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Abstract

In this study amorphous silica was used as a starting material for various experimental analysis, and the

effects of cations on its crystallization were investigated. The amorphous SiO2 was heated at 800 ℃ and 600 ℃ in

the presence of Na2S04, K2S04, NaOH and KOH, each treated separately, and the original amorphous silica was also

subjected to heat at 600 ℃ with NaOH and KOH. When a small amount of Na2SO4　was added to original

amorphous silica, cristobalite was formed after heating at 800 ℃ for 17 days, but when a large amount of

Na2SO4 was added, cristobalite was formed only after heating at 800 ℃ for 23 days. When a small amount of

K2SO4 was added to amorphous silica, cristobalite was formed after heating at 800 ℃ for 10 days, and with a large

amount of K2SO4 added, cristobalite was produced after heating for 23 days. At 800 ℃, when a small amount of

NaOH was added, silica minerals such as quartz, tridymite, cristobalite and sodium-silicate were formed, but when

the amount of NaOH was increased, quartz, tridymite and sodium-silicate were the only minerals produced. With

the application of a small amount of KOH at 800 ℃, quartz, tridymite and cristobalite were formed, however, if a

large amount of KOH was added, tridymite, cristobalite and potassium-silicate were produced. At 600 ℃, when a

small amount of NaOH was added, only cristobalite was formed after heating for 10 days, and when a small

amount of KOH was applied, no products were formed. In this experiment, the results indicate that the process of

amorphous silica transformation in the presence of various cations are different from each other and the inclusion

of impurities has a great effect on the formation of silica minerals from the original amorphous silica.

Introduction

In nature some cnstobalites, tndymites and

quartz are often found in opal and is known that

some of these crystals were formed under lower

temperatures than its ordinary crystallization tem-

perature. One of the reasons is considered to be due

to impurities (Jones and Segnit, 1971, 1972), and it

was confirmed by Kagawa etal. ( 1991 ) using natural

amorphous silicas, but as they used natural samples,

effects of cations were not investigated in detail.

Crystallization of quartz from amorphous silica is

reported (Carr and Fyfe, 1958; Imanaka et al, 1989;

Mizutani, 1966; Sakamoto et al, 1986, 1988), but

researchers concerning effects of cations on crystal!ト

zation of amorphous silica are not so many. Tomita

and Kawano (1992, 1993) presented studies on this

cation effects using amorohous silica of guaranteed

chemical reagent as a starting material, with obser-

vationsmadeat500℃,600℃,800℃ and 1000℃. In

their experiments chlorides such as NaCl, KCl and

LiCl were used, and in this experiments the effects of

cations such as Na2S04, K2S04, NaOH and KOH were

investigated.

Department of Earth and Environmental Sciences, Faculty of Science, kagoshima University, 2ト35, Korimoto　トchome,

Kagoshima 890, Japan.

Toko Kensetsu Co., Ltd., 15-31 Kengun Honmachi, Kumamoto City, 862 Japan.

Department of Environmental Sciences and Technology, Faculty of Agriculture, Kagoshima University, 21-24, Korimoto

トchome, Kagoshima 890, Japan.



28　　　　　　　　　　　　　Katsutoshi Tomita, Atsushi Sonoda and Motoharu Kawano

Experimental procedure

Amorphous silica powder of guaranteed chemi-

cal reagent was used as a starting material, and the

amorphous silica was put into a porcelainous cruci-

ble with sulfates such as Na2S04, K2S04, NaOH and

KOH. The mixtures were subjected to different

levels of temperatures 600 ℃ and 800 ℃. Particle

sizes of 0.063-0.2mm of amorphous silica were used.

After continuous heating for desired periods of time

the samples were washed with pure water for several

times. The washed samples dried in air were identト

fied for its mineral components with an X-ray

diffractometer. The microstructures of the samples

were observed using a scanning electron microscope.

Results

1) Reaction at 800℃

Effect of Na2SO4

In this experiments three kinds of mixtures were
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Fig. 1. X-ray powder diffraction patterns of the mixture of

amorphous silica (3g) and Na2SO4 (0.3g) after

heating at 800 ℃ for various time.

Cr : cristobalite, Q: quartz.

prepared. When a mixture of 3g of amorphous silica

and 0.3g ofNa2SO4 was heated at 800 ℃　the amor-

phous silica was converted to cristobalite after

heating for 17 days. Quartz was formed after heating

for 30 days in addition to cristobalite. The progres-

sive change was clearly detectable on the X-ray

diffraction patterns. The X-ray diffraction patterns

of the reaction products are shown in Fig. 1. It was

confirmed that any kinds of silica minerals were not

formed after heating at 800 ℃ for 25 days without

presence of Na2SO4 from the amorphous silica.

When a mixture of 3g of amorphous silica and

lg of Na2SO4 was heated at 800 ℃, cristobalite was

formed after heating for 23 days, and formation of

quartz was not observed even after heating for 30

days. X-ray powder diffraction patterns of the

reaction products showed almost the same patterns

as those of reaction products from the mixture of

amorphous silica (3g) and Na2SO4 (0.3g).

When a mixture of 1.5g of amorphous silica and

1.5g of Na2SO4 was heated at 800 ℃, only a small
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Fig. 2. X-ray powder diffraction patterns of the mixture of

amorphous silica (1.5g) and Na2SO4 (1.5g) after

heating at 800 ℃ for various time.

Cr : cnstobalite.
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Table 1. Experimental conditions and products at 800℃

Fig. 3. Scanning electron micrographs of the products

from the mixtures of amorphous silica and Na2SO4

after for 30 days.

(A) Product from the mixture of amorphous

silica (3g) and Na2SO4 (0.3g).

(B)　Product from the mixture of amorphous

silica (3g) and Na2SO4 (l.0g).

(C) Product from the mixture of amorphous

silica (1.5g) and Na2SO4 (1.5g).

R u n N o .

A m o rp h o u s

silica
(g )

N a 2SO 4

(g )

T im e

(d ay
P ro d u cts

S-14 1 3 0●3 1

C ri

S-15 1 3 0●3 4

S-15 7 3 0■3 7

S-15 9 3 0●3 1 0

S-16 9 3 0●3 1 7

S-17 1 3 0-3 2 3 C ri

S -177 3 0●3 3 0 C ri, Q

S -14 2 3 1 1

C ri

S -14 7 3 1 2

S -153 3 1 5

S -160 3 1 10

S -165 3 1 17

S -172 3 1 2 3

S -178 3 1 3 9 C ri

S -143 1●5 1●5 1

C ri

S -148 1■5 1-.5 2

S -154 1●5 1■5 5

S -16 1 1■5 1●5 10

S -166 1●5 1■5 15

S -17 3 1●5 1●5 2 3

S -17 9 1●5 1■5 3 0 C ri

Cri: cristobahte, Q: quartz

amount of cristobalite was formed after heating for

23　days, and only cristobalite was formed after

heating for 30 days. X-ray powder diffraction pat-

terns of the reaction products are shown in Fig. 2.

Only a small amount of cristobalite was formed after

heating for 30 days.

Scanning electron micrographs of the products

from the mixtures of amorphous silica and Na2SO4

are shown in Fig. 3. Round crystals of cnstobalite are

observed. In the Fig. 3C, early stage of cristobalite

formation is observed. The results of experimental

products are listed m Table 1.

Effect of K2SO4

Three kinds of mixtures were prepared. When a

mixture of 3g of amorphous silica and 0.3g of K2S04

was heated at　800 ℃　the amorphous silica was

converted to cristobalite after heating for 10 days.

Quartz was not formed after heating for 30 days, but

amount of cristobalite increased in accordance with

heating time. The X-ray diffraction patterns of the

reaction products are shown in Fig. 4.

When a mixture of 3g of amorphous silica and

lg of K2SO4 was heated at 800 ℃, cristobalite was
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Fig.4.X-raypowderdiffractionpatternsofthemixtureof

amorphoussilica(3g)andK2SO4(0.3g)after

heatingat800℃forvarioustime.

Cr:cristobalite.

formed after heating for 23 days, and formation of

quartz was not observed even after heating for 30

days. X-ray powder diffraction patterns of the

reaction products showed almost the same patterns

as those of reaction products from the mixture of

amorphous silica (3g) and K2SO4 (0.3g).

When a mixture of 1.5g of amorphous silica and

1.5g of K2SO4 was heated at 800 ℃, only a small

amount of cnstobalite was formed after heating for

23　days, and only cristobalite was formed after

heating for 30 days.

Scanning electron micrographs of the products

from the mixtures of amorphous silica and K2SO4 are

shown in Fig.5.　Peanut-shaped crystals of

cnstobalite are observed. The shape was formed by

the sticking round crystals. The results of experi一

mental products are listed in Table 2.

Fig. 5. Scanning electron micrographs of the products

from the mixtures of amorphous silica and K2SO4

after for 30 days.

(A) Product from the mixture of amorphous

silica (3g) and K2SO4 (0.3g).

(B)　Product from the mixture of amorphous

silica (3g) and K2SO4 (l.0g).

(C)　Product from the mixture of amorphous

silica (1.5g) and K2SO4 (1.5g).
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Table 2. Experimental conditions and products at 800℃

R u n N o.

A m o rp h o u s

silica
(g )

K 2S O 4

(g )

T im e

d ay
P rod u cts

S -144 3 0 ●3 1

C ri

S -15 2 3 0 ●3 4

S -15 8 3 0 ●3 7

S -16 2 3 0 ■3 10

S-17 0 3 0●3 17 C ri

S-17 4 3 9.3 2 3 C ri

S-18 0 3 0●3 3 0 C ri, Q

S-14 5 3 1 1

C ri

S-14 9 3 1 2

S -155 ■3 1 ■5

S -163 3 1 10

S -167 3 1 1 7

S -175 3 1 2 3

S -18 1 3 1 3 9 C ri

S -146 1●5 1●5 1

C ri

S -150 1●5 1●5 2

S -156 1●5 1●5 5

S -164 1●5 1■5 10

S -168 1●5 1●5 15

S -17 6 1●5 1●5 2 3

S -18 2 1●5 1●5 3 0 C ri

Cri: cnstobalite, Q: quartz

Effect of NaOH

Four kinds of mixtures were prepared for this

experiments. When a mixture of 2g of amorphous

silica and O.lg of NaOH was heated at　800 ℃,

tndymite, quartz and cristobalite were formed after

heating for one day. Amount of cristobalite de-

creased and that of quartz increased in accordance

with heating time up to lOdays. Cristobalite disap-

peared after heating for 10 days. X-ray powder

patterns of the products are shown in Fig. 6.

When a mixture of 3g of amorphous silics and

0.3g of NaOH was heated at 800 ℃, tridymite and

quartz were formed after heating for one day, sodium

silicate (Na2Si409 ) was also formed beside these

minerals. Tridymite disappeared after 10 days

heating and quartz was the dominant product after

10 days heating. X-ray powder patterns of the

products are shown in Fig. 7.

When a mixture of 3g of amorphous silica and

lg of NaOH was heated at 800 ℃, tridymite, quartz

and sodium silicate were formed after heating for one

day, and tridymite disappeared after heating for 10

days. Quartz was the dominant mineral after 10

20 40o

2β (Culくα)

Fig. 6. X-ray powder diffraction patterns of the mixture of

amorphous silica (2g) and NaOH (0.1g) after

heating for various time.

Cr : cristobalite, Q : quartz, Tr : tridymite.

20　　　　　　　30　　　　　　　ィ0｡
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Fig. 7. X-ray powder diffraction patterns of the mixture of

amorphous silica (3g) and NaOH (0.3g) after

heating at 800℃ for various time.

Tr : tridymite, Q : quartz, S-Si : sodium silicate.
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Fig. 8. X-ray powder diffraction patterns of the mixture of

amorphous silica (3g) and NaOH (lg) after heat-

ing at 800℃ for various time.

Q : quartz, Tr : tridymite, S-Si : sodium silicate.
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Fig. 9. X-ray powder diffraction patterns of the mixture of

amorphous silica (1.5g) and NaOH (1.5g) after

heating at 800℃ for various time.

Q : quartz, Tr : tridymite, S-Si : sodium silicate.

Fig. 10. Scanning electron micrographs of the products

from the mixtures of amorphous silica and NaOH

after for 30 days.

A. Product from the mixture of amorphous silica

(3g) and NaOH (0.3g).

B. Product from the mixture of amorphous silica

(3g) and NaOH (0.3g).

days heating. X-ray powder diffraction patterns are

shown in Fig. 8.

When a mixture of 1.5g of amorphous silica and

1.5g of NaOH was heated at 800 ℃, only sodium

silicate was formed by heating less than 15 days, and

quartz was formed after 23 day'heating. Amount of

quartz increased after 23 days in accordance with

heating time.

X-ray powder patterns of the products are

shown in Fig. 9. Scanning electron micrographs of

some products are shown in Fig. 10. Quartz is ob-

served in Fig. 10 A, and sodium silicate shows lath-
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Table 3. Experimental conditions and products at 800℃

R u n N o .

A m orp h ou s

silica
(g )

N a O H

(g )

T im e

(d a y
P rod u cts

S-22 8 2 0.1 0 .0 4 C ri, T r

S-22 1 2 0.1 1 T r,C ri,Q

S-22 3 2 0●1 2 T r, C ri,Q

S-22 5 2 0●1 5 T r,Q

S-22 7 2 0●1 10 T r,Q

S -18 3 3 0●3 1 T r,Q ,S o-Si

S-19 3 3 0●3 7 T r,Q ,S o-Si

S -199 3 0 ■3 10 Q ,S o -S i

S -2 09 3 0 ■3 17 Q ,S o -S i

S -2 15 3 0 ●3 3 0 Q ,S o -S i

S -184 3 1 1 Q ,T r

S -18 9 3 1 2 Q ,T r,S o一Si

S -194 3 1 5 Q ,T r,S o-Si

S -2 00 3 1 10 Q , So ーS i

S -2 05 3 1 15 Q , So -S i

S -2 10 3 1 2 3 Q , So -S i

S -2 16 3 1 3 0 Q , So 一S i

S -185 1●5 1●5 1 S o -S i

S -190 1●5 1●5 2 S o -S i

S -195 1●5 1■5 5 S o -S i

S -2 0 1 1●5 1●5 10 So -S i

S -2 06 1●5 1■5 15 S o -S i

S -2 1 1 1●5 1●5 2 3 S o -S i,Q

S -2 17 1●5 1●5 3 0 S 0 ■βi, Q

Cri : cristobalite, Q : quartz,

Tr : tndymite,　So-Si : sodium silicate

shaped crystals (Fig. 10 B). The results of the prod-

ucts are listed in Table 3.

Effect of KOH

Four kinds of mixtures were prepared for this

experiments. When a mixture of 2g of amorphous

silica and O.lg of KOH was heated at 800 ℃, a large

amount of tndymite and cristobalite was formed

after heating for one day. Quartz was formed after

two days'heating. Amount of tridymite increased in

accordance with heating time up to 10 days, and

amounts of quartz and cristobalite did not change.

X-ray powder patterns of the products are shown in

Fig. ll.

When a mixture of 3g of amorphous silica and

0.3g of KOH was heated at 800 ℃, only tridymite was

formed after heating for one day, and amount of

tndymite increased in accordance with heating time.

Cnstobalite was formed after 7 days and quartz was

formed after 10 days. Tridymite and quartz increased

I0　　　　　　　　　20　　　　　　　　.30　　　　　　　　　400

2β (Culくα)

Fig. 1 1. X-ray powder diffraction patterns of the mixture of

amorphous silica (2g) and KOH (0.1g) after

heating at 800℃ for various time.

Cr: cristobahte, Q: quartz, Tr: tridymite.

30　　　　　　　　40-

29 CuKa)

Fig. 12. X-ray powder diffraction patterns of the mixture of

amorphous silica (3g) and KOH (0.3g) after

heating at 800℃ for various time.

Tr : tridymite, Q : quartz, Cr : cnstobalite.
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Fig. 13. X-ray powder diffraction patterns of the mixture of

amorphous silica (3g) and KOH (lg) after heating

at 800℃ for various time.

Cr : cnstobalite, Tr : tridymite.

in accordance with time up to 30 days. X-ray powder

patterns of the products are shown in Fig. 12.

When a mixture of 3g of amorphous silica and

lg of KOH was heated at 800 ℃, only cristobalite was

formed after heating for one day, and tridymite was

formed together with cristobalite after two days'

heating. Quartz was not formed even after heating

for 30 days. X-ray powder diffraction patterns of the

reaction products are shown in Fig. 13.

When a mixture of 1.5g of amorphous silica and

1.5g of KOH was heated at 800 ℃, only potassium

silicate was formed after heating up to　30　days.

Scanning electron micrographs of some products are

shown in Fig. 14. Quartz is observed in Fig. 14A, and

platy tridymite crystals are observed in Fig. 14B.

The results of the products are listed in Table 4.

Fig. 14. Scanning electron micrographs of the products

from the mixtures of amorphous silica and KOH

after for 30 days.

A. Product from the mixture of amorphous silica

(3g) and KOH (0.3g).

B. Product from the mixture of amorphous silica

(3g) and KOH (0.3g).
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Table 4. Experimental conditions and products at 800℃

R u n N o.

A m o rp h o u s

silica

(g )

K 0 H

(g )

T im e

(d ay
P rod u cts

S -2 22 2 0 ■1 1 T r,C ri

S -2 24 2 0●1 2 T r,C ri,Q

S -2 26 2 0●1 5 T r,C n ,Q

S -2 28 2 0●1 10 T r,C ri,Q

S -186 3 0-3 1 T r

S -196 3 0■3 7 T r,C ri

S -2 0 2 3 0●3 10 T r,C ri

S -2 12 3 0■3 17 T r,C ri,Q

S -2 18 3 0■3 30 T r,C ri,Q

S -18 7 3 1 1 C ri

S-19 1 3 1 2 T r,C ri

S-19 7 3 1 5 T r,C ri

S-20 3 3 1 10 T r,C ri

S-20 7 3 1 15 T r,C ri

S-2 13 3 1 23 T r,C ri

S-2 19 3 1 30 T r,C ri

S-18 8 1●5 1●5 1 P -S i

S-192 1●5 1■5 2 P -S i

S -198 1●5 1●5 5 P -S i

S -2 04 1●5 1●5 10 P -Si

S -2 08 1●5 1■5 15 P -Si

S -2 14 1■5 1.5 2 3 P -Si

S -2 20 1●5 1●5 3 0 P -S

Cri : cristobalite, Q : quartz,

Tr : tndymite,　P-Si : potassium silicate

i0　　　　　　　　　　20　　　　　　　　　　30　　　　　　　　　　　0

2β (Culくα)

Fig. 15. X-ray powder diffraction patterns of the mixture of

amorphous silica (2g) and NaOH (0.1g) after

heating at 600 ℃ for various time.

Cr : cnstobahte.

2) Reaction at 600 ℃

Effect of NaOH

When a mixture of 2g of amorphous silica and

O.lg of NaOH was heated at 600 ℃, only cristobalite

was formed after heating for one day, and amount of

cristobalite increased in accordance with heating

time. Only cristobalite was formed up to 10 days

heating. X-ray powder diffraction patterns of the

products are shown in Fig. 15.

Effect of KOH

When a mixture of 2g of amorphous silica and

O.lg of KOH was heated at 600 ℃, no crystalline form

was produced even after heating up to 10 days.

Discussion

When the amorphous silica alone was heated at

800 ℃ for 25 days without adding any cations, no

crystalline form was produced. When heated at 800

℃ under the existence of Na2S04, cristobalite was

commonly formed, and quartz was formed after

prolonged heating time. When heated at　800 ℃

under the existence of K2 S04, cristobalite was

formed after heating for 10 days and amount of

cristobalite increased in accordance with heating

time. Tridymite was not formed under the existence

of Na2SO4　and K2S04. When NaOH was added,

cristobalite, tridymite and quartz were formed after

heating at 800 ℃ for one day, and amount of quartz

increased in accordance with heating time. When

much amount of NaOH was added, cristobalite and

tridymite were not formed, and only quartz was

formed after heating for more than 23 days. When

heated at　800 ℃　under the existence of KOH,

tridymite and cristobalite were formed after heating

for one day. Quartz was formed under existence of a

small amount of KOH, and cristobalite and tridymite

were also not formed under existence of much

amount of KOH. Amount of quartz increased in

accordance with heating time. Hydrothermal expen-

merits on the transformation of amorphous silica

were carried out by Mizutani (1966), and he con-

eluded that amorphous silica was converted to

low-quartz through an intermediate phase of low-
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cnstobalite. Refering this facts, in this expeiment,

when a small amount of NaOH was added, the result

was similar to that of Mizutani (1966). It is difficult

to explain why tridymite was not formed under the

existence of both Na2SO4 and K2S04. The results of

this experiment indicate that the conversion mecha-

nisms of amorphous silica to cristobalite, tridymite

and quartz are not so simple under the existence of

large amount of cations. Further experiments are

necessary to clarify the conversion mechanisms.
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