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An in situ nondestructive characterization method for zeolite composite membranes,
based on transient permeation experiments, is proposed in the present article. This
technique allows an accurate evaluation of the zeolite selective layer thickness as well
as the thermodynamic and transport properties of sorbing hydrocarbons. To this end, a
dynamic model representing mass transport phenomena within the whole permeating
module is derived. In order to get the crystal layer properties, a two-step experimental
approach is required. The zeolite layer effective thickness is first estimated with the
permeation of a nonadsorbing species like hydrogen. Then, the adsorption equilibrium
constants and the diffusion coefficients of butane isomers are determined. Three mem-
branes obtained by different synthesis procedures are studied in the Henry domain.
The estimated values of the equilibrium constants and diffusion coefficients for
normal butane and isobutane are favorably compared with existing literature data.
© 2008 American Institute of Chemical Engineers AIChE J, 54: 2527-2538, 2008
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Introduction

Zeolites are crystalline alumino-silicates displaying a regu-
lar and open microporous structure. Because of their intrinsic
properties, such as molecular sieving and host-adsorbate
interactions, zeolitic materials are often used for the separa-
tion of hydrocarbon mixtures. MFI is the most widely studied
zeolite (known as ZSM-5 or the pure-silica analog, silicalite-
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1) for membrane application (each zeolite framework topol-
ogy is designated by a three letter code, e.g. MFI, by the
International Zeolite Association, www.iza-online.org). The
MFI medium-sized pore network (about 0.55 nm) approaches
the size of many molecules of industrial interest. Conse-
quently, these zeolites can be used to achieve a shape-selec-
tivity separation of alcane isomers.

An ideal composite zeolite membrane consists of a two-
dimensional continuous crystal layer free of any defect, de-
posited on a porous support to ensure mechanical strength.
The membrane zeolite layers that are used here are directly
synthesized within the porous support (“pore-plugging”
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method). As a consequence, they can hardly be characterized
by conventional nondestructive techniques. A possible solu-
tion to this problem is the use of transient state permeation
experiments.

As a matter of fact, transient techniques are commonly
used for the determination of transport, kinetic, and thermo-
dynamic proper‘[ies.1 They have been used to determine solid
materials heat diffusivities” as well as heat transfer coeffi-
cients in heat exchangers.3‘4 Inverse chromatography has
been extensively used to characterize mass transfer and equi-
librium properties in solid adsorbents or polymeric materi-
als.>™® Inter-phase mass transfer has also been characterized
dynamically in gas-liquid contactors.””'" Moreover, transient
techniques have been used for chemical kinetics. For exam-
ple, the TAP (Temporal Analysis of Product) has been used
in heterogeneous catalysis'? and for the mass transfer and
equilibrium properties characterization in zeolites.'? Impedan-
cemetry as it is commonly used for electrochemistry is also a
good example of transient approach for kinetic studies.'* As
far as membrane characterization methods are concerned, the
so-called time-lag method is extensively used,'”™'” whereas
Noble and coworkers'®!? propose a transient measurement
technique to characterize short ZSM-5 tubular zeolite compos-
ite membranes.

All these works are based on the application of identifica-
tion techniques.”® The properties to be determined are the pa-
rameters of the experimental set-up dynamic model. By mini-
mizing the error between experimental and simulated data
with respect to these parameters, one can get an estimation
of their values.

Before the application of this approach, the structural iden-
tifiability analysis of the system model has to be made in
order to determine which parameters can be theoretically
estimated from the experimental input—output behavior of the
system.”® For example, such studies have been performed
in the case of chromatographic columns or gas—liquid
contactors.'*2!-*2

In this article, we propose a transient permeation technique
for the geometrical, mass transfer, and thermodynamic char-
acterization of composite zeolite membranes. We first
describe the membrane to be characterized as well as the ex-
perimental set-up. Then, the dynamic model is presented and
analyzed from a structural identifiability point of view. From
this analysis, a step-by-step procedure is developed and
applied to estimate the mass transport parameters through the
zeolite membranes made at IFP. The main difference
between our approach and the method currently described in
the literature'>>** is that we perform experiments in the lin-
ear domain. In this case, a simple Fick law and a linear equi-
librium relation can be applied so that the parameter estima-
tion has not to rely on detailed models for the mass transfer
and equilibrium descriptions.

Structure of the Composite Membrane
to be Characterized

When the so-called secondary growth (seeded) method is
used, the zeolite membranes are composed of a very thin and
dense zeolite layer deposited on a porous support. However,
this structure is fragile due to the occurrence of voids or
cracks in the crystalline phase, especially at high tempera-
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Figure 1. (a) Side view SEM micrograph of a multilayer
a-Al,O3; Pall Exekia support: three layers of
different thickness and porosity can be dis-
tinguished; (b) side view SEM micrograph of
a zeolite membrane obtained by the IFP in
situ synthesis method.

The less porous inner layer is completely filled by the
zeolite crystals without any visible defects.

tures. The zeolite layers made at IFP are—at the opposite—
grown inside the pores of a tubular support lumen. A Pall
Exekia T1-70 alumina asymmetric porous tube (length
150 mm, inner diameter 6.55 mm and thickness 1.73 mm)
was used as the membrane support, which is enameled at
both ends for sealing purposes. One can see on Figure la) a
SEM micrograph side view of this support. Nowadays, repro-
ducible syntheses lead to a large amount of zeolite mem-
branes that are available for characterization studies.

It is particularly of great interest to link the synthesis pro-
cedure with the zeolite layer morphological and physico—
chemical properties. For instance, side view SEM can be
used to measure the crystal layer thickness, but this tech-
nique has two main drawbacks: the sample has to be
destroyed and the information is only local. On the contrary,
the method that we propose enables a complete nondestruc-
tive characterization of the zeolite composite membranes
properties. To this end, we perform the estimation of the
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adsorption equilibrium constants, the diffusivities, and the
average effective thickness of the zeolite selective layers.

In this study, transient experiments are performed by using
n-butane and isobutane as sorbing hydrocarbons. Three com-
posite membranes, respectively named M1, M2, and M3, are
characterized. The synthesis procedure of these membranes is
described elsewhere.”>’ The tetrapropylammonium hydrox-
ide (TPAOH) and silica concentrations were three times
higher for the M2 and M3 syntheses (1SiO,/0.4TPAOH/
63.7H,0) than for that of M1 (1SiO,/0.4TPAOH/18.3H,0).
The duration and temperature of the synthesis step are the
same (respectively 20 h and 175°C) as well as the calcination
temperature (520°C) and duration (20 h). Figure 1b is a side
view SEM of a membrane synthesized by the same proce-
dure as M1.

Experimental Set-Up

The experimental technique that we propose is similar to
the transient version of the well-known Wicke-Kallenbach
diffusion cell.?® This approach has been widely used to char-
acterize mass transfer through porous media like catalyst pel-
lets,”** membranes, or zeolite crystals.*>*° The principle of
the transient experiments that we perform37’38 is represented
in Figure 2. A pure carrier gas initially flows through the
outer and inner compartments of the module so that thermo-
dynamic equilibrium is reached within the system. Then, the
inlet composition of the inner compartment feed gas is sud-
denly modified according to a n-butane or isobutane concen-
tration pulse injection (the input) and the two outlet composi-
tions time evolutions (the outputs) are measured. In order to
ensure that the experiments are performed in the linear
domain, the linearity of the concentration responses with
respect to the input intensity is verified.

The membrane to be tested is placed in a chromatograph
oven (HP 5890 Series II) wherein the temperature is regu-
lated (see Figure 3a). The set-up is operated at atmospheric
pressure. Nitrogen is used as a carrier gas and its available
flow rate range is comprised between 0.2 em® s7! and 4 cm?
s~ !. The gas to be injected is obtained by dilution with nitro-
gen through another circuit connected to the valve of the
chromatograph. In order to produce the short Dirac-like con-
centration pulse, a controlled very short-time valve switch is
produced between permeating gas tubing and sweeping gas
tubing. Both outlet responses are measured by thermal con-
ductivity detectors (TCD). Calibration curves were estab-
lished in order to transform the measured signals into con-
centration responses.

_,ﬂ._

C: zeplite .aner i

C'I . inner compartment L —I S
'_]_ _)l 1 outer compartment ._Ec’“

t | .
macroporous support Y

Figure 2. Transient experiments principle.
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Figure 3. (a) Experimental set-up view; (b) detail of the
membrane design.

By varying the initial equilibrium composition of the car-
rier gas, the transport and thermodynamic properties of the
active zeolite layer can be studied according to its loading.
In the present article, only the case of one-adsorbate experi-
ments at zero loading will be considered. Thus, the properties
that will be determined correspond to the Henry domain of
the equilibrium curve.

Dynamic Modeling of the System in
the Case of One-Adsorbate
Permeation Experiments

The model described in this section is used to perform the
simulations required for the parameters estimation procedure.
The dynamic behavior of the composite membrane, the con-
nection tubes situated between the injection devices, the
TCD, and the separation module have to be represented. To
this end, the permeating module is divided into three sections
according to the Figure 3b. A thin part of the macroporous
support contains the zeolite layer and it is enameled at both
ends. As far as the system is used in the linear domain, the
following assumptions are made:

e the gas phase concentrations are assumed to depend
only on the axial coordinate z;

e the concentration in the zeolite layer at a given axial
coordinate is assumed to depend on the radial coordinate r
only;

e the flows within the compartments are represented by
the plug flow and axial dispersion model;

e the zeolite layer surface and the inner compartment gas
phase are assumed to be at equilibrium at a given axial coor-
dinate;

e the adsorbate diffusion through the zeolite layer is repre-
sented by the Fick law;

e diffusive gaseous transport occurs in the macroporous
support: this process is represented by lumping the adsorbate
concentration profile within the macropores and by introduc-
ing the global mass transfer coefficient kg;

e mass transfer between the outer compartment gas flow
and the porous support surface is represented by the mass
transfer coefficient k;

e all the parameters included in the model are assumed to
be constant as well as the gases velocities v; and v,,.
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The zeolite layer adsorbate composition is not represented
by the concentration ¢(t,17) but by the following quantity:

q(t,n)
KA

C(t,n) = M

where 7 is the dimensionless radial coordinate. This choice
of state variable for the zeolite layer composition will be jus-
tified by the structural identifiability analysis that is per-
formed in the following section. Firstly, let us consider the
zone containing the zeolite layer (see Figure 3b). The dimen-

sionless adsorbate material balances in the inner and outer
compartments are as follows:

I <z<1Z3

aC; 1 9¢C; 1 0*G aC*(t,n = 0)
A =-__ B,——
ot e O¢ ek Pl 9 ra o

aC, 1 dC, 1 9°C,

e T T % eaoko(Co — Cs
ot b 9¢ * e pels 9E? ok )

(@)

C*(t,n = 0) is the concentration of the gas phase in contact
with the zeolite layer inner surface. B, = ""fz is a mass
transfer parameter involved in the boundary condition of the
zeolite layer inner surface. According to the state variable
given by Eq. 1, the adsorbate material balance in the zeolite
layer is:

n<z<1Zz3
oc _ 1 (e | 1o 3)
o Tt \ Onp? n on

where 7, = ef /D, is the diffusion time constant. The adsorb-
ate mass balance in the porous support is given by:

0 — gk (Co— C* (1,0 = 1)) + aoko(Co — Cs) P

C*(t,n = 1) is the concentration of the gas phase in contact
with the zeolite layer outer surface. Let us now consider the
zones that do not contain the zeolite layer. The flows associ-
ated to the enameled zones of the support as well as a part
of the connection tubes are represented by the Plug flow—
Axial dispersion model (designated by the P-D model)
according to the following equations (see Figure 4):

1 <z< 22

E o 1 + 1 ()ZCZ

o L2 dfz sze'—z EE

73 <z< 14

ot _ 190, 1 2 ®)
or rlL“ 0%y riL“Pe:“4 &

3 <z<1Z5

oG 190G, 1 PG

ot 0508 T spels 08

The boundary conditions between these sub-models are
defined at the inlets and outlets of each flow section as well
as at the membrane surfaces (zeolite layer and alumina sup-

port):
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Figure 4. Flow model of the experimental set-up.
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Finally, to complete the description of the tubes connected
to the inner compartment, a CSTR has turned to be necessary
according to the following balance equation and boundary
condition (see Figure 4):

0<z<zy
dc!
G =2 () =) @)

Ci(r,&=0) =C{(1)

An implicit finite difference scheme is used for the model
simulation and the parameters estimation is obtained with the
Levenberg Marquardt algorithm. The code is written with the
Fortran™ language and the IMSL® library BCLSF algorithm
is used for the optimization.

Structural Identifiability Analysis
Introduction

The simulation model exhibits a great number of parame-
ters. Only those related to the zeolite layer are of interest:
the diffusion coefficient D,, the equilibrium constant x,, and
the layer thickness e,. From that point, one has to address a
very important question: can these three parameters D,, Ka,
and ¢, be obtained independently from the input—output
behavior of the system? The objective of the structural iden-
tifiability analysis is to answer this question and to propose
an experimental step-by-step strategy to get all the relevant
parameters corresponding to the zeolite layer properties.

Within the framework of chromatographic studies,?"*? it
has been shown that the stagnant phase composition should
not be represented by the adsorbate concentration ¢. Indeed,
it is necessary to use the adsorbate concentration C* in a gas
phase that would be at equilibrium with the solid phase. This
change of state variable avoids any over-parameterization of
the model. To validate the change of the state variable given
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by Eq. 1 in the case of the membrane model, the structural
identifiability analysis is realized with the transfer function
technique.m’22 In order to simplify the transfer functions der-
ivation, we use a simplified version of the model where the
gas phase axial dispersions are neglected, the selective layer
curvature is not taken into account and the support is not
considered. Because the result is totally based on the way the
adsorbent composition in the zeolite is represented, these
simplifications will not change the main conclusion of the
structural study of the model.

The simplified model

The adsorbate balance equations and boundary conditions
for the inner and outer compartments become:

Balance equation :
% [ %aa_ccl + a;B, M
o — 12 O — aoko(Co — C*(t,n = 1))
®)
Boundary conditions :
Gi(t,¢=0) = (1)
Co(1,£=0)=0

where CY(7) is the inner compartment gas phase inlet concen-
tration. The zeolite layer adsorbate balance equation and the
associated boundary conditions are as follows:

Mass balance equation in the zeolite layer :
a1 (azc*)

o~ t, \ on?

Boundary conditions :

C*(t,n = 0) =C;

L1y =1) = (Co— C'(tin = 1))

(C))

% — ke i 3 dimensionless Biot number including the equi-

B, KaD, X . L
involved in the boundary conditions

librium  constant
between the zeolite layer surface and the outer compartment.

Structural identifiability analysis of the
simplified model

For the sake of the presentation simplification, only the
transfer function between the inner compartment inlet con-
centration and the outer compartment outlet concentration is
derived: G(s) = Co(s,& =1)/Ci(s,£ =0). Only the main
steps of this long and tedious derivation are detailed. The
system is assumed to be initially at equilibrium so that the
initial conditions are null. The Laplace transforms of Eqgs. 8
and 9 are as follows:

196G A o p 90 (=0) _
ot + sC; — a;B, o =0

Equation 11 are solved with respect to # so that one can
express C*(n =0) and C*(n = 1) as functions of C; and C,.
By including these results into Eq. 10 and solving them with
respect to ¢, one finally finds the transfer function

G(s) = Co(s, & = 1)/Ci(s, & = 0). The following intermediate
expressions are obtained for the zeolite layer:
C*(s,1) = @ ()™ + ax(s)e "V (12)
with
~Ci(1 = L)e V& + G,
ar(s) =
(14 L)eV™s — (1 — I, )e*\/?z_s
Ci(1 + ))eV™ —
a(s) =
(1+1y)eves — (1 —1 )e Vs
B
lo(s) = —2\/T,5

The boundary conditions can be expressed with the follow-
ing expressions:

aC*(n = 0) ~Ci+C,
=T o /s
an T8 ( +Z )e,/rzs ( ) —V/Tz8 (]3)
; ZZoCi+ eVis — VIS
Cn=1)= ( )c

(14 L,)eV™s — (1 — 1,)e Vs

By including Eq. 13 into 10, one finally finds the transfer
function:

_ Dy oS _ gra(s)
Gs) = ri(s) — ra(s) ( ¢ ) (14
with
A(s) = (A(s) — C(s))* + 4B(s)D(s)
ri(s) = —4L) +C(2s)) VAL (15)
—(A(s) + C(s)) — VA(s)
r2(s) 5

C(s) = 1 (s + aoke (1 Ny

l
D =2 L oko =
(s) =2ty a (1 1 lo)ever —

(1 —ly)e Vs

45 +5Co + kotto(Co = C*( = 1)) = 0 (10) (16)
Ci(s,¢=0) = é?(S) From the transfer function expression, we deduce that the
Co(5,6=0)=C%s) =0 dynamic input—output behavior of the simplified model only

R R depends on the following macroparameters or groups of

sC* = Tl—LB;g parameters20 TIL", rlo“ 7‘EZ,aBZ,aOkO, e A similar conclusion

é*(’? - 0) =G (11) would have been drawn from the calculation of the second

ac (y=1) _ (C‘ G = 1) transfer function H(s) = Ci(s, & = 1)/Ci(s, ¢ = 0). Only two

o © macroparameters include the zeolite layer properties:
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1, = ¢?/D, and B, = koD, /e,. Consequently, even if 7, and
B, are well estimated, it is impossible to determine, respec-
tively, xa, D,, and e,. A step-by-step experimental character-
ization strategy similar to the one described elsewhere'” is
then proposed. By using an adsorbate whose adsorption con-
stant Kk, is known or an inert component for which we can
assume that k5 ~ 1, the selective layer thickness e, can be
estimated. This first result can be validated by comparing the
estimations of e, and D, to the expected orders of magnitude.
Because ¢, is constant, when an adsorbate of interest is used,
one can estimate D, and k, for this species. According to
our step-by-step approach, the other parameters of the model
(axial dispersion coefficients, mass transfer coefficients) are
also determined from specific experiments that are described
in the following sections.

Inner and Outer Compartments
Flows Modeling

The flow patterns had to be characterized before be used
for the zeolite layer characterization. To this end, the com-
posite membrane was replaced by a nonporous stainless steel
tube having strictly similar dimensions, and hydrogen was
used as a tracer. Fourteen volumetric flow rates regularly dis-
tributed between 0.2 cm® s~' and 4.0 cm® s~' have been
tested according to the three operating temperatures (23°C,
100°C, and 200°C). The Reynolds numbers based on the hy-
draulic diameter dy are comprised between 0.3 and 5.1 so
that the flow regime is laminar. The model representing the
tracer transport through both the inner and outer compart-
ments is given by Eq. 2 where the fluxes between the gas
flows and the tube wall are equal to zero. According to the
new geometry due to the use of a stainless steel tube, one
has to consider the total lengths L,; = L, + L, + Ly and L,
= L, + L, + Ls associated to the inner and outer plug and

1000 5
s

100 4

- ]
] @
ﬂ. '
101 z,

1 10 100 1000
Re.Sc ()

Figure 5. Inner compartment Peclet number as a func-
tion of ReSc.

Dashed lines: values estimated with Aris theory, @ 200°C,
A 100°C, X 21.5°C.
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Figure 6. Outer compartment Peclet number as a func-
tion of ReSc.

Dashed lines: values estimated with Aris theory, @ 200°C,
A\ 100°C, X 21.5°C.

axially dispersed flows. The estimation procedure is then
applied to the corresponding Peclet numbers PeiL"i and Peg™®
as well as to the CSTR volume. This CSTR is used to repre-
sent a supplementary mixing process due to the set-up tubing
and the injection valve (see Figure 4). The estimated Peclet
numbers are presented as a function of the dimensionless
number Re Sc. Hydrogen molecular diffusion coefficient D,
is obtained thanks to the Wilke and Lee relation, whereas the
gas phase viscosity is calculated by using the Chung et al.
method.** One can see on the Figures 5 and 6 that the Peclet
and the Re Sc numbers are closely correlated for both the
inner and the outer compartments. We have also compared
the experimental results with those given by Aris*® for the
axial dispersion coefficient:

Doy = Dy, + d3p? /192Dy, 17)

A good accordance between our results and Aris model is
observed (see Figures 5 and 6). Aris approach was developed
for flows in pipes having a circular cross section. Possible
entry hydrodynamic effects can explain the slight deviation
between the experimental and the calculated results. The vol-
ume of the CSTR that is used to represent the mixing pro-
cess at the inner compartment inlet is not sensitive to the
operating conditions. The estimated value of V5™ is 0.8 ml
that represents about 9% of the total inner circuit volume.

Zeolite Layer Effective Thickness Estimation

Hydrogen was used as a nonadsorbing tracer and its
adsorption coefficient x, is assumed to be equal to 1.°* In
order to check that the estimated effective zeolite layer thick-
ness is not sensitive to operating conditions, transient perme-
ation measurements were performed for different tempera-
tures (23°C, 100°C, and 200°C) and flow rates (0.278, 1.11,
and 1.94 Nem® s™') on the M1 membrane: Figure 7 is an
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Figure 7. Example of outlet hydrogen concentration
evolutions (membrane: M1, temperature:
200°C, volumetric inner and outer compart-
ment flow rates: 3.40 cm® s™).

Solid lines: model simulation, A: experimental values for
the inner compartment, O: experimental values for the
outer compartment.

example of model fitting. The M1 membrane effective thick-
ness has been estimated to e, = 26 um. The membranes M2
and M3 are supposed to be strictly identical due to their syn-
thesis procedure. Consequently, their thicknesses are assumed
to be equal and only the one of the M2 membrane has been
estimated to e, = 9 um.

The estimated hydrogen diffusion coefficients within the
zeolite layers are shown in the Figure 8 and compared with
literature data. The diffusivity obtained with a macroscopic
technique applied to a metal-supported silicalite-1 zeolite
membrane is close to our transient permeation measurements
results.*> The hydrogen diffusion coefficient obtained by con-
sidering a Maxwell-Stefan diffusion process including only
surface diffusion is slightly different than our estimation.*!
This can be due to the differences in the zeolite membranes
structures that have not been synthesized by the same tech-
nique. The order of magnitude of these results is comparable
and the experimental results for the M1 membrane show a
coherent hydrogen diffusivity increase with temperature. The
transient permeation measurements technique can thus be
used to reliably characterize zeolite membranes effective
thicknesses.

Let us notice that the hydrogen diffusion coefficient in
membrane M1 is significantly higher than in membrane M2.
Possible defects between crystals that are more likely to
occur in thinner membranes, can explain this difference.
Another explanation could rely on a higher occurrence of
crystal intergrowth effects in the thicker membrane leading
to enhanced pore network heterogeneities throughout the per-
meating species diffusion path. These possible intra-crystal-
line transport barriers could lead to a hindrance of diffusion
through the thicker layer.*?

AIChE Journal October 2008 Vol. 54, No. 10
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Analysis of Additional Mass Transport
Resistances

The transient experiments performed with hydrogen have
also been used to check for the influence of the mass transfer
processes through the porous support. On one hand, the mass
transfer resistance within the macroporous support has been
found negligible. On the other hand, the mass transfer coeffi-
cient k, has been found to be sensitive. The estimated value
of k, has been compared with two mass transfer correlations
available in the literature:

d\ 173
Sh=1.614 ¢(x) (TH) Req, Sc

(18)
oy =1=9 1227 - o ()
- o (I+oc ( )
mnerdiam T annuli — d
where o = outerglam::rg;:}}:: annﬁ{l and Sh DmH
di\'"? ipe 2
Sh =0.644 T Rey “Sc 19)

As far as the geometry of our system is concerned, Eq. 18
seems to be the most suitable for the outer compartment
because it is adapted to fully developed laminar flow through
annulus ducts.** On the contrary, Eq. 19 was obtained for
laminar flows inside a tube* and is more relevant for the
hydrodynamic conditions on the retentate side. Thus, for the
permeate compartment, this correlation was adapted by using
the hydraulic diameter.

One can see on Figure 9 that the values of k, obtained by
the transient permeation method increase with the volumetric
flow rate and in a less extent with the temperature. The cor-
relations (18) and (19) lead to values distributed according to

35E-8

w
o
m
L=
(=2

2.5E-8 1

2,0E-5 4

1.5E-8 1 A

Hydrogen diffusivity (m?/s)
7
=]
\
+*

5.0E-9 4 ey

0.0E+0 4= - . : ;
0 50 100 150 200

Temperature °C)

Figure 8. Hydrogen diffusion coefficients in the zeolite
layer as a function of temperature.

Present work 4 membrane M1 and A membrane M2, O
Bakker*?, A Ciavarella
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Figure 9. Hydrogen mass transfer coefficient k, in M1
as a function of the volumetric flow rate.

¢ 200°C, W 100°C, A 21.5°C. Results given by correla-
tions (solid lines: 200°C; dashed lines: 100°C; doted lines:
21.5°C).

two orders of magnitude but the evolutions vs. flow rate and
temperature are in a relatively good accordance with the
whole data. This comparison can be considered as a satisfy-
ing result if one considers the unknown entry hydrodynamic
effects in the outer compartment. The observation of Figure
9 tends to prove that the best empirical correlation for our
results is the one given by Eq. 19.
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Figure 10. Example of outlet normal butane concentra-
tion evolutions (membrane: M1, tempera-
ture: 200°C, volumetric inner and outer com-
partment flow rates: 1.48 cm® s~ ) for differ-
ent Dirac-like injections, H: 8.8 umol; @: 1.1
umol; A: 1.3 umol.
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Figure 11. Example of outlet normal butane concentra-
tion evolutions (membrane: M1, temperature
200°C, volumetric inner and outer compart-
ment flow rates: 3.0 cm® s™ 7).

Solid lines: model simulation; /\: experimental values for
the inner compartment, O: experimental values for the
outer compartment.

Butane Isomers Sorption and Diffusion in
the Zeolite Selective Layer

Once the mean selective layer thickness e, is known, the
hydrocarbon adsorption equilibrium constant and diffusivity
can be calculated from the estimated values of 7, and B,,
according to the relations: D, = ef /7, and ko = B,e,/D,.

A graphical verification of the experiments linearity has
been performed. For example, the Figure 10 is a result
obtained for normal butane. The normalized retentate and
permeate responses to three different concentration pulse
intensities (respectively 8.8 pmol, 11 pmol, and 13 pmol)
superimpose themselves perfectly. This observation means
that the tests were realized within the linear response domain
of the membrane. Consequently, the permeation parameters
can be assumed to be constant.

Transient permeation experiments were realized on the
membrane M1 at 200°C. Eight different flow rates between
0.5 and 3.5 cm® s~ ! were tested to verify that the estimated
parameters are not sensitive to the gases flow rates. An
example of time domain fitting is presented on Figure 11.

The normal butane parameters estimated for the three mem-
branes at 200°C are given in the Table 1. To be compared

Table 1. Equilibrium Constant and Diffusion Coefficient
Obtained for Three Membranes at 200°C

Gaz Membrane M1 M2 M3
n-Cy Ky (M g0s m ™ cqiite) 71+ 5 112 84
D, X 10" (m?. s 35+03 2.6 3.8
i-Cy Ky (g m ™) - 49 40
D, X 10" (m*s™ 1) - 5.2 5.7
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Figure 12. Comparison of the normal butane adsorp-
tion constant that we have obtained with
the literature data.

Y MFIZ4; O silicalite powder24; A silicalite-1 (MFI)46;
X silicalite-1 crystals™’; # silicalite-17"; < silicalite-1 9;
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membraneﬂ; /\ present work.

with literature results (Figure 12), the adsorption coefficient
K of our pore-plugged membrane was corrected as follows:

fA (20)

Kax =
A 1—¢

One can notice that the diffusion and adsorption coeffi-
cients of normal butane in the membranes M1, M2, and M3
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Figure 13. Comparison of the normal butane diffusion
coefficient constant that we have obtained
with the literature data.

[ silicalite membrane (membrane permeation)35 ; & MFI-
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silicalite crystal membrane (time 1ag5)54; + MFI-zeolite
membrane (Gas permeation and ZLCS) S . Il MFI silicalite-
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1 membrane (membrane permeation)””.
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Figure 14. Example of outlet isobutane concentration
evolutions (temperature 200°C, volumetric
inner and outer compartment flow rates: 3.0
cm®s™).
A: membrane M1, X: stainless steel tube.

are very close. Contrary to the significant influence of the
synthesis procedure on the zeolite membrane effective thick-
ness, no sensitive influence on the physico—chemical proper-
ties has been thus observed.

The diffusion coefficient values that we have obtained are
compared on Figure 13 with literature data. They are close
to pulse field gradient nuclear magnetic resonance results of
Heink et al.’> They can also be favorably compared to the

25

Concentration (mol/m3)

0 5 10 15
Time (s}

Figure 15. Example of outlet isobutane concentration
evolutions (membrane: M3, temperature
200°C, volumetric inner and outer compart-
ment flow rates: 3.0 cm® s™").

Solid lines: model simulation; /\: experimental values for
the inner compartment, O: experimental values for the
outer compartment.
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Figure 16. Comparison of the isobutane adsorption
constant that we have obtained with the lit-
erature data.
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Maxwell-Stefan diffusion coefficient found by Kapteijn
et al.*

Isobutane transport parameters could not be obtained for
the membrane M1. Its resistance to mass transport was too
high to lead to a sensitive permeate response. As a conse-
quence, the inner compartment response superimposed itself
perfectly with the response obtained with the stainless steel
tube (Figure 14). On the contrary, the M2 and M3 mem-
branes are thin enough for the isobutane to cross the selec-
tive layer and permeate responses to be correctly detected.
An example of model fitting obtained for the membrane M3
is presented on Figure 15.

The estimations that we have obtained for the isobutane
Henry constant and diffusivity at 200°C are compared with
literature data on Figures 16 and 17. One can see that our
results are in good accordance with the published results.>?

Finally, the large difference obtained between n-butane
and isobutane diffusivities tends to prove that the zeolite
membranes synthesized at IFP are well suited for paraffin’s
isomers separations.

Conclusion

A new transient permeation-based technique was proposed
in the present article for the nondestructive in-situ physico—
chemical and morphological characterization of zeolite com-
posite membranes. This technique is based on the dynamic
permeation experiments realized in the membrane linear
response domain coupled with a parameter estimation proce-
dure. The main advantage of such a transient state method is
its experimental simplicity enabling the fast characterization
of numerous membranes samples.

From a structural analysis of the model, we propose a
step-by-step procedure for the parameters estimations. This
approach has been applied and some preliminary results have
been obtained for the thicknesses, transport, and equilibrium
properties of butane isomers within MFI layers. Our results
are favorably compared to the literature data and the method
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Figure 17. Comparison of the isobutane diffusion coef-
ficient constant that we have obtained with
the literature data.

[0 ZSM-5 supported membranes (membrane permea-
tion)57; & ZSM-5 zeolite (QENS)57; /\ silicalite crystalsﬁ;

X MFI membrane (membrane permeation)ss; *¥ ZSM-5

crystals (ZLC)>.

has been validated for hydrocarbons permeating in the Henry
domain. An extension of the method to the transport proper-
ties determination at high concentrations is expected in the
very next future. We also plan to extend our approach to
mixtures.

Notation

A(5), a(s), a>(s) = transfer functions involved in the structural identifi-
ability study
a = interfacial surface area, m !
B(s), C(s) = transfer functions involved in the structural identifi-
ability study

B, = £aD; — mass transfer parameter, m s~
e

1

C, C = gas phase concentration and its Laplace transform,
mol m
dy = hydraulic diameter, m
D(s) = transfer function involved in the structural identifiabil-
ity study
D, = adsorbate diffusion coefficient in the zeolite layer,
m?s™!
D,, = molecular diffusion coefficient, m? s~
D, = gas phase dispersion coefficient, m’ s~
e, = zeolite layer effective thickness, m
G(s), H(s) = transfer functions involved in the structural identifi-
ability study
k = mass transfer coefficients, m s~
K = adsorption equilibrium constant
I, = transfer functions involved in the structural identifi-
ability study
L, = zeolite layer length, m
Ly, Ly, Ly, Ls = lengths of the enameled sections and of the connec-
tion tubes, m
Ly, L, = total length of the plug-dispersed flows, m
Pt = l;_L = Peclet number with respect to L
axq = adsorbate concentration in the zeolite layer, mol m
¢sar = saturation adsorbate concentration in the zeolite layer,
mol kg~!
Re = 2L — Reynolds number defined with respect to the axial
length

1
1

1

3
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Req, = vl — Reynolds number defined with respect to the hydrau-
K lic diameter
R = ideal gas constant, J mol ' K7!
R; = inner zeolithe layer radius, m
r1(s), r(s) = transfer functions involved in the structural identifi-
ability study
r =radial coordinate in the zeolite layer for the simplified
model, m

Sc = DL = Schmidt number
Sh = deH = Sherwood number

M= Laplace variable, st
T = temperature, K
v = gas phase velocity, m s
z = axial coordinate along the tube, m
2,, z3 = axial coordinates corresponding to the zone contain-
ing the zeolite layer, m
z; = axial coordinate corresponding to the CSTR outlet, m
74, z5 = axial coordinates corresponding to the inner and outer
compartments outlet dead volumes, m
t=time, s
VESTR — yolume of a CSTR element, m’

1

Greek letters

& = support porosity
KA = equilibrium constant of the model kx = K5 (1 — ¢

E=52
~LZ ?
& =24 ) ) ) )
£ 2 4L—‘z;’ = dimensionless axial coordinates
4 =50

Ls . . . . . .
n = ="i = dimensionless radial coordinate in the zeolite layer

L =L = time constant in a gas phase plug—axial dispersed
V' flow, s

= mean residence time in a CSTR, s

T, = g_t — diffusion time constant, s

TCSTR

;1: gas phase viscosity, m?s !

p =mass density, kg m >
o, ¢(or) = variables involved in Eq. 18
A(s) = transfer function involved in the structural identifiabil-
ity study

Subscripts

i =inner compartment

0 = outer compartment

S = Macroporous support
z = zeolite layer

Superscripts

*=ga gas phase at equilibrium with a given solid
i — C4 =related to isobutane
n — C4 =related to normal butane
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