Control Mechanism for Alumina Dissolution in Cryolite Melts
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The process determining the alumina dissolution rate in cryolite-based melts containing increased
amount of AIF, and CaF,, KF and LiF as additives, was studied. The influence of KF on the equilib-
rium solubility of ALO, in these melts was investigated.

It was found that the dissolution rate of alumina in the cryolite-based melts may be limited by
diffusion or heat transfer. Which of these processes becomes the control one is determined by the
specific surface and the starting mass of Al,O,, its solubility in the given melt, and the convection of

electrolyte.

The effort to substitute the conventional electrolyte,
commonly used in the aluminium industry, by electro-
lytes with lower temperature of primary crystallization
evokes the need to study the solubility and the disso-
lution kinetics of AL,O, in these electrolytes. Innovative
electrolytes are cryolite-based melts with increased
content of AlF, (> 14 mass %) and LiF, KF, and CaF,
(or MgF,) as additives [1—3].

A number of papers devoted to the study of alumi-
na dissolution in the conventional electrolytes may be
found in the literature. However, the view on the disso-
lution mechanism and the most probable process de-
termining the dissolution rate differs. One group of au-
thors supposes that the dissolution is controlled by
diffusion and their works involve the measurement of
diffusion coefficients [4—10]. On the other hand, the
authors of [11, 12] suppose, on the basis of the deter-
mined higher values of the activation energy of the dif-
fusion, that dissolution-precipitation is the control pro-
cess. Moreover, based on the observation that the
alumina dissolution in cryolite melts is the endother-
mic process with an uncommon heat effect the authors
of [13—15] suppose the heat transfer to be the most
probable control process.

In the present work the solubility and the dissolu-
tion mechanism of industrial polydisperse aluminium
oxides in cryolite melts with higher content of AlF, and
with CaF,, KF, and LiF as additives were studied. The
dissolution kinetics under stationary conditions, e.g.
without forced convection, at constant temperature and
with starting alumina mass equal to the amount need-
ed for the saturation was investigated. It was supposed
that at the given experimental conditions the limiting
dissolution process may be either diffusion or heat
transfer and that free convection due to the density
gradient takes place during the dissolution of alumina.
The kinetic model proposed for dissolution of dispersed
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particles controlled by convective diffusion [16, 17] and
the model proposed for the dissolution controlled by heat
transfer into the reaction area [18—20] were verified.

For the dissolution of dispersed patrticles controlled
by the convective diffusion, if the dissolution involves
the change in the contact surface and the starting alu-
mina amount, m,, equals the amount needed for satu-
ration, m,, it holds [16, 17]

m>-m™=k-t (1)

where mis the mass of solid in time &

For the dissolution of dispersed particles controlled
by heat transfer the following relation was derived [18,
19]

moua__mua:k.t 2)
The rate constant k involves the diffusion coefficient,
while the rate constant k involves the heat transfer
coefficient. The detailed analysis of these processes
can be found in [16—19]. Relations (7) and (2) were
derived for monodispersed spherical solid particles.
However, they are valid also for nonisometric particles,
when their shape remains approximately constant dur-
ing dissolution, as well as for narrow fractions of poly-
dispersed systems [17]. In our previous works [21, 22]
we found that during dissolution in cryolite melts the
shape of alumina grains does not substantially change
and that the most alumina powders industrially used
show narrow particle distribution. The next important
fact, which enables to apply the above relations, is the
slowed sinking of the very porous alumina [21, 22].
The theoretical density of porousless alumina is 3.97 g
cm™, while that of the industrial aluminas, determined
by means of mercury porosimetry, is in the range of
1.9—2.5gcm™[21, 22].
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EXPERIMENTAL

Cryolite, Na,AlF,, was synthesized from NaF (“for
monocrystals”, Turnov) and AlF,, sublimated from tech-
nical product (Slovak Technical University, Bratislava).
CaF, (“for monocrystals”, Turnov), KF (anal. grade,
Lachema, Brno), and LiF (“for monocrystals”, Turnov)
were used as additives.
The values of the equilibrium solubility of alumina
in the investigated melts were determined using the
method of the isothermal saturation [23] or they were
calculated according to the empirical equation pub-
lished in [24]. The amount of alumina dissolved in the
melt was determined using the gravimetric method dis-
solving the finely ground samples in boiling AICI, solu-
tion and calcinating the undissolved remainder (Al,O,)
[23]. The experimental error in the determination of the
dissolved alumina content was approximately + 0.5
mass %.
Two alumina of different provenience were used for
the dissolution kinetics investigation:
ALO, from ZSNP, Ziar nad Hronom, Slovakia,
ALO, from Comalco, Australia.
The dissolution rate was measured in different melt
compositions at three different temperatures:
880 °C in the melts of the composition:
1. (74 mass % Na,AlF, + 26 mass % AlF,) +
+ 3 mass % CaF,

2. (74 mass % Na AlF, + 26 mass % AlF,) +
+ 3 mass % CaF, + 3 mass % KF

3. (74 mass % Na,AlF + 26 mass % AlF,) +
+ 3 mass % CaF, + 3 mass % LiF

980 °C in the melts of the composition:

4. (78 mass % Na AlF, + 22 mass % AlF,) +
+ 3 mass % CaF,

5. (78 mass % Na,AlF, + 22 mass % AlF,) +
+ 3 mass % CaF, + 3 mass % KF

950 °C in the melts of the composition 5.

Approximately 40 g of the investigated electrolyte
was weighted into the platinum crucible and melted in
an electric resistance furnace for the desired tempera-
ture. Aluminium oxide in the amount needed for the
saturation of the electrolyte at the given temperature
was then added using the silica tube. Samples of the
melt were then taken away in the time intervals of 10,
30, 60, 90, and 120 min in which the content of dis-
solved alumina was determined by the gravimetric
method [23].

For the characterization of the aluminium oxides
used the X-ray phase analysis and the scanning elec-
tron microscope Jeol X 5C were used. The specific
surface of the alumina powders was determined by the
BET method using the Sorptomatic 1800 device and
the specific surface of pores was determined using the
C. Erba mercury porosimeter.
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The solubility of alumina in different cryolite-based
melts is given in Table 1. From the values it follows
that the solubility of alumina in the melt of the compo-
sition (74 mass % Na,AlF, + 26 mass % AlF,) + 3 mass
% CaF, at 880°C is lower than the solubility in the melt
of the composition (78 mass % Na,AlF + 22 mass %
AIF,) + 3 mass % CaF, at the temperature of 980 °C.
The addition of 3 mass % KF, resp. LiF to the melt at
880 °C causes only little change of the solubility, while
the addition of 3 mass % KF at 980 °C evidently in-
creases the alumina solubility. The change of temper-
ature by 30 °C does not substantially affect the alumi-
na solubility.

Table 1. Maximum Solubility of Aluminium Oxide in Cryolite-
Based Melts
Melt composition 6/°C w,/%
W%
(74 Na,AlIF, + 26 AlF,) 880 5.04*
+3 CaF,
(74 Na,AlF, + 26 AlF,) 880 5.31
+3 CaF, + 3KF
(74 Na,AIF + 26 AIF,) 880 4.60"
+3CaF, + 3 LiF
(78 Na,AIF, + 22 AIF,) 980 7.74*
+ 3 CaF,
(78 Na,AIF, + 22 AIF,) 980 9.40
+3 CaF, + 3KF
(78 Na,AIF, + 22 AIF,) 950 8.80
+ 3 CaF, + 3KF

2

* Calculated according to Ref. [24].

The dissolution kinetics was followed with two dif-
ferent types of alumina. The microphotographs of the
grains of both industrial alumina powders are shown
in Fig. 1a and b. In[21, 25] it was found that the indus-
trial alumina powders show high specific surface and
high porosity of the grains. These properties affect the
amount of the dissolved AlL,O, especially in the first
stage of the dissolution process [21]. Therefore, the
values of the average grain diameter, d_ . , determined
by direct measurement from the microphotographs, the
specific powder surface, determined using the BET
method, S, and the specific surface of pores, S, ,
determined using the mercury porosimeter, are given
in Table 2 for illustration.

The dependence of the dissolved alumina amount
on the dissolution time for the investigated melts, alu-
minium oxides, and temperature used is given in Ta-
bles 3 and 4. The amount of the undissolved Al,O,, m,
in time t was calculated from the starting amount of
the added alumina, m,, and the determined amount of

alumina dissolved in the melt, w, in time £. From Table

Chem. Papers 49 (2) 59—63 (1995)



ALUMINA DISSOLUTION IN CRYOLITE MELTS

Fig. 1. a) Microphotograph of the Al,O, grains from ZSNP, Ziar
nad Hronom, Slovakia; b) microphotograph of the ALO,
grains from Comalco, Australia.

3 it is obvious that for the first series of measurements
at 880 °C the determined content of the dissolved alu-
mina for all the melts (7—4) is approximately the same
within the experimental error. The addition of 3 mass
% KF, resp. LiF, like in the case of the alumina solubil-
ity, does not affect the alumina dissolution rate. Also in
the second series of measurements, at the tempera-
ture of 980 °C (cf. Table 4), the KF addition does not
affect the alumina dissolution rate in spite of its evident
influence on the alumina solubility. Higher content of
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Table 2. Values of the Average Grain Diameter, d_, . Specific
Surface, Sy, and Specific Pore Surface, S, for the
Investigated Alumina Powders

ALO, Oean/tM  Sper/(m?g™) S, /(m2g™)
Ziar nad Hronom 19.7 58.1 35.2
Comalco 79.7 64.0 131
Table 3. Experimentally Determined Amounts of Dissolved Al,O,
after the Dissolution Time ¢ for the Investigated Melts at
880 °C
No. ALO, Melt t/min wi% mlg
composition

wl%

1 Comalco (74 Na,AIF, 10 29, 25, 3.3 0.90, 1.07, 0.73

+26AIF) 30 36, 32 0.60, 0.77
+3CaF, 60 47, 37, 40 0.14, 0.56, 0.44
90 44, 42 0.27, 0.35
120 43, 45, 47 031, 023, 0.14
2 Comalco (74 NaAlIF, 13 24, 3.2 1.21, 0.88
+26AIF) 30 30, 34 0.96, 0.88
+3CaF, 61 4.0, 40 0.55, 0.55
+3KF 92 4.1, 45 0.50, 0.34
123 43, 47 0.42, 0.25
3 Ziarnad (74NaAIF, 11 27 1.10
Hronom +26AIF,) 30 32 0.89
+3CaF, 60 4.2 0.47
+3KF 90 43 0.43
120 5.1 0.09
4 Ziarnad (74NaAIF, 12 26 0.84
Hronom +26AIF,) 29 3.2 0.59
+3CaF, 60 34 0.50
+3LF 89 37 0.38
120 4.0 0.25

Table 4. Experimentally Determined Amounts of Dissolved ALO,
after the Dissolution Time t for the Investigated Melts at
950 °C (7) and 980 °C (5, 6)

No. AL,O, Melt t/min W% mg
composition
w/%
5 Ziarnad (78 Na,AlF, 10 4.6 1.29
Hronom +22AlF)) 30 7.0 0.37
+ 3 CaF, 90 71 0.35
120 78 0.07
6 Ziarnad (78 NaAlF, b 5.6 1.48
Hronom +22 AIF)) 30 6.6 1.07
+3 CaF, 62 7.8 0.57
+3 KF 89 8.5 0.79
7 Ziarnad (78 NaAlF, 11 5.4 1.33
Hronom +22 AIF,) 35 6.5 0.84
+3 CaF, 66 73 0.49
+3 KF 91 7.9 0.22
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dissolved alumina was determined only in the first an-
alyzed sample after 10 min of dissolution.

The most probable mechanism of the alumina dis-
solution in the cryolite-based melts was determined
using the statistical regression analysis looking for the
linear fit for eqns (7) and (2), respectively. Since the
obtained experimental results for the melts 7—4 and
5—7 may be regarded within the experimental error
as similar, two data sets, 7—4 and 5—7, respectively,
were created for the statistical regression analysis.

The regression analysis of the 7—4 data set showed
(Table 5) that for the description of the dissolution of
alumina in the acidic melt at 880 °C the linear fit was
obtained for the equation

m>—-m®> =k +k -t (3)

The linear time dependence of the dissolved alumina
amount (Fig. 2) confirms that the dissolution of alumi-
na in the acidic melts at 880 °C is controlled by diffu-
sion. The polynomial regression of eqn (2) yields the
fourth-order equation which does not comply with the
theory.

Table 5. Coefficients k,, k,, and k, of Regression Equations, and
the Standard Deviations of Approximation, s, for the
Process Controlled by Diffusion (Eqn (7)) and by Heat
Transfer (Eqn (2))

Control process

6/°C Diffusion Heat transfer
m3R—mP= K+ k- t+ k- t2 mP-mP=k+ k- t?+ k-t
880 k/g=® =0.26 + 0.04 k/g" =0.30 + 0.01

k/g®s™) = (1.09 + 0.09)x102 k/(g"s?) = (5.49 £ 0.71)x10°5

s =0.13 kJ(@"s™) =(-2.31 £ 0.52)x10"°
s =0.05
980 k/g2® =0.37 £ 0.05 k/g"” =0.45 £ 0.03
k/(@**s?) = (1.97 £ 0.29)x10™* k/(g'°s7?) = (4.94 + 0.87)x10°S
s =0.17 s =0.10

From the regression analysis of the 5—7 data set
it follows that for the dissolution of alumina in the cryo-
lite-based melts at 950 °C and 980 °C the following
equation holds (Fig. 3)

mo1/3—m1/3=k0+k1'12 (4)
The dissolution of alumina at these temperatures is
controlled by heat transfer. The second-order poly-
nomial was obtained for the diffusion-controlied pro-
cess (eqgn (7)) which does not comply with the theory.

The coefficients k, k,, and k, of the regression equa-
tions and the standard deviations of the approximation
are given in Table 5. The absolute term k is in both
cases statistically important, which indicates that a short
preceding process, most probably the surface reac-
tion, takes place before the main control process.
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Fig. 2. Regression analysis for dissolution of Al,O, in cryolite melts
at 880 °C (7—4 data set).
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Fig. 3. Regression analysis for dissolution of Al,O, in cryolite melts
at 950 °C and 980 °C (5—7 data set).

my"®— m'= (0.45 £ 0.03) g'® +
+(4.94 £0.87) x 105 gR 2 t2

From the results of this work it follows that the alu-
mina dissolution rate in cryolite melts may be limited
by diffusion or by heat transfer. Which from these pro-
cesses becomes the limiting one will be determined
by the initial stage of dissolution. In [15, 26] it was found
that the most expressive temperature drop is caused
by the first part of dissolved alumina. The more alumi-
na dissolves in the initial stage, the bigger is the tem-
perature drop. If the temperature drop in the initial stage
is expressive enough, the heat transfer becomes the
limiting process, because the temperature may de-
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crease below the temperature of primary crystalliza-
tion and a new phase crystallizes on the alumina grain
surface. Further dissolution of alumina is then possi-
ble only after its melting, which is conditioned by the
heat transfer.

From [15, 26] it follows that the temperature drop
of the melt in the initial stage of dissolution depends
on the specific surface, the solubility and the amount
of added alumina, and on stirring. The experimental
conditions in the present work were in both series
equal. Only the solubility of alumina was changed from
approx. 5 mass % at 880 °C to approx. 9 mass % at 950
°C and 980 °C. It may be supposed that in the 7—4
data set due to the lower solubility and consequently
the lower driving force the amount of dissolved alumi-
na in the first stage is lower than in the 5—7 data set.
The temperature drop in the 7—4 data set is not suffi-
cient for the heat transfer to become the limiting pro-
cess.

Using the X-ray phase analysis it was found that
both aluminium oxides used have approximately the
same phase composition, /.e. 70 mass % a-Al,O, and
30 mass % y-Al,O,. However, no correlation between
the dissolution rate and the phase composition of in-
dustrial aluminium oxides has been found, regardless
even of their specific surface area [27].

On the basis of the obtained results it may be also
assumed that with regard to the high specific surface
of the industrial aluminium oxides the dissolution of alu-
mina in the conventional electrolytes with higher work-
ing temperature and higher alumina solubility will be
controlled by heat transfer. In the low-temperature elec-
trolytes with lower working temperature and low alumi-
na solubility the dissolution of alumina will be control-
led by diffusion.
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