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ABSTRACT

The formation process of kaolinitc in the hydrothermal reaction of an amorphous 

calcium silicate with aluminum chloride was studied by XRD, IR, DTA-TG, TEM, 

and high-resolution solid state 29Si-MAS/NMR. The amorphous calcium silicate 

prepared from diatomite and calcium hydroxide was hydrothermally treated with an 

aluminum chloride solution in a Teflon pressure vessel at 220•Ž for a reaction period 

varying from 1 to 144 h. As the first step of the reaction, the Q2 state component of 

the starting material changed into an intermediate amorphous with the Q3 state. The 

degree of silica-polycondensation of this state is identical to that of the intermedicate 

phase observed in the kaolinitization from the amorphous mixture of silica and 

alumina. The intermediate amorphous phase was then converted directly into the 

crystalline kaolinite with a platy shape (the Q3 state), without forming a spherical 

kaolinite. The latter was observed in the reaction system started from an amorphous 

mixture of silica and alumina. 
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INTRODUCTION

Kaolinite, Al,Si3O(OH)4, is one of the main components of plastic clays used in the 

ceramic industry. The synthesis of high-performance artificial clay as a raw material for 

ceramics has been investigated and the formation process of kaolinite from an amorphous 

mixture of silica and alumina has been revealed. The reaction from the amorphous 

mixture proceeds through the following three steps (Miyawaki et al., 1992): Silica with 

the Q4 state in the amorphous starting material changes into an intermediate amorphous 

with the Q3 state, and then is converted into a crystalline kaolinite with the spherical
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shape (the Q3 state), and finally the spherical kaolinite changes into the platy one (the Q3 

state). The symbol of Q" represents the degree of polycondensation of SiO4 tetrahedra, 

in which, "n" indicates the number of bridging oxygen atoms per one SiO4 tetrahedron 

(Lippmaa et al., 1980) . 

Fine particles of kaolinite can be hydrothermally synthesized from an amorphous 

calcium silicate and aluminum chloride (Shibasaki et al ., 1990). The chemical composition 

of the reaction system started from these materials is different from that of the system 

started from the amorphous mixture of silica and alumina , i.e., the former contains 

calcium and chloride in addition to aluminum and silicon. Therefore , a difference in the 

reaction mechanisms should he predictable between the two reaction systems . Comparison 

between the processes of kaolinite formation in the two different reaction systems , 

the theme of the present study, is helpful in understanding the general feature of the 

formation process of kaolinite. The knowledge contributes not only to the silicate chemis-

try but also to the geology, e.g., understanding of the formation mechanisms of silicate 

minerals and their relationship to the occurrence modes. Moreover, the formation process 

is helpful in improving the synthetic technology of silicates. 

EXPERIMENTAL 

Materials and synthesis 

The starting material, an amorphous calcium silicate, was prepared by the procedure 

of Shibasaki et al. (1990): a slurry-mixture consisting of diatomite and calcium hydroxide 

(Ca/Si atomic ratio of 1) was heated at a temperature of 80-100•Ž for about 5 h. One 

gram of the dried calcium silicate powder was placed in a Teflon pressure vessel (San-ai 

Kagaku Ltd., HU-25; 25 ml capacity) with 16 ml of an aluminum chloride solution 

containing 1.6 g of AlC1 .6H7O. The reaction vessel was kept at 220•Ž in an electric 

furnace for a period between 1 and 144 h. After the reaction period, the vessel was 

quenched in water. The pH of the slurry was measured using a pH meter (Horiha, M8 

AD) after the hydrothermal treatment. The solid product was filtered and dried at 100•Ž

for about 12 h. 

Analytical method 

The chemical composition of the amorphous calcium silicate was determined by X -ray 

fluorescence (XRF) analysis using a Rigaku 3080E3 spectrometer . A total of 0.3 g of the 

material, which was heated at 1150•Ž for the measurement of ignition loss
, was mixed 

with 3 g of lithium-metaborate and heated in a platinum crucible to form a head pellet
. 

The quantitative determination was carried out using calibration curves determined with 

bead pellets of 43 standard materials. 

The X-ray powder diffraction (XRD) patterns were measured on a Rigaku RAD-11B 

diffractometer using graphite-monochromatized Cuhaz radiation by the step scanning 

technique (15 sec for every 0.02•‹ step). The sample was carefully packed in an aluminum 

sampled holder to minimize the preferred orientation . The DTA-TG curves were simul-

taneously recorded by heating 40 mg of each sample from room temperature to 1150•Ž at 

a heating rate of 10•‹/min using a Rigaku TG8110-TAS 100 thermal analysis system . The
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yield of kaolinite was estimated from the weight loss between 450 and 1150•Ž recorded 

on the TG curves, which corresponds to the dehydration from the structural OH group 

of kaolinite. Infrared absorption spectra were recorded on a JASCO-IR700 grating 1 R 

spectrometer using the pressed KBr pellet technique. About 0.5 mg of the sample and 

about 200 mg of KBr were mixed in an agate mortar, and pressed in a 10 mmo pellet die 

under a vacuumed condition. The morphologies of the reaction products were observed 

by a transmission electron microscope (TEM; JEOL-4000FX) operated at 400 kV. The 

sample powder was sprinkled onto a microgrid. 

2"Si -magic angle spinning/nuclear magnetic resonance (MAS/NMR) spectra were 

obtained with a Bruker-MSL-200 spectrometer operated at 39.763 MHz for Si and 

200.13 MHz for H. Thus, the magnetic field strength was 4.7T. Two methods were 

employed; that involving both the cross-polarization and the high power decoupling 

techniques (CP-method) and that with only the high power decoupling technique (HP-

method). The powdered sample was packed in a rotor and was spun at about 2.5 kHz 

in a magic angle spinning probe. A total of 400-600 scans were accumulated for each 

spectrum with a repetition period of 10s. Chemical shifts were measured relative to 

tetramethlylsilane (TMS). A total of 5192 data points and a sweep width of 20000 or 

38 462 Hz were employed to obtain a digital resolution of 4.9 or 9.4 Hz, respectively. 

RESULTS 

The chemical composition of the amorphous calcium silicate starting material is given 

in Table 1. It consists of calcium and silicon as the main constituents, a small amount of 

aluminum, and trace amounts of magnesium, iron, potassium, sodium, and titanium. The 

X-ray powder diffraction patterns of the starting material and reaction products are given 

in Fig. 1. The starting material was an amorphous and associated with small amounts of 

calcite (CaCO3) and quartz (SiO2). The XRD patterns of the products reacted up to 2 h 

gave no diffraction other than those of calcite and quartz. After the hydrothermal reaction

TABU 1. Chemical compositions of the 
amorphous calcium silicate 

(wt% )
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FIG. 1. X-ray powder diffraction patterns . 
K: Kaolinite, Q: Quartz, C: Calcite

for 3 h, the diffractions of calcite became smaller, and very broad hk reflections by 

kaolinite appeared. The 00l reflections of kaolinite could he observed for the product 

reacted for 12 h. The crystallinity of kaolinite increased with increasing reaction period . 

Hinckley indices (Hinckley, 1963) were 0.2, 0.3, and 0.6 for the samples reacted for 48 , 

72, and 144 h, respectively. The diffraction of quartz was still observed in the product 

after reaction for 144 h. 

Figure 2 shows the DTA curves for the products. The exothermic peak at around 

950•Ž corresponds to the spinel phase formation. This was observed for all the products
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FIG. 2. DTA-TG curves.

whereas no apparent endothermic peak at around 550•Ž corresponding to the dehydration 

of the structural OH group of kaolinite was observed for the sample reacted for less 

than 6 h. The intensities of the 001 reflections of the XRD patterns, the exothermic and 

endothermic peak-intensities of the DTA curves, and the weight losses observed on the 

TG curves corresponding to the dehydration of the structural OH group (Fig. 2) increased 

with increasing reaction period from 12 to 144 h. The yields of kaolinite estimated from 

the weight loss are given in Table 2. The pH value of the slurry measured after the 

hydrothermal reaction (Table 2) decreased with the increase in reaction period. 

TEM photographs (Fig. 3) show that the starting material with a typical appearance 

of the amorphous phase, changed into extremely thin and fine flakes within 2 h of the 

hydrothermal reaction. Fine lath-shaped particles were observed after reaction for 6 h. 

The dimension of the particles increased, and the shape changed to be platy, with increasing 

TABLE 2. The yield of kaolinite estimated from weight loss and pH of the slurry

* The yield could not be estimated because the weight loss of the calcium silicate overlapped.
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reaction period. The platy particles in the products reacted for 48, 72, and 144 h gave 
spots of electron diffractions. The platy particles of the reaction for 144 h showed a 
hexagonal shape. Curved and stacked layers or fibers were also indicated in the TEM 

photographs of the products reacted for 24 and 36 h. In the present TEM observation, 
no spherical particles were observed. 

The infrared spectrum (Fig. 4) of the starting material (Oh) gave a broad absorption of 
the OH group at around 3500 cm I and Si-0 hands at around 1000 cm - I, in addition 
to sharp absorptions of calcite at around 1450, 880, and 850 cm (Van der Marel and 
Beutelspacher, 1976). After reaction for 1 h, the profile of the Si-0 band at around 
1000 cm I became broader, and the absorption hands of calcite decreased. The AI-O 
hand at round 900 cm I appeared as a broad shoulder after reaction for 3 h. This Al-O 
hand became sharper with progress of the reaction. Typical absorption hands of kaolinite 
are OH vibration bands at around 365O cm I and AI-O-Si absorption bands at around 
700 and 550 cm I. These were observed for samples reacted for longer than 12 h. The 
intensities of these absorption hands increased as the reaction period increased from 
36 to 144 h. 

The 29Si-CP/MAS/NMR and 29S:-MAS/NMR (HP) spectra of the present reaction 
system are shown in Fig. 5. The 29Si-MAS/NMR (HP) spectrum of the starting material 

(O h) gave peaks at -86 and -81 ppm, whereas the 2 Si-CP/MAS/NMR spectrum gave 
no apparent peak except for an extremely weak peak at -81 ppm, which is close to the 
noise level. Both the spectra obtained by the CP- and HP-methods changed remarkably 
after reaction for 1 h. A broad peak appeared at around -102 ppm as the main peak in 
both the HP and CP spectra. In addition, a relatively sharp peak at around -92 ppm was 
observed in the CP spectrum. This peak grew to be one of the main peaks after reaction 
for 2 h, and became the most intense peak in both the CP and HP spectra after reaction 
for 3 h. The intensity of this peak dominated the other peaks at -81 and -102 ppm and 
the line width became sharper with an increase in the hydrothermal reaction period. The 

peak at -92 ppm corresponds to that of kaolinite (Barron et al., 1983). Although the 
peak at around -102 ppm still remained in the HP spectrum of the sample reacted for 
72 h, only the peak at -92 ppm was observed after the longest reaction period of 144 h. 

DISCUSSION 

The starting material 
The amorphous calcium silicate used as the starting material gave an IR spectrum with 

an O-H stretching hand at around 3500 cm I and a H-O-H bending hand at around 
1650 cm I (Fig. 4). The 1 R spectrum suggests that the starting material adsorbs water on 
the surface. There is also a possibility that a part of the O-H stretching band is attributed 
to the OH group in the starting material. However, the 2 Si-CP/MAS/NMR spectrum 
without any apparent peaks (Fig. 5) suggests that the silicon atom in the starting material 
exists as a siloxane [SiO4], but not as a silanol ISiO3(OH) or SiO2(OH)2], because the 

29Si-CP/MAS/NMR spectrum shows only the signals from silicon atoms having magnetic 
interactions with protons, in contrast to the "'Si-MAS/NMR(HP) spectrum which gives 
information from all the silicon atoms. The two peaks at -81 and -86 ppm in the
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FiG. 4. IR spectra.
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FIG. 5. 29 Si-MAS/NMR spectra.
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29 Si-MAS/NMR(HP) spectrum suggest that the silicon atoms are in the Q1 or Q2 state, 

which correspond to a SiO4 tetrahedron sharing one or two oxygen atoms with neighboring 

tetrahedra, respectively. Ishida and Mitsuda (1992) reported that a calcium silicate 

hydrated gel prepared from ƒÀ-Ca2SiO4 showed Q I and Q2 2 Si-NMR peaks at around =78 

and -84 ppm, respectively. They also mentioned that a calcium silicate hydrate gel has 

dimer and single chain Slat tetrahedra. Analogous to their calcium silicate hydrate gel, 

the starting material in the present study may contain anionic groups of silica with chain 

structure. This configuration around the silicon atom is the main structural difference 

from that in the amorphous mixture of silica and alumina (the Q4 state) used as the starting 

material for the other hydrothermal synthesis of kaolinite reported in the previous paper 

(Miyawaki et al., 1992). 

The intermediate phase 

The results of the 2 Si-MAS/NMR (CP and HP) clearly indicate that the starting 

material changes into an intermediate amorphous phase. The intermediate phase is , 

then, converted into kaolinite. The amorphous calcium silicate ,is hydrated within 1 h , 

as suggested by the appearance of the broad peak at -102 ppm in the "'Si-CP/MAS/NMR 

spectra and the increase in the intensity of O-H stretching hand at around 3500 cm I of 

the IR spectra. Moreover, the peak position at around -102 ppm in the 2 Si-CP/MAS/NMR 

and -MAS/NMR(HP) suggests that the configuration around the silicon atom is different 

from that of the starting material, and that the configuration is changed within 1 h. The 

products of the hydrothermal reaction for less than 3 h, as well as the starting material 

(Fig. 1, 0 h), gave no X-ray diffraction except for those of calcite and quartz. Thus, the 

intermediate phase in the present reaction system is probably a hydrated amorphous 

material which has a silica structure of different polycondensation state from those of the 

starting material and kaolinite. It is worth noting that the intermediate phase gave a 

29Si -MAS/NMR peak at -102 ppm
, and it is identical to the chemical shift of the main 

peak of the intermediate phase observed in the hydrothermal synthesis of kaolinite from 

the amorphous mixture of silica and alumina (Miyawaki et al., 1992). 

The lack of the Al-O-Si absorption bands in the IR spectrum of the product reacted 

for 3 h suggests that the intermediate phase is not aluminosilicate. Therefore , it is not 

possible to assign the 29Si-MAS/NMR peak at -102 ppm to the peak of the Q4 state SiO4 

tetrahedron neighboring to an Al-tetrahedron [Q4(1Al)] . Since Lippmaa et al. (1980) 

suggested that the 29Si-MAS/NMR peak at -102 ppm is assigned to a Q3 state, we concluded 

that the intermediate phase is an amorphous silica consisting of silanol [SiO3(OH)] with 

a Q3-state. 

The reaction process 

The NMR peak of the starting material at -86 ppm disappeared in the 2 Si-MAS/NMR 

spectrum of the sample reacted for 36 h. It suggests that most of the starting material 

changed into other phases, such as the intermediate phase and kaolinite. In the case of 

the hydrothermal synthesis from the amorphous mixture of silica and alumina, a part of 

the starting material remains unreacted even after reaction for 84 h (Miyawaki et al., 

1992). These observations indicate that the amorphous calcium silicate starting material
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changes into an intermediate phase in a shorter reaction period than the amorphous 
mixture of silica and alumina. The specific surface area of the amorphous calcium silicate 
measured by the B.E.T. method using N2 gas adsorption was approximately 80 m2/g. 
This is much less than that of the amorphous mixture of silica and alumina at about 
200 m2/g. These values suggest that the particle size of the amorphous calcium silicate is 
rather greater than that of the amorphous mixture of silica and alumina. From a solubility 
viewpoint, finer particles with a larger surface area is an advantage. Therefore, the 
difference in the particle size should not he the main factor for the difference in the 
formation process of kaolinite. These characteristics of the present reaction system may 
he attributed to its lower degree of silica-polycondensation (the Q1 and Q2 state) in 
comparison with the Q4 state for the reaction system of the amorphous mixture of silica 
and alumina (Miyawaki et al., 1992). It is suggested that silica with a lower polycondensation 
is hydrated and converted into an intermediate phase more easily than that with a higher 
degree of polycondensation. The faster conversion of this starting material results in a 
faster kaolinite formation than reaction from the amorphous mixture of silica and alumina 
in the hydrothermal synthesis of kaolinite. 

The lack of the formation of ' spherical kaolinite 
No spherical particles were detected in TEM observation of the present samples. This 

is a specific difference in the formation process of kaolinite from the reaction of the 
amorphous mixture of silica and alumina (Miyawaki et al., 1992). In contrast the present 
reaction system contains considerable amounts of calcium and chloride ions, and is more 
acidic. The pH values of the slurry measured after the hydrothermal reaction decreased 
with an increase in the reaction period (Table 2). The acidification of the reaction system 
is ascribed to an increase in the concentration of Cl-- ion which is released from AICI3, 
the aluminum source of the suirting material. As the aluminum ion is incorporated into 
the solid phase, the chloride ion is concentrated in the liquid phase resulting a decrease 
in pH. Calcite in the starting material dissolves into the liquid phase upon acidification 
of the liquid phase. 

The addition of CaCI2 into the hydrothermal reaction system of the amorphous mixture 
of silica and alumina interfered with the crystallization of kaolinite, and resulted in the 
formation of pseudobOhmite and amorphous phase(s) accompanied by a lowering of the 

pH of the reaction system (Miyawaki et al., 1992). The chemical composition of the reaction 
system is close to that of the present system started from amorphous calcium silicate and 
aluminum chloride. However, the resultant phases of these hydrothermal reactions were 
different from each other. This suggests that the crystallization of kaolinite is influenced 
by chemical bonding of the starting material in addition to chemical composition of the 
reaction system. 

The intermediate phase in the present study is structurally related to the intermediate 

phase observed in the reaction system started from the amorphous mixture of silica and 
alumina. The both phases give the Q3 peaks at -102 ppm in their 2 Si-MAS/NMR spectra. 
Two probable reasons for the difference in the formation of spherical kaolinite are 
suggested. One is a slight difference in the chemical bonding, namely the structure of 
the intermediate phase, affects the formation process of kaolinite. The other is that a 
difference in the content of calcium and chloride ions is a factor in the crystallization
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of the spherical kaolinite.

CONCLUSION

During the hydrothermal treatment of the amorphous calcium silicate with a solution 

of aluminum chloride, an intermediate amorphous phase with the O3 state silica structure 

was formed prior to the crystallization of kaolinite. The 2 Si-MAS/NMR spectra suggested 

that the intermediate phase has a similar structure to that of the intermediate phase in the 

reaction system with silica and alumina (Miyawaki et al., 1992). However, no spherical 

particles were detected in the present reaction process, presumably due to the coexistence 

of calcium and chloride ions. Conversion of the starting material to the intermediate 

amorphous phase as well as to kaolinite occurred in a shorter reaction period in comparison 

to those from the amorphous mixture of silica and alumina. This characteristic is attributed 

to a lower degree of polycondensation of silica in the amorphous calcium silicate. 
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