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The scheme of dissociation of cryolite itn NaF-AlF; melts was proposed. The constants
and heats of dissociation for cryolite were evaluated from experimental data. The mole
fractions of each kind of tons at 1298K in NaF-AlF3 melts were calculated based upon
this scheme. The thermodynamic mizing function for liguid NoF and solid AlFs,
and liquidus data of NaF-AlFs systems were calculated by using the above evaluated
parameters. The results obtained are in good agreement with the ezperimental data.
KEY WORDS cryolite, thermodynamic function, NaF-AlFs melt

1. Introduction

The mixtures of aluminum fluoride with sodium fluoride are very important systems
from the theoretical and practical point of view since the NaF-AIF3; melts are used in
aluminum smelting. Because of their industrial interest, the ionic structure of molten
cryolite has been discussed extensively for more than seventy years. However, the scheme
and the extent of the dissociation of liquid-NagAlFg are still subject to controversy.

A rapid survey shows that in spite of the several experimental techniques used, two
schools appear depending on the structural interpretation of the dissociation scheme of
cryolite ion. On the one hand, Holm["? has suggested the presence of the molecular AlF;
species in the cryolite melts. This dissociation scheme has been confirmed by numerous
authorst®4. On the other hand, Piontellil’! has proposed the second scheme of dissociation,
i.e. the presence of AIFy ion in the melts. This hypothesis also has been confirmed by
cryoscopic measurements!® and density datal”), and later confirmed by Raman spectro-
scope measurements(®. Dewingl*! presented a different dissociation scheme suggesting the
presence of AIF;, AIF2~ and AIF3~ in the NaF-AlF; melts. This scheme was confirmed
by the thermodynamic calculation of Fengl'® and the spectroscopic study by Gilbert and
coworkers!!l], Mass spectroscopic and vapor pressure measurement have established the
presence of NapAlF5, NaAlF; and AlF; in the vapor phase above the NaF-AlF3 melts, and
these species would be existed in principle in the melts which are equilibrated with the
vapor phase.

In this paper, a model of cryolite dissociation has been proposed, and the thermody-
namic properties of NaF-AlF3 systems are calculated in relation to the scheme of dissoci-
ation.

2. Basic Consideration

The NagAlFg in the NaF-AlF3 melts is completely ionized to Nat and Ang_, and the
complex ion is partly dissociated in steps, and dissociation reactions of the complex are as
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following
AIFS™ = AIF2™ +F~ (1)
AIF2™ = AIF] + F~ (2)
AIF] = AlF3 + F~ (3)

In this dissociation scheme, “AlF3” is supposed to be the inner and most stable part of
the distorted AIFy~ complex and may be not dissociated. This hypothesis was examined
by the study of Laurent Joubert!*3. The equilibrium constants (expressed in mole fraction
units) and heats of dissociation reactions written as Eq.(1), Eq.(2) and Eq.(3) are K; and
H,, K, and H,, and K3 and Hj, respectively. The sublattice solution model has been used
to express the NaF-AlF; melts, and the melts would be expresses by a formula (Na),(F~,
AlF;, AlF Ang_, Ang_)q, where p and ¢ indicate the number of sites on each sublattice.
The values of p and ¢ are obtained that ¢ = 1 and p = yp- + Yar; t+ 2y AIFZ- + 3y AIFS
where y is the site fraction, 7.e., the mole fraction of the ions which is indicated by the
subscript within the sublattice, and

Yr- + YAIF; T+ yAlF; + ympg— + yAng’ =1 (4)

The mole fraction of Na*t is equal to unity since it is only one kind of ions in its sublattice.
It is assumed that the mixing of ions in each sublattice is ideal. The equilibrium constants
for Eqgs.(1)—(3) can be written as

YF-Yair2-
K, = JET YAy (5)
Yaird-
Yr-Yarr;
Ky = — 2F (6)
Yarrz-
K3 = Yr-YAIFs (7)
Yarr;

For the binary system of NaF-AlF3, the mole fractions of NaF and AlF3 are expressed as
NnaF and Najrp,, respectively. The following equation can be obtained.

Yr- +Yarr; T 2Yap2- T 3YAIF-  Nyar
YAIFs + Ypips T Yap2- T YAz Vair

=Cr (8)

where C, is commonly called the cryolite ratio in the study of aluminum electrolysis.
Combining Eqs.(4)—(8), we obtain the Eq.(9)

(C,. — 1) — (Cr + 1)K3 + 9 (C,- - 2) - C.K>

- —yYp-——7—— =10 9
i K3K2K, Ve K KoK, )

The value of yp— can be found by successive iteration for the given parameters of K, K3
and K3. Then, the values of yajp,, YaIF;  YAIF2- and Yarps- can be calculated.
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When the equilibrium constants K;, Ko and K3 at temperature T are known or can be
estimated, the constants K, K, and K; at a different temperature T may be calculated
from Eq.(10)

'

K, H; 1 1
lnr—i ==-—1 _—— =
K: R (T T )
where it is assumed that the heats of the dissociation, H;, expressed in Eqgs.(1)-(3) are
independent of temperature, and R is the universal gas constant.
From the ideal assumption, the activity of NaF can be written as Eq.(11) if pure liquid

NaF is selected as the reference state of activities for NaF.

(i=1,2,3) (10)

ONaF = YNa+tYF- = Yp- (11)

If the pure solid AlFj is taken as the reference state of activities for AlF3, the activity of
AlF3 in the NaF-AlF3 melt saturated with solid AlFs is a unit. If the mole fraction of
AlF3 in the NaF-AlF3 melt saturated with solid AlF3 is written as Yair,, the activities of
AlF; in the NaF-AlF3 melts with the varying concentration of AlF3 can be expressed as
Eq.(12).

QAIF; = y?]Fs (12)

_ AlF3

The enthalpy of the mixing of liquid NaF and solid AlF3 at 1298K may be expressed as

Eq.(13)

Nair, [HWAIF; + (Hy + Ha)yAlpg— + (Ha+ Hy + Hl)ympg—]

AH = Najp, AHp, ap, —
smATs YAIFs T Yaip; T Yarz- t Yard-

(13)
where AH::I, AlF; is the heat of fusion for solid AlF3 at 1298K.
From phase diagram theory, the activity of NazgAlFg can be expressed by Eq.(14).
AH) .01 1 1 /T 1 (T AC
Inay, =—ﬂ—————/ — Par 14
NGNazAlFe R (T T°) RT Jro AC,dT + R T (14)

where AHp, ;. is the heat of fusion of pure, hypothetical, undissociated cryolite at the
melting point T°, AC, is the heat capacity difference between pure liquid and solid
Na3zAlFg, and T is the absolute temperature of liquidus. Since the assumption of ideal
mixing, the activity of NagAlFg can be replaced by the mole fraction of NagAlFg. AH po
can be expressed as Eq.(15)

[Hl_ympg- + (H, + H2)yA1F; + (H3 + Hy + Hl)yAlFa]

AH,
YAIRs + Yair; F Yawrz- T Yaird-

= AH;, -

hyp (15)

where AH_ is the heats of fusion of pure cryolite.
If anagalF, is known at its real melting point T}, 7° can be calculated by Eq.(14).
The calculation procedure is as follows: A set of parameters of Ky and H,, Hy and
Ky, and K3 and Hj3 at 1298K for the reactions Eqs.(1)—(3) is evaluated from the experi-
mental data. Then, the mole fraction of ion F~ in the NaF-AlF3; melts can be calculated
from Eq.(9). Substituting the values of the mole fraction of F~ to Eqgs.(4)-(7), the mole
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fractions of each kind of ions in the NaF-AlF; melts can be calculated out. Using Eq.(10),
the constants of dissociation at a different temperature can be calculated, and the mole
fractions of each kind of ions can be also calculated at the different temperature. When
the mole fraction of NagAlFg is obtained at T, temperature, that at the temperature 7° is
calculated by Eq.(14). The liquidus temperature and thermodynamic mixing function for
NaF(1) and AlF3(s) at 1298K can be calculated too. In order to obtain the optimization
of the parameters, some experimental data of NaF-AlF3 are considered including the en-
thalpies of mixing of NaF(1) and AlF3(s)*®!| the enthalpies and temperature of fusion for
Na3.€?ﬁ.lF6514}, the phase diagrams of NaF-AlF3l6l, and thermodynamic properties of pure
NaF 15,16 .

3. Results and Discussion

All the above experimental data are used as input into the optimization program in
order to find the parameters of K; and Hy,, K3 and Hs, and K3 and Hj, which are list in
Table 1. The mole fractions of each kind of ions are calculated and the results are shown
in Fig.1, in which the concentration of AlF3 for NaF-AlF3 melts is extended to saturating
level. The mole fractions of the complex ions AIF; , AIF2~ and AIF3~ are increased with in-
creasing concentration of AlFg in NaF-AlF3 systems up to the stoichiometric compositions
where correspond to the maximum fraction for the each kind of complex ions.

The hypothetical melting point, and heats of pure and undissociated NagAlFg are
1555K and 73.0kJ /mol, respectively. The melting point for pure and undissociated NagAlFg
from this work is some higher than that of other researches/®. The reason may be that
AC, was implicitly assumed to be negligible when Eq.(14) was used to calculate the hypo-
thetical melting point in this work. The calculated and measured liquidus temperatures for
NaF-AlF3 are shown in Fig.2. The better fit between calculated and measured enthalpies
of mixing of NaF(l) and AlF3(s) can been seen from Fig.3.

Table 1 Constants and heats of dissociation of complex ion AIF;~ in NaF-AlF; at 1298K

Dissociation reaction  Dissociation const. Dissociation heat, kJ/mol

AR SAIF2™ 4F- 1.56x107! 37.8
AIF2™ - AIF; +F~ 5.32x1071 48.1
AIF] 5AIF3+F "~ 4.91x1072 107.1
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Fig.1 Distribution curves for the different species
in NaF-AlFs melt vs. AlFF3 mole fraction
at 1298K.

Fig.2 Calculated and experimental temperatures

of primary crystallization of the system
NaF- AlFs;.
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The activities of NaF and AlF3 are calculated by using the Eq.(11) and Eq.(12) and
compared with the results of Dewing!!?), as shown in Fig.4. The difference of them is
related with the different scheme of dissociation used and different constants of dissociation
estimated here.

s 10 1.0
30 ——— This work ——This work
25 -+ -+ Experimental data " 0.8 - - - -Data for Dewing" a8
204 N
::: z 0.6 (L
B o] 1
5+ 044 <04
5 o - |
5
.10 0.2 4 {02
-15
-20 T T T T T 00 T " T ™ T T y [+1:]
0.0 0.1 0.2 03 0.4 05 08 0.0 0.1 02 0.3 04 05
"NF. “M‘
Fig.3 Calculated and experimental AH curves Fig.4 Activities of NaF and AlF; at 1298K.

for the mixing enthalpies of the liquid NaF
and solid AlF3; at 1298K.

In this work, AHZ, Ap,, the heat of fusion for solid AlF3 at 1298K, is evaluated to be

108kJ /mol, which is in excellent agreement with 111.9+3.4kJ/mol, the result of Kleppal!3).
It is found that the mole fraction of complex AlF3 in the NaF-AlF3 melts which are
saturated with solid AlF3 is near to 0.29 at 1298K, as shown in Fig.1. These results can be
used to calculate AGy A p,, the free energy of fusion of solid AlF3 at 1298K, by Eq.(16).

AGH, AR, = RTn ;:iis | (16)
_ 3

Since the activity of AlF3 is equal to unity when the melts are saturated with solid AlF3,
the Eq.(16) can be written as
1
AG?!’L,A]F;:, = 8.314 x 1298 X lnm = 13.31(.]/11'101 (17)
The difference between the heat capacity of liquid and solid AlF3 is so small'®! that it can
be neglected, and Ty AlF,, the melting point of solid AlF3, can be calculated by Eq.(18).

1298
T, AlFs

AGY AlF, = AHm air, (1 — (18)

Too AlF, is about 1479K, which is higher than 1263K, the result of Phillipsl!®l. However,
some researchers(??l thought the melting point of AlFs which is 1263K would seem too low.
4. Conclusion

This work gives the scheme of dissociation of cryolite. There are several kinds of
complex ions in the NaF-AlF3 melts since the complex ion AlIF2~ is dissociated into AlIF2-,
AlF; and AlF;3 in steps. The constant and heat of dissociating reaction for each step are
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estimated from experimental data. The mole fractions of each kind of ions in the melts and
thermodynamic mixing function for NaF (1) and AlF3(s), as well as the activities of NaF
and AlF3, are calculated based upon the scheme of dissociation. The liquidus temperature
of NaF-AlF3 is calculated and agreement with experimental data.
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