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Abstract

Despite the widespread use of zeolites in many industrial processes,
there still remain many unanswered questions as tot he nature of the
Lewis and Bronsted acid sites. A full characterization of the structure and
acidity of these acid sites is essential if an understanding of the effect of
composition and structure on the catalytic properties of the material is to
be obtained.

The Bronsted acidity of H-mordenite (H-MOR) and H-Beta with
similar Si/Al ratios has been characterized by conventional multinuclear
solid-state NMR. 'H/*’Al TRAPDOR NMR detected two different types
of Bronsted acid sites in H-Beta whereas only a single 'H resonance due
to Brensted acid sites in H-MOR was observed. Solid-state *'P MAS
NMR investigation of H-MOR and H-Beta zeolites loaded with trimethyl
-phosphine oxide (TMPO) reveals multiple *'P resonances, which arise
from the reaction of TMPO with different types of Brensted acid sites.
The results demonstrate that there is a wide distribution in the strength of
the Bronsted acidity in H-MOR and H-Beta zeolites. When trimethyl
-phosphine (TMP) was used as a probe molecule, however, only a single
3P resonance was observed for both samples. Nevertheless, H-MOR
loaded with TMP exhibits a larger *'P downfield shift and a larger Jp.y
value as compared to H-Beta. This suggests that both>'P chemical shift
and Jp_y value might be used to correlate with the average Bronsted

acidity in zeolites, and thus their catalytic activity.
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1-1

(Zeolite)

(molecular sieve)

IUPAC (International Union of Pure and Applied Chemistry)

( microporous d

20A d ) ( mesoporous 20A d 500
A) ( macroporous d>500 A) W 1-1
IUPAC (crystal)
(amorphous)

(12 Si0,  AlO;

@



Mx/n [(AlOz)X (SlOz)y] WH20

(unitcell) M )
AlO,
(Zeolite)
@ (Lewis acid)
(Brensted acid) (steamed)
(5)
(Temperature
Programmed Desorption TPD)
IR (Lewis acid)
(Brensted acid)
(Magic Angle Spinn-
ing MAS) (Multiple Pulse)



Pore diameter |Micropore Mesopore s|Macropore
i
il AL scale) 'i1l I:m “';'" Il-uum m
I | ] I | ]
£eolite & related malerials
Ciciobinnle - |
Crystal Sepiclile *
Falveorskile =
%"
Clasthrasil t
Fillarad clays Parous glasses
Silica gels
Amporphous «
l l Ajedic aluming membranes
Active carhons
¥lolarular s eving carbons
*1

(1) Larger size of molecule migrating in pore

(2) More rapid molecular diffusion in pore

(3) Larger capacity of pore

*2

(1) Improvement in uniformity of pore size

(2) Higher selectivity on adsorption of pore size

(3) Homogeneous surface properties (acid strength, etc.)
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1-2

stone

Weige

1-2

(Zeolite)
1756 Baron Axel Cronstedt
- Stilbite”
boiling
“ Zein” " lithos” ?Zeolite”
” 1756~1930
Steinhoff 1925 Chabazite
J. W. Mcbains'” 1932
( Molecular sieve ) 1940 Barrer



1960

-1 @
50 150
(TOs T
Si Al 1-2 )
TO,

Mx/n [(AlOz)x (SlOz)y] WH20

Si0;  AlO4
1-3 &)
1-4
sodalite cage

( 14 )



1756 - Stilbite

1825 Lecynite

1842 Faujasite

1862 Levynite

1864 Morednite

1870-88

1890 Erionite

1930-34

1948 Mordenite

1949

1956-64 Union Carbide AX Y
1960 Beta

1971-72 Mobil Oil ZSM-5
1980 NMR

1982 Aluminophosphate (AIPO4-5)
1992 Mobil Oil MCM-41
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1-2-1 Mordenite
Mordenite 1864 1948
Meier 1961 1o
12 ( 12-membered ring ) 8 ( 8-membered ring )
1-5 7.0Ax65A 5.7
Ax 2.6 A ( 1-6 ) Nag[AlgSi400096](H20)240  Si/Al

10 1-7

1-5 Mordenite



1-7 Mordenite



1-2-2 Beta

Beta 12
(12-membered ring) 5.5Ax5.6 A 6.6
Ax 6.7 A ( 1-8 ) Na;[Al;S157015]  Si/Al

12 1-9

1 2-ring viewed along [O01]

1-8 Beta

10



1-9 Beta
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1-3 (Dealumination)

(1) (hydrothermal treatments)
v @ (acids
leaching) ~ HNO; HC1"? (13)
;) (Si-replacement) (SiCl,) Y
(NH4),SiF¢
Ferrierite!'” ECR-17"® Beta!”
Mordenite"” 1996 Apelian Zeolite Beta

(13)

1-4 (Solid-state NMR)

1924 Pauli

(Nuclear Magnetic Resonance NMR)

1946 Bloch  Purcell
1953 Varian

1980
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(Chemical shift)

( anisotropic interactions)

(Chemical Shift Anisotropy, CSA)
(Dipolar interactions) (Quadrupolar interactions) '”
Hamiltonian

Heota=HzTHotHcsatHp
H, Zeeman Ho Hcsa
HD
1-4-1 Zeeman

Zeeman
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Hamiltonian

HZ =Y IBOIZ =0 L IZ

Vo Bo w_ Larmor
1-4-2 ( Chemical Shift Anisotropy)
(shielding effect)

Yi By |

ay

PAS(Principal Axis

System) o Onn 02 033

. |Ou 0 0
c=I0 o= 0
0 0 o

O 33

O 33 O zz 0
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O 77 =0 i, +t0 33[1/2(3cos’® -1)+1/2n sin’0 cos2@ ]
0 isc=1/3( O 11+ O »t O 33) n
=(0 11-0 2)/0 33 (Asymmetry parameter)

(Brownian motion)

0 iso
1-4-3 - (Dipole-Dipole interactions)
_ > —
Hp =2y 1y sleDeS
> > >
I S D
- (Homonuclear)
'H-'H (Heteronuclear)

Hamiltonian
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H.=%Y 7, F:3'[%(3c0529-1}][2 LS.-JE': [.S 1 8)]

- Hamiltonian

Ho= 7. I [~Beos 0-1)]2 1.5

1-4-4 (Quadrupolar Interactions)
NMR (Spin
quantum number, I) 1>1/2
(Quadruple nuclei) ;1172
NMR
I 12 'H "c PN P
1>1/2 ( 70 )
21+1
(second order) (nth

order) (first order) (2021)

Em = -mno,+og [m2 -I(I+1)3]
(V) (electric field gradient tensor)

n o0 W q
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S A LS TN
O Y IRT A |

0 PAS (residual

quadruple frequency)**>?

(m—> m-1) @)

® 1 YH} zeeman-1 1/ 2)(2m- 1 }{mQ.-"E}[{Scn.\;E (4 -1)-1 cos2 o sin® 0/ T41at
+ {(0g/120,)1(3/2)sin” ) o[(A+B)cos” ¢/ -Bl+ 1 cos2 ¢ sin® )
o[(A+B) cos’  +BJ+( 1 2/6)[A-(A+4B)cos’ ) -(A+B)cos”

{(A+B)cos’ (2 ¢ (cos” 0 -1 }E]l ¥ 2nd

o 3¢ qQ3121-1m] :

A= 24mim-1)- 41 1+1 y+9:

B =(1/4)[omi{m-1 }-21{1+1 +3]

1-5 ( decoupling)
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(decoupling) 'H

1-6 (Magic Angle Spinning)
NMR (Rotor)
(3cos’@ -1)
0 3cos’
0 -1 (0
1-10 )
(isotropic peak) 0 =54.7° (Magic
Angle)
( )

(spinning sidebands)
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1-10 NMR

(MAS)
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1-7

298i 27A1 31P 170 (

3Na)

1-7-1 'H MAS NMR

"H MAS NMR

"H MAS NMR

(a) & =1.3-2.3 ppm

(b) 0 =2.6-3.6 ppm

(c) & =3.6-4.4 ppm
acid sites))

(d) 0 =4.6-5.2 ppm

(e) & =6.5-7.0 ppm

1-7-2  ¥Si NMR

Be PXe BN NMR

'H
OH group
Si-OH group
AI-OH group
AI-OH-S1 group( (Brensted
Al-OH-S1 group( )

NH4+

2Si NMR
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-60ppm.-120ppm ( TMS )

Si[4Al] Si[3Al,

1Si] Si[2Al, 2Si] Si[1Al,3Si] Si[4Si] Si Al
2°Si NMR Al
*Si NMR
Al S5ppm 1-11
Loewenstein rule Si04
Al-O-Al Si/Al *Si
NMR (deconvolution)
A
Al S 0250000,
=1
Si[nAl] n Si Al
NMR
Si-OH group 'H
- ¥si (cross-polarization, CP)
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Al Al Al Al Si

O 0 0 O o
ALOSIOAL ALOSIOST AIDSIOST SiOSI0Ssi SiOSI0Si
] 0 0 0 0
Al Al Si Si Si
Si [4All  Si [3Al] Si [2Al] Si [1Al] Si [0Al]
| | Sij4al)
[ 1sipan
— LAY
| | Si[1Al
| | Si|0Al

80 -00) -100 -110 -120

& (ppm)

1-11 254
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1-7-3 Al NMR

N (Nature abundance) 100%
500ppm NMR
Al I 52
(quadrupolar interaction) NMR
[=5/2

(central transition)
1-12
572
(Framework) Al
50-65 ppm ( AICl; ) Al

0 ppm Al 30 ppm©®
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Zeeman Cuad ['l][“.\i.‘llt: Effects

. +5.2_/_
L/ |:,+2j, i 5]
= +_";_"_]_ﬁ

Satellite transition
5 A 1J
m = +1/2 \i Yot A Vg
Central transition

”]:_l_/_-_\{ 1J 0

1-12 5/2
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1-7-4
(Probe

molecules)(27'3 3) (Pyridine) (31,32,36)
(Trimethylphosphine TMP) (Trimthyl-
phosphine oxide TMPO) Bc PN

Bc(=12) "N ( <1%)
(<1.6x107)

P (1=1/2) 100%
(6.6x107)
31P

25



2-1

Tetrahdrofrane

Sodium

Trimethylphosphine

Trimethylphosphine Oxide

Ammonium hexafluorosilicate

Ammonium acetate

NH;-Beta zeolite CP814E Si/Al=12.5
NH4-Mordenite-20 CVB-21A Si/Al=10

N,

Riedel-de Haen
Riedel-de Haen
Fluka

Fluka
Riedel-de Haen
Merck

Zeolyst

Zeolyst

26



2-2
l. X- X-ray power diffactometer XRD
Shimaszu XRD-6000
2. Solid State Nuclear Magnetic
Resonance Sctrometer
3. ASAP Accelerated surface area and porosimetry system
Micromeritics ASAP 2010
4. Inductively-Coupled
Plasma Atomic Emission Spectroscopy ICP-AES

Kontron S-35

1. X X-ray power diffactometer XRD
X 0.1~
100A X
(Bragg’s
law) X

27



Cu-Ka line A =0.1541 nm 30kV

30mA 5 /min 5° ~60°
(2). Solid State Nuclear Magnetic Resonance
Sectrometer
+Z
Larmor
Larmor

28



5 7mm  4mm
MAS 710,
(3). BET (ASAP 2010)
200
(a) BET
P __ 1 (P
V(Po—P) VmC  VaCPo
P/Pg BET
Vv P
Vi
P
Py
C

P/[V(Py-P)]  P/P,

I

29

(rotor)



S=(C-1)/VuC T=1/VyC
S+1=1/V,,

Vm x (6.02 x10%%) x 16.2 x 10*°

m?/ g) =
( 9) 22400 x W

Vi
W g
(b)
(P/Py)

Kelvin (69)

Ry=-2y Vi/RT In(P/P)

Ry Kelvin

BJH (Barrett-Joyner-Halenda)"” Haley

(71)

(4). Inductively-Coupled Plasma

30



Atomic Emission Spectroscopy ICP-AES
10mg 2.0mL
HF(48%) 2.4g B(OH);

HF F 100mL
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2-3-1

NH,-Mordenite zeolite Zeolyst,

CVB-21A, Si/Al=10, NH M NH;-Beta zeolite Zeolyst ,
CP814E, Si/Al=12.5, NH4(3 HM Hp 0.5g
NH M  NH4B 1
400 400 12h
HM HP HM Hp tube
10° Torr 1 400
400 12h HM HP
packing 710, rotor 'H NMR
TMP
HM Hp 400 12h
Trimethylphosphine TMP
TMP
TMP TMP/H-MOR  TMP/H-Beta
710, *'P NMR

T™MPO

32



HM Hp 400 12h

50ml  TetraHydroFurane

THF TMPO/THF
100
TMPO/H-MOR  TMPO/H-Beta 710,
'P NMR
AHF
H-Beta 3M
( =1:50 wt:Vol) 80-90 2

0.3M  (NH,4),SiF¢ (Ammonium hexafuorosilicate)

AHF)
H-Beta/AHF
2-3-2 NMR
NMR Bruker DSX-300 'H
P YTAL Si 300.13 121.19 78.17 59.60 MHz
"H MAS NMR
'"H MAS NMR Bruker double-tuned 7mm

'H 300.13 MHz I=1/2

33



One-Pulse Spin-echo TRAPDOR
kHz 50 kHz 4u s /2
2.0s TMS 0 ppm
'H/”’ Al TRAPDOR
'H {*’Al} spin-echo double-resonance Veeman
(37

dipolar dephasing

irradiation

(38-41)

Grey Vega*? 'H/*’ Al TRAPDOR

TR Ansfer of Population in Double Resonance

21
2 x

o " H i

AT

2-1 '"H/2’A1 TRAPDOR

34
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27A1 MAS NMR

*’Al MAS NMR
Al 78.17 MHz
One-Pulse
M s Tt /12
0 ppm
»Si MAS NMR
*Si MAS NMR
?Si 59.6 MHz
One-Pulse
4.2 s T /4
0 ppm
lH R 29Si

1H—> 13C 13C

13C

Bruker double-tuned 4mm
Spin [=5/2
12 kHz 0.8

2.0s AlCl;

Bruker double-tuned 7mm

Spin 1=1/2
CP 5 kHz
4.0s T™MS

Cross Polarization CP

(99.98%)
Hartmann-Hahn condition
Bo 3lp 29
1.1%

signal/noise ratio



Si-OH

'H-”Si

36

2-2



g
'H n cp ‘ Decoupling ‘

¥Si cp
2-2 THSPSi
3'p MAS NMR
3'p MAS NMR Bruker double-tuned 4mm
3p 121.19 MHz Spin I=1/2

One-Pulse High-Power Decoupling
10kHz 4.24 s ( T/ 2) 5.0s

85% H3PO4 (0 ppm)

37



3-1 'HMAS NMR

'H MAS NMR
OH 'H MAS NMR
OH
(43-47) 'H MAS NMR 1.2 ppm ~
2.2ppm SiOH (silanol groups)
Bronnimann “** (silica-aluminas)
'H MAS NMR 1.8~2.1 ppm
SiOH HY 3.9 (isolated) SiOH
) SiOH 'H MAS NMR 1.8ppm ZSM-5
G0 vicinal SiOH ) SiOH 'H MAS NMR
2.2 ppm (43-47.51-59) 4.6
ppm Al-OH-Si  (
)
3-1-1 '"H MAS NMR
3-1 H-MOR 'H MAS NMR
H-MOR 'H NMR ) (a)

d) (¢ spin-echo  *’Al 7TAl

38



3-1(a)

4.6 ppm 2.2ppm

4.6 ppm
) 2.2 ppm
S1OH( SiOH
) 7.0 ppm NH,"
NH, -MOR
3-1(b)
2.2ppm 7.0 ppm
TRAPDOR
22ppm 7.0ppm
AlI-OH-Si  (
-work) Al-OH

39

H-MOR

7.0 ppm
Al-OH-Si  (
SiOH
7.0ppm
NH,4"
H-MOR
4.6 ppm
4.6ppm
3-1(¢c)
4.6ppm
) 2.5 ppm
(extraframe
Al-OH



3-2 H-Beta 'H MAS NMR
(@) (b) (c) spin-echo  *'Al Al
3-2(a)

56 46 22 1.lppm 4.6 5.6ppm

Al-OH-Si  ( ) 2.2
ppm S1OH(
SiOH SiOH )
G637 Haw co-workers G H-Beta 123K
4.5ppm 298K
2 4.1 5.5ppm 3-2(c)
1.1
25 46 S5.6ppm 1.1 2.5ppm (extraframe

-work) Al-OH 4.6ppm 5.6ppm

Al-OH-Si ( ) 3-2(c)
H Al
'H/*’ Al TRAPDOR NMR H Al
'H/”’Al TRAPDOR NMR H-Beta

(56,57) IR NMR

40



N
| ! | ! | ! | ! |
20 10 0 -10 -20
ppm
3-1 H-MOR 'HMASNMR (a) spin-echo

(b) TRAPDOR  (¢) (a) (b)

41



22
(a) ”

g

.20
ppm

3-2 H-Beta 'H MAS NMR (a) spin-echo

20 10 0  -10

(b) TRAPDOR  (¢) (a) (b)

42



3-2 A1 MAS NMR

27A]l MAS NMR

50~60 ppm

(extraframework)

3-3

i Tdy

A Y52
o B 1 BN

"||-|JI|'1-.r1

3-3

3-2-1 Al MAS NMR

(framework)
-10~10 ppm
30 ppm
WO S Pentub
Qe o P
il Al==0 H"'-s "0
g g 0

<1i0= 110 ppem

NH,-MOR ?’Al MAS NMR

52ppm 3-4(a) H-MOR *’Al MAS NMR
NH,-MOR H-MOR A1 MAS
NMR 52ppm

43



-1ppm 3-4(a)

Al MAS NMR zeolite Beta
Kentgens®® Al MAS

7 Al MQ(multiple quantum) MAS NMR zeolite Beta

T-positions (dealumination) 3-4(b) H-Beta
Al MAS NMR
52ppm -lppm 3-4(a) (b)
H-Beta
H-MOR zeolite Beta

H-MOR

44



52
(a) n

52
(b) ﬂ
-1
150 100 50 0  -50

ppm

3-4 Al MAS NMR (a) H-MOR (b) H-Beta

45



3-3 ¥Si MAS NMR
23i MAS NMR

-60 ppm~-120 ppm ( TMS )

Si[0Si,4Al]

Si[3AL1Si] Si[2A1,2Si] Si[1A1,3Si] Si[4Si,0Al]

1-11
Si Al »Si MAS NMR
Al »Si NMR
Al
S ppm

3-3-1 Si MAS NMR
3-5 H-MOR *’Si MAS NMR
-112.8ppm -106.2ppm -112.8ppm
Si Si[4Si,0Al] -106.2ppm
Si Si
Si[1A1,3Si] Si[lOH, 3Si]®” Si[10H, 3Si] Si[1Al, 3Si]
Si[10H, 3Si] Si[l1Al, 3Si]

Si-OH 'H Bsi

46



(cross-polarization, CP) SiOH

3-5(b) 3-5(a) H-MOR one-pluse *’Si MAS
NMR ( Gaussian )
( deconvolution ) 4 -112.8
-106.2 -103.8 -101.6 ppm H-MOR

Si[4Si,0A1] Si[l1Al, 3Si] Si[1OH, 3Si] Si[2Al, 2Si]

3-6 H-Beta ?’Si MAS NMR

H-MOR -115 -110ppm
Si[4Si,0Al] (59:60)
Si[4S1,0Al]4 Si[4S1,0Al]lg  3-6(a) H-Beta one-pluse
*Si MAS NMR 5 -114.9
-111.0 -106.5 -102.9 -99.7ppm H-Beta

Si[4Si,0Al], Si[4Si,0Al]z Si[1Al 3Si] Si[10H, 3Si] Si[2Al,

2Si] 3-6(b) 'H-*’Si
H-Beta Si Si[10H, 3Si]
2Si MAS NMR
2Si MAS NMR
Si/Al
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4
S z { Si[mAl ]

—_ n=il

4

AN 02501,
n=0

I Si[nAl] n Si Al

*Si MAS NMR Si/Al

Si/Al Si (SiOH )

3-1
3-1 Mordenite Beta 400
Si/Al NH4-MOR H-MOR Si/Al
8.35 10.35 Si[4S1,0Al] 54.49%

63.75% Si[1Al, 3Si] Si[2Al, 2Si] 41.19%
30.73% NH4-Beta H-Beta Si/Al  10.82 13.35
Si[4S1,0Al] 62.4% 70.61% Si[1Al, 3Si]

Si[2Al, 2Si] 24.31% 20.39%  Si/Al
H-Beta H-MOR Mordenite

Beta 400 Beta Mordenite
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(b)

.80  -100  -120  -140
ppm

3-5 H-MOR *’Si MAS NMR (a)one-pluse(b) 'H-*’Si CP
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(b)

80  -100  -120  -140
ppm

3-6 H-Beta ’Si MAS NMR (a)one-pluse(b) "H->’Si CP
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3-5 3P MAS NMR

NMR IR

100%
T™P TMPO

TMP

(2)TMP

(c)

a b

3-7

T™P TMPO

52

31P

3-7

(b)



3-8

TMPO
31P
'P MAS NMR
HC  CHs
\SBmCH,
57
Hﬁ
0
\)\/\/
3-8
3-5-1 TMP H-MOR  H-Beta *’P MAS NMR
H-MOR  H-Beta TMP
TMP (high power proton
decoupling) ’'P MAS NMR
3-9(  H-MOR TMP °'P MAS NMR )
3-10( H-Beta TMP °'P MAS NMR )
(61-64) 3-9(a)

TMP
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H-MOR -2.2ppm

-5.0ppm

3-10(a)

(Brensted acid site)

[(CH;);P-H]"

-30  -60

(Lewis acid site)*? 3-9(b)

H-Beta

3-10(c)

J coupling

3P MAS NMR

[(CH;);P-H]"

[(CH;);P-H]

Jp_u coupling

Lunsford’s

TMP

TMP

Jp_u coupling

H-Beta NMR

Jp.u coupling

(zeolite)

H-Beta 45
487Hz

Jp.u coupling

Lunsford’s

Lunsford’s
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3-10(c)

3-2

H-Beta

TMP

3-2

NMR

TMP

(zeolite)



H-MOR H-Beta

TMP/H-MOR

Jp_ coupling
P-H J coupling (zeolite)
3-5-2 TMPO H-MOR  H-Beta

TMPO/H-MOR  TMPO/H-Beta(

'P MAS NMR
3-11
( 39ppm)
TMPO/H-Beta
(deconvolution)

TMPO/H-MOR  TMPO/H-Beta
-86.4ppm (Gaussian)

(deconvolution)

55

TMP/H-Beta

TMP 3p

3'p MAS NMR

0.7mmol  TMPO)

45-90ppm

TMPO

TMPO

TMPO/H-MOR

(Gaussian)

3-3



TMPO/ 3'p NMR

50-75ppm 3-3 III
HY® (65ppm)

11 TMPO/ (Brensted acid) II
(71ppm) TMPO H’ (72pm) TMPO/HZSM-5
(75ppm) 11

80ppm I TMPO 12M (83ppm)
3 TMPO I

TMPO/H-MOR(80.2ppm) TMPO/H-Beta(77.6ppm)
TMPO TMPO/H-MOR I’(86.4PPM)
TMPO/H-Beta
TMPO 3-3 TMPO/H-MOR

TMPO/H-Beta

3 IP
H-MOR H-ZSM5 HY  H-Beta®”
Rakiewicz 'P/7Al TRAPDOR ~ REDOR NMR
TMPO/HY 55-65ppm o N
Xand 55ppm TMPO/

S5ppm 1A
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TMPO/ (Brensted acid) TMPO/

H-Beta v TMPO/H-MOR v H-Beta
3-11(b) v v
\Y TMPO
\Y TMPO
MCM41 TMPO 48ppm
\Y
TMPO H-MOR  H-Beta

H-MOR  H-Beta

12 12 TMPO
TMPO H-MOR
(side pockets)
TMPO
H-form
TMPO/
3p 55-86ppm
55-86ppm ’'P NMR

H-MOR
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H-Beta 67% TMPO

TMPO
TMPO
TMPO 39-49ppm
31P
TMPO p
Osegovic Drago'®” TMPO
HOMO LUMO
TMPO
31P
*'P MAS NMR
I o mr 1Iv
( ) H-MOR
H-Beta
TMP
31P
TMP

TMPO
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TMPO

TMPO



TMPO

O---H
3-2[(CH;);P-H]" J-coupling
Chemical shift (ppm) J-coupling (Hz)
Samples This work Ref. 72 This work Ref. 72
H-MOR 2.2 -3.7 493 417
H-p° -5.0 -5.0 409 487

45
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3-3 TMPO/H-MOR TMPO/H-Beta TMPO/ Bronsted acid *'P

site I’ site [ site 11 site 111 site [V site V
Samples ppm Area,% ppm Area,% ppm  Area, % ppm Area, % ppm Area, % ppm Area, %
TMPO/H-MOR  86.4 5.2 80.2 16.7 72.9 14.0 69.6 26.6 62.1 25.7 52.5 11.8
TMPO/H-3 - - 77.6 8.6 71.3 10.4 67.3 29.7 57.9 37.3 46.5 14.02
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(a)

(b) ﬂ

S G

" v |} M ] v L] v || v 1

40 20 0 -20 -40 -60
ppm

3-9 TMP/H-MOR 3P MAS NMR
(a) (b) 10kHz
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(a) n

(c)

—

40 60
ppm
3-10 TMP/H-Beta ’'P MAS NMR (a) (b)

40 20 0  -20

4kHz (c) , 10kHz
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4
PP

A e e e e 0 B

(b)

pPpm

3P MAS NMR

3-11
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(2)TMPO/H-MOR  (b) TMPO/H-Beta



3-6
77K
BET

BJH

Brunaner Deming Deming and Teller (BDDT)®®
3-12
(microporous solids)
(non-porous solids)
(macroporous solids)

(mesoporous solids)

MOR Beta
3-6-1 MOR Beta
3-13 MOR Beta (a)NH,-Beta
(b)H-Beta(c) NH;-MOR(d) H-MOR
3-4 3-13
(microporous solids) ( 3-12) 3-4

NH4,-MOR  NH4-Beta 400
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NH4;-MOR  NHy4-Beta H-MOR H-Beta

H-Beta AHF

6.2 A 6.6~7.1 A AHF H-Beta

AHF

H-Beta XRD ( 3-14)

65



Amount o1 gos odsorbed

Relative pressure, o 0%

3-12 BDDT

(Brunaner Deming Deming and Teller)
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Volume adsorbed cm3/g STP

(a)

1

(c)
S
(d)
S
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure(P/P,)
3-13 MOR  Beta N, (a)NHy-Beta(b)H-Beta(c)

NH,-MOR(d) H-MOR
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3-7 H-Beta/AHF XRD
H-Beta H-Beta/AHF
NH,-Beta
H-MOR
XRD
3-14 XRD (@) (e) NH,-
Beta H-Beta H-Beta/0.2MAHF H-Beta/0.AMAHF  H-Beta/0.8M

AHF H-Beta  H-Beta/AHF

3-8 H-Beta/AHF 'H MAS NMR

3-15 H-Beta/ 0.2MAHF 'H MAS
NMR (@) (b) (¢ spin-echo TRAPDOR
3-15(a)

56 46 22 l.lppm 4.6 5.6ppm
AI-OH-Si  (
) 2.2 ppm

SiOH( SiOH SiOH ) 3-15(c)

1.1 25 46 S6ppm 1.1 2.5ppm
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Al-OH

OH-Si (
H Al
3-15(¢c)
3-16
NMR
3-16(c)

H-Beta/0.2MAHF

3-17

NMR

4.6 5.6ppm
) 3-15(c)
3-2(c) H-Beta
3-15(¢c)

H-Beta/0.4AMAHF

3-15

3-15(c)

H-Beta/0.8MAHF

3-17(a)

5.6ppm 2.2ppm

4.6ppm

3-17(c)

4.6ppm
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AHF

Al-

AHF

3-2(c)

'"H MAS

H-Beta/0.4AMAHF

'"H MAS

4.6ppm

5.6ppm



_

(d)
(e)
0 10 20 30 40 50
2 0 /degree
3-14 H-Beta XRD (a) NHy-Beta (b) H-Beta (c)

H-Beta/0.2MAHF  (d) H-Beta/0.4MAHF(e) H-Beta/0.8MAHF
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2.2

(a) ”
(b) ”

(c) X3
4.6 25
5.6 .\
2'0 ' 1l0 | 6 ' -1'0 ‘ -2‘0
ppm
3-15 H-Beta/0.2MAHF 'H MAS NMR (a) spin-echo

(b) TRAPDOR  (¢) (a) (b)
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(a) *
5.6 4.6
__//\__\/\/ \\__/“___
b) ﬂ
(¢) X3
4.6 2-5
NN S
2l0 ' 1'0 | (I) | -1l0 ' -50
Ppm
3-16 H-Beta/0.4MAHF 'H MAS NMR (a) spin-echo

(b) TRAPDOR  (¢) (a) (b)
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2.2

(a)
5.6
\ L.__//;__
(b)
.
(c)X2
2.5
5.6
NN
3'0'2'0'1'0' 6 '-IIO'-Z'O
ppm
3-17 H-Beta/0.8MAHF 'H MAS NMR (a) spin-echo

(b) TRAPDOR  (¢) (a) (b)
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3-9 H-Beta/AHF  ?’Al MAS NMR
3-18 H-Betas/AHF A1 MAS NMR (a)

H-Beta (b) H-Beta/0.2MAHF (c) H-Beta/0.AMAHF (d) H-Beta/0.8M

AHF 3-18 (b) (c) (d)

2TAl MAS NMR
®) () @

AHF

3-10 H-Beta/AHF  Si MAS NMR
3-19 3-20 3-21 H-Beta/0.2MAHF H-Beta/0.4MAHF

H-Beta/0.8MAHF  %Si MAS NMR

3-5 3-5 Beta
AHF Si/Al H-Beta/0.2MAHF
H-Beta/0.AMAHF H-Beta/0.8SMAHF 25.87 27.31
32.13 ICP AHF
0.2M AHF 13.35

25.87 04M 0.8M
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ICP

H-Beta
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(b)

(c)

(:li/MJ’

¥ v 1 v [ ¥ 1 M 1

150 100 50 0 -50
ppm

3-18 H-Beta/AHF  *’A1 MAS NM (a) H-Beta

(b) H-Beta/0.2MAHF  (c) H-Beta/0.4MAHF  (d) H-Beta/0.8MAHF
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(a)

-111

-103

(b)

-140

-120

-100

-80

ppm

3-19 H-Beta/0.2M AHF ¥Si MAS NMR

pluse(b) 'H-*’Si CP

(a)one
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(b)

| v I T T Y 1
-80 -100 -120 -140
pPpm

3-20 H-Beta/0.4M AHF *’Si MAS NMR
(a)one-pluse(b) 'H->’Si CP
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-103 -111

(b)

-120 -140
pPpm

1
-100

-80

3-21 H-Beta/0.8M AHF ¥Si MAS NMR

(a)one-pluse(b) 'H->’Si CP
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3-11 H-Beta/AHF/TMPO *'P MAS NMR

3-22 H-Betas/AHE/TMPO *'PMASNMR  (a) (b)

HB/0.4AHF/TMPO Hp/0.8AHF/TMPO (Gaussian)
(deconvolution)
3-6 H-Beta/TMPO

3-6 3-6 AHF I

H-Beta/TMPO I 2ppm AHF I
III Sppm

I11 II 1A%

I II v

III

AHF
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(b)

ppm

3P MAS NMR
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3-22
() HP/0.4AHF/TMPO  (b) HB/0.8AHF/TMPO
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W

H-MOR H-Beta TMPO TMP TMPO
TMP
H-MOR TMPO 5 TMPO/
(Bronsted acid) H-Beta 4 TMPO/
(Brensted acid)
TMPO/H-MOR NMR TMPO/
TMPO/H-Beta TMP/H-MOR
NMR TMP/H-Beta
H-MOR H-Beta
TMPO TMP
H-Beta  AHF
AHF
AHF
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