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Abstract−Researchers have focused on improving the performance of polymeric membranes through various methods,

such as adding inorganic nanoparticles into the matrix of the membranes. In the present study, the separation of oxygen,

nitrogen, methane and carbon dioxide gases by PVC/silica nanocomposite membranes was investigated. Silica nano-

particles were prepared via sol-gel method. Membranes were prepared by thermal phase inversion method and char-

acterized using Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), differential scanning

calorimetry (DSC) and thermal gravimetry (TGA) analyses. The FTIR and SEM analyses demonstrated a nano-scale

dispersion and good distribution of silica particles in the polymer matrix. According to TGA results, thermal properties

of PVC membranes were improved and DSC analysis showed that glass transition temperature of nanocomposite mem-

branes increased by adding silica particles. We concluded that the permeability of carbon dioxide and oxygen increased

significantly (about two times) in the composite PVC/silica membrane (containing 30 wt% silica particles), while that of

nitrogen and methane increased only 40 to 60 percent. Introducing 30 wt% silica nanoparticles into the PVC matrix,

increased the selectivity of CO2/CH4 and CO2/N2 from 15.9 and 21 to 18.2 and 27.3, respectively. The diffusion and

solubility coefficients were determined by the time lag method. Increasing the silica mass fraction in the membrane

increased the diffusion coefficients of gases considered in the current study.
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INTRODUCTION

Membrane-based gas separation processes have become more

attractive over traditional technologies in different gas separation

and purification processes, such natural gas treating, air separation,

olefin/paraffin separation, and hydrogen purification. They offer

lower capital and operating costs, lower energy requirements, and

ease of operation [1]. The gas separation performance of many poly-

mers has been studied in the literature [2].

Poly(vinyl chloride) (PVC) is a polymer with a wide variety of

applications in different industries due to high compatibility with

additives, easy process ability and recyclability. Despite the exten-

sive use of PVC in several industrial applications, studies on the gas

separation performance of PVC membranes are scarce [3]. Previ-

ous studies showed that PVC membrane exhibits low permeability

to gases [3-6]. Improvement of the permeability of PVC membranes

is studied elsewhere [3-7].

Bierbrauer et al. [3] reported the modification of PVC by par-

tially replacing the chlorine atoms of the chains with moieties derived

from fluorinated nucleophilic compounds: 4-fluorothiophenol, 3,4-

difluorothiophenol and pentafluorothiophenol. Functionalizing moi-

eties causes significant increase in the permeability of PVC mem-

branes. Tiemblo et al. [5] measured the diffusivity, permeability,

and solubility coefficients of O2, N2, CO2, and CH4 gases in PVC

and in four samples of PVC functionalized with mercapto pyridine

groups up to 6.8, 11, 21, and 46mol%. The permeability of all four

gases progressively increased by a factor of more than 4 because of

a similar increase in the diffusion coefficients. Tiemblo et al. also [6]

studied the nucleophilic substitution of chlorine atoms with 4-mer-

captophenol sodium salt, 2-thionaphthalene, 4-(1-adamantyl) thiophe-

nol, and thiophenolate sodium salt as the nucleophiles, from low

conversion levels (3%) to high levels (40%). The obtained results

showed that the introduction of bulky groups into the PVC chain

prevents the chain packing and results in large increase in the free

volume and permeability at conversions up to 10%. We [7] studied

before the effect of the molecular weight of polyethyleneglycol (PEG)

on the gas permeability and selectivity of a series of polyvinylchlo-

ride/polyethyleneglycol (PVC/PEG) blend membranes. The PVC/

PEG blends containing 10, 20, and 30wt% of PEG4000 showed

CO2 gas permeabilities equal to 0.84, 2.38, and 5.82 Barrer, respec-

tively. Our results showed CO2/N2 and CO2/CH4 selectivities increased

up to 110 and 83, respectively, in PVC/PEG blend membrane con-

taining 30wt% PEG. Jones et al. [8] used PVC hollow fiber mem-

branes for reliably separating oxygen and ozone gas mixtures.

One of the most important and practical methods for improving

the gas separation performance of polymeric membranes is the incor-

poration of inorganic materials like silica nanoparticles into the poly-

mer matrix. The presence of nanoparticles in the polymer matrix

leads to the enhancement of the mechanical strength and thermal

stability of the polymer as well as increasing the permeability of

nanocomposite membranes [9-11]. In recent years, gas permeation

properties of numerous nanocomposite membranes have been stud-

ied. The effect of adding silica nanoparticle to polybenzimidazole

(PBI) membrane showed that the permeability of CO2 and its selec-

tivity over N2 was increased from 0.025 barrer and 3.5 in pure PBI

to 0.11 barrer and 71.3 in the nanocomposite containing 20wt% of
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the silica particles [8]. The H2 and O2 permeability of TiO2/polyim-

ide nanocomposite membrane with TiO2 content of 25wt% was

reported 3.7 and 4.3 times higher than that of pure polyimide [12].

The addition of MgO nanoparticles to polyimide (Matrimid®5218)

led to an increase in gas permeability of membranes; the highest

permeability was observed for the membranes containing 40wt%

MgO loading [13]. A significant increase in permeability of CO2,

CH4 and N2 gases as well as CO2/N2 and CO2/CH4 selectivities was

observed upon increasing the silica content of EVA membrane [14].

In polysulfone-silica mixed matrix membrane, the O2 permeability

is approximately four-times higher and CH4 permeability is over

five-times greater than in a pure PSf membrane [15]. Adding meso-

porous silica spheres to polyimide Matrimid® membrane improved

gas permeability [16].

The results of previous research showed that the permeability of

gases through PVC membranes is low and it should improve. As

mentioned, we tried to enhance gas separation properties of PVC

by PEG before [7]. As studied by this group and reported in litera-

ture, adding silica nanoparticle has good effect in permeability and

gas separation performance of polymeric membranes. Considering

the advantages of PVC membranes, this membrane could be used

as hollow fiber membrane by improving their permeability. So, in

this research, we tried to enhance the gas permeation properties of

PVC membrane by addition of silica nano-particles. Silica nano-

particles were prepared via hydrolysis of tetraethoxysilane (TEOS)

and membranes were prepared by the solution-casting method.

EXPERIMENTAL

1.Materials

Polyvinylchloride powder was obtained from Vinytai Co., Thai-

land (K-value: 65-67 and specific viscosity: 0.36-0.38). Analytical

grade Dimethylformamid (DMF) solvent, tetraetoxysilane (TEOS),

3-glycidyloxypropylterimethoxysilane (GOTMS), HCL and ethanol,

required for preparation of silica nanoparticles, were purchased from

Merck with more than 99% purity. The research grade CO2, O2, N2

gases (purity>99.99%) were purchased from Ardestan gas Co., Iran

and also CH4 (purity>99.95%) was purchased from Technical Gas

Service.

2. Preparation of PVC Membrane

The PVC solution (8-10wt% of polymer) was prepared by dis-

solving PVC powder in (DMF) at 40 oC under agitation. The pre-

pared transparent solution was filtered via a 100-micron filter before

casting. The PVC films were cast by casting knife on clean glass

sheets. The films remained at 60 oC for 24 hours without any cover

in an oven. Finally, the membranes were dried in a vacuum oven

at 65 oC for 12 hours to remove the solvent completely. The thick-

ness of prepared membranes was about 35 microns.

3. Preparation of Silica Nanoparticles and PVC-silica Nano-

composite Membranes

Silica nanoparticles were prepared through the sol-gel process

via the hydrolysis of TEOS in ethanol in the presence of HCl as

described elsewhere [8]. PVC-silica nanocomposite membranes

were prepared by addition of silica-sol in different weight fractions

into the polymer solution. Solutions containing 5, 10, 15, 20 and

30wt% of silica nanoparticles were prepared and then filtered via

a 100-micron filter before casting. The PVC-silica films were cast

by casting knife on clean glass sheets. The films remained at 60 oC

for 24 hours without any cover in an oven. Finally, the membranes

were dried in a vacuum oven at 65 oC for 12hours to remove residual

solvent completely as well as removing the probable adsorbed water

in the membranes.

The prepared PVC-silica nanocomposite membranes are named

as mentioned in Table 1.

4. Characterization

4-1. FTIR Spectroscopy

Fourier transform infrared spectroscopy (FTIR) in the range of

400-4,000 cm−1 (JASCO FT/IR-680 plus) was used to characterize

the presence of silica particles in nanocomposite membranes.

4-2. Scanning Electron Microscopy

The morphology of membranes and the presence of nanoparti-

cles in the membranes were determined using scanning electron

microscopy (SEM, Philips, XL30) images. For this purpose and in

first stage, membranes were immersed in liquid nitrogen and then

cooled and broken. The resulting membrane samples were coated

with gold on the metallic stubs.

4-3. Thermal Analysis

Thermal properties of the membranes were determined by dif-

ferential scanning calorimetry (DSC) in the range of ambient tem-

perature to 300 oC at the rate of 10 oC/min (DSC- Netzsch-200 F3

Maia). The thermal degradation of pure PVC and nanocomposite

membranes was investigated by thermal gravimetric analysis (TGA)

(TGA-50 SHIMADZU, Japan). The sample was heated from the

ambient temperature to 600 oC at a rate of 10 oC/min.

4-4.Gas Permeability Measurement

The pure gas (N2, O2, CH4 and CO2) transport properties of pre-

pared membranes were determined using a constant volume/vari-

able pressure method as described in detail by Pye et al. [17]. The

feed side gas pressure was 10 bar (gauge) and the active area of the

membrane cell was 13.1 cm2. The specifications of the constant vol-

ume/variable pressure setup are also described in detail elsewhere

[18].

The gas permeability of membranes was calculated using the fol-

lowing equation:

where P is the permeability in barrer (1 barrer=1×1010 cm3 (STP)

cm/cm2 s cmHg), V, the volume of the down-stream chamber (cm3),

A, the effective membrane area (cm2), L, the membrane thickness

(cm), T, the experimental temperature (K), dp(t)/dt, the steady rate

of pressure measured by a pressure transducer in the down-stream

chamber and p0, the feed pressure with the same unit of p(t). The

P = 

273.15LV

76p0AT
------------------------

dp t( )

dt
------------

Table 1. Sample name of prepared membranes and their silica con-
tent

Sample name Silica content (wt%)

PVC 00

PVC- 5S 05

PVC-10S 10

PVC-15S 15

PVC-20S 20

PVC-30S 30
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diffusion coefficient (D) was calculated by the time-lag method as

below:

where θ is the time lag (s), the intercept obtained from extrapolat-

ing the linear region of the p(t) versus the time plot to the time axis

D is the diffusion coefficient (cm2/s).

The solubility coefficient (S) (cm3 (STP)/cm3cmHg) was calcu-

lated as:

The ideal selectivity of membranes (αA/B) was determined from pure

gas permeability as follow:

RESULTS AND DISCUSSION

1.Membrane Characterization

1-1. FTIR Spectroscopy

Fig. 1 shows the FTIR spectra of pure polymer, prepared nano-

composite membranes, and pure silica nanoparticles. It is obvious,

according to the emerged absorption peaks related to the silica nano-

particles in FTIR analysis, that the hydrolysis of TEOS has been

completed and SiO2 has been formed [19]. The strong peak at the

range of 1,077 cm−1 indicates the formation of Si-O-Si asymmetric

stretching bonds.

The effect of Si-O-Si asymmetric stretching bonds at 1,077 cm−1

and 794 cm−1 on the spectra of nanocomposite membranes can be

observed. As shown in Fig. 2, the peaks related to the bonds Si-O-Si

and Si-OH were observed in wave numbers 435, 1,077, and 3,438

cm−1. This figure shows the effect of the silica particles on the ab-

sorption of FTIR spectra of polyvinylchloride/silica nanocompos-

ite membrane.

1-2. Scanning Electron Microscope (SEM)

The morphology of the membrane affects its permeation prop-

erties. SEM images can reveal the morphological properties of the

membranes to a great part. The SEM micrographs of the cross-section

of the nanocomposite membranes are shown in Figs. 3, 4 and 5 with

magnification of 1,000, 30,000 and 60,000, respectively.

D = 

L
2

6θ
------

S = 

P

D
----

α
A/B = 

P
A

P
B

-----
Fig. 1. FTIR spectra of prepared membranes and silica nanopar-

ticles.

Fig. 2. The effect of the silica particles on the absorption of FTIR spectra of polyvinylchloride/silica nanocomposite membrane.
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Fig. 3 reveals that the structure of the pure PVC membrane is

quite compact and dense, and the surface roughness of the mem-

brane becomes coarser by increasing the nanoparticles in the poly-

mer matrix. As shown in Fig. 3, nanoparticles become more con-

gregated and agglomerated in the polymer matrix by increasing the

weight fraction of silica nanoparticles in the polymer matrix. The

structure of polymer network has changed because of the changes

at the interface of polymer and silica inorganic phase. Free spaces

have been created at the polymer-agglomerated particles. While,

according to Figs. 4 and 5 the nano-dispersed silica particles have

good connection to the polymer matrix. So, two morphologies have

appeared in PVC-silica nanocomposite membranes. The first one

is agglomerated silica particles at size about 500 nm, which have

poor connection to polymer matrix and free spaces at the interface.

The second one, nanodispersed silica nanoparticles at size about

50-70 nm with excellent connection to polymer matrix and any free

spaces at interface. In spite of hollow spaces at the interface of poly-

mer-agglomerated particles in the prepared membranes, the pres-

ence of nanoscale dispersed silica, providing enough integrity in

membranes, makes them tolerate easily the pressure of 10 barg due

to the uniform distribution of nanoparticles in the polymer matrix

and the compatibility of PVC polymer with silica nanoparticles.

The SEM images of nanocomposite membranes with magnifi-

cation of 30,000 and 60,000 can be seen in Figs. 4 and 5, respec-

tively. As mentioned earlier, the nanodispersed silica exists in mem-

brane. It is clear that further silica agglomerations are produced and

seen by increasing the silica weight fraction in polymer. A split and

separation is well observed between the silica particles and polymer

at the intersection of agglomerated particles and polymer in Figs.

3, 4 and 5. This behavior can account for a group of silica particles

which could not communicate with the coupling agent in the sol-

gel process, so reduced their contact surface with the polymer by

being agglomerated, and finally the agglomerated particles could not

attach to the polymer; and this gap between the particles and the

polymer can be observed in the images with further magnification.

Contrary to the silica agglomerations which did not connect very

well to the polymer, it is seen that nanometric-size distributed parti-

cles connected very well to the polymer matrix and no gap or separa-

tion is seen between the particles and the polymer.

Thus, there can be seen two types of morphology for the pro-

Fig. 3. SEM images of cross section of prepared membranes at a magnification of 1,000.
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duced nanocomposites:

1) Micron size distribution of silica particles in the polymer matrix

with the weak bonds of polymer-silica, leading to create free space

at the interface of polymer and silica.

2) Nanometric distribution of silica particles in the polymer matrix,

leading to strong bonds between the particles and polymer matrix.

2. Differential Scanning Calorimetry (DSC)

DSC experiments were carried out to determine glass transition

temperature (Tg) of prepared nanocomposites. Tg is a criterion for

adjusting the rigidity of polymeric chains. The achieved quantities

of Tg for a variety of samples are shown in Table 2. It can be seen

that an increase in the weight fraction of silica particles in the mem-

branes increases Tg.

The FTIR spectra and SEM analyses reveal the effective pres-

ence of silica particles in polymeric matrix. Moreover, SEM images

illustrated that many silica nanoparticles were distributed over the

polymeric matrix, and there is a robust bond between the particles

and the polymer. The mobility of mineral silica particles is less than

polymeric chains, while their rigidity is higher.

Thus, with connecting the silica particles to the polymeric chain,

the mobility of the polymeric chain will be reduced resulting in reduc-

tion in Tg of polymer. Furthermore, strong interaction between silica

particles and polymer chain (As can be seen in SEM images) leads

to solidification of chains at polymer/nanoparticle interface and there-

fore, free-volume of polymer, in this area, will be decreased [19].

The robust connection between silica nanoparticles and poly-

meric chain had a remarkable effect on the mobility of the poly-

meric chain. Hence, notwithstanding increasing the free-volume

around the micro particles, the diminution of chain mobility has

been dominant and caused the rise in Tg of polymer.

3. Results of Thermal Gravimetric Analysis (TGA)

To determine the weight fraction of inorganic materials in the

composite membranes and their effects on the thermal stability of

polymer, a thermal gravimetric analysis was conducted on the mem-

brane. The analysis indicates the rate of reduction in the weight of

sample by the increase in the temperature. As shown in Fig. 6, the

sample weight of pure polyvinylchloride approached zero in the

temperature of 600 oC. By increasing the silica mass fraction in the

membranes, the weight of remaining sample will increase propor-

tional to the silica mass fraction. The graph in Fig. 6 is divided into

Fig. 4. SEM images of cross section of prepared membranes at a magnification of 30,000.
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four parts: the first part consists of the temperatures up to 100 oC at

which the volatile materials and the absorbed water by the mem-

branes are removed. The second part includes the temperatures of

100 oC to 250 oC at which corresponding to the removal of remained

solvent in the membrane. The third part comprises the temperature

range of 250 oC to 350 oC at which the PVC polymer chains are

degenerated thermally. The fourth part contains the temperatures

over 450 oC at which the materials are carbonized and turn into the

ashes [20,21].

In the first and second parts of C 6, temperatures up to 150 oC,

the sample weight decreased slightly (about 2 to 4wt%) indicating

small amounts of solvent, water, and volatile materials in the mem-

brane and hence these parameters can be removed from the experi-

ments. Also, it can be found out from the graphs in Fig. 6 that the

silica particles slow down the slope of the PVC degeneration in the

Fig. 5. SEM images of cross section of prepared membranes at a magnification 60,000.

Table 2. The Tg of the membrane samples investigated by DSC anal-
ysis

Membrane Tg (
oC)

PVC-DMF 77.0

PVC- 5S 78.8

PVC-10S 81.0

PVC-20S 81.3

PVC-30S 83.7

Fig. 6. Thermal degradation of prepared membranes.
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third part and consequently improve the thermal resistance of PVC

slightly. The inorganic materials require more heat to be turned into

the ash than the polymer; as a result, it was expected more material

to be left by increasing the silica particles in the membrane struc-

ture. The fourth part of the graphs of Fig. 6 indicates this issue very

well.

4.Gas Permeation Properties of PVC-silica Nanocomposite

Membranes

4-1. Permeability and Selectivity of Pure Gases through the Mem-

branes

The permeability of pure nitrogen, oxygen, methane and carbon

dioxide gases was measured on the pure polymer and nanocom-

posite membranes of polyvinylchloride/silica at 10 barg and 25 oC.

The results are given in Figs. 7 and 8.

Fig. 7 shows that the order of permeability of gases in both pure

and composite membranes is as follows:

PCH4<PN2<PO2<PCO2

As known, permeation of molecules through polymeric membranes

occurs via solution-diffusion mechanism [7]. Considering that PVC

polymer is a glassy polymer, the process of gas separation on this

polymer is performed based on domination of diffusion mechanism

which can described as molecular sieving. Table 3 reveals the inves-

tigations on the kinetic diameter of the relevant gases that the kinetic

diameter of studied gases changes as follows:

dCO2<dO2<dN2<dCH4

The order of permeability of gases is exactly contrary to the kinetic

diameters of studied gases. So, it was found that diffusion is the dom-

inant mechanism in permeability of gases through the polyvinyl-

chloride and polyvinylchloride/silica membranes, and the gases with

smaller molecular size have the higher permeability in the mem-

branes.

As shown in Fig. 7, the permeability of gases increased in the

membranes by silica particles in PVC. The permeability of carbon

dioxide, methane, oxygen, and nitrogen increased from 0.105, 0.005,

0.023, and 0.0066 barrer in pure polymer to 0.1908, 0.007, 0.048,

and 0.0105 barrer, respectively, in polyvinylchloride/silica nano-

composite membranes containing 30wt% silica nanoparticles.

In general, the permeability of gases increases by the following

order:

PCH4 (40%)<PN2 (59%)<PCO2 (82%)<PO2 (108%)

As observed in the SEM image, the presence of silica particles results

in two groups of particles. The first group consists of micro-size

particles which have a weak interaction with the polymer matrix

and their contacting surface with the polymer matrix is also weak;

it creates a free space at the intersection of particles and polymer.

The second group includes the nanoparticles with a good interaction

with the polymer matrix and good bonds with the polymer chains.

The free space created in the intersection between polymer and micro

silica can provide the space needed for the movement of gas mole-

cules in polymer matrix, and it provides more opportunities for trans-

portation of gas molecules through the membrane. Therefore, the

permeability increases by silica content of PVC/silica membranes.

Considerable increase in the permeability of carbon dioxide in

comparison to other gases is related to structural changes occurring

in the membranes. Such changes result from the presence of silica

nanoparticles in the polymer matrix, leading to changes in the dif-

fusion and solubility coefficient of gases in the polymer matrix. In

the following, the reasons for such changes are investigated, stating

the diffusion and solubility coefficients.

Moreover, the increase in the free space enclosed by the poly-

mer provides more suitable space for smaller gases to pass result-

ing in more increase in the permeability of smaller molecules.

As shown in Fig. 3, the prepared membranes have dense struc-

ture with distributed nano-spaces in the polymer-particle interfaces.

As a result, gas separation occurs based on solution-diffusion mech-

anism. Albo et al. showed that in thin film membranes with nano

space pores, Knudsen diffusion can contribute effectively in per-

meation of gases through membrane due to the presence of open

pores in membrane structure [30].

Fig. 8 shows the increment in selectivity of studied gases in nano-

Table 3. The kinetic diameter and condensability of the relevant
gases [22]

Gas Condensability temperature (K) Kinetic diameter (Å)

CO2 195 3.30

O2 107 3.46

N2 071 3.64

CH4 149 3.80

Fig. 7. Gas permeability of membranes at 25 oC and the feed pres-
sure of 10 barg.

Fig. 8. CO2/N2, CO2/CH4 and O2/N2 ideal selectivities of prepared
nanocomposite membranes.
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composite membranes by silica. The selectivity of CO2/N2, CO2/

CH4 and O2/N2 increases from 15.9, 21 and 3.5 to 18.2, 27.3 and

4.6, respectively, in nanocomposite membranes containing 30wt%

silica particle. As reported in the SEM analysis, addition of silica

nanoparticles in polymer creates some free spaces at the polymer-

agglomerated particles. These free spaces would enhance the diffu-

sion and solution of gases in polymer. As reported in Table 4, by

addition of silica nano particles to polymer the solubility selectivity

of pair gases changes more than diffusivity selectivity. It is due to

spaces created in the polymer-agglomerated silica interface which

enhance the higher sorption of small gases in comparison to others

and finally lead to higher gas selectivity in polymer. Also, the results

in Fig. 8 indicate the higher increment in the selectivity of CO2/N2

and CO2/CH4 pair gases compared to that of O2/N2. It is because of

the increase in the solubility selectivity of carbon dioxide compared

to nitrogen and methane, which will be discussed in the section dealing

with the solubility coefficients.

To evaluate the effect of silica nanoparticles in enhancing gas

separation properties of PVC-silica membranes, the obtained results

were compared with Robeson upper bound and the previous work

on PVC-PEG blend membranes [31]. As shown in Fig. 9, silica can

enhance the gas separation properties of PVC-silica in CO2/CH4

separation, but the PVC-PEG membranes perform better in this sepa-

ration.

4-2. Effect of Adding Silica Nanoparticles on Diffusion and Solu-

bility Coefficients of Gases

4-2-1.Diffusion Coefficient

Fig. 10 shows the diffusion coefficient of different gases in the

nanocomposite membranes. This figure indicates that the diffusion

coefficients of all gases increase by the silica in the nanocomposite

membranes.

Also, it is clear that the changes in the diffusion coefficient of

gases in pure polymer and nanocomposite membranes are as fol-

lows:

DCH4<DN2<DCO2<DO2

As it is obvious, the diffusion into the polymer is characterized by

the molecular size, which is in turn determined by the kinetic diame-

ter. The kinetic diameter is calculated only by the minimum diame-

ter of the molecule profile and only indicates the minimum diameter

needed for molecule to penetrate without considering the length of

penetrating molecule. So, the diameter establishes a suitable relation

with the penetration rate of the short molecules such as gas mole-

cules including oxygen, nitrogen, and methane. Based on the diffu-

sion theory, a gas molecule can penetrate when Brownian movement

of the polymer chains provides enough space. This required space

depends on the minimum cross-section and the length of penetrat-

ing molecule. This can serve as a reason for the linear relation be-

tween log D and the kinetic diameter of gas molecules, shown in

Fig. 11 for pure PVC and nanocomposite membranes.

As shown in Fig. 11, carbon dioxide does not behave like other

gases, and unlike what is expected for oxygen, its permeability does

Table 4. The solubility and diffusion selectivity for different gases at 25 oC and the feed pressure of 10 barg

Membrane
sample

Diffusivity selectivity Solubility selectivity

DO2
/DN2

DCO2
/DN2

DCO2
/DCH4

SO2
/SN2

SCO2
/SN2

SCO2
/SCH4

PVC-30S 3.0 1.1 2.8 1.5 16.8 9.9

PVC-20S 3.0 1.1 3.0 1.5 15.9 9.3

PVC-15S 3.0 1.1 2.8 1.4 13.8 9.9

PVC-10S 3.0 1.2 2.7 1.3 12.0 9.1

PVC-5S 2.9 1.1 2.7 1.4 12.0 8.4

Pure PVC 2.5 1.5 2.9 1.4 10.3 7.4

Fig. 9. CO2/CH4 separation performance of prepared membranes
in comparison to Robeson upper bond.

Fig. 10. Diffusion coefficient (D*109 cm2/sec) of various gases in
nanocomposite membranes at 25 oC and the feed pressure
of 10 barg.
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not decrease with the reduction in the kinetic diameter. This can be

because the carbon dioxide molecule is non-spherical and it has the

double bond in its structure that prevents it from penetrating through

the membrane [3].

4-2-2. Solubility Coefficients

As it is clear, the gas sorption in polymeric membranes depends

on the condensability of gases, interaction between the polymer and

gas molecules, the structure of the polymer, temperature and pres-

sure [8,23-26]. The presence of an electron cloud on the double bond

of carbon dioxide results in the increase in the instant bipolarity,

and consequently better interaction of this molecule with polymer

bonds. In addition to the above-mentioned reasons, it is easier for

carbon dioxide to enter the free volumes in the polymer structure

because of its smaller molecular size.

Fig. 12 shows the changes in the solubility coefficient of various

gases in nanocomposite membranes. Considering above and the

results given in Fig. 12, the order for solubility coefficient in the

investigated membranes is as follows:

SCO2>SCH4>SO2>SN2

According to the obtained results, the solubility of gases increases

based on their condensability. The presence of silica particles results

in the increase in the density of polar groups of OH in the polymer

matrix, and consequently in the establishment of the polar spaces

at the intersection of the particles and the polymer. Polar spaces result

in an increase in the solubility coefficient of condensable gases [27-

29].

The solubility coefficient of carbon dioxide increases more than

that of methane because of its polarity, and as a result, the possibility

of formation of polar bonds with the polar groups. Table 4 shows

the solubility and diffusion selectivity for different gases at 25 oC

and the feed pressure of 10 barg.

Considering Table 4, after adding silica nanoparticles, the solu-

bility selectivity as well as its effect on the ideal selectivity will in-

crease because of the increase in the solubility coefficient of car-

bon dioxide.

CONCLUSIONS

The prepared polyvinylchloride/silica nanocomposite membranes

were characterized by the FTIR, SEM, DSC, and TGA tests. The

results indicated that the silica nanoparticles synthesized by the sol-

gel method were compatible with the polyvinylchloride polymer

and were distributed uniformly in the membrane. Also, the presence

of nanoparticles improved the thermal properties and also increased

the glass transition temperature of the nanocomposite membranes.

Measuring the permeability of pure polyvinylchloride membrane

and polyvinylchloride/silica nanocomposite membranes by the con-

stant volume-variable pressure method indicated that the general

trend in the permeability in all membranes was as follows, which

described the separation and sieving based on the gas molecular

size:

P (CO2)>P (O2)>P (N2)>P (CH4)

The permeability of gases increases because of the creation of free

spaces at the interface of the polymer-silica in the structure of polyvi-

nylchloride. In general, the increase in the permeability of the gases

was as follows:

PCH4 (40%)−PN2 (59%)−PO2 (108%)−PCO2 (82%)

Adding silica nanoparticles into the polyvinylchloride matrix, im-

proved the separation performance of carbon dioxide/methane and

carbon dioxide/nitrogen gases. The highest selectivity for carbon

dioxide/methane was 27.7 in the membranes containing 15wt% of

silica, and the highest selectivity for carbon dioxide/nitrogen and

for oxygen/nitrogen were 18.2 and 4.6, respectively, in the mem-

branes containing 30wt% of silica.

The order of the diffusion coefficients of gases was as follows

by measuring the diffusion coefficients for the studied gases through

the time lag method:

DCH4<DN2<DCO2<DO2

The diffusion coefficient for all gases, except for carbon dioxide, in

all the membranes was proportional to the kinetic diameter.

To determine the solubility coefficients of gases, the permeability

coefficients were divided by the diffusion coefficients. The order

of the solubility coefficients of gases in the studied membranes was

as follows, indicating that solubility of gases was increasing based

on their condensability:
Fig. 12. Solubility coefficient of various gases in membranes at 25 oC

and the feed pressure of 10 barg.

Fig. 11. Correlation of diffusion coefficients to kinetic diameter of
gases in composite membranes.
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SCO2>SCH4>SO2>SN2

The presence of silica particles resulted in the increase in the den-

sity of the polar OH groups in the polymer matrix, and consequently,

the establishment of the polar spaces at the intersection of the particles

with the polymer. The establishment of the polar spaces increases

the solubility coefficient of carbon dioxide because of its polarity.
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