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'Fig.l1 MOR framework viewed along the c-axis. T,-Ty

implies the four possible different sites of Al atoms.
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Table 1 Synthesis of high-silica MOR zeolites in the presence of NaFa,

Product (by-product)

Run Sarthe ime Si/Al S V F content
PO Alsouce SV/Al  NaOH/A Naffsio, 9% phase S e Ee)  emie-h  (opm)
1 AINO), 15 3 0 3 MOR 15.3 441 0.16

2 AINOy); 20 4 0 3 MOR (am)

3 ANOy); 20 4 0 5 MOR(Quartz)

4 AlC, 15 3 08 3 MOR 155 145 292 0.14 4,800

5 ACL 20 4 08 3 MOR 17.9

6  ACl, 25 5 08 3 MOR 210 356 0.16 3,100

7 AL 30 6 08 3 MOR %5 2.1 358 0.5 2,600

8 AC, 35 6 08 3 MOR 51 42 298 0.13 1,800

9 AICL 40 7 08 3 BEAMED)

10 AINOy, 15 3 08 3 MOR 15.6 283 0.13 4500
11 AINO); 20 4 08 3 MOR 9.1

12 AKNOy;, 25 5 08 3 MOR 20.1 6,000

13 AINOy);, 30 6 08 3 MOR 2.1

14 AINO), 35 5 08 5 MOR 30 288 298 0.13 2,700

15 AINOy); 40 9 08 3 MOR 301 283 302 0.14 2,000

16 AKNOy;, 45 9 08 3 BEA(MFY)

17 ALSOd; 15 3 08 3 BEA(MOR)

18 AL(SO4); 20 4 08 3 MOR(BEA)

2 Synthesis conditions: TEAOH/Si0,=0.23, H,0/Si0,=7.4, Temp.=170TC. Sper: BET specific surface area, Vp;.: Micropore volume.
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Fig.2 29Si MAS NMR spectra of MOR zeolites synthesized
without (a, b) and with (¢, d) NaF.
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Table 2 Synthesis of high-silica MOR zeolites using

seed crystals2.

Starting gel Product (by product)

Run

Si/Al
10- " Si/Al NaOH/Al  ppase Sper

— B VMic
XRF ICp (m’g~!)(mig-1)

19 20 4 MOR 19.1 177 418 0.19
20 25 5 MOR 20.8

21 30 6 MOR 26.5 249 401 0.18
22 35 7 MOR 28.7

23 40 8 MOR 30.3 286 400 0.19
24 45 9  BEA(MOR)

2 Synthesis conditions: TEAOH/SiO, =0.23, H,0/Si0,=7.4, Seed
crystals (Run no.1)=4 wt%, Al source: AI(NO3);, Time =3 days,
Temp.=170T.

Fig.3 SEM image of high-silica MOR zeolite (Run no.23).
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Table 3 Synthesis of high-silica MOR zeolites in the presence of NH4NO;2.
. Product (by-product)
Starting gel .
Run Time Si/Al s S v
0. Si/Al  NH4+/Si0, NaOH/AI (days) Phase g fit Mie
XRF  ICP mg-1) (mg ) (mig D)
25 20 0.046 4 3 MOR 20.4 493 23 0.16
26 25 0.074 5 3 MOR 243 225 468 32 0.19
27 30 0.096 6 5 MOR(Quartz)
a Synthesis conditions: Al source: AI(NO;);, H0/Si0, =7.4, TEAOH/Si0,=0.23, Temp.=170TC. Sgxy: External surface area.
Table 4 Synthesis of high-silica MOR zeolites using NH4NO;, seed crystals and NaFa.
Starting gel Product (by-product)
Run no. A sol. B sol. i Si/Al SBET Viic F content
Si/Al  NH¢+/Si0, NaOH/Al  NaOH/Al ase (XRF) (mig-hH  (mig-H  (ppm)
28 45 0.123 9 0 am(MFLLMOR)
29 45 0.123 9 0 MOR(MFI)
30 45 0.096 6 3 MOR 34.2 486 0.18 60
31 45 0.074 5 4.9 MOR 29.2 511 0.18 210
32 50 0.096 6 4 MOR(MFI)

a Synthesis conditions: A solution: H,0/8i0,=7.4, NaF/SiO, =0

.8; B solution: TEAOH/SiO;, =0.23; Al source: AI(NO3);, Seed crystals

(Run no.1)=4 wt%, Temp.=70C, Time =3 days. » Without seed crystals.

SEMBH %7, HRAOHEIIERT, £OKES
(3#7.5um Tdh - 72, 155N 7-MOR » BET KM
B L UHILARE L, wWIhd TERICHWLNT
WBLLDEIRIZR L THo T B, NaFRIMTE
BL7:, 0@y ) 7 MOR ZEMKSICHW A
SI/ALH30LLEDE YY) AIMOR 2185 Z LI3TE 2
Mo7ze

’

4. NH/NO; FhishE

NH,NO; DFALH & LT O Fetk % E L 7oAER
% FIMITFT o MOR D —H TR 5 e W HIFEIR
¥4V (F21 ®Run no. 2) I[CNHZNO; %33 5
LEEE OB VMOR S TR LN L b,
NH,NO, B A DR % #1fH L, MOR DR
BEEREST S LD h o7, HH5N/ZMORD
ERILREIIT HART, FOREXEIH12umTH->
72 F77, 29Si MAS NMR 2A-X% bV EHIE L 72
S, NaF o4 & Ak B S 231
REEDL W2 E SO P E R o7,

DL ED#ERAS, NaF, fEidB L UNHNO; R
MiEE > ) 7 MOR DERIZERN TH B 2 D50
S1=DT, KRIZES % ASI/ALLOM & HIIZ,
IS OFEMDEMAEHETE Y ) H MOR G

Fig.4 SEM image of high-silica MOR zeolite (Run no.30).
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Fig.5 XRD patterns of various MOR zeolites. Sample
no.: (A) Run no.12, (B) MOR obtained at 36 h
of NaF addition time. (a) MOR calcined at 500 C
for 10 h. (b) Sample (a) was calcined at 900
for 1 h. (c) As-synthesized MOR was treated
hydrothermally at 170°C for 2 days (3 times),
calcined at 500°C for 10 h and then calcined at
900C for 1 h.
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Fig.6 27A1 MAS NMR spectra of various MOR zeolites.
(A) Run no.12, (B) MOR obtained at 36 h of
NaF addition time. (a) MOR calcined at 500C
for 10 h. (b) Sample (a) was calcined at 900C
for 1 h. (c) As-synthesized MOR was treated
hydrothermally at 170°C for 2 days (3 times),
calcined at 500°C for 10 h and then calcined at
900C for 1 h.
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Fig.7 Relationship between bulk Si/Al ratio and relative
crystallinity of MOR zeolite after calcination at
900C for 1 h. l: MOR synthesized from starting
gel with NaF. [J: MOR after hydrothermal treatment
at 170°C. O: MOR synthesized without NaF. a:
MOR synthesized at 18 h of NaF addition time.
¥: MOR synthesized at 36 h of NaF addition
time. €: MOR synthesized at 48 h of NaF addition
time. ® MOR synthesized with seed crystals. ®:
MOR synthesized with NH,NO;.
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Fig.8 FT-IR spectra of CD;CN adsorbed on H-MOR
zeolites with various Si/Al ratios. Run nos.: (a)
Si/Al =8.4 synthesized without TEAOH and NaF,
b) 1, () 19, (d) 21.
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Fig.9 Relationship between the number of Al atoms in
the main channel of Na-MOR and the number of
benzene molecules adsorbed.
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Direct Hydrothermal Synthesis of High-silica Mordenite

Baowang Lu, Yasunori Oumi, and Tsuneji Sano
School of Materials Science, Japan Advanced Institute of Science and Technology

Influences of various additives in the direct hydrothermal synthesis of high-silica mordenite
(MOR) zeolite using tetraethylammonoiumu hydroxide were studied in detail. The addition
of NaF as a fluoride source enhanced the nucleation and crystal growth of MOR zeolite.
The addition of NH,NO; as a mineralizing agent was also effective for the synthesis of
high-silica MOR zeolite. Under well-optimized conditions, the highly crystalline and pure
MOR zeolite with the highest Si/Al ratio of ca. 34 was synthesized by adding seed crystals
as well as NaF and NH4NO;. The obtained MOR zeolites had much less framework defects
as compared with those synthesized without the additives. From an evaluation of the thermal
stability of MOR zeolites obtained, it was found that the thermal stability increases with an
increase in the bulk Si/Al ratio and that NaF remaining in the zeolite crystals considerably
reduces the thermal stability. It was also found from CD3;CN and benzene adsorption experiments
that the Al distribution in high-silica MOR zeolites is strongly dependent upon the Si/Al
ratio. The proportion of Al atoms in the main channels relatively decreased with an increase
in the Si/Al ratio of MOR zeolite.

Keywords: high-silica, mordenite, additive, thermal stability, Al distribution



