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- metal oxide: SiO,, TiO,, Si0,-ZrO,, SiO,-TiO,

- organosilica: SiO; 5

- non-oxide: SiC, TiSiC, carbon

Sol-gel processing

Low-temperature plasma (low-pressure & atmospheric)
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- metal-doped silica for increased stability
- pore-size tuned organosilica
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- CO,/CH, (organosilica, F-doped SiO,)

- hydrogen/ organic gases

- olefin/paraffin (C;Hg/C3Hg etc. )
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- dehydration of organic solvents (IPA, AcOH etc.)
- organic/organic mixture (alkane/aromatics)
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- aqueous solutions at high temperatures

- nonaqueous solutions in NF and RO

- filtration of oily water
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- preparation of bimodal catalytic membrane
- CH, steam reforming

- organic hydride (methyl-cyclohexane)

- COx-free H, from NH..
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Established process
N2/O; NoiHE polyimide (PI), polyamide (PA)
Ha/CHa4, Ha/N2, Ho[EUR(NH, & B, & ilFEE) PI, PA, brominated polysulfone

H,/CO (KYSBIEHIBHE silica, zeolite)

water/air 1% BE, SRR Pl, NafionZ: & (silica, zeolite)

Developing process
VOC/air
light carbon/N3
CO2/CH4, CO2/N2
He/CH4

BHRDE S silicone rubber (SR), Carbon(C)
propylene/Nz, SR(VOC:EIR), PI(N:#ER)
RIKH ABEE, #RIEHEH R CA, PI, polyaramide, CHA,
He[E14R SAPO, DDR, Silica, C

To-be-developed process
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Process Intensification 10
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. Ramshaw, one of the pioneers in the field, defined process intensification as a
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1. Materials

lon doping: doping cations such as Ni, Co, Zr etc. for improved hydrothermal stability, fluorine-
doping for pore size control

Organosilica: a variety of organosilicon compounds such as silsesquioxane (pendant or
bridged alkoxysilane) are used for pore-size control in template or spacer methods, and for
control of hydrophobicity/hydrophilicity and affinity.

Carbonized-template silica: hydrocarbon polymer was added to alkoxysilane for improved
hydrothermal stability

2. Structure control
Interlayer-free: No intermediate layer is used for reducing permeation resistance and facile
processing
Layered hybrid: Organosilica layers are coated onto polymeric substrates
Hydrophobic intermediate layer: to avoid capillary condensation in humidified atmosphere

3. Processing
High-temperature firing: for improved hydrothermal stability
Plasma-enhanced CVD: low and atmospheric pressure CVD for silica, organosilica and carbon
Interfacial polymerization: ammonium-type POSS in water and 6-FDA in toluene

R temoshuns usnversiry

(CERER, AR, iR, &R, YVIRELEND T /14T F ) F a—=2 7 LRFESBE~DOIGH, T, 43 (2018) 180-187,

. Tsuru, Silica-Based Membranes with Molecular-Net-Sieving Properties: Development and Applications, J. Chem. Eng. Japan. 51 (2018) 713-725
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Preparation of ceramic membranes by sol-gel processing
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top separation layer
'Bf pore: formed as space
. m e among particles
(colloidal sol route)

B3 emvantamn,
%%% o8, :!) «controlled by colloidal

QO OOO sol size

sol Yy 090
(colloidal/polymeric, sol-gel | O~0 (90 Porous substrates
sol size, etc. ) )
composite membranes:

reduce permeation resistance
surfac
Separation
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layer

a-Al,O, substrate

intermediate

| — |
layer e
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polymeric sol route }—\

,{ colloidal sol route |—\
HO H OCH
S~ OH CH0 o TR
Ho™ $i Si Si
OH C2HsO  C2HsO
°o o sol linear inorganic
0o o &  nanoparticle polymer
5%, oO o
3&9%&0 } coated layer m coated layer
OOO porous S % porous substrate
substrate O~ O @)
pore: space among particles pore: formed as network pore
= hanopores = micropores
TiO,, Si0,-ZrO, _oz, organosilica
\= Ultra/nanofiltration (UF/NF) ) \_= Gas, PV, reverse osmosis (RO) /

(T Tsuru, J. Chem; Eng. Jpn 2018
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Sol-gel processing of SiO, and SiO, ; based membranes

= hi

(Kanezash

v Thin-film formation

v Simple processing
flash firing
= firing time: short (~10-20 min)

v Nano-tuning of pore sizes
(from subnano (gas separation) to nanometer (NF/UF membranes)

gh permeance

linking units: Si-CC-Si
— minimum unit

loose structure

i et al. JACS. 2009)
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alkoxysilane) | "OH anion: F ) ~o-SoH

Tetraethoxysilane
(TEOS)-derived SiO,
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Co-Si0,/ tungsten
8i0,2r0,
o-ALO; particle Co-Si0,
(particle size:

0.2 m) 10,210,
a-ALO,
particle

i (size: 0.2 pm)
a-ALO,
substrate .
(pore size: Co-doped SiO, : ~50 nm
Tum) Si0,-ZrO, : 200-300 nm

(Tsuru etal., AIChE] 2010)

SiF: bond angle
— loose structure

(Kanezashi et al. ChemNanMat. 2016

Structured alkoxysilane for tuning silica network 1
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Fig. Pore size distribution of amorphous
silica (Yoshioka et al, J. Mol. Phys. 2004)
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Membrane performances at 200°C
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1 7 socs) 05 9 1,050
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0.2
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membrane®as a function of kinetic diameter

(Kanezashi et al. IRECR 2012)
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Gas permeances at 200°C for BTESE-, BTESM- &,

) and previously reported TEOS-derived

Schematic image of amorphous silica networks derived by
TEOS (a), BTESM (b) and BTESE (c)
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(Raman and Brinker, J. Membr. Sci., 1995)

= template removal (pore)

o Si. Oon s OH

)
A Spacer (bridged alkoxysilane)

(EtO),-Si-CH,CH,-Si-(OEt), BTESE
J

minimum unit
> loose structure  “CH2CHy spacer
BTESE ° TEOS on
s 0 S © si §-0Si 0 S oM
., o ©° o N0
o \ s 0 ST
oS O Co oS Mg s
s N o on §0S
| % O oo, © oo
c si oo Ho s 08
S osi

(Bis(triethoxysilyl)ethane)

(Kanezashi et al.. J. Am. Chem Soc., 2009 :

F-doped SiO, membrane

20

Si precursor: TEOS (Si(OC,Hs),)
F source: NH,F
EtOH, H,O/HNO,
I

Hydrolysis and polymerization
reaction (25°C, 180 min)

R 2

| F-Si0, sol (F/si=1/9, 2/8) |
|

Coating on SiO,-ZrO,
Firing at 350°C

| F-doped SiO, membranes (1/9, 2/8) |

Permeance [mol m2 s Pa-']

Average pore size
(F/Si=2/8)>(F/Si=1/9) > (F=0)

Fluorine-doping tuned network pore size.

10°

10°

10®

10°
0
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E W F-Sio, (F/Si=2/8) |
He W F-Si0, (F/Si=1/9)
@ SiO, (F=0)

co,

N
2CH, ¢

I I I I I
.25 03 035 04 045 05 0.55

Molecular diameter [nm]

H, permeance  H,/N, H,/SFq

[10® mol/(m? s Pa)] [ [1

F=0 1.3 136 -

F/Si=1/9 1.6 40 -
F/Si=2/8 23 10 1,250

(Kanezashi et al., ChemNanoMat 2 (2016) 264)
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Subnano-tuning of silica-networks 2t

Template (organic-pendant alkoxide) Kl Spacer (bridged alkoxide) |
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Dense SiO, fired in N,
{

firing in air for template

HO s
(Raman & Brinker, J. Membr. Sci., 1995)

NESWS c.cr, BEBEN srese

-CH,CH,- :spacer — Loose structure
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(Kanezashi, Tsuru et al., J. Am. Chem Soc., 2009)

("| lon-doping

Evaluation of subnano-pore sizes is
important for developing membranes.

. 40"
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Evaluation of pore sizes of powders and membranes

cation (Ni, Co etc.) 4R

N b Normalized Knudsen-based Permeance (NKP)
4 B Modified Gas-Translation (m-GT) model

. 1 2 5 10 100
Pore size
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N+vapor

El

(Normalized Knudsen-based

Permeance derived from capillary condensation and

blocking non-condensable gas - air
(Tsuructal, J Membr, Sci 2001)

modified gas translation model)
(ccetal AICHEJ 2011)
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Molecular sieving
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PV dehydration of organic aqueous solutions (BTESE) %
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( Moriyama et al. Sep. Pur. Tech. 2018)
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PV dehydration of alcohol aqueous solution (BTESE)
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Figure Changes of PV characteristics with time.
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Hydrophobic ethylene group P,
— Stable performance BTESE-derived amorphus silica network
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Fig. Effect of chlorine exposure on rejection and
water permeability of BTESE-300 (temperature:25
°C, pressure:1.15MPa, pH:7.0, 100-1000 ppm
chlorine using NaClO).

Fig. Time course of water permeability and
NaCl rejection from 25 to 80°C. (BTESE)

[1] Geise etal., J. Polym. Sci., Part B: Polym. Phys. 2010, 48, 1685-1718.
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Fig. MWCO curves (SiO,-ZrO,, PEG in Fig. MWCO curves (SiO,-ZrO,; solutes: C¢H,,
MeOH, 50 °C, 500 ppm; pore size: 0.9 nm (MW 86.2), CyoHy, (142.3), Cy4H5, (198.4) in
(M1), 1.7 (M2), 2.5 (M3), 3.4 (M4)) EtOH, 60°C; d,= 0.8 nm (M5), 1.0 (M6), 1.7 (M7))

Organic Solvent NanoFiltration (OSNF):
MWCO of 200 — 1000
stable flux

Organic Solvent HyperFiltration (OSHF):

} in MeOH and EtOH (polar solvents)

(Tsuruetal AICHE J 20061

Silica-based membrane reactor _ *
h HIROSHIMA UNIVERSITY
. reaction dry or permeate/
reaction system temperature catalysts steamed retentate
Steam
reforming of  CHi*2H;0 <> COz+4H, 500~ i hydro- Hyl
methane AH=+1645kJmol  600°C thermal CH,, CO,
(SRM) (Tsuru et al. AIChE J. 2004
NH NH; <> 0.5N, +1.5H, 400~ Ru Hyl
’ AH=+46 kJimol 500°C dry NH;, N,
(Li etal. AIChE J. 2013
Organic <:§ — ©§ + 3H, 200~ Pt dry Hy/
hydride - 300°C TOL, MCH
MCH TOL
AH=+204.6 kJ/mol (Meng et al. AIChE J. 2015
0, 50,/
Stol 500~ py ar —
decomposition S0s 80, +0.50, 600°C y S0
4H=+98.9 kJ/mol (Meng et al. J. Mater. Chem. A 2016
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Fitted ter: W, (Catalyst weight) w (Pt) 107 kg/m]
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parar car (ATAYST WO Fitted 20
can predict the effect of Experimental 107
temperature
MCH feed flow rate Successful application to MCH
feed pressure
quantitatively. membrane reactors

(Meng, Tsuruetal. AIChE J 2015)
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H,SO,— SO; + H,0O (350°C) FER ChMR
04r 2 T T -
S0, —» S0, +0.50, (800°C) o0%C
Feed: T 03f
0,, SO,, SO.
2, SO, d’»OOOOOOOO—’ é "
. : . § 0z} caloulated oo0~ |
ermeate: g 00 _O—O
Ar-sweep
0”0_1 e v o Equilibrium |
Membrane: SiO, i ; , ,
Catalyst: Pt/Al,04, 0.7 g; o 60 120 180 240
Fs03= 2.5 ml/min, Fo, = 43.6 mi/min; Time [min]

SV =500 h';

Pear = 110 kPa;

Pour, = 130-140 kPa, poyr, = 108 kPa;
steep, 02= 8.75 mi/min.

Fig. Time-course of SO, decomposition in a FBR
and a CMR (T = 600°C, M-S10,-600-2).

600°CT O F#i i 30.09

RGEME  Sween RGE — sweeplZkD5IIHTRIEZE024IZLER
0 ~80 min HL 0.09 (T00°CHE )

SHRICKDRIGER LZEF (Y 1)

80~ 220 min HY 0.24 (Mengetal, J Mat, Chem. 2016}
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75X <CVDi% (Plasma-enhanced CVD)
- —hDOBEZITEENELOND precursor

- BREFETOEERE
- BLRISHEEEN LSRR

membrane
formation

EEMNERETHBEZERTE |

BRRIGEMHANDOIEANHFTES substrate
Precursor Substrate tE;‘:)Zsr::S:e Selectivity
HMDSO alumina 25°C CO2/N2=8.1  Weichart, etal. (1993).
HMDSO cellulose ester 25°C H2/N2=9.9  Roualdes, etal. (2002)
HMDSN/NHs alumina 25°C He/N2 = 35 Kafrouni, et al. (2009).

HMDSO: hexamethyldisiloxane
FATHRDTSXICVDIEIFEIRMEITZ LS, WEEA KL

2-step PECVDIE D A B 4514 ®
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CO, Ar | 1st step: HMDSO/Ar (10min) |
107 —_HeHA /N, SFs
TN ——
| L CVD layer
= 10.2 | HMDSOfO;, i Ed oragnosmcone
& i } intermediate layer
w o
= 10° | . - Ak T TERBER R
2 ol [ 2nd step: HMDSO/0, (5 min) |
T HMDSO/Ar
o
g 1051 il i } silica-like structure
@ .
a 1021 2-step PECVD i ¢ } intermediate layer
T — 2nd step CERILMIBE TS AL
101 0 n 1 BOHTENDTF5DLE

4 1
e B OB W e He/Hz He/N2 He/SFe

2-step 5.8 7,800 27,000
9. 3. Kinetic di ¢
Egmganl;nzilgsggmeter dependence of gas Ar-CVD 0.73 7.7 420
0,-CVD 0.82 3.0 6.4

Kinetic diameter [nm]

| (T, Toury, et al, Chem Commun 2011, . Nagasws, etal. J Membr Sci 2013)
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EiREFM L
SEBEYD LR
% 107 - i SR T=IhII—RIZ.
o (PECVDIREREHRDIER. 1)
‘\'f‘/l [1] H. Nagasawa et al., J. Membr. Sci. 2013).
£
2 108 4 v COBRFBUAKREE L
B
§ 300°C-treated. Table Permeance ratios of N,/Ar AP-PECVD
£ o membrane.
$ 107 b As-deposited  300°C-treated
He/H, 1.83 0.92
As-deposited. He/N, 196 98
1010 He/SF 823 771
0.2 0.3 0.4 0.5 0.6 &
Kinetic diameter [nm] CO,N, 33.4 46.2
Fig. Kinetic diameter dependence of gas CO,/CH, - 166

permeances at 50°C of CVD membranes.
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