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Hollow Fiber Inorganic Membranes for Gas 
Separations* 

J .  DOUGLAS WAY 
DEPARTMENT OF CHEMICAL ENGINEERING 
103 GLEESON HALL 
OREGON STATE UNIVERSITY 
CORVALLIS, OREGON 97331-2702 

DARYL L. ROBERTS 
CHEMICAL ENGINEERING DEVELOPMENT CENTER 
SRI INTERNATIONAL 
333 RAVENSWOOD AVENUE 
MENLO PARK. CALIFORNIA 94025-3493 

Abstract 
Pure gas permeabilities of He, H2, CO?, N?, and CO were measured for micro- 

porous silica hollow fiber membranes as a function of temperature. The transport 
mechanism for gas permeation is clearly non-Knudsen since several heavier gases 
permeate faster than lighter gases. An excellent correlation is obtained between 
permeability and kinetic diameter of the penetrant. The proposed mass transfer 
mechanism is a combination of surface diffusion and molecular sieving. High ideal 
separation factors (permeability ratios) are observed at 343 K for H2/NI and HI/ 
CO of 163 and 62.4, respectively, which compare very favorably with polymeric 
and molecular sieve gas separation membranes. 

INTRODUCTION 
There is increasing interest to develop high temperature, high pressure 

membrane technology to perform a variety of gas separations such as acid 
gas removal from synthetic gas streams found in coal-fired power gener- 
ation systems, hydrogen recovery in petrochemical production, and CO1 
H2 ratio adjustment in the production of oxychemicals. The temperatures 
encountered in these processes are far above the operating temperature 

*Presented at Sixth Symposium on Separation Science and Technology for Energy Appli- 
cations, Knoxville, Tennessee, October 25, 1989. 
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30 WAY AND ROBERTS 

range for most organic membrane materials which is typically 423-473 K 
for polymers such as silicone rubber, polysulfone, and cellulose esters. 
Materials such as silica, ceramics, and carbon are potential membrane 
materials for gas separations at high temperatures or in aggressive chemical 
environments (8). This paper presents gas transport data for microporous 
silica hollow fibers at high pressure as a function of temperature. 

The application of microporous membranes to the separation of gases 
and vapors has been extensively reviewed by Hwang and Kammermeyer 
( 9 ) ,  especially the literature pertaining to transport in microporous Vycor 
glass membranes. Gas transport in microporous Vycor glass is controlled 
by Knudsen diffusion or, in the case of condensible vapors, a combination 
of Knudsen diffusion and surface diffusion (11). More recently, Okubo 
and Inoue reported the chemical modification of microporous Vycor-type 
glass membranes to improve the mixture separation factor for He over O2 
from the Knudsen value of 3 to 6. 

Koresh and Sofer (14, I S )  reported molecular sieve carbon (MSC) mem- 
branes prepared by pyrolysis of polymer films. These membranes have 
ideal separation factors much higher than those predicted for Knudsen 
diffusion (e.g., He/O, and Oz/Nz selectivities of 20 and 8.0, respectively). 
Heat treatment of the MSC membranes in O2 was used to increase the 
pore size and resulted in a decrease in the ideal separation factors for He/  
O2 and 0 2 / N 2  to 2.8 and 0.92, respectively. These values are close to those 
expected from a Knudsen diffusion mechanism. Koresh and Sofer attribute 
the high selectivity prior to pore opening to a molecular sieving or size 
discrimination effect similar to the mechanism of MSC adsorbents. 

EXPERIMENTAL 
The fibers were manufactured by melt extrusion followed by leaching 

as described by Hammel and coworkers (5,  6). PPG Industries provided 
microporous hollow fiber silica membranes for use in this work. The di- 
ameter of the hollow fibers was approximately 100 km. Physical adsorption 
of N2 was used to characterize the hollow fibers, and analysis of the N2 
adsorption data using the BET isotherm indicated that virtually all of the 
pores were less than 20 A in diameter. 

Permeability measurements were made using single hollow fiber mem- 
branes potted in one end of +in. stainless steel tubes using quick-setting 
epoxy resin (Devcon Corporation, Danvers, Massachusetts). The permeate 
end of the fiber was left open, and the other end of the fiber was sealed 
using the epoxy potting compound. The length of the hollow fibers in the 
test cells was approximately 14 cm. The single hollow fiber test cells were 
installed in $-in. diameter stainless steel pressure vessels with double-end 
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HOLLOW FIBER INORGANIC MEMBRANES 31 

shut off quick connect fittings at the high pressure feed inlet and residue 
outlet ports. Cajon Ultra-torr O-ring fittings were used to connect the low 
pressure permeate stream to the tubing system which is shown in Fig. 1. 

The flow system in Fig. 1 was used to measure pure gas permeabilities 
for silica hollow fiber membrane test cells. The temperature of the test 
cells is controlled by a gravity convection oven. A pure gas at 21.4 atm 
flows through the hollow fiber test ce!l to a backpressure regulator, fine 
metering valve, and a bubble flowmeter. Ultrahigh purity (99.999%) He, 
H2, and Nz, 99.99% COz, and 99.5% CO were used as feed gases without 
further purification. The permeate gas flow rate was measured as a function 
of membrane temperature using a capillary bubble flowmeter. The pure 
gas permeability was calculated from the hollow fiber dimensions, permeate 
flow rate, and feed pressure by using the equation 

\ ., 

Qf  = 2TrLAp; 

where: q, = kolumetric flow rate of species i at 
Qj = permeability of species i 

Legend: 

Qp   hut oft valves 
BPR Back Pressure Regulator 

F ~eedGas Stream 

R ResidueStream 

P Permeate Stream 

P 

STP 

Exhaust 

Bubble 

Meter 

Metering 
Valve 

I Meter I 

-1 B k  t- Exhaust 
Meter 

Oven 

FIG. 1. Schematic diagram of apparatus for measuring single-component gas permeabilities 
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32 WAY AND ROBERTS 

TABLE 1 
Pure Gas Permeabilities in Barrer Units Measured at 21.4 atm 

Temperature 
( K) He HI CO? N2 co 
29n 13.5 17.5 - 0.140 0.568 
313 163 101 21.4 0.773 - 
343 568 285 53.2 1.75 4.56 

r = inside (i) or outside (0) radius 
L = fiber length 
Ap, = partial pressure difference of species i 

Once the pure component permeabilities are known, ideal separation fac- 
tors a( i / j )  can be calculated from the ratio QJQ,. 

Pure Gas Permeability Data 
As shown in Table 1, pure component permeabilities for He, H2, COz, 

N2, and CO were measured at temperatures of 298, 313, and 343 K at a 
pressure of 21.4 atm. At temperatures above 300 K, the permeability of 
He was highest, followed by H2, C02,  CO, and Nz. The H2 permeability 
was slightly larger than the He permeability at 298 K. The Hz permeability 
at 313 K is 101 Barer ,*  approximately one-half the permeability of a 
commercial cellulose acetate membrane. At the same temperature, the 
C 0 2  permeability for this inorganic hollow fiber is 21.4 Barrer. The CO? 
permeability of a commercial cellulose acetate membrane is about 90 Bar- 
rer ( 4 ) .  The differences in permeability may be more than compensated 
by the higher surface area of hollow fiber modules compared to spiral 
wound membrane modules. Kesting (12)  estimates that a hollow fiber 
module containing 100 pm diameter hollow fibers will have a surface area/ 
volume ratio of 6,000 ft2/ft3, which is 20 times larger than a typical spiral 
wound cellulose acetate membrane module containing approximately 300 
ftz/ft' of membrane area. 

Table 2 presents the ideal separation factors calculated from the pure 
gas permeabilities in Table 1. The ideal separation factors compare very 
favorably with literature values for polymer and molecular sieve carbon 
(MSC) membranes. Hayes (7) reported a range of ideal selectivities for 
He/N2 and C 0 2 / N 2  separations with UV crosslinked polyimide mem- 
branes. For example, the polyimide sample with the highest He permea- 

" I  Barrer is 10."' cm'(STP)/cmscmHg 
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HOLLOW FIBER INORGANIC MEMBRANES 33 

TABLE 2 
Ideal Separation Factors, ct(i/j) 

Temperature 
(K) H,/COZ Hz/CO He/COz COz/N2 HJN? CO/NZ He/NI 

30.8 - - 125 4.06 96.4 - 298 
211 313 4.72 - 7.62 27.7 131 

343 5.36 62.5 10.7 30.4 163 2.61 325 
- 

bility had an a(He/N2) of 137 and an a(CO,/NJ of 40 at 298 K. Schott et 
al. (17) reported an ideal separation factor of approximately 35 for H_ over 
CO using a cellulose acetate spiral wound module for commercial HJCO 
ratio adjustment for the manufacture of oxochemicals. Koresh and Sofer 
( 1 4 , 1 5 )  reported a He/N, separation factor of 22 for an MSC membrane. 

All of the separation factors increase with increasing temperature except 
a(CO/N2) which decreases from 4.06 to 2.61. This difference could indicate 
that the activation energy for diffusion of CO is less than that for N2. For 
all of the other gas pairs, the more permeable gas has the higher activation 
energy for diffusion. 

Theory 
Motion of a gas through a microporous barrier is generally accomplished 

with a pressure difference between each side of the microporous barrier. 
At minimum, there is a partial pressure difference" for at least one of the 
species. For barriers with holes fine enough to ignore forced convective 
flow, four separate mechanisms of transport can be envisioned: Knudsen 
diffusion, surface diffusion, capillary condensation, and molecular sieving 
(Fig. 2). We will not discuss capillary condensation because it is likely 
irrelevant at the temperatures of interest. 

The Knudsen diffusion mechanism is well understood ( 9 ,  13), and its 
primary result is that, when all other factors are equal, the ratio of the 
flow of species i to that of species j is given by the inverse of the square 
root of their molecular weight ratio. This result holds for multicomponent 
and single component systems. Because most gaseous species have a mo- 
lecular weight between 10 and 100, selectivities are small, and it is rare to 
find a gas mixture wherein an efficient separation by Knudsen diffusion is 
possible. A key result of the Knudsen mechanism is that no chemical 
information is necessary to compute the flux. The molecules are treated 

*The general case is a difference in chemical potential. 
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34 WAY AND ROBERTS 

Knudsen diffusion 
O 0 . o .  0 
0 0  - 

Surface diffusion 

0 

0 0  
0 Capillary condensation 0 

with liquid flow 0 

Molecular sieving 

0 

FIG. 2. Mechanisms of mass transfer through microporous membranes. The pore walls of 
rigid, inorganic membranes are stationary whereas those of polymer membranes exhibit 
thermal motion. Mechanisms are more clearly delineated for rigid membranes. Source: Flem- 

ing (3). 

like billiard balls, and the pore walls are treated like billiard table edges 
with elastic collision properties. 

The surface diffusion mechanism refers to the ability of molecules to 
reside on the surface and hop from point to point “along” the surface with 
no apparent residence time in the bulk gas phase above the surface. The 
surface chemistry of the microporous barrier plays a key role in this mech- 
anism. Indeed, surface diffusion can be thought of as occurring when the 
energy state of the diffusing species is dominated by the interaction with 
the surface. Surface diffusion has largely been associated with the fields 
of catalysis, adsorption, and electronic device manufacturing (1,2,18,20). 
Nevertheless, it is recognized in the membrane literature (10, 11). Until 
recently, however, no material other than Vycor glass appeared to exhibit 
this phenomenon. 

The chemistry of the internal pore surface of the barrier and how the 
surface interacts with diffusing species can be studied by observation of 
the ability of the barrier to adsorb gases. Consequently, we can expect any 
theory of surface diffusion to incorporate some aspect of the thermody- 
namics of adsorbed phases (i.e., adsorption isotherms). Surface diffusion 
can occur regardless of the size of the pore but is negligible when transport 
through the bulk of the pore is dominating. Consequently, we can surmise 
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HOLLOW FIBER INORGANIC MEMBRANES 35 

that the distance from side to side of a pore must be much less than 10 
atomic diameters before surface diffusion will be significant. 

Molecular sieving refers, in its most absolute sense, to the complete 
blocking of transport of a certain size or shape of molecule and the free 
passage of smaller or differently shaped molecules. Molecular sieving is 
strongly and clearly exhibited by zeolites ( I ) .  Other materials (e.g., mo- 
lecular sieve carbons) exhibit an element of this behavior in their ability 
to adsorb molecules of slight size differences at dramatically different rates. 
In molecular sieving, the diffusing molecule is in close and regular contact 
with both sides of the pore wall. In zeolites, this “pore wall” is the aperture 
to the inner zeolite cage. In a microporous barrier, a molecule will en- 
counter a series of such “apertures” as it diffuses across the barrier, simply 
because the barrier is three-dimensional and nonuniform in its pore size 
distribution (Fig. 3 ) .  Indeed, in an irregular, heterogeneous array of in- 
terconnected pores, it is conceivable that a diffusing species would en- 
counter a variety of constrictions wherein molecular sieving is dominant 
and would encounter other regions, intermediate to these restrictions, 
where surface diffusion or Knudsen diffusion is dominant (Fig. 4). In any 

Diffusing - 
Molecule 

I f 
! 

- 
DISTANCE 

FIG. 3 .  Conceptual diagram of diffusion through molecular-sized holes (molecular sieve dif- 
fusion). Molecules pass through constrictions and experience energy fields as a result of their 
own size and the nature of the pore walls. The rate of diffusion is likely controlled by the 

largest activation energy barrier. 
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I Knudsen Dinusion I 

I Diffusion I 
Molecular Sieving u 

I I I I I I  I I I I 1  I I I I 1  
1 .o 2 4 6 1 0  20 40 60 100 200 400 600 1000 

PORE DIAMETER (A) 

FIG. 4. Approximate operative pore size ranges for various mechanisms. We have assumed 
a typical penetrant diameter of 4 8, for placing the range for surface diffusion and molecular 

sieving. 

case, when the pore size is on the order of 2 or 3 molecular diameters, 
molecular sieving will control the transport. 

From consideration of transport through the internal pore gas phase and 
along the internal pore walls, an equation for the flux can be derived: 

Here, N,,porc is the flux of species i (moles per unit pore area per unit time), 
D; is the surface diffusion coefficient, pS is the density of the native solid 
membrane material, E is the void volume fraction in the microporous mem- 
brane, R is the gas constant, T is the absolute temperature, ni is the moles 
of species i adsorbed on the internal pore surface per unit mass of adsorbent 
(membrane), Dj is the diffusion coefficient of species i in the internal pore 
gas phase, P, is the partial pressure of any species j in the internal pore 
gas phase, Cj and C, are the concentrations of species i and j in the internal 
pore gas phase, and N is the number of species in the multicomponent 
mixture. This equation explicitly makes clear that gradients in any species 
j will affect the flux of any species i on the surface. This result is intuitively 
reasonable since strongly adsorbed species will affect the surface concen- 
tration (and hence, surface concentration gradient) of all other species. * 

*W@n €4). we have diffusion through the solid lattice only. A more general form of Eq. 
( 2 )  iLN, =  EN,,,,,,^ + (1 - e)N,,,,,,,,,, where the last term is the solid lattice diffusion term 
and N, is the flux on  a total area basis. Generally, solid lattice diffusion is insignificant. 
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HOLLOW FIBER INORGANIC MEMBRANES 37 

The physical meaning of the partial derivative dn,ldP, is the change in 
the moles of species i on the internal pore surface for a given change in 
the partial pressure of species j in the internal gas phase above the internal 
pore surface (all other partial pressures held constant). For a single com- 
ponent gas, this term is the slope of the pure component isotherm, derived 
from experimental data. For a multicomponent gas, this term could also, 
in principle, be determined from multicomponent adsorption data. In prac- 
tice, multicomponent data are very difficult to obtain. Since the number 
of data points one needs to take is nearly infinite to map the range of 
compositions one may encounter in a given application, there is a strong 
incentive to relate multicomponent isotherms (e.g., represented by dn,/ 
dP,) to pure component isotherms. This relationship can be accomplished 
with ideal adsorbed solution (IAS) theory (16) and will be the subject of 
a future paper. 

The internal pore gas phase diffusion coefficient D, is given by the Knud- 
sen mechanism or the molecular sieving mechanism, depending on the 
pore size. Hence we have 

and 

In Eqs. ( 3 )  and (4), G, is a “geometric factor” (equal to 8r /3  for right 
angle cylinders of radius r ) ,  m, is the molecular weight of species i, and E, 
is the controlling activation energy barrier for species i. The activation 
energy barrier E, is related to the pore size and penetrant size. A quan- 
titative relationship is presently lacking in the literature. 

We expect the surface diffusion term will be negligible at temperatures 
above 500 K and that Knudsen diffusion or molecular sieving will dominate. 
Indeed, since the pores of this material are generally smaller than 20 A, 
we expect molecular sieving to control the transport. This expectation is 
largely substantiated by our present data as discussed below. 

DISCUSSION 
According to kinetic theory, the lighter gases should diffuse faster in a 

Knudsen diffusion regime. However, the trend of the permeability data in 
Table 3 indicate that He permeates faster than H2 even though He is the 
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38 WAY AND ROBERTS 

TABLE 3 
Role of Molecular Weight and Kinetic Diameter 

Kinetic 
Gas diameter 
molecule (A) 

Permeability 
at 343 K 
(Barrer) 

~ 

He 2.6 
H? 2.89 
co, 3.3 
N? 3.64 
co 3.76 

568 
285 
53.2 

1 .?5 
4.56 

Molecular 
weight 
( d m 4  

4.0 
2.0 

44.0 
28.0 
28.0 

heavier molecule. The COz permeability is higher than both N2 and CO, 
which have a much lower molecular weight. 

The inability of Knudsen diffusion to explain the experimental results is 
underscored by the ideal separation factors. For example, Eq. (3) predicts 
that the C02/Nz separation factor would be 0.8, indicating that the mem- 
brane would be selective for N2. The experimentally determined ideal COz/ 
Nz selectivity from Table 2 is 30.4 at 343 K. With the exception of the H2/ 
COa separation factor, all of the separation factors in Table 2 greatly exceed 
the values that would be expected from a Knudsen diffusion mechanism. 
Also, the hollow fibers are selective for CO over N2. Because N2 and CO 
have the same molecular weight, no separation would be expected from a 
Knudsen diffusion mechanism. Therefore, based on the experimental 
permeability data in Table 3 and the ideal separation factors in Table 2, 
mass transfer in the silica hollow fibers is not controlled by Knudsen dif- 
fusion. 

The remaining possible transport mechanisms from Fig. 2 to explain the 
experimental data for these silica hollow fiber membranes are surface dif- 
fusion and molecular sieving. As shown in Fig. 5, the permeability of gases 
through these membranes appears to be strongly related to kinetic diameter 
supporting a molecular sieving mechanism. The smallest molecule, He,  is 
the most permeable, while the largest molecules, N2 and CO, are the least 
permeable. A molecular sieve mechanism has been reported by Koresh 
and Sofer (14, 15) for gas separation with carbon membranes. Our size 
correlation is not perfect, however, because carbon monoxide is over twice 
as permeable as N, even though CO is slightly larger. The higher CO 
permeability may be a result of an interaction between CO and the surface 
of the silica membrane. The polar CO molecule may be attracted to the 
polar hydroxylated silica surface which would increase the surface coverage 
and the permeability of CO relative to N2 or another noninteracting gas. 
The interaction between the CO and the silica membrane surface should 
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2.6 2.8 3.0 3.2 3.4 3.6 3.8 

KINETIC DIAMETER (A) 

FIG. 5. The effect of molecular size on pure gas permeability. Permeability measurements 
were performed at 21.4 atm and 343 K. The equation of the exponential fit is Q = (5.02 X 

108)10-2 1x0. 

decrease at higher temperatures, which would decrease the ideal separation 
factor. This trend is exactly what is observed; the CO/N2 separation factor 
decreases from 4.06 at 298 K to 2.61 at 343 K. 

A similar mechanism may explain the H2/C02 ideal selectivity. Although 
there is a large size difference between C02 and H2 of 0.41 A, the separation 
factor is somewhat small (approximately 5 ) .  This result may be caused by 
an interaction of C 0 2  with the silica membrane surface which increases 
the surface concentration and the permeability. On this basis, we expect 
the selectivity for H2 to increase with increasing temperature because the 
surface coverage of C 0 2  should decrease at higher temperatures; this trend 
is what is observed. 

Surface diffusion has been observed previously during gas permeability 
measurements with microporous alumina membranes. Van Vuren et al. 
(19) studied the transport of H2, N2, and C 0 2  through y-alumina mem- 
branes at ambient pressure and moderate temperatures. Transport of H2 
and N2 was described by Knudsen diffusion theory, and COz permeabilities 
were 30% higher than predicted on the basis of molecular weight differ- 
ences. The authors attributed the difference to surface diffusion of weakly 
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40 WAY AND ROBERTS 

adsorbed COz. The effect of surface diffusion decreased at constant pres- 
sure as the temperature was increased to 373 K. In Van Vuren’s study, 
transport of CO? was probably a result of both surface diffusion and Knud- 
sen diffusion. 

Analogously, both surface diffusion and molecular sieving appear to be 
contributing to the permeability of the silica hollow fibers. Without knowl- 
edge of the pore size distribution, it is difficult to quantitatively assign the 
importance of each mechanism. However, a qualitative explanation could 
be that the smallest pores provide the selectivity of the separation, and the 
larger pores provide much of the permeability at the cost of selectivity. As 
discussed above, the gas permeability appears to depend on molecular size 
and the degree that the gas molecules interact with the surface. Molecules 
with a larger surface interaction will have higher permeabilities than those 
of a noninteracting gas of similar size. 

CONCLUSIONS 
We have reported that microporous silica hollow fibers can be used as 

gas separation membranes. Single component permeabilities were mea- 
sured for several noncondensible permanent gases including He, Hz, COz, 
Nz. and CO at 298, 313, and 343 K. High ideal separation factors (perme- 
ability ratios) of 163 and 62 are observed at 343 K for H,/N2 and H2/C0, 
respectively. The transport mechanism cannot be explained by solution- 
diffusion or Knudsen diffusion mechanisms. Proposed mass transfer mech- 
anisms are surface diffusion and molecular sieving. Molecular sieving ap- 
pears to be the dominant mechanism. Surface diffusion depends on the 
degree that the gas molecules interact with the silica surface and makes 
possible the observed ability of CO to permeate faster than N2, even though 
N? has a smaller kinetic diameter. Further fundamental research is needed 
to understand the microstructure and mass transfer mechanism in these 
novel materials. 
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