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Summary

For many decades, molten salts have been employed in various industries due to their
thermodynamic and physical properties. Climate change and the importance of renewable
energy to stave off the worsening effects of rising global temperatures have opened the
door for molten salts to be employed in new technologies. Molten salts have attracted a lot
of attention in the energy and renewable energy sectors due to their high heat capacity, low
vapor pressure, low viscosity, stability at high temperatures, low cost, etc. Biofuel
production from waste stream lignocellulosic, as a renewable energy source, can take
advantage of molten salts. This study is part of an EU project named “ABC-Salt” that aims
to produce sustainable liquid biofuels through hydro-pyrolysis from various lignocellulosic
waste streams. Molten salts, due to their ability to dissolve organic (and inorganic)
materials, can be employed in liquefying biomass as a feed stream for biofuel production.
Liquefying biomass in molten salt can make the feed pumpable. Moreover, the rapid
heating of biomass in molten salt can enhance product quality. The spent molten salt should
be purified and reused in the cycle to make the process more economically and

environmentally attractive.

The main aim of this study was to select and characterize molten salts suitable for ABC-
Salt. This work consists of experimental studies and theoretical modeling. The crucial
thermodynamic properties of the suitable molten salt are a relatively low melting point
(~200°C), high thermal stability at the high-temperature hydro-pyrolysis unit (500°C), low
hydrolysis level in contact with water in biomass, and good transport properties.

In the current study, two molten salt systems were investigated and compared. Four
compositions of ZnCl,:KCI:NaCl (Salt #1:60:20:20, Salt #2: 59.5:21.9:18.6, Salt #3: 52.9:
33.7: 13.4, and Salt #4: 44.3:41.9:13.8 mol%) and three compositions of KCI:CuCl (Salt
#5: 32:68, Salt #6: 34:66, and Salt #7: 36:64 mol%) were selected for the experimental
investigations. Melting points using the cooling curve method and thermal stability
employing thermal gravimetry analysis (TGA) up to 500°C were examined for all seven
compositions. The hydrolysis level of each composition was assessed by adding water
vapor to the molten salt. Chlorides can react with water to generate highly corrosive
hydrochloric acid (HCI). The formed HCI was measured by analyzing the outlet gas from
the reactor at intervals of 50°C up to 500°C. The results show that KC1:CuCl with a melting
point of around 146°C, very high thermal stability, and no HCI formation of up to 500°C

is an interesting alternative for liquefying biomass. However, the appearance of the
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stainless steel/nickel setup indicates that this molten salt is highly corrosive and can ruin
the construction material.

Although the results for the binary system showed higher stability in terms of mass loss
and hydrolysis, the thermodynamic properties of the ternary system still make it an
interesting alternative to the ABC-Salt project. Among the salts from the ternary system,
Salt #4 has been found to be the most promising alternative, with a melting point of 205°C
and mass loss 0f 0.2% up to 500°C. No HCI formation was detected for Salt #4 up to 350°C
and it slightly increased by increasing the temperature reaching 1300 ppm, at 500°C. To
inhibit HCl generation, the effect of metal oxide was investigated, which showed that
adding zinc oxide (ZnO) to the salt can significantly decrease HCI formation by reaction
between ZnO and HCIl. Moreover, the modeling results show that increasing the pressure
suppresses the HCI and ZnCl»(g) formation meaning a lower amount of corrosive gas and

a lower vapor pressure and mass loss in the high-pressure system.

After liquefying the biomass, the spent molten salt needs to be purified from the
contaminants after it leaves the hydro-pyrolysis unit before being reused in the system. In
this study, the electrolysis method was used to examine the molten salt purification, with a
focus on Salt #4. Although molten salts can be contaminated with many components,
theoretically, it is impossible to remove all of them with electrolysis. Therefore, a few
impurities with electrode potential within the electrochemical window of the salt were
selected for further investigation. To simulate the spent salt, impurities were added to the
molten salt, and cyclic voltammetry and chronoamperometry were carried out in a few
experiments. Cu, Fe(I), Fe(III), and Mn were introduced to the molten salt by adding CuCl,
FeCl,, FeCls, and MnOs. The results showed that Cu and Fe(IIl) were fully extracted from
the molten salt, whereas only partial removal of Fe(Il) and Mn was achieved after a few

hours.

Hydrolysis was one of the main focuses of this work due to the lack of theoretical and
experimental data in the literature. In the present work, potassium chloride (KCIl) was
selected for further study because it is the salt used in both ZnCl,:KCIl:NaCl and KCl:CuCl
systems and is also popular in many other salt mixtures. The liquid phase of a hydrolyzed
KCI solution was modeled using the Calphad technique. The thermodynamic modeling of
the liquid phase was carried out based on the subregular solution model using the Redlich—
Kister polynomials in FactSage. The binary subsystems of H,O-KCl, H,O-HCI, H,O—
K>0, and KCI-KOH were critically assessed. To the authors’ knowledge, this is the first
time that chlorides, oxides, and water are modeled as a single liquid phase. The
thermodynamic parameters were optimized considering all experimental data available

from the literature, and binary phase diagrams were generated.



Although binary KCI:CuCl was not selected as the best alternative for ABC-Salt, it is still
a very interesting molten salt for many purposes. There is a phase diagram for this system
in the literature based on the experimental data, but no thermodynamic parameters have
been calculated for this system, and no database was found for the KCI:CuCl solution.
Therefore, Calphad modeling of the binary KCl:CuCl molten salt was performed in this
study, and the solution was modeled with a subregular solution model using Redlich—Kister
polynomials. A phase diagram of the system was generated based on thermodynamic data
and experimental results. The results show that the predicted eutectic point of the binary
system was located at T = 145.9°C and 64.9 CuCl mol%. The calculated results are in
excellent agreement with the values measured in the current work and in the literature.
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Norsk sammendrag

I mange tiar har saltsmelter blitt brukt i ulike industrier pa grunn av deres termodynamiske
og fysiske egenskaper. Klimaendringer og viktigheten av fornybar energi for 4 avverge den
verste effekten av global temperaturgkning har apnet en der for at saltsmelter kan brukes i
nye teknologier. Saltsmelter har tiltrukket seg mye oppmerksomhet i energi- og fornybar
energisektoren pa grunn av deres hgye varmekapasitet, lave damptrykk, lave viskositet,
stabilitet ved heye temperaturer, lave kostnader, etc. Biodrivstoffproduksjon fra
avfallsstrommer basert pé lignocellulose, som en fornybar energikilde, kan dra nytte av
saltsmelter Denne studien er en del av et EU-prosjekt kalt "ABC-Salt" som har som mal &
produsere berekraftig flytende biodrivstoff gjennom hydropyrolyse fra ulike
lignocelluloseholdige avfallsstrommer. Saltsmelter kan, pd grunn av deres evne til 4 lase
opp organiske (og uorganiske) materialer, brukes til 4 gjore biomasse flytende og videre
bruke det som tilforselsstrom for biodrivstoffproduksjon. En flytende blanding av
biomasse og saltsmelter kan pumpes og lettere fores videre i prosessen. Dessuten kan rask
oppvarming av biomasse i saltsmelter forbedre produktkvaliteten. Den brukte saltsmelten
ber renses og gjenbrukes i syklusen for & gjere prosessen mer gkonomisk og miljemessig
attraktiv.

Hovedmalet med denne studien er & velge og karakterisere saltsmelter egnede for ABC-
salt. Arbeidet bestar av eksperimentelle forsek og teoretisk modellering. De avgjerende
termodynamiske egenskapene til det passende smeltede saltet er relativt lavt smeltepunkt
(~200 °C), hey termisk stabilitet ved heytemperatur-hydropyrolyseenheten (500 °C), lavt

hydrolyseniva i kontakt med vann i biomasse og god transport eiendommer.

I dette arbeidet ble hovedsakelig to saltsmeltesystemer undersekt og sammenlignet. Fire
sammensetninger av ZnCl,:KC1:NaCl (Salt #1:60:20:20, Salt #2: 59,5:21,9:18,6, Salt #3:
52,9: 33,7: 13,4 og Salt #4: 44,3:41,9:13,8 mol%) og tre sammensetninger av KCl:CuCl
(Salt #5: 32:68, Salt #6: 34:66 og Salt #7: 36:64 mol%) ble valgt for eksperimentelle
undersgkelser. Smeltepunkter ved bruk av kjelekurvemetoden og termisk stabilitet ved
bruk av termisk gravimetrianalyse (TGA) opp til 500 °C ble undersgkt for alle syv
sammensetningene. Hydrolysenivaet for hver sammensetning ble vurdert ved 4 tilsette
vanndamp til saltsmelten. Klorider kan reagere med vann og generere svert etsende
saltsyre (HCI). Den dannede HCl-gassen ble mélt ved & analysere utlapsgassen fra
reaktoren i intervaller pd 50 °C opp til 500 °C. Resultatene viser at KCI:CuCl med et
smeltepunkt pd rundt 146 °C, svert hey termisk stabilitet og ingen HCI-dannelse opp til
500 °C er et interessant alternativ for & flytendegjore biomasse. Utseendet til oppsettet av
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rustfritt stal/nikkel indikerer imidlertid at denne saltsmelten er svert etsende og kan

odelegge konstruksjonsmaterialet.

Selv om resultatene for det bin@re systemet viste hayere stabilitet nar det gjelder massetap
og hydrolyse, gjor de termodynamiske egenskapene til det ternare systemet det fortsatt til
et interessant alternativ for ABC-Salt-prosjektet. Blant saltene fra det ternare systemet har
Salt #4 vist seg & vaere det mest lovende alternativet, med et smeltepunkt pa 205 °C og
massetap pa 0,2 % opp til 500 °C. Ingen HCI-dannelse ble detektert for Salt #4 opp til 350
°C, men den gkte til 1300 ppm, da temperaturen ble gkt til 500 °C. For & hemme HCI-
dannelsen ble effekten av metalloksid undersekt, som viste at tilsetning av sinkoksid (ZnO)
til saltet kan redusere HCl-dannelsen betydelig grunnet reaksjon mellom ZnO og HCI.
Dessuten viser modelleringsresultatene at ekning av trykket undertrykker dannelsen av
HCI og ZnClx(g), noe som betyr en lavere mengde korrosiv gass og et lavere damptrykk
og massetap i heoytrykkssystemet.

Det brukte saltsmelten, etter & ha gjort biomassen flytende nér det forlater
hydropyrolyseenheten, ma renses fra forurensningene for det brukes pa nytt i systemet. I
denne studien ble elektrolysemetoden brukt for & undersgke rensingen av saltsmelten, med
fokus pé Salt #4. Selv om saltsmelter kan vaere forurenset med mange komponenter, er det
teoretisk umulig & fjerne alle med elektrolyse. Derfor ble noen fi urenheter som har
elektrodepotensialet innenfor det elektrokjemiske vinduet til saltet valgt for videre
undersekelser. For & simulere det brukte saltet ble det tilsatt urenheter til saltsmelten og
syklisk voltammetri og krono-amperometri ble utfort i noen eksperimenter. Cu, Fe(Il),
Fe(II) og Mn ble introdusert til saltsmelten ved & tilsette CuCl, FeCl,, FeClz og MnO..
Resultatene viste at Cu og Fe(IIl) ble fullstendig ekstrahert fra det smeltede saltet mens
fjerning av Fe(Il) og Mn var delvis fullstendig etter noen timer.

Hydrolyse var ett av hovedfokusene i dette arbeidet pa grunn av mangelen pé teoretiske og
eksperimentelle data i litteraturen. I dette arbeidet ble kaliumklorid (KCl) valgt for &
studeres videre siden dette saltet inngér i begge de valgte saltsystemene og ogsa er populeert
i mange andre saltblandinger. Vaskefasen til en hydrolysert KCl-lgsning er modellert med
Calphad-teknikken. Den termodynamiske modelleringen av vaskefasen utfores basert pa
den subregulare losningsmodellen ved & bruke Redlich Kister-polynomene i FactSage. De
binare undersystemene til HO-KCl, H,O-HCI, H,0-K,0 og KCI-KOH ble kritisk vurdert.
Sa vidt forfatteren vet, er dette forste gang at klorider, oksider og vann modelleres som en
enkelt flytende fase. De termodynamiske parameterne er optimalisert med tanke pa alle
eksperimentelle data tilgjengelig fra litteraturen og de binazre fasediagrammene ble

generert.



Selv om det binaere KCI1:CuCl ikke ble valgt som det beste alternativet for ABC-Salt, er
det fortsatt en veldig interessant saltsmelte for mange formal. P4 den andre siden, til tross
for at det finnes et fasediagram for dette systemet i litteraturen basert pa eksperimentelle
data, er det ikke beregnet noen termodynamiske parametere for dette systemet, og ingen
database ble funnet for KCl:CuCl-lgsningen. Derfor ble det utfort Calphad-modellering av
det binere KCl:CuCl-smeltede saltet i denne studien, og lesningen er modellert med en
subreguler lesningsmodell ved bruk av Redlich-Kister-polynomene. Fasediagrammet til
systemet er generert basert pd termodynamiske data og eksperimentelle resultater.
Resultatene viser at det forutsagte eutektiske punktet til det binere systemet er lokalisert
ved T =145,9 °C og 64,9 CuCl mol%. De beregnede resultatene er i god overensstemmelse

med de maélte verdiene i dette arbeidet og litteraturen.
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1 Introduction

1.1 General Introduction

Molten salts are engineering fluids with various applications (1). The term “molten salt”
typically refers to “melts of inorganic compounds” composed of anions and cations (2).
The main characteristics of this kind of fluid are a liquid state in an extensive range of
temperatures, stability at high temperatures, the ability to dissolve many organic and
inorganic compounds, high heat capacity per unit volume, low vapor pressure, low
viscosity, and reasonable cost (3,4). Molten salt-based technologies can be traced back to
the nineteenth century, when alkali metals were isolated from corresponding fused salts

(1,5). Molten salt applications have been growing for two centuries in many industries.

More recently, molten salts have been employed in the energy sector to face urgent
problems regarding energy consumption and environmental protection (6). Renewable
energies, such as solar power, wind energy, nuclear energy, and biofuels, have recently
attracted huge attention as solutions for an environmentally friendly transition from fossil
fuels to renewable energy. Shifting to renewable energy can help reduce greenhouse gas
emissions and limit future climate impacts. Moreover, it can ensure reliable, timely, and
cost-efficient delivery of energy (7). The intermittent nature of some renewable sources,
such as solar power and wind power, makes these renewable sources dependent on energy
storage systems (8). Interest in employing molten salts in energy application and thermal
energy storage is growing. Molten salts have excellent properties in energy storage, such
as high heat capacity and high thermal stability, in addition to low vapor pressure and low
cost (6). They found their place in different energy-generating industries (e.g., solar power,
nuclear energy, batteries, and biofuels) and have been employed as a source for energy

storage in various sectors and carbon capture techniques.

As a renewable energy source, biofuels are not an exception in taking advantage of molten
salts. Although there are various processes for converting biomass to more valuable energy
forms, pyrolysis/hydro-pyrolysis can use the benefits of molten salts to enhance biofuel
production (9). Molten salts can be used to liquefy biomass and as an effective reactive
medium. Moreover, they have a large heat capacity and are very stable at high
temperatures. Molten salts can be used over a wide range of temperatures, from 120°C to
over 1000°C. These properties make them good candidates for rapid heat supply in the

thermal processing of biomass (10).



1.2 Study aim and objectives

This work is part of an H2020 project called ABC-Salt, “Advanced Biomass Catalytic
Conversion to Middle Distillates in Molten Salts,” with agreement number 764089. ABC-
Salt aims to produce sustainable liquid biofuels (middle distillates) from various
lignocellulosic waste streams for the transport industry, both on roads (biodiesel) and in
the air (jet fuel). The project has three main steps: liquefaction, hydro-pyrolysis, and
stabilization (hydrodeoxygenation) (Figure 1.1). The first two processes were carried out
in a molten salt environment.

QABCSa\t

Advanced Biomass Catalytic Conversion

Newly developed
molten salts
Lignocellulosic ) ataction
waste streams q
Salt recycle Hydro-pyrolysis
Middle distillates Stabilisation
refining (hydrodeoxygenation)
Diesel/ Assessments
Kerosene Techno-economics Socio-economics

Figure 1.1. Schematic representation of the ABC-Salt project.

Molten salts were employed to simplify the process and optimize yield production. Feeding
solid biomass to the reactor is one of the main issues in pyrolysis. The complexity of this
increases for high-pressure reactors, such as those commonly used in hydro-pyrolysis.
Problems such as plugging, clogging, leakages, and uneven flow can lead to low production
rates and poor product quality. Liquifying biomass in molten salts before feeding it into a
high-pressure pyrolysis reactor can resolve these problems. It can facilitate the pumping of
biomass and thus give better control of the feeding system. Further, the good heat transfer
characteristics of the molten salt can optimize the vapor yield and minimize char and gas
formation, as the heating rate of biomass particles subject to pyrolysis is significant for the
yield (11,12).

The current work aimed to find and characterize proper molten salt candidates for the ABC-

Salt project. The suitable molten salt needs to liquefy the biomass under mild conditions



and have a melting point of around 200°C. This temperature should be low enough to avoid
producing byproducts, such as ash or char, and sufficiently high to liquify biomass. The
selected molten salt requires high thermal stability to prevent salt decomposition at high
temperatures and to make salt recycling possible. It is also essential that the salts do not
react chemically with the constituents of biomass particles’ constituents and provide
minimum corrosion to metal pipes and containers. Hydrolysis is a possible reaction due to
the presence of water in the biomass. Water may react with the salts and form highly
corrosive gases, such as HCI or HF, if chlorides or fluorides are used, respectively (13,14).
Therefore, the minimum rate of hydrolysis is a considerable area of focus for this study.
Further, the proper molten salt must have good transport properties, such as low viscosity

and low vapor pressure.

The ternary molten salt ZnCl,:KC1:NaCl was the first candidate for ABC-Salt. According
to the literature, it has excellent transport properties and a low melting point (15,16). The
thermodynamic properties (melting point, thermal stability, and hydrolysis) for four
different compositions (Salt #1: 60:20:20, Salt #2: 59.5:21.9:18.6, Salt #3: 52.9:33.7:13 .4,
and Salt #4: 44.3:41.9:13.8 mol%) of the salt were studied in Paper I. The effect of adding
metal oxide (ZnO) on hydrolysis HCl formation was also investigated in this study.
Another interesting salt for ABC-Salt was KCI:CuCl, due to its very low melting point and
low viscosity, but very few studies were found regarding the salt properties. Paper 11
mainly focused on the thermodynamic properties of this binary system by investigating
and comparing the properties of three different compositions (Salt #5: 32:68, Salt #6:
34:66, and Salt #7: 36:64 mol%). Comparing the results from Paper I and II showed that
Zn-based Salt #4 was the most promising alternative as a biomass liquefier, and this salt

was therefore the main focus for further studies.

To limit salt consumption and disposal costs, recycling the spent molten salt as many times
as possible in the ABC-Salt process is essential. This requires a purification step because
biomass ashes and char may accumulate in the molten salt (which can negatively affect
molten salt properties, including melting point, viscosity, etc.). Performing electrolysis
experiments with an electrochemical analyzer (AUTOLAB) was considered for the
possible removal of ash/minerals from Salt #4, and this was investigated in Paper III.

Apart from experimental studies, another aim of the study was to perform simulation and
modeling in FactSage to create a database for unknown salt systems. Although
ZnCl:KCI:NaCl was chosen as the best alternative for ABC-Salt, KC1:CuCl was still
considered a very interesting molten salt system due to its promising thermodynamic
properties. There is a phase diagram for this system in the literature based on experimental

data (17), but no thermodynamic parameters have been calculated for this system, and no



database was found for the KCI:CuCl solution. Therefore, Calphad modeling of the binary
KCI:CuClI molten salt was performed in this study, and FactSage was employed to assess
the thermodynamic parameters and generate the phase diagram (Paper II). This
optimization is a necessary first step for further studies to enable thermodynamic
calculations of practical interest for biomass liquefaction or other applications, such as
copper electrodeposition from salts or solvent metallurgy.

To the author’s best knowledge, Papers I and II were the first experimental studies
investigating the hydrolysis reactions for ZnCl,:KCl:NaCl and KCIl:CuCl molten salt
systems. The presence of chloride, water, and hydrochloric acid in the hydrolysis process
and the effect of metal oxide in the system provide a system in which no FactSage database
was found. Since potassium chloride (KCl) existed in both molten salt systems in the
current work and is a prevalent salt in different applications, KCIl and its oxide were
selected for further modeling. In Paper IV, the thermodynamic modeling of the liquid
phase of a hydrolyzed KCl solution was carried out based on the subregular solution model
using the Redlich—Kister (RK) polynomial in FactSage. The binary systems of H,O-KCl,
H>O-HCl, H,O-K>0 and KCI-KOH were critically assessed. The KOH associate was
included in the liquid phase model to take into account short-range ordering. The
thermodynamic parameters were optimized by considering all the experimental data
available from the literature. The phase diagram and model parameters were derived from
software-assisted optimization.



2 Literature Review

Molten salts have been used in many applications since the 19th century, and their
technologies are still under development (5,18). The thermodynamic properties of these
fluids make them very interesting as mediums for heat transfer, heat storage, coolant,
solvent, etc. However, every single salt has specific thermodynamic properties, making it
suitable for a particular application. Molten salt systems are usually employed as a mixture
(not a singular salt) that could have different properties from single salts. Therefore,
assessing the thermodynamic properties of different compositions of salt mixtures is

essential.

This chapter starts by presenting the important properties of salts and molten salts (Chapter
2.1 and 2.2) that are necessary to consider in categorizing the salts presented in Chapter
2.3. The application of molten salt in energy sectors such as nuclear energy, solar power
plants, batteries, and carbon capture is presented in Chapter 2.3.1. Chapter 2.3.2 and its
subchapters cover information about the application of molten salt in biofuel and hydro-

pyrolysis more specifically, since the aim of the current study is directly linked to them.

2.1 Salt and molten salt

Salt, in chemistry, is a substance produced by the reaction of an acid with a base. This
process is called a neutralization reaction (19). For example, sodium chloride can be
produced through the neutralization reaction between HCl and sodium hydroxide (NaOH),
as shown in Eq. 1:

NaOH + HCl - NaCl + H,0 (1)

A salt consists of the negative ion (anion) of an acid and the positive ion (cation) of a base
(20). Salts can also be generated through a reaction between halogens and alkali metals,
called a combination reaction. The component ions in a salt compound can be either
inorganic (e.g., CI) or organic (C-H bound, such as acetate, CH3CO,). The main

differences between organic and inorganic are listed in Table 2.1 (21,22).



Table 2.1. The main difference between organic and inorganic compounds.

Organic salts Inorganic salts

Based on carbon Not based on carbon

Mainly covalent bonding Mainly ionic bonding

Low boiling point, and melting point High boiling point and melting point
Soluble in nonpolar solvents Soluble in polar solvents (water)
Nonconductors Conduct in solution and molten
Limited thermal stability High thermal stability

The different properties of these salts are mainly due to their chemical bonds. Ionic and
covalent bonds are two main types of chemical bonding. In an ionic bond, one atom donates
an electron to another atom (see Figure 2.1). This means that one atom has a positive
charge, while the other has a negative charge. This phenomenon makes the ionic bond
polar, which stabilizes both atoms (23). Atoms contributing to ionic bonding have large
difference electronegativity values from each other (typically >1.7) (24).
Electronegativity is an index of the tendency of an atom to attract electrons toward itself
and increases from left to right across the periodic table (25). Therefore, ionic bonds
usually occur between metals and non-metals. NaCl, as an inorganic salt, has an ionic bond
in which Na (with an electronegativity of 0.9) donates its electron (to become Na*) and Cl
(with an electronegativity of 3) gains the electron (to become CI").

Ionic bond

Transfer of Tonic
electrons molecule
OO

Sharing of Covalent
electrons molecule

Figure 2.1. lonic vs covalent bond.



In covalent bonding, electrons are shared equally between atoms. The electrical charge in
a covalent bond is evenly distributed between the atoms, so the bond is nonpolar. A
covalent bond between atoms with slightly different electronegativity values results in a
polar bond. However, the polarity in a polar covalent bond is less than in an ionic bond
(23). Although most inorganic salts have ionic bonding, some cases have covalent bonding,
such as ZnCl, (16). Zinc (Zn) with an electronegativity of 1.6 makes the electronegativity
difference 1.4 with CI, which is out of the ionic bonding group. The low melting point of

this salt can strengthen covalent bonding (24).

Although organic salts have various applications in life and industry, they are beyond the
scope of this study due to their limited thermal stability, low boiling point, and low

conductivity.

Inorganic salts play a vital role in normalizing the functions of the human and animal
bodies. A wide variety of inorganic salts are used in various applications, such as
healthcare, agriculture, and construction (26). However, molten salt is another aspect of
salt employment in industry. Molten salt is a salt which melts and becomes a liquid at
elevated temperatures. Molten salts have significant technological importance due to their
thermochemical properties (27). They are employed in various industries according to their
thermochemical properties and prices. Salts have different costs, mostly related to their
abounds in nature and production expenses. Generally, some salts (such as metal chlorides)
have a relatively low price compared to others (e.g., nitrates and nitrites) because of their

abundant natural reserves of them (28).

2.2 Thermochemical properties of molten salt

Melting point

Melting/ freezing point (MP) is one of the most important properties of salt since it marks
the minimum temperature for salt utilization in the liquid state. Generally, salts have high
melting points, but a mixture of different compositions makes their properties tunable. For
example, when a cubic ionic chloride such as sodium chloride (NaCl) (table salt) and KCI
with high melting points (>750°C) is mixed with tetrahedral covalent chloride such as Zinc
Chloride (ZnCl,) with a lower melting point (290°C) in a particular proportion, a eutectic
mixture is formed with a substantially lower melting point around 205°C (28,29).
Moreover, the high boiling point of the molten salts provides a wide range of operating

temperatures in high-temperature utilizations.



Thermal conductivity

The thermal conductivity of molten salts is a critical property for the efficient design of
heat storage technologies. This property is related to heat transfer behavior. Higher values
are preferred to achieve higher heat exchange efficiency (30). However, thermal
conductivity is a complicated property to measure, since convection and radiation reduce
the energy transferred by conduction. Therefore, minimal experimental data is available
for molten salts’ thermal conductivity, and many methods have been used to estimate
thermal conductivity based on simple physical properties, such as melting point, density,
and heat capacity (31,32). The mixture of salts generally has less thermal conductivity than
the proportional mean of the constituent salts. This is expected due to a general increase in
the disorder of the short-range quasi-crystalline lattice of the molten salts with the addition
of another salt (33).

Heat capacity

The high specific heat capacity (Cp) of molten salts is a well-known property that makes
them the most widely used thermal energy storage (TES) material for high-temperature
applications. This property controls the capacity of the temperature rise that can be
transferred or stored (30). The Dulong—Petit equation (Eq. 2) is the most common method
for estimating the heat capacity for molten salt mixtures (34). For the mixture of alkali and
alkaline earth halides, the equation is (35):

C =n 2 (% N;) (2)
P U My)

where Cp is the heat capacity (cal/g K) of the molten salt mixture, V; is the number of
atoms in each component, M, is the molecular weight (g/mol) of each component, and x; is
the molar fraction of i component. 7 is the heat capacity factor (cal/mol K) which denotes
a contribution of n per mol of each atom in the salt mixture, and it is 8 for alkali and alkaline
halides. The Dulong—Petit equation is considered a very good approximate prediction of
heat capacity in cases where no experimental data are available. However, this equation
does not consider the temperature, which can cause inaccuracy for the heat capacities of

halide salts, which are highly temperature dependent (34).
Viscosity

The viscosity (1) is an important property that strongly influences the pumping cost in the
system. Low viscosity can decrease energy consumption in the process of pumping by

reducing friction (36). The viscosity of the strong liquids is calculated using Eq. 3 (37):


https://www.sciencedirect.com/topics/engineering/molar-fraction

E 3
n=Aexp (2 ®

Here, 4 is a constant and E), is the activation energy. R is the universal gas constant (J/K
mol) and 7 is the molten salt temperature (K).

Molten salts usually have low viscosity at high temperatures. Although the viscosity is
measurable by a high-temperature viscometer, there are several models to predict the
viscosity of molten salt mixtures (34).

Density

The equation for the density of the molten salt mixture can be expressed as Eq. 4:

1 (4)
oy W
2 pi
where p,, denotes the density of eutectic salt, and w; and p;denote the mass fraction and
density of individual molten salt, respectively (34). Salt density is not fixed, and it varies
with salt composition (38).

Thermal stability

The high thermal stability of molten salts is required for many applications to avoid salt
decomposition at high temperatures and to make salt recycling possible. Molten salt
systems have very different thermal stability. Some mixtures (nitrites) decompose at a
temperature above 400°C. The reason for thermal decomposition in the air is the oxidation
reaction of nitrite to nitrate (39). The other groups (chlorides, fluorides) are stable at higher
temperatures up to 700-800°C (35,40,41).

Vapor pressure

The vapor pressure of the molten salts and the stability of the construction materials in
contact with the salt (piping/ containers) are two critical issues for molten salt applications
at elevated temperatures (28). Molten salts usually have a neglectable vapor pressure that
ensures stable working conditions at high temperatures. Generally, their vapor pressure
increases slowly when the temperature increases, and there is a significant increase in vapor

pressure at very high temperatures (28).
Solvent capability

Molten salts can act as solvents (for organic and inorganic materials), and some melts have

catalytic properties. The high operating temperature of these liquids could cause changes
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in the equilibrium of the reactions. Inorganic molten salts have been used in gas
chromatography to separate volatile inorganic halides from organic substances (42). These
fluids are an efficient solvent for cellulose in a wide range of degrees of polymerization
(43). Nitrate mixture eutectics have been employed as a solvent on glass fiber paper (42).

Corrosivity

The high operating temperature of molten salts causes corrosion in metal in contact with
the molten salt. This corrosion mode involves the dissolution of an alloying element (setup)
at hot spots and the deposition of those elements in cooler spots. Corrosion is also strongly
dependent on the temperature and flux velocity of salts (44). Atmospheric air plays a
significant role in inducing corrosion in molten salt systems by providing oxygen to the
system (28).

2.3 Molten salt categories and their applications

The properties of molten salts have long been of interest for a wide range of applications.
Molten salts consist of a large class of fluids (chlorides, fluorides, nitrates, etc.), so they
span an extensive range of properties. Salts from the same group usually have similar
thermodynamic properties and are used for similar applications. Binary mixtures present a
simple eutectic point in their phase diagram, while a decreased melting point is expected
when more components are added (45). Table 2.2 shows some important properties of the

most common salt mixtures in the different groups.

The 19% century is considered a period of molten salt technology efflorescence. At the
beginning of the molten salt applications, they were used to extract metals and isolate alkali
metals from their fused hydroxides. The laws of electrolysis using molten salts were
discussed at that time. With advances in metallurgical industries in the 20" century, molten
salts were widely used for metal preparation and purification. Separating a large amount of

uranium using molten salts was an achievement that opened the way for a new approach

).



Table 2.2. Thermochemical properties of the most common molten salt systems in various

groups.
Melting  Decomposition Heat capacity
Group Salt compositions point temperature Reference
(oC) (oC) (k] kg'' K1)
NaNO03:KNOs (solar salt) 240 565 1.55 (500°C) (46,47)
KNO3:NaNO3:NaNO: 142 450 1.56 (300°C) (48,49)
Nitrates-
L NaNO03:KNOs:Ca(NOs)2 130 450 - (50,51)
Nitrites
LiNO3:NaNOs:KNO3 118 550 1.58 (52)
LiNO3:NaNO3:KNO3:CaNOs3 93 450 1.51 (53)
Carbonate LiC0O3:NaC03:KCO3 397 670 1.61 (54)
0.999
KCl:MgCl 430 >700 34
- 1.02 (500- (34
NaCl:KCl:MgCl2 383 >800 800°C) (28,34,55)
Chlorides NaCl:MgClz:CaClz 407 650 - (56,57)
ZnClz:KCl:NaCl 204 >800 0.81 (300- (15,48,58)
600°C)
KCl:MgCl2:ZnCl 356 >700 (59)
0.866
LiF:NaF:KF 454 >700 0.98+1.06e-3 T (41)
NaF:BF 385 >700 1.51 (60)
Fluorides
KF:BF 460 >700 1.31 (61)
KF:ZrF 420 >700 1 (60)

Molten salts have been used as coolants in nuclear and non-nuclear applications, such as

fission power plants, fusion, or hybrid reactors, hydrogen production, long-distance heat

transport, nuclear fuel reprocessing, chemical industry, oil refineries, and shale oil

processing (60,62). In early studies, molten fluorides, such as alkali fluorides, were

considered reactor coolants (60), with structural corrosion appearing to be the main issue

(63). The high cost of fluorides and high melting points are other considerable problems.

In the 21* century, molten salts have attracted much attention in emerging energy

applications, such as solar energy, battery technology, and biofuels. They have a high

thermal capacity, making them suitable and safe for energy storage. Molten salts can also

conduct heat and electricity due to their high conductivity (64). In the last decades, nitrate,
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and nitrite mixtures have been studied as a heat storage medium in concentrating solar
power plants. Because nitrites are not stable and oxidize at a temperature higher than
350°C, nitrates attracted more attention (45). Although nitrate salts are employed in many
large-scale storage plants, worldwide nitrate salt mines and production are restricted (48).
Moreover, there are limited applications to high temperatures, and they decompose at
temperatures above 600°C (65).

Chloride salts are promising candidates in high temperatures as an abundant thermal
storage medium with a lower cost than nitrates (48,66). However, whereas nitrate salts
have been widely studied as heat storage media, chloride salts have received less attention.
Nitrate salts have been proposed as sensible storage media, whereas chlorides have mainly
been suggested as potential LHS media, and their potential as sensible heat storage has
been neglected (6).

One of the earliest studies proposed chloride salts (e.g., NaCl) as a part of a mixture with
nitrate salt mixtures (67). Pure chloride salts such as FeCls (68) and binary, ternary, and
quaternary chloride salts, mainly consisting of KCI, NaCl, CuCl, MgCl,, and ZnCl,, have
been studied by many researchers (6). NaCl and KCl are abundant in nature and have a
high boiling point. When they mix with low melting tetrahedral covalent chloride, they
form an eutectic with a much lower melting point than NaCl or KCI (48). Although molten
salts have been investigated in many applications, there is still a lot of interest and potential
to study molten salts in new approaches, such as renewable energies, and to improve their
functions in developed systems.

2.3.1 Molten salt application in energy sectors

The first use of molten salts in the energy industry was in 1950, when Oak National
Laboratory (ORNL) employed molten salts in a nuclear-powered aircraft engine. Four
years later, in 1954, ORNL shifted its molten salt focus to nuclear reactors. The high
thermal stability of molten salts makes them an interesting fluid in nuclear reactors, since
they would not decompose at high temperatures. In the late 20® century, molten salt
applications expanded to other renewable energy industries as well as a medium for post-
combustion carbon capture, as depicted in Figure 2.2.
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Figure 2.2. Various applications of molten salts in the energy market and industries.
Nuclear reactors

The first molten salt reactor (MSR) built by ORNL was completed in 1954. MSRs engage
high-temperature liquid salts as coolants. Liquid fluoride or chloride salts are proposed as
primary and secondary salts. According to a report from ORNL (69), the eutectic mixture
of LiF:BeF: is suitable for MSRs due to its good thermodynamic and neutronic properties.

Solar power plant

The first solar power plant that used molten salts for energy storage was developed in 1993
by Sandia National Laboratories (64,70). Molten salts play the role of both heat storage
medium and heat transfer fluid (HTF) in the plant (71). Currently, the molten salts and their
eutectic mixtures used in concentrated solar power (CSP) plants are HITEC ternary salt
mixture (53:7:40 mol% KNO3:NaNO3:NaNO,) and binary salt mixture solar salt (60:40
mol% NaNO3;:KNOs3) (72). However, many researchers added another nitrate, such as
Ca(NOs); and LiNOs to the solar salt to reach a lower melting point and avoid the risk of
solidification (45).

Battery

Molten salt batteries are a category of high-energy density and high-power density batteries
that employ molten salts as electrolytes. The first molten salt batteries originated during
World War II. In the mid-1960s, rechargeable batteries were introduced, and later, lower
temperature molten salt batteries were developed that use NaAlCly with Na*-beta-alumina

ceramic electrolyte. These batteries are used as power backups in the telecommunication

13



industries, oil and gas, and railways. In 2010, sodium/metal halide batteries that used Na-

NiCl; as an electrolyte were introduced.
Carbon capture

Carbon capture in molten salts (CCMS) is based on a similar principle as calcium looping
technology (CaLl), but the absorption of CO, is implemented by the active substances
(Ca0/CaCO0:s3) dissolved or partly dissolved in molten salts. Rapid gas—liquid reactions
enable efficient absorption by dissolving metal oxide as an active substance in a liquid
(molten salt). Using molten salts has the advantages of faster reaction kinetics, higher CO,
sorption capacity, and avoiding solid attrition issues (73).

2.3.2  Molten salt application in biofuels

One of the energy sources that can profit from the advantage of molten salt to enhance
production is biofuel. Pyrolysis/hydro-pyrolysis, as one of the most common processes for
converting biomass to biofuel, can be more efficient by employing molten salt in the
process (11,12). The current study focuses on the molten salt properties that could facilitate

it use as a biomass liquefier in biofuel production through hydro-pyrolysis.

Biofuel is one of the primary replacements for fossil fuels to decarbonize the transport
sector. According to the International Energy Agency’s report, the world’s demand for
liquid fuels is continuously increasing, as shown in Figure 2.3. Biofuel demand was
reduced in 2020, mainly due to mobility restrictions due to the COVID-19 pandemic (74).
There is great interest in producing fuel from renewable resources, such as biomass, and
several processes have been proposed to produce biofuel from lignocellulosic biomass
(75). Pyrolysis and hydro-pyrolysis are among the most common and promising methods

for converting low-value lignocellulosic biomass into valuable renewable liquid fuel (76).
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Figure 2.3. Annual biofuel demand growth, 2010-2020 vs. net zero scenario (74).

2321 Pyrolysis and hydro-pyrolysis in general

Fast pyrolysis is one of the most promising methods for converting biomass into valuable
products. It is the rapid thermal degradation of organic materials in the absence of oxygen
at 500-600°C (77). Fast heating causes the decomposition of large biomass molecules into
smaller ones. These molecules are released in the form of volatile compounds, which are
rapidly cooled to room temperature and form liquid fuels. Although the biofuel production
in this process can be up to 75 wt% of the original biomass (the rest is char and permanent
gasses CO, CO, and CHy) (78,79), the oxygen content in biofuel is roughly 35—40 wt%.
The presence of oxygen not only leads to a higher heating value (HHV) compared to
gasoline and diesel but also has high acidity (pH 2-3), which makes it corrosive to
construction materials (80). Hydrotreating can be applied to overcome these challenges.
This process involves re-evaporating the oil and reacting with H» at a very high pressure
(100-170 bar) and 310-375°C (81). This process leads to biofuel production of 26—30 wt%

of the original biomass. However, this process is expensive and slow (80).

Hydro-pyrolysis is the decomposition of the biomass in the presence of H, (82). In hydro-
pyrolysis, the released H; radicals react with volatiles released from biomass. The oxygen

can be removed in the presence of a catalyst and released in the form of water, CO and CO,
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and hydrocarbon is produced (75). One of the advantages of hydro-pyrolysis is that the
required pressure for the process is much lower than the pressure needed for hydrotreating
(30-50 bar compared to 100-170 bar for hydrotreating). Moreover, the process is
exothermic, generating heat that can help sustain endothermal pyrolysis reactions in the
reactor (83).

2.3.22 Molten salt applications in pyrolysis and hydro-pyrolysis

In the late 20" century, molten salts were employed to develop biomass pyrolysis in a few
studies. The results showed that using molten salts could improve the yield production of,
for example, phenolic compounds (84,85). This indicates that molten salts could have
catalytic effects. Another possible advantage is that the heating rate of biomass particles in
molten salts is higher than in an inert atmosphere (86) or in a fluidized sand bed (87). Some
challenging technical issues remain unresolved regarding the pyrolysis reactor, such as
feeding the solid biomass into the reaction unit. The complexity of this increases for high-
pressure reactors, such as hydro-pyrolysis, includes problems such as plugging, clogging,
leakages, and uneven flow, which lead to low production rates and poor product quality.
Liquifying biomass before feeding it into the high-pressure pyrolysis reactor can resolve
the aforementioned problems, which were examined through the ABC-Salt project. It can

facilitate the pumping of biomass and thus give better control of the feeding system.

Molten salts are considered promising biomass liquefiers because they can maximize the
liquid fraction in the fast pyrolysis process downstream. Other advantages of employing
molten salts are the solubility of biomass in molten salts (88), the high thermal conductivity
of the molten salts, and the possibility of using solar energy to heat and melt the salt. The
molten salt is also a heat carrier and a possible catalyst in the following up hydro-pyrolysis
step (84). Additionally, they have favorable transport properties, such as low viscosity,
leading to the rapid enclosing of the biomass particles (5). Molten salts can be recycled
after removing char and ash. The salt criteria for biomass liquefaction are, in many ways,
similar to those for high-temperature phase change materials (PCM) for thermal energy
storage. Favorable properties of a proper fluid include high heat capacity, high

conductivity, low vapor pressure, high boiling point, low viscosity, and low cost (28,60).



3 Rationale behind case study
properties

This chapter provides supplementary information, which is essential to explaining the case
study. In Chapter 3.1, the theoretical background of ZnCl,:KCl:NaCl and KCI:CuCl molten
salt systems is discussed to explain the reason for selecting them for thermodynamic
properties investigation in the current study. Chapter 3.2 mostly explains how the specific
impurities were selected for study in the purification step. The last subchapter covers the

theoretical background of the modeling technique employed in this study.

3.1 Choosing the proper molten salt for ABC-Salt

Among all the molten salt groups, chlorides have the most essential properties for biomass
liquefaction, including low melting points and high thermal stability. Although many
chlorides have been investigated in the literature for several applications, an eutectic
mixture of ZnCl,, KCl and NaCl is one of the most promising candidates for the present
purpose, which is discussed in Paper I. This ternary mixture is non-toxic, non-flammable,
has a melting point around 200°C, and is stable at even higher temperatures compared to
other ternary mixtures (89). NaCl and KCl are available in large amounts. They have high
heat capacities and low vapor pressures but too high melting points (>750°C) for this
purpose. However, a cubic ionic chloride mixture such as NaCl or KCI with tetrahedral
covalent chloride such as ZnCl, with a lower melting point in a particular proportion forms
a eutectic mixture with a substantially lower melting point (28,29). All three single salts
(ZnCl,, KCl, and NaCl) and their mixtures have high stability even at high temperatures.
Low vapor pressure (<l atm) at high temperature (up to 800°C), low melting point
(~200°C), high thermal conductivity, high heat capacity, low corrosion rate, and high
boiling point have been reported for different compositions of the salt mixture (28,29,90—
93). These results and the promising results in pyrolysis studies and thermal storage studies
(28,84-87,89,90) make ZnCl,:KCl:NaCl a promising candidate for the present study. Four
compositions of the ZnCl,:KCL:NaCl ternary system were chosen for experimental

investigation, as described in Table 3.1.

The second alternative salt mixture was KCl:CuCl due to its relatively low melting point,
as presented in Paper II. Very few studies have explored this binary system. In early
studies, Sandonini showed the eutectic of binary KCIl:CuCl at 66 mol% CuCl, with a
melting point of 136°C (17). Fontana et al. studied the same composition as the eutectic

mixture and reported an eutectic temperature of 150°C (94). In a later work, Etter et al.
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(17) investigated a composition containing 66.7 mol% CuCl and presented this as a eutectic
mixture with a melting point of 150°C. They reported that the low melting point gives a
wide liquidus range, and no indication of decomposition was observed up to 800°C for 96
h. Etter et al. also reported that this binary system has low viscosity (17). Three
compositions of the KCl:CuCl binary system close to the reported eutectic composition
were selected for further study in Paper II (see Table 3.1)

Different binary eutectic systems of pure salts have been modeled using FactSage, but the
lack of measured properties and experimental data for many of these systems is a distinct
challenge (6). There is very little information about binary KCI:CuCl as a molten salt
system, and more investigation needs to be performed. The only available phase diagram
for this binary system was generated based on experimental data without calculating
thermodynamic parameters. To study this binary system in depth, Paper II assessed the
thermodynamic parameters and regenerated the phase diagram using FactSage.



Table 3.1. Compositions and the theoretical melting point of three eutectic molten salts of
ZnCl:KCI:NaCl, and KCI:CuCl.

Chemical formula ZnCl: KCl Nacl CucCl References
Molar mass
136.32 74.55 58.44 98.99 (91)
(g/mol)
Melting point (°C) 318 776 801 422 (95)
Boiling point (°C) 732 1420 1413 1490 91
Densi cm3) at
v €g/ _) 2.38 1.52 1.55 3.75 (95)
the melting point
Viscosity (cp) at
t}f( P) . 40 50 17 104 (37,95)
the melting point
Experimental
Molar fraction (wt%) of studied compositions melting point
(°C) in literature
Salt #1 60 20 20 - 203 (91)
Salt #2 59.5 21.9 18.6 - 199 (89)
Salt #3 52.9 33.7 13.4 - 210 (89)
Salt #4 443 419 13.8 - 199 (89)
Salt #5 - 32 - 68 151 (17)
Salt #6 - 34 - 66 150 (17)
Salt #7 - 36 - 64 151 (17)
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3.2 Molten salt purification

In the majority of the molten salt applications mentioned above, the melt is in contact with
other materials, which can lead to contamination. Some of these impurities are introduced
to the salt during the process (ash/char formed from biomass in the current case), while
others are the product of molten salt application (corrosion products from the salt’s
interaction with alloying elements) (96). The contaminants in the molten salts can change
the salt’s thermophysical properties, such as heat capacity and thermal conductivity. Some
impurities can act as catalysts, leading to more corrosion in the system (97). Moreover, in
many processes, the molten salt needs to be recycled and reused many times. Therefore,
molten salt purification and removal of impurities are critical concerns for molten salt

applications.

Electrochemical removal is an effective method that can be used to separate impurities and
purify molten salt (98). Electrolysis in molten salts has been used to recover metals from
ores (99,100) and later to remove elements from various molten salt systems (101-105).
Cyclic voltammetry (CV) is an electrochemical technique employed in Paper III to
investigate the reduction and oxidation processes of molecular species. The reduction
potential of each element can be detected using this method, and the impurities can be
reduced by electrodeposition (98). More details of the theoretical background can be found
in Paper III.

In the ABC-Salt project, after leaving the hydro-pyrolysis unit (Figure 1.1), the spent
molten salt (Salt #4 from Paper I) can be contaminated by biomass char/ash or corrosion
products. Thus, it needs to be purified before recycling it back into the system. According
to internal communication in the ABC-Salt project (106), the most probable impurities in
the spent molten salt are compounds, including elements such as calcium (Ca), potassium
(K), odium (Na), magnesium (Mg), aluminum (Al), manganese (Mn), zinc (Zn), iron (Fe),
and copper (Cu). The reaction potential of these elements with respect to the standard
hydrogen electrode is presented in Table 3.2. These data have been used to compare their
electrode potential under standard conditions and to establish the electrochemical window

vs. the proposed electrode for the interested system.

The main concern of the electrolysis process is removing impurities without decomposing
molten salt. Therefore, finding the electrode potential of the molten salt species is the first
step. Among Zn?*, K* and Na", which are the molten salt cations, Zn?>" has less negative
electrode potential values, meaning that it is the most easily reduced element. By contrast,
CI' has the most positive electrode potential value. The electrode potential values of Zn?"
and CI" therefore define the electrochemical window, meaning that theoretically, it is only



possible to remove the elements that have their electrode potential within the window
without salt decomposition.

Table 3.2. The reduction potential of elements with respect to the standard hydrogen

electrode (19).

Electrodeposition
Half reaction E°/v possibility

(theoretically)
Ca* + e oCa -3.8 Impossible
Kt+eo K -2.931 Salt species
Na* +e o Na -2.71 Salt species
Mg?t + 2e & Mg -2.372 Impossible
AT +3e o Al -1.662 Impossible
Mn?* + 2e & Mn -1.185 Impossible
In*t +2e & In -0.762 Salt species
Fe?* + 2e <Fe -0.447 Possible
Fe3* +3e & Fe -0.037 Possible
Fe3* + e & Fe?* 0.771 Possible
Cut+eo Cu 0.521 Possible
Cl,(g) +2e & 2C1l° 1.358 Salt species
Mn3t + e & Mn?t 1.542 Impossible

Figure 3.1 shows the cyclic voltammogram of ZnCl, (15). At a lower potential, the sharp
increase of cathodic current defines the nucleation process of the electroreduction of metal
(Zn), which can be attributed to the deposition of Zn. On the other side of the
electrochemical window, anodic current is observed, which is considered to be chlorine
gas evolution. In the figure, the proposed elements in Table 3.2 are added to the
voltammogram according to their electrode potential to show the possibility of impurity
removal from the salt. Paper III assessed the removal possibility of these elements
(introduced from CuCl, FeCl, and FeCls) from Salt #4. Although Mn?" and Mn*" are out

21



of the electrochemical window, the possibility of Mn*" removal was assessed by adding
MnO: to the molten salt!.

Ca Na Fe Cu

K Mg

/n Cl

Figure 3.1. Schematic cyclic voltammogram of ZnCl; and some elements that can locate

inside or outside the electrode potential window (15).

3.3 Modeling the salt mixture phase diagram

Calphad modeling of the binary KCl:CuCl molten salt and the liquid solution of hydrolyzed
KCl is another part of this study (Papers II and IV). The Calphad (calculation of phase
diagrams) method is a very important method for thermodynamic modeling and generation
of the phase diagram for multicomponent systems. The method is based on a semi-
empirical approach and requires a reliable basic amount of experimental data for modeling
and describing thermodynamic properties. Such data allow extrapolation of the phase
diagram and thermodynamic properties to regions where no experimental data are

studied/available and more complicated systems (107).

Calphad is a sequential method, starting from simpler systems to more complicated cases.
The temperature-dependent Gibbs energy for the various crystallography of the elements
is required for phase diagram calculations. This is followed by reliable experimental data
for binary systems. These data need to cover both the thermodynamic properties of the
individual phases (e.g., heat capacity, enthalpies of formation or mixing, etc.) and the phase

equilibria (e.g., transition temperatures, compositions, etc.). During the assessment, the

! The reduction potential of Mn*" has not been found in literature.



Gibbs energies of the intermediate phases also needed to be modeled to determine the
solubility of the elements in various phases. Consequently, the interaction parameters can

be modeled for the defined system, which can predict the phase diagram.

The Gibbs free energy expression contains three parts for the liquid phase model, which

can be written as Eq. 5.
Gm (T, x;) = G™ + Gl + GE (%)

where G'¢ is the contribution from pure components of the phase to the Gibbs energy,
Glaealis the ideal mixing contribution, and x; is the mole fraction of component i. G is the
contribution due to non-ideal interactions between pure components, also known as the
Gibbs excess energy of mixing. GF is the most important parameter for representing the
interaction of components, except for the entropy value increase contributed by the ideal
mixture. G” has several kinds of mathematical expressions that represent the interactions
between constituents. The Redlich—Kister (RK) model is one of the most common models

for binary systems (108), and it has been employed by the expression as Eq. 6:

TLL']'

GF = XkciXcuct Z L® (M) (xker — Xcucr)® (6)

v=0

LY (v=0,1,2,...) are the RK interaction parameters between the two end members (109).

It can be written in general form as a function of temperature in Eq. 7:
L}j=A+BT +CtInT + DT* + ET> + F/T (7

where 4, B, C, D, E and F are constant parameters usually obtained through empirical or
semi-empirical methods. A single parameter will always give a symmetrical contribution
to the Gibbs energy of excess; thus, at least two RK coefficients are needed to describe a
subregular solution. The composition dependence of the excess enthalpy is described by 4
and the excess entropy by B (109), which are considered and optimized in Papers II and
IV.

The assessed thermodynamic data for binary or ternary systems were collected as
thermodynamic databases in a proper software package that allows the prediction of
properties and theoretical calculations for multicomponent systems in various
compositions and conditions. FactSage has a vast database and calculation and
manipulation modules, making it a powerful software for thermodynamic modeling (110).

FactSage V.7.2 was applied in this study to set up the database and calculate the phase
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diagrams. The in-house tool DataOptimizer (111) has been employed to optimize the
parameters based on the experimental data.

Paper II models the thermodynamic properties of the KCIl:CuCl molten salt system and
generates a binary phase diagram for further theoretical studies. Paper IV used Calphad
techniques to model the liquid phase of a hydrolyzed chloride solution. KCl has the most
reliable and extended experimental data available in the literature, among other chloride
systems studied in the current work. Therefore, the KCl-K,O-HCI-H,O reciprocal system
was selected for this modeling. The thermodynamic parameters involved in the excess
terms of the Gibbs energy phases were optimized considering the experimental data
available from the literature. The phase diagrams and model parameters were derived from

thermodynamic optimization.



4 Materials and Methods

This chapter describes the experimental conditions and setups for Papers I-II1. Paper II
is a collaborative paper, and the parts of the experiments performed by DLR? in Germany
are not described here. Paper IV is based on modeling and simulation and does not include
any experimental work.

4.1 Salt preparation

It was necessary to pre-dry the chemicals to remove residual crystal water due to the
hygroscopic nature of the salts. The salts employed in the experiments, including ZnCl,
(VWR, 98.3%), KCI (Sigma, >99.5%), NaCl (Sigma, >99.8%), and CuCl (VWR, > 95%)
were dried and kept in a heating cabinet at 200°C for at least 24 h in separate and closed
beakers (see Figure 4.1). The dried salts were mixed mechanically to obtain the specific
compositions listed in Table 4.1.

Figure 4.1. Beakers containing different salts kept inside the heating cabinet at a
temperature of 200°C.

2 Partner in ABC-Salt
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Table 4.1. Composition of the salts used for the experiments in Papers I-II1.

Salt Composition (mol%) Paper
Salt #1 ZnCly:KCI:NaCl 60:20:20 I
Salt #2 ZnCly:KCIl:NaCl 59.5:21.9:18.6 I
Salt #3 ZnCly:KCl:NaCl 52.9:33.7:12.4 I
Salt #4 ZnCl:KCl:NaCl 44.3:41.9:13.8 I, I
Salt #5 KCI:CuCl 32:68 I
Salt #6 KCl:CuCl 34:66 11
Salt #7 KCI:CuCl 36:64 I

The salts were in powder form at room temperature, and they were melted at elevated

temperature under an inert atmosphere before starting the experiments.

4.2 Adding other chemicals

Although the salts listed in Table 4.1 are the main chemicals for the experiments, other
chemicals were added to the salt mixture at different stages to investigate their effects on

the molten salt characteristics in some experiments.

In Paper I, ZnO (Alfa Aesar, 99%) was added to ZnCl,:KCIl:NaCl (Salt #1: 60:20:20
mol%) at the stage of preparing the salt mixture to investigate its effect on the hydrolysis
of the salt.

In Paper III, multiple chemicals were added to ZnCl,:KCl:NaCl (Salt #4: 44.3:41.9:13.8
mol%) at high temperatures to investigate the removal of impurity elements by
electrodeposition from the salt. The chemicals CuCl (VWR, >95%), FeCl, (Thermo Fisher,
>99.99%), FeCl; (Sigma, >99.9%) and MnO, (Thermo Fisher, >99.9%) were added to the

molten salt at 260°C in separate experiments.

4.3 Inert gas

All experiments were carried out in an inert atmosphere. Nitrogen (N») or argon (Ar) was
bubbled through the molten salt in all experiments to remove residual water molecules
from the molten salt and deoxygenate the melt. This procedure also helped to provide a
homogeneous mixture of the molten salt (or molten salt and added chemicals) before

starting the experiments. During the experiments, an inert gas flowed from the bottom or



top of the experimental setup to provide an inert atmosphere. The gas compositions used
for the experiments were Ar (AGA, >99.99%) and N, (AGA, >99.999%).

4.4 Experimental setup and procedure

Four different setups were used for experimental work in Papers I, II, and III. The
thermodynamic properties of four compositions of ZnCl;:KCl:NaCl and three
compositions of KCl:CuCl, including melting point, thermal stability, and hydrolysis, were
investigated in Papers I and II. The most promising composition concluded from Papers

I and II was chosen for further purification studies by electrolysis in Paper III.

All experiments were carried out at ambient pressure. An S-type thermocouple was
employed to measure and control the temperature. Temperature calibration is necessary to
minimize the systematic errors of the thermocouple. The thermocouple was calibrated
using deionized ice and water, deionized boiling water, pure tin (Sn) (Aldrich, >99.8%)
and pure Zn (Sigma, >99.9%). The measured temperatures were calibrated according to
Table 4.2 using linear regression.

Table 4.2.Standard and measured calibration points for S-type thermocouple.

Deionized Deionized X .
Sample . . Pure tin Pure zinc
icetwater boiling water
Calibration point (°C) 0.0 100.0 231.9 419.5
Measured value (°C) 0.06 97.9 231.2 417.1
Relative error - 2.1% 0.3% 0.57%

441 Melting point experiments

The melting points of the selected salt mixtures were measured experimentally using the
cooling curve method described by Rahman et al.(112). A total of 120 g of the dry salt
mixture was placed inside a nickel crucible (5.7 cm height and 6.1 cm inner diameter) and
heated up to 250°C (in Paper I) and up to 170°C (in Paper II) in a vertical electrical
resistance furnace to ensure complete melting. To minimize heat loss, the crucible was
equipped with nickel radiation shields on top (see Figure 4.2). The molten salt was mixed
for at least 1 h using a mechanical nickel stirrer (40 rpm) to ensure a homogenous mixture.
The salt mixture was then cooled down slowly at a rate of 0.3 or 0.5°C/min. In some cases
in Paper I, 0.1-0.15 g of a solid salt crystal (ZnCl,:KCl:NaCl) was added to the molten
salt right before solidification occurred to control undercooling. The cooling curve
experiments were repeated several times by heating up the solidified salt and cooling it

down again for each composition.
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Figure 4.2. Experimental setup for the determination of melting points. The sample was
placed in a nickel crucible and underwent controlled cooling under constant stirring. The

experiments were performed under an inert atmosphere (Ar).

4.4.2 Thermal stability experiments

Thermogravimetric analysis (TGA) was performed to compare the thermal stability of all
four compositions in Paper I and three compositions in Paper II as a function of
temperature up to 500°C. For this purpose, 235 g of the dried salt mixture was prepared
and compressed in a tubular nickel crucible (17 cm height and 5.1 cm inner diameter). The
crucible containing the salt was suspended from a weight scale (MS8001S, Mettler Toledo,
accuracy of 0.1 g) located above the furnace, as shown in Figure 4.3. The salt mixture was
heated up to 500°C at a heating rate of 10°C/min and the weight change was recorded
continuously with a sampling rate of two seconds during the experiments. LabView 8.2
(National Instrument) was used to monitor and record any weight changes, presenting the
mass loss.



\ Weight scale

/ |
| | S-Type thermocouple
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i Radiation shields

Figure 4.3. Schematic representation of the experimental setup for the TGA studies. The
setup is hung from the weight scale, which records the weight. The temperature was

measured using a type S thermocouple.

4.4.3 Hydrolysis experiments

Chlorides are widely used in many industries, and their hydrolysis is still a challenge. They
are hygroscopic and have a high tendency to react with water to form highly corrosive acid
HCI and metal oxide (96). To test whether the hydrolysis reactions occurred with the
chlorides in this study, a series of hydrolysis experiments were performed in the setup

depicted in Figure 4.4.

A total of 235 g of dried salt mixture was prepared in a nickel crucible, similar to the TGA
experiment. The crucible was placed inside a sealed stainless steel vessel. The salt mixture
was heated under an inert atmosphere (Ar flow) up to 230°C for the ZnCl,:KCl:NaCl
mixture in Paper I and up to 170°C for the KCIl:CuCl mixture in Paper II. N, was bubbled
through the molten salt for at least 12 h at a rate of 0.2 N1/ min to ensure homogenous melts

with no crystal water.
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The salts were heated up, and the hydrolysis experiments started at 250°C. H,O(g) was
added by bubbling 0.4 NI/min N, through a closed, water-filled vessel. The water
temperature was kept constant at a temperature of 46°C to ensure a water partial pressure
of 10 kPa (10 vol%) (113). The gas consisting of N> and water vapor was then introduced
to the melt through a nickel tube (diameter (d): 13 mm) placed one centimeter above the
bottom of the molten salt (see Papers I and II for more details). Thus, the gas was released
to the volume above the salt and left the sealed vessel through the stainless steel exhausting
tube on top of the vessel. The exit gas was filtered using a high-voltage electrostatic filter
(36 kV) to remove possible particles entrained in the gas stream. Finally, the filtered gas
was continuously monitored by Fourier transform infrared spectroscopy (FTIR) at intervals
of 50°C up to 500°C. The melt was kept at each temperature interval for at least 30 min to
ensure the accuracy of the HCI level. The whole setup used in the lab is shown in Figure
4.5.

Filter B Nitrogen + Water vapor

FTIR | - 5-Type
3 M |- f thermocouple

]

Nitrogen

/s
Water M

y
Electrical furnace

Heat/'lng plate

Moltensalt 4 1L ___Radiation shields

[

A{Ar flow

Figure 4.4. Experimental setup for hydrolysis studies. The inner crucible and feed tube

are made of nickel, and the outer container is made of stainless steel.



Figure 4.5. The entire experimental setup for hydrolysis investigation included furnace,

high voltage filter, FTIR, water vessel, etc.

To investigate the effect of metal oxide on hydrolysis, the salt with the highest hydrolysis
rate (Salt #1: ZnCl,:KCl:NaCl, 44.3: 41.9:13.8 mol% in Paper I) was chosen as a suitable
candidate. Two different amounts of dried ZnO powder, namely 5 wt% and 10 wt %, were
added to the salt mixture at the stage of mixing the salt, and the same procedure was carried

out for both ZnO concentrations.

444 Electrolysis experiments

According to the results from Papers I and 11, the most promising salt mixture (Salt #4:
ZnCly:KCI:NaCl mixture, 44.3—41.9-13.8 mol%) was chosen for further study. The
selected salt mixture is a candidate for liquefying biomass and transferring it to the hydro-
pyrolysis unit (500°C and 30-50 bar) in the ABC—Salt process. The molten salt can be
contaminated by ash/ char from the biomass conversion process. Therefore, the impurity
elements need to be removed from the spent molten salt. In this study, electrolysis was

employed to investigate the purification of the salt.

In total, 235 g of ZnCl,:KCI1:NaCl mixture (Salt #4) was prepared in a graphite crucible
(12.5 cm height, 9.5 cm outer diameter, and 6.5 cm inner diameter) (shown in Figure 4.6)
and located in the furnace where the salt mixture was heated to around 260°C. Ar was
bubbled through the molten salt for at least 12 h. Then, 2 g of the impurity (in the form of
CuCl, FeCly, FeCls, or MnO4) was added to the molten salt, and Ar was bubbled at the

31



bottom of the mixture to stir the mixture for 1 h. During the experiments, the Ar flow was

kept above the melt in the crucible to provide an inert atmosphere.

Figure 4.6. Crucibles used in different experiments from the left side: nickel crucible for
melting point experiments, nickel crucible for TGA and hydrolysis experiments, and

graphite crucible for electrolysis experiments.

CV and chronoamperometry were performed using an electrochemical measurement
system (Autolab, PGSTAT302N) and controlled using Nova software version 2.1 for
Windows. A graphite rod (6 mm diameter) and a Zn rod (3 mm diameter) were used as the
working electrodes in CV and potentiostatic electrolysis, respectively. The reference
electrode was a platinum (Pt) wire (0.5 mm diameter). The graphite crucible functioned as
a counter electrode. The S-type thermocouple was located just above the molten salt

surface during the experiments (see Figure 4.7).
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Figure 4.7. Schematic of the experimental setup for electrochemical salt purification
using a graphite crucible as the counter electrode, Pt wire as the reference electrode, and

graphite rod or Zn rod as the working electrode.
Electrolysis of the molten salt was carried out in four stages for each experiment:

1. CV was conducted before adding the impurities to analyze the pure salt mixture

and detect the peaks related to the salt elements.

2. CV was conducted after adding the impurity to detect the new peak related to the

impurity.

3. Potentiostatic electrolysis was performed using chronoamperometry to extract the

impurity from the molten salt by applying constant potential.

4. CV was conducted after removing the impurities to assess the removal possibility

and to compare the voltammograms before and after electrodeposition.

In step 3, after a time between 30 min and a few hours, the electrolysis was terminated, and
the working electrode was removed from the melt. Then, the impurities attached to the
working electrode were extracted from the molten salt. The applied potential value for each
electrodeposition run was adjusted according to the cathodic peak in the cyclic
voltammogram before a new run, as suggested by Kim et al. (98). This phenomenon is

caused by a shift in the reference electrode potential, which in the present study is Pt.

The temperature was kept at 260°C for all experiments to ensure the liquid state of the salt.
For every experiment with a new impurity, a newly prepared salt mixture was used. To

minimize the ohmic drop in the CV, a slow scan rate was selected (20 mV/s). Moreover, a
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short distance (1 cm) between the working and reference electrodes was kept during the
experiments, as suggested by Saveant, and Oldham and Stevens (114,115). The geometric
area of the graphite working electrode in contact with the molten salt was 3.8 cm? and the
counter electrode was 94.4 cm?.

The deposited compound from the third stage was analyzed using X-ray diffraction (XRD)
(Bruker D8 Advance) to characterize the elements. However, the results for only one case
(CuCl and molten salt) are presented because the results from the other cases show a lot of
noise, which makes them difficult to interpret. This is probably because of the rapid

oxidation of Fe and the presence of various ferric oxides.

4.5 Modeling

Apart from the experimental research, modeling studies were carried out to support the
experimental results, particularly for hydrolysis studies. The modeling studies were in
collaboration with GTT technologies in Germany through an exchange study during the
PhD period. For all assessments, the FactSage software V.7.2 (110) and the in-house tool

DataOptimizer (111) were used.

The phase diagram for the ternary system ZnCl,:KCl:NaCl studied in Paper I was
available from the literature (91), and the thermodynamic parameters were calculated for
the system; however, no thermodynamic parameters were calculated for the binary
KCI:CuCl system. Although there is a phase diagram for this system in the literature based
on experimental data (17), no database was found for this solution. The experimental data,
including liquidus temperature, eutectic temperature and composition, peritectic
temperature, and melting enthalpy (assessed by DLR), which are reported in Paper 1II,
were adopted to assess the calculation results in the binary phase diagrams. First, the related
interaction parameters were determined, and then the binary system was optimized by
employing the Redlich—Kister expression. The first and second terms of interaction
parameters (L;; i=0, 1) were optimized by using experimental results from liquidus line and
eutectic in the wide temperature and composition ranges, as well as the accurately
measured melting enthalpy. For the intermediate compound K,CuCls in the KCl:CuCl
system, the standard entropy was optimized as well, while the enthalpy of formation was

fixed, as shown in Table 5.3.

Paper I presents the experimental results of ZnCl,:KCl:NaCl hydrolysis at an atmospheric
pressure of up to 500°C. However, the operation pressure in the hydro-pyrolysis unit in the
ABC-Salt project can be increased to 50 bar, which was not possible to examine in
NMBU’s laboratory. Thus, the FactSage employed and the FactPS and Factsalt databases

were used to simulate the effect of increasing pressure on HCI formation.



Moreover, the effect of adding metal oxide to the molten salt was studied experimentally
in Paper I. However, there is no database for the thermodynamic modeling of a liquid
solution with chlorides and oxides over the complete composition space. To study the
hydrolysis of chlorides and the effect of their oxide in the system, KCI was selected to be
modeled in the solution together with water and its oxide (K,O). For KCl, the hydrolysis
reaction is given in Eq. 8.

2KCl + H,0 & 2HCl + K,0 (8)

Generally, all the components in Eq.8 could be dissolved in the liquid solution and make a
KCI-K>0O-HCI-H,O reciprocal system which needs to be studied. However, because of
the limited stability of KO, no experimental data for K,O—KCl or K;O-KOH was found
from the literature, and it is assumed that it has an ideal contribution to the liquid solution,
but its properties (standard enthalpy and entropy) are included. Therefore, KOH was added
to the solution as an associate in the solution with the non-ideal contribution, and the
complete system KCI-KOH-HCI-H,O can be described as shown in Figure 4.8.

H:0 KOH K0

HCl KCl

Figure 4.8. KCI-K,O-HCI-H,O reciprocal system using an associate solution model.

Red lines: assessed quasi-binary systems, yellow area: composition space covered.

The order of the assessment was to first optimize the H,O-KCl system with two end
members in the liquid phase, H,O and KCI. After optimizing all binary systems, H,O—KCl
was reassessed with five end members in the liquid phase, including H>O, KCI, HCI, K,O
and KOH. Therefore, the optimized binary systems are HO-HCI, H,O-KOH, KOH-KC1
and finally HO—KCI. The data for the pure components of the liquid phase were taken
from the Fact Pure Substances database. To maintain consistency, the data for pure solid
KCl and CuCl were also adopted from the same source. The model parameters for the H,O—
HCI, H,O-KOH, KOH—KCIl and H20-KCl binary systems were determined using various

35



types of thermodynamic data, that is, vapor pressure, solubility in water, melting, and
boiling point, and heat capacity of the solution collected from the literature. The interaction
parameters between components in every binary system in the liquid phase, including the
first and second term (A + B-T) of L® and L', were optimized, as reported in Table 5.3.



5 Results and Discussion

In this chapter, the most important outcomes from the experimental work (Papers I-I1I)
and thermodynamic modeling work (Papers II and 1V) are presented and discussed. The
thermodynamic properties of the ternary system ZnCl,:KCl:NaCl (Paper I) and the binary
system KCIL:CuCl (Paper II) were studied and compared. Paper III chose the most
promising molten salt system from the first two papers for further purification studies, and
the results from molten salt electrolysis are discussed in the current chapter. Moreover, the
modeling results for HCl formation vs pressure, the thermodynamic modeling for
generating the phase diagram for KCIl:CuCl (Paper II), and the thermodynamic modeling
of phase equilibria in the KCI-K,O-HCI-H,O reciprocal system (Paper IV) are presented
and discussed.

5.1 Thermodynamic properties

The main aim of Papers I and II was to find the most promising salt mixture for the ABC-
Salt process based on the thermodynamic properties that could make it suitable as a
biomass liquefier. Melting point, thermal stability, and hydrolysis were the main properties
that were studied for four compositions of ZnCl,:KCl:NaCl and three compositions of
KCI:CuClL

Figure 5.1 presents three repetitions of the cooling curves for Salts #1 and 4 from the
ternary system and Salts #5 and 6 from the binary system as some examples. The
undercoolings represent the melting points of the salt mixtures. The cooling curves for the

other salts showed similar trends but with other observed melting points (see Table 5.1).

Figure 5.2 presents the average value of the measured melting points of all seven
compositions before and after calibrations of the thermocouple. Salts #1-4 (ternary
ZnCl,:KCI:NaCl) show similar melting point in the range of 202—-205°C except for Salt #3,
which had a slightly higher melting point around 212°C. Salts #5-7 (binary KCl:CuCl)
exhibited much lower melting points around 146°C. Although the binary system had a
lower melting point, the ternary system is still an interesting option as a biomass liquefier,

since the acceptable melting point is around 200°C in the ABC-Salt project.
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Figure 5.1. Cooling curves for the molten salts, including (a) Salt #1 (60:20:20mol%), (b)
Salt #4 (44.3:41.9:13.8mol%), (c) Salt #5 (32-68mol%), and (d) Salt #6 (34:66mol%). For
aand b, 0.1-0.15 g of solid salt crystal was added right before solidification to smooth the
undercooling.
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Figure 5.2. Experimental melting points for four compositions of ZnCl:KCI:NaCl
(Salts #1—4) and three compositions of KCI:CuCl (Salts #5-7) before and after

calibration of the thermocouple.



Figure 5.3 shows the mass loss as a function of temperature up to 500°C for Salts 1-7. All
seven compositions are very stable, even at high temperatures of up to 500°C. However,
the compositions of KCIl:CuCl were more stable than the compositions of ZnCl,:KCIl:NaCl.
Salts #5—7 did not show significant mass loss in TGA results, whereas Salt #1—4 lost a few
percent of their mass. Salt #1 lost up to 2 wt% at 500°C. This composition started to lose
mass at lower temperatures than the others. Salt #2 lost around 1% of the mass when the
temperature reached 500°C and Salts #3 and 4 lost 0.5 and 0.2% of mass at the same
temperature, respectively. Although ZnCl,:KCl:NaCl had higher mass loss, it is still in the
acceptable range for the ABC-Salt purpose.
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Figure 5.3. Mass loss as a function of temperature for (a) four compositions of
ZnCl:KCI:NaCl (Salts #1-4) and (b) three compositions of KCI:CuClI (Salts #5-7).
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5.2 Hydrolysis

Figure 5.4 shows the average HCI levels (including standard deviation for 30-min
experimental duration for each interval) measured by FTIR-gas analysis from experiments
with four ZnCl,:KCl:NaCl compositions (Salts #1—4) and three KCl:CuCl compositions
(Salts #5—7). As the figure shows, the HCI levels from ZnCl,:KCl:NaCl hydrolysis were
significantly higher than the levels from KCIl:CuCl hydrolysis. For Salt #1-4, increasing
temperature usually leads to more hydrolysis and thus higher HCI levels. For Salt #5-7, the
HCI concentration is below the detection limit of FTIR. Among the salts from the ternary
system, Salt #1 showed the highest level of HCI formation, reaching more than 4600 ppm,
at 500°C. Salts #2 and 3 produced low levels of HCI up to 350°C, as acid formation
increased to more than 4000 ppm, at 500°C. The HCI formation in Salt #4 was clearly
lower than the others from the ternary system; HCI level was around zero at up to 350°C,
whereas it dramatically increased to 1300 ppm, at 500°C. Overall, hydrolysis occurred to
a larger extent for the Zn-based salt, with higher Zn content yielding more HCI formation.
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Figure 5.4. The average content of HCl in the exit gas in hydrolysis experiments as a
function of temperature from 250 to 500°C when 10 vol% in N> is added to the molten
salt (Salts #1-7).

To demonstrate HCI1 formation as a function of temperature for each interval, Figure 5.5 is
provided as an example. It shows the HCl level for each temperature interval, from 250°C
to 500°C, for Salt #1 (60:20:20 mol% ZnCl,:KCIl:NaCl). The temperature was kept
constant for at least 30 min to ensure a stable level of HCI formation, as was obvious within

each interval. As the figure shows, increasing the temperature led to higher HCI levels.
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Figure 5.5. The content of HCl in the exit gas as a function of temperature from 250°C to
500°C for Salt #1.

To further investigate the mass loss and hydrolysis of the salts as a function of temperature,
two compositions from the ternary system were modeled using FactSage. These results are
not included in any of the papers, but they have been performed to gain a better
understanding of the system. Salt #1 with maximum mass loss and hydrolysis (according
to the experimental results) and Salt #4 as the most promising option among the other
compositions were selected for further modeling. Figure 5.6 shows the estimated levels of
HCl and ZnClx(g) formed through the hydrolysis of the salt with 10 vol% water present in
the system. The figure shows that by increasing the temperature, more HCI and ZnClx(g)
were formed, indicating a higher hydrolysis rate and higher vapor pressure of ZnCl, in both
systems. The ZnCl, in gas form can be interpreted as mass loss in the system due to
vaporization of the salt. The amount of HCl and ZnCl, in Salt #1 was higher than in Salt #4,
which shows that the modeling results are in good agreement with the experimental results.
In Salt #1, HC1 formation started at 300°C, whereas for Salt #4, the level of HCI was still
negligible at this temperature. Similar results were reported in the experimental part of the
study.
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Figure 5.6. Composition of the gas phase (HCI and ZnCl;) from hydrolysis of (a)
Salt #1 (b) Salt #4 as a function of temperature up to 500°C modelled in FactSage.



The hydrolysis experiments were performed at ambient pressure due to limitations of the

experimental setup. Hydro-pyrolysis is, by contrast, a high-pressure process that can

suppress vapor pressure and HCI formation. Therefore, the hydrolysis rate could be lower
than the values reported in this study. To study this hypothesis, the HC1 and ZnCl,(g) level
of the same systems were modeled as a function of pressure up to 50 bar, but this time, at

a constant temperature of 500°C. Figure 5.7 shows how the levels of formed acid (HCI)

and ZnCly(g) was reduced by increasing the pressure. At 50 bar, the HCI level decreased

by 83% in both systems, and ZnCl»(g) was reduced to close to zero.
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Figure 5.7. The variation of HCI and ZnCI2 gases as a function of pressure simulated

with FactSage for (a) Salt #1 and (b) Salt #4.
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Since ZnCl, shows the most significant contribution to HCI formation in hydrolysis studies,
the Gibbs free energy of hydrolysis reactions of the single salts ZnCl,, KC, NaCl, and CuCl
were simulated in HSC chemistry (116). The hydrolysis reactions are described in Eqs. 9—
12, and the simulated Gibbs free energy of these reactions are depicted in Figure 5.8. The
AGs for all salts are well above zero up to even higher than 500°C, which means that
hydrolysis is not thermodynamically favored at relevant process temperatures. However,
all reactions are in equilibrium, and hydrolysis leads to the formation of gaseous products.
The produced compounds will be constantly removed from the system and will decrease
vapor pressure. It will tend to drive the reaction in the right direction and increase HCl
production (117) and the experimental results confirm this. Since ZnCl, has the minimum
Gibbs energy among the other compounds, it is assumed that this chloride plays the main
role in molten salt hydrolysis. However, a higher HCI level in Salt #1 hydrolysis, which
contains a higher amount of ZnCl, compared to the other salts (see Table 4.1), can

strengthen this hypothesis.

ZnCl, + 2H,0(g) < Zn0 + 2HCl(g) 9
KCl + 2H,0(g) < KOH + HCl(g) (10)
NaCl + 2H,0(g) < NaOH + 2HCl(g) (11)
2CuCl + H,0(g) « Cu,0 + 2HCl(g) (12)
——EQq.9 =—Eq.10 Eq.11 ——Eq.12
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Figure 5.8. Gibbs free energy of hydrolysis reactions of ZnCl,, NaCl, and KCI (Egs. 9—
12) in the range of 0 to 600°C.



To compare the hydrolysis reaction of these two groups of molten salts, their two
main components ZnClz and CuCl were considered in further simulations. KCl and
NaCl had lower concentrations in salt mixtures, and their hydrolysis reactions also
had higher Gibbs energy. This makes them less critical components for hydrolysis
reactions. Therefore, the hydrolysis reactions for the single salts ZnCl, and CuCl were
simulated with FactSage using the FactPS database. The equilibrium partial pressures
above a mixture of 1 mol of salt and 1 mol of H,O is shown in Figure 5.9. For both salts,
the hydrolysis product HCI is the dominating gas species besides H,O below 400°C.
However, the equilibrium partial pressure of HCl at 200°C is nearly three orders of
magnitude lower for CuCl than for ZnCl,. The HCI partial pressure forming in contact of
ZnCl, with water at 200°C (0.3 mbar) is observed for CuCl only at 420°C, indicating a
significant increase in hydrolysis resistance.
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Figure 5.9. Partial pressure of most dominant gas phase species in equilibrium between
1 mol of water and 1 mol of ZnCl; (solid lines) or 1 mol of CuCl (dashed lines).

According to the simulations in Figure 5.8, ZnCl, is the critical component in hydrolysis,
and a higher concentration of this salt in molten salt compositions (Salt#1) leads to a higher

rate of hydrolysis and more HCI formation, as shown in Figure 5.4.

To reduce the hydrolysis rate of molten salts, the effect of adding metal oxide was
considered. Salt #1 (with the highest level of HCI formation) was chosen to investigate the
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effect that adding ZnO to the salt has on hydrolysis. Eq. 13 shows the chemical reaction of
ZnO with HCI:

Zn0 + 2HCI(g) < ZnCl, + H,0(g) (13)

Figure 5.10 shows the effect of adding 5 wt% and 10 wt% ZnO to Salt #1 at different
temperatures. The figure shows that ZnO can significantly decrease HCI formation at
temperatures of 400°C and lower. However, it is not very effective at higher temperatures.
According to the presented results, adding 5 wt% and 10 wt% ZnO to the salt mixture can
reduce the HCl level by more than 96% and 99% at 350°C.
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Figure 5.10. The content of HCI in the exit gas in FTIR for Salt #1 by adding 5 and 10
wt% ZnO and comparing to Salt #1 at a temperature range of 300—450°C.

Table 5.1 summarizes the investigated properties of the seven compositions from the

ZnCly:KCl:NaCl and KCI:CuCl molten salt systems. In the ternary system (Salts #1-4),



Salt #4 can be considered the best candidate for ABC-Salt from the ZnCl,:KCl:NaCl
system due to the relatively low melting point and significantly lower mass loss and HCI
formation. The results show that the binary system KCI:CuCl has an even lower melting
point and higher thermal stability. Furthermore, no hydrolysis was observed, which makes
it the most promising alternative for the liquefaction of biomass. However, during the
experiments, one important drawback of this salt mixture was observed, which makes it
less attractive than Salt #4.

Table 5.1. Thermochemical properties of Salts #1—7.
ZnClz:KCI:NaCl/ Melting point Mass loss at HCl level at

Salt KCI:CuCl °C) 500C 500C (ppmy)
Salt #1 60:20:20 205 2% 4600
Salt#2  59.5:21.9:18.6 203 1% 4000
Salt#3  52.9:33.7:13.4 212 0.5% 5000
Salt#4  44.3:41.9:13.8 205 0.2% 1300
Salt #5 32:68 146.6 ~0 ND
Salt #6 34:66 145.2 ~0 ND
Salt #7 36:64 146.8 ~0 ND

The appearance of the experimental setup in contact with KCIl:CuCl shows the high
corrosiveness of this salt. Figure 5.11 shows the cooling curve experimental setup,
including the nickel radiation shields, the crucible containing molten salt, and the stainless-
steel setup after one transition temperature experiment. In this experiment, the salt mixture
was heated up to 350°C, and after a few hours, it was cooled down slowly at a rate of
0.5°C/min. The process was carried out under an inert atmosphere (Ar flow) and repeated
three times. As the figure shows, the stainless steel stirrer at the middle of the setup was
broken due to high corrosion. Other researchers working with the same salt have had the
same concerns, and they used fused silica and borosilicate crucibles for their experiments
to avoid the corrosion issue (17,94). The corrosive nature of KCI:CuCl can be better
understood using the FactPS database in FactSage: a 1:1:1 mixture of KCIl:CuCl:Ni forms
0.5 mol of KNiCls, 0.5 mol of KCI, 0.5 mol of Ni, and 1 mol of Cu, while a 1:1:1 mixture
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of KCIL:CuCl:Fe forms in equilibrium 0.5 mol of K,FeCls, 1 mol of Cu and 0.5 mol of Fe.
This indicates that in both cases, Cu has a tendency to transfer chlorine to the nickel
crucible and steel setup. According to these thermochemical considerations, another
interesting construction material in the presence of the KCIl:CuCl mixture can be copper,
which needs to be studied. However, this is beyond the scope of the present work.

Figure 5.11. The corrosion of the nickel crucible containing molten salt and nickel
stainless steel setup containing KCI:CuCl molten salt after an experiment in a

temperature range of 50—350°C under an inert atmosphere.

Consequently, despite the promising properties of KCl:CuCl (Table 5.1), this salt is not
considered the best alternative as a biomass liquefier in ABC-Salt. Therefore, Salt #4 from
the ternary system ZnClo:KCl:NaCl was chosen as the candidate for further studies and salt
purification in Paper III. However, even though the corrosiveness of KCl:CuCl makes it
less relevant to the ABC-Salt concept, it is still a very interesting molten salt system due to
its thermodynamic properties obtained from experimental studies. Moreover, there is very
little information about this molten salt system in the literature, and more investigation
needs to be performed. Therefore, thermodynamic assessment of KCl:CuCl was
performed, and its phase diagram and interaction parameters were calculated in Paper 11
(see Chapter 5.4).

5.3 Salt purification

According to the results in chapter 5.1 and 5.2, Salt #4 was chosen for further salt
purification. The spent salt was simulated by adding the impurities CuCl, FeCl,, FeCls, and
MnO; (concluded from Table 3.2) to the molten salt, and electrolysis was employed to
study the deposition of impurities from the molten salt. A series of CV and potentiostatic



electrolysis experiments were carried out to investigate the reduction potential of the
elements (salt and impurities) and to remove the added impurities.

Figure 5.12 shows the CV of pure Salt #4 at 260°C before adding any impurity chemicals.
The cathodic current at -0.5 V represents the electroreduction of the metal. Among the
metal elements existing in the salt, Zn(I) is the most easily reduced element, and the
cathodic peak is assumed to represent Zn electrodeposition from ZnCl,. Na and K have
more negative electrode potentials, and their reduction was not observed in this experiment.
By reversing the sweep direction, an anodic peak was observed. On the other side of the
voltammogram, the anodic current observed at 1.4 V represents chlorine gas evolution. The
potential intervals of -0.5 and 1.4 V define the electrochemical window for the salt mixture
(1.9 V). However, Nitta et al. showed almost the same voltammogram for pure ZnCl,
molten salt with a 1.7 V electrochemical window using a Zn electrode (15).
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Figure 5.12. Cyclic voltammogram of ZnCl,:KCI:NaCl recorded on a Zn electrode at
260°C.

Figure 5.13 compares the voltammograms before and after attempting to remove impurities
from the salt. The figure shows the CV results after adding 2 g of impurities and one or
two levels of purification for four different impurities (CuCl, FeCl,, FeCls, and MnO,). In
all experiments, new anodic and cathodic peaks were observed in the voltammogram after
adding chemicals, indicating the presence of impurities in the molten salt.

In Figure 5.13a, the cathodic peak at a potential of -0.04 V represents the bulk deposition
of Cu in the molten salt. However, the other new peaks appeared at -1.2 and -0.8 V, likely

because of the underpotential deposition of sodium. This is a well-known process when the
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alkali metal is in contact with graphite (118). The constant potential through potentiostatic
electrolysis was then applied for some time (detailed in Table 5.2) to remove impurities.
Purifications 1 and 2 show the voltammogram after one and two steps of impurity removal.
The redox peak height of Cu* clearly decreased in purification 1 and almost diminished in
purification 2. This can be interpreted as all Cu(I) from CuCl being reduced from the

molten salt by potentiostatic electrolysis.

In Figure 5.13b and c, the new redox peaks were detected after adding FeCl, and FeCls.
There was one couple of cathodic and anodic current peaks between 0.2 and 1 for FeCl,
and between 0 and 1.2 for FeCls presenting the redox peak for Fe ion existence. The first
purification in both systems showed significant impurity removal by reducing peak heights.
After the second round of impurity removal, in purification 2, the redox peaks were still
visible in the case of FeCl,, representing the existence of impurity in the molten salt.
However, in the other case (FeCls), no peaks were detected, indicating almost complete

purification of the salt.

In Figure 5.13d, the case is slightly different. In the very early CV experiment, the
voltammogram of the pure salt shifted toward a negative direction (compared to Figure
5.12) and the reduction of Zn started at a more negative potential around -1 V. However,
the electrochemical window was still 1.9 V. This can occur due to the instability of the
reference electrode. After adding MnO», redox peaks, including cathodic peak at -0.6 and
anodic peak at -0.25 V, represent the presence of impurity (Mn*") in the melt. After
potentiostatic electrolysis for some time (Table 5.2), the heights of the peaks were reduced,
which is interpreted as the impurity reduction from the molten salt. No significant removal

was observed in more electrolysis rounds.
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Figure 5.13. Cyclic voltammogram of ZnCl,:KCIl:NaCl containing (a) CuCl (b) FeCl; (c)
FeCl; and (d) MnO: before and after each potentiostatic electrolysis run.



Table 5.2. The applied potential and the duration of potentiostatic electrolysis in a few
rounds to remove impurities (Cu”, Fe’™ Fe’>* and Mn**) from Salt #4 melt at 260°C.

Potentiostatic Potentiostatic Potentiostatic
round 1 round 2 round 3
Addeq  Avplied Applied Applied .
impurity potential (ruin) Effective  potential (min) Effective  potential (mmin) Effective
W) W) )

CuCl 0.1 30 yes 0.9 60 yes - - -
FeClz 0.7 90 yes 1.1 90 yes 1.15 90 no
FeCls 0.2 60 yes 1 90 yes - - -
MnO2 -0.55 90 yes -0.8 90 no - - -

The reduced elements from the molten salt in some cases (in which CuCl and MnO, were

added as impurities) deposited on to the surface of the working electrode as shown in

Figure 5.14. However, in the other cases (in which FeCl, and FeCl; were added as

impurities), no metal was observed on the surface of the working electrode. Since the CV

results showed impurity removal from the salt, the idea of precipitation of the impurities

was assumed. Therefore, the graphite crucible was broken after the solidification of the

melt, as shown in Figure 5.15. The figure shows two layers of substances. The dark layer

at the bottom indicates the separated impurity, which is settled at the bottom of the crucible,

while the layer at the top is the salt, which has turned to a brownish color, most likely due

to the presence of Fe ions.

a.

Figure 5.14. The deposited (a) Cu from CuCl and (b) Mn from MnQO: in the molten salt

after electrodeposition.
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Figure 5.15. The cross section of the crucible after 2.5 h electrodeposition of Fe from
FeCls in ZnCl,:KCI:NaCl showing two separate layers: molten salt on top and Fe

compound at the bottom.

The deposited materials, shown in Figure 5.14 and Figure 5.15, were analyzed using
X-ray diffraction (XRD). Figure 5.16 exhibits the XRD results for extracted
components from CuCl and Salt #4 (shown in Figure 5.14.a). The XRD spectra
exhibited the strongest diffraction peaks of Cu, indicating that the main chemical
composition of the obtained electrodeposits was Cu. The other peaks were mostly
noises due to the presence of some molten salt in the extracted metal. The same analysis
was carried out for the other three deposited materials, but the results were too noisy,

most likely due to the existence of oxides and moisture.
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Figure 5.16. XRD pattern of copper electrodeposits obtained from ZnCl:KCI:NaCl
containing CuCl (0.8 wt%) at 260°C.

54 Phase diagram generation

This chapter presents the modeling results and generated phase diagrams for the binary
system KCI:CuCl and the liquid solution of hydrolyzed KCI. The experimental results from
the current study and the literature, as well as the FactPS database, were used to optimize
the thermodynamic parameters involved in the excess term of the Gibbs energy phases.
The phase diagrams and model parameters were derived from thermodynamic

optimization.

Based on the experimental results reported in Paper II, binary KCIl:CuCl was
thermodynamically assessed. The RK expression was employed to optimize the L;(i=0,1)
parameters in Eq. 6. For the intermediate compound K»>CuCls, the standard entropy was
optimized as well, while the enthalpy of formation was fixed, as shown in Table 5.3. Figure
5.17 shows the phase diagram of the binary system KCIl:CuCl evaluated and calculated
based on the experimental data. The calculated eutectic point of the system was located at
145.9°C and 64.9 mol% CucCl, and the peritectic temperature was obtained at 241.2°C. The
experimental data from the current study and from the literature (17) are included in the
phase diagram to compare with the modeled results. Etter et al. identified higher eutectic
and peritectic temperatures (50 and 245°C respectively), whereas Sandonini reported lower

eutectic temperatures around 136°C (17).

55



KCI - CuCI

1atm G’actSage"

T

O ®  Current study
% Etter and Wiedenheft (17)]

Liquid solution

KCI + Liquid solution

400

T(C)

300

CuCl + Liquid solution

200 K,CuCl, + Liquid solution

P B
100 -
CuCl + K,CuCl

0 " 1 " 1 " 1 L
0 02 04 06 08 1

CuCl(KCHCuCl) (mol/mol)

Figure 5.17. Calculated phase diagram of KCI:CuCl in comparison with experimental
data generated in the present work (red points have been used in optimization), as well as
from Etter and Wiedenheft (17) (green crosses).

To the best of the authors’ knowledge, there is no theoretical study regarding chloride
hydrolysis in the presence of water. The aim of Paper IV was to study the simulation of
chlorides in the presence of water and chloride oxide. Although it would have been very
interesting to model the hydrolysis of ZnCl, according to the described results, the available
data for this salt and its binary systems were very limited, making the simulation very
complicated. Therefore, KCI was selected for this part of the study due to the available
experimental data in the literature. Furthermore, salt is a very popular salt in molten salt
systems and is a part of both the studied systems (ZnCl,:KCl:NaCl and KCI1:CuCl).

The interaction parameters of the systems including Li(i=0,1) parameters for H,O-HCI,
H,O-KOH and H,O-KCI liquid solutions and KCI-KOH for both liquid and solid
solutions, are optimized and presented in Table 5.3. The standard enthalpy and entropy for
KCl are also optimized and presented in the table. These data were employed in the phase
diagram module in FactSage 7.2 to calculate the phase diagrams of the quasi-binary
systems. The calculated phase diagrams are shown in Figure 5.18. It is obvious that the
experimental points employed in the literature meet the calculated liquidus in all phase

diagrams.



Table 5.3. Optimized thermodynamic parameters of KCI:CuCl system and H>O—HCI,
H,O-KOH, KOH-KCI and H>O-KCI systems using the Redlich—Kister model.

Phase Phase .
System Thermodynamic parameters
type name
0= —27373L + 3. 94LT
mol mol K
KCI, CuCl Solution Liquid
B J J
= —15416 l+2557 lKT
AHZ —1018294 J
K, CuCl - W
K2CuCls compound Solid
Skocuct, = 247.92 %
= —44928+110.82 T
H20-HCI Solution Liquid
I!=-11618+131.32T
19 =—-47375+233T
H:0-KOH Solution Liquid
L! = —5545+16.94 T
10 =3296-8.78 T
Liquid
! =5714—-1.26T
KCI-KOH Solution
=8331-040T
Solid
I =—-12551+13.38T
1% =10443 - 26.23 T
H20-KCl Solution Liquid
! =-10478 — 21.71 T
HZ® = —421103
KCl Solution Liquid S2%8 = 88.02

CPReNiguiay = 70.957 +0.002528 T
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6 Conclusion

This study aims to find a promising molten salt system for the ABC-Salt project based on
its thermodynamic properties. ABC-Salt has the purpose of producing middle distillate
refined from the lignocellulosic waste stream in molten salt through liquefaction, hydro-
pyrolysis, and deoxygenation. The reason for employing molten salts is that biomass is
soluble in molten salt. Thus, the feed can be liquefied, which makes it pumpable to the
high-pressure hydro-pyrolysis unit. Further, the rapid heating of biomass in molten salts
can enhance product quality. The proper molten salt system must have good transport
properties and a low melting point of around 200°C. This temperature is high enough to
liquefy biomass and low enough to avoid producing many chars. Moreover, the molten salt
must have high thermal stability to avoid decomposition, since the temperature in the
hydro-pyrolysis unit can reach 500°C. Hydrolysis is another issue that needs to be
investigated. Biomass contains a large amount of moisture that can react with the salt and

produce highly corrosive acids, such as HCI, which can ruin the construction materials.

According to the literature, two molten salt systems have been found interesting for ABC-
Salt purposes, and they have been studied and compared in the present study. Four
compositions of ZnCl:KCI:NaCl (Salts #1-4) (Paper I) and three compositions of
KCI:CuCl (Salts #5—7) (Paper II) were studied experimentally. The results showed that
although KCI:CuCl had the most promising properties, it was a highly corrosive salt that
ruined the setup. Therefore, Salt #4 (44.3:41.9:13.8mol%), with a melting point of 205°C,
0.2% mass loss, and a low level of HCI formation (no HCI below 350°C and 1300 ppm, at
500°C), was selected as the best candidate for the ABC-Salt project. The experimental
results in Paper I also show that adding ZnO to the salt mixture has a significant effect on
inhibiting hydrolysis, especially at temperatures below 450°C. Further, FactSage modeling
results show that high pressure (up to 50 bar) in the hydro-pyrolysis unit can suppress HCIl
formation and ZnCl, evaporating, which decreases the hydrolysis level, vapor pressure,

and mass loss.

In terms of economic and environmental aspects, Salt #4 for the ABC-Salt project needs to
be recycled in the system and reused many times. The spent molten salt can be
contaminated by char and ash when it leaves the hydro-pyrolysis unit. Thus, it needs to be
purified and recycled into the system. In this study, the electrodeposition of Cu, Fe, and
Mn was investigated by adding four compounds—CuCl, FeCl,, FeCls and MnO,—to
Salt #4. CV and amperochronometry were employed to study the electrochemical removal

of impurities. The results showed that Cu was successfully removed from the salt after 120
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min of electrolysis. The extracted impurity was analyzed using XRD, and the Cu element
was confirmed. In other cases, Fe(Ill) was removed from the salt after 150 min of
electrolysis; however, Fe(II) was not fully recovered from the salt after 270 min. In these
cases, the deposited elements were settled at the bottom of the crucible. Mn(IV) was
successfully extracted from the molten salt; however, after 90 min of electrolysis, no more
purification was observed. These results in Paper III provide the primary results of molten

salt purification through electrolysis.

Apart from the experimental work, the lack of some theoretical data related to the
KCI:CuCl molten salt system and chloride hydrolysis as a single liquid phase led the
current study to perform modeling using Calphad techniques. These modeling results can
be used in further studies to enable thermodynamic calculations.

Although the KCI1:CuCl system was pretermitted from the ABC-Salt project due to its high
corrosivity, other materials, such as copper, might be an interesting crucible and
construction material in the presence of KCl:CuCl mixtures. This molten salt system was
still an interesting system due to its low melting point (146°C), high thermal stability (no
mass loss up to 500°C), and low hydrolysis level. Since no thermodynamic parameters
were calculated for this system, and no database was found for the KCI:CuCl solution,
Calphad modeling was performed in Paper II, and FactSage was employed to assess the
thermodynamic parameters and generate the phase diagram. Temperature-dependent Gibbs
energy expressions for the liquid solution and the intermediate K>CuCl; solid compound
were derived. This optimization is a necessary first step for further studies to enable
thermodynamic calculations of practical interest for biomass liquefaction, copper
electrodeposition from salts, or solvent metallurgy.

The hydrolysis of chlorides is still a challenge, since they have a high tendency to react
with water and generate HCl gas and metal oxide. In Paper IV, the thermodynamic
properties of KCl hydrolysis in the liquid phase were modeled in FactSage. In addition to
KCIL, H>O and HCl, the hydroxide KOH and an oxide (here only K,O) were also included.
The results show that the associate model in the present thermodynamic framework can
represent the properties of the liquid phase in all binary sub-systems (H.O-HCl, H,O—
KOH, H,0-KCl, KOH-K,0, KOH-KCI). Consequently, the entire KClI-K,O-H,O-HCl
reciprocal system was modeled for the first time using a single subregular model in
FactSage.



7 ldentified Gaps for Future Studies

The main focus of this work was the investigation of the thermodynamic properties of
molten salts suitable for biomass liquefaction in ABC-Salt. Two molten salt systems were
studied experimentally and theoretically. However, there are other binaries, ternary, and
even quaternary systems that have not been studied well before and can be interesting for

the same purpose.

The hydrolysis of molten salt is a serious challenge that has been studied for two chloride
systems in the current work. However, it would be interesting to investigate the hydrolysis
levels of the other molten salts. The effect of adding metal oxide was examined in the
current study for the ternary system to inhibit hydrolysis. Investigating the effects of
various metal oxides on their molten salt hydrolysis can be studied and examined in future
works.

KCI:CuCl was found to be a corrosive molten salt in contact with stainless steel and nickel
materials. However, its thermodynamic properties make it an interesting molten salt for
many applications. Future studies could use other materials (for instance copper or fused
silica) for instruction setup and study the corrosion rate of this salt in contact with various
setup materials.

Electrolysis experiments could be carried out in a sealed setup to avoid environmental
contamination. These experiments used Zn and graphite electrodes and were carried out at
260°C. The higher temperature led to Zn electrode contribution in the deposition process.
However, other electrodes can be tried for further study and compared with electrolysis
efficiency at various temperatures. The current study used a Pt wire as quasi reference
electrode. These experiments were mainly qualitative experiments to test whether
purification of molten ZnCl,:KCIl:NaCl is possible through electrolysis. However,
quantitative analysis can be considered for future work in which the same system is studied,

but with the use of more stable electrodes such as Ag/Ag*.

Since hydrolysis was the main focus of the current study, the hydrolysis of KCl in liquid
solution was modeled using the Calphad method. It could be very interesting to model the
hydrolysis of ZnCl, since this salt was mainly responsible for the ternary system
hydrolysis. The lack of experimental data for the binary systems of H,O-ZnCl,, H,O-ZnO
and ZnCl,-ZnO makes this modeling very complicated. Therefore, practical studies to

provide experimental data for these systems can make it possible to model the hydrolysis

of ZnCl..
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Received 4 June 2020 and thermodynamic properties. Employing molten salts to liquify biomass could be performed to make it

Received in revised form 11 August 2020
Accepted 13 August 2020
Available online 22 August 2020

pumpable and transfer it more easily through thermochemical conversion processes to e.g. bio-oil. The first chal-
lenge for this application is to find a salt with relatively low melting point. It needs to be low enough to avoid pro-
ducing ash or char and at the same time high enough to liquify biomass. The selected molten salt requires high
thermal stability to avoid salt decomposition at high temperatures and make salt recycling possible. Another

I]\(,fgltméorrd;lrs challenge is minimising the hydrolysis rate of the molten salt in contact with water molecules originated from
ZnCl,:KCl:NaCl the biomass, because this can lead to undesired formation of highly corrosive acids. ZnCl,:KCI:NaCl is a promising
Hydrolysis molten salt with relatively low melting point, high thermal stability and good properties in contact with biomass.
Eutectics The objective of this work is to investigate the properties of the eutectic mixtures of ZnCl,:KCl:NaCl that are of
importance for thermochemical conversion of biomass. Four compositions of ZnCl,:KCl:NaCl are investigated, in-
cluding Salt #1: 60: 20: 20, Salt #2: 59.5: 21.9: 18.6, Salt #3: 52.9: 33.7: 13.4 and Salt #4: 44.3: 41.9:13.8 in mole
fraction. Salt #4 is found to exhibit the best properties, with low melting point, the highest thermal stability and
the lowest hydrolysis rate. Salt #1 had the highest hydrolysis rate. However, addition of ZnO showed a marked,

limiting effect on the hydrolysis, especially at temperatures below 400 °C.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction problem. It can facilitate pumping of the biomass and thus give better

Molten salts have been used in various applications since the 19th
century and their technologies are still under development [1,2]. One
of the molten salt usages which has attracted a lot of attention in recent
years is their role in the emerging renewable energy applications such
as thermochemical conversion of biomass. In the late 20th century, mol-
ten salts were employed to develop pyrolysis of biomass in a few stud-
ies. The results showed that using molten salts could improve the yield
production of for example phenolic compounds [3-5]. This is indicating
that the molten salt could have catalytic effects. Another possible advan-
tage is that the heating rate of biomass particles in molten salts is found
to be higher than in inert atmosphere [6] or in a fluidized sand bed [7].

Some challenging technical issues are still unresolved, for example
feeding the solid biomass into the reaction unit. The complexity of this
increases for high pressure reactor such as hydro pyrolysis. Problems
such as plugging, clogging, leakages, and uneven flow all lead to low
production rate and poor quality. Liquifying biomass before feeding it
into the high-pressure pyrolysis reactor can resolve the mentioned

* Corresponding author.
E-mail address: sepideh.niazi@nmbu.no (S. Niazi).

https://doi.org/10.1016/j.molliq.2020.114069

control of the feeding system.

Molten salts are considered as promising biomass liquefiers since
they can maximize the liquid fraction in the fast pyrolysis process
downstream. Other advantages of employing molten salts are the solu-
bility of biomass in molten salts [8,9], high thermal conductivity of the
molten salt and the possibility of using solar energy to heat and melt
the salt. The molten salt is also a heat carrier and a possible catalyst in
the follow up hydro-pyrolysis step of the process [3]. Additionally,
they have favourable transport properties, i.e. low viscosity which
leads to rapid enclosing of the biomass particles [2]. Molten salts can
be recycled after removing char and ash.

The salt criteria for biomass liquefaction are in many ways similar to
those of high-temperature phase change materials (PCM) for thermal
energy storage. Favourable properties of a proper fluid are high heat ca-
pacity, high conductivity, low vapor pressure, high boiling point, low
viscosity and low cost [10-12]. Moreover, the selected molten salt
needs to liquefy the biomass at mild conditions and have a melting
point around 200 °C. This temperature is low enough to avoid producing
by-products such as ash or char and high enough to liquify biomass. The
selected molten salt requires high thermal stability to avoid salt decom-
position at high temperatures and make salt recycling possible. It is also
important that the salts do not react chemically with constituents from

0167-7322/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the biomass particles and also provide minimum corrosion to metal
pipes and containers. Hydrolysis is a possible reaction due to the pres-
ence of water in biomass. Water may react with the salts and form
highly corrosive gases such as HCl or HF, if chlorides or fluorides are
used, respectively. Therefore, the minimum rate of hydrolysis is a con-
siderable issue for this study.

According to the mentioned favourable properties, different groups
of molten salts have been considered as possible candidates to liquify
biomass:

- Fluorides are thermally stable at high temperatures (>700 °C) [13],
but they also have high melting points (>400 °C) [14].

- Carbonate salts are not chemically stable at high temperatures [15].

- Hydroxides show potential for dissolving biomass, but they will
form stable carbonates in contact with carbon that need to be regen-
erated [16].

- Nitrites are not stable and oxidize at temperature higher than 350 °C
[12].

- Nitrate mixtures are very common in solar energy systems [17], but
they are very oxidizing and will not be stable in direct contact with
carbon containing materials such as biomass [18]. Moreover, limited
global reserves of nitrate salts is another drawback [19].

- lonic metal chloride salts have potential due to high boiling points,
abundant natural reserves and low cost compared to nitrates and ni-
trites [10,20]. They have low melting points and high thermal stabil-
ity limits (>800 °C) [14].

Among all above groups, chlorides have the most essential proper-
ties for biomass liquefaction including low melting points and high ther-
mal stability. Although many chlorides have been investigated in the
literature for several applications, a eutectic mixture of ZnCl,, NaCl
and KCl is one of the most promising candidates for the present purpose.
This ternary mixture is non-toxic, non-flammable, has a melting point
around 200 °C and is stable at even higher temperatures compared to
other ternary mixtures [21]. NaCl and KCl are available in large amounts.
They have high heat capacities and low vapor pressures, but too high
melting points (>750 °C). However, when a cubic ionic chloride such
as NaCl or KCI with a high melting point is mixed with tetrahedral cova-
lent chloride such as ZnCl, with a lower melting point in a particular
proportion, a eutectic mixture is formed with a substantially lower
melting point [10,14]. All three single melts (ZnCl,, KCl and NaCl)
have high stability even at high temperatures and the ternary salt sys-
tem has low vapor pressure in temperature range of interest (0.7 atm
at 800 °C) which is very promising [10,22]. Low vapor pressure
(<1 atm) at high temperature, low melting point (~200 °C), high ther-
mal conductivity, high heat capacity, low corrosion rate and high boiling
point have been reported for different compositions of this salt mixture
[5,14,23-25]. These results and the promising results in pyrolysis stud-
ies and thermal storage studies make ZnCl,:KCl:NaCl as a promising
candidate for this study [3-7,10,21,26].

Robelin and Chartrand have reported the thermodynamically
modelled phase diagram of ZnCl,:KCl:NaCl [23]. Moreover, the melting
points of some compositions of this ternary chloride were investigated
experimentally by a few researchers. Nitta et al. reported the eutectic
temperature for ZnCl,:KCl:NaCl = 60:20:20 (in mole fraction) to be
around 203 °C [26]. Xu et al. carried out Differential Scanning Calorime-
try (DSC) on three eutectic compositions of the salt [21]. The theoretical
and experimental melting point of four eutectic compositions of the ter-
nary salt reported in literature are given in Table 1. There are some var-
iations for the reported melting points, and these will therefore be
verified experimentally in the present study.

2. Thermodynamic modelling

Although thermodynamic and transport properties of the ternary
composition of ZnCl,:KCl:NaCl are investigated in some studies, there

Table 1
Four different ZnCl,:KCl:NaCl compositions and their melting points found in literature.

Salt Molar composition (mol%) Melting point (°C)

ZnCl, KCl NaCl Theoretical Experimental
#1 60 20 20 - 203 (26)
#2 59.5 219 18.6 213 (23) 1987 (21)
#3 529 337 134 204 (23) 2103 (21)
#4 443 419 13.8 229 (23) 199.4 (21)

are no studies regarding hydrolysis in the case of presence of moisture.
Moisture is one of the most common detrimental impurities in molten
chlorides [1] since chlorides such as ZnCl, are strongly hygroscopic. Al-
though this salt is normally kept at high temperatures to avoid absorb-
ing moisture, small amounts of water may induce hydrolysis of the salt.
It can react with the chlorine anion and lead to the formation of HCl,
which is a highly corrosive gas [14,27]. In the case where a chloride
molten salt is in contact with water containing feedstock such as lig-
nocellulosic biomass, this may aggravate the corrosion rate of pro-
cess equipment [28].

The hydrolysis reactions for the single salts ZnCl,, KCl and NaCl are
described by Egs. (1)-(4) [18]. The Gibbs free energy of the reactions
(simulated with HSC Chemistry), are well above zero up to 1000 °C as
depicted in Fig. 1. It means that hydrolysis is not thermodynamically
favoured at relevant process temperatures. However, all reactions are
in equilibrium and the hydrolysing halides form gaseous compounds.
The formed compounds will be constantly removed from the system
and decrease the vapor pressure and it will tend to drive the reactions
towards HCl production [29].

ZnCl, + 2H,0(g)<Zn(OH), + 2HC(g) 1)
ZnCly + H,0(g)<Zn0 + 2HCI(g) @)
NaCl + H,0(g)<NaOH + HCl(g) 3)
KCl + H,0(g)<KOH + HCl(g) (4)

In order to reduce the hydrolysis rate of molten salts, the effect of
adding a metal oxide was recently investigated. Olsen et al. reported
that adding CaO to molten CaCl,:CaF lowers the tendency for hydrolysis
[29]. For the present study ZnO is considered as a potential oxide to re-
duce the hydrolysis rate. According to Eq. (5) and Fig. 1, ZnO can theo-
retically react with the produced HCl and hence reduce the levels of
HCl in the exit gas [2].

Zn0 + 2HCI(g)«<ZnCl, + H,0(g) (5)
—Eq.1 —Eq.2 —Eq.3 Eq.4 ——Eq.5
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Fig. 1. Gibbs free energy of hydrolysis reactions of ZnCl,, NaCl, KCI (Egs. (1)-(4)) and the
reaction of ZnO with HCI (Eq. (5)) in the range of 0 to 1000 °C. The relevant range of
temperature for biomass liquefaction is 100-500 °C.
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In addition to hydrolysis reaction, direct oxidation reaction of ZnCl,
can also form ZnO and release chlorine [30,31]. In this case, dissolved
oxygen in the biomass may react with molten ZnCl, and play a role of
hydrolysis inhibitor by forming ZnO.

3. Experimental details

Four different compositions of ZnCl,:KCl:NaCl as described in Table 1
have been studied. Experiments to measure melting points, thermal sta-
bility and hydrolysis were performed. Afterwards, the hydrolysis pro-
cess has been studied and the effect of ZnO on hydrolysis rate has
been investigated.

3.1. Materials and setup

It was necessary to pre dry the chemicals in order to remove residual
crystal water due to the hygroscopic nature of the salts (especially
ZnCly). ZnCl, (VWR, 98.3%), KCl (Sigma, 299.5%), NaCl (Sigma, 299.8%)
and ZnO (Alfa Aesar, 99%), were dried and kept in a muffle furnace at
200 °C for at least 24 h in separate and closed beakers.

In all experiments, dried salts were mixed and prepared in a nickel
crucible. The reactor setup containing the nickel crucible was heated
in a vertical electrical tube furnace with radiation shields at the bottom
part to minimize the heat loss. LabView 8.2 (National Instrument) was
used to monitor and record the measurements. Ar gas was passed
through the furnace from the bottom to provide inert atmosphere dur-
ing the experiments. A type S thermocouple was immersed in the salt
for monitoring and recording the salt temperature profile during all ex-
periments. All experiments were carried out at ambient pressure. Since
hydropyrolysis of biomass is carried out in high pressure units, it is not
possible to conduct such experiments with the existing experimental
setup.

Although the mentioned requirements and conditions are common
for all experiments, the measurement methods and set up details vary
for melting point, thermal stability and hydrolysis, and these are further
are described in following sections.

3.2. Melting point experiments

The melting point of the selected molten salt is one of the main is-
sues since the idea is to perform the liquefaction step at mild conditions
(~200 °C, atmospheric pressure). To verify the reported melting points
from the literature, the melting points were measured experimentally
by using the cooling curve method [32]. 120 g of dry salt mixture was
placed inside a nickel crucible (with the height of 5.7 cm and the
inner diameter of 6.1 cm) and heated up to 250 °C in a vertical electrical
resistance furnace to ensure complete melting. The crucible was
equipped with radiation shields above to minimize heat loss (see
Fig. 2). A mechanical nickel stirrer (40 rpm) was used to mix the molten
salt for at least one hour to ensure a homogenous mixture. Then the salt
mixture was cooled down slowly at a rate of 0.3 or 0.5 °C/min. In some
cases, 0.1-0.15 g of a solid salt crystal (ZnCl,:KCl:NaCl) was fed through
a seeding pipe right before the solidification occurred. This was per-
formed in order to reduce undercooling. The melting point experiments
were repeated several times by heating up the solidified salt and cooling
down again for each composition.

3.3. Thermal stability experiments

Thermogravimetric analysis (TGA) was performed to compare the
thermal stability of all four compositions as a function of temperature
up to 500 °C. For this purpose, 235 g of dried salt mixture was placed
in a tubular nickel crucible with the height of 17 cm and the inner diam-
eter of 5.1 cm. The mixture was compressed as much as possible in
order to remove the trapped air and minimize the possible experimen-
tal errors, as suggested by Xu et al. [21]. A weight scale which was
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Fig. 2. Schematic representation of the experimental setup for determination of melting
points. The sample is placed in a nickel crucible and undergoes controlled cooling under
constant stirring. The experiments were performed under inert atmosphere (Ar).

connected to a computer was located above the furnace and the crucible
containing the salt was hanged from the weight scale to record the
weight change continuously during the experiment (see Fig. 3). The
salt mixture was heated up to 500 °C at a heating rate of

10 °C/min.

3.4. Hydrolysis experiments

The possible side reactions of the four ZnCl,:KCl:NaCl mixtures
were investigated with emphasize on hydrolysis reactions. Hydroly-
sis reactions could give HCI formation, which is a highly corrosive
and undesirable gas.

In order to test whether the hydrolysis reactions occur, a series of hy-
drolysis experiments were performed in the setup depicted in Fig. 4.
235 g of dried salt mixture was prepared in a nickel crucible similar to
the TGA experiment crucible described in Section 3.2. It was placed in-
side a sealed stainless-steel vessel. The salt mixture was heated up to
230 °C under inert atmosphere (Ar flow). To ensure homogenous
melts and to ensure that all initial crystal water was removed, N, was
bubbled through the molten salt for at least 12 h at the rate of 0.2 NI/
min while monitoring the gas composition escaping from the system.
Experiments were not started before no HCl was detected.

The hydrolysis experiments started from 250 °C. H,O (g) was added
by bubbling 0.4 NI/min N, through a closed, water filled vessel placed
on a hot plate with temperature control. The water temperature was
kept at a constant value of 46 °C, to ensure a water partial pressure of
10 kPa (10 vol%) [33]. Heated gas lines (around 170 °C) which include
PTFE (Teflon) tubes covered by heating elements, were employed
throughout the whole system to avoid vapor condensing. The gas
consisting of N, and water vapor was then added to the molten salt.
This was performed by bubbling one centimetre above the bottom of
the molten salt by an immersed nickel tube as a part of the sealed vessel.
Thus, the gas will flow to the top of the molten salt bath and then being
released to the volume above the salt and leave the vessel from the top
through the stainless-steel exhausting tube. The exit gas was passed
through a high voltage electrostatic filter (3-6 kV) to remove possible
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Fig. 3. Schematic representation of the experimental setup for TGA studies. The setup is
hanged from the weight scale which records the weight. The temperature is measured
by a type S thermocouple.

particles entrained in the gas stream. High voltage was supplied from a
power supply (Spellman SL300). Afterwards, the filtered gas was
analysed by Fourier Transform Infrared spectroscopy (FTIR). The FTIR
unit (Thermo Nicolet 6700) was equipped with a 2 m gas cell running
the commercial Fire Science method (Thermo Fisher). The gas escaping
from the system was continuously monitored by FTIR from the begin-
ning. During the experiments, the salt temperature was increased in in-
tervals of 50 °C up to 500 °C. The melt was kept at each temperature
interval for at least 30 min to get an approximate stable level of HCl.

In order to investigate the effect of ZnO on hydrolysis, the salt with
the highest hydrolysis rate was chosen as a suitable candidate. The
same setup and procedure as the hydrolysis experiments were used.
Two different amounts of dried ZnO powder, namely 5 wt% and 10 wt
%, were added to the chosen salt (Salt #1) at the stage of preparing
the salt mixture and the same procedure was carried out for both ZnO
concentrations.

4. Results and discussion
4.1. Eutectic composition and melting point experiments

Fig. 5 shows the cooling curves of four selected compositions of
ZnCly:KCl:NaCl. For Salt #1, 2 and 4 three parallels were conducted
while for Salt #3 there were two parallels. In the cases of Salt #1, 3
and 4 the molten salt was seeded just before solidification to smooth
undercooling while for Salt #2 this was not necessary because no
large undercooling was observed even without seeding. The results
from the cooling curves for Salt #3 show two occasions of undercooling
and superheating, indicating that this composition is in fact not a true
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FTIR J ~_S-Type
I ’ O thermocouple

|

O Nitrogen

: | —
/ O Water
PN

Electrical furnace

O Heafing plate

Molten salt K) __Radiation shields

=
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Fig. 4. Schematic representation of the experimental setup for hydrolysis studies. The
inner crucible and the feed tube are made of nickel, and the outer container is made of
stainless steel. The melt temperature is measured by a type S thermocouple.

eutectic composition. However, this is not crucial for the biomass lique-
faction, as long as the liquefaction temperature is above the highest
melting point. In the cooling curves for Salt #4 small shoulders are ob-
served which were recorded very quickly after the first undercooling.

Temperature calibration is necessary in order to minimize the sys-
tematic errors of the thermocouple. The thermocouple was calibrated
using deionized ice and water, deionized boiling water, pure tin and
pure zinc. The measured melting points based on cooling curves were
calibrated according to Table 2 using linear regression.

Fig. 6 presents the average value of the measured melting points for
all four compositions, before and after calibrating calculations. The data
shows almost similar melting points for Salt #1, #2 and #4, in the range
between 202 °C and 205 °C. However, the melting point for the non-
eutectic composition #3 is relatively higher (the first transition temper-
ature around 217 °C and the second one around 212 °C). These values
are closer to the experimental melting points from literature [21] rather
than the values based on the reported phase diagram [23] listed in
Table 1. The difference of theoretical analysis with the measured value
may be due to various reasons. Uncertainty of salt properties of individ-
ual salts in theoretical analysis and impurities in the salts in experimen-
tal values can be the most relevant explanation.

4.2. Thermal stability

Fig. 7 shows the mass loss as a function of temperature for the se-
lected compositions of ZnCl,:KCl:NaCl. According to the TGA results,
the mass loss is relatively small when the temperature is below
500 °C. Salt #1 (60:20:20 mol%) started to lose mass earlier than the
others, and totally lost 2% of mass when the temperature reached
500 °C. In Salt #2 (59.5:21.9:18.6 mol%) around 1% mass loss was ob-
served at the same temperature, while Salt #3 (52.9:33.7:13.4 mol%)
and #4 (44.3:41.9:13.8) presented the lowest mass loss at 500 °C,
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Fig. 5. Cooling curves for the molten salts including a. Salt #1 (60:20:20 mol%) b. Salt #2 (59.5:21.9:18.6 mol%) c. Salt #3 (52.9:33.7:13.4 mol%) d. Salt #4 (44.3:41.9:13.8 mol%). For a, cand
d the cooling rate is 0.3 and 0.1-0.15 g of solid salt crystal was added right before the solidification to smooth the undercooling. For case b the cooling rate is 0.5 °C/min and no salt crystal

was added.

with around 0.5% and 0.2%, respectively. The results show that by de-
creasing the concentration of ZnCl, and increasing the concentration
of KCl in the salt mixture, the thermal stability is strengthened.

Nitta et al. have reported similar results. They carried out TG-DTA
(Thermogravimetry/Differential Thermal Analysis) curves of three se-
lected compositions, ZnCl,:KCl:NaCl, 55:22.5:22.5, 60:20:20 and
65:17.5:17.5, in mole fraction [26]. For all the TG curves, no weight de-
crease was observed up to 350 °C. Xu et al. carried out TGA simulta-
neously on three eutectic compositions of the salt [21]. They have
investigated the melting points and reported slight mass loss, less
than 1%, with the increase of the temperature up to 400 °C. The current
study goes a bit higher temperature up to 500 °C, because these temper-
atures are more relevant for hydropyrolysis of biomass.

4.3. Hydrolysis experiments

Fig. 8 shows the level of HCl formation for each temperature interval,
from 250 °C to

Table 2
Standard and measured calibration points for S-type thermocouple.

Sample Deionized ice+ Deionized boiling ~ Pure Pure
water water tin zinc
Calibration point (°C) 0.0 100.0 2319 4195
Measured value (°C) 0.06 97.9 2312 4171
Relative error - 2.1% 0.3% 0.57%

500 °C, for the four selected compositions of ZnCl,:KCI:NaCl. As the
figures show, increasing temperature usually leads to higher HCl levels.
Salt #1 produces very low levels of HCI (~0 ppmv) at 250 °C, however,
they increase dramatically by increasing temperature and reach more
than 4500 ppmv at 500 °C. Salt #2 has lower levels of HCl in all temper-
ature intervals and produces low amounts of HCl below 400 °C. Then it
increases to more than 2300 ppmv at 450 °C and around 4000 ppmv at
500 °C. Salt #3 shows unstable HCl level production more or less in all
intervals but still higher level of HCI at temperature above 400 °C and
form around 2000, 3000 and 5000 ppmv at 400, 450 and 500 °C,

® Uncalibrated M Calibrated

220

215

210

205

200

Melting point (°C)

[ L]
HemH
o

195

190
Salt #1 Salt #2 Salt #3

Composition
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Fig. 6. Experimental melting points for four compositions of ZnCl,:KCl:NaCl before and
after calibration.
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Fig. 7. Mass loss as a function of temperature for four different compositions of ZnCl,:KCl:
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respectively. The formation of HCI in Salt #4 is clearly less than the other
salt compositions and almost no HCl formation was observed at 350 °C
and lower. The first sign of HCl formation was at 400 °C around 1000
ppmv and increased to 1300 ppmv at 500 °C.

The average value of the HCI formation for each composition and
each temperature interval was calculated and shown in Fig. 9. For all
compositions, similar trends were observed, and the maximum amount
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of HCl are detected at the highest temperatures. In Salt #1 with the
highest amount of ZnCl, and lowest amount of KCl (60:20:20 mol%
ZnCly:KCl:NaCl), HCl forms readily at and above 300 °C. Salt #4
(44.3:41.9:13.8 mol% ZnCl,:KCl:NaCl), with the lowest amount of
ZnCl, in the composition, shows the lowest levels of HCI at almost all
temperatures, with almost no HCI below 400 °C.

Addition of ZnO to Salt #1 raises the temperature for onset of hydro-
lysis. HCl formation started above 400 °C and again the HCl formation
increased with higher temperature. The results in Fig. 10 show that
adding 5 and 10 wt% ZnO to Salt #1 can reduce the levels of HCl from
1700, 2600 and 3400 ppmv to less than 300 ppmv at temperatures
below 400 °C while these were not very effective at higher tempera-
tures. Adding 10% ZnO decreases the HCl formation at 450 °C more
than 1000 ppmv, however no positive effects were observed in higher
temperatures with adding 5% ZnO.

5. Conclusion

The properties of molten ZnCl,:KCl:NaCl including melting points,
thermal stability and hydrolysis have been studied experimentally.
Four different compositions were chosen: Salt #1: 60:20:20 mol%, Salt
#2: 59.5:21.9:18.6 mol%, Salt #3: 52.9:33.7:13.4 mol%, Salt #4:
44.3:41.9:13.8 mol% ZnCl,:KCl:NaCl. These four compositions have
been considered to be candidate molten salts for biomass liquefaction,
with sufficiently low melting point around 200 °C.
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Fig. 8. The content of HCl in the exit gas as a function of temperature from 250 °C to 500 °C when 10 vol% water in N is added to a: Salt #1 (60:20:20 mol%) b: Salt #2 (59.5:21.9:18.6 mol%)

c: Salt #3 (52.9:33.7:13.4 mol%) and d: Salt #4 (44.3:41.9:13.8 mol%) ZnCl,:KCl:NaCl.
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Fig. 9. The average content of HCl in the exit gas as a function of temperature from 250 °C
to 500 °C when 10 vol% water in N, is added to Salt #1 - #4.

The melting point experiments for Salt #3 indicated that this compo-
sition is not a true eutectic composition. However, this is not considered
as an issue in this study as long as the biomass liquefaction temperature
is above its melting point. The other compositions had melting points in
the range of 203-205 °C. TGA was employed to analyse the thermal sta-
bility of all compositions up to 500 °C. In the cyclic short-term thermal
stability experiments, Salt #1 showed the highest mass loss around 2%
at 500 °C. The mass loss for the other mixtures decreased with lower
concentration of ZnCl, in the mixture and the weight loss for Salt #4
was negligible. Hydrolysis reactions are of special importance since
these could form undesired and corrosive gases such as HCL. The results
show that molten chlorides react with water vapor and form HCI. Fur-
thermore, the reaction is quite temperature dependent. Lower amounts
of ZnCl; in the mixture leads to lower rates of hydrolysis and Salt #4
shows the minimum amount of HCI compared to the other composi-
tions. The experiments have been performed at ambient pressure due
to limitations of the experimental setup. Hydro pyrolysis is, on the
other hand, a high-pressure process which can supress vapor pressure
and HCl formation. Therefore, the hydrolysis rate could be lower than
reported values in this study. Moreover, addition of ZnO to Salt #1
shows a significant reduction effect on HCl production especially at
the lower temperatures.

In total, Salt #4 seems to have the most promising properties rele-
vant for thermochemical conversion of biomass. It has a relatively low
melting point (~205 °C), the highest thermal stability (~0.2% mass loss
at 500 °C) and exhibit the least tendency to form HCl during hydrolysis
experiments. In order to avoid HCI formation completely, it is advised to
keep the reaction temperatures below 400 °C and/or add ZnO as a hy-
drolysis inhibitor.
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Fig. 10. The content of HCl in the exist gas for Salt #1 by using 0%, 5% and 10% ZnO.
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ARTICLE INFO ABSTRACT

Keywords: KCI-CuCl is known as an inorganic salt mixture with a particularly low melting point, below 200 °C. There are
Molten salts very few studies published investigating this binary system. In this study KCI-CuCl is considered as a candidate for
KCl‘C“FI liquifying biomass as a pre-step before a high pressure and temperature (40-50 bar, 450-500 °C) hydro-pyrolysis
Modelhf;g process. Its low melting point makes it a good candidate to liquify biomass at mild conditions (low temperature
Phase diagram . . e e : .

Calphad and pressure) and avoid producing char and ash. Thermal stability and stability against hydrolysis have been

measured for compositions close to the eutectic composition up to 500 °C. The results show that KCI-CuCl is
thermally stable, and no mass loss was observed up to 500 °C. Moreover, it is chemically stable in contact with
water and no HCl was detected in hydrolysis experiments.

In addition, the modelling of the system was studied. Although there is a phase diagram for this system in the
literature based on the experimental data, no thermodynamic parameters have been calculated for this system
and no database was found for KCl-CuCl solution. Therefore, Calphad modelling of the binary KCI-CuCl molten
salt is performed in this study and FactSage is employed to assess the thermodynamic parameters and generate
the phase diagram. For this purpose, a series of experiments have been carried out to investigate transition points
and thermodynamic properties of mixtures between 40 and 80 mol% of CuCl by cooling curve and differential
scanning calorimetry. The intermediate compound K,CuCl; is considered stoichiometric, and its Gibbs energy
modelling relies on ab initio calculated enthalpy of reaction from the base salts and optimization of the standard
entropy. The liquid solution is modelled with a subregular solution model using Redlich-Kister polynomials. The
phase diagram of the system is generated based on thermodynamic data and experimental results. The results
show that the predicted eutectic point of the binary system is located at T = 145.9 °C and 64.9 CuCl mol%. The
calculated results are in excellent agreement with the measured values. The high thermal stability and stability
against hydrolysis qualify eutectic KCl-CuCl mixtures as promising molten salt for biomass liquefaction. However,
corrosion limits the choice of possible reactor materials.

1. Introduction

Inorganic molten salts have been used in many different industries
and for various purposes for hundreds of years. Molten salt mixtures
have been used for many years as bath for alloy heat treatment and metal
production such as aluminium, titanium, etc. Chlorides, fluorides, and
hydroxides are considered as very good solvents for solid-state synthesis
[1]. Molten salts have also been used as coolant nuclear and non-nuclear
applications such as fission power plants, fusion or hybrid reactors,
hydrogen production, long distance heat transport, nuclear fuel repro-
cessing, chemical industry, oil refineries, shale oil processing, etc.[2,3].
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They are commonly used as Heat Transfer Fluid (HTF) as well as Ther-
mal Energy Storage (TES) due to higher operation temperature, high
heat capacity, wide range of thermal stability, low vapour pressure and
low cost [4,5].

However, they have been investigated in many applications, there
are still a lot of interest and potential to study molten salt in new ap-
proach. In the last decades, they have attracted a lot of attention to
improve the production efficiency in renewable energy sectors due to
their thermochemical properties [6]. Molten salts are employed as elec-
trolytes in batteries which are a category of high energy density and
high-power density batteries. In Concentrated Solar Power plants (CSP)
molten salts are the preferred technology for TES and they are still under
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development [7]. Since molten salts have the various applications, any
studies on molten salts properties can be useable for many applications
and industries. One of the recent applications of molten salts in renew-
able energy sectors is thermochemical conversion of biomass in molten
salt for the purpose of pyrolysis which needs more studies[8]. The stud-
ies’ results shows that molten salts could not only have a catalytic ef-
fect, but biomass is solubilized in molten salts effectively liquifying the
biomass and could improve the yield production [9,10]. This resolves
the challenge of feeding solid biomass to high-pressure reactors. Liqui-
fied biomass can be simply pumped to the hydro pyrolysis section [11].
It avoids problems such as plugging, clogging, leakages, and uneven flow
in solid feeding systems which all lead to low production rate and poor
quality [12]. Biomass liquefying in molten salts is still under develop-
ments and needs more studies. The selected molten salt for this purpose
should be able to liquify the biomass at mild conditions. The ideal can-
didate has a melting point below 200 °C at atmospheric pressure, low
vapour pressure, high conductivity, and low cost. It also needs to have
a high thermal stability up to 500 °C which is the hydro-pyrolysis unit
temperature. It is important that the salt does not react with the biomass
in the high pressure and temperature reactor. Then, it will be possible to
recycle the salt and reuse it in a circular system. Since biomass contains
moisture, the salt requires to have very low hydrolysis rate because re-
action with water may form highly corrosive gases such as HCI [12,13].

This study has the first aim to candidate a molten salt system and
investigates its properties based on the required criteria which can be
important for any other applications. To find the proper salt which has
all the mentioned criteria, many groups of salts including fluorides, car-
bonates, hydroxides, nitrates, nitrites and chlorides have been consid-
ered as possible candidates [12]. It was found that fluorides have high
melting points (>400 °C)[13]. Carbonate salts are not chemically stable
at high temperatures [14]. Hydroxides will form stable carbonates in
contact with carbon that need to be regenerated [15]. Nitrites are not
stable and oxidize at temperatures higher than 350 °C [5]. Nitrate mix-
tures are very common in solar energy systems [16], but they are very
oxidizing and will not be stable in direct contact with carbon containing
materials such as biomass [17]. Finally, it was found that chlorides have
the most essential properties which are needed for a biomass liquefac-
tion process such as low melting points, high thermal stability, abundant
natural reserve and low cost [13,18,19]. In the previous work, ternary
ZnCl,-KCl-NaCl was studied experimentally [12]. This ternary system
with low melting point and high thermal stability is considered as a
promising biomass liquefier.

However, ZnCl, has a high tendency to react to ZnO and HCl in the
presence of water and therefore requires the addition of ZnO to decrease
the hydrolysis rate. Precipitation of solid ZnO particles on the other hand
does not only increase viscosity but can also lead to abrasive wear dur-
ing pumping. Therefore, in this study another chloride system, binary
KCI-CuCl, has been studied as alternative possibly combining the low
melting point with high thermal and chemical stability. Through the lit-
erature review, KCl-CuCl compositions were identified with low melting
points and chosen for further study. There are very few works having
studied the binary system KCI-CuCl. Early studies of the KCI-CuCl bi-
nary system by Sandonnini showed a eutectic present at 66 mol% CuCl
with a melting point of 136 °C[20]. Fontana et al. showed the same
compositions as eutectic mixture with eutectic temperature of 150 °C
[21] . Later work, Etter et al.[20] reported 66.7 mol% CuCl as eutec-
tic mixture with melting point of 150 °C. They reported that the low
melting point gives a wide liquidus range and no indication of decom-
position was observed up to 800 °C for 96 h. Etter et al. also reported
that this binary system has a low viscosity. Some researchers considered
KCI-CuCl for optical processes due to their large free exciton binding en-
ergies [22] but there is very little information about this as molten salt
system and more investigation needs to be performed. Since there are
no thermodynamic model for this binary system in the literature, ther-
modynamic reassessment of this binary system was another interest of
present work. Although, Etter et al. generated the phase diagram of the
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system [20], there is no information regarding interaction parameters
and thermodynamic properties of intermediate compounds. The current
studies have the second aim to assess the interaction parameters for the
first time for KCl-CuCl using FactSage. These parameters are needed for
further theoretical studies in many applications, e.g. on the chemical
stability in the presence of water during biomass liquefaction but also
for other applications such as electrodeposition of Cu from salts [23] or
the behaviour of CuCl in solvometallurgy [24].

Therefore, this study contains two parts: Firstly, an experimental
study to identify the salt properties such as thermal stability, hydrol-
ysis, transition temperatures (melting point, liquidus, solidus temper-
atures and peritectic line) and melting enthalpy. Secondly, thermody-
namic modelling to optimize the parameters of the liquid solution and
regenerate the phase diagram in FactSage.

2. Experimental details

Three compositions of KCI-CuCl including 32-68 mol%, 34-66 mol%
and 36-64 mol% are selected. The composition 34-66 mol% was consid-
ered as a potential eutectic composition according to the literature [20].
Two other mixtures (32-68 mol% and 36-64 mol%) were chosen very
close to the introduced eutectic composition to survey the hypothesis.
To increase precision of the model and phase diagram, several com-
positions in close proximity to the potential eutectic point, have been
defined to identify the transition temperatures such as liquidus, eutectic
and peritectic temperatures. In addition, the melting enthalpy for one
composition has been measured to be used as input for the modelling
part.

2.1. Materials and setup

Pre-drying of the salts is necessary, due to the hygroscopic nature
of the salts. To remove the moisture, KCI (Sigma Aldrich, >99.5%) and
CuCl (VWR, >95%) were dried and stored in a muffle furnace at 200
°C for at least 24 h in separate and closed glass beakers. Before the ex-
periments the dried salts were mixed well in the chosen composition
and prepared in a nickel crucible. All experiments were carried out at
ambient pressure. The measurement methods and set up details vary
for thermal stability, hydrolysis and transition temperatures and are de-
scribed in the relevant sections.

2.2. Thermal stability experiments

Thermogravimetric analysis (TGA) was performed to identify the
thermal stability of the KCI-CuCl binary system as a function of temper-
ature up to 500 °C. This set of experiments aims to investigate the mass
variation of the salt by increasing the temperature. Any mass variation
can be interpreted as salt oxidation (mass gain) or salt decomposition
(mass loss) respectively which can be related to low thermal stability of
the salt. For these experiments, 235 g of dried salt mixture was placed in
a tubular nickel crucible with the height of 17 cm and an inner diameter
of 5.1 cm. The mixture was compressed as much as possible to remove
trapped air and minimize the possible experimental errors (related to
thermal conductivity and non-uniform temperature), as suggested by Xu
et al. [25]. The reactor setup containing the nickel crucible was heated
in a vertical electrical tube furnace with radiation shields at the bot-
tom part to minimize the heat loss. LabView 8.2 (National Instrument)
was used to monitor and record the measurements. A purge gas of Ar
(AGA, 4.0, >99.99%) was passed through the furnace from the bottom
to provide inert atmosphere during the experiments. A type S thermo-
couple was immersed in the salt for monitoring and recording the salt
temperature profile during all the experiments. The weight change was
recorded using a weight scale (MS8001S, Mettler Toledo, accuracy of
0.1 g) which was connected to a computer located above the furnace.
The crucible containing the salt is attached to the scale using a hanging
geometry and the weight change was recorded continuously during the
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experiment (schematic of the experimental setup shown in Fig. 1). The
salt mixture was heated up to 500 °C at a heating rate of 10 °C/min.

2.3. Hydrolysis experiments

No study was found in literature which investigated the hydrolysis
rate of the KCI-CuCl binary system. Since chlorides are usually hygro-
scopic salts, even small amounts of water can react with the salt. The
chlorine ions and hydrogen can form highly corrosive HCl which may
alter the equipment in the long term. In the case where biomass is in
contact with the salt, water molecules from the biomass can cause hy-
drolysis.

The hydrolysis reactions for the single salts ZnCl, and CuCl have
been simulated with FactSage using the FactPS database and Equilib
module. The equilibrium partial pressures above a mixture of 1 mol of
the salt and 1 mol of H,O is shown in Fig. 2. For both salts, the hydrolysis
product HCl is the dominating gas species besides H,O below 400 °C.
However, the equilibrium partial pressure of HCl at 200 °C is nearly
three orders of magnitude lower for CuCl than for ZnCl,. The HCl partial
pressure forming in contact of ZnCl, with water at 200 °C (0.3 mbar)
is observed for CuCl only at 420 °C, indicating a significant increase in
hydrolysis resistance.

In order to test whether the hydrolysis reactions will occur, a se-
ries of hydrolysis experiments were performed for three compositions.
Around 235 g of dried salt mixture was prepared in a nickel crucible and
placed inside a sealed stainless-steel vessel as depicted in Fig. 3. The salt
mixture was heated up to 170 °C under inert atmosphere (Ar flow). N,
was bubbled through the molten salt for at least 12 h at the rate of
0.2 Nl/min to ensure homogenous melts and to ensure that all initial
crystal water was removed. The hydrolysis experiments started around
200 °C which is above the melting point of the salt mixture to ensure
that the salt was melted completely. The setup is the same setup as for
the ternary ZnCl,-KCI-NaCl system which is described in the last study
in detail[12]. Gaseous H,O was introduced by bubbling N, through a
closed, water filled vessel at constant temperature of 46 °C to ensure
a water partial pressure of 10 kPa (10 vol%), in accordance with the

1 mol MCI, + 1 mol H20

solid line: M=2Zn, x = 2; dashed line: M=Cu, x=1
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Fig. 1. Schematic representation of the experimental setup for TGA studies. The
setup is hanged from the weight scale which records the weight. The tempera-
ture is measured by a type S thermocouple.

Fig. 2. Partial pressure of most dominant gas
phase species in equilibrium between 1 mol of
water and 1 mol of ZnCl, (solid lines) or 1 mol

T of CuCl (dashed lines).
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Filter
FTIR

Nitrogen + Water vapor
S-Type
7| thermocouple

h 4

Nitrogen

Electrical furnace| i

Heating plate

Radiation shields

Fig. 3. Schematic representation of the experimental setup for hydrolysis stud-
ies. The inner crucible and the feed tube are made of nickel, and the outer
container is made of stainless steel. The melt temperature is measured by a type
S thermocouple.

method introduced by Olsen et al.[26]. Heated gas lines which include
PTFE (Teflon) tubes, were employed in the whole system. They were
equipped with heating elements (H 900 °C, Tyco Thermal Controls) and
kept at a constant temperature of 170 °C to avoid condensation of water
in the lines. The gas consisting of 10 vol% water vapour and 90 vol% N,
was bubbled through the molten salt from the bottom of the crucible.
The gas will flow to the top of the molten salt and leave the crucible to
a high voltage filter to remove residual particles and finally to a Fourier
Transform Infrared spectrometer (FTIR) to be analysed. The FTIR unit
(Thermo Nicolet 6700) was equipped with a 2 m gas cell running the
commercial Fire Science method (Thermo Fisher). The gas was contin-
uously analysed by FTIR. During the experiments, the salt temperature
was increased in intervals of 50 °C up to 500 °C. The melt was kept at
each temperature interval for at least 30 min to record the formed HCl
concentration for a period of time.

2.4. Transition temperatures and melting enthalpy

The melting point of the selected molten salt is one of the most cru-
cial properties, since the liquefaction step during biomass conversion
should be at mild conditions (e.g. below 200 °C, atmospheric pressure).
Moreover, transition temperatures are the main input for phase dia-
gram reassessment. To verify the reported transition temperatures from
the literature, two different methods were used including cooling curve
[27] and Differential Scanning Calorimetry (DSC). In the first method,
120 g of dry salt mixture was placed inside a nickel crucible (with a
height of 5.7 cm and an inner diameter of 6.1 cm) and heated up in
a vertical electrical resistance furnace to ensure complete melting. The
crucible was equipped with radiation shields above to minimize heat
loss (Fig. 4). A mechanical nickel stirrer (40 rpm) was used to mix the
molten salt for at least one hour to ensure a homogenous mixture. Then
the salt mixture was cooled down slowly at a rate of 0.5 °C/min while
stirring. The experiments were repeated 2-3 times by heating up the
solidified salt and cooling down again for each composition.
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Fig. 4. Schematic representation of the experimental setup for determination of
melting points by cooling curve method. The sample is placed in a nickel crucible
and undergoes controlled cooling under constant stirring. The experiments were
performed under inert atmosphere (Ar).

The cooling curve method was employed for 5 compositions of the
mixture while DSC (Netzsch DSC 204) experiments were conducted over
a wider range of compositions. To decrease the experimental error, 1 g-
batches of each salt mixtures was prepared in a glovebox (Argon-filled)
by mortaring for 15 min. Compositions of KCl-CuCl with a CuCl-content
of 52, 55, 57, 60, 63, 65, 67 and 70 mol% were produced. For each com-
position 10-15 mg of salt was weighed into a gold-coated steel crucible
(Netzsch), which was hermetically sealed. The crucible types were used
to reduce both, the uptake of moisture during transfer of the salt to the
DSC, and the chance of corrosion of the crucible with the salt. Subse-
quently, the DSC measurement was carried out with a heating rate of
5 °C/min under a flow of N,-purge gas. Multiple thermal cycles were
recorded to ensure high reproducibility, and the second or third cycle
were used for evaluation unless stated otherwise. The onset and offset
of the melting peaks and the melting enthalpy were analysed using the
Proteus Analysis Software package.

The heat capacity of two KCI-CuCl mixtures was measured follow-
ing the guidelines of the ASTM E1269. The same setup in terms of salt
preparation, crucible type and equipment were used for the measure-
ments, but the heating rate was slightly higher (10 °C/min). The second
heating cycle was used for evaluation of the heat capacity from a series
of three measurements. A blank crucible and a sapphire disc were used
as reference measurements successively and the salt mass was reduced
to 15 mg. The error of measurement was identified to be in the order of
10% due to the relatively large mass of crucibles (>1 g), compared to
the low samples mass (~15 mg).

2.5. Thermodynamic modelling

Beside the experimental work, a thermodynamic assessment of the
KCI-CuCl binary system was performed to model the Gibbs energy of
all stable phases in the system, following the Calphad technique [28].
For the assessment, the FactSage software [29] and the in-house tool
DataOptimizer [30] have been used. The Gibbs free energy expression
contains three parts for the liquid phase model which can be written as
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where G™' is the contribution from pure components of the phase to the
Gibbs energy, Gi:ffl is the ideal mixing contribution, x; is the mole frac-
tion of component i; °G; is the standard Gibbs free energy of the pure
substance i; R is the gas constant, 8.314 ﬁ; T is the temperature. G®
is the contribution due to non-ideal interactions between pure compo-
nents, also known as the Gibbs excess energy of mixing. GF is the most
important parameter to represent the interaction of components except
for the entropy value increase contributed by the ideal mixture. GF has
several kinds of mathematical expressions to represent the interaction
between constituents. The Redlich-Kister (RK) model is one of the most
common models for binary systems[32] and it has been employed by
the expression as follows:

n;j

G* = XkerXeuc E LT xker = Xcuc))” “)
v=0

LY (v = 0, 1, 2,...) are the RK interaction parameters between the two

end members [28]. It can be written in the general form as a function

of temperature as follows:

ng")=A+BT+CT1nT+DT2+ET3+F/T 5)

where A, B, C, D, E and F are constant parameters usually obtained
through empirical or semi-empirical methods. A single parameter will
always give a symmetrical contribution to the Gibbs energy of excess,
thus at least two RK coefficients are needed to describe a subregular so-
lution. Using many coefficients in an RK series should be avoided and
normally a linear temperature dependence, A+BT, is enough. The com-
position dependence of the excess enthalpy is described by A and the
excess entropy by -B [28]. Therefore, the first two parameters A and
B are considered and optimized in this work as the deviation was con-
sidered acceptable for this study. The data for pure components of the
liquid phase have been taken from the Fact Pure Substances database.
To keep consistency, the data for pure solid KCl and CuCl have also been
adopted from the same source.

2.6. Intermediate compound

According to the literature, there is a crystallization stage in the
binary system KCI-CuCl wherein solids in the form of complex salt

ZnCI2-KCI-NaCl Salt#4
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Fig. 5. Mass loss as a function of temperature for three differ-
ent compositions of KCI-CuCl in comparison to salt #1 (60-20—
20 mol%) and 4 (44.3-41.9-13.8 mol%) for ZnCl,-KCI-NaCl
from previous study[12].

S S — |

500

2KCl.CuCl form [33]. The binary system contains an intermediate com-
pound K,CuCl; which has been analysed by X-Ray diffraction (XRD) in
a few studies [20,22,34]. Since the thermodynamic data for the inter-
mediate compound is not available in any database from FactSage, it is
required to estimate its thermodynamic parameters. The Gibbs energy
function of the K,CuCl; can be thermodynamically described as [35]:

UG(KZC,AC@) =2Gge+°Geyer + A+ BT (6)

A and B are model parameters describing the enthalpy (A) and entropy
(-B) of reaction to form K,CuCl; from the base salts. It is assumed that
these are constant in the temperature range of interest. This is equivalent
to the simple Neumann-Kopp rule (NKR) [36] to describe the heat capac-
ities of the intermediate compound. The reaction enthalpy of K,CuCl;
has been computed using the ab initio calculated formation energies
from materialsproject.org[37] and has not been used for further opti-
mization. The reaction entropy with respect to the base chlorides has
been obtained from the aiMP database. There, a machine learning model
is used to estimate the S28K values based on composition, enthalpy of
formation and unit cell volume[38]. The S??8K value was taken as start-
ing point and further optimized.

2.7. Optimizing

FactSage was applied in this study to set up the database and cal-
culate the phase diagrams using the same. The in-house tool DataOpti-
mizer [30] has been employed to optimize the parameters based on the
experimental data. The experimental results including liquidus temper-
ature, eutectic temperature and composition, peritectic temperature and
melting enthalpy were adopted to assess the calculation results in the
binary phase diagrams. The procedure involves a weighted least-square
optimization of model parameters to minimize the difference between
calculated and measured values. Each type of selected data was given
a certain weight factor according to the accuracy of data and data im-
portance. Then the try and error method was used to alter the weight
factor during the assessment until all of the selected data was repro-
duced within the acceptable uncertainty limits in DataOptimizer.

3. Results and discussion
3.1. Experimental results

The experimental results including thermal stability, hydrolysis,
transition temperatures and melting enthalpy are reported in the sec-
tion below.
3.1.1. Thermal stability

Fig. 5 shows the mass loss as a function of temperature up to 500
°C for two selected compositions of KCI-CuCl. Both compositions are
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Fig. 6. The content of HCl in the exit gas as a function of tem-

500 600 perature from 200 °C to 500 °C when 10 vol% water in N, is
added to KCI-CuCl compositions.
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Table 1 sitions have been studied through different setups and techniques in-

Transition temperatures of the KCI-CuCl system by the DSC and cooling curve
methods.

Composition [mol%] Transition temperature [ °C] Experimental
KCl CuCl  Eutectic  Peritectic ~ Liquidus  method

20 80 144.10 - 291.05 Cooling curve
30 70 145.9 - 208.5 DSC

32 68 146.55 - - Cooling curve
33 67 145.8 - 183.7 DSC

34 66 145.18 - - Cooling curve
35 65 145.9 - 156.7 DSC

36 64 146.82 - - Cooling curve
37 63 146.1 - 211.2 DSC

40 60 146.3 - 237.2 DSC

43 57 146.1 - 254 DSC

45 55 145.7 - 250.4 DSC

48 52 145.8 - 383.4 DSC

60 40 - 236.49 513.48 Cooling curve

very stable even at high temperatures up to 500 °C. It follows that bi-
nary KCI-CuCl is not only stable at high temperatures, but also appears
to exhibit a low vapour pressure since no mass loss was observed in the
experiments. The experimental results have been compared to two com-
positions of ZnCl,-KCl-NaCl with the lowest and highest mass loss from
the previous study[12]. The mass loss of the compositions at high tem-
peratures is negligible for KCI-CuCl and even lower than that of for the
ternary ZnCl,-KCI-NaCl in the previous work. This can be understood
when comparing the partial pressures of ZnCl, and (CuCl); in Fig. 2:
The latter is nearly one order of magnitude lower than the first; accord-
ing to the Hertz-Knudsen equation, the evaporation rate is directly pro-
portional to the partial pressure and therefore much higher for ZnCl,.
The high thermal stability of KCl-CuCl makes it possible to use it for
liquefaction and subsequent hydro-pyrolysis of biomass at higher tem-
peratures.

3.1.2. Hydrolysis

Fig. 6 shows the HCI level from FTIR-gas analysis of the two KCI-
CuCl compositions during step-wise heating from 200 °C to 500 °C with
temperature intervals of 50 °C. As the figure shows, for all molten salt
compositions the HCI formation is below the detection level indicating
that they do not hydrolyse in contact with water up to 500 °C. This
is in accordance with the thermodynamic modelling shown in Figure .
In comparison with the ternary system ZnCl,-KCI-NaCl in the previous
study where HCl release in the range of hundreds to thousands of ppm,,
had been observed already at 400 °C[12], binary KCI-CuCl is considered
a very promising alternative with minimum hydrolysis rate.

3.1.3. Transition temperatures
Table 1 represents the results from measurements of transition tem-
peratures of selected compositions of binary KCI-CuCl. Thirteen compo-

cluding cooling curve and DSC.

The results from the cooling curves for 80 mol% CuCl showed two
cases of undercooling regions during the cooling down which represent
the liquidus and eutectic temperatures. However, for compositions be-
tween 64 and 68 mol% of CuCl only one undercooling region was de-
tected for each of them. The three compositions investigated are very
close to the eutectic point reported by Etter and Wiedenheft [20]. The
liquidus and eutectic temperatures have very close values which the
cooling curve method cannot differentiate precisely. The sample with
40 mol% of CuCl shows two cases of undercooling which correspond to
the liquidus temperature and peritectic temperature respectively.

Temperature calibration is necessary in order to minimize systematic
errors due to the thermocouple. The thermocouple was calibrated using
deionized ice and water, deionized boiling water, pure tin and pure zinc.
The measured melting points based on cooling curves were calibrated
using linear regression which is described in the previous study [12].
Table 1 presents the average value of the measured temperatures for all
five compositions. These values are generally in good agreement with
the few available reports on transition temperatures [20,21].

The eutectic melting temperatures extracted from cooling-curve
techniques were very similar to those obtained by DSC measurements
(see Table 1). The respective data is that of the 5th heating curve and dis-
cussed hereafter. From both data sets (cooling-curve technique and DSC)
one can extract an average eutectic temperature of 145.85 °C + 0.66 °C.
DSC measurements also allowed a closer investigation of the liquidus
temperatures, which are represented by the offset of the melting peak.
It has to be noted that the liquidus temperature reported in Table 1 for
DSC measurements is the peak end-temperature. It changes as a function
of the heating rate, sample mass and other parameters since it depends
on melting / dissolution kinetics and heat transfer. Still, it can be used as
indication for the trend in liquidus temperature for a given set of sam-
ples if they were measured using the same experimental procedures,
such as in this case.

The DSC curves of the measured compositions are shown in Fig. 7.
The composition with the sharpest melting peak and lowest liquidus
temperature is that at 65 mol% CuCl and 35 mol% KCI. Samples with
a lower (63 mol%) or higher (67 mol%) CuCl content already exhibit a
pronounced shoulder after the main melting peak which indicates that
the 65 mol% CuCl-mixture, which features no shoulder close to the melt-
ing peak, is close to the eutectic composition. At concentrations below
65 mol% CucCl, the liquidus temperatures first increase and an additional
endothermic peak at ~T_onset = 246 °C is present. The peak is very pro-
nounced at higher KCl-concentrations (52 and 55 mol% CuCl) and rep-
resents the peritectic transition of K,CuCl; 2 KCI + liquid. A very small
but reproducible endothermal reaction at the same temperature is also
present for higher CuCl contents up to the eutectic composition. We as-
sume that the presence of the peak arises from partial decomposition,
e.g. side reactions with the crucible, local de-mixing, or similar phenom-
ena, given that the cycle evaluated is already the 5th cycle. It is worth
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Fig. 7. DSC curves of the different KCI-CuCl
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Table 2
Melting enthalpies and heat capacity of KCI-CuCl mixtures from DSC measure-
ments.

KCI-CuCl content [mol%] Melting enthalpy [J/g] Heat capacity [kJ/(kg.K)]

30-70 88.6 Not measured
33-67 84.3 0.913 + 10%

35-65 81.6 0.995 + 10%

37-63 76.8 Not measured
40-60 89.4 Not measured
43-57 90.3 Not measured
45-55 83.7 Not measured
48-52 72.2 Not measured

mentioning that over the course of the DSC cycles, this peak already
was present during the second cycle (of the 35-65 mol%-sample), but
its fraction did not increase over the number of DSC cycles, indicating
that no further side reactions occurred and that the measurements are
reproducible.

3.1.4. Melting enthalpy and heat capacity

The melting enthalpies of different compositions were evaluated us-
ing the Proteus Analysis software and are presented in Table 2. While
the melting enthalpy of the eutectic mixture and compositions in close
proximity was reliable due to a low number of peaks, the presence of the
peritectic transition peak at 246 °C made evaluation of the melting en-
thalpy increasingly difficult. Nonetheless, the data shown presents the
melting enthalpies including background fitting with a value of 81.6 J/g
for the 35-65 mixture. The same mixture exhibits a heat capacity slightly
below 1 kJ/(kg*K). The heat capacity remained constant over tempera-
ture within the error of measurement, therefore no temperature corre-
lation is presented.

3.1.5. Observed corrosion

The corrosiveness of the KCI-CuCl mixtures was not measured in the
current study but the observation shows that this molten salt is highly
corrosive in contact with nickel and stainless-steel materials, especially
at high temperature >300 °C. Fig. 8 shows the cooling curve method
experimental setup (that was schematically depicted in Fig. 4) after one
series of melting point experiments. In this experiment the salt mixture
was heated up to 350 °C and after a few hours it was cooled down slowly
by the rate of 0.5 °C/min. The process was carried out under inert atmo-
sphere (Ar flow) and repeated three times. The figure shows the corro-
sion effect on the nickel radiation shields, the nickel crucible containing
the molten salt and the nickel-stainless steel setup. The rod on the cen-

Fig. 8. The corrosion of the nickel radiation shields, nickel crucible containing
molten salt and nickel stainless steel setup containing KCI-CuCl molten salt after
an experiment in temperature range of 50-350 °C under inert atmosphere.

tre of the setup made of stainless steel is broken due to high corrosion.
Etter et al. and Fontana et al. had the same concern. They used fused
silica and borosilicate crucibles for their experiments to avoid the cor-
rosion issue [20,21]. Using FactPS database in FactSage, the corrosive
nature of KCI-CuCl can be better understood: At 100 °C, a 1:1:1 mixture
of KCl:CuCl:Fe forms in equilibrium 0.5 mol of K,FeCl,, 1 mol of Cu
and 0.5 mol of Fe while a 1:1:1 mixture of KCl:CuCl:Ni forms 0.5 mol of
KNiCls, 0.5 mol of KCl, 0.5 mol of Ni and 1 mol of Cu, indicating that
in both cases Cu has a tendency to transfer chlorine to the crucible and
steel setup. Similar equilibria are estimated at higher temperature but
are less reliable due to the importance of liquid solutions. These ther-
mochemical considerations indicate that copper might be an interesting
crucible and construction material in presence of KCl-CuCl mixtures.

3.2. Modelling results

Based on the experimental results described in Table 1 and the melt-
ing enthalpy of the solution, the binary system was thermodynamically
assessed. Eutectic temperatures, liquidus line, peritectic temperature
and melting enthalpy were first introduced for reproduction of the ex-
perimental data. When the Redlich-Kister expression was employed to
optimize the binary systems, the related interaction parameters were de-
termined. These are listed in Table 3. The well-established liquidus line
and eutectic in the wide temperature and composition ranges as well as
the accurately measured melting enthalpy makes it possible to optimize
the L;(i = 0, 1) parameters in Eq. (5). For the intermediate compound
K,CuCl; in the KCI-CuCl system, the standard entropy was optimized as
well while the enthalpy of formation was fixed as described above.
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Fig. 9. Calculated phase diagram of KCl-CuCl
in comparison with experimental data gener-
ated in the present work (red points have been
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Table 3

Summary of the interaction thermodynamic parameters in the KCI-CuCl
binary system according to the present optimization.

Constituents ~ Phase type = Phase state ~ Thermodynamic parameters
KCl, Solution Liquid 1L0=-27,373L +394—_T
mpl mol K
CuCl L' = —15,416 = +25.57 ——
K,CuCl, compound  Solid AR, = =1, 018.294%
298 — J
SK:Cu(‘I; =M1902 0

As shown in Fig. 9, the phase diagram of the KCI-CuCl binary sys-
tems was evaluated and calculated based on experimental data. No solid
solubility was taken into account in this thermodynamic calculation.
The calculated eutectic point of the system was located at 145.9 °C and
64.9 mol% CuCl and the peritectic temperature is obtained at 241.2 °C.
The calculated enthalpy of melting between 65 and 70 mol% CuCl was
within 5% of the values shown in Table 2. The experimental data from
the literature[20] are included in the figure to compare the experimen-
tal and modelled results from this work and experimental results from
the literature. Etter et al. reported slightly higher temperatures for the
eutectic temperature (150 °C) and peritectic temperature (245 °C), how-
ever Sandonini identified a lower eutectic temperature (136 °C)[20].

It should be noted that the value of S8 thus determined for
K,CuCl; is only 2 J/(K mol) or 0.8% higher than the value estimated
based on the machine learning model used in the aiMP database devel-
opment [38]. During the optimization, no experimental evidence indi-
cated a necessity to modify the enthalpy of formation of K,CuCl; that
had been fixed based on ab initio calculations.

4. Conclusion

The properties of molten inorganic salt KCI-CuCl have been consid-
ered in this study to be a candidate as biomass liquefier. Thermal sta-
bility and hydrolysis have been studied experimentally for two compo-
sitions including 32-68 mol% and 36-64 mol% of KCI-CuCl which are
around the eutectic composition. All three compositions showed very
high thermal stability at temperatures up to 500 °C with no mass loss
measured by TGA experiments. Hydrolysis experiments were carried out

to assess the molten salt resistance in contact with water from biomass.
The hydrolysis reaction is considered important since it could form
highly corrosive and undesired HCl. The results showed that molten
KCI-CuCl were very stable in contact with water in hydrolysis experi-
ments and no HCl was detected by FTIR up to 500 °C. Although these
properties make it a promising alternative for liquifying biomass, fur-
ther work is needed to mitigate the corrosion of Ni and stainless steel in
contact with the KCI-CuCl melt as observed here.

Cooling curve and DSC were employed to study thirteen composi-
tions of binary KCI-CuCl. Transition temperatures including eutectic,
liquidus and peritectic temperatures were obtained and reported in
Table 1. The eutectic composition was measured to be at 65 mol% CuCl
and enthalpies of melting have been determined.

Together with ab initio calculated phase stability of the intermediary
compound K,CuCl; these results have enabled the first thermodynamic
assessment of the binary system KCI-CuCl. It aimed at reproducing the
phase diagram based on experimental results and thermodynamic data.
Temperature dependant Gibbs energy expressions for the liquid solution
and the intermediate K,CuCl; solid compound were derived. The calcu-
lated phase diagram of the binary system as well as the melting enthalpy
are in good agreement with experimental data. The calculated eutectic
point of the system is located at 145.9 °C and 64.9 mol% CuCl and the
peritectic temperature occurred at 241.2 °C. This optimisation is a neces-
sary first step for further studies to enable thermodynamic calculations
of practical interest for biomass liquefaction, copper electrodeposition
from salts or solvent metallurgy.
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Abstract

This study was carried out to investigate the use of electrodeposition for the removal of impurities
from molten ZnCl,:KCI:NaCl in order to purify and reuse the molten salt after electrorefining and
electrowinning. The deposition of the inorganic compounds Cu, Fe, and Mn from CuCl, FeCla,
FeCls, and MnO: in molten salt at 260 °C was examined using cyclic voltammetry (CV),
employing graphite and platinum (Pt) electrodes. Subsequently, a series of potentiostatic
electrolysis experiments were conducted to remove the impurities in the salt using a zinc (Zn)
electrode. X-ray diffraction (XRD) was used in one case to analyze and confirm that the reduced
element was deposited on the surface of the Zn electrode. The results show that Cu and Fe(III)
were removed from the molten salt through 1.5 and 2.5 hours of electrodeposition, respectively.
The results for removing Fe(IT) and Mn were slightly different after 3 hours of purification, despite
being mostly effectively separated, there were still some impurities found in the molten salt.

Keywords: electrodeposition, molten salt, cyclic voltammetry, chronoamperometry



1. Introduction

Molten chloride salt mixtures are promising media for various industrial applications due to
their excellent thermodynamic properties (1). They have been employed in metallurgy and
metal extraction and have had a significant role in the energy sector and renewable energy
industries. Molten chloride salts have been used in nuclear plants for decades (2). In addition,
they are excellent heat transfer fluids (HTF) and thermal energy storage (TES) materials that
are employed in concentrated solar power plants (CSP) (3,4), batteries (5) and biomass
pyrolysis in biofuel production (6,7).

In the majority of the mentioned molten salt applications, the melt is in contact with other
materials, which can lead to contamination. Therefore, the molten salt needs to be purified in
order to recirculate it to the system. There are various methods of separating and removing
contaminant elements from molten salts, such as ion exchange (8), the zone freezing method
(9), and precipitation (10,11). Another effective method, electrochemical removal requires
fewer devices and equipment than the other techniques (12).

Electrolysis in molten salt baths has been used to recover metals from ores (13,14) in metal
production industries for a long time. KCI:NaCl was one of the first electrolytes used for
recovery of metal at elevated temperatures (900 °C) (15). After some modifications to the
process, the electrolyte was changed to the ternary molten salt LiCl:KCIl:NaCl, which allowed
for performing the process at a lower temperature (500 °C). Another common molten salt used
for many similar processes is KCI:LiCl (16).

Apart from metal extraction studies have reported on the electrochemical removal of elements
from chlorides (17-20) using various electrodes. Kim et al. performed potentiostatic
electrolysis tests on a LiCl:KCl eutectic melt at 500 °C to remove dysprosium (Dy) and
gadolinium (Gd) from the salt using a magnesium (Mg) electrode (12). Khalaghi et al. reported
the electrochemical study of iron (Fe) in a KCI:LiCl:NaCl melt at 500 °C using a glassy carbon
(C) electrode (16). Chen et al. reduced titanium (Ti) from titanium oxide (TiO) in calcium
dichloride (CaClz) at 950 °C using an oxide-scale-coated Ti foil as a working electrode (21).
Many studies have reduced silicon (Si) from silicon dioxide (SiOz) in a CaCl; melt at high
temperatures around 900 °C using various electrodes (22-26). The most widely studied
electrolytes include KCLLiCl (27,28), NaCl:KCl (29,30), ZnCl:NaCl (31,32), and
MgCl»:NaCl:KCl1 (33), which all require high temperatures (400-600 °C) to keep the salt liquid.

ZnCl:KClL:NaCl is an interesting molten salt for many applications due to its high thermal
stability, low melting point (around 200 °C), and low hydrolysis, especially at lower
temperatures (below 400 °C) (34). In our previous research, due to its promising properties, this
salt has been studied and introduced as an alternative for liquifying biomass as a pre-step before
hydro-pyrolysis. Through hydro-pyrolysis and subsequent hydrodeoxygenation, the biomass
can be converted to biofuel. However, the spent salt after this conversion process may have
been contaminated by ash or char from the biomass, which can affect the thermodynamic
properties of the molten salt. Therefore, the salt needs to be purified before recycling into the
system.

Electrochemical removal of impurities from ZnClo:KCl:NaCl molten salt was investigated in
the current study. The low melting point of this molten salt makes electrolysis possible at
relatively low temperatures (below 300 °C), but there have been very few studies about its
electrochemical behavior. Nitta et al. examined the cyclic voltammetry (CV) for ternary



ZnClx:KCl:NaCl (60:20:20 mol%) at 250 °C and reported 1.7 V of electrochemical window,
which is quite a wide window for removing the various ions (35). The present study used
another composition of ZnCl:KCl:NaCl (44.3:41.9:13.8 mol%) to not only determine the
electrochemical window but also to purify the molten salt using an electrochemical method.

CV is commonly used to investigate the reduction and oxidation process of molecular species
(36). The objective of the present study was to examine the removal of elements from
ZnCI:KCI:NaCl by electrodeposition using zinc (Zn) and graphite (C) electrodes.
Theoretically, it is possible to remove ions that have electrode potential in the range of the
molten salt electrochemical window. Although various impurities, such as Ca, K, Al, Na, Fe,
Mn, and others, coming from different biomasses may contaminate the molten salt, the ions that
theoretically can be removed from ZnCl,:KCI:NaCl were selected for this investigation. The
quantity of metal impurities remaining in the molten salt due to the biomass conversion process
can vary for each impurity and for different biomass feeds, but it is normally less than 1-2 wt%.
In the current work it was assumed that this amount was 0.8 wt% in all cases. The metal ions
chosen as representatives included copper (Cu®), iron (Fe?", Fe’*), and manganese (Mn*"). They
were introduced into the melt through the addition of CuCl, FeCl,, FeCls, and MnO,. CV
measurements were obtained to observe the redox peak of the molten salt and elements at
260 °C. Subsequently, a series of chronoamperometry constant-potential electrolysis tests, were
performed to remove Fe, Cu, and Mn ions from the salt. Finally, the crystalline structure of the
extracted electrodeposits was analyzed using X-ray diffraction (XRD). The results for Cu were
clear, but the other cases were very noisy, and it was not possible to interpret the results.

2.  Cyclic voltammetry

CV is an electrochemical technique for measuring the current that develops in an electrochemical
cell under conditions where voltage is in excess of that predicted by the Nernst equation, as given
in Eq. (1) (36). This equation relates the potential of an electrochemical cell (E) to the standard
potential of a species (E°) and the relative activities of the oxidation (Ox ) and reduction (Red)
analyte in the system at equilibrium, as in Eq. (2) and (3).

_po, RT, (0x) (1
E=E +nFln(Red)
(Ox): X > Xt +e” )
(Red): Xt +e~ > X 3)

In the equation, F is Faraday’s constant, R is the universal gas constant, n is the number of
electrons, and T is the temperature (K). In applying the Nernst equation, the activities are replaced
with the concentrations, which are more experimentally accessible. The standard potential is
replaced with the formal potential E%, and n is set equal to 1 for one electron transfer:
o L RT . [X*] “
E=E"+ F In X1

The formal potential is specific to the employed experimental conditions. The Nernst equation
provides a powerful prediction for the system in response to a change of concentration of species
or a change in the electrode potential. In practice, when the potential is scanned during CV




experiments, the concentrations of species in the solution near the electrode changes over time

(36).

The scan rate of the CV experiments presents the scan speed of the applied potential. Faster scan

rates lead to reduction in the size of the diffusion layer and consequently, higher currents are

observed. The Randles—Sevcik equation given in Eq. (5) shows how the peak current (ip)

increases linearly with the square root of the scan rate (v):

. nFvD,
ip= 0.446nFAc°(T)1/2

where 7 is the number of electrons transferred in the redox event, A (cm?) is the electrode surface

area (usually treated as the geometric surface area), D, (cm? s'!) is the diffusion coefficient of

the oxidized analyte, and C° (mol cm™) is the bulk concentration of the analyte.

Electrolytic solutions have an intrinsic resistance (R,;) in the electrochemical cell. Ry,; consists

of two parts: R, which is resistance between the counter electrode and the reference electrode

and some potentiostats can compensate for, and R,,, which is the resistance between the working

electrode, which some reference electrode, and it is compensated resistance. This resistance may

cause ohmic drops in the system that need to be minimized. Ohmic drops can be reduced by three

methods (37,38):

- Decrease the current by reducing the size of the working electrode or running in slow scan
rates

- Diminish Rg,; and consequently R, by increasing the conductivity of the solution with a
higher concentration of the electrolyte

- Decrease R, (and increase R) by reducing the distance between the working and reference
electrodes

)

3. Experimental
3.1 Materials

ZnClx (VWR, 98.3%), KCI (Sigma, > 99.5%) and NaCl (Sigma, > 99.8%) were dried in a
muffle furnace at 200 °C for at least 24 h in separate and closed beakers. The elements to be
studied were added as CuCl (VWR, > 95%), FeCl» (Thermo Fisher, > 99.99%), FeCls (Sigma,
>99.9%) and MnO> (Thermo Fisher, > 99.9%) by adding each of them to the molten salt in the
separate experiments.

3.2 Experimental setup

First, 235 g of the ZnCl2:KCl:NaCl mixture (44.3—41.9-13.8 mol%) was prepared in a graphite
crucible just before loading into the furnace, where the salt mixture was heated to around
260 °C. To avoid interference from dissolved oxygen, argon was bubbled through the molten
salt for at least 12 h to deoxygenate and remove the residual water, according to the procedure
given in (36). Then, 2 g of the impurity was added to the molten salt, and argon was bubbled at
the bottom of the mixture to stir the mixture for one hour. The flow of argon was kept over the
cell during the experiments to provide an inert atmosphere.

CV and chronoamperometry were performed with an electrochemical measurement system
(Autolab PGSTAT302N) and controlled by NOVA software version 2.1 for Windows. The



working electrode was a 6 mm diameter graphite rod in CV or a 3 mm diameter Zn rod in
potentiostatic electrolysis, and a 0.5 mm diameter platinum (Pt) wire was used as a reference
electrode. A graphite crucible measuring 12.5 cm high, 9.5 cm outer diameter, and 6.5 cm inner
diameter was employed as the container for the molten salt. The crucible also functioned as a
counter electrode. The temperature was measured during the experiments using a S-type
thermocouple located just above the molten salt surface (see Figure 1).

Working
electrode

Ar flow l
Reference
electrode
S-type
Thermocouple

Electrical C
furnace C ]
ﬂ Counter
K % electrode
i ]
s ]
Molten salt

Figure 1. Schematic of the experimental setup for electrochemical salt purification using a
graphite crucible as counter electrode, Pt wire as reference electrode and graphite rod or Zn
rod as working electrode

3.3 Experimental method

A CV of the molten salt was carried out before adding the impurities for each experiment. The
geometric area of the graphite working electrode in contact with the molten salt was 3.8 cm?,
and the counter electrode (the crucible) was 94.4 cm?. The CV was conducted at a scan rate of
20 mV/s starting at 0 V versus the Pt reference electrode. After adding the impurity, the CV
was repeated under the same conditions to detect the new peak related to the impurity. After
the peak identification, potentiostatic electrolysis was conducted using chronoamperometry to
extract the impurity from the molten salt. The working electrode was changed to the Zn
electrode and constant potential was applied. After a time between 30 min and a few hours, the
electrolysis was terminated, and the working electrode was removed from the melt. Then the



impurities attached to the working electrode were extracted from the molten salt, and the CV
was repeated to compare the voltammogram before and after electrodeposition. The applied
potential value for each electrodeposition run was adjusted according to the cathodic peak in
the cyclic voltammogram before a new run, as suggested by Kim et al. (12). This phenomenon
is caused by shifts in the reference electrode potential, which in the present study was Pt.

For every experiment with a new impurity, a newly prepared salt mixture was used, and the
temperature was kept at 260 °C for all experiments. To minimize the ohmic drop in the CV, a
slow scan rate was selected (20 mV/s) and large amount of electrolyte was employed to increase
the conductivity of the solution, as discussed in Section 2. Moreover, a short distance (1 cm)
between the working and reference electrodes was kept during the experiments, as suggested
by (37,38).

The deposited compound from purification of the first case (CuCl and molten salt) was analyzed
using XRD to characterize the elements. While XRD analyses were carried out for the other
cases as well, there was a lot of noise, which made it difficult to interpret the results.

4. Results and discussion

A series of CV tests were carried out to identify the reduction potential of various elements in
ZnCl:KCl:NaCl and a series of potentiostatic electrolysis experiments were subsequently
conducted to remove the added impurities.

Figure 2 shows the cyclic voltammogram for molten ZnCl,:KCl:NaCl at 260 °C before adding
any impurity. At a lower potential (-0.5 V), the sharp increase of cathodic current defines the
nucleation process of the electroreduction of metal. This phenomenon is typically the same as
that resulting from the decomposition of a solvent defining the potential window. Therefore,
this can confidently be attributed to the deposition of Zn, Na, or K metal (21). Because Zn(II)
is more easily reduced than Na or K, the cathodic peak was assumed to represent the
electroreduction of Zn(Il) from ZnCl.. When the sweep direction was reversed, the
corresponding anodic current was observed. It can be seen that the discharge of metal ions
started from —-0.5 V. On the other side of the electrochemical window, the anodic current
observed over 1.4 V is considered to be chlorine gas evolution. Nitta et. al. and Li et al. reported
similar voltammograms for ZnCl,:KCI:NaCl and ZnCl; (35,39), respectively. Based on these
results, the electrochemical window of the molten salt was concluded to be —-0.5 to 1.4 V for
further experiments.
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Figure 2. Cyclic voltammogram of ZnCl>:KC1:NaCl recorded on a Zn electrode at 260 °C

4.1 Deposition of Cu from CuCl

Figure 3 shows the results of CV measurements after adding 2 g of CuCl to the melt with a scan
rate of 20 mV. A cathodic process was observed at a potential of -0.04 V, corresponding to the
bulk deposition of Cu in the molten salt as well as the anodic stripping of Cu. However, other
peaks appeared at —1.2 and -0.8 V likely because of either sodium ions or Zn alloy. On the one
hand, it is well-known that alkali metals (especially Na) react with graphite, and this leads to
the underpotential deposition of these metals (40,41). Because the underpotential deposition
had not been observed in the CV of the melt (Figure 2), it can be interpreted that the reversible
intercalation of Na in graphite was affected by adding CuCl. On the other hand, the formation
of Zn alloy could be another possibility which is thermodynamically favored. Zn easily forms
an alloy with other metals such as Na or Cu in the current system, which can appear as redox
peaks in the voltammogram.
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Figure 3. Cyclic voltammogram of ZnCl2:KCl1:NaCl containing CuCl (0.8 wt%) at 260 °C.



Because many studies chose slightly higher scan rates than 20 mV for CV experiments
(12,35,42,43), CV tests were carried out for 10 mV to 150 mV to illustrate the variation of the
cathodic peak potential as a function of scan rate (Figure 4). It can be seen in Figure 4 that the
anodic and cathodic peak potentials shifted as the scan rate was increased. Increasing the scan
rate led to a decrease in the size of the diffusion layer, and higher currents were observed as a
consequence, in accordance with the theory (37). Because the scan rate of 20 mV/s nicely
presented the redox peaks and CV details, the same scan rate was chosen for further
experiments. Moreover, such a low scan rate can minimize the ohmic drop in CV, thus
providing more reliable results (37,38).
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Figure 4. Cyclic voltammograms using a graphite electrode in ZnCl,:KC1:NaCl containing
CuCl (0.8 wt%) at 260 °C under the different scan rates of 10, 20, 50, 100, 150 mV/s.

Additionally, the peak potential Ej, versus the logarithm of the scan rate logv plot (AE /Alogv
) in Figure 5 showed an almost linear relationship (r = 0.977). Moreover, the peak potential was
shifted to a negative direction when the scan rate was increased, which confirms the
irreversibility of the process in the experimental condition (44). The hypothesis was
strengthened considering the anodic and cathodic peak separation AE = Ef — Ef.
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Figure 5. Variation of the cathodic peak potential versus the scan rates

The molten salt purification was carried out in two steps using the chronoamperometry method.
In the first step of the purification, a Zn electrode was used as a working electrode to recover
Cu from the solution by applying 0.1 V for 30 min. Figure 6 presents the current variation as a
function of time, while the constant potential was applied for half an hour. By applying constant
potential, the amount of current that passed through the electrode surface was almost constant
during the early stage of the electrodeposition process for 600 seconds. Then, it started to
decrease slightly due to more deposition on the electrode surface and the reducing concentration
of contaminant in the molten salt.
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Figure 6. The current variation as a function of time through a chrono amperometry
experiment applying constant potential equal to 0.1 V for recovering Cu from the molten salt
in the first step of purification.

Figure 7 shows the results of CV measurements after two levels of potentiostatic electrolysis
(purification 1 and 2). The redox peak height of Cu® clearly decreased after the first run
(purification 1). In the second step (purification 2), the applied potential was positively



increased because the CV was shifted after the first run. Therefore, a constant potential 0of 0.9 V
was applied for another hour. Cu(I) were reduced and deposited onto the surface of the working
electrode (see Figure 8). Purification 2 showed that the redox peak of impurity in the salt was
clearly diminished, which can be interpreted that all of the Cu(I) from CuCl is reduced by
potentiostatic electrolysis. The redox peaks related to the Zn alloys formation also disappeared
in the result from purification 2, which can explain the relationship of the alloy formation and
the existence of Cu ions.
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Figure 7. Cyclic voltammogram of ZnClo:KCl1:NaCl containing CuCl (0.8 wt%) before and
after each potentiostatic electrolysis run.

Figure 8. The copper deposited from CuCl in the molten slt after 1.5 h of electrodeposition

To confirm that the deposited material was Cu, XRD was performed on the sample. The XRD
spectra in Figure 9 shows the strongest diffraction peaks of Cu, indicating that the main
chemical composition of the obtained electrodeposits wass Cu. The other peaks were mostly
noises due to the presence of some molten salt in the extracted metal.
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Figure 9. XRD pattern of copper electrodeposits obtained from ZnCl2:KCIl:NaCl containing
CuCl (0.8 wt%) at 260 °C

4.2 Deposition of Fe from FeCl, and FeCl;

In separate experiments, 2 g of FeCl» and FeCls were added to the molten salt. Figure 10 shows
the voltammogram for Fe(II) and Fe(II) in the molten salt solution. There is one pair of cathodic
and anodic current peaks between 0.2 and 1 for FeCl, and between 0 and 1.2 for FeCls
presenting the redox peak for Fe ion existence. At a lower potential, the deposition of ZnCl»
starts from almost -0.5 V in both cases while the evolution of chlorine at the other end of the
electrochemical window started at less positive values than the pure salt (Figure 2), especially
in the case of FeCla.
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Figure 10. Cyclic voltammogram of ZnCl>:KCl:NaCl containing (a) FeCl; and (b) FeCls
(0.8 wt%) at 260 °C

After detecting the impurity, chronoamperometry was applied in both cases to purify the molten
salt. Figure 11 shows the voltammogram before and after potentiostatic electrolysis to remove
Fe from the melt. In Figure 11(a), the amperometry method was carried out at the potential of
0.7 V for 1.5 hours. Purification 1 shows that the redox peak significantly decreased after just
one run, indicating that a considerable amount of impurity (Fe ion) had been separated from the
melt. In the second run, a potential of 1.1 V was applied for 1.5 h. As shown in purification 2,
the redox peaks were still visible as very small peaks, indicating the presence of small amounts
of Fe ions in the solution. The deposition electrolysis continued for another hour, but no
significant peak difference was observed, meaning that no more removal was achieved with the
current setup and procedure.



Figure 11(b), shows the two steps of electrolysis that were carried out. In the first run, a potential
of 0.2 V was applied for 1 h, which highly affected the redox peak, as can be seen in the graph
of current purification 1. For the second run, a potential of 1 V was applied due to shifting the
voltammogram to a more positive potential. The amperometry method was run for 1.5 h.
Purification 2 shows the voltammogram after 2.5 h electrolysis in total, which obviously did
not detect any redox peak related to the impurity, meaning almost complete salt purification.
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Figure 11. Cyclic voltammogram of ZnCl,:KCl:NaCl containing (a) FeCl, and (b) FeCl3
(0.8 wt%) before and after each potentiostatic electrolysis run.

Although the voltammogram showed successful impurity (FeCls) removal, no metal was
observed at the surface of the electrode after electrolysis. Therefore, the idea of precipitation of
the impurities was assessed by breaking the crucible. As can be clearly seen in Figure 12, a



layer of precipitate with dark color indicates that the impurity was separated and had settled at
the bottom of the crucible after electrolysis. However, the brownish color of the molten salt at
the top layer can be due to the presence of Fe ions in the salt.

Figure 12.Cross-section of the crucible after 2.5 h electrodeposition of Fe from FeCls in
ZnCl2:KCl:NaCl showing two separate layers, molten salt on top and Fe compound at the
bottom.

Fe(III) is not very stable in chloride melts, and its oxidation potential is very close to chlorine
revolution, which makes it difficult to study (27,28). In some studies, Fe(IIT) was not detected
at all (30,32,33,45). However, FeClz has higher stability, and it has the favor of FeCl, and
chlorine gas formation (16):

1
FeCls meiry = FeCly meiry +5Cla (6)

According to previous studies, it seems that experimental conditions have a tremendous effect
on the stability of FeCls. At high temperatures, FeCl; may decompose to FeCl, and Cl,, and if
the pressure of Clz is kept very low, FeCl; can decompose completely (16). The electrode may
catalyze this reaction or participate in electrochemical reactions through oxidation and
reduction of Fe (III) ions (16,30). The composition of the melt can also have a great influence
on the stability of Fe (IIT) (46). FeCls can react with alkali chlorides and form the stable complex
MFeCls, where M is the alkali metal (47). In some studies, Fe (III) reduction has occurred in
one single reversible step, while other studies reported two steps for reduction (29,31,48).

In the present study, the partial pressure of chlorine gas was almost zero because the solubility
of chlorine was very low in this melt. Moreover, the electrochemical cell was open to release
the Clz, which can move the equilibrium given by Eq. (6) to more FeCls decomposition.
Conversely, ZnClo:KCl:NaCl may react with FeCl; before letting it decompose. This can be the
reason for the brownish color of the salt in the top layer in Figure 12.

The XRD results showed a lot of noise, which can be interpreted as different oxide or hydroxide
forms of Fe(Il) and (IIT). The existence of these various components made XRD analysis
difficult for the current system.



4.3 Deposition of Mn from MnO-

Figure 13 presents the voltammogram of the molten salt before adding the impurity (gray), after
adding 2 g of MnO> (blue), after holding for 30 min and after running the potentiostatic
electrolysis (orange). It is clear that the plot for molten salt shifted to a more negative potential
(-1 V) compared to Figure 2 (pure salt), which can be due to instability of the reference
electrode. Although the redox peaks shifted, the electrochemical window was still 1.9 V. After
adding the impurity, a couple of peaks, including a reduction peak at -0.6 V and an oxidation
peak at -0.25 V, represented the presence of Mn*' in the melt. The oxidation peak at -0.6 V is
related to Zn oxidation in the molten salt to generate Zn". In the purification step, the constant
voltage of -0.55 V was applied for 1.5 h using a Zn electrode. The purification curve presents
the CV after purification. The peaks clearly show lower current, meaning that lower amounts
of the impurity were present. In the next step, electrodeposition electrolysis was performed for
another 1.5 h but no significant removal was observed in the CV (not shown here).

60

AL —
R
=
220 Salt
MnO2+Salt
-40 Purification

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Potential [V vs. Pt]

N
o

N
o

o

Current density [mA/cm?]

Figure 13. Cyclic voltammogram of ZnCl2:KCIl:NaCl containing MnO: (0.8 wt%) before and
after each potentiostatic electrolysis run.

The process of reducing Mn (IV) to manganese was divided into three steps (42):

Mn (IV)>Mn(II)>Mn(1))>Mn (7)

Liang et al. reported a couple of redox peaks for every reduction step (42). However, there was
only one pair of redox peaks in the current study. This could mean either that the reducing steps
happened rapidly or that Mn(IV) was reduced to Mn directly in this solution.

Figure 14 shows the impurity extracted in the impurity removal step (potentiostatic) attached
to the working electrode. XRD analysis was carried out for the extracted element. However, the
results included noise, making them difficult to interpret. This may have been caused by the
presence of different oxides in the sample, which provided various peaks.



Figure 14. The deposited Mn from MnO; in the molten salt after 1.5 h of electrodeposition.

To investigate the possibility of purification improvement, the effect of temperature on the
removal efficiency was examined. The melt was heated up to 350°C, and the
chronoamperometry method was employed. After a few minutes, the current had zero values,
and examination of the setup showed that the Zn electrode had dissolved in the solution. Given
that the Zn melting point is higher than 400 °C, the reason may be the contribution of the Zn
electrode in the deposition process due to the presence of Zn™ in the salt (12). Increasing the
temperature made the electrode potential more positive. In one study, De Bethune et al.
expressed an approximately linear correlation between electrode potential and temperature in
the range of 0 to 100 °C with respect to the standard reduction potential at 25 °C (49).

0 dE° ®)
Er = E3o + (T — 298'15)(d_T)298

Thus, the same correlation is assumed for the higher temperature in the current study for Zn,
which caused the Zn electrode oxidation at the lower potential. Figure 15 shows the Zn
electrode after applying amperometry for a few minutes at 350 °C.

Figure 15. The Zn electrode after a few minutes potentiostatic experiment in ZnClx:KCl:NaCl
containing MnO; at 360 °C



5. Conclusion

The purification of molten ZnCl2:KCI:NaCl (44.3—41.9-13.8 mol%) and deposition of Cu, Fe
and Mn in the molten salt at the relatively low temperature of 260 °C was electrochemically
studied using CV and electrodeposition techniques. Graphite and Zn electrodes were used as
working electrodes in the CV and deposition experiments, respectively. The CV results
exhibited a shift in reduction potentials, mostly due to instability of the Pt reference electrode
and underpotential deposition of sodium in some cases. In addition, potentiostatic electrolysis
tests were performed to remove the added impurities from the melt. All four cases indicated a
high level of impurity removal from the molten salt, according to the CV results. However, the
deposition of Cu on the Zn electrode in the molten salt was the most effective purification
process. The CV after electrolysis experiments and the XRD results indicate that Cu is removed
from the molten salt after 1.5 h of electrodeposition. The impurity from adding FeCls was
removed after 2.5 h electrodeposition in two steps, while the removal of FeCl, and MnO after
3 h deposition electrolysis showed partial removal of impurities, according to the CV redox
peaks.
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Chlorides are applied intensively in many industries, but their hydrolysis is still a challenge, as
they have a high tendency to react with water and form highly corrosive acid HCI and metal
oxides. In the present work, the liquid phase has been modeled in FactSage, covering the
complete composition space among H>O, HCI, KOH, and KCI and temperatures between 200K
and 1,000K. The thermodynamic modeling of phase equilibria in the KCI-K>O-HCI-H,O
reciprocal system is carried out using an associate solution model for the liquid phase. Using
the Calphad technique, the HO—KCl, H2O-HCIl, H,0O-K>0, and KOH-KCI binary systems are
critically assessed. This study is the first to model the liquid solution with chlorides and oxides
over the complete composition space. The thermodynamic parameters involved in the excess
term of the Gibbs energy phases are optimized based on all experimental data available from
the literature. The phase diagrams and model parameters were derived from thermodynamic
optimization.

Keywords: KCl, Hydrolysis, Calphad, Liquid solution



1. Introduction

KCl is one of the popular chlorides among other salt groups, even halides. This salt is widely
used in mixtures with other salts (especially chlorides) as a Heat Transfer Fluid (HTF) or
Thermal Energy Storage (TES) (1-5). KCl is chemically highly stable due to its ionic bonding.
Its high melting and boiling points (~770 °C and ~1,420 °C, respectively) make it a good
candidate to contribute to a high eutectic boiling point when mixed with other salts (1,2). It is
also reported that KCl has a positive effect on decreasing the vapor pressure in the salt mixture
system (e.g., with NaCl, ZnCl,, MgCl,, CaCly) in some studies. With an increase in the molar
fraction of KCl, the vapor pressure of the eutectic salt becomes lower (1,6). All mentioned
properties, in addition to low cost and large availability as natural resources, make it a prevalent
salt in many applications.

Phase equilibria studies of inorganic salt systems in contact with water are needed for many
purposes, including to understand hydrolysis reactions, the behavior of aqueous salt, or the
solubility of salt in water. Moisture is one of the most common detrimental impurities in salts,
especially chlorides, due to their hygroscopic nature (7). Although these salts are usually kept
at high temperatures to avoid absorbing moisture, small amounts of water may induce
hydrolysis of the salt and form a highly corrosive gas (HCI). For KCl, the hydrolysis reaction
is given in Eq. 1.

2KCl + H,0 < 2HCL + K,0 ey

Possible mitigation to avoid hydrolysis involves the addition of a metal oxide to decrease the
partial pressure and the hydrolysis rate (6,8,9).

Generally, all components in Eq.1 could be dissolved in the liquid solution and make a KCl—
K>0-HCI1-HO reciprocal system that must be studied. FactSage databases are the largest set
of evaluated and optimized thermodynamic databases for inorganic systems in the world (10)
containing descriptions on the solubility of KCI in water at ambient temperatures or of oxygen
or hydroxide in KClI at an elevated temperature. However, no consistent description exists that
can describe the liquid phase over the complete composition space among KCl, KOH, HCI, and
H>0. In fact, the solution models for the liquid in the aqueous community (11,12), are very
different compared to the ones used for oxides and salts (13).

This study aims to model, for the first time, the entire KCI-K>O-HCI-HO reciprocal system
between 200 and 1,000 K. Because of the limited stability of K»O under ambient conditions, no
experimental data for K;O-KCI or K;O-KOH was found from the literature, and it is assumed
that K»>O has an ideal contribution to the liquid solution. Therefore, the complete KCI-KOH—-
HCI-H>O system can be described, as shown in Figure 1, at arbitrary temperatures using the
database developed. It is shown that the liquid solution can be described by a simple non-ideal
associate solution model over the complete temperature and composition space.



H0 KOH K0

HCI KCl
Figure 1. KCI-K>,O-HCI-H>O reciprocal system using an associate solution model. Red lines:
assessed quasi-binary systems, yellow area: composition space covered.

Apart from chloride and oxide, the solubility of the hydroxide in this reciprocal system has been
described in this study.

2. Thermodynamic modeling

The software package FactSage (14) is used in the simulations, and the calculation of phase
diagrams is carried out using the Phase Diagram module. The Compound module is used to
create the individual compounds that serve as a base for the modelling of the entire system,
while the Solution module is used to create solutions and their thermodynamic parameters. All
calculations in this work are performed for a fixed total system pressure of 1 bar.

Considering the hydrolysis of KCl requires studying some other liquid species, such as oxides
and hydroxides, which can be formed due to the reaction between salt and water. Some of the
main species that affect this binary system are KOH, K,0, and HCI. Aqueous ions are other
species in this system, but they are omitted from this study, as they do not have a significant
concentration in salt-rich systems.

To optimize the phase diagrams and thermodynamic properties of the systems, FactSage 7.2 is
used to create the thermodynamic database, while experimental data is collected from many
different references in the literature. The optimization itself was carried out with the
DataOptimizer program (15). The order of the assessment was to first optimize the Ho O-KCl
system with two end members, H,O and KCl, in the liquid phase. After optimizing all binary
systems, HoO-KCl was reassessed with five end members in the liquid phase, including H>O,
KCl, HCI, K>0, and KOH. Therefore, the optimized binary systems are HO-HCI, H2O-KOH,
KOH-KCI, and H,O-KCl.

The thermodynamic data for all compounds is taken from Fact Pure Substances (FactPS)
database (14), except for HCI, which is calculated in this work. The Non-Ideal Associates
Model with Redlich—Kister polynomials for interactions has been used to model the liquid
phase, while the solid solution was modeled with compound—energy formalism (CEF) (16),
which also uses Redlich—Kister polynomials for its non-ideal interactions.



Calculating the equilibrium between phases in a multi-constituted system requires minimizing
the total Gibbs free energy of all the phases at the given conditions. The total absolute Gibbs
free energy of a solution phase is expressed by the sum of three parts (17):

G (T, x;) = GTf +Gl9eal 4 GE (2)

G™/ is the contribution from pure components of the phase to the Gibbs energy and Gl9¢* is

the ideal mixing contribution, and they can be written as:

Gref = Z % °G, 3)

L
Gldeal — pT Z x; Inx; )
i

GE, the excess Gibbs energy is the most important parameter to represent the interaction among
components, except for the entropy value increase contributed by the ideal mixture. G, also
known as the Gibbs excess energy of mixing, is modeled by the Redlich—Kister polynomial
formula as follows:

y (%)
GF = Z Z xi%; Z L) (x; - 7)Y
i <j v=0

Where x; is the mole fraction of component i, °G; is the standard Gibbs free energy of the pure

substance i, R is the gas constant, 8.314 ﬁ, and T is the temperature (K). For a binary system,

x, = 1—2x; and LS’;) (v = 0,1,2,...) is the interaction energy or interaction parameter

between two end members (16). It can be written as a temperature expansion as follows:

LYY =A+BT+CTInT+DT? + ET® + F/T ©)

Where 4,B,C,D,E, and F are the constant parameters usually obtained through empirical or
semi-empirical methods. A single parameter will always give a symmetrical miscibility gap;
thus, at least two Redlich—Kister (RK) coefficients are needed to have an asymmetrical
miscibility gap. It should be avoided using many coefficients in an RK series and usually, a
linear temperature dependence, A + BT, is enough. The composition dependence of the excess
enthalpy is described by A and the excess entropy by B (16). Therefore, the first two parameters,
A and B, are considered and optimized later in this work.

3. Determination of parameters

Estimating the thermodynamic properties is necessary for some substances under conditions in
which experimental data is not available. This was the case for liquid HCI in this work. For all
other pure substances, the data was taken from the FactPS database and the literature.



Adjustments were made to these data for a better extrapolation of the heat capacity beyond the
phase stability of pure liquids.

Then, the model parameters for the H O-HCIl, H,O-KOH, KOH-KCI, and H,O—KClI binary
systems were determined using several types of thermodynamic data, i.e., vapor pressure,
solubility in water, melting and boiling point, and heat capacity of the solution. The data was
collected from the literature (18—22) and the FactPS database.

3.1 Pure substances

The standard properties of the pure liquid and solid KCI, KOH, K0, and H>O, as well as
gaseous H>O and HCl, are taken from the FactPS database. Extrapolation is a well-known and
widely used mathematical method to estimate the function of thermodynamic properties for the
metastable region, which is limited by available experimental data (23). The heat capacities of
liquid K>O and liquid KOH for metastable regions have been extrapolated assuming the
constant values 107 and 78.659 J/mol K, respectively, for the lower temperatures below the
melting points down to 298.15 K. This is important because, through the validity of equation
(4), a liquid solution that is formed by such species and that can be stable at lower temperatures
will have a more reasonable estimate for its heat capacity at lower temperatures also (24).
Regarding the HCI, there was no data for liquid and solid HCI in the FactSage databases.
Giauque and Wiebe report the Cp of liquid HCI in the range of the melting and boiling points
(25). The Cp of liquid HCI is assumed to have a constant value equal to the Cp at the boiling
point (58.9 J/mol.K) and at temperatures below the boiling point (188.07 K), as well as a linear
function with a negative slope in the range from the boiling point (188.07 K) to 298 K to prevent
the liquid phase from becoming stable at high temperatures before the gaseous HCI. For higher
temperatures, it is assumed equal to the Cp of gaseous HCI.

Giauque and Wiebe have also reported the heat of vaporization of HCI as 16,200 J/mol. This
information, together with the other data gathered for liquid and gaseous HCI, allows for the
calculation of the heat of formation and absolute entropy of liquid HCI, as shown in equations
(7) and (8):

188 _ 0 188 _ o _ (188 7
AHRE8 = ApHYog was T Sr08 Co (gas)dT ArHSog (iquid) Jr08 Co (”quid)dr (7N

298 _ c298  _ Apy188 298 . _ %98 . 8
S(gas) ~ Stiiquiay = MHoap/T + [{gg P (gas) " AT /T = [igg P tiquiay " 4T/T ®)
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Figure 2. The heat capacity of HCI.

Table 1 provides values for the CPyiquia » H208(tiquia)> and Szogg(uquid) applied in this work.

Table 1. Extrapolating CPliquid and calculating H;%(uquid) and Sggg(uqum) for HCI, KOH, and K,O

Hoootiomiay Seos(tioni Temperature
Co.. .. (J/molK 298(liquid) *“298(liquid) p
Pliguia / (JimolK)  range (K)

(J/mol)

589

109.78-0.2705 T

158.91-188.07

188.07-298.15

HCI -106,818.44 108.41
13.38+0.0173 T -623137.74/T"2 -3.80
E-6 T2 +5347.39/T 298.15-1,700
78.66 298.15-677
KOH -410,349 101.10
83.11 677-2,000
K>0 107.00 -349,861.30 100.09 298.15-1,300
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Figure 3. Heat capacity of KCl, KOH, and K>O.



3.2 H,O-KCl system

Several researchers have measured the solubility of KCl in water, and their results are in good
agreement (18,19,26-29). Sunler and Baumbach measured the solubility of KCl between 290
and 360 K (18), and Li et al. reported the freezing-point depression in a very dilute solution of
0-3.3 mol KCl in 1 kg water (55.51 mol) (19). In total, 30 data points from the literature have
been employed in the assessment. Moreover, the saturation pressure of 1 to 4 molal of an
aqueous KCl solution at 100 °C (30) is used in the optimization.

The heat capacity of liquid KCI below the melting temperature is optimized as a linear function
of temperature in this system. The standard enthalpy and entropy for liquid KCI are also
estimated according to the optimized linear heat capacity and its heat of melting. The interaction
parameters between KCI and H>O in the liquid phase, including the first and second term (A +
B'T) of L® and L!, are optimized (see Table 3).

3.1 HO-HClI system

The experimental data employed in modeling the H>O—-HCl system, including the melting point,
boiling point, vapor pressure of the solution, and specific heat capacity of the liquid solution
for a few different compositions based on the mass fraction, are shown in Table 2 (31-33).

Table 2. The experimental data employed in the modeling of the H2O-HCl system

H,0-HCl  Melting point  Boiling point Vapor Sp::iz;i’;at
wt% (K) (K) pressure (bar) ( Jl/)g.K)
90-10 256.15 377.15 0.0195 3.47
80-20 215.15 382.15 0.014 2.99
70-30 - 364.15 0.0213 2.6
68-32 - 358.15 0.0373 2.55
66-34 - 345.15 0.0724 2.5
64-36 - 335.15 0.145 2.46
62-38 - 322.15 0.283 2.43

The interaction parameters, including the first and second term (A + B-T) of L’ and L! between
HCI and H>O in the liquid phase, are optimized and presented in Table 3.



3.2 H,O-K;O system

There is no experimental data available for K2O’s contribution; therefore, it is assumed that it
has an ideal contribution to the liquid solution. Furthermore, KOH has been introduced as an
associate in the system. However, K2O’s properties (standard enthalpy and entropy) have been
included in the model. Potassium hydroxide is soluble in water to extremely high concentrations
(34). Kirgincev et al. reported the liquidus temperatures for different compositions of KOH and
water, including 30.9:69.1, 93.3:6.7, and 100:0 wt% KOH:H,O at 210.35, 521.15, and 677.15
K, respectively (35). Balej reported the logarithm of the partial vapor pressure of an aqueous
solution of KOH for 0—300 °C and 0—18 molal-KOH, both experimental and theoretical values
(21). The experimental data for 2, 4, 10, and 18 molal-KOH (63 data points) have been used in
the current study for modeling, as well as to optimize the thermodynamic parameters. The first
and second term (A + B-T) of L® and L! between KOH and H>O in the liquid phase is optimized
and reported in Table 3.

3.3 KOH-KCI system

In addition to the liquid solution, the solid solution is also modeled, and it presents the
formation of a miscibility gap. Ruby et al. reported the 48 experimental transition temperatures
using a heating curve for solid and liquid solutions and made a phase diagram based on the
data (36). Dessureault et al. reported a similar phase diagram using experimental data based on
cooling and heating curves (37). These data have been used to optimize the parameters and
regenerate the phase diagram.

Table 3 presents the optimized interaction parameters, including the first and second (A + B-T)
terms of L and L' between KC1 and KOH, for the solid and liquid solutions.

4. Results and discussion

The optimized interaction parameters of the systems and standard enthalpy and entropy are
presented in Table 3. OptimizedThese data have been employed in the phase diagram module in
FactSage 7.2 to calculate the phase diagrams of the quasi-binary systems. The calculated phase
diagrams are shown in Figure 4 and compared to the literature values. As shown in Figure 4,
the solid—liquid equilibria data (i.e., the points on the solubility curve and the invariant points)
are reproduced well by the current models.



Table 3. Optimized thermodynamic parameters of the HO-HCI, H,O-KOH, KOH-KCI, and H,O-KCl
systems using the Redlich—Kister model

System Phase type Phase name Thermodynamic parameters

L0 = —44928+110.82T

H,O-HCl Solution Liquid
L' =-11618 + 131.32T
10 = —47375+2.33T
H,O-KOH | Solution Liquid
L' = —5545+16.94 T
L0 = 3296 — 8.78T
Liquid

L' =5714 — 1.26T
KCI-KOH Solution
1°=8331-040T

Solid
L' = —12551 + 13.38T
L0 = 10443 — 26.23T
H>O-KCl Solution Liquid
L' = —-10478 — 21.71T
HRS Giquiay = —421103
KC1 Solution Liquid Skaiiquiay = 88.02

CPReNiguiay = 70.957 +0.002528 T
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Figure 4. Phase diagram for binary systems. Lines: The present model results. Red points:
Experimental data. a. HO-KCI, b. H;O-HCl, ¢. H2O-KOH, d. KCI-KOH solution

Smith et al. presented the HO—-HCI phase diagram from 0 to 110 °C at the pressure of 1.0133
bar (38). The calculated HoO-HCI phase diagram is shown in Figure 4.a. The experimental
points employed from the literature meet the calculated liquidus.

The heat capacity of the HoO-HCI solution was evaluated in FactSage and compared with the
experimental results, as shown in Figure 5.a. The Cp values for seven data points of 10 wt%
HCI to 38 wt% HCI are evaluated from 280 to 310 K. Although they are not in excellent
agreement with the experimental results, they show the same tendency. The agreement could
be improved by introducing higher-order terms to the temperature dependence of the RK
expression. Figure 5.b. shows the evaluated vapor pressure for the same compositions within
the same temperature range and compares them with the experimental results from the
literature. These data show particularly good agreement, especially for the more dilute solution
at room temperature, 293.15 K.
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Figure 5. Comparing the experimental (red dots) and theoretical values of the HO—HCI solution for
10, 20, 30, 32, 34, 36, and 38 wt% HCI for a. heat capacity and b. vapor pressure

Figure 6 shows the comparison of the vapor pressure of the HxO-KOH solution between the
model results and the data from Balej et al. (21), which cover a temperature range of 273.15—
573.15 K and KOH concentrations of 2, 4, 10, and 18 molalities. As shown in the figure, the
model results are in excellent agreement with the experimental data.
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Figure 6. Comparing the experimental data (red dots) and modeling results of vapor pressure
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After optimizing all three sub-binary systems, including Ho O-HCI, H O-KOH, and KOH-
KCI, the main H,O-KCl system’s phase diagram is reassessed, including 5 end members H>O,
KCI, KOH, HCl, and K>O to ensure no significant change in the calculated parameters.

5. Conclusion

This study has modeled the thermodynamic properties of KCI hydrolysis in the liquid phase in
FactSage. In addition to KCI, H,O, and HCI, hydroxide and oxide KOH (here only K>O) are
also included, as hydroxides significantly affect the partial pressure of HCI in the chloride
solutions. For the first time, it is shown that a simple associate model can be used to model an
aqueous solution, the liquid acid and base, and liquid salt as a single phase.

Various thermodynamic properties (i.e., melting point, boiling point, vapor partial pressure,
heat capacity) were collected and employed to fit the model parameters. It is shown that the
associate model in the present thermodynamic framework can represent the properties of the
liquid phase in all binary sub-systems (H.O-HCI, HO-KOH, H,O-KCl, KOH-K>0, KOH—



KCl) in various aspects over wide temperature and concentration ranges. Consequently, the
entire KC1-K,O-H>O-HCI reciprocal system has been modeled for the first time using a single
subregular model in FactSage.
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