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A method was worked out for the preparation of dispersed powdered magne-
sium, calcium and zinc ferrites by precipitation in the medium of molten salts.
The synthesis of compounds in melts, compared to the classical solid phase
reaction and the preparation from a suitable precursor, has the advantage
of allowing the size, and sometimes also the morphology of the crystals, to be
controlled. However, the main advantage of molten salts as a reaction medium
18 based on its convenient thermodynamic and transport properties. The study
was concerned with investigating the effect of temperature and time of heating
on the dispersity and morphology of the ferrites in question. It was found that
the synthesis can be effected at considerably lower temperatures than the direct
synthestis from oxides, and the products show a high phase purity and a compa-
ratively narrow log-normal particle size distribution of crystals with the mean
size of less than lym.

INTRODUCTION

Inorganic ionic melts have been recognized as promising media for the synthesis
of some compounds, particularly those exhibiting outstanding electrical or magne-
tic properties, such as ferrites, chromites, titanates, etc. which find application
in electronics [1 through 7]. Some ferrites and chromites, and possibly other com-
pounds with a spinel or perowskite structure, are highly topical as inert anode
madterials for electrochemical production of aluminium [8]. Titanates of various
metals doped with a suitable oxide in higher oxidation state are convenient anode
materials for molten carbonate fuel cells [9].

The classical preparation of these materials by solid state reactions is character-
ized by a low rate of the reaction which is controlled by diffusion of the reacting
compounds; this results in the use of high temperatures and long times of firing.
The technology based on suitable precursors such as hydroxides, alkoxides, carbo-
nates or nitrates [10] saves energy, but does not allow the dispersity of the final
product to be controlled. '

Precipitation of the compounds from a suitable mixture of molten salts is
advantageous not only from the standpoint of kinetics, but also from that of the
thermodynamic properties of the reaction medium, namely the values of the Gibbs
energy of the reacting substances. Use is made of the differences in the solubility
of the reactants and those of the products, as well as of the high thermal and che-
mical stability of the reaction products. The synthesis in molten salt media has the
major advantage in that that the particle size, and sometimes even the morpho-
logy of the product, can be controlled by suitable selection of reaction time and
ternperature. Such a control is very significant for subsequent sintering of the
powdered product into the final form with the desired porosity.
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The main advantage provided by molten salts as the reaction medium for the
preparation of mixed oxides is based on a substantial increase in the negative value
of the Gibbs energy in the reaction producing the respective compound. Table I

Table I
Gibbs energy of the formation of ferrites
AG?
Phase kJ mol~t Reaction No.
1100 K ‘ 1200K 1300 K

MgFe,04 —203.5 —210.7 —216.8 (2)
—6.7 —5.7 —4.8 (1)
CaFe;04 —98.6 —111.7 —124.2 (2)
—31.4 —32.4 —33.4 (1)
ZnFe,04 —164.1 —184.2 —198.9 (2)
—21.7 —12.9 —4.1 1)

lists the values of Gibbs energies for the individual reactions forming the ferrites
by direct synthesis from the respective oxides and by precipitation in molten salt
media. In the first case, the Gibbs energy values correspond to the reaction

Fe;03(s) + MeO(s) -> MeFe,04(s) (1)
and in the other to the reaction using chlorides,
Fe,0;(s) + MeCly(l) + Na,CO5(l) -> MeFe,04(s) + 2 NaCl(l) + CO,(g) (2)

The values required for the calculation of Gibbs energy values were taken over
from ref. [11].

The first stage of research into the synthesis of mixed oxides in molten salt media
was aimed at working out a method for their preparation and identification. The
effect of temperature and time of heating on the dispersity and morphology of
MgFe.04, CaFe,04 and ZnFe,0, was studied.

EXPERIMENTAL

The following reagents were used in the synthesis of the ferrites: Fe,0;, A. R.
grade, USSR, MgCO;, A. R. grade, Neratovice, CaCO;, A. R. grade, Lachema,
CaCl, . 2 H,0, C. P. grade, Lachema, ZnCO;, C. P. grade, Lachema, ZnCl,, A. R.
grade, anhydrous, Merck, NaCl, A. R. grade, Lachema, KCl, A. R. grade, Lachema,
and Na,COs;, A. R. grade, Lachema. The dehydration was effected by vacuum
drying at 200 °C in the presence of P,0:s.

The initial mixtures of salts were weighed in a platinum crucible and fused in
a muffle kiln heated at the chosen temperature. The total amount of the mixture
was about 15 to 20 g. Use was made of a three-fold excess of sodium chloride (at
900 °C), potassium chloride (at 800 °C) or an equimolar NaCl—KCl mixture (at
700 °C). After cooling, the mixture was dissolved in hot water, the undissolved
residue rinsed several times with distilled water and filtered off on a Biichner

98 Silikaty & 2, 1989



Synthesis of some Ferrites.in Molten Salt Media

funnel. ‘The filter cake was dried at 120 °C.- The (ompounds thus: prepared were
identified by X-ray-diffraction ana.lys1s. . o

The morphology -and particle size dlstrlbutlon of the: powderﬁd products were
determined by means of the scanning electron microscope. The percent occurence
of crystals in the individual size clasces was. determined on SEM ‘micrographs
by measuring the mean size of the separate grains as the arithmetic mean of the

Table II -

Logarithmic-normal size distribution parameters of MgFe;O4 crystals

¢ T d — a

C 5 E In d; o (In'd) N

700 2 0.241 —1.446 0.279 120

800 2 0.319 —1.187 0.449 120

900 2 0.409 —0.486 0.415 100
1000 2 0.512 —0.658 0.294" 85

900 1 0.326 —1.199 0.320 90

900 3 0.549 —0.630 0.306 110

900 4 0.678 —0.433 0.283 85

Table 111
Logarithmic-normal size distribution parameters of CaFe;O4 crystals

t T K ind; o (In d) N

°C ] wm

800 2 0.946 —0.098 0.422 110

900 2 1.089 —0.023 0.492 70
1000 2 1.190 —0.061 0.484 65

900 0.5 0.384 —0.894 0.395 95

900 1.5 0.768 —0.652 0.357 75

900 3 1.350 0.074 0.283 60

900 3 1.280 0.051 0.326 55

Table IV
Logarithmic-normal size distribution parameters of ZnFe,Qq4 crystals

¢ T d Ind; o (Ind) N

°C h pm

700 2 0.438 —0.084 0.234 95

800 2 0.475 —0.942 0.499 125

900 2 0.519 —0.624 0.289 90
1000 2 0.569 —0.279 0.378 80

900 1 0.382 —1.107 0.405 120

900 3 0.888 —0.155 0.334 100

900 4 1.162 0.213 0.413 75
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largest and the smallest dimension. The relative representation of crystals in the
size classes was described by means of log-normal distribution and the mean crystal
size in the sample was determined. On the basis of this evaluation, the dependence
of mean crystal size on the temperature and time of heating was established. The
respective values of mean crystal size, standard deviation of the logarithm of
cystal size (diameter) and total occurence of the whole set are listed in Tables IT
through IV for the temperatures and times of heating studied.

RESULTS AND DISCUSSION

~ The magnesium ferrite, MgFe,0,4, was prepared by reacting ferric oxide with
magnesium carbonate in the medium of molten sodium chloride, potassium chloride
or their mixture. The possibility of using anhydrous magnesium chloride with
sodium carbonate was also verified. In both cases the reaction yielded magnesium
ferrite, MgFe,04, and the alternative utilization of magnesium chloride or carbonate
had no effect on the morphology of the final product. The effect of temperature
and time of heating on the size of crystals was studied over the temperature
- range of 700 to 1000 °C and times of heating from 1 to 4 hours. Fig. 1 shows the
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Fig. 1. Mean crystal size vs. temperature at a constant heating time of 2 hours;
o — MgFe;04, s — CaFe;04, u — ZnFe204.

plot of mean magnesium ferrite particle size vs. temperature at a constant time
of heating of 2 hours. There is an apparent increase in mean crystal size with rising
temperature, which can be attributed to more favourable mass transport properties
of the melt at higher temperature. Fig. 2 is a plot of the mean magnesium ferrite
particle size vs. heating time at a constant temperature of 900 °C. There is again
an increase in the value of mean crystal size resulting from isothermic growth in
the presence of the liquid phase. The change in the mean crystal size is obviously
linear, which supports the assumption of a reaction-controlled mechanism of crystal
growth, i.e. a mechanism involving dissolution and precipitation of the crystallizing
phase [12]. For comparison, Figs. 3 and 4 show micrographs of magnesium ferrite
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prepared at 700 °C during 2 hours (Fig. 3) and at 900 °C during 3 hours (Fig. 4).

Magnesium ferrite belongs to the group of spinels, crystallizing in the cubic system
with space group Fd3m, and this was also the morphology of the crystals obtained.

14

3
r*/h

Fig. 2. Mean crystal size vs. time of heating at a constant temperature of 900 °C;
o — MgFe;O4, A — CaFe;Oh o— an9204.

The calcium ferrite, CaFe,04, was prepared by reacting ferric oxide with calcium
carbonate or anhydrous calcium chloride and sodium carbonate,in the medium of
molten sodium chloride, potassium chloride or their mixture. In the case of pre-
paration at 700 °C in the NaCl—KCl mixture the sample was inadequately fused
and remained syrupy, so that it had to be discarded from the experimental set.
However, replacement of the flux with a NaCl—LiCl mixture (1:1 by wt.)
resulted in the formation of lithium ferrites LiFeO, and LiFe;Og as proved by
X-ray powder diffraction and by the change in the morphology of the product as
revealed by SEM micrographs. In view of the size of the calcium atom, CaFe;04
does not belong to the spinels, crystallizing in the orthorhombic system with the
Pnma spatial group. The effect of temperature over the range of 800 to 1000 °C
and the heating time from 0.5 to 3 hours was followed during the preparation of
calcium ferrite. The development of crystal morphology can be seen in Figs. 5
and 6, showing micrographs of calcium ferrite prepared at 900 °C during 0.5 hour
(Fig. 5) and at 1000 °C during 2 hours (Fig. 6). The plate-shaped crystals first
grow preferentially in the direction of one crystallographic axis, acquiring an
acicular form. Fig. 1 shows the temperature dependence of mean crystal size of
calcium ferrite at constant heating time of 2 hours, Fig. 2 the relation between
mean crystal size and the time of heating at a constant temperature of 900 °C.
The favourable effect of temperature, improving the transport properties of the
melt, and the isothermic growth of crystals in the presence of the liquid phase, is
again obvious. The characteristic morphology of calcium ferrite crystals resulted
in a faster growth of the mean crystal size with increasing temperature and time
of heating as a consequence of the preferential growth in the direction of one
crystallographic axis. The composition of the initial mixture was also found to
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affect the morphology of the crystals obtained. With calcium chloride, the crystals
grow preferentially in the direction of axis ¢ whereas with CaCOj; the growth in this
«irection is not so marked.

The zinc ferrite was produced by reaction of ferric oxide with zinc carbonate
or anhydrous zinc chloride and sodium carbonate in the medium of molten sodium
chloride, potassium chloride or the NaCl—KCl mixture at 1 : 1 ratio. The effect
of temperature and heating time on the size of crystals was inestigated over the
temperature range of 700 to 1000 °C and the heating time of 1 to 4 hours. The
dependence of mean crystal size on temperature at a constant heating time is
plotted in Fig. 1, and that on the heating time at a constant heating tempera-
ture of 900 °C in Fig. 2. Among all the three ferrites studied, zinc ferrite showed
the least effect of temperature on crystallization rate. The influence of the
heating time is much greater. Fig. 7 shows a micrograph of zinc ferrite obtained
at 700 °C during 2 hours, and Fig. 8 of zinc ferrite produced at 900 °C also
uring 2 hours. The morphology of the crystals obtained corresponds to the spinel
structure of zinc ferrite; there was no difference between the use of zinc carbo-
nate and zinc chloride.

As follows from Tables IT through 1V, the particle sizes of the ferrite crystals
prepared all show log-normal distribution with a standard deviation of the loga-
rithm of crystal diameter in the range of 0.23 to 0.5, which indicates a relative
narrow size distribution of the crystals. X-ray diffraction analysis showed that
in some cases the final products were contaminated with unreacted reactants
(Zn0, Ca(OH),, etc.). Even though this contamination was at a low level, the
final powdered product will have to be washed with dilute acid. This procedure was
not employel in the present study in order to assess the quantitative course of the
svnthesis.

It may be concluded that the preparation of mixed oxides by precipitation in
molten salt media appears to be a very promising method for the following reasons:

(i) the reactinn can be effected at substantially lower temperatures than the
direct synthesis from oxides,

(ii) in view of the favourable mass transport properties of molten salts it is
possible to influence the particle size, the size distribution and possibly also the
morphologv of the grains of the respective powders,

(iii) the powdered products can be prepared with a high degree of purity as the
undesirable admixtures or reaction products are readily soluble or gaseous,

(iv) in all the instances, the particle size distribution of the powders obtained
is described by a comparatively narrow log-normal distribution. In most cases,
the mean crystal size was less than 1 pm, which is very favourable with respect
to further processing of the powders.
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SYNTEZA NIEKTORYCH FERITOV V PROSTREDI ROZTAVENYCH
SOLI

Vladimir Danék, Ludmila Smutna, Kamil MatiaSovsky

Ustav anorganickej chémie Centra chemického vyskumu SAV, 842 36 Bratislava

Rozpracovala sa metdéda pripravy disperznych praskov feritu horeénatého, vapenatého
a zino&natého precipitaciouv prostredi roztavenych soli. Prednostou syntézy zliéenin v taveninach
oproti klasickej priprave reakciou v tuhej faze a priprave pomocou vhodného prekurzora je najma
moznost regulacie velkosti a niekedy aj morfoldgie krystalov. Hlavna vyhoda pouzitia roztave-
nych soli ako reak&ného média spoéivavo vyhodnych termodynamickych a transportnych vlast-
nostiach reak&ného prostredia. V praci sa skumal vplyv teploty a doby zdhrevu na disperzitu
a morfoldgiu sledovanych feritov. Zistilo sa, ze syntézu mozno uskuto&nit pri podstatne nizsich
teplotach ako priamu syntézu z oxidov, pri¢om produkty sa vyzna&uju vysokou fazovou &istotou
a pomerne uzkym log-normalnym rozdelenim velkosti krystalov so strednou velkostou mensou
ako 1 pm.

Obr. 1. Zavislost strednej velkosty krystalov od teploty pri konstantnom ase zdahrevu 2 h;
o — MgFe;04, a — CaFe;04, o — ZnFe204.
Obr. 2. Zavislost strednej velkosti krystalov od doby zahrevu pri kondtantnej teplote 900 °C;
o — MgFe;04, a — CaFe;04, 0 — ZnFe;04.
Obr. 3. SEM makrosnimka prasku MgFe.O4 pripraveného pri teplote 700 °C poéas 2 h.
Obr. 4. SEM mikrosnimka prdasku MgFe 0, pripraveného pri teplote 900 °C poéas 3 h.
Obr. 5. SEM mikrosnimka prasku CaFe,Q4 pripravencho pri teplote 900 °C poéas 0,5 h.
Obr. 6. SEM mikrosnimka prasku CaFe,O4 pripraveného pri teplote 1000 °C poéas 2 h.
Obr. 7. SEM mikrosnimka prasku ZnFe204 pripraveného pri teplote 700 °C pocas 2 h.
Obr. 8. SEM mikrosnimka prasku ZnFe,04 pripravencho pri teplote 900 °C pocas 2 h.

CHHTE3 HEKOTOPLIX ©®EPPHTOB B CPEJE PACHJJABJEHHLIX
COJEN

Buaajwumup dader, Jhogmira CmyTHa, RHamuer MarnanoBe ki

Hicemumym  neopeaituneckoic. rumuuw Ilenmpa xusmuuecroeo uccaedoganus CAH,
842 36 Bpamucaaca

I>uit pazpaGoTaH MCTO;{ HOJYYCHHSA jUHCIEPCHHX MOPOMIKOB (eppUTa MAUHMSA, KaslbIUs
I [MHKA MpPeIlMIuTalncii B cpeje paciciaBiieHHLX coJied. llpeumyitectBo cuHTe3a coemu-
HEeHNil B PACMJTABAX 10 ¢ PABHEHHMIO ¢ KJIACCHYECKHM 110.1yUYeHHeM 1yTeM peakilii B TBepo#
dase 1 N0 ¢paBHCHMIO ¢ MOJYUeHHEM ¢ HOMONILIO HPUTOIHOrO MPeKypcopa 3aKiIiodYaercs
Mpesjic BCero B BO3MOMKHOCTH Pery.[MPOBaTs pasMep M MHOIYIA ¥ MOP§OJIOIHIO KPUCTAILIOB.
OcHOBHOe MpCUMYIUECTBO NMPUMCHCHHF pPAcCIIaBJIEHHBIX cOJlell B KavyecTBe pCaKIIMOHHOMN
cpejnl MMeeTc sl B 1IPMIOj(HHX TePMO,{MHAMUUECKUX U TPAHCIOPTHBIX CBOWCTBAX peaKIMOHHOM
cpeint. 13 nperaraemoit paGote paceMaTpuBaeTe sl BJIMSIHAE TeMIOepaTy psl M BpeMeHd HarpeBa
Ha [Jyclepc HOHHYIO croco0OHOCTL 1 MOpgoJIoruio ueestelyeMoiXx ¢eppuToB. Bolilo ycTaHOBIIEHO,
YTO CHHTE3 MOMKHO IIPOBO/(MTh IIPH CYNIECTBEHHO Oojiee HM3KMX TeMIepaTypax dueM Y
MpsIMOI'0 CHHTe3a M3 OKCHUJOB, NMpHYeM NMPOLyKTh 0G03HAUeHLI BHICOKOH ()a30BOH YHCTOTOM
W OTHOCHUTEJBHO Y3KHM JIOI-HOPMAJBHbLIM pacrpejielleHHeM pa3Mepa KPHCTAJIOB CO CPeAHUM
pasmepom HMKe 1 uM.
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Puc. 1. 3asucumocmd cpedHezo paamepa Kpucmaanos Om mMeMNEPAMYPs. NPU NOCMOKHHOM
epemenu Hazpesa 2 u.; o — MgFe;04; 4 — CaFe;04, o0 — ZnFe;0s4.

Puc. 2. 3asucumocmd cpedHezo pasmepa KPUcmaa.ies onm 6peMeHU HA2Pe6a NPU NOCMOIHHOL
memnepamype 900 °C: o — MgFe;04; o — CaFe204, 0 — ZnFe;04.

Puc. 3. SEM muxpogomozpagus nopowxa MgFe204, noayuenrozo npu memnepamype
700 °C u epemeru 2 w.

Puc. 4. SEM murpogomozpagun nopowra MgFe;04, neayuernozo npu memnepamype 900 °C
u epemeru 3 .

Puc. 5. SEM muxpogomozpagus nopowxa CaFez04, nosyuennozo npu memnepamype 900 °C
u epemenu 0,5 «.

Puc. 6. SEM murpogomozpagius nopowra CaFe;0s, noaywennoco npu memnepamype
1000 °C u epemeru 2 u.

Puc. 7. SEM muxpogomozpagpus nopowra ZnFe;O4, noayuenrozo npu memnepamype
700 °C u spemenu 2 u.

Puc. 8. SEM murpogomozpagus nopowra ZnFezO4, noayuernrozo npu memnepamype

900 °C u sepemenu 2 u.

MODERN CRYSTALLOGRAPHY IV,— PHYSICAL PROPERTIES OF CRYS-
TALS (Moderné krystalografia IV — fyzikélne vlastnosti krystdlov; preklad z ruského origindlu
,»»Sovremennaja kristallografija‘‘). Editor L. A. Suvalov. Springer-Verlag Berlin Heidelberg New
York London Paris Tokyo 1988. 583 str., 270 obr., 65 tab., cena 198 DM.

Stvrty diel kompendia ,,Sovremennaja kristallografija je venovany krystalofyzike, recenzie
predoslych troch dielov pozri Silikaty 26, 354 (1982); 27,106 (1983); 29 191 (1985).Obsah je rozde-
leny do 6smich kapitol:

1. L. A. Suvalov: Zéklady tenzorového a symetrického opisu fyzikalnych vlastnosti krydtalo v
(tenzorovy aparat krystalofyziky a vSeobecné problémy symetrie fyzikalnych vlastnosti krystalov)
49 strén, 16 odkazov.

2. A. A. Urusovskaja: Mechanické vlastnosti krystélov (elastické vlastnosti, plastické sklzové
deforméacie, pohyb dislokécii, difizne mechanizmy, mechanické dvojdatenie, lom, a prisluiné,
experimentélne metdédy). 128 stran, 104 odkazov.

3. I. S. Zeludev: Elektrické vlastnosti krystélov (polarizécia, vodivost, dielektrické straty,
piezo-, pyroelektrické javy a elektrostrikcia, doménové struktury a elektrické vlastnosti fero-
elektrik a antielektrik spolu s vybranymi prikladmi konkrétnych &truktur, f4zové transformacie
feroelektrik) 89 stran, 23 odkazov.

4. A. V. Zalesskij: Magnetické vlastnosti krystdlov (neusporiadané a usporiadané magnetiks,
doménové struktury feromagnetik a magnetizadny proces, anizotropia feromagnetik, struktury
niektorych magneticky usporiadanych krystélov, piezo- a magnetoelektrické javy). 81 strén,
17 odkazov.

5. 8. A. Semiletov: Polovodivé krystaly (zédkladné vlastnosti polovodiZov, p-n prechody).
28 strén, 12 odkazov.

6. S. A. Semiletov: Transportné javy v krystaloch (elektrické a tepelné vodivost, termoelektric-
ké efekty, galvano- a termomagnetické efekty). 29 stran, 9 odkazov.

7. B. N. Gredugnikov: Optické vlastnosti krystalov (3irenie elektromagnetickych vin v anizo-
tropnom prostredi, jedno- a dvojosové krystaly, dvojlom, interferen&né javy, absorpcia, opticka
aktivita, elektro-, magneto- a piezooptické vlastnosti, disperzia, nelinedrna optika, zéklady
tedrie krystélového pola, lasery, polarizované luminiscencia, elektrénova paramagnetické rezo-
nancia iénov nedistot). 108 stran, 85 odkazov.

8. I. G. Cistjakov, S. A. Pikin: Kvapalné krystaly (zakladné charakteristiky, textura a optické
vlastnosti, tedéria kvapalnokrystalického stavu, magnetické, elektrické a teplotné vlastnosti).
57 stréan, 18 odkazov.

Jednotlivé kapitoly su napisané pristupnym spoésobom, vhodne na seba nadvizuju a text sa
dobre &ita. Obzvlast potesiteInd je dokonalé znalost modernej krystalografie a dosledné pouzivanie
jej pojmov a aparatu. L. A. Suvalov si zasliZi uznanie za vzorny editorsky vykon. Kniha je
vybornou priru¢kou pre vedeckych i vyskumnych pracovnikov ako aj pre vysokoskolskych
uditelov a nemala by chybat v kniZnici Ziadneho ustavu s krystalografickym a materidlovednym
zameranim.

Durovié
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Fig. 3. SEM micrograph of MgFe 04 powder prepared at 700 °C' for 2 hrs;

Fig. 4. SEM micrograph of MgFe 04 powder prepared at 900 °C for 3 hrs.

T A
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Fig.5. SEM micrograph of CaFe,04 powder prepared at 900 °C for 0.5 hrs.

Fig. 6. SEM micrograph of CaFe;Q4 powder prepared at 1000 °C for 2 hra.
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Fig. 7. SEM micrograph of Zn¥e,04 powder prepared at 700 °C for 2 hrs.

Fig. 8. SEM micrograph of ZnFe,04 powder prepared at 900 °C for 2 hrs.

Silikaty ¢&. 2, 1989





