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In this work, novel thin film composite membranes (TFCs) of poly (ether-6-block amide) (Pebax-1657) on a polyvinyl 

chloride (PVC) ultrafiltration membrane as support were prepared using inclined coating method for CO2 separation. 

Investigating the effects of top selective layer thickness formed by controlling the coating angle (15-60°) and polymer solution 

concentration (5-10 wt.%), and also, the effects of different operating pressure (2-10 bar) and temperature (25-50 °C) 

conditions were selected as challenging case study. Morphological considerations of the Pebax/PVC TFCs were evaluated by 

scanning electron microscopy (SEM) that revealed a defect-free thin selective layer of Pebax/PVC composite membrane. The 

single CO2, CH4 and N2 gases' permeance carried out using constant-volume/variable-pressure method. The results suggested 

that the CO2 permeance, CO2/N2 and CO2/CH4 selectivity of the membranes increase upon pressure and decrease with 

temperature increment. In addition, the permeations of CO2, CH4 and N2 increased respectively 16.7, 21 and 18% in 

Pebax/PVC TFCs compared to the neat Pebax free stand membrane. 

© 2015 MPRL. All rights reserved. 

 
1. Introduction 

 

Gas separations have always been one of the key processes in chemical 

engineering. Moreover, in the environmental and industrial points of view, 

carbon dioxide (CO2) removal from gas streams is always useful for large-
scale applications such as global warming reduction (flue gas processing) and 

natural gas treatment [1–3]. Based on different circumstances, there is a wide 

range of gas separation technologies such as absorption, adsorption, 
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membranes and cryogenic distillation used for the CO2 capture from gaseous 

compounds [3–7]. Because of their fundamental engineering and economic 

advantages over competing separation technologies, membrane operations are 
now being explored for CO2 capture from power plant emissions and other 

fossil fuel-based flue gas streams, since membranes do not require any phase 

transformation [8–10]. 
Membranes are low cost barriers for separating of gases, when high 

purity gas streams are not vital [8]. Many polymer membranes for gas 

separation have been studied due to their good properties such as ease of 
processability, good mechanical property, simplicity, high packing density 

and low energy requirements [11-17]. However, there are a number of 

challenging issues associated with the capture of CO2 from flue gases which 
limit the use of polymer membranes for industrial applications like low 

permeance, low selectivities and high fabrication costs in some cases 

[2,5,9,18–21]. Two main parameters which determine the applicability of 
membranes for a specific separation are the permeability and selectivity. By 

developing proper materials along with minimizing the thickness of the 

separating layer, good selectivity as well as the high permeation rates could 

be obtained. Also the thinner the active separating layer results the lower 

costs in case of expensive polymers [22]. These are the reasons that the 

industrial gas separation polymeric membranes are generally fabricated as 
composite [22,23]. These membranes (see Fig. 1) are made as flat sheet or 

hollow fibre; have a thin, dense skin layer supported by a micro-porous layer 

that provides mechanical strength. The third layer is a thicker non-woven 
reinforcing fabric that provides for the main part of the mechanical backbone 

of the composite structure [22-25]. 

 

 
 

Fig. 1. A schematic of a thin film composite membrane [25]. 

 

 

 
Fig. 2. The chemical structure of Pebax-1657 [28]. 

 
 

Poly(ether block- amide) resin is one of the best known material under 

the trademark Pebax® which has offered excellent properties for CO2 
separating membranes. It is a thermoplastic elastomer combining linear 

chains of the hard polyamide (PA) segments that provide mechanical strength 

with interspacing of flexible polyether (PE) segments which offer high 
permeability due to greater chain mobility of the ether linkage. Different 

grades of Pebax have been prepared by varying the ether and amide 

compositions for gas separation applications [25-27]. In the present work, 
poly(amide-b-ethylene oxide) (with the commercial name of ‘Pebax® MH 

1657’), which is composed of 40% aliphatic polyamide (PA6, nylon-6) and 

60% poly(ethylene glycol) (PEG), was selected as the base polymer for 
membrane preparation. Fig. 2 shows chemical formula of the Pebax-1657 

copolymer [28]. 

In this work, a new composite membrane with Pebax-1657 as the 
selective layer on a PVC porous support (Pebax-1657/PVC thin film 

composite) was fabricated via the inclined coating method and used for gas 

separation. Poly(vinyl chloride) (PVC) is selected to fabricate an 
ultrafiltration membrane support for the present thin film gas separation 

membrane because of its excellent physicochemical and mechanical 
properties and low cost [28,29]. Afterwards, the effects of film thickness, 

coating angle, and the feed pressure and temperature on the membrane 

performance are evaluated by measuring the CO2, CH4 and N2 permeances. 
 

 

2. Background 

 

Gas transport through the nonporous (dense) polymeric membranes is 

based on the ‘solution-diffusion’ mechanism [30-32]: 

P DS l                                                                                                      (1) 
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where P is the gas permeability, D and S are the diffusion and solubility 
coefficients, respectively, N is the permeation flux, l is the membrane 

thickness, p2 and p1 are respectively the upstream and downstream pressures 

and π is the gas permeance. In case of membranes which their selective layer 
thickness cannot be detected accurately such as composite membranes, the 

membrane performance is evaluated by permeance instead of permeability. 

The selectivity of a gas separation membrane (dense type) is defined as: 
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where πA and πB are the permeances for gases A and B, and (SA/SB) and 

(DA/DB) are the solubility and diffusivity selectivity, respectively. 
 

 

3. Experimental 

 

3.1. Materials 

 
Polyether-block-amide Pebax® MH 1657 was supplied by Arkema 

(Technical polymers, Colombes, France) and will be hereinafter referred as 

Pebax-1657. Polyvinyl chloride (PVC) powder, grade 7054, was supplied 
from BIPC, Mahshahr, Iran. Ethanol and dimethylformamide (DMF) were 

obtained from Merck Co. (Darmstadt, Germany). CO2, CH4 and N2 gases, 

with 99.999% purity, were purchased from Technical Gases Ltd. supplied by 
Oxygen Yaran Co., Mahshahr, Iran. 

 

3.2. Membrane preparation 
 

3.2.1. PVC ultrafiltration substrate 

 
PVC substrate was prepared by the phase inversion method. A 15 wt.% 

solution of PVC in DMF was cast on a non-woven polyester fabric support, 

which had already been affixed tightly on a clean glass plate without any air 
gaps. After casting, the glass plate was immediately immersed in a water bath 

containing distilled water at 25 °C and maintained for 3 days to obtain an 

ultrafiltration membrane with ~60 μm pore size. The water was selected as the 
bath medium because of high miscibility whit DMF which causes a fast 

solvent-nonsolvent exchange. This leads to a finger-like morphology that can 

decrease the resistant against mass transfer [33]. After solvent evaporation in 
the atmosphere for one day it was put in a 45 °C vacuum oven for 24 h in 

order to remove of the residual solvent and the adsorbed moistures. 

The bubble point method was used for measuring the maximum pore size 
of the PVC substrate, conforming to ASTM F 316-03 standard [34]. The 

maximum pore size was determined to be ~60 nm, where the bubble point 

pressure was 30 psi. Therefore, the pore size of the fabricated support was in 
the range of ultrafiltration membranes which has some advantages such as can 

block the solution against deposit into the PVC support pores according to the 

capillary forces. 
 

3.2.2. Pebax selective thin layer 

 
In order to synthesize the Pebax-1657/PVC TFCs, different solutions of 

5, 7 and 10% (w/v) of Pebax in a solvent mixture (30:70 v/v of distillate 

water/ethanol) were prepared. The desired viscosity for the coating was 
obtained at 5% (w/v) polymer concentration. Below this concentration, the 

substrate pores were become highly penetrated by the Pebax solution. In 
addition, prior to solution coating, the PVC substrate was immersed into 

hexane (which was immiscible with the Pebax solution and non-interacted 

with the PVC substrate). The hexane-filled pores can minimize reasonably the 

probable intrusion of Pebax solution into the pores. Then, the remained 

hexane droplets on the substrate surface were gently wiped by a soft tissue, 

and next the bubble-free coating solutions were immediately poured onto the 
PVC support by using an inclined surface (see Fig. 3). By changing the 

coating angle, different thicknesses were obtained. Afterwards, the 

membranes were kept a day at room temperature and finally all TFCs were 
dried into a 45 °C vacuum oven for 24 h. The thickness of selective layer was 

determined using a digital micrometre (Mitutoyo®, Seisakusho, Tokyo, Japan) 

with an accuracy of ±1 μm. In this case, the thicknesses of certain points of 
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the PVC substrate were measured before and after the coating by Pebax and 

the reported value is the arithmetic mean of the measurements. These 

measurements were confirmed by SEM images of the cross section of the 
composite membranes. 

 

 
Fig. 3. Lab-scale inclined coating apparatus applied in this work. 

 

 

3.2.3. Pebax free stand membrane 

 

To prepare a monolayer, thick, stand-alone Pebax membrane, the 
prepared Pebax solution (a 3% (w/v) solution of Pebax in 3:1 ethanol/water) 

was poured into a Teflon Petri-dish and dried in the ambient for 24 h. 

Afterwards, the Pebax film (without supports) was dried at a 45 °C vacuum 
oven for another 24 h to remove residual solvents from the membrane. The 

thickness of this membrane was measured as 20 μm. 

 
3.3. Membrane characterization 

 
3.3.1. Scanning electron microscopy (SEM) 

 

SEM was applied to examine the morphology of surface and cross-
sectional of the fabricated thin film composite membrane. The membrane 

sample was fractured in liquid nitrogen, sputter-coated with gold by a BAL-

TEC SCD 005 sputter coater (BAL-TEC AG, Balzers, Liechtenstein) and 

tested with a KYKY-EM3200 (KYKY Technology Development Ltd., 

Beijing, China) scanning electron microscope. 

 
3.3.2. Gas permeation apparatus 

 

Gas permeance measurements were carried out using an apparatus, 
schematically shown in Fig. 4 at different feed pressures from 2 to 10 bar and 

temperatures of 25 to 50 °C. The set‐up was designed to measure permeance 
(π) of the tested gases via the constant volume method, as follows: 
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                                                                                 (4) 

 

where V is dead-volume of the downstream chamber (cm3), A is the effective 
membrane area (cm2), T is the absolute operating temperature (K), p is the 

feed pressure (atm) and dp/dt is the steady state pressure increment in the 

permeate vessel (atm/s) which was measured by an absolute pressure 
transmitter (type 691, Huba Control, Würenlos, Switzerland). Equation (4) 

gives the gas permeance in gas permeation unit, GPU (1 GPU=1×10−6 cm3 

(STP)/(cm2 s cmHg)). The selectivity (the ratio of the gas permeances) of the 
membranes was calculated from the Equation (3). 

The membrane cell (see Fig. 5) is made of stainless steel and has an 

effective area of almost 20 cm2. The cell has two parts and a rubber O‐rings, 
which are responsible to seal the gases in the cell. 

 

 
 

Fig. 4. Schematic of the experimental setup for gas permeance measurement. 

 
Fig. 5. Schematic of the separation cell (two attachable parts). 

 
 

4. Results and discussion 

 
4.1. Top-layer thickness investigations 

 

The effect of coating surface inclination on the thickness of the top layer 

is shown in Fig. 6. Indeed, by a changing the coating angle, the flow rate of 

Pebax solution over the PVC support could be controlled. The effect of the 

inclination angle on the coating layer thickness could be explained by the fact 
that by increase the inclination angle, the velocity of the Pebax solution on the 

PVC support increases and consequently the contact time between the coating 

solution and the support decreases (Navier-stocks equation). This would 
result a thinner coating layer on the support. The Fig. 6 shows a linear 

dependency between the coating layer thickness and inclination angle. 

Although the lower coating thicknesses was obtained at inclination angle of 
60o but the more reproducible results was achieved in inclination angle of 45o. 

Then the inclination angle of 45o was selected for the coating surface angle. 

Moreover, the thickness of the thin top-layer can be easily controlled by 
changing the polymer solution concentration. As it is shown Fig. 7, the 

thickness of top-selective layer is deceased as the Pebax solution 

concentration is decreased. The results showed that thinner coating solutions 
would result the thinner coating layer. Based on the results, the concentration 

of 5% was selected as the proper concentration for the Pebax coating solution. 

 

 
Fig. 6. Effect of the coating angle on the top-layer 

thickness (5 wt. % of Pebax solution). 

 

 
Fig. 7. Effect of the Pebax solution concentration 

on the top-layer thickness (coating angle: 45°). 

 

4.2. SEM 
 

In order to investigate the morphology of the Pebax/PVC thin film 

composite membranes, the SEM images were taken from the surface and 
cross-section of the composite membranes. Fig. 8 shows a sample of the SEM 

images which was taken from the composite membrane prepared by 5 wt.% 

Pebax solution for the coating of the top layer at coating angle of 45°. As it is 
evidenced from SEM images, a nonporous defect-free dense top layer has 

been formed successfully on the PVC support. The morphology of the PVC is 

a combination of micro porous finger-like (see Fig. 8-A1) and sponge-like 
(see Fig. 8-A2) morphology which is an open-structure with minimum 
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resistance against the transport of gas molecules that is not expected to accrue 

any Knudsen diffusion across the PVC support. 

 
4.3. Gas permeation properties 

 

Permeation of N2, CH4 and CO2 gases through the Pebax/PVC thin film 
composite membrane was investigated at room temperature and the pressures 

of 3, 6 and 10 bar on the thin film composite membrane prepared from 5 wt.% 

Pebax solution at coating angle of 45°. The permeance and the ideal 

selectivity results are shown in Fig. 9-A and 9-B. The order of gas permeance 
was found to be as: 

 

CO2 >> CH4 > N2

 

 
 

Fig. 8. SEM images of the Pebax/PVC thin film composite membrane: (A) cross 
section, (B) top-layer surface, and (C) magnified cross-section. 

 

 
Table 1 

The permeation properties of CO2, CH4 and N2 gases through the Pebax/PVC TFCs and the Pebax free stand membrane. 

 

 
*permeance in GPU (1 GPU=1×10−6 cm3 (STP)/(cm2 s cmHg)) 

 

As could be concluded from the permeance results, CO2 is more 
permeable than other gases. This may be because of the two mechanisms. 

First, the more potential of CO2 to diffuse through the polymer matrix due to 

its smaller kinetic diameter (3.3 Å) than those of N2 (3.64 Å) and CH4 (3.8 Å) 
[26]. Second, quadrapolar moments of CO2 in combination with the rubbery 

nature of Pebax make it more permeable for CO2 than N2 and CH4. Indeed, 

CO2 is a condensable and interactive gas which can interact with the 
polymeric chains and the available functional groups. This leads to a high 

solubility for CO2, and consequently, being more permeable than other gases. 

Besides, the lower permeance of N2 might be due to slow diffusivity resulting 
from the larger kinetic diameter and lower solubility in the Pebax polymer. 

Generally, the smaller gas molecules can diffuse faster and have higher 

permeances [35]; however, in the case of CH4 and N2 in spite of the smaller 
size of the nitrogen molecules, methane, thanks to its superior condensability, 

exhibits a higher permeance than nitrogen. On the other hand, in this case the 
solubility mechanism can be considered as the dominant mechanism in 

permeation of gases through Pebax membranes. For rubbery polymers, in 

general, the permeance of a condensable gas increases with the pressure, 
while an inverse behaviour is observed for a typical glassy polymer [36]. In 

this study, the performance of TFCs was improved upon increasing the 

pressure from 2 to 10 bar. This phenomenon may be attributed to the higher 
condensability of CO2 at greater pressures due to increase of the sorption of 

the polar CO2 molecule in the polymeric membrane, which already has a 

preferential affinity for this gas. The permeance of N2 and CH4 does not 
change considerably upon the increase in the upstream pressure. It should be 

noted that, the effect of pressure on the permeation of non-polar and non-

reactive gases like N2 through the non-porous membrane which follows 
solution-diffusion mechanism, is negligible [26]. 

The influence of feed pressure on membrane performance can be 

expressed, using the following equation: 
 

m p                                                                                                  (5) 

 
where, π∞ is the permeance at Δp = 0 (infinite dilution gas permeance) and m 

is characterization factor for permeance dependency of pressure. Values of m 

for CO2, CH4 and N2 are 0.77, 0.008 and 0.0007 respectively. As it can be 
seen, m for CO2 is more than those of other gases, owing to dominant the 

effect of plasticization [37]. 
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4.3.1. Effect of selective layer thickness 

 

Influence of the membrane thickness on the permeation properties is 
clearly evidence in Table1. With increase of the selective layer thickness from 

4 μm (composite membrane) to 20 μm (Pebax free stand membrane) the 

permeance of CO2, CH4 and N2 has dropped 16.7, 21 and 18%, respectively. 
However, the CO2/N2 and CO2/CH4 ideal selectivities approximately were 

remained unchanged. The thickness of membrane selective layer has a great 

effect on gas flux through the membrane, according to the Fick’s law. In fact, 
the thinner selective layer would result the more gas permeance [22]. 

 

4.3.2. Effect of operating temperature 
 

In general, the increase of operating temperature has a great effect on the 

permeation of small molecules through membranes. In spite of that, the gas 
permeation of polymeric films containing PEO is strongly dependent on the 

operating temperature [38]. As demonstrated in Fig. 10-A, with increase in 

temperature from 25 to 50 °C, the permeances of CO2, CH4, and N2 in the 

Pebax/PVC TFCs were increased owing to the mobility increment of the 

penetrants at higher temperature which was led to enhance the diffusion 

driving force for the penetrants. Also an increase in the operating temperature, 
causes to increase in chain mobility and makes the polymer matrix more 

flexible and increases the available fractional free volume (FFV) which is a 

linear function of temperature with respect to Equation (6) [39,40]. 
 

( )
gT r gFFV FFV T T                                                                   (6) 

 

where FFVTg is the apparent fractional free volume at Tg, and αr is the thermal 
expansion coefficient of the fractional free volume in the rubbery phase, (T > 

Tg). 

There is also a linear relationship between logarometric based values of 
permeability (or permeance) versus invert of temperature as follows [12,38]: 

 

0 exp
pE

RT
 

 
  
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                                                                                        (7) 

 
where, π0 is a pre-exponential value, R is the universal constant of gases 

(kJ/kmol.K), T is the operating temperature (K) and Ep is the activation 

energy for gas permeation (kJ/mol). Indeed, the faster permeation through a 
membrane, the lower is the corresponding value for Ep of the gas. Values of 

Ep for CO2, CH4 and N2 permeation through Pebax/PVC composite are 14.7, 

24.2 and 31.6 kJ/mol, respectively. As it can be seen, Ep for CO2 is less than 
those of other gases, due to high diffusivity and solubility of CO2. 

 

 

 
 

Fig. 9. Gas permeation properties of Pebax/PVC thin film composite membrane. 

 
 

However, the selectivity of the membrane for CO2/N2 and CO2/CH4 was 

decreased upon the temperature increase as it shown in Fig. 10-B. This is due 

to a reduction in CO2 solubility at higher temperatures which tends to reduce 
the solubility selectivity and consequently the overall selectivity. 

 

 

 
Fig. 10. Effect of temperature on gas separation performance of the TFCs. 

 
 

4.4. Performance studies 

 
Fig. 11 illustrates a comparison between separation performances of the 

membranes prepared in the present work (obtained at 2 bar) with the 

Robeson's upper bounds (2008) of polymeric membranes for CO2/N2 and 
CO2/CH4 separations [41]. In general, the PEO containing polymers exhibit 

2–3 times higher permselectivity with a similar CO2 permeability than the 

non-PEO containing polymers. Although the Pebax/PVC TFC membranes 
(with approximately 4 μm of selective layer thickness) did not exceed the 

upper bounds, but displayed a good performance and were locate near the 
upper bounds. 

 

 
 

Fig. 11. Performance of Pebax/PVC thin film membranes compared to the Robeson's upper-

bound 2008. 

 

 

5. Conclusions 

 
The preparation of a thin film composite membrane made of Pebax®1657 

thin selective top-layer on a novel porous PVC support was investigated. 

Different top-layer thicknesses were achieved after adjusting the inclination 
angle of the coating surface and the polymer solution concentration. SEM 

pictures identified that a free-defect top-layer formed on PVC ultrafiltration 
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support. In order to investigate the effect of support and film thickness on the 

performance of the Pebax membrane, a free stand Pebax film with 20 μm of 

thickness was also fabricated. 
Gas permeation properties of the selective layers with different thickness 

defined that the permeances of all gases decrease upon the increase in the film 

thickness. However, the CO2/N2 and CO2/CH4 selectivities remained almost 
unchanged. In addition, the performances of the Pebax/PVC TFCs were 

investigated under various pressures and temperatures. The CO2 permeance 

and CO2/N2 and CO2/CH4 selectivities improved with the increase in pressure. 
This behaviour may be attributed to the high solubility and plasticizing effect 

of CO2 at higher pressures. With the increase in operating temperature, the 

CO2 permeance increased and the selectivities were decreased considerably. 
However, the performance of the Pebax/PVC TFC membranes was 

higher than the Pebax free stand film membrane. 
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