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Abstract

Currently, material accountancy for in-process nuclear materials requires a significant amount of sampling
and destructive analysis in a laboratory. However, there is a growing interest in reducing the reliance on
laboratory analysis by using near real-time process monitoring data to draw safeguards conclusions. This
safeguards paradigm will be particularly valuable for molten salt reprocessing facilities, which have highly
complex material flows and cannot implement an accountancy tank as is used at aqueous reprocessing
plants. Argonne National Laboratory, with support from the Materials Protection, Accounting, and Control
Technologies (MPACT) program within the U.S. Department of Energy Office of Nuclear Energy, is
developing a suite of tools to enable process monitoring, material tracking, and pattern recognition for
molten salt safeguards. The new tools include a sampling loop platform for sample extraction and on-line
optical analysis and electrochemical tools for in-situ salt characterization. The sampling loop platform has
undergone preliminary testing, and the electrochemical tools have been demonstrated to provide stable,
accurate measurements over long durations in engineering-scale process equipment. Development and
testing efforts for these new capabilities are reported herein along with a discussion of remaining
technology gaps.

Introduction

Material accountancy in electrochemical fuel reprocessing is challenging due to complex flows of
material, which include continuous phase change processes, batch transfers of material of unknown
composition, and multiple salt recycle streams. Additionally, elevated temperatures and corrosive fluids
preclude the use of standard process monitoring technology. To address these challenges several new
process monitoring tools are under development to provide high-fidelity material tracking measurements
at key points in molten salt facilities.! However, several gaps still exist with regards to the long-term
stability of new techniques, the physical integration of new techniques into industrial processes, and the
integration of techniques into a systems-wide integrated safeguards approach. This report covers
technology that is under development at Argonne National Laboratory to fill some of these technology
gaps. This includes electrochemical sensors for in-situ monitoring and salt handling platforms to support
automated on-line, at-line, and off-line monitoring. On-line process monitoring involves direct sample
stream analysis, at-line process monitoring involves sample analysis near the process, and off-line
monitoring involves manual or partially automated sample preparation and analysis in a laboratory. A
schematic outlining the process monitoring terminology used in this report is presented in Figure 1.
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Figure 1. Process monitoring terminology categorized by process location. No standard process
monitoring terminology exists in the nuclear field, so this terminology (which is based on common
terminology used by vendors of chemical process monitoring equipment?) is recommended by the authors
for characterizing molten salt nuclear process monitoring approaches. At-line process monitoring is
generally automated for deployment in harsh process conditions but may be partially automated if
accessibility allows.

Simple electrochemical sensors are inherently robust due to the absence of moving parts, solid-state
electronics, or optical components. Due to their ability to measure a variety of parameters and to perform
reliably in high-radiation, high-temperature, and high-corrosivity environments? 4, electrochemical sensors
will likely be deployed in situ for the monitoring of electrochemical fuel processing equipment.
Electrochemical sensors are capable of continuous near real-time in-process measurements of the salt
potential, the salt level, and the concentrations and oxidation states of actinides, lanthanides, and
corrosion products. These measurements can be used to detect off-normal behavior in electrochemical
reprocessing equipment and to maintain optimal process control.

The functionality of electrochemical sensors is based on the application of current or potential waveforms
to electrodes immersed in salt. Quantification of the salt composition is achieved via analysis of the
corresponding response to the applied electroanalytical signals.>1° The application of electroanalytical
techniques for determination of actinide concentrations in molten salts has a long history dating back to
the 1950’s.1! Typical techniques that are used include cyclic voltammetry3 11.12 chronopotentiometry?,
and pulse techniques such as normal pulse voltammetry* and differential pulse voltammetry!4. Recent
work has further developed use of these types of techniques!>1’. The radiation encountered in
radiological environments has a minimal effect on the electrochemical response for these types of
sensors.18 19 Although numerous electrode configurations have been utilized in molten salt systems over
the past several decades?? 17:20.21 ' Argonne has developed a unique electrochemical sensor design that
involves the use of an array of electrodes to which a coordinated sequence of signals is applied. The
multielectrode array enables accelerated measurement rates while also permitting information about the
salt depth to be readily extracted.?? Accurate determination of the salt depth is crucial in order to generate
guantitative values as voltammetric approaches based on the magnitudes of oxidation and reduction
currents rely on knowledge of the electrode’s immersion area.’?



Current solutions for validating and cross-checking these electrochemical measurements require manual
sampling and off-line analyses. However, these slow and costly protocols will eventually be replaced with
on-line and at-line techniques once sampling loop technology and automated sample handling
capabilities become available. One key challenge for sampling-based material accountancy in
electrorefiners and other molten salt unit operations is inhomogeneity. While the salt is expected to be
well mixed due to thermal convection, entrained fines and surface dross must be considered for any
sampling approach. A potential solution to this issue is to use a sampling line to draw salt from below the
dross line and to circulate significantly more salt through a sampling loop than is extracted as samples. A
pneumatically actuated salt extractor design is presented here which is under development for producing
on-demand samples from a sample stream of flowing salt. The design is capable of high-throughput
sample generation, which is a method that can support representative sampling through the
averaging-out of random sampling errors. This platform was designed to support high-throughput
sampling-based measurements to not only improve the timeliness of sampling-based analysis, but also to
reduce statistical uncertainties of measurements.

Background

For any given process, process monitoring tools might be used to measure state variables (temperature,
mass, volume, etc.), bulk properties (level, density, etc.), chemical and isotopic composition, speciation,
and spectroscopic or radiation signatures. These measurements may be performed using in-situ, in-line,
on-line, or at-line analysis. For nuclear safeguards in-process monitoring, the goal is to develop an
integrated system of unattended measurements (both safeguards specific measurements and process
monitoring measurements that are useful to the plant operator) that will supplement or replace traditional
manual sampling and off-line analysis to achieve the rapid detection of material l0oss.23 24 To achieve a
high level of advanced integration, safeguards must be considered from the very beginning of the nuclear
facility design process. This safeguards-by-design approach will not only avoid expensive retrofits but will
also support the iterative development of these integrated systems to optimize both facility and
safeguards performance. Unfortunately, United States federal regulations currently lack sufficient
guidance on advanced integrated in-process monitoring approaches. Regulators are working to resolve
this issue?>; however, the current lack of a sufficient regulatory framework to guide decision making is
likely a deterrent to private sector investment to fill these technology gaps. For this reason, the on-going
work on safeguards monitoring at universities and across the U.S. National Laboratory complex is
essential to the safeguards-by-design effort.

As part of this safeguards-by-design effort, the U.S. Department of Energy (DOE) MPACT Program has a
2020 milestone to demonstrate advanced Safeguards and Security by Design for a virtual electrochemical
reprocessing facility with advanced modeling tools and a distributed network of technology testbeds.2 A
major focus of this work has been the development and down-selection of process monitoring
technologies to provide high-fidelity material tracking measurements at key points in a facility. A variety of
optical, electrical, acoustic, and radiometric techniques are being developed to support in-process
safeguards monitoring in molten salt facilities? 2628, The final selection of tools for deployment will be
determined through an iterative development process supported by the modeling tools developed for the
2020 milestone?? 22, with consideration for operator preferences and evolving regulatory requirements.

As shown in Figure 2, DOE’s MPACT program has categorized the electrorefiner as part of the second
material balance area (MBA-2) within an electrochemical reprocessing facility.2°® MBA-2 consists of the
region within the inert atmosphere hot cell facility. Input accountancy is a challenge for an electrochemical
reprocessing facility because transuranics cannot be adequately measured before entering the
electrorefiner due to the inhomogeneity of the feedstock. Furthermore, the electrorefiner has the largest
inventory of transuranic species, so monitoring of the electrorefiner inventory is crucial for material



accountancy. Due to the slow build-up of the transuranic inventory within the electrorefiner over the
course of reprocessing activities, the sensors that monitor the electrorefiner must have high accuracy,

stability, and longevity.
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Figure 2. MBA Structure for the Generic Electrochemical Facility3° with indicated principal measuring
locations of Argonne’s multimodal sensor technology.

The main focus of Argonne’s electrochemical reprocessing work under the MPACT program has been the
development of technologies for monitoring electrorefiners. Electrorefiners are used to refine pure metallic
species from a mixed alloy precursor material.3! For reprocessing of spent light water reactor fuel, this
step typically occurs after an oxide reduction step has generated metallic products from the metal oxide
fuel constituents. During electrorefining, the mixed uranium and transuranic (U/TRU) metals are placed
into a basket that acts as an anode, and purified materials are transported to cathodes where they are
electrodeposited. Due to its relatively low electronegativity, pure uranium metal is first plated out of the
system, and transuranic and lanthanide chlorides build up in salt. Removal of the transuranic species
occurs periodically during a U/TRU recovery step that consists of co-deposition of uranium and plutonium
into a molten cathode typically consisting of Cd.3! Lanthanides and other electronegative metal ion
species that build up in the salt are eventually removed during a drawdown step that typically consists of
an electrolysis process.3? Accurate concentration measurements are required to track materials
throughout all these process steps.

Given the limitations of any individual technique, a multimodal combination of sensor technologies will
likely be required to provide the necessary monitoring performance.! In-process molten salt composition
monitoring in future facilities can be carried out by parallel, complementary techniques that will provide
cross-validation of measurements in near real-time. Measurement tools could include more robust
in-line/in-situ measurement techniques such as the voltammetry sensors reported here as well as
higher-precision sampling-based techniques that rely on on-line, at-line, or off-line measurements.



A reliable method for the collection of representative salt samples to support these on-line, at-line, or
off-line measurements has been identified as a key safeguards challenge.?® Existing sampling methods
generally rely on the insertion of a sample probe (a tube or a bucket) into the salt.33-36 These techniques
are susceptible to producing non-representative samples due to the small cross-section of salt that is
sampled, the low-throughput nature of the techniques, and the risk of contamination from surface dross.
Existing dip-probe samplers couple various mechanical and vacuum operations to retrieve samples, and
mechanisms have been developed that appear to effectively mitigate the risk of dross contamination.33-36
However, these mechanisms still need to be thoroughly validated for long-term use because
non-representative samples resulting from dross contamination could have a significant impact on
measurement accuracy for these low-throughput techniques. For complete material accountancy,
characterization of the surface dross (by techniques such as sampling or stand-off optical analysis) may
also be required, although this topic is outside the scope of this work.

An alternate approach under consideration is split stream sampling.3” This could be a viable approach for
molten salt reactors if reliable metering valves can be developed, but inhomogeneity due to entrained
fines must still be considered since the dynamics of particle flow can lead to partitioning and
non-representative samples. A representative distribution of entrained fines such as UO2 and PuO: in a
sample, along with measurement techniques that account for these fines, will likely be important for
accurate accountancy. The fact that electrochemical sensors cannot detect these precipitated species is
another reason why a multimodal combination of sensor technologies will be needed for complete
material accountancy.

Electrochemical In-Process Monitoring

The objective of Argonne’s electrochemical sensor development within the MPACT program is to
integrate multifunctional voltammetry sensors into the operations of electrorefiners. Precise
measurements of the electrorefiner salt are crucial as electrorefiners typically contain the bulk of the
transuranic inventory in any electrochemical processing facility. To support these measurements,
Argonne has developed voltammetry sensors based on a multielectrode array to take measurements of
actinide concentrations, the salt level, and the salt potential. The concentrations and salt level
measurements provide an overall inventory of dissolved actinide species in the salt, while the salt
potential provides a signature that can be used to indicate off-normal performance.

As described in earlier work??, the sensors make measurements using a sequence of electroanalytical
waveforms applied to an array of electrodes immersed in the salt. Through analysis of the response to the
applied voltage or current signals, information about the salt can be extracted. Figure 3 shows
photographs of one such sensor, including an image of it inside a hot cell environment at Idaho National
Laboratory. Recent work has focused on full automation of the sensor operations. Toward that end,
scripts have been written to automatically adjust the applied electroanalytical signals to keep them in a
stable range for measurements. Furthermore, all sensor operations have been migrated to a
multi-channel configuration capable of automatic selection and sequencing of electrodes within the
electrode array. For data analysis, scripts have been created to automatically analyze data taken across
the array of electrodes and synthesize all of it into the desired outputs.

An example of typical sensor output is shown in Figure 4. These measurements were taken in an idle
electrorefiner (i.e. when no processing was occurring). The information allows the electrorefiner operators
to understand what is happening from both a safeguards and process monitoring perspective during
operations. Plots showing the evolution of the salt potential and species concentrations versus time are
shown, as well as histograms showing historical measurements. Statistical information for the
measurements can be reported to the user, and the histograms include Gaussian fits. Off-normal
conditions are indicated by a system status output.



Figure 3. Argonne-developed multielectrode array voltammetry sensor. The photo on the far right shows
the deployment of Argonne’s sensor inside a hot cell environment at Idaho National Laboratory (right).
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Figure 4. Typical sensor output for idle electrorefiner operations.



Previous work?? indicated that UCIz concentration measurements with a mean absolute error of 0.12 wt.%
were achievable in salts comprised of LiCI-KCI-UCls-PuCls. Repeated measurements over the span of
one day were found to have a relative standard deviation of 0.13%, while measurements taken over a
100-day testing campaign in an idle electrorefiner had a relative standard deviation of only 1.08%. The
measurements, however, occurred in test cells without concurrent electrorefining operations.

To fully integrate the voltammetry sensors with electrorefiner operations, tests of the electroanalytical
measurements had to be taken while current was being passed between the electrorefiner anodes and
cathodes to ensure monitoring could be achieved during material processing. The large currents that are
applied to the salt during processing steps can lead to disruption of electroanalytical signals, but through
proper sensor design and emplacement the effects on the resulting measurements can be minimized.
Concentration gradients can be formed near the anodes and cathodes of the process equipment during
operations, but temperature-induced convection serves to minimize any large-scale inhomogeneity.

Concurrent measurements were first attempted in a series of stripping and deposition cycles in which the
electrorefiner current was incrementally increased. This series of cycles is not representative of an actual
processing run, but serves to allow a rapid assessment of the sensor when subject to a full range of
background currents. Results for UCIs concentration measurements taken during one such sequence are
shown in Figure 5. Deposition to the cathodes was begun at 25% of the electrorefiner’s typical operating
current, then increased to 200% in stages. As shown in the figure, the UClz concentration remained highly
stable over the duration of the run, regardless of the electrorefiner’s operational level. This invariance is
expected as the electrorefiner test consisted solely of U metal stripping and deposition at the anodes and
cathodes, respectively, with no net change in the UCIs content of the salt. Measurements of the electrode
array immersion depth (which can be readily translated into the salt level) were also taken during a variety
of concurrent electrorefiner operations and were found to be stable and immune to disruption from
background currents, as shown in Figure 6. Overall, the performance of the sensor was completely
satisfactory, indicating that continuous use during processing runs is achievable.
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Figure 6. Electrode array depth during typical electrorefiner operational assessment.

A statistical analysis of the measurements taken during the complete testing campaign of combined
electrorefiner operations was also conducted. Tables 1 and 2 show a summary of some of the principal
statistical properties of measurements taken during the different operating regimes. For the sake of the
analysis, differences in the measured values over the duration of testing were assumed to result
exclusively from error associated with the sensor — the assumption was made that the electrorefiner had
perfectly fixed salt conditions throughout the testing protocol. The analysis therefore represents an upper
bound on the statistical performance of the sensor as minor variations in the electrorefiner salt can be
expected to arise over long durations due to mass transport inhomogeneities and other kinetic factors.

The raw concentration values in Table 1 have been normalized by the mean concentration measured
when the electrorefiner was off. Overall, the differences in the measured concentrations are under 1%
across all regimes. Similarly, the standard deviation of the concentration measurements within any
specific operational regime are also under 1%. A t-test of the UClz concentration measurements
indicated the existence of a statistically significant difference between the mean of the measurements
taken with and without concurrent electrorefiner operations. However, as the arithmetic means of the
measurements differed by less than 0.2%, the small difference is considered acceptable. A t-test of the
array depth measurements also indicated a statistically significant difference for active operations
compared to idle operations, but, again, because the means of the sampled measurements differed by
only 0.5% the difference is also considered acceptable.



Table 1. Statistical Analysis of UCls concentration measurements during combined electrorefiner
operations at indicated current level.

Deposit Strip Deposit Strip

ER Off ER On (25%) (25%) (50%) (50 %)

Normalized QC|3 1 1.001 0.992 1.001 1.003 1.002
Concentration

Relative standard | 150 0.15% 0.06% | 0.11% 0.13% | 0.17%

deviation
_ceviar

95% confidence | 4 55007 | 0.0002 0.0001 | 0.0002 | 0.0004 | 0.0004

interval (norm)

Table 2. Statistical Analysis of array depth measurements during combined electrorefiner operations at
indicated current level.

Deposit Strip Deposit Strip
EROff | EROn (25%) (25%) (50%) (50%)
Array Depth (mm) 62.3 62.6 62.9 62.3 62.6 62.6
Relative standard 0.75% 0.67% 0.31% 0.86% 0.43% 0.54%
deviation
Confidence interval, | 555, 0.0004 0.0004 0.0009 0.0007 0.0008
95% (norm)

Salt Handling Platforms to Support On-line and At-line Monitoring

While significant progress has been made in the development of analytical techniques that may be

suitable for on-line or at-line analysis of molten salt, significant gaps still exist in the enabling chemical
process technologies required to integrate these analytical techniques into real processes. To help fill
these gaps, Argonne is developing a salt handling platform to support the integration of various
measurement systems into a molten salt process sampling loop. The long-term goal of the technology is
to enable the deployment of unattended monitoring systems using analytical techniques that can currently
only be performed off-line.

Argonne’s platform is based on an open-orifice flow cell. This cell consists of a pipe that has fluid flowing
through its cross section while having one or more holes (orifices oriented axially through the pipe wall)
through which fluid does not flow at steady state (Figure 7). Fluid does not flow through the orifices in the
flow cell wall because the fluid pressure at the orifice is passively coupled to the cover gas pressure by
employing Bernoulli’s principle and gravity flow.38 3° The open orifice flow cell can be used for physical
access to the salt (i.e., sample extraction) or for windowless optical access to the salt (i.e., on-line optical
analysis). Both embodiments of the open-orifice flow cell are currently under development.
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Figure 7. Open orifice flow cell with passive pressure coupling between the fluid pressure at the orifice
and the cover gas pressure.

A successfully deployed windowless optical cell sampling loop would permit the use of a wide variety of
optical techniques for on-line monitoring of molten salts systems. These techniques include Raman,
UV-Vis, and laser-induced breakdown spectroscopy approaches, all of which have been extensively used
for molten salts.*%-4” These optical techniques are at various levels of technology readiness, but most face
the same technical hurdle, which is the development of a window material that can withstand the
high-temperature, high-radioactivity, and highly-abrasive molten salts for more than a few hours.*8 While
the development of a windowless optical cell flow loop is not without its own technical challenges, it has
the potential to be a cross-cutting enabling technology because this single platform could provide a
means of integrating multiple optical analysis techniques into an on-line monitoring system.

The first proof-of-concept iteration of the windowless optical flow cell system will feature Raman
spectroscopy, which is a candidate for molten salt in-process elemental identification and signature
monitoring.L: 4950 Because Raman spectroscopy uses a laser light source and relies on inelastic
scattering of photons, a single small aperture in a flow cell can be used for both illumination and signal
collection. A custom fiber-coupled Raman spectroscopy system was fabricated for this work. The system
is pumped using a 500 mW 785 nm diode laser and has a high-resolution, low-shift spectrometer that
covers Raman shifts up to 1500 cm-1. A static cell and an acrylic prototype of the flow cell were tested
with an aqueous anatase solution and a 40% glycol solution (which simulates the viscosity of a molten
salt). The expected glycol and anatase peaks were observed, and, while the system requires further
optimization, the first round of results indicate that optical distortion due to the dynamic liquid/gas
interface will not be problematic for this method. Molten salt testing of the on-line optical analysis system
and the related flow cell sample extractor system will proceed in fiscal year 2021.

A flow cell sample extractor based on Argonne’s open-orifice technology is being developed to support
automated sampling-based process monitoring by generating samples of various sizes on-demand. A test
loop, pictured in Figure 8, was developed to support shake-down testing of the flow cell sample extractor
and windowless optical cell flow loop prototypes. In the test loop, fluid is pumped from a lower reservoir
into an elevated reservoir using a custom centrifugal pump. Alternate pumping mechanisms are also
being investigated including gas-lift and vacuum-lift techniques. In an industrial process, the salt could be
sampled from a process tank by a variety of pumping mechanisms or could be sampled from a process
line via split stream (once reliable metering valves become available). The final choice of pumping
mechanism will depend on the height over which the fluid must be pumped, the radiation field, the
application (optical analysis or sample extraction), and the state of development for various technologies
at the time of deployment.



In the gravity flow cell sampling loop, fluid is actively pumped into the top of the elevated reservoir while
fluid is draining out the bottom. The fluid is then transported by gravity through the open-orifice flow cell
and back to the lower reservoir (or to a process tank in a deployed system). A slight vacuum in the flow
cell relative to the cover gas prevents fluid from exiting the flow cell through the orifices during
steady-state operation. A custom furnace was developed to support these experiments (Figure 9). The
fluid pressure at the orifice can be raised using a variety of actuation mechanisms to extract samples from
the sampling loop.38 3° In the current iteration of the system, the fluid pressure increase occurs by direct
pneumatic actuation. An inert gas supply is connected to one orifice through a normally closed
rapid-response solenoid valve. When the valve is opened, samples are ejected through a second,
upstream orifice. In preliminary water testing of the system, samples ranging from 1 microliter to several
milliliters were produced with high-precision and repeatability.??
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Figure 8. Gravity flow cell sample extractor. Left: Lower reservoir and custom centrifugal pump. Right:
Flow cell sample extractor test loop. Fluid moves from the lower reservoir (which is representative of a
process vessel) to the upper reservoir via active pumping, then flows through the open orifice cell back to
the lower reservoir by gravity flow.



Figure 9. Sample extractor test loop furnace with side and lids removed. Samples are generated in an
insulated inner chamber, which is heated separately and has a separate access panel to facilitate sample
collection.

In a deployable system, the orifice outlet and gravity flow cell outlet would likely share a common drain
back to the process to support leak containment and flushing operations. To bypass this drain and enable
sample collection, a sampling substrate or vessel would be placed in the droplet path. Currently, Kapton®
X-ray fluorescence spectroscopy (XRF) film (supplied from a roll) is used to collect samples for
high-throughput XRF analysis (Figure 10 left). However, several other sample holder types are also
possible as shown on the right side of Figure 10. Because of the versatility of the sample extractor in
terms of sample size range and on-demand sample generation, a single sample extractor could be used
to produce large samples (for analysis by techniques such as gamma spectroscopy) or very small
samples (for analysis by techniques such as XRF). The sample extractor can also produce large
guantities of samples to support high-throughput sample characterization. High-throughput sample
analysis can significantly improve precision for a given measurement technique by averaging out random
sampling and measurement errors, as discussed below. Similarly, sample size precision can be improved
by ejecting many smaller samples to make up a single larger sample.
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Figure 10. Left: Sample extractor flow cell inner chamber with Kapton® XRF film spotting substrate.
Right: Alternate substrates and vessels to support the integration of sample extraction and sample
analysis.

A major challenge in molten salt sampling is the potential for inhomogeneities in a salt vessel. The
sampling loop sample extractor system was designed to address this issue. The system can avoid
sample contamination from surface dross by positioning the sampling pipe inlet below the dross. To
account for potential partitioning of entrained fines, the system is designed to circulate orders of
magnitude larger volumes of salt than is ejected as samples. This will help ensure that a representative
cross-section of the salt is sampled.

A third system under development is a static version of the flow cell sample extractor. It consists of a
single reservoir from which samples are ejected by direct pneumatic actuation.?2 38 This reservoir
chamber is connected to an argon supply through a normally closed rapid-response solenoid valve.
High-throughput sample generation and analysis was performed using this single reservoir system.
Pressure pulses were applied to the top of the reservoir chamber by opening the solenoid valve for 20 ms
to eject 40 mg molten salt samples through a 0.016 in. diameter sapphire conical vee orifice on the
bottom of the reservoir chamber. The molten salt droplets were spotted onto Kapton® XRF film. A total of
500 uranium bearing LiCI-KCI salt microsamples were produced from batches of salt with five different
uranium concentrations. Each sample was analyzed by a low-cost handheld XRF instrument (Olympus
DELTA DS-2000). Uranium peak height measurements were normalized to the Cl peak height (Ka1 peak,
2.62 keV) to adjust for variable droplet positions within the inhomogeneous beam.

Figure 11 left shows individual peak height measurements, which cover a wide distribution for each
weight fraction due to random sampling and measurement errors. Figure 11 right shows the average
peak height values for each uranium concentration. Despite the wide distribution of individual
measurements, the mean values converge into a linear calibration curve with a narrow confidence
interval. These results highlight the main benefit of high-throughput sample generation and analysis,
which is that random sampling and measurement errors are averaged out to improve measurement
precision.
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Figure 11. Left: XRF measurements for individual LiCI-KCI salt microsamples with uranium content
ranging from 0.125 to 5.0 wt.%. Right: Mean peak height values for each uranium concentration.

Conclusions

As part of the broader safeguards-by-design effort, Argonne is developing technologies to support
multimodal in-process monitoring of molten salt compositions in electrochemical reprocessing facilities.
The in-process measurement modes will include both rapid electrochemical sensing and high-precision
sampling-based analysis enabled by novel salt handling platforms.

The electrochemical sensors described here have few barriers to deployment. The immunity of the
sensors to background currents and the stability of the measurements over long durations indicate that
the multielectrode array voltammetry sensors offer excellent capabilities for the monitoring of
electrorefiners and other electrochemical reprocessing equipment. The insusceptibility of the
electrochemical measurements to the operation of the electrorefiner is shown by the fact that the relative
standard deviation of the concentration measurements was under 1% and the difference in the sample
means was under 0.5% for conditions with the electrorefiner on or off. The minimal differences between
measurements taken during active and idle operations suggest that process holds to conduct periodic
accountancy checks on the electrorefiner salt will not be required. These process holds would otherwise
disrupt reprocessing activities and hinder operational efficiency. Overall, the combined safeguards and
process monitoring capabilities afforded by these robust, inexpensive sensors suggest that wide adoption
across molten salt reprocessing facilities should be readily pursued in the near term.

Over the longer term, fully automated sampling-based analyses will likely be deployed to provide
high-precision validation of electrochemical measurements. If successfully deployed, the salt handling
platforms under development will enable automated on-line and at-line salt characterization using
analytical techniques that can currently only be performed with manual sampling and off-line analysis.
This would improve the timeliness of analysis, reduce labor costs, eliminate human error, and reduce
worker access and exposure to material. This automated approach could also be used to enable
high-throughput analysis, which is already widely used in other industries to improve analysis precision.
However, to deploy this sampling loop technology, advances in enabling technologies for process
integration will be required. Technology gaps that must be addressed include sampling pumps, metering
valves, containment enclosures, and tooling for operations and maintenance (for example pneumatic
reamers may be required to periodically re-bore the flow cell or orifice during long-term operation).



Furthermore, all these new sampling technologies will require extensive testing to ensure reliable
operation in relevant environments. Until these gaps are addressed, sampling-based analysis of salt
systems will continue to be performed with slow and costly manual batch-wise sampling and off-line
analysis. Therefore, significant continued investment to rapidly fill these gaps will likely be required if
automated sampling-based approaches such as on-line optical analysis and at-line sample
characterization are to be deployed as part of an integrated safeguards-by-design approach in the next
generation of molten salt reactor and electrochemical reprocessing plants. If the in-situ monitoring and
automated sampling-based analysis platforms are successfully deployed, these technologies will ensure
rapid and accurate detection of material loss, while also providing valuable timely feedback to plant
operators and process control systems.

Keywords: safeguards-by-design, molten salt, process monitoring, electrochemical reprocessing,
voltammetry, in-situ, on-line, at-line, sampling, optical analysis
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