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Synthesis of titanate nanotube solid acid catalysts and C-C bond formation reaction

Kitano, Masaaki
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Nb5+ Ta5+ 10

i i Protonated titanate nanotubes were synthesized under various conditions and modifi
ed by doping with heteroatoms. These catalysts were applied for C-C bond formation reactions. Ti0O2 nanopar

ticles were converted into titanate nanotubes or nanorods depending on the synthesis conditions and effect
ive Bronsted and Lewis acid sites were only formed on the

surface of the titanate nanotubes. In addition, when Nb5+ and Ta5+ ions were doped into the titanate nanot
ubes, the catalytic performance was enhanced by a factor of 10.
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Table 1 Friedel-Crafts Alkylation over various
titanate materials®

: -1
Surface area Acid amount [mmol g] Yield  TOF
Catalyst mg™ - [%] [min™
9 Bronsted acid Lewis acid
Titanate nanotube 400 0.10 0.25 92.0 7.3
Titanate nanosheet 75 0.03 0.12 76 07
(monoclinic)
Titanate nanosheet
(Orthorhombic) 106 0.05 0.16 7.6 0.5
Layered tlFanate 5 R R 0 0.0
(monoclinic)
Layered titanate
(orthorhombic) 16 ° ° 0 0.0
TiO, (anatase) 300 - 0.13 0 0.0

[a] Reaction conditions: catalyst (0.2 g), toluene
(0.1 mol), benzylchloride (0.02 mol), reaction
temperature 300 K, reaction time 4 h.
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Fig. 1 FT-IR spectra of pyridine adsorbed on titanate
materials.

Table 1 (22 6OEEZHAWT MLz
LU 1T A RO Friedel-Crafts 7 /L %
AV % S8 THT - T B O fil BHyEE 45 [
KO R, HREMBIZOWVWTRT. WTh
OMES BOSIREE D 100°C D4, FEEICH
RIS PN EEITSEDDICRL, RiELEW
HEMETIE, THE— B BT F RO
WF 2 AMEEW TIEEL KOS EFT L2y
ZENbNS., FHUERT S — T, K
BN EICT VEATXA-DHAR
FERIENREITT D2 Exbhoatz. —F, 5
B ) Fa—70%, RUEEOMOT ¥
VIR L R TENCEWIEEE R
FChL, = A — "—HETOF)IZE L
Th, T /=10 10 EFEWIEEE RS
CEMHLMME RS, ZTHLDORERND,
R E R ORI RE 2 41
FACXT, F o Fa—THEERETH L
TS DOMENEN L, mWAEEMEZ R L
mEEZLND.

vy Yy ETu—751 L Lz FTLIR 43¢
IHTEAT 5 T2(Fig. 1). JEXZENENOFE
% 150°C C 1 K EZEPEA L, EiRTE Y ¥
v EWNGE S TITo 72, 1440 e fFUTIZ 7L 5
NAHE =71, VA AR S(TIY A MICEAT
L7ce Y DU i aRIRTH Y, 2TORE}
TZOEY—7 N8l Sz, —JF, 1540 cm’!
fHEIZR BN E—21%, 7LV AT v R
METERLEE Y Y=g A 4 iCH K
THRINTHY, “EbF¥ o TIFBRNSh
o TN, FH VB ) TFa—TBIOT
JU—RTHERIESNZ., 202 b, T4
VR ) Fa—TBIOF—ME, 7L
VAT REERENVA AR DO T EH L
TEBYZNENOREEIT Table 1 (/R L7ZE
BUTHD.
FUAFNLVT AT 40 FFH AR
(TMPO)Z 7' m— 757 & LTIRAE ST &
X 3P MAS NMR A7 MLVZHIE L
(Fig. 2). BESREE M E VT WA L= TMPO @
Vo ofbZy 7 MIRBESMICE NS Z &
BDEHSENTWD., TH RS )T 2—T7 T,
65 ppm Ll —7 by 7 Z2FFHOE—7 0
BRI STkt L, 28 /) — T
X, 60 ppm FHITIZE—7 by T EFFOE—7

65

Titanate nanotube

Titanate nanosheet
(Monoclinic)

Titanate nanosheet
(Orthorhombic)

100 80 60 40 20
3/ ppm
Fig. 2 3P MAS NMR
trimethylphosphine
materials.

spectrum  for
oxide-adsorbed

titanate

B < R
e $2-4

g

kJ mol-!

Fig. 3 Optimized structures for NH3; molecule
adsorption on the surface OH sites of (a) titanate
nanosheets and (b) nanotubes.
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Fig. 4 SEM images of (a) TiO2, (b) HT-Ti-323, (c)
HT-Ti-423, (d) HT-Ti-473.
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Fig. 5 Time courses of benzyl toluene formation using
various titanium oxide materials. Reaction conditions:
catalyst (0.2 g), toluene (0.1 mol), benzyl chloride
(0.02 mol), reaction temperature 300 K.).
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Table 2. Acid concentration and ion exchange
capacity of various titanium oxide materials.

Acid concentration [mmol g"] Ion exchange capacity” [mmol g"]

Catalyst

Bronsted acid ~ Lewis acid NaCl NaOH
TiO, (anatase) n.d. 0.13 0 1.0
HT-Ti-323 nd. 0.05 0.03 1.3
HT-Ti-423 0.1 0.25 0.21 29
HT-Ti-473 n.d. 0.05 0 4.4

“lon exchange capacities of the samples were
estimated from the exchange of Na* in aqueous 0.1 M
NaCl (pH = 5.0) and 0.05 M NaOH solutions (pH =
12.7).
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Fig. 6 Time courses of benzyl anisole formation using
various titanium oxide materials. Reaction conditions:
catalyst (0.2 g), anisole (0.1 mol), benzyl alcohol (0.01
mol), reaction temperature 373 K.).
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Fig. 7 Yield of benzyltoluene formation using titanate
nanotube and Nb-doped titanate nanotubes. Reaction
conditions: catalyst (0.2 g), toluene (0.1 mol),
benzylalcohol (0.01 mol), reaction temperature 373 K.

AW TH 70 x b S X T &7,
Nb-TiNT D AfEETE %2 7~ 3 2 & 3o Tz,
ZDOZ LN, EALZNb I N B b & L
TREICHFET DO TR, BITHA
FNBDI LTI TEWHEIL 2 R &
EBExbb. Fio, BBRGEWZ L2 Ti-Nb i
{e¥F 7 > — I (HTiNbO;, HTiNbOs) % H
WTHIDOGFTESEIT LN D,
T Fa—TRREFTHETT LR
Ty KL LTCoMRENPREmELE L
EZ25N%5. PNMR OF5HE2 S, Nb-TINT
I TINT &g 2L, 7L AT v Riig
OEIGNEMTHZENHALNE o7z,
—J, TaZm F—7F L&, 7Lz
v RERENEEIN L, ARG I5HR K T 2 552
EE BT B0, A ARBENMETTS L
NHHLMMNE IRo T2,

KR LT, FE VBT ) F2—717,
BREMEREAT D REILHEICL ST, A
AT VAT v RERR O BN K
LB T DN bhotz. ZOMEHT
F )T a—THEEERRT AT, R
% % FE o O b & bk U C il ys o A
K& L A B9 25 BIRE O ERER M CTH 5 .
FHR BT ) Fa—T1%, BRENLTHLLH
10 FELL B8 & f & 72 e M Th T & 72
2N, [ERERfEE: - L CoOMBEE AW L2
E1X, ZOMEHZXT B4 % O DRI
DIRNETHBELE 2D DI 5 & W
LCWB., FX T F o2 —7 Ofgfikigt &
L COMREIIRE ~ R ATREMEICTIE B TR Y, 4
%, xR FEZROCCESERE 2T, &
o725 EtERE L, EHREILEITO TETHD

5. 7RI ILF

(WFZEARFKFE . WFFE T M ONEEERT SR (2

=Ry

CdERERm ) (Gt 3 1F)

1. E. Wada, M. Kitano, K. Nakajima, M.
Hara, “Effect of Preparation Conditions on
the Structural and Acid Catalytic

Properties  of  Protonated  Titanate
Nanotubes”, J. Mater. Chem. A, 1,
12768-12774 (2013).

(10.1039/C3TA13015K)&EFH A Y

2. M. Kitano, E. Wada, K. Nakajima, S.
Hayashi, S. Miyazaki, H. Kobayashi, M.
Hara, “Protonated Titanate Nanotubes with
Lewis and Brensted Acidity: Relationship
between Nanotube Structure and Catalytic
Activity”, Chem. Mater., 25, 385-393, 2013.
(dx.doi.org/10.1021/cm303324b) & 7t
a9

3. JAEBE, FEm [F2 U ) Fa—
7 OB RER AR ) il 53, 340-345
(2011). EHAH DY

(s R] G 174)
1 JAESPE, AREBE, AR, R
Ve, JRFH, “FZ BT ) F a—T O



10.

11.

12.

&R b R Ak AR & oD AH B o iR B,
55 43 [EA T - Aie RS AR
2) 2013 4F 11 A 14-15 A, dLSuiEES
M. Kitano, K. Yamamoto, K. Nakajima, S.
Hayashi, M. Hara, “ Brensted Acid Property
of Niobium doped Titanate Nanotubes”, 5th
Gratama Workshop, May 31, 2013, Tokyo
Institute of Technology, Tokyo

ACLEFP B - ARH R - AR % - PR
M« JUER, “Ta WM LT=F & BT/
F o — 7 O FEREE AR A 5
56 mIfFE (5 62 [IMFZERE K R), 2013 4F
5H29H, #U—4FA—/UR, HOR

M. Kitano, K. Nakajima, H. Kobayashi, M
Hara, “Effect of Structural Distortion on the
Brensted Acidity of the Titanate Nanotubes”,
May 20-24, 2013, 8th International
Mesostructured ~ Materials ~ Symposium,
AYICC, Awaji

M. Kitano, K. Yamamoto, K. Nakajima, S.
Hayashi, M. Hara, “Evaluation of Catalytic
Properties of Nb-doped Titanate Nanotubes”,
Evaluation of Catalytic Properties of
Nb-doped Titanate Nanotubes, May 12-15,
2013, TKP Garden City Shinagawa, Tokyo
AR R - ALEFB - P EE I - R,
“Ta R—7 LT LB /) Fa—T0
FEAER AR, 55 111 [RIfREEEGR 2,
2013 43 J 25 A, BIPERY:, KRk

AR R - ALEFB - P EE I - R,
“Ta ZIRMLTeF 2 VBT ) Fa—T70
B ARFR AR, A AL P8 93 B
£23(2013),3 A 22 H, SmfERY, #HHE
A —%% « ALEFBH - o s P - R Fn,
“OV U LT F 2 o) ) Fa—T
OfffiEReE, 85 2 7] CSI b7 = A ¥
20124E 10 15 H, B TEERY:, HUR
AR —BE - ALEFB - P EE I - RN,
KT v REM LT B T
— 7 OREEMAT & BRRRERE, 55 2 [
(Bub%7ix&2m2$uUﬂwH,ﬁ
FLEERFRMELF ¥ 32, B
ALEF B - PR - IR R By - N2 VN
o WG - JRF %D “FHEUBRT )T
— 7 O [ AR il R 1 & VR IR, 2R
42 [E147JH - EEHH%ﬂ%%JMZEIOH
11 B—13 A, BKHEF ¥ v AR T L, K
FH

M. Kitano, E. Wada, K. Nakajima, S.
Hayashi, M. Hara, “Solid Acid Catalysis of
Protonated Titanate Nanotubes: Effect of
Structural Distortion on the Acidity of the
Titanate Nanotubes”, International
Symposium on Zeolites and MicroPorous
Crystals 2012, July 28-August 1, ASTER
PLAZA, Hiroshima, Japan

M. Kitano, E. Wada, K. Nakajima, S.
Hayashi, M. Hara, “Nb doped titanate
nanotubes as solid acid catalysts”, 15th

13.

14.

15.

16.

17.

International Congress on Catalysis 2012,
July, 1-6, Munich, Germany

ALEF B - hETEME « EIRER - RA
Ui HREAE - UERN, F 2 oS ) Fa
— 7 O[S R R ORI 5 1 (8]
JACI/GSC >R T A, 2012 4 6 A 12
A—13 A, ~L¥—L4H, FOL
JEBF B - PR TR - RS - RUE R, <=
FT R=TFE LT ) TFa—T7 OREIK

PRl RE >, B AR LR 92 [IFRZFF
K;m2$3ﬂzsa 28 H, BEIEREAK
E 9

ALEF B - BT - BRPATE - - AREYE -
JFER, Nb WINTF & VB ) Fa—7
O [E R IR Ak R, 25 108 Il 5
2201149 420 H—22 A, dbRLTER
5, dbifEiE

M. Kitano, K. Nakajima, J. N. Kondo, S.
Hayashi, M. Hara, “Evaluation of Catalytic
Properties of Protonated Titanate
Nanotubes”, The Fifth  International
Conference on the Science and Technology
for Advanced Ceramics, June 22-24, 2011,
Mielparque-Yokohama, Yokohama, Japan.
M. Kitano, E. Wada, K. Nakajima, J. N.
Kondo, S. Hayashi, M. Hara, “Structural and
Catalytic Properties of Protonated Titanate
Nanotubes”,  The 13"  Korea-Japan
Symposium on Catalysis, May 23-25, 2011,
Seogwipo KAL Hotel, Jeju Island, Korea

(XF) Gt o)

(PEZERT EEME)
OmiiRdl Gt 0 )
OffsikdL Gt o)

(& D)

N

6.

— Al

WFFERA R

(1) WFFEfERA

Elet

B

(Kitano Masaaki)

W TERY - TR EE 2 — -« i
iz
WFgeE 25 1 50470117

(2) 4

sk

WHIEE &

(3) HLHERTIEA



