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Sol-gel synthesis of zircon-effect of addition of
lithium ions
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The sol-gel method was applied to the preparation of zircon, ZrSiO, powders. The addition
of lithium ions to the ZrO,-SiO, gels was found to be very effective to produce zircon at
temperatures as low as 800-900 °C. The zircon formation process in the gels was followed
by using X-ray diffraction and i.r. analysis methods. A possible mineralizing mechanism of
lithium ions, which is essentially different from the previous ones for the solid-state
reaction, was proposed. Namely, the formation of orthosilicate such as Li,SiO,4 as an
intermediate compound was considered to trigger the zircon formation at low
heat-treatment temperatures. © 7998 Kluwer Academic Publishers

1. Introduction Owing to its high chemical durability as well as ther-
Zircon, ZrSiQ, is one of the technologically important mal resistivity, zircon is also an interesting material in
oxide ceramic materials known for its high refractori- the glaze industry [13]. Conventionally, zircon-based
ness, low thermal expansion and low thermal conducpigments have been produced abevE200°C through
tivity [1]. However, it is well known that the production the solid-state reaction using NaF as a mineralizer,
of zircon powders is not so easy and usually require$ollowed by vigorous mechanical crushing and grind-
the heat-treatment temperature to be as high as4500 ing. The sol-gel method have been employed to pro-
Then, so far, much effort has been paid to lower the heatduce V-zircon [14] and Ni-zircon [15] pigments around
treatment temperature for zircon processing, and man§000°C or lower. The chromophore elements act as
kinds of mineralizers have been found to be effectivemineralizers by themselves.
for that purpose. In the previous paper, the present authors also have

Among mineralizers, fluorides easily react with $iO applied the sol-gel method to the preparation of zircon-
to form SiF, which is readily vaporized during heat based pigments containing rare earth elements such as
treatment, enhancing the diffusion of Si to the surfacePr, Nd, Sm, Eu and Er as chromophores [16], and the
of ZrO, particles via vapour phase and lowering thezircon-based pigments which were only weakly sin-
formation temperature of zircon [2—4]. Several alkalitered and easily pulverized to fine powders have been
and/or alkaline earth halides and carbonates have beesniccessfully obtained at the heat-treatment temperature
found also to work successfully to lower the zircon for- as low as 900—-100C. It has been also found that the
mation temperature. Above all, lithium compounds al-addition of LiCl as a mineralizer was very effective in
lowed the solid-state reaction between S#nd ZrQ  producing those pigments as in the case of the solid-
to start around 750C [5]. Several plausible mecha- state reaction method.
nisms have been proposed for the mineralizing effect Inthe present work, the authors examined the forma-
of lithium compounds: the low temperature melting of tion process of zircon in the sol-gel derived $i@rO,
lithium compounds to form liquid phase in the raw pow- gels added with different kinds of lithium compounds,
der mixture, through which counterdiffusion of*&i  in connection with the previously reported sol—gel fab-
and Zf* ions may be accelerated [6, 7], and the forma-rication of the zircon-based pigments. The role of the
tion of Li,»Si,Os crystalline species which reacts with lithium compounds in the zircon formation was dis-
ZrO, to form zircon [5]. cussed, comparing it with the solid-state reaction.

The sol-gel method, which is known as a low tem-
perature processing of ceramics and glasses, has been
also applied to the fabrication of zircon ceramics, where
any mineralizer was not utilized to obtain high purity 2. Experimental procedure
products. However, unfortunately, required processin@.1. Preparation of samples
temperature was still much higher than 10@08-10],  In the present work, the sol-gel method and conven-
unless the precursor gel was seeded with zircon partkional solid-state reaction method were employed to
cles[11, 12]. prepare zircon samples.
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2.1.1. Sol-gel method —
Zirconium oxychloride hydrate, ZrOgBH,O (Wako C:H;0H
Pure Chemical Industries, Ltd., hereafter abbre- 70C or ZIP
viated as ZOC) or zirconium tetra-iso-propoxide, C:H;0H C:H,0H
Zr(OCzH7)4 (ZIP) (Aldrich Chemical Company) was H0
used as a source of ZsOand tetraethyl-orthosilicate, nd
Si(OGH5)4 (TEOS) (Wako Pure Chemical Industries, Stirring at S0°C
Ltd.) as a source of S Lithium compounds used as for 1 hour "0
additives or mineralizers were LICl, GEOOLIi-H,0 Stining
(LiOAc) and Li(OCHs) (LiOMe). As a reference, for 1 hour
sodium acetate hydrate, GEOONaH,O was also ZI
used as an additive. All the commercially available

chemicals were used without any further purification.
The amount of Li or Na additives was 0.3 in the mo- sﬁmng@

L

w
o

lar ratio to the ZrQ-SiO,, because this amount was
revealed to be most effective in the production of rare

earth-containing zircon-based pigments. Two different EE:|
procedures, Process | and Il, were adopted to prepaly,yig . soc

the Li-containing ZrQ-SiO, gels (equimolar compo-

sition) as shown in Fig. 1a and b. Only the order of E‘E

addition of the chemicals was different from Process | Heat treatment

to Process II. .
usio,

In Process I, TEOS was pre-hydrolysed with water

(of which amount was 1.0 in molar ratio to TEOS, or @)
r =1) in ethanol using HCI as a hydrolysis catalyst.

The solution consisting of ZOC or ZIP (equimolar to Si(OEt),
TEOS), dissolved with ethanol, water and a lithium C:H;OH

compound was mixed well at 3C for 1 h and added
to the pre-hydrolysed TEOS solution. The gelation was

achieved by heating the mixed solution at°80 the £(0GsH),

result being a transparent to translucent gel. CH:0H C:H:OH
In Process I, ethanolic solution of ZIP was added H;0(r=1)

to and mixed with TEOS solution pre-hydrolysed with  Stirring at 0°C HCl

water off =1 in ethanol at OC under stirring. Lithium
compound was then added to the mixed solution, fol-
lowed by the addition of water af=9 to complete the
hydrolysis reaction. The solution set to gel just after
adding excess amount of water. The resultant gels wert Li-compound
dried at 60°C in the ambient atmosphere.

The dried gels prepared by Process | and Proces
Il were calcined at 600C for 5 h in the air, andhen H;0 (1=9)
heated to various temperatures from 700 to 1GDO
with a heating rate of 3C min~* and held there for

3h.
SOL
2.1.2. Solid-state reaction method
The equimolar amounts of commercially available
monoclinic zirconia powders and high-purity quartz GEL

(Si0,) sand were well mixed together with LiCl or
LiCO;s (the molar ratio of Li to ZrQ and/or SiQ was ~ Heat treatment
0.3) using a pestle and mortar, and pressed into pellets
The pellets were heated to various temperatures up t ZrSi0,
1000°C in the air and held there for 1 h.

(b)

Figure 1 Flow chart of the preparation of Zg5iO, gels containing

2.2. Characterization of the samples different additives: (a) Process I; (b) Process II.

The formation process of zircon was followed by us-

ing X-ray diffraction (XRD; Shimadzu XD-610) and was measured to identify the precipitated crystalline
infrared (i.r.) spectroscopy. Ni-filtered CyKadiation species. The fraction of zircor(ZR) in all the crys-
was used as an X-ray source. The diffraction pro-alline species was estimated on the basis of the inten-
file covering the diffraction anglef2from 10 to 60  sity of diffraction peaks appearing i 2ange from 20
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to 30, i.e. (200) line of zircon, (11 1) and (]_’I_:blines T T T o aee
of monoclinic ZrQ and (1 0 1) line of tetragonal ZrO ° + monodiinic Zr0,

foIIowing Equation 1 [9] a tetragonal ZrO,

a(ZR) = 12r(2 0 0)/(Izr(2 0 0)+ IMm(1 1 1)

+1Iw(111)+ I1(10 1)) (1)
: MM

where subscripts ZR, M and T stand for zircon, mono-.©

clinic ZrO, and tetragonal Zrg) respectively, and the >

numbers in the parentheses indicate respective diffrac® | 800°C

tion lines. The weight fraction of zircon in the whole @

sample (including not only crystalline compounds but £

u

also the amorphous material) was estimated from the 700°C A

diffraction intensity of (2 0 0) line of zircon by using AN i
a calibration curve made beforehand for the mixtures

consisting of known amounts of pure zircon and SiO 600°C A

glass powders. o e et

The i.r. spectra were measured in the wavenumbe ‘ ' ‘ ' '
range from 300 to 2000 cnt with an Fourier transform 10 20 30 40 50 60
infrared (FTIR) spectrometer FT/IR-550 (Nihon Bunko 26 /' (Cu-Ka)

Kogyo, Co. Ltd). The KBr pellet method was employed. (@)
The assignment of i.r. absorption peaks was referred to

Pecharromaet al.[17]. — T —

O zrsi0,
A tetragonal ZrO,
¥ monoclinic ZrO,

3. Results

Fig. 2a and b show the heat-treatment temperature de
pendence of XRD pattern for the representative gels
made by Process | and Process Il. For the Process
gel, tetragonal Zr@ was precipitated already at the

calcination temperature of 60@. No other diffrac- =
tion peaks than those of tetragonal Znere detected & 850°C
in the 700°C-treated gel. Zircon starts to be formed at 2 M N
800°C and is increased in diffraction intensity at the 0

- . . c | 800°C
expense of zirconia at higher temperature. At 1000 © —s A

- c ey

a part of the remaining tetragonal Zr@ transformed =
to monoclinic ZrQ. In the Process Il gel, tetragonal 700°C
ZrO, is crystallized at 800C, a relatively higher heat- ——
treatment temperature than in the Process | gel; then zil 600°C
con is formed at the expense of zirconia at higher tem- . .

perature. The other Process Il gels from those showi — s
in Fig. 2b, i.e. gels made from ZIP/TEOS/LiOAc and 10 20 30 40 50 60
ZIP/ITEOS/LiOMe combinations showed a similar ten- 26 /' (Cu-Ka)

dency of crystallization behaviour. b)

It is noted in Fig. 2a and b, that a small diffraction
peak is detected atV2=~ 215, which may not be Figure 2 Change of XRD pattern of the Zg5iO, gels with heat-
attributed to either zircon or zirconia. This diffraction treatment temperature. (a) Gel made from ZOC/TEOS/LiCl combina-
peak appears in XRD patterns of all other gels dur_tion by Process I. (b) Gel made from ZIP/TEOS/LiCl combination by
. . . . . Brocess II.
ing zircon formation. Because this peak is decreased
with increasing the heat-treatment temperature, the
corresponding crystalline species is considered to be
metastable or some intermediate compound, which wilbe formed at a slightly higher temperature than in the
be discussed in the next section. gels made by Process |. Thg€ZR) is as high as 90—

In Fig. 3, the fraction of zircong(ZR) is plotted 95% at 900-1000C, depending on the combination
against heat-treatment temperature for all the gelsof chemicals and the process for making gels. How-
The change ofe(ZR) in the gel made from the ever, the weight fraction of zircon itself was still 40 to
ZIP/ITEOS/LIOAC/HCI combination by Process | with 50 wt %, indicating that an important part of the heated
the heat-treatment temperature is almost same as product remains as an amorphous phase even at such a
the gel made from the ZOC/TEOS/LICI combination high temperature.
by Process |, although the data points are not given For a first reference, XRD patterns of the gel made
in Fig. 3 for the simplicity of the figure. It is seen from the chemicals combination of ZIP/ TEOS/NaOAc
that in the gels made by Process I, zircon starts tdy Process Il and heat-treated at different temperatures
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Figure 3 Plots of the fraction of zircony(ZR), as a function of heat-
treatment temperature for ZpcBiO, gels made from different chemical  Figure 5 XRD patterns of the powder mixture of SiQZrO, and LiCl

combinations. heat-treated at indicated temperature.
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Figure 4 Heat-treatment temperature dependenct_e ofXRD pattern Ofth‘?:igure 6 Change ofa(ZR) with heat-treatment temperature for the

Zr0,-Si0, gel made from ZIP/TEOS/NaOAc combination by Process Il sio,/zr0,/LiCl powder mixture @) and the SiG/ZrO,/Li,COz powder
mixture ©).

up to 1000°C are shown in Fig. 4. In the gel, only the
tetragonal ZrQis detected up to 100@, and no zircon Infrared spectra of the Process | gel made from the
formation occurs. ZIP/ITEOS/LiIOAc/HCIcombination and heat-treated at
The change of crystalline phase caused by heat-treatarious temperatures are shown in Fig. 7a, and those
ment in the solid-state reaction in the Z¥SiO,/LiCl of the Process Il gel made from ZIP/TEOS/LIOAcC in
powder pellets is shown in Fig. 5, as a second referencéig. 7b. Fig. 8 shows the heat-treatment temperature
Itis seen that the zircon starts to be formed at @0 dependence of i.r. spectrum for a reference gel sam-
The «(ZR) is shown in Fig. 6 as a function of heat- ple made from the ZIP/TEOS/NaOAc combination by
treatment temperature, together with the result for thd’rocess Il. The wave number of the maini.r. absorption
Zr0,/Si0/Li,CO; powder mixtures. The results are peak around 1000 cm of Si-O-Si stretching vibra-
consistent with those reported previously by Nurishition is plotted against the heat-treatment temperature in
et al. [5] (although they did not provide quantitative Fig. 9, for all the gels prepared in the present study. Itis
data). seen from these figures that the i.r. peak is sited around
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Figure 8 Infrared spectra of a reference gel made from ZIP/TEOS/
NaOAc by Process Il and heat-treated at indicated temperatures.
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I: Figure 9 The change of wavenumber of i.r. absorption peak due to Si—

O-Si vibration with heat-treatment temperature for all the gel samples
prepared in the present wor@:ZOC/TEOS/LICI (Process |)R:ZIP/
TEOSI/LIOAC/HCI (Process I);1:ZIP/TEOS/LIOAc (Process 1 ZIP/
TEOS/LiOMe (Process Il)x:ZIPITEOS/NaOAc (Process Il).

1075 cnt! for the Process | gels, and the peak posi-
tion shows almost no change with the increase of heat-
treatment temperature, while the peak is at 1040%cm

L . L L | L L L L l L L L L l L L
in the Process Il gel and shifts once down to 1000tm
2000 1500 1000 1 500 and to about 1075 cmt when the tetragonal ZrOis
Wavenumber / cm precipitated in the gel at around 80D. As well as
(b) Li*-containing gels, the Niacontaining gel exhibits

Figure 7 Change of i.r. spectrum with heat-treatment temperature forthe LI peak at 1000 cnt which is shifted to hlgher

(a) the gel made from ZIP/TEOS/LIOAC/HCI combination by Pracess | Wavenumber at the crystallization of tetragonal ZrO
and (b) the gel from ZIP/TEOS/LIOAc combination by Process Il. above 800C as do other Process Il gels.

4825



In the silicate glasses and crystals, it is known thaiglasses of metasilicate composition. Such a different
the peak position of the IR absorption of Si—O-Si vibra-structure may be attributed to the different scheme of
tion is smoothly shifted from about 1100 cifor SiO,  the gel preparation.
to lower wavenumber position as the content of SiO InProcess|, highly hydrolysable ZOC (or ZIP) s pre-
is decreased. Namely, the i.r. absorption peak arounbydrolysed and then added to pre-hydrolysed TEOS,
1075 cnmt corresponds roughly to the disilicate com- which may lead to the phase separation in the resultant
position, and that at 950—1000 cfrto the metasilicate  gel, i.e. the resultant gel may consist of Sifich phase
composition. and ZrQ-rich phase.

On the other hand, in process Il, ZIP just diluted with
absolute ethanol is added to the partially hydrolysed

4. Discussion TEOS solution, followed by thorough mixing and co-

4.1. Comparison of the formation process hydrolysis of TEOS and ZIP, which may result in the
of zircon in the gels with that in the mixing of two chemicals at the atomistic level or the
solid-state reaction formation of Zr—O-Si bonds even in the gel (although

In the solid state reaction between quartz and monothis has not been proved).

clinic ZrO,, it has been reported by Nurisét al. [5] The difference in the microstructure between such

that prior to the formation of zircon, some lithium sil- two types of gels should have brought about the differ-
icate compounds such as;Bi,Os and LpSiOs were  ent crystallization behaviour. It may be natural that the
formed, and at 900 to 1000 quartz transformed to precipitation of tetragonal ZrQis caused in the Pro-
cristobalite. These facts may have led themto the specieess | gels at lower temperature than in the Process I
lation that LbSi>Os crystal is animportantintermediate gels. However, even in the Process Il gels, the precip-
and reacts with Zr@to form zircon as follows itation or exsolution of Zr@ above 800C leaves the
amorphous phase similar to that in Process | gels, in
Li2SipOs + ZrO; — ZrSiOs + LioSiOs (2)  other words, the amorphous phase is rich in Si@hd
o _ _ Li»0), which can be easily imagined from the IR data
Li>SiOs crystal observed during the solid-state reac-shown in Figs 7 and 9. Anyhow, independently of the
tion has been considered not to play any essential rolgreparation scheme, both types of gels are considered
in the zircon forma_tlo_n. However, in the present v_vork,to consist of poorly crystallized tetragonal Zrénd the
the formation of L4Si,O5 cr_ystal as an mtermephate amorphous rich in Si@(and LLO) at 700-800C. Fur-
was not clearly detected (Fig. 5). Although, as is genthermore, because the lithium silicate glass containing
erally accepted in other solid-state reactions, the transtg_o0 wt % ZrQ can be easily realized by the con-
formation of quartz to cristobalite has been considereqentional melting technique, the remaining amorphous
to enhance the zircon formation (Hedvall effect), thephase above 80 should be in the LO-Zr0,—SiO,
fraction of zircon formed at 1000 was still low as 10 system. If the amorphous phase was in theokiSiO
to 20 wt %. ) _ . system, itwould be easily crystallized to lithium silicate
On the contrary, the process of zircon formation INcompounds. In reality, in the present work, the sep-
the gels is very different from that in above-describedarate|y prepared melt-derived AO—Zr0,~Si0;, glass
solid-state reaction in a few important points. Theyas confirmed to be very resistant toward crystalliza-
only crystalline species present in the gels before zirtjon yp to above 900C. This is consistent with the
con is developed around 800 is tetragonal Zr@  fact that at 900 to 1000C, where the fraction of zir-
with the remaining part being amorphous. Any dis-con among crystalline species estimated by Equation 1
tinctive lithium silicate crystals such asaSi,0s and  reaches 90-95%, the weight fraction of zircon in the
Li>SiOz are not detected by X-ray diffraction in the \hole product is 40-50%, with the left part being still
heat-treatmenttemperature range adopted inthe presgftamorphous state.
sol-gel work. Therefore, it is considered that poorly Eventually, we have now a following scheme of zir-
crystallized tetragonal ZrOreacts directly with the  -on formation in the gels made through hydrolysis

amorphous phase consisting mainly ofQiand SiQ  and condensation (or sol-gel reaction) of the starting
(this phase should contain also Zr@s will be men-  chemicals.

tioned below) to form zircon, although the temperature

where zircon starts to be _formed i_s ;Iightly different Amorphous gels>

among gels added with different lithium compounds ) )

and depends on the preparation scheme of the gel. tetragonal ZrQ + Li,0—ZrO,—Si0; amorphous
The i.r. spectra of as-prepared and heat-treated gels phase (at800C) — zircon+ tetragonal

suggest that the structure of the gel made by Process | ZrO,, monoclinic ZrG + Li,0—Zr0,—SiO,

and heated to 60 is different from that made by Pro- 5

cess II. Namely, the i.r. absorption band due to Si-O-Si ~ @morphous phase (at 992000°C). ©)

stretching vibration is sited at 1075 cffor the gels

made by Process |, while that of the 6@treated 4.2. Possible mechanism of zircon

gels made by Process Il is at lower wavenumber than ~ formation in the gels

~ 1000 cnt?. The former is rather similar to the pure As described in the introductory section, several plau-

SiO, gel derived from TEOS by the sol-gel method [18] sible mechanisms have been proposed for the mineral-

or the glasses of disilicate composition, and the latteizing effect of additives on the zircon formation by the

resembles the 0.4Ze@.6SiQ (Mol %) gel [19] or the  solid-state reaction:
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1. The additives form liquid phase in the voids the amorphous phase, which undergoes glass transition
between loosely contacted Si@nd ZrQ particles, around 606-700°C [20] to give viscous liquid state.
through which z++ and St ions counterdiffuse to Then, it may be possible that the liquid phase acts to
form zircon more easily [2—4]. The best efficiency of enhance the counterdiffusion ofZrand S+ ions. On
LiCl has been ascribed to its low melting temperature the other hand, the Zr2SiO, gel added with N&ions

2. Among additives, lithium compounds react with precipitates tetragonal Zgabove 800C, leaving the
SiO, to produce LiSi,Os, with which ZrG, react to  amorphous phase consisting of s SiG, and ZrQ.
form zircon. In other words, LSi,Os is an important ~ Although the amorphous or glass phase becomes vis-
intermediate compounds to synthesize zircon [5]. cous above its glass transition temperatar&00°C),

3. Structure transformation of Sj@nd/or ZrQ dur-  no trace of zircon is detected in the XRD patterns of
ing the heattreatment process cooperates with above réhe gel heat treated up to 1000 (the glass in the
actions and enhance the formation of zircon (HedvalNa,O-ZrO,—SiO, system is also very resistant toward
effect). crystallization to 900C or higher temperatures [21]).

These facts noted in the ZpESiO, gels added with L

and/or Nd ions suggest that the presence of the liquid
However, it has not been revealed yet whether thesphase during heat treatment may not be a determina-
mechanisms work effectively in the sol-gel processingive factor for the formation of zircon in the gels below
of zircon. 1000°C.

Generally, in the sol-gel processing, the mixing of Li»Si,Os, which has been considered as animportant
raw chemicals at atomistic level can be easily attainedntermediate material for zircon in the solid-state reac-
and enables the low temperature synthesis of various céion, is not encountered in the sol-gel processing. How-
ramic materials, which is said to be one of the importantever, instead of LiSi,Os crystal, we may have gmé*
advantages of the method. Unfortunately, in the case dftructure units in the amorphous phase a€lib SiG,
zircon formation, such an advantage for other materialsnolar ratio is between 0 to 0.33 and the amorphous
does not seem to work efficiently, because the sol-gedtate gives an i.r. absorption peak of Si—-O-Si bonds
synthesis of pure zircon is known to require still very around 1075 cmt. The disilicate ions may mineral-
high heat-treatment temperature~a500°C [8-10], ize (or catalyse) zircon formation. However, no zircon
unless the gel is seeded with zircon particles [11, 12]. Iformation in the N& added gel which should also con-
has been found in the previous and present works thaain Sizoé‘ units implies that such units do not have a
the addition of lithium compounds is necessary to synsignificant role in the sol—gel zircon formation, either.
thesize zircon at lower temperatures even in the sol-gel The Hedvall effect also does not work in the sol-
method. Other cations such asNand Mg+ exhibited ~ gel processing of zircon, as no crystallization of the
no mineralizing effect to the sol—gel synthesis of zirconamorphous phase and no transformation of tetragonal
below 1000°C. ZrO, occur prior to the formation of zircon.

As can be seen in Fig. 3, the mineralizing effect is Then, the problem is: what is the mineralizing ef-
independent of the anions associated with idn, i.e.  fect of Li* ions in the sol—gel synthesis of zircon? In
no substantial difference in the zircon formation pro-the above, nothing has been mentioned about a crys-
cess is noted among the added lithium compounds. Italline species which starts to precipitate almost along
the Process | gels made from the ZOC/TEOS/LiCl andwith zircon around 800C. The XRD peak due to
ZIP/TEOS/LIOAC/HCI combinations, zircon starts to this crystalline species is sited at 2 21.5°/CuK,, as
form at slightly lower heat-treatment temperature tharseen in Fig. 2a,b and its magnification (Fig. 10). The
in the Process Il gels. Such a difference in the zircorpeak position is clearly different from that of cristo-
formation in the Process | gels from other gels may nobalite (3 =22.0°/CuK,). Furthermore, it seems that
be ascribed to the co-existence of @bns but to their  the species is in the transient state, as its XRD intensity
microstructure, because the Process Il gel made frors decreased with the increase of heat treatment tem-
the ZIP/TEOS/LiCI combination starts to form zircon perature. This XRD peak is not detected in the"Na
at almost the same or rather higher temperature whereontaining gel heat treated at any temperature. There-
other Process Il gels do. fore, it is assumed that the formation of this interme-

This fact indicates that effective for the low tempera-diate crystalline compound is related to the formation
ture synthesis of zircon in the gel is not the anions suclof zircon in the Li"-containing gels. Among the known
as CI, OCH; and CHCOO™, but the lithium ion it-  crystalline compounds which are made up by,lar*",
self, which is reasonable because those anions shoui** and oxide ions, only a high temperature form of
be removed during the sol-gel process and/or calcinad:i4SiO; (JCPDS Card No. 24-650) gives a XRD peak
tion at 600°C. Actually, any trace of those anions is at about 21.5in 20. The high temperature form of
not detected in i.r. spectra of the gels heat treated abous 4SiO, is known to be quenched with ease [22].
600°C; in other words, lithium compounds do not re-  Eventually, the following mineralizing effect of ti
main in the heat-treated gels as their original forms anyons is proposed: The tiiions form lithium orthosil-
more, but have been changed te@i Consequently, icate, LySiO4, in the LpLO-Zr0,—SiO, amorphous
the melting of the lithium compounds to form liquid phase, which is analogous to the,QSiQ-ZnO
phase does not explain the mineralizing effect of thoseystem in which orthosilicates such as,%iO, and
compounds. Zn,Si0, can coexist with Si@[22]. Then, Zf+ ions

Instead of lithium compounds themselves, lithiumsubstitute for Li ions to form ZrSiQ. This replace-
ions are incorporated into Ze9SiO, phase to form ment of the cation is reasonable because the size of
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O zrsio,

A tetragonal ZrO,
¥ monoclinic ZrO,
0O SiOy(quartz)

O Li,Si0,

Intensity /a.u.

should occur during heat-treating the gels seemed not
to work to form zircon, either.

4. A metastable compound which showed a weak
XRD peak at 21.5in 29 was found to form just before
the precipitation of zircon. This peak was temporarily
assigned as a high temperature form of3i0,4. The
zircon formation process via such metastableSi®,
crystal through the replacement oftLions by Zf+
ions was proposed.
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20 25 30 By

26/ (Cu-Ka) 2.

Figure 10 Enlarged XRD patterns covering Zrom 18 to 32 for the 3.
gels made from ZIP/TEOS/LICl combination by Process Il and heat-

treated at 850 and 90C. 4

5

Zr* (r = 0.072 nm in the sixfold coordination state) 5

is very similar to that of LT (r = 0.074 nm) in sixfold ~ ;

coordination state [23]. 8

9

10.

5. Summary
The sol-gel method using zirconium oxychloride 14
hydrate, ZrOGJ-8H,O (ZOC) and zirconium tetra-
iso-propoxide, Zr(OgH;)s (ZIP), and tetraethyl-
orthosilicate, Si(OgHs)4 (TEOS) as starting materi- 12
als has been applied to the synthesis of zircon. In th
present work, the zircon formation process of the ZrO
SiO, (in molar ratio) gels added with different lithium 14
compounds was examined, and the mineralizing effect
of the lithium compounds was discussed, comparing>
with the solid-state reaction. The results obtained arg
summarized as follows.
17.

1. Zircon, ZrSiQ started to form above 80C,
when the gels were added with lithium compounds 8
although the zircon formation temperature was slightly, 4
changed if the order of adding chemicals was changed.

2. The mineralizing effect was independent from the2o.
anions associated with Lion, in other words, itis LT
ion itself that is effective for the zircon formation.

3. The formation of LiSi,Os crystal which has been 29
considered to play an important role to trigger the zir-,3
con formation in the solid-state reaction method was
not encountered in the sol-gel method, indicating that
Li,»Si,Os may not be a key intermediate compound for
the formation of zircon. The disilicate £z~ units
in the amorphous of LD-Zr0,—SiO, system which

21.

4828
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with experiments.
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