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KF-NaF-AlF3-based electrolyte is a promising low-temperature electrolyte for aluminum
reduction. Alumina solubility in molten KF-NaF-AlF3-based electrolyte was determined as a
function of the melt composition and temperature by measuring the weight loss of a rotating
corundum disk and by using a LECO RO500 oxygen analyzer (LECO Corporation, St. Joseph,
MI). The investigated temperature range is 1023 K to 1073 K (750 �C to 800 �C), and the total
cryolite molar ratio (CRt = ([KF]+ [NaF])/[AlF3]) is 1.3 to 1.5; the content of NaF ranges
from 0 mol pct to 50 mol pct. The effect of temperature, CaF2, and LiF on alumina solubility is
discussed as well.
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I. INTRODUCTION

ALUMINUM has been produced by the Hall-
Heroult process for more than 100 years. Carbon anode
and liquid aluminum cathode are used in this process to
decompose alumina dissolved in molten NaF-AlF3-
based cryolite, in which the cryolite ratio (the mole ratio
of NaF to AlF3) ranges from 2.0 to 2.7. However, the
electrolytic process is operated at temperature of 1183 K
to 1233 K (910 �C to 960 �C), which is a high-energy-
consumption process. Lowering the operating tempera-
ture of the aluminum reduction cell can reduce the
energy consumption efficiently; therefore, producing
aluminum at lower temperature [below 1123 K
(850 �C)] is a popular research field studied by many
laboratories.[1–5] One key problem is to find a solvent for
alumina with a lower liquidus temperature and suitable
physicochemical properties.

The KF-AlF3-based electrolyte has a much lower
liquidus temperature[6] and a much wider range of low-
temperature liquid composition than that of the NaF-
AlF3 system.[7,8] Furthermore, the alumina solubility in
KF-AlF3-based electrolyte is higher than that in NaF-
AlF3-based electrolyte. Thus, the KF-AlF3-based elec-
trolyte is considered a promising electrolyte used in
aluminum electrolysis. However, the KF-AlF3 system
will be changed into KF-NaF-AlF3 system inevitably
because of the accumulation of sodium (which is
brought in by alumina in the electrolysis process) in
the electrolyte. As a whole, the KF-NaF-AlF3 system is
the most possible low-temperature electrolyte for

aluminum electrolysis. It can promote the development
of inert anode and help to realize the industrialization of
low-temperature aluminum electrolysis as well.
The published physical-chemical data of KF-NaF-

AlF3 system electrolyte is deficient because it is a new
electrolyte system. Belyaev et al.,[9] Barton et al.,[10] and
Danielik and Gabcova[11] reported a partial rough-phase
diagram of KF-NaF-AlF3 system, but the detailed data
cannot be obtained in the phase diagram. Apisarov
et al.[12] measured the liquidus temperature and conduc-
tivity at [KF]/([KF]+ [NaF]) molar ratio ranging from
0 to 1 and at the fixed values of ([KF]+ [NaF])/[AlF3]
molar ratio (CRt) equal to 1.3, 1.5, and 1.7. In our
previous work,[13] the liquidus of the KF-NaF-AlF3-
based electrolyte has been measured at the CRt is 1.3,
1.41, and 1.5 with the content of NaF ranging from
0 mol pct to 50 mol pct.
Little information is available on alumina solubility in

KF-NaF-AlF3-based electrolyte. Robert et al.[14] and
Yang et al.[15] reported the alumina solubility in KF-
AlF3-based electrolyte, and their results are listed in
Figure 1. Yang et al.[15] reported the alumina solubility
in KF-NaF-AlF3-based electrolyte only with NaF rang-
ing from 0 to 8 mol pct at 973 K (700 �C). Apisarov
et al.[16] measured alumina solubility in KF-NaF-AlF3-
based electrolyte at the CRt = 1.3 and 1.5 at 973 K,
1023 K, and 1073 K (700 �C, 750 �C, and 800 �C) [most
of the measurements were done at 1073 K (800 �C)], and
regression equations were given to calculate alumina
solubility in the KF-NaF-AlF3 system in CRt range
from 1.3 to 3.0 depending on the concentration of the
components and temperature.

II. EXPERIMENTAL

A. Chemical

KF, NaF, CaF2, and LiF are analytical reagents from
Aladdin Reagent (Shanghai, China), and the purity
is higher than 99.7 pct. Corundum disks contain a
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minimum of 99.6 pct Al2O3. AlF3 is prepared from
AlF3Æ3H2O (analytical reagents, Aladdin Reagent) as
follows: First, aluminum fluoride trihydrate is air-blast
dried at 393 K to 473 K (120 �C to 200 �C) for at least
8 hours, then it is mixed with ammonium hydrogen
fluoride (analytical reagents, Aladdin Reagent) and
baked at 623 K to 873 K (350 �C to 600 �C) for
approximately 6 hours in an air-tight furnace. The
exhaust gas is absorbed by a sodium hydrate solution
and a hydrochloric acid solution. The typical content of
impurities in aluminum fluoride is listed in Table I; the
purity of the aluminum fluoride prepared with the
preceding method was greater than 99.5 pct. Before
the experiment, all reagents are dried in a vacuum oven
with P2O5 at 423 K (150 �C) for at least 4 hours.

B. Experimental Setup and Procedure

The experimental setup and procedure for measuring
alumina solubility is similar to that in Reference 15.

The experimental setup is shown in Figure 2. A
thermal radiation-proof assembly is hung with a brass
lid to ensure the homogeneity of temperature. The brass
lid is tightened with a brass O-ring holder to press a
fluorocarbon rubber O ring between them to seal the
one-end closed corundum furnace tube. The brass lid is
kept cool with cooling water circulated through a chiller
at 293 K (20 �C). All the rods and pipes through the
brass lid are fixed air tight. The setup is heated up with
argon purging the furnace tube. The temperature of
bath is measured by a calibrated Pt-Pt/Rh thermocou-
ple, whose accuracy is within ±0.2 K (�C) at 1073 K
(800 �C); the thermocouple is protected by a SiC sheath
(Hexoloy SE; Saint-Gobain Ceramics Structural Ceram-
ics, Niagara Falls, NY).

The measuring procedure is as follows: Weigh and
mix the electrolyte (the total mass is 600 g) in a glove
box under nitrogen atmosphere, and then transfer to a
high-purity graphite crucible (inner diameter is 95 mm)
with a graphite lid. The graphite crucible held by 2
stainless steel rods is moved quickly into a corundum
furnace tube (inner diameter is 130 mm). A high-purity
corundum disk fixed with a stainless steel rod by screw
caps is hung above the electrolyte while it is heating up.
After the electrolyte is molten, a sample is taken to
determine the initial alumina content by a LECO
RO500 oxygen analyzer (LECO Corporation, St.
Joseph, MI). After the initial sampling, the corundum
disk is put into the bath and rotated by an agitator at the
rotating speed of 260 rpm. The samples for alumina
analysis are withdrawn with a graphite ladle[15] through
a hole in the graphite lid. In most cases, only two
samples are taken in one experiment. After sampling,
the hole is covered with a small graphite cap to reduce
volatilization of the bath. After the last sampling, the
corundum disk and the thermocouple are removed out
of the bath. When the furnace cooled down below 373 K
(100 �C), the graphite crucible is taken out, and the

Fig. 1—The alumina solubility in KF-AlF3-based electrolyte.

Table I. The Typical Content of Impurities in Aluminum Fluoride

Impurity Al2O3 SiO2 KF NaF CaF2

Measuring method LECO RO500 Colorimetry AAS AAS AAS
Impurity contents/wt pct <0.2 <0.01 <0.05 <0.05 <0.05

AAS, atomic absorption spectrometry.

Fig. 2—Experimental setup for the determination on alumina solubil-
ity 1—stainless steel rod; 2—corundum pipe (Ar gas inlet); 3—copper
pipe (cooling water inlet); 4—O ring; 5—thermal radiation-proof
assembly; 6—a small graphite cap; 7—bath; 8—corrundum disk;
9—graphite crucible; 10—thermocouple; 11—a big graphite lid;
12—corundum furnace tube; 13—fastening bolt; and 14—brass lid.
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adherent electrolyte is removed from the corundum disk
in a hot AlCl3 solution.

Two methods are used to determine the alumina
solubility. One is measuring the weight loss of a rotating
corundum disc; the other is measured directly by the
LECO RO500 oxygen analyzer. As for the former
method, the saturated alumina concentration is calcu-
lated by Eq. [1]:

Wsat
AO ¼W0

AO þ
W0

d �W1
d

600�Ws
½1�

where WAO
sat is the saturated alumina concentration,

WAO
0 is the initial alumina concentration measured by

LECO RO500 oxygen analyzer, it usually ranges from
0.1 to 0.3 wt pct. Wd

0 is the initial weight of the
corundum disk, Wd

1 is the final weight of the disk, Ws

is the weight of the initial sample, and 600 is the initial
weight of the bath; all the weight units are presented in
grams.

The LECO method is as follows: First, the sample is
pulverized in a glove box under high-purity nitrogen
atmosphere. An approximately 0.04-g sample is
weighted with a balance (Sartorius BSA-124S; Sartorius
AG, Goettingen, Germany). The weighted sample is
sealed in a tin capsule (LECO501-059), and then the tin
capsule is put in a nickel basket (LECO502-344). When
the LECO RO500 oxygen analyzer is ready, the nickel
basket was put into the sample loader, and the analysis
was started. The alumina concentration is calculated
from the oxygen content of the sample. The measuring
parameter of oxygen analyzer is listed in Table II. The
RO500 oxygen analyzer is calibrated by an iron powder
standard (LECO502-399), which contains 1.09 wt pct
oxygen.

III. RESULTS AND DISCUSSION

To determine the equilibrium time for corundum disk
being dissolved in the melt at 1023 K (750 �C), a serial
of samples were taken at various contact times during
experiment. The rotating speed rate of the corundum
disk is 260 rpm. The melt is composed of KF-NaF-AlF3

with the CRt = 1.3, and it contained 20 mol pct NaF.
The samples were analyzed by a LECO RO500 oxygen
analyzer. As shown in Figure 3, the concentration of
alumina reached a steady value after 4 hours. Based on
the results shown in Figure 3 and other similar tests, 5 to
6 hours are chosen as the rotating time of the corundum

disk in the melt to ensure the saturation of the melt with
alumina.
In most cases, the results from two methods show

good consistency (see Table III). But the repeatability of
the weight loss method is better than LECO method.
The uncertainty of former method (by measuring the
weight loss of a rotating corundum disk) is less than
±0.1 wt pct, and the uncertainty of LECO method is
less than ±0.2 wt pct. The possible explanations is that
the sample used for analyzing alumina concentration by
LECO method is also less (the mass is usually 0.03 to
0.05 g) to obtain a steady result. Furthermore, the
instrumental error of LECO RO500, the segregation of
melt during sampling, and water absorption during
analysis process might lead to a deviation of results as
well. Therefore, the results from the weight loss method
were taken as final.
Alumina solubility in CR = 1.3 and 1.5 KF-AlF3

melts at the temperature range of 973 K to 1073 K
(700 �C to 800 �C) was measured, and the obtained
results are compared with the reported data. Among
four obtained results, three results are in good agree-
ment with that reported by Yang et al.,[15] but some
deviation was found between our results and the results
reported by Apisarov et al.[16] (Table IV).
The alumina solubility in a KF-NaF-AlF3-based

electrolyte was measured at the ([KF]+ [NaF])/[AlF3]
molar ratio (CRt), and it was 1.3 and 1.41 at 1023 K
(750 �C). The content of NaF ranged from 0 to 50 mol
pct with the interval of 5 mol pct. The experimental
results are shown in Figure 4.

Table II. The Parameters of LECO RO500 Oxygen

Analyzer

Analysis Parameters Values

Minimum analysis time 90 s
Purge time 15 s
Outgas time 25 s
Outgas power 5800 W
Analyze low power 1100 W
Analyze high power 4300 W
Analyze ramp rate 50 W/s
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Fig. 3—Alumina concentration in melt as a function of time at the
rotating speed of corundum the disk at 260 rpm. The temperature of
the melt is 1023 K (750 �C).

Table III. The Alumina Solubility Measured by Weight Loss
Method and LECO Method at 1023 K (750 �C)

The Composition of Melt

Alumina Solubility/wt pct

Weight Loss
Method

LECO
Method

CRt = 1.3, NaF = 0 mol pct 6.23 6.35
CRt = 1.3, NaF = 20 mol pct 4.42 4.29
CRt = 1.3, NaF = 30 mol pct 4.38 4.40
CRt = 1.41, NaF = 25 mol pct 4.96 4.97
CRt = 1.41, NaF = 35 mol pct 4.90 4.82
CRt = 1.41, NaF = 40 mol pct 4.64 4.63

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 42B, OCTOBER 2011—1067



As shown in Figure 4, as a whole, the saturated
alumina concentration tends to decrease as the NaF
content increases. This could be explained as follows.
According to the report by Robert et al.,[14] and Gilbert
et al.,[17] AlF4

� and AlF5
2� are the dominant anions in

MF-AlF3 (M = Na, K) melt with 1 £ CR £ 3, and the
formation of oxide complex in MF-AlF3 (M = Na, K)
melts mainly follow reactions [2] through [4]:

Al2O3 þ 4AlF2�
5 þ 4F�� 3Al2OF4�

8 ½2�

Al2O3 þ 4AlF2�
5 � 3Al2OF4�

6 þ 2F� ½3�

Al2O3 þAlF2�
5 þ F�� 1:5Al2O2F

4�
4 ½4�

Because the potassium cation radius is larger than that
of the sodium cation, which results in an increase on the
electric potential of the M+–A� interactions in the
sequence K+ <Na+, the interactions between K+ and
the A� (including AlF6

3�, AlF5
2�, and AlF4

�) are
weaker than the interactions between Na+ and those
anions. So, when NaF is added to the melt, the
equilibriums in reactions [2] through [4] will shift to
the left and result in the reduction in alumina solubility.

The alumina solubility also tends to increase as CRt
increases, possibly because as the concentration of
AlF5

2� increases as CRt increases, it will shift the
equilibriums in reactions [2] through [4] to the right.
Alumina solubility decreases rapidly with the addition

of NaF when the content of NaF ranges from 0 to
20 mol pct. When CRt is 1.3 and the content of NaF
ranges from 20 to 30 mol pct, the alumina solubility
changes little. When the content of NaF is higher than
30 mol pct, the alumina solubility exhibits considerable
reduction. When the content of NaF reaches 50 mol pct,
the saturated alumina concentration is 2.5 wt pct’ it is
not high enough for aluminum electrolysis. When CRt is
1.41, the alumina solubility changes little with the
content of NaF ranging from 20 to 35 mol pct, and
the alumina solubility exhibits considerable reduction as
the content of NaF is higher than 40 mol pct. The
explanation to those variation trends of alumina solu-
bility need to be studied even more.
The alumina solubility was measured at 1023 K,

1048 K, and 1073 K (750 �C, 775 �C, and 800 �C) to
study the influence of temperature on alumina solubility.
The effect of CaF2 and temperature on the alumina
solubility in the melts with CRt = 1.3 and 1.35, as well
as NaF = 30 mol pct, was also investigated. The results
are shown in Figure 5.
As shown in Figure 5, without the addition of CaF2,

the alumina solubility in melts almost exhibits a linear
relationship with the temperature. The addition of CaF2

will reduce alumina solubility, but the effect will weaken
when the temperature increases. When the content of
CaF2 reaches 5 wt pct, CaF2 has great effect on alumina
solubility in the melts with CRt = 1.3, 1.35, and
NaF = 30 mol pct. The saturated alumina concentra-
tion is lower than 1 wt pct at 1023 K (750 �C) in the
melts with CRt = 1.3 or 1.35, and NaF = 30 mol pct.
It is notable that when the temperature reaches 1073 K
(800 �C), the addition of CaF2 has a lesser effect on
alumina solubility.
The possible reason for the effect of CaF2 on alumina

solubility could be as follows: According to the report
by Gilbert et al.,[17] the dissolution of CaF2 in MF-AlF3

(M = Na, K) melt may follow Eq. [5]:

CaF2þ 3�nð ÞAlF5
2�¼CaFn AlF5ð Þ3�n 4�nð Þ�þ 2�nð ÞF�

½5�

Here, n varies from 2 to 0. When CaF2 is dissolved
according to this model, it associates with AlF5

2�,
forming a mixed complex, and F� will be released. This
will shift the equilibriums in reactions [2] through [4] to
the left and will result in the reduction in alumina
solubility in melt. Furthermore, X-ray diffraction
(XRD) analysis (Figure 6) of the solid samples show
the presence of KCaAl2F9 and NaCaAlF6 in KF-NaF-
CaF2-AlF3-based electrolyte with CRt = 1.3, NaF =
30 mol pct and CaF2 = 5 wt pct, which indicate that
KCaAl2F9 and/or NaCaAlF6 might exist in the melt
above 1023 K (750 �C). It may lead to the great
increase of activation energy with calcium fluoride
addition and result in the significant reduction in
alumina solubility.

Table IV. The Alumina Solubility in CR = 1.3

and 1.5 KF-Alf3 Melts

CR T [K (�C)]

Alumina Solubility/mol pct

Ref. 15* Ref. 16 Our work

1.3 973 (700) 3.5 3.24 3.59
1.3 1023 (750) 4.0 3.81 4.31
1.5 1023 (750) 5.1 4.70 5.04
1.5 1073 (800) 5.8 5.76 5.75

*The results are the estimated value according to Fig. 1.

Fig. 4—The alumina solubility in KF-NaF-AlF3-based electrolyte
with CRt = 1.3 and 1.41, at 1023 K (750 �C).
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Table V lists the alumina solubility in a KF-NaF-
CaF2-LiF-AlF3-based electrolyte at 1023 K (750 �C).
The results listed in Table IV indicate that the alumina
solubility tends to decrease with the addition of CaF2

and LiF. The explanation on the influence of CaF2 on
alumina solubility was given previously. As for the LiF,
the interaction between Li+ and AlF5

2� is stronger than
that of K+ and Na+, and it will shift the equilibriums in
reactions [2] through [4] to the left and reduce the Al-O-
F complex formation. Thus, the alumina solubility is
lower. In addition, an XRD analysis (Figure 7) of the
solid samples show the presence of Na3Li3(AlF6)2 in
KF-NaF-LiF-AlF3-based electrolyte with CRt = 1.3,
NaF = 30 mol pct, and LiF = 3 wt pct. It may also
lead to the reduction in alumina solubility. The results
listed in Table V also indicate that the LiF has less
influence on alumina solubility than CaF2 at the same
weight percent.

The results listed in Table V indicate also that the
addition of a CaF2 in KF-NaF-lF3-based electrolyte
with CRt = 1.41 has a lesser influence on alumina
solubility when compared with CRt = 1.3. When both

LiF and CaF2 are added in the melts, the alumina
solubility will decrease significantly, especially when the
CRt is 1.3. This condition should be avoided in

Fig. 5—The effect of temperature and CaF2 on alumina solubility in the melts with CRt = 1.3 and 1.35, NaF = 30 mol pct.

Fig. 6—XRD pattern of the KF-NaF-CaF2-AlF3-based electrolyte
with CRt = 1.3, NaF = 30 mol pct and CaF2 = 5 wt pct.

Table V. The Influence of LiF and CaF2 on the Alumina
Solubility at 1023 K (750 �C)

CRt NaF/mol pct LiF/wt pct CaF2/wt pct Al2O3Sat/wt pct

1.41 30 0 0 4.97
1.41 30 1.5 0 4.7
1.41 30 3 0 4.28
1.41 30 0 3 4.09
1.41 30 0 5 4.04
1.41 30 1 3 3.97
1.41 30 1.5 5 2.1
1.3 30 0 0 4.38
1.3 30 1 4.5 0.78
1.3 30 0 5 0.69
1.3 30 0 3 3.41
1.3 25 0 0 4.39
1.3 25 1 3 1.62

Fig. 7—XRD pattern of the KF-NaF-LiF-AlF3-based electrolyte
with CRt = 1.3, NaF = 30 mol pct and LiF = 3 wt pct.
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aluminum reduction. The reason for that combination
effect is not clear yet.

IV. CONCLUSIONS

Alumina solubility in KF-NaF-AlF3-based electrolyte
with CRt = 1.3 and 1.4 decreases as the NaF content
and CRt increase. The solubility of alumina does not
change much at 1023 K (750 �C) when the content of
NaF ranges from 20 mol pct to 30 mol pct. The alumina
solubility decreases with the addition of CaF2 and
LiF. The addition of CaF2 has great influence on
alumina solubility in melt with CRt = 1.3, 1.35, and
NaF = 30 mol pct when the content of CaF2 reaches
5 wt pct. When both LiF and CaF2 are added in the
melts, the alumina solubility will decrease significantly.
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