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Bulk CO2/CH4 Separation for Offshore Operating Conditions 
using Membrane Process

(Pemisahan Pukal CO2/CH4 untuk Keadaan Operasi Luar Pesisir menggunakan Proses Membran)

NORWAHYU JUSOH, KOK KEONG LAU*, YIN FONG YEONG & AZMI M. SHARIFF

ABSTRACT

The increasing demands of natural gas pushes energy industries to explore the reservoirs contain high CO2 concentration 
and impurities including heavy hydrocarbons. High efficiency of using membrane technology in CO2-natural gas separation 
has extended its potential application to offshore environment. Due to the limited studies related with the separation of 
CO2 under offshore conditions, the present work has investigated the separation performance of a commercial membrane 
in removing bulk CO2 from methane at elevated pressure condition. A wide range of offshore operating conditions  
including pressure  from 10 to 50 bar, CO2 concentration from 25 to 70% and temperature of 30oC, 40oC and 50oC were 
studied. High relative CO2 permeance and relative CO2/CH4 selectivity were observed when the pressure and the CO2 
concentration increased. This work, therefore substantial is to bridge the gap and facilitates the application of membrane 
technology for offshore operating conditions.
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ABSTRAK

Peningkatan permintaan terhadap gas asli telah mendorong industri tenaga untuk meneroka takungan yang mengandungi 
kepekatan CO2 dan bendasing yang tinggi termasuk hidrokarbon berat. Kecekapan tinggi dalam penggunaan teknologi 
membran dalam pemisahan CO2-gas asli telah meningkatkan potensi aplikasi kepada persekitaran luar pesisir. 
Disebabkan kajian yang berkaitan dengan pemisahan CO2 di luar pesisir yang terhad, kajian terkini telah mengkaji 
prestasi pemisahan membran komersial dalam mengeluarkan CO2 pukal daripada metana pada keadaan tekanan yang 
tinggi. Pelbagai keadaan operasi luar pesisir  termasuk tekanan dari 10 kepada 50 bar, kepekatan CO2 dari 25% ke 
70% dan suhu 30°C, 40°C dan 50°C telah dikaji. Ketelapan relatif CO2 dan kepemilihan CO2/CH4 relatif yang tinggi 
telah diperhatikan apabila tekanan dan kepekatan CO2 meningkat. Oleh itu, penyelidikan ini penting untuk merapatkan 
jurang dan memudahkan penggunaan teknologi membran bagi keadaan operasi luar pesisir.

Kata kunci: CO2 pukal; pemisahan gas asli; proses membran

INTRODUCTION

Natural gas is a fuel that burns cleaner than the other 
traditional fossil fuels as it emits lower quantities of 
greenhouse gases during combustion. The raw natural gas 
usually contains undesirable impurities including CO2, 
water and heavy hydrocarbons (Baker & Lokhandwala 
2008). Since the demand of natural gas increases, a 
sophisticated process for CO2 capture is necessary in 
order to reduce CO2 emission to the environmental during 
natural gas exploration and production activities. Besides, 
purification of natural gas is mandatory in order to meet the 
typical pipeline specifications of 2-5% of CO2 (Mohammed 
Hosein 2009).
 Natural gas contains different concentration of 
CO2 ranging from 4-50% relying on the location of gas 
reservoirs (Ahmad et al. 2012). In Southeast Asia, the gas 
reservoirs that contain high CO2 have been discovered 
in Natuna Field, Indonesia which contains CO2 up to 
76% (Hanif et al. 2002). However, the installation of 
current technologies such as adsorption and absorption 

systems at offshore platforms requires a larger footprint 
and weight. Meanwhile, cryogenic technology needs 
high energy consumption for the refrigerant system. 
Therefore, the above technologies are not suitable to be 
implemented in offshore condition for bulk CO2 removal 
processes. Consequently, this phenomenon has attracted 
the application of membrane technology in the removal 
of bulk CO2 from natural gas under the offshore operating 
conditions. Membrane technology offers advantages in 
term of modular installation, smaller footprint, lower 
weight, easier maintenance, minimum utility requirement 
and low labour intensity (Schell & Houston 1983).
 Previous works in the literature related with CO2/
CH4 separations were mainly focused on low operating 
pressure (<10 bar) and low CO2 content (<30%) (Hasan et 
al. 2009; Khulbe et al. 1997; Lee et al. 1994; Wiryotmojo 
et al. 2009). However, the offshore operating pressure is 
typically ranging from 10-50 bar with the CO2 content 
ranging from 10-70% of CO2 (Zhai et al. 2012). Therefore, 
in the present work, the study on the separation of CO2 
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from methane using membrane process under offshore 
operating condition such as elevated pressure and high 
CO2 concentration is conducted.

EXPERIMENTAL DETAILS

MATERIALS AND GAS PERMEATION MEASUREMENT

The polyamide composite membrane used in this work 
was supplied by industrial membrane manufacturer from 
the United States. All gases (natural gas, CO2) used in 
this study were obtained from Gas Walker Sdn Bhd. 
The testing pressure for CO2 was below 60 bars due to 
the critical pressure and temperature of CO2 as well as a 
safety consideration. 
 Both pure and mixed gas measurements were 
determined using a permeation apparatus as shown 
in Figure 1. This system allowed the measurement of 
gas permeability and selectivity at various operating 
conditions. The experiments were conducted at pressure 
ranging from 10-50 bar, temperature from 30-50oC and 
CO2 concentration from 25-70%. 
 A 14.86 cm2 circular membrane area was mounted 
into the membrane test cell. The system was kept under 
vacuum before conducting an experiment in order to 
eliminate gases and vapors that may contain in the system. 
The leak tests were performed to ensure that the equipment 
is safe prior to experimental runs. A known amount of gas 
from the inlet feed was controlled and measured using a 
mass flow controller and the composition of the inlet feed 
gas was altered based on the desired operating condition. 
The feed gas was introduced into the membrane test cell 
(Milipore pressure filter holder (XX45 047 00)) and then 
both permeate and retentate streams from the membrane 
test cell were routed to the Fuji Infrared gas analyzer 
(type: ZRJ -5) for gas composition analysis. Stage cut 
of 1% was maintained in order to avoid concentration 
polarization in the upstream (Ahmad & Lau 2007; 
O’Brien et al.1986). The overall permeation system is 
installed in an insulated oven compartments where the 
main function of the oven is to regulate and control the 
temperature of the system.
 The performance of membrane is evaluated based 
on its permeance and selectivity. The permeance and 
selectivity of the membrane were determined using the 
permeate flowrate obtained from the soap-film bubble 
flowmeter and the gas compositions recorded by the IR gas 
analyzer. The permeance of the pure gas was calculated 
using (1) as follows (Mohammadi et al. 2008): 

  (1)

where (P’/t) is the permeance of the membrane; Vp is the 
permeate flow rate; Am is the membrane area; and fh and fl 
are the fugacity in feed side and permeate side, respectively. 
For gas mixture measurements, the permeance of 

component A (CO2 or CH4) in gas mixture is given in (2) 
and (3) as follows:
        
  (2)

where

        
  (3)

where yp is the fraction of component A in permeate stream; 
xf and xr are the fraction of component A in feed side and 
retentate side, respectively. The gas permeance is reported 
in the unit of GPU (1 GPU=1×10-6cm3(STP)/s.cm2.cmHg).
 The ideal selectivity of gas pair is obtained by dividing 
the permeance of component A over component B as shown 
in (4) as follows (Geankoplis 1978):

        
  (4)

 The real selectivity or separation factor of mixed gas 
measurement under nonzero downstream pressure can be 
achieved by using mole fraction of component A and B in 
permeate and feed streams.

        
  (5)

where y is the fraction of component in the permeate side; 
and x is the fraction of component in the feed stream. 
Non-ideal condition was taken into account as the study 
deals with high pressure condition and high concentration 
of CO2. The fugacity of each component in the mixture at 
high pressure was calculated using Virial equation while 
the fugacity at permeate side was assumed as atmospheric 
condition (Ambrose et al. 2011; Vaughan & Carrington 
1998; Weiss 1974).

RESULTS AND DISCUSSION

PURE AND MIXED GAS PERMEATION 

In the present work, normalized permeance and selectivity 
are used to compare the performance of the membrane at 
different operation conditions. The normalized permeance 
and selectivity are expressed in (6) and (7) as follows:

  (6)

        
  (7)

where P* and α* are normalized or relative permeance 
and selectivity, respectively. P is permeance at each 
condition while Pref and αref are permeance and selectivity 
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determined at reference operating condition, which was 
10 bar, 30oC and 25% of CO2 in the feed stream. At this 
condition, the permeance for CO2 and CH4 is 15 and 1.1 
GPU, respectively. The normalized permeance of CO2 and 
CH4 and normalized selectivity of CO2/CH4 at different 
operating parameters are plotted and shown in Figures 2-9.

EFFECT OF PRESSURE

Figures 2, 3 and 4 illustrate the influence of pressure on 
the normalized CO2 permeance, CH4 permeance and CO2/
CH4 selectivity for pure and mixed gas (25% CO2 and 
75% CH4). The permeation properties were determined in 
a pressure range between 10 and 50 bars. The temperature 
of the system was maintained at 30oC throughout the 
experiment. 
 Referring to Figure 2, increment of 44% and 52% were 
observed for CO2 permeance in pure gas and mixed gas, 
respectively, when the pressure increases from 10-50 bar. 
The increment of CO2 permeance is due to the plasticization 
phenomena as the pressure increases. Plasticization 
phenomenon contributes towards the enhancement of 
local segmental motion of the membrane that increases 
the diffusion and permeation of the gases molecule (Al-
Juaied & Koros 2006; Dhingra 1997). This behaviour can 
also be explained by the increment of hypothetical gaps 
and free volume available in the membrane matrix as well 
as due to loosen of the free chain in the polymer matrix 
that provided more spaces for the penetrant to permeate 
through the membrane (Madden 2005; Wu et al. 2006).
 Based on Figure 2, the reduction of 20% of CO2 
permeance was observed in mixed gas compared to 
pure gas. This was mainly due to the competitive effect 
between CO2 and CH4 when they permeate through the 
membrane matrix (Hillock et al. 2008). The presence of 
CH4 in a gas mixture has occupied the unrelaxed volume 
and therefore resulted in the reduction of the solubility 
coefficient of CO2. Consequently, the CO2 permeance 
decreases (Al-Juaied & Koros 2006; Chen 2012). Besides 
that, the presence of plasticization effect in the membrane 

also causes the decrement of CO2 permeance in mixed gas 
measurement.
 From Figure 3, it can be seen that the CH4 permeance 
declined for both pure and mixed gas permeation, as 
pressure increases. It was found that CH4 permeance has 
reduced 23% in pure gas measurement. On the other hand, 
36% of reduction for CH4 permeance in mixed gas was 
observed, when the pressure increased from 10-50 bar. 
This observation can be explained by solution diffusion 
mechanism, where the permeance of gas is depending on 
the solubility and diffusivity of the gas in the membrane. 
As pressure increases, the solubility effect of the penetrant 
is dominant compared to the diffusion effect which leads 
to the increment of permeance for more soluble penetrant 
(Wu et al. 2006). Therefore, CH4 permeance decreases 
when pressure rises, due to its lower condensability (Tc of 
-82.15oC) and greater kinetic diameter (3.8 Å) compared to 
CO2 (Tc of 30.95oC and kinetic diameter of 3.3 Å) (Simons 
2010). 
 A maximum enhancement of 70% of CH4 permeance 
was also observed in Figure 3 for mixed gas compared 
to pure gas. This increment was due to the plasticization 
effect of CO2 in a gas mixture that swells the membrane 
matrix and therefore, introduce additional free volume in 
the membrane matrix which contributes to the increment 
of diffusion and permeation of CH4 through the membrane 
(Mohammadi et al. 2008). Thus, the CH4 permeation in gas 
mixture increases compared to pure gas CH4 permeation. 
This behavior is in accordance to previous publications 
(Koros et al. 1981; Liu et al. 2003).
 The CO2/CH4 selectivity for pure and mixed gas with 
respect to the pressure is shown in Figure 4. It is observed 
that the ideal CO2/CH4 selectivity increases more than 
100% whereas CO2/CH4 mixed gas selectivity shows 
increment of 80% when the pressure increases. These 
results are due to the higher ability of CO2 to permeate 
through the membrane matrix compared to CH4. The 
CO2/CH4 mixed gas selectivity reduced about three-fold 
compared with ideal CO2/CH4 selectivity. This was mainly 

FIGURE 2. Effect of pressure on the normalized CO2 permeance 
for pure gas and mixed gas (25% CO2-75% CH4) at 30oC

FIGURE 3. Effect of pressure on the normalized CH4 permeance 
for pure gas and mixed gas (25% CO2-75% CH4) at 30oC
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attributed to the presence of the plasticization phenomenon 
that encourages the bulkier molecule, CH4 to permeate 
through the membrane and compete with CO2 through the 
membrane matrix (Hillock et al. 2008). 

EFFECT OF TEMPERATURE

The effect of temperature on the normalized CO2 
permeance, CH4 permeance and CO2/CH4 selectivity 
for pure and mixed gas are shown in Figures 5, 6 and 
7, respectively. The permeation properties of CO2 and 
CH4 were determined in a temperature range of 30-50oC. 
The pressure was maintained at 20 bars throughout the 
experiment.
 Referring to Figures 5 and 6, a maximum reduction of 
35 and 39% were obtained for CO2 permeance in pure and 
mixed gas, respectively, when the temperature increases 
from 30-50oC. On the other hand, 5 and 30% reduction 
was found for pure CH4 permeance and mixed gas CH4 
permeance in the same temperature range. The effect of 
temperature in gas permeation can also be described by 
the solution diffusion mechanism, where it depends on the 
solubility and diffusivity of the gases on the membrane 
(Mohammadi et al. 2008). In this case, the effect of 
temperature on the gas permeance was determined at 
high pressure of 20 bar. Therefore, the polymer chains are 
flexible and the sorption uptake of permeant is high (Liu 
2008). Thus, the increment of temperature is anticipated 
to encourage more significant reduction in the solubility 
rather than the increment in the diffusivity as illustrated 
by Van’t Hoff relationship as shown in (8) and (9) as 
follows (Baker et al. 1998; Khan et al. 2011). Therefore, 
the permeances of CO2 and CH4 reduce as temperature 
increases.

        
 S = So exp  (8)

where
        

 ΔHs = ΔHcondesion + ΔHmixing, (9)

where, So is a pre-exponential factor of solubility; ∆Hs is 
the partial molar enthalpy of sorption; R is the universal 
gas constant and T is the temperature.
 Based on (8) and (9), the increment of temperature 
leads to the reduction in solubility in which further causes 
the permeances of CO2 and CH4 reduce as temperature 
increases. This behaviour contributed from the negative 
value of ΔHs due to negative enthalpy change for both 
mixing and condensation (exothermic process) (Chatterjee 
et al. 1997; Khan et al. 2011). Hence, as a result, 31% 
reduction of ideal gas selectivity CO2/CH4 and 14% 
reduction of CO2/CH4 mixed gas selectivity were found 
when the temperature increases. This was mainly due to 
the decrement of both CO2 and CH4 permeances as shown 
in Figures 5 and 6.
 In addition to that, it can be observed from Figures 5 
and 7 that the reduction of 9.5% for CO2 permeance and 
more than 100% reduction of CO2/CH4 selectivity were 
observed in mixed gas permeation compared to pure gas 
permeance. However, CH4 permeance in mixed gas is 65% 
higher compared to pure gas as illustrated in Figure 6. As 

FIGURE 4. Effect of pressure on the normalized selectivity for 
pure gas and mixed gas (25% CO2-75% CH4) at 30oC

FIGURE 5. Effect of temperature on the normalized CO2 permeance 
for pure gas and mixed gas (25% CO2-75% CH4) at 20 bar

FIGURE 6. Effect of temperature on the normalized CH4 permeance 
for pure gas and mixed gas (25% CO2-75% CH4) at 20 bar
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mentioned earlier, the reduction of CO2 permeance and 
CO2/CH4 selectivity and the reduction of CH4 permeance 
were mainly due to the occurrence of plasticization 
phenomenon which enhances the flexibility of polymer 
chain and consequently encourages the transport of higher 
kinetic diameter of CH4 through the membrane. 

EFFECT OF CONCENTRATION

Figures 8 and 9 illustrate the membrane separation 
performance as a function of CO2 concentration in the 
mixed gas condition. The CO2 concentration in the feed 
varied from 25% to 70% at pressure of 20 bars and 
temperature of 30oC.
 As shown in Figure 8, CO2 permeance increases 
when CO2 concentration increased from 25-70%. This 
was mainly due to higher solubility of CO2 and strong 
synergistic interaction between CO2 and the membrane 
(Costello & Koros 1992; Khulbe et al. 1997). This 
behaviour leads to the swelling of membrane matrix 
which causes chain segments flexibility and thus increases 
the penetration of CO2 through membrane. Furthermore, 

the conditioning effect of CO2 molecules also causes the 
dilation phenomenon which resulted in a macroscopic 
changes in volume during the sorption of the CO2 
molecules in the polymer matrix (Weiss 1974). Referring 
to Figure 8, CH4 permeance reduces about 15% when CO2 
concentration increases. This behaviour was due to the 
favourable competition effect of CO2 compared to CH4 in 
the membrane matrix that causes the adsorption coverage 
for CO2 on the feed side increases as compared to CH4 
when the CO2 concentration increases from 25 to 70%. 
Hence, CH4 permeance reduces as the CO2 concentration 
increases. 
 Figure 9 shows the CO2/CH4 selectivity with respect 
to the CO2 concentration. Referring to Figure 9, 54% 
increment of CO2/CH4 selectivity was observed when 
CO2 concentration increases. The increment of CO2/CH4 
selectivity was due to the increment of CO2 permeance and 
the reduction of CH4 as shown in Figure 8. 

COMPARISON WITH LITERATURE STUDIES ON THE GAS 
SEPARATION PERFORMANCE 

The separation study on CO2 and CH4 reported from the 
literature are normally focused on low operating pressure 
(up to 10 bar) and low concentration of CO2 (<30%). At 
low operating pressure, the gas permeance decreases when 
pressure increases. This observation can be explained by 
two sorption sites available in polymer matrix including 
Henry and Langmuir sorption site (Wiryotmojo et al. 
2009). The gas uptake in the membrane enhances when 
pressure increases, but the increment is lesser than the 
factor that contributes to the reduction of permeability 
(Lee et al. 2010). This has occurred due to filling and 
saturated of the Langmuir sorption sites, thus additional 
gas can only pass through the slower Henry sorption site 
(Tin 2005). Meanwhile, at high operating pressure, the 
permeability of the permeants increases with the increasing 
of pressure. This is mainly due to the domination of Henry’s 
mode sorption which causes high degree of swelling and 
higher diffusivity of penetrant molecules. The swelling 

FIGURE 7. Effect of temperature on the normalized selectivity 
for pure gas and mixed gas (25% CO2-75% CH4) at 20 bar

FIGURE 8. Effect of concentration on the normalized CO2 and 
CH4 permeance for mixed gas at 20 bar, 30oC

FIGURE 9. Effect of concentration on the normalized selectivity 
for mixed gas at 20 bar, 30oC
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above plasticization pressure causes the facilitation of 
segmental motion which encourages the molecules to 
lose more densely packed entanglement and long chain 
rearrangement (Wessling et al. 1991).
 On the other hand, the effect of temperature on the 
permeation behavior of the penetrants can be explained by 
the solubility and diffusivity. The impact of temperature 
on the solubility and diffusivity is controlled by the 
pressure where the sorption uptake of the penetrants in the 
membrane is affected. Basically the diffusivity increases 
while solubility decreases as temperature rises since the 
sorption process is exothermic (Husain & Koros 2007). 
Therefore, the increment of temperature increases the 
permeance of CO2 and CH4 at low feed pressure. This is 
due to the limitation on the sorption uptake which causes 
the increment of diffusivity occurred more significant 
than the decrement in the solubility when the temperature 
rises, which resulting in the enhancement of permeance 
(Mohammadi et al. 2008). Meanwhile, at high pressure, 
the polymer chain are flexible and sorption uptake is high 
and thus, the diffusivity is high and causes a significant 
reduction in solubility compared to diffusivity when 
temperature increases (Liu 2008). Therefore, decrement 
of permeance is observed. 
 The decrement of permeance was observed when 
CO2 concentration increases at low CO2 concentration 
(Yoshimune & Haraya 2013). This phenomenon can be 
explained by the favorable penetration of gas molecule 
that is allowed to pass through easily at low concentration 
until the microvoids is saturated with the penetrants. Based 
on Maeda and Paul (1987) findings, at low concentration 
of CO2, the CO2 molecules behaves as antiplasticizers in 
the membrane matrix where the increment of penetrant 
concentration is expected to hinder the segmental mobility 
of the membrane matrix. Hence, the permeability reduces at 
low CO2 concentration. These effects can be related to the 
lower specific volume of the penetrant/polymer mixture in 
the glassy state and the specific volume of the pure polymer 
in the glassy state. Meanwhile, at high CO2 concentration, 
permeability of the penetrants increases with the increment 
of CO2 concentration. This observation is mainly attributed 
to the swelling effect by the condensable CO2, which acts 
as a plasticizer in the membrane matrix and contributes 
to the disruption of polymer chain packing and segmental 
mobility within the polymer matrix (Duda et al. 1994). 

CONCLUSION

Study of the separation of CO2 from CH4 under offshore 
operating conditions, i.e. high pressure and high CO2 
concentration were conducted in the present work. Based 
on the results obtained, CO2 permeance and CO2/CH4 
selectivity increased when the feed pressure increased 
from 10 to 50 bars, while CH4 permeance decreases. 
The results on the influence of temperature toward 
separation performance showed that both CO2 and CH4 
permeances as well as CO2/CH4 selectivity decreased 

when temperature increased. Higher CO2 concentration 
contributed to the increment of CO2 permeance and CO2/
CH4 selectivity while the CH4 permeance decreased. 
Due to the competition effect between the penetrants 
through the membrane matrix, CO2 permeance and CO2/
CH4 selectivity obtained for the mixed gas condition 
decreased compared to those results obtained from pure 
gas conditions. The presence of bulk CO2 under elevated 
pressure condition showed a better separation result with 
higher CO2 permeance and higher CO2/CH4 selectivity 
when the pressure and the CO2 concentration increased. 
Therefore, it can be concluded that the results obtained 
in the present work can be used as a benchmark for the 
future development in membrane separation process 
under a simulated offshore environment.

ACKNOWLEDGEMENTS

This work was done with the financial and technical 
support from Carbon Dioxide- Mission Oriented Research 
(CO2-MOR) research group, Universiti Teknologi Petronas 
(UTP).

REFERENCES

Ahmad, A.L. & Lau, K.K. 2007. Modeling, simulation, and 
experimental validation for aqueous solutions flowing in 
nanofiltration membrane channel. Ind. Eng. Chem. Res. 46: 
1316-1325.

Ahmad, F., Lau, K.K., Shariff, A.M. & Murshid, G. 2012. Process 
simulation and optimal design of membrane separation 
system for CO2 capture from natural gas. Comput. Chem. 
Eng. 36: 119-128.

Al-Juaied, M. & Koros, W.J. 2006. Performance of natural 
gas membranes in the presence of heavy hydrocarbons. J. 
Membrane Sci. 274: 227-243.

Ambrose, D., Ewing, M.B. & McGlashan, M.L 2011. Critical 
constants and second virial coefficient of gases. Kaye & 
Laby: Tables of Physical & Chemical Constants. Chapter 
3, Section 3.5.

Baker, R.W. & Lokhandwala, K. 2008. Natural gas processing 
with membane: Overview. Ind. Eng. Chem. Res. 4: 2109-
2021. 

Baker, R.W., Wijmans, J.G. & Kaschemekat, J.H. 1998. The 
design of membrane vapor-gas separation systems. J. 
Membrane Sci. 151: 55-62.

Chen, G.Q. 2012. Water vapor permeation through glassy 
polyimide membranes and its impact upon carbon dioxide 
capture operations. PhD Thesis. The University of Melbourne, 
Melbourne, Australia (Unpublished).

Costello, L.M. & Koros, W.J. 1992. Temperature dependence 
of gas sorption and transport properties in polymers: 
Measurement and application. Ind. Eng. Chem. Res. 31: 
2708-2714.

Dhingra, S.S. 1997. Mixed gas transport study through polymeric 
membranes: A novel technique. PhD Thesis. Virginia 
Polytechnic Institute and State University, Blacksburg, 
Virginia (Unpublished). 

Duda, J.L., Hadj Romdhane, I. & Danner, R.P. 1994. Diffusion 
in glassy polymers relaxation and antiplasticization. J. Non-
Cryst. Solids 172: 715-720.



1714 

Chatterjee, G., Houde, A.A. & Stern, S.A. 1997. Poly(ether 
urethane) and poly(ether urethane urea) membranes with 
high H2S/CH4 selectivity. J. Membrane Sci. 135: 99-106. 

Geankoplis, C.J. 2003. Transport Processes and Separation 
Process Principles: Includes Unit Operations. 4th ed. New 
Jersey: Prentice Hall.

Hanif, A., Suhartanto, T. & Green, M.L.H. 2002. Possible 
utilisation of CO2 on Natuna’s gas field using dry reforming 
of methane to syngas (CO & H2). SPE Asia Pacific Oil and 
Gas Conference and Exhibition. Melbourne, Australia.

Hasan, R., Scholes, C.A., Stevens, G.W. & Kentish, S.E. 2009. 
Effect of hydrocarbons on the separation of carbon dioxide 
from methane through a polyimide gas separation membrane. 
Ind. Eng. Chem. Res. 48: 5415-5419.

Hillock, A.M.W., Miller, S.J. & Koros, W.J. 2008. Crosslinked 
mixed matrix membranes for the purification of natural gas: 
Effects of sieve surface modification. J. Membrane Sci. 314: 
193-199.

Husain, S. & Koros, W.J. 2007. Mixed matrix hollow fiber 
membranes made with modified HSSZ-13 zeolite in 
polyetherimide polymer matrix for gas separation. J. 
Membrane Sci. 288: 195-207.

Khan, A.L., Li, X. & Vankelecom, I.F.J. 2011. Mixed-gas 
CO2/CH4 and CO2/N2 separation with sulfonated PEEK 
membranes. J. Membrane Sci. 372: 87-96.

Khulbe, K.C., Matsuura, T., Lamarche, G. & Kim, H.J. 1997. 
The morphology characterisation and performance of dense 
PPO membranes for gas separation. J. Membrane Sci. 135: 
211-223.

Koros, W.J., Chern, R.T., Stannett, V. & Hopfenberg, H.B. 1981. 
A model for permeation of mixed gases and vapors in glassy 
polymers. J. Polym. Sci. Polym. Phys. 19: 1513-1530.

Lee, A.L., Feldkirchner, H.L., Stern, S.A., Houde, A.Y., Gomez, 
J.P. & Meyer, H.S. 1994. Field tests of membrane modules 
for the separation of carbon dioxide from low quality natural 
gas. Gas Sep. Purif. 9: 35-43.

Lee, J.S., Madden, W. & Koros, W.J. 2010. Antiplasticization 
and plasticization of Matrimid® asymmetric hollow fiber 
membranes - Part A. Experimental. J. Membrane Sci. 350: 
232-241.

Liu, L. 2008. Gas separation by poly(ether block amide) 
membranes. PhD Thesis. University of Waterloo, Ontario, 
Canada. (Unpublised).

Liu, Y., Chung, T.S., Wang, R., Li, D.F. & Chng, M.L. 2003. 
Chemical cross-linking modification of polyimide/poly(ether 
sulfone) dual-layer hollow-fiber membranes for gas 
separation. Ind. Eng. Chem. Res. 42: 1190-1195.

Madden, W.C. 2005. The performance of hollow fiber gas 
separation membranes in the presence of an aggressive feed 
stream. PhD Thesis. Georgia Institute of Technology Atlanta, 
Georgia (Unpublised).

Maeda, Y. & Paul, D.R. 1987. Effect of antiplasticization on gas 
sorption and transport. III. Free volume interpretation. J. 
Polym. Sci. Polym. Phys. 25: 1005-1016.

Mohammadi, T., Moghadam, M.T., Saeidi, M. & Mahdyarfar, 
M. 2008. Acid gas permeation behavior through poly(ester 
urethane urea) membrane. Ind. Eng. Chem. Res. 47: 7361-
7367.

Mohammad Hosein, S., Amin, G. & Mohammad, Mehdi, M.R. 
2009. Optimization of membrane based CO2 removal from 
natural gas using simple models considering both pressure 
and temperature effect. International Journal of Greenhouse 
Gas Control 3: 3-10.

O’Brien, K.C., Koros, W.J. & Barbari, T.A. 1986. A new technique 
for the measurement of multicomponent gas transport through 
polymeric films. J. Membrane Sci. 29: 229-238.

Schell, W.J. & Houston, C.D. 1983. Membrane gas separations 
for chemical process and energy application. In Indusrial Gas 
Separation, Vol. 223, edited by Whyte, Jr. T.E., Yon, C.M. 
& Wagener, E.H. New York: American Chemical Society. 
pp. 125-143.

Simons, K. 2010. Membrane technologies for CO2 Capture. PhD 
Thesis. University of Twente, Netherlands (Unpublished).

Tin, P.S. 2005. Membrane materials and fabrications for gas 
separation. PhD Thesis. National University of Singapore. 
Singapore (Unpublished).

Vaughan, G.L. & Carrington, C.G. 1998. Psychometric properties 
of a moist carbon dioxide atmosphere. Int. J. Food Prop. 1: 
77-87.

Weiss, R.F. 1974. Carbon dioxide in water and seawater: the 
solubility of a non-ideal gas. Mar. Chem. 2: 203-215.

Wessling, M., Schoeman, S., Boomgaard, T. & Smolders, C.A. 
1991. Plasticization of gas separation membranes. Gas Sep. 
Purif. 5: 222-228.

Wiryotmojo, A.S., Mukhtar, H. & Man, Z. 2009. Development 
of polysulfone carbon molecular sieves mixed matrix 
membranes for CO2 removal from natural gas. International 
Conference on Chemical, Biological and Environmental 
Engineering, Singapore.

Wu, F., Li, L., Xu, Z., Tan, S. & Zhang, Z. 2006. Transport study 
of pure and mixed gases through PDMS membrane. Chem. 
Eng. J. 117: 51-59.

Yoshimune, M. & Haraya, K. 2013. CO2/CH4 mixed gas 
separation using carbon hollow fiber membranes. Energy 
Procedia 37: 1109-1116.

Zhai, S., Foster, J., Ward, S. & Harrison, M. 2012. Process for 
Gas Sweetening. U.S Patent 8298505 B2.

Chemical Engineering Department
Universiti Teknologi PETRONAS
32610 Seri Iskandar, Perak Darul Ridzuan
Malaysia

*Corresponding author; email: laukokkeong@utp.edu.my

Received:  6 April 2015
Accepted:  30 March 2016


