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EXECUTIVE SUMMARY

In 2023, Metatomic® Inc., a South Carolina based company, was awarded a Gateway for Advanced
Innovation in Nuclear (GAIN) research voucher for a proposed series of experiments aimed at
demonstrating the viability of a spent nuclear fuel (SNF) recycling process patented by Metatomic® Inc.
For the GAIN voucher, Metatomic® Inc. selected Savannah River National Laboratory (SRNL) as a partner
in executing the proposed proof-of-concept experiments. This report outlines the proof-of-concept
experiments performed by SRNL for Metatomic® Inc. during Phase 1 (of 2) experimentation.

The Phase 1 hydrochlorination experiments consisted of weighing UO2 into alumina crucibles with a
eutectic mixture of NaCl and CsCl, heating the uranium/salt mixture to a varied temperature (550, 650, or
750 °C), and flowing anhydrous hydrogen chloride (AHCI) gas across the surface of the uranium-bearing
molten salt mixture. The hydrochlorination process conditions were maintained for 4-5 hours and the
percent conversion for each batch of UO2 was determined using a suite of analytical characterization
techniques. The degree of UO2 conversion was found to be greatest at the highest tested temperature,
ultimately achieving 32.9% conversion of UO2 to water soluble uranium-chloro species (e.g., UO2Cl,
UCly) after exposure to AHCI for 4.25 hours at 750 °C.



SRNL-TR-2024-00718
Revision 0

TABLE OF CONTENTS

LIST OF TABLES ... vii
LIST OF FIGURES ..ottt vii
LIST OF ABBREVIATIONS ..ottt ettt X
TLO INErOQUCTION ...ceeiiiiiii it ettt 1
2.0 EXperimental PrOCEAUIE..........uuuiieiiiiiiiiiieis e e ettt e e e e et e e e e e e e e e aab e e e e eeesaaaaannans 1
2.1 Reaction MiXture Preparation ...........cceeeeeiiiiiiiiiiieeeeeeeiiiiiieeeeeeeeeeeaviieeeeeeeeeesastanaeeeeeseesssseenaeaeraees 1
2.2 HydroChIOTINatiON. .. ...uuueeieeii it e e ettt e e e e ettt e e e e e e e eeaat e e aeeeeaaaaaaaeeeaeserenes 2
2.3 SAMPIE COIECTION. .. evviiiiiseeeeeeeiiiiiee e e ettt e e e e e e eeeaat e e e e e eeetatenaeeeeeeessssnnnnaaaesesnssnnnnnaaeaeeeersses 3
2.4 Analytical Sample Preparation..........c.c.eeeiiiiiiiiiiiieee it e e e e e e e eeeetree e e e e e e eeeaaaa e eeaaens 4
2.5 QUANILY ASSUTANCE. ...eeeeieiiiiiiiiiiiiiiiiei et 5
3.0 Results and DISCUSSION .....ceiiiiiiiiiiiiiiiiiiiiiiiiiiiii ettt 5
3.1 POWART XRD ... e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaeaeas 6
3.2 RAM AN SPECETOSCOPY e uuettrruineetiiieeetiiie ettt eettteaeeetttaeeettenaeeessneeesseneesssnnaeeessnnaeeessnneerssnneeeessnnns 7
T T (03 1Y U PP SRS U RO SROPPP 8
304 MASS BAIANCE ... e e e e e e e e e e e e aaaaens 9
IR I O A YA TN 1 -1 5 U SR 10
L O0) 1 1] L ES3 o) o F PSP 11
5.0 Recommendations, Path Forward or Future Work ..............ooooiiiiiiiii e 11
6.0 RETEIEIICES . ...oiiiiiiiiiiiiiiii it 12

vi



SRNL-TR-2024-00718

Revision 0
LIST OF TABLES

Table 2-1. Masses and mol ratios of reaction components in each beaker..............cccceeeeiiiiiiiiiieeeeeniieinnnn. 2
Table 2-2. Masses of crucibles and transferred reaction mixture prior to hydrochlorination...................... 2
Table 2-3. Masses of crucibles and final mass of salt and UO2 mixture after hydrochlorination. ............... 4
Table 2-4. Crucible masses before and after hydrochlorination and the change in sample mass. ............... 4
Table 2-5. Sample mass, water mass, and approximated samples for [CPMS and UV-Vis. .....c....cceeeeenees 5
Table 3-1. Concentrations and calculated values for U and Cs............ccoeeviiiiiiiiiiiiiiiiieeeeeee 8
Table 3-2. Calculated values and %U CONVETSION. . ...coeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitieieetee ettt ettt eeeeeeeaeees 9
Table 3-3. UV-Vis absorbances at selected U(IV) wavelengths for Experiments 1- 3...........cccoeeeeeiininn. 11

LIST OF FIGURES

Figure 2-1. (Left) Beakers used for crucibles 1, 2, and 3 during the 550 °C tube furnace test. (Middle) Close-
up view of the contents of one beaker. (Right) Contents of beaker after blending by hand................. 2

Figure 2-2. (Left) Loaded crucibles in a radiological fume hood. (Middle) Loaded crucibles after
introduction into the quartz process tube. (Right) Loaded process tube being inserted into the tube

Figure 2-3. Schematic of the hydrochlorination SEIUP. .......c.cceeeiiiiiiiiiiiieeeeeieieee e e 3

Figure 2-4. (Left) Anhydrous HCI gas administration system including a gas cylinder, Tedlar gas sampling
bag, peristaltic pump, and flow meter. (Middle) Tube furnace with inserted quartz tube containing
alumina crucibles. (Right) Gas scrubbers attached in series filled with 5SM NaOH. ........................... 3

Figure 2-5. Condensation observed at the outlet of the quartztube. ...............eeuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieie, 3

Figure 2-6. Solidified reaction mixtures after removal from the alumina crucibles. (Left) Solidified mixture
following exposure to HCI for 5 hours at 550 °C. (Middle) Solidified mixture following exposure to
HCI for 5 hours at 650 °C. (Right) Solidified mixture following exposure to HCI for 4.25 hours at

Figure 2-7. (Left) Representative example of a suspension of the solidified reaction sample in water.
(Middle) Filtered solutions from Experiments 1, 2, and 3. (Right) Filtered solutions for UV-Vis

ATLALYSIS. -ttt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeaeeeeeeeaeas 5
Figure 3-1. Powder XRD pattern of the sample from Experiment 1 at 550 °C. ........ccccccoiiiiiiiiiiiiinn, 6
Figure 3-2. Powder XRD pattern of the sample from Experiment 2 at 650 °C. .........ccccoooiiiiiiiiiiiiiinn. 6
Figure 3-3. Powder XRD pattern of the sample from Experiment 3 at 750 °C. ........cccccooiiiiiiiiiiiiiinn, 7

Figure 3-4. Stacked Raman spectra from the analysis of Experiment 1 (550 °C), Experiment 2 (650 °C),
Experiment 3 (750 °C) collected at 785 nm with vertical offset............ccccceeeiieiiiiiiiiiiiiieee e, 7

vil



SRNL-TR-2024-00718
Revision 0

Figure 3-5. Stacked Raman spectra from the analysis of Experiment 1 (550 °C), Experiment 2 (650 °C),
Experiment 3 (750 °C) collected at 532 nm with vertical offset.............cceeeeiiii 8

Figure 3-6. Overlayed UV-Vis spectra for Experiment 1 (550 °C), Experiment 2 (650 °C), Experiment 3
10 ) T PP PTPPPRPRPR 10

viii



AHCI
DOE
GAIN
HCl
ICP-MS
MSR
PUREX
PVDF
SNF
SRNL
UV-Vis
XRD

SRNL-TR-2024-00718
Revision 0

LIST OF ABBREVIATIONS

Anhydrous Hydrogen Chloride

Department of Energy

Gateway for Accelerated Innovation in Nuclear
Hydrogen Chloride

Inductively Coupled Plasma Mass Spectrometry
Molten Salt Reactor

Plutonium Uranium Reduction Extraction
Polyvinylidene Difluoride

Spent Nuclear Fuel

Savannah River National Laboratory
Ultraviolet-Visible light

X-Ray Diffraction

ix



SRNL-TR-2024-00718
Revision 0

1.0 Introduction

In recent years, molten salt reactors (MSR) have garnered attention for their advantages in both safety and
efficiency when compared to alternative reactor designs.! Within MSRs, chloride-based fuel offers benefits
over the more corrosive fluoride- and the more cost-intensive bromide-based fuels. The production of
chloride salt MSR fuels have also been predicted as a pathway to reuse spent nuclear fuel (SNF) with
minimal reprocessing. For the past several decades, storage costs associated with SNF accumulation have
increased, with forecasts predicting a continuation of this trend.2 Reprocessing SNF has historically been
dominated by solvent extraction processes (e.g., the PUREX process3); however, pyrochemical
reprocessing could improve overall efficiency by minimizing the number of separation steps. One such
chemical pathway involves the direct chlorination of SNF.

To support innovation in nuclear technology, the Department of Energy (DOE) awarded Metatomic® Inc.
with a Gateway for Accelerated Innovation in Nuclear (GAIN) voucher in 2023 to support
commercialization of their patent.* A collaboration with the Savannah River National Lab (SRNL) will
characterize the molten salt immersed UO2 hydrochlorination subsystem. Specifically, proof-of-concept
research on the hydrochlorination of UO2 by reaction with anhydrous hydrogen chloride (AHCI) gas in a
molten salt medium was performed on a laboratory bench scale.* 3 Per the commercial goals of Metatomic®
Inc., experimental conditions and designs were selected to minimize the production of oxygen-containing
side products. A eutectic salt mixture of NaCl:CsCl was selected to promote the formation of oxygen-free
uranium chloride species. The intended chemical reaction is listed in Equation 1:

A
UO0,(s) + 4HCl(g) » UCl,(sln) + 2H,0(g) [Equation 1]

Project milestones have been divided into two phases. Phase 1 involved a preliminary small-scale
assessment of the hydrochlorination process using a tube furnace. The primary goal of Phase 1 was to assess
the feasibility of the hydrochlorination reaction, probe the effect of furnace temperature, and evaluate the
applicability of available analytical techniques. The experimental methods, suite of performed analyses,
and outcomes from Phase 1 experimentation are detailed in this report. Phase 2 will involve a scaled-up
hydrochlorination apparatus in a custom-built, bench-scale reactor.

2.0 Experimental Procedure

2.1 Reaction Mixture Preparation

Phase 1 examined the hydrochlorination of UOz by reaction with AHCl in a eutectic NaCl:CsCl molten salt
mixture. Three hydrochlorination experiments were performed at furnace temperatures of 550 (Experiment
1), 650 (Experiment 2), and 750 °C (Experiment 3). Each experiment was performed over three days, with
one day each for the following steps: crucible preparation, sample hydrochlorination, and sample
distribution for analysis.

Samples for each planned experiment were prepared in a radiological fume hood. The requisite amounts of
CsCl, NaCl, and UO2 (0.20% U-235 enrichment) were weighed such that a Na:Cs mole ratio of ~35:65 and
a U content of ~30 mol% would be achieved (actual masses and mole ratios are shown in Table 2-1 and
Table 2-2). Once the NaCl, CsCl, and UO2 were weighed (Figure 2-1, Left and Middle), the solids were
blended with a spatula until the sample was a homogeneous color (Figure 2-1, Right), and transferred to an
alumina crucible (Figure 2-2, Left). Crucibles from Experiment 1 (Crucibles 1-3), Experiment 2 (Crucibles
4, 5), and Experiment 3 (Crucibles 6, 7) were prepared using the weighed amounts of CsCl, NaCl, and UO2
from correspondingly numbered beakers. The crucibles were weighed and loaded into a quartz process tube
(Figure 2-2, Middle). The quartz process tube was then inserted into the tube furnace (Figure 2-2, Right).
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Table 2-1. Masses and mol ratios of reaction components in each beaker.
Beaker Number
1 2 3 4 5 6 7
CsCl (g) 6.5248 6.4074 6.4025 6.3212 6.3290 6.3230 6.3684
NaCl (g) 1.1917 1.1862 1.1923 1.1815 1.2269 1.1837 1.1968
U0: (g) 6.8964 7.0323 6.8244 6.7560 6.7391 6.8717 6.7274
Total Mass in Beaker (g) | 14.6129 | 14.6529 | 14.4192 | 14.2587 | 14.2950 14.3784 | 14.2926
NaCl:CsCl (mol ratio) 34:66 35:65 35:65 35:65 36:64 35:65 35:65
%UOz (mol %) 30 31 30 30 30 31 30

) g

90503
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Figure 2-1. (Left) Beakers used for crucibles 1,2, and 3 during the 550 °C tube furnace test. (Middle)
Close-up view of the contents of one beaker. (Right) Contents of beaker after blending by hand.

Table 2-2. Masses of crucibles and transferred reaction mixture prior to hydrochlorination.

Crucible Number
1 2 3 4 5 6 7
Empty crucible (g) 22.6699 | 19.8314 | 22.2178 | 23.0677 | 22.0106 | 20.3131 | 19.9730
Crucible w/ reaction mixture (g) 37.2363 | 34.3921 | 36.5781 | 37.1487 | 36.1281 | 34.6425 | 34.2247
Total reaction mixture in crucible (g) | 14.5664 | 14.5607 | 14.3603 | 14.0810 | 14.1175 | 14.3294 | 14.2517

Syt )

Figure 2-2. (Left) Loaded crucibles in a radiological fume hood. (Middle) Loaded crucibles after
introduction into the quartz process tube. (Right) Loaded process tube being inserted into the tube
furnace.

2.2 Hydrochlorination

The process layout is outlined in Figure 2-3 and pictured in Figure 2-4. Argon and AHCI gas lines were
connected at the inlet of the quartz tube. AHCI gas was introduced by periodically filling a Tedlar gas
sample bag and delivering a measured volume of AHCI gas from the Tedlar bag into the quartz tube via a
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peristaltic pump. At the outlet of the quartz tube were two gas scrubbers attached in series, each filled with

a 5 M NaOH solution.
- I

I
A A II - -

@ B r—

— Peristaltic Crucibles Quartz
Gas sample bag Pump Tube furnace tube

NaOH Scrubbers

Figure 2-3. Schematic of the hydrochlorination setup.

After attaching gas lines to the quartz process tube, an argon flow of 200 mL/min was initiated. Argon was
flowed for 10 minutes before the furnace heating program was initiated. The heating program was heated
to and dwelled at 300 °C for 10 minutes to allow the gas flow to oust any thermally desorbed water. The
final temperature (550, 650, or 750 °C) was achieved by heatingin 50 °C increments, with 1-2 min pauses
at each increment to allow for temperature stabilization. At approximately 500 °C, the salt content of the
crucibles was observed to be molten. After dwelling at the desired temperature for 10 min, argon and AHCI
gas flow was set to 50 mL/min and 170 mL/min, respectively. AHCI gas flow was continued for 5 h for
Experiments 1 and 2 (550 and 650 °C, respectively), and for 4.25 h for Experiment 3 (750 °C). White solids,
presumably condensed salts, accumulated along the interior surface of the quartz tube. Water condensation
was also observed at the outlet of the quartz tube (Figure 2-5), as expected from Equation 1. No
condensation was observed prior to the introduction of AHCI. After the stated time at temperature, AHCI
gas flow was ceased, and the furnace was allowed to cool to room temperature overnight undera 50 mL/min
flow of argon gas.

Figure 2-4. (Left) Anhydrous HCI gas administration system including a gas cylinder, Tedlar gas

sampling bag, peristaltic pump, and flow meter. (Middle) Tube furnace with inserted quartz tube
containing alumina crucibles. (Right) Gas scrubbers attached in series filled with 5 M NaOH.

Figure 2-5. Condensation observed at the outlet of the quartz tube.

2.3 Sample Collection

The crucibles with their solidified contents were removed from the quartz tube inside of a radiological hood.
Masses of the empty crucibles and the loaded crucible before and after hydrochlorination are listed in

3
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Table 2-3 and Table 2-4. Attempts at lifting the solidified salt mixture from the crucible with a metal spatula

were occasionally successful. However, applying light percussive forces to the backside of the crucibles

yielded clean separation of the solidified mixture from the crucible (Figure 2-6). The molten salt samples

were bilayered, with the lower layer being a dark brown color. The lower layer is likely unreacted UO2.

Depending on the temperature of the experiment, the upper layer was either yellow (550 °C; Figure 2-6,
Left) or green (650 and 750 °C; Figure 2-6, Middle and Right).

Figure 2-6. Solidified reaction mixtures after removal from the alumina crucibles. (Left) Solidified
mixture following exposure to HCI for 5 hours at 550 °C. (Middle) Solidified mixture following
exposure to HCI for 5 hours at 650 °C. (Right) Solidified mixture following exposure to HCI for 4.25
hours at 750 °C.

Table 2-3. Masses of crucibles and final mass of salt and UO: mixture after hydrochlorination for
Experiment 1 (550 °C, Crucible 1-3), Experiment 2 (650 °C, Crucible 4-5), Experiment 3 (750 °C,
Crucible 6-7).

Crucible Number
1 2 3 4 5 6 7
Empty Crucible (g) 22.6699 | 19.8314 | 22.2178 | 23.0677 | 22.0106 | 20.3131 | 19.9730
Crucible after HCl reaction (g) | 37.4837 | 34.7548 | 36.8413 | 37.6369 | 36.6592 | 35.0145 | 34.6025
Total salt/UOz in crucible (g) | 14.8138 | 14.9234 | 14.6235 | 14.5692 | 14.6486 | 14.7014 | 14.6295

Table 2-4. Crucible masses before and after hydrochlorination and the change in sample mass for
Experiment 1 (550 °C, Crucible 1-3), Experiment 2 (650 °C, Crucible 4-5), Experiment 3 (750 °C,
Crucible 6-7).

Crucible Number
1 2 3 4 5 6 7
Crucible before HCl reaction (g) | 37.2363 | 34.3921 | 36.5781 | 37.1487 | 36.1281 | 34.6425 | 34.2247
Crucible after HCl reaction (g) | 37.4837 | 34.7548 | 36.8413 | 37.6369 | 36.6592 | 35.0145 | 34.6025
Change in mass (g) 0.2474 | 03627 | 0.2632 | 0.4882 | 0.5311 | 0.3720 | 0.3778

2.4 Analytical Sample Preparation

Raman spectroscopy, inductively coupled plasma - mass spectrometry (ICP-MS), UV-Vis spectroscopy,
and powder X-ray diffraction (XRD) samples were prepared from the solidified reaction mixture. Without
separating the bilayers, representative portions of the solidified reaction mixtures were sampled. Samples
from crucibles 2, 4, and 6 were taken to represent Experiments 1 (550 °C), 2 (650 °C), and 3 (750 °C),
respectively. Approximately 1 g of the molten salt sample was submitted for both Raman spectroscopy and
powder XRD. To prepare ICP-MS and UV-Vis samples, a weighed amount of sample (Table 2-5) was

4
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suspended in a measured amount of deionized water in a 50-mL centrifuge tube (Figure 2-7). The tube was
vigorously shaken to induce dissolution of any soluble uranium materials and to break up large chunks
which may contain soluble uranium components. After shaking for several minutes, most chunks in the
suspension had broken apart. Each suspension was aspirated into a disposable 10-mL syringe and filtered
through a 0.45 pm polyvinylidene difluoride (PVDF) filter. An unmeasured aliquot of this filtered solution
was transferred to a plastic cuvette. UV-Vis analysis was performed on an Avantes Multichannel
Spectrometer at wavelengths 200-1100 nm. The remaining filtrate was acidified with concentrated nitric
acid (300 pL) such that the resulting solution contained ~2% nitric acid. An aliquot of this 2% nitric acid
solution was analyzed by ICP-MS.

Table 2-5. Sample mass, water mass, and approximated samples for ICP-MS and UV-Vis.

Experiment 1 Experiment 2 Experiment 3
(550 °C) (650 °C) (750 °C)
Solid Reaction Sample (g) 4.4397 6.4876 5.8424
Empty Centrifuge Tube (g) 12.947 13.272 13.281
Centrifuge Tube + water (g) 23.962 23.184 23.929
Total water (g) 11.015 9.912 10.648

Figure 2-7. (Left) Representative example of a suspension of the solidified reaction sample in water.
(Middle) Filtered solutions from Experiments 1, 2, and 3. (Right) Filtered solutions for UV-Vis
analysis.

2.5 Quality Assurance

Requirements for performing reviews of technical reports and the extent of review are established in manual
E7 2.60. SRNL documents the extent and type of review using the SRNL Technical Report Design
Checklist contained in WSRC-IM-2002-00011, Rev. 2.

3.0 Results and Discussion

All observations made during the three experiments suggest, to varying degrees, UO2 was successfully
chlorinated. Given that water was a byproduct of the desired reaction (per Equation 1), the observed
condensation was expected. The upper layer of the solidified reaction block provided further insight on the
reactivity. Given that both NaCl and CsCl are white salts that were not expected to react, the coloration of
the upper layer indicated a reaction of UO2 with HCI gas to produce a colored product. Generally, U(IV)
species have notably been a green color, while U(VI) species have a yellow color. The coloration of the
upper layer of the solidified mixture provided a visual indication of reaction when considering that the
anticipated color of the desired UCls product is green. The lower dark brown layer was likely composed
of unreacted uranium oxides.
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3.1 Powder XRD

Powder XRD patterns were overlayed with matching patterns from the 2024 PDF-5+ database (Figure 3-1,
Figure 3-2, and Figure 3-3). Samples from all three experiments were determined to contain NaCl, CsCl,
UO2, and Cs2UO:Cls. Additionally, Experiments 2 and 3 were found to contain CsUCls, which can be
described as a CsCI*UCl4 complex. These results indicated furnace temperatures at 650 °C and 750 °C
generated UCls; whereas, a furnace temperature of 550 °C did not. Concerning the presence of Cs2UO2Cl4
in all three experiments, this product could be an intermediate in the conversion of UO2 to UCls, an end
product of the reaction, or decomposition of UCl4 from reaction with air. The green colored solid samples
observed for Experiments 2 and 3 did not visibly change color over several days in air. Literature reports
have shown that a passivating layer of UO2Clz can suppress the rate of UCl4 oxidation.® A similar retardation
of oxidation may also be imparted by the salt matrix.

Notably, all the uranium chloride species were complexed with CsCl, and not NaCl. This observation can
be attributed to the tendency for uranium to form complexes with halide salts with cations that have smaller
charge to surface ratios.” Furthermore, this observation was in accordance with previous hydrochlorination
reactions in NaCl:CsCl molten salts.>-8

Batch 1 Tube Furnace Testing <26.85°C>
[01-075-0413] Uraninite « UO; g6
[01-086-3787] Cesium Chloride » CsCl
[01-071-3741] Halite « NaCl
[01-C 5460] Cesium Uramum Oxide Chicride | dicesium...  Csz(UO;)Ci
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Figure 3-1. Powder XRD pattern of the sample from Experiment 1 at 550 °C.

Batch 2 Tube Furnace Testing <26.85°C>
[01-075-0413] Uraninite » UO g,
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Figure 3-2. Powder XRD pattern of the sample from Experiment 2 at 650 °C.
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Batch 3 Tube Furnace Testing
[01-075-0413] Uraninite  UO g6
[01-066-3787] Cesium Chloride » CsC/
[01-071-3741] Halite « NaC/
[01-0 5460] Cesium Uranium Oxide Chioride | dicesium...  Csz(UO;)Ci

Intensity (Counts)

26(")

Figure 3-3. Powder XRD pattern of the sample from Experiment 3 at 750 °C.

3.2 Raman Spectroscopy

Raman spectroscopy samples were analyzed at wavelengths 785 (Figure 3-4) and 532 nm (Figure 3-5). At
both wavelengths, several peaks below 100 cm-! could be attributed to Cs2UO2Cls; however, peaks below
200 cm ! were obscured due tonoise from the instrumentnotch filter.® For the spectrum obtained at 785 nm,
the minor peak at 312 cm™! likely belongs to a U-O or U-CI stretch, while the intense band at 831 cm! does
match with a vi(U-Osymm) stretch for species in molten salt solutions.!%-1! Though samples were analyzed
as solids, the salt matrix could potentially affect the spectra. For the spectrum obtained at 532 nm, the peaks
at 267, 311, and 835 cm-! belonged to the U-Cl or U-O stretches.” 12 Peak shapes from the Experiment 1
spectrum at 532 nm were significantly broadened compared to those from Experiments 2 and 3.

For Experiment 1, broad peaks appear at 1042, 1337, 2160 cm-!, and within the range of 267-800 cm-!'. A
sharp peak also appears at 835 cm-!. In contrast, Experiment 2 and 3 have sharp peaks at 267, 311, and 835
cm-!, and some broad peaks at 514 and 1337 cm-!. The peak intensities for Experiment 3 were lower than
that of Experiment 2. The peaks in the region of 267-800 cm-! could be attributed to uranium oxides. '3

=03 Experiment 1 {550 °C) ‘
#* Experiment 2 (650 °C) 831 cm™ (U-0,,,,) @
.| Experiment 3 (750 °C)

o] 2884 cm'!

312 cm*?
(U-0 or U-CI)

Intensity

M ‘ e , |

T —— el

s — S ran 4 1 .
T e —T e — . e N Y | ‘I""'T" ‘wl}l\l“

e Gt

| \l

0 200 0 600 800 1000 200 1400 1600 1800 2000 2200 2000 2600 2800 3000 3200 400

Raman Shift (cm™)

Figure 3-4. Stacked Raman spectra from the analysis of Experiment 1 (550 °C), Experiment 2
(650 °C), and Experiment 3 (750 °C) collected at 785 nm with vertical offset.
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Figure 3-5. Stacked Raman spectra from the analysis of Experiment 1 (550 °C), Experiment 2
(650 °C), and Experiment 3 (750 °C) collected at 532 nm with vertical offset.

3.3 ICP-MS

The concentrations of U and Cs obtained from ICP-MS analyses are listed in Table 3-1 and Table 3-2.
Calculations were performed using Equations 2 — 5. The overall percent conversion for each experiment
was determined as described in Equation 6. Comparing the %U conversion for Experiments 1-3, the fraction
of uranium converted to a soluble form was observed to increase as temperature increased. Given the
insoluble UO> starting material content was removed via filtration, this trend indicated a greater percent
conversion of UO2 to water soluble U species, such as UCls and Cs2UO2Cla.

Table 3-1. Concentrations from ICP-MS and calculated values for U and Cs.

Reacgon Conc.U | Conc. Cs Solution Sample | Post-reaction Cale. . Calc.QsCl

Expt | Duration (/L) (@L? | Vol (L) (@ Mixture (g) soluble Uin | in crucible
(hr:min) & & orume & xture (g crucible (g) (2)
1 5:00 6.09 254 0.01132 4.4397 14.9234 0.23 1.22
2 5:00 593 170 0.01021 6.4876 14.5692 1.36 4.94
3 4:15 72.0 142 0.01095 5.8424 14.7014 1.98 4.96

1Conc. U was calculated by summing the concentration of m/z 234, 235, 236, and 238, as determined by
ICP-MS (See Appendix A).

2Conc. Cs was set equal to the concentration of m/z 133 (See Appendix A).

3Solution volumes were derived from the mass of water used to suspend the sample. The volume of
undissolved uranium dioxides was assumed to be negligible.

Equation 2:
Conc.U (or Cs) (%) x Sol.Vol. (L)

X Total Crucible Mixture (g)
Sample (g)

Calc.U (or Cs) in crucible (g) =

Equation 3:
1 molCs 1 mol CsCl

X X
13291gCs 1molCs

168.36 g CsCl
1 mol CsCl

Calc.CsCl in crucible (g) = Calc. Cs in crucible (g) X
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Equation 4:
Total rxn mixture in crucible (g)

Initial UO = Weighed UO X
nitial U0, (g) etghe 2 (9) Total rxn mixture in beaker (g)

Equation 5:
Initial U in crucible (g)
1mol UO,

[(235 g x %2350U/100) + (238 g x %238U/100) + 329 | UO,
 LmolU (2359 %23°U/100) + (238 g x %238U/100)
1mol UO, 1mol U

= Initial U0, (g) X

Equation 6:

_ Calc. U in crucible (g)
% Conversion = —— - . X 100%
Initial U in Crucible (g)

A 19.3% increase in percent U conversion was observed between Experiments 1 and 2 (550 and 650 °C,

respectively). An additional 9.8% increase in %U conversion was observed between Experiments 2 and 3

(650 and 750 °C, respectively). Of note is that the hydrochlorination conditions for Experiment 3 were only

maintained for4.25 h, instead of 5 h. Assuming a constant reaction rate, extrapolating toa 5 h reaction time

would have yielded a 38.7% U conversion. It is worth noting that these percent conversions are approximate,
as measurement uncertainties have not been considered during these preliminary experiments.

Table 3-2. Calculated values and %U conversion.

Experiment Initial UO> (g) Initial U (g) %U conversion
1 7.0323 6.16 38
2 6.7560 5.88 23.1
3* 6.8717 6.04 329

*Hydrochlorination only occurred for 4.25 h, as opposed to 5h.
fDerived from ICP-MS analysis.

3.4 Mass Balance

An increase in the U:Cs ratio with temperature suggests an increase in overall U conversion; however, the
U:Cs ratio cannot be used as a direct, quantitative UO2 conversion indicator due to the evaporation of carrier
salt from the reaction vessel. The calculated Cs quantities derived from ICP-MS measurements show a loss
of Cs from the reaction crucibles during each experiment. The low Cs values can be attributed to several
factors including 1) the difficulty of selecting a truly representative sample of the solidified reaction mixture
without disturbing the ratio of the two solid layers (Figure 2-6); 2) The 20% method uncertainty in the ICP-
MS method; and 3) evaporation of salts during hydrochlorination, which were seen condensing on the
surface of the quartz tube. Given the lower boiling point of CsCl relative to NaCl, the composition of the
solids condensing on the quartz tube is likely disproportionately high in CsCL

The change in reaction mixture mass before and after hydrochlorination (masses listed in Table 2-4) could
also provide an approximation on the degree of salt sublimation. As hydrochlorination occurs, an increase
in mass was expected due to the greater molecular weight of UCl4 compared to UO2. Experiments 2 and 3
both had larger mass changes than Experiment 1 (550 °C), suggesting increased hydrochlorination at greater
temperatures. However, Experiment 2 (650 °C) had a greater mass change than Experiment 3 (750 °C),
likely due to greater salt evaporation at higher temperatures in Experiment 3. Another scenario would
involve the evaporation of UCls; however, evaporation has been observed to be suppressed in molten salt
media at lower UCls concentrations.'# Due to the evaporated and redeposited salt being evenly distributed
along the interior wall of the process tube, more salts may have evaporated than what can be easily
ascertained by eye.
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Since a commensurate mass gain for the reaction mixture mass was not observed for Experiment 3, salt
volatility and temperature should be considered when selecting operating parameters. In Phase 1, the
condensed salts accumulated immediately outside the heated regions of the tube furnace. In Phase 2,
evaporated salts could prove problematic when accumulating at the relatively narrow exhaust outlet of the
reactor assembly, where the flow of exhaust gas could be restricted. Proper insulation near the exhaust port
of the Phase 2 reactor cover would circumvent this issue.

3.5 UV-Vis Analysis

UV-Vis spectroscopy is particularly advantageous for uranium analysis as multiple oxidation states can be
observed in a single UV-Vis spectrum.1>-16 Representative UV-Vis spectra for Experiments 1 — 3 are shown
in Figure 3-6 alongside the absorbances and wavelengths in Table 3-3Table 3-3. Characteristic f~f'
transitions for U(IV) species have centered around absorbances at 428, 495, 549, 648, and 671 nm.!7-18
U(VI) species have been identified by a cluster of broad peaks in the 400-500 nm range, with a notable
peak at 414 nm, due to symmetry-forbidden transitions.!® 1 UV-Vis spectra collected on samples from
Experiments 1 — 3 each contained a broad cluster of peaks in the 330 — 450 nm range (Figure 3-6). Given
the expected UV-Vis data for U(VI) and the species detected by powder XRD, this cluster of broad peaks
can be attributed to Cs2UO2Cls. The lambda max of this broad peak is redshifted for Experiments 2 and 3
due to overlap with U(IV) species absorbances centered at 433 nm. !8 Other absorbances belonging to U(IV)
were detected for all three experiments at wavelengths 455 and 473 nm.2° UV-Vis data for Experiments 2
and 3 also had additional peaks around 494, 550, 648, and 670 nm, which corresponded well with U(IV).
Peaks at 879 and 944 nm were present for either Experiment 2 or 3, but these peaks have not been assigned
to U(IV) or U(VI) species.

2 Experiment 1 (550 °C)
% Experiment 2 (650 °C)
22 Experiment 3 (750 °C)
i 648, 670 nm

ks | 455, 473, 494 nm U(IV) u(Iv)

433 nm U(IV)

Absorbance

2] 550 nm
13 417 nm U(VI1)
12 u(Iv)
11
1
o9
03
07
06
s
04
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02
01
J k
01
200 220 240 260 280 300 320 340 360 380 400 420 440 450 430 S00 S20 540 S60 S50 600 620 640 660 630 700 720 740 760 780 SO0 520 840 860 S50 900 920 940 960 960 1)0001,020 1,040 1,0601,080

Wavelength (nm)

Figure 3-6. Overlayed UV-Vis spectra for Experiment 1 (550 °C), Experiment 2 (650 °C), and
Experiment 3 (750 °C).

The increasing absorbances at the wavelengths identified in Table 3-3 suggested an increase in soluble
uranium species with an increase in furnace temperature. Aside from the peaks at 455 nm and 473 nm,
Experiment 1 did not contain many ofthe peaks associated with U(IV) species. This indicated the products
of Experiment 1 were predominantly U(VI) species. In contrast, Experiments 2 and 3 contained numerous

10
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peaks associated with U(IV) products. However, U(VI) species likely formed since a broad peak, centered

at 417 nm, can be seen overlapping with the shoulder of the peak at 433 nm. The absorbances for the U(IV)

peaks were markedly greater in Experiment 3 than Experiment 2. Given the UV-Vis cuvette sample for

Experiment 3 was made with less sample than the Experiment 2 sample (Table 2-5), the absorbances

observed for Experiment 3 would be even greater if accounting for differences in the concentration.

However, a greater degree of salt evaporation at higher temperatures could skew the crucible samples

towards a high U content through loss of salt. This would result in higher UV-Vis absorbances for U soluble
species that do not accurately reflect a higher %U conversion.

Qualitatively, the collected UV-Vis data suggested a furnace temperature of 750 °C was more effective at
producing U(IV) species. Visually, the green solutions of Experiment 2 and 3 were expected for dissolved
UCly and the yellow solution of Experiment 1 matched the expected color of dissolved Cs2UO2Cla.
However, the preliminary UV-Vis data require optimization to provide more than just qualitative
conclusions. The flat baseline from 480-1100 nm and the noise at peaks with high absorbances for
Experiment 3 (433 and 648 nm) were also indicative of the need for sample concentration optimization.
Furthermore, the rapid oxidation of U(IV) to U(VI), particularly in solution, requires a prompt sample
analysis for accurate measurements.% 2! For Phase 2, a streamlined UV-Vis solution preparation procedure
will allow for dilutions to a concentration that can be more reliably measured. Dilutions and back
calculations can be performed to target solutions with previously established U(IV) and U(VI)
concentration ranges that obey Beer’s Law and with known molar absorptivities.?2 23

Table 3-3. UV-Vis absorbances at selected U(IV) wavelengths for Experiments 1- 3.

Wavelength (nm) | U Species | Experiment 1 (550 °C) | Experiment 2 (650 °C) | Experiment 3 (750 °C)
417 VI 0.94 - -
433 v - 1.79 2.12
455 v 0.38 1.36 1.67
473 v 0.24 1.41 2.12
494 v - 0.83 1.91
550 v - 0.11 1.02
648 v - 1.52 2.72
670 v - 0.25 1.25
879 - - - 0.68
944 - - - 1.92

4.0 Conclusions

Results from the Phase 1 experiments indicate that hydrochlorination of UO2 to UO2Cl2 and UCl4 in molten
salt media was achieved. These results were supported by powder XRD, Raman spectroscopy, ICP-MS,
and UV-Vis spectroscopy. For a NaCI-CsCl molten salt medium, elevated temperatures promoted higher
conversion of UOz to water soluble U species, such as Cs2UO2Cls or UCls. Furthermore, UV-Vis analysis
indicated higher temperatures increased the amount of U(IV) species that was formed.

5.0 Recommendations, Path Forward or Future Work

Given the successful formation of UO2 hydrochlorination products during Phase 1 of this project, Phase 2
studies using a batch reactor vessel will focus on increasing contact between AHCI and the molten salt
mixture. By sparging AHCI gas through the molten salt containing suspended UO: particles, as opposed to
flowing over the surface of the molten salt with UO2 on the bottom of the crucible, an increase in UO2
conversion is expected. One consideration for Phase 2 operating parameters is the balance between an
increased reaction rate, salt volatility, and U(VI) species preference at higher furnace temperatures. As
shown in Table 2-4 and Table 3-2, an increase in reaction conversion is not met with a concomitant increase
in mass. While operating at higher temperatures appears to increase the rate of UO2 conversion to a water-

11
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soluble U species, elevated temperatures could tilt the thermodynamic preference towards formation of

U(VI) instead of U(IV) species.® Selecting a temperature high enough to encourage hydrochlorination, but

not so high that U(IV) formation is thermodynamically unpreferred is ideal. Furthermore, operating at a

lower temperature has the added benefit of minimizing salt evaporation. An additional factor to be

considered would be a greater solubility of non-inert gases, such as AHCI gas, in molten salt media at lower

temperatures.?* 2> Based on theresults of Phase 1, a furnace operating temperature of 650 °C will be used
as a starting point for Phase 2 experiments.
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Appendix A. ICP-MS Data
ICP-MS Results
File Name: Foley 35839,38071,36073
Instrument: Rgilent: Bldg 7734, Em Bl4:2 Analysis Date: 5/28/2024
Analyst: Henry Bonilla Reviewer Name: Mark Jones
Comments: ELN-L9935-00594-30
Method Uncertanty is +/- 20% 2 sigma
LW35839 Batch 2 Batch 3
Batch 1 Tube Tube Tube
Furnace Furnace Furnace
Testing - Testing - Testing -
ICP ICP ICP
10000 X 10000 X 10000 X
m/z
ag/L ag/L -- ug/L --
Ti < 1.00E+03 (N/L %RSD) < 1.00E+03 M/ %RSD) < 1.00E+03 [M/L %RSD)
v < 1.00E+02 (N/R $RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [(H/R $RSD)
Cr < 3.00E+02 (N/L %RSD) 4,91E+03 (1.00E+01 %RS5SD) 1.06E+04 (1.00E+01 %RSD)
Co < 1.00E+02 (N/L %RSD) < 1.00E+02 M/ %RSD) < 1.00E+02 [M/L %RSD)
Cna < 1.00E+02 (N/R $RSD) T.1l6E+02 (1.00E+01 %R5SD) 1.02E+03 (1.00E+01 %RSD)
Ga < 1.00E+02 (N/L %RSD) < 1.00E+02 M/ %RSD) < 1.00E+02 [M/L %RSD)
B2 < 1.00E+02 (N/h %RSD) < 1.00E+02 (H/Z %RSD) < 1.00E+02 (H/A %RSD)
B4 < 1.00E+02 (N/R $RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [(H/R $RSD)
BS 1.58E+03 (1.00E+01 %RSD) 1.07E+04 (1.00E+01 %RS5SD) S.15E+03 (1.00E+01 %RSD)
B6 < 1.00E+02 (N/h %RSD) < 1.00E+02 (H/Z %RSD) < 1.00E+02 (H/A %RSD)
87 &.25E+02 (1.00E+0D1 %RSD) 4,11E+03 (1.00E+01 %R5SD) 3.51E+03 (1.00E+01 %RSD)
B8 < 2.50E+02 (N/L %RSD) < 2.50E+02 M/ %RSD) < 2.50E+02 [M/L %RSD)
B9 < 1.00E+02 (N/h %RSD) 7.96E+02 (1.00E+01 %RS5SD) 1.33E+03 (1.00E+01 %RSD)
90 < &.00E+02 (N/R $RSD) < &.00E+02 [N/ $RSD) < &.00E+02 [(H/R $RSD)
91 < 1.50E+02 (N/L %RSD) < 1.50E+02 M/ %RSD) < 1.50E+02 [M/L %RSD)
92 < 3.00E+02 (N/h %RSD) < 3.00E+02 (H/Z %RSD) < 3.00E+02 (H/A %RSD)
93 < T.00E+0D2 (N/R $RSD) < T.00E+0D2 [N/ $RSD) < T.00E402 [(H/R $RSD)
94 < 3.00E+02 (N/L %RSD) < 3.00E+02 M/ %RSD) < 3.00E+02 [M/L %RSD)
95 < 1.50E+02 (N/h %RSD) < 1.50E+02 (H/Z %RSD) < 1.50E+02 (H/A %RSD)
96 < 2.00E+02 (N/R $RSD) < 2.00E+02 [N/ $RSD) < 2.00E+02 [(H/R $RSD)
97 < 1.00E+02 (N/L %RSD) < 1.00E+02 M/ %RSD) < 1.00E+02 [M/L %RSD)
98 < 2.00E+02 (N/h %RSD) < 2.00E+02 (H/Z %RSD) < 2.00E+02 (H/A %RSD)
99 < 1.00E+02 (N/R $RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [(H/R $RSD)

14



SRNL-TR-2024-00718

Revision 0
LW35839 Batch 2 Batch 3
Batch 1 Tube Tube Tube
Furnace Farnace Fornace
Testing - Testing - Testing -
ICP ICP ICP
10000 X 10000 X 10000 X
m/z
ug/L -- ug/L -- ag/L --
100 < 1.00E+02 (/L %R5D) < 1.00E+02 M/ %RSD) < 1.00E+02 (M/Rh %RSD)
101 < 1.00E+02 (H/A %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 (H/L %RSD)
102 < 1.00E+02 (H/L %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 (H/L %RSD)
103 < 1.00E+02 (H/R %RSD) < 1.00E+0D2 [N/ %RSD) < 1.00E+02 (H/4 %RSD)
104 < 1.00E+02 (H/R %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 (H/4 %RSD)
105 < 1.00E+02 (H/R %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 (H/A %RSD)
106 < 1.00E+02 (H/R %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 (H/A %RSD)
107 4,1%E+0D2 (1.00E+01 %RSD) 3.93E+02 (1.00E+0D1 %R5D) 3.64E+02 (1.00E+01 %R5SD)
108 < 1.00E+02 (H/R %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 (H/A %RSD)
109 4.01E+0D2 (1.00E+01 %RSD) 3.75E+D2 (1.00E+01 %R5D) 3.55E+02 (1.00E+01 %R5D)
110 < 1.00E+02 (H/R %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 [(N/4 %RSD)
111 < 1.00E+02 (H/R %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 (NS4 %RSD)
112 < 1.00E+02 (H/R %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 (NS4 %RSD)
113 < 1.00E+02 (/L %R5D) < 1.00E+02 M/ %RSD) < 1.00E+02 (M/Rh %RSD)
114 < 1.00E+02 (/L %R5D) < 1.00E+02 M/ %RSD) < 1.00E+02 (M/Rh %RSD)
116 < 1.00E+02 (/L %R5D) < 1.00E+02 M/ %RSD) < 1.00E+02 (M/Rh %RSD)
117 < 1.00E+02 (/L %R5D) < 1.00E+02 M/ %RSD) < 1.00E+02 (M/Rh %RSD)
118 < 2.00E+02 (H/A %RSD) < 2.00E+02 (H/Z %RSD) < 2.00E+02 (H/L %RSD)
120 < 2.00E+02 (H/A %RSD) < 2.00E+02 [N/ %RSD) < 2.00E+02 (H/L %RSD)
121 < 4,00E+02 (H/L %RSD) < 4,00E+02 [N/ %RSD) < 4,00E+02 (H/L %RSD)
122 < 1.00E+02 (H/R %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 (H/4 %RSD)
123 < 3.00E+02 (H/R %RSD) < 3.00E+0D2 [N/ %RSD) < 3.00E+02 (H/A %RSD)
LW35839 Batch 2 Batch 3
Batch 1 Tube Tube Tube
Furnace Furnace Furnace
Testing - Testing - Testing -
ICP ICP ICP
10000 X 10000 X 10000 X
m/z
ug/L - ug/L - ug/L -
125 < 1.00E+02 [M/h %R5D) < 1.00E+02 (/L %RSD) < 1.00E+02 [M/R %RSD)
126 < 2.50E+02 (H/Z %RSD) < 2.50E+02 (N/R $RSD) < 2.50E+02 [N/ %RSD)
128 < 3.00E+02 (H/Z %RSD) < 3.00E+02 (N/R $RSD) < 3.00E+02 [N/ %RSD)
130 < 3.00E+02 [M/h %R5D) < 3.00E+02 (/L %RSD) < 3.00E+02 [M/R %RSD)
133 2.54E+07 (1.00E+01 3IRSD) 1.70E+08 (1.00E+01 %RSD) 1.42E+08 (1.00E+01 %RS5SD)
134 < 1.00E+02 (H/Z %RSD) < 1.00E+02 (N/R $RSD) < 1.00E+02 [N/ %RSD)
135 < 1.00E+02 [N/ %RSD) < 1.00E+02 (N/R %RSD) < 1.00E+02 [N/ %RSD)
136 < 1.00E+02 [M/h %R5D) < 1.00E+02 (/L %RSD) < 1.00E+02 [M/R %RSD)
137 < 1.00E+02 (H/Z %RSD) < 1.00E+02 (N/R $RSD) < 1.00E+02 [N/ %RSD)
138 < 2.00E+02 (H/Z %RSD) < 2.00E+02 (N/R $RSD) < 2.00E+02 [N/ %RSD)
139 < 1.00E+02 [M/h %R5D) < 1.00E+02 (/L %RSD) < 1.00E+02 [M/R %RSD)
140 < 1.00E+02 [M/h %R5D) < 1.00E+02 (/L %RSD) < 1.00E+02 [M/R %RSD)
141 < 1.00E+02 (H/Z %RSD) < 1.00E+02 (N/R $RSD) < 1.00E+02 [N/ %RSD)
142 < 1.00E+02 [(H/Z %RSD) < 1.00E+02 (H/L %RSD) < 1.00E+02 [N/ %RSD)
143 < 1.00E+02 [M/h %R5D) < 1.00E+02 (/L %RSD) < 1.00E+02 [M/R %RSD)
144 < 1.00E+02 [(W/& %RSD) < 1.00E+02 (N/B $RSD) < 1.00E+02 [N/ %RSD)
145 < 1.00E+02 (H/Z %RSD) < 1.00E+02 (N/R $RSD) < 1.00E+02 [N/ %RSD)
146 < 1.00E+02 [M/h %R5D) < 1.00E+02 (/L %RSD) < 1.00E+02 [M/R %RSD)
147 < 1.00E+02 [M/h %R5D) < 1.00E+02 (/L %RSD) < 1.00E+02 [M/R %RSD)
148 < 1.00E+02 (H/Z %RSD) < 1.00E+02 (N/R $RSD) < 1.00E+02 [N/ %RSD)
149 < 1.00E+02 (H/Z %RSD) < 1.00E+02 (N/R $RSD) < 1.00E+02 [N/ %RSD)
150 < 1.00E+02 [M/h %R5D) < 1.00E+02 (/L %RSD) < 1.00E+02 [M/R %RSD)
151 < 1.00E+02 W/ %RSD) < 1.00E+02 (N/L %RSD) < 1.00E+02 [N/ %RSD)
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Revision 0
LW35839 Batch 2 Batch 3
Batch 1 Tube Tube Tube
Furnace Furnace Furnace
Testing - Testing - Testing -
ICFP ICFE ICFE
10000 X 10000 X 10000 X
m/z
ug/L -- ag/L -- ag/L --
152 < 1.00E+02 [M/h %R5D) < 1.00E+02 [M/R %£R5D) < 1.00E+02 [M/R %R5D)
153 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [N/ $RSD)
154 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [N/ $RSD)
155 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [N/ $RSD)
156 < 1.00E+02 [H/Z %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ %RSD)
157 < 1.00E+02 [M/h %R5D) < 1.00E+02 [M/R %£R5D) < 1.00E+02 [M/R %R5D)
158 < 1.00E+02 (H/L %RSD) < 1.00E+02 (H/% %RSD) < 1.00E+02 (H/% %RSD)
159 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [N/ $RSD)
160 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [N/ $RSD)
161 < 1.00E+02 (H/Z %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ %RSD)
162 < 1.00E+02 [M/Rh %RSD) < 1.00E+02 [M/R %£R5D) < 1.00E+02 [HN/R %RSD)
163 < 1.00E+02 [M/h %R5D) < 1.00E+02 [M/R %£R5D) < 1.00E+02 [M/R %R5D)
164 < 1.00E+02 (H/L %RSD) < 1.00E+02 (H/% %RSD) < 1.00E+02 (H/% %RSD)
165 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [N/ $RSD)
166 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [N/ $RSD)
167 < 1.00E+02 (H/Z %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ %RSD)
168 < 1.00E+02 [M/h %R5D) < 1.00E+02 [M/R %£R5D) < 1.00E+02 [M/R %R5D)
169 < 1.00E+02 [M/h %R5D) < 1.00E+02 [M/R %£R5D) < 1.00E+02 [M/R %R5D)
170 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ %RSD)
171 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [N/ $RSD)
172 < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ $RSD) < 1.00E+02 [N/ $RSD)
173 < 1.00E+02 [H/Z %RSD) < 1.00E+02 [N/ %RSD) < 1.00E+02 [N/ %RSD)
174 < 1.00E+02 [M/h %R5D) < 1.00E+02 [M/R %£R5D) < 1.00E+02 [M/R %R5D)
LW35839 Batch 2 Batch 3
Batch 1 Tube Tube Tube
Fornace Fornace Furnace
Testing - Testing - Testing -
ICP ICFE ICE
10000 X 10000 X 10000 X
mfz
ug/L - ug/L - ug/L -
175 < 1.00E+02 (N/L %RSD) < 1.00E+02 (/L %RSD) < 1.00E+02 (/L %RSD)
176 < 1.00E+02 (N/L %RSD) < 1.00E+02 (N/L %TRSD) < 1.00E+02 (H/L %RSD)
177 < 2.00E+02 (N/R $RSD) < 2.00E+02 (H/R $RSD) < 2.00E+02 (H/R %$RSD)
178 < 2.00E+02 (N/R %RSD) < 2.00E+02 (H/R %RSD) < 2.00E+02 (H/L %RSD)
179 < 1.00E+02 (N/L %RSD) < 1.00E+02 (/L %RSD) < 1.00E+02 (/L %RSD)
180 < 3.00E+02 (N/L %RSD) < 3.00E+02 (/L %RSD) < 3.00E+02 (/L %RSD)
181 5.70E+02 (1.00E+01 %RSD) 5.64E+02 (1.00E+01 %RSD) 5.T70E+02 (1.00E+01 %R5SD)
182 < 2.00E+02 (N/R $RSD) < 2.00E+02 (H/R $RSD) < 2.00E+02 (H/R %$RSD)
1863 < 1.00E+02 (N/A %RSD) < 1.00E+02 (N/R %RSD) < 1.00E+02 (H/R %RSD)
184 < 3.00E+02 (N/L %RSD) < 3.00E+02 (/L %RSD) < 3.00E+02 (/L %RSD)
185 < 1.00E+02 (N/L %RSD) < 1.00E+02 (N/L %TRSD) < 1.00E+02 (H/L %RSD)
186 < 2.00E+02 (N/R $RSD) < 2.00E+02 (H/R $RSD) < 2.00E+02 (H/R %$RSD)
187 < 1.00E+02 (N/R %RSD) < 1.00E+02 (H/R %RSD) < 1.00E+02 (H/L %RSD)
191 < 1.00E+02 (N/L %RSD) < 1.00E+02 (/L %RSD) < 1.00E+02 (/L %RSD)
193 < 1.00E+02 (N/L %RSD) < 1.00E+02 (/L %RSD) < 1.00E+02 (/L %RSD)
194 < 1.00E+02 (N/R $RSD) < 1.00E+02 (H/R $RSD) < 1.00E+02 (H/R %$RSD)
195 < 1.00E+02 (N/R $RSD) < 1.00E+02 (H/R $RSD) < 1.00E+02 (H/R %$RSD)
196 < 1.00E+02 (N/A %RSD) < 1.00E+02 (N/R %RSD) < 1.00E+02 (H/R %RSD)
198 < 1.00E+02 (N/L %RSD) < 1.00E+02 (/L %RSD) < 1.00E+02 (/L %RSD)
203 < 1.00E+02 (N/L %RSD) < 1.00E+02 (N/L %TRSD) < 1.00E+02 (H/L %RSD)
204 < 1.00E+02 (N/R $RSD) < 1.00E+02 (H/R $RSD) < 1.00E+02 (H/R %$RSD)
205 < 1.00E+02 (N/R %RSD) < 1.00E+02 (H/R %RSD) < 1.00E+02 (H/L %RSD)
206 < 1.00E+02 (N/L %RSD) < 1.00E+02 (/L %RSD) < 1.00E+02 (/L %RSD)
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Revision 0
LW35839 Batch 2 Batch 3
Batch 1 Tube Tube Tube
Farnace Farnace Farnace
Testing - Testing - Testing -
ICP ICP ICP

10000 X 10000 X 10000 X

m/z
ag/L -- ug/L -- ug/L --

207 < 1.00E+02 (H/B $RSD) < 1.00E+02 [(H/Z %RSD) < 1.00E+02 (N/B $RSD)
208 < 1.50E+02 (H/R $RSD) < 1.50E+02 [N/ $RSD) < 1.50E+02 (N/R $RSD)
230 < 1.00E+01 (/L %RSD) < 1.00E+01 M/ %RSD) < 1.00E+01 (N/L %RSD)
232 < 1.00E+01 (/L %RSD) < 1.00E+01 M/ %RSD) < 1.00E+01 (N/L %RSD)
233 < 1.00E+01 (H/R $RSD) < 1.00E+01 [N/ $RSD) < 1.00E+01 (N/R $RSD)
234 5.02E+01 (1.00E+01 %RSD) 4,52E+02 (1.00E+01 %R5SD) 5.43E+02 (1.00E+01 %RSD)
235 1.23E+04 (1.00E+01 %RSD) 1.18E+05 (1.00E+01 3%RSD) 1.40E+05 (1.00E+01 ZRSD)
236 1.71E+02 (1.00E+01 %RSD) 1.&8E+03 (1.00E+01 3%R5SD) 1.99E+03 (1.00E+01 %RSD)
237 < 2.00E+01 (H/R $RSD) < 2.00E+01 [N/ $RSD) < 2.00E+01 (N/R $RSD)
238 6.08E+06 (1.00E+01 %RSD) 5.92E+07 (1.00E+01 3%RSD) 7.18E+07 (1.00E+01 ZRSD)
239 < 3.50E+03 (/L %RSD) < 3.50E+03 M/ %RSD) < 3.50E+03 (N/L %RSD)
240 < 1.00E+01 (H/R $RSD) < 1.00E+01 [N/ $RSD) < 1.00E+01 (N/R $RSD)
241 < 1.00E+01 (H/R %RSD) < 1.00E+01 [N/ %RSD) < 1.00E+01 (N/R %RSD)
242 < 1.00E+01 (/L %RSD) < 1.00E+01 M/ %RSD) < 1.00E+01 (N/L %RSD)
243 < 1.00E+01 (H/B $RSD) < 1.00E+01 [(H/Z %RSD) < 1.00E+01 (N/B $RSD)
244 < 1.00E+01 (H/R $RSD) < 1.00E+01 [N/ $RSD) < 1.00E+01 (N/R $RSD)
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