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Preparation and Hydrothermal Stability of Organic-inorganic Hybrid Silica Membrane
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Abstract: A new organic-inorganic hybrid microporous membrane was prepared via Sol-Gel method with bridged
silsesquioxane (1, 2-bis(triethoxysilyl)ethane, BTESE) as a precursor. Macroporous a-Al,O; disk supported mesopo-
rous y-Al,O; layer was used as support. Defect-free hybrid silica membrane was deposited on such support by using a
stable nano-sized sol and subsequently calcining in pure nitrogen atmosphere. The hybrid SiO, membrane as well as
the powder was characterized by TG/DSC, BET and gas permeation. The hybrid silica membranes exhibit molecular
sieve properties for small gases like He, CO,, O,, N,, CH,, and SF¢ with helium permeance in the range of
(1.0-3.5)x10 "mol/(m* * s * Pa)(at 200°C, 0.3MPa). Considering the membrane calcined at S00°C, it is found that the
permselectivity of the He (0.255nm) with respect to CO, (0.33nm) is 47, which is much higher than the corresponding
Knudsen value (He/CO,=3.3). Effect of calcination temperature on hydrothermal stability of those microporous mem-
branes was studied in detail. Results show that the performances of hybrid SiO, membranes calcined at 450°C, 500°C
and 550°C deteriorate under a H,O partial pressure of 200, 500 and 1000kPa, respectively.
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Fig. 1 Schematic diagram of the apparatus for determination
of gas permeability and hydrothermal stability of hybrid SiO,
membranes

1: Gas cylinder, 2: Pressure reducing valve, 3: Stop valve, 4: Pressure
gauge, 5: Pressure controller, 6: Mass flow controller, 7: Three-way
valve, 8: Vaporizer, 9: Heating pipe, 10: Furnace, 11: Disk membrane
module, 12: Gas washing bottle, 13: Soap-film flow meter
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Fig. 2 TG/DSC curves of hybrid SiO, powder
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Fig. 3 Nitrogen adsorption/desorption isothermal curves of
hybrid SiO, powder heat-treated at various temperatures
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Fig. 4 Pore size distributions of hybrid SiO, powder calcined
at various temperatures
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Table 1 Gas permeance of hybrid SiO, membranes calcined at various temperatures
Calcination Permeance /(x107*, mol * m™2 + s™' + Pa™) Permselectivity
temperature
/°C He COZ 02 Nz CH4 SF() HC/COZ HC/NZ HC/CH4
450 34.5 7.93 6.23 3.01 2.32 * 4.4 12 15
500 10.3 0.22 0.76 0.97 1.13 0.42 47 11 9.1
550 27.4 6.70 9.4 10.1 12.7 4.00 4.1 2.7 22
* below the detection limit
He {323 1 & W 1.03x107 (500 C ) 34 i 51 5 3K 44 6l 5 100 5 & 9 IR b 45 9 1) B R LE

2.74x10"" mol/ (m” - s - Pa) (550°C), CO,. O+ Na.
CHy FlI SF AR IS B MW I I T — MR L.
22 Ny S A% (R B Ay SiO, 5 STk AN A T
IR & 1R Si0, JE M SMARIE I3 I RE AN 43 20 1 RE 1Y)
SFEE. B3 2 WL, de Vos Z51ILL TEOS by i K A
% R FETE 400~600°C 1l 45 11 Si0, 58, H, (72 1E 18
FALE(5%1077~2x10"%mol/(m* - s - Pa)Z [fi], H,/CO,
() R AR 73 B IR FAE 7.5~70 TSI, {EJ2 0 K $ &
SEVERLZE. de Vos 2 PILL MTES FI TEOS A 7 Yk /& 3t
IKARAF B HL-TEHL L A Si0, i, H He K¥85 i &
7 1.34x10°° mol/(m” - s - Pa), {HJ& He/CO, [ B AR
BRI F H A7 3.1, 5 Knudsen 37 51 B1AH 43 25 R 7
FH 4. TS5 A% H R He RBIE @ &N
1.03x107" mol/(m? - s - Pa), He/CO, [{ B AH 43 &5 K] -
I LLEE] 47, 5 de Vos 55 [ 5T 45 AL (400 C e 1)
ML, HAR He KIMBEME/D T — MU,
{H2 He/CO, M EAR /> BS IR - A1 L de Vos S5:MF9T 45
B — 2. Kanezashi 25"LL BTESE M §if
IR &R A SiO, X He AABEE RIR &
(1x1075~2x10"° mol/(m® - s - Pa)), LA HIHFFT 45
H(1.03~3.45)x1077 mol/(m” - s - Pa) % i H S B
9, {H /& He/CO, [ FRAL Sy 25 R FANAE 5~7 Z [A], W&
BT Knudsen ¥ A9 ER AL 4> 85 K7, 10 A 5L 56
He/CO, ¥ HRAR 73 125 K7 g g ] LUK B 47, X ] BB 2
f T LAF 3 J7 1 R R s (1) A28 DL BTESE 4

N(BTESE): n(ZE%): n(ZK): n(i§fR)=1: 6.3: 4.4: 0.08,
M SCER[11]Hh 2 ) B EEJR EE 2 n(BTESE): n( &
fE): n(K): n(EEMR)=1: 28: 300: 0.1, BI#7IKAA
BTESE HJWKEEAF, BIFSEAN, HICHk[11]
I )24 R b ) K & EE R(n(BTESE): n(ZK)=
1: 300), W] fg<s BRI AR, 1E 138 A%
RSO S5 R R 22 53 (2) ASSEB AT HL—ToHL AL 5 Y
il £ 2K H B A y-ALOs/ - AL Oy 4514 (1) 1 AR Ik 2%
HEAT I, T SCHR [ 11 ]R3 Ak g Rk
Si0,-ZrOy/0-ALLO5 [ AL (3) A S5 ] £ 1) J5E
(R IR A 450~550°C, 171y SCHR[ 11770 JE R 58 i
WK 300°C. RGBT, S AL,
SEUBERALARNRDN, LR AR 54, LR
/NT 2nm AR}, ARSI HLEE 2L ALY
BRIy 70 0. — ek, il T LA A S B —1L
12, TMRAFAESLR AT, EAR ARSI A SR [11]
I BLALAE R <2nm, (HE, WREAS TR SCHR11]
PrRIE () A AT, il BB FLAR 2 A b KR ALAE
LI o L s, i, ALY HOE OB iz
M EYL, Fik, SO He MBiZ &R &
(1x107°~2x107° mol/ (m” - s - Pa)), H4K He(4> T3 /)
2 HAE 0.255nm)/SFe(0.55nm) H)F AR > Bk kA 3|
~400, H/E He(0.255nm)/CO,(0.33nm) FFHARL /> 51k
FEIERA 5~7. MAEASEES 21 F 4 H B LA
AT NFLAR LT Ay Be A =, BRI, 40
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Table 2 Comparison of properties of hybrid SiO, membranes with the permeance data of SiO, membranes from the cited

references
Calcinati Permeance Permselectivity
Precursors tema ecrlzr:tit;z/r}’c /(x107, mol em™? + st +a™ Reference
P He H, He/CO, H,/CO,

MTES+TEOS 400 13.4 — 3.1 — [5]
BTESE 300 100-200 200 5-7 7-10 [11]
400 20 — 7.5
TEOS 600 5 — 70 (13]

450 345 4.4 - P "
BTESE 500 1.03 — 47.0 — resf]?
550 2.73 4.1 — wo
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Fig. 5 Gas permeances of B(450), B(500) and B(550) mem-
brane before and after steam treatment
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Naov CHy Fll SFe ARSI W e SE AR A AR 10, 4%
S INIK 287590 5 5] 500kPa, He "< 11535 8 & 14
F]2.5%10™ mol/(m® - s - Pa), FI&T 76%. CO, %%
e SR MBS R A%, Hp SFe Atk
wmMHE, FBT 2 MEY. HKESSIE
K F 1000kPa I, He KB iEE&E N3
2.1x10” mol/(m” - s - Pa), CO,. N, Fll CH, 44135
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Fig. 6 Evolution of pore structure of pure SiO, membrane in humid atmosphere
Note: r;. ry. r; represent the pore sizes of SiO, membrane during water vapor treatment (r,;<r,<r3). During water vapor treatment, the formation of

hydroxyl group due to the hydrolysis of -Si-O-Si- ( =Si~O-Si= +H-0-H—2=Si—0OH ) with subsequent rearrangement of microstructure results

in a hydrophilic membrane surface. “ O ” represent movable silica sources
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Fig. 7 Schematic representation of microstructures of pure (a)
and hybrid (b) SiO, membranes
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Table 3 Comparison of hydrothermal stability of hybrid SiO, membranes with the data of SiO, membranes from the cited references

Precursors Calcination temperature /C Hydrothermal stability Reference
MTES+TEOS 400 [5]
BTESE 300 3kPa steam treatment for 90h [11]
TEOS 400; 600 [15]
BTESE+MTES 300 dehydration of n-butanol by pervaporation at 150°C for 600d [18]
450 200kPa steam treatment for 8h
BTESE 500 500kPa steam treatment for 8h Present work

550

500kPa steam treatment for 8h
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i 525 %

1) 450°CLe B(450)/%) He/Ny+ He/CHy 1)
FRALSY B A -3 ik 2 12 F 15, 7% T Knudsen
P HOPLBE ) BEAR 43 125 IR 7, UE WA B L AT 43 107 23 3L
V.

2) 500°CHLIIE A SiO, X He f5i% &
7 1.03%x1077 mol/(m? * s * Pa), He/CO, (K] FAH 43 55 [A]
FIiER 47. 5L EHAEE@50°C. 550°C)RE KT
2 G SiOp AL, 2454 T il 2% (1) A e s .

3) SR R B R R, IR K IR R 1 AR
I 152 0 B4, AE 4504 500, 550°C =ANRE R
2 IR 7K 28 SR E 25 2F (3 ) 73 50l 24 200+ 500 Fi
1000kPa.

SE Wk

[1] Battersby S, Smart S, Ladewig B, et al. Hydrothermal stability of

cobalt silica membranes in a water shift gas membrane reactor. Sep.

Purif. Technol., 2009, 66(2): 299-305.

[2] Wei Q, Wang F, Nie Z R, et al. Highly hydrothermally stable mi-
croporous silica membranes for hydrogen separation. J. Phys.
Chem. B, 2008, 112(31): 9354-9359.

[3] Ikuhara Y H, Mori H, Saito T, et al. High-temperature hydrogen
adsorption properties of precursor-derived nickel nanoparticle-
dispersed amorphous silica. J. Am. Ceram. Soc., 2007, 90(2):
546-552.

[4] Nomura M, Ono K, Gopalakrishnan S, et al. Preparation of a stable
silica membrane by a counter diffusion chemical vapor deposition
method. J. Membr. Sci., 2005, 251(1/2): 151-158.

[5] de Vos R M, Maier W F, Verweij H. Hydrophobic silica membranes
for gas separation. J. Membr. Sci., 1999, 158(1/2): 277-288.

[6] Fotou G P, Lin Y S, Pratsinis S E. Hydrothermal stability of pure
and modified microporous silica membranes. J. Mater. Sci., 1995,
30(11): 2803-2808.

[7] EHaNE, TARWE, A85tRE, 4. HEamiMAL AU A B
IRPERIBFR IR, #4EHT 4], 2006, 20(S2): 72-74.

[8] F 7, ZefAk, KA, ZH(WEI Qi, et al). /K AULRENE K
il 2% o RAE KoK S E PERE ST, TG HLA BL 2 i (Journal of

9]

[10]

[11]

[12]

[14]

[15]

[16]

[17]

[18

[t

[19

[}

[20]

Inorganic Materials), 2004, 19(2): 417-423.

Igi R, Yoshioka T, Ikuhara Y H, et al. Characterization of
Co-doped silica for improved hydrothermal stability and applica-
tion to hydrogen separation membranes at high temperatures. J.
Am. Ceram. Soc., 2008, 91(9): 2975-2981.

Tsuru T, Morita T, Shintani H, et al. Membrane reactor perform-
ance of steam reforming of methane using hydrogen-permselective
catalytic SiO, membranes. J. Membr. Sci., 2008, 316(1/2): 53-62.
Kanezashi M, Yada K, Yoshioka T, et al. Design of silica net-
works for development of highly permeable hydrogen separation
membranes with hydrothermal stability. J. Am. Chem. Soc., 2009,
131(2): 414-415.

UL, AT, YZiR(Qi Hong, et al). y-ALOs LRI
% K FAE. b T 2% ) (CIESC Journal), 2009, 60(10):
2628-2632.

Leboda R, Mendyk E, Gierak A, et al. Hydrothermal modification
of silica gels (xerogels) 1. effect of treatment temperature on their
porous structure. Colloids Surf. A: Physico. Eng. Asp., 1995,
105(2/3): 181-189.

THiW, A, THEE, %5(WANG Yan-Li, et al). ZJ&3EE1
PR B L S A0 Tk AL 45 4 5 s K PR WP T R LA ) 22 3R
(Journal of Inorganic Materials), 2007, 22(5): 949-953.

de Vos R M, Verweij H. High-selectivity, high-flux silica membranes
for gas separation. Science, 1998, 279(5357): 1710-1711.

Gu Y F, Hacarlioglu P, Oyama S T. Hydrothermally stable silica—
alumina composite membranes for hydrogen separation. J. Membr.
Sci., 2008, 310(1/2): 28-37.

Imai H, Morimoto H, Tominaga A , et al. Structural changes in
Sol-Gel derived SiO, and TiO, films by exposure to water vapor. J.
Sol-Gel Sci. Tech., 1997, 10(1): 45-54.

Castricum H L, Sah A, Kreiter R, et al. Hybrid ceramic nanosieves:
stabilizing nanopores with organic links. Chem.Commun., 2008(9):
1103-1105.

Castricum H L, Sah A, Kreiter R, et al. Hydrothermally stable mo-
lecular separation membranes from organically linked silica. J.
Mater. Chem., 2008, 18(18): 2150-2158.

T A, AR, REM, SH(WEL Qi, et al). Il ALK
il S5 B DA SOKRERE MRS, EHIA B4R (Journal of
Inorganic Materials), 2004, 19(1): 133-139.



