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Executive Summary

Molten salt reactors (MSRs) have attracted considerable interest as clean sources of electricity and process
heat due to their efficiency, passive safety features, and high operating temperatures. Traditional material
control and accounting (MC&A) practices in liquid fuel MSRs are challenging because the fissile inventory
is not a discrete item, and transmutation and depletion of fuel lead to transient quantities of special nuclear
materials. To advance MSR MC&A practices, Argonne National Laboratory developed and optimized
robust flow enhanced electrochemical sensors (FEES) and multielectrode array voltammetry sensors
(MAYVS), which provide accurate near-real-time measurements of actinides in molten salts. FEES are
installed directly into MSR flow conduits for inline salt chemistry measurement, while MAVS are deployed
in quiescent salt conditions, enabling online species concentration determination in stationary salt vessels.
This report summarizes efforts to improve electrochemical sensor technological readiness through (1) sensor
testing in complex, high-concentration molten salt systems to demonstrate low uncertainty actinide
measurements in MSR-representative solutions and (2) demonstrations of sensor performance in challenging
real-world conditions in collaboration with partner MSR institutions.

The work accomplished in FY25 built upon previous achievements and advanced electrochemical MC&A
technologies through the development of updated near-real-time electroanalytical approaches for molten
salts containing very high concentrations of actinides. These strategies enable safeguarding of fuel
fabrication and MSR systems. The approaches were applied to actinide measurements in an engineering-
scale salt production system and in a flowing molten salt system containing high concentrations of uranium
chloride. To enable accurate high-concentration measurements, voltammetry simulation tools were
developed to correct for adverse non-ideal solution effects, such as uncompensated ohmic resistance, in
LiCI-KCI-UCl;s salts with UCls mass fractions as high as 0.72. In salts with UCl; mass fractions ranging
from 0.55 to 0.72, the mean absolute relative error of the initial UCl; concentration measurements was 4.0 %
when the data was corrected for ohmic resistance. Later tests involving the addition of nine surrogate fission
products demonstrated that the voltammetric approach for measuring uranium chloride concentrations in
chloride salts was independent of the concentration of surrogates for relevant fission products such as Ce,
Nd, La, Sm, Pr, Y, Ba, Sr, and Cs. Furthermore, when the chloride form of these surrogates were added to
a salt containing 72.3 wt% UCls, the mean absolute relative error for the UCl; concentration measurements
was only 0.8 %.

Argonne National Laboratory also successfully demonstrated electroanalytical tools in representative testing
environments at partner MSR vendors. In FY24, two FEES sensors were operated for over 900 hours in a
2LiF-BeF; salt test loop at Kairos Power, LLC. In FY25, MAVS sensors were tested in stationary chloride
salts containing simulated CrCl, corrosion products at TerraPower, LLC. While these experiments were
non-radiological and focused on system health diagnostics, the strategies that were applied served to
demonstrate that accurate measurements can be successfully taken remotely within varied equipment
designs.

In total, our work conducted over the past five years for the ARSS program has served to enable the
development of new safeguards-relevant monitoring tools along with the creation of several testing
platforms that supported sensor assessments in real-world conditions. Beyond that, we were also able to
develop automation capabilities that permitted complex combined flow scenarios with synchronized sensor
operations. This combination of activities substantially improved extant capabilities for achieving MC&A
and safeguarding of special nuclear material (SNM) in molten salt systems.
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Advanced Reactor Safeguards and Security Program

FLOW ENHANCED ELECTROCHEMICAL SENSOR
PERFORMANCE IN COMPLEX SALT SYSTEMS

1. Introduction

In support of the DOE Department of Nuclear Energy’s Advanced Reactor Safeguards & Security (ARSS)
program, Argonne National Laboratory has developed novel sensors, versatile testbeds, and salt synthesis
systems to support the development of material control and accountancy (MC&A) technologies for liquid-
fueled molten salt reactors (MSRs). It is likely that a liquid-fuel MSR with non-discrete special nuclear
materials (SNM) items will require a formal MC&A plan as part of its licensing strategy [1]. Molten
chloride fast reactor concepts, for example, may operate with a molten salt containing weight fractions of
UCl; greater than 70 wt %. The complex, high-concentration molten salt system presents new challenging
conditions that require novel electroanalytical approaches. The objective of work completed in FY25 was
to test electrochemical sensors in complex, high-concentration molten salt systems to demonstrate low
uncertainties for actinide measurements in MSR-representative solutions. These sensor capabilities were
applied to safeguard-relevant scenarios, including both the synthesis of highly-loaded chloride salts and
flowing salt systems to demonstrate the efficacy of electroanalytical safeguard tools. Alongside these
developmental activities, Argonne coordinated with MSR vendors to deploy sensors to their facilities and
equipment.

MSRs present challenging conditions that make it difficult to design and operate robust monitoring tools.
Liquid fuel MSRs with large fissile inventory and transient quantities of SNM due to transmutation and
depletion of fuel make material balance methods challenging. Detection of materials loss using traditional
statistical tests is projected to require at or above current state-of-the-art destructive analysis levels of
precision. To mitigate the number of required control elements — tamper-safing and surveillance, for
example — the number of penetrations to the control boundary should be minimized [2]. As such, new
nondestructive monitoring approaches are under development, including electrochemical sensors [3]-[6],
in-line spectroscopic sensors [7], gamma and neutron measurements [8], and alpha spectroscopy [9]. The
goal of our research is to develop in-line and on-line electrochemical tools that offer near real-time
measurements and enable MSR vendors to achieve the regulatory requirements for material accountancy
(10 CFR 74) as part of their MC&A plan.

Voltammetry approaches are well-established techniques for quantifying dilute actinides in molten salts but
have had limited application in quantifying highly loaded actinides in molten salts. Voltammetry has been
used to quantify actinides in dilute mixtures of uranium chloride [10]-[27] and uranium fluoride.[28]—[34]
Previously, there have been no voltammetric studies of chloride salts with UCI; weight fractions relevant
to molten chloride fast reactors (e.g., > 12.5 wt %). Voltammetric analysis of high-concentration actinide
salt mixtures presents several challenges, including high currents generated by the abundant reactants and
non-ideal solution effects, such as ohmic resistance. Typically, species concentrations can be obtained from
a set of thermodynamic and kinetic parameters, such as species reduction potentials, temperature, and
species diffusion coefficients; however, the presence of these solution characteristics requires careful
treatment. To close these gaps, we have developed an electroanalytical approach and correction factors
based on numerical simulations of voltammetry responses. Utilizing a multielectrode array voltammetry
sensor (MAVS), shown in Figure 1(a), the correction factors were demonstrated agnostic of electrochemical
cell geometry and produced consistent voltammetry peak current results when correcting for varying
amounts of ohmic resistance. This approach enables accurate in situ measurements of uranium
concentrations in highly loaded fuel salts.



Flow Enhanced Electrochemical Sensor Performance in Complex Salt Systems
September 30, 2025 2

a) E1 E2 E3 E4 RE CE b)
Top-down view
3 WE1
Flow ’
REF2 _
$s JL
oy — P——

Figure 1. Schematic of (a) the multielectrode array voltammetry sensor and (b) the flow-enhanced electrochemical
Sensor.

The high flow velocities encountered in an MSR are an additional significant challenge for salt chemistry
sensors. Argonne has developed flow enhanced electrochemical sensors (FEES), which make use of
hydrodynamic electrochemical approaches to measure the concentrations of species in the molten salt. A
diagram of a FEES inserted in-line with the process stream is shown in Figure 1(b). Unlike voltammetry
sensors in quiescent salt conditions, FEES operate using steady signals as the flow of salt provides a
constant flux of analytes to the electrode surface. The use of steady signals eliminates several issues that
can distort dynamic electroanalytical waveforms, such as uncompensated resistance and kinetic effects. In
previous years, FEES have been demonstrated in salt containing up to 5 wt% UCI; [6]. In FY25, FEES
sensors were operated in higher concentration salts containing up to 43.4 wt% UCls.

This report summarizes the activities conducted during FY25 to develop electrochemical safeguards tools
that can effectively be deployed as part of an MSR vendor’s MC&A plan. We have developed an
electroanalytical approach that enables accurate in situ measurements of actinide concentrations in these
highly loaded fuel salts. Electrochemical sensors have been used to validate methods for the synthesis of
high-concentration uranium chloride molten salts. Online electrochemical sensors were then applied in
safeguard-relevant scenarios as a part of large-scale salt synthesis activities. An in-line flow enhanced
electrochemical sensor (FEES) was then deployed in a high-concentration molten chloride salt. In parallel,
voltammetry sensors were deployed in preliminary stationary salt experiments at TerraPower, LLC in
preparation for planned loop operations. Descriptions of all these activities are included in the following
sections.
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1. Experimental Systems Developed for the ARSS Program

Over the last five years, Argonne created numerous molten salt systems under the ARSS program to support
the development of safeguards practices and tools for molten salt reactors. The newly developed
technologies and equipment included novel sensors, testbeds for sensor performance testing, and
engineering-scale purification systems to produce a variety of MSR-relevant salts. Figure 2 shows a
rendering of some of these systems installed into the Molten Salt Flow Systems glovebox that was
refurbished and brought online at the start of the project in FY21. The salt flow systems include the modular
flow instrumentation testbed (MFIT) which is a versatile system for studying in situ sensor performance
during safeguards-relevant scenarios. In FY25, to synthesize the large quantities of highly loaded uranium-
bearing chloride salts necessary for electroanalytical studies, bench-scale and engineering-scale salt
production systems were designed and operated. These apparatuses have been used to enable the
development of a suite of molten salt sensors, including flow enhanced electrochemical sensors (FEES),
multi-electrode array voltammetry sensors (MAVS), and multielectrode array level sensors (MALS).
Versatile software and instrumentation were developed for the integration of these systems. These
combined systems enable performance assessments and safeguards scenario studies for a variety of tools
and approaches. Detailed descriptions of the individual subsystems and apparatus are included in the
subsections below.

Instrumentation Testbed

Production System

Production System

Modular Flow } Engineering-scale Salt ' Bench-scale Salt }

Figure 2. Rendering of Argonne’s Molten Salt Flow Systems Glovebox along with installation location for various
experimental systems developed for the ARSS program.
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1.1.  Testbeds for Operational Assessments of Sensors in Flowing Salts

Three forced convection molten salt flow systems, called MFITs, were developed over the course of ARSS
activities over the past five years. These flow systems are intended to be modular, versatile, and provide
well-controlled flow conditions. These MFITs make use of pressurized gas or applied vacuum to facilitate
the salt flow and have adopted two separate configurations. The largest system is the Dual Tank MFIT that
initiates flow via tank-to-tank transfers, while two smaller systems, called Miniature-MFITs, achieve flow
through a vertical arrangement where flow is withdrawn from a salt crucible. These systems have
successfully been tested with both radiological and non-radiological gloveboxes. The modularity of the
MFIT design means that combinations of these configurations can be used to achieve desired salt transport
characteristics and accommodate various quantities of molten salt ranging from several hundred milliliters
to many liters of salt. Each of these systems were designed with careful consideration for operations, and
numerous safety devices including relief valves, gas cut-off valves, a pneumatically actuated pressure relief
valve, and a bubbler were included in the final construction. More details of each of these three flow systems
are included below.

1.1.1. Dual Tank Radiological MFIT

The dual tank MFIT is an engineering-scale forced convection molten salt flow system. Figure 3 shows a
schematic and image of the system inside of a radiological glovebox. The system consists of two vessels
connected by a molten salt transfer line, and it has the capacity for large quantities of radiological salts up
to 10 liters. As shown in the schematic, the MFIT has numerous ports in each tank that enable rapid
installation and modification of new sensor designs and configurations. The flow of the molten salt is
controlled by applying pressurized argon gas (<15 PSIG) to one of the two tanks. A flow enhanced
electrochemical sensor (FEES) is installed in the center of the transfer line. A multielectrode array
voltammetry sensor (MAVY) is installed in one vessel. A multielectrode array level sensor (MALS) is
installed in the other vessel. In FY24, the dual tank MFIT was operated with 2.1 kg of
MgCl>-KCI-NaCl-UCl; containing 3 wt % UCls.

FEES
MAVS

«—

SaltFlow  Argasin }

Transferline Dip tube
ms B 1 Tam:}
N N
ﬁ<— SaltVessel ]
Steel Crucible —

1 = Molten salt %/

Figure 3. The dual tank modular flow instrumentation testbed (a) schematic and (b) system assembled in
an inert atmosphere radiological glovebox.
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1.1.2. Non-Radiological Miniature-MFIT

The Miniature-MFIT is a second configuration of the engineering scale MFIT that also enables studies of
flowing molten salt. This system was first operated in FY23 and was built to enable rapid testing with non-
radiological salts. In FY24, the Miniature-MFIT was successfully tested with non-radiological molten salts
containing corrosion products, such as CrCl, and FeCl, [6]. The schematic of this system is shown in Figure
4(a). The Miniature-MFIT and the vacuum system used to operate it are shown in Figure 4(b). The
advantage of this Miniature-MFIT configuration is the ability to work with 200 mL to 1 L of salt and to
achieve sustained slow flow velocities of less than one liter per minute.

a) mavs , (FEES
_ MALS

— Argasout

Heat Shield Pack —+

Gas Control Panel o /e

Furnace Well —»|
Holding Tank
SaltFlow
Steel Crucible —¢ =P Molten salt
Dip tube =t
7 Ve

Figure 4. The non-radiological miniature-modular flow instrumentation testbed (a) furnace well schematic
and (b) installation into a glovebox furnace well.

1.1.3. Radiological Miniature-MFIT for High-Concentration Fuel Salts

The radiological Miniature-MFIT is another configuration of the engineering scale MFIT that enables
studies of flowing molten salt. The advantage of the Miniature-MFIT configuration is the ability to work
with 200 mL to 1 L of salt and to achieve sustained slow flow velocities less than a liter per minute. In
FY?25, the radiological Miniature-MFIT was successfully tested in LiCI-KCI-UCl; with 43.4 wt% UClI; at
550 °C. The schematic of this system is shown in Figure 5(a). In FY25, the MFIT for radiological salts was
reconfigured into a Miniature-MFIT, as shown in Figure 5(b) to conserve radiological materials during the
study of highly loaded uranium-bearing salts. The Miniature MFIT can either be operated using a vacuum
system, as was demonstrated in FY24 with the non-radiological salts, or with compressed argon gas,
provided adequate pressure safety controls in place in the radiological glovebox.
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Figure 5. The radiological miniature-modular flow instrumentation testbed (a) furnace well schematic
and (b) in a radiological glovebox.

1.2.  Salt Production Systems

To facilitate sensor assessments in complex, highly loaded actinide-bearing salts in the MFIT systems,
chlorination methods for the preparation of large quantities of high-concentration uranium-bearing salts
(>30 wt % U) were developed. As shown in Figure 6, bench-scale experiments were first carried out in a
sealed vessel heated by an electro-melt furnace in a glovebox. The vessel contained ports for
electrochemical sensors, a thermocouple, a gas inlet and a gas outlet. Compressed argon was used as a
process gas and was controlled by a mass flow controller. Chlorination experiments were carried out at
740 °C. Following the successful demonstration of the bench-scale salt production system, an engineering-
scale uranium chlorination system was constructed to enable production of multi-kilogram quantities of
high-concentration uranium chloride salts for sensor development and testing. In Figure 6, this system is a
scaled-up version of the bench-scale uranium chlorination system and shares many design elements with
the MFIT. A vessel was constructed that included ports for the chemical reagents, the process gas, a salt
sampling system, a byproduct removal system, and electroanalytical sensors. This larger purification vessel
can accommodate up to 5 liters of salt.
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Figure 6. Bench-scale salt production system vessel (to left) and operating in a radiological glovebox
(top right). The engineering-scale salt production system partially assembled (bottom left) and operating
(bottom right) in a radiological glovebox.
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1.3. Multimodal Monitoring Tools

A suite of multimodal sensors were developed, assessed, and deployed as part of this research to enable
measurements of the concentrations of species within highly loaded uranium-bearing molten salts. A list of
currently installed sensors is included in the section below.

1.3.1. Flow Enhanced Electrochemical Sensors

Flow enhanced electrochemical sensors make use of hydrodynamic electrochemical approaches to measure
the concentrations of species in the molten salt [35]. The flow of salt provides a constant flux of analytes
to the electrode surface. Unlike voltammetry sensors, FEES operate using steady signals. The use of steady
signals eliminates several issues that can distort dynamic electroanalytical waveforms, such as
uncompensated resistance and kinetic effects. Figure 1(b) shows a schematic of FEES. The sensor consists
of multiple electrodes inserted into the process stream. At least two electrodes are used, including an
upstream working electrode (WE) and a quasi-reference electrode (QRE). A fifth electrode or the vessel
tube itself may be used as the counter electrode (CE).

As derived in previous work [35], for soluble-soluble reactions such as U**/U*, the electroanalytical
formulas that are used to convert measured currents into concentrations take the form

i = BQMAC [1]
3 (r/4)"™dD;zFkSc'/3 / p \™
B = ; (M—do) 2]

Here, F is Faraday’s constant, z is the number of electrons associated with the charge transfer reaction, d is
the electrode diameter, and M is molar mass of the species of interest, D; is the diffusion coefficient of the
species of interest, Sc is the Schmidt number of the dissolved species within the molten salt (Sc=D;/v), p is
the salt density, and k& and m are values taken from mass transfer correlations associated with specific
geometries. AC is the difference in species concentration between the bulk fluid and the surface of the
electrode. For limiting current conditions when the concentration at the electrode surface falls to zero, AC
is equal to the bulk concentration of the species of interest. Figure 7 depicts the expected current response
to a large anodic applied potential. Full details underpinning the mathematical modeling of these sensors is
included in earlier work, along with similar formulas for soluble-insoluble reactions [35]. Figure 7 shows
the typical current response to an applied potential sufficient to oxidize U** to U*" as the fluid flows past a
FEES sensor.
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Figure 7. Flow enhanced electrochemical sensor current response at a mass flow rate controller setpoint
of 3 L min™ [6].
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1.3.2. Multielectrode Array Voltammetry Sensors

Multielectrode array voltammetry sensors (MAVS) were also developed and deployed to facilitate
additional measurements of actinides in representative fuel salts. Figure 1(a) depicts a diagram of a MAVS.
In quiescent conditions, a dynamic electrical signal is typically applied to the working electrode, which
results in a dynamic current response from the salt. The original MAVS concept was developed under the
MPACT program for fuel reprocessing salts [4]. One advantage of this multielectrode array approach is the
ability to self-validate the sensor immersion depth. Comparison of the current response from each electrode
in the array enables near-real-time quantitative analysis.

Key systems have been engineered to remotely operate the MAVS. A Gamry Interface S000E potentiostat
is used for all voltammetric and FEES sensor measurements. In FY25, specialized MAVS multiplexer units,
shown in Figure 8, were designed and built for deployment both at Argonne National Laboratory and at
partner MSR vendors to sequentially connect the potentiostats to the MAVS and FEES sensors.

I \'l“" i \\\\(\i\i\l\\\\\\\\\l\\\l

s 62 o122 ‘ wc ! mem 8 : g, e
E———— 72, 73, 74, %5, 76, 47 Y8 Y9 20 21 22 23 24 28 eRailastaE®

Figure 8. Picture of a multielectrode array voltammetry sensors (MAVS) and multiplexer system.

MAVS that were used for low concentration actinide salt applications (<5 wt% UCIs) consisted of four
1 mm diameter tungsten electrodes that were positioned with a 5 mm stagger relative to one another. In the
MFITs, the counter electrode is the vessel wall, and the reference electrode is a tungsten quasi-reference
electrode. For high-concentration actinide salts, a smaller sensor surface area was desired to limit the current
response from the highly concentrated species. The MAVS sensor for high-concentration actinide salt
measurements therefore, consisted of four 0.5 mm diameter tungsten electrodes that were positioned with
a 3 mm stagger relative to one another. The counter electrode (CE) was either a 2 mm tungsten electrode
or the vessel wall. The quasi-reference electrode typically consisted of a 0.5 mm diameter tungsten wire.
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1.3.3. Multielectrode Array Level Sensors

Independent knowledge of the flow rate is crucial for sensor calibrations and the development of high-
fidelity flow measurements using electrochemical sensors. Multielectrode array level sensors for molten
salts previously developed [6] were deployed for verification of fluid flow MFIT systems. The salt level
sensor pictured in Figure 9, consisted of a continuity measurement device connected to an array of
electrodes spaced vertically in Smm increments. As depicted in the diagram in Figure 9(c), the level sensor
measured the continuity between the salt tank and the four electrodes in the sensor. When the salt touched
an electrode in the sensor, a circuit between the electrode and the salt tank was completed by the salt. The
continuity measurement device measured the voltage generated by the small current (<1 pA) which was
allowed to flow between the electrode and salt tank when the salt was touching the electrode. In FY25, the
MALS were upgraded to communicate via Bluetooth to a device connected to the control computer.
Software was used to calculate the change in fluid level in the salt tank with respect to time. Figure 10
shows the salt level and fluid flow rate displayed in real-time. A linear curve fit gives the change in height
with respect to time. The software can be calibrated for vessels of various internal diameters, enabling the
sensor to be deployed in a variety of testing conditions. Work in FY24 showed that the improved flow rate
measurements provided by the MALS system enable improved consistency and lower uncertainty for
concentration measurements using the FEES sensors.

c) Salt Level
Transmitter/
Indicator

Figure 9. Mini-MFIT salt level sensor (a) continuity measurement device, (b) electrode array sensor, and (c)
diagram of salt level sensor placement in the MINI-MFIT salt tank [35].
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Figure 10. Multielectrode array level sensor (MALS) digital interface software [35].
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1.4. Software and Instrumentation

Process automation software has been vital to the operation of engineering-scale flowing salt systems and
has facilitated remote operation of electrochemical sensors both at Argonne National Laboratory and at
MSR vendors. ILEX Automation© software, shown in Figure 11, was developed under this project to
facilitate high-throughput experimentation and to enable sensor deployments to industry. Written in
National Instruments LabVIEW™, this versatile framework is used to control FEES and MAVS remotely
using multiplexer instrumentation. The software facilitates programmable process controls that can easily
be tailored to suit various configurations of the MFIT. Modules, such as the level sensor module, enable
real-time analysis of fluid flow rate. The application has been deployed at four locations for remote sensor
operations.
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Figure 11. ILEX Automation© Software for control of MFIT, electroanalytical devices, and multiplexers.

All MFIT configurations are instrumented with an array of sensors for process monitoring, including mass
flow controllers, thermocouples, and pressure transducers. Figure 12 depicts signals acquired during
multiple salt transfers at various mass flow controller setpoints in the radiological Miniature-MFIT. Salt
flow is induced by passing Ar gas at a set mass flow rate to pressurize the vessel. The pressure of the vessel
rises slowly at the initial flow rate of 0.5 L min™'. The initial flow rate is used to fill the horizontal section
containing the FEES before conducting measurements. Following the initial step, the mass flow controller
is set to the flow rate of interest and FEES measurements are initiated programmatically. The temperature
of the salt in the vessel was monitored with a thermocouple. These sensors offer important diagnostic tools
to ensure high-quality salt flow experiments and FEES sensor measurements.
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Figure 12. Modular flow instrumentation testbed mass flow controller, pressure transducer, and salt temperature
measurements during typical salt transfers at various mass flow controller setpoints.
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2. Development of Updated Voltammetry Techniques for

Complex High-Concentration Actinide Salts

Throughout the entirety of the ARSS project, Argonne has developed new voltammetry approaches to
enable improved near-real-time monitoring and safeguarding of complex actinide-bearing molten salts.
Work in previous years primarily focused on relatively low-concentration salts [6], [36], but new techniques
for ultra-high concentration salts were pursued starting in FY24. Quantification of the composition of high-
concentration salts (i.e., >40wt% U, >70% UCI;) is needed for chloride fast reactors where the
concentrations of actinides are extremely high. As such, the objectives of the voltammetry research were to
(i) accurately quantify actinides leveraging numerical simulations tools to account for large currents
generated by the analyte and solution effects, and (ii) demonstrate uranium chloride quantification at very
high concentrations in the presence of surrogate fission products.

In FY25, voltammetry measurements were conducted in stationary LiClI-KCI-UCl3 with UCIs
concentrations between 4.1 mol/L and 6.7 mol/L (55-72 wt%). A detailed analysis of this research can be
found in [37]. Voltammetric analysis of these salts generates high currents due to the abundance of
reactants. This, combined with uncompensated ohmic resistance, has been observed to cause deviation of
voltammetry data from theory in aqueous solutions [38]-[40] and in salts containing high concentrations
of UCl5.[20]-[21] The utilization of positive feedback IRq compensation is often used to mitigate the effects
of uncompensated ohmic resistance. However, this approach is typically limited to 90% of the total ohmic
resistance and unlikely to be suitable for industrial applications [5]. Recent works by Hoyt et al. [20] and
Shaheen et al. [41] used digital simulations to correct for ohmic resistance, Ro, in voltammetric
measurements. Using similar correction factors produced by theory-based numerical simulations, the
research this year aimed to demonstrate that, even for highly concentrated salts, challenges presented by
ohmic resistance and non-idealities can be overcome in MSR-relevant salts.

Experiments were conducted in an inert argon atmosphere glovebox which maintained the concentration of
oxygen and moisture below 5 ppm. The salts were melted in a binder-free boron-nitride crucible (99% pure)
heated in an electro-melt furnace. Ampule grade eutectic LiCl-KCl1 (58.2-41.8 mol %) with a 99.99% trace
metals basis was obtained from Sigma-Aldrich. The salt was baked at 250 °C for 24 hours prior to melting.
LiCI-KCI-UClIs with 72.3 wt % UCI; was previously produced using depleted uranium via a cadmium
chlorination process [42]. The salt was diluted at temperature with the LiCI-KCI eutectic salt to obtain a
range of actinide concentrations. Table 1 summarizes the composition of the LiCI-KCI-UCl; salts measured
in this study. The concentration of U in the LiCI-KCI-UCIl; (72.3wt% U) mother batch was confirmed by
ICP-MS. Concentrations for the diluted salts (e.g., 66.6 wt%, 60.8 wt%, etc.) were based on process
knowledge. To obtain the UCI; diffusion coefficient, the molarity was calculated by assuming an ideal
mixing density model [43]. It was assumed that the ideal mixing density model was sufficient to
approximate the density at high concentrations and that the error in the density measurement principally
contributed to the error in the measured diffusion coefficient. The molarity of UCls in the salts investigated
ranged from 4.1 mol/L to 6.7 mol/L. Henceforth, the salt compositions are referred to by their calculated
molarity.
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Table 1. Concentration, density and molarity of UCI3 in LiCIl-KCI-UCls salts at 550 °C.

UCls Pcalc M
wt % mol % g/mL mol/L
72.3 29.8 3.2 6.7
66.6 24.4 3.0 5.7
60.8 20.1 2.8 4.8
57.9 18.2 2.7 4.5
55.0 16.5 2.6 4.1

Comparison of the eutectic LiCI-KCl and the 6.7 mol/L UCl; salts with cyclic voltammetry (CV), as shown
in Figure 13, demonstrated the influence that uranium chloride has on the usable potential range and redox
behavior of the salt. Reaction d’ corresponds to the oxidation of Cl™ and was selected as the internal
reference reaction. The approximate redox potential of d’ was measured by extrapolation of the oxidation
curve to the x-axis. Reaction a/a’ corresponded to the Li/Li" redox reaction. In the 6.7 mol/L UCI; salt,
reaction b/b’ was the U**/U° reaction, and reaction c/c’ corresponded to the U**/U*" reaction. Due to the
well-behaved nature of soluble-soluble reactions and the absence of electrode area growth effects, the
oxidation of U*" to U*" in reaction ¢ was selected as the best candidate for quantitative voltammetry analysis

[6].

The solution effects, such as ohmic resistance, were investigated by changing the geometry of the
electrochemical cell. As shown in Figure 1(a), the horizontal distance, 6, between the working electrode
and reference electrode was controlled to achieve different results. In Figure 13, the green and blue
voltammograms show the current response to the same potential scan rate when ¢ equals 1 mm and 20 mm,
respectively. As expected, the increase in ¢ produced higher uncompensated resistance which led to the
concomitant broadening of the potential difference between the ¢/c’ peak potentials. This was accompanied
by a decrease in the magnitude of the peak current.
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Figure 13. Cyclic voltammograms of LiCI-KCI eutectic and LiCl-KCI-UCl; (6.7 x 10-* mol/cm?® UCl;) using
two cell configurations at 550 °C. The working electrode is the deepest electrode (E1) with a surface area of
0.15 cm?. The scan rate is 3 V s,
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For a reversible soluble-soluble reaction, the peak current is expressed by the Randles-Sevcik
equation.[44]-[45]

I, = 0.446nFac |0 [3]

p = DAAOM RT
Here, n is the number of electrons transferred in the reaction, A4 is the surface area of the electrode, C is the
concentration of the reacting species, R is the gas constant, and T is temperature. Voltammetry approaches
that correct for these peak distortions must be implemented to obtain reliable electrode surface area and
concentration measurements. To address this, CVs were simulated using the Coefficient Form Partial
Differential Equation interface in COMSOL Multiphysics® 5.6 [46]. The effects of uncompensated ohmic
resistance were quantified assuming one-dimensional semi-infinite linear diffusion, facile kinetics, and
comparable diffusion coefficients for the oxidized and reduced species. Figure 14(a) shows the effect of
increasing ohmic resistance contributions to simulated CVs on a 1 cm? electrode. Utilizing the anodic peak
current from CVs with ideal and non-zero solution ohmic resistance, current multipliers (CM) were
obtained as a function of varying observed peak broadening. CMs were extracted from simulated CVs using
the following definition:[41]

_I,(Ra =0)

CM_5mQ>m [3]

In Figure 14(b), the calculated CMs were plotted as a function of Ef — ES /2 at temperatures between 550 °C

and 740 °C, two experimentally important temperatures. These CMs were then applied to the uncorrected
peak current to yield a corrected current according to:

A Igorrected =CM XA Igncorrected [4]

To achieve accurate peak current density measurements, CMs were therefore applied to the anodic U**/U*"
peak for each electrode before the current output from the MAVS was converted to current density.
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Figure 14. Results of COMSOL simulation (a) cyclic voltammograms with various amounts of uncompensated
ohmic resistance and (b) current multiplier (CM) as a function of the difference between the anodic peak and half-
peak potentials assuming a 1-electron transfer, soluble-soluble redox transition at 550 °C. The electrode surface area
was 1 cm?,

The use of current multipliers for the correction of data influenced by solution ohmic resistance was
demonstrated by performing measurements with two electrochemical cell geometries which were
susceptible to different Rq,. Figure 15(a) depicts a typical set of voltammograms from each electrode in the
MAVS in 6.7 mol/L UCI; for the geometry where & equals 1 mm. For each set of measurements, the
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electrode immersion depth was calculated by linear extrapolation of the anodic peak currents as a function
of the known electrode stagger length (3 mm). Figure 15 (b) shows the peak current measurements as a
function of the electrode immersion depth for the concentrations 6.7 mol/L and 4.1 mol/L. The data depicted
in gray, which did not receive peak current corrections, demonstrated significant dependence on the cell
geometry. However, after applying correction factors for ohmic resistance, the peak current and immersion
depth (shown in color) were consistent regardless of the value of 0.
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Figure 15. (a) Cyclic voltammograms of the U**/U*" redox reaction in 6.68 mol/L U" using each electrode at 550
°C and (b) the anodic peak current as a function of the electrode immersion depth from two concentrations of U3*
and two electrochemical cell geometries. The initial potential scan direction is positive. The scan rate is
3000 mV s,

For each concentration, measurements for each electrode were conducted in triplicate and a proportional
linear fit to the three sets of data was applied as shown in Figure 15 (b). The slope of these linear fits was
used to calculate the current density. The peak current density of the corrected data increased proportionally
to the calculated concentration of U*" from process knowledge, whereas the uncorrected data showed
significant deviation. The U*" diffusion coefficient was measured using the corrected peak current data at
3000 mV/sec and Equation 3. A representative diffusion coefficient for U at these high concentrations at

550 °C of 4.1 £ 0.4 x 10° cm” s was obtained by taking the average of values obtained from both cell
geometries.

The U*" concentration was calculated using the peak current densities and the average U’" diffusion
coefficient. Figure 16 shows a parity plot of U** concentration versus the known concentration from process
knowledge for cases where the correction factor was and was not used. Without ohmic resistance
corrections, the U*" concentrations obtained from the two cell geometries did not agree, and there was
significant deviation from the parity line. With ohmic resistance correction, the average error between the
values obtained for each concentration from the two cell geometries was just 2.3%. The mean absolute
relative error of all the corrected U®" concentration measurements compared with known values was
approximately 4.0%. The uncorrected values in turn had a mean absolute relative error of 20.4%. The
results, as such, showed significant improvement in the precision and accuracy of the U** concentration
measurement when the voltammetric data was properly corrected.
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Figure 16. Parity plot comparing predicted U*" concentration from voltammogram peak current density vs. the
calculated concentration from process knowledge with and without ohmic resistance correction at 550 °C. Error bars
represent the standard error in the electroanalytical measurement.

Several factors may influence the accuracy of the diffusion coefficient determination and thus the
concentration predictions. The accuracy of the simulated current correction factor is based on key
assumptions, including semi-infinite linear diffusion, facile kinetics, and comparable diffusion coefficients
for the oxidized and reduced species. The presence of migration was also ignored, even though it may have
an effect at these very high concentrations [21]. Furthermore, the accuracy of the calculated species
concentration was dependent upon the validity of the salt density model at high concentrations of U**, and
the rate of U** diffusion may depend on the acidity of the salt which influences complex formation in molten
salts [47]-[48]. Nonetheless, even with these assumptions, the current multiplier approach as applied to
very highly loaded salts enabled strong linear responses suitable for making quantitative measurements of
species concentrations.

Although the correction factors generated from digital simulations were able to improve the concentration
measurements considerably, the 4.0% mean absolute error was still larger than expected. Much of this error
was a result of the fact that these experiments were the first time that the updated techniques had been
attempted in ultra-high-concentration salts. Further improvements and iterations of the approaches, as
described in Section 4, demonstrated that considerably lower error bounds (~1%) could eventually be
achieved.
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3. Salt Production Activities

Alongside producing salt for the flow systems, engineering-scale synthesis activities in FY25 offered the
opportunity to test sensors in conditions relevant to front-end molten salt fuel fabrication. While several
uranium chlorination reaction pathways have been demonstrated in the literature, few studies have proposed
a method for near real-time analytical measurement of the concentration of uranium. Methods to verify salt
composition and effective removal of the reaction byproducts are needed to optimize and safeguard the
production process. As such, the electroanalytical approaches were applied to monitor and safeguard the
chlorination of natural uranium during the synthesis of highly loaded LiCl-KCI-UCl; salts.

Chloride salts with high concentrations of UCI; have been produced from uranium metal by several reaction
pathways. PbCl, [49], CdClL, [50], CuCl, [51], NH4CI [52], ZrCl4 [53], and FeCl, [54] are viable
chlorination reagents, but pose unique challenges that have been previously discussed [6]. Chlorination of
depleted uranium metal by reacting it with ZnCl, in molten salt LiC1-KCI was shown by Lee et al. [55] and
Rose et al. [56]. The exchange redox reaction between ZnCl, and U metal to form UCl; (1) has a negative
Gibbs free energy of reaction.

3/2ZnCl, +U - UCl3; +3/2Zn (AG = —238.3 kJ at 500 °C) [5]

The formation of UCl4 can be suppressed by contacting the salt with an excess of uranium metal [55]. The
advantage of this reaction pathway is the volatilization of the resulting Zn metal can be regulated using the
temperature. Thus, the reaction can be carried out and then the Zn product distilled to leave a pure salt with
accurate composition.

Two experiments were successfully carried out to show efficient production of LiCI-KCI-UClIs salts with
UCI; concentrations as high as 72.3 wt% at different scales. In both cases, efficient removal of the Zn
reaction byproduct was demonstrated. The voltammetry sensors integrated into the production vessel were
used throughout the process and showed good agreement with process knowledge and analytical chemistry
results.

3.1. Bench-scale UCI; Salt Production and Monitoring

Bench-scale uranium chlorination experiments confirmed the efficacy of the ZnCl, uranium chlorination
process and application of in situ voltammetry methodologies. LiCl-KCI-UCl; salts with varying
concentrations of UCI; were synthesized by chlorinating natural uranium (NU) in 20 g of eutectic LiCl-
KCl1(58.2-41.8 mol%). Consecutive additions of ZnCl, were made to the salt and reacted with an excess of
NU at 740 °C. Three salt compositions were synthesized with predicted compositions of 43.4, 57.9, and
72.3 wt% UClIs. Figure 17 shows the salt containing 72.3 wt% UCI;s. The salt has a deep purple color that
is consistent with similar salts reported [57] and is indicative of the presence of UCls.
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* TN

Figure 17. LiCI-KCI-UCl; (72.3 wt% UCI;) solidified in a boron nitride crucible.

Each salt was cooled, and a solid salt sample was taken for analytical chemistry measurements. Inductively
coupled plasma-optical emission spectroscopy (ICP-OES) was used to measure the concentration of U and
Zn after each chlorination. Table 2 shows the nominal composition of three salts produced for analysis and
the results of ICP-OES analysis. The uncertainty of the reported ICP-OES results was 5%. The
concentration of U measured by ICP-OES in mass fraction agreed well with process knowledge. Again,
due to the wide compositional range investigated in this study, the ideal mixing density model [43] was
used to approximate salt densities at 740 °C for conversion of analytical chemistry results to concentrations.
The calculated molarity of UCIl; in the salts that were investigated ranged from 2.7 mol/L to 6.3 mol/L,
utilizing process knowledge value at 740 °C. Henceforth, the salt compositions are referred to by their
calculated molarity based on process knowledge.

Table 2. Predicted LiCIl-KCI-UCIs salt compositions and compositional data obtained from inductively coupled
plasma optical emission spectroscopy.

U UCH; Peale M U (ICP-OES) Zn (ICP-OES)
wt% wt% g/mL mol/L wt% wt%
30.0 434 2.1 2.7 30+ 2 <0.04
40.0 57.9 2.5 4.2 40+2 <0.04
50.0 72.3 3.0 6.3 51+3 0.43 £04

Online salt composition data were obtained through voltammetry methods. Figure 18 shows cyclic
voltammograms for eutectic LiCI-KCl following consecutive uranium chlorination steps. Reactions a/a’,
b/b’, c/c’, and d’ correspond to Li/Li*, U/U*", U**/U*", and CI/Cl,, respectively. In salts containing greater
than 2.7 mol/L UCls, reaction b/b " is the lower bound of the usable potential range. The peak current density
of reaction ¢/c’ increased with increasing UCl3; concentration. As previously shown, the high currents and
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finite ohmic resistance mean that voltammograms of reaction c¢/c’ displayed significant peak broadening.
The peak current of each voltammogram was corrected prior to analysis using the current multiplier for
740 °C shown in Figure 14(b). The U*" diffusion coefficient was calculated by taking the average of the
diffusion coefficients obtained using the slope of the proportional fit to the corrected peak current density
in Figure 19(a) and Equation 3. Figure 19(b) shows triplicate measurements of the corrected anodic ¢’ peak
current plotted as a function of electrode surface area. The peak current density, as such, corresponded to
the slope of the fit.
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Figure 18. Cyclic voltammograms LiCI-KCl with various concentrations of UCI3 during the chlorination of natural
uranium metal at 740 °C. The scan rate is 3000 mV/sec.
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Figure 19. Voltammetric analysis of (a) U(III)/U(IV) oxidation peak current as a function of scan rate at 6.3 mol/L
with correction for solution ohmic resistance, and (b) corrected U(III)/U(IV) oxidation peak current with respect to
electrode surface area for various concentrations of UCls.



Flow Enhanced Electrochemical Sensor Performance in Complex Salt Systems
September 30, 2025 21

Species concentrations were calculated using the current density of peak c’, the corresponding diffusion
coefficient, and Equation 3. Figure 20 shows a parity plot of the U** concentrations from voltammetry and
process knowledge. The mean absolute relative error of the voltammetry measurements at 2.7, 4.2, and 6.3
mol/L was 7.9%. This relative error was likely inflated by inaccurate salt density data over the wide range
of compositions tested. Improved diffusion coefficients can be generated by proper salt density
measurements, but this was outside the scope of this project.
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Figure 20. The concentration of UCI; in LiCI-KCl measured by voltammetry at 740 °C.
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3.2.  Engineering-scale UCI; Salt Production and Monitoring

To produce the salts needed for electrochemical sensor testing in high-concentration uranium molten salts,
we designed and operated the engineering-scale UCI; production system shown in Figure 6. The salt, which
was not commercially available in the weight loadings and compositions of interest, was needed to facilitate
testing of a FEES using the Miniature-MFIT system shown in Figure 5. Figure 21 shows the natural uranium
powder and the stainless-steel basket used to contact the metal with molten salt. Figure 22 depicts the 868 g
of LiCI-KCI-UCls (43.4 wt% UCl3) produced during the first at-scale test batch. The synthesized salt had a
deep purple color that was properly indicative of the presence of UCls.

)

\
T Eee——s9—
Figure 22. LiCl-KCI-UCl; (43.4 wt% UCI;) salt produced by ZnCl, chlorination.
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Voltammetric analysis of the 43.4 wt% UCI; salt was performed during the final stages of production in the
engineering- scale UCI; production system. Figure 23 shows voltammograms across the usable potential
range of the salt. Like previously results, the prominent redox reactions were (b/b°) U/U(II]), (c/c’)
UI)/U(V), and (d’) evolution of chlorine gas. No redox peaks corresponding to the Zn/Zn(II) reaction
were present, indicating effective removal of the reaction byproduct. Characterization of the synthesized

salt is underway using inductively coupled plasma optical spectroscopy and differential scanning
calorimetry.

1.5

current density (A cm™?)

potential (V vs CI/~/Cl5)
Figure 23. Cyclic voltammograms of LiCI-KCI-UCl; (43.4 wt% UCIl3) at 610 °C. The scan rate is 3000 mV/sec.
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4. FY25 Assessment of Electrochemical Sensor Performance
in Complex High-Concentration Actinide Salts

4.1. Assessment of FEES Performance in High-Concentration Actinide Salts

Flow enhanced electrochemical sensor measurements were conducted in LiCI-KCI-UCl3 (43.4 wt% UCl3)
to assess the precision of actinide measurements in salts with very high actinide concentrations. Flow tests
were conducted in a Miniature-MFIT in a radiological glovebox using 668 g of natural uranium-bearing
salt (30 wt% U). The Miniature-MFIT approach allowed for the use of relatively small quantities of
radiological materials and enabled FEES measurements in carefully controlled flowing salt conditions.
Measurements were carried out at flow rates between 0.1 and 0.8 L min™

The operating principles of the FEES sensor were relatively straightforward compared to voltammetry
sensors, provided there is adequate knowledge of the oxidation potential of the species of interest. Prior to
constant potential measurements, the FEES sensor was operated as a typical voltammetry probe to ascertain
the appropriate constant potential value for the chronoamperometric UCl; measurements. Figure 24(a)
shows a voltammogram of the salt at 0.3 L min™'. Reactions ¢’ and d’ correspond to the oxidation of U*" to
U* and the evolution of Cl, gas, respectively. To achieve repeatable FEES sensor measurements, an
appropriate constant potential value positive of peak ¢’ was applied. Care must be taken not to evolve Cl,
gas during the measurement to ensure accuracy and longevity of the sensor. Figure 24 depicts constant
potential FEES measurements at various flow rates. The sensor’s current response was similar to
measurements taken previously in low concentration salts. The response included characteristics of (1) an
initial startup period, (2) a subsequent current plateau during constant flow, and (3) a decrease in current as
the salt is allowed to drain out of the MFIT. As expected, the magnitude of the current plateau increased
with flow rate.
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Figure 24. Flow-enhanced electrochemical sensor (a) voltammogram depicting the oxidation potential of species
relative to the quasi-reference electrode and (b) the constant potential current output in flowing LiCl-KCI-UCls.

Analysis of the FEES measurements involved taking the average of the current density after the startup
period, when the sensor experienced constant flow. Typically, the measurements were started 5 to 10
seconds after applying the constant potential. Measurements of the 43.4 wt% UCI; salt were recorded in
quadruplicates at flow rates between 0.1 L min™" and 0.8 L min™. The average current response at each flow
rate is shown in Figure 25. Typical current densities encountered over this range of flow rates were almost
a magnitude higher than measurements conducted in 3 wt% UCI; at higher flow rates (3 to 7 L min™) [6],
showing the strong effect of highly concentrated analytes. Despite the high currents, the signal-to-noise
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ratio was good, and the average standard deviation of measurements taken at each concentration was 1.3%.
Random errors of around 1% are consistent with the results taken at low UCI3 concentrations in previous
years.
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Figure 25. FEES sensor current response to in LiCl-KCI-UCl; (43.4 wt% UCI3) with respect to flow rate.

4.2. Voltammetry Measurements of Highly Loaded UCI:-Bearing Fuel Salts in the
Presence of Surrogate Fission Products

As a final test of voltammetry techniques for highly loaded salts, stationary measurements of UCls-bearing
salts containing dissolved fission products were performed. Liquid fuel MSRs are characterized by both a
large fissile inventory and transient quantities of SNM due to transmutation and depletion. To maintain
material balance, accurate and selective sensors for species of interest are required. Nuclear fission of
uranium will result in some products that are soluble in molten salt and thus could affect the uranium
concentration determination. The fission products Rb, Sr, Y, Zr, Ba, La, Ce and other rare earths have been
shown to be stable and soluble in molten fluoride salts. Other noble-metal fission products (Nb, Mo, Tc,
Tc, Ru, Pd and 1) may not form chlorides that are thermodynamically stable in the salt and may leave the
system as gases or plate out on vessel walls [58]. These fission products are expected to be a concern for
molten chloride salt fast reactors [59]-[60]. Voltammetry sensors can be selective for specific soluble
species, provided that the thermodynamic reaction potentials of each species are sufficiently different. In
this study, the selectivity of the voltammetry sensor for uranium is demonstrated in the presence of a variety
of dilute fission product surrogates.

To identify fission products of interest, a survey was conducted of species that could complicate uranium
chloride voltammetry measurements because they form long-lived and soluble chlorides in the melt. Table
3 shows fission products capable of forming stable chlorides and their half-lives. Comparison of the
chloride calculated standard reduction potentials enables assessment of the challenge they pose to
voltammetry measurements. Species with oxidation potentials lower than UCl; are less likely to generate
current responses that are convoluted with current corresponding to the oxidation of U** to U*" during the
anodic voltammetry sweep. Table 3 shows that few soluble species have oxidation potentials higher than
the U*" to U* reaction. Therefore, the soluble fission products are unlikely to pose issues for voltammetry
measurements of the oxidation reaction of U** to U*".
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Table 3. Soluble fission product half-life and standard reduction potential calculated using HSC [61].

Isotope Electrochemical Redox Reaction Half-life Stability p(i?ri?;rj tl?;%ug 30(27)
143py Pr* + e — Pr¥* 5.013
148N d Nd* + e — Nd** 6.230
147Sm Sm* + e — Sm** 6.505

MICe/14Ce Ce*" +e — Ce* 3.133
235y U+ +e — U 0.892
35y U+ 3¢ — U° -1.155
143pr Pr¥*+3e¢” — Pr? 13.57 days Soluble -1.781
47Sm Sm**+3e” — Sm?’ Stable Soluble -1.781

oy Y+ 3¢ — YO 59 days Soluble -1.756
¥Nd Nd**+3e” — Nd° 11.1 days Soluble -1.811
140La La’+3e — La® 40.3 hours Soluble -1.848
HICe o . 32.3 days Soluble

144Ce Comtie —Ce 284 days Soluble 1844
140Ba Ba*+2¢” — Ba’ 12.8 days Soluble -2.807
8Sr 52 days Soluble

NSr Sr¥*+2¢” — Sr? 28.1 years Soluble -2.720
o1Sr 9.67 hours Soluble

133Cs Stable Soluble

134Cs Cs*+e — Cs? 705 days Soluble -3.808
137Cs 29.9 years Soluble

To confirm the selectivity of the voltammetric UCIl; measurements, soluble fission products surrogates were
sequentially added to a LiCI-KCI-UCIl3; melt containing 50 wt% U (=72.3 wt% UCI;). To approximate
upper-bound concentrations expected during extended high-burnup MSR operations [4], CeCls, LaCls, and
NdCl; were first added in quantities equal to 1 wt% each, representing ~30 years of operation. Additional
rare earth surrogates (SmCls, PrCls, YCI3) were next added at ~1 wt% each to broadly represent other
lanthanides that may be present. Finally, to probe the effect of chloride stoichiometry, dichlorides (BaCl,,
SrCl) and a monochloride (CsCl) were then also added to confirm that variations in chloride coordination
do not influence the voltammetric detection of uranium. After the three additions consisting of three species
each, voltammetry was performed to monitor the U*'/U*" redox couple (U*" — U*" +¢"). As shown in
Figure 26, the anodic peaks associated with U** oxidation (labeled ¢ ’) remained unchanged in potential and
shape, indicating that the additives did not interfere with voltammetric quantification of UCI; under the
conditions tested.

Quantification of the uranium concentration throughout these additions showed excellent agreement with
process knowledge. Figure 27 shows the stepwise change in U concentration after each surrogate addition,
along with the corresponding values measured by voltammetry. As is evident, the measured uranium
concentrations closely matched the values expected during the progressive dilution of the original salt.
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Figure 26. Cyclic voltammograms of LiCl-KCI-UCI; (6.7 x 10 mol/cm? UCls) with various additions of fission
product surrogates.
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Figure 27. Measured and calculated concentrations of U in LiCI-KCI-UCl; with sequential additions of surrogate
fission products.

Parity plots of the known and measured uranium concentrations also demonstrated excellent agreement, as
shown in Figure 28. Over the entire course of the additions, the voltammetrically measured concentrations
demonstrated a mean absolute relative error of only 0.8%. This error level was superior to what had been
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achieved during initial tests of the high-concentration voltammetry techniques due to improvements in

sensor robustness and electrode calibration.
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5. Sensor Deployments to Industrial Partner Facilities

As part of ARSS, Argonne National Laboratory partnered with two MSR vendors to test deployed sensors
at their facilities. In FY24, FEES sensors were tested at Kairos Power, LLC in a FLiBe salt test loop. In
FY25, voltammetry sensors were deployed to TerraPower, LLC for evaluation in chloride salts. These
sensor deployments are excellent opportunities to advance sensor technical readiness level in challenging
real-world environments.

5.1. Flow enhanced electrochemical sensors at Kairos Power, LLC FLiBe salt test loop

Argonne National Laboratory deployed an advanced electrochemical system to Kairos Power’s salt test
loop in FY24 [6]. The loop, shown in Figure 29(a), is a forced convection flow system containing 15 kg of
FLiBe LiF-BeF; (66:34 mol %) salt. This activity enabled in-line flow-enhanced electrochemical sensors,
shown in Figure 29(b) evaluation in a flowing non-radiological environment. The sensors were carefully
sealed to enable them to operate fully submerged. To enable these tests, Argonne has developed a novel
electrochemical control system and ILEX Automation© software, shown in Figure 29(c), which could
remotely control up to twelve electrochemical cells in the Kairos test loop.
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Figure 29. (a) Kairos Power’s FLiBe salt test loop, (b) in-line flow-enhanced electrochemical sensors and (¢) a
custom 12-channel multiplexer for controlling electrochemical sensors [6].

The flow-enhanced electrochemical sensors monitored the composition of the FLiBe salt and the structural
health of the salt test loop. Figure 30, shows an example of a typical voltammogram obtained from the
sensors during loop operations. To protect specific details regarding the operation of the loop, the potential
axis and other information have been omitted. The sensors endured over 900 hours of loop operations
without noticeable damage or leaks. Electrochemical monitoring ultimately provided key insights into the
long-term operations of Kairos’ molten salt equipment.
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Figure 30. In-line electrochemical sensor voltammetry measurements of circulating FLiBe salt in the Kairos test
loop.

5.2. Sensor benchmarking in stationary NaCl-MgCl:-CrClI; at TerraPower

In FY25, Argonne National Laboratory deployed a voltammetry sensor to TerraPower LLC for evaluation
in chloride salts relevant to the Molten Chloride Fast Reactor (MCFR). The objective of this research was
to demonstrate online salt chemistry monitoring in non-radiological NaCl-MgCl, to form the technical basis
for deployment in TerraPower’s radiological systems. In this research, the redox behavior of simulated
CrCl; corrosion product was investigated over a range of concentrations and temperatures. The result was
a set of parameters that could be used to calculate Cr** concentration in this molten salt system.

The multielectrode array voltammetry sensor was tested in bench-scale stationary salt systems inside of a
glovebox at TerraPower shown in Figure 31. Argonne National Laboratory deployed both an industrialized
multielectrode array voltammetry sensor (MAVS) and a multiplexer control system. The sensor was
remotely operated by researchers at Argonne using ILEX Automation© software.
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2 :
Figure 31. Stationary molten salt system at TerraPower LLC.

In coordination with TerraPower staff, measurements were taken in NaCl-MgCl, with various
concentrations of CrCl, and at different temperatures. A typical voltammogram obtained in this salt is
shown in Figure 32(a). The axes have been removed to protect operational conditions associated with this
specific salt system. Chromium chloride showed one set of clear redox peaks at all concentrations and
temperatures investigated, corresponding to the redox reaction Cr’/Cr**. This enabled straightforward
single-species concentration measurements. Although alternate electroanalytical approaches could also be
used in this system, linear sweep voltammetry was selected as the resulting signals can be readily analyzed
to address non-idealities encountered in large-scale systems [5].
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Figure 32. Voltammograms of (a) NaCl-MgCl, with and without additions of CrCl, and (b) measurements of Cr
concentration in NaCI-MgCI2 with process knowledge concentration of Cr at 590 °C.
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To facilitate species concentration measurements over a range of test conditions, diffusion coefficients for
CrCl, were obtained. Figure 32 (b) depicts measurements that were made over a range of temperatures and
concentrations based on process knowledge. A definitive analysis of these measurements is planned, but is
pending the results of ICP-OES to confirm the salt composition. The plot axes have again been intentionally
removed to protect intellectual property associated with the industrially relevant salt and its expected
operational conditions. Using the process knowledge, the results showed a preliminary mean absolute
relative error of 9% for Cr** concentration measurements over the range of concentrations studied. Updated
information, such as offline analyses will likely improve these results. Argonne National Laboratory will
continue to coordinate with TerraPower LLC regarding potential sensor deployments in natural circulation
loops in FY26.



Flow Enhanced Electrochemical Sensor Performance in Complex Salt Systems
September 30, 2025 33

6. Sensor Performance Assessment

The FEES and MAVS electrochemical sensor technologies under development for ARSS have displayed
good capabilities for measuring actinide concentrations in realistic salt mixtures throughout the past five
years. New techniques and approaches were developed throughout that time that led to discrete
improvements in capabilities. These new capabilities were often accompanied by temporary increases in
systematic errors associated with the measurements, but the uncertainties were eventually able to be reduced
as additional time, developmental effort, and honing of the new techniques occurred. For example, as of
FY24, systematic uncertainty for measurements of high-concentration uranium in fuel salt mixtures was
around 4%. Much lower uncertainties were eventually able to be achieved in FY25 when the systematic
errors were reduced to only 0.8%. Table 4 shows the final systematic and random uncertainty components
for these measurements after the culmination of the project activities. The values are very good for in-situ
monitoring techniques and compare well to internationally-deployed systems [62].

Table 4. Performance of FEES/Electrochemical Sensors for High-Concentration Fuel Salts.

Uncertainty Component (%rel.)
Systematic Error Random Error

Measurement Monitoring Tool

Uranium Concentration in .
Highly Concentrated Fuel lgillisi/r];:lectrochemlcal 0.8% 1.3%
Salts (>30 wt% U)

Complications from in-line and on-line monitoring operations within a full-scale MSR could lead to
increased real-world uncertainties compared to these values, but the testing platforms developed at Argonne
were designed to capture as many sources of non-idealities as possible. Nonetheless, it is expected that the
errors for sensors operating in an MSR could be as high as 2x the values reported here. A full assessment
of these uncertainties, however, will not be possible until these monitoring tools are able to be installed into
an actual reactor. The feasibility of using these sensors for MC&A purposes is also unclear. While the
uncertainty values of the in-situ measurements are very low, the large quantity of fissile material in an MSR
at any time could cause the standard error of the inventory difference (SEID) to exceed the requirements
listed in 10 CFR 74. Alternate approaches to safeguards, including anomaly-detection-based schemes or
the use of sensor fusion capabilities to improve uncertainty levels, could help to resolve these issues, but
more investigation must be done.
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7. Conclusions

In FY25 significant progress towards development of flow enhanced electrochemical sensors and
voltammetry techniques for MC&A of complex high concentration molten salts was made including (1) the
application of new voltammetry techniques for accurate measurements of highly concentrated actinide salts,
(2) the application of sensors to fuel fabrication and flow systems, and (3) sensor demonstrations in
challenging real-world conditions at partner MSR institutions. Utilizing new voltammetry simulation tools,
accurate measurements of UCI3 concentrations in salts with mass fractions up to 72.3% were achieved.
FEES were tested in salts with concentrations up to 43.4 wt% UCI; and were found to have similar
performance to earlier tests conducted at much lower concentrations. Finally, the voltammetric approaches
for measuring uranium chloride concentrations were shown to be independent of the concentration of
multiple relevant fission products, including Ce, Nd, La, Sm, Pr, Y, Ba, Sr, Cs, and Zn.

Argonne National Laboratory also successfully demonstrated electroanalytical tools in relevant testing
environments located at MSR partner vendors. In FY24, two FEES sensors were operated for over 900
hours in a FLiBe salt test loop at Kairos Power, LLC. In FY25, MAVS sensors were tested in stationary
chloride salts containing simulated CrCls corrosion products at TerraPower, LLC.

In total, the work conducted over the past five years for the ARSS program has served to enable the
development of new safeguards-relevant monitoring tools along with the creation of several testing
platforms that supported sensor assessments in real-world conditions. The capabilities for automated
operations that were developed also permitted complex combined flow scenarios with synchronized sensor
operations. The combined activities and technologies developed therein have substantially improved
domestic capabilities for achieving MC&A and safeguarding of special nuclear material (SNM) in molten
salt systems.
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