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Solubility of 1:1 Alkali Nitrates and Chlorides in Near-Critical and Supercritical

Water
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TWENTE B.V., 7544 GG Enschede, The Netherlands, and University of Groningen, Stratingh Institute for Chemistry and
Technology, Chair of Process Technology, 9747 AG Groningen, The Netherlands

To increase the available data on systems containing supercritical water and inorganic compounds, an
experimental setup was designed to investigate the solubilities of inorganic compounds in supercritical water.
In this work, three alkali chloride salts (LiCl, NaCl, KCI) and three alkali nitrate salts (LiNOs, NaNQOs;,
KNOs) were investigated in the range from (653 to 693) K and from (18 to 23.5) MPa. The experimental
results were correlated with a model based on the phase equilibrium between the inorganic compound and
supercritical water. When available, the experimental data were extended with data available in the open
literature. The experimental results and parameters obtained by this model were compared with each other
and evaluated under consideration of the physical aspects of the inorganic compounds. In addition to the
main purpose of the experiments, side reactions like decomposition of nitrate and changes in pH were
observed and discussed in this work. The presented data are the first coherent study of the solubility of six
common inorganic compounds in one setup and with one method.

Introduction

Supercritical fluids receive more and more attention in science
and industry due to the versatile application possibilities. This
versatility is based on the adjustable properties of supercritical
fluids." The applications for supercritical fluids range from
extraction, particle formation, reactions, and cleaning to
dyeing.>™'°

Supercritical water as a medium for industrial applications
has received little attention in the literature and research so far
since the critical properties (7. = 647 K, p. = 22.1 MPa) result
in harsher conditions for materials and equipment. This results
in limited knowledge of the properties of supercritical water
systems and mixtures of supercritical water and organic/
inorganic compounds compared to other fluids (e.g., carbon
dioxide). Nevertheless, several new approaches and research
projects recently started to use supercritical water as a solvent
of choice due to the beneficial aspects of supercritical water
(e.g., inexpensive and green solvent, high thermal capacity,
diffusion adaptability, changing solvation behavior). These
projects include reactions in supercritical water,"'~'* gasification
of biomass in supercritical water,'>”'7 oxidation of waste
material in supercritical water,"® 2" and the removal of inorganic
compounds in supercritical water. To improve and to optimize
these new approaches, additional data and understanding of the
system is necessary.>>

One important aspect for all these approaches is the presence
of inorganic compounds (e.g., salts) in the supercritical system.
The solubility of these compounds is tremendously diminished
in comparison to the solubility at ambient conditions.>*** The
reason for this is the different structure of supercritical water
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and the reduced dielectric constant. This leads to weaker
hydrogen bonding and to less hydration of the inorganic
molecules by the surrounding water molecules.?>**® Due to this
behavior, water changes from an excellent solvent for inorganic
compounds at ambient conditions to a poor one at supercritical
conditions. As a result of the diminished solubility, the inorganic
compounds start to precipitate and to form a solid phase within
the supercritical water system.

The presence of a solid phase may lead to problems within
the system. Blocking of parts of the equipment may occur as
well as the deposition of solid particles on the walls of the
equipment.>’~> This can result in an increased pressure drop
along the system and end up in a total failure. Additionally,
erosion and corrosion are negative side effects of the presence
of a solid phase, especially if the material used is not designed
or capable to deal with corrosion.*® >* On the other hand, the
diminished solubility of inorganic compounds can be used to
remove these compounds from the water phase, or the different
solubilities of different salts can be applied to separate the salt
fractions from each other.

To obtain further insight into the properties of salt +
supercritical water systems, three alkali nitrate salts (LiNOs,
NaNO;, KNOs) and three alkali chloride salts (LiCl, NaCl, KCI)
were investigated systematically regarding their solubility and
behavior. The investigated temperature and pressure range was
(653 to 693) K and from (18 to 23.5) MPa. These two sets
differ in the type of the cation. The effect of the type of cation
and anion was studied by comparison of the experimental results.
The results of the experiments were evaluated using a model
based on the description of the phase equilibrium between the
solid phase and the supercritical fluid phase.***> The parameters
obtained with this model are compared, and a correlation
between these parameters and the properties of the solids is
proposed. Furthermore, several aspects like possible side
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Figure 1. Solubility curve of NaC

reactions during the experiments as well as changes in pH are
mentioned and discussed.

Theoretical Background

Solubility in Supercritical Water. For the interpretation of
the solubility experiments, a model derived from the description
of the equilibrium between the two present phases, solid and
supercritical fluid, is applied.?**3"7 A phase diagram with the
solubility of NaCl as a function of the density of water is shown
in Figure 1. This equilibrium can be interpreted as follows

a+*Me®m+H,0(f) + b X% p+H,0(f) =
Me X, - n-H,0(f) (1)
Me, X, * n+H,0(f) = Me X,(s) + n+H,0(f) (2)

Me represents the salt cation, while X represents the salt
anion; a and b are the number of ions in the salt molecule, and
c and d are its valency. n, m, and p are the number of water
molecules needed for solvation for the salt and the ions, while
s and f refer to the phases solid and fluid. Regarding the
equilibrium, it is assumed that the formation of a solid only
takes place via the associated complex and not via the
dissociated salt ions.

A formulation of the phase equilibrium constant K leads to
the following expression

One X, + 0+ HO()

K, = B — (3)
e X, () * OH,000

a refers to the activity of the species on a molality base.

Several assumptions can be made to simplify this expression.
The activity coefficient of the solid salts is considered as unity.
Interaction between the presented species is neglected. For the
fluid water phase, an ideal behavior is assumed. These assump-
tions have been used successfully to describe the solubility of
inorganic compounds in supercritical fluids.?***3

For a more convenient interpretation of the parameters, a
description on an amount of substance base is chosen. The
density of water is described as the amount of substance density,
while the composition is given as molality. The density of pure
water is calculated via the IAPWS95 equation of state.®

A more detailed explanation on the assumptions can be found
in a previous work of the authors.**

o Mvie x, - n-H,000
Kf = ————— O]

s n
l- P ,0(t)
J— n
Myt X, - 01,00 — Ks * P00 o)

The equilibrium constant for the simplified form of the
equilibrium, K¥, can be also expressed under usage of a van’t
Hoff like expression as

AsolvG
k= eXp(_ R-T) ©)
SolvH Asolv
- eXP(‘ R T T) ™
=log mye x,.p-m,0 = l0g K + nlogp, 0 ®)
Asole-I ASO]VS
TTRT R

n-logp,uo (9

R is the universal gas constant; 7 is the system temperature;
and m is the molality. For the Gibbs energy of solvation, A,y G,
the enthalpy of solvation, A, H, and the entropy of solvation,
AsonS, it is assumed that they are independent of the system
parameters temperature, pressure, and density. n is later on
referred to as the coordination number. To indicate the assump-
tion of an independence of the enthalpy of solvation and the
entropy of solvation from the system properties, eq 9 is
formulated as follows

A B
log myie x,-n-1,0 = R-T + R + n-logp,uo

(10)

The validity and the applicability of this approach for the
interpretation of the salt + supercritical water system has been
shown elsewhere.** In this previous work, eq 9, respectively,
eq 10 has been compared and evaluated to several further
approaches from the literature.

Experimental Section

Experimental Setup. For the measurement of the solubilities,
an experimental setup was designed (cf. Figure 2). The operation
range of the setup is up to 25 MPa as well as up to 723 K. To
avoid corrosion and to guarantee to withstand the mechanical
and thermal stress of the conditions, Hastelloy is used for all
parts that are in contact with the heated medium. The pressure
is provided by an HPLC pump (LabAlliance Series III) with a
volume flow of (0.1 to 10) mL-min~!. The temperature is
provided by a custom-made oven which is supported by an
electrical preheater. Inside the oven, a U-tube is installed in
which the precipitation takes place. The inner diameter of the
tube is 4.6 mm, the outer diameter 6.35 mm, and the length
265 mm. The temperature along this tube is measured at three
different positions with standard PT100 thermocouples (relative
uncertainty 0.25 %). The pressure inside the setup is measured
with a pressure sensor (Keller PA23H, relative uncertainty 0.2
%). Behind the tube, a filter (Pore size 0.5 um) is installed to
prevent any particles from being entrained to later sections. The
analysis of the samples is done via an inductive coupled plasma
atom emission spectrometer (Perkin-Elmer Optima 5300DV,
relative uncertainty < 2 % for all investigated species) for the
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Figure 2. Flow scheme of the experimental setup.
Table 1. Properties of LiNO3;, NaNO;, and KNO;
cation composition and liquid chromatography (Metrohm 741 Salt T/ K M/g-mol~'*° 710712 m*
Compact IC, relative uncertainty < 5 % for all investigated LiNO; 537 68.95 350
species) for the anion composition. The pH values of the samples NaNO; 580 84.99 392
were measured with a standard pH electrode (WTW pH/Cond KNO; 607 101.11 430

340i/SET; uncertainty after calibration £ 0.01). The process
data are logged continuously for later interpretation of the
results.

Experimental Procedure. As a feed stream, deionized water
plus a known amount of salt were used. The salts that were
used were of high purity (> 99.5 %). The salt concentration in
the feed was 0.05 mol+L~". The volume flow was 1 mL+min™!
for the experiments with NaCl, for the other salts 0.5 mL+min~".
The resulting residence time was approx. 260 s, respectively,
520 s. The temperature and pressure in the column were adjusted
to the desired conditions. The temperature was kept constant
for the duration of the whole experiment, while the pressure
was reduced stepwise after taking samples at each measurement
point.

Upon entering the column, the stream can be oversaturated
due to the conditions in the column and the investigated salt. If
an oversaturation occurs, precipitation of the salt will take place
until the phase equilibrium between both phases is established
in the column. The resulting stream leaves the system at the
solubility resulting from the temperature and pressure in the
column. The stream is cooled down and depressurized to
ambient conditions.

Next to the other properties, the conductivity of the outlet
stream is measured. If the conductivity and thereby the
composition was constant for a longer period of time (¢ > 10
min), an equilibrium state in the column was assumed. If the
system reaches such a constant state, two samples were taken
in an interval of 30 min. These samples are analyzed regarding
their composition with the analytical methods mentioned above.
For the calculation of the density, the outlet temperature (TI-4
in Figure 2) and the pressure at the pressure sensor (PI-1 in
Figure 2) were used. Pressure drops between the U-tube and
the pressure sensor were neglected due to the low volume flows.
Plugging inside in the U-tube was avoided by the low feed
concentration and the (in comparison, the feed concentration)
large volume of the U-tube.

A more extensive description of the setup and the procedure
can be found elsewhere.**

Results and Discussion

To increase the available property data of inorganic com-
pounds in supercritical water, two sets of salts were systemati-
cally investigated, alkali nitrate and chloride salts. Each set is
distinguished by the type of cation: lithium, sodium, and
potassium. Each salt was investigated regarding its solubility
with the same setup and method. For several of these salts,
almost no literature data were available until this point.

Nitrate Salts. Three alkali nitrate compounds were investi-
gated: LiNO;, NaNOj;, and KNOs. Several properties of these
salts are listed in Table 1.>**° The molecule radius is the sum
of the crystal radius of the anion and the cation.*® The melting
temperatures of all nitrates are below the investigated temper-
ature range resulting in the nitrate salts being in a liquid state
during the experiments.

In Figure 3, Figure 4, and Figure 5, the experimental data on
the different nitrate salts are presented. The solubility of each
compound is presented as a function of the density of pure water,
thereby as a function of temperature and pressure. The
experimental data cover a density range of (4 to 9) mol-L™!
(approx. (17 to 23.5) MPa, (650 to 700) K). Where available,
solubility data from the literature were added to the experimental
data.*' As can be seen from the figures, the measurements
presented in this work agree well with the results in the literature.
The experimental data including temperature and pressure as
well as their standard deviations, the density, the composition,
and the pH for the measurements on the nitrate salts can be
found in the Supporting Information.

The three parameters of eq 10, A, B, and n, were fitted to the
experimental data by application of the software MATLAB. For
the fitting procedure, the cation composition was used as
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Figure 3. S(LiNOs): @, this work; dashed line represents the description
of the experimental data with eq 10; parameters are listed in Table 2.
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Figure 4. S(NaNOs): *, this work; M, Dell’Orco et al.;*' dashed line
represents the description of the experimental data with eq 10; parameters
are listed in Table 2.

solubility in consistence with previous works.?***4? All ex-
perimental data can be described with good agreement with the
model presented.** The obtained parameters for this model are
listed in Table 2 and will be discussed in the following section.

Chloride Salts. Three alkali chloride compounds were
investigated: LiCl, NaCl, and KCI. Several properties of these
salts are listed in Table 3.3%

In Figure 7, Figure 8, and Figure 9, the experimental data on
the different nitrate salts are presented. The solubility of each
compound is presented as a function of the density of pure water,
thereby as a function of temperature and pressure. The
experimental data cover a density range of (4 to 9) mol-L™!
(approx. (17 to 23.5) MPa, (650 to 700) K). Where available,
solubility data from the literature were added to experimental
data from this work.?***** As can be seen from the figures, the
measurements presented in this work agree well with the results
in the literature. The experimental data for the measurements
on the chloride salts can be found in the Supporting Information.
The experimental data for NaCl can also be found in Table 6.
For the measurements of NaCl, a scatter in the solubility results
has to be mentioned.
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Figure 5. S(KNO;): A, this work; V, Dell’Orco et al.;*' dashed line
represents the description of the experimental data with eq 10; parameters
are listed in Table 2.

Table 2. Parameters for the Description of the Solubilities of
LiNO;, NaNO;, and KNO; with Equation 10

Salt A/J+mol™! B/J+mol™'-K™! n
LiNO; 15594 —81.91 4.33
NaNO; 5149 —93.06 3.93
KNO; —7793 —111.91 3.72

Table 3. Properties of LiCl, NaCl, and KCl

Salt T5 /K™ M/g+-mol ™' 710712 m*0
Licl 886 424 240
NaCl 1074 58.45 280
KCl 1049 74.55 318

All experimental data can be described with good agreement
with the presented model. The parameters obtained with this
model are listed in Table 4.

Side Reactions in SCW. In all experiments with nitrate salts,
a small amount of nitrite was found in the samples. Since the
feed solutions were produced by using very pure nitrate salts,
it can be assumed that a decomposition of nitrate to nitrite took
place.
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Figure 6. Comparison of the solubilities of LiNO;, NaNOs;, and KNO;: @,
LiNOs; %, NaNO;; A, KNOs; dashed lines represent the respective
description of the solubilities with eq 10.
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2XNO, = 2XNO, + O, (11)

The molality of nitrite in the experiments with LiNO3;,NaNOs,
and KNO; was determined as between (0.0005 and 0.0015)
mol-kg~!. These results on the nitrite composition show a
relatively experimental high uncertainty (multiple analyses of
the same sample showed deviations in the range of 10 % in
nitrite composition from each other; this was caused by operating
at the lower end of the detection limit of the analytical method)
due to the low concentrations. Yet the qualitative result of these
observations, the decomposition from nitrate to nitrite, is without
doubt. Although only a rather small temperature range from
(650 to 700) K was investigated, a higher decomposition of
nitrate to nitrite can be expected at higher temperatures.
Especially, the presence of oxygen might lead to problems in
applications since corrosion is enhanced by the presence of
oxygen.

In all experiments, a decrease in pH from 4 to 6 was
measured. Due to the only slightly acidic feed solutions, pH
6.7 to 6.9, for all salts, a hydrolysis of the salt is considered as
the reason for the drop in pH.***'** The equilibrium of the
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Figure 7. S(LiCl): @, this work; dashed line represents the description of
the experimental data with eq 10; parameters are listed in Table 4.
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A, Galobardes et al.;** dashed line represents the description of the
experimental data with eq 10; parameters are listed in Table 4.
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Figure 9. S(KCI): A, this work; <, Higashi et al.;*? dashed line represents
the description of the experimental data with eq 10; parameters are listed
in Table 4.

Table 4. Parameters for the Description of the Solubilities of LiCl,
NaCl, and KCl with Equation 10

Salt A/J+mol™! B/J+mol™' - K™! n

LiCl 5199 —69.61 2.48
NaCl 18784 —86.74 4.88
KCI 13123 —95.66 4.65

Table 5. Model Parameters of the Salts CuO, PbO, and KOH for
Equation 10374849

Salt A/T+mol ™! B/J+mol !-K™! n
CuO 23749 —103.68 1.339
PbO 27901 —57.97 1.971
KOH 13369 —81.10 3.244

hydrolysis is favorable to higher temperatures/lower densities
(cf. Figure 11). The possible reaction mechanism is depicted
below

XCl + H,0 = XOH(s) { + HCI (12)
XNO; + H,0 == XOH(s) { + HNO; (13)

The hydroxide precipitates and remains in the column. From
this reaction, the outlet stream becomes acidic due to the
presence of HCI/HNO;. This fact is supported by the ratio of
the cation and the anion concentrations in the samples. Here
the ratio of anion to cation is usually slightly higher than 1 which
indicates a surplus of anions due to the hydrolysis. Therefore,
the cation composition of the outlet stream corresponds to the
solubility of the investigated salt if the hydrolysis is taken into
account. Yet the pH change is small resulting in small
differences between the anion and cation composition. This
decrease in pH for all salt solutions has to be kept in mind for
applications where corrosion must be prevented, and the water
stream is used afterward for further purposes.

During the evaluation of the experimental data, the side
reactions have been not accounted and corrected for. It is
assumed that at pH 4 a maximum deviation in the solubility of
5 % results due to the side reactions.

Discussion

In Figure 6, the solubilities of the nitrate salts are compared.
A trend in the solubilities can be clearly seen so that a tendency
in the solubility of alkali nitrate salts can be determined (LiNO3
> NaNO; > KNO;). This tendency has also been assumed by
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Table 6. Experimental Results of NaCl”

oT P op 0 c(Na™)

T/K K  MPa MPa mol-L™! mmol-kg™! pH
654.11 + 045 2255 £+ 0.02 9.84 87 5.96
656.17 + 046 2233 £+ 0.02 8.90 48.68 5.80
666.79 + 0.75 2354 £+ 0.02 8.60 38.26 5.24
65692 + 044 2215 £ 0.01 8.51 35.64 5.59
657.00 + 044 2215 £+ 0.01 8.49 38.6 5.74
666.27 + 047 23.07 + 0.02 8.18 29.85 5.08
67323 + 0.55 23.10 + 0.02 7.49 28.39 5.72
67289 + 055 2327 + 0.02 7.66 25.28 5.35
67338 + 0.58 2329 £+ 0.02 7.62 20.37 5.57
67545 + 058 23.03 £+ 0.01 7.26 16.01 5.13
672.02 + 0.54 2260 + 0.02 7.21 21.39 4.93
67342 + 059 2261 £+ 0.02 7.12 15.91 4.64
67425 + 0.65 2268 =+ 0.02 7.10 23.48 5.02
67477 +£ 051 2273 £+ 0.02 7.10 11.14 5.08
675.15 + 0.65 2272 £+ 0.02 7.07 20.93 5.01
67892 + 057 23.03 £+ 0.01 7.02 12.61 5.25
679.13 + 0.59 23.02 £+ 0.01 7.00 12.58 5.08
676.25 + 0.61 2251 £ 0.01 6.86 10.88 5.02
676.62 + 0.60 2251 =+ 0.01 6.83 10.23 5.49
683.87 + 0.61 2323 £+ 0.02 6.83 9.65 5.28
68448 + 0.61 2320 =+ 0.01 6.79 9.61 5.26
678.74 + 0.65 2255 £+ 0.02 6.73 15.35 5.17
67843 + 0.56 2254 £+ 0.02 6.74 16.39 n.a.
667.13 + 047 21.02 £ 0.01 6.46 12.66 4.64
681.64 =+ 0.66 2237 =+ 0.02 6.46 7.32 5.03
667.70 + 049 21.03 =+ 0.01 6.43 15.67 4.61
682.70 + 0.60 2226 =+ 0.01 6.35 7.89 4.98
684.02 + 0.62 2238 £ 0.02 6.35 8.16 4.96
683.16 + 0.61 2226 =+ 0.01 6.32 8.7 4.88
671.87 +£ 0.67 21.02 £ 0.02 6.20 7.88 4.63
672.14 + 0.68 21.02 =+ 0.02 6.18 8.44 491
67492 + 0.62 2058 £ 0.02 5.80 8.4 5.28
67296 + 0.61 20.08 =+ 0.02 5.63 5.53 4.69
673.04 + 058 2006 =+ 0.02 5.61 5.05 4.77
67327 + 0.63 19.01 + 0.02 5.10 3.59 4.65
673.57 + 0.57 1901 £+ 0.02 5.09 3.89 4.72
67342 + 0.60 1798 =+ 0.02 4.64 2.68 4.60
67342 + 059 1795 + 0.02 4.63 2.6 4.67
67334 + 0.67 17.07 £+ 0.01 4.28 1.44 4.50
673.72 £ 0.62 17.05 £ 0.01 4.27 1.53 4.60

“oT and op are the standard deviations of the measured temperature

and pressure, respectively, during the experiment.
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Figure 10. Comparison of the solubilities of LiCl, NaCl, and KCI: @, LiCl;
%, NaCl; A, KCI; dashed lines represent the respective description of the
solubilities with eq 10.

other groups, yet the available experimental data were scarce.*'
To explain this tendency, the radii of the salt molecules can be
taken into consideration. Due to the changed physical properties
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Figure 11. Measured pH of the experiments with NaCl as a function of the
density.

of water in its supercritical state and the therefore diminished
dielectric constant, the solvation power of water is reduced, and
the hydrogen bonds are weakened.® As one result, this leads
to an association of the ions.?>**** As a further effect, the
hydration of the molecules decreases due to the weakened
hydrogen bonds.>>?® Additionally, the hydrogen bonding be-
tween the water molecules competes strongly with the actual
solvation of the solutes and thereby decreases the solvation
ability of supercritical water.*> As a result, the molecules cannot
be kept in solution and start to form a solid phase.

Table 1 contains the radii of the associated nitrate salts with
the cation being the only difference. As can be seen from this
table and Figure 6, a higher solubility corresponds with a smaller
radius. Here, the difficulty in hydration of the salt molecule is
considered as a possible reason for this relation. It is easier to
maintain the hydration sphere around a smaller molecule and
to keep it in solution. This results from the reduced distance
between the water molecules to establish hydrogen bondings
with other water molecules and the salt molecule and to maintain
them.

The parameters of approach in eq 10, A, B, and n, for the
investigated nitrate salts are listed in Table 2. The coordination
number n decreases from 4.33 for LiNO; to 3.72 for KNO; in
correspondence with decreasing solubility and increasing radius.
The coordination number can be taken as an indication of how
far it is still possible to solvate the salt molecule. If a salt
molecule can bind more water molecules in its hydration sphere
like LiNOs, its solubility is higher than in comparison with
KNOs. For KNOs, it is apparent that the larger radius and the
changed properties lead to a lower concentration of water
molecules around the salt molecule. Therefore, the solubility
and the coordination number are lower.

In Figure 10, the solubilities of the chloride salts are
compared. The experimental data of NaCl show in comparison
to the other salts scatter in the composition results. The ex-
periments on NaCl were the first to be performed with the setup,
thereby adding an additional uncertainty. Contrary to the nitrate
salts, no clear trend can be seen. While NaCl and KCI behave
according to the corresponding nitrate salts, LiCl shows a lower
solubility for densities = 6 mol+L~! than one could assume
based on the previous results.

A possible explanation for this anomalous behavior is
assumed to result from the nature of lithium itself. With lithium
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parameter resulting from the fitting procedure.

being the lightest of the metals and having the smallest ionic
radius, several abnormal phenomena in comparison to other
alkali metals exist (e.g., diagonal relationship with magnesium,
high solubility in polar organic solvents).*® Due to the small
ionic radius, the lithium cation has a high charge density which
results in a stronger attraction of the electrons of the corre-
sponding anion. Therefore, considering the proposed association
and precipitation mechanism (cf. eq 2), the formed associated
LiCI complex is likely to have a more covalent bonding structure
than the NaCl and KCI complex. This results in a more difficult
hydration and a lower solubility for LiCl since partial charges
of the molecules are not as pronounced as for NaCl and KCI.
Nevertheless, this does not explain the higher solubilities of LiCl
in comparison to NaCl and KClI at lower densities. To investigate
the actual hydration structure of LiCl and compare it to NaCl
and KCl, molecular modeling and spectrographic measurements
(Infrared, Raman)*’ are considered as possible tools. The
application of these tools could give a verification of the
assumptions made above or offer a different explanation for
this phenomenon.

Relation of Model Parameters and Salt Properties. Due to
the results presented above, a possible relation between the
radius of the salt molecule and the model parameters of eq 10
is investigated. To extend the available data and to have a greater
significance, parameters of three additional monovalent salts
(CuO, PbO, KOH) are added to the parameters presented in
the section before. These parameters were obtained from
solubility data available in the literature®”*®*° and can be found
in Table 5. The experimental data*® for CuO have to be treated
carefully since large scattering occurs throughout the data set.

In Figure 12, Figure 13, and Figure 14, the model parameters
are presented as a function of the molecule radius including
the standard deviations (cf. Table 2 and Table 4). The radii were
obtained from the corresponding crystal radii.*® For the param-
eter A, which is a direct function of the temperature, and B,
which is correlated to the parameter AH due to the chosen
mathematical approach (cf. eq 10), the magnitudes of the
standard deviations are primarily resulting from the temperature
range that is covered in the experimental data. This is most
prominent for LiNO; where only a range from (663 to 679) K
was investigated. Therefore, additional experiments for LiNO3
are advisible to correct these deviations.
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Figure 13. Parameter B (cf. eq 10) as a function of the molecule radius: O,
CuO; V, PbO; <, LiCl; O, KOH; A, NaCl; O, KCI; @, LiNOs; %, NaNOs;
B, KNOs; the vertical bars represent the numerical uncertainty of the
parameter resulting from the fitting procedure.
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Figure 14. Parameter n (cf. eq 10) as a function of the molecule radius: O,
CuO; V, PbO; <, LiCl; O, KOH; A, NaCl; O, KCI; @, LiNOs; %, NaNOs;
M, KNOs; the vertical bars represent the numerical uncertainty of the
parameter resulting from the fitting procedure.

For the parameters A and B, a linear correlation between the
radius and the parameter can be found. Both parameters increase
with decreasing radius.

For the parameter n, two groups can be distinguished (group
I: NaCl, KCI, LiNOs3, NaNOs, KNOs; group II: CuO, PbO, LiCl,
KOH). Group I shows a linear correlation with an increasing
coordination number for a smaller molecule radius. This
behavior has been discussed above for the nitrate salts in regard
to the overall solubility, where the coordination number was
taken as an indicator for the solubility. As can be seen in Figure
14, this behavior can also be found for KCI and NaCl.

Group II shows a different tendency. Their coordination
number shows an increasing trend with an increasing radius.
CuO, PbO, KOH, and LiCl (as discussed above) have a more
covalent binding character in comparison to the more ionic
compounds in group I. Therefore, the difference in electrone-
gativity between the salt components can be taken as an indicator
for ionic/covalent character (e.g., difference in electronegativity
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of NaCl: 3.16 (Cl); 0.93 (Na); difference in electronegativity
of CuO: 3.44 (O); 1.90 (Cu)). The more covalent character
results in less pronounced local charges which makes it more
difficult to establish hydrogen bonds between the salt molecule
and the surrounding water. Therefore, less water molecules are
bound to the salt molecule resulting in a lower coordination
number. It can be concluded from this behavior that the
coordination number is depending not only on the molecule
radius but also on the binding character of the compound.

In Figure 15, the solubilities of the salts mentioned above at
673 K and 25 MPa are presented as a function of the
coordination number. As can be seen, increasing solubility
correlates in an exponential manner with an increasing coor-
dination number (with the exception of CuO). Therefore, these
relations between the radius, the binding character, and the
parameters of the model can be used to predict to a certain
degree the solubilities of salts and the parameters of the model
where no or little property data are available in the open
literature.

Conclusions

In the course of this work, a systematic study of the
solubilities of three alkali chloride salts (LiCl, NaCl, KCI) and
three alkali nitrate salts (LiNO3z;, NaNOs;, KNO;) was performed.
The study was performed in one setup using one method. The
investigated range was from (653 to 693) K and from (18 to
23.5) MPa.

The solubilities of each group were compared with each other.
For alkali nitrates, a clear tendency in the solubility in
correspondence with the molecule radius could be determined
(LiINO3; > NaNO; > KNOs). For alkali chlorides, a similar
tendency could not be determined due to the anomalous behavior
of LiCl. Considering the parameters obtained from the model,
it can be concluded that a high solubility in supercritical water
correlates with the ability of the molecule to establish as many
hydrogen bonds with the surrounding water and to maintain a
hydration sphere. This results in a higher coordination number.

A comparison of the radii of the inorganic compounds with
the parameters obtained by eq 10 showed that a linear relation
exists between the enthalpy and entropy parameter and the
radius. The coordination number was found to be additionally
depending on the binding character of the molecule.

The experiments revealed that next to the precipitation of
alkali chlorides and nitrates several side reactions take place.
During all experiments a drop in pH from 4 to 6 was found
resulting from a hydrolysis reaction. During the experiments
with alkali nitrates, small concentrations of nitrite were found
resulting from the decomposition of the nitrate.
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