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J. Sekulíc, J.E. ten Elshof∗, D.H.A. Blank
University of Twente, Inorganic Materials Science, MESA+ Institute of Nanotechnology and Faculty of Science and Technology,

P.O. Box 217, 7500 AE Enschede, The Netherlands

Received 22 October 2004; received in revised form 9 January 2005; accepted 10 January 2005
Available online 17 February 2005

Abstract

The pervaporation properties of two microporous three-layer stacked ceramic membranes that differ only with respect to the nature of
the mesoporous interlayer are discussed. The adsorption–diffusion model and Maxwell–Stefan theory are applied to explain the influence of
process parameters on the pervaporation of selected binary liquids. The temperature, feed concentration and chemical nature of the permeating
species were varied. The membrane system�-Al 2O3/�-Al 2O3/microporous SiO2 was found to have the highest selectivity for dewatering of
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lcohols. This is due to a combination of small pores in the microporous silica layer, and the hydrophilicity of this layer. When�-Al 2O3 was
eplaced by mesoporous anatase, lower separation factors were obtained. The hydrophilicity of the silica top layer appears to b
y the nature of the underlying mesoporous supporting layer.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Pervaporation and vapor permeation are separation tech-
ologies in which one of the components of a liquid mixture
pervaporation), or a vapor phase (vapor permeation) is
eparated from the feed mixture by selective evaporation
pervaporation) or gas transport (vapor permeation) through

membrane. In principle, these technologies have better
eparation capacity and energy efficiency than competing
istillation, adsorption and extraction technologies and their
pplication may lead to energy reductions of 40–60%[1].
owever, the application of pervaporation/vapor permeation

n the chemical industry has been restricted due to severe
imitations of the current generation of commercially
vailable membranes, i.e., their low chemical and thermal
tability, insufficient selectivity and low flux[2–5].

Although ceramic membranes are virtually inert in
on-aqueous organic solvents and offer high temperature

∗ Corresponding author. Tel.: +53 489 2695; fax: +31 53 489 4683.
E-mail address:j.e.tenelshof@utwente.nl (J.E. ten Elshof).

stability, they are not stable in aqueous corrosive liq
like strong acids and alkaline solutions[2–7]. Since cerami
membranes are commonly stacked layer systems, co
ing a macroporous support, a mesoporous interme
layer and a microporous top layer, the stability of e
layer may determine the stability of the complete sys
�-Alumina is usually used as macroporous support, bec
of its good mechanical properties and high thermal
chemical stability[4]. The most commonly applied syste
�-alumina/�-alumina/silica is only stable in a narrow ran
of pH between 4 and 10. This is mainly due to the poor ch
ical stability of the�-alumina phase. Replacing�-alumina
by crystalline mesoporous titania (anatase) improves
stability of the system considerably, especially in ac
environments, since the mesoporous titania/micropo
silica system is stable in the pH range 0–10[6–8].

An understanding of the transport and separation me
nisms is crucial for further development of a membrane
vaporation process in terms of choice of suitable memb
materials and adjustment of process parameters that le
enhanced separation and higher fluxes. The separation
376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2005.01.013
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α of a membrane is generally defined as the ratio of concen-
trations of componentsi andj in the permeate relative to that
in the feed:

α = yi/xi

yj/xj

(1)

in which y andx are the fractions of componentsi and j in
the permeate and feed, respectively.

The steps in a pervaporation process are sorption at the in-
terface between the feed and the membrane, diffusion across
the membrane due to concentration gradients (rate determin-
ing steps), and finally desorption into the vapor phase at the
permeate side of the membrane. The first two steps are pri-
marily responsible for the final permselectivity[9–11]. The
solution–diffusion model is generally accepted as a good de-
scription of the mechanism of fluid transport, and is widely
applied in the area of polymeric membrane research[10].
Applied to zeolite and ceramic membranes, it was renamed
into the adsorption–diffusion model.

The Maxwell–Stefan theory is the most often used model
to describe transport of binary mixtures through a membrane
[12–17]. A description of pervaporation through ceramic mi-
croporous membranes in terms of the Maxwell–Stefan the-
ory was given by Verkerk et al.[15]. Considering the one-
dimensional transport of a mobile componenti from a binary
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HereQi is the heat of adsorption of speciesi, H0
i a pre-

exponential constant,R the gas constant, andT the tempera-
ture. The factor containing the Maxwell–Stefan diffusivities
can be regarded as an effective diffusion coefficient Ðeff

i :

Ðeff
i =

(
x̄j

Ðij

+ 1

Ð′
iM

)−1

(5)

In sufficiently small temperature intervals it may be approx-
imated by an Arrhenius-type expression

Ðeff
i = Ðeff,0

i e−ED
i /RT (6)

whereED
i and Ðeff,0

i are the apparent activation energy of
diffusion and a pre-exponential constant, respectively. From
Eqs.(3) and (5)the permeanceFi can be expressed as

Fi = Ji

�pi

= HiÐeff
i

L
(7)

so that the activation energy of permeanceEF
i is EF

i = ED
i −

Qi.
In this paper, the pervaporation properties of microporous

silica membranes are studied. The adsorption–diffusion
model and Maxwell–Stefan theory are applied to explain the
influence of process parameters on the pervaporation of se-
lected binary liquids. The temperature, feed concentration
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ixture composed of componentsi and j through a mem
rane M, the driving force of componenti can be expresse

n terms of the Maxwell–Stefan theory as[15]

1

pi

dpi

dz
= xj

Ðij

(
Ji

ci

− Jj

cj

)
+ 1

Ð′
iM

Ji

ci

(2)

herepi is the partial pressure of componenti, Ji (Jj) and
i (cj) the flux and concentration of componenti (j), respec
ively, z the direction of transport (perpendicular to the m
rane surface area),xj the molar fraction of componentj, Ðij

he Maxwell–Stefan micropore diffusivity between com
entsi andj, and Ð′

iM the Maxwell–Stefan micropore diffu
ivity of componenti in the membrane. An explicit expre
ion forJi can be obtained from Eq.(2) if Jj /cj is negligible
n comparison withJi /ci . It was shown that the flux of th

ajority componenti can then be expressed as[16]

i = Hi

(
x̄j

Ðij

+ 1

Ð′
iM

)−1
�pi

L
(3)

hereL is the thickness of the selective membrane layer
pi = pf

i − p
p
i , with pf

i andp
p
i the vapor partial pressures

omponenti at the feed and permeate side of the membr
espectively. The simplifying assumption made here is
j , which is a function of positionz, can be approximate
y the average of the molar fractions on opposite side

he membrane ¯xj. The Henry coefficientHi is the adsorp
ion coefficient of componenti on the membrane surface a
epends on temperature according to[15]:

i = H0
i eQi/RT (4)
nd nature of the permeating species were varied. The
as to get a better understanding of the separation m
ism in pervaporation, and also to study the influence o
nderlying supporting layer on flux and separation prope
f the microporous top layer.

. Experimental

.1. Membranes

The �-Al2O3 macroporous supports were made from�-
lumina powder (AKP30, Sumimoto, Japan) by the collo
ltration technique[18]. After sintering the supports we
isc-shaped, with diameter 39 mm, thickness 2 mm, m
ore radius 100 nm, and porosity∼30%.

The mesoporous intermediate layer was either�-Al2O3
calcined at 600◦C), or based on the anatase phase of tit
calcined at 450◦C) [19,20]. In some experiments, the titan
hase was doped with 5–20 mol% of zirconia and calc
t 450–700◦C. The intermediate layers were applied o

he �-Al2O3 discs by a dip-coating technique. After ca
ation, these layers had similar structural characteristi

hickness of 1–2�m, pore sizes of 5–8 nm, and porosities
0% (zirconia-doped titania) and 55% (�-alumina).

Polymeric silica sols for microporous top layers w
ade by acid-catalysed hydrolysis and condensation of
ble alkoxides, as described in more detail elsewhere[21].
he sols were deposited onto the surface of the mesop

ayer by dip-coating. The silica membranes were calcin
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Fig. 1. Schematic diagram of pervaporation unit.

400◦C. The resulting layers were amorphous, with a thick-
ness of∼100 nm and pore sizes in the range of 0.3–0.5 nm.

2.2. Pervaporation and gas separation experiments

Pervaporation experiments were carried out using a lab-
oratory scale pervaporation unit (Fig. 1). The feed mixture,
contained in a 2 l heated vessel (indicated by 8 inFig. 1) under
a pressure of 2–3 bar, was pumped continuously in the pulls
mode (10) through the feed compartment of the pervaporation
unit (14), where it came into direct contact with the top layer
of the membrane (13). The retentate was recycled to the feed
vessel (#1). The permeate side of the membranes was kept
under near-vacuum (6–8 mbar) with a vacuum pump (20).
Steady state fluxes were determined by collecting the perme-
ate side vapors in an ethanol-based cold trap and measuring
the weight increase with time (18). The feed and permeate
compositions were determined by Karl Fischer titration (784
KFP Titrino, Metrohm, Switzerland).

The pervaporation experiments were performed in the
temperature range 30–100◦C. The feed mixtures were binary
liquids with 2–20 wt.% water (on total weight) in ethanol, 2-
propanol, or 2-butanol (all obtained from Merck, Germany).

The partial vapor pressures at the feed side was calculated
from pf

i = xiγip
0
i , wherexi is the molar fraction of com-
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v m the
m
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s . The
m e mi-

croporous membrane top-layer at the feed side. The com-
position of the gas mixture at the feed side was controlled
by mass flow controllers. The feed pressure and the pressure
difference over the membrane were measured by electronic
pressure transducers. Argon was used as sweep gas with a
flow of 120 ml/min. The gas composition of permeate and
retentate were analyzed by a gas chromatograph (Varian, Star
3400CX).

2.3. Characterization

NH3 temperature programmed desorption (TPD)[24,25]
was performed in order to determine the presence of acidic
sites on the membrane pore surface. About 80 mg of the
sample was activated at 400◦C for 1.5 h, then evacuated for
30 min, cooled to room temperature, and equilibrated with
NH3 at 50◦C, at a pressure of 7 mbar. The time for reaching
the adsorption equilibrium was 60 min. The excess ammonia
was evacuated from the sample. A temperature program was
set from 50 to 650◦C with a heating rate of 10◦C/min. All
data were calibrated with sample weight.

X-ray photoelectron spectroscopy (XPS, PHI Quantera
Scanning ESCA Microprobe, USA) with Ar+ sputtering
(sputter rate 5.1 nm/min; 2 keV Ar+) was carried out to iden-
tify the atomic concentrations of silica, alumina and titania
b ction
o

3

3

sil-
i and
2 -
t 1.7
onenti in the liquid phase,�i the activity coefficient, an
0
i the vapor pressure of pure componenti at a given tem
erature. The values of�i were calculated with the Wilso
quation, andp0

i using the Antoine equation[22]. The partia
apor pressures at the permeate side were calculated fro
olar fractions in the permeate and the total pressure.
Gas separation experiments were performed with H2/CH4

eed mixtures at 200◦C in a cross-flow gas permeation se
s described elsewhere[23]. Prior to the permeation expe

ments the membranes were dried at 300◦C under a helium
tream to remove any moisture from the pore structure
embranes were placed in a stainless-steel cell with th
y measuring the Si 2p, Al 2p and Ti 2p spectra as a fun
f depth inside the layer.

. Results and discussion

.1. Influence of process parameters

Fluxes and separation factors of titania-supported
ca membranes in the separation of 2-butanol/water
-propanol/water mixtures are shown inFig. 2. Separa

ion factors up to 500 and 100, and total fluxes up to
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Fig. 2. Separation factors and total fluxes of an�-Al2O3/Zr-doped TiO2/
SiO2 membrane as a function of (a) feed composition at 80◦C, and (b)
temperature at a feed composition 5 wt.% H2O/95 wt.% alcohol.

and 2.2 kg/m2 h were measured for 2-butanol/water and 2-
propanol/water, respectively. Experiments were also carried
out with ethanol/water mixtures (not shown in the figure),
where separation factors up to 20 and fluxes up to 1.3 kg/m2 h
were measured. In general, the membranes showed the high-
est separation factors and lowest fluxes for 2-butanol/water
mixtures, followed by 2-propanol and ethanol/water mix-
tures. Since the average pore size of the silica membrane of
0.3–0.5 nm, and the molecular sizes of 2-butanol, 2-propanol,
and ethanol are∼0.55, 0.5 and 0.45 nm, respectively, these
selectivity differences can be explained by a separation mech-
anism based on size exclusion effects[11,16].

The total flux increased, while the separation factor de-
creased with increasing water content as shown inFig. 2(a).
The decrease in selectivity with increasing water content is of-
ten attributed to the so-called “drag” effect[15,16]. In terms
of Maxwell–Stefan theory, the velocity of water is higher
than the velocity of alcohol (JH2O/cH2O > Jalcohol/calcohol),
so according to Eq.(2) the first term on the right hand side
is negative, which implies that the alcohol flux is larger than
expected on the basis of its own driving force.

Fig. 2(b) shows that both separation factor and flux in-
crease with temperature for all studied mixtures, confirming
an improved pervaporation performance at elevated tem-
peratures[15]. In accordance with the adsorption–diffusion
m riving
f f the
c ased
m

Table 1
Apparent activation energies of permeanceEF in the pervaporation of bi-
nary liquids with 10 wt.% water in the feed through titania-supported silica
membrane

Binary liquid EF (kJ/mol)

Water Alcohol

Water/2-butanol 3.8± 1.3 −15.6± 1.0
Water/2-propanol 2.9± 1.2 3.1± 1.0

The calculated activation energies of permeance
Fi =Ji /�Pi of all components are listed inTable 1. The
results are in agreement with the data of Verkerk et al.[15]
and ten Elshof et al.[16], who also reported an activation
energy of water permeance of around zero for a�-alumina
supported silica membrane.

The mass fluxes of components at 80◦C versus their partial
pressure differences over the membrane are shown inFig. 3.
The water fluxes inFig. 3(a) increased with partial pressure
difference of water, confirming that the water flux is only
dependent on its own driving force. However, the decreasing
alcohol fluxes with increasing driving force clearly show that
the dragging effect by water dominates the alcohol flux.

Since the fluxes of 2-propanol and 2-butanol are low
compared to the water fluxes, and both organic solvents

Fig. 3. Mass fluxes vs. partial vapor pressure difference across the membrane
at 80◦C: (a) water fluxes and (b) corresponding alcohol fluxes.
odel, a higher flux is a consequence of an increased d
orce due to the increased (virtual) vapor pressure o
omponents in the feed, but possibly also due to an incre
obility of the adsorbed species.
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Table 2
Estimated Maxwell–Stefan micropore diffusion coefficients

Binary liquid Ð′
water,M (m2/s) Ðwater,alcohol(m2/s)

Water/2-butanol 1.2× 10−13 6.3× 10−15

Water/2-propanol 1.0× 10−13 6.9× 10−15

are expected to adsorb considerably on silica, Eq.(3) can
be used to estimate Ð′water,M and the friction coefficients
Ðwater,alcohol. For the sake of simplicity it was assumed that
the friction coefficients have constant values over the entire
feed composition interval. AdoptingHwater= 3.8 mol/m3 Pa
from literature [15,16], good fits were obtained with the
parameters listed inTable 2. The water diffusion coef-
ficient Ð′

water,M = 1 × 10−13 m2/s obtained from the fits
is lower than the value reported by Verkerk et al., who
estimated Ð′water,M = 9 × 10−13 m2/s for 2-propanol/water

[15]. However, they assumed thatHwater is 0.8 mol/m3 Pa,
which leads to higher predicted values for Ð′

water,M than

with a Henry coefficient of 3.8 mol/m3 Pa as we used
here. The same holds for the values of the friction coeffi-
cients (Ðwater,alcohol∼ 6–7× 10−15 m2/s) of 2-propanol and
2-butanol, which are smaller than the reported friction coef-
ficients of 0.8–2.0× 10−13 m2/s [15] for 2-propanol/water.

3.2. Influence of mesoporous intermediate layer

A selection of pervaporation data with various membranes
and feed mixtures is shown inTable 3. These measurements
were carried out at 80◦C. High separation factors (800–1000)
and reasonable fluxes were measured on�-alumina supported
silica membranes (experiments I and II). Surprisingly, the
s d con
s nged
f and
I

ight
e ring
p rried
o nes.
A f
4
F

b of a
m sence

of mesopores and/or defects in the separation layer, the
high permselectivities found here strongly suggest that both
membranes were virtually defect-free. A certain difference
in morphology of the top silica layer may still be possible
due to possibly different layer thicknesses and different
penetration depths of silica into the underlying mesoporous
layer, but it can be concluded from the gas permeation data
that the intermediate layers seem to have no substantial
influence on the intrinsic membrane separation properties
that are typically associated with a molecular size sieving
mechanism.

Considering the fact that the main difference between the
�-alumina and titania membranes are the elemental compo-
sitions, it is possible that the surface properties play a def-
inite role in the separation mechanism. The silica/alumina
and silica/titania layers were therefore characterized by XPS
analysis with depth profiling. From the “bulk”�-alumina
layer towards the SiO2 surface, a clear shift in the Al 2p
spectrum from 74 eV (the binding energy that corresponds
to Al2O3) to 75.1 eV can be observed inFig. 4(a) [26]. In
the Si 2p spectrum, a binding energy peak shift from 103.2
(SiO2) to 101.6 eV occurs. These shifts indicate the existence
of compounds other than SiO2 and Al2O3 in the interfacial re-
gion, for example Al2OSiO4 (corresponding binding energy
of 74.8 eV in Al 2p spectra), Al4Si4O10(OH)8 (102.6 eV in
the Si 2p spectrum)[26], or related compounds. Although
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G vapora
eparation factors of the same separations decrease
iderably when the intermediate layer material was cha
rom �-alumina into mesoporous titania (experiments III
V).

To examine the possible presence of defects that m
xplain the differences in membrane permselectivity du
ervaporation, gas permeation experiments were ca
ut on �-alumina and titania-supported silica membra
t 200◦C, the H2 permeanceFH2 was in the range o
–7× 10−7 mol/m2 s Pa, and the H2/CH4 permselectivity
H2/FCH4 of a 1:1 H2/CH4 gas mixture was∼50 for
oth types of membranes. Since the permselectivity
embrane in gas separation is very sensitive to the pre

able 3
elected results of gas permeation and pervaporation experiments on

xperiment Intermediate layer Gas permeation

FH2 (mol/m2 s Pa) Permselecti

�-Al2O3 4.0× 10−7 50
I
II TiO 2 7.2× 10−7 42
V

as permeation and separation experiments were performed at 200◦C. Per
-

hese examples represent crystalline materials, the pre
f various silico-aluminate-like compounds suggests a ch

cal reaction between silica and�-alumina in the interfacia
egion, leading to the incorporation of aluminum atoms
he silica matrix, and vice versa. Similar results were obta
y XPS analysis of the mesoporous titania/silica interf
hown inFig. 4(b), which also showed the formation o
ixed element matrix. It is not entirely clear in which st
f the synthesis these layers are formed, but mutual pen

ion of silica into the underlying material (and vice versa
vident.

Due to the trivalent nature of Al it is possible that aci
ites are formed when an aluminum atom is embedd
he amorphous silica matrix. This could make the silica l
ore hydrophilic, so that the value of the Henry constan
ater would increase (Eq.(3)). On the other hand, no increa
f the number of acidic sites is expected when titaniu
resent in the silica matrix, since its oxidation state (4+

he same as that of silica.

porous silica membranes with different mesoporous intermediate lay

Pervaporation

FCH4 Feed (wt./wt.) Total flux (kg/m2 h) Separation facto

90/10 EtOH/H2O 1.0 8.0× 102

95/5 2-BuOH/H2O 1.0 1.0× 103

90/10 EtOH/H2O 1.3 19
95/5 2-BuOH/H2O 0.6 2.2× 102

tion fluxes and separation factors at 80◦C are reported.
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Fig. 4. XPS depth profile. (a) Al 2p and Si 2p spectra of the�-alumina/silica interfacial region; (b) Ti 2p and Si 2p spectra of the titania/silica interfacial region.

The presence of acidic sites in the mixed alumina/silica
material was verified by temperature programmed desorption
(TPD) using NH3. Composite silica/alumina and silica/titania
materials were prepared by hydrolysis and condensation of
the respective metal alkoxides, as described by De Lange
[27]. This material is chemically similar to the material that
is formed at the interface between the silica and mesoporous
layers. As shown inFig. 5, NH3 desorbed around∼100◦C
from the mixed alumina/silica material, while virtually no
desorption was observed on the pure silica and silica/titania
powders. The desorption peak at∼100◦C corresponds well
with the adsorption or desorption of NH3 on or from acidic
sites[24,25].

Hence, it appears that the parameters that determine the
pervaporation selectivity of microporous silica are both pore
size and internal pore chemistry. The presence of acidic sites
has a beneficial influence on the water separation proper-
ties of the membrane. Most likely, by creating more acidic
sites in the selective layer the concentration of the most hy-
drophilic compound (water) in the membrane is increased,
leading to a higher driving force for selective permeation
of water. The increased polarity of the micropore wall may

possibly also suppress the flux of the less polar component
alcohol.

A separation mechanism based on the hydrophilic
nature of the membrane, in accordance with the
adsorption–diffusion model, has been extensively studied
for zeolite membranes[28]. Using mordenite membranes,

Fig. 5. Temperature programmed desorption of NH3 from silica, alu-
mina/silica and titania/silica powders.
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Casado et al. obtained high separation factors in the perva-
poration of ethanol/water mixtures, although a molecular
sieving mechanism could be ruled out, since the size of the
mordenite channels of 6.5× 7.0Å allow an easy entrance
of both water and ethanol[28]. Similarly, the differences
in activated diffusion rates of water and ethanol did not
seem large enough to justify the high separation factors
obtained, especially when it was taken into account that
the experiments were carried out under conditions where
surface adsorption processes exert a considerable influence.
Instead, separation was thought to take place primarily
due to the hydrophilic character of mordenite. Preferential
water adsorption occurred, thereby hindering the passage
of ethanol through zeolitic and small non-zeolitic pores.
Since the chemical nature of mordenite is roughly similar to
the one formed in the interfacial region between�-alumina
and microporous silica, the same explanation may hold
here.

4. Conclusions

Microporous silica membranes can be used for separation
of water from a wide range of alcohols. Separation occurs pri-
marily due to a molecular sieving effect. However, the chemi-
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