 
was immersed in n-propanol for 15 min. It was drained 
off until no visible solution was seen on the surface, 
then it was weighed again (Ww). The total porosity was 
averaged for fi ve fi bers which can be obtained as20:

 (1)

where i is the density of isopropanol, and p represents 
the density of PVDF, which is 1.77 g/cm3 12.

Experimental setup for the CO2 absorption process
Three modifi ed hollow fi bers were packed in a glass 

housing in a triangular arrangement, held by a perfo-
rated rubber stopper and sealed with epoxy resins at 
the module ends. Two Tefl on fl anges were put on both 
sides of the membrane module to avoid leakage during 
the experiments. The specifi cations of the modules are 
listed in (Table 1).  
Table 1. Hollow fi ber membrane module specifi cations

A schematic diagram of the experimental setup is shown 
in (Fig. 1). A gas mixture of 20% (v/v) CO2 in N2 gas 
was introduced into the lumen side of the membrane 
module at 143 kPa. The gas fl ow rate was adjusted using 
a mass fl ow controller (AALBORG 0–500 ml/min), and 
the gases were then passed through a gas static mixer 
before fl owing through the module. A 1M MEA liquid 
absorbent was pumped to the shell side using a digital 
peristaltic pump (Cole-Parmer, MasterFlex L/S) at 160 
kPa to avoid the formation of bubbles in the liquid 
phase, which would lead to a non-uniform mass transfer 
interface on the superhydrophobic surface. The fl ow rate 
of the MEA solution was controlled by a rotameter with 
a counter-current fl ow to the gas fl ow. Samples of the 
outlet gas were collected and analyzed by gas chroma-
tography (GC) (Shimadzu GC-2014).

Absorption rate of CO2

The effi ciency of hollow fi ber membrane modules for 
gas absorption in terms of the CO2 mass transfer fl ux 
was calculated as21:

 (2)

where JCO2
 is the mass transfer fl ux of CO2, mol.m–2.s–1; 

Qg,in and Qg,out are the inlet and outlet gas fl ow rates, 
respectively, m3.s–1; Cg,in and Cg,out represent the volu-
metric rations of CO2 in the gas phase at the inlet and 
outlet, respectively, %; T is the temperature of the gas, 
K; and S represent the gas-liquid interfacial area, m2.
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Figure 1. Schematic drawing of the experimental setup

RESULTS AND DISCUSSION

The SEM images as presented in (Fig. 2 a–d) indicate 
that acetone provided a rough surface with a high contact 
angle of 151.5° ± 2.6, as shown in (Fig. 2 b). Despite 
the superhydrophobic surface, the pores were blocked 
almost completely. 

The creation of the  rough  LDPE layer on the mem-
brane surface may be attributed to the interfacial inte-
raction between the solvent and non-solvent22. As the 
solvent and non-solvent diffused into each other and 
the tensions decreased, the originally smooth interface 
 was partitioned into numerous curved interfaces. Finally, 
the tension of the curved interfaces was broken and the 
 solvent contacted the non-solvent. Micro-phase separation 
takes place due to the precipitation of the LDPE in 
polymer solution on the membrane surface. The curved 
interface was further divided into smaller interfaces to 
create a fi ne nano-structure on the micro-papillae. The 
resulting surface morphology was lotus-like structure 
which is responsible to the high hydrophobicity.  

Therefore, the solidifi cation could occur rapidly, which 
was attributed to the high volatility of acetone, which 
reduces the pore formation and precipitation time of 
LDPE. This phenomenon was clearly observed during 
membrane treatment, wherein the membrane surface 
became opaque within 1 min after take out the sample 
from the coating solution. A low volatile non-solvent 
could increase the micro- and nano-scale aggregations of 
LDPE on the surface due to increase the polymer pre-
cipitation time. Ethanol (78°C boiling point) was blended 
with acetone (56°C boiling point) to afford suffi cient 

time for pore confi guration and LDPE precipitation. 
(Fig. 2 c) shows the porous membrane surface with a 
contact angle of 152° ± 3.2 obtained when 5 : 1 (v/v) 
acetone/ethanol is applied as the non-solvent. However, 
a higher ethanol content produces an inhomogeneous 
coating layer, as shown in (Fig. 2 d) for 5 : 3 (v/v) ac-
etone/ethanol, because of the instability of the coating 
solution on the membrane surface due to its curved shape 
before reaching the solidifi cation step, leading to a low 
contact angle of 138.4  ° ± 3.7. This fi nding agrees with 
the results of Lv et al. ,who observed signifi cant crack-
ing in the coated layer on a PP hollow fi ber membrane 
when cyclohexane (155.7 °C boiling point) was used17.

The roughness parameter was evaluated for the mo-
difi ed and plain membranes. The AFM examination 
results presented in (Table 2) which revealed that of the 
coated surface is 4.8 times higher than that of the un 
coated surface, as seen in the AFM image in (Fig. 3).

The modifi ed and plain membranes were tested in 
a CO2 absorption system using 1 mol.L-1 MEA. The mass 
transfer fl ux outcomes exhibited good agreement with 
the characterization results. The initial fl ux was reduced 
for both membranes, which indicates that the additional 
1.34-μm-thick rough layer in (Fig. 4a) had little infl uence 
on the mass transfer resistance compared to the high 
resistance due to membrane wetting. The wetting effect 
during long-term operation was observed clearly after 
24 hr. The reductions in the CO2 absorption fl ux for 
the plain and modifi ed hollow fi bers were approximately 
43%and 16%, respectively, as shown in (Fig. 5). 
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This difference is attributed to the high contact angle 
of the modifi ed membrane surface, which prevents the 
penetration of the liquid into the pores. After ten days 
of testing, both membranes exhibited different degrees 
of wetting. The fl ux declination in the plain membrane 
was largely increased at the initial stage relative to that 
of the modifi ed membrane. The modifi ed membrane 
exhibited a gradual reduction in the absorption fl ux 
due to the surface’s ability to prevent the solvent from 
passing through the pores. (Fig. 4 b) showed that there 
was no pronounced change in the surface morphology 
after ten days of operation. The stability of the fl ux in 
modifi ed membrane could be maintained for seven days 
of operation with partially wetted mode. On the other 
hand, the fl ux declination was continued in non-modifi ed 
membrane and trended toward the fully-wetted mode. 
The wettability of the modifi ed membrane has been 
tested by immersion in 1 mol . L–1 MEA solution for 
fi fteen days, after which the contact angle was reduced 
by as little as 5°, indicating that the LDPE-modifi ed 
membrane effectively retained its surface hydrophobicity.

Table 2. Roughness parameters from AFM analysis software

Figure 2. FESEM for (a) Plain membrane; (b) PVDF treated with pure acetone; (c) PVDF treated with 5 : 1 (v/v) acetone/ethanol; 
(d) PVDF treated with 5 : 3 (v/v) acetone/ethanol

Figure 3.  AFM image 10 × 10 μm for (a) plain membrane; 
(b) modifi ed membrane
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CONCLUSIONS 

A porous superhydrophobic layer has been fabricated 
on the PVDF hollow fi ber membrane surface by a simple 
approach to increase the membrane wetting resistance. 
The solution of LDPE dissolved in xylene was used with 
different non-solvent mixtures of acetone and ethanol. 
Acetone, which has a low boiling point, produces a con-
tact angle of 151.5° ± 2.6 with low surface porosity. The 
blend of acetone/ethanol allows suffi cient time for pore 
formation. The porous superhydrophobic layer generated 
from 10 mg.mL–1 LDPE/xylene and 5 : 1 (v/v) acetone/
ethanol non-solvent exhibits a 152° ± 3.2 contact angle 
and a mean roughness that is 4.8 times greater than 
the original layer. In addition, the total porosity of the 
modifi ed membrane was only slightly decreased (1.3%). 
The reduction in the CO2 absorption fl ux for the high 
contact angle is 14% after 1 day of operation and stabi-
lizes after seven days. In contrast, the plain membrane 
lost 43% of its initial fl ux over the same time period, 
with a continuous decline with time.
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