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Abstract
A method to calculate the steady-state multicomponent mass transfer in heterogeneous structures is presented. For this, different transport

mechanisms represent different regions inside the composite system. The solving scheme allows the calculation of the molar flow rates along

the different transport pathways and the estimation of unknown transport parameters based on experimental data.

The steady-state mass transfer of hydrogen and sulfur hexafluoride through a sinter metal supported MFI zeolite membrane is examined as

a model system. The support is simulated using the dusty gas model, the molecules passing the zeolite layer may follow transport mechanisms

like Knudsen diffusion, surface diffusion or activated gas diffusion. The configuration used, with data from single gas experiments, can predict

the binary system only at high temperatures. The problems arising at low temperatures are due to the oversimplified assumption that adsorbed

and desorbed molecules do not interact on their way through the MFI zeolite micropores.

However, because of the modular structure of the approach, it can be easily extended to more advanced transport models to account for

interactions between the different molecules. And the method can be applied equally well to other systems, such as palladium composite

membranes or membranes with catalytic activity.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

For the simulation of membrane reactors it is necessary to

calculate the multi component mass transfer through

composite membranes. Often this is done with transport

models assuming a homogeneous structure, while the

resistance of the support layer is not taken into account.

In addition to the influence of the support, often defects of

the selective layer must not be neglected since they can

reduce the separation selectivity of a membrane drastically.

There is a lack of attention to this problem in literature; most

articles do not tackle it in a quantitative manner. But there

are some exceptions.
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For example, in [1] the mass transport through hydrogen

selective palladium membranes is simulated, while the

influence of the support and that of defects in the palladium

layer are considered. There are some other examples dealing

with polycrystalline MFI type zeolite membranes: in [2] the

porosity of the support is used to account for the decreased

area of the available zeolite layer. A binary diffusion model

for the porous support is applied in [3,4], and in [5] the

influence of the support is calculated with the dusty gas

model. In [6] the authors discuss a method to estimate the

part of membrane transport taking place through defects and

in [7], for the case of single gas permeation, the zeolitic

pores and defects are treated separately.

Dividing a composite membrane into different regions

with corresponding transport mechanisms is a typical

approach in simulating the mass transfer. For this, the
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a model parameters

A area (m2)

B0 parameter for dusty gas model (m2)

c concentration (mol m�3)

D diffusion coefficient (m2 s�1)

D diffusion coefficient (Maxwell and Stefan)

(m2 s�1)

EA activation energy (J mol�1)

J flux (mol m�2 s�1)

K0 parameter for dusty gas model (m)

M mass of molecule (kg mol�1)

n number of components (1)

ṅ molar flow (mol s�1)

N number of data points (1)

p pressure (Pa)

q loading (mol kg�1)

R gas constant (J mol�1 K�1)

T temperature (K)

x mole fraction (1)

x independent variables

z probability factor (1)

Greek letters

G thermodynamic factor (1)

d length of transport path (m)

e porosity (1)

h viscosity (Pa s)

l jump length (m)

m chemical potential (J mol�1)

p 3.14159 (1)

r Density (kg m�3)

s variance

t tortuosity (1)

Subscripts

GT gas translation

i component in mixture

j component in mixture

k index of transport path

K Knudsen diffusion

Superscripts

e effective

EXP experiment

sat saturation

SIM simulation

Fig. 1. Schematic view of a composite membrane.
partial pressures at some points inside the composite

membrane must be calculated balancing the mass transport.

The resulting equations have to be solved simultaneously

with the transport equations to obtain the resulting mass

flows for the whole membrane. But these equations become

rather complicated for multicomponent systems, because the
interactions between the different species call for sophis-

ticated models. Furthermore, for multicomponent systems

and for complicated membrane structures the number of

equations increases drastically. As a result, it is only possible

for simple systems to solve these equations by hand.

In this paper we present a method to overcome these

limitations. The algorithm that solves the equations

iteratively is the same for every system and membrane

configuration. Established transport models, like the dusty

gas model, (activated) Knudsen diffusion or surface

diffusion are employed as transport paths which can be

combined to simulate heterogeneous structures. The model

can also be extended by including other transport mechan-

isms or by assigning catalytic activity to certain transport

paths. This approach is demonstrated here first using the

example of hydrogen and sulfur hexafluoride single gas

transport through a polycrystalline MFI zeolite membrane

supported by a porous sinter metal disk, as sketched in

Fig. 1. Later on the binary transport behavior of this system

is analyzed using the transport parameters derived from the

unary experiments.
2. Mathematical model

Before different transport mechanisms are combined, a

brief summary of the most common mechanisms occurring

inside composite membranes shall be given.

2.1. Dusty gas model

The transport resistance of the porous support can be

calculated according to the dusty gas model [8,9].

rxi ¼
RT

p

Xn

j¼1

J jxi � Jix j

ðe=tÞDi; j
� Ji

De
i;K

" #
� xi

1

p
þ B0

hDe
i;K

 !
r p

(1)

The index i ¼ 1; . . . ; n marks different species. Three dif-

ferent transport mechanisms are included in this equation.

Each has its own geometry parameter: molecular diffusion

occurs in large pores for multi-component systems and is

influenced by the factor e=t, accounting for porosity and

tortuosity of the pores. For viscous flow, there is the para-

meter B0. For the last transport mechanism of the dusty gas

model, Knudsen diffusion, one has the parameter K0, which

is related to the effective Knudsen diffusion coefficient:
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Fig. 2. A composite membrane can be regarded as connected pathways. In

this example the support is modelled using the dusty gas model (a). The

molecules can pass the zeolite layer via surface diffusion (b), in desorbed

state following an activated gas diffusion mechanism (c), or through defects

via Knudsen diffusion (d).
De
i;K ¼ 4

3
K0

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
(2)

The three parameters can be determined by rather simple

experiments, using the uncoated porous support.

2.2. Activated Knudsen diffusion

Like in the support, also inside the zeolite layer different

transport mechanisms can occur. Inside zeolite pores the

passing molecules may be in adsorbed or desorbed state

[10,3]. For desorbed molecules an activated analog of

Knudsen diffusion is frequently assumed:

JGT ¼ �DGTrc (3)

DGT ¼ l

z

ffiffiffiffiffiffiffiffiffi
8RT

pM

r
exp �EA;GT

RT

� 	
(4)

2.3. Surface diffusion

The diffusion of adsorbed molecules can be calculated

according to the Maxwell–Stefan formulation [11,12]. With

the density of the zeolite denoted by r and the loading of

component i designated by qi, the equations become:

�r
qi

qsat
i RT

rmi ¼
Xn

j¼1

q jJi � qiJ j

qsat
i qsat

j Di j
þ Ji

qsat
i Di

: (5)

The second term on the right hand side stands for interac-

tions of the molecules with the pore wall. The gradient of the

chemical potential rmi can be expressed in terms of a

matrix of thermodynamic factors ½G 
:
qi

qsat
i RT

rmi ¼
Xn

j¼1

G i j

qsat
j

rq j (6)

The matrix ½G 
 can be calculated from the multicomponent

adsorption isotherms, while multicomponent adsorption can

be modelled according to the theory of ideal adsorbed

solutions (IAS) [13–18].

G i j ¼
qsat

j

qsat
i

qi

pi

@ pi

@q j
(7)

2.4. Knudsen diffusion

The intercrystalline regions of polycrystalline zeolite

membranes can have a significant influence on the transport

behavior. Depending on membrane quality, a certain number

of mesoporous defects are always present in the zeolite

layer. In such pores with enlarged diameter the molecules

are likely to follow a Knudsen diffusion mechanism:

Ji ¼ �DiKrci (8)

The diffusion coefficient DK can be calculated from Eq. (2).

For Knudsen diffusion the flux is proportional to the pore

diameter, whereas it is proportional to the square of the pore

diameter in case of viscous flow. This is the reason why in
polycrystalline zeolite layers no significant contribution of

viscous flow arises unless there are macroporous defects.

2.5. Combining different mechanisms

To deal with the structure of composite membranes,

different transport pathways are connected at specific points

inside the membrane, as shown in Fig. 2.

It is not practical to seek for analytical solutions for every

possible configuration, since there is an infinite number of

possible connection schemes that can describe the behavior

of a composite system. It is much more pragmatic to look for

a general numerical procedure. To calculate the fluxes along

the different pathways, it is necessary to know the partial

pressures at each connection node. Unfortunately, only the

variables of the outer nodes can be determined by

experiment. The partial pressures at the inner nodes must

be calculated iteratively by balancing the molar flows.

ṅi ¼ Ji � A (9)

In steady state, each molecule entering an inner node leaves

immediately through one of the other pathways connected to

this node. With a good initial guess, the partial pressures at

the inner nodes can therefore be determined by a Newton–

Raphson algorithm [19].

Since there is no accumulation, the sum of the molar

flows of each species i through all transport paths at an inner

node must equal zero:X
k

ṅi ¼ 0; i ¼ 1; . . . ; n: (10)

Another problem that arises is, that some parameters con-

nected to certain transport paths are unknown (for example

the area A in Eq. (9)). To find estimates for these parameters

a second iteration is used: The total flux through the

membrane is fitted to the experimental data using a Mar-

quardt–Levenberg algorithm [19]. It minimizes the merit

function x2 in adjusting the unknown parameters a, while for
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each change of these parameters a new convergence of the

inner Newton–Raphson iteration (Eq. (10)) is needed:

x2ðaÞ ¼
XN

i¼1

ṅi � ṅðxi; aÞ
si

� 	2

(11)

The independent variables xi are the temperature and the

partial pressures in the permeate and the retentate. Their

values must be known from the experiment.

2.6. Implementation

The programming language C++ was used to implement

the presented model. Fig. 3 shows the structure of the

program.

Presently the dusty gas model, Knudsen diffusion with

the possibility of an activation energy and surface diffusion

are implemented, while the modular structure of the

program allows other transport mechanisms to be added.

The implementations for the Newton–Raphson and Mar-

quardt–Levenberg algorithms were taken from [19].
3. Experimental

For steady-state permeation measurements with compo-

site zeolite membranes the apparatus shown in Fig. 4 was

used. It allows to determine the permeance of planar disk-

shaped membranes with a diameter of 18 mm.
Fig. 3. The structure of the
The upper and lower sides of the permeation cell are

heated independently. Thereby the temperature difference

between the two compartments during a measurement was

kept below 1 K. To avoid as good as possible leakage out of

the apparatus, in addition to the use of polymer O-ring

gaskets the outside of the composite membrane was also

sealed by an epoxy resin.

Single gas experiments were carried out in the following

way: The used gas was passed at constant flow through the

feed side by means of a thermal mass flow controller

(Brooks), while a back pressure controller served to keep the

pressure at 200 kPa. A soap bubble flow meter was used to

quantify the permeating flux. Hence the permeate side

pressure was slightly above ambient pressure (100 kPa). To

measure the temperature dependency of the single gas

permeance, the membranes were heated to 450 K for at least

8 h inside the apparatus under a flow of the respective gas on

both sides of the membrane. During the experiments the

heating- and cooling rate was set to 0.5 K/min to avoid

thermal stress on the zeolite layer.

For multicomponent experiments the setup was slightly

changed. The feed mixture was supplied with two thermal

mass flow controllers at least. In addition to the volumetric

flow rate measured by the soap bubble flow meter, the

permeating gas was analyzed by a gas chromatograph to

determine its composition. The experiments were performed

without sweep gas because the objective was to have

conditions comparable to the single gas experiments. This is
implemented program.
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Fig. 4. Permeation cell for planar membranes.
also why on the retentate side the pressure was set again to

200 kPa while on the permeate side ambient pressure

prevailed (100 kPa). Due to the relatively small membrane

area the permeating flow was generally low. It took more

than 30 min until the mixture had displaced the gas in the

pipelines to the gas chromatograph and no further changes in

its composition could be observed.
4. Gas permeation and simulation

The relatively new family of zeolite membranes can serve

as an example for composite membranes. In our case a

silicalite-1 membrane with a sinter metal support and a

membrane thickness of about 20 mm was examined. The

preparation was carried out via two hydrothermal synthesis

steps. Details of the preparation method have been already

described elsewhere [20,21] (Membrane 2).

Hydrogen and sulphur hexafluoride were used as

representative model systems. While the non-adsorbing

hydrogen has a very small kinetic diameter of 0.29 nm, the

diameter of the bulky sulfur hexafluoride is comparable to

the pore diameter of the MFI zeolite pores. This molecule

also shows a stronger tendency to adsorb on the zeolite pore

walls.

4.1. Hydrogen

To simulate the transport of hydrogen through a zeolite

membrane, the first question that should be answered is:

Which mechanism represents the true transport inside the

zeolite pores best? In the literature there is no clear answer to

this question. For example, in [22] hydrogen transport

through an MFI zeolite membrane is modelled via surface
diffusion, in [23] activated gas diffusion is assumed, while in

[24] Knudsen diffusion is considered.

Adsorption isotherms for silicalite-1 powder [25] show

that the adsorption of hydrogen is quite weak. It seems

therefore unlikely that a large amount of the molecules

would undergo a surface diffusion mechanism. Hence a

mechanism for desorbed molecules should describe the

membrane better. Regarding the ratio of the kinetic diameter

to the pore diameter (0:29 nm=0:55 nm� 0:53), one can

conclude that this diffusion process most likely is not

activated. As a rule of thumb, activated diffusion starts to

come into play at a ratio of the kinetic diameter versus the

pore diameter in the range of 0.6–0.8 [10]. A pure Knudsen

mechanism should therefore be most suitable for the

transport of hydrogen through the zeolitic pores.

In the non-zeolitic pores the picture is quite similar. Since

most of these pores (defects) are presumably larger than the

zeolite pores, there should not be the need for an activation of

gaseous molecules like hydrogen to pass. But typically, for

reasonable membranes, the defects are not that large in size to

allow for a significant contribution of viscous flow. Therefore,

the resulting mechanism for the transport of hydrogen through

non-zeolitic pores is Knudsen diffusion. This makes it

difficult to distinguish between the amount of hydrogen

permeating through the defects and that transported through

the zeolite pores based on steady-state permeation data.

The influence of the porous support should not be very

strong for unary systems because in that case there is no

molecular diffusion. But since the dusty gas parameters were

known from earlier experiments with nitrogen, this transport

path was added to the used configuration as well. The dusty

gas parameters for the used support (SIKA-F AS from GKN,

Sinter Metal Filters GmbH, Radevormwald, Germany) are

B0 ¼ 6:67 
 10�14 m2 and K0 ¼ 2:69 
 10�7 m. The
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Fig. 5. Steady-state hydrogen flux through an MFI zeolite membrane. Fig. 6. Sulfur hexafluoride transport through an MFI zeolite membrane.

Fig. 7. Contributions of the different transport paths to the total flow.
effective geometrical area A was 2 
 10�4 m2, the thickness

d was 2.33 mm.

The fitted transport behavior and the experimental results

are shown in Fig. 5. The corresponding configuration is more

simple than the example shown in Fig. 2. Since surface

diffusion was neglected path (b) vanishes. And because there

is no activated diffusion process inside the zeolite pores the

paths (c) and (d) were merged to a single path of Knudsen

diffusion, describing the transport through the zeolitic pores

and the grain boundary regions.

The temperature dependence shown almost has a shape

corresponding to the assumed Knudsen diffusion mechan-

ism. The value estimated for A
d
l
z in Eqs. (3), (4) and (9) for

EA;GT ¼ 0 is 9:624 
 10�11 m2. There is no visible change

if the support resistance is neglected. This is expected. It

underlines that for single gas experiments the support

influence is negligible and why the Knudsen-like behavior of

the temperature dependence of the flux is not strongly

distorted by the support resistance.

4.2. Sulfur hexafluoride

As in the treatment of hydrogen, the first question to be

answered is the transport mechanism of sulfur hexafluoride

in the zeolite pores. Sulfur hexafluoride adsorbs much

stronger than hydrogen (but less than the butane isomers, for

example), so an important mechanism is surface diffusion.

As it is known from literature [3,26], even for the stronger

adsorbing hydrocarbons a large amount of desorbed

molecules takes part in the permeation. This should be

similar for sulfur hexafluoride. Since these molecules are

quite bulky (the kinetic diameter of 0.55 nm is well in the

range of the diameter of MFI zeolite pores) this diffusion

mechanism is presumably activated. For the activation

energy a value of 19 kJ mol�1 was taken from literature [27].

Similar as in the treatment of hydrogen, to account for

possible mesoporous defects in the grain boundary regions

an additional non-activated Knudsen transport mechanism

was added. The porous support was simulated with the dusty

gas model, with the same parameters already applied in the

case of hydrogen.
The experimental and the simulated data for the transport

of sulfur hexafluoride are shown in Fig. 6. The configuration

used for this simulation is the same as shown in Fig. 2. The

corresponding parameter estimates are listed in Table 1.

As already observed in the simulation of hydrogen single

gas transport, the support resistance has no significant

influence on the flux. The calculated parameter estimates for

the unary system do not change significantly for sulfur

hexafluoride if the support resistance is ignored.

Since the transport mechanism inside the zeolite pores

(activated gas diffusion and surface diffusion) differs from

the way the molecules permeate through the grain boundary

regions (non-activated Knudsen diffusion) it is possible here

to quantify the flow through these defects. A breakdown of

the different contributions to the total flux is shown in Fig. 7.

It can be seen, that surface diffusion dominates at lower

temperatures, while at higher temperatures a comparable

amount of molecules is transported according to an activated

gas diffusion mechanism. This phenomenon is similar to the

transport of hydrocarbons through zeolite membranes

[3,26]: at lower temperatures most molecules are adsorbed.

From Fig. 7 it is clear that after a short increase of the

permeating flow (surface diffusion is also an activated

process) with increasing temperature, the amount of

adsorbed molecules decreases. Thus, at high temperatures

activated gas diffusion dominates. Fig. 7 shows also a very
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Table 1

Parameter estimates for simulation of the mass transfer of sulfur hexa-

fluoride through an MFI zeolite membrane

Activated gas diffusion

(1) A
d
l
z ¼ ð6:9 
 10�9 � 5 
 10�10Þm2

EA;GT ¼ 19 kJ mol�1 [27]

Surface diffusion

(2) A
d rD0

S;0 ¼ ð0:16 � 0:02Þ g/s

(3) EA;s ¼ ð17:0 � 0:5Þ kJ mol�1

Knudsen diffusion (defects)

(4) A
d
l
z ¼ ð4 
 10�12 � 5 
 10�12Þ m2

Fig. 9. The binary system hydrogen/sulfur hexafluoride with a molar ratio

of 9:1 in the retentate.
low contribution of Knudsen diffusion. This indicates, that

most of the molecules pass through the zeolitic pores. The

defect density of the membrane is small or the defects are so

small that the diffusion is activated as well.

4.3. Binary system

Since the simulation of the unary behavior of sulfur

hexafluoride gave a small and negligible flow through the

grain boundary regions, this transport path was not

necessary for the simulation of the binary mass transfer

of the system hydrogen/sulfur hexafluoride.

The resulting configuration describes the transport

through the porous support via the dusty gas model. The

zeolite layer is modelled in terms of two parallel transport

paths: one describes the movement of adsorbed molecules

by surface diffusion while the other accounts for the

permeation of desorbed molecules. Desorbed hydrogen has

no activation energy while for sulfur hexafluoride the value

of 19 kJ mol�1[27] previously used was maintained.

However, this configuration assumes, that there is no

interaction between hydrogen and sulfur hexafluoride inside

the zeolite pores. It is obvious, that this is only valid for

diluted systems.

Because the single gas experiments were carried out

without sweep gas, it was important to perform the
Fig. 8. The binary system hydrogen/sulfur hexafluoride. Observed and

modelled molar flows using an equimolar feed.
experiments on the binary system under the same conditions.

Otherwise the counter diffusion of the sweep gas and also

the concentration dependency of the diffusion coefficients

would not have been taken into account properly.

Figs. 8 and 9 show the results of two different

experiments. In the first figure the hydrogen/sulfur hexa-

fluoride mixture on the retentate side is equimolar, while the

second figure shows an experiment where the molar ratio of

hydrogen to sulfur hexafluoride was 9:1.

In both simulations the flow of sulfur hexafluoride is well

predicted while the hydrogen flow is overestimated. The

discrepancy is most pronounced for a high concentration of

sulfur hexafluoride, as a comparison of Figs. 8 and 9 shows.

There is another indication for this phenomenon: at lower

temperatures the differences between simulation and

experiment for hydrogen are larger. At higher temperatures

the prediction of the experimental data is good. This can be

explained by the lower surface concentration of sulfur

hexafluoride at high temperatures, since the pressure and the

volume remain unchanged.

It is quite interesting to see, that hydrogen permeation can

be predicted, when the same activation energy as for sulfur

hexafluoride (19 kJ mol�1) is used. This observation can be

explained by a single file diffusion mechanism. Apparently

it is impossible for the faster moving hydrogen molecules to

pass the slower sulfur hexafluoride molecules inside the

zeolite pores. In other words: the discrepancy between

predicted data and experimental data is because the

interaction between the two molecules is not taken into

account in the model while in reality the two pathways that

describe the zeolite layer are not independent.
5. Conclusions

A method that allows the combination of different

transport mechanisms for the simulation of the mass

transfer inside composite systems is presented. The concept

takes the heterogeneous structure of the system into

account. It is not restricted to single component systems,

and unknown transport parameters can be estimated from
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experimental data. So it can serve for the modelling of

membrane reactors.

The method was applied to simulate the permeation of

hydrogen and sulfur hexafluoride through a flat silicalite-1

zeolite membrane on a porous sinter metal support with a

diameter of 18 mm as a model system. The calculated flows of

the binary system are based on experimental data of the unary

systems. The used model configuration neglects the interac-

tions between hydrogen and sulfur hexafluoride inside

the zeolite layer, because of the parallel pathways of surface

diffusion and activated gas diffusion. So this oversimplified

model is only valid for the diluted system at high

temperatures. At low temperatures the calculated hydrogen

flow is too high. In reality the pores of the MFI type zeolite

are too small to allow the faster hydrogen molecules to pass

by the slower sulfur hexafluoride. This effect is less important

at higher temperature as the concentration of sulfur

hexafluoride decreases and pore blocking reduces.

The discrepancy between experiment and simulation is

that strong, because the two molecules of the model

system act differently. The tendency of hydrogen and

sulfur hexafluoride to adsorb are too different. For two

strongly adsorbing species, the problem would most likely

not arise. If the transport can be described by a single

pathway of multicomponent surface diffusion, the IAS

theory can handle the interactions between the different

molecules [28].

It must be emphasized that even though it was not

possible to predict the gas mixture transport behavior of the

examined system correctly, the approach gave some insight

concerning the complex nature of the mass transfer inside

microporous composite membranes. The simulations show

that there is no significant influence of the support layer on

the total mass transfer. But this is only valid because during

the experiments no sweep gas was used and the permeating

flux is not too high. The results also show the way to

overcome the discrepancy between experimental and

simulated data at lower temperatures. It should be possible

to merge the two parallel pathways describing the zeolite

layer provided that an appropriate interaction between the

two is added.
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