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In order to enhance the hydrophobicity of polyvinylidene fluoride (PVDF) porousmembranes, the blending of PVDFwith

a hydrophobic ionic liquid (IL) 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim][PF6]) was carried out. The
modified PVDF membranes with [Bmim][PF6] were fabricated through a non-solvent induced phase inversion using
lithium chloride as a porogen in the PVDF casting solution. The effects of [Bmim][PF6] on the membrane characteristics
were investigated. FT-IR analysis indicates that the IL is successfully retained by the PVDF membrane. Thermogravi-

metric analysis reveals that the optimum temperature of the modified membrane is below 3008C. Scanning electron
microscopy pictures show that modified membranes have more homogeneous and larger diameter pores with a mean pore
size of 0.521mmand porosity of 78%.Bymeasuring the IL leaching during themembrane fabrication, it was found that the

modified membrane does not lose IL. Atomic force microscopy shows that the roughness of the modified membrane
surface increases slightly, but the contact angle of the modified membrane increases significantly from 88.18 to 110.18.
The reason for this is that the fluorine-containing IL has a low surface energy, which can enhance the hydrophobicity of the

membrane. Finally, by comparing modified membranes with different IL concentrations, we draw a conclusion that the
modified membrane with an IL concentration of 3 wt-% has the best properties of pore size, porosity, and hydrophobicity.
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Introduction

In recent years, the development of membrane absorption

technology has become more advanced, with the potential to
overcome the disadvantages of conventional gas absorption
equipment such as high energy requirements for regeneration
and thermal degradation.[1–3] CO2 capture using membrane

contactors combines chemical absorption and membrane sepa-
ration processes.[4–7] However, this method also has its own
disadvantages, namely, an additional mass transfer resistance

due to the addition of the membrane itself.[8] If the membranes
have low hydrophobicity and they are easily wetted by the
solution, the membrane resistance becomes particularly high,

and the occurrence of this phenomenon is extremely unfavour-
able for the absorption of CO2.As such hydrophobicmembranes
play an important role in the CO2 absorption of membrane

contactors.[9] Alternatively, membrane distillation (MD) is a
highly efficient membrane separation process which is needed
to avoid wetting by a highly hydrophobic or low surface energy
membrane. The increase of hydrophobicity will lead to the

improvement of performance in membrane distillation.[10,11]

Hydrophobic membranes such as polypropylene (PP), poly-
ethylene (PE), polytetrafluorethylene (PTFE), and polyvinyli-

dene fluoride (PVDF) are currently the most widely used
polymeric materials.[12] However, the fluorine-containing poly-
meric membranes are more hydrophobic than PP and PE.[13]

Although PTFE has a strong hydrophobicity, its application is

limited due to its high price.[14] Microporous PVDFmembranes
are some of the most promising candidates for use in membrane

contactors because of their relatively high hydrophobicity,
chemical resistance, and reasonable material cost. PVDF is an
important polymer with a repeat unit of –(CH2CF2)n–, and has
been applied in industry, especially in separation membranes,

owing to its high mechanical strength, high thermal stability,
excellent aging resistance, as well as good chemical resis-
tance.[15] Many papers have been published about PVDF modi-

fication. Rezaei et al.[16] used a PVDF/montmorillonite (MMT)
mixed membrane to absorb CO2. The results showed that the
absorption efficiency is better, and the hydrophobicity of the

mixed membranes is higher than that of commercial mem-
branes. Rahbari-Sisakht et al.[17] fabricated a novel surface
modified PVDF hollow fibre membrane by adding a surface

modifying macromolecule as an additive in a spinning dope.
Their results indicate that the modified PVDF membrane has a
higher performance due to the improvement in pore size, higher
effective surface porosity, as well as the increased hydropho-

bicity of the membrane surface. Zhang et al.[18] prepared a
composite membrane with a ZrO2 solid superacid shell/void/
TiO2 (ZVT). The results indicate that anti-fouling, anti-

compaction, and hydrophilicity are enhanced. They thought that
ZVT was a desirable functional nanomaterial due to the pres-
ence of microreaction locations (MRL) inside the channels of

PVDF.
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An effective method to change the hydrophobicity of a

membrane surface is to introduce some additives into the casting
solution to modify the surface energy. Since fluorine-containing
materials have a low surface energy, they tend to reduce the

interaction between the membrane surface and the absorbent so
as to increase the hydrophobicity. Razmjou et al.[19] prepared a
super-hydrophobic PVDFmembrane with a water contact angle
of 1638. The super-hydrophobicity was a result of a titania

coating which provided a hierarchical structure and site for
functionalization. Park et al.[20] developed fluorine-containing
thermally rearranged nanofiber membranes (F-TR-NFMs) for

MD applications for the first time. F-TR-NFMs had enhanced
hydrophobic properties with a high water contact angle (1438)
and excellent energy efficiency according to their experimental

results.
The development of ionic liquids (ILs) is currently a topic of

great interest for researchers and they are one of the promising
compounds for CO2 gas recovery.[21] ILs are special salts

composed of organic cations and inorganic anions, and they
exist in the liquid phase with negligible vapour pressure at room
temperature.[22–24] ILs have other excellent characteristics such

as good thermal stability, and high ionic conductivity and
solubility in organic media.[25] In recent years, ILs have been
widely used to modify membrane materials because of their

excellent properties, which has attracted the attention of many
scholars. The application of hydrophobic ILs to modify polymer
membranes is widely used. Imidazolium-based ILs have been

chosen because their physical and chemical properties are more
stable in comparison to other ILs.[26] In particular, 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim][PF6]) has
been used inmembrane applications in several articles. Lakshmi

et al.[27] obtained hydrophilic porous polyethersulfone (PES)
membranes with [Bmim][PF6] and applied the new membranes
to remove reactive blue 19 (RB19). They found that the opti-

mum conditions for membrane preparation are as follows:
[Bmim][PF6] concentration 10.7 wt-%, membrane weight
0.055 mg, pH 3.0, and dye concentration 10.0 ppm. Mahdavi

et al.[28] synthesised polyether-block-amide (Pebax1074) using
[Bmim][PF6] and silica nanoparticles in order to separate carbon
dioxide and methane. The results show that [Bmim][PF6] can
improve the solubility of CO2, so the CO2 permeability

increases from 58.6 to 104.3 Barrer at a [Bmim][PF6] concen-
tration of 80 wt-%. Akhmetshina et al.[29] prepared supported
ionic liquid membranes (SILMs) using [Bmim][PF6] and

[emim][NTf2] (1-ethyl-3-methylimidazolium bis[(trifluoro-
methyl)sulfonyl]imide) to separate mixed gases. They found
that ILs can be immobilized into the pores of the polymer. Their

experimental results show that the ideal selectivity of the
modified membranes has interesting prospects. Chaurasia
et al.[30] studied the effect of [Bmim][PF6] on the crystallization

behaviour of poly(ethylene oxide) (PEO). The experimental
results indicate that [Bmim][PF6] can slow down the rate of
crystallization of PEO membranes. In addition, ILs containing
fluorine have attracted much attention. Lin et al.[31] successfully

synthesized and characterized phosphoric acid doped hydropho-
bic IL based composite membranes. 1-Vinyl-3-butylimidazo-
liumbis(trifluoromethylsulfonyl)-imide ([VBIm][NTf2]) was

synthesized and used as hydrophobic phase in composite mem-
branes. The resultant composite membranes showed good
thermal stability and mechanical properties, and high proton

conductivity. Awasthi et al.[32] synthesized nanophase-
separated poly(arylene ether) multiblock copolymers and
obtained the membranes with 1-butyl-3-methyl-imidazolium

tetrafluoroborate by a solution casting method, which

exhibited good dimensional and thermal stability. The complex-
ation of the multiblock copolymer resulted in novel hybrid
membranes.

Fluorinated membranes have significant importance in sepa-
ration due to their inertness and fouling resistance. Al-Gharabli
et al.[33] developed a novel modification methodology of PVDF
membranes employing piranha reagent to activate the fluori-

nated surface followed by consecutive grafting with H1,H1,H2,
H2-perfluorooctyltriethoxysilane (FC6). A higher roughness and
contact angle and more open structure were noticed in compari-

son to the pristine membrane. An improvement of mechanical
features was also observed for the membrane functionalized
by FC6. Saiz et al.[34] compared the effects of three different

ILs diethylmethylammonium trifluoromethanesulfonate
([dema][TfO]), 1-methylimidazolium bis(trifluoromethylsulfo-
nyl)imide ([Mlm][NTf2]), and 1-methylimidazolium chloride
([Mlm][Cl]) on poly(vinylidene fluoride-co-hexafluoropropy-

lene) (PVDF-HFP) membrane properties under various prepa-
ration conditions. They found that the pore size and resultant
hydrophobicity depended on the production method and the

types of ILs.
It can be seen from previous research that the influence of

fluorine on hydrophobicity is very important. Nowadays, poly-

fluorinated inorganic anions are numerous, such as NTf2 and
PF6, and they are the most commonly used in ILs.[35] These
anions impart a much higher hydrophobicity and better func-

tionality than other conventional fluorinated anions. However,
the preparation of a modified PVDF membrane blended with
[Bmim][PF6] to improve membrane hydrophobicity has not
been reported. Therefore, we prepared PVDF membranes

blended with different concentrations of [Bmim][PF6] in this
work. The modified membranes were characterized by FT-IR,
differential scanning calorimetry (DSC), thermogravimetric

analysis (TGA), scanning electron microscopy (SEM), and
atomic forcemicroscopy (AFM).Measurements of themodified
membranes were carried out in terms of pore size, porosity, IL

leaching, and hydrophobicity.

Experimental

Materials

PVDF powder (FR-904, ,1.02� 106 g mol�1) was purchased

from Shanghai 3F New Materials Technology Co., Ltd, China.
N,N-Dimethylformamide (DMF) was provided by Tianjin
Guangfu Fine Chemical Research Institute, China. [Bmim][PF6]

was obtained from Shanghai Cheng Jie Chemical Co., Ltd,
China. Lithium chloride was provided by Beijing Beihua Fine
Chemicals Co., Ltd, China.

Preparation of PVDF Membrane Modified by IL

APVDFmicroporousmembrane was prepared by an immersion
precipitation method with 3 wt-% LiCl as additive and DMF as
solvent. [Bmim][PF6] at different concentrations was added to

the casting solution for blending. The casting solution was
stirred for 4 h at 608C until the PVDF powder had been
completely dissolved in DMF. The homogenous casting solu-

tion obtained was left to stand for 24 h for deaeration. The
casting solution was then cast onto a clean glass plate after the
bubbles had been removed. Immediately, the glass plate was

horizontally immersed in deionized water at 48C for at least 24 h
so that a solid membrane was prepared and was tested after
removal of the solvent.
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The compositions of the modified membranes with different
IL concentrations are presented in Table 1.

Characterization of the Modified Membrane

FT-IR spectrometry (ThermoNicolet CorporationNEXUS-470,
USA) was applied to detect the membrane surface groups

qualitativelywith awavenumber range of 400–4000 cm�1. SEM
(Japan Hitachi Nake high-tech enterprise, TM300) was used to
observe the cross-section morphology of the membrane. DSC
(Mettler Toledo DSC-822e, Switzerland) was used to charac-

terize the melting point and crystallization kinetics process of
themodifiedmembrane. TGAwas performed using a TGA4000
(PerkinElmer, USA)with aN2 atmosphere from 25–8008C and a

heating rate of 108C min�1 to confirm the thermal properties of
eachmembrane. The contact angle of themembrane surface was
measured using a contact angle analyzer (Beijing Dongfang

Defei Instrument Co., Ltd, China), measurements were
performed at least 10 times to ensure the reproducibility of
measurement results. The viscosity of the prepared casting

solution was measured by viscometry (EW-98965-40, Cole-
parmer, USA). The surface roughness of the prepared mem-
branes was examined using AFM (Bioscope Catalyst Atomic
Force Microscopy, Bruker Corporation, USA). The IL loss was

measured by a conductivity meter (Shanghai INESA Scientific
Instrument Co., Ltd, China).

Measurement of Pore Size of the Modified Membrane

The measurement of pore size of the modified membrane was
done by a gas permeation test. By assuming cylindrical pores in
the skin layer of the asymmetric membranes, the gas permeance

can be calculated as follows:[36]

JA ¼ 2rpe
3rTLp

 
8RT

pM

!0:5

þ
r2pe

8mRTLp
�P JA ¼ K0 þ P0

�P ð1Þ

where JA is the gas permeance (mol m�2 s�1 Pa�1), rp and Lp are
the pore radius and effective pore length, respectively (m), e is
the surface porosity,R is the gas constant (8.314 Jmol�1 K�1), m
is the gas viscosity (kg m�1 s�1),M is the gas molecular weight,
T is the gas temperature (K), and �P is the mean pressure (Pa).

By plotting JA with mean pressures according to Eqn 1, the

mean pore size can be determined (Eqn 2):

rp ¼ 5:333

 
P0

K0

! 
8RT

pM

!
m ð2Þ

The drymembranewas cut into a circular shape and placed in
the membrane cell. After checking the air-tightness of the

device, the gas flow rate was recorded under different pressures
until the gas flow into the membrane cell was stable. Finally, the

gas permeation flux was calculated by the formula as described
above. Pure N2 was used as the test gas. The flowsheet for the
test of gas permeation flux is shown in Fig. 1.

Measurement of Porosity of the Modified Membrane

The membranes were weighed as wet membranes before being
dried in an oven to eliminate any moisture. The dry membranes
were also weighed in order to calculate the porosity using the

following equation:

e ¼ mn=rn
mn=rn þ mp=rn

� 100% ð3Þ

where e is the porosity of themembrane,mp is themass of the dry
membrane (g),mn is the mass of the absorbed water (g), rp is the
density of the PVDF (1.805 kg cm�3), and rn is the density of
water (1.0 kg cm�3).

In this calculation, a total of five measurements were taken

based on five different locations within the same membrane
sample and the average value was taken, which ensured that the
porosity test covered the whole membrane surface.

Measurement of CriticalWater Inlet Pressure of theModified
Membrane

An ultrafiltration cup (SCM300; Ecologic Center China) was
used to measure the membrane permeability, in which the

effective filtering area of the membrane was 33.2 cm2. The
experiment was carried out at 258C and 100 kPa.

Thewetmembranewas cut into a circular shape and placed in

the ultrafiltration cup. In the fluxmeasurement, it was necessary
to precompact each membrane with deionized water at 150 kPa
until the flux reached a stable value. The flow sheet for

determining the critical water inlet pressure is shown in Fig. 2.

Determination of IL Leaching of the Modified PVDF
Membrane

The IL has a certain electrical conductivity in water, and this
characteristic is used to measure the IL-leaching rate of the
modified PVDF membrane.

We measured the conductivity of three casting solutions

which contained 2, 3, and 4 wt-% of IL, respectively. After

Table 1. Compositions of the modified membranes with different IL

concentrations

Membrane PVDF

[wt-%]

LiCl

[wt-%]

[Bmim][PF6]

[wt-%]

DMF

[wt-%]

IL-0wt% 15 3 0 82

IL-2wt% 15 3 2 82

IL-3wt% 15 3 3 82

IL-4wt% 15 3 4 82

g
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T
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a

Fig. 1. Flowsheet for testing gas permeation flux. (a) Nitrogen cylinder,

(b) pressure gauge, (c) constant pressure, (d) control valve, (e) digit-display

manometer, (f) membrane module, (g) rotameter.
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putting the membrane into 100 mL of the deionized water, the
conductivity of the deionized water immersed modified mem-

brane was measured and sampled every 2 h at 258C for 10 days,
and finally the IL-leaching rate b determined. b was calculated
by Eqn 4:

b ¼ mt
m0

� 100% ð4Þ

where m0 (ms cm
�1) is the initial conductivity of deionized water

and mt (ms cm
�1) is the conductivity of deionized water at the

time of measurement.

Results and Discussion

FT-IR Analysis of the Modified Membrane

FT-IR analysis was performed to confirmwhether [Bmim][PF6]
was successfully left in the modified membrane. The spectra of
the unmodified and modified PVDF membranes are illustrated
in Fig. 3.

As shown in Fig. 3, the modified membrane has wide
absorption peaks at 3125.13, 1577.93, and 841.7 cm�1. The
peak at 3125.13 cm�1 can be attributed to the stretching

vibration of the IL imidazole C–H ring. The absorption peak
at 1577.93 cm�1 corresponds to the band adsorption of the
heterocyclic imidazolium ring covalently anchored on the

polymer support.[37,38] The peak at 841.71 cm�1 is the typical
stretching vibration of P–F.[39] The peak at 832.07 cm�1 is the
C–H characteristic peak of PVDF.[40] Because the IL content
is poor, the peak area of 841.17 cm�1 is small, however the

peaks shown in Fig. 3 are enough to confirm the presence of
[Bmim][PF6] in the membrane.

Thermal Properties Analysis (DSC)

DSC analysis of the PVDF andmodified PVDFmembranes was
conducted to examine the effect of [Bmim][PF6] on the melting
point and degree of crystallinity of the membranes. The DSC

curves are presented in Fig. 4. It is observed that the pristine
membrane shows an endothermic melting peak at 163.958C and
the modified membrane shows an endothermic melting peak at

166.578C. We can see that the melting point of the modified
membrane is lower than that of the pristine membrane. This
indicates that the formation of a mixture will lower the melting
point.

Both pristine and modified membranes show an exothermic

crystallization peak at around 1358C as shown in Fig. 5, which
verifies that the [Bmim][PF6] has no significant influence on the
crystallization of PVDF. The reason is that the addition of IL

does not destroy PVDF symmetry within the concentration
range of the experiment.

Thermogravimetric Analysis (TGA)

Thermal stability is a significant property for the practical
application of modified membranes in various applications,
which can further influence the process of membrane absorp-
tion. In this regard, the determination of the stability of the

modified membrane is valuable.[41]

In this study, the thermal stability of the pristine and modified
membrane was determined by TGA and the results obtained are

shown in Fig. 6. We examined the TGA curve of the pristine
membrane. First, due to its moisture sensitivity a slight weight
loss was observed above 4508C. Second, we can clearly observe

that a decomposition process occurred between 450 and 5108C,
attributable to the decomposition of PVDF. The main chain
pyrolysis of PVDF occurs at ,4508C with the evolution of HF.
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Fig. 3. FT-IR spectra of modified and unmodified membranes.
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Fig. 4. DSC curves of PVDFmembranes with different IL concentrations.
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(d) control valve, (e) digit-display manometer, (f) ultrafiltration cup,

(g) cylinder.
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The pristine membrane lost ,62% weight at 5108C. The theo-
retical loss shouldbe62.5%,which is almost identical to the TGA
image, indicating that only the C skeleton remains after 5108C.

In comparison to the pristine membrane, the TGA curve of
the modified membrane first underwent a slight weight loss at
3008C due to its moisture sensitivity. Second, the modified
membrane started to decompose at 3008C, this weight loss is

attributed to the loss of the ILs anchored on the polymer support
and ended at 4708C. The modified membrane lost ,10% at
4708C. The theoretical loss of IL was calculated to be 14%

which is in good agreement to the TGA image, confirming that
that IL has been lost from the membrane. Third, the largest
weight loss was initiated at 4708C where the decomposition of

the polymer backbone chain occurred and only the C skeleton
remained at 5108C just like the pristine membrane. In summary,
the modified membrane shows an important two-step degrada-

tion pattern as shown in Fig. 6. The first step is attributed to the
decomposition of the ILs, and the second stepmainly reflects the
decomposition of the polymer chain.[42]

From the TGA curve, we can conclude that the optimum

temperature of the modified membrane should be below 3008C

in order for the ILs to play a role in the membranes function and

the thermal stability of the PVDF is not affected by the addition
of IL.

Structure

A gas permeation test was used to measure the mean pore size
of the fabricated membranes quantitatively. The relationship
between gas permeation pressure and IL concentration in the

modified membranes is shown in Fig. 7 at three gas flow rates:
0.15, 0.225, and 0.280 m3 h�1. We can see that the gas perme-
ation pressure of the modified membrane decreases for the

modified membrane compared with the pristine membrane
(IL-0wt%). As the content of the IL increases, the gas perme-
ation pressure of the IL modified membrane gradually decrea-
ses. The change implies that the membrane pore structures are

different. The calculated pore size and porosity of the mem-
branes are shown in Table 2.

PVDF being a polymer was precipitated to prepare mem-

branes by liquid–liquid demixing during the course of immer-
sion precipitation.[43] The mechanism of pore formation for the
PVDF membrane is very complicated. Many scholars have

explored the pore-forming mechanism of these membranes
since 1972.[44–47] It is now generally accepted that liquid–liquid
demixing by means of nucleation and growth of the diluted

phase is the pore forming mechanism during membrane forma-
tion. From this mechanism, we can see that the instantaneous
type phase separation and the delayed type phase separation can
form different pore size structures. Instantaneous type phase

separation leads to large pores and delayed type phase separa-
tion gives rise to small pores. According to the mechanism
mentioned above, when the rate of water entering the film is

faster than that of the solvent leaving, larger pores and more
porous membranes will be formed during the precipitation.
Otherwise, small pores will be formed.[48] Generally, the poros-

ity and pore size of polymericmembranes are dependent on each
other, and an increasing pore size tends to enhance porosity.[49]

In this experiment, we prepared modified membranes with
DMF as the solvent and IL as the additive. The addition of ILs

can affect the phase separation from two aspects and provide
two competitive processes. On the one hand, the H of C–H
between two nitrogen atoms in the imidazole ring can form

hydrogen bonds during casting with the C=O of DMF as shown
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in Fig. 8. Therefore, the presence of hydrogen bonds can slow

the rate at whichDMF leaves themembrane, which results in the
formation of large pore sizes.[43] On the other hand, the IL has
the characteristic of high viscosity.[50] The viscosity of the
casting solution can increase with the increase of IL content as

shown in Table 2. The increase of viscosity can promote the
delayed type phase separation, which is suitable for the forma-
tion of small pores. In summary, large pores are formed by

instantaneous type phase separation, and small holes are formed
by delayed type phase separation, so the pore size and porosity is
determined by the two competitive processes as mentioned

above.
From Table 2, it can be seen that the pore size and porosity of

the modified membrane are improved to some extent compared

with the pristine membrane. The mean pore size of the modified
membranes is larger than that of the pristine membrane, indicat-
ing that the effect of the hydrogen bonding between the IL and
DMF is more significant than that of viscosity. However,

membranes with different concentrations of IL have different
effects on membrane structure as shown in Table 2. The
modified membrane with an IL concentration of 2 wt-% has

the maximum mean pore size. The reason for this is that the
hydrogen bond between the IL and DMF dominates the relative
rate at which water enters and the solvent leaves the casting

solution, so that large pores are formed. The pore size of the
modified membrane with an IL concentration of 3 wt-% is
smaller than the other two modified membranes (IL-2wt% and
IL-4wt%), but the porosity is the largest. In this case, although

the action of hydrogen bonding is still stronger than the effect of
viscosity, the competitiveness of the hydrogen bonding becomes
relatively weak due to the obvious increase in solution viscosity.

However, when 4wt-% IL is added, the pore size increases again
and the porosity becomes minimal, indicating that hydrogen
bonding can be enhanced due to the higher content of IL, which

aggravates the instantaneous type phase separation to form
larger pores. By comparing the modified membranes, it can be
seen that IL-3wt% has the smallest mean pore size and largest

porosity among the modified membranes, which makes the

pores of the membrane more evenly distributed and has the best
structure of the modified membranes.

The morphology of the prepared PVDF membranes was

examined by SEM. All of the membranes showed a typical
asymmetrical structure. The pristine membrane has two layers:
the sponge-like upper layer and the slanting finger-like bottom
layer as shown in Fig. 9a. The modified membranes have more

finger-like pores and less sponge-like pores. The observation
indicates that modified membranes have pronounced changes in
the pore morphology with more well distributed voids and a

larger diameter. It is well known that the solvent–non-solvent
exchange rate during phase inversion controls the structure of
asymmetric membranes.[51] From the SEM images of the

modifiedmembranes, it can be seen that themodifiedmembrane
with an IL concentration of 3 wt-% has a better finger-like
structure and uniform pores throughout the cross-section as

shown in Fig. 9c. The modified membranes of IL-2wt% and
IL-4wt% have similar finger-like macrovoids in the cross-
section, indicating a heterogeneous distribution of pores and
the pore size, as shown in Fig. 9b, d. These SEM figures agree

with our experimental results as well as our analysis about pore
size and porosity as mentioned above.

Contact Angle

Hydrophobicity is an important property of PVDF membranes.
The hydrophobicity of the membranes was characterized
through water contact angle measurement. The values are listed

in Table 2 and photos of contact angles are shown in Fig. 9.
Overall, the contact angles are in the range of 96.68–110.18,
which indicates an improved hydrophobicity of the membrane
compared with a previous study.[52] [Bmim][PF6] contains

fluorine which is the most electronegative element. This strong
electronegativity increases the affinity of F and C, making the
bond energy of C–F much larger than that of C–H. The stability

of the fluorine-containing substance is obviously enhanced, so
the fluorine-containing IL has the characteristics of low surface
energy.Adding the fluorine-containing IL to the casting solution

will reduce the surface energy of the modified membranes,
which leads to a higher hydrophobicity.

On the other hand, compared with the other two modified

membranes (IL-2wt% and IL-4wt%), the modified membrane
prepared with IL-3wt% has the largest contact angles, namely
110.18. The higher IL concentration (IL-4wt%) does not lead
to a higher contact angle. The reason is that excessive fluorine

(4 wt-%) can bind carbon more firmly and can cause two
competing processes between the exterior and interior of the
membrane. When the concentration of fluorine is increased to a

certain extent, the action of fluorine and hydrogen can reduce
the action of C–F on the surface of themembrane, resulting in an
increase of hydrophilicity. So the hydrophobicity of the surface

is not significantly increased. In general, the higher the hydro-
phobicity, the higher the critical inlet pressure. FromTable 2, we

Table 2. Characteristics of the PVDF membranes with different IL concentrations

Membrane Mean pore size [mm] Porosity [%] Solution casting viscosity [cP] Contact angle [deg.] Inlet pressure [kPa]

IL-0wt% 0.194� 0.02 71� 0.73 1129 88.1� 2.1 96

IL-2wt% 1.74� 0.03 74� 0.68 1135 97.2� 1.4 108

IL-3wt% 0.521� 0.04 78� 0.75 1290 110.1� 1.8 172

IL-4wt% 1.41� 0.02 70� 0.81 1340 96.9� 2.0 150
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Fig. 8. Hydrogen bonding interaction between [Bmim][PF6] and DMF.
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can see that the membrane with 3 wt-% IL concentration has
the highest critical inlet pressure, whose changing trend is in
agreement with that of the contact angle.

The hydrophobicity of amembrane is generally determinedby
the surface energy and roughness of the membrane surface.
Accordingly, AFM was used to visualise the surface of the

pristine membrane and modified membrane (IL-3wt%) as illus-
trated in Fig. 10. It can be seen that the roughness of the modified
membrane surface increases slightly, but the increased rates are

only 1.72% (Ra) and 5.05% (Rq). In general, inorganic nano-
particles are directly used tomodify the roughness of amembrane
surface and further increase the contact angle depending on the
size effect of the inorganic nanoparticles.[53,54] However, in our

experiments, the hydrophobic IL ([Bmim][PF6]) and PVDF have
a high solubility in DMF, and there is no size effect on the
membrane surface like inorganic nanoparticles. Therefore,

[Bmim][PF6] has little effect on the roughness of surfaces, which
has been proven by AFM. However, the contact angle of the
modified membrane increases significantly from 88.18 to 110.18.

Therefore, we can infer that the change of surface energy can
remarkably affect the hydrophobicity when the IL has been
blended with PVDF in our experiments.[55,56]

Some researchers have prepared different membranes using
PVDF as a membrane matrix, whose contact angles have been
given. The contact angle of a high-performance PDVF hydro-

phobic membrane prepared by Zhang et al.[57] is 108.18, that of a
PVDF hydrophobicmembrane prepared byHou et al.[58] is 1138,
that of a PVDF-CTFE membrane reported by Zheng et al.[59] is

92.588, and that of a PVDF-CTFE flat sheet membrane prepared
by Wang et al.[60] using a dry-wet phase inversion process is
,1088. In addition, some special inorganic particles have been
blended with PVDF and increased the hydrophobicity of the

membranes prepared. The contact angels of a CaCO3/PVDF
membrane prepared by Hou et al.[54] is 948, and that of a PVDF
membrane blended with calcium stearate is,1108 due to a low

adhesion property.[61] However, the contact angle of our modi-
fied membranes is 110.18, which is larger than most of the
contact angles displayed in the above literature, indicating that

50 µm 50 µm

50 µm50 µm

(a) (b)

(c) (d)

Fig. 9. SEM and contact angle images of membranes with different IL concentrations: (a) IL-0wt% (b) IL-2wt%

(c) IL-3wt%, and (d) IL-4wt%.
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Fig. 10. AFMof pristine andmodifiedmembrane (IL-3wt%). (a) Pristinemembrane (Ra¼ 46.3 nm, Rq¼ 59.2 nm). (b)Modifiedmembrane
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our PVDF membrane modified by an IL has excellent hydro-

phobicity. Therefore, the addition of IL can change the hydro-
phobic effect of PVDF and enhance its hydrophobicity. At the
same time, the modified membrane of IL-3wt% has the best

hydrophobic effect under our experimental conditions.

IL Leaching

Our modified membranes were prepared by an immersion pre-

cipitation process. In order to investigatewhether the IL is stably
retained in the membranes, IL leaching experiments of the
modified membrane were performed both during membrane

formation and the exchange of solvent and non-solvent.
The measured conductivity of the DMF was 0 ms cm�1. So

the change of conductivity will come from the contribution of IL

if IL leaches. In this experiment, the scratched modified mem-
brane was immediately placed into deionized water after the
initial conductivity of the deionized water had been recorded.
The conductivity of the deionized water with immersed modi-

fiedmembranes wasmeasured every two hours, and this process
lasted for 10 days. Over the period of 10 days, the conductivity
of deionized water remained unchanged, so we can conclude

that the IL is well retained in the PVDF membrane and no
leaching occurs during membrane fabrication.

Conclusions

In thiswork,modified PVDFmembranes have beenpreparedby a
non-solvent induced phase inversion by the blending of PVDF
with a hydrophobic IL [Bmim][PF6]. PVDFmembranesmodified
by IL have the best properties in pore size, porosity, and hydro-

phobicity compared with a pristine PVDF membrane, which can
decrease the transport resistance of CO2 gas and increase CO2

absorption fluxes in theory. The improvements in membrane

properties favour the application of hydrophobic PVDF mem-
branes. The specific experimental conclusions are listed below.

1. The different properties of the modified membranes are
characterized as follows. FT-IR spectroscopy indicates that
the IL was successfully retained by the PVDF membrane.

DSC shows that [Bmim][PF6] has no significant impact on
the melting point and crystallinity degree of the PVDF
membrane. TGA reveals the optimum temperature of the

modified membrane is below 3008C, otherwise the IL can be
pyrolyzed.

2. The addition of IL can influence the structure of the mem-
brane pores due to two competitive actions. The exchange

rate of solvent and non-solvent can be influenced by two
factors. One is the effect from the hydrogen bond action
between IL and DMF, and the other is the effect of the

increasing viscosity of the casting solution. The former plays
a leading role. The hydrogen bond action between IL and
DMF can slow the rate that DMF leaves the membrane

during the process of membrane formation. As a result, the
pore size of the membrane is enlarged.

3. The addition of IL increases the hydrophobicity of the
membrane so that the maximum contact angle is 110.18 in

our experiments. The reason is that the fluorine-containing
IL is strongly electronegative, making the bond energy of
C–F much larger than that of C–H. As a result, PVDF

blended with IL has a lower surface energy and leads to the
higher hydrophobicity of the modified membranes.

4. The [Bmim][PF6] is well retained in the PVDF membrane

and there is no leaching of IL during membrane fabrication.
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