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The effect on MgO solubility of fluoride additions to MgCl,-containing melts
has been studied. An almost linear increase in MgO solubility as function of
MgF, mole fraction was observed in MgCl,~-MgF, melts at 840°C. In pure
MgCl, the MgO saturation mole fraction was determined to be xifio=
0.0061+0.0002 at 840°C in the MgCl,~-MgF, (xy,r,=0.40) mixture to x{izo=

0.0109 10.0002 at 840 °C.

The effect of temperature on the MgO solubility was determined for pure

MgClz and for two MgCl,-MgF, mixtures (xy
< )/d(1/T) was — 5200 K for MgCl and -

d(ln x3;

r,=0.1816 and xygr,=0.2016):
—4200 K for the two mixtures,

respectwely Three different oxide solubility experiments were performed for the
MgCl,~NaCl-NaF ternary: 1. NaF and MgCl, were added to a NaCl-MgCl,
mixture saturated with MgO at 850 °C such that xy,c,, =0.63. The MgO solubility
increased with NaF content up to xy,r = 0.08, whereafter it was constant to
Xnar=0.20. 2. NaF was added to a NaCl—MgC]z mixture saturated with MgO

at 850 °C. Xy

=0.63 was the initial MgCl, concentration. An increase in MgO

solubility up to about 8 mol% NaF was observed. On further NaF additions to
Xngr=0.18 the MgO solubility decreased. 3. A melt closer in composition to the
electrolyte used for electrowinning of magnesium was investigated. The MgCl,

mole fraction was kept constant at x,
No effect of NaF content on the MgO so

The specific energy consumption for electrolytic magnes-
ium metal production for a given cell may be calculated
from eqn. (1)

N =V/0.454n (1)

where N is the specific energy [in kW h (kgMg)~!], V
the electrolyser voltage (in V), and n is the current
efficiency. Today the energy consumption is about
13-14 kW h per kgMg, a reduction of more than 6 kW h
since the early days of the art.! However, the thermodyn-
amic energy required is only about 6.8 kW h per kgMg
at 700°C,? and it may therefore still be possible to cut
the energy consumption considerably. Physicochemical
properties such as density,>* conductivity® and viscosity®
of the electrolyte, and interfacial tensions™! between
the Mg metal pool, the atmosphere, the melt and the
steel cathode are of significant importance for the current
and energy efficiencies. A high current efficiency requires
that the cathode is well wetted by the liquid magnesium
and that the latter is well wetted by the electrolyte.!?
Oxide impurities may form a passivating layer on the
cathode surface,'* and may also concentrate on the

* To whom correspondence should be addressed.
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1, =0.10. The temperature was 900 °C.
ublhty could be observed for xy,r < 0.06.

surface of Mg droplets in such a way that these droplets
become dispersed in the melt instead of coalescing with
the Mg pool.!? One way to increase the energy efficiency
will thus be to obtain better control over the oxide and
hydroxide species dissolved in the bath.

Fluoride additions in the form of NaF or CaF, to
MgCl,—NaCl melts have been reported to improve the
technical electrolysis of magnesium if the MgCl, feed
contains oxide impurities.'>'4 Additions of AlF;, AlCl,,
and cryolite have also been found to have positive effects
on the wettability of the cathode by magnesium, on the
separation of the metallic magnesium from the electro-
lyte, and on the current efficiency. However, as
Al-containing additions result in contamination of the
produced metal by aluminium, such additives should be
avoided.'? For the Dow process, Rao'® found a max-
imum current yield with fluoride additions corresponding
to 1.0-1.4 wt% CaF,. He attributed the beneficial effect
of fluoride to its fluxing action on the surface oxide on
the produced magnesium (especially the Mg droplets),
leading to increased rate of coalescence of small magnes-
ium droplets dispersed in the melt. Another reason for
the increased current efficiency observed by Rao may be



that fluorides enhance the surface tension of the electro-
lyte at the boundary between the fused magnesium and
the solid cathode, thereby favouring the persistence and
growth of magnesium metal on the cathode.!? Extensive
investigations recently performed in a Mg smelter fed
with anhydrous MgCl, showed no increase in oxide
contents in the bath when CaF, was added to the
electrolyte.”® The same experiment did not reveal any
positive correlation between the fluoride content of the
electrolyte and the current efficiency for that smelter.

Only a few papers addressing the solubility of MgO
in MgCl,-containing halide melts have been pub-
lished.'®-'° Sharma'” measured the MgF,-rich side of the
MgF,-MgO binary phase diagram by differential thermal
analysis. A eutecticum was found at 8.5 mol% MgO and
1228°C, and a steep MgO liquidus line was indicated.
Boghosian and co-workers!® found the solubility of MgO
to increase with increasing Xyyq, in the system
NaCl-MgCl,, up to 0.36 mol% in pure MgCl, at 730 °C.
They observed no effect of temperature on the MgO
solubility up to 830°C for 0.5 <xge,<0.75. It was,
therefore, reasonable to assume that the oxide solubility
of a MgCl,-containing melt should increase with increas-
ing F~ content of the melt. This was also confirmed by
Mediaas et al.'?

Combes et al.'® performed potentiometric titrations of
equimolar NaCl-KCl melts containing small amounts of
MgCl, with BaO. They reported the existence of a stable
oxide complex Mg,OCl1,2~*, The existence of this com-
plex was later confirmed by Boghosian et al,'® who
investigated the solubilities of MO in MCIl,-NaCl melts
(M =Mg, Ca, Sr and Ba). The solubility of each alkaline
earth oxide was strongly dependent on the activity of the
corresponding chloride. The activity coefficient of
Mg,0Cl, was found to be independent of the
MgCl,-NaCl composition both for xmyeq,<0.33 and
Xwmgar, = 0.33, respectively.

There is a need to understand the role of NaF additions
to the technical melt mixtures used during Mg produc-
tion. We therefore decided to study the effect of NaF on
the MgO solubility since NaF seems to have a positive
influence on cell performance for some types of electro-
lytes. In the present study we concentrated on melts
having very low moisture or oxide content. In order to
achieve a deeper understanding of the mechanisms
involved during dissolution of MgO in melts of the
MgCl,-NaCl-NaF reciprocal ternary system, it was
found necessary to compare the findings from this system
with results from the simpler MgCl,~MgF, mixture,
which exhibits close to ideal behaviour according to the
phase diagram.?® Therefore, the MgO solubility in the
MgCl,—MgF, system has been determined at 840 °C for
MgF, contents up to 40 mol%. The effect of temperature
on the MgO solubility was also investigated. Some of
the results have been presented in a previous paper,*®
but we think the data should be reconsidered in the light
of new data.

SOLUBILITY OF MgO IN CI/F MELTS

Experimental

The chemicals used were MgCl, - 6H,O (E. Merck A.G.,
p-a. >99%), MgF, (E. Merck A.G., fibre grade), NaCl
(E. Merck A.G., p.a. >99.5%), NaF (E. Merck A.G.,
p.a. >99%), and MgO (Fluka A.G., >97%). HCI
(Messer Griesheim, 99.8%) and N, (Hydrogas, 99.998%)
were used for the dehydration of MgCl,-6H,0. This
dehydration was done by heating MgCl,+6H,O from
room temperature to 450 °C under a stream of HCl. The
rate of heating varied from 3 to 25°C h ™!, depending on
temperature range and HC] flow rate. The temperature
was then lowered to 100 °C, and the dehydrated chloride
was flushed with N, for at least 24 h to remove remaining
HCI. The dehydrated MgCl, was distilled under vacuum
(ca. 1078 bar) at about 1000°C, and stored in sealed
quartz ampoules. NaCl and NaF were dried under
vacuum at 400 °C for 3—4 h, and recrystallised twice from
the molten state in a platinum crucible under N, atmo-
sphere. Optically pure crystals were picked and used for
the experiments. MgF, was dried under vacuum at 400 °C
for 16 h and subsequently stored in a glove box. The
MgO was heated to 600 °C under vacuum for 48 h prior
to use in order to decompose any remaining MgCO;,
and stored in a glove box.

The experimental set-up for the oxide solubility measure-
ments is shown schematically in Fig. 1. The platinum
crucible used as a melt container was filled with salts
and placed at the bottom of a quartz container. The
radiation shields above the Pt crucible had holes to
accommodate the stirring rod, salt charger or sample
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Fig. 1. Experimental set-up. The cell assembly was placed
inside a vertical tube furnace connected to a glove box. A
quartz sinter was attached to the lower end of the sample
extraction tube. The sample extraction tube was made of
graphite for the measurements with the MgCl,-MgF, system.
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extraction tube, and thermocouple. The radiation shields
were mounted on Alsint (sintered alumina) rods, and
separated by Alsint tubes about 2 cm long. The stirring
rod was made of Alsint. The thermocouple was contained
in an Alsint tube for protection, and immersed in the
melt. Both the stirring rod and the thermocouple protec-
tion tube had platinum sheaths around the parts immersed
in the melt. The entire cell assembly was placed inside a
Kanthal tube tightly connected to a glove box. This tube
was inserted into a cylindrical core of a Fibrothal RAC
100/500 wire-wound, water-cooled furnace whose temper-
ature was controlled by a proportional controller. The
cell assembly was open to the glove box argon atmosphere
having a water content <1 ppm and an oxygen content
<5 ppm. The sample extraction tube (quartz, 10 x 12 mm
¢) had a quartz sinter of porosity 3 (pore size 15-40 um)
at the end to be immersed in the melt. This pore size is
suitable for extracting samples from MgCl,—NaCl melts.
A syringe was attached to the other end of the sample
extraction tube. For the oxide solubility measurements in
the MgCl,-MgF, melts the sampling arrangement was
equal in principle to the one just described, but both the
sampling tube and the filter were made from graphite.

Experimental procedure. The experiments were performed
in the experimental set-up described above. For each
experiment about 80-100 g of salt was used, and MgO
was added in excess relative to saturation. The equilibra-
tion time for MgO dissolution was determined by measur-
ing the oxide content of the molten mixtures as a function
of time. Melt samples for analysis were withdrawn from
the melt using the sampling device described above. Blind
samples obtained with this sampling device from a
MgCl,-NaCl-NaF melt showed no additional oxide due
to corrosion of the quartz filter. Samples of the fluor-
ide—chloride melts were liquid and colourless when with-
drawn from the cell, indicating that the samples were
from melts above the liquidus temperature. The samples
were quenched by quickly raising the sampling tube to
room temperature. The sampling procedure took less
than 20s. Oxide content analyses, carbothermal reduc-
tion analysis (CR), were performed immediately after
sampling. MgCl,~NaCl melts were also analysed for
basic O®~ content by the acid consumption method
(AC). The oxide contents of the different MgCl,—NaCl
melts were compared with previous data!® in order to
check that equilibrium was established in the binary
before NaF or MgF, was added. MgCl,, MgF,, and
NaF were added through a quartz charging tube posi-
tioned just above the melt surface.

It will be noted that high oxide contents were observed
for some measurements. The contaminations probably
originated from K,S,0, which was used during a short
period to clean the equipment between experiments.

The oxide analysis techniques used were carbothermal
reduction using a Leco TC-436 oxygen and nitrogen
determinator, CR and AC (iodometric titration). The
last of these techniques is well known.
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Conventional methods for analysing oxide, such as the
Karl Fischer and iodometric titration methods, can not
be used for fluoride-containing melts because of the low
solubility of fluorides in most solvents. The oxide content
of such melt samples was therefore analysed by the CR
method. Leco TC-436 is made to determine oxide con-
tents in steel, and before we could use it for our purpose,
procedures for analysing hygroscopic salt mixtures were
developed. In the CR analysis the sample, kept in a tin
capsule, is heated until the oxide in the sample reacts
with graphite to form CO, which is oxidised to CO, in
a CuO tower. The CO, thus formed is detected by IR
spectroscopy at a frequency characteristic for CO,. The
detection limit and accuracy are reported to be 0.1 ppm
(at 1 g sample weight) and 1% of oxide present, respect-
ively. The Leco TC-436 will determine all the oxygen
present in the system, including water absorbed on the
salt, provided it forms CO by reaction with carbon at
the analysis temperature, which varied in the range
750-2500 °C. Furthermore, water absorbed on a MgCl,-
containing sample will react with MgCl, upon heating
to form MgO and MgOHCI. Consequently, it is not
possible during the analysis to distinguish between the
contributions from absorbed water and from oxide
already present in the sample. It is therefore important
to prevent the sample from absorbing moisture from the
atmosphere and equipment prior to analysis. A few
important precautions should be taken in order to
minimise the water absorption: (i) the sample should be
kept and handled in a glove box with very low water
content and handled with diffusion tight gloves;
(i) equipment used for sample preparation should be
heated to at least 150 °C and transferred directly to the
glove box while hot; and (iii) the sample surface area
should be kept as small as possible to reduce water
absorption, i.e. small pieces (>20mg) rather than
powder should be analysed.

Three methods for controlling the analysis temper-
ature, the scan, automatic, and step analyses, will be
discussed. The scan method is normally the first to be
performed on a new sample. The temperature is increased
continuously at a rate set by the operator, starting and
ending at preset temperatures. In this way an indication
of the different oxides in the sample and their respective
carbothermal decomposition temperatures are obtained.
This analysis forms the basis for the temperatures to be
used during the automatic and step analyses. Scan ana-
lysis has proven more reliable than the other two methods
for melts having oxide-containing species with high
vapour pressures. Such species may escape detection
during automatic analysis. The automatic analysis is the
simplest and fastest to perform. Only one analysis tem-
perature is applied, and only the total oxide content is
detected. The step analysis is best suited when different
oxides are to be detected. A maximum of nine temper-
atures may be set by the operator. The rate of temper-
ature increase between each temperature as well as the
time at each temperature can be set independently.



Examples of the three different methods are shown in
Fig. 2. The amount of oxide is calculated by an integra-
tion of the area under the relative concentration curves.
Empty tin capsules, used as sample containers during
analysis, are analysed in the same way as the samples,
and their oxide contents are subtracted from the total
oxide measured. Before each analysis the graphite cru-
cible and powder are heated to a temperature higher
than the maximum analysis temperature for 60 s or more.
The temperature is then lowered to the starting analysis
temperature and the sample, which has so far been
contained in the loader mechanism of the instrument, is
dropped into the crucible. A maximum analysis temper-
ature of slightly above 2800°C is offered by the
instrument.

In Fig. 3 a test of the CR analysis technique is pre-
sented. Small amounts of MgO were added to a
MgCl,-MgF, mixture (xygc, =0.60) in such a way as to
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Fig. 2. MgO content in melt samples as determined by CR. (a) Automatic analysis of pure destilled MgCl, containing about
20 ppm oxide; (b) scan analysis of MgCl,-NaCl-MgO; (c) scan analysis of MgCl,-NaCl-NaF-MgO; (d) step analysis of
MgCl,~NaCl-MgO; (e) step analysis of MgCl-NaCl-NaF-MgO.
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maintain a melt not saturated with MgO. Samples were
withdrawn from the melt after each addition and ana-
lysed for oxide. A one-to-one relationship between added
and analysed oxide content can be observed before
saturation is reached. When the amount of added MgO
exceeded the solubility limit, constant MgO concentra-
tions were measured. The scatter in the results presented
in Fig. 3 is mainly due to low sample weights.

Results

MgO solubilitiess have been determined in the
MgCl,-NaCl-NaF and MgCl,-MgF, systems. Three
series of experiments were performed in the
MgCl,-NaCl-NaF system: (i) NaF and MgCl, were
added to a NaCl-MgCl, melt at 850 °C keeping Xyci, =
0.63 and xpn,r<0.20. (ii)) NaF was added to a
NaCl-MgCl, melt at 850 °C with an initial mole fraction
of MgCl,, xpca1,=0.63. (iii) Experiment (i) was repeated
with Xy, =0.10 at 900 °C. xy,r ranged from 0 to 0.10.
All melts were saturated with MgO(s). Results are pre-
sented in Table 1 and in Figs. 4-6.

Two series of experiments were performed in the
MgCl,-MgF, system: (iv) MgF, was added to a MgCl,
melt saturated with MgO at 840°C. xygr, ranged from
0 to 0.4. The oxide solubility in pure MgCl, was also
determined using the acid consumption analysis method.
Three experimental runs were performed. Results are
given in Fig. 7 and in Table 2. (v) The effect of temper-
ature on the MgO solubility in two MgCl,-MgF, melts
with xygr,=0.202 and 0.182, respectively, was investi-
gated for 676 <T/°C<930. Results are given in Fig. 8
and in Table 3.

Discussion

The effect of temperature on the MgO solubility both in
pure MgCl,(1) and in MgCl,-MgF, mixtures is pro-
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Fig. 4. Saturation mole fractions of MgO plotted versus xya¢
in MgCl,-NaCl-NaF melts at Xmgc1,=0.63 and 850°C.
Different symbols indicate different” experimental runs.
(——) Model [eqn. (15)].
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Table 1. Saturation mole fractions of MgO in MgCl,-NaCl-NaF melts at 850°C (475°C for xygc,=0.415 and 900°C for
Xmgci,=0.1). Number of parallels in parentheses. Standard deviations reflect the variations between the parallels.

Oxide content, xygo x 103

Melt composition CR® ACP

Xmgcl, Xnacl XnaF Average sD Average SD
0.63 0.37 0.0 25 (6) 0.3 1.71 (3) 0.04

" " " 3.34 (4) 0.17 2.00 (4) 0.04

" " " 2.8 (8) 0.3 2.24 (3) 0.02

" 0.34 0.03 3.64 (4) 0.14

" 0.32 0.05 4.10 (4) 0.24

" 0.31 0.06 4.39 (3) 0.19

" 0.295 0.075 4.82 (2) -

" 0.27 0.10 4.67 (4) 0.09

" " " 4.72 (5) 0.26

" 0.24 0.13 5.39 (4) 0.35

" " " 5.06 (4) 0.20

" 0.22 0.15 4.66 (4) 0.25

" 0.19 0.18 5.05 (4) 0.45

" " " 5.06 (4) 0.14

" 0.17 0.20 4,54 (5) 0.41

" " " 4.48 (3) 0.24

" . " 4.68 (4) 0.13

0.63 0.37 0.00 23 (8) 0.4 1.2 (5) 0.1

" " . 25 (4) 0.2 1.82 (4) 0.04

" " " 3.0 (8) 0.4 1.6 (8) 0.2
0.614 0.361 0.025 3.33 (4) 0.20

0.60 0.35 0.05 3.34 (5) 0.20

" " " 3.49 (4) 0.28

0.582 0.341 0.077 3.48 (4) 0.04

0.568 0.334 0.098 297 (4) 0.15

0.555 0.325 0.120 3.12 (4) 0.17

0.545 0.319 0.136 3.03 (4) 0.08

" . " 2.68 (4) 0.04

" " " 3.34 (4) 0.08

0.5635 0.314 0.151 3.16 (5) 0.21

0.523 0.307 0.17 2.18 (5) 0.08

0.517 0.303 0.18 2.38 (4) 0.07

0.415 0.585 0 0.43 (13) 0.03°
0.10 0.90 0.0 0.058 (4) 0.027 0.023 (4) 0.007
" " ! 0.015 (3 0.023¢
" 0.883 0.017 0.019 (4) 0.017
" 0.87 0.03 0.035 (5) 0.038

" " " 0.031 (4) 0.0399
" 0.86 0.04 0.061 (5) 0.108

" " " 0.027 (4) 0.023¢
" 0.85 0.05 0.058 (4) 0.031

" " " 0.027 (4) 0.004¢
" 0.84 0.06 0.038 (4) 0.034

" " " 0.019 (4) 0.019¢
" 0.83 0.07 0.104 (4) 0.019

" " " 0.152 (4) 0.011°
" 0.82 0.08 0.152 (4) 0.042

" " " 0.167 (4) 0.038°
" 0.81 0.09 0.095 (4) 0.026

" 0.80 0.10 0.155 (5) 0.053

aCR, carbothermal reduction analysis. ?AC, acid consumption analysis. °Three different experiments. “Temperature = 847 °C.
*Temperature =878 °C.
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Table 2. Solubility of MgO in MgCl,—-MgF, melts of various compositions at 840°C.?

Oxide content, xugo10®

Melt composition CR? AC*

Xmgc, XmgF, Average SD Average +
1.0000 0 6.28 (4) 0.07 6.04 (2) 0.01
1.0000 0 6.02 (3) 0.02 6.01 (2) 0.015
1.0000 0 6.34 (5) 0.43

0.9979 0.00212 6.29 (5) 0.32

0.9965 0.00445 6.79 (7) 0.89

0.9908 0.00923 6.83 (5) 0.75

0.9757 0.02430 6.27 (4) 0.08

0.9644 0.03557 6.75 (4) 0.28

0.9517 0.04830 6.70 (5) 0.07

0.9333 0.06670 7.69 (5) 1.40

0.9165 0.08347 6.23 (4) 0.06

0.9019 0.09806 7.82 (5) 0.1

0.8844 0.1156 7.68 (5) 0.09

0.8726 0.1274 7.96 (4) 0.11

0.8589 0.1411 7.43 (8) 0.15

0.7984 0.2016 8.14 (5) 1.85

0.7558 0.2442 8.58 (5) 0.22

0.7141 0.2859 9.79 (5) 0.06

0.6010 0.3990 10.9 (5) 0.16

?Number of parallels in parentheses. Standard deviations (SD, + for AC measurements) reflect the variations between the
parallels. °CR, carbothermal reduction analysis. °AC, acid consumption analysis.

Temperature [°C]
800 700

n xsat
MgO

1

3. PUPEP R S BN R S
8 8.5 9 9.5 10 10.5 11

109T K]
Fig. 8. In x§i5o plotted versus 10%/7. (—#—) xygr,=0.2016;
(—O—)  Xmgr,=0.1816; (--[0--) pure MgCly; (—O—)
NaCl-MgCl, at Xwgc,,=0.7."® Lines determined by linear
regression.

Table 3. Solubility of MgO in two MgCi,-MgF, meits at
various temperatures.

XMgF2=0.1816 XMgF2:0'2016

T/°C XpMgo T/°C Xmgo
676 0.0040 688 0.0044
766 0.0063 742 0.0063
851 0.0072 840 0.0078
910 0.011 871 0.0090
930 0.011
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nounced, while the system MgCl,-NaCl (0.42 < Xy,
<0.75) revealed no change in the oxide solubility in the
temperature range 475 < 7/°C <830. To understand this
variation in the MgO solubility as a function of temper-
ature, let us consider the dissolution reaction for MgO(s):

MgO(s) = MgO(1) (2)

From tabulated data,? the enthalpy of fusion for MgO,
AnsHugo=T0+15kI mol™" at 1000 K. The MgO
liquidus line is described by

d(ln ai:éo) - _ AfusIJ;\)ng
d(1/7) R

where ayyo is the activity of MgO in the melt using pure
liquid MgO as standard state. The enthalpy of fusion of
MgO indicates a twofold increase in the activity of
MgO(1) for a temperature increase from 730 to 830 °C.
The solubility of MgO in MgCl,—NaCl melts, however,
is independent of temperature.!® Our measurements of
the MgO solubility in the MgCl,-NaCl eutectic con-
firmed this observation. The melt was saturated with
MgO at 475°C, and the solubility of MgO was deter-
mined to be 0.043 mol%, which is within the uncertainty
limits of the data reported by Boghosian et al.8

Magnesium oxide is probably complexed as
Mg,0Cl.2"* when dissolved in MgCl,-containing
melts.'®!8 The complex formation reaction described by
eqn. (4)

MgO(1) + MgCl,(1) = Mg, OCl,(1) (4)

has a large equilibrium constant, i.e. practically all the
dissolved oxide is complexed in the melt. Boghosian

(3)



et al.*® concluded that this mechanism was responsible
for the MgO dissolution in NaCl—MgClz melts for
Xmgci, > 0.33. They determined x3;0=0.0036 at 730 °C in
pure MgCl,, and we have found x3;0=0.0060 in the
same melt at 840 °C. Both results were obtained using
the AC technique.

To explain the above MgO solubility variations let us
consider the melt structure of NaCl-MgCl, melts when
the concentration of MgCl, changes. Raman spectro-
scopic investigations have shown that discrete tetrahedral
MgCl,2~ species are in equilibrium with polynuclear
complexes of unknown structure in pure MgCl,.?* When
alkali chlorides are introduced, the scattering from the
polynuclear species gradually disappears, and in the basic
regimes only the MgCl,2~ complex is present.?? In other
words, MgCl, changes from a partly ionic, partly net-
work-like melt in the pure state to a typically ionic
molten salt when alkali chlorides are introduced.

A system of interest for comparison is the
NdCl;-NdOCI system. Pure liquid NdCl; consists of a
network of edge-sharing NdClg®~ octahedra.?® The
MgCl,-NdCl; phase diagram indicates close to ideal
mixing of the two components.?* Thus, the two compon-
ents must be expected to have similar structures in the
molten state, or at least that one of the components can
be incorporated in the other without altering the structure
significantly. In NdCl; melts, NdOCI have been found
to dissolve into the network of edge-sharing NdClg*~
octahedra, breaking this network down to smaller clus-
ters.?> We will therefore suggest that MgO dissolves in
pure MgCl, by breaking up the polynuclear complexes
of MgCl,, as indicated in the reaction:

MgO(S) + [MgCIZ]n = Mgn—m+10C12(n—m) + [MgCIZ]m
&)

[MgCl,], symbolises the polynuclear complexes of
unknown structure present in pure MgCl,.*!

The above considerations indicate that the mechanism
for MgO dissolution in pure MgCl, may be quite different
from the mechanism in alkali chloride-MgCl, melts. This
can also be deducted from thermodynamic data.

The activity coefficient of MgO at saturation, y3zo, is
given by

RT Iny3z0 = AGHo=AHMo — TASEo (6)

where AH Mgo and ASMSO are the partial enthalpy and
the excess partial entropy of mixing, respectively, of
M¢gO at the saturation concentration.

At low MgO concentrations it is reasonable to assume
that AFI;Z;O is independent of the MgO solubility. Our
data show that din y3;0/d(1/T) is a constant for each
melt system. By using eqns. (3) and (6) we may therefore
determine AH3it, through the relation

d(ln xiﬁo) Afus MgO d(ln ’Y;?;O)
d(1/T) R d(1/1)
_ ABR,
" (7
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Since the enthalpy of fusion of MgO at the temperature
of investigation can be calculated from tabulated thermo-
dynamic data, AH Mso may be calculated from the straight
lines given in Fig. 8. Results are given in Table 4 for 7=
1000 K and A, Hygo="70+15 kJ mol~*.? Within experi-
mental uncertainty AHj;o is the same in pure MgCl,
and in the two MgCl,—~MgF, mixtures. The MgCl,-MgF,
phase diagram indicates that the two components mix
ideally. This means that pure MgF, as well as the mixture
are likely to be structurally similar to MgCl,. Therefore,
the MgO dissolution mechanism is expected to be basic-
ally the same in MgF,-MgCl, melts and in pure MgCl,.
This is in agreement with a constant AH3a.,. The partial
enthalpy of mixing of MgO in the MgCl,—NaCl binary
is, however, significantly lower than obtained for MgCl,
and the MgCl,-MgF, binary.

The partial enthalpy of dissolution of MgO at the
saturation concentration is given by

Asiss AH Meo = Apus Hugo + AH ¥Mgo ¥)

Despite the more positive enthalpy of dissolution in pure
MgCl, than in NaCl-MgCl, mixtures as can be observed
from Table 4, the MgO solubility in NaCl-MgCl, melts
increases with increasing Xygc,. This behaviour can be
explained by the larger partial excess entropy of mixing
of MgO in pure MgCl, than in the NaCl-MgCl,
mixtures.

From the equilibrium constant of eqn. (2), aff;o and
eqn. (6), we obtain
1}1Tm0 RIn x§#0 = Agye Sugo + AShio 9
The partial entropy of dissolution of MgO is, by analogy
with eqn. (8), given by

AdissAgiz;() = Aﬁ.\s S;\)dgo + AS.}\({lgO + Agﬁ;o ( 10)

By comparing the variation in ASE: Mgo between the systems
investigated an explanation for the change in solubility
emerges. In Table 4 the left-hand side of eqn. (9) is given
for each melt system. From these data we can see that
the excess partial entropy of MgO is changing drastically
in the positive direction from the NaCl-MgCl, binary to
pure MgCl,. This means that the partial entropy of
mixing of MgO in pure MgCl, is much more positive at
a given concentration of MgO than in the NaCl-MgCl,
binary. This entropy change is associated with changes
in the solvent. In NaCl-MgCl, mixtures MgO reacts
with an ion in an ionic environment to form a new ion.
The melt structure as such is therefore not affected to
any significant extent. In pure MgCl, we have suggested
that MgO breaks up MgCl, clusters with a relatively
high degree of local order, and forms smaller ionic
species. The dissolution process in MgCl, is therefore
associated with a larger entropy change than the dissolu-
tion of MgO in the NaCl-MgCl, binary. The larger
entropy change counteracts the more positive dissolution
enthalpy in MgCl, and results in a higher MgO solubility.

The experimental data of Boghosian e al'® reveals
that a transition in the oxide solubility mechanism in the
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Table 4. Partial thermodynamic data of dissolution of MgO(l) in

the temperature variation of the MgO solubility.?

MgCli,, MgCl,-NaCl and MgCl,-MgF, melts obtained from

#1 1 sat
Melt composition d(ln xi2to) « Ages Hmd Jero R In xjjg
Data di1/n kJ mol 1, Jmol™1,
Xmgei, XmgF, XNaCl T/K points Egn. (8) Eqgn. (9)
1 0 0 110 2 —5.2 43 -38
0.8184 0.182 0 234 4 —4.3 36 -8.1
0.7984 0.202 0 240 5 -4 34 -85
x° 0 1—x° 100 3 0 0 -51.0

2 AtusHiago at 1000 K were used in the calculations.? ® The data of Boghosian et al.’® and the present data for the MgCl,-NaCl
eutectic show a temperature independent MgO solubility in the NaCl-MgCl, system for 0.42 < xygc, < 0.75, 475 < T/°C < 830.

NaCl-MgCl, system occurs in the activity range 0.8 <
awgcr, < 1. This was not recognized by these authors due
to lack of solubility data as a function of temperature.
The idea of a transition region between the partly
network-like pure MgCl,(1) and the ionic MgCl,—-NaCl
mixtures are supported by experimental results obtained
by Kisza et al.,2® who found that the exchange current
density of magnesium increased when NaCl was added
to MgCl,. This indicates that the structural changes
taking place in the liquid are more important than the
effect of dilution when it comes to the electrochemical
activity of MgCl,.

Solubility of MgO and the F~ concentration. An increase
in oxide solubility with increasing fluoride content of the
melt was expected since the solubility of MgO in MgF,
is much higher than in MgCl, (8.5mol% in MgF,
at 1228°C*'7 and 0.36 mol% in MgCl, at 730 °C*®). The
phase diagram for the reciprocal ternary MgCl,-MgF,—
NaCl-NaF system is not known. Owing to the very
negative Gibbs energy change for the reaction®

MgCLy(1) + 2NaF(1) = MgF,(1) + 2NaCl(1) 11

strong negative deviations from ideal mixing for MgCl,
and NaF are expected. It is therefore difficult to estimate
ternary melting points accurately. To be sure that our
measurements were performed in a one-phase liquid
system in equilibrium with MgO(s) we decided to meas-
ure the liquidus temperature and the concentrations for
one melt which had high NaF and MgCl, contents. The
liquidus temperature for MgCl,(0.63)-NaF(0.20)-
NaCl(0.17) was determined to be 620 °C. This indicates
that all melts investigated had melting points below the
experimental temperature of 850°C. Furthermore, no
tendency for liquid immiscibility was observed at 850 °C.
Several melt samples were analysed by Mohr’s titration
(C17), ion selective electrode (F~) and ICP (Mg?* and
Na™), and the initial mole fractions of all ions were
confirmed. This shows that our solubility data were
obtained from a true two-phase system with MgO as the
solid phase.

The uncertainties associated with the CR analyses of
hygroscopic melt samples add up to about 10% (our best
estimate, based on experience). This is considered the
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most important error source in the saturation mole
fraction of MgO, x3;0. This uncertainty is indicated in
Figs. 4, 5 and 7 as vertical error bars. For the results
shown in Fig. 6, however, where the oxide concentrations
are very low, the uncertainties in the CR data probably
exceed 10%, and we have chosen to adopt the standard
deviation between parallels as a measure for the uncer-
tainty in this case. Inaccuracies in temperature and
solvent composition are insignificant.

In a NaCl-MgCl, melt with xy,q,=0.63, x}jzo Was
determined to be 0.0017® in the temperature range
730< T/°C<830. It can be observed from Table 1 that
the oxide solubilities determined in the present work
differ somewhat from this value. This applies to the
results from both oxide analysis techniques. However,
while the average taken over all the AC data gives
0.0018, all the CR results yield >0.0027. It was men-
tioned in the experimental section that problems were
experienced during some of the measurements. These
problems are reflected in the solubility data for the
NaCl-MgCl, melts. Still, the solubilities determined in
the presence of fluoride are well reproduced, as can be
observed from Figs. 4 and 5. It is therefore reasonable
to assume that the trend in the MgO solubilities as
function of fluoride content of the melt is correct.

Figure 2 shows a new peak during the CR analysis
when fluoride was introduced to a MgCl,~NaCl mixture.
This peak was also observed when MgF, was added to
MgCl,. This may be attributed to a new oxygen-con-
taining species in mixed chloride—fluoride melts.

To be able to model the oxide solubility in these melts,
we have to consider the thermodynamics of these systems.
The MgCl,-MgF, system behaves ideally, and the activit-
ies of the halides can therefore be easily calculated
according to the relation xMz+x§rny2, where yux,=1.
It was found that the best fit to the experimental MgO
solubilities was obtained with a model described by the
equations

MgO(s) + MgCl,(1) = Mg,0Cl,(1) (12)
MgO(s) + %MgCl, + %MgF, = Mg, OCIF (1) (13)
MgO(s) + MgF(1) = Mg, OF,(1) (14)

According to this model, the total MgO solubility in a



given MgCl,~MgF, melt should be given by the relation

t 12 172
xtiso = Kizamgar, + Ki3aMgcr, Ok, + Kiaaugr, (15)

where Kj; is the equilibrium constant for eqns. (12), (13)
and (14). The activities of MgCl, and MgF, are (Xygq,)’
and (ngFz)", respectively. The assumption that the activ-
ity coefficients for the oxygen-containing species do not
change significantly with melt composition is inherent in
the model, and is reasonable in view of the low oxide
concentrations observed.

The model has been fitted to the experimental data,
and values for the equilibrium constants K;,, K;3 and
K, have been obtained. In Fig. 7 it can be seen that the
model compares well with experimental data. A model
with only two oxygen-containing species, Mg, OCl, and
Mg,OF,, does not fit the experimental data. It is not
surprising, however, that a three-parameter model is able
to fit a close to straight line.

Extrapolation of the three-parameter model (solid line
in Fig. 7) to xyg,=1 yields x§f;0=0.022 at 7=2840°C.
The effect of temperature on the MgO solubility in pure
MgF, may be estimated using the value for
d(In x§§30)/d(1/T) obtained for the MgCl,-MgF,
(*mgr, =0.2016) mixture. This value is given in Table 4
as d(In x{f0)/d(1/T)=—4100 K. By integration we
obtain x3f3o=0.057 in pure MgF, at 1228 °C. In view of
the approximations applied in our calculation, this must
be considered in reasonable agreement with x3{;0 =0.085
reported by Sharma.!’

Activities of salt components for the above
MgCl,~NaCl-NaF ternary mixture may be obtained by
a model equation developed by Blander?” based on the
work of Ferland® and Flood et al.?® For the present
system the activities of MgCl, and MgF, may be calcu-
lated using the equations given in the Appendix. With
the data of Kleppa and co-workers®®3* and Ref. 2 it is
possible to calculate the necessary constants in these
equations.

We compared this activity model with experimental
data in a previous paper.'® Calculated and measured
liquidus lines of the MgX,rich sides of the
MgCl,~NaC3*3 and MgF,-NaF>® binaries compared
well with the calculations. Calculated and measured
activities®® for the system MgCl,—NaCl also agree within
a few percent. We have also made an attempt to calculate
the MgF, liquidus line of the quasi-binary MgF,-NaCl
system. The model was not in agreement with experi-
mental data.?® It was mentioned earlier that a liquidus
temperature of 620°C for the melt MgCl,(0.63)-
NaF(0.20)-NaCl(0.17) was determined. The model pre-
dicts the MgF, liquidus temperature to be about 430 °C
at this composition. Unless a ternary solid compound is
formed, which may be the case, this must be taken as an
indication that the model predicts too low values for
aygr, in melts with low F~ concentrations.

Using eqn. (15) to model MgO solubilities in ternary
melts may therefore not be appropriate. In Figs. 4 and
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5 we can see that this model equation does not fit with
the experimental data.

Conclusion

The present work gives some new insight into the technic-
ally important solubilisation mechanism of MgO in
MgCl,-containing melts. The temperature effect of the
MgO solubility seems to be reasonably well understood.
The effect of fluoride concentration on the solubility in
the simple MgCl,~-MgF, binary can also be explained by
a reasonable thermodynamic model. When we try to
model how MgO dissolves in the MgCl,-NaCl-NaF
ternary, however, our concept seems to be too simple.
Both the activity model used to calculate awg, and
awgr,» and our understanding of the Mg-O-CI(F) com-
plexes formed in the melt, are too primitive to give a
reasonable solubilisation mechanisms of MgO in these
complicated melts.

Appendix. Model for calculating activities for
the components of the MgCl,-NaCl-NaF
reciprocal system

awgcr, and aygr, have been calculated according to egns.
(A.1) and (A.2).

1
— 2 _
Amgcl, = Xmg?+ XC1— €XP <RT [xNa*Xp-AGR 3

+ 2xp - (Xpgg2+ Xp- + Xna* X1 ) Mg
+ 2XNa+ X~ (Xp- — X~ ) ARG

+ 2XNa+ (epgg2+ Xp— + Xja* X1 - ) AG
+ 2xpa+ Xp~ (XNt — Xmg2+ ) AR

+ 2xNa* X~ (XNa* X1 + Xmg2+ XF-

—x;.,ﬂxa—)mﬂ) (A1)
amgr, =€qn. (A.1), where Cl is exchanged with F and
vice versa, and G2 ; is exchanged with —AGS 5. In these
equations x;+ and x;- are cation and anion fractions
defined as

ni+
X+ =
xni
i
and
nj—

T xn
j

respectively. The xp,2+ and xy,+ are cation equivalent
fractions defined as:

xll\dgz+ = 2nMg2+ /(2nMgz+ + nNa+)

and

x&a* = nNa*/(angz"' + nNa*)
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AGy ; refers to eqn. (A.3):
NaF(1) + $MgCl,(1) = NaCl(1) + 1 MgF,(1) (A.3)

and the A9 are equivalent enthalpy interaction para-
meters defined for i=Cl, F, Mg and Na as

AHT;,(MgCl, —NaCl) / | |
+ X2+
(1 + xyge+ " Yig

i =

req  AHuy(MgF,—NaF) | = |
= (1 + XMe2+ Hna* ng2+
g

g = [AH Qi (Mg Cly — MgF,)/2)/xg- X1 -
753, = [AH (NaCl — NaF))/xp- Xg-
where AHT;, is the molar enthalpy of mixing and

_ (AGRa)

eq _
A 2ZRT

Z is the cation—anion coordination number.

We have chosen 7=850°C to compare experimental
data with calculation. At this temperature AGS ;=
—77kJ, 38= —22680Jeq.”?, A53=—38050Jeq.”!,
and A®9=—63.502kJ eq.”! (using Z=5).23%3% It may
be observed from the respective phase diagrams that the
systems MgCl,-MgF, and NaCl-NaF exhibit close to
ideal behavior.?%*” The numerical values of the respective
interaction parameters, M and AR}, therefore, are too
small to give significant contributions to aygr, and
Qugey, in the present calculations.
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