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Abstract Thin film composites (TFCs) of poly(2-
hydroxyethyl methacrylate) (PHEMA) and poly(methyl meth-
acrylate) (PMMA) chain-tethered poly(vinylidene fluoride)-
poly(dimethylsiloxane) (PVDF-PDMS) were prepared as a
gas separation membrane. PDMS was coated on the PVDF
support using a dip coating method. PHEMA and PMMAwere
then grafted on PVDF-PDMS substrate by atom transfer radical
polymerization. The PVDF-PDMS-PHEMA and PVDF-
PDMS-PMMA trilayer membranes were studied by attenuated
total reflection Fourier transform infrared spectroscopy, scan-
ning electron microscopy, atomic force microscopy, water con-
tact angle measurement, and X-ray photoelectron spectroscopy.
The results of separation tests indicated that the CO2/N2 selec-
tivity of PVDF-PDMS-PHEMA and PVDF-PDMS-PMMA
TFCs increased by ∼2 and ∼3 times, respectively, compared
to the solvent-extracted PVDF-PDMS support.
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Introduction

Most studies on gas separation membranes have used dense
homogeneous films. They have important properties, like intrin-
sic gas diffusivity, solubility, and gas permeability. However, the
low flux and poor mechanical resistance restrict the capacity of
these thick films in practical industrial implementations [1].

Thin film composite membrane is one of the most effective
membranes for gas separation because of its asymmetric and
porous structure [2]. The configuration of a composite mem-
brane consists of three layers, namely porous support layer,
coating layer, and selective layer [3, 4]. The coatedmacroporous
support is normally modified by the formation of a selective
polymer layer [5]. The existence of a thin nonporous selective
layer over a support providing sufficient mechanical stability
guarantees high membrane permeability [6].

The porous support layer is expected to have a high me-
chanical strength along with an enhanced gas permeability.
The important materials utilized as supporting layer include
alumina [7], zeolite [8], polysulfone [9], polyamide [10], and
poly(vinylidene fluoride) (PVDF) [9]. The coating layer plugs
defects in the selective layer and decreases possibility of gas
leakage through the defects. The efficiency of a composite
membrane is greatly related to coating material filling the de-
fects during the fabrication [10]. Silicone rubber [11, 12], 4,4′-
hexafluoroisopropylidene bis(phthalic anhydride) [13], and
poly(aminosi1oxane) [14] have been applied as coating layers.
The selective top layer must be thin as far as possible to obtain
a high flux [15, 16]. Thin polymeric films are not strong
enough to endure high gas pressure involved in gas separation
[16]. Polymers such as polyether-block-polyamide (PEBAX)
[17], polyimide [18], polyamide [19], polysulfone [20],
poly(methyl methacrylate) (PMMA) [21], and poly(ethyl
methacrylate) (PEMA) [22] have been used as selective layers.
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A thin film selective layer can be made via several methods
including interfacial polymerization [23], solution coating [24],
plasma polymerization [24, 25], casting [26], or other surface
treatment methods [27]. One of the ways of surface treatment is
surface-initiated atom transfer radical polymerization (ATRP)
method [28–30]. ATRP is a method broadly applied for the
decoration of different substrates by tethering polymer chains.
This method has been widely examined for surface treatment in
a flat geometry; however, it is less reported in the field of porous
membranes [28]. Recently, surface-initiated polymerization to
acquire polymer brush structure has received interest in gas
separation [30], due to low polydispersity and well-controlled
density of grafting on the selective polymer layer [28].
Balachandra and coworkers [30] synthesized cross-linked
poly(ethylene glycol dimethacrylate) (PEGDMA) and poly(2-
hydroxyethyl methacrylate) (PHEMA) on porous alumina by
the ATRP method. The results showed that CO2/CH4 and O2/
N2 selectivity of PEGDMAwere ~20 and ~2, respectively. But
PHEMA brushes showed only Knudsen diffusion-based selec-
tivity. In another work, thin poly(ethylene oxide) (PEO)-based
polymer films were grown from porous alumina substrates via
ATRP. The membrane exhibited a CO2/H2 selectivity of 12 and
a CO2 permeability of about 20 barrers [31]. A poly(vinyl pyr-
rolidone) (PVP)-grafted poly(vinyl chloride) (PVC) copolymer
was synthesized by ATRP. PVP grafting enhanced CO2 perme-
ability of PVC membrane up to 4-fold [32].

PVDF is extensively applied as membrane, owing to its ex-
cellent processability, chemical stability, and good thermal prop-
erty [33–35]. However, PVDF has been recognized as a gas
barrier material and its application in gas separation membranes
is restricted by pores of the surfaces [34, 36]. It has been reported
that sorption and permeation characteristics of porous mem-
branes may be varied by surface covering with the polymeric
layer [36]. Surface treatment could provide favorite modifica-
tions into the PVDF membranes, along with intact bulk proper-
ties [35]. Zhou and coworkers [11] developed PVDF-PDMS
composite microfiltration membrane for separation of dimethyl
carbonate (DMC) from a methanol solution. In another work,
Chung and coworkers [12] fabricated a polysulfone-poly(di-
methylsiloxane)-poly(4-vinylpyridine) (PSf-PDMS-PVP) mul-
tilayer composite hollow fiber membrane for gas separation.
Composite hollow fiber membrane showed H2/N2, CO2/CH4,
and O2/N2 selectivities of 100, 50, and 7, respectively. PDMS-
porous polymer bilayer was investigated as gas separation and
pervaporation membranes. For example, Prajapati and co-
workers used PSf hollow fibers with different pore asymmetries
as supports. Uniform PDMS layer over the porous PSf support
exhibited excellent gas permeability and O2/N2 selectivity [37].
In another study, different composite membranes consisting of a
polyethersulfone phase inversion membrane as a sublayer and a
PDMS coating as a top layer have been prepared and character-
ized for pervaporation and gas separation applications [9, 38].
The effects of preparation parameters on the performance and

morphology of PDMS/PSf membranes were investigated [39].
Scofield and coworkers prepared diblock copolymers (BCPs)
consisting of poly(ethylene glycol) (PEG) and PDMS. BCPs
were synthesized and blended with a commercially available
PEBAX to form the active layer of TFC membranes via spin
coating. TFC membranes containing PEG and PDMS BCPs
increased up to 250% of the permeance of pure PEBAX com-
posite membranes, while maintaining a CO2/N2 selectivity of 21
[40]. In another work, the PDMS/ceramic composite
pervaporation membranes were fabricated and used in alcohol
recovery, desulfuration, and solvent dehydration and coupled
processes, in which the composite membranes exhibited high
pervaporation performance and especially high permeate flux
[41].

In another research [21], solution-casted PMMA resulted
in a selectivity of 20 for CO2/CH4. Also, PMMA derivatives
like PEMA exhibited a selectivity of 20 and a permeability of
7 barrers for CO2/CH4 and CO2, respectively. PDMS is a
desirable coating material in gas separation membrane owing
to its high permeability [35, 36, 42, 43]. On the other hand,
PVDF is a highly nonreactive thermoplastic with good me-
chanical and thermal properties and excellent chemical resis-
tance [44]. In this work, PVDF was chosen as the support
layer of the membrane, owing to its excellent properties.
Despite the intrinsically low permeability of semicrystalline
PVDF, the microporous structure of PVDF support layer un-
desirably increases its permeability. Therefore, the necessity
of a second layer (coating layer) for controlled permeability
was felt. PDMS coating layer penetrates defects into the se-
lective layer and decreases the possibility of gas leakage
through the defects, and the high permeability of PDMS
makes it as the best candidate for coating layer. The bilayer
membrane combined the advantages of PVDF and PDMS
together. To achieve high selectivity, glassy polymers such
as PMMA and PHEMA were chosen as the selective layer
on the membrane. Surface initiated (SI)-ATRP was applied
for grafting a thin film of PMMA and PHEMA on the
PVDF-PDMS substrates, and the CO2/N2 selectivities of
PHEMA- and PMMA-grafted membranes were examined
and compared with the solvent-extracted PVDF-PDMS bilay-
er. The existence of a thin selective layer over a support pro-
viding sufficient mechanical stability guarantees high mem-
brane permeability.

Experimental

Membrane fabrication

The fabrication steps of PHEMA-anchored PVDF-PDMS
TFC membrane are outlined in Fig. 1. PDMS was coated on
the PVDF support via a dip coating method using a PDMS/n-
hexane (=20/80 v/v) solution to block the defects of the
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selective layer thereby decreasing gas leakage possibility.
Then, the membrane was dried at 70 °C in order to evaporate
the residual solvent and partially cross-link the PDMS. After
four times of dip coating of the mentioned PDMS/n-hexane
solution on PVDF support, the coated support was maintained
at 100 °C for 3 h to accomplish cross-linking. The samples
were stored in a dry and dust-free environment. In the next
step, PHEMA and PMMA were grafted on PVDF-PDMS
substrate by ATRP. The water/methanol soluble monomers,
methyl methacrylate (MMA), and 2-hydroxyethyl methacry-
late (HEMA) were chosen to create a selective layer on the
membranes. This was because, in addition to obtaining high
selectivity, swelling of the PDMS in organic solvents (toluene,
dichloromethane, etc.) [45] and destruction of substrate could
be prohibited.

The PVDF-PDMS bilayer was treated by ultraviolet-ozone
(UVO) radiation when it was submerged in water; then the
initiator, 3-(2-bromoisobutyramido)propyl(trimethoxy) silane
(BrTMOS), was immobilized on it, and finally, the monomers
were polymerized by SI-ATRP.

Pretreatment of the substrates and initiator
immobilization

The PVDF-PDMS bilayer was treated by UVO radiation for
2 h when it was submerged in water. The water medium was
used to prevent wrinkling and cracking creation on PVDF-

PDMS substrate due to UVO radiation [46]. The treated
PDMS-PVDF membrane was laid in a mixture of ethanol
(20 mL) and BrTMOS (0.5 g), which was synthesized accord-
ing to Section B, Supplementary information, for 20 h at 30 °C
in a N2 environment. Then, the initiator-functionalized PVDF-
PDMS TFC membrane was sonicated in water for 5 min. The
initiator-functionalized membrane was then Soxhlet extracted
in ethanol for 18 h and dried for 1 h at 70 °C.

Surface-initiated ATRP of HEMA (or MMA)
on PVDF-PDMS substrate

High purity water (15 mL), methanol (15 mL), and HEMA
(17.1 g, 130 mmol) (or MMA (13.0 g, 130 mmol)) were
mixed in a 50-mL two-neck flask with a stirring bar, and four
freeze-pump-thaw cycles were used for degassing. The solu-
tion was transferred into a round bottom flask containing the
mixture of CuBr2 (24.3 mg, 109.2 μmol), CuCl (111 mg,
1.13 mmol), and 2′,2-bipyridine (bipy) (435 mg, 2.79 mmol).
The resulting mixture was transferred in the reaction flask
continuously being purged with nitrogen including the initia-
tor immobilized on the PVDF-PDMS substrate. The reaction
was done for 24 h at 30 °C. Afterward, the polymer-tethered
substrate was sonicated for 5 min in water and dried by a
nitrogen flux. Then, PHEMA (or PMMA)-tethered PVDF-
PDMS TFC was Soxhlet extracted for 18 h with methanol
[47].

Fig. 1 Schematic illustrating the principle of preparing PHEMA-anchored PVDF-PDMS TFC membrane
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Characterization methods

The surface and cross section of the various dried substrates
were sputtercoated with gold and viewed by a field emission
scanning electron microscope (FESEM) (Tescan, MIRA3
FEG-SEM, Czech Republic). The cross sections were obtained
by freeze-fractured membranes in liquid nitrogen. Water con-
tact angles were measured by a contact angle measurement
equipment (Sahand University of Technology, Tabriz, Iran)
equipped with a DV-3000 binocular (Bell, Italy). Fourier trans-
form infrared spectroscopy (FTIR) analysis was performed on a
Tensor 27 spectrometer (Bruker, Germany) using an attenuated
total reflection (ATR) unit. Atomic force microscopy was per-
formed on a Dual Scope Probe Detector (DS 95-50-E, DME,
Denmark) in tapping mode. Proton magnetic resonance spectra
(1H NMR) were registered on a Bruker DPX300 spectrometer
operating at 300MHz in deuterated chloroform (CDCl3). X-ray
photoelectron spectroscopy (XPS) data was documented with a
8025-BesTec twin anodeXR3E2X-ray source system. ESP300
Motion Controller/Driver ellipsometer equipped with Si/SiO2

substrate and a He/Ne laser having the wavelength of 632.8 nm
was applied to do ellipsometric measurements.

The molecular weight of PHEMA- or PMMA-cleaved poly-
mer on Si wafer was determined by gel-permeation chromatog-
raphy (GPC) using the Agilent 1100 HPLC system (Agilent
Technologies, Palo Alto, CA, USA). The eluent was THF sol-
vent at a flow rate of 1.0mL/min. To cleave PMMAor PHEMA
from the support, the PHEMA or PMMA-modified silicon wa-
fer was placed in a Petri dish alongwith 2–3mLof 10% solution
of HF acid (49% reagent grade, Fisher). After 30 min, 10 mL of
chloroform was added and stirred to capture the PHEMA or
PMMA chains in the organic phase. The chloroform was ex-
tracted with a syringe and placed in a small vial (5 mL).

Gas permeation properties were determined by a circular
disk permeation module with a pressure gauge. The permeate
flux was recorded versus inlet pressure (2–5 bar) by a soap-
bubble flow meter in order to check the carbon dioxide, nitro-
gen, and methane permeation. The bubble flow meter system
is a simple and precise way to measure flow rates of gases. It
determines the volumetric flow rate by measuring the time
taken by the gas stream to move a soap bubble through a
specific volume. For each gas, the permeation system was
exposed to the flow of gas to obtain steady-state flux. In gas
permeation analysis, three different membranes were tested
for each sample. The membrane surface exposed to the gas
was 19.6 cm2. The overall selectivity of a membrane was
calculated from the following relation [48]:

α12 ¼ P1

P2
¼ S1

S2
:
D1

D2
ð1Þ

Where α12 and P are the selectivity and pure permeability
for each gas, D1/D2 ratio is the mobility (or diffusivity) selec-
tivity, and S1/S2 ratio is the solubility selectivity.

Results and discussion

Membrane characterization

The chemical composition of modified surfaces was charac-
terized by ATR-FTIR analysis. The spectra of the neat PVDF-
PDMS and PHEMA- and PMMA-anchored PVDF-PDMS
TFC membranes are presented in Fig. 2. The absorption band
that appeared at 1728 cm−1 was referred to the O–C=O
stretching vibration of ester groups, which signified grafting
of the PMMA and PHEMAonto the PVDF-PDMS substrates.
The peak corresponding to the –OH groups in the spectral
region 3300–3500 cm−1 (Fig. 2b) indicated that PHEMA
was successfully anchored on PVDF-PDMS TFC membrane.
After reaction of the film with the MMA monomer, there was
a slight enhancement in the peak intensity in the spectral re-
gion 2945 cm−1 (Fig. 2c), which could be ascribed to C–H
stretching vibration of the CH2 group of the tethered PMMA.

The morphologies of the cross section and top surface for
the pristine, PHEMA-anchored, and PMMA-anchored
PVDF-PDMS TFC membranes were studied by FESEM.
The image obtained from the cross section of the commercial
PVDF membrane (Fig. 3a, left) revealed that the substrate
consisted of two different layers. The SEM image of the top
view of the commercial PVDF membrane revealed its porous
structure (Fig. 3a, right). The top view SEM image of PVDF-
PDMS (Fig. 3b, right) showed that coating of PDMS on the
PVDF support caused coverage of pores on the PVDF mem-
brane surface. The thickness of the PDMS layer was about
50 μ (Fig. 3b, left). As depicted, tethering of PHEMA (Fig.
3c) and PMMA (Fig. 3d) chains on PVDF-PDMSTFC caused
a significant alteration in the morphology of the top surface of
the membrane.

In addition to the analyses carried out on the brush-tethered
membranes, to precisely validate the brush characteristics, we
analyzed the brushes synthesized on silicon wafer. For this
purpose, tapping mode AFM images (Fig. 4) were taken from
the stepped samples of PHEMA brushes synthesized on sili-
con wafer. From the AFM results, the thickness of PHEMA
brush was about 15 nm (Fig. 4). Contrary to the flat surfaces
such as silicon and gold wafers which are more convenient
reference substrates to characterize [49–52], because of high
surface roughness of PVDF-PDMS, ellipsometry of its sur-
face was impossible. Therefore, it was tried to use data of Si
wafer to evaluate the properties of tethered chains (thickness,
grafting density, etc.) on PVDF-PDMS bilayer. The thick-
nesses measured by ellipsometry were about 16 and 22 nm
for PHEMA- and PMMA-anchored brushes, respectively,
grown after 4 h. The thicknesses of PHEMA and PMMA
brushes grown after polymerization for 24 h, measured by
ellipsometry, were 47 and 54 nm, respectively.

The AFM images of the commercial PVDF, unmodified,
initiator-immobilized, and PHEMA-anchored PVDF-PDMS
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TFC membranes are shown in Fig. 5. These results revealed
the change in surface morphology of PVDF support after
PDMS coating. Comparing the AFM images showed that
the PDMS-modified support (Fig. 5b) was smoother than the
unmodified PVDF support (Fig. 5a), and the root mean square
roughness (Rrms) was decreased from 75 to 9.9 nm. The value
of Rrms was increased from 9.9 nm for the PDMS-covered
PVDF to 16 nm for the initiator-immobilized substrate and
22.7 and 32.4 nm for the PHEMA- and PMMA-anchored
PVDF-PDMS substrates, respectively.

Water contact angle (WCA) measurement was used as a
tool to monitor the success of surface modification of the
PVDF-PDMS TFC membrane in each step. While the WCA
for neat PVDF-PDMS was ~96°, the WCA measured for
UVO-treated PVDF-PDMS membrane after submerging in
water was ~45°. An increase in the water contact angle oc-
curred with immobilizing initiator, owing to the hydrophobic

characteristic of the initiator-coated surface; WCA of ~87°
was observed for the initiator-immobilized PVDF-PDMS sub-
strate. As seen in Fig. 6, theWCA after reaction of HEMAand
MMA monomers with the initiator-immobilized surface
changed to ~60° and ~72°, respectively.

Successful immobilizing of the BrTMOS initiator and
grafting of PHEMA and PMMA chains on PVDF-PDMS
substrate were also investigated by XPS. The XPS wide scan
spectra of the neat and initiator-immobilized PVDF-PDMS
membrane are shown in panels a and b of Fig. 7, respectively.
The XPS spectra for PVDF-PDMS had four signals Si2s,
Si2p, O1s, and C1s; the bromosilane initiator-immobilized
support exhibited six signals at about 532, 285, 400, 153,
100, and 70 eV associated with O1s, C1s, N1s, Si2s, Si2p,
and Br1s core level signals (Fig. 7b). The high-resolution
elemental scan of C1s obtained from the bromosilane
initiator-immobilized support (Fig. 8b) confirmed the

Fig. 2 ATR-FTIR spectra
(normalized to the Si–O–Si peak
at 1100 cm−1) of the pristine (a),
PHEMA-anchored (b), and
PMMA-anchored (c) PVDF-
PDMS substrates
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successful immobilization of initiator on PVDF-PDMS sup-
port. The C1s core level spectrum was legibly curve fitted
with three components including binding energies (BEs) at
about 284.0 eV (for C–C/C–H species), 286.9 eV (for C–O/
C–Br species), and 289.7 eV (for N–C = O species).

The XPS results were also applied to detect grafting of
PHEMA and PMMA brushes on PVDF-PDMS support.
The XPS spectra for PHEMA- and PMMA-tethered
PVDF-PDMS TFC membrane had four signals Si2s, Si2p,
O1s, and C1s. The high-resolution elemental scan of C1s
core level spectra were curve fitted with three components
with BEs at about 284.3, 286.8, and 289.8 eV for PHEMA-
tethered (Fig. 8c) and 285.1, 286.1, and 289.3 eV for

PMMA-tethered PVDF-PDMS (Fig. 8d), which were attrib-
uted to C–C/C–H, C–O/C–Br, and O–C=O species, respec-
tively. The [C–H]:[C–O]:[O–C=O] molar ratios, as speci-
fied from the C1s spectral component area ratio, were
3.3:1.8:1 and 3.1:0.9:1 for PHEMA and PMMA brushes,
respectively. These ratios deviated somewhat from the
3:2:1 theoretical ratio for PHEMA and 3:1:1 for PMMA that
agree rather well with the corresponding theoretical values.
Furthermore, comparisons of XPS spectra before and after
grafting of PHEMA and PMMA confirmed the disappear-
ance of the nitrogen peak, and Si2s and Si2p signals were
decreased due to formation of brushes on the surface. The
surface chemical composition obtained from XPS analysis

Fig. 3 FESEM images obtained from the cross section (left images) and top surface (right images) of a the commerical PVDF, b PDMS-coated PVDF, c
PHEMA-anchored PVDF-PDMS, and d PMMA-anchored PVDF-PDMS TFC membranes. Polymerization time was 24 h

Fig. 4 AFM images (left) and 3D
surface image (right) of the brush
formed on a stepped silicon wafer
after 4 h of polymerization
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Fig. 5 AFM phase images and
3D surface images (insets) of the
commercial PVDF (a),
unmodified (b), initiator-
immobilized (c), and PHEMA-
anchored (d) PVDF-PDMS TFC
membranes. The polymerization
time was 24 h

Fig. 6 WCA results of a the neat, bUVO-treated, c initiator-immobilized, d PHEMA-anchored, and e PMMA-anchored PVDF-PDMSTFCmembranes
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of PVDF-PDMS (a), initiator-immobilized (b), PHEMA-
grafted (c), and PMMA-grafted (d) PVDF-PDMS TFC
membranes is reported in Table S2.

To control the grafting density of polymer brushes prepared
by SI-ATRP, one of the basic requirements is the control of the
chemical composition and graft density of the immobilized
ATRP initiator. As mentioned in the Supporting information
(Section C), the initiator grafting density on Si wafer and
PVDF-PDMS bilayer was determined by the modified
Cassie-Baxter equation [53] (Eqs. (S1) and (S2)). The initiator

grafting density was about 3 and 3.4 no./nm2 for the Si wafer
and PVDF-PDMS bilayer, respectively. This data was con-
firmed by the Br/Si ratio (0.0031) estimated from XPS results
for the initiator-immobilized PVDF-PDMS membrane
(Table S2). After grafting of PHEMA and PMMAon Si wafer,
the results of grafting density (Σ) and distance between
grafting sites (S) of cleaved PHEMA and PMMA on Si wafer
were calculated by Eqs. (S4) and (S5). The results of grafting
densities 0.67 and 0.63 were calculated for cleaved PHEMA
and PMMA on Si wafer, respectively (Table 1). Reduced

Fig. 7 XPS survey spectra of the neat (a), initiator-immobilized (b), PHEMA-anchored (c) and PMMA-anchored (d) PVDF-PDMS TFC membranes
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grafting density after grafting of polymers confirmed that
alkoxysilanes (initiator) are suspicious of being hydrolyzed
in aqueous media [54].

Gas permeability

Although PVDF membranes have very low permeability due
to the intrinsically low permeability of semicrystalline PVDF
[55], as shown in Fig. 3a, the commercial PVDF exhibited
some large pores with sizes larger than 0.1 μm. Hence, it did
not have resistance against gas permeability, which limits
PVDF application in gas separation. Supported membranes
were prepared on porous PVDF by dip coating in PDMS
solution in n-hexane. With this procedure, a nanoporous
PDMS layer with a thickness of less than 50 μmwas obtained.
High permeability and low selectivity are the general features
of rubbery polymers, in contrast to glassy polymers.
Differences in gas solubility are the basis of gas separation
by rubbery polymer membranes, whereas gas diffusivity is
the determinant factor in the glassy polymer membranes [56].

Figure S3 indicates that the multilayer PDMS-coated
PVDF porous membrane facilitated the transport and im-
proved the performance for gas separation. The CO2

permeance of PVDF-PDMS was 8.5 × 10−8 mol/(m2 s Pa) at
3 atm (Table 2).

From Table S3, the solubility coefficient in PDMS polymer
affected the permeability value much more than the diffusion
coefficient. The more the difference in the relative size of two
penetrating gases, the more the diffusion selectivity. However,
the solubility selectivity increases with an enhancement in the
condensability difference. Therefore, solubility, diffusivity,
and overall selectivity are mainly affected by the relative value
of the two pointed terms.

Based on the size of the permeating gas, the permeability
coefficient for the smaller size gases is expected to have high
value compared to larger size more condensable gases [57].
However, the condensable gases were observed to have very
high permeability values in PDMS. Increasing the penetrant
concentration with time enhanced the polymer matrix plasti-
cization, especially in the case of adsorbing penetrants. In a
plasticized polymer, the penetrant diffusivity increases, which
is resulted by enhanced local segmental mobility of the poly-
mer matrix. On the contrary, a significant penetrant pressure,
owing to its high concentration, leads to polymer compression
to some extent and consequent decreasing of penetrant diffu-
sion coefficients. Therefore, penetrants with lower adsorption

Fig. 8 High-resolution elemental scans of C1s signals of PVDF-PDMS (a), initiator-immobilized (b), PHEMA-grafted (c), and PMMA-grafted (d)
PVDF-PDMS TFC membranes

Table 1 Molecular weight, PDI,
and grafting density were
calculated for cleaved PHEMA
and PMMA on Si wafer

Polymer brushes Thickness (nm) ρ (g/cm3) Mn/1000 (g/mol) Mw/Mn Σ (chains/nm2) S (nm)

PHEMA 47 1.15 48.56 1.3 0.67 1.38

PMMA 54 1.19 61.40 1.5 0.63 1.42
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like nitrogen have low permeability value compared to the
more soluble penetrants (CO2) which induce significant plas-
ticization. From the results, one can observe that difference in
penetrate solubility is a substantial factor in the determination
of rubbery polymer selectivity [57].

To synthesize the polymer brush with SI-ATRP, the mem-
branes were placed in the ATRP solution. In contrast to water,
nonpolar solvents (e.g., hydrocarbons, toluene, and dichloro-
methane) are capable of PDMS swelling [45]. The swelling
significantly reduces the adhesion between PDMS coating
and PVDF substrate, which affects the membrane perfor-
mance. Fortunately, PDMS has a slight swelling in methanolic
and ethanolic solutions [29]. Therefore, in this work, the aque-
ous solution of methanol was employed as a reaction medium
for ATRP.

On the other hand, the high dielectric constant of the polar
solvents such as water likely improves the catalyst activity
[29]. So, this method quickly increases the rate of polymeri-
zation to grow brushes (of water-soluble monomers). This
strategy allows the formation of brushes with a predetermined
length. Before performing ATRP, the membranes were ex-
tracted in methanol and ethanol separately. As shown in
Tables 2 and 3, the permeance increased and selectivity of
the membranes decreased in methanol and ethanol extraction.
For example, the CO2/N2 selectivity of PVDF-PDMS de-
creased from about 9 to 6, and also, the CO2/CH4 selectivity
of PVDF-PDMS at 3 atm decreased from about 4 to 1.6 after
solvent extraction. It has previously been demonstrated that
the curing process of PDMS relies on time and temperature
and does not reach complete cross-linking, and about 5 wt%
of PDMS mass remains uncross-linked, which can be extract-
ed by solvents [58, 59]. These low molecular weight oligo-
mers can diffuse freely and change the surface characteristics
of the elastomer [60–62]. The amount of extractable compo-
nents of the PDMS used in this work was about 3.3 wt%. In
comparison to the virgin PVDF-PDMS membrane, the ex-
tracted one exhibited better stability and was selected as ref-
erence sample for permeability studies.

After preparation of the two-layer membrane, PVDF as the
support and PDMS as the coating layer, PHEMA and PMMA
chains were synthesized onto the membrane as selective
layers. This composite membrane including a thin selective
layer (PHEMA or PMMA brushes) and a porous support
(PVDF) is desirable in gas separation due to high gas flow.

Table 3 shows the fluxes of carbon dioxide, nitrogen, and
methane gases through a PVDF-PDMS, solvent-extracted
PVDF-PDMS, and PHEMA- and PMMA-anchored PVDF-
PDMS TFC membranes versus transmembrane pressure.
After grafting of PHEMA and PMMA, the permeance coeffi-
cient of different gases decreased as CH4 > CO2 > N2. Glassy
polymers such as PHEMA and PMMA have low permeability
as compared to rubbery ones. They have rigid chains that may
retard the penetrat ion of gas molecules betweenT
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intersegmental polymer chains [63]. Therefore, grafting of
PHEMA or PMMA brushes onto PVDF-PDMS as a third
layer was expected to reduce the permeance of PHEMA-
and PMMA-grafted PVDF-PDMS membranes. The tighter
packing of grafted chains limited the diffusion of all mole-
cules, but it limited the diffusion of large molecules more than
that of small molecules. Therefore, the materials became in-
creasingly size selective. For instance, a linear molecule, CO2

(kinetic diameter = 0.33 nm), diffused more quickly than
spherical molecules of CH4 (kinetic diameter = 0.38 nm)
and N2 (kinetic diameter = 0.36 nm) [30, 64].

Table 3 indicates that methanol and ethanol extraction de-
creased the selectivity of CO2/N2 and CO2/CH4 due to the me-
chanical instability caused by swelling in the solvents [45]. The
solvents can dissolve the polymer if it is not cross-linked [59].
As shown, after ATRP, the CO2/N2 selectivity of PHEMA- and
PMMA-anchored PVDF-PDMS TFC membranes increased to
14.7 and 19.4, respectively, but the CO2/CH4 selectivity of
PHEMA- and PMMA-anchored PVDF-PDMS membranes
was about 4.5 and 7, respectively. Balachandra and coworkers
[30] used the SI-ATRP method to graft PHEMA on modified
porous alumina. Despite the expectation, the observed CO2/CH4

and CO2/N2 selectivities for PHEMAwere 0.7 and 0.9, respec-
tively, and permeability coefficients for PHEMA were about
7 barrers. In this study, PVDF-PDMS-PHEMA trilayer in-
creased permeability from 7 to 1680 barrers and CO2/CH4 and
CO2/N2 selectivities increased to 4.5 and 14.7, respectively.

Compared to other gases, CO2 permeation is considerable
due to small diameter and high condensability [65]. In addi-
tion, polar CO2 molecules can interact with the polar carbonyl
groups existing in the PMMA and PHEMA structures and the
hydroxyl groups in the PHEMA structure. The condensability
of N2 (71 K) was less than the condensability of CO2 (195 K)
and CH4 (149 K) and N2 had no special interaction with the
PHEMA and PMMA brushes, and their selectivities are medi-
ated by molecular sieve characteristic. Since the gas pairs of
CO2/N2 and CO2/CH4 experienced high diffusivity selectivity,

high affinity of CO2 with the carbonyl and OH groups on the
PMMA and PMMA brushes enhanced the solubility selectiv-
ity of this gas. The high CO2/N2 selectivity with respect to
CO2/CH4 selectivity was ascribed to very lower condensability
of N2 than that of CH4. However, higher diffusivity selectivity
for the CO2/CH4 pair is expected due to larger methane mole-
cule; the governing role of solubility selectivity diminishes the
total selectivity for CO2/CH4 [66].

Different selectivity of PHEMA- and PMMA-anchored
PVDF-PDMS membranes was due to different functional
groups in PHEMA and PMMA brushes; the carbonyl groups
of PMMA and PHEMA brushes have greater ability to dis-
solve CO2 than hydroxyl groups of PHEMA brushes [67].
Commonly, the more polar groups are added to the polymers,
the more is the solubility parameter which in turn lowers the
free volume and enhances chain stiffness, both decreasing
CO2 diffusivity [68, 69]. As mentioned, gas separation of
glassy polymer membranes is caused mainly by differences
in gas diffusivity [56]. The governing role of the difference in
gas diffusivity in the separation mechanism makes one sup-
pose that PHEMA brush has lower diffusion coefficient and
overall selectivity than PMMA brush.

Conclusions

TFCs of PHEMA and PMMA chain-tethered PVDF-PDMS
trilayers were prepared as a gas separation membrane. Atomic
force microscopy was employed to monitor surface morphol-
ogies of membranes. The RMS roughness of the PVDF-
PDMS bilayer (9.9 nm) increased to 22.7 and 32.4 nm for
PVDF-PDMS-PHEMA and PVDF-PDMS-PMMA mem-
branes, respectively. Water contact angle decreased from
~96° for neat PVDF-PDMS to ~45° for the treated PVDF-
PDMS, respectively. After initiator immobilization on
PVDF-PDMS bilayer, WCA increased to ~87°. WCA values
for PHEMA- and PMMA-anchored PVDF-PDMS

Table 3 Ideal selectivities for pristine PVDF-PDMS, PVDF-PDMS after solvent extraction, and PHEMA- and PMMA-grafted PVDF-PDMS TFC
membranes

Sample Pressure (bar)

2 3 4 5

Calculated gas selectivity coefficients

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

PVDF-PDMS 9.5 ± 0.4 4.0 ± 0.2 8.9 ± 0.4 4.0 ± 0.8 8.8 ± 0.5 3.6 ± 0.3 7.8 ± 0.8 3.8 ± 0.4

PVDF-PDMSa 5.4 ± 0.2 1.4 ± 0.7 6.2 ± 0.3 1.6 ± 0.3 6.4 ± 0.5 1.6 ± 0.4 5.8 ± 0.3 1.6 ± 0.2

PVDF-PDMS-PHEMA 14.0 ± 1.2 3.8 ± 0.3 14.2 ± 1.8 4.3 ± 0.4 15.3 ± 1.6 4.4 ± 0.5 15.5 ± 2 5.5 ± 0.9

PVDF-PDMS-PMMA 20.0 ± 2.4 7.1 ± 0.4 19.3 ± 1.3 7.0 ± 0.7 19.1 ± 1.6 7.2 ± 0.5 19.3 ± 1.8 7.0 ± 0.8

a PVDF-PDMS after solvent extraction
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membranes changed to ~60° and ~72°, respectively. The re-
sults of permeability measurements showed that after apply-
ing PDMS layer on PVDF substrate, it provided a suitable
substrate for gas separation. After solvent extraction, the per-
meability of carbon dioxide, nitrogen, and methane gases of
PVDF-PDMS substrate increased in all transmembrane pres-
sures. After formation of a thin film consisting of PHEMA or
PMMA, the CO2/N2 selectivity of PHEMA (=14.7) and
PMMA (=19.4)-grafted PVDF-PDMS membranes increased
by ∼2- and ∼3-folds, respectively, compared with solvent-
extracted PVDF-PDMS (=6). Although the CO2/CH4 selec-
tivity decreased from 3.5 to 1 after solvent-extraction of the
PVDF-PDMS support, grafting PHEMA and PMMA on
PDMS-coated PVDF substrate increased the CO2/CH4 selec-
tivity to about 6 and 7, respectively.
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