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요   약: 용액-확산 메커니즘에 의해 결정되는 기존의 고분자에서와는 달리, 촉진수송은 투과도와 선택도를 동시에 향상시킬 
수 있는 기술이다. 본 연구에서는 은 나노입자, 폴리비닐피롤리돈, 7,7,8,8-테트라시야노퀴노디메탄으로 구성된 촉진수송 올레핀
분리막에 있어서, 메조기공 티타늄산화물(m-TiO2)에 대한 영향을 연구하였다. 특히 메조기공 티타늄산화물은 폴리비닐클로라이
드-g-폴리옥시에틸렌 메타크릴레이트 가지형 공중합체를 템플레이트로 하여 쉽고 대량 생산이 가능한 방법으로 제조하였다. 엑
스레이 회절분석에 따르면, 제조된 메조기공 티타늄산화물은 아나타제와 루타일 상의 혼합으로 구성되어 있으며, 결정의 크기가
약 16 nm 정도 되었다. 메조기공 티타늄산화물을 첨가하였을 때, 분리막의 확산도가 증가하여 혼합기체 투과도가 1.6에서 16 
GPU로 증가하였고 선택도는 45에서 37로 약간 감소하였다. 메조기공 티타늄산화물이 첨가되지 않은 분리막은 장시간 성능이 
유지되었으나, 메조기공 티타늄산화물이 첨가된 분리막의 경우 시간이 지남에 따라 투과도와 선택도가 감소하였다. 이는 티타늄
산화물과 은 사이의 화학적 상호작용으로 은 나노입자의 올레핀 운반체로써의 활성을 감소시키기 때문으로 사료된다. 

Abstract: Facilitated transport is considered to be a possible solution to simultaneously improve permeability and se-
lectivity, which is challenging in normal polymeric membranes based on solution-diffusion transport only. We investigated 
the effect of adding mesoporous TiO2 (m-TiO2) upon the separation performance of facilitated olefin transport membranes 
comprising poly(vinyl pyrrolidone), Ag nanoparticles, and 7,7,8,8-tetracyanoquinodimethane as the polymer matrix, olefin 
carrier, and electron acceptor, respectively. In particular, m-TiO2 was prepared by means of a facile, mass-producible method 
using poly(vinyl chloride)-g-poly(oxyethylene methacrylate) graft copolymer as the template. The crystal phase of m-TiO2

consisted of an anatase/rutile mixture, of crystallite size approximately 16 nm as determined by X-ray diffraction. The in-
troduction of m-TiO2 increased the membrane diffusivity, thereby increasing the mixed-gas permeance from 1.6 to 16.0 GPU 
(1 GPU = 10-6 cm3(STP)/(s × cm2 × cmHg), and slightly decreased the propylene/propane selectivity from 45 to 37. 
However, both the mixed-gas permeance and selectivity of the membrane containing m-TiO2 rapidly decreased over time, 
whereas the membrane without m-TiO2 had more stable long-term performance. This difference might be attributed to spe-
cific chemical interactions between TiO2 and Ag nanoparticles, causing Ag to lose activity as an olefin carrier. 

Keywords: facilitated transport, silver nanoparticle, TiO2, olefin carrier, electron acceptor

1. Introduction1)

Nanomaterials such as nanoparticles, nanocomposites, 

and nanostructures have received much attention due to 

their unique optical, electrical, mechanical, and trans-

port properties[1-6]. These properties have enabled ver-

satile applications in catalysis, drug delivery, sensors, 

and photonics[7-13]. Among them, metal nanoparticles 
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have been employed in gas separation membranes to 

form mixed matrix membranes[14-20]. Recently, a new 

approach to prepare facilitated olefin transport mem-

branes has been suggested, based on the specific and 

reversible interaction between olefin molecules such as 

ethylene and propylene and metallic silver nano-

particles (AgNPs) with positive surface charge[21-23].

Facilitated transport is defined as the combined mass 

transport of solution-diffusion transport and of car-

rier-mediated transport arising from reversible reactions 

between the carrier in a membrane and a specific 

permeant. The carrier in the membrane is able to re-

versibly form a complex with a target permeant, there-

by improving the mass transport rate and the mem-

brane’s permeability. Thus, facilitated transport is con-

sidered to be a possible solution to simultaneously im-

prove permeability and selectivity, which is challenging 

in normal polymeric membranes based on solution-dif-

fusion transport only[21-23].

Recently, Kang’s group reported that positively 

charged AgNPs played a pivotal role as the olefin car-

rier, inducing facilitated olefin transport. For example, 

poly(ethylene-co-propylene)/AgNP/p-benzoquinone 

composite membranes have shown propylene/propane 

selectivity of 11 and total mixed-gas permeance of 0.5 

gas permeation units (GPU; 1 GPU = 10-6 cm3 (STP) 

s-1 cm-2 cmHg-1); these are both much higher than 

those of pristine poly(ethylene-co-propylene) mem-

branes[21]. Later, significantly improved separation 

performance (selectivity of 50 and permeance of 3.5 

GPU) was reported based on a composite consisting of 

poly(vinyl pyrrolidone) (PVP)/AgNP/7,7,8,8-tetracyano-

quinodimethane (TCNQ), in which TCNQ functioned 

as a strong electron acceptor[22].

A mixed matrix membrane consists of an inorganic 

filler dispersed in a polymer matrix; the fillers used in-

clude metal-organic frameworks, zeolites, carbon nano-

tubes, or metal oxides[24-29]. Among the various filler 

materials, titanium dioxide (TiO2) has attracted a good 

deal of attention due to its low cost and ease of 

preparation. For example, P25 (a trade name for a 

commercially available TiO2 nanopowder) has been 

used as a filler with glassy polymers such as polyimide 

or poly(1-trimethylsilyl-1-propyne) to form mixed ma-

trix membranes[30-36]. However, there has been no re-

port on the use of TiO2 in AgNP-based facilitated 

transport membranes for olefin/paraffin separation. 

Herein we report facilitated olefin transport mem-

branes consisting of PVP, AgNPs, TCNQ, and meso-

porous TiO2 (m-TiO2) as the polymer matrix, olefin 

carrier, electron acceptor, and transport channel me-

dium, respectively. The m-TiO2 filler was templated 

using an amphiphilic poly(vinyl chloride)-g-poly(oxy-

ethylene methacrylate) (PVC-g-POEM) graft copoly-

mer. The effect of m-TiO2 filler content upon mem-

brane performance, including mixed-gas permeance and 

propylene/propane selectivity, was investigated in detail. 

2. Experimental

2.1. Materials

Silver tetrafluoroborate (AgBF4, 98%) was purchased 

from TCI Fine Chemicals. Poly(vinyl pyrrolidone) 

(PVP, Mw = 28,000-32,000 g/mol), 7,7,8,8-tetracyano-

quinodimethane (TCNQ), poly(vinyl chloride) (PVC, 

Mn = 99,000 g/mol), poly(oxyethylene methacrylate) 

(POEM, poly(ethylene glycol) methyl ether meth-

acrylate, Mn = 475 g/mol), 1,1,4,7,10,10-hexamethyltri-

ethylene tetramine (HMTETA, 99%), copper (I) chlor-

ide (CuCl, 99%), and titanium isopropoxide (TTIP) 

were purchased from Aldrich. Tetrahydrofuran, N-methyl 

pyrrolidone, and methanol were obtained from J. T. 

Baker. All chemicals were of reagent grade and were 

used as received.

2.2. Synthesis of PVC-g-POEM 

PVC-g-POEM graft copolymer was synthesized by 

means of a typical atom transfer radical polymerization 

(ATRP) procedure[37-40]. First, 3 g of PVC was dis-

solved in 50 ml of N-methyl pyrrolidone by stirring at 

room temperature for 1 d. Then, 0.05 g of CuCl was 

added, followed by 9 mL of POEM; subsequently, 

0.12 mL of HMTETA was immediately added to the 

solution. The resulting green reaction solution was 
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Scheme 1. Schematic illustration of the formation of 
PVP/AgNP/TCNQ/m-TiO2 composite membranes on a mi-
croporous polysulfone support.

purged with nitrogen for 30 min and then reacted at 

90°C for 24 h. After polymerization, the completed re-

action mixtures were precipitated into methanol three 

times. The reaction products were dried overnight in 

an oven at 50°C, and were then dried overnight in a 

vacuum oven at room temperature. 

2.3. Synthesis of m-TiO2 

A TTIP sol-gel solution was prepared by adding 2 mL 

of hydrochloric acid (37%, HCl) dropwise into 4 mL of 

TTIP solution under vigorous stirring, followed by add-

ing 2 mL of distilled water. This solution was stirred 

vigorously for an additional 30 min and mixed with a 

10% solution of PVC-g-POEM in tetrahydrofuran. The 

resulting mixture was stirred for 1 day and then cal-

cined at 450°C for 2 h[38,39].

2.4. Preparation of membranes

PVP/AgNP/TCNQ/m-TiO2 composite membranes were 

prepared by dispersing TCNQ and m-TiO2 into a 20 

wt% solution of PVP-protected AgNPs in EtOH[23]. 

The weight ratio of PVP to AgNPs was fixed at 1/0.5. 

The mixed solution was then coated onto a porous pol-

ysulfone support (Toray Chemical Industries Inc.) using 

an RK Control Coater (Model 101, Control Coater RK 

Print-Coat Instruments Ltd., UK). The solvent was re-

moved by evaporation in a convection oven at room 

temperature, followed by drying in a vacuum oven for 

1 day.

2.5. Separation performance

The 50 : 50 propylene/propane mixed-gas separation 

properties of composite membranes (area 2.25 cm2) 

were evaluated by using a gas chromatograph (Young 

Lin 6500 GC system) equipped with a TCD detector 

and a column packed with Unibeads 2S 60/80. The gas 

flow rates were controlled using mass flow controllers. 

Gas permeance values were measured with an up-

stream flow meter with the feed pressure (4 atm) and 

atmospheric downstream pressure. 

3. Results and discussion

PVP/AgNP/TCNQ/m-TiO2 composite membranes were 

prepared in which AgNPs were activated by TCNQ 

(Scheme 1). The AgNPs have a specific interaction 

with TCNQ that generates an interfacial dipole on the 

Ag metal surface[41]. The AgNPs, stabilized and po-

larized by TCNQ, were well dispersed throughout the 

PVP matrix, and were then coated onto a microporous 

polysulfone support to form composite membranes. The 

additive m-TiO2 is expected to play a role as a trans-

port channel medium, increasing the membrane’s dif-

fusivity and permeability. 

m-TiO2 was prepared based on a PVC-g-POEM graft 

copolymer template via the sol-gel process, which is a 

facile, nonhydrothermal method. The morphology of the 

resulting m-TiO2 is shown in Fig. 1. The m-TiO2 par-

ticles were approximately 1-2 µm in size and had 

pores 30-50 nm in size. PVC-g-POEM worked as a 

structure-directing agent due to its amphiphilic, micro-

phase-separated structure that transitions to a glassy, 

hydrophobic PVC main chain with rubbery, hydrophilic 
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Fig. 1. SEM images of m-TiO2 prepared by means of 
sol-gel reaction using a PVC-g-POEM graft copolymer.

Fig. 2. XRD pattern of m-TiO2 prepared by means of 
sol-gel reaction using a PVC-g-POEM graft copolymer.

Membrane
Permeance 

(GPU)

Selectivity 
(propylene/

propane)

PVP/AgNP 0.8 1.1

PVP/AgNP/TCNQ 1.6 45

PVP/AgNP/TCNQ/m-TiO2 
10 wt% (10 min)

16.0 37

PVP/AgNP/TCNQ/m-TiO2 
10 wt% (3 h)

1.2 14

Table 1. Mixed-gas Permeances and Propylene/propane 
Selectivities of Various Membranes

POEM side chains[38,39]. The titania precursor (i.e. 

TTIP) was a small hydrophilic compound, and thus it 

strongly interacted with and was preferentially confined 

within the hydrophilic POEM domains. Upon calcina-

tion at 450°C for 2 h, the PVC-g-POEM graft copoly-

mers burned out completely to generate mesopores 

while the m-TiO2 proceeded to form by means of in 

situ crystallite formation. Because the hydrophobic 

PVC main chains have no specific interaction with hy-

drophilic TTIP, the pores were generated predom-

inantly from the PVC main chains. The mesoporous 

structure of titania would help to facilitate gas trans-

port and improve interfacial contact with the polymer 

matrix. 

The crystalline structure of m-TiO2 was characterized 

by XRD (Fig. 2). Several strong crystalline peaks were 

observed for m-TiO2. Strong peaks at 2θ of 25.5, 

38.0°, and 48.2° corresponded to the (101), (004), and 

(200) planes of the anatase TiO2 phase, respectively 

(ICDD-JCPDS No.86-1157). Strong peaks observed at 

2θ of 27.5, 36.2, 41.4°, and 54.5° were assigned to 

the (110), (101), (111), and (211) planes of the rutile 

TiO2 phase, respectively (ICDD-JCPDS database, No. 

77-0441). Thus, the crystal phases of m-TiO2 compris-

ed a mixture of anatase/rutile TiO2, though anatase was 

the primary component. The average crystallite size (t) 

was calculated using Bragg’s equation, where k is the 

shape factor of the particle (0.89), λ is the wavelength 

of the X-ray source (λ = 1.5406 Å), B is the full 

width at half maximum (FWHM) of the (101) dif-

fraction peak, and θ is half of Bragg’s diffraction an-

gle of the centroid of the peak, in degrees;    cos 
 . 

The m-TiO2 crystallite size was thus determined to be 

approximately 16 nm. The mesoporous structure could 

be attributed to the effective role of the PVC-g-POEM 

graft copolymer as a template. 

First, to investigate the effect of using TCNQ on the 

resulting propylene/propane separation performance, 

AgNPs were generated utilizing AgBF4 as a precursor 

in the PVP matrix, without the use of TCNQ. As 

shown in Table 1, the resulting PVP/AgNP composite 

membrane showed a propylene/propane selectivity of 

1.1 and a mixed-gas permeance of 0.8 GPU. The rea

son for this poor selectivity is that the AgNPs in the 
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Fig. 3. Mixed-gas permeance versus time of PVP/AgNP/ 
TCNQ membranes with 10 wt% m-TiO2 loading.

Fig. 4. Propylene/propane selectivity versus time of PVP/ 
AgNP/TCNQ membranes with 10 wt% m-TiO2 loading.

Fig. 5. Mixed-gas permeances of PVP/AgNP/TCNQ mem-
branes with various m-TiO2 loadings.

Fig. 6. Propylene/propane mixed-gas selectivities of PVP/ 
AgNP/TCNQ membranes with various m-TiO2 loadings.

composite were not positively polarized because of the 

absence of an electron acceptor such as TCNQ. On the 

other hand, when TCNQ was incorporated into the 

PVP/AgNP/TCNQ composite, the resulting membrane 

had the much greater propylene/propane selectivity of 

45, and an increased mixed-gas permeance of 1.6 

GPU. The increased selectivity was attributable to the 

positive polarized surface of the AgNPs, which was in-

duced by the electron-accepting agent TCNQ. Thus, 

the positively polarized AgNPs could interact rever-

sibly with propylene gas, thereby facilitating propylene 

transport and increasing the selectivity of propylene 

diffusion over propane diffusion. 

The initial separation performance of PVP/AgNP/ 

TCNQ/m-TiO2 composite membranes was excellent. 

For example, the membrane with 10 wt% loading of 

m-TiO2 showed mixed-gas permeance of 16.0 GPU 

and propylene/propane selectivity of 37 (Table 1). 

However, both permeance and selectivity decreased 

considerably with time (Figs. 3 and 4); after 3 h, the 

permeance and selectivity respectively declined to 1.2 

and 14. The reason for this is not presently clear, but 

we believe it might be related to a specific interaction 

between Ti and Ag[42,43] that causes the AgNPs to 

lose activity as olefin carriers. The mixed-gas per-

meance and propylene/propane selectivity through 

PVP/AgNP/TCNQ membranes of various m-TiO2 con-

tent were measured during 3 h of permeation; the re-

sults are respectively shown in Figs. 5 and 6 versus 

m-TiO2 content. The gas permeance decreased with in-

creasing m-TiO2 content up to 2 wt%, peaked at 2.5 

GPU for the m-TiO2 content of 3 wt%, and then grad-

ually decreased with further increases in m-TiO2 

content. The enhanced permeance was presumably 

caused by facile mass transport through m-TiO2 

mesopores. However, the selectivity greatly decreased 

for m-TiO2 loadings above 5 wt%, possibly owing to 

interfacial defects among the components. 
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4. Conclusions

In this study, m-TiO2 was used as an agent to pro-

mote the formation of mass transport channels through 

facilitated olefin transport membranes consisting of 

PVP/AgNP/TCNQ. m-TiO2 with anatase/rutile mixture 

phase and a crystallite size of 16 nm was fabricated by 

templating, using amphiphilic PVC-g-POEM graft co-

polymer as a structure-directing agent. The in-

corporation of the electron-accepting agent TCNQ 

greatly increased the mixed-gas permeance from 0.8 to 

1.6 GPU and the propylene/propane selectivity from 

1.1 to 45, owing to its effect of positively polarizing 

the surface of the AgNPs. The addition of m-TiO2 led 

to a significant improvement in mixed-gas permeance, 

from 1.6 to 16.0 GPU, by facilitating mass transport 

through the mesopores. However, both the mixed-gas 

permeance and propylene/propane selectivity of PVP/ 

AgNP/TCNQ/m-TiO2 membranes gradually decreased 

with time, which might be attributed to specific inter-

action between TiO2 and Ag NPs causing the Ag to 

lose activity as an olefin carrier. The use of non-inter-

acting mesoporous metal oxide such as silica (SiO2) 

would be effective in improving the facilitated olefin 

transport, which will be investigated in the near future. 
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