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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 permeatin
species were varied. The membrane sysieAl,0s/vy-Al,Os/microporous Si@was found to have the highest selectivity for dewatering of
alcohols. This is due to a combination of small pores in the microporous silica layer, and the hydrophilicity of this layey-¥/b®gswas
replaced by mesoporous anatase, lower separation factors were obtained. The hydrophilicity of the silica top layer appears to be influenced
by the nature of the underlying mesoporous supporting layer.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction stability, they are not stable in aqueous corrosive liquids
like strong acids and alkaline solutiof#s-7]. Since ceramic
Pervaporation and vapor permeation are separation tech-membranes are commonly stacked layer systems, contain-
nologies in which one of the components of a liquid mixture ing a macroporous support, a mesoporous intermediate
(pervaporation), or a vapor phase (vapor permeation) islayer and a microporous top layer, the stability of each
separated from the feed mixture by selective evaporationlayer may determine the stability of the complete system.
(pervaporation) or gas transport (vapor permeation) through a-Alumina is usually used as macroporous support, because
a membrane. In principle, these technologies have betterof its good mechanical properties and high thermal and
separation capacity and energy efficiency than competingchemical stabilityj4]. The most commonly applied system
distillation, adsorption and extraction technologies and their a-alumina#-alumina/silica is only stable in a narrow range
application may lead to energy reductions of 40-600%o of pH between 4 and 10. This is mainly due to the poor chem-
However, the application of pervaporation/vapor permeation ical stability of they-alumina phase. Replacingalumina
in the chemical industry has been restricted due to severeby crystalline mesoporous titania (anatase) improves the
limitations of the current generation of commercially stability of the system considerably, especially in acidic
available membranes, i.e., their low chemical and thermal environments, since the mesoporous titania/microporous
stability, insufficient selectivity and low fluz—5]. silica system is stable in the pH range 0-{608].
Although ceramic membranes are virtually inert in An understanding of the transport and separation mecha-
non-agueous organic solvents and offer high temperaturenisms is crucial for further development of a membrane per-
vaporation process in terms of choice of suitable membrane
* Corresponding author. Tel.: +53 489 2695; fax: +3153 489 4683, Materials and adjustment of process parameters that lead to
E-mail addressi.e.tenelshof@utwente.nl (J.E. ten Elshof). enhanced separation and higher fluxes. The separation factor
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« of a membrane is generally defined as the ratio of concen-Here Q; is the heat of adsorption of speciEsHlQ a pre-
trations of Componenisandj inthe permeate relative to that exponentia| constanR the gas constant, afdthe tempera-

in the feed: ture. The factor containing the Maxwell-Stefan diffusivities
i /i ) can be regarded as an effective diffusion coefficiefft:D
o yj/Xj = 1 -1
o _ o peff — (X1 4 )
in whichy andx are the fractions of componeritandj in b Dy

the permeate and feed, respectively. . ) )
The steps in a pervaporation process are sorption at the ini" sufficiently small temperature intervals it may be approx-
terface between the feed and the membrane, diffusion acrosdMated by an Arrhenius-type expression
the membrane due to concentration gradients (rate determin ef _ peft0 o EP/RT ©6)
ing steps), and finally desorption into the vapor phase at the ™ !
permeate side of the membrane. The first two steps are pri'whereEP and Efﬁ’o are the apparent activation energy of

marily responsible for the final permselectivi§-11]. The ~ iffysion and a pre-exponential constant, respectively. From
solution—diffusion model is generally accepted as a good de- Egs.(3) and (5)the permeanct; can be expressed as
scription of the mechanism of fluid transport, and is widely

applied in the area of polymeric membrane resedt€h. Ji H,»fof
Applied to zeolite and ceramic membranes, it was renamed [ = Ap; - L
into the adsorption—diffusion model.
The Maxwell-Stefan theory is the most often used model SO that the activation energy of permeaiieis EF = EP —

to describe transport of binary mixtures through a membrane Qi-

[12—17] A description of pervaporation through ceramic mi- In this paper, the pervaporation properties of microporous
croporous membranes in terms of the Maxwell-Stefan the- silica membranes are studied. The adsorption—diffusion
ory was given by Verkerk et aJ15]. Considering the one- ~model and Maxwell-Stefan theory are applied to explain the

(7)

dimensional transport of a mobile componifibm a binary influence of process parameters on the pervaporation of se-

mixture composed of componeritendj through a mem- lected binary liquids. The temperature, feed concentration

brane M, the driving force of componentan be expressed and nature of the permeating species were varied. The aim

in terms of the Maxwell-Stefan theory H<s] was to get a better understanding of the separation mecha-

nism in pervaporation, and also to study the influence of the

1 dp; xi (Ji J; 1 7 derlyi inal fl d i i

_ 28 X (di Ji ) underlying supporting layer on flux and separation properties
pidz Dy \a ¢ By ci of the microporous top layer.

wherep; is the partial pressure of component; (Jj) and

G (g) the flux and concentration of componeéif), respec-
tively, zthe direction of transport (perpendicular to the mem-
brane surface areaj),the molar fraction of componefitb;

the Maxwell-Stefan micropore diffusivity between compo-
nentsi andj, and B,, the Maxwell-Stefan micropore diffu-
sivity of component in the membrane. An explicit expres-
sion forJ; can be obtained from E@2) if Jj/gj is negligible

in comparison withJ/c;. It was shown that the flux of the
majority componeni can then be expressed[a$]

2. Experimental
2.1. Membranes

The a-Al2,03 macroporous supports were made fram
alumina powder (AKP30, Sumimoto, Japan) by the colloidal
filtration technique[18]. After sintering the supports were
disc-shaped, with diameter 39 mm, thickness 2 mm, mean
pore radius 100 nm, and porosity80%.

X 1\ tap The mesoporous intermediate layer was eithed 203
Ji = H; <D_ + DT) A 3) (calcined at 600C), or based on the anatase phase of titania
Y iM (calcined at 450C) [19,20] In some experiments, the titania
wherelL is the thickness of the selective membrane layer, and phase was doped with 5-20 mol% of zirconia and calcined
Ap; = pf — pf’, with p! andpﬁ.J the vapor partial pressures of at 450-700C. The intermediate layers were applied onto
component at the feed and permeate side of the membrane, the a-Al>03 discs by a dip-coating technique. After calci-
respectively. The simplifying assumption made here is that nation, these layers had similar structural characteristics: a
X, which is a function of positiorz, can be approximated thickness of 1-2um, pore sizes of 5-8 nm, and porosities of
by the average of the molar fractions on opposite sides of 40% (zirconia-doped titania) and 55%-&lumina).

the membrane: ;. The Henry coefficientd; is the adsorp- Polymeric silica sols for microporous top layers were
tion coefficient of componenion the membrane surface and made by acid-catalysed hydrolysis and condensation of suit-
depends on temperature accordinglis: able alkoxides, as described in more detail elsewfztg

0 0i/RT The sols were deposited onto the surface of the mesoporous
H; = H; e~ 4) layer by dip-coating. The silica membranes were calcined at
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Fig. 1. Schematic diagram of pervaporation unit.
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400°C. The resulting layers were amorphous, with a thick- croporous membrane top-layer at the feed side. The com-
ness of~100 nm and pore sizes in the range of 0.3-0.5nm. 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).

2.2. Pervaporation and gas separation experiments

Pervaporation experiments were carried out using a lab-
oratory scale pervaporation unki¢. 1). The feed mixture,
containedin a2 | heated vessel (indicated byfBiin 1) under
a pressure of 2—-3 bar, was pumped continuously in the pulls
mode (10) through the feed compartment of the pervaporation2.3. Characterization
unit (14), where it came into direct contact with the top layer
of the membrane (13). The retentate was recycled to the feed NH3 temperature programmed desorption (TH2),25]
vessel (#1). The permeate side of the membranes was kepwas performed in order to determine the presence of acidic
under near-vacuum (68 mbar) with a vacuum pump (20). sites on the membrane pore surface. About 80 mg of the
Steady state fluxes were determined by collecting the perme-sample was activated at 400 for 1.5 h, then evacuated for
ate side vapors in an ethanol-based cold trap and measuring0 min, cooled to room temperature, and equilibrated with
the weight increase with time (18). The feed and permeate NH3 at 50°C, at a pressure of 7 mbar. The time for reaching
compositions were determined by Karl Fischer titration (784 the adsorption equilibrium was 60 min. The excess ammonia
KFP Titrino, Metrohm, Switzerland). was evacuated from the sample. A temperature program was

The pervaporation experiments were performed in the set from 50 to 650C with a heating rate of 10C/min. All
temperature range 30—100. The feed mixtures were binary ~ data were calibrated with sample weight.
liguids with 2—20 wt.% water (on total weight) in ethanol, 2- X-ray photoelectron spectroscopy (XPS, PHI Quantera
propanol, or 2-butanol (all obtained from Merck, Germany). Scanning ESCA Microprobe, USA) with Arsputtering

The partial vapor pressures at the feed side was calculatedsputter rate 5.1 nm/min; 2 keV Aywas carried out to iden-
from p]; = xiyipl.o, wherex; is the molar fraction of com- tify the atomic concentrations of silica, alumina and titania
ponenti in the liquid phasey; the activity coefficient, and by measuring the Si 2p, Al 2p and Ti 2p spectra as a function
p? the vapor pressure of pure componeat a given tem-  of depth inside the layer.
perature. The values of, were calculated with the Wilson
equation, anqb? using the Antoine equatid22]. The partial
vapor pressures at the permeate side were calculated from th8. Results and discussion
molar fractions in the permeate and the total pressure.

Gas separation experiments were performed witCiH, 3.1. Influence of process parameters
feed mixtures at 200C in a cross-flow gas permeation setup
as described elsewhej23]. Prior to the permeation exper- Fluxes and separation factors of titania-supported sil-

iments the membranes were dried at 3GQunder a helium ica membranes in the separation of 2-butanol/water and
stream to remove any moisture from the pore structure. The2-propanol/water mixtures are shown kg. 2 Separa-
membranes were placed in a stainless-steel cell with the mi-tion factors up to 500 and 100, and total fluxes up to 1.7
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500 Table 1
2.04 —o— Separation factor (BuOH/H,0) L . . . .
R —o— Separation factor (PrOHIH, O) o Appa(en_t activation energies of_ permearein the pervaporation of b|_—_
1.8 —-— Flux (BuOH/H,0) 400 & nary liquids with 10 wt.% water in the feed through titania-supported silica
—.— Flux (PrOH/H,0) - membrane
£ 1.6 L300 2
£ s 8 Binary liquid EF (kd/mol)
x 7] L200 S
< 121 -% Water Alcohol
= ) o
S B — F100 @ Water/2-butanol 3813 ~15.6+ 1.0
' ﬁ.\o-\o [, 3 Water/2-propanol 2912 3.1+ 1.0
084~ r
0 2 4 6 8 1 12 14 16 18 20 22
(a) Water concentration in feed, wt% . .
The calculated activation energies of permeance
14 Fi=J/AP; of all components are listed iflable 1 The
: —m— Flux (BUOH/H,0) ; ;
i) e Flux (PIOHH.0) - - 500 results are in agreement with the data of Verkerk epzﬂ]_
: —o— Separation factor (BUOHH,0) e i = and ten Elshof et a[16], who also reported an activation
£ 0] O Sepamtionfactor(rOHMO) [ 400 5 energy of water permeance of around zero foralumina
g 0 / L300 8 supported silica membrane.
i ) / 4 § The mass fluxes of components at&versus their partial
= 061 _74-,/‘ - 20 ‘g pressure differences over the membrane are showigirB.
044 e l100 & The water fluxes irFig. 3(a) increased with partial pressure
N o——0 @ difference of water, confirming that the water flux is only
=} O . .« . .
e dependent on its own driving force. However, the decreasing
(b) Temperature, “C alcohol fluxes with increasing driving force clearly show that
the dragging effect by water dominates the alcohol flux.
Fig. 2. Separation factors and total fluxes ofca#l,Os/Zr-doped TiQ/ Since the fluxes of 2-propanol and 2-butanol are low

SiO, membrane as a function of (a) feed composition at@0and (b) compared to the water fluxes, and both organic solvents
temperature at a feed composition 5 wt.%3495 wt.% alcohol.

and 2.2 kg/ih were measured for 2-butanol/water and 2- 14

propanol/water, respectively. Experiments were also carried . ';‘r‘g:/’:zg

out with ethanol/water mixtures (not shown in the figure), o 124 : °

where separation factors up to 20 and fluxes up to 1.3%h/m € .

were measured. In general, the membranes showed the high- £ 1/ -

est separation factors and lowest fluxes for 2-butanol/water g . . "

mixtures, followed by 2-propanol and ethanol/water mix- S o8] " °

tures. Since the average pore size of the silica membrane of Y o °

0.3-0.5nm, and the molecular sizes of 2-butanol, 2-propanol, & g/

and ethanol are-0.55, 0.5 and 0.45 nm, respectively, these

selectivity differences can be explained by a separation mech- 041, . . . . . .

anism based on size exclusion effdt$, 16] 010 015 020 025 030 035 040
The total flux increased, while the separation factor de- (a) Driving force (water), bar

creased with increasing water content as showridgn 2(a).

The decrease in selectivity with increasing water content is of- 361 . BuorHo R

ten attributed to the so-called “drag” effdt6,16]. In terms 32] o PrOHHM.0

of Maxwell-Stefan theory, the velocity of water is higher NFE 28] .

than the velocity of alcoholf4,0/cH,0 > Jalcohol/ Calcoho, E) 24]

so according to Eq2) the first term on the right hand side = 20

. . . . . . c . o

is negative, which implies that the alcohol flux is larger than S L6l °

expected on the basis of its own driving force. R °
Fig. 2(b) shows that both separation factor and flux in- g 21,

crease with temperature for all studied mixtures, confirming = 08 .

an improved pervaporation performance at elevated tem- 041 " s

peratureg15]. In accordance with the adsorption—diffusion 0.0-+—— . . - . -

model, a higher flux is a consequence of an increased driving 03 04 05 06 07 08 09

(b) Driving force (solvent), bar

force due to the increased (virtual) vapor pressure of the

comppnents in the feed, but ppssibly also due to an increasedig. 3. Massfluxes vs. partial vapor pressure difference across the membrane
mobility of the adsorbed species. at 80°C: (a) water fluxes and (b) corresponding alcohol fluxes.
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Table 2 of mesopores and/or defects in the separation layer, the
Estimated Maxwell-Stefan micropore diffusion coefficients high permselectivities found here strongly suggest that both
Binary liquid Blyaterm (M?/S) Bluater alcohol(M?/S) membranes were virtually defect-free. A certain difference
Water/2-butanol 1210718 6.3x 10715 in morphology of the top silica layer may still be possible
Water/2-propanol 181018 6.9x 10715 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
v-alumina and titania membranes are the elemental compo-
sitions, it is possible that the surface properties play a def-
is lower than the value reported by Verkerk et al., who |n|t((ja r_?lzlln th_e Teparatlon mﬁCh?msthhe S|I_|ca{jaLum|na
estimated £) — 9% 10" m?/s for 2-propanoliwater and silic tl_tanla ayers W_e_ret erefore c ?ractfzrlze | y XPS

aterM : analysis with depth profiling. From the “bullkg-alumina
[15]. However, they assumed thBlyater is 0.8mol/MPPa,  |ayver towards the Sisurface, a clear shift in the Al 2p
which leads to higher predicted values fof £, than spectrum from 74 eV (the binding energy that corresponds
with a Henry coefficient of 3.8mol/A@Pa as we used to Al>0s3) to 75.1eV can be observed Fig. 4(a) [26]. In
here. The same holds for the values of the friction coeffi- the Si 2p spectrum, a binding energy peak shift from 103.2
cients (Blater,aiconor~ 6—7x 1071°m?/s) of 2-propanol and  (Si0,) to 101.6 eV occurs. These shifts indicate the existence
2-butanol, which are smaller than the reported friction coef- of compounds other than Sj@nd AbOz in the interfacial re-
ficients of 0.8—2.0« 10-13m?/s[15] for 2-propanol/water. gion, for example AJOSiO, (corresponding binding energy
of 74.8eV in Al 2p spectra), ASisO10(OH)s (102.6 eV in
3.2. Influence of mesoporous intermediate layer the Si 2p spectrum|26], or related compounds. Although
these examples represent crystalline materials, the presence

A selection of pervaporation data with various membranes of various silico-aluminate-like compounds suggests a chem-
and feed mixtures is shown Fable 3 These measurements ical reaction between silica andalumina in the interfacial
were carried out at 80C. High separation factors (800—1000) region, leading to the incorporation of aluminum atoms into
and reasonable fluxes were measureg-ailuminasupported  the silicamatrix, and vice versa. Similar results were obtained
silica membranes (experiments | and I1). Surprisingly, the by XPS analysis of the mesoporous titania/silica interface,
separation factors of the same separations decreased corshown inFig. 4(b), which also showed the formation of a
siderably when the intermediate layer material was changedmixed element matrix. It is not entirely clear in which stage
fromy-alumina into mesoporous titania (experiments lll and of the synthesis these layers are formed, but mutual penetra-
V). tion of silica into the underlying material (and vice versa) is

To examine the possible presence of defects that mightevident.
explain the differences in membrane permselectivity during  Due to the trivalent nature of Al it is possible that acidic
pervaporation, gas permeation experiments were carriedsites are formed when an aluminum atom is embedded in
out on y-alumina and titania-supported silica membranes. the amorphous silica matrix. This could make the silica layer
At 200°C, the H permeanceFy, was in the range of  more hydrophilic, so that the value of the Henry constant of
4-7x 10 "mol/m?sPa, and the ICH4; permselectivity water would increase (E€3)). On the other hand, noincrease
Fu,/FcH, of a 1:1 H/CHs gas mixture was~50 for of the number of acidic sites is expected when titanium is
both types of membranes. Since the permselectivity of a present in the silica matrix, since its oxidation state (4+) is
membrane in gas separation is very sensitive to the presencéhe same as that of silica.

are expected to adsorb considerably on silica, B)can

be used to estimate(,@te,’M and the friction coefficients
BPuwater,alconol FOr the sake of simplicity it was assumed that
the friction coefficients have constant values over the entire
feed composition interval. Adoptingwater= 3.8 mol/n? Pa
from literature[15,16] good fits were obtained with the
parameters listed infable 2 The water diffusion coef-

ficient B = 1 x 1073m?/s obtained from the fits

Table 3
Selected results of gas permeation and pervaporation experiments on microporous silica membranes with different mesoporous intermediate layers
Experiment Intermediate layer ~ Gas permeation Pervaporation
Fu, (molim?sPa)  Permselectivity, / Fch, Feed (wt./wt.) Total flux (kg/rhh)  Separation factor
I ~v-Al,03 4.0x10°7 50 90/10 EtOH/HO 1.0 80 x 107
Il 95/52-BuOH/HO 1.0 10x 10°
i TiO 7.2%x 1077 42 90/10 EtOH/HO 1.3 19
v 95/52-BuOH/HO 0.6 22 x 1%

Gas permeation and separation experiments were performed &€ 2Bervaporation fluxes and separation factors &C38re reported.
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The presence of acidic sites in the mixed alumina/silica possibly also suppress the flux of the less polar component
material was verified by temperature programmed desorptionalcohol.
(TPD) using NH. Composite silica/alumina and silica/titania A separation mechanism based on the hydrophilic
materials were prepared by hydrolysis and condensation ofnature of the membrane, in accordance with the
the respective metal alkoxides, as described by De Langeadsorption—diffusion model, has been extensively studied
[27]. This material is chemically similar to the material that for zeolite membranef28]. Using mordenite membranes,
is formed at the interface between the silica and mesoporous

layers. As shown irFig. 5, NHz desorbed around 100°C .
from the mixed alumina/silica material, while virtually no 50x107
desorption was observed on the pure silica and silica/titania ~ 45x10"] . e o
powders. The desorption peak-a100°C corresponds well = 4.0x10"" o SIOJALO,
with the adsorption or desorption of NHbn or from acidic ® 3.5x10"1
sites[24,25] 2 2 ox10"
Hence, it appears that the parameters that determine the g ]
pervaporation selectivity of microporous silica are both pore = 2:5x10
size and internal pore chemistry. The presence of acidic sites 2910
has a beneficial influence on the water separation proper- 1.5x10"  enffumf I —
ties of the membrane. Most likely, by creating more acidic 1.0x10" . . . . : .
0 100 200 300 400 500 600 700

sites in the selective layer the concentration of the most hy-
drophilic compound (water) in the membrane is increased,
leading to a h'gher driving fo_rce for selgctlve permeation fig 5. Temperature programmed desorption of sNitbm silica, alu-
of water. The increased polarity of the micropore wall may minarsilica and titania/silica powders.

Temperature,”C
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Casado et al. obtained high separation factors in the perva- [4] C.-H. Chang, R. Gopalan, Y.S. Lin, A comparative study on thermal
poration of ethanol/water mixtures, although a molecular and hydrothermal stability of alumina, titania and zirconia mem-
sieving mechanism could be ruled out, since the size of the __Pranes, J. Membr. Sci. 91 (1994) 27. .

denit h | f 657 OA I t [5] R.W. van Gemert, F.P. Cuperus, Newly developed ceramic mem-
mordenite channels o : .a _OW an eaSY entrance branes for dehydration and separation of organic mixtures by perva-
_of bot_h Water_and_ ethangR8]. Similarly, the dlﬁeren_ces poration, J. Membr. Sci. 105 (1995) 287.
in activated diffusion rates of water and ethanol did not [6] T. van Gestel, C. Vandecasteele, A. Buekenhoudt, C. Dotremont,
seem large enough to justify the high separation factors  J. Luyten, B. Van der Bruggen, G. Maes, Corrosion properties of
obtained, especially when it was taken into account that g'll‘m'”a and titania NF membranes, J. Membr. Sci. 214 (2003)
the expenmentg were carried out under (_:Ondltlonls where 7] T. Van Gestel, C. Vandecasteele, A. Buekenhoudt, C. Dotremont,
surface adsorpthn processes exert a considerable |n_fluer_1ce. J. Luyten, R. Leysen, B. Van der Bruggen, G. Maes, Alumina and
Instead, separation was thought to take place primarily titania multilayer membranes for nanofiltration: preparation, charac-
due to the hydrophilic character of mordenite. Preferential ~ terization and chemical stability, J. Membr. Sci. 207 (2002) 73.
water adsorption occurred, thereby hindering the passage [8] J: Sekulic, M.W.J. Luiten, J.E. ten Elshof, N.E. Benes, K. Keizer,
of ethanol through zeolitic and small non-zeolitic pores Microporous silica and doped silica membrane for alcohol dehydra-

. ) . o tion by pervaporation, Desalination 148 (2002) 19.
Since the chemical nature of mordenite is roughly similar to (9] j.G. wijmans, R.W. Baker, The solution diffusion model: a review,

the one formed in the interfacial region betwegalumina J. Membr. Sci. 107 (1995) 1.
and microporous silica, the same explanation may hold [10] F. Lipnizki, G. Tragardh, Modelling of pervaporation: models to
here analyze and predict the mass transport in pervaporation, Separ. Purif.

Meth. 30 (2001) 49.

[11] T. Bowen, S. Li, R.D. Noble, J.L. Falconer, Driving force for per-
vaporation through zeolite membranes, J. Membr. Sci. 225 (2003)
165.

[12] A. Heintz, W. Stephan, A generalized solution diffusion-model of
the pervaporation process through composite membranes. 2. Con-

Microporous silica membranes can be used for separation centration polarization, coupled diffusion and the influence of the

of water from a wide range of alcohols. Separation occurs pri- porous support layer, J. Membr. Sci. 89 (1994) 153.

marily due to a molecular sieving effect. However, the chemi- [13] P. 12k, L. Bartovsk, K. Friess, M.Sipek, P. Uchyfil, Description

. of binary liquid mixtures transport through non-porous membrane
cal nature of the separating layer also plays a pronouncedrole. by modified Maxwell-Stefan equations, J. Membr. Sci. 214 (2003)

The systemx-Al,0z/(anatase) TiQISiO, has an improved 293.
chemical stability in comparison with the one containing [14] X. Ni, X. Sun, D. Ceng, F. Hua, Coupled diffusion of water and
v-Al203 and both systems may be applied in the dewatering ethanol in a polyimide membrane, Polym. Eng. Sci. 41 (2001)
of alcohols. This study showed that the chemical nature of the _ 1440.

intermediate mesoporous layer material can also play a cry-% A:W. Verkerk, P. van Male, M.A.G. Vorstman, J.T.F. Keurentjes,
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