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Separation of CO,/CH,4 through Carbon Tubular Membranes: Effect

of Carbonization Temperature
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Abstract: Carbon membranes have received much attention as advance materials in the gas separation technology due
to their superior gas permeation performance and thermal and chemical stability. In order to increase the mechanical
strength of the membrane, supported carbon membrane were produced using ceramic tube as support layer. Carbon
tubular membranes were produced by carbonizing polymeric tubular membrane under different process parameter. In
this study, carbon tubular membranes originating from Matrimid were prepared and characterized in term of its gas
permeation properties. The preparation method involved dip-coating of the ceramic tubes with a Matrimid-based solution.
The carbon tubular membranes were obtained by carbonization of the resultant polymeric tubular membrane under
Argon gas flow in the horizontal tube furnace. The effects of the carbonization temperature on the gas permeation
performance were investigated. Pure gas permeation tests were performed using CO, and CH, at room temperature with
pressure 8 bars. The permeance and selectivity data indicate that the highest CO,/CH, selectivity of 87.30 was obtained
for carbon tubular membrane prepared at carbonization temperature of 850°C.
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1. INTRODUCTION

Membrane separation technology has attracted
increasing attention from the scientific community with
research area involved in CO, capture due to its
energy saving, simple process design, and ease of
scale-up and module construction. Carbon membranes
have shown to possess outstanding gas separation
performance and superior thermal and chemical
stability under corrosive and high temperature
operation. During heat treatment process, the polymer
membrane material will be transform to carbon
membrane material. Typically there are two types of
pores are created at this stage, namely micropores and
ultramicropores. This structural property has made the
gas transport properties of the membrane switch from
solution-diffusion to a molecular sieving mechanism [1,
2]. Carbon membrane has been proven having better
performance compared to polymeric membrane.
Methods for the preparation of novel carbon membra-
nes have been proposed and studied in recent years in
order to improve the gas separation performance. Lots
of efforts have been taken in the development of gas
separation by carbon membranes [3-7].

In an attempt to attain excellent gas separation
performance, there is several process parameters have
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been investigated in the literature such as preparation
method, types of polymer precursor, carbonization
temperature, heating rates, thermal soak time, and
carbonization environment [8, 9]. Anderson and cowor-
kers conclude that carbon membrane manufactured at
400, 600 and 800 °C have a pore size comparable to
the molecular size of CO, and CH,4. An optimum carbon
membrane performance is achieved by membranes
made at a higher carbonization temperature [7].

Polyimides are known to exhibit high permselectivity
for various gas pairs, especially for CO,/CH, separation
[1, 3]. Many researchers reported that Matrimid is one
of the best materials for membrane based CO,/CH,4
separation, due to its attractive combination of gas
permselectivity and high glass transition temperature.
Moreover, most of the aromatic polyimides offered rigid
structures and high carbon yields during the carbon
membrane preparation [10]. Therefore, in this study,
Matrimid was used as a polymer precursor material.
The effects of the carbonization temperature on the gas
permeation properties were explored in order to

provide the best combination of selectivity and
permeability of the resultant carbon tubular
membranes.

2. EXPERIMENTAL

2.1. Materials

Matrimid 5218 was selected as a polymer
precursor. It was dried overnight at 80 °C to remove
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any moisture. The N-methyl-2-pyrrolidone (NMP)
solvent was purchased from Merck (Germany) and was
used without further purification. The polymer
membrane was supported using a tube of porous a-
alumina (porosity: 40-50 %) 13 mm in diameter and 3
mm in thickness, with a pore size of 0.2 ym and a
length of 8 cm.

2.2. Carbon Membrane Preparations

The Matrimid-based carbon tubular membranes
were fabricated using the simple dip-coating method. A
15 wt % Matrimid solution was prepared by dissolving it
in NMP and continuously stirring using mechanical
stirrer in the temperature of 80 °C for several hours until
a homogeneous solution was obtained. The mixture
was then degassed in sonication bath to remove the
existence of gas bubbles. The prepared Matrimid-
based polymer solution was coated on the surface of
the ceramic tube using dip-coating technique. After 15
minutes of being coated, the membranes were aged at
80 °C for 24 hours. The membranes were then
immersed in methanol for 2 hours, and then placed at
100 °C for 24 hours inside the oven to allow slow
removal of the solvent. The prepared polymers tubular
membranes were then placed in the centre of the
Carbolite horizontal tubular furnace to undergo
carbonization process. The carbonization process
takes place in two steps. Firstly, the membranes were
heated up to 300 °C with the heating rate of 2 °C/min
under Ar gas flow (200 ml/min). The membranes were
held at 300 °C for 30 min. Subsequently, the
temperature was raised up to three different final
carbonization temperatures of 600, 750, and 850 °C at
the same heating rate and gas flow. The membranes
were maintained at the final carbonization temperature
for 30 min. After completing each carbonization cycle,
the membranes were cooled naturally to room
temperature. The detailed carbonization profile used in
this study is as illustrated in Figure 1. The
nomenclature of the resultant carbon tubular
membranes is given in the form of CM-Carbonization
Temperature. In order to examine the morphological
structure of the membrane, non-supported
membrane/flat sheet membrane was fabricated follows
the similar method as supported membrane.

2.3. Characterization Method

The structural morphology of carbon membrane
was observed by a JEOL JSM-5610LV scanning
electron microscopy (SEM). This approach can be
used to observe the presence of several cracks or
pinholes, and for estimating the obvious fluctuation in
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Figure 1: Carbonization profile.

membranes dimensions as a consequence of the heat
treatment process. The membrane samples were cut
into small piece in liquid nitrogen and coated with gold
prior the analysis.

2.4. Gas Permeation Measurement

The gas separation performance of the membrane
can be evaluated based on two important parameters
which are permeance and selectivity. The pure gas
permeation tests were carried out following the
sequence of CH, and CO,. Each 8 cm carbon tubular
membrane was placed inside the tubular stainless steel
module. The membrane was then fitted with rubber O-
rings to allow the membrane to be housed in the
module without leakages. The gas was fed into the
system at a trans-membrane pressure of 8 bars. The
permeance, P/l (GPU) and selectivity, a, of the
membranes were calculated using equations below:

Permeance, P:

(p/l):&:L
" ApA nrDIAP

Selectivity, a:

g _Pa_PID,
ATB = p (Pl

(2)
where P/l is the permeance of the membrane, Qi is the
volumetric flow rate of gas i at standard temperature
and pressure (cm3 (STP/s), Ap is the pressure
difference between the feed side and the permeation
side of the membrane (cmHg), A is the membrane
surface area (cmz), n is the number of fibers in the
module, D is an outer diameter of the membrane (cm)
and | is an effective length of the membrane (cm).
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3. RESULT AND DISCUSSION

3.1. Morphological Structure Properties

Figure 2 shows the cross section of the Matrimid-
based polymeric membrane and carbon membrane
prepared at different carbonization temperatures. The
SEM analyses of the membranes revealed that
different structures can be obtained for polymeric and
carbon membrane. The resulting polymeric membrane
possesses an asymmetric structure that consists of a
thin surface layer and supported porous structure. As
observed in Figure 2, the cross section images of the
resulting carbon membrane prepared at 600, 750, and
850 °C showed a dense structure. In this case, the
thickness of the dense structure was decreased as the
carbonization temperature increased. After the heat
treatment, the thickness of the polymeric membrane
decrease approximately 12 % due to the weight loss of
the membrane. The conversion of Matrimid polymer
into carbon material was occurred during the heat
treatment process at high temperature. During the
decomposition stage, the cleavage of the pendant
groups from the polymer backbones together with the
cleavage of the polymer backbone itself was occurred.
In addition, the removal of non-elementary carbon
components and the arrangement of the carbon
structure  were significantly occurred at high
temperature process [11].
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Figure 2: SEM images of Matrimid-based polymeric
membrane and carbon membrane prepared at different
carbonization temperatures.

3.2. Gas Permeation Properties

The carbonization process was carried out by
heating the Matrimid-based polymeric membrane under
Argon flow from room temperature to the final
carbonization temperature. The permeance was

examined using gas permeation test apparatus at 8
bars and room temperature. The results of the
permeation performance of the prepared carbon
membrane at different carbonization temperature are
shown in Table 1.

Table 1: Gas Permeation Properties of the Matrimid—
Based Carbon Tubular Membrane
Carbon Permeance (GPU) Selectivity
Membrane
CO, CH,4 CO,/CH,4
CM-600 34.70 1.11 31.36
CM-750 245.82 3.23 76.05
CM-850 287.36 3.30 87.30
Several researchers reported that carbon

membranes prepared under the similar carbonization
conditions do not exhibit similar separation
performance [3, 12]. This can be related to the pore
structure of the carbon membrane, which becomes
rigid and compact thereafter, and some of the pores
might change into closed pores during the
carbonization process. As a result, highly selective
carbon membranes with low permeance could be
produced for the carbon membrane prepared at high
temperature. In this study, when the carbonization
temperature reached 850 °C, it was observed that the
CO, permeance increased from 34.70 to 287.36, while
for CH,4, the permeance increased from 1.11 to 3.30.
The increase of prominent CO, permeance over that of
CH, further suggests the formation of highly porous
membrane with resulting effective molecular sieving
properties. The results are in good agreement with the
results in a research done by Itta and coworkers [13].
Hence, the increment of CO, permeance observed in
this work suggests that similar phenomenon occurred.
A continuous increase of selectivity from 31.36 to 87.30
was measured with the rise of the carbonization
temperature from 600 until 850 °C. This indicates the
availability of effective molecular sieving mechanism
that was able to discriminate larger molecules, as the
kinetic diameter of CO, was substantially smaller than
CH,4[14]. The result shows that Matrimid—based carbon
tubular membrane with more selective behaviors can
be obtained at carbonization temperature of 850 °C. As
conclusion, the highest separation efficiency of carbon
tubular membrane derived from Matrimid can be
obtained at the ideal final carbonization temperature of
850 °C.

Table 2 shows the comparison between Matrimid-
based carbon membranes prepared in this study with
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Table 2: Comparison with Previous Studies (Matrimid-Based Carbon Membrane)
Heat treatment process (carbonization tempearature, heating Membrane configuration CO,/CH,4 Ref
rate, atmosphere) selectvity
900 °C, 5 °C/min, N, saturated with water Hollow fiber 22.5 [16]
700 °C, 0.5 °C/min, vacuum Disk support 23 [17]
550 °C, 0.25 °C/min, vacuum Hollow fiber 83 [15]
850 °C, 2 °C/min, Ar Tubular support 87 This study

previous literatures. It is reported that an exceptionally
high CO,/CH, selectivity of 83 was obtained for carbon
hollow fiber membrane prepared at 550 °C under
vacuum environment. However, the data obtained from
this study showed the highest value of the CO,/CH,
selectivity. The results indicated that the raising of the
final carbonization temperature appears to reduce the
effective pore sizes and decreased the gas permeation
rate. The decreasing in the permeation rate will caused
the selectivity to increase. Besides that, this is also can
be due to the effect of the type of the gas flow and the
configuration of the membrane. In summary, the gas
permeation properties of the resultant carbon
membrane can be tailored over a broad range of
selectivity by manipulating the process parameter
during the heat treatment process [15].

4. CONCLUSION

The result indicated that Matrimid is a good
candidate for carbon membranes preparation. This
study has shown that the gas separation properties of
Matrimid-based carbon tubular membranes depend on
the carbonization temperature. It is also found that
excellent CO,/CH, separation of 87.30 can be obtained
for carbon membranes carbonized at 850 °C under
Argon gas environment. This can be achieved as the
high compactness of carbon membrane structure is
produced at high temperature, which leads to the
increase in selectivity.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial
support of the Research University Grant Scheme
(GUP) (Vot No: Q.J130000.2542.05H08) from The
Ministry of Higher Education (MOHE).

REFERENCES

[1] Rodrigues SC, Whitley R, Mendes A. Preparation and
characterization of carbon molecular sieve membranes
based on resorcinol-formaldehyde resin. J Membr Sci 2014;
459: 207-216.
http://dx.doi.org/10.1016/].memsci.2014.02.013

(2

(31

(4

(5]

6]

[

8l

19

[10]

[11]

(12]

(13]

Burns RL, Koros WJ. Structure-Property relationships for
poly  (pyrrolone-imide) Gas separation membranes.
Macromolecules 2003; 36: 2374-2381.
http://dx.doi.org/10.1021/ma0259261

Salleh  WNW, Ismail AF, Matsuura T, Abdullah MS.
Precursor selection and process conditions in the
preparation of carbon membrane for gas separation: A
review. Sep Purif Rev 2011; 40: 261-311.
http://dx.doi.org/10.1080/15422119.2011.555648

Li L, Song C, Jiang H, Qiu J, Wang T. Preparation and gas
separation performance of supported carbon membranes
with ordered mesoporous carbon interlayer. J Membr Sci
2014; 450: 469-477.
http://dx.doi.org/10.1016/j.memsci.2013.09.032

Zhang B, Shi Y, Wu Y, Wang T, Qiu J. Towards the
preparation of ordered mesoporous carbon/carbon composite
membranes for gas separation. Sep Sci Tech 2014; 49: 171-
178.

http://dx.doi.org/10.1080/01496395.2013.838684

Li J, Qi J, Liu C, Zhou L, Song H, Yu C, Shen J, Sun X,
Wang L. Fabrication of ordered mesoporous carbon hollow
fiber membranes via a confined soft templating approach. J
Mater Chem A 2014; 2: 4144-4149.
http://dx.doi.org/10.1039/c3tal4884j

Anderson CJ, Pas SJ, Arora G, Kentish SE, Hill AJ, Sandler
Sl, Stevens GW. Effect of pyrolysis temperature and
operating temperature on the performance of nanoporous
carbon membranes. J Membr Sci 2008; 322: 19-27.
http://dx.doi.org/10.1016/j].memsci.2008.04.064

Salleh WNW, Ismail AF. Fabrication and characterization of
PEI/PVP-based carbon hollow fiber membranes for
CO,/CH, and CO./N, separation. AIChE J 2012; 58 (10):
3167-3175.

http://dx.doi.org/10.1002/aic.13711

Cheng LH, Fu YJ, Liao KS, Jung TC, Chen JT, Hu CC, Hung
WS, Lee KR, Lai JY. A high permeance supported carbon
molecular sieve membrane fabricated by plasma-enhanced
chemical vapour deposition followed by carbonization for CO,
capture. J Membr Sci 2014; 460: 1-8.
http://dx.doi.org/10.1016/j.memsci.2014.02.033

Robeson LM. The upper bound revisited. J Membr Sci 2008;
320: 390-400.
http://dx.doi.org/10.1016/j.memsci.2008.04.030

Barsema JN, Klijnstra SD, Balster JH, Van Der Vegt NFA,
Koops GH, Wessling M, Intermediate polymer to carbon gas
separation membranes based on matrimid Pl. J Membr Sci
2004; 238 (1-2): 93-102.
http://dx.doi.org/10.1016/j.memsci.2004.03.024

Williams PJ, Koros WJ. Gas separation by carbon
membranes, in Advanced Membrane Technology and
Applications. John Wiley & Sons, Inc.; 2008.
http://dx.doi.org/10.1002/9780470276280.ch23

Itta AK, Tseng HH. Hydrogen separation performance of
CMS membranes derived from the imide-functional group of
two similar types of precursors. Int J of Hyd Energy 2011; 36
(14): 8645-8657.
http://dx.doi.org/10.1016/j.ijhydene.2011.03.146




Separation of CO,/CH, through Carbon Tubular Membranes

Journal of Membrane and Separation Technology, 2014, Vol. 3, No. 4 223

[14]

[15]

Xiao Y, Dai Y, Chung TS, Guiver MD, Effects of brominating
matrimid polyimide on the physical and gas transport
properties of derived carbon membranes. Macromolecules
2005; 38: 10042-10049.

http://dx.doi.org/10.1021/ma051354j

Vu DQ, Koros WJ, Miller SJ, High pressure CO,/CH,
separation using carbon molecular sieve hollow fiber
membranes. Ind Eng Chem Res 2002; 41: 367-380.
http://dx.doi.org/10.1021/ie010119w

[16]

(17]

Favvas EP, Kapantaidakis GC, Nolan JW, Mitropoulos AC,
Kanellopoulos NK, Preparation, characterization and gas
permeation properties of carbon hollow fiber membranes
based on Matrimid 5218 precursor. J Mater Process Tech
2007; 186: 102-110.
http://dx.doi.org/10.1016/j.jmatprotec.2006.12.024

Fuertes AB, Nevskaia DM, Centeno TA, Carbon composite
membranes from matrimid and kapton polyimides for gas
separation. Microp Mesop Mat 1999; 33: 115-125.
http://dx.doi.org/10.1016/S1387-1811(99)00129-8

Received on 19-09-2014

DOI: http://dx.doi.org/10.6000/1929-6037.2014.03.04.5

Accepted on 20-10-2014

Published on 03-12-2014



