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ABSTRACT: Molten hydroxide scrubbing of off-gas vapors is a potential ~ ©Optica! 5"""”“”{\ Chemical Fingerprints

process to improve safety during the operation of generation IV molten salt ~ taser | | >

nuclear reactors (MSRs). MSRs produce off-gases that can be vented by the %

reactor core and treated via off-gas scrubbers. Molten hydroxide scrubbers = £ “

focus on capturing volatile iodine radionuclides, and they can also be used H b &

to capture aerosols and particulates and to neutralize acidic species. The enumber (e,
performance of these scrubbers depends on the chemical interactions of the Real-Time Chemical Chemical Calibration
scrubbing medium with the off-gas species. Knowledge of the concentration Information

. . . Chemometric analysis
and speciation of scrubbed or target species, as well as process and

environmental interferents, can enable advanced operation of MSR oft-gas
treatment systems. Optical online monitoring is an excellent technology to
provide this information in real time, while limiting the need for operators
to interact with radioactive samples through hands-on interrogation.
Raman spectroscopy can provide crucial chemical information on the state of the molten eutectic during treatment in the molten
phase, as well as the gas phase. In this work, Raman spectroscopy is used to detect iodine species, specifically iodate, in the molten
phase of a NaOH—KOH eutectic and to construct a calibration curve of the Raman signal of those species. Additionally, a carbonate
interferent is followed from the gas phase to the liquid phase as a basis for reaching a Raman-aided mass balance of the molten
hydroxide eutectic scrubber system.
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Bl INTRODUCTION produced by fission at the nuclear reactor core, vented from
the reactor, and pumped to a series of scrubbers that selectively
capture target chemical species in the off-gas stream to prevent
their release into the environment.* Several off-gas treatment
systems are being developed. These systems include solid
sorbents such as silver zeolites,'” silver mordenite,'’ silver-
functionalized silica aerogels,12 silver-loaded aluminosilicate
13,17 15
aerogels and xerogels, sulfur aerogels,” graphene aero-
Ts i 17 -
gels, ° metal—organic frameworks,”” and molten salt liquid

Nuclear energy has many advantages over other renewable
energy technologies, namely independence from transient
conditions such as weather and location. Next-generation
nuclear reactors are a promising energy source to provide
stable, safe, and operationally efficient energy in an effort to
decarbonize energy production.”” Generation IV nuclear
reactors aim to address the limitations of existing nuclear
reactors and are projected to contribute significantly to many
countries’ baseload power in the near future.” Of generation IV
nuclear reactor concepts, the molten salt reactor (MSR) offers
several safety features, including a homogeneous fuel
composition, low vapor pressures, high working temperatures
at atmospheric pressure, and online refueling.”* Molten salts
exhibit large heat capacities, high heat transfer efficiency, high
boiling points, and radiation resistance.”™® These physical and
chemical properties contribute to the passive safety of molten
salt reactor design and enable MSRs to offer several safety Received: August 26, 2022
advantages compared to current solid-fuel reactors such as the Accepted:  October 14, 2022
light water reactor. Published: October 28, 2022
Compared to currently deployed nuclear reactor technolo-
gies, constituents of MSR off-gas streams differ in chemical
speciation and fission products.” Off-gases from MSRs are

scrubbers.'”'® More research is required to characterize each
scrubber’s performance in simulated and deployed treatment
systems.'” Such a characterization can be provided by online
monitoring technologies. The advancement of off-gas treat-
ment monitoring tools provides benefits beyond MSRs,
including supporting applications in spent nuclear fuel

. . g s 20
pyroprocessing and waste immobilization via vitrification.
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Overall, process monitoring tools applied to off-gas treatment
processes can enable a better fundamental understanding of
the process, faster optimization, and safer deployment.

MSR off-gas streams contain highly volatile radionuclides,
including *H, *C, %K, and '*’I, that must be disposed of safely
within reasonable geologic time scales.”” Of particular interest
to this work is iodine, where "'I and '?I can present
significant biological hazards if inhaled or ingested.”’”**
Iodine-containing compounds are likely to exist in off-gases
as I,, HI, HOIL, ICN, CH,], and ICL*' Ionic forms (I", 10,7)
are not volatile and exist primarily in aqueous systems,”' but
they may form during the capture of the volatile iodine-
containing compounds as they interact with the capturing
medium. While several iodine species have already been
studied for off-gas scrubbing applications,”'"**~*" methods to
better characterize iodine scrubbing performance in situ and in
real time are needed to better understand and optimize
treatment systems.

Hydroxide-based scrubbers have been proposed as a method
to capture wastes in the form of particulates, aerosols, mists,
reactive gases, and residual gaseous halides.'®'® Molten
hydroxide scrubbers operate at higher temperatures compared
to aqueous scrubbers, and they have been suggested to have a
higher efficiency than an aqueous-based caustic scrubber.'’
This is due to the higher concentration of hydroxides available
to react with incoming vapors compared to an aqueous-based
caustic scrubber. The hydroxide scrubber also serves to
neutralize any acidic species in the oﬂf-gas.19 Additionally,
molten hydroxide scrubbers benefit from being a nonaqueous
process, which is generally an advantage for MSR subsystems
(i, does not introduce water to the system, less cooling
needed for hot off-gases). Mixed alkali hydroxide eutectics
have much lower melting points than pure hydroxides and are
therefore favored, such as NaOH—KOH (51:49 molar ratio;
170 °C) vs the pure component melting points (NaOH, 319
°C; KOH, 405 °C).**7%

Ultimately, the performance of off-gas treatment systems is a
matter of chemistry, where a better understanding of
speciation, kinetics, and in-melt interactions can allow for
process optimization and control. Optical spectroscopy is an
ideal tool for the characterization of these systems because it
provides unique insight into the solution chemistry.’ ™
Furthermore, it can be deployed in situ for the characterization
of complex chemical systems in harsh (high temperature,
corrosive, hazardous) environments.** ¢

Here, Raman spectroscopy is evaluated for the use of
qualitatively determining iodine speciation. Note that ultra-
violet—visible (UV—vis) detection was also integrated into the
novel setup, as will be discussed in following sections, though
the target species studied here did not have notable
fingerprints in that optical region. This technique still presents
value in the determination of when the salt is optically
transparent (e.g., when it is fully melted or indicating when
precipitate forms). Furthermore, the ability to quantify iodine
and interferent species within the molten hydroxide salt
eutectic are discussed.

This work also covers a novel demonstration of dual-phase
(e.g, liquid and gas) Raman spectroscopy, which can be used
to monitor targets as they transfer from one phase to another.
This type of approach supports monitoring of mass balance
through the off-gas treatment system and is a key method for a
better understanding and optimization of the process.

B EXPERIMENTAL SECTION

Materials. Chemicals purchased from Sigma-Aldrich were
anhydrous where available and included sodium iodide (Nal
>99.5%), sodium iodate (NalO; >99.5%), sodium carbonate
(Na,CO; >99.5%), potassium hydroxide (KOH >99.95%),
and sodium hydroxide (NaOH >97%).

Alumina tubes (0.060 in. inner diameter) and alumina rods
(0.030 in. diameter) were purchased from CoorsTek. Custom
square bore quartz cuvettes (15.5 cm length, 4 mm path
length) were purchased from Reflex Analytical. Alumina tubes,
alumina rods, and quartz cuvettes were cleaned by immersion
in dilute HCI for 30 min, rinsed with 18 MQ cm deionized
water, and dried at 120 °C for 4 h prior to use. Custom cuvette
caps were printed from polyvinylidene fluoride (PVDF) and
designed with two holes centered on the top: one for an argon
inlet line and one for the sample addition tube (Figure 1B).

7, = Raman (g)
4 Cuvette = -
Holder
# Raman (liq)
- -
| UV-vis (lig)

Figure 1. (A) The glovebag utilized in this work. (B) 4 mm path
length quartz cuvette filled with the solid NaOH—KOH salt eutectic
to a level below the gas-phase Raman beam path. An inert atmosphere
was maintained with a PVDF cap, wrapped with Parafilm (cyan star),
and an outer layer of polyamide heat-resistant tape (white star)
protected the cuvette cap from heat. The temperature of the cuvette
cap during operation did not exceed the melting point of the Parafilm
(60 °C). (C) The cell holder equipped with dual liquid- and gas-
phase Raman and liquid-phase UV—vis fiber optics. (D) The insulated
furnace which houses the cell holder.

PVDEF can be used to print an airtight cap and has a maximum
use temperature of 110 °C, which is sufficient to resist the
maximum temperature measured at the top of the cuvette,
which was 100 °C at the maximum and usually less than 80 °C.
When it was fitted to the cuvette, the exterior of the PVDF cap
was less than 60 °C.

Inert Containment Practices and Sample Prepara-
tion. While great care was taken to limit the contamination of
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the anhydrous hydroxide salts with atmospheric moisture and
carbon dioxide, handling the salts outside of an atmospherically
controlled glovebox for even a short time likely introduces
some impurities. To address this issue, several measures were
taken to reduce the impurities, including vessel cleaning
strategies, reagent purification, and inert sample preparation.

Nal, NalO;, and Na,CO; samples were handled and
prepared in an inert glovebag filled with argon to significantly
reduce the absorption of atmospheric water (Figure 1A). The
argon gas was filtered through a column of desiccant before
entry into the glovebag. The glovebag was sequentially inflated
and deflated three times to limit moisture prior to use.
Indicating Drierite was used to determine the condition of the
environment in the glovebag and was generally replaced once a
week. The exhaust line was routed through a mineral oil
bubbler inside a fume hood as an overpressure control.
Immersion of the exhaust line in several inches of mineral oil
served to prevent moisture and oxygen from entering the
glovebag through these ports during operation.

A 51:49 molar ratio of NaOH—KOH salts was combined by
mass and ground into a homogeneous blend with an electric
blender located inside the glovebag to obtain the NaOH-—
KOH eutectic with a melting point of 170 °C. Sodium
hydroxide was dried in a vacuum oven at approximately 120
°C for >72 h, and potassium hydroxide was opened in the
glovebag immediately before eutectic preparation from a
vacuum-sealed glass ampule. A quartz cuvette with a 4 mm
path length was filled with solid NaOH—KOH to a height of
~3 in. The filled cuvette was capped with the PVDF cover
(Figure 1B) that capped the top of the cuvette to prevent the
introduction of air into the sample. The capped cuvette was
placed in a cell holder inside the furnace, which was outside of
the glovebag (Figure 1D), and equipped with an inlet argon
line to limit the introduction of air and moisture to the
hydroxide eutectic. Without the cap, moisture would
immediately begin to absorb into the salt. resulting in a visible
wetness.

Instrumentation. Furnace. The furnace was custom
fabricated in-house with four identical heating coils encased
in castable ceramic, with space in the center to hold the
custom-made steel cell holder. The steel cell holder was made
by Spectra Solutions Inc. and was equipped with fiber-optic
connections for UV—vis and for dual-phase Raman probes. A
dual-element thermocouple was placed into a narrow channel
in the furnace adjacent to the cell holder. The sensing tip was
placed in contact with the bottom Raman port. A picture of a
cell being loaded into the furnace can be seen in Figure 1D.

Temperature Controller. The furnace temperature con-
troller was a J-KEM Model 270 from J-KEM Scientific Inc.,
operated using the KEM Net software (v.4). An over-
temperature set point of 50 °C above the maximum
experiment temperature was in place as a safety measure to
prevent furnace overheating. The overtemperature thermo-
couple was integrated with the sensing thermocouple.

Spectroscopic Instruments. The liquid-phase and gas-phase
Raman spectrometers were equipped with 532 nm excitation
lasers, each spectrometer was calibrated with naphthalene, and
the resolution of each was ~5 cm™. The spectrometers, lasers,
and associated software and probes were purchased from
Spectra Solutions Inc. (Norwood, MA, USA). The UV—vis
spectrometer was equipped with LED lights (455 and 470 nm)
and a halogen lamp purchased from THORLABS.

Experimental Methods. Puck Sample Addition Method.
Sample aliquots of Nal, NaIO3, and Na,CO; were added to the
molten NaOH—KOH using a puck sample addition method.
Alumina tubes were weighed within the inert glovebag (Figure
1A). Using a small funnel, the appropriate sample was funneled
into the 0.060 in. inner diameter alumina tube and packed
down with an alumina rod. The resulting pucks stuck together
in the tube until they were added to the melt. The mass of the
filled alumina tube was recorded. Each end of the alumina tube
was covered with Parafilm when it was transferred from the
glovebag to the furnace. Parafilm was removed from one end of
the sample tube while a 0.030 in. diameter alumina rod was
inserted into the tube and the tube was inverted. The
remaining Parafilm was removed from the inverted sample
tube immediately before being inserted into the cuvette cap.
The sample was then pushed into the molten hydroxide, the
sample tube was removed, and the Parafilm was replaced on
the cuvette cap. If this step was not completed quickly enough
or if the tube was stored without desiccant, the powders would
stick from moisture ingress, rendering them unusable. The
weight difference of the alumina tube was recorded after the
solid sample was delivered to the molten hydroxide salt to
determine the quantity of analyte added. This process reliably
delivered 98% of the solid from the tube, as determined by a
preliminary trial of 10 puck additions of sodium carbonate.
Because the cuvette was heating within the metal cell holder
inside the furnace, it was not possible to visually observe the
sample as it was being added. The long alumina tube assured
that the sample was delivered directly to the molten salt rather
than being inadvertently deposited on the side walls of the
cuvette.

Spectroscopic Measurements. For both Raman and UV—
vis spectrometers, reference spectra were collected of an empty
cuvette with a 4 mm path length, a cuvette (4 mm path length)
with solid NaOH—KOH, solid Na,CO; in a glass scintillation
vial, and solid NalO; in a glass scintillation vial. The
spectrometer integration times were set between 1 and 10 s
to yield the lowest limit of detection for each spectrometer.

Raman and UV—vis spectra were collected every 20 s as the
NaOH—-KOH salt melted, and the spectra are shown in Figure
2B. For the solid Na,CO; or solid NalO; puck addition
experiments, spectra were collected continuously after each
addition.

Data Analysis Software. MATLAB (version R2020b
Update S5, 9.9.0.1592791) was used for extracting and
processing the Raman and UV—vis spectra.

Bl RESULTS AND DISCUSSION

Chemistry and Chemical Targets. This work focuses on
developing a process monitoring technology for the caustic
NaOH—-KOH molten salt eutectic environment. This system
has a relatively low eutectic melting point of 170 °C. The
chemical reactions of gaseous HF, HCl, and HI with liquid
NaOH that are expected to occur within the molten hydroxide
scrubber are proposed in Scheme 1. Sodium and potassium
cations in the NaOH—KOH eutectic can react with negatively
charged iodine species to form ion pairs, including Nal, NaIO;
NalO, KI, KIO;, and KI10.*"*’

As indicated in Scheme 1, primary iodine targets anticipated
within the scrubber melt are iodate (I0;”) and sodium iodide
(NaI). However, some literature suggests that the iodide
species may transition to iodate under the conditions expected
in a molten hydroxide scrubber.'” Therefore, a primary target
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Figure 2. (A) Plots of the NaOH—KOH eutectic at three phases. (B)
Three-dimensional plots of the NaOH—KOH eutectic during melting
showing the two distinct peaks gradually combining and increasing in
Raman intensity.

Scheme 1. Proposed Reactions of Gaseous Halides,
Hydrogen Halides, and Organo-Halides with Molten
Sodium Hydroxide as Described in the Literature'®>">*>*

Hl(g) + NaOH;iq) = Nalyp, + I5om + H20(g) (1)
3ly(g) + 3H;0(g) = 517 + 103 51, + 6Hso1m) 2)
Iz(g) + Hz(g) + NaOH(liq) d 2Na;'0m + 215_0171. + HzO(g) (3)

CHsl¢gy + NaOH ) = Naf,, + Isom + H;04) + Cs + Hyyy 4)

Hz0(g) + Iz(g) © Hlg) + HOIL gy (6)

for following scrubber performance will be 10;~, which is
known to have a unique Raman fingerprint. The I species is
not expected to be Raman or UV—vis active but could be
followed as it interacts with other species in the melt and is
converted to I0;™. The possibility of monitoring for this will
be discussed below.

It is important to note that other chemical species will be
captured within the scrubber system. These can potentially
interfere with the chemistry/efficient capture of iodine.
Alternatively, these could interfere with monitoring of iodine
targets by introducing overlapping optical fingerprints or
baseline effects. A key example of this is that CO, is captured
as CO;*" within the hydroxide melt (see Scheme 2).

Scheme 2. Proposed Reaction of Gaseous Carbon Dioxide

CO2(g) + 2NaOH gy < 2Na{ p) +CO% (qom) +H20(g) 7

Fortunately, advanced data analysis methods suggest that
optical interferents may not pose a significant challenge to
spectral detection through the use of chemometric techniques
such as multivariate curve resolution (MCR) analysis or partial
least-squares (PLS) analysis.”***”*" However, online mon-
itoring will be able to provide uniquely powerful insight into
the chemistry of these systems. This will allow researchers and
operators to understand and compensate for any deleterious
impacts of dissolved interferent species.

Work presented here will focus primarily on 105~ dissolved
in the NaOH eutectic. Some discussion will be provided
regarding I” in this same system. Monitoring of CO;*™ in the
melt and CO, in the gas phase will also be discussed.

Raman Spectra during Melting. Initial experiments
focused on monitoring the chemical system as it was heated
to the molten state. Figure 2A shows the Raman spectra of the
solid hydroxide eutectic at room temperature, while melting,
and when fully molten.

The Raman shifts of NaOH and KOH at room temperature
have been reported previously to be 3632 and 3597 cm™’,
respectively.”'*> However, the presence of moisture results in
Raman peaks at room temperature of ~3569 and ~3500 cm™,
respectively.”” Therefore, the peak observed in the solid
eutectic spectra at 3616 cm™ is ascribed to the solid NaOH,
the broad peak at 3579 cm™" is ascribed to the hydrated NaOH
and solid KOH combined, and the peak at 3489 cm™ is
ascribed to the hydrated KOH." As the eutectic is heated to
200 °C, the Raman response decreases substantially (Figure
2B) before increasing and eventually merging into one
broadened peak at 3590 cm™'. This is similar to the values
for molten NaOH (3610 cm™) and molten KOH (3607
cm™) reported by Walrafen and Douglas,”” although they
were taken at higher temperatures (427 and 409 °C,
respectively).

Note that the intensity does drop during melting; this could
be due to a transition from a white solid (stable Raman
backscatter signal) to a highly turbid midmelt system
(significant scatter and nonideal for Raman) and to an
optically transparent melt (excellent Raman backscatter
signal). The progression through these spectra over time can
be seen in Figure 2B.

Even as an initial diagnostic, these data can be used to
determine when the hydroxide melt is fully molten or when
there may be variable turbidity or clarity of the melt. This can
enable researchers and operators to better understand when
their process is in a stable condition or possibly characterize
the melting point of their system. Impurities in the stock salt
can change the melting point of the mixture. It is possible that
the Raman signature of the blank salt can be used as a
measuring tool for when the salt is molten and provide insight
into the purity of the salt or the temperature gradient in the
reactor/cell.

During this melting demonstration, UV—vis was not a
substantially informative diagnostic. The blank salt is optically
transparent and does not have unique UV—vis fingerprints.
However, UV—vis along with Raman could be used to indicate
the ingrowth of a precipitate or an increase in turbidity of the
salt.

https://doi.org/10.1021/acsomega.2c05522
ACS Omega 2022, 7, 40456—40465


https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=sch2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

lodine Species Fingerprints in the NaOH-KOH
Eutectic. The literature suggests that iodine could take on a
variety of species within the molten eutectic.'®' In the molten
hydroxide system, iodate is not as favored as it is an aqueous
species. However, operating molten salt scrubbers will likely
have some level of moisture ingress during operation or
moisture production from reaction of certain species as shown
in Scheme 2. Therefore, iodate was chosen as the first and
primary target for this demonstration due to its polyatomic
nature, making it Raman active. For these demonstrations, the
NaOH—-KOH salt was heated to 200 °C at a rate of 300 °C/h.
When the salt was completely molten, sample additions of
solid NaIO; were added to the melt using the puck addition
method described previously. Raman fingerprints of the iodate
species were obtained by performing a baseline normalization
to the hydroxide peaks followed by a baseline correction
around the iodate peaks. This change in signal due to iodate
concentration is shown in Figure 3A, and the linear
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Figure 3. (A) Raman fingerprints of sodium iodate (NalO;) additions
in the NaOH—KOH melt at 220 °C. Spectra were collected using a §
s integration time, and the intensity was normalized to the OH peak at
3590 cm™'. (B) Single variate calibration curve relating Raman
intensity to sequential additions of solid NalOj;, including the
calculated 95% confidence interval of the fit of the curve.

relationship is shown in Figure 3B. The Raman peak at
~760 cm™" ascribed to NalOj is in agreement with previous
reports of NalO; in aqueous solutions as well as KIO; in a
molten nitrate system (350 °C)."***

The calibration data in Figure 3B was used to determine the
limit of detection (LOD) for iodate using the equation

3s

LOD " )
where s is the standard deviation of the background signal and
m is the slope of the calibration curve.*> The limit of detection
was calculated to be 0.60 wt %.

Iodide is the next most likely species to be present in a
molten hydroxide scrubber as identified in the literature.”
While iodide does not have a Raman fingerprint, there was
interest in seeing if iodide would convert to iodate within the
melt. Following experiments of both puck addition and melting
of salts directly containing iodide, no iodate fingerprints were
observed to grow in, possibly due to the sparging of argon,
which limited moisture and oxygen ingress. Additionally, the
time frame of the experiment (~1—2 h molten) may not have
allowed enough iodate to form or to be identified via Raman.
There was also interest in exploring the utility of UV—vis in
following these experiments. In the case of iodide, there was no
color change observed but the UV—vis results did indicate an
increase in turbidity from a precipitate forming shortly after
addition. UV—vis along with Raman could be used to indicate
the ingrowth of a precipitate or an increase in turbidity of the
salt. Further investigation of this solid formation is needed to
determine the nature of the precipitate. In the case of iodate,
there was a yellow precipitate that may be due to an iodate
species precipitating from the melt, possibly with the presence
of water as well. The melt itself remained colorless during the
additions, based on visual observations made when the cuvette
was raised while the hydroxide was molten.

Interferent Fingerprints in the NaOH—KOH Eutectic.
A major goal of this work is to demonstrate the utility of dual-
phase monitoring (see the next sections). In preparation for
that, a standard with a well-defined fingerprint in the salt phase
and a known Raman-active counterpart in the gas phase was
identified. Carbonate was chosen as this model interferent,
which had the added benefit of its presence in untreated solid
hydroxide salts and its contamination of purified salts from
atmospheric absorption. The blank hydroxide was added to the
cuvette and heated to 200 °C at a rate of 300 °C/h. The
carbonate Raman peak at 1053 cm™' was present prior to
sodium carbonate additions, indicating that some atmospheric
CO, was absorbed despite our best efforts at inert contain-
ment. Three sodium carbonate additions of known mass were
added to the melt and their Raman intensities measured. The
Raman intensities of these three additions and the original
carbonate intensity (Figure 4A) were then used to make a
calibration curve (Figure 4B), and a standard addition
calculation was performed to back out the initial concentration
of carbonate present in the salt (6.6 wt %) by using the x-axis
value at a Raman intensity of zero. The standard addition
method is explained in further detail elsewhere.*® The LOD
was calculated using eq 1 in Scheme 1 and determined to be
0.56 wt %.

Dual-Phase Monitoring. Following the successful dem-
onstration of species monitoring within the NaOH—KOH
eutectic melt, our research focus shifted to connecting in-salt
monitoring with gas-phase monitoring. Here, technology
recently utilized to characterize iodine species in the gas
phase””* was adapted to monitor the gas phase above the salt
melt. Figure 1C includes schematics of this setup.

This combination of techniques allows for monitoring
targets as they transfer from one phase to another.
Demonstration of the dual-phase monitoring capability is a
significant step forward and represents a highly valuable tool in
the design and deployment of molten scrubber systems.
Ultimately, this technique can be used to characterize the
capture and loss of targets as well as maintain a material
balance across a flow-through treatment system.
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Figure 4. (A) Raman fingerprints of Na,CO; added to the NaOH—
KOH melt at 200 °C using a 1 s integration time. A calibration curve
is shown in (B) relating the peak Raman intensity of CO5>~ at 1053
cm™ to the concentration of carbonate present in the melt, including
the calculated 95% confidence interval of the fit of the curve.

To support a proof-of-concept experiment, the CO,(,) and
CO3*(;y species were selected as the demonstration system.
Again, the goal is to provide a novel demonstration of online
monitoring of a known species as it transverses the gas—salt
boundary. Here this involved melting a blank salt under an Ar
atmosphere. After the Raman signal indicated that the system
was fully melted and stable (signal matched spectra seen in
Figure 2 and stable for at least 10 min), a gas stream of CO,
was introduced into the salt cover gas. As shown in Figure SA,
the ingrowth of the CO, band was observed in the gas phase.
Shortly thereafter, the fingerprint for CO;>~ was observed to
grow in the melt (see Figure SC) as CO, migrated into the salt
and converted to the more stable chemical form within that
environment.

Real-time tracking of chemical species between the gas and
liquid phases was therefore accomplished between the
NaOH—-KOH melt and cover gas. The CO, Raman bands in
Figure SA occur at 1285 and 1387 cm™), in accordance with
reported CO, gas Raman shifts."” Observed CO;*~ bands in
Figure SB agreed with earlier sections on this species in the salt
melt. Comparing Figure SA and Figure SC is particularly useful
in demonstrating the success of this monitoring approach, as
seen by plotting the gas-phase and liquid-phase peak signals on
the same plot. It indicates the ingrowth of the gas-phase bands
after CO, is introduced to the cover gas and indicates that the
delay time before the CO;>~ was observed to grow in is about
10 min. In addition to enabling a fundamental characterization
of the chemistry in either the gas or molten salt phase (e.g,
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Figure 5. (A) 3D plot showing the increase of the CO, peaks in the
gas phase as the gas line was turned on in the headspace above the
molten NaOH—KOH, resulting in the ingrowth of characteristic
Raman peaks at 1285 and 1387 cm™' in the gas phase.
Simultaneously, the liquid phase was monitored for changes in the
carbonate band, as seen in (B), and the Raman intensity at 1053 and
1387 cm™" are plotted in (C). The intensity of the CO5*~ band at
1053 cm™ increased in response to insertion of the CO, blanket line,
showing an ingrowth of carbonate resulting from the conversion of
gaseous CO, to the dissolved CO;>~ species. The gas-phase Raman
measurement leads the liquid phase by 11 !/, min.

solubility limits and diffusion kinetics) and enabling monitor-
ing of species across phase boundaries, this type of system
could be paired with flow measurements and used for mass
balance analysis.

Chemometric Modeling. The Raman spectra taken
during the melting process (reported in Figure 2) were
analyzed further to demonstrate the utility of chemometric
data analysis techniques in improving our fundamental
understanding of chemical systems. Initially, a principal
component analysis (PCA) was applied on the data reported
in Figure 2, indicating that there were three factors providing
distinct signatures. Conversely, minor shoulders are typically
indicative of simple temperature-induced drift in the peaks and
are therefore not considered significant signatures. Multivariate
curve resolution (MCR) was then used to model the data
using three factors.

MCR model factors correspond to discrete chemical
signatures or “pure spectra” that are derived from the spectral
signatures. In order to derive MCR factors, 100 spectra of the
powdered, solid eutectic at room temperature, 100 spectra
taken at the end of the heat ramp, after the eutectic was
visually confirmed to be homogeneously molten, and 100
randomly selected spectra taken while the eutectic was heating
were used to construct the model. The model was uncon-
strained and did not rely on temperature data to inform the

https://doi.org/10.1021/acsomega.2c05522
ACS Omega 2022, 7, 40456—40465


https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05522?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
A 5210 °c 300 ,
3 o C
25 200 2 200
= 3 O
2 2 g
o 150 g 100 Temperature (°C)
£ 1.5 = Eutectic melting temperature (170°C)
& 0
£ 1 100 0 1 2 3 4 5 6
©
x D
0.5 5
T~ 50 o
e — o~ 1S
2
B 05 3500 3550 3600 3650 3700 g
Factor 1 g
Factor 2
g 0.4 - Factor 3
=
3
=03
= E
2
8_ 0.2 Scores on Factor 1
1= Scores on Factor 2
8 01 Scores on Factor 3
— -  i—
3500 3550 3600 3650 3700 3 4 5 6

Wavenumber (cm'1)

Duration (hours)

Figure 6. (A) Raman spectra of the hydroxide stretching region as the temperature of the solution increases, corrected to zero intensity in the
region of 3000—3300 cm™". (B) Factors of the multivariate curve resolution (MCR) model, showing three factors that correspond to the Raman
spectral signatures of the solid, melting, and molten eutectic. (C) The measured temperature near the eutectic over the duration of the experiment.
(D) A top-down view of the Raman spectra over the duration of the experiment. (E) Scores of each spectra on each factor of the MCR model. The
vertical gray line in (C—E) marks 170 °C, which is the expected melting point of the eutectic.

construction of the factors. Three factors were deemed
significant. The results are seen in Figure 6.

Figure 6A shows spectra of the solid, powdered eutectic in
dark blue, which were taken before the furnace was activated,
and spectra of the molten eutectic in red and orange, which
were taken after the end of the heat ramp, during which time
the melt was visually confirmed to be molten with no visible
solid regions remaining. Also visible are peaks that correspond
to neither the solid nor the molten signature. These
intermediate signatures can be seen in hours 1 to 2 in Figure
6D. Their signal is greatly decreased, relative to that of the
solid signature in hour 1 and the molten signature in hours 4—
6.

Each MCR factor can be seen in Figure 6B, where factors 1—
3 provide distinct signatures. Factor 1, which is identical with
the solid phase Raman spectrum, has peaks at 3489, 3579, and
3616 cm™'. Factor 3, which is identical with the molten
spectrum, has a broad peak with a maximum at 3590 cm™" and
a small shoulder at 3621 cm™". As can be seen in Figure 6D,
the 3590 cm™ peak’s maximum does not significantly shift
despite a change in temperature from 207 to 250 °C. Finally,
factor 2 has a peak at 3610 cm™ with shoulders at 3593 and
3641 cm™" and a broad band between 3490 and 3550 cm™.

While it is possible that factor 2 may arise from the
combination of peaks in factors 1 and 3 as they shift due to
temperature, three aspects indicate that this is not the case: (1)
the complete disappearance of the large 3579 cm™" peak, (2)
the observed stability of the 3590 cm™ peak at higher
temperatures, and (3) the shoulder at 3621 cm™" in the molten
spectra, which may arise from the solid peak at 3616 cm™, yet
the sharp peak in factor 2 at 3610 cm™ is lower than this
shoulder. Factor 2 likely represents a combination of unique,
transitory chemical and physical phenomena. An example of a
physical phenomenon that might cause a unique signature is
turbidity, which may occur during the conversion of discrete
powdered eutectic particles to dispersed molten droplets and
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finally to a homogeneous melt. When they are modeled with a
2-factor model (results not shown), the results did not match
known physical behaviors of the transition of a solid to a
molten form. For instance, the scores on factor 1, the solid-
state signature, and the scores on factor 2, the molten
signature, oscillated in magnitude throughout the melt. This is
incongruous with the observed, discrete signatures of solid and
molten eutectic, which indicates that scores on factor 1 should
go from high to low, and scores on factor two should go from
low to high.

The three MCR factors were then used as hard spectral
constraints in a second MCR model of all 1189 spectra taken
prior to the addition of iodate or carbonate salts. Each of the
1189 spectra is decomposed into a linear combination of the
three factors, much as it would be in classical least-squares.
The contribution of each factor to the spectrum is quantified as
a score. A higher number on a particular factor indicates that
the factor explains a large amount of the variance from zero in
that spectrum.

The second column of Figure 6 shows the relationship of the
spectral signatures, Figure 6D, to the measured temperature in
the furnace, Figure 6C, and the MCR scores, Figure 6E. As the
the temperature increases up to the expected melting point of
170 °C, the spectral scores on the first MCR components
gradually decrease. Concurrently, the scores on factor 2, the
“melting” signature, increase. This aligns with the known
behavior of solids as they are heated toward a melting point,
where some solids will melt slightly before or after the
observed melting point. There is a sharp break in the scores
plot for factors 1 and 2 at the 1 h mark (Figure 6E)
corresponding to 170 °C (Figure 6C), which aligns with the
expected melting point. This indicates that the MCR model
can be utilized as a means to determine the melting point of
this system. After hour 1 and above 170 °C, the scores on
factor 2 generally decrease while the scores on factor 3, the
molten signature, generally increase. The “valley” and “plateau”
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in factors 2 and 3, respectively, between 1.3 and 1.8 h is likely
due to turbidity in the melt; as the powder melts, tiny air
bubbles that were caught between solid and powder particles
can remain suspended in the melt, eventually migrating up
above the Raman beam path and out of the melt. The
suspicion of turbidity as the cause of this incongruity is
supported by the complete disappearance of factor 1 at 1.1 h
and its reappearance at 2.3 h. It is unlikely that solids suddenly
reformed at 2.3 h when the melt is >210 °C. It is more likely
that bubbles within the melt caused the Raman signature to
become very low, increasing the error in the MCR scores and
making the constant, but low, contribution of the 3616 cm™!
peak so low as to be unmeasurable by the model. Drastic
reduction in the Raman signal due to bubble-induced turbidity
in solutions has been noted elsewhere.*®

The unusual spectra at around 3.6 h in Figure 6D are likely
due to cavity formation in the melt. The spike in spectral
scores on factor 2 with a concomitant drop in scores on factor
1 at this time indicate that new, partially melted eutectic passed
through the Raman beam path. Such occurrences have been
observed in previous experiments. Due to heating gradients
along the tall quartz cuvette, it has been observed that the
lower portion of the eutectic becomes molten while a “crust” of
solid particles remains higher in the cuvette, suspended above
the molten salt, which has a lower volume (and, therefore,
lower liquid level) due to the loss of air spaces between solid
particles once the particles coagulate in their molten form. This
can cause an argon bubble to form between the melted portion
and the solid crust. Once the temperature at the level of the
crust exceeds the melting temperature of the eutectic, the crust
falls down into the melt, resulting in a spike of the partially
melted salt’s signature.

B CONCLUSION

Overall, this work utilizes optical monitoring capabilities to
investigate the spectroscopic signatures of 105, CO,*, and
CO,(g) present in and above a hydroxide molten salt eutectic of
NaOH—-KOH. Dual liquid- and gas-phase Raman probes
enable the tracking of relevant species from one phase to
another. This dual-phase monitoring approach is ideal for
molten hydroxide iodine scrubbers where an off-gas waste
stream travels through a liquid molten salt scrubber. Future
monitoring systems can be designed to collect spectra of the
off-gas stream before and after it travels through the molten
hydroxide scrubber while melt-based probes can follow the
capture process within the scrubber. Eventually, online
monitoring systems can be deployed in industrial or
commercial settings to enable operators to control and
optimize off-gas treatment processes in real time. While
methyl iodide would not be expected in a molten salt reactor
(MSR) system, organic iodides are of concern especially in
environmental or biological systems,49 where organic sub-
strates are available for producing methyl iodide or other
organic iodide species. In the systems we are concerned with in
this paper, molten salt nuclear reactors (MSRs), a ready source
of organic is not available to directly form methyl iodide. For
other scrubber applications, methyl iodide has been shown to
be easily measured in the gas phase™ and a suitable liquid
phase’’ by Raman spectroscopy.

This represents a key advancement in process monitoring
technology to support the design and deployment of off-gas
treatment systems. These tools enable safe and -effective

treatment of hazardous reactor off-gases before release to the
environment.
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