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ABSTRACT

An improvement in the "crystallinity" of an industrially synthesized Na-

fluortaeniolite was performed by hydrothermal annealing with pure water or NaOH 

solutions. The temperatures and pressure applied were 300, 450 and 600•Ž, and 100MPa, 

respectively. The run duration was 7 days. By hydrothermal annealing, the particles 

of Na-fluortaeniolite less than about 2ƒÊm disappeared and others grew to have the 

euhedral shape common to micas. The improvements in the size, form and perfection 

of crystals resulted from a pure water treatments, especially that at 600•Ž. The

hydrothermal annealing with NaOH solution showed a similar effect but produced some 

second phases. 
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INTRODUCTION

Na-fluortaeniolite is a synthetic mica, but has properties similar with those of smectic 
clays. The intercalation of organic molecules is the most characteristic of its properties 

(Kitajima and Daimon, 1974). Cation exchange and expansion with water are also 
characteristics. Na-fluortaeniolite is thus a probable host material for creating a new organic 
and inorganic composite. Such properties are, however, sensitive to the crystallochemical 

parameters of the crystal. 
Na-fluortaeniolite has been synthesized industrially by melting a mixture of oxides and 

fluorides with the stoichiometric composition, and then cooling rapidly. The precise control 
of the cooling process is difficult for a large volume of melt on the industrial scale, although 
the cooling process determines the quality of the crystal such as the size, form, and 

perfection of the atomic arrangement and, thus, determines the crystallochemical
parameters. 

In the present study, an improvement in the "crystallinity" (the term and concept, 
usually used for the degree of order of crystallites several tens of nanometers or less in 
size, is extended in the present paper for those in micrometer size) of industrially synthesized 
Na-fluortaeniolite is performed by annealing under hydrothermal conditions. It was also 
hoped that by this treatment fluorine, not a human-friendly element, might be replaced 

by a hydroxyl group. The previous result that irregularly-shaped fluorphlogopite particles
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were successfully reformed to a well-crystallized and OH-replaced phlogopite by 
hydrothermal treatments with alkaline solutions (Fujita, et al., 1991) is the background 
of the present idea.

EXPERIMENTAL

Starting material was a powder of Na-fluortaeniolite commercially available (Topy Ind. 

Ltd.). It was synthesized by melting an appropriate mixture of oxides and fluoride, cooling 

rapidly and crushing to a nominal size of less than 325 mesh. Inspection by X-ray powder 

diffraction (XRD) indicated that the hydration state of the Na-fluortaeniolite was a mixture 

of one water-layer type, which intercalates one layer of water molecules (d(001)•`12.3A

and an anhydrous type (d(001)•`9.6A). A few percent of cristobalite was found as an 

impurity. 

The powder (100mg) was sealed in a Pt-capsule with 100ƒÊl of pure water or NaOH 

aqueous solution, with NaOH concentrations of 2.5, 5, and 10 M. Four capsules were 

treated simultaneously using a rapid-quench type apparatus designed by the authors 

(Yamada et al., 1988). The treatment temperatures were 300, 450 and 600•Ž, and the 

pressure was fixed at 100MPa. After a run duration of 7 days, the capsules were quenched 

and the solid product was separated from the liquid by centrifugation and successive 

decantation. 

The XRD data were collected for the identification of the product in the 2ƒÆ range 

from 3 to 70 degree (CuK ƒ¿) by a step scanning method with a step interval of 0.01 degree 

in 2ƒÆ. The specimen for XRD measurements was prepared by pasting the powder on

a slide glass with water and, thus, had a preferred orientation. The ethylene glycol treatment 

was made in the same way reported previously (Yamada et al., 1991). SEM observations 

were made on the starting taeniolite and all the solid products. Chemical analyses for 

mica-constituents were made for all liquids separated from the products: flame photometry 

for Li determination, atomic absorption spectroscopy for Mg and Al, molybdenum-blue 

method for Si, and an emf. measurement by fluorine selective electrode for F.

RESULTS

The phases in the solid products identified by XRD are listed in Table 1, as well as 

their relative intensities and d(001) of Na-fluortaeniolite. The d-spacing, d(001), is an 

indication of the hydration state of the mica, i.e.•`9.6A: anhydrous, •`12.3A: one 

water-layer, •`14.5A: two water-layers, and •`11.3A: intermediate between 1 water-layer 

and anhydrous layer. 

Solid phases other than Na-taeniolite are also listed in Table 1. The fibrous material 

(Na2Mg4Si6O15(OH)3) often appears in the treatments with the NaOH solution. Richterite 

(Na2Mg6Si8O22(OH)2) and serpentine ((Mg6-xAlx)(Si4-xAlx)O10(OH)8) are also found in very 

small proportion in some experiments as by-products. The quartz produced is probably 

a transition product of the cristobalite that was present in the starting material. Typical 

XRD patterns before and after ethylene glycol treatment and those of by-products are 

represented in Figure 1 and 2. Peak widths of the 001 reflection of Na-fluortaeniolite
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FIG. 1. XRD pattern change of hydrothermally annealed Na-fluortaeniolite 

(600•Ž, 100MPa with pure water). Symbols of Fig. 1 and 2 are same as Table 

1. Peaks without symbol represent mica. 

A: hydrothermal product, untreated. 

B: just after the heat treatment (200•Ž). 

C: ethylene glycolated.

measured at 4/5 heights are all about 0.1 degree in 2ƒÆ, except that of the product treated 

under 10M NaOH at 600•Ž, and are comparable to that of untreated Na-fluortaeniolite. 

Some of the typical SEM photographs are shown in Figure 3, in which the improvement 

in the crystallinity can be seen. The starting taeniolite (Figure 3, A) is characterized by 

irregularly shaped particles and a wide size distribution from about 0.5ƒÊm to some ten 

of microns. Hydrothermal treatments by pure water wipe out the small particles (ca. 

<2ƒÊm; Fiore 3, B), and the euhedral shapes of mica are often observed (Figure 3, C). 

Stacking of the mica is also observed in run products treated at temperatures over 400•Ž. 

Figure 3, D is an example of the SEM images for the sample treated by 2.5M NaOH
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FIG. 2. XRD patterns of Na-fluortaeniolite annealed with aqueous alkaline 

solution, with by-products. 

A: 10M NaOH solution, 450•Ž, 100MPa. 

B: 2.5M NaOH solution, 450•Ž, 100MPa.

solution at 300•Ž, showing coexistence of the fibrous material which is not detected by 

XRD (Table 1, 300•Ž/2.5M). The results in Table 1 and SEM images are suggestive of 

ripening and decomposition of Na-fluortaeniolite as discussed below.

DISCUSSION

Ripening of Na-fluortaeniolite 
As described above, the increase in the crystallinity of Na-taeniolite was successful by 

hydrothermal annealing with pure water. The SEM photographs (Figure 3, A, B and C) 
indicate that with higher the annealing temperature the crystals become more beautiful. 
The hydrothermal treatment at higher temperature is, however, more troublesome not
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FIG. 3. SEM images of the starting Na-fluortaenilite and specimens treated hydrothermally . 

A: starting Na-fluortaeniolite. 

B: pure water, 300•Ž, 100MPa. 

C: pure water, 600•Ž, 100MPa. 

D: 5M NaOH solution, 300•Ž, 100MPa.

only on the laboratory scale but also on the industrial scale. When this process is applied 

for industrial use, the temperature recommended is between 450 and 600•Ž depending 

on the apparatus used. 

The present results, that Na-taeniolite is only stable in the Na-taeniolite-water system 

(Table 1, P.W.), and the crystals develop their euhedral shape in that system, indicates 

that the mechanism of the dissolution and growth of the crystals is that of Ostwald ripening 

(Baronnet, 1982; Morse and Casey, 1988). This is supported by the chemical analysis of 

the liquids (Table 2). Percentages of ions detected in the solutions are all small for the 

pure water treatment (less than 5 percent of fluorine and lithium, and less than 0.4 percent 

of silicon and magnesium) but are quite large for the treatment with NaOH solutions 

(Table 2). Because the water contains only a small amount of taeniolite-consisting elements, 

those dissolved from smaller particles recrystallize simultaneously onto larger particles
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TABLE 1. Phases identified by x-ray diffraction and d(001) of Na-taeniolite treated by pure water or 

aqueous NaOH solution under 100MPa, 7 days.

Symbols at the left side of each frame are the abbreviation of the phase 

observed

Numbers in the center of the frame are d(001) of mica (A). 

Symbols at the right side of the frame indicate the relative 

intensity of X-ray diffraction charts in the order of 

vs>s>m>w>vw>tr. 
*=broad peak

,**= peak appeared as a shoulder of main peak.

having a more stable form. This mechanism is similar with that of phlogopite treated 

by KOH hydrothermal solution (Fujita et al., 1991). 

A theoretical consideration of this mechanism leads to the conclusion that the end 

particle-size distribution is not dependent on the starting size distribution but on the 
"growth -controlling mechanism", and that the size of the particles at the maximum 

population increases as a function of ripening time (Lifshitz and Slyozov, 1961; Exner 

and Lukas, 1971). Therefore, it is possible to obtain high quality crystals by a successive 

process of hydrothermal annealing and hydraulic elutriation of its products. 

The NaOH solutions have a similar effect in improving the crystallinity of taeniolite 

(T 450•Ž), but decompose taeniolite partly into Na2Mg4Si6O 15(OH)3 and other phases
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TABLE 2. Percentage of released ions into hydrothermal water (M=0) and aqueous alkaline water.

Method of analyses

(Table 1 and Figure 3, D). 

The hydration and ethylene glycolation states of Na-fluortaeniolite 
The hydration states of Na-taeniolite listed in Table 1 are somewhat strange. Four 

hydration states coexist: the phases having 2, 1, 0 water-layers, and an intermediate state 
of 1 and 0 water-layers (hereafter this state is abbreviated as "1/0"). Kitajima et al. (1973) 
reported that the hydration states of 0, 1, 2 water-layers are stable respectively, but their 
intermediates, 1/0 and 2/1 (e.g. d(001)=10.57 or 13.38A) are unstable. In the four states, 
the anhydrous type can be attributed to a usual mica as an impurity, and excluded from 
the consideration, because it was in the starting material. Even then, coexistence of 2, 
1, and 0/1 hydration states is not simply explained. The stability of the 1/0 intermediate 
state is open for further study. 

The d-spacing of Na-fluortaeniolite reached to 13.5A (Figure 1, C) by the ethylene 

glycol treatment. The spacing, 13.5A, is reasonably interpreted as that of the one-layer 
complex of ethylene glycol and Na-fluortaeniolite referring to the similar intercalation 
of vermiculite (Brindley and Brown, 1984). In the process of the ethylene glycolation, 
there appeared some different states of ethylene glycolation, showing various d-spacings. 
The ethylene glycolation was, however, completed by repeating glycolation and heat 
treatment for several times. 

F/OH exchange of Na-taeniolite 
To make a comparison between d(001)s listed in Table 1, it is obvious that taeniolites 

treated hydrothermally all have the same layer spacing. If F/OH exchange occurred by 
hydrothermal treatment, a larger d(001) would be expected, as observed in the previous 
study on phlogopite (Fujita et al., 1991). Thus, the d(001) data indicate that no F/OH
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exchange occurred in the taeniolites. This is supported by the chemical analysis of the 

liquids (Table 2). Dissolution of F into the liquid is quite small when Na-taeniolite only 

is produced and when the decomposition products, Na2Mg4Si6O15(OH)3 and richterite, 

are not abundant in a run product. A high concentration of fluorine in the liquids is 

observed for the treatments at T•†450•Ž and NaOH•†5M, in which run-products 

contain a considerable amount of Na2Mg4Si6O15(OH)3, which has no fluorine in it (Drits, 

et al., 1975). The fluorine concentration in the liquid is qualitatively proportional to the 

amount of the Na2Mg4Si6O15(OH)3. Therefore, it is concluded that the dissolved ions of 

Na-taeniolite are again recrystallized as that of the fluor-type or, in the case of high 

temperatures and high-alkaline concentration, recrystallized as materials other than 

Na-taeniolite. Further study is needed for developing a simple process to obtain fluorine-

free Na-taeniolite.
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