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Abstract−In this study, the effect of different chemical interactions on the gas permeation properties were investi-

gated in the composite mesoporous ceramic membrane prepared with γ-alumina on the surface of a macroporous ce-

ramic membrane. In the permeation results, the gas permeance of the strongly adsorbing gas species increased in the

mesoporous ceramic membranes. It is considered that the permeation of the adsorbing gas species increased through

preferential adsorption on the membrane pore surface. It was shown in this study that the modified mesoporous ceramic

membrane could increase the permeation performance in the presence of the adsorbing gas species due to the surface

diffusion mechanism.
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INTRODUCTION

The first widespread use of polymeric membranes for separa-

tion applications dates back to the 1960-70s when cellulose acetate

was cast for desalination of sea and brackish waters. Since then many

new polymeric membranes have come to the market for applica-

tions including ultrafiltration, microfiltration, electrodialysis, and gas

separation [Burggraaf and Cot, 1996]. Since the 1980s the industrial

application of gas separation has grown to become a $150 million/

year business. Currently, several polymer materials including poly-

sulfone, polyimide, and cellulose acetate consist of at least 90% of

the total installed gas separation membrane processes [Hsieh, 1996].

It was reported that the permeation performance decreased even

in the presence of trace quantities of condensable hydrocarbons in the

gas separation process using some polymeric membranes. More-

over, plasticization of the selective skin layer by extremely high

partial pressures of CO2 is also known to occur in the polymeric

membrane processes [Rautenbach and Welsh, 1994; White et al.,

1995; Bhide and Stern, 1993]. Interest in inorganic membrane pro-

cesses including zeolite, carbon and ceramic membranes has increased

in many application areas since they have high gas permeances and

represent thermal, chemical and mechanical stabilities compared

with glassy polymeric membranes [Jung et al., 1999; Koros and

Mahajan, 2000; Koros and Flemming, 1993; Lin, 2001; Hasegawa

et al., 2002].

In general, gas transport occurring in polymeric membranes is

described by the solution-diffusion mechanism, which consists of

the following consecutive steps: sorption in membrane structure,

diffusion through membrane and desorption on the other side of

membrane. Unlike the gas transport mechanism for polymeric mem-

branes, gas transport through inorganic membranes is more com-

plex. It is accepted that the mechanisms for gas transport through

inorganic membranes are primarily varied with pore size distribution

and to some extent with chemical interaction between the diffusing

gas species and the membrane materials [Gallaher and Liu, 1994;

Moon et al., 2004]. Basically, gas transported through inorganic mem-

branes is classified with four mechanisms: Knudsen diffusion, mole-

cular sieving, capillary condensation, and surface diffusion.

A gas molecule diffuses into the membrane pores and then pro-

gresses only by collisions with the pore wall in the Knudsen diffu-

sion mechanism, showing a high gas permeance but a low selec-

tivity. In addition, gas separation occurs by molecular sieving when

the pore dimensions of the inorganic membranes approach those

of the diffusing gas species. Nearly infinite separation factors are

theoretically attainable in this mechanism, even though the per-

meances are low [Geiszler and Koros, 1996; Suda and Haraya, 2000;

Wang et al., 2003]. Meanwhile, capillary condensation can occur

in the pores of the membranes having a mesoporous structure in

the presence of condensable gas species such as water vapor and

butane. The high permeance and high selectivity in this mechanism

are observed due to the pore filling of condensable gas species in

the membrane structure [Lee and Hwang, 1986; Uhlhorn et al., 1992;

Yoshioka et al., 2004]. When the adsorption of adsorbing gas species

occurs on the surface of the membrane pores the performance of

gas transport increases by so-called surface diffusion mechanism

[Moon et al., 2004; Cooper and Lin, 2002]. The gas species with a

high adsorption capacity is preferentially adsorbed on the pores of

the membrane, reducing open porosity and then limiting the diffu-

sion of the weakly adsorbing gases into the pores. Therefore, the

adsorbing gas species show higher permeance in porous materials

than predicted from the Knudsen diffusion [Uchytil et al., 2003;

Rao and Sircar, 1996; Fuertes, 2000].

Of inorganic membranes, ceramic membranes with a wide range

of pore sizes can be prepared by using various methods for many

different applications [Kim et al., 2001; Jung et al., 1999]. The com-

posite ceramic membranes having a mesoporous γ-alumina layer

on a macroporous α-alumina are considered as one of the effective

preparation methods to reduce the pore size or to improve the specific

surface properties for high gas permeances [Pan et al., 1999; Kim
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and Sea, 2001]. In this study, the gas permeation properties having

different adsorbing capacity were investigated for the γ-alumina ce-

ramic membrane prepared on the surface of the macroporous ce-

ramic support. Also, the influence of adsorption on the gas trans-

port and permeation performance was investigated in the mesopo-

rous γ-alumina ceramic membrane.

EXPERIMENTAL

In this study, the ceramic alumina support is an asymmetric and

composite ceramic membrane (Noritake, Japan) having an average

pore diameter of 0.7 µm and a porosity of 39%. The α-alumina ce-

ramic membrane was prepared on the surface of the alumina sup-

port. And the composite γ-alumina ceramic membrane was pre-

pared on the surface of the α-alumina ceramic membrane. Table 1

shows the characteristic properties of the ceramic membranes includ-

ing the alumina support, α-alumina and γ-alumina membranes. The

cross-section of the composite γ-alumina ceramic membranes and

the thickness of two alumina (α-alumina and γ-alumina) layers were

observed by using a scanning electron microscope (SEM) (S-900,

Hitachi). The surface adsorption property of the γ-alumina layer

was characterized by the nitrogen adsorption/desorption at 77 K

with an automatic adsorption apparatus, BELSORP-18 (BEL-Japan

Inc., Japan), after γ-alumina particles were pretreated at 300 oC dur-

ing 5 hours in a vacuum condition. In addition, different adsorption

capacity of some gas species was compared by the measurement of

the adsorbed amount on the surface of the γ-alumina layer at 25 oC.

In this study, gas species having different adsorption capacity

were selected, such as the weakly adsorbing species (He, N2, and

CH4) and the strongly adsorbing species (CO2 and C2H6). The per-

meance of gas species was measured by using a permeation appa-

ratus having a film flow meter at a pressure range lower than 180

KPa and a temperature range between 25 oC (298 K) and 150 oC

(423 K). The permeation performance of α-alumina and γ-alumina

ceramic membranes was compared through permeation experiments.

And the gas transport mechanisms were considered for the perme-

ation properties in this study.

In the gas transport and separation for the binary mixture gas sys-

tem in the presence of the adsorbing species, the gas compositions

of permeate were analyzed with a gas chromatograph, Ohkura 802,

Japan with a thermal conductivity detector (TCD). Helium was used

as a carrier gas through 200 cm-long Porapak Q packed column

(50/80 mesh). The permselectivity in the single gas system was esti-

mated as the permeance ratio of each gas species in the permeate

side. For the binary mixture gas system, the selectivity was defined

as the ratio of the gas composition in the permeate side to the feed

one. In addition, long term experiments were carried out for the γ-

alumina ceramic membrane stored at a room condition. A sche-

matic diagram of the permeation measurement for the single and

binary mixture gas systems is shown in Fig. 1.

RESULTS AND DISCUSSION

1. Morphology of Membranes and Adsorption Properties of

γ-Alumina Layer

The cross section of the γ-alumina ceramic membrane was ob-

served by using a SEM, and the analyzed result shows that the mem-

brane consists of the support layer and the two active layers (α-alu-

mina and γ-alumina). The thickness of the α-alumina and the γ-alu-

mina layers was estimated as 81±2 µm and 4.1±0.2 µm, respec-

tively (See Fig. 2). When a gas species comes into contact with a

pore surface, gas molecules adsorb to the surface in quantities de-

pending on their partial pressure. The measurement of the adsorbed

amount over a range of partial pressure at a single temperature re-

sults in an adsorption isotherm. It is generally accepted that the ad-

sorption isotherm shows different types depending on the pore struc-

ture of a porous media and intermolecular interactions between the

gas and the surface. Fig. 3(a) shows the nitrogen adsorption/de-

sorption isotherm, similar with the Type IV physisorption isotherm

according to the BDDT (Brunauer, Deming, Deming, and Teller)

Table 1. Characteristic properties of ceramic membranes

Support
Active layers

α-alumina γ-alumina

Average pore size* 0.7 µm 0.06 µm 4 nm

Porosity 39% 40% 40%

Calcination temperature - 900-1,000 oC 600 oC

*The pore size distributions were measured by using the mercury in-
trusion method.

Fig. 1. Schematic diagram of the permeation experiments.

Fig. 2. Cross-section image for the γ-alumina ceramic membrane
having two active layers.
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classification [Sing et al., 1985]. The monolayer and multilayer ad-

sorption can be observed in the Type IV isotherm, occurring in the

mesoporous structures between 2 and 50 nm [Nagamine et al., 2001;

Choi et al., 2001].

Determination of the pore size in the membrane structure and its

distribution is of importance for preparation, characterization, and

application for gas separation since their properties are related to

the gas permeation performance. Based on the nitrogen adsorption

measurement results, the pore size distribution for the γ-alumina

layer was estimated by the Barrett, Joyner, and Halenda (BJH) meth-

od. Fig. 3(b) shows that it has a mesoporous structure with the peak

radius of 2.26 nm (mean pore diameter 4.5 nm). The pore size has

a somewhat narrow distribution and most of the pores exist below

a radius of 5 nm. The estimated result of the average pore size of

the γ-alumina layer was similar with the reported one from the com-

pany by using the mercury intrusion method, as shown in Table 1.

2. Permeation Performances in the Alumina Ceramic Mem-

branes

The results for the gas permeation experiments with the α-alu-

mina and γ-alumina ceramic membranes are summarized in Table 2

in terms of the gas permeance and the permselectivity. It is shown

in the table that the permeances of gas species in the modified mem-

brane with γ-alumina layer decreased to one-third or one-fourth com-

pared with results of the α-alumina membrane. The permeation result

of He in the γ-alumina membrane showed the smallest decrease

due to a small molecular weight (See Table 2(a)). Considering the

permeation results for α-alumina and γ-alumina membranes, He

and CH4 showed high permeances, while the permeance of CO2 was

measured to the lowest value. The result implies that the gas trans-

port through both membranes was mainly affected by the Knudsen

diffusion mechanism. In the case of C2H6, however, the permeance

showed 2.1×10−6 mol/m2secPa, a much higher value compared with

that of N2 (1.6×10−6 mol/m2secPa) in the mesoporous γ-alumina

ceramic membrane. The result implies that the gas permeation in-

creased in the both alumina membranes by an additional mechanism

as well as by the Knudsen diffusion [Uchytil et al., 2003; Yoshioka

et al., 2004].

The permselectivities with CO2 in Table2(b) showed similar values

with the ideal selectivity estimated by the Knudsen diffusion. How-

ever, it is noted that the selectivity of C2H6/CO2 was higher than

expected by the Knudsen diffusion. The value of the selectivity of

C2H6/CO2 is 1.40 for the γ-alumina membrane, which is higher than

that of N2/CO2 (1.05). The higher permeation performance of C2H6

through the mesoporous ceramic membrane is related to adsorp-

tion capacity, which is determined by the adsorption isotherm. Of

gas species, the adsorption amount of the adsorbing gas species (CO2

and C2H6) on the surface of γ-alumina layer was measured and the

results are shown in Fig. 4. In the figure the adsorption capacity of

C2H6 is much higher than that of CO2, about two times when the

pressure approaches 1 atm (101.3 KPa). It is considered that the

permeance of the strongly adsorbing gas species (C2H6) in the γ-

alumina ceramic membrane increased through preferential adsorption

on the pore surface due to the surface diffusion mechanism [Moon

et al., 2004; Fuertes, 2000].

In addition, chemical interaction of the diffusion gas molecules

Fig. 3. Characterization of pore properties of γ-alumina layer by
the nitrogen adsorption.

Table 2. Modification of the permeation performance in the γ-alu-
mina membrane

(a) Gas permeance

Molecular
weight

Permeance (mol/m2secPa)

α-alumina
membrane

γ-alumina
membrane

He 04 13.39 5.72

CH4 16 08.66 2.22

N2 28 06.55 1.59

C2H6 30 06.75 2.11

CO2 44 05.60 1.51

(b) Permselectivity with CO2

α-alumina 
membrane

γ-alumina
membrane

Ideal
selectivity*

He/CO2 2.39 3.80 3.32

CH4/CO2 1.55 1.47 1.66

N2/CO2 1.17 1.05 1.25

C2H6 /CO2 1.20 1.40 1.20

*The ideal selectivity was estimated by Knudsen diffusion.
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can give an effect on the resistance for the gas transport through

the membrane pores. The gas transport resistance for the γ-alumina

layer was estimated so as to investigate the adsorption influence on

the resistance through the alumina ceramic membranes [Hamad et

al., 2001]. The total resistance in the γ-alumina ceramic membrane

consisting of the support and the two active layers, Rt, can be

estimated by the following equation:

(1)

Here, A is the effective membrane area for the gas permeation and

(P/δ) the gas permeance. The above equation implies that gas spe-

cies with a higher molecular weight represents a higher total resis-

tance due to its lower permeance. Table 3 shows an estimated total

resistance for each gas species using Eq. (1). As predicted by the

Knudsen diffusion mechanism, He showed the least resistance and

CO2 the highest among examined gas species. It is noted that the

total resistance of C2H6 showed much lower value than N2, sug-

gesting that the adsorption on the surface of the pore structure re-

duced the resistance of the gas transport through membranes.

Like the results in the total resistance, the transport resistance of

C2H6 in the γ-alumina layer was somewhat lower than that of N2.

Considering the ratio of γ-alumina layer resistance to total resis-

tance, the estimated values were dependent on the adsorbing capac-

ity, as discussed before. The values of the weakly adsorbing gas

species (He, CH4, and N2) represented 0.6 or higher. Meanwhile,

the strongly adsorbing gas species (C2H6) showed the lowest value.

The investigation of the adsorption influence on the gas transport

resistance showed that the resistance of gas transport through mem-

branes was decreased by the adsorption on the surface of the pore

structure.

The value of activation energy is an indicator of the barrier for

gas transport in gas separation membranes. That is, a lower value

of the activation energy represents a lower resistance for gas trans-

port through membranes. Fig. 5 shows the relationship between per-

meation temperature and its corresponding permeability for the γ-

alumina mesoporous ceramic membrane. The estimated results for

the activation energy show that C2H6 represented the lowest value,

−1.49 KJ/mol. In the case of CO2 having lower adsorption capac-

ity than C2H6 shown in Fig. 4, the activation energy was estimated

as −1.17 KJ/mol. Moreover, the weakly adsorbing gas species showed

less negative values, that is, −1.01 KJ/mol for N2 and −0.82 KJ/mol

for CH4, respectively. The result implies that the adsorption on the

pore surface decreased resistance for gas transport, thus increasing

gas permeance performance especially for the adsorbing gas spe-

cies through mesoporous ceramic membranes [Kim et al., 2001].

3. Consideration of Transport Mechanisms through the Meso-

porous Membrane

A characteristic feature of gas transport by the Knudsen diffu-

sion mechanism is that the permeance shows an inverse square root

dependence on temperature and molecular weight of the diffusing

gas molecules, assuming that there is no involvement of chemical

interaction. The expression for the Knudsen flow in a porous medium

can be written by using the Knudsen equation, as follows:

(2)

where Pk is the permeability due to the Knudsen diffusion mecha-

nism, Jk the Knudsen flux, ε the porosity, τ the tortuosity factor, r the

pore radius and M molecular weight of gas species. Fig. 6 shows

the relationship between the permeance and the molecular weights

of gas species. The measured permeances of the weakly adsorbing

gas species (He, CH4, and N2) are inversely proportional to square

root of molecular weight as expressed in Eq. (2). However, the ad-

Rt = 

1

A P/δ( )
-----------------.

Pk = 

Jk

∆P/δ
------------ = 

2

3
---
εr

τ
----

8

πRTM
----------------

Fig. 4. Adsorption capacities of CO2 and C2H6 on the surface of γ-
alumina layer.

Table 3. Estimated resistances of alumina ceramic membranes

Resistance (10−6 mol/secPa)−1

Resistance
ratio*Total resistance γ-alumina layer resistance

He 0515 330 0.64

CH4 1330 510 0.62

N2 1854 675 0.64

C2H6 1400 655 0.53

CO2 1956 789 0.60

*The value represents the ratio of the γ-alumina layer resistance to
the total resistance.

Fig. 5. Relationship between permeation temperature and perme-
ability in the γ-alumina membrane.
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sorbing gas species (CO2 and C2H6) showed a deviation from the

linear relationship, implying that the permeance increased due to

an additional transport mechanism, the surface diffusion, as discussed

before.

Considering the relationship between the permeation pressure

and the permeance in Eq. (2), the permeability or permeance due

to the Knudsen diffusion is independent of the permeation pres-

sure. Fig. 7 shows the permeation plots for the weakly adsorbing

gases (CH4 and N2) and strongly adsorbing gases (CO2 and C2H6)

in the relationship between the permeation pressure and the per-

meance. It can be observed that the permeance of the CH4 and N2

is independent of the pressure in the membrane, which is in com-

plete agreement with the expected Knudsen flux in the pores [Uchytil

et al., 2003]. In the case of adsorbing gases (CO2 and C2H6), their

permeances increased with increasing pressure in the membrane.

The permeance of CO2 increased from 1.6×10−6 mol/m2secPa at

20 KPa to 1.7×10−6 mol/m2secPa at 170 KPa. In addition, that of

C2H6 increased from 2.2 to 2.4×10−6 mol/m2secPa with increasing

pressures. The results imply that the surface diffusion mechanism

contributes to the permeance of adsorbing gases (CO2 and C2H6)

through the pores in the mesoporous membranes [Lee and Oyama,

2002].

The above Eq. (2) can be rewritten as follows:

(3)

Here, ε, τ, d and δ are parameters related to the properties of a mem-

brane rather than those of permeating gas species. Therefore, every

permeating gas molecule should have the same slope in the rela-

tionship between Pk(MT)1/2 and temperature, independent of tem-

perature if gas transport through the membrane is affected only by

the Knudsen diffusion [Lee and Oyama, 2002; Kim and Sea, 2001].

Gas permeation data on the γ-alumina ceramic membrane were an-

alyzed in the relationship between Pk(MT)1/2 and the permeation

temperature (See Fig. 8). Relatively constant values of the slope in the

plot were observed for the weakly adsorbing gas species (N2 and

CH4) over the applied temperature range (between 25 and 150 oC).

It is indicated that the transport of these gases is mainly controlled

by the Knudsen diffusion. Meanwhile, the strongly adsorbing gas

species (CO2 and C2H6) showed higher slopes than those for the

weakly adsorbing gas species due to the surface diffusion [Fuertes

and Menendez, 2002; Fuertes, 2000]. Through analysis of perme-

ation results through the mesoporous γ-alumina ceramic membrane,

it is considered that the permeance of the strongly adsorbing gas

species, CO2 and C2H6, increased due to the surface diffusion through

the preferential adsorption on the pore surface.

4. Permeation Performances in the Binary Mixture Gas Sys-

tem

For permeation performance in the mixture system, the permeation

result was considered in the binary mixture system of C2H6 and N2.

Fig. 9 shows the permeation performance (the permeance and the

selectivity) in the binary mixture system of C2H6/N2 (53 : 47) with

increasing permeation temperature. As the permeation temperature

increased, the permeance of N2 in the binary mixture system de-

creased from 1.39×10−7 to 7.63×10−8 mol/m2secPa, similar aspect

with the results for the single gas systems (See Fig. 9(a)). In the case

of the permeation results of C2H6 in the binary mixture system, the

permeance increased with increasing temperature (from 6.31×10−7

Pk MT( )1/2 = 

εd

τδ
-----⎝ ⎠
⎛ ⎞ 8

9πR
----------⎝ ⎠
⎛ ⎞

1/2

.

Fig. 6. Relationship between permeance and molecular weight in
the γ-alumina membrane.

Fig. 7. Effect of the pressure on gas permeance in the γ-alumina
membrane.

Fig. 8. Relationship between Pk(MT)1/2 and permeation tempera-
ture in the γ-alumina membrane.
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to 8.43×10−7 mol/m2secPa). Different from the result in the single

gas system, the value of C2H6 permeance increased with increasing

permeation temperature, which can be explained by the surface dif-

fusion mechanism as discussed before. It is considered that the pre-

ferential adsorption of C2H6 decreased the N2 permeance through

the mesopores and that the inhibition effect on the N2 permeation

increased due to increasing permeance of C2H6 [Choi et al., 2001;

Yoshioka et al., 2004]. Fig. 9(b) shows the selectivity of C2H6/N2 in

the single and the binary mixture systems with increasing perme-

ation temperature. The effect of the preferential adsorption on the

selectivity could be clearly observed in the figure. With increasing

temperature, the values of the selectivity in the single gas system

were between 1.0 and 1.2. Meanwhile, the selectivity of C2H6/N2

increased from 4.6 to 11.0 in the binary mixture system.

Composition of gas species in a mixture gas system also affects

the permeation performance (permeance and selectivity). Fig. 10

shows the influence of C2H6 mole fraction on the permeation results

in the binary mixture of C2H6 and N2 at the permeation temperature

of 35 oC. The permeance of C2H6 was negligibly low at low com-

positions up to 0.3, and then increased drastically between 0.3 and

0.4. Above 0.4 of the C2H6 mole fraction, the permeance of C2H6

and N2 were not changed (See Fig. 10(a)). Fig. 10(b) shows the se-

lectivity of C2H6/N2 with increasing mole fraction of C2H6. The se-

lectivity of C2H6/N2 showed 10-14 above a mole fraction of 0.4. It

is considered that a monolayer and then a multilayer adsorption oc-

curred on the pore after the preferential adsorption in the binary sys-

tem of C2H6 and N2 as the concentration of C2H6 increased [Choi

et al., 2001; Uchytil et al., 2003].

5. Permeation Stability for the Mesoporous Ceramic Mem-

brane

It is accepted that membranes have three key performances affect-

ing their economic utility for large scale applications. The first param-

eter is their selectivity toward the gases to be separated, affecting

directly the recovery of the process and indirectly feed gas flow re-

quirements. The second one is membrane flux or permeance, which

simply determines the amount of membrane and capital cost. And

the third one is the life of the membrane, which is related to mainte-

nance and replacement costs [Spillman, 1989].

In the previous sections, the influence of the preferential adsorp-

tion on the selectivity and the permeance was investigated in the γ-

alumina ceramic membrane. The permeation stability during the

long term (200 days) for the membrane was considered in this sec-

Fig. 9. Permeation performance in the binary mixture system of
C2H6 and N2.

Fig. 10. Effect of composition on permeation in the binary mix-
ture system of C2H6 and N2.
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tion. Fig. 11 shows the change in the relative permeance (P/P0) for

each gas species. In the permeance changes for the weakly adsorb-

ing gas species, He showed the largest decrease as 45% and the per-

meance of CH4 and N2 was decreased as 23% and 10%, respec-

tively, in the long term permeation experiments. Due to the highest

adsorption capacity, a small change in the permeance of C2H6 was

observed with a decrease of only 2%. It is considered in the long

term permeation experiments that different permeation results were

observed due to different adsorption capacity [Menendez and Fuertes,

2001].

Table 4 summarizes the estimated permselectivities of CO2 and

CH4 in the long term permeation experiments. The permselectivi-

ties with CO2 (C2H6/CO2 and N2/CO2) showed the increased value

due to the smallest decrease in the permeance of C2H6 and N2 for

the long term stability test. Also, the permselectivities with CH4 were

increased in the long term permeation experiments due to decrease

in the CH4 permeance except for He/CH4. The permselectivity of

C2H6/CH4 showed the largest increase from 0.95 to 1.22. It is con-

sidered that adsorption of O2 in air increased the adsorption of hydro-

carbons on the surface of γ-alumina membrane, resulting in increas-

ing permeation performance of C2H6 [Menendez and Fuertes, 2001].

It was observed in the permeation experiment for the stability that

C2H6 showed high permeation performance due to the adsorption

capacity.

CONCLUSIONS

Interest in ceramic membranes has increased in many applica-

tion areas due to high permeances and their thermal, chemical and

mechanical stabilities. In this study, the influence of chemical inter-

action between the diffusing gas molecules and the membrane pore

surface on the gas permeation properties was investigated in the

mesoporous γ-alumina ceramic membrane. In the permeation results

the mesoporous ceramic membranes showed high gas permeances,

especially for the strongly adsorbing gas species (CO2 and C2H6)

due to the surface diffusion mechanism. In the binary mixture sys-

tem of C2H6 and N2, the preferential adsorption of C2H6 increased

its permeance and the selectivity of C2H6/N2. Also, the gas species

having a high adsorption capacity showed a good performance in

the long term stability test. Through the gas transport experiments,

it was shown that the preferential adsorption of the adsorbing gas

species on the surface of the mesoporous structures could increase

gas permeation performance.
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NOMENCLATURE

A : effective membrane area [m2]

d : pore diameter in the membrane [m]

Jk : flux by the Knudsen diffusion [mol/m2sec]

M : molecular weight of gas species

P : permeability [mol m/m2secPa]

Pk : permeability by the Knudsen diffusion [mol m/m2secPa]

R : gas constant [8.314 J/mol K]

Rt : total resistance [mol/secPa]−1

T : temperature [K]

r : pore radius in the membrane [m]

∆P : pressure difference [Pa]

δ : membrane thickness [m]

ε : porosity

τ : tortuosity factor
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