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Finely dispersed powders of lithium, calcium and strontium titanates were
prepared by precipitation in molten salts. The influence of temperature and
of the time of heat treatment on the mean crystal size was determined. The
mean crystal size was found to increase with temperature and time, hcwever,
at a constant temperature the rate of crystal growth slowed down with time.
This indicated that the isothermal crystal growth is not an isolated process and
is apparently accompanied by formation of new crystallization nuclei. It is
assumed that the crystallization process is governed by two different mechanisms:
in the initial stage, the crystal growth is controlled by surface reaction while
it the subsequent stage, with the formation of a concentration gradient at the
phase boundary, diffusion becomes the predominant factor and the rate of the
crystallization is gradually slows down.

INTRODUCTION

Inorganic ionic melts, i.e. mixtures of chlorides or sulphates of bivalent metals
with alkali chlorides or sulphates, have recently been successfully employed as
reaction media in chemical synthesis of mixed oxide powders [1—8]. Ferrites,
chromites, titanates and some other mixed oxides exhibit specific electrical and
magnetic properties which make them interesting for microelectronics and other
applications. For example, titanates of various metals doped with a suitable oxi-
de in a higher oxidation state are considered to bepromising anode materials for
molten carbonate fuel cells [9]. '

The conventional preparation of mixed oxides by solid state reactions requires
high temperatures and long reaction times. It is also characterized by a low reaction
rate which is controlled by diffusion of the reactants. The synthesis of powders
from suitable precursors consisting of hydroxides, alkoxides, carbonates or nitrates,
although energetically not so demanding, often leads to formation of porous grains
or agglomerates in the final product.

The use of molten salts as reaction media for the preparation of mixed oxides
appears to be advantageous for several reasons: It makes it possible to control the
size and, to a certain extent, also the morphology of the particles by selecting
a suitable temperature and reaction time (duration of the heat treatment). Besides,
as evidenced by Table I, Gibbs reaction energies of the formation of titanates
by precipitation from molten salts mostly exhibit more negative values compared
with the direct synthesis from the respective oxides. The values presented in Table I
correspond to direct synthesis from oxides,

TiOz(s) + MeO(s) — MeTiO;(s) (1)
to precipitation from chlorides,
TiOz(s) + MeCly(1) + Na,COs(I) — MeTiOs(s) + 2 NaCl(l) + COz(g) (2)
and from sulphates

TiOy(s) - MeSO4(l) + Na,COs(l) — MeTiOs(s) + Na,SO4() + COu(g) (3)
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Table 1
Values of Gibbs reaction energy of the formation of titanates (1200 K)
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—135.5

SrTiO; —171.1
—145.2

W N

LiCl as well as Li,SO4 were used in the synthesis of Li,TiO;). Gibbs energy
values tabulated by Barin and Knacke [10] were employed in the calculations.

In the present work, the influence of the reaction temperature and time on the
dispersity and morphology of the synthesized Li;TiO;, CaTiO; and SrTiO; was
determined.

EXPERIMENTAL

The following chemicals were employed in the synthesis of the above titanates:
TiO,, NaCl, LiCl and KCl “reagent grade” (LACHEMA), Li,SO,, CaSO, . 2 H;O,
H.SO4 and Na,CO;, A.R. (LACHEMA) and SrCO; “For Electroceramics” (LA-
CHEMA). Strontium sulphate was prepared from an aqueous suspension of stron-
tium carbonate by reaction with sulphuric acid. The chemicals employed we-
re vacuum dried over P>O; at 200 °C.

The reaction mixtures were melted in a platinum crucible in a muffle furnace.
The total weighed-in amount was 20 g.

Different fluxes have been employed depending on the reaction temperature:
sodium chloride (at 900 °C), potassium chloride (at 800 °C) and KCl — Na,COs
mixture 1 : 1 by wt. (at 700 °C). After cooling, the reaction mixture was dissolved
in hot water. The insoluble residue (the reaction product) was washed with distilled
water, filtered in a Biichner funnel and dried at 120 °C.

The reaction products were identified by X-ray powder diffraction. The charac-
teristic lines of lithium, calcium and strontium titanates only were identified on the
respective diffraction patterns which indicated a high purity of the mixed oxides
synthesized. The morphology and dispersity of the produced powders was determin-
ed by means of the JEOL X5C scanning electron microscope. The size of the
individual crystals considered in the evaluation of the mean crystal size corresponds
to the arithmetical mean of the maximum and minimum dimensions determined
on the microphotographs. The distribution of the particles of the synthesized
powders was described by logarithmic-normal distribution.

The mean crystal sizes of titanates synthesized at different temperatures and
reaction times are listed in Table II. Based on the evaluation of the experimental
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results, the influence of the reaction temperature and reaction time on the growth
of the mean crystal size, and the dependence of the standard deviation of the parti-
cles diameter on the reaction time at 900 °C were determined.

Table 11
Values of mean size of Li;TiO;, CaTiO3 and SrTiO; crystals prepared at different conditions
| d/pm

t/°C z/h

Li,TiO; CaTiO; SrTiO;
700 4 0.446 0.044 0.162
800 4 0.662 0.074 0.216
900 1 0.928 0.104 0.189
900 2 1.261 0.122 0.256
900 3 1.270 0.120 0.281
900 4 1.352 0.146 0.343

RESULTS AND DISCUSSION

Lithium titanate, Li,TiOs;, was prepared by the reaction of titanium oxide,
lithium sulphate and sodium carbonate alternatively in molten NaCl at 900 °C,
KCl at 800 °C and in the KCl — Na,CO; mixture at 700 °C. The effect of tempera-
ture and reaction time (from 1 to 4 h) on the crystal size of synthesized Li,TiO3 was
determined. As evidenced by the data presented in Table II, the mean crystal
size increases with temperature, which may apparently be attributed to the improv-
ed transport properties of the melt at higher temperatures. At a constant tempera-
ture, the mean crystal size increases with the time of heat treatment, apparently
owing to isothermal growth in the presence of a liquid phase.
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Fig. 1. Standard deriation of the mean particle diameter vs. the time of heat treatment at 900 °C;
o — Li;TiO3; A — CaTiO3; O — SrTiOs.
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Fig. 1 shows the standard deviation of the diameter of Li,TiO; particles vs.
the time of heating at 900 °C. The particle size distribution, characterized by the
standard deviation of the particle diameter, increases with the reaction time.
On the other hand, the rate of growth of the mean crystal size decreases with time.
Consequently, it can be assumed that the isothermal crystal growth is accompanied
by secondary formation of crystallization nuclei. Thus it can be assumed that in the
initial stage, the mechanism of crystal growth in the multiphasesystem is controlled
by a surface reaction. Subsequently, after the formation of a concentration gradient,
the diffusion becomes the predominant factor and the rate of crystal growth slows
down. Fig. 2 shows a micrograph of monoclinic lithium titanate synthesized at
900 °C for 4 h.

Calcium titanate, CaTiO3, was prepared by reacting titanium dioxide with cal-
cium sulphate and sodium carbonate in the respective fluxes. Here again, the
dependence of crystal size on temperature (from 700 to 900 °C) and the heating
time (from 1 to 4 h) was determined. The morphology of the CaTiO; crystals can
be observed in Fig. 3 showing the micrograph of calcium titanate synthesized
at 900 °C for 4 h. Calcium titanate belongs to the perowskite group and crystallizes
in the tetragonal system. As indicated by the data in Table II, the favourable
effect of increasing temperature on the transport properties of the melt and, con-
sequently on the rate of the crystal growth, was also observed.

Fig. 1 shows a plot of the standard deviation of CaTiO; particles diameter vs.
the reaction time at 900 °C. The course of this dependence can be interpreted
in the same way as for Li,TiOs.

Strontium titanate, SrTiOs;, was synthesized by reacting titanium oxide with
strontium sulphate and sodium carbonate at 700, 800 and 900 °C in the correspond-
ing fluxes. The time of heat treatment was again varied from 1 to 4 h. The depen-
dence of the standard deviation of the diameter of SrTiO; particles on the reaction
time, shown in Fig. 1, indicates that also in this case the crystallization is accom-
panied by formation of secondary crystallization nuclei and the controlling me-
chanism changes in the course of isothermal crystal growth. Here again an increase
in the mean crystal size with increasing temperature reflecting improved transport
properties of the melt was observed; however, the influence of the heating time
on the rate of the crystal growth was less distinct than in the case of Li,TiOs
and CaTiO; (see Table II). Fig. 4 shows a micrograph of strontium titanate syn-
thesized at 900 °C for 3 h.

As illustrated in Figs. 3 and 4, the mean crystal size of CaTiO; and SrTiO;
is below 1 pm and the isothermal crystal growth is accompanied by the sintering
and aggregation of crystals.

CONCLUSION

It can be concluded that the preparation of titanate powders by precipitation
in molten salts appears to be advantageous from several aspects:

(i) the synthesis in molten salts can be carried out at substantially lower
temperatures compared with direct synthesis from the corresponding oxides;

(i) owing to the advantageous transport properties of molten salts, the mean
grain size of the synthesized powders can largely be controlled by the choice
of suitable reaction conditions;

(iii) high-purity titanates can be produced as the by-products of the synthesis
are readily soluble in water.
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SYNTEZA NIEKTORYCH TITANICITANOV
V PROSTREDI ROZTAVENYCH SOLI

Ludmila Smutné, Vladimir Danék, Kamil Matiagovsky

Ustav anorganickej chémie Centra chemického vyskumu SAV, CS—842 36 Bratislava

Jemne disperzné prasky titani¢itanu litneho, vapenatého a strontnatého sa pripravili pre-
cipitaciou v prostredi roztavenych soli. Sledoval sa vplyv teploty a doby zéhrevu na strednu
velkost krystalov. Zistilo sa, Ze stredné velkost krystalov vplyvom teploty a Casu rastie. Nakolko
rychlost vzrastu strednej velkosti krystalov s ¢asom klesa, mozno predpokladat, ze v priebehu
izotermického rastu krystalov moze dochadzat k sekundéarnej nukleacii krystdlov, CiZze proces
nukleécie nie je dostatoéne separovany od procesu rastu krystalov. V priebehu izotermického
rastu krystélov dochadza pravdepodobne k zmene riadiaceho mechanizmu. V poéiatoénom stadiu
je mechanizmus rastu riadeny povrchovou reakeciou. V neskorsom stadiu, kedy sa na fdzovom
rozhrani vytvara koncentrainy gradient, prevlada difaziou riadeny rast krystdlov a rychlost
rastu krystalov klesa.

Obr. 1. Zavislost smerodajnej odchylky priemeru mikrodastic od doby zdhrevu pri konstantnej teplote
900 °C; ¢ — Li;TiO3; A — CaTiO;; O — SrTiO;.

Obr. 2. SEM mikrosnimka prdskového Li,TiO; pripraveného pri teplote 900 °C poéas 4 hodin.

Obr. 3. SEM mikrosnimka prdskového CaTiOz pripraveného pri teplote 800 °C' podas 4 hodin.

Obr. 4. SEM mikrosnimka prdaskového SrTiO; pripraveného pri teplote 900 °C poéas 3 hodin.

CMHTE3 HEROTOPBIX THUTAHATOB
B CPEIE PACIHJIABJIEHHBIX COJEN

Jdo;muaa CmyTtHa, Borajumup Janew, Ramun MatnamoBekn

Hremumym neopeanuyecroll xusuu

Ienwmpa zumnueckoeo uccaedocarnua CAH, 842 36 Bpamucaasa
P y

ToHRO AHCIICPCHBIE IIOPOIIKH THTAHATA JIMTHA, RAJMLUHA M CTPOHIIHS HPUIOTOBHIIN 11Pel(H-
TIRTAIMEH B cpeje PacituTaBACHHBIX cogdeil. Ucc:TejloBasin BiNANNE TCMUEPATYPLI H BPCMCHH
HarpeBa Ha CDCAHHM pa3Mep KPHCTALIOB. BLiTo y¢TaHOBIIEHO, WTO CpejlHHit pa3mep KpH-
¢TAJICIOB TMO;T BIIMSHHCM TeMIIepATYPot W BpeMeHH pacTeT. J[o KAKOH cTemeHH CKOPOCTh
pocTa ¢pejiHero pasMcpa ¢ BpeMCHeM IOHHKACTCS, MOKHO BBIBO;(MTL M3 TOI'O, YTO B TCUEHHC
HBOTCPMITYECKOTO POCTa KPHCTAIIIOB MOMKCT HPOHCXO;(HTh BTOPHYHOC 00pasoBaHHe 3a PO;ihl-
HICH KPHCTAIIOB, TO CCTh YTO Mpomecc 00Pa30BaHusl 3apO;ILIMICH He SIBIISCTCS ;lOCTATOTHO
OTHe/IeHHBIM OT Ipolecca PocTa KPHCTALIOB. B0 BpeMs M30TepMHUCCKOIO POCTa KPHCTAJLIOB
IPABICIIO00HO IIPOUCXO;(MT M3MEHEHHC YIPAaB.IAKNICI0 MeXaHn3Ma. B HavabpHOI cTajun
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MexaHM3M pOCTa YIpaBJIseTcsl II0BepXHOCTHOH peaxknmmedl. B jaiibHeiimed crajud, worja
Ha pa3jeiie a3 co3xaeTcs I'Paj{UeHT KOHOeHTpanuH, npecbiagaer yrnpapiseMbld nudpysnei
POCT KPHMCTAIOB M CKOPOCTh POCTa KPHCTAJIJIOB NOHMIKACTCH.

Puc. 1. 3asucumocmv cmandapmuozo 0mKEAOHEHUR CPEAUE20 PAIMEDPA MUKDOUACIMUY, OM 6pe-

Menu nazpesa npu nocmoanmotli memnepamype 900 °C: o — 1.i,TiO3, A — CaTiOs,
O — SrTiOs.
Puc. 2. SEM wmukpocvemru nopourrosozo Li2TiOs, npusomoscaennoeo npu memnepamype

900 °C 60 epema 4 wacoe.

Puc. 3. SEM murpocvemru nopowrogozo CaTiOs, npucomocaenrozo npu memnepamype
900 °C 60 cpema 4 wacos.

Puc. 4. SEM  murpocvemru nopowrocozo SrTiOs, npueomosaennoco npu memnepamype
900 °C 60 epema 3 wacos.

RADIOACTIVE WASTE FORMS FOR THE FUTURE (Radioaktivni odpady pro
budoucnost). Edited by W. Lutze and R. C. Ewing. North-Holland Physics Publishing, Elsevier
Science Publishers, Amsterdam 1988. 778 str.; cena 247,25 US dol.

Kniha pfinadi pfehled nejdulezitéjSich informaci o celém spektru radioaktivnich produkta
fixace, jez byly vyvinuty nebo alespoi navrieny pro inkorporaci vysoceaktivnich jadernych
odpadi. Mnoho vysledka bylo publikovédno v zadvéreénych zpravéach ndrodnich laboratoii nebo
v raznych, obvykle méné dostupnych sbornicich. Toto je prvni publikace, jez shrnuje informace
o mediich pro vysoceaktivni jaderné odpady v jednom svazku.

Ackoliv boritokremiéité sklo se stalo standardnim typem materidlu pro tento tucel, jo nutno
v jeho vyzkumu déle pokradovat. Se zdokonalenim vyrobni technologie a s podrobnéjsimi zna-
lostmi o podminkéch v ulozistich mohou byt vyvinuta skla a materidly druhé generace se zdoko-
nalenymi vlastnostmi. Pokra¢ovéni vyzkumnych programua zaméiené na fixaéni média pFinese
vysledky, jez jedind mohou zvysit davéru vefejnosti v koneéné a bezpeéné uloZeni jadernych
odpadu. Cilem této knihy je poskytnuti odrazového mustku pro toto budouci vyzkumné usili.

V knize jsou podrobn& uvedeny vlastnosti a funkce nekrystalickych produkta (boritokfemié¢ité
sklo, spékané sklo, olovnato-zelezité fosfatové sklo) i produkta krystalickych (Synroc, keramika
na bazi TiO,, sklokeramika a beton FUETAP). Kapitola o novych forméch odpada uvé«di fadu
metod, které opodstatiuji dalsi vyvoj vzhledem k jejich potencidlnim vynikajicim vlastnostem
a unikdtnim aplikacim. Zavéroénd kapitola uvédi tabeldrni srovnéni dalezitych vlastnosti
jednotlivych typa produktu a rozsdhlou diskusi o koroznich procesech i o uéincich radiace.
Zvlastni pozornost je vénovéna kritickému zhodnoceni boritokfemiéitého skla a keramiky
Synroc. Je to prvni pokus o podrobné srovnéni téchto dvou vyznamnych produktti na zdklads
celého souboru jejich materidlovych vlastnosti. Diskuse zdtiraziiuje obtiZnost takového srovnavé-
ni a specifikuje druh dat, jez jsou pro to nezbytna.

Komplexni systémové pristupy vedly v posledni dobd k ¢éstetnému odsunuti role chemické
stability odpada do pozadi. Autofi knihy vSak dospivaji k zavéru, ze kritickou bariérou pro
uvoliiovéni radionuklidi musi zastat vlastnosti samotného zpracovaného odpadu, protoze jeho
chovéni lze snadnéji modelovat nezli predvidat dlouhodobé hydrologické a geofyzikélni zmény
v uloziStich. Soutasn® je tieba mit k dispozici celou paletu fixaénich medii, aby bylo mozuo in-
korporaci radionuklidii optimalizovat s ohledem na slozeni odpadi i na zpusob uloZeni.

Kazdé kapitola knihy byla napséna vybranymi experty a zahrnuje kompilaci udaji s rozsdhlym
seznamem referenci. Kniha predstavuje stimulujici zdklad pro dalsi vyzkum tim, Ze pfindsi
kriticky pre hled souéasného stavu. Kniha bude uziteéna nejen pro odborniky v oboru zneskodrio-
véni radioaktivnich odpadu, ale také v oboru materidlovych véd a v oborech skla a keramiky,
protoze tyto materidly predstavuji hlavni typy fixa¢énich médii.

J. Hluvaé
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Fig. 2. SEM microphotograph of Li;TiO3 Fig. 3. SEM microphotograph of CaTiOs
powder synthesized at 900 °C' for 4 h. powder synthesized at 900 °C for 4 h.

Fig. 4. SEM microphotograph of StTiO; powder sythesized at 900 °C for 3 h.
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