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Abstract— SiO, source on the hydrothermal synthesis of 1.1-nm tobermorite was studied by using natural zeolite. The
mixtures of calcium hydroxide and natural zeolite with the Ca/(Si+Al) ratio of 0.8-1.0 were reacted hydrothermally under
saturated steam pressure, at 150-230 °C for 8-48 hour. In result natural zeolite yielded tobermorite at the initial stage of the
reaction. The highly crystalline tobermorite was formed at 0.8 mole and 230 °C for 48 hour as optimum conditions of hydro-
thermal synthesis. In the presence of Al in starting, tobermorite was crystallized more rapidly at 0.8 mole than 1.0, but in
the absence of Al, crystallization was faster at 1.0 mole than 0.8. Tobermorite showed anomalous thermal behaviour
without any significant change in the basal spacing of a heated sample at 700 °C for a week. In particular the presence of
aluminum in the starting accelerates the crystallization and stabilization of tobermorite, and that the aluminum ion substi-

tutes for the silicon ion in the tobermorite structure.
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Table 1. Chemical analyses of natural and synthetic zeolites
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Fig. 1. Schematic of experimental minireactor.
1. Electrical supply 7. Reactor
2. Temperature controller 8. Magnetic drive
3. Stirring controller 9. Thermocouple
4. Pressure gage 10. Safety valve
5. Water cooling channel 11. Sampling valve
6. Bomb heat 12. Suspention sample
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Fig. 2. XRD patterns of natural (a) and synthetic mordenite (b).
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Compn. wt% . .
Start. Mater SiO, AlLO, Fe,0, Ca0O K,O Na,0 MgO TiO, Ig.L
Natural zeolite* 67.68 12.58 1.54 1.84 1.65 2.69 0.04 0.07 12.30
Synthetic zeolite** 78.00 11.00 0.85 0.48 0.43 7.95 0.39 0.51 -

*Fourded in the Tertiary tuffaceous rocks at Guryongpo and like places in Kyongbuk. **Mordenite-type zeolite(Zeolon 900Na, Norton Co.)
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Fig. 3. DTA-TG curve of natural mordenite.
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Fig. 4. Infrared absorption spectrum of natural mordenite.
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Table 2. Data of hydrothermal conditions and products prepared
from natural mordenite

Sample Ca/(Si+Al) Time Temp. Phases detected* Basal spacing of

no. ratio hr c Major Minor tobermorite, nm
1 0.8 8 150 To - 1.15
2 0.8 8 180 To - 1.15
3 0.8 8 200 To - 1.14
4 0.8 8 230 To - 1.15
5 0.8 24 150 To - 1.14
6 0.8 24 180 To - 1.15
7 0.8 24 200 To - 1.16
8 0.8 24 230 To - 1.16
9 0.8 48 150 To - 1.16
10 0.8 48 180 To - 1.16
11 0.8 48 200 To - 1.15
12 0.8 48 230 To - 1.16

*To : 1.1-nm tobermorite

Table 3. Data of hydrothermal conditions and products prepared
from synthetic mordenite

Sample Ca/(Si+Al) Time Temp. Phases detected* Basal spacing of

no. ratio hr °C Major  Minor tobermorite, nm
13 0.8 8 150 To - 1.14
14 0.8 8 180 To - 1.15
15 0.8 8 200 To - 1.14
16 0.8 8 230 To - 1.15
17 0.8 24 150 To - 1.14
18 0.8 24 180 To - 1.15
19 0.8 24 200 To - 1.15
20 0.8 24 230 To - 1.16
21 0.8 48 150 To - 1.14
22 0.8 48 180 To - 1.15
23 0.8 48 200 To - 1.16
24 0.8 48 230 To - 1.16

*To:1.1-nm tobermorite

Table 4. Data of hydrothermal conditions and products prepared

from quartz
Sample  Ca/Si  Time Temp. Phases detected* Basal spacing of
no. ratio hr C Major Minor tobermorite, nm
25 0.8 8 150 To Q 1.14
26 0.8 8 180 To - 1.15
27 0.8 8 200 To - 1.14
28 0.8 8 230 To, Xo - 1.13
29 0.8 24 150 To Q 1.15
30 0.8 24 180 To - 1.14
31 0.8 24 200 To - 1.14
32 0.8 24 230 To, Xo - 1.13
33 0.8 48 150 To Q 1.14
34 0.8 48 180 To - 1.13
35 0.8 48 200 To - 1.14
36 0.8 48 230 To, Xo - 1.13

*To:1.1-nm tobermorite, Xo : Xonotlite, Q : Quartz
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Fig. 5. XRD patterns of 1.1-nm tobermorite prepared from several
starting materials.
O 1.1-nm tobermorite, @ xonotlite, A o-quartz
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Table 5. Data of hydrothermal conditions and products prepared
from natural mordenite

Sample Ca/(Si+Al) Time Temp. Phases detected® Basal spacing of

no. ratio hr ‘C Major Minor tobermorite, nm
37 1.0 8 150 To - 1.14
38 1.0 8 180 To - 1.15
39 1.0 8 200 To - 1.15
40 1.0 8 230 To - 1.14
41 1.0 24 150 To - 1.14
42 1.0 24 180 To - 1.15
43 1.0 24 200 To - 1.15
44 1.0 24 230 To - 1.15
45 1.0 48 150 To - 1.15
46 1.0 48 180 To - 1.15
47 1.0 48 200 To - 1.16
48 1.0 48 230 To - 1.16

*To:1.1-nm tobermorite

Table 6. Data of hydrothermal conditions and products prepared
from synthetic mordenite

Sample Ca/(Si+Al) Time Temp. Phases detected* Basal spacing of

no. ratio hr C Major Minor tobermorite, nm
49 1.0 8 150 To - 1.14
50 1.0 8 180 To - 1.15
51 1.0 8 200 To - 1.15
52 1.0 8 230 To - 1.14
53 1.0 24 150 To - 1.15
54 1.0 24 180 To - 1.14
55 1.0 24 200 To - 1.15
56 1.0 24 230 To - 1.15
57 1.0 48 150 To - 1.14
58 1.0 48 180 To - 1.15
59 1.0 48 200 To - 1.16
60 1.0 48 230 To - 1.15

*To:1.1-nm tobermorite

Table 7. Data of hydrothermal conditions and products prepared

from quartz
Sample Ca/Si  Time Temp. Phases detected* Basal spacing of
no. ratio hr ‘C  Major Minor tobermorite, nm
61 1.0 8 150 To Q 1.14
62 1.0 8 180 To Xo 1.14
63 1.0 8 200 Xo -
64 1.0 8 230 Xo -
65 1.0 24 150 To Q 1.13
66 1.0 24 180 Xo To
67 1.0 24 200 Xo -
68 1.0 24 230 Xo -
69 1.0 48 150 To Q 1.13
70 1.0 48 180 Xo To
71 1.0 48 200 Xo -
72 1.0 48 230 Xo -

*To:1.1-nm tobermorite, Xo : Xonotlite, Q : Quartz
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Table 8. Chemical compositions of prepared tobermorite and natural tobermorite minerals
Samples Sio, AlLO, Fe, 0, FeO MgO Ca0 Na,O K,O H,0 Total
Natural Pier, tobermory 46508 2402  1.139 1.853 0.474 33404 0356 1445 12,606 100.187
1.1-mn Loch Eynort, tobermory 46.17 4.26 - 0.15 tr. 35.15 0.56 0.25 1347  100.01
tobermorite[28]  Bloody Bay, tobermory 46.62 3.895 0.664 1.080 - 33978 0.891 0.572 12109 99.81
Prepared 1.1-nm  Paper of Mitsuda[32] 41.21 6.82 0.86 - tr. 35.88 0.92 1.55 12.72 99.96
tobermorite Present paper sample no. 12 43.14 595 0.79 - - 35.57 0.88 0.96 12.69 99.98
Table 9. Structural formulas of prepared tobermorite and natural tobermorite minerals
. L Ca/ (K+Na+Ca)/ Al/(Si+Al)
Samples Ionic constitutions (SiAl)  (Si+Al) %
Natural Pier, tobermory (KozNageCaye)sz MeooFeasFearos * (SisnAlys)se Oty - 42H,0  0.73 0.78 5.7
1.1-nm Loch Eynort, tobermory (KoosNag 13Cay g3)s.50 (Feu‘_é)m~ (Sis 67AL2)s20 O1sHs - 4.5H,0 0.74 0.76 9.8
tobermorite[28] Bloody Bay, tobermory (KoosNao1Cayagizs (FegaFegos)orr - (SisesAlose)sze OssH, - 3.9H,0 0.71 0.76 9.0
Prepared 1.1-nm Paper of Mitsuda[32] (Ko2sNay,Cu 51525 (Fegondoos - (Sisi6Alior)srr OssHy - 4.3H,0 0.78 0.86 16.3
tobermorite Present paper sample no. 12 (Ko.13Nag 15Ca, 65).96 (Fe‘{gs)'m,S - (SisnAly7)sas OgsH, - 4.1H,0 072 ° 0.77 11.2
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= Feeks wesle 2oz AHzEAe o] FXE Sie Al
Aeg 78 £ ook & AuzAEe] X dA AR
Z7Vghchs A1 -o] glov34] £ APAFZAM = ehA 2z vt
SAZE 2 FUEA ) ae) dheaA] me AR siaA 0] Heixm
2 AdEAHLE =¥ =

54 F K, Na 98- 4hA)d $ej3iA o8 24 H
3}sted Ale] Sie} 3L 335, K'+Na'+Si" = Ca™+Al'T} 2
o] K', Na' 5 he|o]&9] 4% Ca™ol23} F3x8hE Y3l
Ao FHE AN obde]Fo)L EAsle AFAEY Ewwa)
o|2¢] FAolrle Aste] EFHE A8y 34 3k K,
Na'o]2-&- ulo}Zo| 1 T2 Gge]FgSo] o] ool Lwehil-&
vepdch3-11]. =3 2739 Ca™o)leE o] wdAd-& vehfix|at
FHA ] F2 CaO th A %2 Ca¥o] &L o] 2w FA-S Ro)A] o
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Aol A3l BRI WEslm FRAY FFo E7) ST
AH 3] P20 AHIE FAAA F= AR AZEH Sie Al
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2322 Foll Jehd ulelzle] el dadt B3 A
22 2A35le] (K+Na+Ca)(Si+A)R1] 0.76-0.86: 9] oll4] B Alg
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nelo] E0] o]22AIN] Ca/(Si+AlH])7} 0.830] 22 =)} 1.059]
Ae AR sz EnjrelelEr), 1.2744 & tlakgt C-S-He A
ARA EAo] AT 0.77-0818 A= mAXAe] A"t
= B 31[39]9} vias] & o) £ Alslgt 0.72004 A A enwa}
olE7} YAEBZ o] glolslolAE HAo] & whdE] Enjnajo]
E7L AAE Aoz A=

o]} Zho] HAA Hrjule]| ERHE] Polz] Enj o] =] £4
2 dAz sl $48 1 F2 SUEAS sdAzes 7
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ek Azpgol
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Fig. 6. DTA curves of 1.1-nm tobermorite.
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Fig. 7. XRD patterns of 1.1-nm tobermorite by heating temperature.
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g]2jo] Q1= 31, 800 ‘CH-ZollA] 2] oRIgH oL Evjrijo]E
Z 430§ 3283k o2 Al-bearing tobermorite2] YA 02 Sig»
Al9] X|3=F Zyhd)Fof| Zkeh whduks-§ Suksle] SElAaELolE
(wollastonite)Z Ho]" ZHoZ A7Z}E|n|[34], Claringbull S{28]3}
McConnell[29]e] 23 AT Ux|gc}. 1=} 4 Evjnelo]
EEHE Z8duie] Helx] =t}

g FHHSAFA A A o3l Er mejo] X g (sample no.
12YF 7] 2 FellA] 300°C, 700 CZ 719359& = &Aoo
T XA A =3-& Fig. 7o A543

A = A B Ralo) EX 300 CrR] Zldsid 2149 g
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Zh 719 E LRl E g Rajd w7lx] 1.1-nm(208=8.2°)
2] Wizh= gloln). o174 &5l EA)el uk Si' Alo]29)
2 ge 2 A= 71 Fol] AH7EA o] W= A 418 (normal type)
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Fig. 8. Thermal expansion shrinkage curves of 1.1-nm tobermorite.
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Fig. 9. Infrared absorption spectra of 1.1-nm tobermorite.
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