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The hydrolysis of pure liquid MgCl, and of the liquid NaCl-MgCl,
(¥mgc1, 0.62) mixture have been investigated at 730 and 675 °C. An experimental
set-up and procedure has been developed for this purpose. The amount of
MgOHCI in the melt was calculated from oxide analysis results and thermodyn-
amic data. The equilibrium constant for the reaction MgCl,(1)+H,0(g)=
MgOHCI(1)+HCI(g), K'=XwgonciPnci/Augci,Pry0, Was determined by linear
regression. It was found that in pure MgCl, K'=0.6740.07, while in the
NaCl-MgCl, mixture K'=0.35+0.04. K’ was constant in the temperature range
675 <T/°C <730. The results are in good agreement with comparable data in

the literature.

The specific energy consumption, N, for electrolytic
magnesium production may be calculated from eqn. (1)

N = V/0.454n (1)

where N/kWh (kg Mg) ! is the specific energy, ¥/V the
electrolyser voltage, and m the current efficiency. Today
the energy consumption is about 13—-14 kWh (kg Mg) ™%,
a reduction of more than 6 kWh since the early days of
the art.! However, the thermodynamic energy required
is only about 6.8 kWh (kg Mg) ™! at 700 °C,? and it may
therefore still be possible to cut the energy consumption
considerably.

One way to increase the energy efficiency is to obtain
better control over the oxide and hydroxide species
dissolved in the bath. Some of the MgO is introduced
with the MgCl, feed, but in some cases the MgO is
formed in the electrolyte by the reaction between mois-
ture in the atmosphere above the electrolyte and MgCl,
and Mg according to the reactions:?

Mg(1) + H,0(g) = MgO(s) + H,(g) (2)
MgCl,(1) + H,0(g) = MgO(s) + 2HCl(g) (3)
MgCl,(1) + H,0(g) = MgOHCI(1) + HCl(g) (4)

Oxide impurities primarily affect the interfacial tensions
between the electrolyte, the metal and the cathode. These
impurities may deposit on the cathode surface and on
the produced metal, leading to passivation and less
favourable wetting between cathode, liquid magnesium
and electrolyte.* MgO absorbed on Mg droplets in the
electrolyte prolongs the time they are dispersed by

*To whom correspondence should be addressed.
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hindering their coalescence.® Furthermore, decreased cur-
rent efficiency may come as a result of water dissolved
in the bath being electrolysed to form CO and H, at the
anode and cathode, respectively.® Besides, a number of
impurities (Fe and Ti in particular) adversely affect the
electrolysis process only in the presence of magnesium
oxide and hydroxychloride.!

Water and MgOHCI in chloride melts have been
studied electrochemically by voltammetry.’~” It was
found that water or hydroxide, as produced by reac-
tion (4), was reduced to H,(g) and MgO(s) at cathodic
polarisation, forming a passivating film of MgO on the
electrode surface. The MgO film could be reduced and
the deposition of Mg restarted by a strong cathodic
polarisation.® Two cathodic current waves have been
found to originate from water and MgOHCI in chloride
melts, but anodic currents have not been observed for
these species.®’

To our knowledge only one group has previously
investigated the formation of MgOHCI in MgCl,-con-
taining melts quantitatively.  Vilnyansky and
Savinkova®® studied the formation of MgOHCI in the
solid phase and found that MgOHCI was formed in solid
solution with MgCl,. According to their results, pure
MgOHCI(s) cannot coexist with pure HCI(g) above
300 °C. A series of papers on magnesium hydroxychloride
were subsequently published by the same group. Studies
of MgOHCI in molten carnallite and other MgCl,-
containing melts, including a visual study of carnallite
containing 2-3% water'® and quantitative studies of the
hydrolysis reaction (4) in molten carnallite,’* in other
KC1-MgCl, melts,'? and in melts of the system MgCl,—
NaCI-KCI'? gave interesting information on the hydrol-



ysis reactions. They also studied the effect of hydrolysis
on the activity of MgCl, in NaCl-KCl-CaCl,-MgCl,
melts'* and the kinetics of the decomposition of MgOHCI
in KCI-MgCl, melts.'®> One of their conclusions is that
MgCl, exhibit less negative deviations from ideality in
hydrolysed melts than in water-free melts. In melts with
high MgCl,-contents positive deviations from ideality
were observed.!3:14

It is clear from the above discussion that oxides, water,
and hydroxide species dissolved in the electrolyte play
an important role during electrolytic magnesium produc-
tion. In this context, however, many questions about
their formation and behaviour remain unanswered. The
solubility of MgO in MgCl,-~NaCl'*¢ and MgCl,-NaCl-
NaF!” melts has recently been determined, and an extens-
ive study of the oxide solubility in mixed chloride—
fluoride melts containing MgCl, will be discussed in a
forthcoming paper.'® The present work is an experi-
mental investigation of the equilibria established during
hydrolysis of pure MgCl, and of a NaCl-MgCl, mixture.
Reaction (4) has been studied in pure MgCl, at 730°C
and in a NaCl-MgCl, (xygq,~0.62) at 730 and 675 °C,
and thermodynamic equilibrium constants were
obtained.

Principles

The hydrolysis of pure MgCl,(1) and a MgCl,~NaCl(1)
(Xmgc1, ~0.62) mixture has been studied as described in
the next section. In short, the experimental method
implies an equilibration of a melt with a gas phase having
known py,o and pyq. The components of the system are
MgCl, (1), NaCl(1), HCI(g) and H,O(g). The hydrolysis
products considered are MgOHCI and MgO, both dis-
solved in the melt. At a given temperature the system
has two and three degrees of freedom in the absence and
presence of NaCl, respectively. The accessible variables
are the partial pressures of the gaseous species and the
magnesium chloride activity. If MgO(s) is present at
equilibrium, one degree of freedom is lost. As a con-
sequence it is impossible to perform the present investi-
gation in pure MgCl, in the presence of MgO(s).
Furthermore, the kinetics of precipitation and dissolution
of MgO(s) are not known. Therefore, the gas phase
composition was such that the formation of solid magnes-
ium oxide was avoided. Accordingly, the equilibria con-
sidered are described by eqn. (4) and the equilibrium

MgCl, (1) + H,O(g) =MgO(1) + 2HCl(g) (5)

The equilibrium constants for these two reactions are
given as

Amgonct Puci
K4 =

Amgci, PH,0
and

2

Amgo Pucl
K5 = -

Amgct, PH,0
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respectively. Equilibrium (5) is related to reaction (3)
through reaction (6):

MgO(s) = MgO(1) (6)

In order to define properly K, and K, standard states
must be specified. Introducing MgO(s) as standard state
for MgO(1) implies that ay,o=1 for a melt saturated
with MgO. The solubility of MgO in MgCl,—NaCl melts
has been thoroughly studied by Boghosian et al.,® and
can be used to calculate the activity of MgO in sub
saturated melts. At 730 °C, the saturation mole fraction
of MgO, x{fz0, in the region 0.33 <xyq, <1 is well
described by the equation:!®

o= —1.55x 107+ 4.00 x 10 2y, (7)

If the Raoultian activity coefficient for MgO(l) is a
constant up to the solubility limit for any melt composi-
tion of the NaCl-MgCl, binary, xy,o and ay,, are
related through the equation:

Xitgo = Bgo(—1.55 X 1074+ 4.00 x 10 3ayey.) (8)

Since we later in this paper will discuss the dissolved
MgO and MgOHCI also in complexed forms, we have
used x{ to symbolise the total concentration of these
species. We also use the superscript R and H for the
Raoultian and Henryan activities of these compounds,
respectively, since both definitions will be used.

The Raoultian MgCl, activity coefficient in
NaCl-MgCl, melts, Yy, using pure MgCl,(1) as stand-
ard state, has been reported by several authors.!®=24 The
four most recent of these investigations?'~* are all very
well described by the equation below given by Karakaya
and Thompson®*

RT In yygq,
=(—16.78x%,c1 — 5.680x3,c; — 23.19x8 ¢y x 103
— T(—2.405x%,c1 — 2.65x%c1) ()]

This equation has been used to calculate ay,c, in the
present study.

In order to define the activity of MgOHCI, a standard
state must be chosen. Unfortunately, pure magnesium
hydroxychloride is not stable at the temperatures of this
investigation, neither in the solid nor in the liquid state.
A Raoultian equilibrium constant can therefore, not be
obtained without performing hydrolysis experiments at
lower temperatures with MgOHCI(s) present. However,
according to thermodynamic data it is not possible at 1
bar total pressure to have a melt in equilibrium with
MgOHCI(s) without precipitating MgO(s) simultan-
eously.?® As the system will have only one degree of
freedom when a four-phase equilibrium is established, it
cannot be investigated by the method utilised in the
present study.

Since it is impossible experimentally to obtain aygonc
using a Raoultian standard state, we will define the
activity of MgOHCI using a Henryan standard state
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through the equation

H O H
AMgoHCl = YMgOHCI Y MgOHCI (10)

It seems reasonable to assume that MgOHCI obeys
Henry’s law since the concentration of MgOHCI is very
low in the present melts.

Experimental

The chemicals used for the hydrolysis experiments were
MgCl, - 6H,0 (Merck 99%), NaCl (Merck 99.5%), HCI
(Messer Griesheim 99.995%), and Ar (Hydrogas,
99.998%). HCl (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 HCI. The temperature was lowered to 100 °C,
and the dehydrated chloride was flushed with N, for at
least 24 h to remove remaining HCI. The rate of heating
varied from 3 to 25°C h™!, depending on temperature
range and HCI flow rate. The dehydrated MgCl, was
destilled under vacuum (& 10~ % bar) at about 1000 °C,
and stored in sealed quartz ampoules. NaCl was dried
under vacuum at 400 C for 3-4 h, and recrystallised
twice from the molten state in a platinum crucible under
N, atmosphere.

The experimental cell used for the hydrolysis experiments
is shown in Fig. 1. The cell was made of quartz, and was
mounted in a water cooled tube furnace by means of a
brass flange glued to the top. A special Teflon arrange-
ment placed above the flange simultaneously constituted
the cell lid and prevented contact between the corrosive
gas mixture and the brass flange. A Viton O-ring gasket
was used between the lid and Teflon plates to obtain a
gas-tight arrangement. A sketch of the cell lid is shown
in Fig. 2. A brass plate was placed on top of the Teflon
cell lid in order to obtain physical strength. The radiation
shields inside the cell were made of sintered alumina and
had holes to accommodate the thermocouple, the gas

Brass plate

Teflon lid—PR
Teflon
plates :‘

Alsint radiation

Brass support

NN ;

shields
Reaction Cell
(Quartzy ~———P>
g Quartz sampling tube
Thermocouple Quartz filter
shielding (Alsint) 4 Crucible (Pt)
. Gas inlet tube
Pt casing (Alsint / Pt extension)
Melt

Fig. 1. The experimental cell
experiments.

used for the hydrolysis
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Fig. 2. A sketch of the cell lid seen from above. The cross-
section through hole 1 shows the conical arrangement used
to guide the sample extraction tube through the lid. The
same arrangement was also used for the thermocouple
shielding (hole 4) and the radiation shield rods (holes 3). The
connection between the gas line outside and the gas tube
inside the reaction cell is shown in detail as a cross-section
through hole 5. The same arrangement, but without any tube
inside the cell, was applied for the gas outlet (hole 2).

inlet tube, the sample extraction tube, and the radiation
shield holders. They were held above the crucible by
three alumina rods (diameter 3 mm) fastened in the cell
lid in the same way as the sample extraction tube (Fig. 2).
The holes in the radiation shields had the same positions
relative to the centre as the holes in the cell lid. The
thermocouple was protected by an alumina tube closed
in the lower end. This tube was guided through the cell
lid by a conical arrangement preventing direct contact
between the atmospheres inside and outside the cell
(Fig. 2). The lower end of the thermocouple protection
was shielded from contact with the melt by a platinum
casing. The gas inlet tube (sintered alumina) extended
with a Pt-tube at the lower end. The upper end of the
gas inlet tube was attached to a Teflon fitting, which in
turn was screwed through the cell lid. The gas line was
coupled to the other end of this fitting. See Fig. 2 for
details. The platinum part of the gas tube was immersed
in the melt, and the gas stream provided the stirring.
The sample extraction tube (quartz) had a quartz sinter
of porosity 3 (pore size 15-40 um) at the end to be
immersed in the melt just before sampling. This pore size
was reported to be suitable for extracting samples from
MgCl,—NaCl melts.?® In some of the experiments the
quartz sinter was replaced by a quartz capillary (1 x 3 mm
¢, 50 mm long) mounted inside the tube. A syringe was
attached to the other end of the sample extraction tube
through a plastic tube protected from contact with the
corrosive gas by a Teflon valve.

Experimental procedure. The salts were crushed and
transferred to the crucible inside a glovebox. The experi-
mental cell containing the crucible was closed and posi-
tioned inside the furnace, and the salts were slowly
heated to 830 °C under constant HCI flow. After 3 h the



temperature was lowered to the experimental temper-
ature. The melt was bubbled with a gas mixture consisting
of Ar, H,0 and HCl in pre-set ratios. When equilibrium
was established in the system a melt sample was sucked
into the sample extraction tube, quenched in liquid N,,
and immediately transferred to a glove box. The sample
was then prepared and analysed for total oxygen content,
ng* (carbothermal reduction analysis at about 2100 °C),
and for O? base equivalents, n$* (acid consumption
method). In the experiments where the system contained
NaCl, the samples were also analysed for Na* and Mg?*
by ICP.

The gas mixture composition was made up by control-
ling the flow rates of two separate gas streams, dry HCl
and humid Ar, independently. The argon stream was
humidified by passing it through a bubble flask filled
with water saturated with NaCl. This water solution was
kept at about 30°C in a thermostatted water reservoir.
The water was saturated with NaCl in order to lower its
vapour pressure. The gas tubes between the bubble flask
and the experimental cell were heated with a flexible
resistance wire in order to prevent condensation.

In the two first experiments reported, the gas streams
were measured using ball flow meters with maximum
flow capacities of about 100 ml min~! at room temper-
ature and | atm. Needle valves mounted at the gas inlets
of the flow meters were used to control the gas flow
rates. For the last four experiments the Ar and HCI flow
rates were measured and controlled independently by
two Bronkhorst Hi-Tec F-201C-FA electronic mass flow
controllers with maximum flow capacities of 250 and
100 ml min ~! for HCI and Ar, respectively, measured at
0°C and 1 bar. The flow controllers were operated by a
four-channel Bronkhorst Hi-Tec E-5500 power supply.

The ball flow meters and the electronic mass flow
controllers were calibrated using a soap film flowmeter
(Ar flow controller) and by dissolving HCI in a NaOH
solution and subsequent titration with 0.1 M HCI (HCI
flow controller). The water content of the humidified Ar
stream was calibrated after each experiment by passing
the stream through a tube filled with P,Os, and measur-
ing the weight change as function of time.

The oxide analysis techniques used were carbothermal
reduction using a Leco TC-436 oxygen and nitrogen
determinator and acid consumption method (iodometric
titration). During the carbothermal reduction analysis
technique the sample is heated together with graphite
powder to a temperature high enough for all oxide to
react with the graphite. The CO(g) thus formed is
oxidised to CO,(g) and detected by IR absorption. See
Vindstad?’ or Mediaas et al.'’"'® for a more thorough
description of the carbothermal reduction technique.

Data treatment

The total amount of oxygen and the amount of basic
oxide equivalents in a melt sample are given by eqns.

HYDROLYSIS OF MgCl,-CONTAINING MELTS

(11) and (12), respectively:
X§" = Xmgo + Xngonci (11)

bas __ .0 1o
X&*° = Xmgo + 3XMgoHCI (12)

The total mole fraction of oxygen in the melt, x&*, can

be calculated from the carbothermal reduction analysis
results, #y*, using eqn. (13)
Xnact Myact + Xumgcr, Muga
tot _ , tot 2 glly 13
Yo =" 16 x 10° (13)

where nf* is in micrograms per gram sample (ppm O),

and x; and M; are the mole fraction and molar weight
of component i, respectively. The mole fraction of basic
oxide equivalents, x8*°, is calculated from the acid con-
sumption analysis results, 7§, in a similar way.

By combining eqns. (11) and (12), the content of both
MgO and MgOHCI in the melt could be determined
experimentally. It was, however, concluded that due to
decomposition of MgOHCI during sample extraction,
only the carbothermal reduction analysis results could
be trusted.?’” The MgO content has therefore been calcu-
lated from thermodynamic data? and experimentally
determined MgO solubilities in NaCl-MgCl, melts'®
using the equilibrium constant for reaction (5) and eqns.
(8) and (9). In Table 1 thermodynamic data from four
different thermochemical tables are given at 727°C
together with the corresponding value of K;. Reasonable
agreement is observed. We have chosen data from Ref. 2,
since these data have been carefully evaluated prior to
tabulation.

The mole fraction of MgOHCI has been obtained
from x§* and xy,o by a simple subtraction:

o — ot o
XMmgoHCcl = X0 — XMgo (14)

Results

The results from the hydrolysis experiments are presented
in Figs. 3 and 4. The quasi-equilibrium constant for
eqn. (4), K= Xygonci Puci/amgci, Pu,0- €an be determined
from the plots shown in these figures. In Fig. 3 Xygoua
is plotted versus py,o/pPuc for pure MgCl,. The equilib-
rium constant for reaction (4) in pure MgCl, at 730°C
was calculated using linear regression, and
K,=0.67+0.07 is given by the slope of the line. The
corresponding results from experiments in the liquid
NaCl-MgCl, (xmgci,® 0.62, apec,~0.45) mixture at

Table 1. Thermodynamic data for reaction (3) at 727 °C.

AH3/ AS3/ AG3/

kJ mol ™! J (Kmol)™? kJ mol ™! K3 Ref.
47.4 66.7 —-19.3 10 2
47.4 66.5 —19.1 9.9 25
52.7 69.2 —-16.5 7.3 28
52.1 68.9 -16.8 7.5 29
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Fig. 3. Xmgouci in pure MgCl, plotted versus Ph,0/Puci at
730°C and 1 bar total pressure (py,o+ Puei+ Par)- Different
symbols indicate different experimental runs. 10% uncer-
tainty in n§* is indicated in the figure as vertical error bars.
Regression line indicates K;=0.67 +0.07.
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Fig. 4. Xmgonci/amge, Plotted  versus  puyo/puc in

MgCl,-NaCl melt with Xmgc1,~0.62 at a total pressure of
1 bar (pu,0+ Prci+ Par)- Different symbols indicate different
experimental runs. Filled symbols: 730°C; crosses: 675 °C.
10% uncertainty in n§* is indicated in the figure as vertical
error bars. Regression line indicates K;=0.35+0.04.

730 and 676 °C are presented in Fig. 4. For the purpose
of comparison with the results obtained in pure
MgCl,(1), xmgonc1 determined in the mixture has been
divided by aygc,. Linear regression gives K=
0.35+0.04. An effect of temperature on K, was not
observed in the temperature range 675 < 7/°C <730.

All the experimental results are presented in Table 2.

The equilibrium constants obtained in the present
work are plotted together with the corresponding data
reported by Savinkova and Lelekova!® in Fig. 5. For the
latter results ay,q, has been calculated from at Xy,
values given in their paper using eqn. (9) for the activity
coefficient of MgCl,.>* The agreement between the two
sets of data is satisfactory. Uncertainties in the data of
Savinkova and Lelekova'? are not given.

1196

MgCi2
0.0 0.4 0.6 0.8 1.0
0.8 ——t —— t —
L i ]
g g %00 ]
°-_ & L ]
& o O [e]
3| 5 04F J
% L
L3 = I ¢ ]
e L L o < )
0.2 i
- 0 04 ]
- 1
0 PRSI [N SH I EUTRTU N SN T S U ST TN SN N SRS T AT T
00 02 04 06 0.8 1.0
aMszClZ
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(600< T/°C<700); &, present work (675 < T/°C<730).

Discussion

The uncertainties associated with the carbothermal
reduction analyses of hygroscopic melt samples add up
to about 10% (our best estimate, based on experience).
This is considered the most important error source
related to determining xy,ouc;- This uncertainty is indi-
cated in Figs. 3-5 as vertical error bars. The most
important additional source of error in the determination
of Xmgona is considered to be the composition of the gas
phase. Estimated uncertainties in the gas composition
are indicated in Figs. 3 and 4 as horizontal error bars.
These estimates are based on the relative variations
between different calibration parallels, and on the differ-
ence between their mean value and the equilibrium water
pressure as calculated from thermodynamic data avail-
able in the literature.3®3! In some instances the calib-
ration procedure was problematic since the absorption
medium for water clogged in the absorption tube, and
large variations in water pressure were determined at a
given gas flow rate and temperature. This problem is the
major reason for the large horizontal error bars shown
in Fig.4. Other error sources, such as those in the
thermodynamic data utilised for calculating xy,o and the
presence of oxygen-containing impurities in the melt, are
probably less important.

In our calculation of xy,0o we assumed that
Ango = Xmgo- Another possible error source in the calcula-
tion of Xyonc is therefore deviations from Henry’s law
for MgO(1) close to saturation. Despite the fact that the
saturation mole fraction for MgO in pure MgCl, is as
low as 0.0036,'® MgO may exhibit deviations from
Henryan ideality at concentrations close to saturation.
It is not possible to test this hypothesis on the basis of
the available data, and we have therefore assumed that
MgO obeys Henry’s law in the whole concentration
range.

The fact that our results can be plotted as straight



Table 2. Hydrolysis data. augc, is calculated using eqn. (9).?

HYDROLYSIS OF MgCl;-CONTAINING MELTS

No. Xmgcei, amgol, T/°C Puci/bar Pu,0/bar ns'/ppm 0%~ Xmgo XmgoHCI
b 1 1 730 0.83 0 181 0 0.0011
1 1 1 730 0.71 0.0085 1465 0.00063 0.0081
2 1 1 730 0.71 0.0085 1413 0.00063 0.0078
3 1 1 730 0.57 0.013 2794 0.0015 0.0151
4 1 1 730 0.73 0.0081 1407 0.00057 0.0078
5 1 1 730 0.71 0.0086 1260 0.00064 0.0069
b 1 1 730 0.80 0 251 0 0.0015
6 1 1 730 0.71 0.0084 1634 0.00062 0.0091
7 1 1 730 0.63 0.0108 2175 0.0010 0.0119
8 1 1 731 0.62 0.0111 2214 0.0011 0.0121
9 1 1 730 0.71 0.0087 1482 0.00065 0.0082
b 1 1 727 1 0 210 0 0.0012
10 1 1 729 0.64 0.0089 1471 0.00080 0.0079
11 1 1 729 0.64 0.0094 1842 0.00085 0.0096
12 1 1 734 0.73 0.0067 1210 0.00049 0.0064
13 1 1 725 0.64 0.0090 1909 0.00080 0.0101
14 1 1 733 0.64 0.0090 1963 0.00083 0.0103
b 0.62 0.45 729 1 0 193 0 0.00098
15 0.62 0.45 729 0.73 0.0075 408 0.00012 0.00196
16 0.62 0.45 726 0.73 0.0072 385 0.00010 0.00185
17 0.62 0.45 728 0.64 0.010 447 0.00018 0.00209
18 0.62 0.45 729 0.57 0.012 785 0.00028 0.00371
19 0.62 0.45 726 0.57 0.013 706 0.00028 0.00330
b 0.63 0.46 730 1 0 71 0 0.00036
20 0.63 0.46 732 0.73 0.0084 361 0.00013 0.00171
21 0.63 0.46 740 0.73 0.0089 419 0.00014 0.00199
22 0.63 0.46 735 0.64 0.011 550 0.00023 0.00257
23 0.63 0.46 736 0.64 0.011 537 0.00022 0.00251
24 0.63 0.46 738 0.57 0.013 678 0.00032 0.00313
25 0.63 0.46 737 0.57 0.013 746 0.00033 0.00347
b 0.62 0.43 676 1 0 90 0 0.00046
26 0.62 0.43 676 0.64 0.010 614 0.00013 0.00299
27 0.62 0.43 675 0.57 0.013 714 0.00020 0.00343
28 0.62 0.43 676 0.57 0.013 712 0.00020 0.00341
29 0.62 0.43 676 0.52 0.015 876 0.00029 0.00415
30 0.62 0.43 679 0.47 0.017 1136 0.00040 0.00536

?ng" is obtained from the carbothermal reduction analyses, xmgo has been calculated from tabulated thermodynamic data,?
and Xmgowuc is calculated from ng™* and xygo Using eqns. (13) and (14). bSamples taken after the melt had been purged with

HCI for 12-48 h.

lines as shown in Figs. 3 and 4 is an indication that
MgOHCI obeys Henry’s law in the concentration ranges
studied. This is further illustrated in Fig. 6, where K}, is
plotted versus py,o/puci- No significant variation of K
with py,o/Puc can be observed.

The decrease observed in K, from pure MgCl, to the
NaCl-MgCl, mixture as shown in Fig. 6, however, shows
that K is not a true equilibrium constant. A thermodyn-
amic equilibrium constant where the activity of MgOHCI
is Raoultian rather than Henryan will not be a function
of the melt composition. This equilibrium constant is
given by

R o R
Ke = AMgoHCIPHCI  XMgoHC1 YMgOHCIPHCI
9= =
Amgc1,PH,0 Amgct, PHy0
7 AR
= K4Ymgonai (15)

where K}, and K7, are quasi-Henryan and Raoultian based

0.8 g
I 8
L o, J
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210 0'6__ o0 4
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Fig. 6. K, plotted versus py,o/pucic Open symbols: pure
MgCl,; filled symbols: xygc,~0.62.
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equilibrium constants, respectively. The above equation
implies that a decrease in K} owing to a dilution of the
melt with NaCl, will result in a corresponding increase
in YNgonc- Similar behaviour has been observed for
Yhgo 1N the same melts.'® The equilibrium constant for
the dissolution of MgO in a molten salt, eqn. (6), is
given by K = a0 = Xugo Yhgo - Since ajygo = 1 for a MgO-
saturated melt, yy,o (at 730°C) is given by

1 1
R _ ~
480 = St X TS5 x 10 % + 4.00 x 10 *dygger,

(16)

In pure MgCl, at 730 °C, v§,0~280. It is important to
keep in mind that this value is referred to pure, solid
MgO. This large, positive value is in agreement with the
low solubility of MgO in MgCl,, xy,0=0.0036 at
730 °C.'¢ Using pure, liquid MgO as standard state we
would obtain an activity coefficient less than one. Taking
the value for Ag,,G°(MgO)=750kJ mol™!, as listed in
Ref. 2, gives ay,o=0.0024 at 730 °C, corresponding to
Ymgo=0.68. We have chosen to use the solid standard
state for MgO. The reason is the large uncertainty in the
free energy of fusion for MgO.

Since magnesium oxide is complexed as Mg,OCl.>~~
in MgCl,~NaCl melts,'®3? and the complex formation
reaction

MgO(1) + MgCl,(1) = Mg,OClL,(1) (17)

has a large equilibrium constant, the system MgO-MgCl,
exhibit negative deviations from ideality when liquid
standard states are used for both components.
Furthermore, we observe from eqn.(16) that v,
increases as ay,c;, decreases. This is also in accordance
with the proposed complexation reaction (17).

As mentioned above Yigouq is also changing with the
MgCl, concentration, but a numerical value of Y oua
cannot be obtained owing to the unknown Raoultian
standard state of MgOHCIL. It is, however, possible to
give some comments on the variations observed in the
Raoultian MgOHCI activity coefficient. Let us begin by
observing from Fig.5 that, just like Yygo. Yheona
decreases with increasing ay,q, [eqn. (15)]. This appar-
ently similar behaviour of the two solutes may be a key
to understanding the chemistry of dissolution of
MgOHCI in MgCl,-containing melts.

A closer look at the MgOH™ ion tells us that it is
likely to be bent, much like water where one H* has
been substituted by Mg?*. This is due to the two lone
pairs on the oxygen atom, and it implies that this ion
must be considered a dipole. When pure liquid MgCl, is
hydrolysed, interactions between the positive Mg?* ions
and the negative end of the MgOH ™ dipole are likely to
occur, like in the Mg,0?* ion formed when MgO is
dissolved in MgCl,. Such interactions may be exemplified
by the reaction

MgOHCI(1) + MgCl,(1) = Mg,OHCl,(1) (18)
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having a quasi-equilibrium constant equal to

. XMg,0HCl,

' XMgoHC19MgCl,
Xwgonc1 denotes the mole fraction of ‘free’ MgOHCI
species in the melt. They are taken as free in the sense
that if Xygonc = Xmgonci the solution behaves ideally. The
larger Kjg, the larger the negative deviation from ideality
for MgOHCI. A rough estimate of Yy,ouq, given that
reaction (18) is the only complex forming reaction invol-
ving MgOHCI established in the melt, would be that
given by

XMgoHC1 XMgOHCI

(19)

Y&gona = =7
XMgoHCI  YMgoHCl T XMg,OHCI,
It is easy to see from eqns. (18) and (19) that increasing
amgel, implies decreasing Yyonci This is again in agree-
ment with our data and the data of Savinkova and
Lelekova!® shown in Fig. 5. It is, however, important to
note that the activity of MgOHCI will increase with
increasing aygcr, [eqn. (4)].

Let us compare briefly the two complex forming
reactions (17) and (18). The Mg-O bond must be weaker
in the (Mg-OH-Mg)}" than in the (Mg-O-Mg)*~
complex owing to the presence of H*. This implies that
K s <K,;. Our experimental data confirm this argument.
Boghosian et al'® found that when pure MgCl, was
diluted with NaCl until xy,, =0.62, Yygo increased by
a factor of 2.2. Our data show that yygouq increases by
a factor of 1.9 for the same change in MgCl, concentra-
tion. This means that the equilibrium constant of equilib-
rium (17) is larger than for equilibrium (18).

A consequence of the above interpretation of the
change observed in yyzona [eqn. (18)] is that MgOHCI
exhibits negative deviation from ideality at least in pure
MgCl,(1). This means that yyeouc has to be less than
one in this melt, implying that K3 is less in magnitude
than K, as determined in pure MgCl,(1). K; must
therefore at least be less than 0.67, and AG;>0.

If we consider reaction (4) from a hard-soft Lewis
acid-base point of view, the Lewis bases involved in the
exchange reaction may be taken as OH™ and Cl~, and
the Lewis acids as H* and MgCl™. The acids and bases
are arranged in order of what we consider to be increasing
softness. Since the same number of gas and liquid
molecules are consumed and produced during the reac-
tion, the entropy change, ASj, is expected to be small.
Reaction (4) may be re-expressed as

CIMg*-Cl(1) + H*-OH ~(g)
=CIMg*-OH (1) + H*-CI™

From this rearrangement and the above considerations
we can see that reaction (4) proceeds from predominantly
hard-hard and soft-soft interactions towards mixed
hard-soft interactions. On this basis we expect AHj to
be positive. These arguments therefore also lead us to a
positive G5, in accordance with what we deduced from
our complexation model [eqn. (18)].



The similarity in dissolution behaviour for MgO and
MgOHCI is further emphasised by the changing slope of
the K, versus ay,cy, plot around Xy, =0.33 shown in
Fig. 5. Boghosian et al.'® observed the same behaviour
for the solubility of MgO in the same solvent system,
and ascribed this change to the significant thermodyn-
amic and structural changes occurring in the
NaCl-MgCl, melt at this composition.

Positive deviation from ideality for MgCl, in hydrol-
ysed NaCl-MgCl, melts have been reported by
Savinkova and Lelekova.!®> However, it is not likely that
a strong negative deviation from ideality, as observed in
anhydrous NaCl-MgCl, melts, is reversed by addition
of as little as 2 mol% MgOHCI to the melt. Savinkova
and Lelekova®® do not indicate the uncertainties in their
data, and it is therefore difficult to evaluate their results.
It should be noted that our qualitative dissolution model
[eqn. (18)] is supported by the data of Savinkova and
Lelekova.

Two alternative interpretations of the observed
increase in Yygouci when NaCl is added to the melt are
possible. If MgOHCI was present in the chloride melt in
a partly dissociated form, i.e. as Mg?*, OH~, MgOH*
and Cl~ ions, the change in Yygouc Observed could be
explained by the increased strength of the Mg**-OH ™~
interactions when the next nearest neighbours of Mg?*
were Na* rather than Mg?* ions. This would be due to
the lower ionic potential of Na* than of Mg?*. A larger
fraction of the OH ™ ions would then be complexed with
Mg?* in melts containing NaCl than in pure MgCl,.
Consequently, Yhgona Would be larger in NaCl-MgCl,
melts than in pure MgCl,. However, the fact that pure
alkali chlorides do not undergo hydrolysis to any signi-
ficant degree indicates that OH ™ do not exist as free ions
in chloride melts.>® This means that practically all the
OH ™ ions are bonded to Mg?™ in hydrolysed MgCl,. A
strengthening of the Mg-OH bond, therefore, cannot
lead to increased Mg-OH* complex formation. The
second alternative interpretation is based on data by
Schenin-King and Picard.** Their results indicate that
magnesium hydroxychloride is present in the melt as
(MgOH),** and C1~ ions. The hydrolysis equilibrium
[eqn. (4)] should then be replaced by the reaction

2MgCl, + 2H,0 = (MgOHCI), + 2HCl (20)
with an equilibrium constant

2
, _ XdimerPHCI
20~ 3 5

aﬁ«gazl’%{zo 2
Where Xgimer = Xmgoncy, = 0-5Xmgonc1 may be calculated
from xygonc given in Table 2. The ratio Xgimer/@vgc, 1
plotted versus ( py,o/puc )’ in Fig. 7. Within experimental
error K}, is the same in MgCl, and in the MgCl,—-NaCl
mixture. The regression line, however, does not pass
through the origin. In principle this could be due to
oxygen-containing impurities present in the melt.
However, ICP analyses of some of the melt samples
revealed no indication of impurity metals in the melt.

HYDROLYSIS OF MgCl;-CONTAINING MELTS

0.015 —— —r— —

MgCl2

0.01

/a?
' I

(MgOHCI)2

L L L

0.005

Y N

TTTT T

0 R S EE
0.0005 0.001

2
( pHZO/pHCI)

Fig. 7. Xgimer/tgct, VETsus (py,o/ Puci)?. Different symbols rep-
resent different experimental runs. Open symbols: pure
MgCl,, T/°C=730; filled symbols: xugc,~0.62, T/°C=730;
Crosses: Xwgci, *0.62, T/°C=675. Regression line represents
Xdimer/azMgCI2=0'0031 +1 1'6(pH20/pHCI)Z-

o

The oxide contents detected in non-hydrolysed melts
(numbered ‘i’ in Table 2) are not high enough to account
for the above observations. This indicates that the
(MgOHCI), dimer is not an important complex in
NaCl-MgCl, melts, at least not for the solvent composi-
tions and solute concentrations studied in this work.

It should be mentioned that Schenin-King and Picard
performed their experiments in the ternary system
MgCl1,(20%)-LiC1(40%)-K C1(40%) (mol %) at 450 °C.
In this system the magnesium ions are to a large extent
expected to be present as MgCl,>~ ions. This means a
much lower activity of MgCl, than in the present study,
and complex formation according to eqn. (18) may be
suppressed in favour of reaction (20) in the more basic
melts of Schenin-King and Picard.*

The results of Savinkova and Lelekova®® have been
recalculated in terms of dimer formation and the recalcu-
lated data are plotted in Fig. 8 together with our results.
We observe that the ranges of pressure ratios do not

005 , : . . 10
0.04 | 3
o 3 O 8
Q 0.03
el s
= E
e 0.02 6
~ea I
8 0.01 -
z 4
° 0 i 1 i 1 aa. 2 1
; 0.005 0.01 0.015 0.02
"

2
( pHZO/pHCI)

Fig. 8. Xaimer/3tgci, Versus (pwo/puc)® O, (600°C),"
<, (700°C),® @, this work. Details at low pressure ratios
are shown as an insert. Regression line based on data
from Ref. 13.
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overlap. However, there seems to be good agreement
between the two sets of data. It is observed that the
dimer exhibits positive deviations from Henryan behavi-
our when its concentration is increased. This may be an
indication that the magnesium hydroxychloride is present
in the melt as monomers in the very dilute region, and
that the dimer becomes increasingly important at higher
hydroxide concentrations.

Concluding remarks

The hydrolysis studies turned out to be experimentally
difficult. First of all, MgCl, is very hygroscopic and
should preferably be kept and handled inside of a
glovebox. This was not possible as hydrolysis involves
reactions with water. Furthermore, the corrosive nature
of a gas mixture containing both HCIl and H,O at 730 °C
introduced serious material problems. The fact that the
acid consumption technique could not be used due to
decomposition of MgOHCI introduced unforeseen prob-
lems. A new analytical technique to measure the sum of
oxide and hydroxide in hygroscopic melt samples invol-
ving carbothermal reduction of the oxygen-containing
species had to be developed. This was in itselt difficult
and time-consuming. Nevertheless we feel that our data
and the interpretation of these data give some new insight
into the complex chemistry of hydrolysed melt systems.
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