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Abstract 
 
Several industrial applications dealing supercritical water encounter the presence of 
inorganic compounds, primarily salts. This presence of a solid phase may lead to problems 
within the system (malfunction, scaling). 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. 
In order to obtain further insight in the properties of salt - supercritical water systems, 
several groups of salts (three alkali nitrate salts (LiNO3; NaNO3; KNO3), three alkali chloride 
salts (LiCl; NaCl; KCl)) were investigated systematically regarding their solubility and 
behavior. The investigated temperature and pressure range was 380 – 420 °C and 180 - 235 
bar. These two sets differ in the type of the cation. The effect of the type of cation and anion 
are studied by comparison of the experimental results. The results of the experiments were 
evaluated with an approach based on the description of the phase equilibrium between the 
solid phase and the supercritical fluid phase. The parameters gained by this approach are 
compared and a correlation between these parameters and the properties of the solids is 
proposed. Additionally, several aspects like possible side reactions during the experiments as 
well as changes in pH are mentioned and discussed. 
 

Introduction 
 
The application of supercritical fluids for industrial purpose (e.g. dyeing, reaction, extraction, 
particle formation [1,2,3,4]) shows great potential due to the versatility of supercritical fluids. 
This potential results from the adjustable properties of supercritical fluids by manipulation of 
the system parameters temperature and pressure. Therefore, the interest in systematic research 
of supercritical fluids has increased in the last two decades. The scientific investigations and 
the industrial usage of supercritical water has been limited so far by the – in comparison to 
other fluids of interest – elevated critical properties (Tc = 647 K; pc = 22,1 MPa) and the 
thereby resulting increased demands on materials and equipment. Yet, the application of 
supercritical water enables multitudes of possible industrial applications due to its unique 
properties (Reactions in supercritical water [5], Gasification of biomass in supercritical water 
[6], Oxidation of waste material in supercritical water [7]).  
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Inorganic compounds and their behavior in scW systems represent an interesting and not fully 
understood aspect in these systems. Inorganic compounds show a tremendously diminished 
solubility at supercritical conditions due to the changes in the properties of water [8]. This 
behavior results in a precipitation of the inorganic compounds and a formation of a solid 
phase. The presence of such a solid phase is a possible cause for malfunction of parts of the 
equipment and scaling of these particles on the walls of the equipment [9]. Furthermore, 
increased erosion and corrosion are to be expected by the presence of such a solid phase [10]. 
On the other hand, this diminished solubility of inorganic compounds can be applied for a 
removal of these compounds by usual means or the difference in solubility between the 
inorganic compounds can be used for a fractionization of these. 
In order to obtain further insight in the properties of salt - supercritical water systems, three 
alkali nitrate salts (LiNO3; NaNO3; KNO3) and three alkali chloride salts (LiCl; NaCl; KCl) 
were investigated regarding their solubility and behavior. The investigated temperature and 
pressure range was 380 – 420 °C and 180 - 235 bar.  

Theoretical background  
 
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 [11]. 
This equilibrium can be interpreted as follows: 
 

O(f)H ·n  * XMe   O(f)H · p * X · b  O(f)H · m  * Me · a 2ba2d2c ⇔+     (1) 
 O(f)H ·n   (s)XMe  O(f)H ·n   * XMe 2ba2ba +⇔       (2) 

 
Me represents the salt cation while X represent the salt anion; a and b are the number of ions 
in the salt molecule, c and d its valency. n, m and p is 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. 
Describing the phase equilibrium constant leads to the following expression: 
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α refers to the activity coefficient of the species on a molality base. 
Several simplifications can be made for this expression like interpretation of the fluid phase as 
an ideal one and neglection of the activity coefficients. More detailed explanation on these 
points can be found elsewhere . 
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By application of an Arrhenius approach, K*

s can be as described as: 
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R, T, ΔGsolv, ΔHsolv, ΔSsolv resemble respectively the universal gas constant, the system 
temperature, the Gibbs enthalpy of solvation, the heat of solvation and the entropy of 
salvation. For the enthalpy and the entropy, an independence of temperature and pressure is 
assumed. n is the coordination number. 
The validity and the applicability of this approach for the interpretation of the salt - 
supercritical water system has been shown elsewhere [12]. 

Experimental 
 
Experimental setup 
 
To measure the solubilities of salts in water at near critical and supercritical conditions, an 
experimental setup was designed (shown in Figure 1). The operating range of the setup is up 
to 25 MPa and up to 723 K. Hastelloy C was used as construction material for all heated 
parts; stainless steel and PEEK was used for the remaining parts. ICP analysis and optical 
investigations were performed on a regular basis to detect any corrosion. 
 

 
Figure 1: Scheme of the experimental setup 

 
Inside the oven, an U-tube is installed. The inner diameter of the tube is 4.6 mm, the outer 
diameter 6.35 mm and the length 265 mm. The other tubings have a diameter of 1/16”. The 
heating of the oven is provided by several electrical heating coils in the rear wall of the oven. 
Along the length of the column three thermocouples (PT100) are installed to measure the 
temperature profile at the inlet, center and outlet part. Two aluminum plates are placed in the 
front and the rear of the column and attached to it in order to increase the heat exchange area 
and to provide a constant temperature profile. A thermocouple in the vicinity of the frontal 
aluminum plate regulates the oven temperature. A filter with a 2 μm Hastelloy filter is 
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installed behind the column to avoid any particles being entrained in the following parts. The 
feed solution is pressurized via a HPLC pump (LabAlliance Series III) with a flow rate of 1 - 
10 mL/min; the system pressure is regulated via a back pressure regulator (Tescom 26-1000 
Series) while the system pressure is measured by a pressure sensor ranging from 0 - 40 MPa 
(Keller PA-23H). A preheater is installed before the oven to ensure a higher inlet temperature 
and a more uniform temperature profile along the column. The stream exiting the oven is 
cooled down and depressurized and afterwards sampled and analyzed. The process data is 
logged continuously. 
 
Analysis 
 
The composition of the stream is analysed continuously via the measurement of the 
conductivity as well as batch-wise via sampling. The conductivity is measured contactless 
(Tracedec conductivity sensor). This method enables a validation of an equilibrium state in 
the column. The samples taken were analysed for all ions present. For the analysis of the 
present anions liquid chromatography is used; the metal ion concentrations are analysed via 
an inductive coupled plasma atom emission spectrometer.  
 
Measurement procedure 
 
All feed solutions were prepared with analysis grade chemicals. The feed concentration was 
0.05 mol / L; the volume flow 1 mL / min. Samples were taken at an equilibrium state at the 
temperature and pressure of interest. The equilibrium state was verified via a constant 
conductivity over a certain span of time (>10 min). After taking the sample, the pressure was 
adjusted to a new state in order to measure at a different density.  
 

Results and discussion 
 
Alkali nitrates 
 
The solubility of three alkali nitrates was investigated (LiNO3; NaNO3; KNO3). The 
experiments were performed in a range from 650 – 700 K and 170 – 235 bar resulting in a 
density range of 4 – 9 mol / L. The experimental results are presented in figure 2 with the 
solubility in mol / kg as a function of the density in mol / L. All experimental data can be 
described in good agreement with the approach mentioned in Eq. 7-8. As can be seen from the 
figure, a clear trend between the solubilities exists. Therefore, a tendency in solubility can be 
determined (LiNO3 > NaNO3 > KNO3). This tendency was assumed before, yet the available 
experimental data was scarce [13]. To explain this tendency, the radii of the salt molecules 
can be considered (LiNO3 : 352 pm, NaNO3 : 392 pm, KNO3 : 430 pm [14]). As can be seen 
from these radii and Figure 2, the tendency for a higher solubility corresponds with a 
decreasing molecule radius. A possible explanation for this is that hydration of salt molecules 
in scW becomes more difficult with increasing radius and therefore less salt molecules can be 
kept be solvated.  
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Figure 2: Comparison of the solubilities  Figure 3: Comparison of the solubilities  

  of the nitrate salts         of the chloride salts 
 

 
Alkali chlorides 
 
The solubility of three alkali chloride compounds was investigated: LiCl; NaCl and KCl. The 
experiments were performed in a range from 650 – 700 K and 170 – 235 bar resulting in a 
density range of 4 – 9 mol / L. The experimental results are presented in figure 3 with the 
solubility in mol / kg as a function of the density in mol / L. All experimental data can be 
described with good agreement with the approach mentioned above. Contrary to the nitrate 
salts, a clear tendency cannot be found in the solubilities of the chloride salts. NaCl and KCl 
show a similar behavior to their corresponding nitrate salts, yet LiCl shows a substantially 
lower solubility at higher molar densities. 

 
Hydrolysis 
 
During the experiments, a decrease in pH to pH 4-6 was measured. Since the feed solutions 
are only slightly acidic - pH 6.7 - 6.9 for all salts -, hydrolysis of the salt is assumed to be 
reason for the drop in pH [15]. The equilibrium of the hydrolysis shifts to a preferred 
formation of hydroxide at higher temperatures. A possible reaction mechanism is depicted 
below: 
 

HClsXOHHXCl +↓⇔+ )(02         (9) 

323 )(0 HNOsXOHHXNO +↓⇔+         (10) 
 
The hydroxide, which is formed during the hydrolysis, precipitates and remains in the column 
while the formed acid stays in solution. Thereby, the outlet stream becomes acidic. This is 
supported by the IC/ICP results, where the anion concentration exceeds the cation 
concentration to a small degree. This is an indication for a surplus of anions due to the 
hydrolysis. The occurrence of an hydrolysis and the decrease in has to be kept in mind for 
corrosion prevention and usage of the effluent stream for other purposes. 
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Conclusions 
 
The solubilities of three alkali chloride salts (LiCl, NaCl, KCl) and three alkali nitrate salts 
(LiNO3, NaNO3, KNO3) in supercritical water was investigated. For alkali nitrates, a clear 
tendency in solubility was found. A similar trend was not found for alkali chlorides. The 
experimental data were – where available – consistent with literature and could be described 
with the approach mentioned above.  
During the experiments, a drop in pH was observed. This drop was caused by a parallel 
hydrolysis reaction. 
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