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Abstract 
The atmospheric concentration of anthropogenic carbon dioxide (CO2) has been increasing since 
the start of industrialization in the mid 19th century, and the rate is increasing.  It is highly 
unlikely that fossil fuel combustion, the main contributor to anthropogenic CO2, will be replaced 
in the foreseeable future.  Therefore, CO2 capture and storage offer a new set of options for 
reducing greenhouse gas emissions, in addition to the current strategies of improving energy 
efficiency and increasing the use of renewable energy resources.  Carbon dioxide selective 
membranes provide a viable energy-saving alternative for CO2 separation, since membranes do 
not require any phase transformation.  This review examines various CO2 selective membranes 
for the separation of CO2 and N2, CO2 and CH4, and CO2 and H2 from flue or fuel gas.  This 
review attempts to summarize recent significant advances reported in the literature about various 
CO2 selective membranes, their stability, the effect of different parameters on the performance of 
the membrane, the structure and permeation properties relationships, and the transport 
mechanism applied in different CO2 selective membranes.  Finally, the future direction for CO2 
selective membranes is proposed.  Hybrid organic-inorganic membranes have become an 
expanding field of research, as the introduction of organic molecules can improve the 
characteristics of a matrix.  Hydrotalcite-type materials, perovskite-type oxides, lithium 
zirconate, and lithium silicate are also suggested as candidate materials for high temperature CO2 
selective membranes. 

 

Keywords: carbon dioxide; inorganic membranes; ceramic membranes; polymeric membranes; 
composite membranes; carbon dioxide selective membranes, mixed matrix membranes, 
hydrotalcites, perovskite-type oxides, lithium zirconate, lithium silicate. 
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Introduction 
Atmospheric concentrations of several greenhouse gases (CO2, CH4, nitrous oxide, and 
chlorofluorocarbons) have increased by about 25 percent collectively since the industrial 
revolution began in the mid 19th century.  In particular, anthropogenic CO2 emissions have 
increased dramatically since the beginning of the industrial age, due largely to the burning of 
fossil fuels, such as coal or natural gas for the production of electricity, and petroleum or diesel 
for transportation.  Increasing concentrations of greenhouse gases are likely to accelerate the rate 
of climate change.  Unless significant controls are implemented, a continued rise in the 
atmospheric concentration of CO2 is projected in the foreseeable future, due to increases in the 
consumption of and demand for fossil fuels.  Several options exist to abate CO2 emissions from 
fossil fuel utilization, including increasing the efficiency of fossil fuel combustion systems, or 
replacing fossil fuels with renewable energy sources.  These alternatives are very attractive in 
controlling CO2 emissions in the environment, but each has its limitation.  Another viable option 
to manage CO2 emissions is carbon sequestration, that is, capturing and securely storing the CO2 
emitted from large point sources, such as fossil-fuel-fired power plants.  Carbon dioxide 
separation and capture may be achieved by several existing techniques [1, 2]: absorption using 
physical or chemical wet scrubbing; adsorption using solids in a pressure swing or temperature 
swing operational mode; cryogenic distillation; CO2 selective membranes (polymeric or 
ceramic); or mineralization processes. 

Membrane separation processes provide several advantages over other conventional separation 
techniques [3].  First, the membrane process is a viable energy-saving alternate for CO2 
separation, since it does not require any phase transformation.  Second, the necessary process 
equipment is very simple with no moving parts, compact, relatively easy to operate and control, 
and also easy to scale-up. 

Membranes have been widely used in various industrial separation applications for the last two 
decades.  It is estimated that the annual revenue of the worldwide membrane industry is over a 
billion dollars, and an annual growth rate of about 10 percent has been forecasted for this 
industry [4].  Currently, the industry is dominated by polymeric membranes that have been used 
in a variety of applications ranging from food and beverage processing, desalination of seawater, 
and gas separations, to medical devices.  Recently, research directed at the development and 
application of inorganic membranes is gaining momentum because of their high demand in the 
new application fields, such as fuel cells, membrane reactors, and other high-temperature 
separations.  The annual growth rate of inorganic membranes is expected to be about 30 percent 
with almost 15 percent share of the total market volume [4]. 

It is envisioned that membranes can be effectively used to separate CO2 from the gases of power 
generation point sources.  Key considerations are the type of power generation and the location 
along the path of the process where the membrane separation is attempted [2].  For conventional 
pulverized coal combustion, the produced flue gas is in an oxidized state.  Combusting a low 
sulfur eastern bituminous coal may result in a typical flue gas of about 15 percent CO2, 7 percent 
water, 3 percent O2, 74 percent N2, and less than 1 percent other gases, including SO2 and NOx.  
In contrast, in integrated gasification combined cycle (IGCC), coal is reacted to produce 
reducing conditions.  In oxygen-blown gasification and depending on the coal, type of gasifier, 
and operating conditions, the non-shifted fuel gas produced may consist of 33 percent H2, 44 



percent CO, 10 percent CO2, 13 percent H2O with small amounts of other gases (H2S, CH4, etc.). 

The main goal of this report is to present an overview of recent accomplishments in the area of 
CO2 selective membranes, and to provide recommendations for further direction of the research 
in this area.  An enormous amount of work has been reported in the last 15 to 20 years on gas 
separations using membranes.  Theoretical and experimental studies are included in the 
discussion.  An excellent review by Stern [3] about polymeric membranes for gas separation 
should be consulted for the pre-1994 period.  Koros et al. [5] and Pandey et al. [6] have also 
provided excellent reviews about membrane-based gas separation. 

Fundamental Background 

General Principles of Gas Separation Membranes 
The permeability of a membrane toward gases is a function of membrane properties (physical 
and chemical structure), the nature of the permeant species (size, shape, and polarity), and the 
interaction between membrane and permeant species [3, 7, 8].  The first two, membrane 
properties and the nature of the permeant species, determines the diffusional characteristics of a 
particular gas through a given membrane.  The third property, interaction between membrane 
and permeant, refers to the sorptivity or solubility of the gas in the membrane.  The permeability 
coefficient (or permeability), P1, of a penetrant 1 is the product of the solubility coefficient or the 
sorptivity (thermodynamic parameter), S1, and the diffusion coefficient (kinetic parameter), D1: 

 

 (I)                                                                                 111 DSP =  

 

The permeability coefficient denotes the rate at which a penetrant traverses a membrane.  The 
solubility/sorptivity coefficient is a measurement of the amount of gas sorbed by the membrane 
when equilibrated with a given pressure of gas at a given temperature.  The diffusion coefficient 
indicates how fast a penetrant is transported through the membrane in the absence of obstructive 
sorption. 

Membranes utilized in separations need to possess both high selectivity and high permeation.  
The selectivity of the membrane to specific gas or liquid molecules is subject to the ability of the 
molecules to diffuse through the membrane.  The permselectivity or ideal separation factor (pure 
gas permeation), α, is simply the ratio of two gases, 1 and 2, being separated: 
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From equation I and II 
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(IV)                                                                              2,1 DSααα =  

 

Therefore, permselectivity is the product of solubility (or sorptivity) selectivity (αS) and the 
diffusion selectivity (αD). 

The real separation factor (mixed gas permeation) can be defined as: 

 

 (V)                                                                             
12

21
2,1

xy
xy

=α  

  

where y1 and y2 are the mole fraction of species 1 and 2, respectively in the feed, and x1 and x2 
are the mole fraction of species 1 and 2, respectively, in the permeate. 

Temperature dependence of permeability of a gaseous penetrant in a membrane is described by 
the Arrhenius expression: 

 

(VI)                                                                  exp0 ⎟
⎠
⎞

⎜
⎝
⎛ −=

RT
EPP p  

 

where P0 is a pre-exponential factor and Ep is the apparent activation energy for permeation.  
Similar expressions are used to describe the temperature dependence of diffusivity and 
solubility/sorptivity.  Thus, the permeability may be expressed as follows: 

 

 (VII)                                                   )(exp00 ⎟
⎠
⎞

⎜
⎝
⎛ +−

=
RT

EHDSP Ds  

 

Therefore, the apparent activation energy for permeation can be assumed to be the sum of the 
apparent heat of sorption (solubility), Hs, and the apparent activation energy of diffusion, ED. 

The gas flux (J) through the membrane is defined by the following expression: 
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 (VIII)                                                                                  
At
VJ ∆

=  

 

where ∆V is the volume of the permeated gas, A is the membrane area, and t is the time.   

The permeance (π) through the membrane is defined in equation (IX) and is related to the 
permeability (P) by equation (X): 

 

(IX)                                                                                  
p

J
∆

=π  

 

 (X)                                                                                    
L
P

=π  

 

where, ∆p is the partial pressure difference between the upstream and downstream side of the 
membrane, and L is the membrane thickness. 

The solubility coefficient of a polymer depends on the free volume content in the polymer 
matrix, condensability of the penetrants in the polymer matrix, and the affinity of the penetrants 
for the polymer matrix.  Similarly, the diffusion coefficient depends on the polymer chain 
mobility or flexibility, size of the penetrant, and also the free volume content of the polymer 
matrix.   

The diffusion coefficient can be calculated from the equation 

 

(XI)                                                                                   
6

2

τ
LD =

 
 

where τ is the time lag. 

 

Gas diffusion through rubbery polymers is related by the free volumes of polymer [9]: 

 

 (XII)                                                                  )B/VAexp(D f−=  
 

where A and B are characteristic parameters, depending only on the type of gas.  The fractional 
free volume of polymers, Vf, can be calculated by: 
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where V and V0 are specific molar volumes at a temperature and 0° K, respectively.  V0 is 
estimated as 1.3 times the van der Walls volume of the polymer obtained by a group contribution 

erall 
s of different layers of the 

embrane and the support permeability in the following way: 

 

method [10]. 

Permeability can be defined as a reciprocal resistance against mass transport through a porous 
medium [11].  Since a multilayer system can be considered as a resistance in series, the ov
permeability, P, of the membrane is related to the permeabilitie
m
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)2(

1
)1(

1
)(

11
+++=

layerPlayerPsupportPP
 

 

The permeability data of a two-layer system can be corrected using equation XIV for the 
influence of the support.  Table 1 presents uni embranes. 

Table 1. Units ed in Membrane Sc

ts and unit conversion related to m

 Us ience 

 SI Others 
Permeance mol m-2 s-1 Pa-1 GPU (Gas Permeation Unit)a

Permeability mol m-1 s-1 Pa-1 Barrerb

aGPU = 10-6 mc
0 cm3 (STP) cm-1 s-1 cmHg-1 = 3.4 x 10-16 mol m-1 s-1 Pa-1

 

s 
2 nm 

3 (STP) cm-2 (membrane) s-1 cmHg-1

bBarrer = 10-1

Classification 

Inorganic Membranes 

Inorganic membranes can be classified into two categories based on structure: porous and dense
[7].  In porous inorganic membranes, a porous thin top layer is supported on a porous metal or 
ceramic support, which provides mechanical strength but offers minimum mass-transfer 
resistance.  Alumina, carbon, glass, silicon carbide, titania, zeolite, and zirconia membranes are 
mainly used as porous inorganic membranes supported on different substrates, such as α-
alumina, γ-alumina, zirconia, zeolite, or porous stainless steel.  The porous inorganic membrane
can be further classified, based on their pore size (microporous (<2 nm) or mesoporous (>
to <50 nm) or macroporous (>50 nm)), or symmetry (symmetric, homogeneous structure 
throughout the membrane, or asymmetric, gradual change in structure throughout the 
membrane).  Lange et al. [12] classified the microporous inorganic membranes based on 
synthesis route and material.  According to them, the main types of microporous inorganic 
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y Knudsen diffusion will be 0.8, 0.6, and 
4.7, respectively.  Hence, the selectivity of CO2 achievable by the Knudsen mechanism is very 
low and not attractive in this particular gas mixture. 

membranes are: (1) sol-gel derived ceramic membranes, (2) chemical vapor dep
modified (glass or ceramic) membranes, (3) leached hollow glass fibers (phase separation 
technique), (4) carbon molecular sieve membranes, and (5) zeolite membranes. 

The dense inorganic membranes (nonporous material) consist of a thin layer of metal, such as 
palladium and its alloys (metallic membrane), or solid electrolytes, such as zirconia.  These 
membranes are highly selective for hydrogen or oxygen separation: transport occurs via sol
diffusion meth
dense inorganic membranes limits its intended applications, compared to porous inorganic 
membranes.   

Another form of inorganic membrane is the liquid-immobilized membrane, where the pores
membrane are completely filled with a liquid, which is permselective for certain compounds.  
The liquid reacts with the permeating component on the

the same time converts t

Polymeric Membranes 
Permselective polymeric membranes can be divided into two basic categories: glassy and 
rubbery [3].  Glassy polymers have low chain intrasegmental mobility and long relaxation tim
while rubbery polymers exhibit the opposite characteristics, namely high intrasegmental mobil
and short relaxation tim

mechanical properties. 

Transport Mechanism for Inorganic Membranes 
There are four main transport mechanisms by which gas separation using porous inorganic 
membranes can be described.  See Figure 1 [13].  The basis of these transport 
molecular weight (Knudsen diffusion), surface interactions (surface diffusion and capillary 
condensation), and the size of molecules (molecular sieving) to be separated. 

Pores in gas separation membranes can be classified as follows [14]:  micropores equivalent to 
molecular dimensions, meso and macropores of the Knudsen diffusion regime; and pinho
the Poiseuille flow regime.  Knudsen diffusion occurs in the gas phase through the pores in the 
membrane layer having diameters (d) smaller than the mean free path dimensions of the 
molecules (λ) in the gas mixture (i.e. the Knudsen number (λ/d)), is much greater than one.  As a
result, the movement of molecules inside the narrow pore channels takes place through collision
of the diffusing molecules with the surface (wall) rather than with each other.  Since the drivin
force for transport is the partial pressure of the gas species, Knudsen transport can occur e
by concentration or by pressure gradients.  The relative permeation rate of each compon
inversely proportional to the square root of its molecular weight.  According to Knudsen 
diffusion, N2 molecules preferentially permeate in the case of CO2/N2 separation.  The 
selectivities of CO2 with respect to N2, CH4, and H2 b



 

Figure 1. Transport Mechanism Through Microporous Membranes 
In the surface diffusion mechanism, the diffusing species adsorb on the walls of the pore, and 
then readily transport across the surface in the direction of decreasing surface concentration.  
Rao et al. [15] called them Selective Surface Flow™ membranes, and mentioned several 
advantages for separation of gas mixtures using them.  Typically, the molecules with larger 
molecular weight and with larger polarity and polarizability are selectively adsorbed on the 
membrane surface [16].  The adsorbed species on the membrane pores can also drastically 
reduce or eliminate the transport of non-selectively adsorbed molecules across the pore by 
reducing the size of accessible void space through the pore [16].  This hindrance effect 
introduces a non-adsorptive separation selectivity for the adsorbed species when the pore size is 
between 2 to 3 molecular diameters of the adsorbed species.  The concentration of adsorbed 
species, depends upon the temperature, pressure, and the nature of the surface.  The interaction 
between a gas and the pore can also be introduced by modification of adsorbent layers. 

Multilayer diffusion occurs when species adsorb in several layers.  A gas/vapor mixture 
permeates through pores of porous inorganic membranes; vapor species condense in the pores at 
a pressure lower than the saturation pressure at a given temperature.  The multilayer diffusional 
flux is much larger than the gas phase flux (e.g., up to 20 times larger in the case of Freon on 
Vycor glass) [17].  The second important aspect is that by capillary condensation a pore is 
blocked by condensate, preventing gas transport of other components of the gas/vapor mixture.  
Both aspects can result in increased selectivities.  The condensation pressure depends on the pore 
size and shape and also the strength of the interaction between the fluid and pore walls. 
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According to the molecular sieving mechanism, the separation is caused by passage of smaller 
molecules of a gas mixture through the pores of porous inorganic membranes, while the larger 
molecules cannot enter into these pores and a selective separation, based upon size exclusion is 
thus observed.  High selectivity and permeability for the small gas molecules in a mixture can be 
obtained from molecular sieving membranes, but a very fine-tuning of the membrane pore sizes 
is required to achieve the desired separation efficiency [15]. 

Several models have been used to describe the transport mechanism in dense membranes, such 
as the solution-diffusion model [3, 18], the pore flow model [19], and the irreversible-
thermodynamic model [20].  Among them, the solution-diffusion model seems to be accepted by 
the majority of membrane researchers.  In this model [21], the mass transport process consists of 
three consecutive steps; (1) sorption of the gas from the feed to the membrane; (2) molecular 
diffusion of the gas in the membrane; and (3) desorption of the gas from the membrane on the 
downstream side of the membrane.  The solution-diffusion model is also widely used to describe 
the transport mechanism for the polymeric membranes. 

Physical Properties of CO2, CH4, N2, and H2

Table 2 gives the physical properties of CO2, CH4, N2, and H2 [22].  Methane is a relatively large 
penetrant (kinetic diameter 3.8 A), and usually has a very low permeability.   

Table 2. Physical Properties of CO2, CH4, N2, and H2  

 CO2 CH4 N2 H2

Molecular weight 44.01 16.04 28.01 2.02 
Kinetic diameter, A 3.30 3.80 3.64 2.89 

Specific volume at 70 °F, 1 atm, ml/g 547 1479.5 861.5 11967 

Sublimation point at 1 atm, °C -78.5 -161.5 -195.8  

Triple point pressure, atm 5.11 0.115 0.121 0.0695 

Triple point temperature, °C -56.6 -182.5 -210.0 -259.3 

Density, gas at 0 °C, 1 atm, g/l 1.977 0.72 1.250a 0.0899 

Specific gravity, gas at 0 °C, 1 atm (Air = 1) 1.521 0.5549b  0.06952 

Critical temperature, °C 31.0 -82.1 -147.1 -240.2 

Critical pressure, atm 72.9 45.8 33.5 12.8 
Critical density, g/ml 0.468 0.162 0.311 0.031 

Viscosity, gas at 70 °F, 1 atm, cp 0.0148 0.0106c 

0.0116d
0.0170e 

0.0174f
0.0087f

Solubility in water at 25 °C, 1 atm, ml/l water 759  23 19 
aAt 20 °C; b60 °F; c4.4 °C; d37.8 °C; e0 °C; f15 °C. 

 

Methane is not as soluble as CO2 but is relatively polarizable.  For polymeric membranes, the 
penetrant condensability is a very important parameter.  Typically, penetrants with higher critical 
temperatures are more condensable and, therefore, more soluble in polymers.  Diffusion 
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coefficients often vary less than solubility coefficients for penetrants in most polymeric 
membranes.  Therefore, the relative gas permeability coefficients in these membranes are 
determined by the gas solubility rather than the gas diffusivity unless the penetrant is a very 
small molecule for which diffusivity is high enough to compensate for its lower solubility. 

CO2 Selective Membranes 

Inorganic Membranes 

The development of inorganic membranes started in the 1940s for the separation of uranium 
isotopes by the process of diffusion applied to UF6.  There are not many publications about the 
inorganic membranes from the nuclear period because they were mainly used for defense 
purposes.  The scope of inorganic membrane applications over the past 20 to 25 years has 
extended considerably and, therefore, extensive work has been reported on the synthesis, 
characterization, properties, and application of inorganic membranes.  Currently, industrial and 
academic laboratories are now engaged in the inorganic membrane area.  The growth achieved in 
the rapidly growing field of inorganic membranes is reflected by a number of recent overviews 
[4, 23-28].  Caro et al. [4] listed various advantages and disadvantages of inorganic membranes 
in comparison with polymeric membranes.  Inorganic membranes are highly stable at high 
temperatures and can be resistant to harsh conditions. 

Alumina Membranes 
The generally mesoporous structure of alumina dictates that transport within membranes 
fabricated from it will take place by a Knudsen diffusion mechanism [8].  Since selectivity in this 
regime is limited, and the rate of diffusion is controlled by molecular weight, alumina 
membranes are of limited use in the separation of gases.  With mixtures such as CO2/N2, where 
the gases have similar mass, and CO2/H2, where selectivity toward the heavier component is 
required, alumina is undesirable as a membrane material. 

Alumina finds its use in the separation of gases mainly as a support, where its sound structural 
properties, and chemical and hydrothermal stabilities beyond 1,000 oC make it very desirable.  A 
few attempts have been made to modify alumina membranes to facilitate CO2 surface diffusion 
with limited success. 

In order to achieve high separation factors in systems like CO2 and N2, an interaction between 
one of the gases in the mixture and the membrane surface can be introduced by chemical 
modification of separation layers.  Uhlhorn et al. [11] modified a γ-alumina membrane systems 
by impregnating magnesia to induce the surface diffusion of CO2.  They reported that the 
introduction of magnesia into γ-alumina creates stronger basic sites, which result in stronger 
bonding of CO2 to the modified surface.  Therefore, adsorption of CO2 on the surface becomes 
partially irreversible.  They concluded that the more strongly bonded CO2 is less mobile, 
resulting in lower CO2 permeability across the membrane. 

Cho et al. [29] also modified γ-alumina with CaO in an attempt to enhance CO2/N2 separation by 
introducing interaction between CO2 molecules and the pore wall.  However, the CO2/N2 
separation factor was not different from the Knudsen diffusion mechanism.  They also prepared 
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silica-modified γ-alumina to increase the CO2/N2 separation factor.  The CO2/N2 separation 
factor was 1.72 at 25 °C and decreased with increasing temperature.  It was concluded that 
surface diffusion could be applied as a separation mechanism when the pore size is very small 
and the temperature is low. 

Zeolite Membranes 
Zeolites are crystalline aluminosilicates with a uniform pore structure and a minimum channel 
diameter range of 0.3 to 1.0 nm.  The presence of molecular-sized cavities and pores make the 
zeolites effective as shape-selective materials for a wide range of separation applications.  These 
cavities are interconnected by pore openings through which molecules can pass.  The electrical 
charge or polarity of the zeolites also functions to attract or sort molecules.  This ability to 
selectively adsorb molecules by size and polarity is the key to the unusual efficiency of synthetic 
zeolites as the basis for separation.  By tailoring the chemistry and structure of the materials used 
to prepare them, synthetic zeolites can be modified to provide a wide range of desired adsorption 
characteristics or selectivities and can be used as a membrane for gas separation applications. 

Zeolite membranes have usually been prepared by in situ hydrothermal synthesis on porous 
stainless steel, α-alumina, or γ-alumina support tubes or disks for the gas permeation studies.  
These supported zeolite membranes have a thin and continuing zeolite separation layer with the 
porous support providing mechanical strength to the membrane.  Membranes of various zeolites, 
such as ZSM-5 [30-37], Y type [38-43], silicalite [44-50], A type [42, 51, 52], P type [53], 
modernite [33], and silicoaluminophosphate [54-56] have been synthesized on porous supports. 

Separation occurs in zeolite membranes by both molecular sieving and surface diffusion methods 
because the pore sizes of zeolite membranes are of molecular dimensions.  In zeolite membranes, 
both molecular sizes relative to the zeolite pore, and the relative adsorption strengths determine 
the faster permeating species in a binary mixture [55, 57].  Poshusta et al. [55] identified three 
separation regimes where both components are able to diffuse through the zeolite pores.  The 
first regime covers differences in diffusivity, where there is a difference in the size of molecules, 
but both molecules have similar adsorption strengths.  The higher membrane selectivity will be 
observed for the smaller molecule in this regime.  If the sum of the diameters of both molecules 
is larger than the pore size, then the molecules cannot pass each other inside the molecular sieve.  
This will reduce the permeation of the molecule with higher diffusivity, because it is blocked by 
the molecule with lower diffusivity (or slow moving molecule).  The second regime is 
competitive adsorption, in which both molecules have similar sizes, but differ in their adsorption 
strengths.  The molecules will be competing for the same adsorption site within the zeolite pore.  
The strongly adsorbing molecule will not spare many adsorption sites for the weakly adsorbing 
molecule, and thus the higher membrane selectivity will be observed for the strongly adsorbed 
molecule in this regime.  At higher temperatures, the adsorption capacity decreases, which 
results in reducing the ability of the molecule to block adsorption sites for weakly adsorbing 
molecules.  Therefore, the separation factor induced by competitive adsorption decreases with 
temperature.  The third regime is combined differences in diffusivity and competitive adsorption. 
The molecules have significantly different sizes and adsorbing strengths.  In this regime, the 
effect of each mechanism may combine to enhance the separation factor, or compete to reduce 
the separation factor. 
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Typically, the heat of adsorption of gases on most zeolites increase in this order [55]: H2 < CH4 < 
N2 < CO2.  This order is consistent with the electrostatic properties of each molecule.  Carbon 
dioxide adsorbs the strongest because it has the strongest electrostatic quadrupolar moment of 
the four gases, which significantly contributes to its attraction to polar surfaces, like those found 
in zeolites containing cations.  Carbon dioxide preferentially permeates in CO2/N2, CO2/CH4, 
and CO2/H2 mixtures at low temperatures, because CO2 adsorbs more strongly on zeolites than 
the other gases.  For the CO2/N2 and CO2/CH4 mixtures, CO2 is smaller in size and thus 
permeates faster at elevated temperatures.  However, the permselectivities and separation factors 
are the same for the CO2/N2 or CO2/CH4 systems at elevated temperatures due to the absence of 
competitive adsorption.  The CO2/N2 or CO2/CH4 mixture is separated by the third regime at 
lower temperatures, where differences in diffusivity and competitive adsorption combine to 
enhance the separation factor.  At higher temperatures, the CO2/N2 or CO2/CH4 mixture is 
separated by the first regime, due to only differences in diffusivity.  For the H2/CO2 mixture, 
separation also occurs by the third regime, where diffusivity difference and competitive 
adsorption compete, because CO2 is the larger and more strongly adsorbing molecule.  At higher 
temperatures, the CO2/H2 selectivity inversion occurs, where H2 permeates faster than CO2 by 
the first regime in the absence of competitive adsorption. 

Morooka and his research group [30, 38-40] have synthesized several different zeolite 
membranes by hydrothermal reaction on the surface of a porous α-alumina support tube.  The 
tube characteristics were length of 30 or 200 mm, an outer diameter of 2.9 mm, an internal 
diameter of 1.9 mm, an average pore size of ~ 150 nm, and a void fraction of ~ 0.45. 

Kusakabe et al. [30] formed the ZSM-5-type zeolite film for a membrane by mixing a fine silica 
powder in an aqueous solution of the template and then calcining it at 400 or 550 °C.  The 
template was the mixture of tetrapropylammoniumhydroxide (TPAOH) and tetrapropyl-
ammoniumbromide (TPABr).  They observed three zones in the film formed on the support tube: 
a crystalline layer deposited on the support tube, α-alumina macropores partially filled with 
deposits, and an intermediate layer that was a mixture of deposits and α-alumina particles.  They 
reported that the permeance of zeolite membranes increased with decreasing the thickness of the 
zeolite top layer, while no correlation was found between membrane morphology and CO2/N2 
permselectivity.  (See Table 3.) 
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Table 3. Effects of Various Parameters on Permeation Properties of ZSM-5 Membrane  

Permeation 
Temperature (°C) 

Calcination 
Temperature (°C) 

CO2 Permeance   
(mol m-2 

 s-1 Pa-1) 

Permselectivity 
(CO2/N2) 

30 
30 

100 
100 
100 
100 
100 

400 
540 
400 
540 
540 
540 
540 

5 x 10-8

3 x 10-7

6 x 10-8

2.1 x 10-7

5 x 10-8,a 

1.4 x 10-8,b 

1.8 x 10-7,c

9.3 
9.4 
8.6 
5.3 
2.5
1.8 
5.1 

20 ml solution (SiO2 1 : TPAOH x : TPABr (1-x) : H2O 100 in mol) was placed in the autoclave; reaction 
temperature = 180 °C; reaction time = 24 hrs; and x = 0.67. 
aSolution volume = 30 ml; bSolution volume = 40 ml; cx = 0.5. 

 

Kusakabe et al. [38] further synthesized a Y-type zeolite membrane to determine the permeation 
properties for single-component, as well as for the equimolar mixtures of gases.  The CO2 
permeance was approximately the same for the single-component system and the mixed CO2/N2 
or CO2/CH4 system.  However, the N2 or CH4 permeances were significantly decreased for an 
equimolar feed at lower temperatures (Table 4).  This selective permeation was due to 
competitive adsorption of CO2 molecules in micropores of the Y-type zeolite membrane.  It was 
concluded that the CO2 molecules, adsorbed on the mouth of the micropores of the membrane, 
impeded the penetration of nonadsorptive molecules (N2 or CH4) from entering into the pores.  It 
was also observed that the CO2 and N2 permeances increased initially due to water desorption 
from the membrane surface before it gradually decreased with time due to possible adsorption of 
impurities.  Separation factors were obtained as high as 100 and 21 for CO2/N2 and CO2/CH4 
mixtures, respectively, at 30 °C.  They also observed a decrease in separation factors and in 
permselectivities with increasing permeation temperatures. 
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Table 4. Summary of Results from Ion-Exchanged Zeolites  

CO2/N2 System CO2/CH4 System Membrane Permeation 
Temperature (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

PS SF PS SF 

Y-type 30 
30a 

80 
130 

1.2 x 10-7

4 x 10-8

3 x 10-7

3 x 10-7

5 
4 
9 
11 

18 
100 
12 
9 

2 
2 
4 
6 

21 
 

15 
8 

LiY 
NaY 
KY 
MgY 
CaY 
BaY 
Si/Al = 1.22 
Si/Al = 1.54 
Si/Al = 2.18 

40 
40 
40 
40 
40 
40 
40 
40 
40 

2 x 10-6

1.2 x 10-6

1.4 x 10-6

3 x 10-7

5 x 10-7

8 x 10-7

5 x 10-7

4 x 10-7

2 x 10-6

 
5 

4 
20 
30 
21 
12 
24 
50 
45 
20 

  

Li(20%)Y 
K(30%)Y 
NaY 

35 
35 
100 
200 
300 

7 x 10-7

9 x 10-7

2 x 10-6

1.4 x 10-6

1 x 10-6

3 
9 

10 
48 
7 
3 
2 

  

K(62%)Y 
Rb(38%)Y 
Cs(32%)Y 

40 
40 
40 

5 x 10-7

5 x 10-7

2 x 10-7

6 
3 
2 

39 
40 
34 

  

PS: Permselectivity, SF: Separation Factor 
aMembrane B  

 

Separation factors for mixed gas systems significantly depend upon interactions between 
permeants and pore surface and pore size.  It was understood that the selectivities of the 
membrane could be improved by ion-exchanging a zeolite with cations, which possess different 
interaction with permeants.  Kusakabe et al. [39, 40] prepared NaY-type zeolite membranes ion 
exchanged with various alkali and alkaline earth cations to study the effect of ion-exchanged 
cations in the zeolite membranes on the permeation of CO2 and N2 in the equimolar mixture.  As 
opposed to their previous study [39], NaY type zeolite membranes prepared for this work were 
stable over time.  They observed an increase in CO2 permeance and a decrease in the CO2/N2 
separation factor increasing the Si/Al ratios in the zeolite membranes.  It was also observed that 
the CO2 permeances and separation factors of zeolite ion exchanged with alkali cations were 
higher than those of the membranes ion-exchanged with alkaline earth cations. 



Kusakabe et al. [41] applied a sorption-diffusion model to describe CO2/N2 permeation 
properties of Y-type zeolite membranes ion exchanged with Li+, Na+, and K+ cations.  It was 
suggested that the high CO2/N2 separation factors for the binary mixed feed were caused by an 
increase in the selective sorption of CO2.  (See Table 4.)  It was concluded that the high CO2/N2 
separation factors of the K-exchanged zeolite membranes were due to the decrease in N2 
sorptivity for the mixed feed.  They reported the highest CO2 permeance through NaY zeolite 
membrane at 100 °C, but observed a decrease in CO2/N2 separation factor with increasing 
temperature.  Preferential transport of adsorptive molecules through the Y-type zeolite 
membrane was also confirmed for the CO2/H2 system, where CO2/H2 separation factor was 98 
for an equimolar feed of CO2 and H2. 

Aoki et al. [31] also studied ZSM-5 zeolite membranes (Si/Al = 25 and 600) ion-exchanged with 
various alkali and alkaline earth cations for gas permeation.  They observed low gas permeances 
and permselectivities from ion-exchanged zeolite membranes.  For example, the highest CO2 
permeance was 8.5 x 10-8 mol m-2 s-1 Pa-1 from H-ZSM-5 (Si/Al = 600) membrane with CO2/N2 
permselectivity of 1.9.  It was also observed that both Si/Al ratio and the size of cation affect the 
gas permeation performance.  Single gas permeances were in this order for the ZSM-5 
membrane with Si/Al = 25: K+ < Ba2+ ~ Ca2+ < Cs+ < Na+ ~ H+, which corresponds with the 
decrease in cation size except Cs+ did not follow the trend.  According to authors, the permeance 
decreased, due to possible reduction in the zeolite pore pathway, as the cation size increased. 

Bakker et al. [44] studied the temperature dependence of gas permeation through a silicalite-1 
membrane.  Silicalite-1 layer with a thickness of 50 to 60 µm was grown on a porous stainless-
steel support where silicalite was prepared from silica, tetrapropylammoniumhydroxide, and 
water, and subsequently calcined at 400 °C.  A maximum permselectivity, CO2/N2, of 2.25 was 
achieved through a silicalite-1 membrane at 30 °C with CO2 permeance of 3.1 x 10-7 mol m-2 s-1 
Pa-1.  Bakker et al. also compared a theoretical model to experimental results for silicalite-1 
zeolite membranes.  They concentrated on single-gas permeation dominated by surface diffusion 
at low temperature and gas-phase translational diffusion at high temperature.  Diffusivity was 
assumed to obey the Darken equation in the case of surface diffusion and kinetic gas theory in 
translational diffusion.  Using four adjustable parameters ED,S, ED,GT, λ, and DS

0(0), excellent fits 
of experimental data were achieved for a number of gases, including CO2.  While this model was 
designed specifically for silicalite-1 membranes, surface and gas translational diffusion are 
common to all porous membranes, allowing it to be useful for a variety of membrane types. 
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where, Π = permeance, T = temperature, ε = support porosity, ρ = density of the membrane 
material, qsat = moles of gas adsorbed by the membrane surface at saturation, DS

0 = limiting 
diffusivity, θ = fraction of the available adsorption sites occupied, ED,S = activation energy for 
surface diffusion, R = ideal gas constant, x = spatial coordinate, λ = diffusional free length, z = 
constriction factor, M = molecular weight of the gas, ED,GT = activation energy for gaseous 
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translational diffusion, and P = partial pressure of the diffusing gas. 

Van den Broeke et al. [45, 46] studied pure gas permeation, as well as binary gas permeation 
through a silicalite-1 zeolite membrane.  They demonstrated that the separation factor would be 
the same as permselectivity if both components are weakly adsorbed on silicalite-1 zeolite 
membrane.  They also reported that the permeation of the weakly adsorbed component (N2 or 
CH4) would be reduced in a binary mixture in which the other component (CO2) is moderately or 
strongly adsorbed.  In this case, the separation factor and permselectivity differ considerably. 

Poshusta et al. [54] have prepared silicoaluminophosphate (SAPO-34) membranes by in-situ 
synthesis from gels onto porous α-alumina tubes.  The molecular sieve SAPO-34 is a structural 
analog of the natural zeolite chabazite.  They explained the temperature dependence of the gas 
permeances with a zeolite diffusion model.  According to this model, an increase in permeance 
with increasing temperature is due to activated diffusion of a gas-like phase in the zeolite pores. 
A decrease in permeance with increasing temperature is due to a decrease in the adsorbed 
concentration gradient.  Therefore, the heat of adsorption and diffusion activation energy of a 
particular gas-zeolite pair determine the regime where the permeance either increases or 
decreases with temperature.  The increase in CH4 permeance through SAPO-34 membrane with 
temperature was attributed to a high activation energy of diffusion because the kinetic diameter 
of CH4 (0.38 nm) is close to the zeolite pore diameter (0.45 nm).  The CO2 permeance decreased 
with increasing temperature because of a decrease in the adsorbed concentration gradient (Table 
5).  The CO2/CH4 mixture had the highest separation factor of 30 at room temperature and was 
separated by a combination of differences in diffusivity and competitive adsorption because both 
favored the permeation of CO2 due to its smaller size and higher adsorption strength compared to 
CH4.  The H2/CO2 permselectivity was 1.3 at room temperature and increased slightly with 
increasing pressure and temperature. 

Table 5. Summary of Results from SAPO-34  

CO2/N2 System CO2/CH4 System CO2/H2 System Ref. Permeation 
Temp. (°C) 

CO2 Permeancea 
(mol m-2 s-1 Pa-1) 

PS SF PS SFb PS SFb

[54] 27 
100 
200 

2.4 x 10-8

1.6 x 10-8

1 x 10-8

6 
4 
2 

 19 
8 
2 

30 
 

3.4 

  

[55] 27 
100 
200 

1.5 x 10-7

8 x 10-8

2 x 10-8

5 
4 
2 

16 
 

3 

16 
9 
4 

36 
 

5 

1.8 
1 

0.4 

4 
 

0.5 
PS: Permselectivity, SF: Separation Factor.  
aCO2 permeance is from pure gas permeation experiments.  bFeed: 49/51 mixture of CO2 and CH4 for ref [54] 
and equimolar gas mixtures for ref [55]. 

 

In another study, Poshusta et al. [55] prepared SAPO-34 membranes at slightly different 
conditions from their earlier study [54].  The SAPO-34 synthesis in this study was conducted at 
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175 °C for 24 hours, whereas the synthesis temperature was 185 °C for 20 hours in their previous 
study.  This change reduced the SAPO-34 crystallization rate.  They observed 2.5-40 times 
higher CO2 permeances than previous SAPO-34 membranes, but had a similar CO2/CH4 
separation factor.  The highest CO2/CH4 selectivity achieved by them from SAPO-34 was 36 at 
27 °C.  The mixture of CO2 and N2 also behaved similarly to the CO2 and CH4 mixture through 
the SAPO-34 membrane.  The CO2/H2 separation is governed by competitive adsorption below 
50 °C and by differences in diffusivity at higher temperatures. 

In a separate study, Poshusta et al. [56] also reported the effects of humidity on the gas 
permeation for SAPO-34 membranes.  It was observed that the water present in the feed 
completely blocked the zeolite pores in the membrane and, hence, the permeation through the 
membrane decreased considerably.  In contrast, the gas permeation increased through the non-
zeolite pores in the presence of humidity.  Therefore, the authors suggested that the membrane 
quality and the fraction of transport through non-zeolite pores could be determined by 
introducing humidity in the feed.  It was noted that the effects of humidity on the gas permeation 
are reversible, but long-term exposure can permanently degrade SAPO-34 membranes. 

Lovallo et al. [32] have synthesized MFI membranes on porous alumina disks and nonporous 
substrate using secondary growth of precursor layers.  The separation factor, CO2/CH4, 
decreased with increasing permeation temperature, while the CO2/N2 separation factor increased 
first, and then decreased as temperature increased.  The permeation properties for the CO2/CH4 
mixture were independent of feed composition.  The separation factor, CO2/CH4 was observed as 
high as 15 with CO2 permeance of 4 x 10-9 mol m-2 s-1 Pa-1 at 120 °C.  Permeation properties 
were attributed to both diffusion and adsorptive features of the microstructure (thickness, grain 
size, degree of orientation) of the molecular sieving layer of the MFI membranes.  On the other 
hand, the CO2 permeance increased and the N2 permeance decreased as the concentration of CO2 
in the feed composition was raised.  The CO2/N2 separation factor reached values up to 20 (CO2 
permeance ~1.8 x 10-8 mol m-2 s-1 Pa-1) at 180 °C for the feed containing >60 percent of CO2. 

Zeolite membranes show the least variation in both selectivity and permeability of any inorganic 
membrane type in separations of CO2/H2, CO2/CH4, and CO2/N2 mixtures.  These membranes 
have relatively high permeabilities and relatively low selectivities, as shown in Figure 2 and 
Figure 3.  The lack of selectivity is less pronounced in CO2/CH4 probably because the 
considerable differences in shape and size of the two molecules have enabled researchers to take 
full advantage of the molecular sieving properties of the zeolites.  The lack of any internal trend 
in the zeolite results (i.e. any approximate inverse relationship between selectivity and 
permeability), however, is indicative of the previously discussed dual transport mechanism so 
well known in zeolite membranes. 
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Figure 2. Literature Data for CO2/N2 Selectivity vs. CO2 Permeability for Zeolite 
Membranes 
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Figure 3. Literature Data for CO2/CH4 Selectivity vs. CO2 Permeability for Zeolite 
Membranes 

Carbon Membranes  

Carbon membranes for gas separations are typically produced by the pyrolysis of thermosetting 
polymers such as polyimides, polyvinylidene chloride (PVDC), polyfurfuryl alcohol (PFA), 
cellulose, cellulose triacetate, polyacrylonitrile (PAN), and phenol formaldehyde [58].  The 
pyrolysis temperature, typically in the range of 500 to 1,000 °C, depends upon the type of 
precursor material and dictates the separation performance of the carbon membranes.  At higher 
pyrolysis temperatures graphitization takes place.  The pore size of carbon molecular sieve 
membranes (CMSM) depends upon the pyrolysis chemistry (temperature, heating rate, heating 
 21
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atmosphere, etc.), as well as upon the morphology of the organic precursor [59, 60].  The 
porosity due to morphology is a coarse macroporosity, while microporosity depends upon the 
pyrolysis chemistry [59].  Pyrolysis of polymeric compounds leads to carbon material with a 
very narrow micropore distribution below molecular dimensions (<1 nm) [61], which makes it 
possible to separate gases with very similar molecular sizes.  Hence, the predominant transport 
mechanism of most carbon membranes is molecular sieving, as its name implies.  In adsorption-
selective carbon membranes (ASCM), the separation takes place because of the selective surface 
diffusion mechanism [62].  ASCMs separate non-adsorbable or weakly adsorbable gases (He, 
N2, O2, etc.) from adsorbable gases, such as NH3, CO2, and SO2.  ASCMs possess slightly wider 
micropores (5-7 A) than those of CMSMs (3-5 A). 

Generally, carbon membranes can be categorized into two types: supported membranes on a 
porous material (tube or flat) and unsupported carbon membranes (flat, hollow fiber, or capillary 
tube).  Unsupported membranes are very brittle and mechanically unstable, resulting in handling 
problems.  The permeance of carbon membranes is quite low compared to other inorganic 
membranes due to the large thickness of carbon membranes.  The factors that determine the 
performance of CMSMs include [63]: the selection of the precursor polymer; the membrane 
preparation method; and  the carbonization process. 

The high cost of polyimides is a key factor that limits their utilization in the preparation of 
carbon membranes.  The high thermal and chemical stability of CMSMs provide hope in gas 
separation applications, such as separation of CO2 in flue gas emissions from power plants.  The 
mechanical stability of CMSMs can be increased by supporting a thin carbon membrane on a 
porous support material, such as α-alumina, carbon etc.  A review by Ismail et al. [24] gives 
detailed information on the latest developments associated with carbon membranes for gas 
separation. 

Hayashi et al. [64, 65] prepared carbon membranes by coating a polyamic acid film formed from 
3,3’,4,4’-biphenyltetracarboxylic dianhydride (BPDA) and oxydianiline (ODA) on a porous α-
alumina support tube.  The polyamic acid film coated on the alumina tube was imidized in N2 
during a multi-step heating procedure up to 300 °C.  The resulting membrane was then 
carbonized at 500 to 900 °C in air.  They reported that the carbonization above 600 °C 
remarkably increased the permeances of CO2 and other gases.  (See Table 6.)  Permeances 
decreased and the permselectivity increased with increasing carbonization temperatures beyond 
600 °C.  It was concluded that the CO2 permeance was controlled by the size distribution of the 
micropores rather than the total micropore volume.  The carbonized membrane pores were 
further modified by chemical vapor deposition (CVD) of carbon formed from the pyrolysis of 
propylene at 650 °C [65].  The CO2/N2 permselectivity of the membranes after 2 minute CVD 
treatment was increased from 47 to 73.  Longer CVD treatment decreased CO2 permeance due to 
pores narrowed with carbon deposits and hence, the permselectivity also decreased. 
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Table 6. Summary of Results from Different Carbon Membranes  

Selectivity Ref. Precursor Carbonization 
Temp (°C)a

Permeation 
Temp. (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

CO2/N2 CO2/CH4

[64] BPDA-pp’ODA 600 
700 
700 
800 

30 
30 
100 
30 

6 x 10-8

3 x 10-8

9 x 10-8

2 x 10-9

31 
55 
15 
29 

80 
60 
16 
130 

[65] BPDA-pp’ODA 700 
700 

CVD modified 

35 
65 
35 

2 x 10-8

3.5 x 10-8

8 x 10-9

47 
35 
73 

 

[66] BPDA-pp’ODA 
(oxidized) 

300-700 65 4 x 10-7 8 20 

[67] BPDA-ODA/DAT 
(oxidized) 

500-600 
0-500 
500-0 

400-700 

35 
35 
35 
35 

3 x 10-8

2 x 10-9

1.2 x 10-8

3 x 10-8

30 
40 
35 
38 

50 
40 
60 
60 

[60] BPDA-ODA 
(oxidized) 

300-700 
300-700 
300-700b 

300-700b,c 

300-700b 

300-700b

35 
100 
35 
35 
65 
100 

1.5 x 10-8

3.7 x 10-8 

2.1 x 10-8

1.5 x 10-8 

3.1 x 10-8

3.8 x 10-8

40 
14 
51 
50d 

30d 

15d

 

[68] COPNA 700 
700 

100 
30 

1 x 10-8

 
14 
41 

 

aFor oxidized membranes, the first temperature is oxidation temperature and the second is carbonization 
temperature; bFeed was equimolar CO2 and N2 (sweep gas helium) binary mixture; cSweep gas argon; 
dSeparation factor 
 

In another study [66], Hayashi et al. oxidized a BPDA-pp’ODA polyimide membrane in 
mixtures of O2-N2 at 300 °C or in CO2 at 800 to 900 °C.  Membrane oxidation causes the pore 
size distribution to broaden, resulting in increased permeances of CO2 and other gases, with 
decreased permselectivity of CO2 in a CO2/N2 system.  (See Table 6.)  However, excessive 
oxidation fractured the carbon membranes.  The BPDA-pp’ODA polyimide based membranes 
carbonized at 700 °C were also exposed to air at 100 °C for one month to evaluate the stability of 
carbon membranes in an oxidative environment.  The permeances decreased, while 
permselectivity increased during the initial stage of exposure, but were largely restored by a 
post-heat-treatment at 600 °C for 1 to 4 hours.  It was suggested that the carbon molecular sieve 
membranes are stable at 100 °C for a prolonged period under an environment which contains 
only a low level of oxidants. 

Yamamoto et al. [67] formed a BPDA-ODA/DAT (DAT is 2,4-diaminotoluene, contains a 
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methyl group) copolyimide membrane on a porous α-alumina support tube.  The molar 
composition of 4,4’-ODA and 2,4-DAT as the diamine in copolyimide was fixed at 1:4.  The 
methyl groups decompose during the post-treatment under an oxidative atmosphere resulting in 
expanded micropores. The permeation properties of the resulting carbon membranes were 
dependent on the precursor composition, carbonization temperature, and oxidation conditions.  
Permeances of the BPDA-ODA/DAT carbon membrane were much lower than those of BPDA-
ODA carbon membranes; however, the performance of the BPDA-ODA/DAT membrane was 
greatly improved by treating it in air at temperatures up to 400 °C for 1 hour, followed by 
carbonization in N2 at temperatures up to 700 °C.  It was concluded that optimization of the 
treatment was more important than changes in the diamine portion of the copolyimide. 

Kusakabe et al. [60] coated a BPDA-pp’ODA polyimide film on the outer surface of a porous α-
alumina support tube.  They obtained a carbon molecular sieve membrane by carbonizing the 
coated film at an optimized temperature of 700 °C, and then by oxidizing with either a N2-O2 
mixture or pure O2 at 100 to 300 °C for 3 hours (Table 6).  They found that the permeances of 
CO2 and other gases increased after the oxidation without damaging the permselectivities of the 
membrane.  It was concluded that the oxidation at 300 °C for 3 hours significantly increased the 
micropore volume, and that the pore size distribution was not broadened, contrary to their 
previous work.  They reported that the CO2/N2 selectivity of the carbon molecular sieve 
membrane was 40 for single component gases at 25 °C, and that the selectivity increased to 51 
for an equimolar mixture of CO2 and N2.  It was suggested that the carbon membrane has slit-like 
pores, the shorter width of which could be 0.4-0.5 nm.  Thus, molecules could pass one another 
by moving to the longer width of the slit, but CO2 molecules cannot be concentrated on the pore 
wall because of the small slit width.  Thus the CO2/N2 selectivity would not be expected to 
greatly increase for a mixed feed.  This mechanism is different from that of Y-type zeolite [38] 
and silica membranes [14]. 

For Y-type zeolite membranes, CO2 molecules are adsorbed on the zeolite surface and then 
transported into the pore via a surface diffusion mechanism.  The pore size of Y-type zeolite 
membranes is 0.7-0.8 nm, and CO2 molecules are concentrated on the surface of the pore.  The 
concentration of N2 molecules inside the pore is lower than on the outside, and CO2 molecules 
(which migrate along the pore wall), outrun N2 molecules (which are located in the core region 
of the pore).  The Y-type zeolite membrane showed a CO2/N2 selectivity of 3 at a permeation 
temperature of 30 °C, when the permeances were determined using pure gases.  When a mixture 
of CO2 and N2 was fed, however, the separation factor increased to 80.  The type of carrier gases 
on the permeate side had no effect on permeances.  In the pore of the silica membranes, 
molecules are not able to pass one another.  The CO2/N2 selectivity for a mixed feed is then 
determined by the slowest–moving species and is lower than for pure gases. 

In another study [68], Kusakabe et al. formed a condensed polynuclear aromatic (COPNA) resin 
film on the outer surface of a porous α-alumina support tube and produced a pinhole-free 
membrane by carbonization at a temperature range of 400 to 1,000 °C.  COPNA resins were 
synthesized from polycyclic aromatic compounds (PCA) (pyrene and phenanthrene) and 1,4-
benzenedimethanol (BDM) with a BDM/PCA ratio of 1.25 giving molecular sieving carbon 
membranes.  COPNA-based membranes contain both mesopores and micropores, while 
carbonized BPDA-ODA polyimide membranes possess only micropores.  The mesopores of 
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COPNA membranes do not penetrate through the total thickness of the membrane and serve as 
channels connected by the micropores, which separate gases by the molecular sieving 
mechanism.  They obtained similar permselectivities for CO2/N2 from COPNA-based carbon 
membranes and carbonized BPDA-ODA polyimide membranes despite the different pore 
structures of each, and, therefore, concluded that the micropores are responsible for the 
permselectivities of the carbonized membranes.  (See Table 6.) 

Fuertes et al. [61] prepared flat, asymmetric carbon membranes by casting a solution of polyamic 
acid (BPDA-pPDA) in N-methylpyrrolidone (NMP) upon a macroporous support and by 
subsequent imidization at 380 °C and carbonization at 550 °C.  They emphasized that by using 
the phase inversion during the preparation stage, an almost defect-free carbon membrane can be 
obtained in only one casting step.  It was observed that the CO2/N2 or CO2/CH4 permselectivity 
decreased with increasing temperature, while the CO2 permeance was unchanged.  (See Table 7.)  
Their explanation for this phenomenon was that the CO2 transport through the membrane results 
from a combination of transport in the gas phase (molecular sieving) and surface diffusion of the 
adsorbed molecules across the micropores.  The decreased CO2 adsorption with increasing 
temperature was compensated by an increase in gas diffusivity, and hence CO2 permeance was 
unchanged.  Furthermore [69], they also prepared symmetric carbon molecular sieve membranes 
from the same method and the same raw material by using the multicoating step.  They reported 
that the performance of these membranes was better than the asymmetric carbon membranes 
prepared in a single casting step.  (See Table 7.) 

Table 7. Summary of Results from Different Carbon Membranes 

Selectivity Ref. Precursor Carboniz
ation 
Temp. 
(°C)a

Permeation 
Temp. (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

CO2/N2 CO2/CH4

[61] BDPA-pPDA 550 25 
100 
150 

4 x 10-9

4 x 10-9

4 x 10-9

19 
9 
6 

37 
13 
7 

[69] BDPA-pPDA 550 
550 (2) 

 
550 (3) 

150 
25 
180 
25 
50 
150 

2 x 10-8 

2.7 x 10-9

6.6 x 10-9

4.2 x 10-10

8.1 x 10-10

1.4 x 10-9

1.8 
3.9 
4.5 
21 
22 
9 

1.5 
 
 
 

27 
17 

[70] Polyetherimide 800 25 
150 

1 x 10-10

4 x 10-10
15 
9 

25 
20 

[71] Phenolic resin 700 
 

700b 

 

25 
50 
25 
50 

2 x 10-9

2.9 x 10-9

2 x 10-9

2.9 x 10-9

18 
17 
45d 

32d 

87 
64 
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Selectivity Ref. Precursor Carboniz
ation 
Temp. 
(°C)a

Permeation 
Temp. (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

CO2/N2 CO2/CH4

 
700c 

 

150 
25 
50 
150 

 
2.5 x 10-9 

3.3 x 10-9

9d  
163d 

104d 

25d

[72] Phenolic resin 700 
700 
700 (3) 
700 (3) 
700c

25 
150 
25 
150 
25 

46 Be 

163 B 
16 B 
29 B 
400 B 

37 
6 
40 
8 
 

85 
11 
116 
15 
150d

[73] PVDC-PVC 700 
 
 
500 
600 
700f

25 
75 
150 
150 
150 
25 

6 x 10-9

9 x 10-9

8 x 10-9

1.5 x 10-9

6 x 10-9

9 x 10-10

18 
13 
7 
8 
10 
28 

69 
45 
16 
13 
15 
71 

[63] Matrimid® in NMP 
 
 
 
 
Allotherm® in NMP 

475 
650 
650g 

650c 

 
 
550 

25 
25 
25
25
100
150
25 

2.7 x 10-9

2.4 x 10-9

3.1 x 10-9

3.7 x 10-9

3.7 x 10-9

3.1 x 10-9

1.5 x 10-8

15 
4 
22d 

 
 
 
9 

33 
8 
 
23d 

11d 

6d 

16 
aNumber of coating is in parenthesis, otherwise one coating; CO2-CH4 mixture (10:90 mol/mol); bFeed: (15% 
CO2 + 85% N2) binary gas mixture; cFeed: (10% CO2 + 90% CH4) binary gas mixture; dSeparation factor; eB: 
Permeability in Barrer; fMembrane was oxidized at 200 °C prior to carbonization; gFeed: (20% CO2 + 80% N2) 
binary gas mixture 

 

In a different study [70], Fuertes et al. observed that only the molecular sieving mechanism 
contributes in the transport of CO2 across the carbon molecular sieve membranes, which were 
prepared by taking polyetherimide as a precursor upon a porous carbon support (Table 7).  They 
chose polyetherimide because it is an inexpensive and commercially available material, 
compared to others used as precursors for carbon membranes. 

Centeno et al. [71] prepared a carbon membrane by coating a phenolic resin (Novolak type) on a 
macroporous carbon disk-shaped support and subsequent carbonization under vacuum of the 
polymeric film.  An almost defect-free carbon membrane was obtained in a single casting step.  
The separation factor of CO2/N2 or CO2/CH4 from a feed mixture (85 percent N2 + 15 percent 
CO2 or 10 percent CO2 + 90 percent CH4) was higher than those calculated from the ratio of 
permeances of pure gases.  (See Table 7.)  It was suggested that the presence of CO2 in the 
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mixture restricted N2 diffusion through the micropores of the membrane.  The separation factor 
for CO2/N2 or CO2/CH4 decreased with increasing temperature, while remaining unchanged with 
pressure.  They also studied phenolic resin-based carbon membranes supported on a porous 
alumina tube [72].  They showed that the gas permeability significantly decreased, while the 
permselectivity did not change much with the number of coats (shown in Table 7) and, hence, 
claimed to obtain a defect-free carbon membrane in a single casting step. 

Fuertes et al. [63] also developed a method for preparing supported molecular sieve carbon 
membranes from commercially-available polyimides (Allotherm® 610-16 and Matrimid® 5218) 
in a single casting step.  Allotherm® (BASF), a 16.5 percent solution of polyamic acid in NMP 
was used as a precursor of Kapton® polyimide, since Kapton® is insoluble in any solvent.  
Matrimid® (Ciba specialty Chemicals Co.) is a thermoplastic solid polyimide based on a 
proprietary diamine, 5(6)-amino-1-(4’-aminophenyl)-1,3-trimethylindane.  Macroporous carbon 
disks were used as supports for the membranes.  Carbonization of polymeric membranes was 
carried out at the temperature range of 475 to 700 °C.  A similar trend was observed from the 
carbon membranes derived from the commercially available polyimides (shown in Table 7) and 
from the phenolic resins (discussed above). 

More recently, Centeno et al. [73] also produced composite carbon membranes by single casting 
of poly(vinylidene chloride-co-vinyl chloride, or PVDC-PVC) on a macroporous carbon support, 
followed by pyrolysis at 500 to 1,000 °C under vacuum.  The resulting carbon membrane (0.8 
µm thickness) was almost defect free and allowed the separation of gases based on their 
molecular sizes.  They performed an oxidative pretreatment of polymeric membrane to obtain a 
more amorphous carbon and expected to improve the permeation properties by changing the 
structure.  It was reported that the pretreatment in air at 200 °C for 6 hours improved the CO2/N2 
permselectivity of the carbon membrane, but lower CO2 permeance was observed. (See Table 7.)  
Finally, they recommended the CMSM obtained at a temperature of 700 °C for better balance 
between the permeance and selectivity. 

Kusuki et al. [74] prepared asymmetric carbon membranes by pyrolyzing an asymmetric 
polyimide hollow fiber membrane at temperatures ranging from 600 to 1000 °C in N2.  The 
polyimide hollow fiber membrane was formed from BPDA and an aromatic diamine, such as 
ODA.  It was observed from scanning electron microscopy (SEM) studies that the top thin layers 
of the carbon fibers were composed of dense aggregation of nodules having diameter of about 50 
nm.  The asymmetric carbon membranes pyrolyzed at 850 °C showed lower permeability than 
the membrane pyrolyzed at 700 °C, but had higher permselectivities for the CO2/CH4 system 
(shown in Table 8). 
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Table 8. Summary of Results from Asymmetric Carbon Membranes Prepared from 
Polyimide Hollow Fiber Membrane  

Permselectivity Carbonization 
Temp. (°C) 

Permeation 
Temp. (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

(CO2/N2) (CO2/CH4) 

270 50 
75 
120 

2.6 x 10-8

3.3 x 10-8

4.0 x 10-8

36 
20 
10 

27 
17 
10 

700 50 
75 
120 

4.0 x 10-8

6.7 x 10-8

1.0 x 10-7

17 
17 
14 

30 
25 
21 

850 50 
75 
120 

1.8 x 10-9

3.0 x 10-9

5.0 x 10-9

18 
15 
13 

37 
45 
48 

 

Suda et al. [75] found that the microstructure (pore size, pore volume, etc.), and hence the 
permeation properties, of the carbon molecular sieve membranes prepared by pyrolysis of 
Kapton polyimide can be tailored by controlling pyrolysis conditions (pyrolysis temperature, 
heating rate, and pyrolysis atmosphere).  They observed that the CO2 permeability decreased 
whereas the permselectivity, CO2/N2, increased when the pore volume and pore size decreased as 
pyrolysis temperatures increased.  Pore size distribution also became sharper at higher pyrolysis 
temperatures.  They reported that the heating rate influenced the permeation properties to a lesser 
extent, whereas the pyrolysis environment did not appreciably affect the properties.  The 
pyrolysis proceeds very slowly by decreasing the heating rate, which results in the smaller pores 
and, hence, lower permeabilities for larger molecules.  It was suggested that the longer pyrolysis 
time might also contribute to the pore size reduction due to a sintering effect.  It was also 
suggested that the gases permeate through both the cross-linked voids of the amorphous region 
and the interlayer spacing of the graphite-like microcrystals.  The excellent permselectivities 
from the CMSMs were attributed to the molecular sieving effect that comes mainly from the 
dependence of diffusivity of penetrants on the size of the micropore.  (See Table 9 below.)  The 
higher permeabilities of CO2 and H2 molecules compared to that of the smaller helium molecule 
were ascribed to the larger sorptivities of CO2 and H2. 
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Table 9. Summary of Results from CMSM (Kapton) Membranes  

Selectivity Pyrolysis 
Temp. (°C) 

Pyrolysis 
Conditiona

CO2 Permeabilityb 
(Barrer) 

CO2/N2 H2/CO2

600 
800 

1000 
950 
950 
950 

10, vac 
10, vac 
10, vac 
13.3, Ar 
4.5, Ar 

1.33, Ar 

1820 
128 
4.15 
3.54 
2.51 
0.50 

22.2 
42.2 
101 
82.7 
87.7 
122 

0.9 
5.2 

14.3 
15.0 
16.5 
39.0 

aHeating rate(°C/min) , heating medium; bPermeation temperature 25 °C. 
 

Supported nanoporous carbon membranes (SNPCM) were prepared by Shiflett et al. [76] as a 
thin film supported on porous stainless steel by ultrasonic deposition of polyfurfuryl alcohol 
(PFA).  The ultrasonic deposition technique provided mechanical robustness to SNPCM, even 
below the critical thickness for crack formation.  Carbon dioxide permselectivities, with respect 
to N2 and CH4 from SNPCM-43 membrane, were 1.4 and 45, respectively, with a CO2 
permeance of 1.87 x 10-10 mol m-2 s-1 Pa-1.  SNPCM-43 was obtained by pyrolyzing the first 
three coatings of PFA at 150 °C, followed by pyrolyzing at 450 °C, with a final finish coat 
applied and pyrolyzed at 450 °C. 

Wang et al. [77] used a different technique, vapor deposition polymerization (VDP), to prepare 
supported carbon membranes using a PFA thin layer.  The VDP technique can provide great 
control of film depositions inside the pores of supports.  They used two different support tubes: 
γ-Al2O3/α-Al2O3, and glass/α-Al2O3 prepared in their lab [78].  Membranes were prepared by 
two cycles of VDP, and two carbonization cycles at 600 °C.  The CO2/CH4 separation factor was 
lower than the CO2/CH4 permselectivity by a factor of 3, as shown in Table 10 below.  It was 
concluded that the low CO2 permeance of the VDP membranes was due to deeper penetration of 
gaseous furfuryl alcohol into the support during VDP, or due to a different pore structure of the 
carbon. 
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Table 10. Summary of Results from Supported Carbon Membranes from PFA by VDP  

Selectivity Permeation 
Temp. (°C) 

Support CO2 Permeance 
(mol m-2 s-1 Pa-1) 

(CO2/N2) (CO2/CH4) 
25 

150 
25 

150 
25a 

25a

γ-Al2O3/α-Al2O3 

γ-Al2O3/α-Al2O3 

Glass/α-Al2O3

Glass/α-Al2O3

γ-Al2O3/α-Al2O3 

Glass/α-Al2O3

5.8 x 10-9

3.3 x 10-8

2.7 x 10-9

3.0 x 10-9

2.3 x 10-9

1.1 x 10-9

79 
9 
40 
11 

 

92 
15 
82 
17 
27b 

25b

aFeed: 85% CO2 and 15% CH4; bSeparation factor 
 

Tanihara et al. [79] prepared asymmetric carbon hollow fiber membranes by pyrolysis of 
asymmetric polyimide hollow fiber membranes at 700 °C.  It was observed that the permeation 
properties of the carbon membranes did not depend on the feed pressure and were stable over 
time.  The CO2 permeance from the membrane was 3.4 x 10-8 mol m-2 s-1 Pa-1 at 50 °C with the 
CO2/CH4 permselectivity of about 30. 

Ogawa et al. [80] developed carbonized hollow fiber membranes for CO2/CH4 separation by the 
phase inversion of polyamic acid solution, imidization, and carbonization.  They also studied the 
effect of gelation conditions (time, temperature, and pH of coagulation), on the permeation 
properties of the resulting membrane.  Polyamic acid solution was prepared by dissolving 4,4’-
diaminodiphenyl ether in N,N-dimethylacetamide, and then adding pyromellitic dianhydride to 
the solution.  They reported that the micropore volume was independent of the gelation time and, 
hence, gelation time was not a predominant factor controlling the permeation properties of the 
hollow fiber membrane.  The CO2/CH4 and CO2/N2 permselectivities were highest when the 
polyamic acid solution was gelated for 1 hour, as shown in Table 11.  The CO2/CH4 and CO2/N2 
permselectivities were maintained at approximately 60 and 30, respectively, in further gelation.  
The micropore volume increased as gelation temperature increased and pH decreased.  High 
permeance of CO2 and high CO2/N2 and CO2/CH4 permselectivities through the carbon 
membrane were achieved at these gelation conditions: time 6 hours, temperature 2 °C, and pH 
9.4.  It was found that the CO2 transport was enhanced by an adsorption effect, while transport of 
CH4 and N2 was restricted by a molecular sieving effect in the carbonized membrane. 
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Table 11. Effects of Gelation Conditions on Permeation of Carbon Hollow Fiber 
Membranes  

Gelation Conditions Permselectivity 

Time (hr) pH Temp. (°C) 

Permeation 
Temp. (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

(CO2/N2) (CO2/CH4) 

1 
6 
10 

6.5 
6.5 
6.5 

2 
2 
2 

25 
25 
25 

9 x 10-9

5 x 10-9

1 x 10-8

45 
25 
33 

100 
50 
66 

6 
6 

6.5 
6.5 

25 
39 

25 
25 

7 x 10-8

1.6 x 10-8
18 
12 

12 
17 

6 
6 
6 

3 
9.4 
11 

2 
2 
2 

25 
25 
25 

2 x 10-8

7 x 10-9

7 x 10-11

28 
230 

5 

13 
23 
2 

 

In another study [81], Ogawa et al. investigated the separation of CO2/CH4 mixtures and the 
effect of membrane micropore diameter on the permeation properties.  Three different pore size 
membranes for the CO2/CH4 separation were studied: Membrane A (> 0.50 nm), Membrane B 
(0.43-0.50 nm), and Membrane C (<0.43 nm).  As Table 12 shows, the permeances of CO2 and 
CH4 through Membranes A and C were independent of the composition of the feed gas.  For 
Membrane B, the CH4 permeance decreased with the increase in CO2 content in the feed gas that 
resulted in the increase in the CO2/CH4 separation factor.  It was concluded that the CO2/CH4 
separation factor for Membrane B increased due to the hindrance of CH4 permeation by CO2 
molecules adsorbed inside the micropores of the membrane. 

Table 12. Separation of CO2/CH4 through Carbonized Membrane Prepared by Gel 
Modification  

Pure Gas Permeation Mixed Gas Permeation Membrane 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

P. S. 
(CO2/CH4) 

Feed Gas 
CO2:CH4

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

S. F. 
(CO2/CH4) 

A 3.16 x 10-8 42 15:85 3.13 x 10-8 51 
B 1.3 x 10-9 181 15:85 

65:35 
1.36 x 10-9

1.01 x 10-9
265 
310 

C 4.84 x 10-11 5 15:85 4.05 x 10-11 4 

Permeation temperature 25 °C; Gelation conditions: time 6hr, temp 2 °C, and pH 9.4. 
P.S. = Permselectivity, S.F. = Separation Factor 

 

It is obvious from the above discussion that carbon membranes have a great potential to perform 
gas separations efficiently, particularly when the gas molecules to be separated are of similar 
sizes.  Carbon membranes, illustrated in Figure 4 and Figure 5, show the greatest variation in 



selectivity and permeability of any of the types of inorganic membrane for the separation of CO2 
from H2, N2, and CH4.  The expected inverse relationship of selectivity to permeability is present 
across the range of literature results primarily from the abundance of work on CMSMs.  The 
result is that these membranes have the highest demonstrated selectivities in most separations, 
but the permeability limitations associated with them are unlikely to be overcome.  Also, high 
production costs of carbon membranes along with expensive modules have prevented their 
intended commercial scale use.  A significant amount of research is required in order to find 
more economical precursors for carbon membrane production, while improving their permeation 
properties at elevated temperatures and pressures in the presence of complex feeds.  
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Figure 4. Literature Data for CO2/N2 Selectivity vs. CO2 Permeability for Carbon 
Membranes 
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Figure 5. Literature Data for CO2/CH4 Selectivity vs. CO2 Permeability for Carbon 
Membranes 
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Silica Membranes 
Silica is considered a viable starting material in the fabrication of CO2 selective membranes, 
primarily because of its innate stability.  Unlike alumina, which tends to undergo phase transition 
at relatively low temperatures, or carbon, which can exhibit substantial changes in pore size in 
oxidizing environments [60, 66, 67, 73], silica shows exception thermal, chemical, and structural 
stability in both oxidizing and reducing environments.  Fabrication procedures, while not as 
advanced as those for carbon and alumina membranes, are capable of producing defect-free silica 
membranes with molecular sieving pores.  Though surface diffusion has been named as an 
important mechanism in a number of studies on silica membranes for the selective separation of 
CO2, most research has only considered silica as a compliment to the molecular sieving 
mechanism.  Research, then, has focused primarily on separation of CO2 from N2 and CH4, the 
surface diffusion mechanism not being considered strong enough for the more difficult 
separation from H2.  Notable exceptions include the works of Burggraaf [82] and Morooka [83].  
Both studies conclude surface diffusional control in membranes fabricated by the sol-gel method, 
the most common type of preparation procedure for silica membranes. 

Silica is a very versatile material for gas separation membranes because its structure can be 
tailored by changing the preparation method and conditions.  Generally, microporous silica 
membranes are prepared by deposition of a silica layer onto a porous support by either the sol-
gel method, or chemical vapor deposition (CVD) technique, or phase separation method.  The 
porous support provides mechanical strength to the selective top layer of silica.  In the sol-gel 
technique [84, 85], polymeric silica sols are deposited on top of a support system consisting of 
about a micron thick γ-alumina over a macroporous α-alumina of desired thickness.  The silica 
layer is then calcined at 400 to 800 °C, to end up as the separating top layer with thickness of 50 
to 100 nm.  The silica sols are obtained from the hydrolysis condensation reaction of 
alkoxysilanes, such as tetramethoxysilane (TMOS), tetraethoxysilane (TEOS), or chlorosilane. 

It is technically challenging to get uniform thickness and pinhole-free silica membranes from the 
method described above.  In the CVD technique, organic precursors in vapor phase are 
introduced to porous support.  A uniform and almost pinhole-free top membrane layer is 
obtained from the CVD technique.  This technique is also used to narrow down or to plug the 
mesopores of silica membranes [86]. 

In the phase separation method [8, 78], the homogeneous glass, sodium borosilicate, separates 
into two phases under certain time and temperature conditions: an acid soluble boric acid rich 
phase and an insoluble silica rich phase.  Leaching of the boric acid phase in a mineral acid 
solution removes the acid soluble boric acid phase, leaving behind a porous insoluble silica 
phase.  The silica pore size can be controlled by changing glass composition, annealing time, and 
temperature.  Mesoporous silica membranes obtained from the phase separation method are not 
suitable for gas separations, so they find applications mostly as a support for microporous or 
nonporous membranes. 

Uhlhorn et al. [82] formed a ~30 nm thin layer of microporous silica on top of a γ-alumina 
membrane using the sol-gel technique.  The permeability to CO2 strongly increased with the 
mean pressure of the system, while the permeability to N2 and CH4 remained unchanged.  The 
transport across the silica-modified membrane is due to the surface diffusion mechanism, as 
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indicated by the observed pressure dependence and very small pores of the silica.  
Permselectivities for CO2/N2 and CO2/CH4 were as high as 15 and 10, respectively, with CO2 
permeances of about 3 x 10-6 mol m-2 s-1 Pa-1. 

De Vos et al. [87] have prepared almost defect free silica membranes by applying two sol-gel 
derived silica (thickness 30 nm and pore size ~5 A) layers on top of a γ-alumina layer, supported 
by an α-alumina support.  A silica sol was prepared by acid-catalyzed hydrolysis and 
condensation of TEOS in ethanol.  They reported that the silica membranes showed a slight 
increase in the permeances of gases with increasing temperature and a slight decrease for CO2 
permeance, shown in Table 13.  The CO2/CH4 permselectivities in the silica membrane calcined 
at 400 °C (Si400) were very large and the H2/CO2 permselectivities were very large in Si600 
because the membranes were so dense that CH4 could not permeate in Si400 and CO2 in Si600. 

Table 13. Summary of Results from Different Silica Membranes 

Permselectivity Ref. Precursora Permeation 
Temp. (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

CO2/N2 CO2/CH4 H2/CO2

[87] TEOS (400) 
 
 
 
 
(600) 

25 
100 
200 
200b 

200c 

100 
200 
300 

2.3 x 10-7

2.9 x 10-7

2.3 x 10-7

 
 

9.4 x 10-9 

6.1 x 10-9 

4.6 x 10-9

23 
15 
8 
 
 
 

325 
190 
75 

 
45d 

 
 
 

2.6 
4.0 
7.5 
7d 

 
26 
66 
139 

[88] TEOS, 
methylated (400) 

100 
200 
300 

5.1 x 10-7

4.1 x 10-7 

3.0 x 10-7

1.8 
1.6 
1.3 

1.9 
1.5 
1.1 

4.5 
5.0 
6.4 

[13] Hollow fiber 25 
150 
25c 

150c

2 x 10-8

2 x 10-6
20 
9 

156 
21 

180d 

20d

3 
5 
 
 

[90] TEOS +MTES 
(550) 

25 
25e

8.6 x 10-7

7 x 10-7
  12 

72 
aCalcination temperature in parenthesis; bEquimolar feed of CO2 and H2; cEquimolar feed of CO2 and CH4; 
dSeparation factor; eAfter surface derivatization with 1:12 TEOS monomer 

 

In another study [88], De Vos et al. have synthesized hydrophobic silica membranes by adding 
methyl-tri-ethoxy-silane (MTES) to the silica sol described above.  The hydroxyl groups on the 
silica are substituted by the methyl groups, and hence, their methylated silica membranes are 10 
times more hydrophobic than the state-of-the-art silica membranes prepared by the authors in 
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their previous study [87].  It was suggested that the ‘Knudsen-like’ temperature dependence for 
most gases through methylated silica membranes was due to a contribution of the support 
resistance, not because of porosity of the membrane.  (See Table 13.)  They mentioned that the 
methylated silica membranes have larger micropores with a wider pore size distribution than the 
state-of-the-art silica, but the maximum pore size of the membrane was expected to be ~0.55 nm, 
because molecules with kinetic diameter of 0.55 nm (SF6) hardly permeated through the 
methylated silica membranes.  They obtained gas separation factors lower than the 
permselectivities due to a limitation in the maximum possible sweep flow. 

Way et al. [89] used microporous hollow fiber silica membranes from PPG Industries for gas 
separations.  They proposed that both the surface diffusion and the molecular sieving mechanism 
contribute to the permeation properties of the silica hollow fiber membranes, with the latter 
dominating the mechanism.  High permselectivities were observed for CO2/N2 of 28 (CO2 
permeance 21 Barrer) and 30 (CO2 permeance 53 Barrer) at 40 °C and 70 °C, respectively. 

Hassan et al. [13] have studied single component and mixed gas transport using a PPG silica 
hollow fiber membrane, produced by the phase separation method.  They observed that the 
molecular sieving mechanism is responsible for mass transfer through the silica hollow fiber 
membranes.  They found that the separation factors decreased as the temperature increased, 
which was due to the less permeable penetrant having larger activation energy (Table 13).  Large 
separation factors were obtained for the gas mixture as compared to those calculated from the 
ratio of pure gases permeances through the same membrane.  It was concluded that the difference 
between the permselectivities and separation factors is due to a competitive adsorption effect in 
which the more strongly adsorbed gases saturate the surface and block the transport of the 
weakly interacting gases.  It was also revealed using FTIR spectroscopy that the hydroxylated 
membrane was covered by physisorbed water at ambient conditions.  Removal of the 
physisorbed water is expected to increase the interaction between CO2 and the membrane 
surface, which would increase the surface diffusion contribution of the total flux. 

Kusakabe et al. [84] formed silica membranes on a γ-alumina-coated α-alumina tube using sols 
prepared from the co-polymerization of TEOS and octyltriethoxysilane (C8TES), C12TES, or 
C18TES.  The alkyltriethoxysilanes were used as the template to control the pore size of the 
silica membranes.  The authors obtained defect-free silica membranes from C8TES and C12TES, 
but silica membranes prepared from C18TES contained defects and mesopores and, hence, the 
transport across this membrane was controlled by the Knudsen diffusion mechanism.  It was 
concluded that the silica structure, which was formed from C18TES, might not be strong enough 
to withstand shrinkage during calcination.  The effect of the molar ratio of water to total 
alkoxides, x, in the sols was also studied.  High permeances and low selectivities were found for 
the membrane formed with x = 4.  The size of micropores, before calcination, of silica 
membranes prepared from alkyltriethoxysilanes was found to be very close to the minimum 
dimension of the alkyl groups and increased slightly by increasing the size of alkyl group.  The 
micropores in the range of 0.3 to 0.4 nm for the silica membranes were formed after calcination 
at 600 °C.  The permselectivities for the CO2/N2 and CO2/CH4 systems increased with increasing 
calcination temperature of silica membranes (Table 14). 
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Table 14. Summary of Results from Different Silica Membranes  

Permselectivity Ref. Precursora Permeation 
Temp. (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

CO2/N2 CO2/CH4 H2/CO2

[84] TEOS+ C8TESc 

(200)c 

(600)c 

(600)d

100b 

100 
100 
100 

7 x 10-8

1 x 10-7

2.2 x 10-7 

8 x 10-9

3.5 
3.0 
7.0 
8.0 

2.5 
2.0 
7.0 
4.5 

0.9 
1.3 
2.0 
12.0 

[14] TEOS (600) 
 
 
PTES (500) 
 
DPDES (500)e 

 
 
DPDES (500)f 

 
DPDES (500)e, g 

 
DPDES (500)f, g

30 
200 
400 
30 
200 
30 
200 
400 
30 
200 
30 
200 
30 
200 

3.6 x 10-10

3.3 x 10-10

3.3 x 10-10

8 x 10-9

1 x 10-8

8.1 x 10-8

3.3 x 10-8

1.8 x 10-8

2.1 x 10-8

1.9 x 10-8

1.4 x 10-8

1.5 x 10-8

2.3 x 10-8

2.1 x 10-8

0.7 
0.7 
0.7 
5 
6 
9 
4 
2 
1 

0.9 
1.4h 

1.2h 

1.1h 

1.0h

0.7 
0.7 
0.7 
6 
6 

11 
6 
2 

12 
67 
150 
1.2 
6 
6 

16 
25 

aCalcination temperature in parenthesis; bNo calcination; cGel formation temperature 80 °C; dGel formation 
temperature 60 °C; eSweep gas: argon; fSweep gas: helium; gFeed: 10% CO2 and 90% N2; hSeparation factor 

 

Sea et al. [14] used the CVD technique to deposit the amorphous silica in mesopores of a γ-
alumina film coated on a porous α-alumina tube.  They used TEOS, phenyltriethoxysilane 
(PTES) or diphenyldiethoxysilane (DPDES) as the silicon source.  Carbonaceous material that 
remained in the resulting membranes was removed by subsequent calcination at 500 to 750 °C.  
The TEOS-derived membranes consisted of abundant sub-micropores (~0.3 nm) and a smaller 
number of Knudsen pores (~5 nm) and, hence, CO2 and larger molecules only permeated through 
the Knudsen pores which were left unplugged.  The DPDES-derived membranes consisted of 
abundant sub-micropores, few micropores (~0.5 nm), and almost negligible Knudsen pores and, 
thus, CO2 permeance was controlled by the surface diffusion mechanism.  The authors reported 
that the membrane prepared with PTES had properties intermediate between the membranes 
prepared from TEOS and DPDES.  (See Table 14.)  The use of PTES and DPDES was, 
therefore, effective in controlling the micropore size.  The permeance of CO2 in the DPDES-
derived membrane was affected by adsorption and decreased with increasing temperature, 
otherwise permeances were not significantly dependent on the permeation temperature.  Contrary 
to results from other studies of inorganic membranes [38-40, 54, 55], the CO2/N2 selectivity was 
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decreased when the binary CO2-N2 mixture was fed because CO2 and N2 permeate through 
micropores in which CO2 and N2 are barely able to pass one another.  When helium, which is 
permeable in abundant sub-micropores, was used as the sweep gas instead of Ar, the surface 
diffusion of CO2 in micropores was retarded because helium molecules frequently collided with 
CO2 adsorption sites, and, as a result, the CO2/N2 selectivity decreased. 

Raman et al. [90] deposited a hybrid organic-inorganic sol, prepared by co-polymerization of 
TEOS and methyltriethoxysilane (MTES) on a porous alumina support.  The calcined silica 
membrane was further modified by derivatization of the pore surfaces with monomeric TEOS to 
allow monolayer by monolayer “fine tuning” of pore size.  Subsequent derivatization of the pore 
surfaces significantly increased the CO2/CH4 separation factor with only a slight decrease in CO2 
permeance.  (See Table 13.)  The CO2/CH4 permselectivity of the fine-tuned membranes was 72 
with the CO2 permeance of about 7 x 10-7 mol m-2 s-1 Pa-1. 

Tsai et al. [91] formed dual-layer microporous silica membranes using a sol-gel dip-coating 
process.  They deposited a surfactant-templated silica (STS) intermediate layer on the top of the 
γ-alumina support to improve its surface finish, and to prevent the subsequently deposited sol 
from penetrating into the support.  The resulting membranes were dip-coated under clean room 
conditions to avoid dust contamination and vacuum-calcined at 300 °C for 6 hours to promote 
further pore shrinkage, and to enhance surface hydrophobicity.  The source of the silica sol was 
TEOS and surfactants used in the STS layer were C6-surfactant (triethylhexylammonium 
bromide) and C16-surfactant (cetyltrimethylammonium bromide).  The dual layer asymmetric 
membranes possess a gradual change of pore size from 50 A (γ-alumina support layer) to 10 to 
12 A (STS intermediate layer), and then to 3 to 4 A (300 A thick microporous top layer).  They 
achieved a high CO2 permeance (1.1 x 10-7 mol m-2 s-1 Pa-1) along with a high CO2/CH4 
separation factor of over 300 at 26 °C from the dual-layer silica membrane for a separation of an 
equimolar CO2/CH4 gas mixture.  They reported shrinkage of larger pores upon further 
calcination at 450 °C in air for 1 hour.  The resulting membrane provided 92 percent mol H2 
purity with 50 times reduction of CO from a simulated reformate mixture (33.98% N2, 15.00% 
CO2, 0.997% CO, and 50.023% H2) for application in fuel cells.  The same membrane also gave 
CO2/CH4 and CO2/N2 permselectivities of 240 and 60, respectively, along with CO2 permeance 
of around 2 x 10-8 mol m-2 s-1 Pa-1 at 80 °C. 

Okubo et al. [92-94] prepared surface-modified membranes by introducing TEOS vapor into the 
pores of the porous glass and then decomposing it on the pore walls at 200 °C.  The CO2/N2 
permselectivity from the modified membrane at 60 °C was just 1.6 with CO2 permeance of 8 x 
10-10 mol m-2 s-1 Pa-1 [93]. 

McCarley et al. [95] fabricated gas separation membranes by modifying mesoporous γ-alumina 
with octadecyltrichlorosilane (ODS).  They hypothesized, based on ellipsometry measurements 
and XPS analysis, that the composite membrane contained a very thin selective polymer film of 
ODS molecules (~10.1 nm) interconnected with the porous alumina surface.  Selectivity of 
CO2/N2 was increased by 10 percent, while the CO2/CH4 selectivity almost doubled for the 
mixed gas separations, compared to the pure gas permeances.  (See Table 15.)  The increase in 
selectivity for the mixed gases was attributed to the competitive adsorption.  They also found that 
the pure gas permeances followed an exponential relationship with the critical temperature, 
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which showed that the transport was controlled by preferential adsorption (since solubility of 
gases is an exponential function of critical temperature). 

Table 15. Permeation Properties of Surface Flow Membrane  

Selectivity Membrane Permeation 
Temperature (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

(CO2/N2) (CO2/CH4) 

ODS/γ-alumina 20 2 x 10-8 5.14 2.10 

 20a 

20b
4 x 10-8

1.4 x 10-8
5.84c  

4.31c

aFeed: 51.3% CO2 and 48.7% N2; bFeed: CO2 and CH4 equimolar mixture; cSeparation factor 
 

Leger et al. [96] also used ODS derivatives to modify a 5 nm γ-alumina ceramic membrane for 
gas separations.  ODS reacted with the surface hydroxyl groups on alumina and formed a 
chemically stable monolayer on an alumina membrane.  They observed that the permeabilities 
reduced by three orders of magnitude after treating γ-alumina with ODS, because the pores of the 
treated membrane were partially blocked by the octadecyl aliphatic chains.  All gases showed 
similar permeability through the ODS treated membrane (CO2 permeance of 3.5 x 10-9 mol m-2 s-

1 Pa-1).  The mechanism of transport in this membrane was solution-diffusion.  The authors 
concluded that this membrane is not appropriate for separations of these gases. 

Li et al. [19, 97] prepared silicon-based composite membranes by the polymerization-pyrolysis 
process.  They polymerized dichlorodimethylsilane or trichloromethylsilane in situ in the pores 
of Vycor porous glass tube, and then pyrolyzed the polymerized sample at 300 to 530 °C for 8 
hours in the presence of O2 or N2.  They reported permselectivity (CO2/N2) as high as high 10, 
along with the permeability coefficient of CO2 of 5,600 Barrer from this polysiloxane membrane.  
It was suggested that the permeability in the polysiloxane-Vycor glass membrane was governed 
by the activated diffusion mechanism.  They also formed composite membranes by pyrolyzing 
polysilastylene at 460 °C, which exhibited permeation of gases by the molecular sieving 
mechanism. 

Kusakabe et al. [83] also prepared composite membranes by a controlled pyrolysis of 
polycarbosilane coated on a γ-alumina-modified support tube.  The permeation of CO2 was 
controlled by the surface diffusion mechanism.  The permeance of CO2 and N2 decreased with 
increasing permeation temperature for all membranes, except for the membrane pyrolyzed at 
<450 °C, in which N2 permeance increased with increasing temperature.  It was reported that 
pyrolysis in the presence of air created acidic sites on the membrane surface and, hence, the 
surface diffusion of CO2 decreased.  The permeance of gases increased with increasing pyrolysis 
temperature of polycarbosilane membranes, as shown in Table 16 below. 
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Table 16. Results from Composite Membrane by Pyrolysis of Polycarbosilane  

Pyrolysis 
Temperature (°C) 

Pyrolyzed 
Medium 

Permeation 
Temperature (°C) 

CO2 Permeability 
(mol m-2 s-1 Pa-1) 

Selectivity 
(CO2/N2) 

350 
 
 

400 
450 
450 
550 

N2

 
 

N2

Air 
N2

N2

10 
100 
200 
10 
10 
10 
10 

4 x 10-8

2 x 10-8

1.5 x 10-8

9 x 10-8

2.2 x 10-7

9 x 10-7

1.4 x 10-6

8.9 
4.0 
2.1 

18.0 
3.1 
9.0 
3.7 

 

Hyun et al. [98] modified γ-alumina composite membranes by the silane coupling technique 
using phenyltriethoxysilane to improve the CO2/N2 separation factor.  The separation efficiency 
of the γ-alumina composite membranes modified by silane coupling was strongly dependent 
upon the hydroxylation tendency of the support materials.  The CO2/N2 separation factor through 
the TiO2 supported (average pore size 0.3 µm) γ-alumina membrane was found to be increased 
by silane coupling, in contrast to the α-alumina supported (average pore size 0.1 µm) membrane. 
(See Table 17.)   

Table 17. Effect of Surface Modification on γ-Alumina Membranes by Silane Coupling  

Membrane Permeation 
Temp. (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

PS 
(CO2/N2) 

SF 
(CO2/N2)a

γ-Al2O3/TiO2 25 1.7 x 10-6 1.05 1.05 

γ-Al2O3/α-Al2O3 25 1.7 x 10-6 0.87 0.87 

γ-Al2O3/TiO2

(10wt% silane modified) 
25 
90 
120 

 1.8 1.4 
1.5 
1.3 

γ-Al2O3/α-Al2O3

(10wt% silane modified) 
25   1.1 

γ-Al2O3/TiO2

(4wt% silane modified) 
25 
25 
25 

 1.55 1.25 
1.28b 

1.35c

γ-Al2O3/TiO2

(10wt% silane modified) 
120d 

120e
7 x 10-8

1.5 x 10-7
2.2 
1.3 

 

aFeed: Binary mixture: 10% CO2 and 90% N2; bFeed: 20% CO2 and 80% N2; cFeed: 50% CO2 and 50% N2; 
dMembrane performance after 10 min; eMembrane performance after 300 min; PS: Permselectivity and SF: 
Separation Factor 

 

The authors assumed that the difference in results from two different composite membranes were 
due to the silane coupling on the surface of α-alumina pores.  They also found that the CO2/N2 
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separation factor increased as the amount of the phenyl radical coupled on the γ-alumina layer 
increased, and as the concentration of CO2 increased in the feed of the binary mixture of CO2 and 
N2.  They reported that the modified composite membrane was thermally stable up to 100 °C, 
and that transport across the membrane is caused by the surface diffusion mechanism.  The 
phenyl group of the silane compound was decomposed when the membrane was used for a long 
time at the higher temperature. 

The sol-gel techniques were applied by Asaeda et al. [99] to fabricate thin layer silica 
membranes on porous silica and silica-zirconia supports coated on α-alumina porous cylindrical 
tubes.  The pore size of the silica membrane was around 0.35 nm.  The CO2 permeance increased 
through the silica membrane as the temperature decreased, while N2 and CH4 permeances 
increased very slightly, because CO2 is more adsorptive on the silica surface than N2 or CH4. 
(See Table 18.)  They reported that the porous silica membranes were quite stable when used in 
dry conditions, while a silica membrane on a silica-zirconia sublayer was even stable in humid 
conditions. 

Table 18. Gas Permeances for Porous Silica Membranes  

Permselectivity   Membrane Permeation 
Temp (°C) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

CO2/N2 CO2/CH4 H2/CO2

Silica/silica/α-alumina 35 
300 

7 x 10-7

2 x 10-7
17 
6 

80 
25 

2 
6 

Silica/silica-zirconia/α-alumina 35 
300 

9 x 10-7

3.5 x 10-7
25 
8 

100 
16 

2 
5 

 

Shelekhin et al. [100] used the microporous silica hollow fibers (PPG Industries, Inc.) as 
membranes for gas separations.  The fiber had a 22 µm inner diameter, 32 µm outer diameter, 
and a length of 0.135 m.  The membranes from the fibers are high temperature and chemically 
resistant with very competitive transport properties, but the fiber is very brittle to fabricate the 
membrane module.  Selectivity in the hollow fiber membrane was found to be a function of 
differences in the gas kinetic diameters, and decreased with increasing temperature, as shown in 
Table 19. 



Table 19. Permeation of Gases in Microporous Glass Membranes  

Permselectivity  Permeation 
Temp. (°C) 

CO2 Permeance  
(mol m-2 s-1 Pa-1) 

(CO2/N2) (CO2/CH4) 

30 
100 
250 

1.8 x 10-9

2.9 x 10-9

3.1 x 10-9

34 
23 
7 

1675 
780 
62 

 

Silica membranes have shown a variety of permeabilities, but for the most part lack good 
selectivity, as shown in Figure 6 and Figure 7.  The exceptions, as discussed above, are the work 
of Asaeda [99] and Tsai [91], which show the greatest promise for development of practical, 
CO2-selective silica membranes. 
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Figure 6. Literature Data for CO2/N2 Selectivity vs. CO2 Permeability for Silica 
Membranes 
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Figure 7. Literature Data for CO2/CH4 Selectivity vs. CO2 Permeability for Silica 
Membranes 

Perovskite Oxide-Type Membranes 

Typically, perovskites are of the form ABO3, where A is a lanthanide element, B is a transition 
metal, and O is oxygen.  The A component and/or the B component may be doped with other 
materials to enhance the stability and performance of perovskite oxide-type materials.  These 
ion-conductive perovskite-type oxide membranes have been extensively studied for O2 
separations at elevated temperatures.  The stability of perovskite type materials at very high 
temperatures should attract membranologists attention towards CO2 selective membranes at 
elevated temperatures. 

Kusakabe et al. [101] prepared α-alumina supported BaTiO3 membranes from hydrolysis of 
Ba(iso-OC3H7)2, and Ti(iso-OC3H7)4 and calcination at 600 °C in N2, and were hoping to 
enhance surface diffusion of CO2 through BaTiO3-impregnated membrane.  They observed that 
the separation factors of CO2/N2 were about 1.1 to 1.2, exceeding Knudsen limit of 0.8 for the 
CO2/N2 system, in the temperature range of 100 to 500 °C.  These low values of separation 
factors through BaTiO3-impregnated membranes were caused by the presence of pinholes in the 
membrane layer. 

Hydrotalcite Membranes 
Hydrotalcite (HT) compounds consist of layers containing octahedrally coordinated bivalent 
cations (e.g., Mg2+, Ni2+, Co+2, Zn2+, Cu2+) and trivalent cations (e.g., Al3+, Fe3+, Cr3+), as well as 
interlayer anions (e.g., CO3

2-, SO4
2-, NO3

-, Cl-, OH-, [Fe(CN)6]4-) and water [102, 103].  
Hydrotalcites show a spinel phase (MgAl2O4) in addition to γ-Al2O3 phase and MgO phase.  
After calcination at higher temperatures, these compounds lose interlayer anions and water to 
form mixed oxides that can be used as solid base catalysts (e.g., Mg-Al-O) as well as catalyst 
supports [103, 104].  Mixed oxides, Mg-Al-O, have also been shown to have high surface area 
and good stability toward heat treatment, making them viable candidates for ceramic membrane 
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materials. 

Mixed oxides, or HTs, should be explored as membrane material to take advantage of the acid-
base interaction between acidic CO2 and the basic sites on HTs, or on mixed oxides for CO2 
separation.  However, CO2 adsorption on the HT surface might become irreversible due to 
stronger bonding of CO2 to the stronger basic sites of HT and, hence, it would result in lower 
CO2 permeability across the HT membrane. 

Several researchers [103, 105-112] have investigated CO2 adsorption on HTs and mixed oxides, 
but to our knowledge, no HT/mixed oxide membrane studies have been reported.  Yong et al. 
[110] have investigated the adsorption of CO2 onto HT-like compounds at elevated temperatures.  
They observed that the CO2 adsorption capacity of all HTs higher than 0.30 mmol/g and up to 
0.5 mol/kg at 300 °C and 1 bar.  Interestingly, they mentioned that the HT layers would be 
destroyed, due to decarbonation above 300 °C, which would result in micropores in the 
decomposed HT and in increased surface area and pore volume.  Therefore, the decomposition 
process would enhance the CO2 adsorption capacity of a HT.  It was concluded that the CO2 
adsorption capacity is mainly dependent on the microporous volume, interlayer spacing, and 
layer charge density of the HT-like compounds.  They also reported that the presence of water 
vapor is favorable for the adsorption of CO2 onto HTs at high temperature [112]. 

Ding et al. [107] have also studied high temperature CO2 adsorption on a HT adsorbent under 
steam reforming of methane conditions.  At 480 °C and in the presence of water vapor, they 
measured CO2 adsorption capacity of a HT of 0.58 mol/kg, and also noticed that the capacity was 
not sensitive to water vapor content in the feed.  A chronological decline in the reversible 
adsorption capacity was also noticed.  They used a steam purge to regenerate the adsorbent.  
Hufton et al. [111] developed a proprietary potassium carbonate promoted hydrotalcite material 
to remove CO2 in the steam reforming of methane for H2 production.  They reported a steady 
state reversible CO2 adsorption capacity of 0.45 mol/kg at 400 °C by the material after 10 cycles 
of operation. 

Schaper et al. [113] have shown that the calcination (>600 °C) of HT yields high surface area (> 
200 m2/g) and basic mixed oxides, which have improved stability towards heat and steam. 

Horiuchi et al. [114] modified alumina by adding basic metal oxides to enhance the CO2 
adsorption at elevated temperatures.  They examined several different oxides as modifiers such 
as oxides of rare earth metals (La, Ce, Nd, Pr), alkaline earth metals (Mg, Ca, Sr, Ba), and alkali 
metals (Na, K, Rb, Cs).  It was observed that CO2 was adsorbed on the modified alumina even at 
temperatures above 500 °C.  The heat of CO2 adsorption increased from 80 to 170 kJ mol-1 with 
decreasing electronegativity of the cation used in the modification. 

Membrane reactors offer an appealing alternative to combine the water gas shift reaction 
(WGSR), and CO2 or H2 separation in a single step.  The combination of reaction and separation 
in WGSR in IGCC systems is an attractive future option for CO2 removal, as compared to 
conventional options [115].  The membrane reactor provides simultaneous removal of H2 or CO2 
in the WGS reaction to shift the reaction equilibrium towards the complete conversion of CO.   

Several researchers [115-118] have utilized the WGS membrane reactor with H2 removal using 
palladium or other metallic membranes.  Criscuoli et al. [116] have reported a H2/CO2 separation 
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factor of 1.46 at 325 °C from the mesoporous alumina membranes, which is significantly lower 
than the Knudsen value (4.7), because of the presence of viscous flow at elevated temperatures.  
Membranes made of HT-like materials or other basic mixed oxides might increase the CO2 flux 
through such membranes due to enhanced surface diffusion and could be utilized as support 
material for a WGS catalyst.  Copper-based binary CuO/ZnO and ternary CuO/ZnO/Al2O3 mixed 
oxide catalysts have been widely employed in industry for the WGS reaction and proved to be 
better than traditional iron-based catalysts.  Copper-based catalysts operate at lower 
temperatures, allowing higher thermodynamic conversions.  Several researchers [119-121] have 
employed HT-like compounds as catalysts for the WGS reaction.  Gines et al. [120] found that 
Cu/ZnO/Al2O3 catalysts were more active than Cu/ZnO catalysts for the WGS reaction, due to 
the formation of the hydrotalcite structure in the ternary mixed oxides.  Petrini et al. [121] and 
Lima et al. [119] made similar observations for the WGS reaction using HT-like compounds. 

Researchers [122-124] from Air Products and Chemical Inc. have developed a sorption-enhanced 
reaction process (SERP) for carrying out simultaneous reaction and separation of desired 
products in a single unit operation.  They studied different equilibrium controlled reactions using 
SERP such as the WGSR, the reverse WGSR, and steam reforming.  The pressure swing 
adsorption (PSA) technique was applied to regenerate the CO2 saturated adsorbent in situ at the 
reaction temperature.  After adsorbent screening, K2CO3-promoted hydrotalcite was chosen as a 
CO2 adsorbent for the reactions mentioned above.  They found that the promoted hydrotalcite 
was stable over time and maintained an equilibrium CO2 capacity of 0.3 to 0.45 mmol g-1 over 
nearly 6,000 cycles [123].  Adsorbent stability was tested by repeatedly exposing the hydrotalcite 
in the cyclic lifetime unit to reaction and regeneration conditions (i.e., 250 psig steam/CO2 for 20 
minutes followed by 5 minutes of N2 purge at atmospheric pressure, all at 400 to 550 °C).  The 
equilibrium CO2 capacity was determined at 450 °C and 10 psi CO2.   

It is obvious from above discussion that certain hydrotalcites have the capability to adsorb a 
large amount of CO2 at elevated temperatures while maintaining stability over time.  Enhanced 
CO2 adsorption capacity of HT in the presence of steam at elevated temperatures as well as their 
thermal stability also makes them very attractive materials for CO2 selective membranes.  It is 
not inconceivable that the PSA technique could be replaced by hydrotalcite membranes for the 
WGSR or steam reforming reaction.  A membrane reactor would make this a continuous process, 
as well as save compression costs associated with the PSA process. 

Polymeric Membranes 

Two types of polymeric membranes are widely used commercially for gas separations.  Glassy 
membranes are rigid and glass-like, and operate below their glass transition temperatures.  On 
the other hand, rubbery membranes are flexible and soft and operate above their glass transition 
temperatures.  Generally, polymeric membranes exhibit inverse permeability/ selectivity 
behavior; in other words, selectivity to different gas pairs increases as the gas permeability 
through it decreases [3].  Mostly, rubbery polymers show a high permeability, but a low 
selectivity, whereas glassy polymers exhibit a low permeability but a high selectivity.  Glassy 
polymeric membranes dominate industrial membrane separations because of their high gas 
selectivities, along with good mechanical properties.  There are not many rubbery polymers other 
than silicone polymers, particularly poly(dimethylsiloxane) (PDMS), that can be used in gas 
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separations.  Glassy polymers such as polyacetylenes, poly[1-(trimethylsilyl)-1-propyne] 
(PTMSP), polyimides, polyamides, polyarylates, polycarbonates, polysulfones, cellulose acetate, 
poly(phenylene oxide), and cardo-type polymers are extensively studied polymeric material for 
gas separations.  Polyimides are one of the most extensively investigated polymer materials for 
membranes, because most of them exhibit higher gas selectivity as well as higher gas 
permeability compared to many other glassy polymers [14].  They impart good mechanical 
properties along with higher chemical and thermal stability in resulting membranes.  Structural 
modifications are required to enhance the permeation properties of polyimides. 

Gas transport in polymeric membranes is affected by several polymer properties, such as 
morphology, free volume content, intersegmental chain spacing (d-spacing), orientation, cross-
linking, polymer polarity, defects, thermal processing history, glass transition temperature, 
average molecular weight, molecular weight distribution, composition, degree of crystallization, 
types of crystallites, etc.  The presence of crystalline domains in a polymer adds a tortuosity 
factor to gas diffusion and, thus, makes gas transport more complicated.  The free volume 
present in polymers can be visualized as microvoids or holes dispersed in the polymeric matrix.  
The penetrant condensability can be calculated from the critical temperature, the boiling point, 
and the Lennard-Jones potential force constant of the penetrants.  Chemical affinity can be 
defined as the interaction between the gas and polymeric matrix.  Stronger interactions between a 
gas and the functional groups of a polymer result in higher solubility of that gas in the polymer.  
Therefore, CO2, which has a quadrupolar moment, is highly soluble in polar polymers.  
Condensability also plays an important role in gas permeation through polymeric membranes.  
Condensability (in °K) and kinetic parameters (in A) for gases of interest are [125]: He (10.2, 
2.69), H2 (60, 2.8), CO2 (195, 3.3), O2 (107, 3.46), N2 (71, 3.64), and CH4 (149, 3.87).  Hydrogen 
is more permeable than the smaller helium in amorphous polymeric membranes, due to its higher 
condensability. 

Rubbery Polymeric Membranes 
Merkel et al. [126] studied the permeability of PDMS and poly(1-trimethylsilyl-1-propyne) 
(PTMSP) for a simulated syngas feed containing 42 percent H2, 46 percent CO, 10.5 percent 
CO2, and 1.5 percent H2S at temperatures up to 240 °C.  They found that the PDMS and PTMSP 
membranes were more permeable to the more condensable gases, such as CO2 and H2S 
compared to H2 at 25 °C, however, both membranes became H2 selective at elevated 
temperatures.  (Shown in Table 20.)  Rubbery PDMS and high free volume, glassy PTMSP 
membranes behaved differently with increasing permeation temperature.  Permeability decreased 
with increasing temperature for all gases except H2 in PTMSP membranes, whereas it increased 
with temperature in PDMS membranes.  They attributed this distinct behavior to accelerated 
physical aging of PTMSP membranes at high temperatures. 
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Table 20. Gas Permeation from a Simulated Syngas Mixture  

Separation Factor Membrane 
Type 

Temp.(°C) CO2 Permeability 
(Barrer) (CO2/H2) (CO2/CO) (H2S/H2) 

PDMS 25 
70 
120 
150 

3200 
3400 
3800 
4300 

3.4 
1.7 
1.1 
0.9 

6.4 
3.5 
3.6 
3.9 

5.4 
2.6 
1.5 
1.0 

PTMSP 25 
70 
150 
240 

19000 
11000 
3400 
2000 

1.6 
1.0 
0.6 
0.4 

3.7 
2.4 
2.3 
1.9 

1.8 
1.2 
0.8 
0.5 

 

Polyphosphazenes are hybrid polymers that consist of highly flexible inorganic phosphorus-
nitrogen backbone with two functional groups attached to each phosphorus.  The inorganic 
backbone provides thermal and chemical stability to the polymer.  They are thermally stable up 
to 400 °C [125].  Orme et al. [125] investigated polyphosphazenes with three different functional 
groups of different hydrophilicity for the gas separation.  Functional groups attached are 2-(2-
methoxyethoxy)ethanol (MEE) to provide a polar hydrophilicity, 4-methoxyphenol (4MP) to 
provide hydrophobicity and film forming abilities, and 2-allylphenol (2AP) for cross-linking.  
Table 21 summarizes permeation results from different polyphosphazenes membranes with 
varying relative amounts of each functional group on the backbone.  CO2 permeability increased 
linearly with the amount of hydrophilic MEE on the polymer backbone.  They attributed this 
behavior to strong intermolecular interaction between CO2 and the MEE group.  Other gases (H2, 
N2, and CH4) are believed to have a very limited interaction with the polymer membrane, and 
transport of these gases occurred due to segmental chain motion. 

Table 21. Results from Different Polyphosphazenes Membranes  

Composition (%)a Permselectivity No. 
MEEb 4MPc 2APd

Permeability of 
CO2 (Barrer) CO2/N2 CO2/CH4 CO2/H2

1 6 75 19 9.3 31.0 6.6 2.2 
2 23 72 5 38.9 21.6 10.8 2.9 
3 25 59 16 81.9 29.3 11.5 4.2 
4 38 46 16 107.7 27.6 7.7 4.2 
5 48 48 4 115.9 14.0 7.2 4.9 
6 74 24 2 226.7 22.2 11.8 7.9 
7 100 0 0 250.0 62.5 22.7 10.0 

aPercentages of sites on the backbone occupied by each functional group; b2-(2-methoxyethoxy)ethanol; c4-
methoxyphenol; d2-allylphenol.Permeation temperature 25 °C. 
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Stern et al. [127] found that the permeation properties of a given permeant can be significantly 
improved by substitution of a suitable functional group in the polymer that will induce specific 
interactions with the permeant.  Such interactions primarily increase the solubility of the 
permeant in the polymer.  Polysiloxanes membranes exhibit a high permeability accompanied by 
a low selectivity.  Ashworth et al. [128, 129] have studied the effect of a side-chain ester 
functionality in polysiloxane membrane on the permeation properties of CO2, CH4, and N2.  
They reported that there was little change in the relative diffusivity of CO2 to CH4 (or N2) at 35 
°C with an increase in ester functionality, but the higher permselectivity of CO2/CH4 or CO2/N2 
resulted from an increase in the relative solubility of CO2 to CH4 (or N2). 

Glassy Polymeric Membranes 
Matsumoto et al. [130] synthesized two hexafluoro-substituted aromatic polyimides, 6-FDA-p-
PDA and 6FDA-4,4’-ODA, for gas permeation studies.  They achieved higher gas permeabilities 
through 6FDA polyimides, compared with PMDA polyimides, while high permselectivities of 
6FDA polyimides were maintained.  (See Table 22.)  They suggested that a helix configuration 
contributes to the increase in the free volume of the polymer, due to the bulky –C(CF3)2– group 
in the polymer backbone, hence, it controls the gas diffusivity. 

Table 22. Summary of Results from FDA Membranes  

Permselectivity  Membrane Permeation 
Temp (°C) 

CO2 Permeability 
(Barrer) (CO2/N2) (CO2/CH4) 

6FDA-p-PDA polyimide 25 35 29 70 
6FDA-4,4’-ODA polyimide 25 21 42 75 

 

Costello et al. [131] studied polypyrrolone material, hexafluorodianhydride-3,3’,4,4’-
tetraaminodiphenyl oxide (6FDA-TADPO), for membrane-based gas separations at elevated 
temperatures.  They discussed the loss of permselectivities of various gas pairs with increasing 
temperature in terms of both solubility selectivity and diffusivity selectivity.  They observed that 
the solubility selectivity of gas pairs with the 6FDA-TADPO membrane was almost unaffected 
with increasing temperature.  Therefore, the loss of permselectivities entirely resulted from the 
loss of the diffusivity selectivity at elevated temperature.  It was concluded that the diffusivities 
of larger molecules benefit more from increased polymer chain motion due to increasing 
temperature.  The CO2/CH4 (size difference 0.5 A) permselectivity decreased more rapidly with 
increasing temperature than the CO2/N2 (size difference 0.34 A) permselectivity. 

H. Kawakami et al. [132] have synthesized thermally cured aromatic polyimide membranes from 
2,2’-bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) and 3,3’-
diaminodiphenylsulfone (m-DDS) to elucidate the effect of membrane microstructure on the gas 
permeation properties.  The 6FDA-m-DDS membranes were prepared by the solvent-casting 
method and then cured at 150, 200, and 250 °C.  The authors observed a steep increase in the 
CO2/CH4 permselectivity with increasing the curing temperature while only a slight increase in 
CO2/N2 permselectivity.  (See Table 23.)  The increase in permselectivities for the 6FDA-m-
DDS membrane was a result of an increase in diffusivity selectivities of gases by increasing the 
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curing temperature, because the solubility selectivities were independent of the curing 
temperature.  It was concluded that the formation of charge transfer complexes in the 6FDA-m-
DDS membrane with increasing curing temperature increased the packing density of the polymer 
chain and decreased the free volume, thereby leading to an increase in diffusivity selectivities.  
However, the gas permeabilities were very low through the 6FDA-m-DDS membrane. 

Table 23. Effect of Polymeric Properties on Gas Permeation  

Permselectivity Diffusion 
Selectivity 

Solubility 
Selectivity 

Curing 
Temp 
(°C) 

ρ 
(g/cm3) 

Free 
Volume 

CO2 
Permeability 

(Barrer) CO2/ 
N2

CO2/ 
CH4

CO2/ 
N2

CO2/ 
CH4

CO2/ 
N2

CO2/ 
CH4

150 1.469 0.156 2.2 25 42 0.82 12 30.0 33.5 
200 1.480 0.150 2.0 30 72 1.03 21 30.5 34.1 
250 1.484 0.148 1.5 30 116 0.90 33 31.5 35.3 

Permeation temperature 25 °C. 
 

Polyimides are very attractive materials for gas separation membranes because of their good gas 
separation and physical properties, such as high thermal stability, chemical resistance, 
mechanical strength, and low dielectric constant.  However, problems associated with the 
swelling and plasticization of polyimides can limit its applications in the gas separation area.  
The polymer matrix swells upon sorption of CO2 present in the feed, escalating the permeation of 
other species in the feed.  Hence, the polyimide membrane loses its selectivity.  Cross-linking the 
polyimides can solve the plasticization or swelling problem, and it can enhance the permeability 
properties of the polyimide membranes [133-141]. 

Staudt-Bickel et al. [136] synthesized uncross-linked and cross-linked polyimides to investigate 
the effect of the degree of cross-linking on swelling and plasticization due to CO2.  They used 
6FDA as a dianhydride monomer and mPD (m-phenylene diamine) and DABA (diamino benzoic 
acid) as diamine monomers for the polymerization reaction.  They observed reduced 
plasticization from a copolyimide containing a strong polar carboxylic acid (DABA) for CO2 
pressure up to 14 atm.  The reduction was attributed to psuedo-cross-linking because of 
hydrogen bonding between the carboxylic groups.  It was reported that the swelling effects 
caused by CO2 could be reduced up to 35 atm CO2 feed pressure by chemical cross-linking of the 
free carboxylic acid groups of the 6FDA-mPD/DABA 9:1 with ethylene glycol (EG).  (See Table 
24.)  They also observed an increase in CO2/CH4 selectivity with increasing degree of cross-
linking.  Interestingly, CO2 permeability was not significantly affected by cross-linking that used 
EG, because the reduced chain mobility created by cross-linking was compensated by additional 
free volume caused by the cross-links. 
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Table 24. Effect of Cross-Linking on the Performance of Polyimide Membranes  

Permselectivity S.F. (CO2/CH4)bMembrane CO2 Permeability 
(Barrer)d

(CO2/N2) (CO2/CH4) 4 atmc 18 atmc

6FDA-mPD 11.03 27 58 40 1 
6FDA-mPD/DABA 9:1 6.53 26 65 45 45 
6FDA-mPD/DABA 9:1 (cross-
linked) 

9.50 35 63 48 48 

6FDA-DABA (cross-linked) 10.40 26 87 70 70 
aFeed temperature: 35 °C and feed pressure: 3.64 atm, otherwise mentioned; bFeed: CO2 and CH4 equimolar 
mixture; cFeed Pressure; dPure gas permeability. S.F. = Separation Factor 

 

Multilayer composite membranes can be prepared in two different ways [142]: (A)  by selective 
layer/gutter layer/support substrate, and by (B) sealing layer/selective layer/support substrate 
[142-145].  In the A type structure, the gutter layer, which is also permeable, serves as a 
channeling and adhesive medium between the selective layer and the support substrate.  In the B 
type structure, the permeable sealing layer is applied to plug the remaining defects in the coated 
selective layer.  Shieh et al. [143] prepared the B type multilayer composite membrane, where 
they had silicone rubber (SR) as the sealing material, poly(4-vinylpyridine) (P4VP) as the 
selective layer, and polyetherimide (PEI) hollow fibers as the support substrate.  The PEI hollow 
fibers prepared from a PEI/PEG/ NMP (23/0/77) spinning dope and coated with 0.2 percent by 
weight P4VP and 3 percent by weight SR solutions gave CO2 permeance of 2.5 x 10-9 mol m-2 s-1 
Pa-1 at 25 °C with permselectivities of CO2 /N2 = 21, CO2/CH4 = 62, and H2/CO2 = 6.  
Composite hollow fiber membranes, P4VP/ PEI, exhibit a Knudsen mechanism, suggesting that 
a perfect thin P4VP layer did not form on the PEI hollow fibers without SR, which was the 
sealing layer material. 

It has been extensively reported in the literature that aromatic polyimides containing –C(CF3)2– 
groups in their dianhydride moieties (e.g., 6FDA-based polyimides) have been identified as more 
gas-selective, particularly towards CO2 relative to CH4 and N2, than other glassy polymers with 
comparable permeabilities [3].  Gas transport properties of 6FDA-based polymers are 
summarized in Table 25.  Gas permeability properties of different polyimides, which were 
synthesized from the reactions of various diamines containing biphenyl, diphenyl, 
diphenylmethane, phenylether, diphenyl sulfone, or diphenyl sulfide with BPDA, 6FDA, or 
PMDA, are also discussed by Hirayama et al. [146].  They investigated the relation of gas 
permeabilities, diffusivities, and solubilities with the structures of various polyimide films.  It 
was concluded that the diffusivities of amorphous polyimides do not correlate with the 
intersegmental spacing parameters (d-spacing and fractional free volumes), particularly for 
polyimides containing polar substituents. 
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Table 25. Summary of Results from Different Polymeric Membranesa

Permselectivity Ref. Membrane CO2 Permeability 
(Barrer) 

CO2/N2 CO2/CH4

[223] 6FDA-1,5-NDAb 23 21 49 
[224] 6FDA-6FpDAc 56 26 40 
[225] 6FDA-durene 

6FDA-durene/2,6-DATd(75:25) 
6FDA-durene/2,6-DAT (50:50) 
6FDA-durene/2,6-DAT (25:75) 
6FDA-2,6-DAT 

456 
220 
117 
67 
34 

13 
14 
14 
16 
19 

 

[226] 6FDA-durene 456 
547e 

678f

317g

13 
15 
18 
15 

16 
17 
20 
19 

[133] 6FDA-dureneh 30 10  
[227] 6FDA-TAPAj, k

6FDA-TAPAl 

6FDA-TAPAl 

6FDA-TAPAm

11i

65i 

47a 

6.7i

33 
30 
23 
27 

50 
41 

 
61 

[228] 6FDA-APPSn 9.1i 29 39 
[138] 6FDA-IPDAo 

6FDA-IPDAp
25 
20 

21 
20 

37 
40 

[229] 6FDA-IPAq 

6FDA-TBIr
9 
43 

21 
17 

45 
24 

aFeed pressure: 10 atm; temperature 35 °C; bpoly(1,5-naphthelene-2,2’-bis(3,4-phthalic) hexafluoropropane) 
diimide; c6FDA-4,4’-(hexafluoroisopropylidene) dianiline; d2,6-diaminotoulene; eFeed pressure: 5 atm; f2 atm; 
gAfter 280 days of aging; hCross-linking modification by immersing the dense films in p-xylenediamine for 30 
mins; iFeed pressure: 1 atm; j6FDA-tris(4-aminophenyl)amine (TAPA); kamine-terminated and ethylene glycol 
diglycidyl ether (EDGE)-cross-linked (content of EDGE = 0.34 mmol/g of polymer); lamine-terminated and 
terephthaldehyde (TPA)-cross-linked (content of TPA = 0.25 mmol/g of polymer); manhydride-terminated and 
4,4’-diaminodiphenyl ether (ODA) –cross-linked (content of ODA=0.04 mmol/g of polymer); n6FDA-bis[4-(4-
aminophenoxy )phenyl]sulfone (APPS); o6FDA-4,4’-isopropylidene dianiline (IPDA); pCross-linked with 5% 
6FDA-diacetylene by thermally annealing at 240 °C for 4 hr; q6FDA-isophthalamides (IPA); r6FDA-5-t-
butylisophthaloyl (TBI). 

 

Suzuki et al. [147] prepared composite hollow fiber membranes composed of a thin and dense 
outer-layer of BPDA-PEO/ODA polyimide and a sponge-like layer of BPDA-ODA/DABA 
polyimide.  The 1 mm thick outer layer was responsible for the gas separations.  They observed 
very similar results from mixed gas permeation, as well as from pure gas permeation, as shown 
in Table 26.  The CO2 permeance and the CO2/N2 permselectivity decreased 40 percent and 10 to 
20 percent, respectively, in a month after the membrane preparation.  It was concluded that the 
reduction of membrane performance was caused by densification of the inner layer at the 
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interface to the outer layer, which might be caused by a plasticization effect of the PEO-
containing polyimide.  Hence, the interface of the inner layer might become very dense and act 
as an additional layer.  However, the membrane performance did not change much subsequent to 
the first month. 

Table 26. Performance of the Composite Hollow Fiber Membranes for CO2/N2 Separation a 

CO2/N2 Separation Membrane 
Thickness 

(µm) 

Permeation 
Temp (°C) 

CO2 Permeanceb 
(mol m-2 s-1 Pa-1)   

Permselectivity Separation 
Factor 

2.0 25 
35 
50 
50c

5.4 x 10-9

7.7 x 10-9

1.2 x 10-8

1.9 x 10-8

73 
55 
37 
46 

69 
53 
36 

1.1 25 
35 
50 
50c 

50d

9.7 x 10-9

1.3 x 10-8

2.0 x 10-8 

3.4 x 10-8 

1.9 x 10-8

52 
44 
33 
37 
35 

50 
44 
33 

0.93 25e 

50e 

50 
50c

9.7 x 10-9

2.2 x 10-8

2.3 x 10-8

4.1 x 10-8

54 
33 
33 
39 

 
 

29 

aMeasured at feed pressure of 2 atm by a high vacuum method in one month after membrane preparation; 
bPure gas (CO2) permeance is given here, mixed gas permeances are very similar to pure gas permeances; 
cMeasured at feed and permeate pressure of 10 and 1 atm, respectively, in a few days after membrane 
preparation; d Measured at feed and permeate pressure of 10 and 1 atm, respectively, in one month; eMeasured 
at feed pressure of 2 atm by a high vacuum method in five months after membrane preparation. 
 

Tokuda et al. [148] developed a Cardo polyimide polymeric membrane, which gave higher 
CO2/N2 permselectivities than those of other polymeric membranes.  Cardo polyimides have 
some specific characteristics, such as high gas permeability, high heat resistivity, and a high 
solubility in organic solvents.  Cardo polyimides, particularly those with 3,3’,4,4’-
benzophenonetetracarboxylic dianhydride as a monomer (PI-BT), gave highest CO2/N2 
permselectivity.  Cardo polyimide (PI-BT-COOMe), which contains CO2-affinitive 
methylcarboxyl functionality, gave a CO2/N2 permselectivity of 52, with a CO2 permeance of 15 
Barrer at 25 °C.  The CO2/N2 permselectivity was improved by introducing a CO2 affinitive 
functional group on the Cardo constitution.  Tokuda et al. also used a wet-spinning method to 
produce asymmetric hollow fibers with defectless inner skin layers from PI-BT-COOMe.  These 
hollow-fiber membranes gave a maximum CO2/N2 permselectivity of 40, with a permeance of 
1.5 x 10-4 cm3(STP) cm-2 s-1 cmHg-1 (~500 Barrer if membrane thickness of 35 µm was used [K. 
Haraya, pers. comm., 2001]) at 25 °C, and a good mechanical strength. 

The term “Cardo-polymers” was proposed in 1971 by Korshak [148] to designate at least one 
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part of the constitutive unit, which carries a lateral ring connected to the main macromolecular 
backbone by a quaternary carbon atom.  The presence of Cardo groups induces some specific 
properties to all polymers, including such groups.  Thermal characteristics, glass transition 
temperature, and heat resistance are the characteristics of rigid macromolecules, but with 
significantly enhanced solubility in organic solvents and high transition temperatures. 

Bos et al. [137] carried out the cross-linking of Matrimid films by a thermal treatment at 350 °C 
to control the CO2-induced plasticization.  They observed that the plasticizing effect accelerated 
the permeation of CH4 for CO2/CH4 gas mixtures in the untreated membrane, whereas, CO2 and 
CH4 permeabilities remained constant for heat-treated Matrimid films at elevated feed pressures. 

It has been reported [149-151] that poly(ethylene glycol) (PEG) can dissolve substantial amounts 
of acidic gases, and the gas diffusivity in the PEG segment may be high, since the chain is 
flexible.  It is very difficult to obtain a thin film of PEG with mechanical and thermal stability.  
Therefore, highly stable membranes are obtained by blending PEG with other polymers, where 
the PEG segment provides high permeability coefficients and high permselectivities, and the 
other polymers provides robustness to the membranes.  Li et al. [152] prepared poly(ethylene 
glycol) (PEG)/cellulose acetate (CA) blended membranes for gas permeation studies.  (See Table 
27.)  The apparent solubility coefficients for CO2 were decreased by blending PEG20000 
(average molecular weight of 20,000).  The blended membranes containing PEG showed high 
apparent CO2 diffusivity coefficients, resulting in high permeability coefficients for CO2 
compare to that of the CA membrane.  It was concluded that the flexible main chain of 
PEG20000 in the amorphous domains in the blends allowed large penetrants, CO2, and CH4, to 
diffuse easily through the blended membranes, resulting in higher permeance of CO2 and CH4 
relative to that of N2.  Therefore, the CO2/CH4 permselectivities decreased by blending of 
PEG20000 with CA. 

Table 27. Effect of PEG on Gas Permeation in its CA Blend Membranes  

Permselectivity  Membrane Permeation 
Temp. (°C) 

CO2 Permeability 
(Barrer) 

(CO2/N2) (CO2/CH4) 

CA 30 
80 

5 
10 

30 
8 

29 
14 

CA + 30 wt% PEG20000 30 
80 

6 
20 

32 
14 

26 
12 

CA + 60 wt% PEG20000 50 
80 

5 
225 

27 
17 

10 
3 

 

Hirayama et al. [9] prepared cross-linked polymer films having high poly(ethylene oxide) (PEO) 
content by photo polymerization from mono- and dimethacrylate containing PEO.  The authors 
attributed the high CO2/N2 permselectivity to the high solubility selectivity due to the affinity of 
the PEO segment for CO2.  The CO2 permeability increased as the fractional free volume was 
increased by increasing the PEO content in the cross-linked chains.  The highest CO2 
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permeability of 510 Barrer was obtained at 50 °C for DM69/MM9(90/10) film with a CO2/N2 
permselectivity of 36.  DM69/MM9(90/10) was prepared  from the mixture of poly(ethylene 
glycol) dimethacrylate (DM) and poly(ethylene glycol) methyl ether methacrylate (MM) in the 
weight ratio of 90/10, where 69 or 9 is an average number of repeating units of ethyleneoxide.  
The permselectivity CO2/N2 was unchanged for different polymer films and stayed around 65 
and 35 at 25 °C and 50 °C, respectively.  The authors observed a non-linearity in the Arrhenius 
type plots for the CO2 permeability.  They attributed this abnormal behavior to the films with 
much longer blocks of PEO, which were partially crystallized at low temperatures, resulting in a 
large decrease in CO2 permeability.  It was also reported that the introduction of phenylene rings 
to the polymer chain decreased CO2 permeability and CO2/N2 permselectivity, because of both 
reductions in the segmental motion and in the affinity of PEO for CO2. 

Kim et al. [153] prepared pore-filled membranes using polyacrylonitrile membrane as a support 
and methoxy poly(ethylene glycol) acrylate (MePEGA) as a filling material by UV-irradiated 
photografting.  They reported high CO2/N2 permselectivity (32.5) with very low CO2 
permeability (5.65 x 10-4 Barrer) from this pore-filled membrane at a temperature of  30 °C.  
They attributed the high CO2 permselectivity of the membrane to the high solubility selectivity 
due to the affinity of CO2 to the PEO content of the membrane. 

M. Kawakami et al. [154] also reported cellulose nitrate/PEG blend membranes having up to 50 
percent by weight of PEG.  These membranes showed CO2 permselectivities of 29 to 38, with 
CO2 permeabilities of 1.4-8.2 Barrer.  The permeability and CO2 permselectivity of cellulose 
nitrate/PEG blended membranes increase appreciably with increasing PEG fraction.  The 
significant increase in CO2 permeability was attributed to the increments to both diffusivity and 
solubility of CO2.  It has been interpreted that an increase in diffusivity results from the 
spreading effect of the PEG plasticizer on the polymer chain.  

Okamoto et al. [155, 156] investigated gas permeation properties of poly(ether imide) segmented 
copolymer films prepared from polyether-diamine, comonomer diamine, and acid anhydride.  
They reported that the poly(ether imide) segmented copolymers have microphase-separated 
structures consisting of microdomains of rubbery polyether segments (for the gas permeation) 
and of glassy polyimide segments (for the mechanical properties and film forming ability).  The 
copolymer films having PEO content of about 70 percent by wt displayed high CO2 permeance 
(140 Barrer) with a CO2/N2 permselectivity of 70 at 25 °C.  The PEO containing polyimide 
membranes have also been reported to exhibit both high permeability of CO2 (75 Barrer) and 
high separation factor of CO2/N2 (=65) at 25 °C for a CO2-N2 mixture containing 18 percent 
CO2.  They attributed the high permselectivity to the high solubility selectivity resulting from the 
affinity of CO2 to PEO segments. 

Lehermeier et al. [157] introduced a new polymeric membrane material, poly(lactic acid) (PLA), 
which is being produced from a renewable feedstock (corn) rather than fossil resources.  At 30 
°C, CO2 permeability in PLA was 10.2 Barrer with CO2/N2 and CO2/N2 permselectivities of 8 
and 11, respectively.  The separation factor for a CO2/N2 mixture was similar to CO2/N2 
permselectivity.  The authors suggested that more studies of PLA as a membrane material are 
needed to explore its permeation properties in detail. 

Recently, several attempts have also been made to predict gas permeability and permselectivity 



in polymeric materials [158-160].  Park et al. [160] used a modified free volume based group 
contribution method for predicting the permeability of six common gases (He, H2, O2, N2, CH4, 
and CO2) in glassy polymers.  The method predicts the polymer density and uses a modified 
estimate of a free volume specific to each gas.  The various empirical group contribution factors 
in the model were deduced from a database of specific volume and permeability for over one 
hundred glassy polymers.  Robeson et al. [158] also used a group contribution theory to predict 
permeability and permselectivity of aromatic polymers chosen from the classes of polysulfones, 
polycarbonates, polyarylates, poly(aryl ketones), and poly(aryl ethers).  They did not follow the 
fractional free volume approach described by Park et al. [160], but instead utilized two other 
variables: the molar volume and the permeability contribution of each subunit.  Unfortunately, 
their study was only limited to the O2/N2 and He/N2 gas pairs.  Alentiev et al. [161] also used the 
group contribution method for prediction of gas permeation parameters (permeability and 
diffusion coefficients) of glassy polymers.  They deduced the group contributions from a 
database, including about 120 polyimides prepared from nine different dianhydrides, and about 
70 diamines. 

Most polymer membranes with high permselectivity have disappointingly low fluxes.  This is 
illustrated in Figure 8 and Figure 9, which show an upper bound in the relationships between the 
CO2/N2 and CO2/CH4 selectivities, respectively, and the permeability of CO2 for various glassy 
and rubbery polymers.  This indicates that although the polymer is efficient at separating 
molecules, diffusion through the membrane is slow, resulting in little economic benefit. 
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Figure 8. Literature Data for CO2/N2 Selectivity vs. CO2 Permeability for Polymeric 
Membranes 
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Figure 9. Literature Data for CO2/CH4 Selectivity vs. CO2 Permeability for Polymeric 
Membranes 

Hybrid Membranes 

Nonporous polymeric membranes give high selectivity but poor permeability.  On the other 
hand, porous inorganic membranes give high permeability but poor selectivity.  For better 
results, both selectivity and permeability in a membrane should be balanced.  There have been 
several studies that attempted to introduce organic affinities for the particular gas on inorganic 
membrane surface.  The introduction of organic functional groups sometimes contributes to the 
modification of the molecular structure of the material, which results in favorable selectivity or 
permeability.  Membrane microstructure can be controlled by either the degree of cross-linking, 
or the interstitial space occupied by the organic functional groups in the composite material. 

Hybrid materials in which polymers and ceramics are dispersed at a molecular level have been 
investigated as gas separation membranes.  A combination of the sol-gel reaction and 
polymerization is used to synthesize the hybrid material [162].  Resulting hybrid materials 
present the advantages of each material; for example, the flexibility and selectivity of polymers 
and thermal stability of ceramics.  Among these hybrid materials, polyimide-silica materials have 
received the most attention for the gas permeation studies.  Composite organic-inorganic 
membranes have become an expanding field of research as the introduction of organic molecules 
can improve the characteristics of a matrix. 

Okui et al. [162] prepared porous hybrid membranes from monoalkyltrimethoxysilane using the 
sol-gel technique.  All these hybrid membranes were formed on porous α-alumina supports.  
They introduced some functional groups, such as methyl, propyl, 3-chloropropyl, octadecyl, 
3,3,3-trifluoropropyl, and phenyl, to study the effect of CO2 affinity to these functional groups on 
the permeability properties of the resulting materials.  They found that the phenyl group has 
stronger affinity with CO2 than others do and, hence, the higher CO2/N2 permselectivity of 6 was 
achieved from the hybrid membrane containing a phenyl group.  They also reported that these 
 55
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functional groups were stable at higher temperatures.  The phenyl group remained intact even at 
400 °C. 

Silica-polyimide hybrid membranes were also prepared on γ-alumina coated α-alumina support 
tubes [163].  Polyamic acid was synthesized by dehydration condensation of PMDA and ODA, 
and was mixed with silica sols at various ratios.  After coating of the hybrid sols on a porous 
tube, imidization was conducted at 350 °C to form a defect-free thin silica-polyimide 
microcomposite membrane.  The permeance of gases increased with increasing temperature and, 
therefore, the permeation of hybrid membranes was governed by the dissolution-diffusion 
mechanism through the polymeric zone in the membrane.  (See Table 28.)  Carbon dioxide 
permeance decreased somewhat with increasing permeation temperature for a hybrid membrane 
with the silica content of 81 percent.  Surface diffusion of CO2 through the silica zone 
contributed to the permeance of membranes with high silica contents, and was limited at high 
temperatures. 

Table 28. Effect of Silica Content on the Permeation of Composite Membranes  

Permeation 
Temp. (°C) 

Silica Content 
(%) 

CO2 Permeability 
(mol m-2 s-1 Pa-1) 

Selectivity 
(CO2/N2) 

30 
 
 
 
 

100 
 
 
 
 

300 
 

100 
81 
68 
34 
0 

100 
81 
68 
34 
0 

100 
81 
68 
34 
0 

8 x 10-7

1.2 x 10-7

1.5 x 10-8

8 x 10-9

1 x 10-9

6 x 10-7

1.4 x 10-7

3 x 10-8

1.6 x 10-8

2 x 10-9

3 x 10-7

8 x 10-8

3.2 x 10-8

1.8 x 10-8

7 x 10-9

3 
15 
25 
27 
17 
1.5 
5 

15 
13 
14 
1.1 
1.8 
6.4 
2.3 
5 

 

Joly et al. [164] also showed that the presence of silica drastically increases the gas permeation 
properties in the hybrid composite membranes.  They prepared the polyimide-silica membranes 
containing 32 percent silica by adding TMOS to polyamic acid solution and subsequently 
imidizing at 300 °C.  The results were analyzed in terms of the dual sorption model.  In this 
model, it is assumed that the gas molecules dissolved in the polymer can be distributed in two 
distinct populations: (A) Henry type dissolution and (B) Langmuir type sorption.  Higher 
permeability of CO2 (2.8 Barrer) and CO2/N2 selectivities (CO2/N2 = 22 and CO2/CH4 = 14) 
were observed with the hybrid membrane compared to those of polyimide membrane (1.8 Barrer; 
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CO2/N2 = 18 and CO2/CH4 = 18).  The differences in gas permeation between the hybrid and the 
polyimide membrane were attributed to an increase in the sorption ability associated with an 
increase in contribution due to Henry’s type dissolution.  They also conclude, based on the 
membrane characterization using XRD and electron micrograph, that the addition of TMOS to 
the polyamic acid induces the imidization rate changes and some morphological modifications in 
the polymer matrix along with the formation of a heterogeneous material. 

In a different study Joly et al. [18] have studied the effect of the permeation temperature and 
silicon content on the gas transport properties of the hybrid composite membranes.  They 
observed a considerable increase in the CO2 permeance with an increase in the silica content due 
to its high solubility in the composite material.  (See Table 29.)  They also reported that the 
permeability activation energies decreased when the silica content of the hybrid membranes 
increased.  An increase in permeabilities and in temperature were observed, while selectivities 
(CO2/N2 and CO2/CH4) considerably decreased at higher temperatures. 

Table 29. Effect of Silica Content on the Permeation of Composite Membranes  

Permselectivity  Ref. Permeation 
Temp. (°C) 

Silica 
Content 

(%) 

CO2 Permeability 
(Barrer) 

(CO2/N2) (CO2/CH4) 

[18] 50 0 
25 
60 
72 

0.80 
1.20 
1.50 
2.03 

20 
30 
30 
20 

40 
40 
30 
26 

[165] 25 
 
 
 

85 

0 
10 
19 
27 
19 

122 
154 
205 
277 
507 

71 
72 
75 
79 
44 

 

 

The organic-inorganic hybrid membranes of poly(amide-6-b-ethylene oxide) (PEBAX) and silica 
were prepared by Kim et al. [165] via in situ polymerization of TEOS using the sol-gel process 
to perform their gas transport investigation.  The PEBAX copolymer consisted of two distinct 
regions, the impermeable crystalline polyamide phase, and the permeable amorphous 
polyethylene phase [166].  A high permeability and a high selectivity were observed from the 
PEBAX copolymer for polarizable/nonpolar gas pairs [166].  Using the wide-angle x-ray 
diffraction (WXAD) technique, the authors showed that the crystallinity of the polyamide phase 
was significantly reduced by the introduction of silica particles [165].  They reported that the 
hybrid membranes exhibited higher gas permeability coefficients and permselectivities than the 
PEBAX alone, particularly at elevated temperatures.  (See Table 29.)  The gas permeabilities and 
permselectivities increased with the silica content of the hybrid membranes.  It was concluded 
that the high permeability and permselectivity increases of the hybrid membranes arose from the 
strong interaction between CO2 molecules and the residual hydroxyl groups on the silica domain, 
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additional sorption sites in polyamide block of PEBAX, and the organic/inorganic interface. 

Hybrid composite gas-separation membranes have been prepared by Smaihi et al. [167] using a 
microporous polyacrylonitrile substrate and a thin organic-inorganic sol-gel layer as a 
permselective coating.  The thin sol-gel layers were obtained from co-hydrolysis of an 
organoalkoxysilane - diphenyldimethoxysilane (DPMOS) or phenyltrimethoxysilane (PTMOS) - 
and TMOS.  It was shown, based on several analytical techniques (SAXS, solid-state NMR, and 
DSC), that these hybrid networks were homogeneous at the molecular level.  CO2 permeation 
was increased in the DPMOS-TMOS membrane with increasing organoalkoxide molar ratio 
(DPMOS or PTMOS/(DPMOS or PTMOS+TMOS)), while it was decreased in the PTMOS-
TMOS membrane.  (See Table 30.)  The increase in CO2 permeation in DPMOS-TMOS was 
proportional to the phenyl group concentration of the membrane material.  They attributed the 
decrease in CO2 or N2 permeation in PTMOS-TMOS membranes to the increase in connectivity 
of the network with the molar composition in these membranes.  The connectivity of DPMOS-
TMOS membranes remained the same with the composition, while it increased in PTMOS-
TMOS membranes.  The transport of CO2 through these hybrid membranes was due to the 
surface diffusion mechanism.  They observed the highest permselectivity of CO2/N2 with 
PTMOS-TMOS (molar composition 81 percent) and attributed this high selectivity to the 
enhanced chemical affinity between CO2 and the membrane structure, due to an increased 
content of phenyl groups in the material. 

Table 30. Permeation through Composite Membranes as a Function of the Organoalkoxide 
Molar Proportion  

Membrane Organoalkoxide Molar 
Composition (%) 

CO2 Permeance 
(mol m-2 s-1 Pa-1) 

Selectivity 
(CO2/N2) 

PTMOS/TMOS 54 
63 
72 
81 

6 x 10-6

4 x 10-6

3 x 10-6

2 x 10-6

4 
4 
6 
14 

DPMOS-TMOS 27 
36 
54 

6.6 x 10-6

10 x 10-6

13 x 10-6

2 
2.5 
2.5 

Permeation temperature 25 °C. 
 

Smaihi et al. [168] have prepared homogeneous hybrid polyimide-siloxane copolymers 
containing different silica proportions by polycondensation, imidization, and the sol-gel process 
composed of PMDA, aminoalkoxysilane, and TMOS.  They used two coupling agents, 
aminoalkoxysilane to provide bonding between the imide portion and the silica inorganic portion 
– aminopropyltrimethoxysilane (APrTMOS), and aminopropylmethyldiethoxysilane 
(APrMDEOS).  Using 29Si-NMR studies they observed that in APrMDEOS samples, siloxane 
networks are more connected than those of APrTMOS.  IR studies of the hybrid material 
revealed that the presence of methyl side-groups linked to the silicon of APrMDEOS precursors 
inhibit the formation of OH free or OH linked bonds in the material.  They obtained similar 



 59

activation energy values for samples having the same silica content.  Therefore, the nature of 
coupling agent does not affect the gas transport mechanism.  The modification of the polymeric 
network by including methyl-side groups in the material enhanced the permeability for 
APrMDEOS samples.  The permeability of CO2 decreased with increasing siloxane content, 
particularly, in APrMDEOS materials.  (See Table 31.) 

Table 31. Permeation Results from APrTMOS and APrMDEOS Samples of Various 
Compositions  

CO2 Permeability (Barrer) Selectivity  
(CO2/N2) 

Selectivity 
(H2/CO2) 

Sampleb

50 °Ca 90 °C 190 °C 50 °C 90 °C 190 °C 90 °C 190 °C 

APrTMOS-0 
APrMDEOS-0 
APrTMOS-4 
APrMDEOS-4 
APrTMOS-8 
APrMDEOS-8 

1.9 
11.6 
1.3 
9.4 
3.7 
7 

3 
18.2 
2.1 

14.7 
1.6 
11 

6.2 
41 
3.4 
21 
1.8 
14 

0.4 
4.6 
0.7 
6.0 
0.5 
1.8 

0.6 
4.8 
1.2 
6.4 
0.9 
2.7 

1.3 
5.3 
1.9 
4.7 
1.4 
3.7 

6.0 
3.5 
7.4 
3.5 
6.8 
5.2 

7.3 
4.0 
9.1 
6.0 
11.8 
8.3 

aCalculated using values of activation energy given in the paper; bSample named as follows: ‘precursor name-x’, 
where x represents the molar ratio of TMOS/amic acid. 
 

Marand and her research group [169-171] studied the relationship of alkoxysilane type, their 
loading, and the morphology of the composite on permselectivity of hybrid poyimide-silica 
membranes for several gases including CO2, N2, and CH4.  Hybrid membranes were based on 
FDA-6FpDA and 6FDA-6FpDA-DABA poyimides and various alkoxysilanes, such as 
phenyltrimethoxysilane (PTMOS), methyltrimethoxysilane (MTMOS), tetramethylorthosilicate 
(TMOS), and tetraethylorthosilicate (TEOS).  These hybrid membranes were also annealed at 
400 °C to drive the sol-gel reactions to a greater extent.  In general, the annealing process 
increased gas permeation of the hybrid membranes by about 200 to 500 percent, while the 
permselectivity slightly decreased, as shown in Table 32.  They attributed the increase in gas 
permeation to changes in the free volume distribution and enhanced local segment mobility of 
the chain ends resulting from the removal of sol-gel condensation and polymer degradation 
byproducts. 
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Table 32. Effect of Annealing and Loading of Alkoxysilane on the Gas Permeation 
Properties of Hybrid Membranes1, 2  

Permselectivity  Alkoxysilane 
Type 

Silane 
Loading 

(wt%) 

CO2 
Permeability 

(Barrer) (CO2/N2) (CO2/CH4) 

- 
-3 

TMOS 
TMOS3 

MTMOS 
MTMOS3 

PTMOS 

0 
0 

22.5 
22.5 
22.5 
22.5 
22.5 

34.0 
70.8 
30.9 
47.6 
44.0 
110.0 
30.7 

17 
16 
18 
15 
17 
16 
16 

34 
30 
41 
37 
35 
29 
34 

PTMOS3 

PTMOS 
PTMOS3

22.5 
15.0 
22.5 

90.9 
32.3 
91.8 

16 
18 
16 

26 
35 
28 

1Permeation temperature 35 °C and pressure 4 atm (abs); 2Polymer type: 6FDA-6FpDA-DABA-12.5; 3Hybrid 
membrane was subjected to annealing at 400 °C. 

 

Leger et al. [172] grafted polydimethylsiloxane (PDMS) onto a 5 nm porous γ-alumina 
membrane by thermal decomposition of silicone oil.  They noted that the membrane is 
chemically and thermally stable up to 300 °C, and observed that the gas permeabilities were 
smaller in the modified membranes by 4 to 5 orders of magnitude.  It was concluded that the 
treated membrane was no longer porous, and the transport of gas molecules across the treated 
membrane are caused by a solution/diffusion mechanism, as in a dense membrane.  The hybrid 
membrane showed decent permselectivity for CO2/N2 of 10.2 with a very low CO2 permeance (9 
x 10-10 mol m-2 s-1 Pa-1) at 20 °C, while it gave a very low permselectivity for CO2/CH4 of 0.6.  
They reported that the PDMS-modified membrane showed a high flux, compared to a dense 
PDMS polymeric membrane. 

Plasma polymerized fluorinated monomeric (PPFM) films from C4F8, CHF3, and CF3CH2F were 
coated on mesoporous silica substrates by Doucoure et al. [173] to obtain membranes for gas 
separations.  The degree of cross-linking in different plasma polymers observed from FTIR 
spectra and XPS analysis was in this order: CF3CH2F > CHF3 > C4F8.  They observed that the 
plasma-treated silica membranes did not obey a solution/diffusion mechanism like polymeric 
membranes, but the gas transport in these membranes occurred via a molecular sieving 
mechanism.  Plasma polymers from CHF3 displayed the best permselectivity because the degree 
of cross-linking is suitable to give a substantial molecular sieving mechanism between CO2 and 
N2.  Permeances of CO2 (and permselectivity CO2/N2) from the PPFM for C4F8, CHF3, and 
CF3CH2F were 1.6 x 10-7 (1.2), 1.4 x 10-7 (1.6), and 2.8 x 10-8 mol m-2 s-1 Pa-1 (1.0), respectively. 

Soufyani et al. [174] found that the aging time (tag) of the initial solution is an important 
parameter for the elaboration of efficient silica membranes.  A thin film of a hybrid material 
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prepared from TiO2-SiO2 and silicone (PDMS) using the sol-gel technique was formed on the 
surface of α-alumina.  As suggested by the authors, the film thickness was reduced at higher 
aging time and, hence, the ceramic support became progressively impregnated.  At tag of 3 hours, 
the film thickness of about 4 µm was estimated, whereas no more film depositing was confirmed 
at tag > 24 hours by SEM analysis—only an upper layer of homogeneous spheres of about 1.0 
to1.5 µm in diameter.  It was concluded that the best membranes in terms of permeability and 
selectivity were obtained at the aging time of about 48 hours, as shown in Table 33. 

Table 33. Gas Separation from Silicone Modified Silica Membranes  

Permselectivity  Membrane Permeation Temp. (C) CO2 Permeance 
(mol m-2 s-1 Pa-1) 

(CO2/N2) (CO2/CH4) 

Ti-silica/α-alumina 25 (∆p=1 atm) 1 x 10-6 0.8 1 

Silicone/α-alumina 25 (∆p=1 atm) 7 x 10-9 11 7 

Ti-silica-silicone/α-
alumina 

25 (tag=3 hr, ∆p=4 atm) 
25 (tag=3 hr, ∆p=1 atm) 

25 (tag=48 hr, ∆p=1 atm) 
25 (tag=48 hr, ∆p=4 atm) 

6 x 10-8

4.5 x 10-8

2 x 10-9

8 x 10-9

4.8 
4.1 
2.5 
12.1 

3 
2.4 
1 

12 

 

Hu et al. [175] fabricated nano-composite membranes based on a fluorinated poly(amide-imide) 
(FPAI) and TiO2, using the sol-gel technique.  An aromatic poly(amide-imide) was chosen as the 
polymer matrix material because it provides superior mechanical properties associated with 
polyamides and high thermal stability, solvent resistance, and better permeability properties.  
The nano-composite membrane has a more rigid or denser structure than the corresponding pure 
6FPAI membrane.  The authors observed a specific interaction between the polar CO2 molecules 
and the residual OH groups on the TiO2 domain of the nano-composite membrane.  Higher 
selectivities for CO2/N2 and CO2/CH4 system were observed even from the composite membrane 
containing very low concentration of the TiO2.  (See Table 34.)  Based on these results, the 
authors were very hopeful for higher selectivities from the higher TiO2 content composite 
membranes, if fabricated. 
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Table 34. Summary of Results from Different Poly(Amide-Imide)/TiO2 Membranes  

Permselectivity  Membrane Permeation 
Temp. (°C) 

CO2 Permeability 
(Barrer) 

(CO2/N2) (CO2/CH4) 

6FPAI 35 
55 
75 

52.7 
55.8 
63.9 

23 
17 
15 

29 
21 
18 

6FPAI/TiO2 (7.3%) 35 
55 
75 

44.7 
48.7 
50 

25 
19 
15 

34 
24 
17 

 

Moadebb et al. [176] showed how the gas transport properties of thin films of polymers 
improved in the presence of silica particles.  They formed thin films of six high performance 
polymers on silica impregnated Anapore™ alumina substrates.  Six polymers studied in the 
composite membranes were: poly(hexafluorodianhydride isopropylidenedianiline) (6FDA-
IPDA), poly(6FDA methylenedianiline) (6FDA-MDA), poly(6FDA 4,4’hexafluoro diamine) 
(6FDA-6FpDA), poly(6FDA 3,3’-hexafluoro diamine) (6FDA-6FmDA), tetramethyl 
hexafluoropolysulfone (TMHFPSF), and bisphenol-A polycarbonate (PC).  As shown in Table 
35, CO2/N2 permselectivities increased as much as in the presence of silica particles—173 
percent for 6FDA-MDA composite membrane.  However, the CO2/CH4 system did not follow 
any trend.  They stated that the presence of silica particles might enhance the overall CO2 
permeation rate by surface diffusion.  The increase or decrease in CO2/CH4 selectivity depended 
on the relative contribution of surface diffusion to the overall transport of CO2 and CH4.  It was 
concluded that simultaneous increases in permeance and permselectivity were due to disruption 
of the polymeric chain packing in the presence of the silica particles.  The authors were unsure 
about the practical application of these composite membranes because they are limited to a small 
temperature range, and the long-term gas separation behavior is unknown. 
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Table 35. Permeation Properties of Various Composite Membranes  

Membrane 
Type 

Wt of 
Silica 

(g) 

Wt of 
Polymer 

(g) 

Flux, 
CO2

a
PS 

(CO2/N2) 
% 

Differenceb
PS 

(CO2/CH4) 
% 

Differencec

6FDA-IPDA 
 
 

0.0103 
0.0144 
0.0081 
0.0010 

0.0017 
0.0022 
0.0012 
0.0010 

128 
181 
141 
223 

38 
54 
42 
70 

68 
30 
56 
143 

  

6FDA-MDA 
 

0.0030 
0.0028 

0.0017 
0.0005 

153 
167 

58 
65 

145 
173 

83 
81 

85 
80 

6FDA-6FpDA 
 

0.0030 
0.0031 
0.0021 
0.0011 

0.0016 
0.0012 
0.0011 
0.0009 

462 
747 
660 
760 

38 
27 
29 
33 

108 
47 
59 
77 

39 
32 
30 
23 

-3 
-19 
-26 
-42 

6FDA-6FmDA 0.0106 0.0008 26 46 136 63 -2 
TMHFPSF 0.0016 0.0882 339 31 71   
PC 0.0008 0.0014 58 37 62   

a10-10 mol m-2 s-1 Pa-1; b,c%Difference in selectivity = [(PScomposite – PSdense film)/ PSdense film] x 100%; PS: 
Permselectivity 

 

Gulsen et al. [177] synthesized mixed matrix composite membranes from polypyrrole (PPy) and 
polybisphenol-A-carbonate (PC) by a combined in situ polymerization and solvent evaporation 
method.  The rationale for preparing composite membranes was to have a combination of good 
transport properties of conductive polymer, PPy, and good mechanical properties of insulating 
polymer, PC.  It was found that the supporting electrolyte and its concentration were the most 
effective parameters for membrane performance.  They obtained the best results with a 
membrane dried at 100 °C and cast from an initial solution of 7 percent PC containing 0.01 M 
para-toluene sulfonic acid as support electrolyte.  Permselectivities values from these membranes 
were CO2/N2 of 5.9, CO2/CH4 of 3.1 while CO2 permeability was 11.6 Barrer. 

While hybrid membrane research has been considerably more limited than that on the other types 
of membranes discussed, interesting results have been achieved particularly in the separation of 
CO2/CH4 mixtures, Figure 10 and Figure 11.  Similar results should be possible for other gas 
mixtures once more research has been done to perfect organic additions, which favor diffusion of 
CO2 at the expense of H2 and CH4. 
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Figure 10. Literature Data for CO2/N2 Selectivity vs. CO2 Permeability for Hybrid 
Membranes
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Figure 11. Literature Data for CO2/CH4 Selectivity vs. CO2 Permeability for Hybrid 
Membranes 

Mixed Matrix Membranes 

Significant improvements in the performance of polymeric gas separation membranes have been 
witnessed in the last two decades.  Despite all these efforts, polymeric membranes are not in a 
position above the trade-off curves between gas permeability and selectivity, as suggested by 
Robeson [178].  On the other hand, molecular sieving materials like zeolites and carbon 
molecular sieves (CMS) offer attractive transport properties, but are difficult and expensive to 
process as membranes [179].  Therefore, membranologists are in search of an alternate approach 
that can take gas separation membranes to the next level.  Mixed matrix composite materials, 
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comprised of molecular sieving materials inserted in a polymer matrix, have the potential to 
provide economic as well as high-performance gas separations.  The resulting mixed matrix 
membranes (MMM) may have the advantages of both materials: the processability of polymers 
and the superior gas transport properties of molecular sieves.  However, their performance 
suffers from defects caused by poor contact at the molecular sieve/polymer interface.  The 
molecular sieving material could be a zeolite or CMS.  Figure 12 illustrates the schematic of a 
mixed matrix membrane.  Careful matching of the intrinsic permeability and selectivity of the 
support matrix and the molecular sieve domain is necessary [179].  Composite organic-inorganic 
membranes have become an expanding field of research as the introduction of organic molecules 
can improve the characteristics of a matrix. 

 
Reprinted from the Journal of Membrane Science, Vol. 175, W.J. Koros, and R. Mahajan, “Pushing the Limits on 
Possibilities for Large Scale Gas Separation: Which Strategies?” Page 186. Copyright 2000, with permission 
from Elsevier. 

Figure 12. Schematic of a Mixed Matrix Membrane  

Jia et al. [180] were the first to investigate zeolite-filled rubbery polymer membranes composed 
of PDMS, a rubbery polymer, and a hydrophobic zeolite, silicalite-1.  It was concluded that the 
silicalite played the role of molecular sieve in the membrane by facilitating the permeation of 
smaller molecules but hindering the permeation of larger ones, although its pore openings were 
larger than the size of the permeating gases.  It was suggested that the shape-selective effect was 
not only inherent in the equilibrium adsorption of gas molecules, but also in the kinetic 
adsorption and diffusion.  Permeabilities of CO2 increased, while the permeabilities of N2 and 
CH4 decreased with increased silicalite content in the composite membrane.  The best 
permselectivities for CO2/N2 and CO2/CH4 from a composite membrane containing 70 percent  
silica were 17 and 9, respectively, at 30 °C with the CO2 permeability of 3835 Barrer. 

Kulprathipanja et al. [181] found that mixed matrix membranes comprised of cellulose acetate 
and silicalite-1 have improved characteristics as the silicalite content increases.  They obtained 
the CO2/H2 separation as high as 10 from the mixed matrix membranes for an equimolar feed of 
CO2 and H2 at 25 °C. 

Suer et al. [182] prepared mixed matrix membranes of polyethersulfone, a glassy polymer, and 
hydrophilic zeolites 13X and 4A using different membrane preparation procedures.  They 
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observed that the permeabilities decreased up to a loading of 8 percent for zeolite 13X, and 25 
percent for zeolite 4A before it increased for higher zeolite loadings.  It was concluded that the 
channel network matures as the zeolite loading increases in the matrix, and consequently 
connects separate voids that provide an additional route for gas molecules.  Typically, this led to 
an increase in the permeation of all gases with increasing zeolite content in the mixed matrix 
membranes.  (See Table 36.)  The polarity and adsorption of gases within the membrane matrix 
in addition to shape-selective properties of the zeolite attributed to the transport of gases across 
the zeolite mixed matrix membranes.  CO2 molecules have the ability to interact with the polar 
surface of zeolite 13X and 4A during permeation and, hence, CO2 permeability and 
permselectivity increase considerably with increasing zeolite loadings in the mixed matrix 
membranes.  The permeation properties of the membrane also depended on the type of zeolite in 
the matrix.  This is because of different chemical interactions between polar gases wand the 
different zeolites as well as the macropositioning of zeolites in the matrix.  It was stated that 
zeolite 13X crystals seemed to be more discrete, whereas zeolite 4A crystals were partly 
aggregated, forming wider cavities. 

Table 36. Effect of Zeolite Content and Type on Mixed Matrix Membrane Performance  

Zeolite 
Type 

Zeolite 
Content (%) 

CO2 Permeability 
(Barrer) 

Selectivity 
(CO2/N2) 

Selectivity 
(H2/CO2) 

None 0.0 2.6 19 2.5 
13X 8.3 

16.6 
33.3 
42.0 
50.0 

1.5 
1.8 
2.7 
4.2 
5.2 

20 
21 
28 
36 
43 

2.5 
2.6 
2.1 
1.8 
1.7 

4A 8.3 
16.6 
33.3 
42.0 
50.0 

2.3 
2.3 
2.0 
5.8 

10.7 

19 
19 
20 
34 
43 

2.6 
2.5 
2.4 
1.6 
1.3 

Permeation temperature 25 °C. 
 

Duval et al. [183] studied the effect of incorporating specific adsorbents (zeolite or carbon 
molecular sieves) on the gas permeation properties of polymeric membranes such as PDMS, 
ethylene-propylene rubber (EPDM), polychloroprene (PCP) and nitrile butadiene rubber (NBR).  
The results showed that the introduction of silicalite-1, zeolites 13X, and KY to the polymer 
improved the gas permeation properties of membranes.  This was attributed to both molecular 
sieving effects and increased CO2 sorption capacity due to the affinity of the gas molecules for 
the zeolites.  A maximum CO2/CH4 separation factor of 18 was obtained from EPDM filled 
zeolite KY, with the CO2 permeance of 450 Barrer at a feed of 25 percent CO2/ 75 percent CH4.  
However, zeolite 5A’s high affinity for water did not improve membrane performance, and 
resulted in a lower CO2 sorption capacity.  The incorporation of carbon molecular sieves was not 
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effective for gas separations because of the absence of interconnected channels like those found 
in zeolites. 

In a further study [184], Duval et al. investigated the formation of non-selective interfacial voids 
caused by poor adhesion between the glassy polymer phase and the zeolite surface.  The gas 
permeability increased when zeolite was added into glassy polymers, but the selectivity typically 
decreased or remained the same.  (See Table 37.)  They attributed this result to interfacial voids 
that drastically increased the permeability without affecting the selectivity.  They investigated 
various methods to improve the internal membrane structure, such as surface modification of the 
external surface of zeolites with silane, preparation above the glass temperature, and heat 
treatment.  However, the CO2/CH4 permselectivities of membranes were hardly improved to 
exhibit the anticipated performance increases. 

Table 37.  Separation from Zeolite Filled Glassy Polymer Membranes 

Polymer 
Type 

Zeolite Type, 
Content (wt%) 

CO2 Permeability 
(Barrer) 

Selectivity 
(CO2/CH4) 

CAa

 
- 

Silicalite-1, 25 
11 
18 

41 
40 

PEIb 

 
- 

Silicalite-1, 50 
Silicalite-1, 50d 

KY, 50 
KY, 50e

1.5 
15 
9 
95 
25 

61 
34 
35 
43 
50 

TPXc - 
Silicalite-1, 25 

71 
154 

7 
9 

aCellulose acetate (CA); bPolyetherimide (PEI); cPoly(4-methyl-1-pentene) (TPX); dmodified with silane; eheat 
treated at 150 °C.  Permeation temperature 25 °C. 

 

Gur [185] fabricated zeolite 13X filled polysulfone membranes by a melt extrusion process.  
However, no pronounced effect of the filler was observed.  He concluded that the pore size of 
zeolite 13X was larger than the kinetic diameters of any of the gases studied.  Hence, separation 
due to size exclusion did not take place. 

Yong et al. [186] prepared Matrimid polyimide (PI) membranes filled with zeolites by 
introducing 2,4,6-triaminopyrimidine (TAP).  They used TAP to enhance the contact of zeolite 
particles with polyimide chains by forming hydrogen bonding between them and, hence, 
obtained an interfacial void-free PI/zeolite membrane.  The addition of TAP to PI/zeolite 
membrane increased the gas permselectivities significantly at the expense of the gas 
permeabilities.  (See Table 38.)  They observed higher gas permeabilities from a PI/zeolite 
13X/TAP membrane with lower permselectivities, compared to PI/TAP membranes having the 
same PI/TAP ratio; they observed lower gas permeabilities but higher permselectivities with the 
PI/zeolite 4A/TAP membrane.  It was concluded that the molecular sieving effect of zeolites 
took place when the kinetic diameter of the penetrant gas approached the pore size of the 
zeolites. 
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Table 38. Effect of TAP on the Permeation Properties of Zeolite-Filled PI Membranes  

Permselectivity   Membrane Type Composition (by 
wt.) 

CO2 Permeability 
(Barrer) 

(CO2/N2) (CO2/CH4) 

PI 
PI/TAP 
PI/Zeolite4A 
PI/Zeolite13X 
PI/Zeolite4A/TAP 
PI/Zeolite13X/TAP 

1 
1:0.21 
1:0.43 
1:0.43 

1:0.43:0.21 
1:0.43:0.21 

8.3 
0.2 
9.4 
33.4 
0.2 
0.6 

38 
87 
21 
25 
102 
74 

1 
84 
2 
7 

617 
133 

Permeation temperature 25 °C 
 

Mixed matrix membrane research for gas separations has largely focused on zeolites as the 
dispersed phase.  However, Vu et al. formed mixed matrix membranes by incorporating carbon 
molecular sieves (CMS) into two different glassy polymer matrices, Matrimid® 5218 and 
Ultem® 1000 [187, 188].  It was shown that the permselectivities (CO2/N2 and CO2/CH4) as well 
as CO2 permeability significantly increased as the loading of CMS particles increased in the 
matrix of the membrane, shown in Table 39.  The authors also identified several advantages of 
CMS over zeolites as possible molecular sieve entities for incorporation into mixed matrix 
membranes.  The CMS particles have better affinity to glassy polymers, which makes the film 
formation easier.  Also, the gas permeation properties of the CMS particles can be tailored by 
modifying pyrolysis procedure, which makes mixed matrix membranes containing CMS more 
adaptable for desired gas separations. 
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Table 39. Effect of Polymer Type and Content on Mixed Matrix Membrane Performance  

Polymer Type CMS Content 
(vol%) 

CO2 Permeability 
(Barrer) 

Selectivity 
(CO2/N2) 

Selectivity 
(CO2/CH4) 

Matrimid® 5218 0 
17 
19 
33 
36 
100 

10.0 
10.3 
10.6 
11.5 
12.6 
44.0 

31 
36 
30 
30 
33 
27 

35 
44 
47 
48 
52 
200 

Ultem® 1000 0 
16 
20 
35 
100 

1.5 
2.5 
2.9 
4.5 

44.0 

28 
35 
32 
33 
27 

39 
43 
48 
54 
200 

Permeation temperature 35 °C. 
 

Tantekin-Ersolmaz et al. [189] reported that the permeabilities of the silicalite-PDMS mixed 
matrix membranes increased with increasing zeolite particle size while the CO2/N2 
permselectivities remained unaffected.  They also stated that the effect of particle size was more 
pronounced at the higher zeolite loading.  It was concluded that the permeability of gases 
through mixed matrix membranes decreased with increasing particle size, due to the enhanced 
area and the increased number of zeolite-polymer interfaces that the gas molecules have to cross. 

Much research and development is needed to more efficiently apply mixed matrix membranes to 
gas separations. 

Facilitated Transport Membranes 
Facilitated transport membranes (FTM) have received a lot of attention in gas separations 
because they offer higher selectivities and larger fluxes [7, 190].  Higher selectivity in FTM is 
achieved by incorporating a carrier agent into a membrane, which reacts reversibly with the 
penetrating species.  In addition to the solution-diffusion mechanism of the polymeric 
membranes, FTMs also involve a reversible complex reaction.  In FTM, the permeating species 
dissolves in the upstream portion of the membrane and reacts with the carrier agent to form a 
complex.  The formed complex diffuses across the membrane, and then releases the permeants 
on the downstream side of the membrane, while the carrier agent is simultaneously recovered 
and diffuses back to the feed side. 

FTMs can be divided into three general categories: fixed carrier or chained carrier membranes, 
solvent-swollen polymer membrane, and mobile carrier membranes or immobilized liquid 
membranes (ILMs) [190].  Fixed carrier membranes are solid polymer films into which reactive 
functional groups, or complexing agents, are incorporated.  Transport in the fixed carrier 
membranes is limited by the absence of mobility of the complexing agents.  An ILM is usually 
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prepared by impregnating the liquid carrier into the pores of a microporous support.  The liquid 
(carrier agent) in ILM is held in the support pores by capillary forces.  The chemical instability 
of the carrier agent in ILMs limits its application for gas separations.  Membrane degradation 
might also occur by evaporation or dryout of the liquid carrier agent in the gas separation 
applications.  Fixed carrier membranes are generally considered more stable than ILMs because 
there is less chance of carrier loss.  There have been several efforts made to overcome this 
membrane leaching problem, such as the use of molten salts with very low vapor pressure, or the 
use of hollow-fiber contained liquid membranes.  Solvent-swollen membranes are intermediate 
in structure and stability between ILMs and fixed carrier membranes.  They can be made by 
swelling a polymer film in a solvent and introducing the carrier species by diffusion or by ion 
exchange in the case of ionomer membranes. 

Guha et al. [191] prepared ILMs consisting of aqueous solutions of 20 percent diethanolamine 
(DEA) immobilized in 25.4 µm microporous polypropylene supports.  They studied 
permeabilities and separation factors for the CO2-N2 mixture, with CO2 partial pressure ranging 
from 12 to 126 cmHg at a temperature of 25 °C.  The CO2 permeabilities decreased from 4,825 
to 974 Barrers as the CO2 partial pressure increased from 12 to 126 cmHg, while resulting 
CO2/N2 separation factors also decreased from 276 to 56 over the same pressure range.  For a 
25.4 µm thick ILM at an intermediate CO2 partial pressure of 22 cmHg, the CO2 permeance was 
2.9 x 10-11 mol m-2 s-1 Pa-1 and the CO2/N2 separation factor was 153.  They also proposed a 
model for facilitated transport of CO2 through an ILM containing aqueous DEA solution with an 
excellent estimate of the CO2/N2 separation factor over a wide range of CO2 partial pressures. 

Matsuyama et al. [192] prepared a cation-exchange membrane by grafting acrylic acid onto a 
microporous polyethylene membrane using a plasma-grafted polymerization technique.  They 
used the plasma-grafted membrane with ethylenediamine as a carrier for the facilitated transport 
of CO2.  The membrane had a high stability as well as a high selectivity for CO2 over N2 at 25 
°C.  For 17 percent CO2 balanced with N2 in the feed gas, they observed a CO2 separation factor 
over 1,000 along with a CO2 permeance of 1.2 x 10-8 mol m-2 s-1 Pa-1.  The stability was 
attributable to both the hydrophillicity of the poly(acrylic acid) membrane and the retention of 
the carrier by electrostatic force. 

Yoshikawa et al. [193, 194] synthesized polymeric membranes having a pyridine moiety or an 
amine moiety as a fixed carrier to take advantage of the acid-base interaction between CO2 and 
the fixed carriers for CO2 separation.  They have reported CO2/N2 permselectivity as high as 90 
with a poly{2-(N,N-dimethyl)aminoethyl methacrylate-co-acrylonitrile} membrane.  However, 
the CO2/N2 permselectivity was low, about 9, with a CO2 permeability of 26 Barrer from the 
poly{4-vinylpyridine-co-acrylonitrile} membrane. 

Nakabayashi et al. [195] applied hydogel, prepared from a vinyl alcohol/acrylic acid-salt 
copolymer, on a hydrophilic PVdF porous membrane by a spin coating method, followed by 
heating to get cross-linkage.  The cross-linked layer was immersed into a CO2 carrier solution (2 
mol/l of K2CO3) to form a water-swollen-gel membrane.  The gel membrane was coated on a 
polydimethylsiloxane support.  The authors discovered that K2CO3 had the highest permeation 
and separation factor and was most effective as a CO2 carrier among several carbonate salts of 
alkali metals studied.  They reported that the water-swollen-gel membrane was stable over 30 
days.  A much higher permeability and selectivity was observed after adding crown ether, 
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EDTA, or analogous compounds to the K2CO3 solution.  These additives easily form complexes 
with potassium ions, which subsequently result in highly activated carbonate ions for CO2 
transport.  The CO2/N2 separation factor was over 1,800 with a CO2 permeance of ~9 x 10-9 mol 
m-2 s-1 Pa-1 after adding 0.07 mol/l diaza-15crown as an additive to the K2CO3 solution. 

Matsuyama et al. [196] prepared a membrane having an amine moiety by plasma-grafting of 2-
(N,N-dimethyl)aminoethyl methacrylate (DAMA) onto a microporous polyethylene substrate.  
They conducted permeability studies for CO2 and O2 in both dry and wet membranes.  The wet 
membrane was prepared by soaking the membrane in water overnight.  The membrane thickness 
increased with the increase in the degree of grafting, and was also higher for the wet membrane.  
In the dry membranes, the facilitated transport of CO2 was caused by the weak acid-base 
interaction between CO2 and amine moiety.  It was suggested that CO2 does not directly interact 
with the amine moiety in the wet membrane, but the CO2 hydration reaction occurs in the 
membrane solution to produce free HCO3

-.  Hence, CO2 is transported in the form of HCO3
- and, 

therefore, the water-containing membrane is not strictly a fixed carrier membrane, but acts as a 
fixed reaction site membrane.  They reported the separation factor of CO2/N2 as high as 130 
(CO2 permeance = 1.7 x 10-9 mol m-2 s-1 Pa-1) for the wet membrane at the CO2 partial pressure 
of 0.047 atm.  The separation factor, CO2/N2, decreased with increasing permeation temperature 
from 25 °C to 50 °C as the CO2 permeation increased slightly compared to N2 permeation. 

In a different study, Matsuyama et al. [197] studied facilitated transport of CO2 through a thin 
solution-cast perfluorosulfonic acid ionomer membrane.  Ethylenediamine (EDA) immobilized 
in the ionomer membrane by electrostatic forces was used as a CO2 carrier.  They observed a 
much higher CO2 permeance from the cast membrane with the membrane thickness of 22 µm (1 
x 10-8 mol m-2 s-1 Pa-1) than the commercial Nafion® membrane with the thickness of 186 µm 
(2.7 x 10-9 mol m-2 s-1 Pa-1).  However, the CO2/N2 separation factor was lower in the cast 
membrane (~225 compared to ~475 in Nafion).  The carbon dioxide-carrier complex is much 
larger than a N2 molecule.  The pore size of the cast membrane decreases with increasing 
annealing temperature and, hence, results in a lower permeability and selectivity of CO2.  The N2 
permeability was almost constant, while CO2 permeability increased with increasing membrane 
thickness.  It was concluded that the facilitated transport in the cast membrane was limited by the 
chemical reaction of the complex formation.  A higher selectivity was observed with the larger 
thickness. 

Chakma [198] has reported the separation of CO2 and SO2 from flue gas streams by liquid 
membranes.  His membrane set-up consisted of an immobilized polyethyleneglycol (PEG 400) 
membrane in series with another immobilized diethanolamine (DEA)/PEG 400 membrane.  
Because of its high solubility in PEG, SO2 was preferentially separated in PEG 400 membrane 
with a maximum separation factor, SO2/N2, of 140.  Unlike DEA’s reversible reaction with CO2, 
its reaction with SO2 forms a stable complex under the operating conditions, and the stable 
complex also hinders the passage of free SO2 across the membrane.  Therefore, CO2 was 
separated by DEA/PEG 400 membrane with a CO2/N2 separation factor of 240. 

As discussed earlier, the low stability of ILMs due to the ILM drying limits its intended use for 
gas separations.  Low-volatility and hygroscopic liquids such as poly(ethylene glycol) (PEG) 
were used as the component in the ILM fluid to alleviate the drying problem.  Chen et al. [199-
201] performed separation of CO2 from a humid mixture of CO2-N2 through ILMs containing 
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immobilized solutions of sodium carbonate/sodium glycinate-glycerol in porous and hydrophilic 
hollow fiber supports.  They carried out separations from gas mixtures containing very low CO2 
concentrations, particularly for space-walk applications.  Nevertheless, their work is theoretically 
important for the CO2 separations and should be able to provide a further foundation for better 
understanding and development of ILMs.  Sodium carbonate or sodium glycinate was used as a 
CO2 carrier and glycol as the ILM solvent, which provided desired stability to the ILM.  It was 
observed that the permeability of CO2 increased with an increase in carrier concentration, while 
N2 permeability decreased and, therefore, very high CO2/N2 selectivities were achieved at higher 
concentrations of the CO2 carrier.  They also observed that the ILMs were quite stable for 
prolonged use.  It was suggested that the permeance of CO2 could be increased by increasing 
CO2 carrier solubility in the ILM liquid and by preparing ILMs with thinner hydrophilic 
supports.  In another study by the same authors [202, 203], they used polyamidoamine 
(PAMAM) generation 0 dendrimers having ethylenediamine as the CO2 carrier in porous 
hydrophilic polyvinyldine fluoride supported ILM.  Dendrimer immobilized liquid membranes 
containing a high concentration of primary and tertiary amine provided a facilitated CO2 
transport and also nearly eliminated the other gases. 

Palladium-Based Membranes 
Dense palladium membranes have been prepared by depositing palladium or other metals 
ranging in thickness from a submicron to a few microns on a porous support.  These Pd or 
metallic membranes are 100 percent selective to H2 from an H2 containing feed mixture because 
other gases do not diffuse through the metal.  The permeation of H2 through metal membranes 
involves the dissociative chemisorption of H2 on the membrane surface followed by dissolution 
of the atomic hydrogen from the surface into the bulk of the metal [7].  This is followed by 
atomic diffusion of dissolved hydrogen in the membrane and desorption of hydrogen atoms as 
molecules.  The rate-limiting step for H2 permeation is the hydrogen diffusion through the bulk 
of the metal membrane.  Hence, the H2 flux through the membrane is directly proportional to the 
difference in the square roots of H2 pressures between the feed and permeation sides of the 
membrane (Sievert’s law).  The H2 permeability of the supported membrane is significantly 
higher than a single-layered Pd membrane.  The supported membrane also has the advantage of 
having high mechanical strength imparted by the support.  Besides Pd and its alloys, other metals 
such as tantalum, niobium, and vanadium also have high selectivities and, hence, are also 
candidates for the H2 selective dense membranes.  The high cost of precious metals, lower 
permeabilities, brittleness, and high susceptibility to poisoning compounds are some of the 
disadvantages of the precious metal membranes and have limited their intended use.  Now, 
researchers have overcome most of those disadvantages by depositing a very thin layer of metal 
alloy on a porous support.  Three methods [23] have generally been used to deposit thin metal 
films on porous supports: electroless plating, chemical vapor deposition, and physical sputtering.  
There is an enormous amount of literature discussing metallic membranes for H2 separation.  
Although this review is primarily focused in CO2 transport, a few relevant studies with H2 
membranes will be introduced since H2/CO2 separations may eventually be important in IGCC 
applications. 

Silver, Rh, Ru, or rare earth metals are added to the Pd to reduce cracking and distortion of the 
Pd film due to alpha/beta phase Pd transitions [204, 205].  An optimum H2 permeability is 
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obtained from a Pd-Ag alloy membrane containing 23 percent by weight Ag [204].  Keuler et al. 
[204] deposited the Pd-Ag films of thickness <2.2 µm on the inside of α-alumina by an 
electroless plating method.  They reported poor H2 permeances through unalloyed Pd-Ag 
membranes.  In order to improve the H2 permeance of the Pd-Ag film, a heating procedure was 
developed to obtain a homogeneous Pd-Ag alloy.  The films were oxidized at 310 °C for 1 hour 
after heat treatment in Ar at 550 °C for 10 to15 hours and then reduced in H2 to obtain an 
optimal H2 permeance and selectivity.  The permeances of those membranes at 410 °C were 
observed up to 6.5 x 10-6 mol m-2 s-1 Pa-1, with the H2/N2 permselectivity of 400. 

McCool et al. [206] prepared submicron thick Pd-Ag films by a sputter deposition process on 
mesoporous γ-alumina from a target composed of 75 percent Pd and 25 percent Ag.  They 
reported H2 permeances through these membranes in the range of 3 x 10-8 to 1 x 10-7 mol m-2 s-1 
Pa-1 along with H2/He selectivities in the range of 4 to 4,000, depending mainly on Ag 
concentration and microstructure of the Pd-Ag films.  It was concluded, based on theoretical and 
experimental data, that the deposition power and target equilibrium are the most important 
variables affecting membrane composition. 

Future power plants could be based on IGCC-type power generation, where palladium-based 
membranes can play an important role by combining the water-gas shift reaction (WGSR) with 
H2 separation.  A membrane reactor can drive equilibrium-limited reactions towards completion 
by removing a product as it forms.  The result is a more compact design, plus greater conversion.  
These types of membrane reactors are reviewed excellently by several researchers [118, 205, 
207-213]. 

Researchers [116, 214] have carried out the WGSR in a membrane reactor using a Pd/Ag or Pd 
membrane.  The metallic layer of the membrane was thick enough to avoid any defects of the 
surface and to make sure to get an infinite H2 selectivity, compared to other gases.  Porous 
ceramic support was used to separate the Pd or Pd/Ag membrane from the catalyst bed of the 
membrane reactor.  The authors conducted experiments by using N2 as a sweep gas in co-current 
and counter-current modes in the temperature range 330 to 350 °C and in the feed flow range of 
3.05 x 10-5 to 7.1 x 10-5 mol s-1.  They obtained a complete separation of H2 from other gases 
along with almost complete WGSR conversion from the Pd/Ag or Pd membrane. 

Damle et al. [215] have also developed a membrane reactor process for H2 production by fuel 
reforming.  They prepared a 2 to 3 µm thick Pd-Ag alloy films on tubular alumina support using 
electroless plating technique.  The observed hydrogen permeances ranged from 1 to 5 x 10-6 mol 
m-2 s-1 Pa-1 with the H2/N2 selectivity (separation factor) range of 150 to 10,000 at 500 to 600 °C. 

Noble metal membrane reactors have been extensively studied for hydrogenation and 
dehydrogenation reactions.  High conversions along with good H2 selectivity were reported from 
these metal membranes.  However, several researchers also confined their work on the 
development of H2 selective ceramic membranes.  Prabhu et al. [216] nicely summarized the 
work conducted in the area of H2 selective ceramic membranes.  They noticed that the silica 
modified membranes suffer from loss of permeability (as much as 50 percent or greater in the 
first 12 hours) on exposure to moisture due to densification.  The densification phenomenon was 
attributed to the formation of Si-O-Si bonds from Si-OH groups, which results in closure of pore 
channels.  They developed a silica-modified membrane by the high temperature CVD of TEOS 
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on Vycor glass.  The membrane (Nanosil membrane) exhibited a high H2 selectivity over a 
prolonged period under hydrothermal conditions (10 percent H2O at 600 °C and 1 bar) while 
maintaining a steady performance.  The H2 permeance was 1.8 x 10-8 mol m-2 s-1 Pa-1 at 600 °C 
with H2/CH4, H2/CO, and H2/CO2 separation factors of 27,000, 87,000, and 8,200, respectively.  
The membrane was also employed in a catalytic reactor for the transformation of greenhouse 
gases, CH4 + CO2  2CO + 2H2, using a 1 percent Rh/Al2O3 catalyst.  They observed higher 
conversions from the membrane reactor compared to the packed-bed reactor at the same 
conditions as a result of simultaneous reaction and H2 removal. 

Future Directions 
A significant amount of work has been devoted to gas separation membranes over the last 10 to 
15 years.  A number of the microporous inorganic membranes discussed in this paper show good 
permeation properties for CO2 over N2 and CH4 at low temperatures, but lose CO2 selectivity at 
elevated temperatures due to surface diffusion-based transport mechanism through the 
membrane.  These membranes also suffer from stability problems at the desired operating 
conditions, and/or economic feasibility issues.  While development of current techniques 
continues to move these membranes closer to commercial application, it is also interesting to 
consider innovative materials that could lead to new generations of membranes for CO2 
separation. 

Certain characteristics are indicative of a good prospective membrane material.  The material 
should be capable of a significant degree of CO2 adsorption, but must not allow penetration of 
CO2 into the bulk, which could lead to physical and chemical modification of the material.  This 
adsorption should be reversible, since irreversible adsorption could only result in the reduction of 
membrane permeability.  The membrane should not have much sorption capacity for other gases, 
such as N2, CH4, and H2.  Resistance to poisoning by other possible contaminant gases, such as 
H2O, SOX, NOX, and H2S, is necessary to produce a membrane, that can maintain performance 
for extended periods.  Inexpensive fabrication techniques should be available that can produce 
defect-free membranes in a variety of configurations from the material.  Stability at elevated 
temperatures is also required.  The selective membrane thickness is a crucial parameter, because 
thicker membranes directly result in higher material cost and lower membrane flux.  Lower flux 
means lower membrane productivity and, hence, higher operating costs. 

One purpose of this review is to assess prospective materials, based on these properties and 
encourage fabrications and study of membranes based on these new materials.  The following 
classes of materials stand out among the many prospects for CO2 selective membranes in flue 
gas or fuel gas applications: hybrid material, mixed matrix-type material, hydrotalcite-type 
materials, and perovskite-type material.  The rationale behind selecting these materials is detailed 
in the following sections. 

Hybrid Membranes 
Modified inorganic membranes retain the rigidity and pore morphology of the ceramic material, 
while the organic component alters the ceramic membrane functionality.  It is a well known fact 
that CO2 permeation increases when there is a chemical affinity with some molecular groups in 
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the membrane [167].  This has been observed for the fluorogroup [127], phenyl group [167], and 
carbonyl group in esters and ketones [128, 129].  As noted in the discussion of hybrid 
membranes, there have been numerous attempts to take advantage of these chemical affinities in 
order to prepare membranes with high CO2 selectivity and permeability. 

Takaba et al. [217] and Mizukami et al. [218] have investigated separation of CO2 from CO2/N2 
mixtures using inorganic membranes by molecular dynamics (MD) simulation and computer 
graphics (CG) methods.  It was shown that CO2 permeation can occur by surface diffusion and 
capillary condensation when the CO2 affinity for the membrane wall is high.  Separation of CO2 
and N2 could be achieved if the N2 affinity is weaker than that of CO2.  However, they mentioned 
that the optimal range of the CO2 affinity is required to achieve good separation, because too 
strong affinity prevents surface diffusion.  They also observed using MD simulation and CG 
images that CO2 molecules were adsorbed on the site II sodium cation in the NaY-type zeolite 
membrane. 

The exceptional CO2 permselectivities of fluorine-containing polyimides, as well as their 
stability at higher temperatures and in harsh environments, make them highly attractive for gas 
separation membranes.  However, their high cost has prevented their intended use in gas 
separation processes.  A composite membrane comprising of a thin polyimide film coated on a 
strong and stable porous support would be an idealistic membrane for economical and favorable 
gas separations. 

Problems in this research area have generally taken one of two forms.  In the production of 
membranes using sol gel techniques designed to leave a particular organic group in the 
membrane structure, low coverage or over-coordination of the organic group has resulted in a 
lower than desired surface affinity.  When previously fabricated inorganic membranes have been 
modified by organic reagents, such as silanes, mass transfer into the pore and the reactivity of 
those reagents have resulted in very thin “polymer-like” membranes covering the surface to 
varying thicknesses, depending upon the silane used.  These techniques hold considerable 
potential, but research will be required to further develop the fabrication techniques required to 
produce membranes with monolayer coverages of a particular organic group inside the pores. 

Mixed Matrix Membranes 

Many inorganic membranes are stable at high temperatures, but the competitive adsorption 
process does not work well at high temperatures.  Molecular sieving membranes have a greater 
potential than competitive adsorption at high temperatures, but tailored micropores are required 
to separate light gases with smaller size differences. 

Zeolites, carbon molecular sieves (CMS), and many polymeric materials offer attractive 
transport properties, but are difficult and expensive to process [179].  Mixed matrix composite 
(MMC) materials, comprised of molecular sieving materials embedded in a polymer matrix, have 
potential to provide economical, high performance gas separation membranes if defects at the 
molecular sieve/polymer interface can be eliminated.  The molecular sieving material could be 
zeolite or CMS.  Additionally, careful matching of the intrinsic permeability and selectivity of 
the support matrix and the molecular sieve domains is necessary.  Composite organic-inorganic 
membranes have become an expanding field of research as the introduction of organic molecules 
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can improve the characteristics of a matrix. 

Hydrotalcite-Type Materials 
Inorganic membranes have a great potential for gas separation at elevated temperatures in 
oxidative atmosphere where polymeric membranes are not resistant.  Mesoporous ceramic 
materials are still very attractive for CO2 selective membranes at elevated temperatures, although 
researchers report very low CO2 selectivity through mesoporous ceramic membranes at higher 
temperatures.  First, these are very thermally stable materials.  Second, they might be available 
commercially at very low cost.  Third, the flux is higher with mesoporous membranes, compared 
to microporous or dense membranes.  As mentioned earlier, transport across mesoporous 
membranes is governed by the Knudsen diffusion mechanism, and the separation efficiency 
(CO2/N2 = 0.8; CO2/CH4 = 0.6) according to that mechanism would be unacceptable for all 
practical purposes.  In order to improve the separation efficiency of mesoporous membranes, the 
transport through the membrane should be facilitated by the surface diffusion mechanism.  
Therefore, materials like HT, or HTs modified with basic metal oxides could be considered 
excellent candidate membrane materials because of their higher CO2 adsorption capacity at 
elevated temperatures, while maintaining thermal stability. 

Perovskite-Type Material 
The adsorption of CO2 was also investigated with perovskite-type oxides (LaMO3, where M = 
Co, Cr, Mn, Fe) at elevated temperatures up to 400 °C [219, 220].  Physical adsorption of CO2 
on LaCoO3 took place up to 100 °C, and chemisorption occurred at 350  to 400 °C.  It was also 
shown that perovskite-type material BaTiO3 adsorbed 100 to 150 mmol/kg at 500 °C [101].  The 
CO2/N2 separation factor through the BaTiO3 membrane was slightly higher than Knudsen 
diffusion (discussed above).  To our knowledge, no other perovskite-type oxide membrane 
studies for CO2 separation have been reported so far in the open literature.  Their stability at 
elevated temperatures, low susceptibility to poisoning by sulfur and other compounds [219], and 
their higher CO2 adsorption capacity at higher temperatures make the perovskite-type oxides 
attractive membrane materials for CO2 separation.  The gas transport properties of membranes 
made of perovskite-type oxides must be explored in detail. 

Others 
Toshiba Corporation recently announced two new ceramic materials, which have high CO2 
absorption capacity [221, 222].  They claimed that one of their ceramic materials, lithium 
zirconate, is able to absorb 400 times its own volume of CO2, ten times more than any other 
existing CO2 absorbent.  Recently, Toshiba also introduced another ceramic material, lithium 
silicate, which absorbs 30 times faster than lithium zirconate.  They reported that 1 g of lithium 
silicate absorbs 62 mg of CO2/min, while lithium zirconate absorbs 1.8 mg CO2/min in a 20 
percent CO2 gaseous environment at 500 °C.  Silicon, the main material of lithium silicate, costs 
only 15 percent of the price of zirconium and is 70 percent lighter in weight.  The use of these 
novel ceramic materials as a membrane is yet to be established.  However, their high CO2 
absorbing capacity and stability at elevated temperatures, coupled with their reasonable cost, 
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should be stimulating enough for membranologists to explore them as promising membrane 
materials for CO2 separation at higher temperatures. 

Membranes will have additional gas separation applications in separation technology if they can 
be manufactured easily and inexpensively [76].  Several other issues still need to be addressed 
include: further improvements in the membrane flux by reducing the thickness of the membrane 
without sacrificing gas separation; automating the fabrication process to increase coating 
uniformity and to reduce the cost of manufacturing; and increasing the membrane area by 
fabricating larger supported nanoporous carbon membranes (SNPCMs) in bundles with multiple 
tubes.  It has been reported that economical separation is attained if permeability and 
permselectivity of CO2 over N2 exceed 100 Barrer and 70, respectively [9]. 

Conclusions 
As the concentration of atmospheric CO2 rises, it is incumbent upon the scientific community to 
find the means to control it while there is still the opportunity to avert potentially harmful climate 
change.  Research continues into alternative energy sources, but it is unlikely these will be 
sufficiently developed to meet the world’s energy requirements in the foreseeable future.  As we 
wait for these technologies to come of age, the capture and sequestration of CO2 produced in the 
utilization of fossil fuels is a viable alternative. 

Research and development with conventional and advanced techniques for capturing or 
separating CO2 from large point sources is progressing.  Membrane technology is just one of a 
number of technologies being investigated to fill this role.  The primary difficulty in the 
implementation of gas separation membranes in other industries has been the relatively 
undeveloped state of the technology compared to more conventional tools.  Since no 
conventional technology in its current state can solely fill the requirements of CO2 removal, the 
opportunity exists for gas separation membranes to mature along side the competing 
technologies, and for the first time demonstrate their full potential. 

The goals of this review have been to examine previous studies of various CO2 selective 
membranes and to promote further work in the area.  The examination summarizes advances 
reported in the literature with respect to CO2-selective membranes, their stability, the effect of 
operational parameters on their performance, the relationship of their structure to their 
permeation properties, and their observed transport mechanisms.  An attempt is also made to 
predict the future direction for CO2-selective membrane research.  Finally, future research 
directions for CO2 selective membranes are projected.  Hybrid organic-inorganic membranes 
have become an expanding field of research as the introduction of organic molecules can 
improve the characteristics of a matrix.  Hydrotalcite-type materials, perovskite-type oxides, and 
certain lithium compounds are also suggested as candidate materials for high temperature CO2 
selective membranes. 
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