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Molecular-Net Sieving where silica network space separates molecules based
on the molecular-sieving mechanism was proposed to develop highly permselective membranes. For this
purpose, new silicon alkoxides with POSS structures were developed, and the pore structures were
evaluated by ellipsometric porosimetry and positron annihilation. Furthermore, pore sizes of
silica-based membranes were successfully controlled by optimizing sol preparation condition, and
the size of the liking units of bridged alkoxy silanes. In addition, pH swing method was effective
to increase permeances.



Si-0
3-4
4-5
5-10
OEt Si (OED),
TEOS

(Et0),= Si-R-Si= (OEt), R:

CnH2n )
Si-R-Si

1 2
bis(triethoxysilyl)methane (BTESM)
bis(triethoxysily )ethane (BTESE)

(EtO),-Si{EETE} Si-(OE),
spacer (CH,, CH,CH,, ,.,)
o—Si

| 0
_o-SiT
—Si N, o

) é§i£kﬁ&§%2 °

50nm
Molecular-Net Sieving

Molecular-Net Sieving

Molecular-Net Sieving

@) Molecular-Net Technology
\
\
\

<50 nm

\
\

<
Molecular-Net Sieving

@
tetraethoxysilane (TEOS,
Si(OEt)
3
Molecular-Net
Sieving

(2)Molecular-Net Sieving

( EP)
(PALS)
(PECVD)
EP PALS
(3)Molecular-Net Sieving
2
pH-swing
1nm Si0,-Zr0,
Ta -AlLQ, 100
1y m)
N, 200 300
(He, H,, N,, CF,, SFg) 50
200
@



(59

2,3-

Ty

QSDMS

2,3-

HMe,Si0
HMe,Si0_ 5i~O=gi
G ‘O;sb..sé,OSiMezh
RN P
HM so%f)Si\OfQ \
25950 |_si~ OsiMe,H
HMe,SiO 0OSiMe,H

OSiMe,H

X
" Nsig

\
i O~
R
[o]

L1

O & od
o smgas"%f@ iy L
I~ ~Si i~ i
_Pi~g=8l 0\G
|:> so osH HS’Q%P\O,OS)\’S\O&*X"’W
Y S0 osH

\
Si0,

\
0, 5—0~
HS’O§?§6~S.§;°SM
o o

[

\
o & O
HSIOXB" ~OT G\
/SI\O/S!

Sio
7/

anux

(2)Molecular-Net Sieving

EP
100 nm PECVD
PALS
PALS PECVD
0.62nm 0.45nm
EP
PECVD 1%
€H)
(2)1%
PECVD TEOS
1.45
1.40 PECVD (
400 nm)

Q DMS

8

Si=-SiMe,-

X= ,OMO, primary alkane
i diol (1=1, 2, 3)

secondary alkane
~0. o~ diol (1=1,2)
n

L0Si—X~_g,

0,

; S0ty 0—gi-OS "
\Q?b 3 osiH
58978

v
OSH

X
~0Si

/

OSH
OSi__

X

(TEOS )

PECVD 550

1@

oF Vo (As-deposited films) I =

BT
m__B-

FAMRZERRER [%]

0aaf-(P)
0.32F i
As-deposited films "

—'.’
=T

0.30
0.281

026 -@--8--
024

LY 1 X [nm]

R 20
TEOS flow rate, Qreos [sccm]
PECVD
TEOS

(3)Molecular-Net Sieving

pH-swing

®)-

bis(triethoxysilyl)ethane (BTESE)

HC1/BTESE (Acid
Ratio AR) 10* 10°
BTESE He/N, He/N,
AR = 1072
AR
10% ¢ y y y y 3
E He/N,
[ ° ]
10t b E
E © 3
8 r He/H, 1
10° 3 /./.’—‘\@\.\ 3
b Open : This work 4 ]
+ Closed : Nagasawa
101 1 L L 1
10* 10°® 102 10t 10° 10?
Acid ratio [-]
BTESE

120



AR=10"*

Si0Si
AR=10"
10° SiOH
BTESE
BTESE
H,/N, 10 100
700
-
(Et0),= Si-R-Si
= (OEY),
H,/N,  H,/CH,
C6 C8
N,
H,/C:Hs
10 - 10°mol/(m* s Pa)
10 102
Cl1 BTESM C2
BTESE C3 BTESP
upper
bound
Alkyl chain -------------=-=-=-=-=----------
—CH,— —CH,— —C3Hg— —CeHpp— _Cuse_i
BTESM BTESE BTESP BTMSH BTESO

. Small < — Carbon number : > Large

10* ———rrrr e
e C1
L2 sl E
I ©® C2HT500°C v
v C3 L]
10° E : gr%matic %:.. d E
fycg WV oo o E
- o o °
. LRV IR N
S 3 "o 5.0 3
= o ® Ry’
& F [mleY r 3
T u] LR °
r om0 °
L [m) L]
+ BQ® e
10" L + ° -
E + 3
10° L L :
108 107 10°® 10°° 104

H, permeance [mol m2s’ Pa'1]

H,/C;H,q

4
TPAC (tetrapropylammonium
chloride) BTESE BTMSH, TPAC
ET0.2, HTO0.2
77K N,
BTESE BTMSH N,
BTESE
BTESE
BTMSH
TPAC
ET0.2, HTO0.2
N, TPAC

J . s Pore-forming
Pore-forming % ‘/0/
EtO OEt Y _O‘Sl.‘ .
EtO-Si- - Si- Ot ﬂe—mb o i )
29 oet  Hydrolysis/ -~
Polymerization g5

/= -CHy- — _S'VO 2 »O,s?:
BTES Remove o ) 3 sl
-(CHz)o- B e b
BTESE S tsi0rST
400 e e T T
W BTESE

—_ I v ET0.2

&) ® BTMSH
®= 300 | & HT02 -

€

=R

5

'5_ 200 B

o

D

kS

~ 100 B

=z | . )

; L[]
L L | L | L |

0 100 200 300 400 500
Temperature [°C]

(3)- pH-swing
pH-swing
pH
pH-swing H,/C3Hg
6 250 pH swing



T T 3

water ratio acid® pH swing
6 ¢}

[ ]

60 v v

120 O L

v 240 A A

a(H,/C3Hg) [-]

Knucljsen

1 2 3 4 5 6
H, permeance [10°mol/(m?2s Pa)]

10°

H swing H,/C;Hg

*

Molecular-Net Sieving Technology

Molecular-Net Sieving

Molecular-Net Sieving

Molecular-Net
Sieving

pH-swing

1) Genghao Gong, Hiroki Nagasawa, Masakoto K anezashi
Toshinori Tsuru, Facile and scalable flow-induced
deposition of organosilica on porous polymer supports for
reverse osmosis desalination, ACS Applied Materials &
Interfaces, 10 (2018)14070-14078 DOI:
10.1021/acsami.7b19075

2) Hiroki Nagasawa, Shunya Odagawa, Masakoto Kanezashi
Toshinori Tsuru, Acid post-treatment of sol-gel-derived
ethylene-bridged organosilica membranes and their
filtration performances, Journal of Membrane Science,
accepted

3) Norihiro Moriyama, Hiroki Nagasawa, Masakoto
Kanezashi, Kenji Ito, Toshinori Tsuru,
Bis(triethoxysilyl)ethane-derived organosilica
membranes: pore formation mechanism and gas
permeation properties, J. American Ceramic Society, J.
Sol-Gel Sci. Tech., 86 (2018) 63-72.
https://doi.org/10.1007/s10971-018-4618-x

4) Liang Yu, Masakoto Kanezashi, Hiroki Nagasawa,
Norihiro Moriyama, Kenji Ito, and Toshinori Tsuru,
Enhanced CO, Separation Performance for Tertiary
Amine-silica Membranes via Thermally Induced Local
Liberation of CH3Cl, AIChE Journal, 64 (2018)
1528-1539  doi.org/10.1002/aic.16040

5) Masakoto Kanezashi, Takuya Matsutani, Hiroki
Nagasawa, Toshinori Tsuru, Fluorine-induced
microporous silica membranes: Dramatic improvement in
hydrothermal stability and pore size controllability for
highly permeable propylene/propane separation, Journal
of Membrane Science, 549 (2018) 111-119

6) Hayami, Ryohei; Sagawa, Takuya; Tsukada, Satoru;
Yamamoto, Kazuki; Gunji, Takahiro, Synthesis,

characterization and properties of titanium phosphonate
clusters Polyhedron 2018, 147, 1-8.
doi:10.1016/j.poly.2018.02.030.

7) Sagawa, Takuya; Tsukada, Satoru; Yamamoto, Kazuki;
Gunji, Takahiro Synthesis and reactivity of
hydride-bridged ruthenium dithiolene complexes
Polyhedron 2018, 139, 196-200. doi
10.1016/j.poly.2017.10.023.

8) Tsukada, Satoru; Sagawa, Takuya; Yamamoto, Kazuki;
Gunji, Takahiro Preparation of Ruthenium Dithiolene
Complex/Polysiloxane Films and Their Responses to CO
Gas Molecules 2018, 23, . doi
10.3390/molecules23040845.

9) Liang Yu, Masakoto Kanezashi, Hiroki Nagasawa,
Toshinori Tsuru, Fabrication and CO, permeation
properties of amine-silica membranes using a variety of
amine types, Journal of Membrane Science, 541 (2017)
447-456 https://doi.org/10.1016/j.memsci.2017.07.024

10) Masakoto Kanezashi, Takuya Matsutani, Hiroki
Nagasawa, Toru Wakihara, Tatsuya Okubo, and Toshinori
Tsuru, Preparation and gas permeation properties of
fluorine-silica membranes with controlled amorphous
silica structure: Effect of fluorine source and calcination
temperature on network size, ACS Applied Materials and
Interfaces, 9 (2017) 24625-24633.

11) Gunji, T.; Igarashi, T.; Tsukada, S.; Abe, Y. Syntheses of
Cage Octasilicate Polymers J. Sol-Gel Sci. & Tech. 2017,
81, 21-26. doi 10.1007/s10971-016-3998-z

12)R. Abejon, A. Abejon, W. Puthai, S. B. Ibrahim, H.
Nagasawa, T. Tsuru, A. Garea, A. Irabien, Preliminary
techno-economic analysis of non-commercial ceramic and
organosilica membranes for hydrogen peroxide
ultrapurification, Chemical Engineering Research and
Design, 125 (2017) 385-397

13) Masakoto Kanezashi, Yuri Yoneda, Kazuki Yamamoto,
Hiroki Nagasawa, Joji Ohshita, Toshinori Tsuru
Experimental study of gas permeation properties through
organosilica membranes and evaluation of microporous
structure, AIChE Journal, 63 (2017) 4491-4498, DOI:
10.1002/aic.15778

14) Waravut Puthai, Masakoto Kanezashi, Hiroki Nagasawa,
and Toshinori Tsuru, Development and permeation
properties of SiO,-ZrO, nanofiltration membranes with a
MWCO of < 200, Journal of Membrane Science, 535
(2017) 331-341. 10.1016/j.memsci.2017.04.023

15) Gang Li, Kai Zhang, Toshinori Tsuru, Two-Dimensional
Covalent Organic Framework (COF) Membranes
Fabricated via the Assembly of Exfoliated COF
Nanosheets, ACS Applied Materials & Interfaces, 9
(2017) 8433-8436. DOI: 10.1021/acsami.6b15752

16) Liang Yu, Masakoto Kanezashi, Hiroki Nagasawa, Joji
Oshita, Akinobu Naka, Toshinori Tsuru,
Pyrimidine-bridged organoalkoxysilane membrane for
high-efficiency CO, transport via mild affinity, Separation
Purification Technology, 178 (2017) 232-241. DOI:
10.1016/j.seppur.2017.01.039

17) Liang Yu, Masakoto Kanezashi, Hiroki Nagasawa, Joji
Oshita, Akinobu Naka, Toshinori Tsuru, Fabrication and
Microstructure Tuning of a Pyrimidine-bridged
Organoalkoxysilane Membrane for CO, Separation,
Industrial & Engineering Chemistry Research, 56 (2017)
1316-1326. DOI: 10.1021/acs.iecr.6b04460

18) H. Nagasawa, M. Nishibayashi, M. Kanezashi, T.
Yoshioka and_T. Tsuru, Photo-induced sol-gel synthesis of
polymer-supported silsesquioxane membranes, RSC
Advances, 7 (2017) 7150-7157. DOI:
10.1039/C6RA21161E.

19) Suhaina M. Ibrahim, Hiroki Nagasawa, Masakoto
Kanezashi, and Toshinori Tsuru, Organosilica membranes
for gas separation (GS) and reverse osmosis (RO): The
effect of preparation conditions on structural and the
correlation between gas and liquid permeation properties.
Journal of Membrane Science, 526 (2017) 242-251.
DOI: 10.1016/j.memsci.2016.12.036

20) Waravut Puthai, Masakoto Kanezashi, Hiroki Nagasawa,
ToshinoriTsuru, Si0,-ZrO; nanofiltration membranes of
different SiO,/ZrO, molar ratios: stability in hot water and
acid/alkaline solutions, Journal of Membrane Science, 524




(2017) 700-711  DOI: 10.1016/j.memsci.2016.11.045

21)Masakoto Kanezashi, Rui Matsugasako, Hiromasa
Tawarayama, Hiroki Nagasawa, Toshinori Tsuru, Pore
size tuning of sol-gel-derived triethoxysilane (TRIES)
membranes for gas separation, Journal of Membrane
Science, 524 (2017) 64-72 DOI:
10.1016/j.memsci.2016.11.006

22). Hayami, Ryohei; Wada, Keisuke; Sagawa, Takuya;
Tsukada, Satoru; Watase, Seiji; Gunji, Takahiro
Preparation and properties of organic-inorganic hybrid
polymer films using
[Tis(m3-O)(O'Pr)s(m-O'Pr)3(PhPOs);]-thf Polymer J. 2017,
49, 223-228. doi 10.1038/pj.2016.108

23) Sagawa, Takuya; Tsukada Satoru; Yamamoto, Kazuki;
Gunji, Takahiro Structural and electrochemical properties

of a ruthenium-diiron dithiolene complexes Euro. J. Inorg.

Chem. 2017, 3823-3828. doi 10.1002/ejic.201700783.

24)Hayami, Ryohei; Wada, Keisuke; Nishikawa, Izumi;
Sagawa, Takuya; Yamamoto, Kazuki; Tsukada, Satoru;
Gunji, Takahiro Preparation and properties of
organic-inorganic hybrid materials using titanium
phosphonate cluster Polymer J. 2017, 49, 665-669.
doi:10.1038/pj.2017.34.

25)S. Yoshimoto, K. Ito, H. Hosomi, T. Nakamura, M.
Takeda, Nanopore structure relevant to the D,O
permeation into silica thin films as studied by secondary
ion mass spectrometry ellipsometric porosimetory and
positron annihilation, J. Phys.: Conf. Ser., 791, (2017)
012027, , doi:10.1088/1742-6596/791/1/012027

26) S. Yoshimoto, H. Hosomi, M. Takeda, T. Tsuru, K. Ito,
Effect of the heat treatment on the nanoporosity of silica
PECVD films elucidated by low-energy positron
annihilation and ellipsometric porosimetry, J. Appl. Phys.,
122 (2017) 185304, , DOI  doi.org/10.1063/1.5004187

27) Lie Meng, Masakoto Kanezashi, Xin Yu, and Toshinori
Tsuru, Enhanced Decomposition of Sulfur Trioxide via
the Water-Splitting Iodine-Sulfur (IS) Process in a
Catalytic Membrane Reactor, Journal of Materials
Chemistry A, 4 (2016) 15316-15319  DOL:
10.1039/C6TA06484A.

28)R. Abejon, S.B. Ibrahim, P. Waravut, H. Nagasawa, T.
Tsuru, Evaluation of non-commercial ceramic SiO,-ZrO,
and organosilica BTESE membranes in a highly oxidative
medium: Performance in hydrogen peroxide, Journal of
Membrane Science 520(2016) 740-748
10.1016/j.memsci.2016.08.042

29)R. Abejon, A. Abejon, A. Garea, T. Tsuru, A. Irabien, M.P.
Belleville, J. Sanchez-Marcano, In Silico Evaluation of
Ultrafiltration and Nanofiltration Membrane Cascades for
Continuous Fractionation of Protein Hydrolysate from
Tuna Processing Byproduct, Industrial & Engineering
Chemsitry research, 55 (2016) 7493-7504.  DOI:
10.1021/acs.iecr.6b01495

30) Hiroki Nagasawa, Masakoto Kanezashi,Tomohisa
Yoshioka’ Toshinori Tsuru, Plasma-enhanced chemical
vapor deposition of amorphous carbon molecular sieve
membranes for gas separation, RSC Advances, 6 (2016)
59045-59049.  DOI: 10.1039/C6RA09381G

31) Waravut Puthai; Masakoto Kanezashi; Hiroki Nagasawa;
Toshinori Tsuru, Nanofiltration performance of SiO,-ZrO,
membranes in aqueous solutions at high temperatures,
Separation and Purification Technology 168 (2016)
238-247. 10.1016/j.seppur.2016.05.028

32) Masakoto Kanezashi, Shuji Miyauchi, Shinjiro Hayakawa,
Hiroki Nagasawa, Tomohisa Yoshioka, Toshinori Tsuru
C;H¢/C3Hg permeation properties of metal doped
organosilica membranes with controlled network sizes
and adsorption properties, Journal of the Japan Petroleum
Institute, 59 (2016) 140-148.  DOL:
dx.doi.org/10.1627/jpi.59.140

33) Genghao Gong, Hiroki Nagasawa, Masakoto Kanezashi
and Toshinori Tsuru, Tailoring the separation behavior of
polymer-supported organosilica layered-hybrid membrane
by a post treatment: a detailed comparison of HCI and
HNj; vapor treatment, ACS Applied Materials & Interfaces,
8(2016) 11060-11069 DOI: 10.1021/acsami.6b01986

34) Xin Yu, Lie Meng, Takuya Niimi, Hiroki Nagasawa,
Masakoto Kanezashi, Tomohisa Yoshioka, and Toshinori

Tsuru, Network engineering of a BTESE membrane for
improved gas performance via a novel pH-swing method,
Journal of Membrane Science, 511 (2016) 219-227
doi:10.1016/j.memsci.2016.03.060

35) Xu, Rong; Lin, Peng; Zhang, Qi; Zhong, Jing; Tsuru,
Toshinori, Development of ethenylene-bridged
organosilica membranes for desalination applications,
Industrial & Engineering Chemistry Research 55 (2016)
2183-2190  DOI: 10.1021/acs.iecr.5b04439

36) Masakoto Kanezashi, Takuya Matsutani, Toru Wakihara,
Hiromasa Tawarayama, Hiroki Nagasawa, Tomohisa
Yoshioka, Tatsuya Okubo and_Toshinori Tsuru, Fine
Tuning of Amorphous Silica Structure via Fluorine
Doping for Development of Highly Permeable CO,
Separation Membranes. ChemNanoMat 2 (2016) 264-267

37)Hiroki Nagasawa, Naoki Matsuda, Masakoto Kanezashi
Tomohisa Yoshioka, Toshinori Tsuru, Pervaporation and
vapor permeation characteristics of BTESE-derived
organosilica membranes and their long-term stability in a
high-water-content IPA/water mixture, Journal of
Membrane Science, 498(2016)336-344
doi:10.1016/j.memsci.2015.10.002

110

1) S. Yoshimoto, K. Ito, H. Hosomi, M. Takeda, T. Tsuru,
Evaluation of pore structures of PECVD silica films by
slow positron annihilation lifetime spectroscopy and
ellipsometric porosimetry, 3rd China-Japan Joint
Workshop on Positron Science, 2017/6/9, Hefei, China
(Invited)

2) T.Tsuru, The third Advanced Materials Conference,
Nano/subnanoporous ceramic membranes for molecular
separation in gas and liquid phase, Malaysia, , 2016.11.27,
Keynote (Plenary)

3) K. Ito, Free volume of separation membranes as studied
by positron annihilation techniques, 14th International
Workshop on Slow Positron Beam Techniques &
Applications, 2016/5/25, Matsue, Japan (Invited)

4

1) Hiroki Nagasawa, Toshinori Tsuru, Current Trends and
Future Developments on (Bio-) Membranes :Chapter 9
Silica Membrane Application for Pervaporation Process,
Elsevier B.V., 217-241 (2017)

D , ,

2017/7/21. 2017-141907.

o
TOSHINORI TSURU

20201642
@
GUNJI TAKAHIRO

20256663
ITO KENJI

90371020
®
KANEZASHI MASAKOTO

10467764



