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Abstract

Sol-gel modification of mesoporous alumina membranes is a very successful technique to improve gas separation performance.
Due to the formed microporous top layer, the membranes show activated transport and molecular sieve-like separation factors.
This paper concentrates on the mechanism of activated transport (also often referred to as micropore diffusion or molecular
sieving). Based on a theoretical analysis, results from permeation and separation experiments with H,, CO,, O,, N,, CH, and
is0-C4H,, on microporous sol-gel modified supported ceramic membranes are integrated with sorption data.

Gas permeation through these membranes is activated, and for defect-free membranes the activation energies are in the order
of 13~15 kJ.mol ~ ! and 5-6 kJ.mol ~* for H, and CO, respectively. Representative permeation values are in the order of 6 X 107
mol.m~2s~'Pa~! and 20X 10~7 mol.m~2s~!'.Pa~! for H, at 25°C and 200°C, respectively. Separation factors for H,/CH,
and H,/iso-butane are in the order of 30 and 200 at 200°C, respectively, for high quality membranes.

Processes which strongly determine gas transport through microporous materials are sorption and micropore diffusion.
Consequently, the activation energy for permeation is an apparent one, consisting of a contribution from the isosteric heat of
adsorption and the activation energy for micropore diffusion. An extensive model is given to analyse these contributions.

For the experimental conditions studied, the analysis of the gas transport mechanism shows that interface processes are not
rate determining. The calculated activation energies for micropore diffusion are 21 kJ.mol~! and 32 kJ.mol ~! for H, and CO,,
respectively. Comparison with zeolite diffusion data shows that these activation energies are higher than for zeolite 4A (dpo. =4
A), indicating that the average pore size of the sol-gel derived membranes is probably smaller.
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1. General introduction

Separation technology plays an important role in
many manufacturing processes. In the petrochemical
industry, for example, separation technology can
require 40-70% in the capital costs of new plants {1].
Within separation technology, the use of membrane
processes for different kinds of separation processes is
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a strongly expanding field, which showed a major
breakthrough in the 1970°s due to the development of
new polymeric membrane materials. Before the begin-
ning of the 1980’s, the use of inorganic membranes was
limited to enrichment of U?*® [2]. The development of
industrial inorganic ultrafiltration (UF, pore diameters
in the order of 4-200 nm, separation of macromolecules
or colloidal particles) and microfiltration (MF, pore
diameters in the order of 4-200 nm, separation of par-



82- R.S.A. de Lange et al. / Journal of Membrane Science 104 (1995) 81-100

ticles in the order of 100 nm or above) membranes
started in the period 1980-1985.

In the last decade, an important direction in research
and development in the inorganic membrane field has
been to decrease the pore size of the porous membranes.
Microporous (7pe < 1 nm [3]) inorganic membranes
are attracting much attention in the field of separation
technology for applications in gas separation processes
[4-7]. This is mainly due to their high, molecular
sieve-like, selectivities, and high stability at enhanced
temperatures and in chemically aggressive atmos-
pheres (compared to polymeric membranes).

Furthermore, the application of inorganic mem-
branes in so-called membrane reactors, using catalyti-
cally active or passive membranes, has proven to be
very promising and an increasing research effort in this
field is observed in the past few years [8—11]. Recent
model studies of Zaspalis and Keizer et al. {12,13]
show that the incorporation of microporous membranes
in these membrane reactor systems can be very advan-
tageous. If conditions are chosen correctly, high selec-
tivities, e.g. for H, in dehydrogenation reactions, allow
the achievement of high conversions, by factors 7-8
times higher than equilibrium conversion at that tem-
perature, while the high permeabilities allow operation
at industrially attractive conditions.

1.1. Microporous inorganic membrane types

Based on synthesis route and material, one can
roughly distinguish 5 main types of inorganic micro-
porous ' membranes. These are: (i) sol-gel derived
ceramic membranes, (ii) CVD modified (glass or
ceramic) membranes, (iii) leached hollow glass fibers,
(iv) carbon molecular sieve membranes and (v) zeo-
lite membranes.

A very successful process for the preparation of
microporous membranes is sol-gel modification of
mesoporous (1 nm<r,,, <25 nm [3]) membranes
with polymeric silica sols [14-21]. Gas permeation
rates through these membranes are relatively high,
mainly due to the very thin top-layers, in the order of
50-100 nm. Gas separation factors are typically in the

! Note: Dense inorganic membranes, based on palladium and its
alloys or solid oxide electrolytes (zirconia), will not be considered
in this paper.

order of 100200 (H,/propene,
[14,16,17,20,21], He/N, [15]).

CVD modification [22-25] of mesoporous glass or
ceramic membranes, can result in very high separation
factors in the order of 1000 (He/N, [24]) to > 3000
(H,/N, [23]). However, the permeation rates, are
generally a factor 100 lower than for sol-gel modified
derived microporous membranes.

Microporous hollow glass fibers can be prepared by
leaching of the borosilicate component of hollow glass
fibers [26]. The gas permeation rates are comparable
with sol—gel derived systems. Controlled carbonization
of organics leads to the formation of molecular sieve
carbons, which are also used on a large scale in pressure
swing adsorption processes [27].

The development of zeolite membranes is a strongly
increasing part of present membrane research [28-31].
Advantages of these systems are the very narrow pore
size distribution (in fact there is only a single crystal-
lographic pore size) and the generally higher chemical
stability. A review of this field is given by Burggraaf
etal. [6].

H,/CH,

1.2. Scope of this paper

One of the most characteristic properties of micro-
porous membranes, which results in very high separa-
tion factors, is activated gas transport. It has been found
phenomenologically that the flux J (mol.m~2s™!)
through microporous materials increases as function of
temperature according to:

- Eact.
JaJ, exp RT (1)

where E,. (kJ.mol™') is an apparent activation
energy. Depending on micropore size and gas molecule
size, activation energies ranging from around 2 to 40
kJ.mol ~! have been reported [ 14-17,32-34].

In mesoporous materials, as for example y-alumina
membranes, the gas transport mechanisms are: (i)
Knudsen diffusion, (ii) laminar (or Poiseuille) flow
and (iii) surface diffusion. However, according to
these mechanisms, transport rates decrease as function
of temperature as shown by Eqs. 24 [35]:

(i) Knudsen diffusion

2.€,. Or .. 8RT
Frao= =g with 7=/ 2)
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Where Fyx,o is the Knudsen permeation
(mol.m™%s~'.Pa~"), ¢, is the porosity ( —), g, isa
shape factor ( — ) equal to 1/ 7, where 7is the tortuosity,
R is the gas constant (J.mol~'.K™!), T is the absolute
temperature (K), 7 is the modal pore radius (m), 0 is
the average molecular velocity (m.s '), L is the layer
thickness (m) and M is the molecular mass
(kg.mol ') of a gas molecule.
(i1) Laminar flow

€, 7
Foo=—te” p 3
P,0 8RT nL m ( )

Where Fpy is the Poiseuille permeation
(mol.m~2s™'.Pa~!), up is the reciprocal tortuosity
(—), mis the gas viscosity (N.s.m~?2), L is the thick-
ness (m) of the porous layer and P, is the mean pres-
sure (Pa).

(iii) Surface diffusion

"S,O == papp'Ds"J's?i_? (4)
where Jg, is the surface diffusion flux component
(mol.m~2s™"), p,,, is the apparent density (kg.m ™),
defined as (1—¢;).Perys» Ds is the surface diffusion
coefficient (m%s~!), u, is the reciprocal tortuosity
(—) and dq/d! the surface concentration gradient
(mol.kg™'.m™"). The activation energy for diffusion
is strongly correlated with the heat of adsorption. Since
it is assumed that diffusion takes place by molecules
which jump from one site to another, the activation
energy is a fraction of the heat of adsorption [36]. This
implies that: a) strongly adsorbed molecules are less
mobile than weakly adsorbed molecules, and b) that
the total flux will decrease as the temperature is
increased since the increased diffusivity is overruled
by the decrease in surface concentration.

In this paper we will discuss the mechanism of this,
so-called activated transport or micropore diffusion,
and its relation to membrane structure. This analysis,
which is the third part of our extensive gas transport
study [20], will focus on sol-gel derived microporous
ceramic membranes. Permeation measurements of sin-
gle gases and separation experiments of binary gas
mixtures through microporous silica modified ceramic
membranes have been presented earlier [ 20,21] in Part
I of our study. These results will be integrated with
sorption data on non-supported silica membranes from

Part II {20,32]. The phenomenological and theoretical
backgrounds used for the analysis are given in the next
section. A model is presented which incorporates
experimental data into a microscopic description of gas
transport routes in microporous membranes. A very
important step in the analysis is the assessment of a
possible sorption barrier to transport.

Since small pore zeolites have appertures in the same
order than the pore size of microporous silica, and con-
sist of similar molecular building blocks (Si-O-Si
units), comparison of gas transport data with these
materials is usefull and relevant. In the discussion the
results of our analysis on gas transport in microporous
silica will be evaluated using gas transport data in some
zeolites. This allows us to give an assessment of the
pore size based on transport through supported micro-
porous membranes.

2. Phenomenological and theoretical description
of gas transport in microporous materials

The description of gas transport and separation in
microporous materials is divided in three parts. First,
we will describe the contributions of sorption and
micropore diffusion on the total transport. Based on the
analysis of the interface processes, an equation for gas
permeation is derived which includes both sorption and
micropore diffusion. It is shown that the activation
energy for permeation is an apparent one, which con-
sists of both the isosteric heat of adsorption and the
activation energy for micropore diffusion. If interface
processes are not rate determining, calculation of the
activation energy for micropore diffusion is possible,
assuming that the contribution to the gas flux from
defects can be ignored. Secondly, we will discuss the
influence of pore size on micropore diffusion, and
thirdly, the implications of pore size on gas separation
will be discussed.

2.1. Modelling of gas transport in microporous
materials. A description of gas transport by an
integrated sorption—diffusion process

General description of micropore diffusion
Generally, diffusion of matter in gases, liquids or
solids can be described by Fick’s first law:
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J= —Dc(q).% (5)

where J is the flux, g is the concentration of the
adsorbed diffusing species in the porous system, D.(q)
is the intracrystalline diffusivity, which is in general
dependent on the concentration and 8q/6x is the con-
centration gradient. This equation implicitly contains
the assumption that the driving force for transport is
the concentration gradient. It is clear, however, that the
true driving force must be the gradient of the chemical
potential (w) [33,34].

A general way to describe gas transport in micro-
pores is then given by:

S,
J= —Bc(q)qa—‘: (6)

where g is the concentration of the diffusing species in
the micropores of the material, and B.(g) the mobility.
The relation between B (g) and the Fickian diffusivity
D.(gq), which is derived by assuming equilibrium
between the adsorbed phase and an ideal vapor phase
(= po+RTIn(P)), is given by [33,34]:
d(inP) d(InP)

D =B AqQ)RT————=Dy(q)——— 7

(q) =B.(q) d(Ing) O(q)d(lnq) (7
where Dy(q) is the intrinsic diffusivity. Transport can
be now be described by:

- {d(nP)\dg
= D”“’)(d(lnq))dx ®)

It can be seen that if Henry’s law is obeyed (d(InP)/
d(lng) =1), the diffusivity approaches a limiting
value, Dy(q), and Fick’s first law is obtained.

Analysis of sorption and interface processes

A theoretical model for gas transport in microporous
zeolite crystals, with a fixed pore size, is proposed by
Barrer [37]. The intracrystalline flux through a zeolite
crystal (micropore diffusion), is given by (9):

_ 5.k
— eXp( RT) [6,—6,] 9

where s is the number of pores per cross-section area
normal to the direction of J, n is the number of diffusion
steps in the pore (if nis large: n— 1 =1/d where l is the
membrane thickness and d the jump distance), 0, is the

occupation degree in the pore entrance, 6, is the occu-
pation degree in the pore exit at the low pressure side
of the pore. The rate constant for jumping across energy
barriers within the crystal (micropore diffusion) is &:

E
k=k, exp( RT‘) (10)

where k, is the pre-exponential constant and E, is the

activation energy. For £, the intra-crystalline diffusiv-

ity, Fick’s first law (analogous to (5)) is implicitly
used.

8, and 6, however, are steady-state fractions, rather
than equilibrium ones. To describe the deviation from
equilibrium, the interface processes have to be ana-
lyzed. The model describes the flux J to take place by
a parallel process, where F1.J represents the fraction of
gas molecules which enter the micropore directly, with-
out being adsorbed first, and F2.J represents the fraction
which is first adsorbed at the external surface. A sche-
matic presentation of the model is given in Fig. 1.

The different steps in the model are:

a) Gas phase transport to the micropore, which can
take place by two parallel fluxes: (i) via an exter-
nally adsorbed layer, flux F2.J, consisting of frac-
tion f1.J (flux direct to adsorption sites 6, near
pore mouth) and fraction f2.J (flux to adsorption
sites 6y .. On the surface, which involves a surface
diffusion step from sites 6, ., to sites 6;), or (ii)
directly from the gas phase to the pore entrance
(flux F1.J).

b) Entrance of externally adsorbed molecules at site
8, (F2.J) to site 6;, and direct entrance of gas
phase molecules (F1.J7) to site 8, where site @, is

GAS PHASE
! f1+f2 T@
f2.J f1.J ‘[ F1.J (F1+F2=1, 1)
(.
. %) ; ﬁ I
Oo,sur 2 \ B0 surf

PORE

Fig. 1. Model of gas transport in zeolite crystal membranes after
Barrer [37]. Flux J consists of fractions F1.J (direct from gas phase
to site 6,) and F2.J (via an externally adsorbed layer to site 8,).
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the first site in the micropore. This process may
require the passage of an energy barrier.

¢) Micropore diffusion in the pores (J)

d) Desorption from the pore to the external surface
(at site n) or directly to the gas phase.

e) Desorption from the external surface to the gas
phase.

The potential energy curves for these different steps
are given in Fig. 2. E, is the activation energy for
micropore diffusion, AE is the energy difference
between the gas phase and the molecules present in the
micropores, which is a heat of desorption and is equal
to —g*, E, is the activation energy for pore entrance
from the external surface, and A E; is the energy differ-
ence between the molecules adsorbed on the external
surface and the gas phase.

The steady state fluxes F1.J and F2.J, from the gas
phase to site 6, and from sites 6, to 6, respectively, are
given by the mass balance Eqs. (11) and (12), respec-
tively:

FLJ=54,Coo(1- 6,) — 5.k, (an
exp( —AE/RT) 6,
F2.J=s.k_exp(—E,/RT)0,(1—0,) —s.k,
exp( — (AE— AE.+E,)/RT) 6,(1— 6;) (12)

where C,, is the gas phase concentration, k,_, are
reaction rate constants. It can be seen that for leaving
the pore (from 6, to the gas phase) energy barriers
(AE) and (AE— AE,+ E,) have to be passed. At site
0, situated at the low pressure side of the membrane,
analogous equations can be derived.

When the interface processes are taken into account,
a relation can be derived for J,4/J, where Jj4 is given
by Eq. (9) for the ideal case that interface processes
do not play a role (6, and 6, are substituted by 6, .,

GAS (A)
A Cgo
>=' E ) AnE
g 90
: A
u T\
X=0 o1 62

Fig. 2. Potential energy curve of gas transport in zeolite crystal
membranes after Barrer [37], situation (A) corresponds to F2.J,
situation (B) corresponds to F1.J.

and 0, ., respectively). In the case that external adsorp-
tion obeys Henry’s law, J,3/J can be estimated as a
function of the different energy barriers, membrane
thickness, pressure and temperature by [37]:

Jua d SAE
—_— 1 +1- — — e
J (l)(2 el.eq en,eq) exp( RT) (13)

where d is the jump distance for micropore diffusion
(in the order of 5X107' m [37]) and [ is the
membrane thickness. SAE= (E,+ AE— AE,—E,) for
surface transport (F2.J), and in the case that surface
transport is not significant, so only (F1.J) remains:
8AE=AE—E,. If both external and internal sorption
obey Henry’s Law [37]:

o (f) ef22E) |
y —1+2(l) exp( RT (14)

From these equations it can be clearly seen that inter-
face processes become less significant if the surface
barrier is low (low AE, and/or E,), for large crystals
or thick membranes (d/1 small) and high tempera-
tures.

Integration of sorption and diffusion processes

In the preceding analysis of gas transport in micro-
porous systems it is shown that transport can be
described by Fick’s first law (Eq. 5) if sorption takes
place according to Henry’s Law. The amount gas
adsorbed per m® solid (¢ in mol.m™?), can be
expressed by:

c=pKP (15)

where K is Henry’s constant (mol.kg~'.Pa™!), P is
the pressure (Pa) and p is the top layer skeletal density
(kg.m~?). The concentration sorbate g in the micro-
pores of the top layer material with porosity
Ep( Vmicropores/ ( Vmicropores + Vsolid) is then:

Vsolid - 1_5p

V..

miCropores ep

q=c. (16)

The following relation for the activated flux J

(mol.m~2.s™ '), can be then derived:
d 1—- AP

J=-DH- _p:"2,g2° (17)
dx € !

where [ is the membrane thickness (m) and D is the
micropore diffusion coefficient (m*.s™').
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Incorporation of the temperature dependency of K
and D [32] gives:

J= _B_l____BDO p(
I g

where Dy (m2.s ~1) is the mean intrinsic diffusion coef-
ficient for micropore diffusion, and K, is the intrinsic
Henry constant [32].

However, the product ((1—¢,)/€,).Do.K, cannot
be separated easily to determine the value of D,, since
the exact porosity € of the supported membrane is dif-
ficult to determine [17]. This affects the value of K,
since these values are determined from non-supported
membranes, as well [32]. Also it has to be recognized
that gas transport through the solid state is neglected.

“The influence of interface processes can be analyzed
using Egs. (13) and (14), and the isosteric heat of
adsorption (¢™) can be determined from sorption
experiments. Unfortunately, the surface barriers AE,
and E, can not be determined from separate experi-
ments, which implies that the determination of E, is
possible only if:

(i) external adsorption does not play a role, which
implies that transport takes place by route F1.J.

(ii) physically reasonable approximations of AE;
and E, are known. Since sorption is strongly enhanced
in the micropores, compared to a ‘free’ surface, as will
be discussed in the next paragraph, A E; ( the adsorption
energy on the external surface) cannot be higher than
AE (the sorption energy in the micropores).

If the interface processes are not rate determining
indeed, then E,; can be calculated from the apparent
activation energy for permeation ( E,,) by:

E1=Eact._AE (19)

where AE= —g* (the isosteric heat of adsorption),
and E,, is calculated from Eq. (1). Note, that it is
implicitly assumed that the contribution of the external
surface on the calculated isosteric heat of adsorption
can be neglected.

E, Gst
=7 )Ko p(RT)AP (18)

2.2. Analysis of adsorption potentials in microporous
materials

The origin of the activation of gas transport in micro-
pores can be analyzed by the evolution of the adsorption
potentials of a gas molecule in pores with decreasing
pore diameter. An extensive analysis of the potential

functions in micropores is given by Everett and Pow]
[38]. In their paper, quantitative calculations are pre-
sented of the enhancement of (Lennard—Jones) adsorp-
tion potentials of a gas molecule as function of the
distance of opposite and neighbouring pore surfaces.

In Fig. 3, a schematic picture, based on the calcula-
tions of Everett and Powl [38], is presented in order
to illustrate the relation between pore size and adsorp-
tion potential for situations representative for micro-
porous membranes.

In the upper part, two fictive molecules A and B are
shown in the pore of an oxidic material. The diameter
of molecule B is 1.2 times the diameter of molecule A.
For example, this is the case for O,/H,, as can be seen
in Table 1 [39]. The pore wall is located at the center
of the surface oxygen ions; the effective pore diameter
D, eff ( =2R- O sucface oxygens where O surface oxygen — 0.276
nm [40]) is given between the dotted lines.

In the lower part, the enhancement of the (10:4)
Lennard-Jones adsorption potential is schematically 2
given as function of the relative distance from the pore
center for 5 relative pore sizes, and for cylindrical pore
geometry. €, =(z)/€x, is the ratio of the Lennard-
Jones potential in the pore (e,=(z)), and €4, the
absolute value of the potential minimum of the Len-

2 The exact location of the minima, and the shape of the potential
as function of z, is only schematicaily given.

*'-

=

8o .
m

= 0 U
-2- J

FlIaA- 09 1.08 1.239

2 3

Fig. 3. Different pore size regimes related with molecular size;
(10:4) potentials (cylindrical geometry) for molecule A.
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Table 1
Kinetic diameter of some selected gases, according to [39]

Gas Kinetic diameter o (nm)
He 0.26
H,0 0.265
H, 0.289
CO, 0.33
0, 0.346
N, 0.364
CH, 0.38
C;Hg 043
iso-C,H,o 0.5
Benzene 0.585
CCl, 0.59

nard—Jones potential on a ‘free’ surface, where z is the
distance from the center of the pore. The relative pore
size is expressed as R/ o, where R is the pore radius
and o, the kinetic diameter of molecule A. Note that
by expressing the potentials as €, = (z)/€x, a dimen-
sionless potential is obtained, which then allows com-
parison of situations for different sorbent/sorbate
combinations.

It can be seen that the potential shows a double min-
imum at larger wall distances (situations c1 and c2),
which coalesce to a single minimum at smaller wall
distances. For the (10:4) Lennard-Jones potentials,
and cylindrical pore geometry, the point where the dou-
ble minimum changes to a single minimum is located
at R/o=1.239 (situation b2). For slit-shaped pores
this point is at d/o=1.14. The maximum value of
€= (z) /€, which is the maximum enhancement of the
potential minimum compared to a ‘free’ surface, is for
the (10:4) potential and cylindrical geometry at R/
o = 1.086, and the maximum enhancement is a factor
3.388 (situation bl). For slit shape geometry the max-
imum enhancement is found at d/o =1, where the
enhancement is a factor 2. Further decrease of the pore
radius causes a strong increase (less negative) of the
potential, which results in a non-permeable pore if
€>0. It is clear, that the interaction of opposing and
neighbouring walls is much stronger for cylindrical
pores than for slit shaped pores.

Physically this model shows that the adsorption
energy in micropores is strongly enhanced with respect
to a ‘free’ surface, where the enhancement is dependent
on pore size and pore shape. For relatively wide pores,
these effects can be quite significant; for cylindrical

pore geometry an enhancement of around 30-50% is
present at R/ o =3 (pore diameter = 6 times molecule
diameter) [38].

2.3. Gas separation in microporous materials

For the application of microporous systems in gas
separation processes, the above described analysis of
diffusion in micropores has to be extended with a quan-
titative model where different regions in separation
mechanisms are discriminated. Some aspects which
have not been discussed before are: True molecular
sieving (which refers to exclusion, see below) and the
possibility of different gas molecules passing each
other within a pore.

In our model, a distinction is made in three pore size
regions, where the relative pore size rather than the
absolute pore size is important. The pore diameter is
defined as d and the size of the gas molecules A and B
is given by the kinetic diameters o, and oy, where
o,<og. The pore size regions will be considered
below, where we refer to the schematic presentation
given in Fig. 3:

a) o, <d< g (situation a)

This is the simplest case and refers to true molecular
sieving. Molecule B can not enter the pore and only
molecule A will permeate. This results in an infinite
separation factor for A, where the permeation rate is
only dependent on the micropore diffusion rate of A,
and, in the case external surface sorption is rate deter-
mining, on the surface concentration. The surface con-
centration of A and consequently its permeation,
however, may be influenced by B if strong adsorption
of B takes place on the external surface of the material.

b) og<d<(o,+ o) (situation bl and b2)

In this pore size regime, with maximum absolute
pore diameters in the order of 1-1.2 nm, both A and B
can enter the pore. Since the pore size is still very small,
both gas molecules will show activated micropore dif-
fusion. In situation b1, molecule A shows a maximum
enhancement of the potential minimum. The potential
for molecule B will be less negative, comparable with
situation a for A. Since the pore morphology is ideally
cylindrical, the molecules can not pass each other,
which then implies that the diffusion rate is determined
by the slowest moving component.

Situation b2 represents the point where the single
minimum of the potential of molecule A will turn to a
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double minimum. At this point, d=2.478 X ¢ ,, which
means that for this example the diameter d is slightly
higher than o, + o ( =2.2 X g ,). The effective pore
diameter D, however is smaller, and also in this case,
molecules will probably not be able to pass each other.

Jn many small pore zeolites and carbon molecular
sieves, however, the pores are not ideally cylindrical,
and/or wider regions (supercages or cross points of
channels for zeolites) are present. The smallest con-
striction (window diameter in zeolites) determines the
diffusion rate. In the larger cages, however, the mole-
cules can pass freely. The same holds for slit-shaped
pore geometry, which is the case for most microporous
carbons, provided the concentration is not too high. If
indeed the molecules cannot pass each other, then
selective permeation is determined by differences in
sorption characteristics.

¢) (ga+0g) <d< =2 nm (situation ¢l and c2)

In this pore size region, A and B can pass each other
regardless the pore morphology. For the case that mol-
ecule A represents hydrogen (o =0.289 nm), the pore
diameter in situation c2 is 1.73 nm, which is still in the
micropore region.

The increasing relative pore size implies that
enhancement of the adsorption potentials by the oppos-
ing walls will decrease, and for larger pore sizes, the
influence of the wall potential in the center of the pore
is not present any more. Free gas diffusion will there-
fore take place in the center part of larger pores.
Adsorbed molecules will diffuse along the surface,
where the heat of adsorption ( =surface potential) is
still enhanced by. the opposing wall, resulting in a
slightly enhanced potential. Both differences in micro-
pore diffusivity and sorption determine the selectivity
in the permeation.

d)d>=2nm

This is the mesopore region, activated transport does
not take place, since both surface diffusion, Knudsen
diffusion and multilayer diffusion decrease as function
of temperature.

3. Membrane characteristics and experimental
procedures
3.1. Membrane synthesis and characteristics

y-Alumina membranes were prepared by a dip coat-
ing process of a-alumina supports (disc-shape, diam-

eter 39 mm, thickness 2 mm, mean pore radius 160 nm,
porosity 50%, surface roughness around 40 nm) in
boehmite (y-AIOOH) dip solutions, followed by dry-
ing in a climate chamber (40°C, 60% R.H.) for 3 h and
subsequent calcination for 3 h at 600°C. To repair pos-
sible pin-holes, this procedure is repeated twice for
standard y-alumina membranes. An extensive descrip-
tion of this process is given earlier [ 17]. The final top-
layer thickness is in the order of 7-10 wm, with a mean
pore diameter of around 5 nm.

These membranes were modified with polymeric sil-
ica sols to obtain a microporous top-layer. Polymeric
SiO, sols were prepared by acid catalyzed hydrolysis
of tetra-ethyl-ortho-silicate (TEOS) in ethanol with
standard molar ratios of TEOS-water-HNO;-ethanol of
1-6.4-0.085-3.8 (sample code: StSi0,). Detailed
descriptions of the sol synthesis and membrane for-
mation are given elsewhere {17,19,41].

Due to the very mild synthesis conditions and the
application of on acid catalyst, weakly branched olig-
omeric sols are obtained, with typical fractal dimen-
sions of 1.4-1.5 and radii of gyration of =2.0 nm
{19,41]. During consolidation of these sol units (layer
formation), interpenetration occurs, resulting in a
microporous structure. From nitrogen adsorption
experiments with non-supported membranes it was
found that the final pore size distribution is bimodal,
with a strong maximum at an effective diameter of 0.5
nm and a weak maximum at 0.75 nm [20,42].

3.2. Permeation, separation and sorption
experimental procedures

Gas permeation experiments were performed in a
temperature range from 25 to 250°C by measurement
of dead-end permeation, as described in detail in [21].
The permeation (F) ? is defined as the ratio of the
transmission rate or flux (quantity of gas crossing a
unit area in unit time; in mol.m~2s~!) and the (par-
tial) pressure difference in mol.m~%s”!Pa”’
(=1.344%10" mlmin™'.cm~%bar '=1.93x% 108
m>.m~2.day ~'.bar~!). The apparent activation energy

3 The permeation implicitly contains the layer thickness () of the
membrane, and is therefore not a real material constant. The so-
called permeability, defined as the product F.I in units
mol.m.m~2s~".Pa~", corrects for layer thickness (provided it is
known accurately). Unfortunately the meaning of permeation and
permeability is often confused in literature.
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for permeation is calculated according to Eq. (1). Cor-
rections for support (y-alumina membrane) influence
on the permeation of the microporous top-layer have
to be performed to calculate the real pressure drop over
the top layer. These corrections were performed by the
series model, which requires knowledge of the per-
meation characteristics of the support (Fg,ppor). The
permeation is then regarded as a reciprocal resistance,
where the top-layer permeation Frp,y.. an be calcu-
lated from the membrane permeation Fr,, according
to:

1 I 1 (20)

F. Toplayer F Total F, Support

An extensive description of the calculation method and
influence on the calculated permeation rates is given
elsewhere [17].

Counter-current separation experiments [21], with
binary gas mixtures and using Argon as sweep-gas at
the low pressure side, are performed at temperatures
ranging from 25 to 300°C. Typical gas flow rates are
200 ml/min for the feed (at a pressure of around 2 bar)
and 150 ml/min for the sweep gas. The low pressure
side was connected to a vacuum pump, leading to a
down-stream pressure of 0.8 bar. The ideal separation
factor («) is defined as the enrichment factor of one
component in the permeate compared to the feed com-
position, according to:

y l-x
1-y x

a= (21)
where y is the molar fraction of the faster permeating
component in the permeate and x is the molar fraction
of this component in the feed.

Sorption experiments on non-supported micropo-
rous membranes are performed using both volumetric
and gravimetric sorption equipment, as described
extensively in Part I of our study [32]. Important char-
acteristics to be obtained from sorption experiments are
the Henry coefficient and the isosteric heat of adsorp-
tion. The Henry adsorption isotherm can be expressed
in experimental parameters by:

n=K.P (22)

where K is Henry’s constant (molkg~'.Pa™!), P is
the pressure (Pa) and n is the amount adsorbed
(molkg™'). The temperature dependency of the

adsorption isotherms is used to derive the isosteric heat
of adsorption. An equation similar to the Clausius—
Clapeyron equation for a phase change in a one com-
ponent system can be used to calculate the isosteric
heat of adsorption g*:

st
(mmm)__i (23)

8(1/T) R

where — g™ is equal to the enthalpy change (kJ.mol )
upon adsorption, R is the gas constant
(kIlmol"LlK™Y), n is the amount adsorbed
(mol.kg™1), P is the absolute pressure (Pa) and T is
the adsorption temperature (K). From this equation, it
is clear that at a certain constant amount adsorbed, a
plot of In(P) versus 1/T will yield a straight line with
slope — (g«/R).

n

4. Typical transport and sorption results
4.1. Sorption results

Sorption experiments were performed with H,, CO,,
CH, and iso-C4H,, on non-supported silica. A repre-
sentative example of the sorption behavior for these
gases as function of pressure and temperature is given
in Fig. 4 for sub-atmospheric sorption of CO, on silica.
The isotherms are given by plotting the amount
adsorbed in ml(STP).g ™! versus pressure (Pa), where
1 ml(STP).g~'=0.045 mol.kg ™ ". As can be seen, the
adsorption capacity decreases strongly as function of
temperature. The isotherms are Langmuir-type at 273

- 273K

Volume adsorbed (mi STP/g)

Pressure (kPa)

Fig. 4. Sub-atmospheric CO, adsorption isotherms on SiO,, obtained
with the volumetric set-up and the gravimetric set-up (305 K).
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Fig. 5. CO, adsorption isosteres on silica. P in units of Pa.

and 305 K. At higher temperatures the isotherms are
practically linear, which implies that they obey Henry’s
law over the whole pressure range used. Since the total
adsorption capacity for the isotherms higher than 348
K is low, isosteres can only be calculated up to around
8 ml(STP).g~' (=0.36 mol.kg'). The surface cov-
erage is then very low, with an upper limit of around
20% as can be derived from the isotherm at 273 K.
Four representative CO, adsorption isosteres are given
in Fig. 5. The calculated isosteric heat of adsorption is
22.3 kJ.mol ™', and was practically independent of
amount adsorbed, which is indicative for the absence
of stronger adsorbate—adsorbate interactions at high
surface coverages.

The sorption capacity on silica at ambient tempera-
tures has found to be considerable for CO, and iso-
C,H,;, but extremely low for H, and CH,. The weakly
adsorbing nature of the latter two gases is also clearly
expressed by low isosteric heats of adsorption. An over-
view of the results is given in Table 2. Calculated Henry
constants and the isosteric heats of adsorption are given
for CO,, CH,, H, and iso-C4H, 4 sorption on silica. Also
the limiting temperature is given for which the isotherm
can be classified as Henry-type in the sub-atmospheric

Table 2

pressure range (P <125 kPa). It can be clearly seen
that, for example, the total amount adsorbed for H, is
more than 2 decades lower than for CO, at 273 K, and
even at 473 K the CO, amount has not decreased to the
low level obtained for H, sorption. Due to the high
amount adsorbed and the high isosteric heat of adsorp-
tion for CO, and iso-C,H,, it can be expected that
adsorption phenomena may play an important role in
gas transport. The influence of sorption phenomena for
the weakly adsorbing gases H, and CH, will be less
important. For practical applications, high pressure
data is important since this enables us to evaluate trans-
port for economically interesting conditions. High
pressure sorption experiments with CO, and CH,
showed that for CO,, Henry adsorption takes place up
to 15 bar at 373 K. For CH,, Henry’s Law is followed
for pressures up to = 8 bar at 323 K.

4.2. Permeation results

Typical H, and CO, permeation results for a high
quality silica modified membrane (code Al3-Sil-B)
are shown in Figs. 6 and 7. Both the H, permeation and
the CO, permeation are activated. This indicates that
an effective modification towards micropore diffusion
is obtained, since according to Knudsen diffusion, the
permeation should decrease as the temperature is
increased (Eq. (2)). The gas permeation of the mem-
branes ( =silica modified y-alumina + a-alumina sup-
port) is calculated by dividing the flow through the
membrane by the product of measurement area (1.911
cm?) and pressure difference over the membrane. As
shown before (17,211, this is allowed since the flow
through the membrane is essentially linearly dependent
of pressure under these conditions; the permeation is
then independent of pressure.

Henry constants (K), isosteric heat of adsorption (¢™) and lower limiting temperature for Henry sorption behavior Tyimit tienry for COz, CHy, H, and iso-C4H,o on

silica, obtained from sub-atmospheric adsorption experiments (P <125 kPa)

Gas 7 Timisenry K (molkg='Pa™!)
(KJ.mot~!) (K)
77K 194K 273K 303K . 323K 348K 373K 473 K
CO, 223 348 - - 32Xx10°° 7.8x10°° 5.9x10°¢ 32x10°¢ 2.1x10~¢ 48x1077
CH, 10.3 273 0.42 4.2x10°¢ 2.3x10°¢ - - - - -
H, 6.1 194 15%10™  37x10~7  18x10~7 - - - - -
iso-CH,, 229 373 - - 1.7Xx107* - 29X10-% 24Xx107% 9.4x107° -
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However, at 200°C the permeation for hydrogen
increases weakly as the pressure is increased. The cause
for this effect is the stronger support influence. Increas-
ing the temperature results in an increased permeation
of the microporous top-layer but a decreased permea-
tign of the support. The relative pressure drop over the
support therefore increases, as can be seen easily from
Eq. (20). The support permeation, which is mainly
determined by Knudsen diffusion, is also weakly pres-
sure dependent since it contains a small contribution of
Poisseuille flow. The permeation rates and calculated
apparent activation energies, both non-corrected and
corrected, are given in Table 3. The corrected pressure
drop over the toplayer ( Py, — Pintertacer WHETE Pipiertace
is the pressure at the interface of microporous toplayer
and y-alumina membrane) is smaller than the pressure
drop over the membrane system (Py;z, — Piow)» as used
for the non-corrected data. Correction therefore gives

25
—~ ]
< oo o . 50°C
1 ,:] D D
& 201 0O ¥ 75°C
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Fig. 6. Hydrogen permeation silica modified membrane Al3-Sii-B.
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Fig. 7. Carbon dioxide permeation silica modified membrane Al3-
Sil-B.

the true, higher, top-layer permeation. Due to decreased
support permeation with temperature, support correc-
tion is stronger at higher temperatures, and conse-
quently the corrected activation energy is higher.

In Table 4 and 5 typical permeation results are sum-
marized for silica modified membranes with different
activation energies for hydrogen. The y-alumina mem-
branes all consist of thrice dipped top-layers, the silica
modification was performed in a single step. In Table
4 the apparent activation energies for permeation of
hydrogen (non-corrected as well as corrected for sup-
port influence) is given as main characteristic. For each
of these membranes, the permeation values are given
for several gases at 200°C, to eliminate blocking effects
by strong sorption at low temperatures. The general
trend is that the permeation rate decreases continuously
as function of gas molecule size.

Ascanbe seen, there is a variation in corrected appar-
ent activation energies for hydrogen from 5.8 kJ.mol ™!
to 21.7 kJ.mol . This variation is considered to be
caused by differences in membrane quality. Defects
(pinholes, cracks or wider micropores) will give rise
to a parallel flux through the defect, in which the trans-
port mechanism is mainly determined by Knudsen dif-
fusion and/or surface diffusion. Since permeation
according to these mechanisms decreases as function
of temperature, the total apparent activation energy is
decreased.

In Table 5 the apparent activation energies for the
investigated gases are given for the same membranes
as discussed in Table 4. Also results from SiO,/TiO,
(10 mol% TiO,) and SiO,/Al,0; (10 mol% AlO, 5)
modified membranes (membrane codes ‘Al3-SiTil0-
2,Bu’, ‘Al3-SiTil0-2,Pr’ and ‘Al3-SiAll0’ are abbre-
viated as ‘SiTi-Bu’, ‘SiTi-Pr’ and ‘SiAl’ respectively),
as reported in earlier work [17], have been included.
Basically, the transport mechanism of these binary
materials is not different compared to pure silica.

Carbon dioxide permeation shows activated trans-
port for membranes characterized by a hydrogen acti-
vation energy higher than around 10 kJ.mol !
(corrected value). As will be shown hereafter, this is
related with the higher isosteric heat of adsorption for
carbon dioxide, resulting in a stronger decrease of the
concentration in the micropores compared to hydrogen
as the temperature in increased.

Some discrepancies can be seen by comparing the
transport behavior of oxygen, nitrogen and methane.
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Table 3
Permeation rates and apparent activation energies for silica modified membrane Al3-8i1-B; Pyyg, = 3 bar

Gas Permeation (107 mol.m~%s~".Pa™!), 50°C (H,), 28°C (CO,, 200°C Apparent E%, (kJ.mol™ ')
H, 4.1 (4.5) 21.7 (52.7) 14.9 (21.7)
CO, 2.3(3.0) 6.8 (32.3) 6.1 (14.9)

2Values between brackets corrected for support influence.

Table 4

Permeation rates F (in 10™7 mol.m~2s~'.Pa~') at 200°C for silica modified membranes Al3-Sil-A/U with different apparent activation

energies (kJ.mol~!) for hydrogen

Membrane

B C D? E U1® u2b F A¢ A G H
E., (Hy) 14.9 132 11 8.0 74 6.7 58 54 5.0 44 32

21.7 16.9 12.3 11.2 10.0 11.0 8.3 11.0 7.4 5.8 6.6

Gas:
He £ - - - 14.4 20.0 - - - - -
H, 21.7 16.0 13.0 18.0 17.9 222 21.8 23 16 12.3 20.0
CO, 6.8 55 35 55 5.1 6.0°f - 52 3.0 - 8.5°
0, - - - 4.0 - - 59 58 1.7 - -
N, - - - - - - 4.7 - 0.8 - -
CH, - - - - - - - 24 0.36 - -
i.b. - - - - - - - 0.35 - - -

“Data taken from [17].

"Data taken from Uhlhorn [14].

“Single layer y-alumina.

9Jtalic values corrected for support influence.
Permeation (10~7 mol.m~2.s~'.Pa~") at 200°C.
f100°C.

i.b. =iso-butane.

Firstly, it is observed that the activation energy for
oxygen permeation is higher than the hydrogen acti-
vation energy for membranes with code A and E, con-
trary to membrane F, where it is lower. Secondly, the
activation energy for nitrogen is higher than for oxygen
or membrane F, contrary to membrane A. Thirdly, the
activation energy for methane is higher than for oxygen
for membrane AS, contrary to membrane A. Due to the
limited amount of data for these gases, the explanation
of these observations is difficult. Probably the effects
are due to the presence of very small leaks, in the
membrane or in the equipment, which will not influence
the gas transport behavior of hydrogen and carbon
dioxide significantly due to the high intrinsic permea-
tion rates. For the other gases, however, this is not
generally true due to their low intrinsic permeation
rates.

4.3. Separation results

An overview of the separation characteristics of
microporous silica modified membranes, is given in
Table 6. The membranes are based on three layer y-
alumina membranes (membrane codes Al3-Sil-..) and
a few experiments with single layer y-alumina mem-
branes (codes All-Sil-..). Some membranes have
been modified a second time after separation experi-
ments. Results after the first modification step are
referred to as....-(1), while the code for the measure-
ments after the second modification step is....-(2).

The most direct observation is that the separation
factors are much higher than might be expected based
on separation according to Knudsen diffusion. Maxi-
mum separation factors can then be found by taking
the inverse square root of the ratio of the molecular
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Table 5
Apparent activation energies of permeation for silica modified membranes Al3-Sil- with different H, activation energy

E3, kJ/mol

He H, CO, 0, N, CH,
Membrane:
B - 14.921.7 6.114.9 - - -
C - 13.216.9 56113 - - -
SiTi-Pr® - 12.316.3 2639 - - -
DP - 11.012.3 2027 - - -
SiAl® -~ 9.09.2 6.06.5 - - -
E - 8.011.2 09438 15195 - -
U1 1.74.0 7.410.0 - - -
SiTi-Bu® - 7.084 1417 - - -
U2¢ 4790 6.711.0 6.7 10.0 - - -
F - 5883 - 22390 7590 -
A - 5411.0 ¢ - 6.77.9
A - 5074 7.084 5055 1.71.8
G - 4458 - - -
H - 3.266 - - -

“Jtalic values corrected for support influence.
‘Decreasing permeation as function of temperature.
9Data taken from Uhlhorn [14].

*Data taken from [17].

Single layer y-alumina.

masses, resulting in &g augsen, Hz2/crs = 2.82 and axpydsen,
H2/isobutane = 3-39. Further it can be observed that the
separation factor for H, versus other molecules
increases as the difference in molecular size is larger;
M2/is0-car10°> Qrz/cna @0d Auz/cua ™ Onzscon- This
effect is more pronounced at higher temperatures.

In general, the H,/— separation factors increase with
temperature. In some cases, however, a maximum or a
decrease in separation factor for H,/CH, as function
of temperature is observed. This can be explained by
the support influence. At higher temperatures, the rel-
ative pressure drop over the support increases, due to
the increased permeation for the top-layer and the
decreased permeation of the support. The support resis-
tance can then increase to about 40% of the total resis-
tance. At a certain point, which is at lower temperatures
for low quality membranes (where the contribution of
transport through cracks and pinholes is high), trans-
port through the support is rate determining. The sep-
aration factor will therefore decrease.

The improvement of the H,/CH, selectivity due to
the second modification for membrane Al1-Si2-A is
about a factor 2. Membrane Al3-Si2-A, however, has
shown a significantly larger improvement of the H,/
CH, separation factor at 300°C from 11 to 40 [17].
This difference may be related with the fact that
membrane surfaces are damaged by removing them
from the permeation cell. Because the membranes are
sealed on the top-layer with O-rings, the top-layer sur-
face will be damaged at the place where it is in contact
with the sealing. This damage varies from case to case
and may cause some additional leaking when the seal-
ing in the experiments after the second modification
does not cover these damaged spots.

The fact that the H,/isobutane separation factor is
already high after the first modification step for
membrane All-Sil-A leads to the conclusion that the
defects which result in the low separation factor for H,/
CH, are very small. They are certainly not large cracks
or pinholes.
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Table 6
Separation factors for silica modified membranes

Membrane System «

22°C 50°C 100°C 150°C 200°C 250°C

Al3-Sil- H,/ 134 - 62 - 156 >272°
uI? CyHg

Al3-Sil- CO,/ 48 - 65 - 28 -
u2° CH,

Al3-Si2-A- H,/CO, 1.7 - 2.5 4.5 55 6.6
(1)

Al3-Si2-A- H,/CH, 2 3 5 8 11 12
n

AI3-Si2-A- H,/CH, 2 3 5 10 i8 30
(2)

A3-SiTi® H,/CH, 12 50 150 200 165 -
AI3-Si1-K H,/CH, 6.3 - 17.2 - -~ -
AI3-Sit-L H,/CH, 10 35 - - - -
All1-Si1-B H,/CH, - 55 57 5.7 5.7 55
All-Si1-B “ H,/ib. - 80 105 110 110 110
All-Si2-A- H,/CH, - 6.5 6.2 6 6 5.8
(1)

All-Si2-A- H,/ib. - 130 150 150 180 -
(1)

All-Si2- H,/CH, - 98 102 105 105 10.5
A-(2)

All-Si2- H,/ib. - 80 130 170 180 17¢9
A-(2)

aData taken from Uhlhorn [14].

*T=260°C.

“Data taken from [17]

9T7=300°C.

5. Analysis of the gas transport mechanism:
integration of sorption and permeation data

5.1. Analysis of interface processes; gas phase
diffusion and external adsorption

Based on the summary of permeation results (Tables
4 and 5), and the measured isosteric heats of adsorption
(Table 2), an analysis of the influence of interface
processes on the permeation mechanism can be made.
In first instance we will use Eq. (13), according to the
analysis of Barrer [37], for the assessment of the influ-
ences of surface processes on micropore diffusion.

‘A worst case assessment can be made by setting both
0,.6q— 0 and 8, ., — 0. The analysis will be performed
for H, and CO,, since for these gases the most reliable
permeation data are obtained, and because of the strong
difference in adsorption characteristics for these gases.

If the membrane thickness (/) and the mean jump
distance (d) are approximated by 100 nm and
5% 107" m respectively, Eq. (13) turns to:

T 1 1 10- exof PAE

7 14+107 % ex RT) (24)
with SAE=(E,+ AE—AE,—E,). J./J then
expresses the deviation of transport from ideal micro-
pore diffusion.

The values for g* for H, and CO, are 6.1 kJ.mol ™'
and 22.3 kJ.mol ™! respectively, and are equal to — AE,
the energy difference between molecules in the gas
phase and in the micropores [37]. From Table 5 it
follows that for good quality membranes, the corrected
apparent activation energies for H, and CO, are approx-
imately 15 kJ.mol ~! and 10 kJ.mol ~'. The value of the
activation energy E, for the intra-crystalline diffusion
is then assessed by (19), where interface processes are
neglected in a first approximation. The resulting cal-
culated values for the activation energy of the intra-
crystalline micropore diffusion (E,;) are around 21
kJ.mol ! for H, and 32 kJ.mol ! for CO,.

In Table 7 the results of some calculations are given
for the assessment of J,,/J. Initially, no surface barriers
for H, (AE, and E,, see Fig. 2) are taken into account,
which implies that SAE = AE— E,. This situation cor-

Table 7
Analysis of influence of interface processes on micropore diffusion

Gas AE—E, AE, E SAE T((XK) Ju/J

H, -15 - - —-15 300 1.000024
600 1.0004
H, 6 10 —-11 300 1.00012
600 1.0011
H, 3 6 -12 300 1.00008
600 1.0009
H, 3 20 2 300 1.022
600 1.015
CO, -10 - - -10 300 1.00018
600 1.0013
CO, 20 20 —-10 300 1.00018
600 1.0013
Co, 10 20 0 300 1.01
600 1.01
CO, 10 25 5 300 1.074
20 35 600 1.028
CO, 10 35 15 300 5.1
600 12

Energies in units of kJ.mol ™.
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responds to Fig. 1, by neglecting F2.J (which is the
fraction of the flux via the external surface), and to Fig.
2(b). The deviation from ideality (J,q/J=1) is then
only 0.04 percent at 600 K.

When fraction F2.J has to be analyzed, the problem
arises that the heights of the surface barriers AE; and
E, (see Fig. 2(a)) are not known; AE,, however, can
not be higher than AE. Therefore three fictive combi-
nations are given, with AE;=6kJ.mol~' (= AE) and
AE,=3kI.mol™' (=0.5X AE). These combinations
do not all result in significant deviations from ideality.
The maximum deviation is found when a very high
surface barrier E, is chosen of 20 kJ.mol ™', which is
of the same order as the activation energy for micropore
diffusion E,. The deviation is then only 2% at 300 K.
The calculation of E; for hydrogen from the preceding
procedure therefore seems justified.

For CO, the deviation from ideality in the absence
of additional surface barriers is slightly higher, as might
expected from the stronger sorption, but is still very
small. The introduction of surface barriers lower than
the assessed intra-crystalline diffusion coefficient of 32
kJ.mol ', also did not lead to significant deviations
from ideality. Only a very high value for E; of 35
kJ.mol !, leading to E,— AE,=25 kJ.mol ™', results
in a strong influence of surface processes, at low tem-
peratures. However, in this latter case the followed
procedure to calculate E, is not valid any more. Surface
transport is therefore not rate determining in the situa-
tions studied (28°C < T<300°C, 0 <P <4 bar).

This is supported by the temperature dependency of
surface diffusion as discussed before (Eq. (4)). The
total transport rate (mol.s~'.m ') always decreases as
the temperature is increased. External surface diffusion
can therefore not be rate determining if activated trans-
port is found for the actual situation.

Also gas transport from the gas phase to the
membrane is not likely to be rate determining as can
be analyzed by kinetic gas theory [43]. The total num-
ber of molecules colliding with the wall of a volume,
Zo,.n (s~ l.cm™2), can be expressed by:

7 IN _

wall — Z T/ v
where N/V is the number of molecules per unit of vo-
lume (cm %), and 7 is molecular velocity (cm.s™").

It follows that the molar flux colliding with the wall
for hydrogen is around 1.8 mol.cm~2.s ™" at 300 K and

(25)

1 atm. pressure. A typical hydrogen flux through the
microporous membranes is around 10X 107°
mol.cm~2s~! (calculated from a permeation value of
10X 107" mol.m~2s~'.Pa~! at 1 atm.). Even with a
porosity of 1% and a sticking probability of 1%, which
is a pessimistic assessment, the collisional flux is more
than one order of magnitude higher than the permea-
tion.

5.2. Delineation of the Henry region

The preceding analysis of external interface proc-
esses is only valid when sorption behavior follows Hen-
ry’s Law. If this is not the case, the elimination of
interface processes to analyse micropore diffusion will
be very difficult [37]. As shown by the sorption data,
Henry’s Law is followed below 125 kPa for H, at tem-
peratures equal and higher than 194 K, for CH, at
temperatures equal and higher than 273 K, for CO, at
temperatures equal and higher than 348 K, and for iso-
butane at temperatures higher than 373 K. Henry
behavior up to more than 15 bar was observed for CO,
at 373 K. Due to the considerably lower sorption capac-
ity and isosteric heat of adsorption for H, and CH,
compared to CO,, it can be assumed safely that for
these gases Henry’s Law will be followed at high tem-
peratures (7> 373 K) and pressures up to at least 15
bar as well.

At a lower temperature of 273 K, strong non-Henry
behavior is observed for CO, (below 5 bar) and iso-
butane (below 1 bar) [32]. The minimum temperature
used for the permeation and separation measurements
in this work is 25°C. In the case of CO,, no significant
deviation from Henry’s Law takes place at this tem-
perature, which explains the perfect pressure independ-
ent permeation up to 5 bar as presented in Fig. 7. This
is in agreement with the description of the permeation
according to Eq. (18), which assumes Henry sorption.

The effect of introducing non-Henry conditions in
permeation through microporous membranes has been
shown by Bakker and Geus [28,29] for MFI mem-
branes. They report that methane/n-butane separation
experiments show that the system is selective for n-
butane at low temperatures giving rise to a selectivity
of 53 at 300 K using a 50/50 feed composition. It is
concluded that the high selectivity towards n-butane is
due to the fact that at low temperatures n-butane
adsorbs strongly, and therefore hinders methane per-
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Table 8
Calculated diffusion coefficients at 298 K

Membrane Gas J (298 K) (mol.m~2s~") K (298 K) (molkg™'.Pa™!) D (298K) (m*s™")
Al3-Sil-A H, 6.8x1072 1.44x10°7 1.43x10-1°

CO, 3.6x1072 142%x10°5 7.68x10~ 13

CH, 0.27x1072 1.57%10°° 52x10°13
Al3-Sil-B H, 228%X1072 1.44%10°7 48x10~"

CO, 30x1072 142%x1073 64x10°1
All-Sil-A H, 12 x1072 144x10°7 25%x10°1°

CO, 42x10"? 1.42%x10°3 9.0x10~13

CH, 0.78x1072 1.57x10°° 1.5x10° 12

i-C,Hyo 0.8X10"? 7.30% 10~ 33x 107"

meation. At higher temperatures, however, n-butane
desorbs and follows Henry’ Law. This results in an
increased methane permeation. At 623 K the membrane
is then selective for methane; the separation factor is
0.6. In this case the fluxes reflect the pure gas perme-
ation rates.

5.3. Estimation of D and E,

Since Henry sorption has been proven for the exper-
imental conditions in our study, Eq. (18) can be used
to describe gas transport in these microporous mem-
branes. The membrane thickness is 100 nm, the skeletal
density is 2.2 kg.m ~?, the porosity is 0.4, the pressure
difference is taken to be 1 bar, and the values for K are
calculated from Table 2. By substitution of these par-
ameters in Eq. (18), the diffusion coefficients D
(m”s~ ') at 298 K can now be calculated according to
Eq. (26):

J=3.3 X 10" D 2081, K 2081 (26)

Some results from these calculations are given in
Table 8. The calculations are performed for membranes
Al3-Sil-A (E, 112=7.4 kJ.mol ™' (corrected) ), Al3-
Sil-B (E,. 2 =21.7 kJ.mol ' (corrected) ) and All-
Sil-A (E,12=11.0kJ.mol "' (corrected) ). The flux
values are calculated from the corrected permeation
rates. The order of the calculated diffusion coefficients
is comparable with literature results for diffusion in
zeolites [44]. One should bear in mind, however, that
the calculation is very sensitive to the values used, and
the porosity of the supported membranes is still ques-
tionable. Comparison of diffusion coefficients from the
literature must therefore be performed carefully.

It can be seen that the diffusion coefficient for hydro-
gen is about two orders of magnitude higher than for
methane and carbon dioxide, and four orders of mag-
nitude higher than for iso-butane. These differences are
much more pronounced than the differences in
membrane permeation, and indicate directly the impact
of the sorption characteristics of the gases used. Since
the difference in kinetic diameter between hydrogen
and methane is small (0.289 and 0.38 nm, respec-
tively), the large difference in diffusion coefficient sug-
gests large differences in resistance for transport in the
pore. Consequently, the pore constrictions must be of
molecular size.

5.4. Evaluation

Evaluation of activation energies in zeolites [45]
shows that there is a relation between the relative pore
size of gas molecules in the pores and the activation
energy for diffusion. Generally, the activation energy
is lower for larger pores than for small pores, and the
activation energy in a certain zeolite increases as the
size of the molecule is increased [44]. Comparison of
the calculated activation energy for intracrystalline dif-
fusion for H, and CO, of 21.1 kJmol™! (5.0
kcalmol™!) and 32.3 kJmol~! (7.7 kcal.mol™!)
respectively shows that the experimentally found acti-
vation energy values for CO, are higher than for e.g.
CO,, CH, and C,H, in zeolite 4A (pore diameter 0.4
nm). The activation energy found for hydrogen is of
the same order of activation energies found for Ar, Kr,
0,,N, and CH, [46]. Based on this, it can be concluded
that the pore constrictions of our membranes are
smaller than 0.4 nm. It has to be noted, however, that
in general the variation in calculated activation energies
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for gas transport through zeolites is quite large, and that
direct comparison is difficult [33]. This indicates
indeed that the pore size calculated by N,-adsorption
on non-supported membranes (0.5-0.75 nm) may give
an overestimate.

This conclusion is supported by the comparison of
the separation properties with results obtained with zeo-
lite membranes. Silicalite (dpore =35.5 A) membranes
prepared by Geus and Bakker et al. [28,29] show no
activated transport for hydrogen and only a maximum
permselectivity for H,/CH, of 15.5 at 21°C. The
absence of activated transport for these membranes,
contrary to the microporous sol-gel derived mem-
branes, may be a second indication that the pore size
of the supported microporous sol-gel derived mem-
branes is probably smaller than the ones determined
from N,-adsorption measurements on non-supported
membranes.

However, these conclusions seems to contradict the
conclusion from the sorption study [20,32]. Based on
the lower isosteric heat of adsorption of the sol-gel
derived non-supported silica compared with zeolite
data, it was concluded that the pore size is probably
larger than for zeolites 3A, SA or silicalite. It should
be remembered, as discussed before [ 17,19], that com-
parison of the microstructure of the non-supported
materials and supported materials is difficult. Since the
layer thickness is greater for non-supported mem-
branes, this leads to longer drying times. Further con-
densation of the polymeric sol can then take place
leading to a stronger gel. Consequently, this gel may
be more open. An opposing effect, however, is that
support constraints will hinder densification of sup-
ported membranes. Based on these results, the influ-
ence of the relatively high consolidation rate on the
formed microstructure probably prevails for the sup-
ported membranes, and support constraints are less
important, which can be explained by the high flexi-
bility of the sol polymers.

For non-supported membranes it was found [42]
that the prepared microporous materials have a bimodal
pore size distribution with maxima at effective pore
diameters of around 0.5 and 0.75 nm. This corresponds
to physical pore diameters (defined as the distance
between surface oxygen nuclei, with dg,race, oxygen
ion=0.276 nm) of respectively 0.776 nm and 1.026
nm. The relative pore size R/o for hydrogen
(02 =0.289 nm) is then 1.34 and 1.78, respectively.

In the analysis of the surface potentials in micropores,
as given by Everett and Powl [38] and presented in
Fig. 3, R/0=1.34 refers to the situation where the
potential enhancement at the local maximum is around
a factor 2, and in the local minimum a factor 2.5. At
R/ o =1.78, the enhancement in the local maximum is
about a factor 1, and in the local minimum about a
factor 1.8. This implies that molecules always move
through an enhanced potential field.

When the pores are indeed as small as indicated
before (dpore = 0.4 nm), R/ o =0.75. This corresponds
to situation a in Fig. 3 that the pore is already so small
that the potential has passed the minimum, and is
becoming less positive. Another consequence is that
H, and CH,, with kinetic diameters o of respectively
0.289 nm and 0.38 nm, cannot pass each other in the
case that the pores are ideally cylindrical. True molec-
ular sieving (size exclusion) should then take place.
Small variations in pore size should than have quite a
large effect, as is experimentally shown by comparison
of H,/CH, and H,/isobutane separation experiments.

Since the porous structure is formed from very flex-
ible, weakly branched polymers, it is not likely that
ideally cylindrical pores are formed, but very probably
an interconnected network of pores. In this case, and
unless the concentration in the pores is very high, which
means that sorption takes place outside the Henry
region, molecules can pass each other by moving
through the whole network.

Extrapolations of permeation data to higher pres-
sures for the assessment of permeation rates are most
probably allowed since Henry’s law is followed up to
high pressures, in the order of 15 bar, when the tem-
perature is higher than around 100°C. For H, at 200°C,
for example, the permeation rate is in the order of
20X 1077 mol.m~%s~'.Pa”!, which corresponds to
around 400 m*.m~2.day ~'.bar ',

At a feed pressure and pressure difference of 15 bar,
this results in a membrane flux of 6000 m*>.m ~%.day !,
which is of a commercially very interesting order.

6. Conclusions

Gas transport through the sol-gel derived micropo-
rous membranes is activated and shows molecular-
sieve-like separation properties with relatively high
permeation rates. Typical apparent activation energies
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for permeation, after correction for support influence,
for H, and CO, are 17-22 kJ.mol~! and 10-15
kJ.mol ~!, respectively, for high quality membranes.
Permeation rates for hydrogen at 200°C are typically
201077 molm~2%s 'Pa~! and 5X1077
mol.m~2s~'.Pa~! for CO,.

Separation factors are in the order of 20-30 for H,/
CH, and 150-200 for H,/isobutane at 200-300°C for
high quality membranes.

It is shown that interface processes are not rate deter-
mining for the conditions studied. The activation
energy for micropore diffusion can therefore be cal-
culated from the apparent activation energy for per-
meation and the isosteric heat of adsorption. The
calculated activation energies for H, and CO, micro-
pore diffusion are around 21 kJ.mol™' and 32
kJ.mol~ ",

When strong non-Henry sorption takes place, the
separation mechanism is expected to show an inverse
behavior, since the stronger adsorbing molecules will
block the pores and hinder the weakly sorbing gas.

From comparison of the calculated activation energy
for micropore diffusion with zeolite diffusion data, it
is likely that the effective pore diameter for supported
silica membranes is smaller than those calculated from
experiments on non-supported membranes and is
approximately 0.4 nm.

Defects of moderate quality membranes resultin sep-
aration factors of 5-10 for H,/CH,, but to high sepa-
ration factors in the order of 100-120 for H,/isobutane
at 200-300°C. The defects are therefore very small and
may be identical with some wider micropores.

The combination of high permeation rates and sep-
aration factors makes these membranes very attractive
for gas separation applications and/or for membrane
reactors. Even for moderate quality membranes, H,/
isobutane separations are of the order of 100-200. Esti-
mated intrinsic fluxes (no substrate influence) for
hydrogen at 200°C, with a feed pressure and pressure
difference of 15 bar, are in the order of 6000

m>.m~ %day~ .
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