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The kinetics ot strontium tungstate crystallization from sodium tungstate melts in plati-
num crucibles were studied by differential thermal analysis at crystallization temperatures
T, = 800, 900 and 1000° by continuous cooling at rates Ry = 40, 120 and 200° per hour.
Heterogeneous nuclei that first formed on the metal platinate particles in the solution

during the induction periods (f) grew to small crystallites (/). The main crystal growth
started after the development of some excess solute concentration (A4 E) at the end of
the induction temperatures (?). For the first 809, crystallization, the average crystal
lengths (/) varied with the growth time () according to the relation /2 = (l_)2 -+

+ 4 le MAC, where %Dl is the diffusion rate constant at temperatures near T, and M
is the metal salt molecular weight. The initial growth rates and the ratios /%/r depended

on AC instead of Ry. The last 20%, growth was controlled only by the rate of develop-
ment of the excess solute concentration.

The kinetics of crystallization of several inorganic substances from melts and
aqueous solutions under slow continuous cooling have been reported [1—8].
In some of these cases crystallization occurred practically immediately after the
onset of cooling, while in other cases induction periods of various lengths were
observed. In a crystallization, during an induction period only gradual development
of excess solute concentration occurs. Therefore, at any time during an induction
period the nucleation rate and the overall number of nuclei are very low; some very
slow growth onto these early nuclei may take place. Eventually, however, at the
end of the induction period, the number and the overall surface area of the nuclei
become appreciable and a rapid growth surge occurs. The growth mechanism for
systems with induction periods may become identical to that for systems without
induction periods, but the kinetics relations will differ. Such kinetic relations for
a system with induction periods depend on the length of the induction periods.
Therefore, for a system with induction periods it would be interesting to study
kinetic relations of crystal growth in terms of the induction periods.

The present work reports a differential thermal analysis study on the kinetics of
crystal growth of strontium tungstate from sodium tungstate melts. This system
exhibited moderate induction periods for all T, and Ry. The kinetics of the main
crystal growth after the induction periods were analysed in terms of a diffusion-
controlled growth from solutions of varying residual excess solute concentrations.
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Kinetic relations

For a diffusion-controlled crystal growth, the growth rate of metal salt crystals
in unstirred solutions of low permeability is generally controlled by the diffusion
rate of the metal salt ions into the growing crystal surfaces. The rate of the main
growth of (the ‘major’ side of the main crystal face of) metal salt crystals at any
growth time 7 after the induction periods () would be expressed by the relation
[9, 10]

dl, 2(ShHPDM(AC),
dr I,

(psol/p) (1)

where Sh is the dimensionless Sherwood function;
@ is an overall permeability factor;
D is the diffusion coeflicient of the metal salt cations;
T (= t — ) is the actual growth time after the induction period, ¢ being the
total crystallization time from the onset of cooling;
(4C,,)), is the residual excess solute concentration at t;
p and p are the densities of the crystals and the solution, respectively ;
M is the metal salt molecular weight.
Treybal [10] has shown that when the natural convection in a solution is poor,
Sh ~ 2. Then Eq. 1 becomes

dl, _ 4®DM(AC,,),

P I (Psat/P) 2

For crystallization under continuous cooling, for a system with induction periods
where 7 > 0.1 7, the kinetics of slow growth would be expressed by the relation

dl,  2kp,AC

dz l, &)

where AC is the excess solute concentration up to the induction period 7, and kp
is the rate constant for diffusion-controlled growth of the ‘wider’ crystal side after
the induction period. Comparing Eqs 2 and 3,

((lilr — 2kD1 M(Acsol)c . (4)
T I

For this equation, kp, = (2 DD)(p/p). Generally, in the crystallization of any
metal salt from melts, the excess solute concentration at any growth time (7)
would be

|28

(€. = (46~ 3] ©
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where AC, is the overall excess solute concentration developed up to 7, and W, is
the weight of crystals developed at different 7. But AC, and W, are given by

AC, = AC + Rt (6)

and W, = Npfl2 = MBI} )

where AC is the excess solute concentration up to 7;
R_ is the rate of development of the excess solute concentration ;
N is the number of crystals at time ¢ in any crystallization;
f,is a shape factor;
f = Npf/M is a function of the crystal number. For final weights, f becomes
(4Cp)/13, AC; being the final excess solute concentration and /; being the
final crystal length.

With the help of Eqs 6 and 7, Eq. 5 becomes

(4Cy), = (AC + Rt — BI3). ®)
Combining Eqs 4 and 8,

dl. 2k, M(AC + Rt = BIY)

dz I ©

T

Integrating this equation by Picard’s iterative method up to the firstapproximation
gives
2= )2+ (dkp MAC — 4k, MBP) + 2kp, MR, 7* (10

or 2= (P + At + Bt* 11
where / is the maximum length of crystals up to the end of the induction periods;
A = dkp, MAC — 4k MBE

and B=2I€DIMRC.

For any T, and Ry, 4 and B are constants. If the residual excess solute concen-
trations remain approximately constant at (4C,,), = 4C, Eq. 4 simplifies to

dl,  2kp, MAC

dt I, (12)

Integration of this equation gives
=)+ 4kp,MACt (13)
or F=()+ A (14)

where A’ (= 4EDI MACQC) is a constant for any T, and Ry ; it is a function of AC.
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Experimental

Experimental methods have been described in an earlier paper [11]. Saturated
strontium tungstate solutions at initial temperatures 7, = 800, 900 and 1000° in
platinum crucibles were cooled down to ambient temperature at constant cooling
rates Ry = 40, 120 and 200° per hour. The rates (R;) of development of excess
solute concentration were then R, = aRy mol/g h™?, where a(= dC/dT) was the
variation of solubility with temperatures. Induction periods (f) were determined by
extrapolation of the linear part of the crystal length (/,) versus time (7) plots back
to the ¢ axis; the induction temperatures (or the critical temperatures) were then
estimated as T = T, — Rrf. The actual growth time (z) after the induction periods
was given by 7 = ¢ — % Overall excess solute concentrations (4C,) at different ¢
were then estimated from the solubility versus temperature plots [12] as AC, =
= (C, — C,) mol/g soln, where C, was the initial concentration and C, was the
concentration at 7. The final overall excess solute concentrations (4C); at the
eutectic temperature (T.,) were then (4C); = (C, — C,,,) mol/gsoln, where C,, was
the solubility at T,,. The residual excess solute concentrations (4C,), at any =,
and the total crystal weights W_ /M deposited after different 1, were estimated
according to Eqs 5 and 7.

Results
Development of supersaturation

(A) Overall excess solute concentrations. The overall excess solute concentration
(AC)) increase was approximately linear with cooling time and reached the final
value (AC); at T, (Figs 1 and 2).
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Fig. 1. Crystallization of strontium tungstate from sodium tungstate melts at 7, = 800° and
Ry = 40°/h. Overall excess solute concentrations (4C,), residual excess solute concentrations
(4Cyy); and total crystal weights at different times. (W /M has no dimensions)
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(B) Total crystal weights. The total crystal weights increased significantly only
after the induction periods. There was a discontinuity in W,/M versus ¢ plots at
t = t*, where ¢* was the time after about 809/ crystallization; W,/M values then
equalled AC,.

(C) Residual excess solute concentrations. Significant crystallization started only
after the induction periods (at ¢ > 7) at critical temperatures (T), very little material
(or perhaps none at all) deposited on the early tiny crystallites until the excess solute
concentrations in the solution attained some value AC. Then the residual excess
solute concentrations (4Cy,)), in the solution at any cooling time ¢ deviated more
and more from the overall excess solute concentrations, gradually attained the
maximum value and then deviated rapidly to very low values at ¢ = t*.

The AC, and W /M values show that in the early stages the amount of material
deposited on the growing crystals was far less than the amount of excess solute
concentration developed by cooling. Total crystal weights increased gradually as
the excess solute concentration increased with decreasing temperatures, and as this
excess solute deposited on the increasing surface of the growing crystals. Then,
probably after some time r*, all the excess solute deposited on the growing crystals
and it is assumed that no further growth occurred.

(D) Critical time (%), critical temperature (T) and critical excess solute concentra-
tion (AC): i, T and AC values were estimated (Table 1); 7 values decreased with
increased rate of cooling, but AC values increased with increased 7, and R;.
Generally, 4C equalled 0.20—0.90 AC;.
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Fig. 2. Crysta]lizdtion of strontium tungstate from sodium tungstate melts at 7, = 1000° and
Ry = 200°/h. Overall excess solute concentrations (4Cy), residual excess solute concentrations
(AC), and total crystal weights at different times. (W /M has no dimensions)
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Kinetics of crystal growth after the induction periods

A‘fter the start of cooling, heterogeneous nuclei slowly formed onto metai
platinate particles within the solution during the induction periods. Probably very
small crystallites developed onto these nuclei up to the induction periods; their aver-
age lengths increased slowly to values / = 0.003 to 0.01 cm at the end of the in-
duction periods. The kinetics of growth of these small particles were probably rate-
controlled by a slow secondary mononuclear nucleation process [9]. The main
crystal growth started only after the induction periods, when sufficient amounts of
excess solute concentration had developed. Average crystal lengths (/) at any
growth time (t) after the induction periods were evaluated from /; versus ¢ plots;
then /2 values were plotted against the corresponding © (Figs 3—5). /2 generally
varied linearly with 7 according to Eq. 14 up to I, ~ 0.5 /;. The linearity of the /?
versus 7 relationships indicated that the strontium tungstate crystal growth from
sodium tungstate melts was probably diffusion rate-controlled. The initial ratios
I%/7 were related to the excess solute concentrations in the solutions at the start of
the growth.

The constant A’ was evaluated for different crystallizations (Table 1). There was
no correlation between these values and Ry.

Table 1

Differential thermal analysis studies on the crystallization of
strontium tungstate from sodium tungstate melts. Kinetics and
mechanism of crystal growth

Eutectic temperature (7',) = 565°
Eutectic composition (Ce) = 102X 10— mol/g solution

4C, A4

f

Rr, T,, l Re, f i

>

°C/h °C g/lgh-? h °C ( g/g soln cm?/h
I

800 | 0.0220 | 0.50 780 0.0066 | 1.0
40 900 | 0.0220 | 0.50 880 0.0096 | 0.90
1000 | 0.0220 | 1.0 960 0.0276 | 2.25

800 | 0.0660 | 0.25 770 0.0116 | 0.60
120 900 | 0.0660 | 0.25 870 0.0136 | 4.70
1000 | 0.0660 | 0.25 970 0.0286 | 2.75

800 | 0.1100 | 0.10 780 0.0120 | 0.90
200 900 | 0.1100 | 0.125 | 875 0.0146 | 4.0
1000 | 0.1100 | 0.25 950 0.0361 | 4.25
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Fig. 3. Crystallization of strontinm tungstate from sodinm tungstate melts at 7, = 800°,
Square of crystal lengths (/2,) at different growth times (1)
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Fig. 4. Crystallization of strontium tungstate from sodium tungstate melts at 7, = 900°,
Square of crystal lengths (/2) at different growth times (7)
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Fig. 5. Crystallization of strontium tungstate from sodium tungstate melts at 7, = 1000°.
Square of crystal lengths (/%)) at different growth times (%)

The final growth

At crystallization times ¢ > * (growth times 7 > %), all fresh solute released
into the solution by further cooling was probably used up instantaneously and
deposited onto the large crystals; the residual excess solute concentrations in the
solution remained very low. Growth rates then depended only on the rate of devel-
opment of further excess solute concentration by cooling. For this final growth,

B — I*%) = (v — TR, (15
or B =4 p(x — 1% (16)

where b = R/ is a constant. Then lr‘ = !* at T = 7%, This was observed experi-
mentally.
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REsUME — On a étudié par analyse thermique différentielle la cinétique de la cristallisation du
tungstate de strontium a partir du tungstate de sodium fondu dans des creusets de platine a
des températures de cristallisation: T, = 800°, 900° et 1000° sous refroidissement continu
A des vitesses Rt = 40, 120 et 200° par heure. Les noyaux hétérogénes formés initialement sur

les particules de platinate du métal dans la solution pendant les périodes d’induction ()
grossissent en petits cristallites (1). La croissance principale des cristaux commence aprés le
développement d’une concentration d’excés de la substance solubilisée (AC) a la fin des tem-

pératures d’induction (T) Pour les premiers 80 p.c. de cristallisation, les longueurs
moyennes (l) des cristaux variaient avec le temps de croissance (r) selon la relation:

(1) + 4kD M AC, ou kD est la constante de vitesse de la diffusion a des températures
proches de T et M est le poids moléculaire du sel métallique. Les vitesses de croissance

initiale et les rapports /2/r. dépendent de AC et non de Ry. La vitesse des derniers 20 p.c. de
croissance n’est contrdlée que par la vitesse du développement de I’excés de concentration
de la substance solubilisée.

ZUSAMMENFASSUNG — Die Kinetik der Kristallisation von Strontiumwolframat aus Natrium-
wolframat-Schmelzen in Platintiegeln wurde durch Differentialthermoanalyse bei den Kristal-
lisationstemperaturen 7, = 800°, 900° und 1000° unter kontinuierlichem Kiihlen bei Geschwin-
digkeiten Ry = 40°, 120° und 200° pro Stunde untersucht. Die heterogenen Kerne, welche

sich aut den Metallplatinat-Teilchen in der Losung wahrend Induktionsperioden (?) zuerst
gebildet hatten wuchsen zu kleinen Kristalliten (i) heran. Das Hauptkristallwachstum begann
nach der Entwicklung einer iiberschiissigen Konzentration an geldster Substanz (AE‘) am Ende
der Induktionstemperaturen (T). Fur die ersten 80%, der Kristallisation variierten die durch-
schnittlichen Kristallingen (/) mit der Wachstumszeit (t) dem Zusammenhang /2 = (l;‘-’ +
+ 4/;D1M/IE‘ entsprechend, wobei l;D1 die Geschwindigkeitskonstante der Diffusion bei Tem-
peraturen in der Niahe von Tist und M das Molekulargewicht des Metallsalzes. Die anfing-

lichen Wachstumsgeschwindigkeiten und die Verhiltnisse I3/ waren von AC abhingig anstatt
von Rr. Die letzten 209, des Wachstums waren nur durch die Entwicklungsgeschwindigkeit
der tiberschiissigen Konzentration der geldsten Substanz geschwindigkeitsbedingt.

Pesiome — C nomowpio guddepeHiMansHoro TeEPMUYIECKOTO aHANM3a M3ydeHa KUHEeTHKa
KpACTANIM3aLUHE BONb(HPaMaTa CTPOHUMS M3 PACIUIABOB BOsb(paMaTa HATPUSA B INIATHHOBBIX
TUIVISX NpU pemMueparypax kKpucramusanuu 7T, = 800°, 900° u 1000° mnyTeM HenpepbIBHOTO
OXNAHCHHUS CO CROPOCTBIO Ry = 40°, 120° u 200°C B uac. I'eTeporenusie sapa, nEPBOHAYATRHO
o6pa3y}oumec;1 B PACTBOPE Ha MCTA/II INIATHHUPOBAHHBIX YaCTHIAX B TeYEHMU CKPBITOTO IEPHO-
na (t) BBIPACTAIOT 10 HEOOJIBIUMX KPHCTAILIATOB (1) T'napHBI POCT KPHUCTAIIOB HAauyMHAETCS
IOCNIe HAKOIUIEHUST HEKOTOPOr0 KOHHEHTPAIIMOHHOTO U30bITKA PACTBOPEHHOTO BeuecTna (A C) B
KOHIe cKpbITOl Temneparypsl (7). Jns HavanbHOM 80% KPHCTAJUTM3ALMN CPeNHsis 1IMHA KPUC-
Taina (/.) H3MEHAETCH C BPEMEHEM POCTa COTacHo ypasrenns 2= (1) + 4kpMAC, tae ky, —
nuddy3nonnas KOHCTAaHTa CKOPOCTH NPH TeMriepaType okoJio T, a M — MOJIeKy IS pHBIiA BEC COTU
meTamna. CKopOCTH HAYANBHOIO POCTA M OTHOUICHUS /2/T 3aBucsat ot AC, BMecTo Ry. IMocnen-
Hue 209 PocTa KOHTPOIMPOBATIOCH TONBKO CKOPOCTBIO HAKOIIICHUS U3GHITOYHOM KOHIEHT PAITH
PacTBOPEHHOIO BEIIeCTBA.
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