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Abstract 

The solubility of sodium chloride was measured in superheated and supercritical water at 

350-700°C and 25-250 bar corresponding to water densities of 𝜌𝐻2𝑂 = 0.007-0.111 g/cm3. 

The measured  concentrations were 0.3-115 ppm for Na and 0.8-173 ppm for Cl. The results 

at 400-600°C were interpreted in terms of formation of a hydrated NaCl(f) fluid species 

according to the reaction, 

 

NaCl(s) + nH2O(f) = NaCl·nH2O(f) 

 

and the results were fitted to a solvation model to give, 

 

 

 
𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙(𝑓)   =   3.50 𝑙𝑜𝑔 𝜌𝐻2𝑂(𝑓) −

904.97

𝑇
+  6.94 

 

  

where 𝑐𝑁𝑎𝐶𝑙(𝑓)  is the solubility of sodium chloride expressed in ppm (by weight) based on 

the measured Na concentration, 𝜌𝐻2𝑂(𝑓)  is the density of pure water in g/cm3 and T is the 

temperature in Kelvin. The model used data taken at 400-600°C and 50-250 bar. The Cl/Na 

molal ratio was typically close to ~1.0 at temperatures <600°C consistent with the formation 

of NaCl(f) species whereas at higher temperatures (600-700°C) much higher Cl/Na ratios 

were observed or 1.6-9.0. These are considered to result from hydrolysis of NaCl(s) to form 

NaOH(s,lq) and HCl(f). The measured NaCl(f) solubilities were in good agreement with 

previous experimental studies as well as theoretical work on speciation of Na and Cl in high-

temperature superheated and supercritical water at relatively low pressure. The results were 

used to estimate equilibrium NaCl(f) concentration in natural superheated and supercritical 

hydrothermal fluids considered to exist in the roots of active geothermal systems.  The 

equilibrium NaCl(f) concentration in superheated water at shallow depth (~1 km or ~100 

bar) at 400°C is predicated to be ~4 ppm whereas supercritical fluids at greater depth (~3 km 

or ~250 bar) at 400°C have much higher NaCl(f) concentrations of ~750 ppm.  In 

comparison, the superheated IDDP-1 fluid discharges at Krafla had Na and Cl concentration 

of 0.05-1.5 ppm and 20-166 ppm, respectively (Ármannsson et al., 2014). 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Útdráttur 

 

Leysni natríum klóríðs var mæld í yfirhituðu og yfirkrítísku vatni við 350-700°C og 25-250 

bör þar sem eðlismassi vatns var 𝜌𝐻2𝑂 = 0.007- 0.111g/cm3. Styrkur Na mældist 0.3-115 

ppm og 0.8-173 ppm fyrir Cl. Niðurstöðurnar við 400-600°C eru túlkaðar út frá myndun 

vatnaðs NaCl(f) efnasambands samkvæmt efnahvarfinu, 

NaCl(s) + nH2O(f) = NaCl·nH2O(f) 

 

og niðurstöðurnar settar í samhengi út frá vötnunarlíkani sem gefur, 

 

 
𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙(𝑓)   =   3.50 𝑙𝑜𝑔 𝜌𝐻2𝑂(𝑓) −

904.97

𝑇
+  6.94 

 

  

þar sem 𝑐𝑁𝑎𝐶𝑙(𝑓)  er styrkur natríum klóríðs í ppm (m.v.þyngd) miðaður út frá mældum styrk 

af Na, 𝜌𝐻2𝑂(𝑓) er eðlismassi vatns í g/cm3 og T er hitastigið í Kelvin.Líkanið notar mæligögn 

sem tekin voru við 400-600°C og 50-250 bör. Mólhlutfall Cl/Na var yfirleitt nálægt ~1.0 við 

hitastig undir 600°C sem er í góðu samræmi við myndun NaCl(f). Við hærri hitastig (600-

700°C), mældust hins vegar mun hærri mólhlutföll eða 1.6-9.0. Þessi háu hlutföll eru talin 

stafa vegna vatnsrofs á NaCl(s) og myndunar NaOH(s,lq) og HCl(f). Mælingarnar á leysni 

NaCl(f) samræmast vel niðurstöðum fyrri tilraunarannsókna ásamt fræðilegum reikningum 

á samböndum Na og Cl í yfirhitaðri gufu og yfirkrítísku vatni við tiltölulega lágan þrýsting. 

Niðurstöðurnar voru notaðar til þess að meta jafnvægisstyrk NaCl(f) í yfirhituðum og 

yfirkrítískum jarðhitavökva sem talið er að finnist í rótum virkra jarðvarmakerfa. Styrkur 

NaCl(f) í grunnstæðri yfirhitaðri gufu (~1 km eða ~100 bör) við 400°C er metinn vera um 4 

ppm á meðan styrkur NaCl(f) í yfirkrítískum vökva við meira dýpi (~3 km eða ~250 bör) 

við 400°C er metinn vera umtalsvert hærri eða um 750 ppm. Til samanburðar þá mældist 

styrkur Na 0,05-1,5 ppm og Cl 20-166 ppm í yfirhitaðri gufu í IDDP-1 borholunni 

(Ármannsson et al., 2014).    

 

 

 

 

 





vii 

Table of Contents 

List of Figures ................................................................................................................... viii 

List of Tables ........................................................................................................................ x 

Acknowledgements ............................................................................................................. xi 

1 Introduction ................................................................................................................... 13 

2 Properties of water ........................................................................................................ 15 

3 Methods .......................................................................................................................... 19 
3.1 Experimental apparatus ......................................................................................... 19 
3.2 Experimental solutions, procedure and chemical analysis .................................... 20 

3.3 Solubility Model .................................................................................................... 21 

4 Results ............................................................................................................................ 23 
4.1 NaCl solubility ...................................................................................................... 23 

4.2 Equilibrium in a flow-through system................................................................... 25 
4.3 Problems related to corrosion ................................................................................ 26 

5 Discussion ...................................................................................................................... 27 
5.1 Speciation of sodium and chloride containing superheated and supercritical 

fluid ....................................................................................................................... 27 
5.2 Comparison with previous studies ........................................................................ 29 

5.3 Implications to NaCl transport in superheated and supercritical water ................. 31 

6 Summary and conclusions............................................................................................ 33 

References........................................................................................................................... 35 

Appendix A: Literature data ............................................................................................ 43 

Appendix B: Experimental results ................................................................................... 45 

Appendix C: Corrosion testing ......................................................................................... 48 

Appendix D: Model fits from the literature .................................................................... 49 

  



viii 

List of Figures 

Figure 1-1: Temperature and pressure space where the HKF Equation of State (EoS) 

is applicable, represented in white. Superimposed are the temperature and 

pressure regions of important natural hydrothermal systems. DRG: Deep 

roots of continental , high-enthalpy geothermal systems. MOR: Mid ocean 

ridge hydrothermal system. MHS: Magmatic hydrothermal systems. 

Taken from Driesner (2013) ............................................................................. 14 

Figure 2-1:The molecular structure of aqueous fluids. Water molecules are portrayed 

by 3 circles with the oxygen being represented in gray and hydrogen in 

white. (A): Pure water. Neighbouring water molecules can have similar 

orientation due to hydrogen bonding. (B): Small cation in water. The first 

solvation shell is shown in dark gray  is somewhat more packed then the 

bulk solvent water, which shows a strong orientation with the oxygen site 

oriented towards the cation. (C): Anion in water. The water molecules in 

the first solvation shell are orientated with one hydrogen pointing to the 

anion while the other takes part in hydrogen bonding with the bulk water. 

The structure of the first solvation shell is less pronounced than in the 

cation case. (D): Contact ion pair. Both ions hold their solvation structure 

except near the contact site. Taken from Driesner (2013). .............................. 16 

Figure 2-2: A) Phase diagram of water. The supercritical zone is shown in beige and 

the superheated zone is shown in green. The liquid-vapour and solid-liquid 

coexistence curves are shown in white and the critical point is red. 

Constant density lines, [g/cm3], are shown dotted. The structure of the bulk 

water is superimposed. In ice the tetrahedral structure is perfect, shows up 

more often than by chance in liquid water and in the vapour the water 

molecules are isolated. Above the critical temperature it is possible to go 

through T-P changes without going through a phase change. The local 

water structure however goes from more gas like densities to more liquid 

like densities. Near the critical point the water particle density is highly 

variant in space and time and liquid-like and gas-like densities form next 

to each other. Adapted from Loppinet-Serani et al. (2009). B) Dielectric 

constant of water (Fernández et al., 1997) as a function of temperature at 

selected pressures. Also pictured are the dielectric values of selected 

organic solvents at 25°C and 1bar (Moldoveanu et al., 2013). Adabted 

from Voisin et al. (2017). ................................................................................. 17 

Figure 2-3: Phase diagram of pure water (H2O) P-h (A), P-ρ (B), T-ρ (C) calculated 

using the CoolProp library from Bell et al. (2014) that uses the IAPWS95 

EoS. Pictured are contours of constant temperature (solid [°C]), density 

(dotted [g/cm3]) and pressure (dashdotted [bar]) as appropriate as well as 

saturated vapour and saturated water in dashed aqua and dark blue 

respectively with the critical point shown in red.  The beige region 

represents the supercritical zone, the green the superheated zone, blue 

represents liquid water and the two-phased zone is shown in white. ............... 18 

Figure 3-1: Schematic figure of the experimental setup. .................................................... 19 



ix 

Figure 3-2: A) The experimental apparatus. BPR stands for back pressure regulator. 

B)The U-tube reactor with the welded inline filter. C) The experimental 

apparatus with an open furnace. One of two steel plates inside the furnace 

is visible. They provided an uniform heating area. .......................................... 21 

Figure 4-1: A) Experimental results based on measured Na concentration vs. 

temperature. Also shown with dotted lines is the model fit from Eq. 6 at 

selected isobars. B) Selected experimental results based on measured Na 

concentration vs. density .................................................................................. 24 

Figure 4-2: The measured molal ratio of chloride to sodium as a function of 

temperature ....................................................................................................... 25 

Figure 4-3: The effects of flow rate on measured sodium concentration. ........................... 26 

Figure 5-1: In the top figure the solubility of NaCl vs density based on measured 

sodium and chloride concentration. In the bottom figure the same is shown 

where the measured chloride concentration has been corrected according 

to Eq. 10. ........................................................................................................... 28 

Figure 5-2: Top figure) The solubility of NaCl based on measured sodium 

concentration along with the model prediction at 400°C and 600°C 

according to Eq. 6. Also pictured are most of previously published data. 

Bottom figure) The data points used in the model fit for Eq.6. along with 

the model fit compared with two previously proposed models at 500°C 

(Table D1) ......................................................................................................... 30 

Figure 5-3: Isopleths of NaCl (purple [ppm])  according to Eq. 6 and constant density 

(dotted [g/cm3]) as a function of temperature and pressure. Also shown is 

the supercritical zone (SC) in beige, vapour and superheated vapour zone 

in green and liquid water in blue. The liquid-vapour coexistence curve is 

shown in white and the critical point in red. The T-P conditions at the 

wellhead in the IDDP-1 well are shown. .......................................................... 32 

 



x 

List of Tables 

Table A1: Most of available solubility data for inorganic salts and minerals in 

superheated vapour and supercritical water. .................................................... 43 

Table B12: Experimental results ......................................................................................... 45 

Table C13: Hastelloy C276 and Hastelloy C22 composition along with trace element 

composition of experimental solutions. ............................................................ 48 

Table D14: Model fits for NaCl solubility from the literature ............................................ 49 

 

  



xi 

Acknowledgements 

Which road to take in life is not always obvious but the trip is nicer when shared with friends. 

I would therefore like to thank all the people in Askja who helped me along the way, for 

example with a talk over a beer, without them this thesis would not be a reality.  

My supervisor, Professor Andri Stefánsson for giving me the opportunity to work on this 

project and for believing I could pull this off from day one.  

Gylfi Sigurðsson and Þorsteinn Jónsson are thanked for their endless patience and creativity 

in the design and construction of the experimental setup. 

Glúmur Björnsson and Jóhann Gunnarsson Robin are thanked for their analysis of samples 

and their friendship. 

Finally, I acknowledge that this project has received funding from the European Union’s 

Horizon 2020 program Grant Agreement No 851816. This publication reflects the views only 

of the author, and the Commission cannot be held responsible for any use which may be 

made of the information contained therein 

 





13 

1 Introduction 

 

Chemical and physical properties of water and the ability of water to solvate and transport 

solutes varies greatly, depending on temperature and pressure conditions. At low 

temperatures and pressures, water is present as a non-compressible high-dielectric liquid 

whereas at higher temperatures and low pressures water is present as a low-dielectric 

expanded gas-like fluid.  As a consequence of the variable physiochemical properties and 

states of water, water changes its solvation behaviour from a polar to a non-polar medium 

with ionic species readily soluble in liquid water whereas they are insoluble in steam 

(Anisimov et al., 2004).  

 The physiochemical properties of water are described by its Equation of State (EoS) 

that is well known over a wide range of temperatures (0-2000°C) and pressures (<200 MPa) 

(Wagner and Pruß, 2002). For solutes dissolved in water, the most popular model to predict 

aqueous and gaseous species thermodynamic properties as a function of temperature and 

pressure is the revised Helgeson-Kirkham-Flowers equation of state (HKF EoS) (Helgeson 

et al., 1981; Tanger and Helgeson, 1988). The HKF model is based on the Born equation on 

charged particles and has been successfully applied to liquid water at low to high 

temperatures and pressures. However the HKF model is unable to predict solute properties 

of expanded gas-like water at high temperatures and low pressures and around the critical 

point of water because water at these temperature and pressure conditions is a drastically 

different medium then when water is in its liquid state (Fig. 1-1) (Driesner, 2013).  

Nonetheless, transport properties and behaviour of solutes in such high-temperature and low-

pressure water is of great engineering and geological interest, for example related to 

utilization of potential supercritical hydrothermal fluids occurring within the roots of active 

geothermal systems (e.g., Fridleifsson et al., 2005) and for environmentally friendly 

treatment of organic wastes by supercritical water oxidation processes (e.g., Li and Wang, 

2019). Depending on the exact temperatures and pressures such aqueous fluids are, 

according to IAPWS (International Association for the Properties of Water and Steam) 

definitions, termed superheated and supercritical steam and water (IAPWS, 1992).  

 In contrast to liquid-like water, the solubility of most solids in superheated steam and 

low-pressure(<500bar) supercritical water is poorly known; in fact, data for most chemical 

systems are entirely missing.  In addition, extrapolation from the liquid-like region of water 

to high temperatures and low pressures is very uncertain due to changes in the fundamental 

properties of water as a solvent (e.g., Scheuermann et al., 2019). The lack of data hinders 

most chemical and geochemical modelling of such fluids, for example predictions of scale 

formation, equilibrium fluid composition and solute speciation. The main reason for the 

general lack of data on solute transport properties and solid solubility in superheated steam 

and low-pressure supercritical water has to do with experimental difficulties under such 

extreme conditions.  The available literature solubility data covers a range of chlorides, 

(LiCl, NaCl, KCl, MgCl2, CaCl2), sulphates (Na2SO4, K2SO4), carbonates (Na2CO3, 

CaCO3), nitrates (NaNO3, KNO3, LiNO3), phosphates (Na2HPO4, NaH2PO4, K2HPO4) and 

some oxides and hydroxides (SiO2, KOH, H3BO3, NaOH, Mg(OH)2) (Table A1). Most of 

these measurements have been done over relatively limited temperature range (~350-450°C) 

but data exists for some systems to higher temperatures. Sodium chloride is the best defined 
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system today together with Na2SO4 and SiO2. For most other salts and minerals very limited 

or no data exist. 

 

 
Figure 1-1: Temperature and pressure space where the HKF Equation of State (EoS) is 

applicable, represented in white. Superimposed are the temperature and pressure regions 

of important natural hydrothermal systems. DRG: Deep roots of continental , high-

enthalpy geothermal systems. MOR: Mid ocean ridge hydrothermal system. MHS: 

Magmatic hydrothermal systems. Taken from Driesner (2013) 

 

In this study, a state-of-the art U-tube flow-through reactor was designed and 

constructed for the purpose of measuring solubility of solids like salts at high-temperatures 

(~350-700°C) and low pressures (~10-300 bar).  The performance of the apparatus was 

tested by measuring sodium chloride (NaCl) solubility that is one of the few systems that 

has been studied under such conditions (300-750°C and 1-740 bar). Future aims are to 

determine the solubility of other minerals and salts of geological and engineering importance 

in order to constrain a rigorous equations of state for solutes in gaseous water.  
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2 Properties of water 

 

Liquid water is a powerful solvent of ionic compounds due to the asymmetrical electron 

charge distribution of the water molecule. The polar nature of the water molecule results in 

a structured liquid with a tetrahedral arrangement between the water molecules and a highly 

directional bonding interaction of nearly 20kJ/mol known as a hydrogen bond. Although not 

as strong as covalent and ionic bonds, the energy in hydrogen bonds is greater than typical 

intermolecular forces. The tetrahedral structure is nearly perfect in ice while in liquid water 

it manifests in the tendency of water molecules to adopt a tetrahedral structure more often 

than by chance. The hydrogen bonds are continually breaking and reforming and there is 

always some fraction of unassociated molecules. With increasing temperature the thermal 

energy creates a more random structure but some level of hydrogen bonding remains even 

above 400°C. (Harvey & Friend, 2004).  

Water is a dielectric substance which means that it reduces the forces acting between 

electrical charges. Water placed in a capacitor will align with the electrical field and oppose 

the charge, resulting in a reduced transmission of the electric field. The dielectric constant is 

the ratio of the capacitance when a medium is placed in a capacitor and the capacitance of 

the same capacitor in a vacuum. The dielectric constant of water at 25°C and 1 bar is 78.54 

while for example it is 1.7 for methane, a non-polar molecule. This accounts for the high 

dissolving power of water under such conditions as the high dielectric constant lowers the 

energy penalty of ion formation. For example, if NaCl is dissolved in water it will dissociate 

into Na+ and Cl- ions. The water molecules will then align themselves to oppose the charge 

of the ions and effectively screen them from the electric field of other ions (Fig. 2-1). 

Hydrated or solvated ion pairs can exists as well as nonpolar compounds but such species 

are generally harder to incorporate into the water structure and tend to be less soluble and 

sometimes volatile (White, 2013). 

 Thermodynamic properties of fluids and their ability to transport solutes is a 

consequence of the molecular structure of the solvent and the competing interactions 

between solutes and solvent and how these interactions change with external variables like 

temperature and pressure. In reality these interactions are complex, for example the 

definition of what is a distinct species, as in the different kinds of ion pairs, is debated by 

scientists. No model exists that accurately describes the thermodynamic properties of solutes 

in water over large range of temperatures and pressures. Quantitative models for non-polar 

fluids with simple interaction parameters are available but as natural hydrothermal fluids 

contain many solutes, a dipolar solvent with high local ordering as well as charged particles 

that can destroy this ordering, a quantitative description of these complex interactions is 

beyond our modelling capacities today. There is, therefore, no thermodynamic model that is 

valid over the entire temperature, pressure and composition range found for natural water 

(Driesner, 2013).  
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Figure 2-1:The molecular structure of aqueous fluids. Water molecules are portrayed by 3 

circles with the oxygen being represented in gray and hydrogen in white. (A): Pure water. 

Neighbouring water molecules can have similar orientation due to hydrogen bonding. (B): 

Small cation in water. The first solvation shell is shown in dark gray  is somewhat more 

packed then the bulk solvent water, which shows a strong orientation with the oxygen site 

oriented towards the cation. (C): Anion in water. The water molecules in the first solvation 

shell are orientated with one hydrogen pointing to the anion while the other takes part in 

hydrogen bonding with the bulk water. The structure of the first solvation shell is less 

pronounced than in the cation case. (D): Contact ion pair. Both ions hold their solvation 

structure except near the contact site. Taken from Driesner (2013). 

 

We are all generally familiar with the properties of ambient water and its three phases: 

solid, liquid and vapour.  However, with increasing temperature and pressure the physical 

and chemical state of water can change. Following the vapour pressure curve, liquid water 

becomes less dense as it expands due to the increased temperature while the steam becomes 

more dense as it is compressed with increasing pressure. When we reach the critical point of 
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water, the difference in the density of vapour and the density of liquid water disappears. At 

temperatures above the critical temperature one can go from liquid like density to vapour 

like density by decreasing pressure without going through a phase change. The values of the 

pressure, temperature and density of the critical point of H2O are pc = 220.64 bar, 373.946°C 

and ρc = 0.322g/cm3 (IAPWS, 1992). Above these temperature and pressure values we reach 

the supercritical zone where the properties of water change from a compressed liquid-like 

fluid at high temperatures and pressures to expanded gas-like fluid at high temperature and 

low pressure. At temperatures above the critical temperature and pressures below the critical 

pressure, water is termed superheated vapour (Fig. 2-2). There are two fundamental 

differences between liquid water and high-temperature and low-pressure supercritical and 

superheated vapour. Firstly, there is the drastic difference in fluid volumetric properties, 

including density and compressibility or expansivity. The other, is the dramatic change in 

the dielectric constant above the critical temperature that transforms water from being a 

perfect solvent for electrolytes to a non-polar solvent. 

 

Figure 2-2: A) Phase diagram of water. The supercritical zone is shown in beige and the 

superheated zone is shown in green. The liquid-vapour and solid-liquid coexistence curves 

are shown in white and the critical point is red. Constant density lines, [g/cm3], are shown 

dotted. The structure of the bulk water is superimposed. In ice the tetrahedral structure is 

perfect, shows up more often than by chance in liquid water and in the vapour the water 

molecules are isolated. Above the critical temperature it is possible to go through T-P 

changes without going through a phase change. The local water structure however goes 

from more gas like densities to more liquid like densities. Near the critical point the water 

particle density is highly variant in space and time and liquid-like and gas-like densities 

form next to each other. Adapted from Loppinet-Serani et al. (2009). B) Dielectric constant 

of water (Fernández et al., 1997) as a function of temperature at selected pressures. Also 

pictured are the dielectric values of selected organic solvents at 25°C and 1bar 

(Moldoveanu et al., 2013). Adabted from Voisin et al. (2017). 

 

The IAPWS definition (used in this thesis) for a supercritical water is somewhat 

limited as it implies a phase boundary in places where there are no phase changes, for 

example at high temperatures with decreasing pressure above and below the critical pressure.  

Therefore, some researchers have defined supercritical water based only on its critical 
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temperature but not critical pressure (e.g., Liebscher and Heinrich, 2007; Scott et al., 2015; 

Hermanska et al., 2019).  In addition, a new engineering definition has been proposed on the 

phase diagram of water termed superhot zone (e.g., Scott et al., 2018).  Superhot waters are 

those having temperatures above the critical temperature of water and specific enthalpy (h) 

above the critical enthalpy of vapour. Such fluids will not undergo phase changes upon 

isenthalpic depressurization, which is important for many engineering applications.  

The changes in the thermodynamic properties of water over the conditions of interest 

in this study are shown in Figure 2-3. As observed, the enthalpy of vaporisation declines 

towards zero when approaching the critical point, with a steeper decline close to the critical 

point.  Moreover, water density at the lower temperatures is almost independent on pressure 

and so the compressibility of water at lower temperatures is negligible but this changes 

dramatically above the critical temperature.     

 

Figure 2-3: Phase diagram of pure water (H2O) P-h (A), P-ρ (B), T-ρ (C) calculated using the 

CoolProp library from Bell et al. (2014) that uses the IAPWS95 EoS. Pictured are contours of 

constant temperature (solid [°C]), density (dotted [g/cm3]) and pressure (dashdotted [bar]) as 

appropriate as well as saturated vapour and saturated water in dashed aqua and dark blue 

respectively with the critical point shown in red.  The beige region represents the supercritical 

zone, the green the superheated zone, blue represents liquid water and the two-phased zone is 

shown in white. 
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3 Methods 

3.1 Experimental apparatus 

An experimental apparatus was designed and constructed as a part of the current study (Figs. 

3-1 and 3-2). It was based around a U-shaped flow through reactor (Leusbrock et al, 2008) 

were the idea is that salt will precipitate from a solution and any condensation would be 

trapped. As the inlet solution with a known salt concentration enters the furnace under certain 

pressure and temperature conditions the solution can become oversaturated and salt will 

precipitate. The exiting stream is then at maximum saturation for the salt and can be sampled 

after cooling and depressurization. 

The experimental setup was composed of an inlet solution, HPLC pump (Teledyne 

SSI LSclass), a degasser (DEGASI PLUS), a preheater and a U-tube reactor made out of 

Hastelloy C276 that measures 77.5 cm in total length with an ¼ inch outer diameter and total 

volume of ~13mL. The reactor had a welded in-line filter (2 µm Hastelloy C22) followed by 

another union filter (2 µm Hastelloy C22) at the end, a cooling jacket, back pressure regulator 

(Swagelok KHB series) and a sampling port. The wetted parts of the system were made of 

Hastelloy C276 and C22, stainless steel 316 and PEEK. The flow-through system can be 

operated at ~300-700°C and ~1-400 bar.  

 The temperature of the preheater was controlled by a Eurotherm controller (EPC 3016) 

whereas the temperature of the furnace was controlled by Eurotherm (nanodac™) 

recorder/controller.  The temperatures were measured by three thermocouples placed along 

the U-tube reactor (type K, Metric OMEGACLAD) with an accuracy of ±2.2°C or 0.75% of 

measured temperature – whichever is greater.  The pressure was measured at the end of the 

line using an OMEGA PX01 with an uncertainty of ±3bar. The chemical composition of the 

experimental solution over time was monitored using a conductivity cell (Cole-Parmer 

1921323-31-010T, K=1.0) at the end of the flowline. 

 
Figure 3-1: Schematic figure of the experimental setup. 
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3.2 Experimental solutions, procedure and 

chemical analysis 

The experimental inlet solutions were approximately ~300 ppm NaCl made from NaCl 

(Merck, Suprapur 99.99%) and deionized water (<18MΩ). These were pumped at ~0.1-2.0 

mL/min through the reaction system. This gives a retention time of ~4-60 minutes inside the 

U-tube reactor. When the measured conductivity at the end of the line had reached a steady 

state for a minimum of ~20 minutes a sample was collected for pH, Na and Cl determination.  

The pH of the solutions was determined using a combination glass electrode calibrated 

against commercial buffer solutions (Metrohm). Samples for analysis of Na and Cl were 

acidified (1% HNO3, Merck Suprapur) followed by analysis in duplicates using inductively 

coupled plasma optical emission spectroscopy (ICP-OES, Spectro Ciros Vision). The 

analytical precision for Na and Cl based on repeated analysis of a standard solution was <3% 

and ≤4%, respectively and the accuracy of the pH measurements was ±0.05. 

Two samples were collected for trace metal analysis to test for possible corrosion of 

the Hastelloy C U-tube reactor.  The samples were collected and treated in the same manner 

as for ICP-OES and analysed using inductively coupled plasma-mass spectrometry (ICP-

MS). 
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3.3 Solubility Model 

 

For the interpretation of the NaCl(s) solubility measurements, a thermodynamic model 

between the two present phases, solid and superheated and supercritical water was applied 

(Armellini and Tester, 1993; Chrastil, 1982; Yokoyama et al., 1993; Sue et al., 1999).  

Following previous studies (e.g., Leusbrock et al., 2009; Lemke and Seward, 2018) solid 

NaCl(s) is assumed to dissolve in such superheated and supercritical water at low pressure 

to form a hydrated NaCl(f) complex via the reaction, 

 

 NaCl(s) + nH2O(f) = NaCl·nH2O(f) (1)  

 

where (s) stands for solid, (f) for fluid and n is the number of water molecules hydrating the 

fluid species.  The equilibrium solubility constant (Ks) for the reaction is given by, 

 

Figure 3-2: A) The experimental apparatus. BPR stands for back pressure regulator. 

B)The U-tube reactor with the welded inline filter. C) The experimental apparatus with an 

open furnace. One of two steel plates inside the furnace is visible. They provided an 

uniform heating area. 
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 𝐾𝑆 =  
𝑎NaCl∙H2O(f)

𝑎NaCl(s)𝑎H2O(f)
n =  

𝑐NaCl(f) 𝛾NaCl(f)

𝑎NaCl(s)𝑎H2O(f)
𝑛  ≈  

𝑐NaCl(f) 

𝜌H2O(f)
𝑛  (2)  

 

The relation assumes the activity of the hydrated NaCl fluid species, 𝑎𝑁𝑎𝐶𝑙∙𝐻2𝑂(𝑓), to be equal 

to the concentration of NaCl, cNaCl, the activity of the NaCl(s) is assumed to be unity and the 

activity of liquid water is assumed to be proportional to its density (𝜌𝐻2𝑂 ≈  
𝑐𝐻2𝑂

55.51
) (Palmer 

et al., 2004).  Taking the logarithm of both sides and rearranging gives, 

 

 𝑙𝑜𝑔c𝑁𝑎𝐶𝑙(𝑓) = 𝑛𝑙𝑜𝑔𝜌𝐻2𝑂(𝑓) + 𝑙𝑜𝑔𝐾𝑆 (3)  

 

Substituting the thermodynamic relation 

 
𝐾𝑆 =  𝑒𝑥𝑝 (−

𝛥𝑆𝑜𝑙𝑣𝐻

𝑅𝑇
+ 

𝛥𝑆𝑜𝑙𝑣𝑆

𝑅
) 

(4)  

yields 

 
𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙(𝑓)   =   𝑛 𝑙𝑜𝑔 𝜌𝐻2𝑂(𝑓) −

𝛥𝑆𝑜𝑙𝑣𝐻

𝑅𝑇
+  

𝛥𝑆𝑜𝑙𝑣𝑆

𝑅
 

(5)  

 

where n is the number of water molecules hydrating the fluid species, T is temperature in 

Kelvin, R is the universal gas constant, 𝛥𝑆𝑜𝑙𝑣𝐻 is the enthalpy of solvation and 𝛥𝑆𝑜𝑙𝑣𝑆 is the 

entropy of solvation. The solubility data acquired in this study was fitted to equation (5) and 

correlated by the least squares method where cNaCl is the saturated NaCl concentration in 

ppm taken to be equal to the analysed Na concentration, and the density of pure water 

(𝜌𝐻2𝑂(𝑓) in g/cm3) was calculated based on the IAPWS95 EoS (Bell et al., 2014). Data points 

with concentrations <1 ppm Na were excluded due to analytical uncertainties as such 

concentrations are below the workable detection limit of the analytical method (ICP-OES) 

used in this study.  

If we assume the enthalpy and entropy of solvation to be independent of the system 

parameters, temperature, pressure and density, then a isothermal plot of 𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙(𝑓)  vs 

𝑙𝑜𝑔 𝜌𝐻2𝑂(𝑓) should give us straight lines where the slope is equal to the hydration number, n 

(Fig. 4-1B).  The hydration number does not need to be an integer as the solvation complex, 

NaCl·nH2O is seen as a metastable complex with a changing number of water molecules 

where the hydration number represents the average number of water molecules hydrating 

the ion-pair (Leusbrock et al., 2008).
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4 Results 

4.1 NaCl solubility 

In total 105 experiments were conducted on the solubility of NaCl at temperatures of 350-

700°C and pressures of 25-250 bar corresponding to water densities of 𝜌𝐻2𝑂 = 0.007-0.111 

g/cm3 (Table B1 and Fig. 4-1). The measured concentrations were 0.3-115 ppm for Na and 

0.8-173 ppm for Cl. The corresponding Cl/Na molal ratio at temperatures <600°C ranged 

from 1.0 to 3.5 with an average value of 1.2 suggesting close to stoichiometric 1:1 NaCl(s) 

solubility. However, at 600-700°C, much greater Cl/Na was observed or 1.6-9.0 suggesting 

a possible change in fluid speciation and types of solids and/or liquids formed (Fig. 4-2).  

The levels of detection for Na and Cl were ~0.25 ppm and ~1 ppm, respectively. The 

majority of the samples had concentration above the analytical detection limits with some 

exceptions for chloride at the lowest pressures where the measured concentrations should be 

interpreted with care.   

Looking at the slopes of the isothermal plots in Figure 4-1B for those samples that 

measured higher than 1 ppm Na except at 700°C where samples higher than 0.9 ppm are 

included,  a hydration number between 3 and 4 is obtained, except at temperatures of ~650-

700°C where the slope is less than 1.  The high temperature data points often show 

discrepancy from 1:1 Cl/Na ratio (Fig. 4-2) suggesting that the speciation may not be simply 

described by a NaCl(f) species. These are therefore excluded from the fit. As there is only 

one data point for 350°C it is excluded as well. After omitting these data points the solvation 

model in Eq. 5 was fitted to the remaining 58 data points spanning temperatures of 400°C-

618°C and pressures of 50-250 bar to give, 

 

 

 
𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙(𝑓)   =   3.50 𝑙𝑜𝑔 𝜌𝐻2𝑂(𝑓) −

904.97

𝑇
+  6.94 

(6)  

 

The result of the fit is compared with the measured NaCl(f) solubility in Fig. 4-1A.  As 

observed a general good comparison is observed. 
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Figure 4-1: A) Experimental results based on measured Na concentration vs. temperature. 

Also shown with dotted lines is the model fit from Eq. 6 at selected isobars. B) Selected 

experimental results based on measured Na concentration vs. density 
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Figure 4-2: The measured molal ratio of chloride to sodium as a function of temperature 

4.2 Equilibrium in a flow-through system 

In order to determine whether equilibrium was attained, the flow rate of the experimental 

solution through the reactor was varied. Six experiments were conducted at temperatures 

ranging from 390 to 500°C and pressures from 126 to 202 bar where the flow rate was 0.1-

2.0 mL/min (Fig. 4-3). As observed, a close to constant Na concentration was obtained 

independent of flow-rate. A slight increase in the concentrations was observed at 0.1 ml/min 

at 440°C and 126 bar. Likely, this is artificially high as the solution may not have reached 

equilibrium during the experimental duration applied as observed by inspection of the water 

conductivity. It is, therefore, concluded that equilibrium was obtained in the experiments in 

line with previous studies applying similar methods (e.g., Leusbrock et al., 2009).  
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Figure 4-3: The effects of flow rate on measured sodium concentration. 

4.3 Problems related to corrosion 

The extreme temperature conditions of the experiments are subject to possible corrosion and 

dissolution of the experimental apparatus, in particular the high-temperature parts of the U-

tube reactor.  The tube and inline filters were made out of Hastelloy C-276 and Hastelloy C-

22 respectively. Hastelloy C is a Ni-based alloy that is highly resistant to heat and corrosive 

solutions.  Other major chemicals include Mo, Cr, Fe, W, Co and Mn together with various 

trace components (Table C1). 

Two samples were analysed for trace elements using ICP-MS in order to study possible 

corrosion and dissolution under the most extreme temperature conditions. The experimental 

conditions were at 507°C and 75 bar and 670°C and 50 bar. Nickel is the primary element 

observed in the fluid with an order of magnitude increase in concentration from 507 to 670°C 

with a concentration change from 0.12 to 1.21 ppm.   In comparison, the concentration of 

Na and Cl in these experiments were 0.67-1.12 and 1.74-13.39 ppm, respectively.  Other 

elements had much lower concentrations or generally <10 ppb (<0.01 ppm) even at the 

highest temperatures. The results indicate that under these extreme temperature conditions 

that the alloy used for the U-tube reactor is not entirely inert, but given the very high 

temperatures, relatively minor corrosion was observed. 
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5  Discussion 

5.1 Speciation of sodium and chloride 

containing superheated and supercritical 

fluid 

For experimental results at temperatures below ~600°C the Cl to Na ratio is very close to 1. 

This suggest that the reaction stoichiometry follows reaction (1) to form NaCl(f) species in 

the superheated and supercritical fluid.  In contrast, at temperatures of ~600-700°C the Cl/Na 

ratio varies with excess Cl up to ~9 times the Na concentration. These were accompanied 

with low pH values of 3.5-4.6 in the fluid condensate (Table B1). 

 Such observations are consistent with formation of an immobile NaOH (phase retained 

in the reactor) resulting in changes in speciation of Na and Cl in the fluid phase according to 

the reaction, 

 

 

 

NaCl(s) +H2O(f) = HCl(f) + NaOH(s/lq) (7)  

Such non-stochiometric Na to Cl concentrations interpreted as formation of NaOH(s/lq) and 

HCl(f) was possibly detected for various temperatures between 350 and 700°C and pressures 

below 200 bar, however, these became pronounced at temperatures above ~600°C (Fig. 4-

2). The degree of NaOH(s/lq) formation can be calculated assuming simple mass balance 

constrains and assuming cH+ = 10-pH = cHCl via 

 

 

 

cNa(f),total = cNaCl(f) (8)  

 

 

 

cCl(f),total = cNaCl(f) + cHCl(f) (9)  

 

 

 

cNaCl(f) = cCl,total – 10-pH   (10)  

The NaCl(f) concentrations based on measured Na(f) and Cl(f) concentrations  and the 

calculated NaCl(f) concentrations using the ‘corrected’ total Cl(f) concentration (Eq. 10) are 

compared in Figure 5-1.  As observed a very good agreement is obtained using Eq. 10 

suggesting that the speciation of Na and Cl in the superheated and supercritical fluid is 

controlled by NaCl(f) and HCl(f) and that the precipitated and condensed phases include 

NaCl(s) and NaOH(s,lq).  Similar speciation has been suggested previously, for example, 

Armeillini (1993) and Galobardes (1981) who report alkaline pH values (pH ~10) at the end 

of a few weeks cycle of experiments suggesting formation of a NaOH and immobile solid 

and/or liquid phase during the experiments that is redissolved upon experimental quenching.   
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Figure 5-1: In the top figure the solubility of NaCl vs density based on measured sodium 

and chloride concentration. In the bottom figure the same is shown where the measured 

chloride concentration has been corrected according to Eq. 10. 

Dissolved sodium and chloride ions predominantly form NaCl(f) ion pairs in liquid water at 

elevated temperatures up to 600°C and pressures up to 1000 bar (Quist and Marshall 1968). 

Similar speciation has been generally accepted for steam. In their thermodynamic study of 

NaCl in steam, Pitzer and Pabalan (1986) concluded that hydrated NaCl(f) was  responsible 

for the observed solubilities and more recently, Suleimenov et al. (2006) employed 

theoretical calculations to obtain gas-phase Gibbs energies of various NaCl–H2O clusters as 

a function of temperature and pressure which together with thermodynamic data for halite 

and water, permitted the calculation of NaCl solubility in steam. According to these studies, 

solubility of NaCl in low-density supercritical fluid at 450 °C may be explained by a 

hydrated NaCl·nH2O species with the number of hydrated waters (n) being 4-8 where the 

NaCl·4H2O species becomes significant at pressures lower than 100 bar (Lemke and Seward, 

2018) or similar and slightly higher than obtained in this study where the number of hydrated  

water molecules is n = 3.9 at 450°C for example.   

At lower pressure (or low water density) and higher temperatures more complex 

speciation has been proposed including existence of charged triple ions like NaCl-
2 and 

Na2Cl+ (Oelkers & Helgeson., 1990).  Insight into such ionic speciation and hydration in 

low-density water and steam has come from mass spectrometric and quantum chemical 

studies (e.g. Kebarle 1977; Lau et al. 1982; Likholyot et al. 2005, 2007) that suggest that 

chloride species formed in water at very low pressure (≤ 0.3mbar) and high temperature (up 

to 580°C) are hydrated with up to 8 water molecules with the species geometry varying from 

where the Cl- ion is bound to the exterior surface of the water cluster to a more classical 
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interior form were the Cl- ion sits in the centre of the cluster as temperature increases above 

500°C. Moreover, Pitzer (1983) has demonstrated using thermodynamic and NaCl solubility 

measurements in steam and a Born model approach that there is an increased tendency for 

ionic species in low density steam (below ~0.1 g/cm3) as temperatures rise from 400-800°C 

although NaCl ion pairs still dominate.     

These previous findings indicate that even though the solubility of NaCl in superheated 

and supercritical water is generally interpreted as a hydrated NaCl(f) complex and that there 

is a sound understanding of such ion pair formation at elevated temperatures and pressure 

(Quist and Marshall 1968), a more complex speciation may exist for Na and Cl in high 

temperature supercritical and superheated water at low pressures. For example ionic species 

at low densities and formation and hydrolysis of NaCl(s) to form other solids or liquids like 

NaOH(s,lq) with subsequent changes in fluid speciation. 

5.2 Comparison with previous studies 

The solubility of NaCl in superheated and supercritical water has been determined 

experimentally by both batch type reactors and flow through systems with the solubilities 

based on either Na or Cl concentration in the fluids (Table A1). For the flow through systems 

both dissolution of NaCl from a salt bed (e.g. Golobardes, 1981; Armellini et al., 1993; 

Higashi et al., 2005)  and the precipitation of NaCl from a salt solution (e.g. Leusbrock et 

al., 2008; Voisin et al., 2019)  has been done. More detail about the experimental setup of 

these researcher can for example be found in Voisin et al. (2019) and Armellini et al. (1993). 

Most of these previous studies agree within uncertainties at the higher densities 

regardless of the element used to determine the solubility (Na or Cl) whereas differences are 

observed at lower densities. An exception to this are the data from Sourirajan et al. (1962) 

that is subject to analytical uncertainties (Armellini et al., 1993) and those of Alekhin et al. 

(1988).  The previous data have generally been fitted to a density dependent van’t Hoff 

equation,  as is done in this study, to obtain smooth solubility constants and degree of 

hydration.  The hydration numbers obtained previously are in the range n = 3.4-4.6 indicating 

that NaCl(f) is close to being quadruple coordinated in the gaseous phase in agreement with 

the results of the present study (n = 3.5) and quantum chemical calculations on NaCl(f) 

hydration of 4-8 H2O in water vapor (Lemke and Seward, 2018).  

The previous experimental results are compared with the present study in Figure 5-2 

along with the model fit from equation 6, extended here outside its calibrated range. Also 

shown are two previous solubility functions (Table D1).  As observed a general good 

agreement is observed except at the lowest densities and highest temperatures where 

speciation is also a matter of uncertainty.  It can therefore be concluded that the solubility of 

NaCl is reasonably well established in superheated and supercritical water at high 

temperatures (~400-600°C) and low pressure (~50-250 bar). 
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Figure 5-2: Top figure) The solubility of NaCl based on measured sodium concentration 

along with the model prediction at 400°C and 600°C according to Eq. 6. Also pictured are 

most of previously published data. Bottom figure) The data points used in the model fit for 

Eq.6. along with the model fit compared with two previously proposed models at 500°C 

(Table D1) 
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5.3 Implications to NaCl transport in 

superheated and supercritical water 

Volcanic hydrothermal systems typically have a magmatic heat source at ~2–6 km depth 

(e.g., Hayba and Ingebritsen, 1997). Utilization of such systems typically involves two-phase 

(liquid+steam) flow with temperatures of ~200-300°C extracted at ~1–3 km depth with 

power capacity of ~3–5 MW electric power per well (Sanyal and Morrow, 2012). Studies 

have suggested that superheated and supercritical fluids may exist in close vicinity of the 

magmatic heat source with much higher temperatures (Hayba and Ingebritsen, 1997; Scott 

et al., 2015, Scott et al., 2016, Scott et al., 2017; Heřmanská et al., 2019). These high fluid 

temperatures (~400-600°C) have indeed been observed in several active geothermal systems 

for example at The Geysers, Salton Sea, and Hawaii, USA (e.g., Garcia et al., 2016; 

Kaspereit et al., 2016; Teplow et al., 2009); Kakkonda, Japan (Kato et al., 1998); Larderello, 

Italy (e.g., Bertini et al., 1980; Ruggieri and Gianelli, 1995); Krafla, Nesjavellir, and 

Reykjanes, Iceland (e.g., Steingrímsson et al., 1990; Friðleifsson et al., 2010; Marks et al., 

2010; Mortensen et al., 2010; Friðleifsson and Elders, 2017; Bali et al., 2020); Los Humeros, 

Mexico (e.g., Espinosa-Paredes and Garcia-Gutierrez, 2003); and Menengai, Kenya 

(Sekento, 2012; Kipyego et al., 2013; Mbia et al., 2015). The origin of the fluids has been 

predicted to be the same as for the sub-critical and conventional hydrothermal fluids, i.e. 

meteoric and/or seawater with minor inputs of magmatic gases (Heřmanská et al., 2019a, 

Heřmanská et al., 2019b). They may also form through magmatic degassing, characterized 

then by elevated CO2, SO2, HCl, and HF concentrations (Fischer and Chiodini, 2015), or 

from fluid entrapment as magma crystallizes (e.g., Kasai et al., 1998a, Kasai et al., 1998b). 

 The main salt component in most utilized hydrothermal fluids with temperatures of 

200-300°C is NaCl.  The NaCl concentration typically ranges from a few ppm to thousands 

of ppm depending on the geological setting. The NaCl content is lowest in fluids from 

basaltic rocks associated with rift volcanism and higher in geothermal systems at subduction 

zones (Arnórsson et al., 2007).  Upon heating of such fluids to superheated or supercritical 

conditions (T>374°C) the solubility of NaCl(f) is predicted to decrease dramatically, 

depending on the temperature and pressure.   

 The concentrations of NaCl in superheated and low pressure supercritical 

hydrothermal fluids in the vicinity of magmatic intrusions and fluid conduit can be predicted 

from the solubility results of the present study using Eq. 6.  Calculated concentrations as a 

function of temperature and pressure are shown in Figure 5-3.  As observed, the equilibrium 

concentration of NaCl(f) drastically increases from low to higher pressures.  Superheated 

vapour at shallow depth (~1 km or ~100 bar) and at 400°C would have NaCl concentrations 

close to 4 ppm whereas supercritical fluids at greater depth (~3 km or ~250 bar) would have 

NaCl concentrations of 742 ppm or 186 times higher.  In comparison, the superheated 

wellhead IDDP-1 discharges at Krafla had Na and Cl concentration of 0.05-1.5 and 20-166 

ppm, respectively. For a sample taken at 440°C and 138 bar in IDDP-1 the Na and Cl 

concentration measured 0.08 ppm and 89.6 ppm respectively. (Ármannsson et al., 2014). For 

the same conditions Eq. 6 predicts ~13 ppm NaCl. The difference is to be expected as the 

hydrothermal water in IDDP-1 has more complex physical and chemical conditions where 

other minerals like salts, oxides and hydroxides may also be of importance controlling the 

Na and Cl concentration, as observed in this study.   
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Figure 5-3: Isopleths of NaCl (purple [ppm])  according to Eq. 6 and constant density 

(dotted [g/cm3]) as a function of temperature and pressure. Also shown is the supercritical 

zone (SC) in beige, vapour and superheated vapour zone in green and liquid water in blue. 

The liquid-vapour coexistence curve is shown in white and the critical point in red. The T-P 

conditions at the wellhead in the IDDP-1 well are shown.  
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6 Summary and conclusions 

In this study, the solubility of sodium chloride was measured in superheated and supercritical 

water at temperatures of 350-700°C and pressures of 25-250 bar corresponding to water 

densities of 𝜌𝐻2𝑂 = 0.007-0.111 g/cm3. The measured concentrations were 0.3-115 ppm for 

Na and 0.8-173 ppm for Cl . The results at 400-600°C were interpreted in terms of formation 

of NaCl(f) hydrated with 3.5 water molecules. The Cl/Na molal ratio was typically close to 

~1.0 at temperatures between 350 and 600°C, consistent with the formation of NaCl(f) 

species whereas at higher temperatures (600-700°C), elevated Cl/Na ratios were observed 

or 1.6-9.0. These were considered to result from hydrolysis of NaCl(s) to form NaOH(s/lq) 

and HCl(f), along with the NaCl(f) species.   

The measured NaCl(s) solubilities obtained in this study were in good agreement with 

previous experimental studies as well as theoretical work on speciation of Na and Cl in high-

temperature superheated and supercritical water at low pressure. These agree well at 

temperatures between 400-600°C and moderately low to moderately high pressures (50-250 

bar).  In contrast, very few datapoints are available at lower pressures and higher 

temperatures. Under these conditions a more complex speciation has been suggested that   

include ionic species. 

The results were used to calculate equilibrium NaCl(f) concentration in superheated 

and supercritical fluids relevant to active hydrothermal systems. Superheated vapor at 

shallow depth (~1 km or ~100 bar) at a temperature of 400°C would have a NaCl 

concentration close to 4 ppm whereas supercritical fluids at greater depth (~3 km or ~250 

bar) and 400°C would have a NaCl concentration of 742 ppm or 186 times higher.  In 

comparison, the superheated IDDP-1 discharges at Krafla had Na and Cl concentration of 

0.05-1.5 and 20-166 ppm, respectively. (Ármannsson et al., 2014).  
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Appendix A: Literature data 

 

 

Table A1: Most of available solubility data for inorganic salts and minerals in superheated 

vapour and supercritical water. 

     

Material Source 
Temperature Pressure Density 

[°C] [bar] [g/cm3] 

NaCl 

Ölander & Liander (1950) 380-475 150-300 0.071-0.122 

Styrikovich et al. (1955) 400-550 30-180 0.008-0.076 

Aleinikov et al. (1956) 360-420 108 0.039-0.047 

Sastry (1957) 360-590 35-260 0.011-0.101 

Styrikovich (1957) 390-580 170-300 0.050-0.151 

Sourirajan et al. (1962) 350-750 20-380 0.004-0.133 

Martynova et al (1962) & 

(1964) 
350-600 30-300 0.021-0.06 

Urusova (1974) 450-550 400-740 0.291-0.335 

Bell et al. (1977) 300-330 60-80 0.030-0.037 

Allmon (1983) 230-270 25-45 0.011-0.022 

Galobardes et al. (1981) 400-550 10 – 100 0.004-0.039 

Bischoff et al. (1986) 300-500 50-300 0.048-0.129 

Alekhin & Vakulenko (1988) 300-500 10-300 0.010-0.128 

Armellini & Tester (1993) 450-550 100-250 0.035-0.090 

Wofford et al. (1995) 450,470 240,250 0.195,0.233 

Jensen & Daucik (2002) up to 475 up to 200  

Higashi et al. (2005) 350 – 400 90 – 120 0.035 -0.055 

Leusbrock et al. (2008) 380-410 170 - 240 0.070-0.160 

Leusbrock et al. (2009) 380 – 420 180 – 240 0.070-0.160 

Voisin et al.(2019) 380-480 250 0.095-0.450 

KCl 
Higashi et al. (2005) 370 – 400 90 – 120 0.035–0.045 

Leusbrock et al. (2009) 395 - 405 180 - 240 0.070-0.160 

CaCl2 
Leusbrock et al. (2010) 395 – 415 190 – 230 0.090 –0.125 

Shimoyama et al. (2009) 350 - 400 110 - 140 0.040-0.075 

MgCl2 Leusbrock et al. (2010) 393 - 395 190 – 230 0.1–0.145 

Na2SO4 

Ravich & Borovaya (1964) 320 – 370 200 – 250 0.145 – 0.705 

Armellini & Tester (1993) 500 250 0.09 

Hodes (1998) 342,363 250 0.575,0.650 

DiPippo et al. (1999) 320 – 365 200 – 250 0.558 - 0.705 

Rogak et al. (1999) 370 – 505 250 0.090-0.540 

Li et al. (1999) 390 - 410 250 0.145- 0.215 

Shvedov et al. (2000) 350 – 375 190 – 310 0.505 -0.595 

Khan & Rogak (2004) 382 – 397 240 0.155 - 0.275 

Voisin et al.(2017) 50 – 500 250 0.090 - 0.999 
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Ding et al(2019) 370 - 450 180-260 0.070-0.540 

K2SO4 Ding et al.(2019) 360 - 450 180-260 0.070-0.595 

MgSO4 Leusbrock et al. (2010) 385 - 401 190 - 230 0.110-0.160 

Na2CO3 

LI et al. (1999) 450 240 – 270 0.105 – 0.125 

Khan & Rogak (2004) 380 – 440 240 – 250 0.115- 0.450 

Lemoine et al.(2017) 371 – 423, 250, 0.130– 0.540,  
381-492 300 0.0120 – 0.530 

CaCO3 Martynova et al. (1964) 440 240 0.11 

SiO2 

Heitmann (1964) 152 – 592 1-290 0.00036– 0.920 

Wendlandt ( 1963) 400 – 500 10 -500 0.0036 – 0.520 

Morey at al., (1950&1951) 360-600 30-2000 0.009 – 0.790 

Kennedy (1950) 160-610 6 – 1750 0.200 – 0.900 

Kitahara (1960) 160 - 500 6 - 900 0.250  -0.900 

NaNO3 
P. Dell'Orco (1995) 450 – 525 250 – 310 0.080 - 0.155 

Leusbrock et al. (2009) 390 - 406 170 - 230 0.070 – 0.160 

KNO3 
P. Dell'Orco (1995) 475 250 – 300 0.095 - 0.130 

Leusbrock et al. (2009) 400 - 410 200 - 240 0.090 – 0.160 

LiNO3 
P. Dell'Orco (1995) 475 250 – 300 0.100 – 0.130 

Leusbrock et al. (2009) 390 - 405 180 - 240 0.090 - 0.160 

Na2HPO4 Leusbrock et al. (2010) 395 - 408 210 – 230 0.110 - 0.145 

NaH2PO4 Leusbrock et al. (2010) 398 - 422 200 - 240 0.090 -  0.145 

K2HPO4 Wofford et al. (1995) 400 -450 250 – 310  

KOH Wofford et al. (1995) 423 -525 220 – 300  

H3BO3 LI et al. (1999) 425 - 450 240 0.105 – 0.120 

NaOH 

Sastry (1957) 402 50-170 0.021-0.074 

Urusova M. A. (1974) 400 280 0.26 

Allmon et al. (1983) 130-300 2-55 0.001-0.027 

Mg(OH)2 Martynova et al. (1964) 440 240 0.11 

LiCl 
Shimoyama et al. (2009) 350-400 60 – 110 0.020 – 0.050 

Leusbrock et al. (2009) 388-419 190-230 0.090–0.140 
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Appendix B: Experimental results 

 

Table B12: Experimental results 

         

Exp# T P ρH2O Flow rate cNa cCl Cl/Na pH 

 
°C bar g/cm3 ml/min ppm ppm molal 

 

NaCl-1 350.0 126.2 0.0630 0.1 4.82 8.07 1.09  

NaCl-2 390.0 142.3 0.0617 0.1 6.35 10.67 1.09 5.34 

NaCl-3 390.0 143.2 0.0623 0.5 7.18 11.18 1.01 5.28 

NaCl-4 396.2 176.8 0.0833 0.75 24.05 36.07 0.97  

NaCl-5 398.9 176.1 0.0815 0.75 24.91 36.80 0.96  

NaCl-6 399.9 102.2 0.0389 2 2.25 3.97 1.14 5.56 

NaCl-7 400.0 176.4 0.1034 1 23.41 36.58 1.01  

NaCl-8 400.0 176.4 0.1034 1 22.11 34.53 1.01  

NaCl-9 400.0 203.1 0.0813 0.75 60.15 90.52 0.98  

NaCl-10 400.0 203.1 0.0813 0.75 58.81 87.97 0.97  

NaCl-11 408.7 150.6 0.0620 1 12.23 20.05 1.06  

NaCl-12 409.0 102.1 0.0379 1 1.90 3.53 1.20  

NaCl-13 409.0 102.1 0.0378 1 1.95 3.40 1.13  

NaCl-14 413.0 126.7 0.0488 1 5.10 8.34 1.06  

NaCl-15 417.2 101.5 0.0368 0.5 0.48 2.04 2.76  

NaCl-16 417.2 101.5 0.0368 0.5 0.33 1.75 3.46  

NaCl-17 429.9 101.5 0.0357 0.5 0.85 2.06 1.58  

NaCl-18 429.9 101.5 0.0357 0.5 0.81 2.10 1.68  

NaCl-19 440.0 125.5 0.0447 1.0 2.66 4.99 1.22 4.81 

NaCl-20 440.0 125.5 0.0447 1.5 2.99 5.20 1.13 5.00 

NaCl-21 440.0 126.7 0.0452 0.5 2.90 5.71 1.28 4.74 

NaCl-22 440.0 126.8 0.0453 0.1 4.76 9.77 1.33 4.49 

NaCl-23 440.1 125.1 0.0446 2 3.81 6.54 1.11 5.04 

NaCl-24 445.3 225.6 0.0952 0.75 66.50 100.4 0.98  

NaCl-25 445.3 225.6 0.0952 0.75 66.67 98.93 0.96  

NaCl-26 446.0 250.0 0.1112 0.75 114.5 172.5 0.98  

NaCl-27 449.9 148.4 0.0534 1.5 6.78 10.77 1.03 4.96 

NaCl-28 449.9 150.0 0.0542 2 8.86 14.10 1.03 5.14 

NaCl-29 450.0 149.5 0.0539 1 6.58 10.49 1.03 4.87 

NaCl-30 450.0 159.0 0.0582 0.5 7.18 12.15 1.10 4.56 

NaCl-31 450.0 149.9 0.0541 0.5 6.19 10.35 1.09 4.77 

NaCl-32 450.0 158.4 0.0579 0.1 7.33 14.54 1.29 4.20 

NaCl-33 450.8 100.9 0.0339 1 0.46 1.83 2.57  

NaCl-34 450.8 100.9 0.0339 1 0.43 1.82 2.71  

NaCl-35 451.1 204.1 0.0805 0.5 28.89 46.96 1.05  

NaCl-36 451.1 204.1 0.0805 0.5 29.16 46.80 1.04  

NaCl-37 451.6 177.4 0.0666 0.5 12.93 20.91 1.05  

NaCl-38 451.6 177.4 0.0666 0.5 12.54 20.55 1.06  
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Exp# T P ρH2O Flow rate cNa cCl Cl/Na pH 

 
°C bar g/cm3 ml/min ppm ppm molal 

 

NaCl-39 453.4 150.7 0.0539 0.5 5.34 9.33 1.13  

NaCl-40 453.4 150.7 0.0539 0.5 4.92 9.03 1.19  

NaCl-41 454.2 74.8 0.0241 1 0.37 1.13 1.98  

NaCl-42 454.7 75.1 0.0242 1 0.41 1.02 1.60  

NaCl-43 454.7 75.1 0.0242 1 0.56 1.30 1.50  

NaCl-44 454.8 126.7 0.0436 0.5 2.39 4.72 1.28  

NaCl-45 454.8 126.7 0.0436 0.5 2.53 4.79 1.22  

NaCl-46 456.9 50.4 0.0157 1.1 0.40 0.78 1.27  

NaCl-47 456.9 50.4 0.0157 1.1 0.29 0.82 1.84  

NaCl-48 462.3 149.8 0.0523 0.1 11.10 18.97 1.11 4.28 

NaCl-49 468.0 203.0 0.0754 0.1 29.15 47.35 1.05  

NaCl-50 483.0 201.0 0.0712 0.5 20.04 34.54 1.12  

NaCl-51 484.0 203.0 0.0719 1 23.23 39.21 1.09  

NaCl-52 484.0 204.0 0.0724 0.5 20.29 34.24 1.09  

NaCl-53 486.0 201.2 0.0707 1 21.55 36.57 1.10  

NaCl-54 500.0 148.7 0.0476 1 4.38 7.56 1.12 4.82 

NaCl-55 500.0 149.7 0.0479 1.75 4.69 8.10 1.12 4.70 

NaCl-56 502.3 202.5 0.0682 0.75 14.40 23.96 1.08  

NaCl-57 502.3 202.5 0.0682 0.75 14.92 24.73 1.07  

NaCl-58 503.0 175.6 0.0574 0.75 7.92 13.76 1.13  

NaCl-59 503.0 175.6 0.0574 0.75 7.48 13.41 1.16  

NaCl-60 504.1 151.2 0.0481 0.75 4.11 7.71 1.22  

NaCl-61 504.1 151.2 0.0481 0.75 4.01 7.47 1.21  

NaCl-62 505.2 101.4 0.0307 1 0.53 2.05 2.53  

NaCl-63 505.2 101.4 0.0307 1 0.61 2.22 2.36  

NaCl-64 506.0 125.7 0.0388 0.75 2.17 4.49 1.34  

NaCl-65 506.0 125.7 0.0388 0.75 2.06 4.37 1.38  

NaCl-66 507.1 74.9 0.0221 1 0.85 1.70 1.30  

NaCl-67 507.1 74.9 0.0221 1 0.67 1.74 1.70  

NaCl-68 508.1 50.8 0.0146 1.1 0.52 1.20 1.49  

NaCl-69 508.1 50.8 0.0146 1.1 0.65 1.39 1.38  

NaCl-70 508.9 25.6 0.0072 1.2 0.51 1.25 1.58  

NaCl-71 508.9 25.6 0.0072 1.2 0.45 1.00 1.45  

NaCl-72 514.5 149.4 0.0464 0.1 10.25 19.61 1.24 4.15 

NaCl-73 555.1 202.4 0.0605 0.75 13.01 22.36 1.11  

NaCl-74 555.1 202.4 0.0605 0.75 13.79 23.23 1.09  

NaCl-75 555.4 149.0 0.0429 1 4.43 8.96 1.31  

NaCl-76 555.4 149.0 0.0429 1 4.28 8.46 1.28  

NaCl-77 555.4 149.0 0.0429 1 4.38 8.82 1.31  

NaCl-78 555.6 176.4 0.0517 0.75 8.62 16.47 1.24  

NaCl-79 555.6 176.4 0.0517 0.75 8.33 15.84 1.23  

NaCl-80 556.3 127.2 0.0360 1 2.80 6.56 1.52  

NaCl-81 556.3 127.2 0.0360 1 2.85 6.69 1.52  

NaCl-82 557.0 101.8 0.0283 1.1 1.47 4.74 2.09  
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Exp# T P ρH2O Flow rate cNa cCl Cl/Na pH 

 
°C bar g/cm3 ml/min ppm ppm molal 

 

NaCl-83 557.0 101.8 0.0283 1.1 1.36 4.50 2.15  

NaCl-84 613.4 175.9 0.0467 0.4 8.27 19.79 1.55  

NaCl-85 613.4 175.9 0.0467 0.4 8.31 20.33 1.59  

NaCl-86 615.9 152.8 0.0400 0.4 4.22 13.14 2.02  

NaCl-87 615.9 152.8 0.0400 0.4 3.93 12.94 2.14  

NaCl-88 616.0 101.3 0.0258 0.65 1.15 3.74 2.10  

NaCl-89 616.0 101.3 0.0258 0.65 1.19 3.93 2.14  

NaCl-90 616.8 126.2 0.0325 0.5 1.04 5.69 3.56  

NaCl-91 616.8 126.2 0.0325 0.5 1.00 5.34 3.48  

NaCl-92 618.2 75.6 0.0190 0.65 0.95 3.58 2.45  

NaCl-93 618.2 75.6 0.0190 0.65 0.95 3.64 2.49  

NaCl-94 618.4 50.4 0.0125 0.65 0.99 5.18 3.41  

NaCl-95 618.4 50.4 0.0125 0.65 0.74 4.75 4.15  

NaCl-96 619.0 151.4 0.0394 0.75 1.22 10.26 5.45  

NaCl-97 619.0 151.4 0.0394 0.75 0.73 9.61 8.55  

NaCl-98 669.8 50.6 0.0118 0.5 1.12 13.39 7.77 3.51 

NaCl-99 671.3 153.9 0.0372 0.5 2.07 11.09 3.48 3.90 

NaCl-100 671.4 75.7 0.0178 0.5 1.20 7.55 4.09 3.90 

NaCl-101 672.0 126.0 0.0302 0.5 1.44 5.72 2.57 4.22 

NaCl-102 672.2 101.4 0.0241 0.5 1.16 4.75 2.65 4.27 

NaCl-103 700.0 51.0 0.0115 0.5 0.91 12.60 9.00 3.69 

NaCl-104 700.1 76.7 0.0175 0.5 0.92 6.42 4.52 4.04 

NaCl-105 700.2 102.7 0.0236 0.5 1.09 3.46 2.06 4.64 
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Appendix C: Corrosion testing 

 

Table C13: Hastelloy C276 and Hastelloy C22 composition along with trace element 

composition of experimental solutions. 

     

   

     

 Hastelloy C-276  Hastelloy C-22 

Exp #  

NaCl-67 

Exp #  

NaCl-98 

 wt% wt% ppb ppb 

Temp.   507°C 670°C 

P   75 50 

Ni 51-63.5 56 balance 122 1208 

Mo 15.0-17.0 13 7 9.8 

Cr 14.5-16.5 22 1.2 6.3 

Fe 4.0-7.0 3   
W 3.0-4.5 3 0.2 0.9 

Co 2.5 max 2.5 max 0.3 2.6 

Mn 1.0 max 0.5 max 1.8 7.5 

C 0.01 max 0.01 max   
V 0.35 max 0.35 max 0.1 0.2 

P 0.04 max  
  

S 0.03 max  
  

Si 0.08 max 0.08 max   
Zn   3.7 33.2 

Ba   0.9 0.4 

Cu  0.5 max 0.4 0.8 

Ge   0.2 1.8 

Ga   0.1 0.1 
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Appendix D: Model fits from the literature 

Table D14: Model fits for NaCl solubility from the literature 

 Model fit Researcher  

    

 
𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙 = 8.637 −

2100.7

𝑇
+ 3.66 𝑙𝑜𝑔 𝜌𝑤 

(Styrikovich, 1969)  

 
𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙 = 1.45 −

1760

𝑇
+ 3.36 𝑙𝑜𝑔 𝑉𝑤 

(Galobardes et al., 1981)  

 
𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙 = 7.772 −

1233.4

𝑇
+ 3.866 𝑙𝑜𝑔 𝜌𝑤 

(Armellini et al., 1993)  

 
ln(𝑋𝑁𝑎𝐶𝑙) = −7.92886 −

4852.47

𝑇
+ (4.49961 −

0.0013

𝑇
) ln 𝜌𝐻2𝑂 − ln 𝑝 

(Harvey et al., 1997)  

 
𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙 = 1.99965 −

1872.83

𝑇
+ (1.87740 +

1281.26

𝑇
) 𝑙𝑜𝑔 𝜌𝐻2𝑂 

(Jensen et al., 2002)  

 
𝑙𝑜𝑔 𝑐𝑁𝑎𝐶𝑙 = −

94.56

𝑅
−

11010

𝑅𝑇
+ 4.569 𝑙𝑜𝑔 𝜌𝑤 

(Leusbrock et al., 2008)  

 
𝑙𝑛 𝑆𝑁𝑎𝐶𝑙 = −42 +

(420.8 − 769)

𝑅𝑇
− 6.09 ln 𝜌𝑤 +  ln 2176 

(Y.Shimoyama et al., 2009)  

 cNaCl = concentration[ppm], XNaCl = mole fraction, SNaCl = concentration[g/L], mNaCl = molality[mol/kg], R = universal gas constant, T = temperature[K], 
 ρH2O = density[g/cm3], ρw = density[mol/L], VH2O = molar volume[L/mol], p = pressure[Mpa] 
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