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Abstract: Electrical conductivity of NaF-AlF3 melts was measured by continuously varying cell constant(CVCC) technique. 
Relationships between equivalent conductivity at 990−1 030 ℃ and temperature and composition, and relationship between 
equivalent conductivity activation energy and composition of the melts were then studied on the basis of two-step decomposition 
mechanism of AlF6

3−. According to the changes of molar fractions of different anions in NaF-AlF3 melts, courses of dependence of 
equivalent conductivity and its activation energy on composition were analyzed. The results show that the influence of temperature 
on equivalent conductivity of the melts is small in the researched temperature range, and equivalent conductivity increases with 
increasing the molar fraction of AlF3; there is a minimum point in the activation energy—composition curve when molar fraction of 
AlF3 is 0.29.  
Key words: equivalent conductivity; equivalent conductivity activation energy; continuously varying cell constant technique; 
NaF-AlF3 melts 
                                                                                                  
 
 
1 Introduction 
 

NaF-AlF3 melts with different compositions are 
used as solvent in modern aluminium electrolysis 
industry. So, it is of most importance to study their 
physicochemical properties. Electrical conductivity is an 
important property for aluminium electrolyte from 
theoretical and technological viewpoints. The theoretical 
significance for melts electrical conductivity research 
lies in its close relation with structural entity species in 
melts and their transfer mechanism. Research on 
equivalent conductivity of melts would contribute to 
understanding the contribution of different entities to 
conductance. So, melts equivalent conductivity research 
is the bridge between researches on its electrical 
conductivity and ionic structure. 

The viewpoint is generally accepted that Na+ exists 
in NaF-AlF3 melts as the only kind of cation, and AlF6

3− 
which is partly decomposed also exists in the melts. But 
there are two main different opinions about AlF6

3− 
decomposition mechanism. Some scholars hold that 
AlF6

3− was decomposed as AlF6
3−=AlF4

−+2F−[1−2], 

others thought that AlF6
3− was decomposed to AlF5

2− and 
F−, firstly; and then AlF5

2− was decomposed to AlF4
− and 

F−: AlF6
3−=AlF5

2−+F−, AlF5
2−=AlF4

−+F−[3−8]. The two- 
step decomposition mechanism of AlF6

3− has been 
accepted by more scholars since 1990s. 

MATIASOVSKY and DANEK[9] have researched 
the equivalent conductivity and its activation energy of 
NaF-AlF3 melts on the basis of one-step decomposition 
mechanism of AlF6

3−. But as mentioned above, two-step 
decomposition mechanism of AlF6

3− is more reasonable 
by recent research. In this work, relationships between 
equivalent conductivity and temperature and composition 
and between equivalent conductivity activation energy 
and composition of NaF-AlF3 melts were restudied based 
on the two-step decomposition mechanism of AlF6

3−. 
And then reasons for equivalent conductivity and its 
activation energy change were analyzed through the 
investigation of molar fraction change of different anions. 
 
2 Experimental 
 

Equivalent conductivity of molten mixture could be 
calculated by Eq.(1)[9]: 
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where λ is the melts equivalent conductivity in S·cm2; ρ 
is the melts density in g/cm3; κ is the melts electrical 
conductivity in S/cm; and Me is the melts mean 
equivalent molar mass defined by the following relation: 
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where Mi is the molar mass of component i in g/mol; xi is 
the molar fraction of component i; and ni is the number 
of positive or negative charges of the cation or anion of 
component i.  

Relationship between melts equivalent conductivity 
and temperature conforms to Arrhenius equation, that is 
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⎝

⎛ −
=

RT
Eλλλ exp0                             (3) 

where λ0 is a constant in S·cm2; Eλ is the equivalent 
conductivity activation energy in J/mol; R is the 
universal gas constant, and its value is 8.314 J/(mol·K); T 
is the thermodynamic temperature in K. 

So, equivalent conductivity of molten mixture could 
be obtained based on its electrical conductivity and 
density. 
 
2.1 Electrical conductivity measurements 

Continuously varying cell constant(CVCC) 
technique was used to measure NaF-AlF3 melts electrical 
conductivity. This technique has been reported 
before[10−15]. Measuring principle of the technique was 
reported in Ref.[13]. A schematic drawing of measuring 
apparatus is shown in Fig.1. 

Two-electrode measuring system was used. A Pt 
column in a BN tube connected with a Pt wire was used 
as the work electrode, and was immovable. The 
electrolyte-holding graphite crucible connected with a 
inconel rod was used as both counter electrode and 
reference electrode. The graphite could move vertically 
accurately together with the furnace, so, the distance 
between the graphite and the Pt electrode could be varied 
and then the conductivity cell length was varied. 
Temperature was measured by a Pt-PtRh10 type thermal 
couple. 

AC impedance method was used for resistance 
measurement. Electrodes were connected to Autolab 
PGSTAT30 POTENTIOSTAT/GALVANOSTAT 
(BOOSTER 20 A). Frequency signal application and AC 
impedance data recording were controlled by computer. 
The AC amplitude was 10 mV, and circle resistance 
value at 10 kHz AC frequency was read. 

The cross-sectional area of the conductivity cell was 
calibrated by measuring the electrical conductivity of 
molten cryolite at 1 000 ℃ according to the published 
data (2.80 S/cm)[16]. To avoid the influence of the BN 

 

 
Fig.1 Schematic view of electrical conductivity measurement 
equipments 
 
tube deforming caused by high temperature, the cross- 
sectional area was calibrated at intervals, and this 
procedure was done when the BN tube was changed. 
 
2.2 Density measurements 

Density measurement was based on Archimedes law. 
A schematic drawing of measuring apparatus is shown in 
Fig.2. 
 

 
Fig.2 Schematic view of density measurement equipments 
 

A Pt sphere was connected to electronic balance 
through a Pt wire. The furnace could move vertically 
accurately. Melts was held in a graphite crucible. 
Temperature was measured by a Pt-PtRh10 type thermal 
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couple. 
Melts density was calculated by Eq.(4): 

 
ρt=(m0−m)/V                                 (4) 
 
where ρt is the melts density in g/cm3; m0 is Pt sphere 
mass in the air in g; m is the Pt sphere mass in melts in g; 
V is the Pt sphere volume in cm3. Value of V was 
calibrated by measuring the density of molten NaCl at 
800 ℃[17] and then corrected to the value at measuring 
temperature according to the thermal expansion 
coefficient of Pt[18]. 
 
3 Results and discussion 
 

As mentioned above, calculation of NaF-AlF3 melts 
equivalent conductivity was based on two-step 
decomposition mechanism of AlF6

3−. Molar fractions of 
Na3AlF6, Na2AlF5, NaAlF4, and NaF from Raman 
spectrum research results of GILBERT[4] were used in 
the present calculation, as shown in Fig.3, with some 
data calculated through relationship between component 
molar fraction and temperature. 

Measured values of density and electrical 
conductivity of NaF-AlF3 melts of different compositions 
at different temperatures are listed in Table 1. 

So, the equivalent conductivity of NaF-AlF3 melts 
could be calculated by using Eq.(2). Relationships 
between equivalent conductivity and composition of 
NaF-AlF3 melts at different temperatures are shown in 
Fig.4. 

Eq.(5) could be deduced by taking natural logarithm 
on both sides of Eq.(4):  

0ln1ln λλ λ +⎟
⎠

⎞
⎜
⎝

⎛ −=
TR

E
                        (5) 

 
It is clear that lnλ is linear with 1/T, so, the value of 

the slope of lnλ—1/T curve equals −Eλ/R. Relationships 
between lnλ and 1/T of NaF-AlF3 melts with different 
compositions are shown in Fig.5. 

It can be seen from Fig.5 that linear relationship 
between lnλ and 1/T is satisfied for all of the researched 
compositions of NaF-AlF3 melts expect for the one with 
AlF3 molar fraction of 0.32. It is thought that the 
exception was originated from experimental error. lnλ—
1/T curves of the four reasonable compositions were 
linearly fitted by the least square method and then 
equivalent conductivity activation energy could be 
obtained by calculation of slope value fitted multiplied 
by –R. Calculated value of Eλ vs molar fraction of AlF3 
curve was made, as shown in Fig.6. 

 

 
Fig.3 Molar fractions (x) of different components in NaF-AlF3 melts: (a) NaF; (b) Na3AlF6; (c) Na2AlF5; (d) NaAlF4 
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Table 1 Measured values of density and electrical conductivity 
of NaF-AlF3 melts 

Temperature/ 
℃ 

Molar 
fraction of 

AlF3 

Density/ 
(g·cm−3) 

Electrical 
conductivity/

(S·cm−1) 
990 0.25 2.099 9 2.78 
990 0.27 2.093 9 2.61 
990 0.29 2.076 8 2.52 
990 0.32 2.032 4 2.38 
990 0.35 1.968 3 2.16 

1 000 0.25 2.091 4 2.80 
1 000 0.27 2.085 5 2.63 
1 000 0.29 2.068 3 2.54 
1 000 0.32 2.023 9 2.40 
1 000 0.35 1.959 8 2.18 
1 010 0.25 2.082 9 2.82 
1 010 0.27 2.077 0 2.65 
1 010 0.29 2.059 9 2.56 
1 010 0.32 2.015 5 2.42 
1 010 0.35 1.951 3 2.20 
1 020 0.25 2.074 5 2.85 
1 020 0.27 2.068 5 2.67 
1 020 0.29 2.051 4 2.58 
1 020 0.32 2.007 0 2.44 
1 020 0.35 1.942 9 2.21 
1 030 0.25 2.066 0 2.87 
1 030 0.27 2.060 0 2.61 
1 030 0.29 2.042 9 2.52 
1 030 0.32 1.998 5 2.38 
1 030 0.35 1.934 4 2.16 

 

 
Fig.4 Equivalent conductivity of NaF-AlF3 melts 
 

Isotherms of equivalent conductivity with different 
compositions and curve of equivalent conductivity 
activation energy vs composition of NaF-AlF3 melts 
should be analyzed together with relative content change 
of different components in the melts. 

 

 

Fig.5 lnλ—1/T of NaF-AlF3 melts 
 

 
Fig.6 Equivalent conductivity activation energy of NaF-AlF3 
melts 
 

Fig.3 shows that, in the researched molar fraction 
range of AlF3, molar fraction of Na3AlF6 is small 
compared with the other components in the melts. It is so 
thought that it has little influence on the change of melts 
equivalent conductivity. From Fig.4, it can be seen that 
change trends of the five curves are similar, indicating 
that the temperature effect on melts equivalent 
conductivity is small in the researched temperature  
range. That is proved by the fact that molar fractions of 
components in the melts only have a little change with 
temperature changing. It can be found in Fig.3 that in 
NaF-AlF3 melts, Na2AlF5 has the maximum content 
among the four components, and its equivalent molar 
mass is higher than NaAlF4 or NaF, which is thought as 
the reason that equivalent conductivity is increased when 
molar fraction of AlF3 increases, as shown in Fig.4. 
Slopes of different curves in Fig.4 are higher when molar 
fraction of AlF3 in the range of 0.29−0.32 is more than 
that for lower or higher AlF3 molar fraction, which is 
ascribed to the sharp increase of NaAlF4 content when 
the molar fraction of AlF3 is between 0.29 to 0.32 in 
Fig.3. Another expression of the sharp increase is that the 
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minimum value of the equivalent conductivity activation 
energy appear when molar fraction of AlF3 is 0.29 in 
Fig.6, which is attributed to the lower energy barrier of 
AlF4

− movement. When AlF3 molar fraction is more than 
0.32, curves in Fig.4 increase more and more gently, 
especially for 990 ℃ and 1 000 ℃ isotherms, in which 
equivalent conductivity is even decreased with AlF3 
molar fraction increasing. As seen from Fig.3, in this 
AlF3 molar fraction range, there is little change of 
NaAlF4 molar fraction change rate, and Na2AlF5 molar 
fraction increases more gently, even shows a decrease 
trend. That is responsible for the slope change of 
equivalent conductivity isotherm in Fig.4. 
 
4 Conclusions 
 

1) Equivalent conductivity vs composition curves of 
NaF-AlF3 melts at 990, 1 000, 1 010, 1 020 and 1 030 ℃ 
were worked out on the basis of two-step decomposition 
mechanism of AlF6

3−. It was thought that temperature 
had little effect on melts equivalent conductivity in the 
researched temperature range, and equivalent 
conductivity was increased with increasing AlF3 molar 
fraction, in general. When molar fraction of AlF3 was 
between 0.29 to 0.32, melts equivalent conductivity 
change rate was higher than that for lower or higher AlF3 
molar fraction. 

2) Linear relationship between lnλ and 1/T of 
NaF-AlF3 melts was proved. Equivalent conductivity 
activation energy vs composition curve of NaF-AlF3 
melts was worked out. It was found that the curve had a 
minimum value when AlF3 molar fraction was 0.29. 

3) It was thought that change of equivalent 
conductivity and its activation energy of NaF-AlF3 melts 
was caused by anions content change, and then the 
changing reason was analyzed. 
 
References 
 
[1] GIRBERT B, MAMANTOV G. Raman spectrum of AlF4

− ion in 
molten fluorides [J]. Inorganic & Nuclear Chemistry Letters, 1974, 
10(12): 1123−1129. 

[2] BROCKNER W, TORKLEP K, OYE H A. Viscosity of sodium 
fluoride-aluminium fluoride melts mixtures [J]. Berichte der 
Bunsengesellschaft Fuer Physikalische Chemie, 1979, 83(1): 12−19. 

[3] GILBERT B, MATERNE T. Reinvestigation of molten 
fluoroaluminate Raman spectra: the question of the existence of 
AlF5

2− ions [J]. Applied Spectroscopy, 1990, 44(2): 299−305. 
[4] GILBERT B, ROBERT E, TIXHON E, OLSEN J E, OSTVOLD T. 

Acid-base properties of cryolite based melts with, CaF2, MgF2 and 
Al2O3 additions. A Comparison between Raman and vapour pressure 

measurements [C]// Light Metals 1995. Warrendale: Minerals, Metals 
& Materials Soc, 1995: 181−194. 

[5] ROBERT E, OLSEN J E, GILBERT B, OSTVOLD T. Structure and 
thermodynamics of potassium fluoride-aluminium fluoride melts. 
Raman spectroscopic and vapour pressure studies [J]. Acta Chemica 
Scandinavica, 1997, 51: 379−386. 

[6] LACASSAGNE V, BESSADA C, OLLIVIER B. 27AL, 23Na, 19F 
NMR study of cryolite at the solid/liquid transition[J]. Comptes 
Rendus des Academie des Sciences Seried II B Mechanics Physics 
Chemistry Astronomy, 1997, 325(2): 91−98. (in French) 

[7] AKDENIZ Z, CICEK Z, TOSI M P. Theoretical evidence for the 
stability of the (AlF5)2− complex anion [J]. Chemical Physics Letters, 
1999, 308(7): 479−485. 

[8] AKDENIZ Z, MADDEN P A. Raman spectra of ionic liquid: A 
simulation study of AlF3 and its mixtures with NaF[J]. Journal of 
Physical Chemistry B, 2006, 110(13): 6683−6691. 

[9] MATIASOVSKY K, DANEK V. Electrical conductivity and structure 
of molten binary LiF-AlF3 and NaF-AlF3 mixtures [J]. Journal of the 
Electrochemical Society, 1973, 120(7): 919−922. 

[10] WANG Zhao-wen, HU Xian-wei, GAO Bing-liang, SHI Zhong-ning. 
Study on application of conductivity of cryolite-based melts by CVCC 
technique [J]. Journal of Northeastern University: Natural Science, 
2006, 27(7): 786−789. 

[11] HU Xian-wei, WANG Zhao-wen, LU Gui-min, CUI Jian-zhong. 
Electrical conductivity modelling of Na3AlF6-AlF3 melts based on 
two-step mechanism of AlF6

3− [J]. Journal of Northeastern University: 
Natural Science, 2006, 27(S2): 81−84. (in Chinese) 

[12] KAN H M, WANG Z W, SHI Z N, BAN Y G, CAO X Z, YANG S H, 
QIU Z X. Liquidus temperature, density and electrical conductivity of 
low temperature electrolyte for aluminum electrolysis [C]// Light 
Metals 2007. Orlando: Minerals, Metals & Materials Soc, 2007: 
531−535. 

[13] HU Xian-wei, WANG Zhao-wen, LU Gui-min, SHI Zhong-ning, 
CAO Xiao-zhou, CUI Jian-zhong, ZHAO Xing-liang. Equivalent 
circuit analysis and application for electrical conductivity 
measurement by continuously varying cell constant technique [J]. The 
Chinese Journal of Nonferrous Metals, 2008, 18(3): 551−556. (in 
Chinese) 

[14] KAN Hong-min, WANG Zhao-wen, BAN Yun-gang, SHI Zhong- 
ning, QIU Zhu-xian. Electrical conductivity of Na3AlF6-AlF3-Al2O3- 
CaF2-LiF (NaCl) system electrolyte [J]. Tran Nonferrous Met Soc 
China, 2007, 17(1): 181− 186. 

[15] HU Xian-wei, WANG Zhao-wen, GAO Bing-liang, SHI Zhong-ning. 
Study on the electrical conductivity of NdF3-LiF-Nd2O3 system melts 
determined by CVCC technique [J]. Journal of Northeastern 
University: Natural Science, 2008, 29(9): 1294−1297. (in Chinese) 

[16] HUANG You-guo, TIAN Zhong-liang, LAI Yan-qing, LI Qing-yu. 
Advances in research on electrical conductivity of aluminum 
electrolyte melts [J]. Light Metals, 2008(6): 28−32. (in Chinese) 

[17] KAN Hong-min, WANG Zhao-wen, BAN Yun-gang, QIU Zhu-xian. 
Study on the electrolytic densities of Na3AlF6-AlF3-Al2O3-CaF2- 
LiF-NaCl system [J]. Journal of Northeastern University: Natural 
Science, 2007, 28(4): 541−544. (in Chinese) 

[18] WANG Chang-zhen. Metallurgical physicochemistry research method 
[M].  3rd ed. Beijing: Metallurgical Industry Press, 2002: 298−301. 
(in Chinese) 

(Edited by YANG Hua) 

 


