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A B S T R A C T

Liquid-fueled molten salt reactors (MSRs) are designed to operate with fissile materials and, ultimately, fission 
products dissolved in the primary molten salt coolant. Understanding the speciation and transport of iodine—a 
high-yield fission product—is essential because this element’s accidental release poses significant environmental 
concerns due to its capacity to be readily absorbed by the human thyroid gland. Here, we report the impact of 
iodide species (LiI and KI) on phase transitions, phase distribution, and phase stability in LiCl–KCl-eutectic salt 
mixtures. The study employed a combination of computational and experimental techniques, including ther
modynamic FactSage calculations, differential scanning calorimetry, and high-temperature X-ray diffraction. The 
results indicate that the presence of iodide (10–25 wt%) significantly alters the melting behavior of the LiCl–KCl- 
eutectic system. Adding 10 wt% LiI has a more-pronounced effect than 10 wt% KI, as LiI converts to KI, leading 
to formation of LiCl, thereby, altering the LiCl-KCl ratio which significantly affects the melting temperature of the 
mixture. Furthermore, the evolution of crystalline structure, solid-fraction composition, and the dynamics of 
mixed-halide solid–liquid partitioning as a function of temperature indicate the potential for selective iodide 
separation from chloride-salt mixtures via solid–liquid separation techniques. Overall, the presented findings 
provide valuable insights that are beneficial for the design and operation of MSRs, as well as for the safe handling 
and effective processing of used nuclear fuel using advanced pyrochemical techniques.

1. Introduction

The main applications of molten salts in energy technologies include 
power production and energy storage. Molten salt reactors (MSRs) are a 
key example, benefiting from molten salts’ high heat capacity, low 
operating pressure, and ability to keep both fissile material and salt as a 
single-phase liquid at elevated temperatures [1]. Significant research 
and development on the application of molten salts in nuclear-reactor 
technologies, such as MSRs, was conducted during the mid-20th cen
tury, with notable experiments such as the Molten-Salt Reactor Experi
ment (MSRE) at Oak Ridge National Laboratory (ORNL) in the United 
States. For several decades, interest in MSRs waned as attention shifted 
to other reactor technologies. However, recent years have witnessed a 
renewed interest in MSR technology, with researchers exploring 
chloride-based salts in addition to traditional fluoride-based salts, due to 

their significant promise for use in fast spectrum reactors [2,3]. How
ever, this resurgence in MSR technologies necessitates focused, multi
faceted efforts to address the knowledge gaps and technical challenges 
to ensure safe and efficient deployment, operation, decommissioning, 
and waste management.

The operation of the MSRE at ORNL in the 1960s provided valuable 
insights, not only into the design, operation, and maintenance of an 
MSR, but also into the technical challenges associated with this tech
nology. One noteworthy challenge was the production of hydrogen 
fluoride (HF) gas after shutdown [4]. The fuel salt experienced radiolytic 
decomposition during operation, leading to the generation and release 
of HF gas [5], which was problematic due to the corrosive nature of this 
compound. Salt radiolysis was also found to be exacerbated by the 
accumulation of fission products during operation, which altered the 
chemical stability of the salt mixture. In general, the fission products 
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generated either dissolve in the molten salt coolant or precipitate out, as 
dictated by their inherent chemistry, the temperature of the salt, and 
radiation effects. Consequently, the speciation and transport of fission 
products are expected to have a significant impact on the fuel-salts’ 
physical and chemical properties, both of which can impact MSR per
formance and longevity. The specific effects of the dynamic fuel salt 
composition on its melting temperature are complex and depend on the 
solubility and interactions between the various chemical species pre
sent. For instance, noble metal species (e.g., ruthenium, rhodium, and 
palladium) naturally precipitate, and even salt phases can precipitate 
out, forming multi-phase salt systems. This separation could have sig
nificant impacts on heat transfer and fluid dynamics within an MSR. In 
nuclear engineering, such effects have implications on the design and 
operation of a reactor, including the materials used for reactor compo
nents, the temperature at which the reactor operates, and subsequent 
used-fuel processing methods.

These challenges highlight the importance of addressing the chemi
cal stability of candidate fuel salts, particularly regarding their in
teractions with fission products and their behavior under different 
thermal conditions. Current MSR-technology research has overlooked 
the impact of fission products on the chemical behavior, phase distri
bution, and phase stability of molten salts. This missing knowledge is 
essential for predicting and ensuring the safe operation of MSRs, espe
cially during startup, shutdown, and accident scenarios. The knowledge 
gap in phase partitioning between liquid and solid salt fractions asso
ciated with fission-product accumulation is a consequence of the 
complexity of the chemistry involved, the difficulty in handling and 
analyzing highly radioactive materials, and the fact that the focus of 
nuclear research shifted away from MSRs for several decades after the 
initial MSRE. In addition, the phase behavior and partitioning between 
solid and liquid fractions are important factors in separating fission 
products for pyrochemical reprocessing and waste management. In the 
literature, melt-crystallization is proposed as a method to further sepa
rate fission products after pyroprocessing to reduce waste volumes 
[6–8]. This technique can be applied to separate fission products from 
used molten salts in MSRs [9]. Melt-crystallization techniques are used 
to separate, purify, and concentrate substances based on their melting 
and crystallization behavior. This process involves melting the mixture 
and then carefully controlling conditions to induce the desired compo
nent to crystallize out as the temperature is decreased [10]. The sepa
ration of fission products and the treatment of used fuel rely on 
understanding how these materials behave in the salt matrix [5]. Among 
all fission products, the behavior of iodine in high-temperature molten 
salts is a critical area of research, particularly for MSRs, where iodine 
can have significant impacts on both the operation and safety of the 
reactors and impose long-term repository challenges [11]. Iodine-129, 
with a half-life of 15.7 million years, is a long-lived radioisotope that 
raises significant concerns for long-term storage due to its potential 
mobility in geological repositories. Iodine-131, with a shorter half-life of 
8 days, can be released into the environment during nuclear reactor 
operation or accidents [12–14]. Due to its volatility in these conditions 
[15–18], it can disperse widely through the air and can be absorbed by 
the thyroid gland in humans and animals, potentially causing thyroid 
cancer or other thyroid-related diseases [19,20]. Iodine-135 is a decay 
product of tellurium-135, which is a fission product of uranium-235. 
Iodine-135 decays into xenon-135, which is a significant neutron 
absorber (neutron poison) [21]. The generation and decay of xenon-135 
leads to fluctuations in reactor power or even reactor shutdown if not 
properly managed, which was one of the factors contributing to the 
Chernobyl disaster [22]. Iodine exhibits complex chemistry, forming 
iodides at the redox potential of the fuel salt, as reported by Compere 
et al. in their analysis of the behavior of fission products in the MSRE [4]. 
The ORNL MSRE findings underscore a significant gap in understanding 
the chemical behavior of fission products, particularly iodine, as mini
mal iodine gas was detected in the MSRE off-gas, and up to 66 % of the 
generated iodine remained unaccounted for [4]. This “missing iodine” 

can be attributed to an absence of fundamental knowledge on its 
speciation under these irradiated high-temperature molten salt condi
tions. Considering the possible phases iodine and its precursor isotopes 
can be in—solid, liquid, and gas—and their transitions, which depend 
on chemical, thermal, and neutronics conditions, it is not surprising to 
encounter challenges in iodine accountancy. Consequently, it is crucial 
to gain a comprehensive understanding of the chemical evolution of 
fission-product iodine and the formation of iodide species in molten 
salts, which depends on the chemical state and redox potential of the 
salt. A better understanding of the chemical behavior of iodine in molten 
salts can lead to the development of more-efficient trapping and 
scrubbing systems for iodine capture to mitigate its release to the 
environment and to maintain a stable and safe reactor operation.

Understanding how the accumulation of iodine species within the 
salt influences its thermodynamic behavior is crucial, particularly for 
systems requiring a single liquid phase for purposes such as materials 
accountancy. However, the literature addressing this topic is notably 
limited. To the authors’ knowledge, no studies have explicitly addressed 
the phase distribution and segregation of iodide species in molten 
chloride or fluoride salts. To address this gap, this study investigates the 
influence of iodide species on phase transitions and phase distribution 
within a chloride-salt matrix. The temperature-driven phase evolution 
and melting behavior of LiCl–KCl-eutectic mixture was explored in the 
presence of two alkali iodide solutes, lithium iodide (LiI) and potassium 
iodide (KI), using differential scanning calorimetry (DSC) and high- 
temperature X-ray diffraction (XRD) techniques. The LiCl–KCl eutectic 
salt system was chosen for its notable ability to dissolve fission products 
and its significance in the molten salt recycling process [23–26]. 
Moreover, the chemistry of LiCl-KCl is well characterized in terms of 
phase transition and phase distribution of species. This study aimed to 
provide insights into the complex phase distributions that arise in 
mixed-halide systems, particularly when iodides are introduced. To 
simplify a complex mixed-halide system, the cations Li+ and K+ were 
kept constant in this study. The experimental results were correlated 
with thermodynamic calculations to elucidate phase formation, phase- 
transitions temperatures, and segregation of the salts in the liquid and 
solid phases.

2. Methods

2.1. Salt preparation

Anhydrous KI, LiI, and LiCl–KCl-eutectic mixture of 99.99 % purity 
(trace-metals basis) were procured from Sigma Aldrich. The salt mix
tures were prepared in glassy carbon crucibles, these were cleaned with 
deionized (DI) water and isopropanol (99.9 %, HPLC Plus grade, Sigma 
Aldrich), followed by a two-step baking process: heat inside a vacuum 
oven at 125 ◦C overnight, followed by baking at 800 ◦C inside an argon- 
atmosphere glovebox for 6 h. Samples were prepared by loading the 
crucibles with KI or LiI and LiCl–KCl-eutectic mixture at room temper
ature. Sample weights were recorded to 0.1 mg precision using a Mettler 
Toledo balance (model number TLE204E, tolerance 0.8 mg). The KI was 
evaluated at concentrations of 10 and 25 wt% while LiI was studied at 
10 wt%. Total mass for each sample was approximately 5 g. The KI and 
LiI were held in the LiCl-KCl melt at 500 ◦C for 4 h to ensure complete 
dissolution. The compositions of the salt systems investigated by this 

Table 1 
Composition of samples KI-LiCl-KCl and LiI-LiCl-KCl, where the LiCl-KCl eutectic 
proportion was maintained (i.e., 44 wt% LiCl: 56 wt% KCl).

System Weight %

KI LiI KCl LiCl

10 KI 10 ​ 50.4 39.6
10 LiI ​ 10 50.4 39.6
25 KI 25 ​ 42 33
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work are shown in Table 1, including their weight percentages. From 
this point forward, 10 KI, 10 LiI, and 25 KI will be used to designate 
systems consisting of 10 wt% KI, 10 wt% LiI, and 25 wt% KI, respec
tively. In all systems, the LiCl–KCl-eutectic proportion was maintained, 
with a consistent ratio of 44 wt% LiCl to 56 wt% KCl. The iodine con
centration is above what is normally expected in nuclear reactor oper
ations. These compositions were selected based on thermodynamic 
calculations targeting a broad temperature range where solid and liquid 
phases coexist. This broad range was favorable to detect solid–liquid 
partitioning using XRD in this study.

2.2. Thermodynamic modeling

FactSage software, version 8.2, was employed to perform thermal- 
equilibrium calculations [27]. The FTsalt database, along with the 
equilibrium module, was used to predict the phase stability, phase 
transitions, and phase composition. The liquid solution FTsalt-SALTE 
and solid solution FTSalt-B1 were used for the presented calculations, 
which include the components LiCl, LiI, KCl, and KI. The reciprocal 
system, LiCl-KCl-LiI-KI, could not be modeled due to insufficient 
experimental data. Therefore, four common-ion binary subsystems were 
modeled (i.e., LiCl-KCl, LiI-KI, LiCl-LiI, and KCl-KI), and the predictions 
for these reciprocal systems were derived from model parameters ob
tained for the four common-ion binary subsystems. HSC Chemistry 6.0 
was used to retrieve the Ellingham diagrams for LiI, KI, LiCl, and KCl, 
along with the temperature-dependent free energy for the reaction: LiI 
+ KCl → LiCl + KI.

2.3. Experimental techniques

DSC was employed to investigate the thermal behavior of the 
aforementioned salt systems by identifying phase transitions, specif
ically the solidus and liquidus temperatures. Calorimetric measurements 
were conducted using a Netzsch (Selb, Germany) simultaneous thermal 
analyzer (STA), model 449F3-0171-M heat-flux type calorimeter, with a 
type-K thermocouple embedded in the sample carrier. This equipment 
has the capability to perform DSC and thermogravimetric analysis (TGA) 
simultaneously. The STA, located inside an argon glovebox, was cali
brated in temperature and energy using several standards: i.e., indium, 
bismuth, cesium chloride, and aluminum. These standards present clear 
phase transitions along the temperature range of interest, which are 
used for instrument calibration. For further details on the DSC calibra
tion, refer to the Supporting Information (SI). The DSC conditions 
involved employing ultra-high-purity argon for both the purging and 
protective gases, with a gas flow of 50 ml min− 1. Glassy carbon crucibles 
of 50 µl with pierced lids were used for the reference (empty crucible), 
calibration standards, and salt samples due to their lack of reactivity 
with the materials.

The determination of the onset and endset temperatures of a melting 
peak in DSC analysis is crucial but not straightforward. In this study, the 
“tangent method” was used, which involves drawing tangent lines on the 
baseline and peak side, at the low- and high-temperature sides of the 
peak to identify the onset and endset temperatures at their intersection 
points [28]. DSC is a dynamic technique in which the sample’s tem
perature changes over time according to a specific scan rate (i.e., heat
ing/cooling rate) to follow a predefined temperature program. In this 
type of measurement, a thermal delay between the thermocouple tem
perature and the actual sample temperature occurs. We are interested in 
determining both the solidus and liquidus temperatures. The solidus and 
liquidus indicate points of thermal equilibrium, defining a phase tran
sition. The solidus temperature marks the starting point of the melting 
process, representing the temperature at which the material begins to 
form a liquid phase upon heating. On the other hand, the liquidus 
temperature signifies the lowest temperature at which the material is 
entirely in liquid phase. DSC experiments were conducted at four 
different scan rates: 1, 4, 7, and 10 ◦C min− 1. Following the methodology 

proposed by Pedersen et al. [29], the data points were plotted against the 
heating rate, fitted, and extrapolated to zero-heating rate. The extrap
olated data represent the solidus estimate in the case of the onset, and 
the liquidus estimate in the case of the endset. A zero-heating rate ap
proximates thermal-equilibrium conditions. The onset and endset tem
peratures were calculated by averaging data obtained from three 
heating cycles for both calibration standards and samples.

XRD measurements were performed in a Panalytical Empyrean 
diffractometer, equipped with a Pixel 3D detector with 0.02-mm Ni filter 
and high-temperature stage (Anton-Paar HTK 1200 N chamber and TCU 
1000 N controller). The goniometer radius was configured to 240 mm, 
soller slits of 0.04 rad, anti-scatter slit of ¼ degree, and divergence slit of 
0.125 degree. Scans were acquired using Cu-Kα radiation, 45 kV and 40 
mA, and two-theta ranged from 5 to 80 degrees in Bragg-Brentano ge
ometry, with step size of 0.026 degrees and 697 s per step. Scans were 
conducted in constant temperatures, with 10 min delay before each scan 
to assure thermal equilibrium and stability. The heating rate between 
the scans was 10 ◦C min− 1, and the cooling rate was 50 ◦C min− 1. An 
alumina sample holder, 0.8 mm deep with a 16 mm radius, was entirely 
filled with sample. The thermocouple was located underneath the 
alumina sample holder. The expected temperature difference between 
the thermocouple and sample with this configuration was ±10 ◦C. 
Chamber pressure was kept around 1 × 10− 1 bar to avoid moisture 
because samples are hygroscopic. Phase identification was carried out in 
DIFFRAC.EVA software from Bruker, version 5.1, using PDF2 database 
from 2003.

3. Results and discussion

3.1. Experimental data

DSC was employed to determine the solidus and liquidus tempera
tures, as well as to study the overall thermal behavior of the systems. 
Fig. 1 (left) shows the DSC heating curves for system 10 KI, recorded at 
heating rates of 1, 4, 7 and 10 ◦C min− 1. The calorimetric curves (Fig. 1, 
left) illustrate endothermic peaks corresponding to the melting process 
of the sample. The presence of two overlapping peaks, consistently 
visible at different heating rates, indicates the composition is far from 
eutectic. The first deviation from the baseline marks the beginning of 
sample melting. The second peak corresponds to an additional phase 
transition, with the termination of this peak indicating the end of the 
melting process, approximating the liquidus temperature. Examining 
the DSC curves at different heating rates indicates that there is a thermal 
lag between the temperature of the DSC thermocouple and actual 
sample temperature. This is especially evident in the shift in the endset 
of the melting peak to higher temperature with increasing scan rate, as 
the temperature gradient across the sample is more pronounced with a 
faster heating rate. This shows that determining the liquidus tempera
ture using a high heating rate, such as 10 ◦C min− 1, can lead to over
estimation, even when using peak values. To identify the solidus and 
liquidus temperatures, we plot the peak onset and endset data against 
the heating rate and extrapolate to a heating rate of zero, as illustrated in 
Fig. 1 (right). The error bars represent twice the standard deviation of 
the measured values from three DSC runs per heating rate. This zero- 
heating-rate approximation proposed by Pedersen et al. [29] repre
sents thermal-equilibrium conditions, thereby providing temperature 
values closer to the actual solidus and liquidus temperatures. The DSC 
curves in Fig. 1 (left) display raw data and are not temperature cali
brated. The temperature-calibration curve was generated by plotting the 
theoretical transition temperatures of the standards against the experi
mental temperatures of the standards at zero heating rate (for further 
details, refer to the SI). Applying this calibration curve to the provided y- 
intercepts from Fig. 1 (right), the zero-heating-rate temperatures were 
corrected to account for instrument inaccuracies. The solidus and liq
uidus experimental temperatures (extrapolated to zero-heating rate and 
DSC temperature corrected values) are denoted by black and blue lines 
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in Fig. 1 (left), at 338.7 and 348.5 ◦C, respectively. Hereafter, when 
discussing the experimental solidus and liquidus temperatures, the 
temperature-corrected onset and endset values of the melting peak at 
zero-heating rate will be used.

Fig. 2 shows the diffractograms of system 10 KI at different tem
peratures. At room temperature, 25 ◦C, four different phases are 
observed, including three face-centered cubic phases (Fm-3 m): potas
sium chloride (PDF 41-1476), lithium chloride (PDF 04-0664), and po
tassium iodide (PDF 04-0471). The fourth phase present is tetragonal 
(P42/nmc) lithium chloride hydrate (PDF 73-1273). This hydrated form 
likely resulted from brief air exposure during the transfer of the sample 
from the vial to the XRD sample holder. The lithium chloride-hydrate 
peak disappeared at higher temperatures. The peaks corresponding to 
the cubic lithium chloride phase were observed at angles consistent with 
the pure compound. However, peaks for potassium chloride and potas
sium iodide showed shifts compared to their respective patterns avail
able in the PDF database. This can be attributed to the ion substitution 
occurring within the atomic position of the crystalline phases. In other 
words, the expansion of the KCl cell might be due to the partial substi
tution of Cl− by I− . Similarly, the contraction of the KI cell might be 
attributed to the partial substitution of I− by Cl− in the structure. 

Vegard’s law [30] was used to estimate the composition of these solid 
solutions (refer to Section 3.2 for further details). Peaks related to LiI 
were not identified. Additionally, a shift of all peaks to lower 2-theta 
angles was noted at higher temperatures, indicative of thermal expan
sion of the crystal lattices. Comparing the diffractograms at different 
temperatures reveals a noticeable change in the diffraction pattern be
tween 330 and 340 ◦C, with KI peaks no longer visible, indicating the 
solidus transition. This observation aligns with the solidus temperature 
determined via DSC (338.7 ◦C). The diffractograms show that KCl phase 
melts around 345 ◦C while LiCl phase remains as the sole component of 
the solid phase. The absence of LiCl phase at 350 ◦C is evident, indi
cating that the sample is completely molten. This result is consistent 
with the DSC data, where the experimental liquidus temperature was 
determined to be 348.5 ◦C. It is important to note that the XRD exper
iment was conducted under thermal-equilibrium conditions.

The absence of KI peaks above the solidus temperature could be 
attributed to the phase concentration being well below the detection 
limits of the X-ray diffractometer. Furthermore, it is important to note 
that above the solidus temperature, both solid and liquid phases coexist, 
with solid particles floating in the liquid. This can prevent the solid 
particles from achieving the proper orientation of their crystal planes for 

Fig. 1. (Left) DSC heating curves (endo up) corresponding to system 10 KI, conducted at heating rates of 1 (blue), 4 (green), 7 (red) and 10 ◦C min− 1(purple). (right) 
Average onset (black) and endset (blue) values of the melting peak of the system 10 KI as a function of heating rate.

Fig. 2. X-ray diffractograms of 10 KI system analyzed from 25–350 ◦C.
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diffraction during XRD analysis. Rietveld refinement was performed as a 
quantitative method to track the evolution of the solid fraction 
composition of system 10 KI with temperature. For detailed information, 
please refer to the SI.

In summary, the melting temperature of system 10 KI, with a liquidus 
temperature of 348.5 ◦C, is comparable to that of the eutectic LiCl-KCl, 
which has a melting point of 352 ◦C. This means that the presence of 10 
wt% of KI does not affect the melting behavior of the LiCl-KCl system 
significantly. Furthermore, it was discovered that unlike LiCl, both KI 
and KCl tend to form solid solutions. Because all the species transition to 
the liquid phase sequentially within a narrow temperature range 
(338.7–348.5◦C, according to DSC) in this system, separating any of the 
species using melt-crystallization would be challenging.

Fig. 3 (left) shows the DSC heating curves for system 10 LiI, recorded 
at heating rates of 1, 4, 7, and 10 ◦C min− 1. The calorimetric curves 
illustrate endothermic peaks corresponding to the melting process of the 
sample. The observed endothermic peak is complex, consisting of two 
overlapping peaks and a broad shoulder on the right side of the melting 
peak. The first peak corresponds to the solidus transition. The second 
peak is clearly visible at a 1 ◦C min− 1 heating rate, where peak resolu
tion improves noticeably compared to the 10 ◦C min− 1 scan. This second 
peak corresponds to an additional phase transition while the broad 
shoulder that returns to the baseline indicates the end of the melting 
process (liquidus transition). Fig. 3 (right) shows the onset and endset 
data of the complex melting peak plotted as a function of heating rate, 
displaying the linear equations and the y-intercepts at heating rate =
0 ◦C min− 1. The extrapolated values to zero-heating rate, 338.4 and 
390.2 ◦C (DSC uncorrected), estimate the solidus and liquidus temper
atures, respectively. The DSC corrected values are 338.5 and 390.7 ◦C, 
respectively. It is noteworthy that the addition of 10 wt% of LiI to LiCl- 
KCl significantly increases the melting temperature of the system, to 
390.2 ◦C, compared to the LiCl-KCl eutectic melting at 352 ◦C.

Fig. 4 shows the diffractograms of system 10 LiI at different tem
peratures. At an ambient temperature of 25 ◦C, three different phases are 
observed, including three face-centered cubic phases (Fm-3 m): potas
sium chloride (PDF 41-1476), lithium chloride (PDF 04-0664), and po
tassium iodide (PDF 04-0471). Peaks related to LiI were not identified, 
even though it was used as a starting reactant. Li+ recombines with Cl−

due to its higher stability and, in turn, KI is formed.
Fig. 5 (left) presents an Ellingham diagram, a valuable tool for 

comparing the stability of different compounds at various temperatures. 
This diagram plots the Gibbs free energy of formation (ΔG) versus 
temperature for multiple species, providing a clear visual representation 
of their relative stabilities. The Ellingham diagram for LiI, KI, LiCl, and 
KCl, generated using HSC Chemistry 6, shows how their stability 
changes with temperature. Lower ΔG values on the diagram indicate 
greater stability. Therefore, the species with the lowest line (i.e., the 
most-negative ΔG values) at a given temperature is the most stable.

Equilibrium composition can be assessed by examining a plot of ΔG 

versus temperature to understand the thermodynamic favorability of 
reactions, as shown in Fig. 5 (right). Negative ΔG values indicate that 
the reaction will proceed spontaneously. The formation of LiCl and KI 
consistently shows more-negative ΔG values upon reaction of LiI and 
KCl across all temperatures examined, meaning that the formation of KI 
is preferred over LiI at any given temperature under the same 
conditions.

The formation of KI and LiCl alters the proportion LiCl-KCl (pseudo- 
binary eutectic proportion) leading to divergence in the composition of 
the reciprocal system (LiI-KI-KCl-LiCl), resulting in higher liquidus 
temperature and a lingering solid phase at higher temperatures, as 
shown in Fig. 4 (350–375 ◦C scans). Assuming all LiI is converted to KI, 
the 10 LiI system would change to a composition of 12.4 wt% KI, 44.8 wt 
% KCl, and 42.8 wt% LiCl.

Similar to 10 KI system, XRD analysis at 25 ◦C for 10 LiI (Fig. 4) 
shows that peaks for the LiCl phase matched angles typical of the pure 
compound, while peaks for KCl and KI exhibited shifts from the refer
ence patterns in the PDF database. Between 345 and 350 ◦C, the 
diffraction pattern changes, with KI and KCl peaks being no longer 
visible, indicating the solidus transition. This behavior aligns with the 
solidus temperature determined via DSC (i.e., 338.5 ◦C). Above 350 ◦C, 
LiCl phase is the sole component in the solid fraction. The LiCl phase 
remains present up to 375 ◦C. The diffractogram recorded at 400 ◦C 
shows imperceptible LiCl peaks, indicating that this temperature is close 
to the liquidus transition. This result is consistent with the DSC data by 
which the experimental liquidus temperature was determined to be 
390.7 ◦C. Rietveld refinement was performed as a quantitative method 
to track the evolution of the solid fraction composition of system 10 LiI 
with temperature. For detailed information, please refer to the SI.

Combined with XRD, DSC helps identify which species are soluble in 
the liquid fraction. For system 10 LiI, DSC shows a broad shoulder at the 
end of the peak, and XRD indicates that the solid phase at these tem
peratures is primarily LiCl. This suggests that LiCl concentration is 
beyond the solubility limit in the liquid around 350–390 ◦C, requiring a 
higher temperature to fully dissolve.

To summarize, in contrast to 10 wt% KI system, the presence of 10 wt 
% LiI has a pronounced impact on the melting behavior of the system. 
While the LiCl-KCl eutectic melts at 352 ◦C, the 10 LiI system has an 
elevated liquidus temperature of 390.7 ◦C, which is attributed to the 
conversion of LiI to KI and LiCl. The diffraction patterns at different 
temperatures provide indirect information on the solidus and liquidus 
temperatures. It can be observed that the solidus and liquidus temper
atures determined via XRD agree with the DSC values within ±10 ◦C. 
This discrepancy is within the expected range, based on tests conducted 
in the XRD furnace to determine the temperature difference between the 
thermocouple and sample locations. XRD results show that LiCl is the 
sole component of the solid fraction within an extended temperature 
range, which means that it would be possible to separate part of LiCl 
from KI and KCl by melt-crystallization.

Fig. 3. (Left) DSC heating curves (endo up) of system 10 LiI at 1 (blue), 4 (green), 7 (red), and 10 ◦C min− 1 (purple). (right) Average onset (black) and endset (blue) 
values of the melting peak of the system 10 LiI as a function of heating rate.
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Fig. 6 (left) shows the DSC heating curves for system 25 KI, recorded 
at heating rates of 1, 4, 7 and 10 ◦C min− 1. The calorimetric curves 
(Fig. 6, left) illustrate an endothermic peak corresponding to the melting 
of the sample. An endothermic peak is observed, with a main peak and a 
broad shoulder on its right side. Fig. 6 (right) shows the onset and endset 
data of the complex melting peak plotted as a function of heating rate, 
displaying the linear equations and the y-intercepts at heating rate =
0 ◦C min− 1. The extrapolated values to zero-heating rate, 338.4 and 
371.7 ◦C, approximate the solidus and liquidus temperatures, respec
tively. The DSC corrected values are 338.5 and 372.1 ◦C, respectively. 

The endset datapoint at 10 ◦C min− 1 is considered an outlier (Fig. 6, 
right). At lower heating rates, the DSC curves exhibit a broad shoulder 
on the right side of the peak, indicating that the material has not melted 
completely (Fig. 6, right). This shoulder is absent in the 10 ◦C min− 1 

curve, due to the rapid heating rate preventing the material from 
reaching thermal equilibrium. According to DSC, the addition of 25 wt% 
of KI to LiCl-KCl increases the melting temperature of the system to 
372.1 ◦C, compared to the LiCl-KCl eutectic melting at 352 ◦C.

Fig. 7 shows a series of diffractograms recorded at temperatures 
between 25 and 400 ◦C for 25 KI. XRD analysis at 25 ◦C reveals the 

Fig. 4. X-ray diffractograms of 10 LiI sample analyzed from 25–425 ◦C.

Fig. 5. (Left) Ellingham diagram of LiI, KI, LiCl, and KCl. Lower ΔG values indicate greater stability of the species. (right) ΔG vs. Temperature plot for ‘LiI + KCl → 
LiCl + KI’ reaction. Negative ΔG values indicate the preferential formation of KI over LiI. For all temperatures examined, the formation of KI is favored over LiI.
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presence of three different phases, including three face-centered cubic 
phases (Fm-3m): KCl (PDF 41-1476), LiCl (PDF 04-0664), and KI (PDF 
04-0471). The LiCl phase matched angles typical of the pure compound 
while peaks for KCl and KI exhibited shifts from their expected patterns 
in the PDF database. This indicates that KI forms a solid solution with 
KCl (KI1-xClx) and vice versa (KCl1-xIx), where x represents the mole 
fraction of substituting ions. Between 340 and 345 ◦C, the diffraction 
pattern changes, and LiCl and KCl peaks’ intensity decrease until they 
are no longer visible, indicating the solidus transition is taking place. 
This result aligns with the solidus temperature value determined via DSC 
(338.5 ◦C). From 350 to 375 ◦C, KI is the only phase present in the solid 
fraction. Compared to the results from system 10 KI, where chloride 
species were the predominant solid phases at higher temperatures, 
increasing the KI concentration to 25 wt% results in KI’s becoming the 
dominant solid phase. At 400 ◦C, no diffraction peak is observed, 

indicating that the sample is completely amorphous. According to XRD, 
the liquidus temperature must lie between 375 and 400 ◦C. This result is 
consistent with DSC data, where the experimental liquidus temperature 
was determined to be 372.1 ◦C. Rietveld refinement was performed as a 
quantitative method to track the evolution of the solid fraction 
composition of system 25 KI with temperature. For detailed information, 
please refer to the SI.

For system 25 KI, DSC shows a broad shoulder at the end of the peak, 
and XRD indicates that the solid phase at these temperatures is primarily 
KI. This suggests that KI concentration is beyond the solubility limit in 
the liquid at around 350–372.05 ◦C, requiring a higher temperature to 
fully dissolve.

In summary, the presence of 25 wt% KI in the LiCl-KCl system 
considerably affects the mixture’s melting temperature. The 25 KI sys
tem has a liquidus temperature of 372.1 ◦C whereas LiCl–KCl-eutectic 

Fig. 6. (Left) DSC heating curves (endo up) corresponding to system 25 KI, conducted at heating rates of 1 (blue), 4 (green), 7 (red) and 10 ◦C min− 1 (purple). (right) 
Average onset (black) and endset (blue) values of the melting peak of the system 25 KI as a function of heating rate.

Fig. 7. X-ray diffractograms of 25 KI sample analyzed from 25–400 ◦C.
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melts at 352 ◦C. However, the presence of 25 wt% KI does not affect the 
melting behavior as significantly as 10 wt% of LiI. In systems with 
multiple anions and cations, the melting behavior is contingent upon the 
specific cations present and their interaction with the anions, which in 
turn affects the stability of the phases and thermal behavior. Such sys
tems are more complex than single-anion systems. Both DSC and XRD 
provided consistent data on the solidus and liquidus temperatures. XRD 
results show that KI is the sole component of the solid fraction within an 
extended temperature range, which means that it would be feasible to 
separate part of KI from LiCl and KCl by melt-crystallization.

Table 2 summarizes the results on the experimental solidus and 
liquidus temperatures of KI and LiI systems determined using DSC by 
extrapolating to zero heating rate. These temperatures are corrected for 
DSC, with the associated error accounting for the standard deviation of 
the measured samples (three measurements per sample and heating 
rate) and the standard deviation from the calibration curve.

3.2. Modeled data

Thermodynamic calculations were performed using FactSage soft
ware to determine the phase transitions and identify the phases present 
in the systems.

Table 3 displays the phase-transition temperatures for systems 10 KI, 
10 LiI, and 25 KI determined using FactSage Equilibrium module with 
the FTSalt database. All three compositions exhibit a solid-to-solid 
transition, along with solidus and liquidus transitions, and an addi
tional transition occurring between the solidus and liquidus. Table 4
compares the modeled data for solidus and liquidus temperatures with 
experimentally determined values. The solid-to-solid transitions pre
dicted by the calculations for the three compositions were not observed 
with DSC. This could be because the transition involves a small amount 
of heat that is difficult for the DSC to detect, or it could be attributed to 
an inaccurate prediction by the software.

Phase transitions 2 and 4 correspond to the solidus and liquidus, 
respectively (Table 3). The modeled solidus temperatures are similar for 
10 KI, 10 LiI, and 25 KI, with values around 345–346 ◦C. In contrast, the 
DSC data show a consistent solidus temperature with an average of 
338.6 ± 0.09 ◦C for all three systems. This is likely the eutectic tem
perature of the reciprocal system KI-LiI-KCl-LiCl.

Based on the calculations, the addition of 10 wt% of either KI or LiI 
leads to a rise in the melting temperature (see modeled liquidus) of 
approximately 15–20 ◦C relative to the binary eutectic LiCl-KCl, melting 
at 352 ◦C. On the other hand, the addition of 25 wt% KI results in an 
increase in the melting temperature by almost 30 ◦C. It is important to 
note that the modeled liquidus temperatures for 10 KI and 10 LiI are very 
similar. Hence, the calculations predict that adding 10 wt% of either KI 
or LiI to LiCl-KCl will affect the melting behavior similarly. This obser
vation does not align with the DSC values obtained for the liquidus 
temperature of these two systems. Table 4 illustrates the disparities 
between the modeled and experimentally determined solidus and liq
uidus temperatures. FactSage underestimated the liquidus temperature 
for 10 LiI, indicating a smaller impact when adding LiI to LiCl-KCl. On 
the other hand, FactSage overestimated the effect of adding 10 wt% KI to 
LiCl-KCl. The DSC-measured liquidus temperature of the system with 10 
wt% KI showed a slight decrease compared to the binary eutectic LiCl- 

KCl. The modeled liquidus temperature for 25 KI closely approximates 
the DSC-measured value.

The calculations also indicate the presence of an additional phase 
transition between the solidus and liquidus, occurring at 348.3, 347.1, 
and 375.3 ◦C for 10 KI, 10 LiI, and 25 KI systems, respectively (Table 3). 
This information aligns with the behavior observed in the DSC curves. 
Fig. 1 (left) and Fig. 3 (left) show the DSC curves for 10 KI and 10 LiI, 
respectively. When analyzing the DSC curves for 10 KI and 10 LiI at 1 ◦C 
min− 1, a double peak is evident. The second peak corresponds to an 
additional solid-to-liquid transition occurring around 347 ◦C for 10 KI 
(just below the liquidus transition) and approximately 345 ◦C for 10 LiI. 
These values align closely with the modeled temperatures for this 
additional transition. In the case of the DSC curves for 25 KI, Fig. 7 (left), 
a broad shoulder is observed that does not precisely correspond with the 
modeled additional solid-to-liquid transition temperature.

The discrepancies between the calculated and experimental data can 
be attributed to the fact that the reciprocal LiCl-KCl-LiI-KI system has 
not been completely evaluated due to insufficient experimental data. 
Predictions for the reciprocal system are derived from model parameters 
obtained for the four binary common-ion subsystems (KI-LiI, LiI-LiCl, 
KCl-LiCl, and KCl-KI). This highlights the importance of studying and 
characterizing pseudo-binary and ternary systems to accurately predict 
and understand higher-order systems, especially in reciprocal systems.

Thermodynamic calculations were conducted to identify the phases 
present in the systems. The calculations reveal the presence of rock-salt 
structures. Chloride and iodide crystals commonly exhibit a halide or 
rock-salt (cubic) structure. Consequently, in the solid region, the pre
vailing phases are characterized by rock-salts designated by FactSage 
software as #1, #2, and #3. Rock-salt #1 is composed of pure LiCl. 
Rock-salt #2 is a structure primarily composed of KCl-sylvite with a 
presence of KI whereas rock-salt #3 contains KI as the major component 
with KCl-sylvite present. The calculations indicate the presence of these 
three rock-salts in all three systems—i.e., 10 KI, 10 LiI, and 25 KI. Ac
cording to the calculations, KI: KCl proportion changes with temperature 
in the solid solutions. The absence of LiI as a component in any of the 
rock-salts is noticeable, despite LiI being included as part of system 10 
LiI in the calculations. This result is consistent with the experimental 
XRD data, which show that the LiI diffraction pattern is not present in 
the diffractograms.

Rietveld refinements of the XRD data revealed a shift of KCl and KI 
peaks at room temperature. As mentioned previously, this can be 
attributed to the ion substitution in atomic position within crystalline 
phases. LiCl peaks did not exhibit relevant lattice parameter variation. 
These results agree with the calculations, which predict solid solutions 
of KI1-xClx and KCl1-xIx. Table 5 shows the experimentally determined 

Table 2 
Experimental solidus and liquidus temperatures of the systems, determined 
using DSC by extrapolating to zero heating rate. DSC corrected temperatures.

System Solidus temperature (◦C) Liquidus temperature (◦C)

LiCl-KCl (eutectic) 352* 352*
10 KI 338.69 ± 0.01 348.48 ± 0.05
10 LiI 338.52 ± 0.01 390.66 ± 0.08
25 KI 338.54 ± 0.01 372.05 ± 1.27

* Data obtained from FactSage software and FTSalt database.

Table 3 
Phase transitions for systems 10 KI, 10 LiI, and 25 KI according to FactSage 
calculations (Equilibrium module, FTSalt database).

Transitions 1 2 3 4

Type solid–solid solid–liquid 
(solidus)

solid–liquid solid–liquid 
(liquidus)

10 KI 288.5 ◦C 346 ◦C 348.3 ◦C 372 ◦C
10 LiI 333.3 ◦C 345 ◦C 347.1 ◦C 368.3 ◦C
25 KI 146.4 ◦C 344.8 ◦C 375.3 ◦C 378.8 ◦C

Table 4 
Modeled and experimentally determined solidus and liquidus temperatures for 
system 10 KI, 10 LiI, and 25 KI.

System Solidus temperature (◦C) Liquidus temperature (◦C)

DSC FactSage DSC FactSage

10 KI 338.69 ± 0.01 346 348.48 ± 0.05 372
10 LiI 338.52 ± 0.01 345 390.66 ± 0.08 368.3
25 KI 338.54 ± 0.01 344.8 372.05 ± 1.27 378.8
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and modeled composition of KI and KCl phases for 10 KI, 10 LiI, and 25 
KI systems.

According to Vegard’s law [30], it is possible to estimate the 
composition of each phase according to its lattice parameters. However, 
for better accuracy, it is important to use a correlation based on stan
dards because the variation of the lattice parameters is not linearly 
related to the concentration of a certain ion in the structure. Fortunately, 
Amrani et al. [31], from a first-principles study, determined the shape of 
the Vegard’s law for the KCl-KI system. This curve was adjusted to match 
the values of lattice parameters of pure KCl and KI that were used as 
references in this work (from PDF files) and the results are shown in 
Table 5. LiCl was not used in these calculations because it did not exhibit 
relevant lattice-parameter variation.

Table 5 shows that the composition of the KCl1-xIx solid solution 
determined via XRD and FactSage matches reasonably well for all three 
systems. In contrast, the modeled composition of the KI1-xClx solid so
lution differs slightly from the experimental data across all three sys
tems. In the experimental data, the KI1-xClx solid solution exhibits a 
higher concentration of Cl− compared to the modeled data.

4. Conclusions

The addition of alkali iodides (LiI and KI) to LiCl-KCl eutectic salt 
significantly alters its melting behavior, with 10 wt% LiI having a more 
pronounced effect than 10 wt% KI. This behavior is due to the complete 
conversion of LiI to KI, the subsequent formation of LiCl alters the LiCl- 
KCl ratio. This deviation from the eutectic ratio of LiCl-KCl increases the 
melting temperature of the reciprocal system. This study reveals how the 
interplay between iodide chemistry and different metal cations affect 
the thermodynamic properties and phase behavior of the base salt, 
providing valuable insights for applications in MSRs and the pyro
chemical processing of used fuel salt. The observed discrepancies be
tween experimental data and model predictions underscore the need for 
more-comprehensive models, particularly for mixed-halide systems, 
where differences between experiment and calculations are notable. 
Future research will focus on refining these models and exploring the 
separation potential of other iodide-containing systems. This will pro
vide valuable insights into species separation for practical applications. 
These findings pave the way for improved design and optimization of 
molten salt systems, contributing to safer and more-efficient nuclear 
technologies.
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