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ABSTRACT
Preparation of carbon membranes has rapidly attracted much attention in gas separation processes because of 
thermal and chemical stabilities and exhibit superior separation performance. Carbon hollow fiber membranes 
(CHFM)s derived from polymer blend of polyetherimide (PEI) and polyvinylpyrrolidone (PVP) were extensively 
prepared through stabilization under air atmosphere followed by carbonization under N2 atmosphere. The effects 
of the stabilization temperature on the morphological structure and gas permeation properties were investigated 
by means of scanning electron microscopy (SEM) and single gas permeation system. Experimental results indicate 
that the transport mechanism of small gas molecules of N2, CO2, and CH4 is dominated by the molecular sieving 
effect. Based on morphological structure and gas permeation properties, an optimum stabilization condition for 
the preparation of CHFM derived from PEI/PVP was found at 300°C under air atmosphere. The selectivity of 
about 55 and 41 for CO2/CH4 and CO2/N2, respectively, were obtained.
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1.0  Introduction

In 1980s, the developments in the field of gas 
separation by membranes were accelerated by the 
developments of synthetic polymeric membrane 
and became a commercial process on a large scale. 
During this period, significant progress were 
made in every aspect of membranology, including 
improvements in formation of membrane, 
chemical and physical structures, configurations, 
and applications [1]. Nevertheless, the utilization 
of polymeric membrane in rigorous environment 
has been restricted by their poor chemical 
and thermal resistance. The shortcomings 
of polymeric membranes have motivated the 
researchers to study other alternative materials 
for membrane separation in order to defeat the 

present challenges and competition in current 
separation technologies. Carbon membranes 
with excellent thermal and chemical resistances 
have come into the contest, where it exhibit 
high separation performance compared to their 
polymeric precursor membranes [2, 3]. Although 
significant research works have been made since 
carbon membranes inception, there remains the 
need to significantly improve the permeation 
properties of these membranes if they are to 
become viable for real applications. Numerous 
studies have been reported on the effect of process 
parameters on the gas permeation properties of 
the polymer-based carbon membranes [4-7]. 

In this study, carbon membrane derived 
from polymer blend of polyetherimide (PEI)/
polyvinylpyrrolidone (PVP) in self supporting 
form for CO2 separation were prepared. The PEI 
polymer is a kind of thermoplastic polymer, which 
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would go through a melting or softening stage 
during carbonization step. However, the melting 
stage is unfavorable for the preparation of the 
carbon membranes. It is because the microporous 
structure evolved would be destroying due to 
the removal of functional groups in the form 
of volatiles or gases during carbonization. As a 
result, stabilization step prior to carbonization  
is recommended to prevent thermoplastic 
polymers from melting stage at high temperatures 
and helps to maintain the morphology and 
structure of the precursor in the resultant  
carbon membranes [8, 9]. Until now, the 
detailed studies on the effect of the stabilization 
conditions in the PEI/PVP-based carbon hollow 
fiber membranes fabrication have not yet reported 
in the literature. Thus, the design of PEI/
PVP-based carbon hollow fiber membranes is 
engineered to study the properties of the resultant 
carbon membranes as well as their permeance 
and selectivity by manipulating the stabilization 
temperatures. 

2.0	 Research Methodology

2.1	 Carbon Hollow Fiber Membrane 
Preparation and Characterization

In this paper, PEI (Ultem 1000) as the basic 
polymer and PVP (Fluka, K90) as the second 
polymer were used for making the blend 
membrane. Both polymers were dried overnight 
at 120°C prior use to remove any absorbed 
water. The chemical N-methyl-2-pyrrolidone 
(NMP) with analytical grade was used as  
solvent without any purification. Polymeric 
hollow fiber membranes with 17 wt% PEI/6 wt% 
PVP was used as a precursor membranes. This 
formulation was adapted from previous studies 
performed by Coutinho and coworkers in 2003 
[5]. These membranes were fabricated using 
dry/wet spinning process. The details on the 
experimental procedures included heat treatment 
profile and spinning condition used in this  
study can be found elsewhere [10, 11]. 
Morphological structure images were obtained 
in a JEOL JSM-5610LV scanning electron 
microscopy (SEM).

2.2	 Carbon Hollow Fiber Membrane 
Performance Measurement

The membrane performances were measured 
by two important parameters: permeance and 
selectivity. These parameters were examined 
using a single gas permeation system [12, 13]. 
The permeance, P (GPU) and selectivity, α of the 
membranes were calculated using the following 
equations: 

Permeance, P (GPU):

	 ( )P
––
l i

 = 
Qi––––
∆p.A

=
Q

–––––––
nπDl∆P

	 (1)

	 1 GPU = 1 × 1–6 
cm3 (STP)

–––––––––––
cm2s cm Hg

Selectivity, α:

	 αA/B = 
PA–––
PB

=
(P/l)A––––––
(P/l)B

	 (2)

where P/l is the permeance of the hollow fiber  
(cm3 (STP)/cm2.s.cmHg), Qi is the volumetric 
flow rate of gas i at standard temperature and 
pressure (cm3 (STP)/s), Dp is the pressure 
difference between the feed side and the 
permeation side of the membrane (cmHg), A is 
the membrane surface area (cm2), n is the number 
of fibers in the module, D is an outer diameter of 
hollow fiber (cm) and l is an effective length of 
hollow fiber (cm).

3.0	 Results and Discussion 

3.1	 Morphological Structure

Figure 1 depicts the morphological structure of 
the resultant CHFMs prepared under different 
stabilization temperatures. It can be observed that 
the two dense layers, both outer and inner layer 
with porous sub-layer in between was obtained for 
all the resultant carbon membranes. This structure 
was generated during the dry/wet spinning 
process as the result of the phase inversion 
between polymer solution and coagulation liquid. 
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This reveals that the structure of the membranes 
is preserved after heat treatment process and 
any arrangement of the structure on precursor 
membrane does not occur during stabilization 
and carbonization steps. Moreover, there is no 
cross section deformation and irregularities were 
observed for the carbon membranes prepared 
under stabilization temperature of 300°C. It is 
shows that the precursor was fully stabilized 
and the oxidation reactions were more effective 

at 300ºC under air flow. The similar finding 
has been reported by Linkov et al. [14] Sedigh  
et al. [15] Coutinho et al. [5] Rao et al. [16] and  
Xu et al. [17].

3.2	G as Permeation Properties

The influence of stabilization temperature on the 
gas permeation properties of the resultant CHFM 
is summarized in Table 1. The gas permeance 

Figure 1	 SEM microphotographs of the PEI/PVP-based CHFMs prepared at different stabilization 
temperatures; (a) 200°C, (b) 250°C, (c) 300°C, (d) 350°C, and (e) 400°C

	
  

(a)

(b)

(d)

(c)

(e)

Table 1	 Gas separation properties of the resultant CHFMs prepared at different stabilization 
temperatures (Error analysis is about ± 10%)

Stabilization 
Temperature (°C)

Permeance Selectivity

N2 CH4 CO2 CO2/CH4 CO2/N2

PEI-based chfm 1.34 1.02 13.32 13.06 9.94
200 0.21 0.20 2.20 11.50 10.48
250 0.08 0.05 1.70 34.00 21.25
300 0.04 0.03 1.66 55.33 41.50
350 0.04 0.02 1.03 51.50 25.75
400 0.15 0.12 1.85 15.42 12.33

* Tested at 7 bar, 25°C
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of the CHFMs remarkably decreased as the 
stabilization temperature increased from 200 to 
350°C. It is due to the deterioration in original 
backbone of the polymer and formed much more 
activated points composed of oxygen-containing 
groups as the stabilization temperature increased, 
which will affect the developed pore system 
in the resultant CHFM. During subsequent 
carbonization process, the pore structure of the 
resultant CHFMs shrinks and even collapse to 
form an impermeable bulk carbon structure by 
the rapid evolution of those activated points. 
However, the gas permeance of all the gases 
increased when the stabilization temperature 
reached 400°C. It is indicated that an excessive 
stabilization reaction has occurred and leads to 
the development of defects and an enlargement 
of pore size [18]. The pore size of the resultant 
CHFM probably was too large for an effective 
separation. It is established that small changes in 
the pore size of the carbon structure can have a 
considerable impact on gas permeation properties 
of the resultant CHFMs since the pore network 
created in this membrane are similar in size to 
the gas penetrant [19].

Based on gas permeation data, the gas 
permeance of the tested gases were in the order 
CO2 > N2 > CH4, which consistent with the 
order of the kinetic diameters of the gas molecules 
(CO2 (3.3 Å) > N2 (3.64 Å) > CH4 (3.8 Å)). 
This indicates that the gas permeation through 
these carbon membranes obeys molecular sieving 
mechanism. This result is in agreements with 
the work reported by previous researchers [16, 
20]. The selectivity of CO2/CH4 and CO2/N2 as 
high as 55.33 and 41.50, have been achieved for 
CHFMs prepared at stabilization temperature 
of 300°C. The CHFMs prepared at stabilization 
temperature of 350°C also exhibited a promising 
gas separation performance for CO2/CH4 and 
CO2/N2 but exhibited the lowest gas permeance 
for all the tested gases compared to those CHFMs 
prepared at stabilization temperature of 200, 250, 
300, and 400°C.

Such selectivity that obtained was still in 
the range of current attractive result for CO2/
CH4 and CO2/N2 separation. This was probably 
owing to the formation of micropores, which 
connecting to each others, and mesopores, 

which do not penetrate through the total 
thickness of the CHFMs, as demonstrated in 
the preparation of carbon membrane derived 
from BPDA-pp’ODA polyimide [21]. Therefore, 
by considering the morphological structure, 
dissolution test, mechanical stability, and 
gas separation performance, the stabilization 
temperature at 300°C under air atmosphere is 
the best conditions for PEI/PVP-based CHFMs 
preparation. 

4.0	 Conclusions 

This study represents the CHFMs derived from 
PEI/PVP prepared at different stabilization 
conditions. SEM microphotographs reveal that 
the structure of the CHFMs is preserved after  
heat treatment process and any arrangement of  
the structure on precursor membrane does not  
occur during stabilization and carbonization  
steps. It is showed that there is no cross section 
deformation and irregularities were observed for  
the CHFMs prepared under stabilization 
temperature of 300°C. This study elucidate that 
the gas permeance of the CHFMs remarkably 
decreased as the stabilization temperature 
increased from 200 to 350°C and increased when 
the stabilization temperature proceed to 400°C. 
In overall, the stabilization step at 300°C under 
air atmosphere show the best condition in the 
preparation of the PEI/PVP-based CHFMs for 
gas separation. 
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