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ABSTRACT

Tobermorite rich in Al and with the basal spacing of 11A was synthe

sized by treating zeolite (clinoptilolite)-lime mixtures under saturated steam 

pressure and at temperatures of 90-180•Ž. The synthetic tobermorite was 

found anomalous in the thermal behavior; the basal spacing of 11.4-11.7A is 

not changed significantly by heating for 24 hours at 300•Ž or for 14 days at 

700•Ž, until conversion to wollastonite occurs at 800•Ž. About 16% of Si in 

the synthesized tobermorite is substituted by Al from clinoptilolite. This 

substitution causes the increase of the basal spacing. The main Si-O lattice 

vibration indicated by the infrared spectra does not shift as the result of such 

substitution, but the bands at 1220 and 1065 cm-1 of Al-free tobermorite are 

found to shift to lower frequency region. The synthetic tobermorite is platy 

with a cleavage after (001) and is elongated parallel to b.

Introduction

Heddle (1880) firstly described 11A tobermorite, Ca5(Si6O18H2)•E4H2O, 

a rare calcium silicate mineral. Taylor (1953) suggested that three 

types of hydrate of tobermorite might exist, whose elementary layers 

are 9.3, 11.3 and 14A respectively. Among these, the 11A tobermorite 
is highly important because it is a major constituent of the binding 

agent for building materials such as autoclaved lime-silica or 
cement-silica products and is synthesized only under hydrothermal 
conditions.

11A tobermorite has been synthesized from many different start

ing materials such as mixtures of lime or portland cement with either 

quartz or amorphous silica. Heller and Taylor (1951) reported that 
well-crystallized 11A tobermorite can be synthesized from a mixture
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of calcium hydroxide and silica gel for runs of 63-200 day duration 

at 110•Ž under saturated steam pressure. On the other hand, 11A 

tobermorite may be obtained more quickly under saturated steam 

pressure by treatment of lime-quartz mixtures in the form of 

suspension or paste at 170-180•Ž, but the result is a metastable 

phase and is replaced by xonotlite by prolonged treatments.

Kalousek (1955, 1957) indicated in more detail that the composition 

of tobermorite is limited to 4 or 5 moles of CaO per 5 moles of SiO2, 

and Al can enter the structure of 11A tobermorite. His results have 

recently been confirmed by Diamond et al. (1966), who reported that 

Al can replace 15% of Si contained in the tobermorite structure 

before hydrogarnet appears as an additional phase and that this 

replacement increases the basal spacing. Roy et al. (1965) reported 

that the presence of Al accelerates the crystallization rate of tober

morite, and it raises the upper temperature limit of its stability.

When natural minerals (McConnell, 1954; Taylor, 1959) and syn

thetic specimens of Al-free (Kalousek et al., 1957; Gard, 1959; Taylor, 

1959) or Al-rich tobermorite (Diamond et al., 1966) are heated up to 

about 300•Ž, part of the contained water is lost and all of the spe

cimens show reduction of basal spacing to 9.3A. At about 800•Ž, 

the 9.3A hydrate is changed topotactically to wollastonite. Gard et 

al. (1957) reported that the natural mineral from Loch Eynort, Scot

land, is anomalous in thermal behavior and morphology. It is fibrous 

with a cleavage parallel to (100), and loses the contained water without 

any change of basal spacing when heated, until conversion to wolla

stonite occurs at 800•Ž. In addition, Taylor (1964) described that 

though the condition required for synthesizing the anomalous type 

of tobermorite had not been made clear, the reaction under saturated 

steam pressure below 140•Ž seemed to give its normal type.

The main aim of the present paper is (i) to investigate the 

generating condition of anomalous Al-rich tobermorite by using 

clinoptilolite as the source of Al and Si, and (ii) to compare its 

thermal behavior and infrared spectra with those of the normal type.
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Experimental

Starting materials

In the cource of this investigation, natural clinoptilolite from 

Itaya in Yamagata Prefecture, Japan, was used as the source of 

Al and Si. Strictly speaking, this starting material was a clino

ptilolite rock which is an alteration product of volcanic tuff. The 

material was used in a form of particle, less than 20ƒÊ in size
, 

including impurities of quartz and feldspar in small amounts
, and 

its composition was as follows: SiO2, 68.08; TiO2, 0.08; A12O3 , 11.25; 

Fe2O3, 1.30; FeO, 0.27; MnO, 0.04; MgO, 0.03; CaO, 0.83; Na2O
, 3.02; 

K2O, 2.88; P2O5, 0.02; H2O+, 7.13; H2O-, 4.68% ; total, 99.61% . Cal

cium oxide was prepared by heating reagent-grade calcium carbonate 

for 4 hours at 1100•Ž.

Method of synthesis

For our synthesis, an autoclave made of stainless steel was used 

for treatments at temperatures above 120•Ž, and a conical flask made 

of pyrex glass below 100•Ž. Before the treatment under saturated 

steam pressure, the starting materials weighed accurately as required 

were suspended in boiled CO2-free water and then stirred for 5 

minutes. The ratio of water to solid was 10:1 in weight for all 

cases. After having been put in the autoclave or flask, the mixtures 

were sealed and placed in an electric furnace. The flask was shaken 

from time to time, and the mixture in the autoclave was stirred at 

about 200 rpm. After the reaction was completed, the solid products 

were filtered, washed first by a little amount of acetone and secondly 

by water, and then dried in a vacuum-desiccator at 80•Ž.

Identification of phases

All the reaction products were identified by X-ray diffraction, 

and petrographic microscopy, and by differential thermal analysis, 

infrared absorption or electron microscopy in some cases. In this 

experiment, when the product included a small amount of C-S-H (1)



146 T. MITSUDA

(calcium silicate hydrate (1) by Taylor (1964)), the examination of 
DTA was quite useful for the identification, namely, sharp exothermic 

reaction due to the conversion of C-S-H (1) to wollastonite was 

utilized.

Results and Discussion

The experimental results on the phases derived under saturated 

steam pressure and having the compositions with the molar ratio, 

CaO/(SiO2+A12O3), ranging from 0.8 to 2.0 are listed in Tables 1 

and 2, where the detected phases are arranged in the decreasing 

order as determined by visual inspection of the X-ray diffraction 

patterns.

Table 1. Effect of chemical composition.

* The following abbreviations are used for the phases in Tables 1 and 2: 

ƒ¿ -C2SH, ƒ¿-dicalcium silicate hydrate; CH, calcium hydroxide; CP
, cli

noptilolite; CSH, calcium silicate hydrate (1) by Taylor (1964); C3SH
, 

tricalcium silicate hydrate; HG, hydrogarnet; Xo, xonotlite; To
, 11A 

tobermorite; Q, quartz; C3S, tricalcium silicate; ƒÀ-C2S, ƒÀ-dicalcium silicate; 

(d), denotes phase detected by DTA.
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Table 2. Effect of starting materials with the molar ratio of 0.8.

* These materials have already been described (T. Mitsuda et al., 1969).

Phases derived at 90•Ž and with the molar ratio, 0.8

In this case, a small amount of C-S-H (1) was detected together 

with unreacted starting materials when treatment was carried out 

for some hours, and the quantity of C-S-H (1) increased with the 

duration of the treatment. Crystalline 11A tobermorite was formed 

as a stable phase when the duration was longer than a week. Thus, 

C-S-H (1) is considered as an initial product of crystalline 11A 

tobermorite at low temperatures. To compare cases from other 

starting materials, the same treatment was conducted for 1-8 weeks 

with silicic acid replacing clinoptilolite. Silicic acid is of course 

much more reactive with lime than clinoptilolite, and the initial 

reaction was therefore more rapid. However, the product was
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identified as C-S-H (1) (showing no spectra corresponding to the 

basal spacing) by X-ray patterns and electron micrographs. Taylor 

(1964) reported that the most satisfactory method to synthesize 

tobermorite under saturated steam pressure might probably be 1-3 

month treatment of C-S-H (1) in aqueous suspension at 110-140•Ž. 

Thus at low temperatures C-S-H (1) seems to be formed usually as

 long-lived intermediate product, which recrystallizes slowly in 11.3A 
tobermorite. The 11A tobermorite has been prepared by many 
investigators only under hydrothermal conditions, but not synthesized 

at temperatures below 100•Ž. However, in the case of clinoptilolite

lime mixtures, C-S-H (1) rapidly recrystallizes in crystalline tober

morite at 90•Ž because of the presence of Al.

Phases derived in the temperature range 140-280•Ž and with the 

molar ratio between 0.8 and 2.0

Under these conditions, 11A tobermorite was obtained from the 

mixtures with the molar ratio between 0.8 and 1.0. After treatment 

at 280•Ž it was replaced with xonotlite. In the case of the ratio of 

0.8, the shortest duration of treatment necessary for the synthesis 

of 11A tobermorite was determined by treating clinoptilolite-lime 

mixtures at various temperatures. For comparison with the cases 

from other starting materials such as lime, Ca3SiO5 or ƒÀ-Ca2SiO4 

with either quartz or silicic acid, the similar treatment was conducted. 

The results in Table 2 show that 11A tobermorite failed to appear 

from any of the mixtures other than clinoptilolite-lime after the 

same treatment duration with that for the latter .

As shown in the electron micrographs (Fig. 1)
, the synthetic 

tobermorite looks platy with a cleavage after (001) and is elongated 

parallel to b. From these experiments it is to be concluded that the 

formation of 11A tobermorite from zeolite is easier than from other 

starting materials.

In the case of molar ratio of 2.0, the product mainly consists of 

ƒ¿-dicalcium silicate hydrate
, hydrogarnet and unreacted lime at 140-
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Fig. 1. Electron micrographs of synthetic tobermorite and its selected

area electron diffration patterns. The specimens are prepared under saturated 

steam pressure at 90•Ž for 2 weeks (A, C) and at 170•Ž for 40 hours (B, D).

 The powder rings in C and D are of evaporated Au for calibration.
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180•Ž, and tricalcium silicate hydrate with hydrogarnet at 280•Ž. All 

of Al in clinoptilolite can enter the structure of 11A tobermorite 

when the molar ratio is 0.8 or 1.0, but it constitutes hydrogarnet for 

higher ratios. The composition of hydrogarnet in the product was 

estimated from the size of the unit cell (Strassen, 1958) calculated 

from its X-ray powder pattern as follows: C3AS1 .12H3.76 at 140•Ž; 

C3AS1 ,25H3.50 at 180•Ž; C3AS1.50H3.00 at 280•Ž. The results suggest that 

the silica content of hydrogarnet increases with the rise of temper

ature during its formation.

Chemical compositions and X-ray powder data

The chemical compositions of synthetic tobermorite shown in 

Table 3 coincide well with that of the initial mixture except the 

decrease in the amount of alkalis. When the synthesis was carried 

out at 90•Ž, the amount of alkali in C-S-H (1) formed as the initial 

or intermediate product was the smallest, and gradually increases

Table 3. Compositions of mixtures and synthetic tobermorite.

The specimens are synthesized under saturated steam pressure at 

170•Ž for 40 hours (A) and at 90•Ž for 8 weeks (B).

* After deduction of the ignition loss and recalculated so as to make 

the total 100%. Analyst: Y. Hikichi
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Fig. 2. Effect of treatment-duration on the alkali contents 

of the products at 90•Ž (A) and at 170•Ž (B). The weight ratios 

of K2O/SiO2 and Na2O/SiO2 are denoted by a and b respectively.

with the progress of recrystallization into tobermorite. During the 

formation, Na in clinoptilolite is dissolved more easily into the 

solution than K. Thus, the tobermorite synthesized from clinoptilo

lite is an Al and alkali-rich phase.

The X-ray powder data obtained with the synthetic tobermorite 

(Table 4 and Fig. 3) agree well with those of natural or synthetic 

specimens obtained by other investigators. In the present experi

ment, all of Al in clinoptilolite replaces Si in the tobermorite 

structure and the basal spacing accordingly increases by this re

placement.

Kalousek (1957) studied the substitution of Al in the tobermorite 

lattice, a series of Al-tobermorite was prepared by the use of kao

linite as the source for Al. He reported the increase of the basal 

spacing from 11.1A to 11.7A for the samples whose Al content was
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Table 4. X-ray powder data of synthetic tobermorite.

The specimens are synthesized under saturated steam pressure at 170•Ž 

for 40 hours (A) and at 90•Ž for 8 weeks (B). Measurements from dif

fraction patterns with silicon as internal standard; CuKa1=1.5405A. 

Broad and very broad peaks are marked by b and vb, respectively.

more than 4% in the form of A12O3, and the existence of hydrogarnet 

in the samples, in which more than 10% of Si was replaced by Al. 

His report was ascertained by Diamond et al. (1966). They adopted 

the same method of synthesis, and reported that the basal spacing 

increased from 11.18A of the Al-free tobermorite to 11.45A in the 
case of the substitution of Si by 15% Al at the most.

In the course of the present investigation, hydrogarnet was not 
detected in any product as a phase additional to tobermorite. 
Although the synthetic tobermorites contained almost the same 
amount of alkalis or water, the basal spacing varied in the range
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Fig. 3. X-ray powder data of synthetic tobermorite. The 

specimens are prepared under saturated steam pressure at 90•Ž 

for 8 weeks (A) and at 170•Ž for 40 hours (B).

of 11.4-11.7A according to the temperature of treatment.

Both Kalousek and Diamond et al. pointed out a gradual decrease 

of intensity of the 400 reflection (2.81A) with the increase of replace

ment by Al. Diamond et al. also reported that the intensity ratio 

of 400 reflection to 220 reflection was 33% when the degree of 

replacement was 15%. In the present work the above ratio for the 

synthetic tobermorite was about 25% in the case of 16% substitution 

by Al.
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Thermal behavior

The thermal behavior of the synthetic tobermorite was studied 

mainly in the following four ways: DTA, dehydration, linear shrink

age and X-ray studies on heated samples.

DTA curves of the synthetic tobermorite (Fig. 4) show broad 

endothermic peaks at about 100-300•Ž, and a strong high-temperature 

exothermic peak at 840-850•Ž. On the other hand, Al-free tober

morite has been known to yield only a broad endothermic peak at 

830•Ž (D in Fig. 4). The results are similar to those of Al-tober

morite reported by Kalousek (1957) and Diamond et al. (1966).

Fig. 4. DTA curves of synthetic tobermorite . The specimens 

are prepared under saturated steam pressure at 90•Ž for 2 weeks 

(A) and 8 weeks (B), and at 170•Ž for 40 hours (C). Specimen 

D shows pure tobermorite synthesized from quartz-lime mixtures 

under saturated steam pressure at 130•Ž for 29 days .
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Fig. 5. Dehydration curves of synthetic tobermorite. A and 

B show the specimens same as A and B in Fig. 3 respectively .

The dehydration curves of 

the synthetic tobermorite (Fig. 

5) have been obtained by using

 thermobalance operated in the 

air and at the linear heating 

rate of 5•Ž per minute. As 

the result, it has been found 

that dehydration takes place at 

two stages; the first one is 

completed at about 300•Ž and 

the second at about 600•Ž. The 

dehydration curves agree well 

with those of the•@ synthesized or 

natural specimens reported by 

previous investigators.

In Fig. 6, a linear shrinkage 

curve is compared with that 

of Al-free specimen synthesized 

at 130•Ž and under saturated 

steam pressure for 29 days.

Fig. 6. Linear shrinkage curves 

of synthetic tobermorite. A and B 

show the specimens same as C and

 D in Fig. 4 respectively.
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These curves have been obtained with a sample in the form of a 

rod and at the heatidg rate of 5•Ž per minute. It is shown from 

the result that Al-rich tobermorite starts to undergo a remarkable 

shrinkage at about 750•Ž before recrystallization to wollastonite 

occurs. The specimen was found quite hardened when cooled after 

the shrinkage. On the other hand, unsubstituted tobermorite was 

not hardened. Regarding these phenomena, Diamond et al. (1966) 

suggested the formation of some quasiamorphous phase such as 

Al-Si spinel.

The X-ray patterns of the synthetic tobermorite after heating 

at 300•Ž or 700•Ž (Fig. 3) show no difference from those of initially 

hydrated samples. It should be emphasized that the basal spacings 

of both autoclaved sample and that treated at 90•Ž were hardly 

affected by heating, even after treatment for 24 hours at 300•Ž and 

14 days at 700•Ž, until the conversion to wollastonite occurred at 

about 800•Ž. When the common forms of synthetic specimen such 

as Al-free (Kalousek et al., 1957; Gard, 1959; Taylor, 1959) or Al-rich 

tobermorite (Diamond et al., 1966), and natural minerals (McConnell, 

1954; Taylor, 1959) were heated at about 300•Ž, part of water con

tained was lost, and the basal spacings of all the specimens were 

shifted to 9.3A.

Gard et al. (1957) reported that a natural mineral from Loch 

Eynort, Scotland was anomalous in its thermal behavior and mor

phology, and it was fibrous with a cleavage after (100). The material 

investigated in the present study was also anomalous in the thermal 

behavior but normal in the morphology. It is supposed that the 

stability of the basal spacing of the present material is due to the 

substitution of Si by Al and the existence of alkali ions in interlayer 

positions.

Infrared absorption spectra

Infrard spectra were obtained by means of the KBr disc method. 

Fig. 7 shows the comparison of the spectra of the 16% Al-tobermorite
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in the present study with 

those of xonotlite and unsub

stituted tobermorite synthe

sized at 150•Ž under satur

ated steam pressure for 60 

hours. The positions of the 

main Si-O stretching band 

at 960-965cm-1 and the Si

- O-Si bending one at 445-450 

cm-1 were not altered signifi

cantly by the substitution of 

Si by Al. However, it was 

discerned that the bands of 

about 1220 and 1065 cm-1 of 

the unsubstituted specimens 

had been shifted to 1170 and 

1040 cm-1 of the substituted 

ones respectively. Further

- Fig. 7. Infrared absorption spectra 

of synthetic tobermorite and xonotlite. 

A and B show xonotlite and pure tober

morite respectively. C and D show the 

synthesized tobermorite same as B and 

A in Fig. 3 respectively.

more, the bands of the substituted specimens have become broad.

Diamond et al. (1966) reported that the absorption band at 1207 

cm-1 of the unsubstituted specimen shifted to the lower frequency 

region with increasing Al substitution, as is for 1172 cm-1 in the case 

of the 15% substituted specimen.

The author wishes to express his thanks to Mr. Y. Hikichi for 

his help in chemical analyses and Mr. M. Murachi for his assistance 

in carring out the experiments.
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