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Abstract 

Diffusion of binary and ternary gases through catalytic and non-catalytic membranes has been studied experi- 
mentally at atmospheric pressure. These experiments were conducted in a modified Wicke-Kallenbach diffusion 
cell consisting of two continuously stirred gas volumes separated by a membrane. The equipment was suitable to 
measure fluxes of components through the membrane in the absence of gas-to-membrane mass transfer limitations. 

Transport through a porous membrane has been measured and compared with the results of the dusty-gas model, 
which has been used to predict transport through a membrane. With independently determined input parameters 
this model turned out to be able to predict the transport of a multicomponent gas mixture through a membrane 
within a few percent ( < 5Oh). The Fick model extended with a convective transport contribution was not able to 
produce similar results as obtained from the dusty-gas model, especially when an overall pressure gradient was 
present over the membrane. 

In order to demonstrate the occurrence of surface effects, dynamic transport of a binary gas was studied in a 
similar experimental setup as described by Nova et al. In this setup the transport of gas mixtures containing 
helium, argon and nitrogen was in good agreement with the model simulations. For transport of carbon dioxide 
and propane through a Y-A&O~ coated membrane, adsorption phenomena were observed, but no substantial sur- 
face mobility was detected at temperatures ranging from 293 to 433 K. 

Key words: Diffusion and convection; Multicomponent transport; Membrane reactor 

1. Introduction 

A catalytically active membrane reactor with 
separated feed of reactants has attractive prop- 
erties for the processing of fast, heterogeneous gas 
reactions. Among others, it provides options to 

‘Corresponding author. Present address: Department of 
Chemical Engineering, University of Groningen, Nijenborgh 
4,9747 AC Groningen, Netherlands. 

improve the reactor control and to avoid the 
build-up of explosive gas mixtures [2,3]. Ac- 
cording to Veldsink et al. [ 3 ] slip of uncon- 
verted reactants to the opposite side reduces sub- 
stantially the aforementioned advantages. 
Therefore, the optimal performance of this type 
of membrane reactor is obtained for heteroge- 
neous reactions with a high reaction rate com- 
pared with the transport rates of reactants 
through the membrane. Once operated in the de- 
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sired region, transport of components through the 
membrane becomes the rate governing process. 
Hence, it is important that a good description of 
the transport phenomena in the membrane is 
available and that the transport rate can be esti- 
mated accurately. 

Transport of components through a porous 
medium is usually caused by mole fraction gra- 
dients as well as total pressure gradients. The 
transport in the Knudsen regime, with mainly 
molecule-wall interactions, and in the contin- 
uum regime (bulk, molecular regime), where the 
molecule-molecule interactions are important, is 
well understood. In the transition region be- 
tween Knudsen and continuum diffusion an in- 
terpolating model (e.g., Bosanquet formula) has 
to be assumed in order to describe the transport 
adequately. In addition to the diffusive transport 
induced by mole fraction gradients, a pressure 
gradient forces convective motion of the com- 
ponents. To take the effect of both mechanisms 
into account a more complicated transport 
model, as for instance the dusty-gas model 
(DGM ), is required to estimate the fluxes 
through porous media. A detailed theoretical 
study of transport accompanied with chemical 
reactions in porous media has already been pre- 
sented elsewhere [ 41. 

A good description of the transport through 
(catalytic) membranes is very important for the 
design of a catalytic membrane reactor and for 
the interpretation of the experimental data. The 
transport through porous media has been stud- 
ied extensively experimentally; most of these 
studies, however, have either been performed in 
the Knudsen regime, or dealt with binary mix- 
tures only, because the DGM can be solved ex- 
plicitly for these systems. Evans et al. [ 5,6] con- 
ducted binary gas diffusion measurements 
through low-permeability graphite at atmos- 
pheric pressure in a Wicke-Kallenbach diffusion 
cell [ 11. The experiments were performed in both 
the Knudsen and the continuum regime. During 
these experiments the pressure was kept con- 
stant and uniform over the porous solid. Addi- 
tionally, the effect of an absolute pressure gra- 
dient has been studied in the Knudsen regime. 
Pressure gradient effects in the transition regime 

were studied by Sattertield and Cadle [ 71 by us- 
ing binary mixtures. On transport in multicom- 
ponent gases through porous solids less experi- 
mental work has been published, which is 
probably due to the fact that the DGM cannot be 
solved directly. For transport by diffusion only 
Remick and Geankoplis [ 81 solved the DGM 
equations for a ternary mixture, and presented 
implicit solutions from which the transport rates, 
fluxes, can be obtained iteratively. These authors 
experimentally studied the isobaric diffusion of 
ternary mixtures (He-Ne-Ar mixtures) through 
glass capillaries at different absolute pressure 
levels. By variation of the absolute pressure level 
the transport process could be studied in the 
Knudsen regime as well as in the continuum re- 
gime. All experiments have been compared to the 
DGM solutions and showed a good agreement. 

Surface mobility of adsorbed species in heter- 
ogeneous systems may provide an additional 
transport mechanism. Surface transport of H2S 
and SO2 in a catalytically active membrane re- 
actor was reported by Sloot et al. [ 91 for the 
Claus reaction. The active catalyst for the Claus 
reaction is y-A1203 and its surface OH groups in- 
teract with acid gases, such as CO2 and SO*. Sur- 
face transport of acid gases over Y_A&O~ was also 
reported by Gilliland et al. [ lo] and Uhlhorn et 
al. [ 111. These studies showed that the contri- 
bution of surface transport is generally small 
compared with the gas-phase transport. How- 
ever, because in narrow pores the area of the pore 
wall is relatively large and the gas-phase trans- 
port rate is low, surface diffusion may substan- 
tially contribute to the total transport rate. The 
pore size of the membranes used by Sloot et al. 
[ 91, however, were relatively large compared 
with those used in other studies on surface trans- 
port. Yet, they observed a significant contribu- 
tion of surface transport. The implementation of 
surface diffusion in the DGM is not as straight- 
forward and simple as compared with pressure 
and concentration gradient driven transport 
processes, because no generally accepted de- 
scription of surface diffusion is available. Basi- 
cally two approaches have been proposed, a 
‘hopping’ model [ 10 1, and a more hydrody- 
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namic description [ 121. A review on the work 
on surface transport is given by Kapoor et al. 
[ 13 1. Recently, Krishna [ 141 developed the cra- 
ter dusty-gas model, which is a new approach for 
the description of surface diffusion analogous to 
the DGM. 

As mentioned before, the transport rates com- 
pletely determine the behaviour of the catalytic 
membrane reactor with separated feed of reac- 
tants. Therefore, the transport of components 
through a membrane was studied experimentally 
in the absence of a chemical reaction, and the re- 
sults are compared with the model calculations 
on the basis of the DGM. In the present DGM 
the surface transport was not implemented [ 41. 
First, steady-state diffusion experiments of mul- 
ticomponent gases (containing, e.g., He, Ar, NZ, 
CO*) through a non-catalytic, (Y-A~~O~, mem- 
brane are presented, either with or without a 
pressure difference over the membrane. Owing 
to its low specific pore area, surface diffusion is 
not expected to be important in such a mem- 
brane. Next, the membrane was wash coated with 
y&O3 and impregnated with Pt. Provided that 
no surface transport occurs, the DGM calcula- 
tions of the steady-state experiments through the 
impregnated membrane should also be in good 
agreement with the experimental data. 

Additionally, transient diffusion experiments, 
in which the transport was monitored as a func- 
tion of time, were carried out in order to study 
the occurrence of surface effects. Surface trans- 
port is usually studied using membranes with 
narrow pores (high area/volume ratio) and low 
concentration gradients over the membrane to 
suppress the gas-phase transport. The surface oc- 
cupation depends on the composition of the gas 
phase as expressed by the adsorption isotherm, 
so that surface transport depends on both the 
concentration gradient and the actual concentra- 
tion of a component. Consequently, variation of 
the gas-phase concentration and simultaneously 
studying the mole fluxes reveals information on 
the surface flux. Dynamic diffusion experiments 
with noble gases were reported by Novak et al. 
[ 15 ] and simulated with a numerically solved 
transport model. The agreement or mismatching 
between the experimental and theoretical re- 

sponse curve could possibly give information on 
surface interactions, such as adsorption and sur- 
face mobility. 

2. Theory 

The transport rate of a component through a 
membrane is generally determined by three sep- 
arate steps. First, a species has to be transported 
from the bulk of the gas phase to the membrane 
surface, then it is transported through the mem- 
brane to the opposite gas-membrane interface 
followed by transport from this interface to the 
bulk of the other gas phase. A typical example of 
a concentration profile over the membrane and 
its adjacent gas phases is shown in Fig. 1. 

The continuity of mass describes the transport 
through a membrane, and for a flat, one-dimen- 
sional geometry this is expressed as: 

(1) 

Two theoretical approaches for the description 
of transport in porous media have been exten- 
sively discussed and it has been concluded that 
the DGM is preferred for the description of 
transport through membranes [ 41. According to 
the DGM the transport rate for each component 
can be calculated from: 

x_ 
Oz-_L 

Fig. 1. General partial pressure profile over the membrane 
and gas phases. 
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n X,Nj-XjN; Ni c -- 
j= I,j#i PD; PDF,, 

i= l...n) (2) 

The diffusion coefficients are effective 
parameters: 

8RT 
D:,=;Ko - 

J 7cMj 
(m2 s-‘) (3a) 

DS=$ (m2 s-l) (3b) 

The structure of the porous membrane is char- 
acterized by three parameters, E/T, K. and BO, 
which generally have to be determined experi- 
mentally from permeation measurements of a 
single, pure gas through the membrane [ 16 1. For 
a single gas Eq. (2 ) reduces to: 

Ni=$e+DzK)$ (md me2 s-l) (4) 

Under stationary process conditions the flux is 
constant and Eq. (4) results in: 

N__A Bo(p, +‘o) +D” 

‘-RT 2p ( 
IS 

) 

x(PL-Po) (molm-2s-l) 

L 
(5) 

According to Eq. (5) the ratio of the flux 
through the membrane over the pressure differ- 
ence is proportional to the average pressure. 
Plotting this ratio as a function of the average 
pressure, the permeability constant (B. ) results 
from the slope and the Knudsen constant [K,, 
Eq. (3a) ] from the intersection with the vertical 
axis. In the case where the pores are assumed as 
non-interconnected, circular capillaries of ra- 
dius rp, the values of K. and B. can be calculated 
directly [ 16 ] : 

K o=z (m) 

B o =$ (m2) 

(f-5) 

The value of the porosity-tortuosity ratio, E/ 
7, can be derived from the results of B. and Ko: 

E K; 
7- 28, 

(8) 

However, it is not very likely that in porous 
membranes the pores are perfectly cylindrical. 
So, Eq. (8) must be regarded as an approxima- 
tion, and the porosity-tortuosity ratio also has to 
be determined experimentally and indepen- 
dently of the other parameters. A well-defined 
diffusion experiment with a binary gas mixture 
consisting of noble gases can be used for this 
purpose. 

The overall transport rate of components 
through a porous matrix (membrane) may not 
only be determined by the internal resistances, 
but also gas-to-membrane transfer limitations 
can become important. Especially in large pore 
size membranes this external resistance can be 
significant and the process conditions at the 
membrane interface may differ substantially 
from the gas bulk composition. Usually, a gas- 
phase mass transfer coefficient, kg, is introduced 
to describe the external, gas-to-membrane, 
transport. This coefficient is defined as the ratio 
of the flux to the membrane and the driving force 
[ 171. Under isothermal conditions, 

RTN, 
kg-IPI_PA, (ms-9 (9) 

The value of kg must be obtained from experi- 
ments carried out under well-defined and known 
bulk and interface conditions. Usually, an evap- 
orating liquid (e.g., n-butanol) or a sublimating 
solid (e.g., naphthalene) is used to provide these 
conditions. The gas-to-membrane mass transfer 
coefficient is determined by the hydrodynamics 
of the system (depending on, e.g., impeller speed 
and reactor geometry) and physical properties of 
the gas phase (e.g., viscosity and diffusivity ). For 
a variety of contactors, relations for the calcula- 
tion of kg have been reported in the literature, 
but these are not generally applicable for each 
specific type of equipment. Therefore, in the 
present study this parameter was also deter- 
mined experimentally. 
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The definition of the gas-to-membrane mass 
transfer coefficient according to Eq. (9) is re- 
stricted to situations with a negligible net molar 
flux through the interface. If a considerable bulk 
flow occurs, drag forces will influence the trans- 
port process. For processes carried out with po- 
rous membranes this situation frequently takes 
place, for instance by exerting a pressure differ- 
ence over the membrane. Application of a trans- 
membrane pressure difference results in a con- 
vective flow which facilitates the transport of 
components moving down the pressure gradient 
and hinders the transport upwards. For this sit- 
uation [ 17 ] the mass transfer coefficient, fluxes, 
and the gradients are related to one another ac- 
cording to: 

xi -XT 
l+ N -xi=exp (10) 

A 
n 

in, Ni 
By means of Eqs. (9) and ( 10) the driving force 
in a diffusion experiment can be calculated from 
the observed fluxes and the mass transfer coeffi- 
cient. In order to compare the calculated fluxes 
through the membrane with the experimental 
data, the gas-to-membrane transport resis- 
tances must preferably be negligible. 

3. Experimental 

The steady-state transport of gases (He, Ar, N2, 
COz, CO, 0,) through the membrane was stud- 
ied in a modified Wicke-Kallenbach diffusion 
cell [ 11. A flowsheet of the experimental setup is 
shown in Fig. 2. The cell was constructed of glass, 
and the two gas volumes (230, 223 ml) were 
separated by a ceramic membrane of cy-A1203. An 
oil jacket provided a good temperature control 
of the cell. Inlet gas flows were preheated by the 
oil jacket, so that an isothermal operation of the 
cell was obtained (thermocouple readings within 
1 “C). Both gas volumes were equipped with a 
turbine impeller (di,,=25.10-3 m; Ni,,=O-30 
s- ’ ) , and it was assumed that the gas phases were 
ideally mixed. Gas mixture compositions were set 

and controlled by Brooks’ thermal mass flow 
controllers. The pressure of each gas volume was 
controlled by a needle valve present in the outlet. 
The pressure difference over the membrane was 
measured by a manometer (mmH,O reading). 
In the bottom volume a pressure gauge was in- 
stalled to read the absolute cell pressure. EfIluent 
gases could be sampled by using a syringe and 
gas compositions were determined by gas chro- 
matography (Varian 3300) using a Hayesep and 
a MSSA column in series. Volumetric outlet gas 
flows were measured by a soap film flow meter. 
Finally, the fluxes were calculated from partial 
mass balances over the gas volumes, 

O=f#j~~_@,.~P~-Ni& (mol s-l) 

(11) 

By imposing the inlet conditions with the mass 
flow controllers and determining the outlet con- 
ditions, the flux can be obtained directly from 
Eq. ( 11). The overall fluxes could be measured 
within a maximum error of 10%. 

The gas-to-membrane mass transfer coeffi- 
cient, kg, was experimentally determined for the 
aforementioned diffusion cell from the evapora- 
tion rate of n-butanol. For this purpose the mem- 
brane was removed and the cell was filled with 
n-butanol until the liquid interface was at the 
same location as the membrane interface. The 
remaining upper gas volume was continuously 
fed with pure nitrogen and the n-butanol content 
in the eflluent was detected by a thermal conduc- 
tivity cell. Because the diffusion cell was almost 
symmetrical it was assumed that the gas-to- 
membrane mass transfer coefficients in the top 
and bottom part of the cell are identical. 

The dynamic transport experiments were car- 
ried out in a modified version of the above-men- 
tioned diffusion cell. One of the gas volumes was 
replaced by a much smaller volume (4 cm3), 
which was closed instead of continuously oper- 
ated. A digital pressure transducer (Transamer- 
ica, O-O.2 MPa) monitored the pressure in the 
closed volume. A schematic representation of this 
modified cell is shown in Fig. 3. The setup closely 
resembles that of Novak et al. [ 15 1, who pre- 
sented some dynamic diffusion experiments 
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Fig. 2. Flowsheet of the modified Wicke-Kallenbach diffusion cell for steady-state diffusion experiments. 

Fig. 3. Flowsheet of the modified diffusion cell for the dynamic diffusion experiments. 
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through catalyst pellets to verify their dynamic 
mean-transport-pore model. 

4. Results and discussion 

Before starting the diffusion experiments on 
multicomponent gases, it was verified that the 
transport through the membrane was not limited 
by gas-to-membrane transport. Therefore, kg has 
been measured using the evaporation of n- 
butanol. 

To calculate the fluxes through a membrane 
from the numerical model it is necessary that the 
values of the structure parameters of the mem- 
brane are known. Section 4.2 presents the deter- 
mination of the structure parameters of the 
membranes, and, subsequently, flux measure- 
ments with both non-catalytic (a-Al,O,) and 
impregnated (Et/y-A&O, ) membranes. 

k value appeared to be completely determined 
by the impeller speed. Fig. 4 shows the experi- 
mental results at a constant inlet flow rate, which 
are satisfactorily represented by: 

k,=8.19~10-4N~,$, (ms-‘) (12) 

To calculate the mass transfer coefficient for gas 
mixtures with different physical properties, the 
results of these experiments were transformed in 
a dimensionless relation, by using the Sk, Re and 
SC numbers on the basis of the impeller geome- 
try. The dependence of the mass transfer coeffi- 
cient on SC was not investigated in this study, but 
Versteeg et al. [ 191 showed that the gas-liquid 
mass transfer coefficient in a stirred vessel was 
proportional to SC’.~. Therefore, Eq. ( 12) was 
adapted for the estimation of kg during the mem- 
brane experiments according to: 

4.1. Gas-to-membrane mass transfer 

The experimental work started with the deter- 
mination of kg from the evaporation rate of n- 
butanol. It should be noted that the experimen- 
tal conditions during these experiments were not 
similar to those for the transport experiments 
through the membrane. Especially the hydrody- 
namics at the gas-liquid and the membrane in- 
terface differ substantially. The gas-liquid inter- 
face is freely moving, while the interface is fixed 
for the membranes. 

or 

Sh=0.023Re~~pSc05 (12b) 

4.2. Determination of the structure parameters 

The structure parameters were determined 
from single gas permeation experiments that were 
carried out with several gases. Fig. 5 shows a typ- 
ical result of an experiment performed with he- 

Recently, Kreulen et al. [ 18 ] have shown that 
the gas-phase mass transfer coefficient in gas- 
liquid stirred cells, similar to the one used in the 
present study, was not affected by the presence 
of a polymeric membrane at the interface. As the 
exact value of kp is of minor importance for the 
present study, it is therefore assumed that the 
values of kg determined from the butanol evap- 
oration rate can be used for the estimation of the 
mass transfer coefficients in the experiments with 
the membranes. -Nhp (s-‘) 

Under the experimental conditions applied in 
the present study, it turned out that variation of 

Fig. 4. External mass transfer coefficients obtained from the 
evaporation rate of n-butanol at T= 293 K, P= 0.1 MPa, and 

the inlet flow at a constant impeller speed had no different impeller speed. Physical properties of the gas mix- 

effect on the butanol evaporation rate. Hence, the ture: D,,_Bu,N1 = 9.0~10-6m2s-‘,p/p=1.52~10-6m2s-1. 



282 J. W. Veldsink et al. /Journal of Membrane Science 92 (I 994) 275-291 

(mol 

lcew 
PL-PO 

.m *.pa-‘.s-‘) 

t 

I 2 3 4 s 

___) y (105 Pa) 

Fig. 5. Permeation of He through the membrane (L=O.O02 
m) at T= 298 K. The data are plotted in accordance with Eq. 
(5). 

Table 1 
Structure parameters of the membrane resulting from per- 
meation measurements with gases 

gas % 
X lo-l4 (m2) 

KO ‘P 
X lo-’ (m) X 10m6 (m) 

N2 4.74 1.14 1.66 
4.83 1.06 1.82 

He 5.02 0.91 2.01 
Ar 4.85 1.06 1.83 

lium presented graphically in accordance with 
Eq. (5). Table 1 presents the results obtained 
from other gases. Within the experimental accu- 
racy, the values of the parameters are indepen- 
dent of the gas. 

From the structure parameters that were ob- 
tained, the pore radius was calculated assuming 
that the pores are ideally cylindrical, i.e.: 

480 
rp =-- 

& 
(13) 

Fig. 6 shows the corresponding mercury porosi- 
gram of the membrane, and it can be seen that a 
narrow, unimodal pore size distribution is pres- 
ent with an average pore radius of rP= 1.2 pm. 
The pore radii calculated from Eq. ( 13 ) with the 
structure parameters given in Table 1 are close 
to this value, but nevertheless systematically 
higher. This is explained by the fact that the 

.kg-‘). 

800- 

IO- 1” 

-_t rp (109m) 

Fig. 6. Pore-size distribution of a membrane resulting from 
mercury porosimetry. 

permeability factor, B,,, is proportional to the av- 
erage of the square of the pore radii, whereas the 
Knudsen constant, K,, is proportional to the av- 
erage of the pore radii, respectively. It can thus 
be shown that, for any pore size distribution, Eq. 
( 13 ) overestimates the average pore radius. 

Finally, the porosity-tortuosity ratio was ob- 
tained from the best lit of an isobaric binary dif- 
fusion experiment of nitrogen and helium at am- 
bient pressure and temperature. This resulted in 
a value of E/z=O. 147, which is in good agree- 
ment with the value calculated from Eq. (8), t/ 
r= 0.126. Consequently, the experimentally de- 
termined structure parameters of the membrane 
are: B0=4.79*10-14 (m’), K,= l.lO*lO-’ (m), 
and E/Z= 0.147. With these values and known gas 
compositions at the membrane interfaces, the 
fluxes can be calculated from Eqs. ( 1) and ( 2 ) . 

During the determination of the porosity-tor- 
tuosity ratio from an isobaric flux measurement 
of a He-N, mixture, it turned out that a gas-to- 
membrane transport resistance ( 10% ) had to be 
taken into account. This influence of the exter- 
nal resistance could be reduced by increasing the 
transport resistance through the membranes, by 
placing several membranes in series. For two 
membranes in series the total gas-to-membrane 
mass transfer resistance is already less than 5% 
compared with the total membrane resistance. 
Therefore, all experiments were conducted with 
two membranes in series. 
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4.3. DifJusion of N,-Ar-He through a 
membrane. 

Table 3 
Comparison of experimental fluxes with the calculations ac- 
cording to different models’ 

First diffusion experiments of He-Ar-N, mix- 
tures were carried out in the diffusion cell at at- 
mospheric pressure and ambient temperature. An 
CY-A~~O~ membrane which was not impregnated 
with any catalytic material was present in the 
diffusion cell. Hence, surface effects were not ex- 
pected in these experiments and the model pre- 
dictions of the fluxes should be in good agree- 
ment with the experimental data. In the 

No? N N2 NAr N He 

10e3 (mol mW2 s-l) 

1 exp. 3.441 17.93 20.40 
DGM 2.48 I 17.55 20.70 
lin. DGM 2.387 16.16 19.82 
Fick - 2.089 15.43 16.41 

2 exp. 6.783 -27.60 - 30.70 
DGM 5.243 -27.58 -32.17 
lin.DGM 4.091 - 24.83 - 30.68 
Fick 9.087 - 24.84 -25.32 

0.04 - 
N Ealc 

(mol.m-2.s-') 

t 0.02 - 

3 exp. 18.25 -4.728 -9.381 
DGM 16.88 -4.401 -9.673 
lin.DGM 16.20 - 4.400 -9.640 
Fick 16.50 -6.183 - 8.842 

4 exp. 30.55 -0.201 -4.464 
DGM 28.60 0.281 -4.698 
lin.DGM 26.81 0.413 -4.971 
Fick 24.65 - 2.306 - 5.300 

5 exp. 22.90 - I 1.80 - 18.70 
DGM 20.53 - 10.33 - 17.66 

-0.04 -0.02 0.00 0.02 0.04 

- Ncrp (mol.m-2.s-1) 

Fig. 7. Diffusion of He-Ar-N, through a porous membrane 
at P= 0.12 MPa and T= 29 8 K. Parity plot of the calculated 
flux from the dusty-gas model, Eq. (2), and the experimental 
flux. 

6 exp. 8.052 -26.76 - 30.44 
DGM 5.516 -26.08 -30.39 

7 exp. 53.76 -2.711 -7.917 
DGM 50.79 - 1.825 -6.970 

Table 2 
Experimental conditions for diffusion experiments of He, Ar 
and Nz mixtures through a membrane at T= 298 K 

8 exp. 9.852 - 24.80 -29.10 
DGM 6.455 - 23.78 - 28.40 

9 exp. 26.91 - 10.30 - 17.20 
DGM 22.24 - 9.209 - 16.26 

No. Pr PO-P, xNz~ XNz.~ K4r.O -G&L 

OfPa) (mm&d 

10 exp. 33.74 - 6.424 
DGM 33.06 -5.113 

- 13.05 
- 11.66 

I 0.12 93 0.2862 0.4082 0.1975 0.5951 ‘Model parameters in the calculations: 8,=4.79. lo-t4 m’; 
2 -119 0.6202 0.1798 0.5212 0.1190 Ko=1.10~10-7 m; t/5=0.147; 
3 23 0.6657 0.1503 0.3640 0.3507 D 

DN2,&=$5. 10-5, 
NI.He=7.072*10-5, Dn,,A,=7.355*10-5 s-1; 

4 80 0.6871 0.1341 0.3395 0.3805 m=2.011~I0-‘Pas. 
bNumbers correspond to the conditions presented in Table 2. 

5 0.20 3 0.7211 0.1056 0.4485 0.2261 
6 80 0.8225 0.1762 0.5126 0.1331 
7 -73 0.6212 0.0432 0.3575 0.3590 calculations the gas-to-membrane transport re- 

sistance was neglected ( -C 3%). 
8 0.30 -45 0.6302 0.1685 0.5028 0.1481 
9 7 0.7331 0.0969 0.4330 0.2493 

10 31 0.7725 0.0714 0.3993 0.2975 

Flux measurements at 0.12 (MPa) and 298 
(K) are presented in Fig. 7 as a parity plot be- 
tween the experimentally observed fluxes and the 



284 J. W. Veldsink et al. /Journal of Membrane Science 92 (I 994) 275-291 

model predictions. A good agreement exists as 
can be concluded from this diagram. Table 2 
summarizes the experimental conditions for ten 
typical experiments. The measured fluxes corre- 
sponding to these experiments are presented in 
Table 3 together with the model calculations. Al- 
though during the experiments the pressure dif- 
ferences over the membrane were small in com- 
parison with the absolute pressure level, 
convective flows equal to the diffusion fluxes 
were induced because of the relatively large pore 
diameters of the membrane. 

The left column of Table 3 also shows the fluxes 
calculated from an approximation of the DGM 
as proposed by Krishna [20] as well as the Fick 
model extended with a convective flow contri- 
bution (see ref. 4). Apparently, the best agree- 
ment is obtained by the complete DGM, al- 
though the linearized DGM also shows a 
remarkable agreement. This approximate model 
assumes straight mole fraction profiles a priori, 
so that the fluxes can be calculated directly from 
the equations. The results are satisfactorily ac- 
curate, even under conditions with a substantial 
convective flow. This is noteworthy because for 
the latter situation the profiles are usually curved, 
owing to the presence of a pressure gradient and 
the linearization, therefore, seems questionable. 
For two cases presented, the results of the Fick 
model largely differ from the DGM results. In 
experiment No. 1 nitrogen is transported through 
the membrane against its gradient, caused by a 
convective flow. The Fick model calculates the 
diffusion flux of a particular component directly 
from its partial pressure gradient and adds the 
viscous flow to the diffusion flux [ 4 1. For this 
situation it predicts a net nitrogen flux that is in 
the opposite direction. A similar situation oc- 
curred in experiment No. 4 for the argon flux. In 
this experiment the diffusion flux of argon is 
nearly balanced by an opposing convective mo- 
tion, so that its net flux is close to zero. Although 
the direction of the argon transport is correct, the 
Fick model calculates a ten times higher flux. The 
deviation of the DGM can be attributed to the 
fact that the external mass transfer was not taken 
into account in the calculations. 

From the He-Ar-Nz diffusion experiments, it 

is concluded that the DGM accurately predicts 
the fluxes through the membrane without any 
adjustable parameters. The simplified procedure 
suggested by Krishna [20] also performs well, 
even when a viscous flow is present and the pro- 
files are no longer linear due to the presence of a 
pressure gradient. The coupling of the diffusion 
fluxes (drag effects) seems to be more important 
than the use of the exact, local values of the gra- 
dients inside the membrane. Therefore, the ex- 
tended Fick model, which neglects these cou- 
pling effects, results sometimes not only in 
quantitative errors, but also in large qualitative 
deviations. This is all in line with the conclu- 
sions from a detailed comparison of the DGM 
and the Fick model [ 4 1. 

4.4. Transport through a catalytically active 
membrane 

Once it was verified that the diffusion process 
in the diffusion cell was well described by the 
DGM, the cx-Al,O, membranes were impreg- 
nated with catalytic material, Pt/y-A&O,. First, 
a y-A1203 wash coat was deposited on the pore 
walls by absorbing an aqueous solution of urea 
and aluminium nitrate (mass ratio 1:2) in the 
pores. Then the membrane was heated up quickly 
to 373 K and dried at this temperature for one 
night. Subsequently, the nitrous compounds were 

u N,,, (mdm-‘.s-1) 

Fig. 8. Parity plot of the calculated (DGM) and experimen- 
tal flux of CO (A), O2 (Cl), and CO2 (0) through the 
membrane impregnated with Pt/y-A120S. Table 4 shows the 
experimental conditions. 
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Experimental conditions of the flux measurements through an alumina membrane impregnated with Pt/~A1203’ 

No. PL T 

WPa) 6) 

x,=N2,x2=C02 
1 0.12 298 
2 
3 333 
4 

x,=Ar,x2=N2,xco=1-xr-x2 
5 0.20 298 
6 
7 396 
8 
9 

x,=He,x2=N2,xe=l-xl-x2 
10 0.12 397 
11 
12 

PO-P, 

(mmH20) 

-1 
48 

-4 
48 

0 
-14 

65 
-6 

-39 

59 
130 
-4 

X1.0 X1.L x2,0 X2.L 

0.8707 0.2056 0.1293 0.7944 
0.9133 0.2706 0.0867 0.7294 
0.8679 0.2099 0.1321 0.7901 
0.9022 0.2658 0.0978 0.7342 

0.1277 0.7065 0.4454 0.1515 
0.7130 0.1217 0.1461 0.4505 
0.0952 0.5873 0.4607 0.208 1 
0.6884 0.1490 0.1568 0.4337 
0.6567 0.1276 0.1728 0.443 1 

0.2399 0.5095 0.6008 0.3869 
0.2162 0.4785 0.6196 0.4120 
0.2610 0.5355 0.5842 0.3665 

‘Structure parameters ofthe membrane: 8,=3.019* lo-l4 rn’, &=9.22.10-s m, e/r=O.l15. 

removed from the surface at 473 K and after- 
wards the membrane was calcined for 4 h at 673 
K. Secondly, the membrane was impregnated 
with platinum by using an aqueous H2PtCls so- 
lution. The impregnated membranes contained 
N 6.5 wt% y-A&O3 and 3.0 wt% Pt. Transport of 
components occurring in oxidation reactions 
(e.g., CO, C02, 0,) through this catalytically ac- 
tive membrane was studied at low temperatures 
(T<423 K). 

Fig. 8 summarizes a number of experiments, 
showing a parity plot between the calculated flux 
and the experimentally observed flux of some 
components. The experimental conditions are 
presented in Table 4. From Fig. 8 it is concluded 
that all fluxes are accurately predicted by the 
DGM. The fluxes of nitrogen are not shown in 
Fig. 8, but were also accurately predicted as was 
demonstrated in previous experiments. From the 
results of Fig. 8 and similar experiments, it was 
concluded that additional transport due to sur- 
face interactions of C02, CO, CH4, 02, and N2 
did not occur at temperatures between 298 and 
400 K and pressures between 0.1 and 0.3 MPa. 

4.5. Dynamic transport of a binary gas mixture 

From the steady-state measurements it can be 
concluded that no surface diffusion was detected 
in an CY-A&O~ membrane impregnated with y- 
A1203 and Pt and an average pore size of 1 p. 
In large pores the gas-phase transport is favoured 
due to the fact that the surface transport coeffi- 
cients are usually much smaller [ 2 11. Therefore 
additional experiments were carried out using a 
smaller pore-size membrane in order to investi- 
gate the possible occurrence of surface diffusion. 
However, the diffusion process remained in the 
transition regime. A membrane with an average 
pore size of dP x 0.1 lrn was impregnated with Y- 
A1203 ( 1.9 wt%, calcined at 450°C) to create 
sites for acid-base interactions between the gas 
and the surface. Especially carbon dioxide is ex- 
pected to be influenced by the presence of sur- 
face OH groups. The structure parameters for this 
membrane are presented in Table 5, and were 
determined as discussed in the previous sec- 
tions. Surface transport depends not only on the 
concentration gradient, but also on the absolute 
concentration level. Therefore, the diffusion 
process is monitored as a function of time after 
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Table 5 
Structure parameters of the membrane used in the transient 
experiments together with the binary diffusion coeffkient at 
atmospheric pressure 

Structure parameters Diffusion coefficients 
(m’s_‘) 

T 

(K) 

K0=3.24~10-9m 

8,,=5.89*10-“m 

t/r=0.080 

r,=4.44*10-* m 

(mercury porosimetry) 

N&r = 7.34. lo-5 293 

D&Q = 13.250.1 0W5 415 

D&N~ = 7.168*10-5 298 

D&0,=5.792.10-5 293 

Dfie,,-0, = 11.384. 10e5 434 

D&,,=4.158~10-5 298 

D&.,,=l.336. 1O-5 416 

a step change was imposed on the inlet 
conditions. 

To perform dynamic transport experiments the 
original experimental setup was modified as de- 
scribed in section 3 and is shown in Fig. 3. Dur- 
ing the dynamic diffusion experiments the (ab- 
solute) pressure in the closed gas volume was 
monitored as a function of time. As indicated by 
Novak et al. [ 15 ] the pressure should increase in 
the closed-volume part of the setup when a heavy 
gas, present in this volume, is exchanged for a 
lighter component because the latter is trans- 
ported faster through the membrane. According 
to Graham’s law of diffusion, 

iNi*= (14) 
i=l 

in the case where the diffusion process is either 
isobaric or in the Knudsen regime. Initially, the 
system is isobaric and the transport rates through 
the membrane are related to the square root of 
the molecular mass, resulting in non-equimolar 
flows when the molar masses are different. A to- 
tal mass balance over the closed volume reads 

&$=-A,,, i Ni(z=O) 
i=l 

(15) 

Owing to the non-equimolar flow, the right-hand 
side of Eq. ( 15 ) is not equal to zero and causes a 
change in the cell pressure. The magnitude of the 
pressure effects are determined by the difference 
in molecular mass of the components, the size of 

the closed volume and the membrane structure 
parameters. If the pressure changes, the viscous 
flow will induce transport in the opposite direc- 
tion, and the pressure gradient over the mem- 
brane gradually returns back to zero. 

From the previous sections, it was already 
concluded that the steady-state transport fluxes 
through the membrane were correctly described 
by the DGM without any adjustable parameters 
and surface transport. As a check on the ability 
to predict also the time-dependent transport 
through a membrane, the diffusion of noble gases 
(He-Ar) through the membrane was studied 
first. For noble gases surface effects are not ex- 
pected. In order to realise a reasonable pressure 
change the volume of the modified cell was kept 
as small as possible, and, therefore, the impeller 
was removed from the closed volume. The re- 
moval of the impeller, however, might introduce 
a gas-to-membrane mass transfer resistance, since 
the gas phase is completely stagnant. The pres- 
ence of external mass transport limitations in the 
closed volume was estimated from Sh=2.47, 
which has been derived from the penetration 
theory [ 171. From this value of Sh, gas-to-mem- 
brane transport limitations turned out to be neg- 
ligible ( < 4% ) . 

Initially, the cell was filled with Ar and, at t = t,,, 
He was continuously supplied to the upper part 
of the cell at such a high flow rate that almost 
instantaneously (t-c 1 s) the contents of this vol- 
ume was replaced by He, invoking a step change 
in the composition. Now the diffusion process 
forces the cell to a new steady state correspond- 
ing to the newly imposed process conditions. 
Since He moves more rapidly through the mem- 
brane than Ar, the pressure in the closed volume 
increases. The experimental pressure and the 
model prediction are presented as a function of 
time in Fig. 9. Fig. 9 also shows the reverse case, 
exchanging He by Ar, and both cases show a good 
agreement of the model calculations with the ex- 
perimental data. Furthermore, different symbols 
for both types of experiment illustrate a good re- 
producibility of these experiments. Fig. 10 dem- 
onstrates that a good agreement is also observed 
at higher temperatures. 

The model simulations were carried out with- 
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P-P0 pm= 2.325* 1O-5 (Pas) 

(105 Pa) 

t 

0.2 

-0.44 . , . , . , , I 

0 20 40 60 80 100 

- t 6) 

Fig. 9. Transient diffusion experiment of He and Ar at T= 293 
K. The open symbols show the pressure-time readings when 
the cell was initially filled with Ar, whereas the closed sym- 
bols represent the data when the cell was initially tilled with 
He. The lines are the predictions according to the dusty-gas 
model. 

“. 

P-P0 h= 3.012* 1O-5 (Pas) 

(Id w 

t 

0.3 

0.0 y I 
0 20 40 60 

- t (9 

Fig. 10. Transient diffusion experiment of He-Ar system at 
T= 4 15 K. Comparison of experiment with dusty-gas model. 

out the use of any adjustable parameters. The 
structure parameters were determined in sepa- 
rate and independent experiments. The binary 
diffusion coefficients were obtained from Mar- 
rero and Mason [22], and the viscosity of the 
pure components were obtained from Landolt- 
Biirnstein [ 23 ] as a function of temperature. In 
the model a mixture viscosity was used, calcu- 
lated according to the Wilke mixture rule [24], 
and kept constant during the calculations. The 
mixture viscosity was evaluated at a mixture 
composition of 50% of both components and the 
value is given in the different diagrams. 

Secondly, the dynamic diffusion of a He-N, 

system was studied at 298 K. For this system also 
no important surface interactions are to be ex- 
pected. The results are shown in Fig. 11 and it 
was observed that the results were in good agree- 
ment again. From Figs. 9- 11 it can be concluded 
that the model is able to predict the dynamic 
transport through a membrane without the im- 
plementation of a surface diffision contribution. 

Finally, two systems were studied which are 
expected to show surface interactions. From Ul- 
horn et al. [ 111 a small surface contribution 
could be expected for CO2 and hydrocarbons. 
The CO* adsorption on pA1203 was well studied 
[ 25 1. At low temperatures CO2 is adsorbed as a 
relatively immobile bicarbonate complex, but at 
elevated temperatures the adsorbed species 
changes into a super mobile carbonate complex. 
Rosynek [ 25 ] reports on his catalyst a transition 
temperature of 423 K. Therefore, transport of 
COz through the membrane was studied at low 
(293 K) and elevated (434 K) temperatures, and 
the results are presented in Fig. 12 and 13. Con- 
trary to the previous results on the He-Ar and 
He-N, systems a significant discrepancy is ob- 
served between the experimental data and the 
model calculations. These deviations can be at- 
tributed to surface interactions. From the steady- 
state transport experiments presented in the pre- 
vious section, it was concluded that surface in- 
teractions were not noticed and the fluxes of CO2 
were accurately described by the model. 

From Fig. 12 it can be concluded that the larg- 
est discrepancies are observed in the case where 

Fig. 11. Transient diffusion experiment of He-N2 system at 
T=298 K. Comparison of experiment with dusty-gas model. 
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Fig. 12. Transient diffusion experiment of He-CO2 system at 
T=293 K. Comparison of experiment with dusty-gas model. 

0 20 40 60 

- t(S) 

Fig. 13. Transient diffusion experiment of He-CO, system at 
T=434 K. Comparison of experiment with dusty-gas model. 

P-P0 pm= 1.043* 10-S (P&S) 

(105 Pa) 

t 

0.2 - 

0.0 , 

-0.2 - 

-04 _I I 
0 20 40 ho 

- t(s) 

Fig. 14. Transient diffusion experiment of He-CSHs system 
at T=298 K. Comparison of experiment with dusty-gas 

0.4 -, 

(105 Pea) 

p; 11/ K 

-0.4 41 
0 IS 30 45 611 

- t (s) 

Fig. 15. Transient diffusion experiment of He-CSHs system 
at T=416 K. Comparison of experiment with dusty-gas 
model. 

the pores are initially filled with He and subse- 
quently replaced by CO2 (negative response 
curve). In this case the surface is initially free 
from COz and instead of being transported 
through the pores to the opposite side CO2 ad- 
sorbs on the pore wall, whereas He moves unaf- 
fectedly through the membrane. So, the He out- 
flux of the closed volume is compensated by a 
much smaller influx of CO*, which results in a 
larger pressure decrease than calculated from the 
model. According to the adsorption isotherm, at 
higher temperatures less CO* adsorbs, so that the 
discrepancy between the model and the experi- 
mental data becomes smaller. This is shown in 
Fig. 13. 

Figs. 12 and 13 also show that the He-CO2 
(negative) and CO*-He (positive) curves are 
not symmetrical, and that the CO,-He curve 
shows a better agreement with the model calcu- 
lations. In this case the pores are initially filled 
with COz, so that the surface is completely oc- 
cupied with COz. Instead of adsorption, now de- 
sorption occurs. According to Rosynek [ 25 ] the 
desorption rate is very low which explains the 
better agreement of the CO,-He curve with the 
calculations. Therefore, initially the gas-phase 
transport rate is not influenced by this phenom- 
enon, and the experiments and model simula- 
tions are in good agreement. Next, the desorp- 
tion process starts to affect the gas-phase profile 
of CO* and owing to this effect its concentration 
gradient decreases. Therefore, less COz is trans- 
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ported through the membrane than expected, 
causing a pressure increase in the closed volume. 
At higher temperatures the CO2 occupation on 
the surface is lower resulting in smaller devia- 
tions (see Fig. 13 ). Additional experiments were 
carried out at different temperatures, 
293 < Tg 434 K, which showed similarly shaped 
pressure-time trajectories. Therefore, it is not 
likely that the surface mobility has changed sig- 
nificantly over this temperature range. Due to 
temperature limitations, the supermobile car- 
bonate surface species could not be observed in 
the present experimental equipment and for the 
present catalyst. 

Finally, dynamic transport of propane through 
the membrane was studied and the results are 
presented in Fig. 14 and 15. Contrary to carbon 
dioxide, alkanes show higher desorption rates 
[26] and now the experimental curves are al- 
most symmetrical. At higher temperatures a good 
agreement is observed, owing to less adsorption. 

5. Conclusions 

A steady-state diffusion cell was constructed to 
study the transport of components through a 
membrane. The gas-to-membrane transport lim- 
itations could be neglected under the experimen- 
tal conditions used in the present study. Diffu- 
sion experiments of several gases through 
catalytically active and non-active membranes 
were carried out, and the transport rates were 
compared with the dusty-gas model (DGM) cal- 
culations. With independently determined 
structure parameters it was shown that the DGM 
is able to predict the transport through mem- 
branes with high accuracy. Calculations accord- 
ing to the Fick model were also compared with 
the experimental results and, occasionally, this 
model shows large deviations with the experi- 
mental results or the DGM calculations. For 
steady-state calculations the approximated DGM 
as suggested by Krishna [ 201 estimates satisfac- 
torily the transport rates, even in the presence of 
a substantial viscous flow. This approximated 
model does not require elaborate mathematical 

techniques and is therefore recommended for the 
calculation of steady-state fluxes. 

In order to study surface effects during the 
transport of components, a dynamic diffusion 
cell was used similar to the apparatus of Novak 
et al. [ 15 1. In the absence of surface interac- 
tions, dynamic, non-isobaric diffusion through a 
membrane is well described by the DGM. To 
study the influence of adsorption and desorption 
processes of components, a dynamic diffusion 
experiment may yield useful information con- 
cerning the mobility of the components. For CO2 
and propane, transport through the membrane 
was affected by adsorption. The hysteresis be- 
tween the adsorption and desorption isotherm is 
revealed by the asymmetry of the experimental 
response curves. Surface mobility of CO2 could 
not be detected because of the limited tempera- 
ture range of the experimental setup. Neverthe- 
less, the dynamic diffusion cell seems a promis- 
ing technique for studying surface effects on the 
transport of components through porous 
materials. 

6. List of symbols 

A, 
Bo 
d 

DiJ 

Di,K 

KO 
M 
N 

Nmp 
P 

Pi 

R 

Reimp 

external membrane area ( m2) 
d’Arcy permeation constant ( m2 ) 
diameter or characteristic length in Sh 
(m) 
binary diffusion coefficient between i 
and j (m2 s-l) 
Knudsen diffusion coefficient of com- 
ponent i (m2 s-l) 
gas-to-membrane mass transfer coeffi- 
cient (m s-‘) 
Knudsen constant (m ) 
molecular mass (kg .mol- ’ ) 
molar flux (mol mm2 s-l) 
rotational speed of impeller (s- ’ ) 
pressure (Pa) 
partial pressure of component i (Pa or 
mmH,O ) 
universal gas constant (J mol- ’ K- ’ ) 
Reynolds number, based on the rota- 
tional speed of the impeller, Ni,pdi?,, 

P/P 
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k 

5% 
t 
T 
V 

X 

Z 

E 

z 

P 

P 

@” 
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radius (m ) 
Schmidt number, p/pDi (- ) 

Sherwood number, k&imp/D’, (-) 
time (s) 
temperature (K) 
volume ( m3 ) 
mole fraction (-) 
space co-ordinate (m ) 
porosity (- ) 
tortuosity (-) 
viscosity (Pa s ) 
density (kg mp3) 
volumetric flow rate ( m3 s- * ) 

6.1. Subscripts/superscripts 

A&j with respect to component A, i or j, 
respectively 

e effective 
in inlet 
m mixture 
out outlet 
imp impeller 
P pore 
0,L at the beginning and end of the mem- 

brane, respectively 
0 gas-phase conditions 
i interface (membrane-gas) 
a gas bulk 

Acknowledgements 

These investigations were not possible with- 
out the financial support of GASTEC, Apel- 
doom, Netherlands. For their help in the exper- 
imental work we greatfully acknowledge the 
contributions of G.H.W. van Benthem and A. 
van Waveren. For his technical assistance we ap- 
preciate the work of A. Schanssema. Thanks also 
to M. Bracht for his work on the development of 
the computer program. 

References 

[ 11 E. Wicke and R. Kallenbach, Die Oberflkhendiffusion 
van Kohlendioxyd in aktiven Kohlen, Kolloid Z., 97 
(1941) 135-151. 

[2] H.J. Sloot, G.F. Versteeg, W.P.M. van Swaaij, A non- 
permselective membrane reactor for chemical processes 
normally requiring strict stoichiometric feed rates of 
reactants, Chem. Eng. Sci., 45 ( 1990) 2415-242 1. 

[ 3 ] J.W. Veldsink, R.M.J. van Damme, G.F. Versteeg and 
W.P.M. van Swaaij, A catalytically active membrane re- 
actor for fast, exothermic, heterogeneously catalysed re- 
actions, Chem. Eng. Sci., 47 ( 1992) 2939-2944. 

[ 41 J.W. Veldsink, A Catalytically Active, Non-permselec- 
tive Membrane Reactor for Kinetically Fast, Strongly 
Exothermic, Heterogeneous Reactions, Thesis, Univer- 
sity of Twente, Enschede, Netherlands, 1993. 

[ 51 R.B. Evans, G.M. Watson and J. Truit, Interdiffusion 
of gases in low-permeability graphite at uniform pres- 
sure, J. Appl. Phys., 33 ( 1962) 2682-2688. 

[6]R.B. Evans, G.M. Watson and J. Truit, Interdiffusion 
of gases in low-permeability graphite. II. Influence of 
pressure gradients, J. Appl. Phys., 34 ( 1963) 2020-2026. 

[ 71 C.N. Satterlield and P.J. Cadle, Gaseous diffusion and 
flow in commercial catalysts at pressure levels above at- 
mospheric, Ind. Eng. Chem. Fundam., 7 ( 1968) 202- 
210. 

[ 81 R.R. Remick and C.J. Geankoplis, Ternary diffusion of 
gases in capillaries in the transition region between 
Knudsen and molecular diffusion, Chem. Eng. Sci., 29 
(1974) 1447-1455. 

[ 91 H.J. Sloot, C.A. Smolders, W.P.M. van Swaaij and G.F. 
Versteeg, Surface diffusion of hydrogen sulfide and sul- 
fur dioxide in alumina membranes in the continuum re- 
gime, J. Membrane Sci., 74 (1992) 263-278. 

[ lo] E.R. Gilliland, R.F. Baddour, G.P. Perkinson and K.J. 
Sladek, Diffusion on surfaces. I. Effect of concentration 
on the diffusivity of physically adsorbed species, Ind. 
Eng. Chem. Fundam., 13 (1974) 95-105. 

[ 11lR.J.R. Uhlhom, K. Keizer and A.J. Burggraaf, Gas and 
surface diffusion in modified y-alumina systems, J. 
Membrane Sci., 46 (1989) 225-241. 

[ 121 M. Asaeda, J. Watanabe, Y. Matono, K. Kojima and R. 
Toei, Combined surface and gas phase diffusion through 
plugs of porous adsorbent in transition diffusion region, 
Chem.Eng. Jpn., 14 (1981) 13-19. 

[ 13]A. Kapoor, R.T. Yang and C. Wong, Surface diffusion, 
Catal. Rev.-Sci. Eng., 31 (1989) 129-214. 

[ 141 R. Krishna, Problems and pittfalls in the use of the Fick 
formulation for intraparticle diffusion, Chem. Eng. Sci., 
48(1993)845-861. 

[ 151 M. Novak, K. Ehrhardt, K. Klusacek and P. Schneider, 
Dynamics of non-isobaric diffusion in porous catalysts, 
Chem. Eng. Sci., 43 (1988) 185-193. 

[ 16lE.A. Mason and A.P. Malinauskas, Gas Transport in 
Porous Media: The Dusty Gas Model, Elsevier, Amster- 
dam, 1983. 

[ 171 R.B. Bird, W.E. Stewart and E.N. Lightfoot, Transport 
Phenomena, Wiley, New York, 1960. 

[ 18 ] H. Kreulen, C.A. Smolders, G.F. Versteeg and W.P.M. 
van Swaaij, Determination of mass transfer rates in 
wetted and non-wetted microporous membranes, Chem. 
Eng. Sci., 48 (1993) 2093-2102. 



J. W. Veldsink et al. /Journal of Membrane Science 92 (1994) 2 75-291 291 

[ 19lG.F. Versteeg, P.M.M. Blauwhoff and W.P.M. van 
Swaaij, The effect of diffusivity on gas-liquid mass 
transfer in stirred vessels, Chem. Eng. Sci., 42 (1987) 
1103-1119. 

[ 20]R. Krishna, A simplified procedure for the solution of 
the dusty gas model equations for steady-state transport 
in non-reacting systems, Chem. Eng. J., 35 ( 1987) 75- 
81. 

[ 2 I] T.T. Tsotsis, R.C. Sane, LA. Webster and J.D. Goddard, 
Theoretical and experimental aspects of surface diffu- 
sion in porous catalysts. I. Non-reactive conditions, J. 
Catal., 101 (1986) 416-427. 

[22 I T.R. Marrero and E.A. Mason, Gaseous diffusion coef- 
ficients, J. Phys. Ref. Data, 1 ( 1972) 3-l 18. 

[ 23 ] K. Schafer (Ed. ), Landolt-Bornstein, Zahlenwerte und 
Funktionen aus Physik, Chemie, Astronomie, Geophy- 
sik und Technik, Band II, Teil 5a, Transportphlnome- 
nen I, Springer Verlag, Berlin, 1969. 

[ 24lR.C. Reid, J.M. Prausnitz and B.E. Poling, Properties 
of Gases and Liquids, 4th ed., McGraw-Hill, New York, 
1987. 

[ 25 ] M.P. Rosynek, Isotherms and energetics of carbon diox- 
ide adsorption on y-alumina at IOO-3OO”C, J. Phys. 
Chem., 79 (1975) 1280-1284. 

[26]R.J. Cvetanovic and Y. Amenomiya, Applications of a 
temperature-programmed desorption technique to cat- 
alyst studies, Adv. Catal., 17 (1967) 103-149. 


