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Abstract

Muitilayer diffusion and capillary condensation of propylene on supported y-alumina films greatly
improved the permeability and selectivity. Multilayer diffusion, occurring at relative pressures of 0.4 to
0.8 strongly increased the permeability to 6 times the Knudsen permeability, yielding permeabilities of
3.2X10~% mol/m2-sec-Pa. The occurrence of a maximum in the permeability coincides with blocking of
the pore by adsorbate (capillary condensation). This point could be predicted, employing adsorption
data and the slit snape form of the pore. oepal'ati()n factors of 27 were obtained with a N, 2—-\;31‘16 mixture
and a supported y-alumina film, with C;Hg the preferentially permeating component. This very effective
separation is due to pore blocking by adsorbate. The separation factor increased to 85 after modification
of the system with magnesia by the reservoir method. However, the permeability of propylene decreased
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by a factor of 20 to 1.6 X 10~¢ mol/m?-sec-Pa.

Keywords: ceramic membranes; diffusion; gas and vapor permeation; gas separations

y-alumina membranes has been presented
[1,2]. y-Alumina membranes with a pore di-
ameter of 3 nm, a sharp pore size distribution
and no defects have been prepared. A method
to modify the chemical characteristic of the
surface of the membrane and to decrease the
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odlfied as well as the mod-

ified membranes is possible by employing

Knudsen diffusion [4] and surface diffusion
[5]. However, these separations have a rela-
tively low selectivity. Therefore, other separa-
tion mechanisms should be considered.
Multilayer adsorption and capillary conden-
sation are well-known physical effects, studied
and employed in many fields like catalysis and
sorption technology. This article will study
multilayer adsorption in combination with dif-
fusion and capillary condensation as a means
to separate condensable and non-condensabie
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gases with the aforementioned y-alumina
membranes.

Very few reports exist on the use of multi-
layer diffusion/capillary condensation as a
separation mechanism. Asaeda et al. [6-8] used
a10 ym thick alumina membrane modified with
non-calcined silicates to separate alcohol/water
gaseous mixtures by vapor permeation and per-
vaporation. Separation factors for ethanol/
water mixtures exceeding 60 were found, with
water being the preferentially permeating com-
ponent. Such high separation factors are due to
pore blocking by the condensed component
(water). However, the temperature at which
these membranes can be used is limited to 90—
100°C, due to the materials used.

Although the static behavior of capillary
condensate is relatively well understood [9], its
dynamic behavior has been much less studied.
It is very difficult to compare the scarce exper-
imental data with theoretical predictions of the
flow of adsorbable gases in the presence of cap-
illary condensation reported in literature [10-
13]. Qualitatively two aspects emerge from all
data. The multilayer diffusional flux is much
larger than the gas phase flux (e.g. up to 20
times larger in the case of Freon on Vycor
glass). The second important aspect is that by
capillary condensation a pore is blocked by
condensate, preventing gas transport of other
components of the gas/vapor mixture. Both as-
pects can result in increased selectivities.

The occurrence of multilayer diffusion and
capillary condensation is mainly dependent on
the relative pressure of the vapor (the ratio of
the absolute pressure to the saturation vapor
pressure). The relative pressure obviously is
dependent on temperature and pressure. A third
variable is the (mean) pore size of the mem-
brane. Smaller pore sizes will give rise to mul-
tilayer diffusion at lower relative pressures.
This parameter will be studied by modifying a
y-alumina membrane with magnesia, as de-
scribed earlier [3].
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First a qualitative model from the literature
will be presented. Subsequently permeability
data of propylene and nitrogen will be given as
a function of the relative pressure of propylene.
The membrane used is a supported y-alumina
thin film. These permeability data will be dis-
cussed, using the qualitative model. Separation
data for a propylene/nitrogen mixture will be
presented and compared to the permeability
data. Finally similar experiments performed on
a magnesia modified supported y-alumina thin
film will be described. A comparison with the
non-modified y-alumina film will be made to
demonstrate the influence of the microstruc-
ture on the separation properties.

Theory

Multilayer adsorption occurs when a species
is adsorbed in several layers. This is an exten-
sion of monolayer adsorption. Surface diffu-
sion models, which are usually valid for up to
monolayer coverage can be extended to include
multilayer diffusion. Two well-known models
incorporating multilayer diffusion are the hy-
drodynamic model [14,15] and the hopping
model [16]. The first model considers the mul-
tilayer flux as a two-dimensional fluid, ‘slip-
ping’ over the surface. The second model con-
siders the flux by (non-correlated) jumps of
adsorbed molecules from site to site, where the
sites are not necessarily non-occupied. Details
and mathematical descriptions are given in the
literature [17].

As soon as capillary condensation coexists
with multilayer diffusion, the transport behav-
ior changes. The permeability for vapor flow is
much higher than for liquid flow [11,15-19].
Consequently the permeability will drop as soon
as all pores are filled with liquid. A plot of
permeability versus relative pressure can be ex-
pected to resemble Fig. 1. Due to monolayer and
subsequent multilayer diffusion, the permea-
bility will increase until a maximum is reached
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Fig. 1. A schematic plot of the permeability versus the rel-
ative pressure in case of multilayer diffusion and capillary
condensation. The maximum gives the point of capillary
condensation.

as capillary condensation starts and a liquid
meniscus is formed. After this point the perme-
ability decreases due to the liquid transport
contribution.

This qualitative picture was illustrated by Lee
and Hwang [19]. They used six different flow
modes, schematically presented in Fig. 2. The
pressures P; and P, are the upstream and
downstream pressures respectively (P> Ps).
The capillary condensation pressure P, at tem-
perature T is predicted from the Kelvin
equation:

N 20 cosf
M TP, r

(1)

where p is the density of the condensate (kg/
m?), P, the temperature dependent saturation
vapor pressure for a planar interface (Pa), o
the interfacial tension (N/m), # the contact
angle and r the radius of a cylindrical capillary.
The layer thickness of adsorbate t; (see Fig. 2)
at a certain pressure P; and temperature T is
predicted by:

V.
t,-=q(Pi,T>S—jV— (2)

I-——-l Po<P <Pt
t2<ti<r

pPo2<Pt<P

2<ti<r

3 Pt<pP2<P1
t2<t1<y

4 pz<Pt<P1
to2<r<t1

5 Pt<P2<P1
12<r<t

Fig. 2. Six different flow modes in multilayer diffusion and
capillary condensation and their boundary conditions.

where q(P,T) is the amount adsorbed (g/g),
Vs the specific volume of the adsorbate (m?/g)
and Sy the specific surface area of the sample
(m?/g). The amount adsorbed can be predicted
from e.g. the BET equation [20]:

P _ 1 .(-0)

where g,, refers to the monolayer adsorption
(g/g), C is the BET constant and P, the rela-
tive pressure (P/P,). The relative pressure de-
pends on pressure as well as temperature.
Equation (3) can be applied in a range of tem-
peratures and pressures. Physically ¢t repre-
sents the thickness of the layer adsorbed on an
infinite flat plate of a non-porous reference
sample, equal to the porous medium.

The six possible flow modes (Fig. 2) for a
cylindrical capillary in case of multilayer dif-
fusion and capillary condensation can be ex-
plained as follows. Mode 1 in Fig. 2 represents

P, (3)
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the multilayer diffusion stage. The upstream
and downstream pressure are smaller than the
capillary condensation pressure. The adsor-
bate layer thickness is smaller than the pore
radius. Mode 2 represents the case where cap-
illary condensation occurs at the upstream side
(thus P, > P,). A stable meniscus is present at
the upstream side (thus t,<r). The down-
stream pressure P, is however still smaller than
the capillary condensation pressure. Conse-
quently somewhere inside the pore the capil-
lary pressure P, is reached (P,>P,>P,). At
this point another meniscus occurs, but the
matching adsorbate layer thickness (eqn. 2) is
smaller than ¢,. As the pore is slowly filled with
liquid upon increasing P, mode 3 is reached.
Here capillary condensation exists down-
stream (P,>P,, t,<r) and the whole pore is
filled with liquid. If the upstream pressure is
further increased but the downstream pressure
remains smaller than the capillary condensa-
tion pressure, mode 4 is obtained. The up-
stream end of the pore will be filled with bulk
condensate (t,;>r). Mode 5 is the limiting case
of mode 4. Now the whole pore is filled with
condensate (P,> P,, t,<r). Mode 6 finally pre-
sents the case where the whole pore is filled with
bulk condensate (t;>r).

A flow mode can now be ascribed to each
combination of pressure and temperature in
cases where multilayer diffusion and capillary
condensation exist. To each of the above de-
scribed flow modes, mathematical formula-
tions can be applied. They are presented else-
where [17,19]. In this article the model is used
only semi-quantitatively.

The saturation vapor pressures of propylene,
used throughout this article, have been calcu-
lated by [21]:

785
(247+1t")

with P, the saturation vapor pressure (mmHg)
and ¢’ the temperature (°C).

10g10PO =6.8196— (4)
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Experimental procedures

Supported y-alumina thin films were made
using the slipcasting technique [2]. A sup-
ported y-alumina thin film was modified with
magnesia according to the reservoir method [3].
The whole system was impregnated with a 0.12
M Mg(NO;), and 0.24 M area solution, dried
at 40°C for 3 hr and reacted at 90°C for 3 hr.
After the reaction, the system was calcined at
380°C for 3 hr. The whole impregnation cycle
was repeated twice after the first treatment.

Permeability measurements were performed
using several gases, employing a constant feed
flow while determining the pressure difference
across the membrane [17]. The temperature of
the membrane was varied between —70 and
+50°C, controlled by a cryostate. Adsorption
measurements of propylene on y-alumina were
carried out using a Cahn 2000 thermo balance.
The sample was first weighted and placed in
the balance. After degassing at 200°C and 5
Torr overnight, the sample weight was deter-
mined again. The temperature was set at 0°C,
controlled by an ice bath. Then propylene was
admitted and the weight increase determined.
This was repeated for several pressures up to
atmospheric conditions.

Separation experiments were performed us-
ing the equipment illustrated in Fig. 3. The up-
stream side contains a gas mixture (cylinders 1
and 2) the composition of which is controlled
by Brooks type 5051 mass flow controllers
(4,5). This gas stream is fed through a packed
bed (9) to the membrane cell (10). The up-
stream pressure is monitored by a pressure
transducer (7) and controlled by a needle valve
(11). The downstream side has no mixture op-
tion. It is fed to the membrane cell (see Fig. 3)
through a packed bed (9). The downstream
pressure is controlled by a needle valve (12)
and monitored by a pressure transducer (8),
which gives the pressure difference between the
upstream and downstream side. The tempera-
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carrier gas

Fig. 3. Equipment for gas separation. (1,2,3) gascylinders,
(4,5,6) mass flow controllers, (7,8) pressure transducers,
(9) packed bed, (10) membrane cell, (11,12) needle valves,
(13) ten way sample valve, (14) gas chromatograph.

ture of the membrane cell and packed beds can
be controlled by an oven or cryostate (dashed
line). Finally the upstream and downstream
flows are sampled using a ten way sample valve
(13) and analysed by a gas chromatograph
(14). This set-up enables analysis of the feed
flow (upstream flow) and the permeate flow
(downstream flow).

Mutltilayer diffusion/capillary condensation
experiments were carried out, using this appa-
ratus. A vacuum pump was attached to the low
pressure side after the ten way sample valve
such that the permeate flow could still be sam-
pled. This lowers the ratio of downstream to
upstream pressures and minimizes the effect of
backdiffusion [4,17]. A feed mixture of 6 1/min,
consisting of 60% propylene and 40% nitrogen,
was used. The amount of 6 1/min ensures that
the feed flow is at least 9 times larger than the
permeate flow through the membrane. It was
assumed that no concentration gradients ex-
isted across the membranes at the feed side. To
reduce the effect of concentration polarization,
200 ml/min helium was used downstream as a
sweep gas in a countercurrent fashion.

Results and discussion
Supported y-alumina thin films

Multilayer diffusion/capillary condensation
of propylene: permeability

In all the gas transport experiments de-
scribed in this section a two layer support was
used. This support consisted of a 2 mm thick
support (pore diameter 5 um, porosity 40% ) on
top of which a 30 um thick intermediate layer
(pore diameter 0.2 um, porosity 45%) was de-
posited. A 5 ym thick y-alumina film was syn-
thesized on this support. In this configuration
the resistance to gas and vapor phase transport
is determined by the y-alumina toplayer only
and not by the support. All experimentally de-
termined transport properties therefore can be
assigned directly to the y-alumina film,

Figure 4 presents the helium and propylene
permeability for this system at 263 K. Two
things become clear from this figure. First the
pressure independent permeability of helium
(equal to 7.6 10~° mol/m?2-sec-Pa) demon-
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Fig. 4. Permeability of a supported y-alumina thin film for
nitrogen and propylene at 263 K as a function of relative
pressure of propylene. Support has no influence due to use
of three layer system.
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strates that the toplayer contains no defects
(transport by Knudsen diffusion only). Sec-
ond, the experimentally observed permeabili-
ties of propylene are up to 9 times higher than
the propylene permeability predicted from the
helium permeability (2.3 10~ mol/m>-sec-Pa)
using the Knudsen diffusion assumption.
Moreover, the dependence of the propylene
permeability on the relative pressure agrees
with the theoretical prediction (Fig. 1). Thus,
first the propylene permeability increases due
to multilayer diffusion. A maximum is reached,

P DU U — PRORP: PRy 1

most pores are filled with condensate.

After th1
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liquid ﬂo whlch will decrease the total ﬂow
as discussed in the previous section. If the rel-
ative pressure is decreased again (desorption
mode), the permeability starts to rise until a
maximum is reached. This maximum is reached
at lower relative pressures than in the adsorp-
tion mode. At this maximum, the liquid disap-
pears and the transport mechanism is again
multilayer diffusion.

This qualitative model can be further elabo-
rated with the modei of Fig. 2, provided an es-
timate of the adsorbate layer thickness is made

maximum, the permeability de-
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T .{2) and {3) (the BET equa-
tion). For this purpose, a study on the adsorp-
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been performed

Table 1 gives adsorption data of propylene
on y-alumina at 273 K. These data can be
transformed into a BET plot by the use of eqn.
(3). Figure 5 presents this BET plot. A least
square fit of these data yields:

P,
(_1-=_P,—5_2801+1496P (5)
This equation gives the amount adsorbed (gq)
as a function of the relative pressure. From the
amount adsorbed, g, an adsorbate layer thick-

11ESS lb (,au.uwlwu au,urtuug LU Uq[l \L } alla une
transport mode is determined from Fig. 2. The
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TABLE 1

Adsorpiion data of propyiene on non-supported y-atumina thin films

at 273 K

Pressure  Adsorbed Cumulative Total Rel.
(kPa) weight (mg) adsorbed (mg) adsorbed pressure
(g/g)’! (-)?

17.5° 0.85 0.85 0.0088 0.0304
31.5 0.67 1.52 0.0167 0.0547
46.0 0.58 2.10 0.0217 0.0799
63.2 0.64 2,74 0.0283 0.1097
773 0.42 3.16 0.0327 0.1342
95.8 0.43 3.59 0.0371 0.1663

1Sample weight after degasification is 96.78 mg.
2Saturation vapor pressure at 273 K of propylene is 576 kPa.
3Not incorporated in the BET plot.

©

+ 35

o |

- propylene

X 3071 f?\\'
3 desorption

& o5l P

vé d t

adsor 1on

§ 2071 P

>

g 5f /

2> 10}

E

8 5 ntrogen L ..

b1 o -~
£

¢ © -

a 000 050 1.00

Rel. pressure

Fig. 5. Permeability of a supported y-alumina thin film for
nitrogen and propylene at 236 K as a function of the rela-
tive pressure of propylene.
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where q is estimated from eqn. (5). From eqn.
(6) and the experimental data of Fig. 4, more
insight can be gained in the transport behavior
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Table 2 summarizes the relevant data for the
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TABLE 2

Relevant data of the permeability of propylene at 263 K as a function of the relative pressure

Upstream Downstream Relative Permeability Adsorbate layer thickness (nm) Mode
pressure, pressure, pressure (mol/m2-sec-Pa) [13]
P, (kPa) P,(kPa) (-n (X10%) t1(P1) to(Py) (Fig. 2)*
265 216.2 0.626 1.71 1.02 0.74 mode 1
274 229.6 0.648 1.87 1.09 0.80 mode 1
284 244.3 0.671 2.10 1.18 0.88 mode 2
296 261.3 0.700 2.40 1.31 0.99 mode 2
308 277.1 0.728 2.69 1.46 1.12 mode 2
326 297.7 0.771 2.96 1.74 1.32 mode 5
338 309.7 0.799 2.94 2.01 1.47 mode 5
359 330.3 0.849 2.90 2.68 1.82 mode 6

!Calculated with respect to the upstream pressure P;; P, =423 kPa; P,=0.67 P,

2The mean pore radius is assumed to be 1.5 nm.

adsorption branch of Fig. 4, applied to the model
of Fig. 2. The upstream and downstream pres-
sure and the permeability have been deter-
mined experimentally. The capillary conden-
sation pressure P, estimated from the
desorption branch of Fig. 4, is 0.67 P,. The ad-
sorbate layer thickness has been calculated
from eqn. (6). The flow modes (last column)
have been designated according to the condi-
tions of pressure and adsorbate layer thickness
in Fig. 2.

According to Fig. 2, ¢
forms in mode 2. This is lso

the maximum permea ahil
tne Ximum permean: uu_y sn

d

However, Table 2 shows this is not the case for
the propylene permeability. Theoretically cap-
illary condensation should start at an upstream
pressure of 284 kPa (P,=0.67, mode 2), but the
observed maximum permeability is found at the
upstream pressure of 326 kPa (P,=0.77, mode
5).

This apparent discrepancy could be attrib-
uted to the slit shape of the pores in the y-alu-
mina matrix. Previously it has been shown that
apore in the y-aiumina fiim is rectanguiar, with
the length much larger than the width [2, 3]

The ulull,uaycl adsorption process of propyl-
ene in such a pore can be compared to filling

the space between two parallel, infinite plates.
Capillary condensation does not occur in the
adsorption mode. At a certain pressure, the ad-
sorbate layers of the two separate plates meet;
at this point the pore is filled with liquid and
the adsorbate layer thickness should become
equal to or larger than the pore radius of the
slit shaped pore. The mean pore radius in the
y-alumina film is 1.5 nm. Table 2 shows that
the first point where the adsorbate layer thick-
ness is larger than the pore radius is at P, =326
kPa. This is also the pOii‘w where the uighest
permeability is found. Thus the slit shaped po-

res Qfﬂﬁn v-alumina are filled with ]nvnrc of ad-

sorbate, until the layer thickness has become
larger than the pore radius. This is the point
where condensate has filled the pore, corre-
sponding to a maximum in permeability. In
terms of the model in Fig. 2, one could say mode
2 does not exist in slit shaped pores in the ad-
sorption mode.

The preceding discussion on the propylene
permeability concerned the adsorption branch.
However, the evolution of the permeability in
the desorption branch can be expiained foliow-
ing the same line of reasoning. In this case, con-
densate has already formed. The y-alumina film
is slowly emptied of liquid upon decreasing the
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relative pressure. This decreases the contribu-
tion of liquid transport and thus increases the
permeability. At the point where the (theoret-
ical) adsorbate layer thickness becomes smaller
than the pore radius, a meniscus forms, con-
trary to the adsorption case. This is because a
liquid already exists inside the pore, as opposed
to the adsorption case. Consequently the liquid
will not disappear. Therefore, the maximum
permeability in the desorption mode is found
at lower relative pressures than in the adsorp-
tion mode (Fig. 4).

In principle it is possible to quantify the mul-
tilayer diffusion and capillary condensation of
propylene further, taking into account the pore
structure of the y-alumina thin film. Theoreti-
cal models in the literature offer this opportu-
nity [17]. A much more detailed analysis of the
adsorption behavior of propylene should be
conducted, however.

Multilayer diffusion/capillary condensation
of propylene: separation

In the previous section it has been shown,
that the transport of propylene is largely en-
hanced by multilayer diffusion transport. Ac-
cording to Fig. 4 the permselectivity (the ratio
between the pure gas permeabilities) for pro-
pylene over nitrogen becomes as high as 7.4
(Knudsen factor is 0.8). It is expected that sep-
aration factors can become even higher due to
blockage of the pore by condensate. Therefore
the separation of a 60% C;Hg/40% N, mixture
employing the same system as in the permea-
bility experiments, has been determined.

Figure 6 presents the separation factor as a
function of relative pressure. The preferen-
tially permeating component is propylene.
Separation factors up to 27 (corresponding to
2.5% N, in the permeate) are found. Table 3
compares some separation factors with perm-
selectivity data, calculated from Fig. 4. This ta-
ble shows, that at high relative pressures the
separation factor is much higher than the

R.J.R. UHLHORN ET AL
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Fig. 6. The separation factor of a C;Hgz/N, mixture as a
function of relative pressure with a y-alumina thin film,
where CsHjg is the preferentially permeating component;
the dashed line gives the relative pressure at which a max-
imum in the permeability occurs in Fig. 5.

TABLE 3

Separation factors and permselectivities for a propylene/
nitrogen mixture, in which propylene is the preferentially
permeating component, at 263 K

Rel. pressure  Separation factor Permselectivity
(desorption mode)  (desorption mode)
0.97 27 6.4
0.90 26 6.6
0.78 13 71
0.73 6.8 7.3
0.58 2.9 3.3
0.42 2.0 15

permselectivity. This is due to blockage of the
pore by propylene, which decreases the (gas
phase) transport of nitrogen considerably.

It is remarkable that the separation factor
starts to increase very close to the point, where
the y-alumina pores are filled with liquid (see
Table 2). This point is given by the maximum
of the adsorption branch in Fig. 4. The relative
pressure at which this maximum occurs, is also
given in Fig. 6 by a dashed line. It can be seen
that the separation factor starts to increase
sharply just before this point. This implies, that
multilayer diffusion only becomes effective
rather close to the condensation point. After
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this point, the separation factor still increases.
This is probably caused by the fact that the
p-alumina thin film has a certain pore size dis-
tribution and not all pores will be filled with
liquid at the same relative pressure. Therefore
the separation factor still increases upon in-
creasing the relative pressure.

The presence of condensate inside the pores
is again demonstrated by the behavior of the
separation factor in the desorption mode. Hys-
teresis is found, in accordance with the perme-
ability measurements. Condensate inside the

pores can cause UlULKd.g

L fUlablVU pressures
lower than in the adsorption mode. If only one

i . . .
single pore size existed, the separation factor

would decrease sharply at one specific relative
pressure. The existence of a pore size distribu-

tion in the y-alumina film makes this decrease
more gradual.

Magnesia modified y-alumina thin films

The y-alumina system, used in the previous
sections, was subsequently modified with mag-
nesia according to the reservoir method [3].
The drying and reaction step were performed
sequentially. The whole modification treat-
ment was perrormea l:nree umes, Ilndlly feSﬁlL'
ing in a (theoretical) filling of 85% of the pore

1 121 Wi+h +hia ifind 1
VGIUme joj. vv ith this u.luu.l' ieq - axumlnq 8ys-

tem, the permeability and separation experi-
ments with propylene and nitrogen were
repeated.

Figure 7 presents the propylene and nitrogen
permeability of the magnesia modified system.
By comparing Fig. 7 with Fig. 5 it is clear that
the permeability of propylene as well as nitro-
gen has decreased drastically by a factor of
about 20. This is due to the high load of mag-
nesia, decreasing the pore volume and possibly
the pore size. The propylene permeability does
not show hysteresis (no difference has been
found between adsorption and desorption mode
at relative pressures below 0.85). The existence

20
dsorption

a

+ desorption
~ropyviene A
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permeability (mol/m2.s.Pa, x10+7)
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Fig. 7. Permeability of a magnesia modified supported y-
alumina thin film for nitrogen and propylene at 263 K asa
function of relative pressure of propylene. Support has no

UINCLION O Telatl TEeSSUre o1 1ene DDOY

influence.

90

Yo

)
-
Q
© 60
-
desorption

< ' I
s}
'g adsorption
A
® 30+
Q
[
CD /

0.00 050 1.00

Rei. pressure

Fig. 8. The separation factor of a C;Hgz/N, mixture as a
funciion of relative pressure with a magnesia modified y-
alumina thin film, where C;H; is the preferentially per-
meating component.

of a maximum in the curve indicates the pres-
ence of condensate in the pores.

Figure 8 presents the data of a cross flow sep-
aration experiment, with a gas mixture. Again
the starting mixture consisted of 60% propyl-
ene and 40% nitrogen. At high relative pres-
sures the separation factor increased to 85
(corresponding to 0.77% nitrogen in the per-
meate flow). This is much higher than the sep-
aration factor obtained with the non-modified
system. Further comparison between the non-
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modified and modified system (Figs. 6 and 8
respectively) shows that in the latter vase the
adsorption and desorption branch have become
steeper. This means the separation factor in the
modified membranes changes more sharply at
a characteristic relative pressure. It indicates a
more uniform pore size in the case of the mod-
ified system. Apparently the few larger pores
have become smaller due to the modification
treatment. Furthermore the desorption branch
in Fig. 8 shifts to lower reiative pressures com-
pared with Fig. 6. This is an indication of a pore

size decrease due to the modification treat-

ment. Consequently, the pore diameter of the
moadifiad v_aliitmina thin film miet ha halaw Q

moqQiiie J TOAALLIILIG ULLLLL LiXAX BAIUSU MU UTIUYY

nm. However, it must be larger than 2 nm, since
hysteresis between adsorption and desorption
occurs only in pores with a diameter above 2
nm (see e.g. Ref. [20]). Therefore, the mean
pore diameter of the modified y-alumina thin
film is between 2 and 3 nm, while the pore size
distribution has become sharper after modifi-
cation. It will be shown that it is possible to
reduce the pore size even further to molecular
dimensions (pore diameter <1 nm) by another
modification technique [23]. This will greatly
influence the transport mechanism and sharply

lIlLI' case Llle DCIULLIVIL)’ wuue Hlalﬂbdllllllg da Illgll

permeability [23].
Conclusions

(1) Multilayer diffusion increased the pro-
pylene permeability through a supported y-al-
umina thin film by a factor of 10, compared to
Knudsen transport.

(2) The point where the pores become filled
with condensate is observed as a maximum in
the permeability. At this point, transport is
partly taken over by the siower liquid flow.

(3) A hysteresis was found between adsorp-
tion \ulucabulg relative pressure } and uesurp-
tion (decreasing relative pressure). This is due

R.J.R. UHLHORN ET AL

to the existence of a meniscus in the desorption
mode.

(4) The permeability curve of propylene as a
function of pressure could be understood by
taking into account the slit shape of the pores
and employing a semi-quantitative model that
consists of six possible flow modes.

(5) Separation experiments with a propyl-
ene/nitrogen mixture over the y-alumina sys-
tem gave separation factors up to 27 at a rela-
tive pressure of 0.85, where propyiene is the
preferentially permeating component. These
high separation factors are due to blockage of

the pores by (propylene) condensate.

(8Y Modification of the ‘\)_n]nmlnn avatam

(8) Modification of the y-alumina system
with magnesia improved the separatlon. In this
case separation factors as high as 85 at a rela-
tive pressure of 0.80 were found. This increased
separation efficiency is partly due to the dis-
appearance of larger pores and partly to a small
pore size decrease. The permeability, however,
decreases by a factor of 20 compared to the pro-
pylene permeability in the non-modified sys-
tem. Since it is possible to control to a large
extent the modification process, it seems pos-
sible to optimize the separation factor and
permeability

U} The auvanbage of usin 12 Lapxllar*y con-
densation as a separation mechanism is the high

on}nnnoh]n ganaratinn fartarg ramhinad nnf—k
vaoiC sS€paraviCll 1adliOrs compoined wi

very high fluxes. The disadvantage of this
mechanism ig, that a condensable component
is necessary. So always temperature and/or
pressure must be chosen in such a way, that
condensation of at least one component of a
mixture inside the pores of the membrane is
possible. At higher temperatures this would re-

quire larger pressures.
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