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Abstract: Conventional gas separation membranes have a trade-off relation between permeability and selectivity. Here,
we report simultaneously improved permeability and selectivity through a mixed matrix membrane (MMM) consisting
of P25 and amphiphilic graft copolymer. A graft copolymer composed of poly(vinyl chloride) (PVC) and poly(oxyeth-
ylene methacrylate) (POEM) as the backbone and side chains, respectively, was synthesized. The glass transition tem-
perature (7,) of PVC-g-POEM decreased upon addition of P25, indicating a decrease in chain rigidity. The crystalline
structure, d-spacing, morphology and thermal properties of membranes were characterized by X-ray diffraction (XRD),
small angle X-ray scattering (SAXS), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM).
Compared to pristine PVC-g-POEM, the CO, permeability through P25/PVC-g-POEM MMM increased by 122% from
46.2 to 102.8 Barrer, while the CO,/N, selectivity increased by 32% from 29.6 to 39.1. The increased CO, permeability
mostly resulted from increased diffusivity, while the increased selectivity was attributed to decreased solubility of N,.
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Introduction

Gas separation membranes are promising materials that can
potentially be used to diminish greenhouse gas emissions from
fossil fuel combustion, which is contributing to global climate
change. Among emitted gases, carbon dioxide (CO,) is con-
sidered the main culprit of the greenhouse effect, and thus sep-
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aration of CO, from flue gas is critical. Separation of CO, from
N, is usually carried out in the post-combustion process."?
Typical separation technology involves use of an amine solu-
tion but is expensive and consumes a large amount of energy™”
compared to membrane processes, which are simple to per-
form and cost-effective.*'® Polymeric membranes have been
widely investigated and used for gas separation; however, the
upper bound trade-off relationship between gas permeability
and selectivity remains a barrier. There has been intense inves-
tigation of polymers with different structures and morphol-
ogies in an attempt to approach the upper bound trade-off
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relation in polymeric membranes."

Introduction of inorganic filler into the polymer matrix,
which results in a mixed matrix membrane (MMM), represents
a breakthrough in gas separation research.'>* TiO, nanopar-
ticles (P25) have been incorporated into glassy polymers such
as polyimide or poly(1-trimethylsilyl-1-propyne) to form
MMMs.2» However, the interfacial contact between glassy
polymers and rigid inorganic nanoparticles is poor, resulting in
the formation of interfacial voids that allow for easy passage of
gas molecules, leading to loss of selectivity. Rubbery polymers
are considered good alternatives for MMM, but their use has
been limited by their poor mechanical strength. Thus, devel-
opment of polymers with good mechanical strength and good
interfacial contact with the inorganic filler is important.

Poly(ethylene oxide) (PEO) has received much attention as
a polymer membrane to separate CO, due to the strong affinity
of ether oxygens in PEO for CO,.>*? This specific interaction
leads to high selective solubility of CO, in PEO, resulting in
high permselectivity. However, the helical structure of PEO
chains results in high crystallinity, which reduces gas
permeability. Poly(oxyethylene methacrylate) (POEM) is
amorphous PEO without crystallinity, but its poor mechanical
strength, manifested by its sticky, fluidic properties, has limited
its use in gas separation membranes. To address these issues,
microphase-separated nanostructural block copolymers such as
PEBAX, which is the trade name of poly(amide-b-ethylene
oxide) block copolymer, have been employed.”** However,
block copolymers are typically synthesized via living anionic
polymerization, which is highly sensitive to impurities such as
H,0 and O,, making it expensive to perform.

In this study, we fabricated a MMM with P25 as a filler and
a low-cost amphiphilic graft copolymer as a matrix. Atom
transfer radical polymerization (ATRP) was utilized to syn-
thesize graft copolymer consisting of a poly(vinyl chloride)
(PVC) backbone and poly(oxyethylene methacrylate) (POEM)
side chains.**> P25-containing PVC-g-POEM MMMs were
characterized by X-ray diffraction (XRD), small angle X-ray
scattering (SAXS), differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and scanning electron
microscopy (SEM). Pure gas permeation properties were mea-
sured using the time lag method at 35 °C.

Experimental

Materials. Poly(vinyl chloride) (PVC, M,=99000 g/mol),
poly(oxyethylene methacrylate) (POEM, poly(ethylene glycol)

methyl ether methacrylate, M,;=475 g/mol), 1,1,4,7,10,10-
hexamethyltriethylene tetramine (HMTETA, 99%), and cop-
per() chloride (CuCl, 99%) were purchased from Aldrich. Tet-
rahydrofuran (THF), N-methyl pyrrolidone (NMP), and
methanol were obtained from J.T. Baker. P25 (TiO, nano-
powder, 21 nm) was also purchased from Aldrich. All chem-
icals were reagent grade and used as-received.

Synthesis of PVC-g-POEM Graft Copolymer. ATRP pro-
cedure was utilized to synthesize PVC-g-POEM graft copo-
lymer.*'** 3 g of PVC were added to 50 mL of NMP and
stirred vigorously at room temperature for 1 day for complete
dissolution of the polymer. After a homogeneous polymer
solution was obtained, 0.05 g of CuCl, 9 mL of POEM, and
0.12 mL of HMTETA were added in sequence. After the solu-
tion turned green, it was purged with nitrogen to get rid of the
residual oxygen in the flask, which is necessary for ATRP
polymerization. The polymerization reaction was carried out at
90 °C for 24 h. After polymerization, the resultant mixtures
were precipitated into methanol more than three times and
dried in a 50 °C oven overnight. Then, the mixtures were dried
again in a vacuum oven overnight at room temperature.

Preparation of Membranes. PVC-g-POEM graft copo-
lymer was dissolved in THF to prepare polymer solution,
while P25 powder was dispersed in THF by ultrasonication
and magnetic stirring separately. The ratio of P25 to PVC-g-
POEM was fixed at 1:1 wt. The homogeneously dissolved
polymer solution was mixed with the P25 solution and mixed
by magnetic stirring for 1 day. After sufficient stirring, the
mixed solution was poured in glass petri-dish and dried at
room temperature overnight. For complete removal of residual
solvent, the casted mixture film was dried again in a vacuum
oven at 50 °C for 1 day. Film thickness was approximately
60 pm.

Characterization. The crystalline structure of membranes
was characterized using X-ray diffraction (XRD, D8 Advance,
Bruker, Germany) with Cu Ko, radiation (A=1.5406 A). The D8
system was operated at 40 kV and 40 mA. The 26 range was
varied from 5° to 70° with a scanning speed of 2°/min. The
morphologies of membranes were observed using a field-emis-
sion scanning electron microscope (FE-SEM, JEOL 6701F,
JEOL Ltd). To investigate the thermal properties of mem-
branes, differential scanning calorimetry (DSC, DSC-Q1000,
TA Instruments, UK) was used and samples were heated from
-80 to 250 °C at a rate of 10 °C/min. Degradation of mem-
branes was measured as a function of temperature via ther-
mogravimetric analysis (TGA, Q-5000 IR, TA Instruments,
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USA) with a heating rate of 10 °C/min from 50 to 700 °C.
SAXS data were obtained with the 4C SAXS II beamline at
the Pohang Accelerator Laboratory (PAL), Korea.

Gas Permeability Measurements. Pure gas permeation
properties were determined using a constant volume/variable
pressure apparatus provided by Airrane Co. Ltd. (Korea)
according to our previously reported method.***” The leak rate
in the system was measured before starting the permeation
experiments and afterward, the pressure increase in the down-
stream volume was recorded to determine permeability. Gas
permeability was calculated from the steady-state rate of the
pressure increase in a fixed downstream volume. Downstream
pressure was always less than 2 torr, which was much lower
than the upstream pressure. The average estimated error of gas
permeability was approximately +2%. The diffusivity (D) or
diffusion coefficient was determined from the time-lag (6),
which is the period of time to reach the steady state and the
intercept in x-axis of the plot (pressure vs. time), using the fol-
lowing equation: D=L*/60, where L is membrane thickness.
Solubility (S) or the solubility coefficient can then be cal-
culated from the permeability, P, and D by the equation P=D
xS.

Results and Discussion

An important consideration when fabricating high perfor-
mance MMMs is correct pairing of the inorganic filler and
organic polymer matrix to ensure good interfacial properties.
In this study, we synthesized an amphiphilic PVC-g-POEM
graft copolymer via ATRP and used an organic polymer
matrix. Direct initiation of the secondary chlorines of PVC was
preceded by formation of a graft copolymer consisting of PVC
main chains and POEM side chains using Cu/ligand complex
as a catalyst. It should be noted that graft copolymer is pref-
erable to block copolymer as a nanostructural copolymer
because of the low cost and ease of synthesis of the former.
The glassy, hydrophobic properties of the PVC main chain
improve the mechanical strength of the membranes, while the
rubbery, hydrophilic POEM side chains increase CO, solu-
bility and therefore CO, permeability. Figure 1 shows the
appearance of (a) neat PVC-g-POEM graft copolymer film
and (b) P25/PVC-g-POEM MMM. Neat PVC-g-POEM mem-
brane was brownish in color and highly transparent, while
P25-containing MMM was translucent compared to the neat
polymer membrane. This was due to light scattering at the
interface of P25 and PVC-g-POEM because of their different
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Figure 1. Photographs of (a) neat PVC-g-POEM membrane; (b)
P25/PVC-g-POEM MMM.

refractive indices.

Figure 2 shows the surface and cross-sectional morphology
of P25/PVC-g-POEM MMM observed via FE-SEM. The
SEM image of the membrane surface revealed that the P25
nanoparticles, which had a diameter of approximately 20 nm,
were homogenously dispersed throughout the polymer matrix
without severe aggregation of particles. The magnified surface
image shows that the interfacial adhesion between the PVC-g-
POEM matrix and the P25 filler was strong and dense.
Although small pores (size of a few angstroms), which are
responsible for gas molecule sieving, cannot be confirmed by
SEM analysis, the absence of severe interfacial voids or
cracks, which can cause a significant decrease in gas selec-
tivity, was confirmed. Good interfacial properties and homog-
enous dispersion of filler were further confirmed by a cross-
sectional SEM image of the MMM.

The crystal structure of P25-containing PVC-g-POEM
MMM was determined by XRD measurements and compared
with that of pristine PVC-g-POEM graft copolymer, as shown
in Figure 3, in which X-ray intensity is plotted as a function of
20. The XRD pattern of neat PVC-g-POEM graft copolymer
exhibits a broad main peak centered at 19.0° and a shoulder at
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Figure 2. (a) Surface; (b) cross-sectional SEM images of P25/PVC-
g-POEM MMM.
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Figure 3. XRD patterns of neat PVC-g-POEM membrane and P25/
PVC-g-POEM MMM.

23.2°. The absence of sharp peak indicates that the PVC-g-
POEM graft copolymer is fully amorphous. The existence of
two maximum peaks indicates that the PVC-g-POEM graft
copolymer has bimodal d-spacing. Using the Bragg relation,
the d-spacing value was calculated to be 4.6 and 3.8 A based
on 20=19.0° and 23.2° respectively. For MMM containing
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Figure 4. SAXS curves of neat PVC-g-POEM membrane and P25/
PVC-g-POEM MMM.

P25, the broad amorphous peak of PVC-g-POEM almost com-
pletely disappeared and only crystalline peaks of P25 nanopar-
ticles are observed. Strong peaks observed at 25.3°, 38.0°, 48.2°
corresponded to the (101), (004), and (200) planes of anatase
TiO,, respectively (ICDD-JCPDS no. 86-1157). The average
crystallite size of TiO, was determined to be 19 nm, which
might enable better dispersion in the polymer matrix. The
XRD results indicate that due to homogenous dispersion of
highly crystalline P25, the polymer matrix had decreased
amorphous properties, and the MMM was crystalline.

Figure 4 shows SAXS plots of neat PVC-g-POEM and P25/
PVC-g-POEM MMM, in which intensity is plotted as a func-
tion of the ¢ value (nm™). The neat PVC-g-POEM membrane
curve has a small shoulder peak at g=0.53 nm™, corresponding
to d-spacing of 12.0 nm (d=2m/q), which indicates the average
distance between PVC chains of the graft copolymer. The
broad peak of the neat PVC-g-POEM polymer weakened and
is hardly observed in P25/PVC-g-POEM MMM, indicating the
breakup of the initial microphase-separated structure of the
polymer matrix.

DSC measurements of membranes were taken to analyze
thermal property changes, especially the glass transition tem-
perature (7,) shift, as shown in Figure 5. The DSC curve of
neat PVC-g-POEM copolymer exhibits two distinct 7, values
at 40 °C and -60 °C due to the motions of the PVC and POEM
segments, respectively. The existence of two distinctive T,s
without an endothermic melting temperature indicates that the
PVC-g-POEM graft copolymer is fully amorphous and micro-
phase-separated, consistent with the XRD results. The DSC
curve of P25/PVC-g-POEM MMM shows 7, value slightly
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Figure 5. DSC curves of neat PVC-g-POEM membrane and P25/
PVC-g-POEM MMM.

Figure 7. CO, permeability and CO,/N, selectivity through neat
PVC-g-POEM membrane and P25/PVC-g-POEM MMM.

acted as a plasticizer to decrease 7.

1004 To investigate the thermal stability of the membranes, TGA
analysis was performed as shown in Figure 6. There is no

__ 80 weight loss up to 300 °C; however, above, this temperature, a
2 two-step degradation pattern is observed for both membrane
g 60 S 25PVC g POEN types. The weight loss that occurred over the temperature
r range of 300~350 °C accounted for about 70% of the total
% weight loss, and we attributed this to degradation of the flex-
= 204 ible POEM segment in the PVC-g-POEM graft copolymer.”
The second degradation step over the temperature range of 350
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Figure 6. TGA results of neat PVC-g-POEM membrane and P25/
PVC-g-POEM MMM.

shifted toward the lower temperature of 31°C from 40 °C,
which indicates a decrease in chain rigidity of the polymer
matrix. This thermal property change likely occurred due to
the presence of homogeneously dispersed and trapped P25
nanoparticles between the polymer chains, which might have
reduced the bonding strength of inter/intra chains and thus

attributed this to degradation of the rigid PVC backbone.
Together, these findings indicate that introduction of P25 did
not affect the thermal stability of the membranes. The com-
position of P25 in the MMM was confirmed to be 50 wt%; this
end-point value was identical to the feed amount.

The gas permeation properties of the membranes with
respect to CO, and N, in addition to CO,/N, ideal selectivity
were assessed via the time-lag method using a constant vol-
ume/variable pressure apparatus at 35 °C (Figure 7, Table 1).
As can be seen from the gas permeation results, amphiphilic
PVC-g-POEM graft copolymer is an excellent matrix material.
The CO, permeability of the PVC-g-POEM graft copolymer

Table 1. Pure Gas Permeability and CO,/N, Selectivity through Neat PVC-g-POEM Membrane and P25/PVC-g-POEM MMM at

35°C
(Barrer,Ple g{%’ejrt:llztsyw)‘cm/ Diffusivity a osloilrlnt?(lgp)/ Selectivity
cm”s.cmHg) (107 em’/s) cm’cmHg)
N2 C02 N2 C02 N2 CO2 PCOZ/PNZ DCO?_/DNZ SCOZ/SN?_
PVC-g-POEM 16 462 3.02 136 00053 0.340 296 045 642
P25/PVC-g-POEM 2.6 102.8 578 3.03 00045  0.339 39.1 052 753

Zay, Al4048 A23, 20163
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Figure 8. CO, permeability vs. CO,/N, selectivity with an upper
bound line (2008).

was 46.2 Barrer (1 Barrer=1x10""cm’ (STP)- cm-cm?>s
cmHg™"), while the CO,/ N, permselectivity of the membrane
was 29.6. The mechanical strength of the membrane was pro-
vided by the high molecular weight of the glassy PVC polymer
backbone. Furthermore, grafting of POEM, which has good
CO, affinity through dipole-quadrupole interactions, enhanced
the CO, permeability of the membrane.*** The introduction of
P25 into the PVC-g-POEM graft copolymer resulted in a
simultaneous increase in CO, permeability and CO,/N, selec-
tivity compared to the neat PVC-g-POEM membrane. The
CO, permeability of P25/PVC-g-POEM MMM increased by
122% from 46.2 to 102.8 Barrer, while the CO,/ N, selectivity
increased from 29.6 to 39.1. The improved CO, permeability
might have been due to increased gas diffusivity from the free
volume increase that resulted from introduction of P25 into the
polymer matrix. Homogeneously dispersed P25 in the polymer
matrix might have functioned like a plasticizer to disrupt the
alignment of polymer chains and thus increase chain mobility.
This is consistent with the DSC analysis, which shows a shift
in the 7, value to a lower temperature, implying a decrease in
chain rigidity. To determine the exact factors responsible for an
improvement in gas separation performance, the gas diffusivity
and solubility of the MMMs were also analyzed. Table 1
shows the gas separation properties of the MMMs. CO, dif-
fusivity of P25/PVC-g-POEM MMM almost doubled from
1.36x107 to 3.03x107 cm%s; however the CO, solubility of
MMM shows only a slight drop from 0.0340 to 0.0339
cm’(STP)/cm’-cmHg. The diffusivity of N, also increased with
the addition of P25 to PVC-g-POEM. Due to the slightly

greater improvement in CO, diffusivity than N, diffusivity, the
diffusivity selectivity of MMM barely increased. Analysis of
gas diffusivity properties and DSC results indicate that intro-
duction of P25 nanoparticles, which were homogeneously dis-
persed in the overall polymer matrix, resulted in trapping of
the P25 nanoparticles in the polymer chains and disruption of
chain-chain interaction. These factors in turn increased the
chain mobility of the polymer matrix and facilitated the trans-
port of gas molecules. Figure 8 shows the gas separation prop-
erties of P25-based MMMs as well as the upper bound line
(2008), which shows the trade-off relation between perme-
ability and selectivity. Introduction of P25 into the PVC-g-
POEM polymer increased the CO, permeability to 102.8 Bar-
rer with a simultaneous increase in selectivity compared to
bare PVC-g-POEM membrane. This result indicates that the
upper bound line (1991) was surpassed and located slightly
under the upper bound (2008). Composite membranes are of
interest as they are more cost effective than free-standing dense
membranes. If the P25/PVC-g-POEM MMM is deposited as
the top layer on an appropriate porous bottom support with 1
pm thickness, the high CO, permeance of 102.8 GPU could be
obtained, which will be investigated in the near future.

Conclusions

We investigated the structural and gas separation properties
of MMMs containing P25 based on an amphiphilic PVC-g-
POEM graft copolymer. The amphiphilic PVC-g-POEM graft
copolymer was synthesized via ATRP process and used as the
matrix of the MMM. Thermal property analysis via DSC mea-
surements revealed that the 7, of the P25/PVC-g-POEM
MMM was lower than that of neat PVC-g-POEM polymer,
which implied an increase in chain mobility in the MMM.
Higher chain mobility and increased free volume fraction of
polymer matrix results in better CO, diffusivity, which we con-
firmed through gas separation property measurements. The
CO, permeability of P25/PVC-g-POEM MMM compared to
neat PVC-g-POEM polymer increased by 122% from 46.2 to
102.8 Barrer, and CO,/N, selectivity also increased by 32%
from 29.6 to 39.1. Gas permeation analysis revealed that the
CO, diffusivity of P25/PVC-g-POEM MMM increased from
1.36x107 (neat PVC-g-POEM polymer) to 3.03x107 cm?/s,
while CO, solubility remained unchanged. This result indi-
cated that an increase in CO, diffusivity via an improvement in
chain mobility and free volume fraction of polymer matrix was
the main factor responsible for the increased gas permeability
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of P25/PVC-g-POEM MMM relative to neat PVC-g-POEM
polymer.
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