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~-Alumina composite membranes modified with
microporous silica for CO, separation
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Department of Ceramic Engineering, College of Engineering, Yonsei University,
Seoul 120-749, Korea

y-Al,03 composite membranes have been modified with microporous silica layers to
improve the separation factor of CO, to N,. From the analysis of micropore volume fraction
and CO, adsorption behaviour of SiO, unsupported membranes, it was found that the SiO,
membrane layer feasible to separate CO, could be obtained from a sol prepared by
hydrolysis of tetraethyl orthosilicate in aqueous nitric acid solution (acid concentration of
0.001 m and sol pH of 2.0). The unsupported membrane prepared from this optimum sol
had a micropore volume fraction of 0.85 and CO, adsorption amount of 27 cm3(STP)g~" at
0.1 MPa and 25°C. Defect-free silica modified y-Al,03 membranes could be synthesized

by dipcoating or pressurized coating from outside the support. The CO,/N, separation
factor of these membranes varied severely with the separation process parameters,

such as transmembrane pressure, stage cut and CO, concentration in feed gas. y-Al,03
membranes modified by dipcoating and pressurized coating had a CO,/N, separation factor
of 2.4 and 1.45, respectively, at AP=0.3 MPa, stage cut=0.1, and 25°C for a CO, feed gas
mole fraction of 0.5. The CO,/N, separation factor at 25 °C decreased with increasing
heat-treatment temperature. The main mechanisms of CO, permeation through silica
modified membranes were surface diffusion and Knudsen diffusion. © 7999 Kluwer
Academic Publishers

1. Introduction gle gas permeabilities) of only unit almost the same as
Ceramic membranes have received extensive attentidhe Knudsen ideal separation factor value, 0.8. It was
in recent years because of their excellent chemical andttributed that strong adsorption of @@ccurred on
thermal stabilities, especially in the application of gasthe MgO sites, resulting in a decrease in Q@obil-
separation and catalytic membrane reactor processéty. Other oxides were impregnated into thealumina
[1, 2]. The separation of CQwhich is the origin for composite membrane by Mgt al [5] Contrary to the
the worldwide greenhouse effect, from flue gases hasase of the MgO impregnated membrane of Uhlhorn
become one of the most important processes in thet al., CO,/N, permselectivities of iron and aluminum
environmental field in recent years. Many techniquesxide modified membranes were 1.67 and 1.50, respec-
[3-19] have been used to produce £f@ermselec- tively. From a CQ equilibrium adsorption study on
tive ceramic composite membranes, including surfaceinmodified and iron oxide modified membranes, they
modification of ready-madg-alumina and glass mem- observed that the CQOequilibrium adsorption capac-
branes through which Knudsen diffusion has predomidity of the modified membrane is higher than that of
nantly occurred. the purey-alumina membrane and this provides an in-
Based on the modification route, one can roughlycrease in C@permeability by surface diffusion. They
distinguish five main types of surface modification also studied the gas permeation and separation charac-
methods to obtain high COseparation efficiency: teristics of hollow fibre glass membranes [6]. At 343K
metal oxide impregnation [3-5], chemical vapour de-and 2.8 MPa (applied pressure), their glass membrane
position (CVD) [7-10] or polymerization [11-13] of showed a C@N; separation factor of 25 using helium
organic compounds, silane coupling [14], and sol-gehs a purge gas. Itis doubtful if their membranes could be
derived coating [15-19]. used practically, however, because the glass fibre has
Uhlhorn and coworkers [3, 4] modified the-  very low mechanical strength compared with typical
alumina membrane with MgO by the reservoir method,ceramic membranes. Also the reported NG sepa-
similar to the conventional impregnation technique, toration factor might be lowered if there was no purging
enhance the adsorption and surface diffusion 0§ @®© gas in their experimental process, as additional He/CO
well as to reduce the pore size. However, their memseparation processes would be required when applied
brane showed C£N, permselectivity (the ratio of sin- in industrial use.
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Okubo and Inoue [7-9] synthesized the surface modusing a phenyl group was about six at room tempera-
ified membrane with hydrophilic silanol groups by in- ture.
troducing tetraethylorthosilicate vapour into pores and Far from the modification technique, preparation and
decomposing the vapour on the pore walls of glasgias separation characteristics of zeolite membranes,
membranes. The permeation mechanism of @i N, such as ZSM-5, and silicalite having a uniform pore
through this modified membrane was micropore diffu-size of about 0.55 nm have been studied considerably
sion, indicating that the resultant pore size is smallein recent years for their prominent molecular sieving
than 2nm and C@N, permselectivity at 333K is abilities [20-23]. In case of separation between,CO
about 1.6. After preparation of stainless steel supportednd N, having a very small difference in molecular
ZrO, and SiQ membranes, Cot and coworkers [10] size, however, reported permselectivities are so far less
treated these ceramic—-metal composite membrandkan 3.7.
with fluorinated polymer films using a plasma en- In this studywx-alumina supporteg-alumina mem-
hanced CVD technique. The G, permselectivities brane layers have been modified by the microporous
oftreated membraneswere 1.25-1.61 for the membrarsilica layer coating to improve the GO, separation
type. factor using colloidal silica sols. The optimum sol for

By the in situ polymerization technique, Li and modification was selected from analysis of micropore
Hwang [11, 12] obtained silicon polymer—glass mem-volume fraction and C@adsorption amounts for SjO
branes with the C@N, permselectivities of 1.5-10.3 unsupported membranes. Final membranes modified
depending on the organic silane compound used. They dipcoating or pressurized coating with the optimum
reason for the increase in the permselectivity was assol were evaluated by the measurement of gas perme-
cribed to micropore diffusion of COthrough their ability and CQ/N, separation factor in the point of
membranes. Sugawaed al. [13] produced the same view of separation process parameters, such as trans-
type of membranes to that of Li and Hwang, exceptmembrane pressure, stage cut, G@ncentration in
the support membrane was modified. Their siloxanefeed gases and thermal stability of membranes.
anodic aluminum oxide membranes showed &/
permselectivity value of higher than ten.

Hyun et al. [14] modified thex-alumina and tita- 2. Experimental procedure
nia supportedy-alumina membranes by silane cou- 2.1. Preparation of y-alumina membranes
pling with phenyltriethoxysilane, which is known to and silica sols
have a chemical affinity for CO They suggested that y-Al,O3 membranes were prepared by a dipcoating
the separation efficiency of the-alumina membranes of tubular«-Al,O3; supports (outside diameter, 8 mm;
modified by silane coupling was strongly dependenthickness, 0.8 mm; length, 100 mm; and mean pore di-
on the hydroxylation tendency of the support materi-ameter, 0.Jum) with a boehmite sol. The preparation
als. The separation factor of G@o N, through the methods of supports, boehmite sols anél,0; com-
y-alumina—titania composite membrane modified withposite membranes are given in detail in [14, 24, 25].
the 10wt % silane solution was 1.7 at 9D given an  The average pore size of threAl,03 layer had already
applied pressure of 0.2 MPa for the binary mixture con-been found to be about 2.2 nm [25].
taining 50 vol % CQ, while there was no improvement  Syntheticy-Al,O3 membranes were modified with
of CO,/N, permselectivities and separation factors incolloidal silica sols to obtain C{permselective layers.
thea-alumina supported case. Silica sols were prepared from tetraethyl orthosilicate

Through the polymeric silica sol coating of- (TEOS, 98%, Aldrich) and deionized water containing
alumina membranes, Chet al. [15] obtained CQ@  nitric acid (60—-62%, Junsei Chemical Co.) in the proce-
to N, permselectivities and separation factors of 1.4dure described by Chet al.[26]. TEOS was added to
and 1.72 at room temperature, respectively. They dean aqueous nitric acid solution. This mixture was stirred
scribed that the C@N, separation mechanism of their vigorously for 2 h at room temperature. After hydroly-
membranes was such that the more strongly adsorbesis reaction at the interface between TEOS and aque-
and less mobile CO®molecules reduced the effective ous phases, the mixture became a transparent sol. To
pore size and then Ngas molecules could not flow obtain the optimum silica sols feasible to produce,CO
easily because of repulsive forces as well as steric hinpermselective layers, the concentration of nitric acid in
drance effects. Micropore diffusion through their mem-deionized water was varied from 0.0005 to @.IThe
branes, however, did not feature in their report. Al-solid content was fixed to 0.5 mot based on Si@
though Uhlhorret al.[16, 17] and de Langet al.[18] A silica sol by the hydrolysis of TEOS in high alkaline
have modified the supported-alumina layer with a water [24] was also synthesized for comparison with
polymeric silica gel through which micropore diffu- the aforementioned acidic one.
sion occurred, C@permeabilities in comparison with  Unsupported membranes were prepared by evapo-
that of N, were not reported. Okut al.[19] have pre-  rating the sol in polystyrene dishes at room tempera-
pared organic—inorganic hybrid membranes by moditure followed by heating to 200-40C at a heating
fication of y-alumina membranes with composite sol rate of 0.5C min~?, holding for 2h. These unsup-
containing tetramethoxysilane or phenyltrimethoxysi-ported membranes were then analysed by @ N
lane. The pore size of the coated top layer was abowtdsorption isotherms, Brunaver-Emmett—Teller (BET)
2nm and the transport mechanism of & well as specific surface areas, and micropore volumes using
CO, suggested in their paper was surface diffusionthe volumetric surface area analyser (Gemini 2375,
The CQJ/N, permselectivity of the hybrid membrane Micromeritics).
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TABLE | Conditions for surface modification with silica layers

Modification condition

Time
Membrane being Pressure Reference
Modification method modified (MPa) First coating (h) Second coating (h) figure
Dipcoating y-Al03/a-Al,03 — 207 207 Fig. la
Pressurized coating from outside the support y-Al203/a-Al203 0.1-0.2 1 — Fig. 1b
Pressurized coating from inside the support  «-Al»03 0.1-0.6 1 1 Fig. 1c

aMeasurements are in seconds.

A-SiO, A-SiO,

7-AlLO, Support Support Support
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Figure 1 Schematic illustrations of acidic S)JA-SiO») layers: (a) dipcoating and (b) pressurized coating from outside the support;efAhgO3
composite membrane, and (c) pressurized coating from inside theb&rgO3 support.

y-ALO,

2.2. Surface modification by silica layers Akash, SX-30E). From the N permeability mea-
Surface modification with silica sols was performed notsurements, the existence of cracking in the modi-
only to the synthetig/-Al,03 composite membranes fied layers was examined as described earlier [24].
but to the barex-Al,0O5 supports, as shown in Fig. 1. The CQ/N, permselectivity (ratio of C® perme-

The first method (Fig. 1a) is conventional dipcoating onability to N2 permeability) and the separation factor,
they-Al ;O3 layer with silica sols; the second is silica- Yco,(1— Xco,)/ Xco,(1— Yco,), were also determined
layer coating atthe interface betweenth@l,Ozlayer by analysing the composition of feeXo,) and per-

and thex-Al,03 support by pressurizing the silica sols meate Yco,) gas mixtures with a gas chromatograph
from the support outside (Fig. 1b). The third method(GC-680D, Young-In Scientific Co. Ltd) using the tai-
(Fig. 1c) is pressurized coating of the bareAl,O;  lored apparatus shownin Fig. 2. Helium was used as the
support inside, as already reported elsewhere [24]. Thearrier gas in the gas chromatograph measurement, and
conditions for each modification method are summa-

rized in Table I. In the case of dipcoating (Fig. 1a),

the inner surface of the-Al,O3 layer was brought

into contact with the silica sol for 20 s. For pressurized TD Digha
coatings, the outside (Fig. 1b) or the inside (Fig. 1c) Egggﬁ;;e,
of the membrane tube was brought into contact with ‘[
the sol under the pressure and time periods given in P
Table I. After every modification (coating) step, mem-
branes were dried for 1 day in air at room temperature

Gas
Chromatograph

T Permeate
Moisture
trap

Micrometering
valve

Valve
<t

followed by heat treatment in the same manner as for S
A%
the unsupported membranes. p
Membrane
. : Digital
2.3. Membrane characterization and pressure
separation factor measurements Gas tanks

The microstructure of the silica mOdif'ied membranesrigure 2 Schematic diagram of the gas permeability and separation fac-
was observed by scanning electron microscopy (SEMtor measurement apparatus.
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a sampling loop was installed in the chromatograph for 0.9 800

automatic injection of gas samples. A sweep gas wa:

not used in this study. Evolution of the separation factor 700

with separation process parameters, such as the tran 08}

membrane pressure (difference between feed and pe$ 1890 _

meate gas pressuresP), stage cut (ratio of permeate § 1500 ~‘:

to retentate gas flow rate#), and CQ concentration g 07 F

in feed gases were evaluated. 2 400 5
> o
2 £
é 06 1300 (é

3. Results and discussion 2 s

3.1. Characteristics of unsupported osl 1290 &

membranes '
The membranes used for G@eparation should have 1'%
pores small enough to enhance surface diffusion while O A P

restraining Knudsen diffusion of GOAIso, it is desir- 1E-4 1E-3 0.01 0.1

able that the membrane material has highes &forp- HNO, Concentration (moliL)

tion abilities than that of i\ Therefore, the micropore

volume fraction and C@®and N adsorption isotherms Figure 4 M.icropore vqlume fraction apd specif_ic_ sur_face area versus

of SiOz unsupported membranes were measured to S%c:_)ncentratlon of HN@in aqueous solution for acidic Sj@nsupported

) . - . embranes heat treated at 2@
lect the most feasible Sg3ol for modification.
The micropore volume fraction can be defined as the

ratio of the micropore volume to the total pore vol- dicates that the membrane synthesized by the sol with

ume [27, 28]. This can be a scale for estimating porean initial acid concentration of 0.0@81can be expected

sizes in membranes having Type lisotherms [27]fer N to have the smallest pore size. It can be expected that

at 77K, i.e. the higher the micropore volume fractionthis membrane has the highest surface diffusivity of

the smaller the membrane pore size. Fig. 3 shows th€O, while restraining Knudsen diffusion, as the sur-

N> adsorption isotherms on SjQunsupported mem- face mobility is inversely proportional to the membrane

branes at 77 K. It is clearly observed that all the SiO pore size [29]. Comparing the basic silica sol with the

unsupported membranes, including the basic one, havgcidic one, the relative pressuie/P,, where N ad-

Type | adsorption isotherms fordNwhich implies that  sorption in membrane pores is completed is about 0.35

the mean pore diameter in the membranes is smallefor the basic Si@ membrane while it is below 0.1 for

than 2 nm[27]. The variation of micropore volume frac- the acidic sol, as shown in Fig. 3. From thesg ad-

tion with the concentration of nitric acid in hydrolysing sorption behaviours, the micropore volume fraction of

agueous solutions is given in Fig. 4 for acidic Sih-  the basic Si@ membrane was 0.3.

supported membranes. As can be seen in Fig. 4, the The variation of micropore volume fraction of acidic

micropore volume fraction varies severely from 0.35 toSiO, unsupported membranes with the pH of precur-

0.85, with its apex at an acid concentration of 0.801 sor sols prepared from an initial acid concentration of

though all membranes show a Type | isotherm. This in0.001m is also given in Fig. 5. The maximum value of
the micropore volume fraction occurs at a pH of 2.0,

180
I o 0.9 600
Basic SiO,
160 - ,A—-A-A—A-A-A—A—A—A—A-A—A—A-A—A-A-A-A-A—AA-
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Figure 5 Micropore volume fraction and specific surface area versus pH
Figure 3 Ny adsorptionisotherms on Sj@nsupported membranes heat of precursor sols for acidic Skunsupported membranes heat treated at

treated at 200C. 200°C.
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Figure 6 CO, and Ny adsorption isotherms op-Al,O3 and SiG un- Figure 7 N2 permeabilities of acidic Si@membranes prepared by pres-
supported membranes at 25. surized coating of the-Al,0O3 support.

which is three times larger than that of pH 3.5. Fromy-Al,O3 composite membrane or the bareAl,O3
the micropore volume fraction measurements, it can baupport as shown in Fig. 1..Npermeabilities of sur-
concluded that an acidic Siprecursor sol with an face modified membranes were measured to examine
initial acid concentration of 0.004 and a pH of 2.0, the presence of cracking in coated Siyers as de-
was optimum to obtain COpermselective membrane scribed by Hyun and Kang [24]. Fig. 7 shows per-
layers, in the range studied. meability data of the Si@composite membrane pre-
This optimum SiQ unsupported membrane was fur- pared by pressurized coating from inside thél,03
ther analysed by COand N, adsorption amounts at support as illustrated in Fig. 1c. It is clearly observed
25°C in comparison with those gf-Al,03; and basic  from Fig. 7 that the N permeabilities through the S}0O
SiO, membranes as shownin Fig. 6. The amount 0§ CO top-layers coated once and twice are dependent on the
adsorption on acidic SiOwas about 27 cA{STP)g!,  mean pressure. This indicates the existence of defects
about two times higher than for other membranes at @ the top layers. Such a situation can be explained by
pressure of 0.1 MPa. Contrary to the case for,@@  the fact that the pores of the support were not filled
sorption trends having Type | isotherms; Motherms  completely with SiQ gels. Considering that the par-
are practically linear and they obey Henry’s law over theticle size of the SiQ sol could not be measured by
pressure range studied [29]. Ratios of @@N, adsorp-  dynamic light scattering analysis, of which the lower
tion amounts on acidic Si)basic SiQ andy-Al,03 measuring limit is 4 nm, the sol particle size was too
unsupported membranes were about 14.5, 9.2 and 15.8mall to gel in the support pore (pore diameter of
respectively, and the magnitude of the ratios is indepensupport= 100 nm) during pressurized coating. Since
dent of the amount of C&adsorption. The ratioof CO  CO,/N, permselectivity of this membrane was merely
to N, adsorption amount on the-Al,O3 membrane 0.94, almost the same value as that of thé\l,O3
showed the highest value, however, it should be notedomposite membranes, it can be concluded that the
that CGQ mobility on the membrane pore wallis linearly synthesis of defect-free Sgx-Al ,O3 composite mem-
dependent on the slope of the pressure to adsorptiooranes by pressurized coating failed in all the condi-
amount plot (Fig. 6) as well as on the absolute valudions used in this study. Therefore, $i®ol coatings
of the CQ adsorption amount, because gas flux by thewvere performed only on the-Al,O3 composite mem-
surface diffusion mechanism is proportional to the sur-branes.
face concentration gradient of adsorbed species [29]. Fig. 8 shows the fracture surface of the silica modi-
As a consequence, the micropore volume fraction anfied membrane prepared by dipcoating of the inner sur-
CO;, adsorption amount data of unsupported mem<face of they-Al,O3 membrane, as illustrated in Fig. 1a.
branes suggest that a @Permselective layer having The side with the/-Al,O3 layer was brought into con-
a maximum CGQ/N, separation factor can be synthe- tact with the silica sol for 20 s, and then dried at’25
sized by acidic Si@sols of initial acid concentration and calcined at 200C. This procedure was repeated
of 0.001m and pH of 2.0 in the range of this study. once more. As shown in Fig. 8, the thickness of the sil-
ica layer formed was, at most, 150 nm. Silica modified
y-Al,03 membranes were also prepared by pressuriz-
3.2. Modification of composite membranes ing the silica sols from the support outside (Fig. 1b),
with silica layers thereby allowing the formation of silica layers at the in-
Surface modification of the acidic SjOayer was terface between the-Al,0O3 mesoporous layer and the
performed by dipcoating, pressurized coating of thex-Al,O3 support, as given in Fig. 9. From the fracture
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Figure 8 SEM micrograph of the fracture surface of the acidic SiO I
modifiedy-Al 03 membrane prepared by dipcoating. T=25C
1.1} X,.(CO,) = 0.50
] 0=0.1
surfaces in Fig. 9, it can be seen that the thickness ¢ 44 . . ! . ! . !
the support pore-filled silica layer was about 7&8. 1 2 3 4
This silica layer covered the-Al,O3 support particles Transmembrane Pressure (MPa) x 10

(particle size= 0.4 um) to the extent that the particles

can no Ionger observed (Fig. 9b). Unlike the case offigure 10 CO?/!\IZ §eparatj9n factor versus transmembrane pressure,

Fig. 7 for pressurized coating with baweAl ,05 sup- AP_, of the aF:IdIC SiQ moqmedy-AI203 membrane prepared by pres-

A - e surized coating from outside the support.

ports, N permeabilities through silica layers modified

ony-Al,03 composite membranes are independent of

pressure in nature, which indicates that the modifiedhe membrane pore could be increased with increas-

SiO; layers are crack-free. ing pressure; (ii) back diffusion, caused by collision
between gases having different molecular weights in
gas mixtures, could be reduced by increasing the trans-

3.3. Separation of CO,/N; gas mixtures membrane pressure [3].

The silica modified/-Al,03 membranes were further  After faster permeation of CQgas by preferential

evaluated by C@N, permselectivity and separation adsorption and surface diffusionpl§as remains in the

factor measurement at 26. To examine the effect of feed gas stream. Therefore, the concentration polariza-

separation process parameters om/BlR separation tion phenomenon, an increase in bbncentration on

efficiencies, variations of C&N, separation factors the membrane surface, could appear. This can be re-

with transmembrane pressur&P, and stage cuf),  duced by flowing the feed gas (retentate) with or with-

were measured. Fig. 10 shows the representative resultgit a sweep gas. In this study sweep gas was not used.

of the effect of transmembrane pressure. ThefSlp  The stage cut, i.e. the ratio of the permeate flow rate to

separation factor increased with increasing transmenthe retentate one, could then be a scale of the reduction

brane pressure. This phenomenon can be explained lof this concentration phenomenon. In Fig. 11, variation

two mechanisms: (i) the Cadsorption amount in of the CQ/N, separation factor with stage cut is given

Figure 9 SEM micrographs of fracture surfaces of the acidic Sibdifiedy -Al,03 membrane prepared by pressurized coating from outside the
support: (a)x2500 and (b)x 20 000.
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TABLE Il CO; and N permeabilities, C@/N, permselectivities and separation factors throgghl ;03 and acidic SiQ modified y-Al,03
composite membranes prepared by dipcoating & 0.3 MPa,0 = 0.1, measurement tempratu25°C)

CO,/N; separation factor

Heat-treatment  Blpermeability CQ permeability CQIN2
Membrane tempraturé¢)  (x10-'molm2s1Pal) (x10 'molm2slPal) permeabilty Xco?=0.28 Xcol=0.50
y-Al203 500 10.7 10.6 0.99 — 1.05
SiO, modified
First coating 200 2.9 4.9 1.69 1.84 2.03
Second coating 200 1.6 3.4 2.13 2.05 2.38
300 3.6 5.3 1.47 1.58 —
400 4.8 6.4 1.33 1.52 —

@Xco,, mole fraction of CQ in feed gas.

1.60 surface mobility of CQ can be linearly increased by
] increasing the amount of G@dsorption.
155_\ T= 2500
| o Xeooy (CO,) = 0.50
1.50-\ AP =0.3MPa 3.4. Thermal stability of modified
; silica layers
1.45} ’\ The thermal stability of ceramic membranes is one
- e of the most important factors in their application for
o 1.40F \ gas separation. To evaluate the thermal stabilities of
% g silica modified membranes, G, separation factor
% 1.35 \ and permselectivity were examined for heat-treatment
° temperature ranges from 200 to 4@ As shown in
1.30F Table Il, CQ/N, separation factors as well as perms-
electivities were decreased with an increase in heat-
1.25p .~ __ treatment temperature, while both g@nd N, single
gas permeabilities were increased. In consequence, the
1-28 . 0'5 : 1'0 : 1'5 — thermal stability of modified silica layers investigated
' ' ) ) ' in this study is poorer than that of the basic silica mem-
Stage Cut (0)

brane for which N permeability is constant in the heat-
Figure 11 CO,/N, separation factor versus stage dutfor the acidic ~ (reéatment temperature range 200-50q24].

SiO, modifiedy -Al O3 membrane prepared by pressurized coatingfrom It is clearly observed from Table Il that the difference
outside the support. between C@and N> gas permeability is nearly constant
in the firing temperature range 200—4@ Providing

for the same membrane as in Fig. 10. It can be clearljhat the CQ/N, permselectivity of -Al,05 composite
observed from Fig. 11 that the smaller the stage cut thE’€mbranes is near unity, it could be considered that
higher the CQIN, separation factor. As the stage cut the origin of this d_|f_feren_qe is surface diffusion of @O
is decreased from 1.7 to 0.05, the £, separation through_ the mOd.Ierd s_lll_ca Iaygr. Thqrefore, the de-
factor increases from 1.25 to 1.53. It is undesirable thaf'e@se in separation efficiency with the increase of heat-
the stage cut is small, as in practical application thdreatment temperature is ascribed to the fact that Knud-
amount of non-permeating (not separated) gas (reterf€n Permeability is increased by pore growth, although
tate) should be increased. Therefore, transmembrarfe©z Permeability by surface diffusion is constant.
pressure and stage cut were fixed to 0.3 MPa and 0.1,
respectively, to compare the separation efficiency of
each silica modified membrane. 4. Conclusions

Table Il shows the variations of GCGand N, per-  y-Al,O3 composite membranes were modified with a
meabilities, CQ/N, permselectivities and separation microporous silica layer using acidic silica sol to im-
factors through the silica modifiedtAl,O3 composite  prove the separation efficiency of G@ N,. The main
membranes prepared by dipcoating. After the secfindings of this research are:
ond modification, N permeabilities were largely re-
duced to a value of.6 x 10-" molm2s~! Pa from 1. The optimum sol for modification can be prepared
10.7 x 107" molm~2s1 Pa ! of unmodifiedy-Al,0s by hydrolysing tetraethyl orthosilicate in a nitric acid
membrane. This implies that the,Nermeation rate aqueous solution of acid concentration 0.860The un-
through the membrane was ruled by the modified silicssupported membrane prepared from this sol (pH 2.0)
layer, considering that the thickness of silica layer washad a micropore volume fraction of 0.85 and £&2i-
only about 150 nm. When the G@nole fractioninthe sorption amount of 27 cASTP)g ! at 0.1 MPa and
feed gas was 0.5, the GO, separation factor reached 25°C.
as high as 2.4, which is much larger than that of 2.0 for 2. A defect-free silica modifieg-Al,O3 membrane
the case of a Co&mole fraction of 0.28. As mentioned could be synthesized by dipcoating or pressurized coat-
above, these results can be explained by the fact thag from outside the support. The GDI, separation
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factor varied severely with the separation process pat2.

D. LI andS. T. HWANG, ibid. 66 (1992) 119.

rameters, such as transmembrane pressure, stage &&tS. SUGAWARA, M. KONNO ands. SAITO, ibid. 44 (1989)

and CQ concentration in the feed gases. L
3. CO)/N, separation factors through the silica mod-
ified y-Al,O3 membranes by dipcoating and pres- 15

2.4 and 1.45, respectively, atP =0.3 MPa, stage
cut=0.1, and 25C for the feed gas of COwith a
mole fraction of 0.5.

4. The CQ/N, separation factor of silica modified 1g

y-Al,03 membranes decreased with increasing heat-
treatment temperature. The mechanisms of @&me-

ation through these membranes were surface diffusion
as well as Knudsen diffusion.
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