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Radiochemical Processing Laboratory (RPL)

e &
Built in
1953
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» Medical isotopes
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W |  APPLICATION PROTOTYPE K B—

ADVANCED MATERIALS TESTING

DEVELOPMENT
Materials Discovery — J

Synthetic Chemisty e
Computational T o : .
Materials Science 1

 Predict fundamental properties of molten salts ¢ On-line monitoring, off-gas management, and
using computational tools Isotope separation

* Validate models by synthesis and » Waste-form development

characterization of molten salts
 Materials Corrosion

* Prototype development and testing in collaboration with industrial partners

« Commercialization and technology transfer




%Thermophysical and structural properties of
Pacific MgCIZ'KCI
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ab initio molecular dynamics
* Five compositions, four temperatures. \
* Density increased with MgCl,

concentration.

* Viscosity is dependent on the

composition:
» higher at 900 K and constant at 1200
K.

» Coordination number increased with
MgCl, concentration and decreased with
temperature.

Nguyen et al., in preparation Exp.: Janz J. Phys. Chem. Ref. Data 4, 871 (1975)



— Structure-transport relationship In

Pacific NaCl-PuCl; molten salts
Northwest .
namionac Lasorarory | Ay = number of shared Cl ions 1.0
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 Each Pu’* ion represented by 1 circle; thickness Va
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Cluster size

 Lower diffusion coefficient in high PuCl,

concentration systems due to network formation.

Nguyen et al., Applied Materials Today 35, 101951 (2023)



* Active Capabilities at PNNL
» Specific Enthalpy/Heat Capacity (Drop |

>~ Thermophysical Property Measurement
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Calorimetry)

» Melting Point/Density (TMA)

> Volatility

FY24 focus on KCI-MgCl,

Specific Enthalpy (kJ/mol)
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~=_ Thermophysical Property Measurement
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 Active Capabilities at PNNL Cl, (ppm)
> Volatility (EGA-MS; XRD; Cold Trap) 9T toom)

« Several methods developed to better
understand the volatile nature of KCI-
MgCl, salt at melt temperatures

* Preliminary results suggest
incongruent volatilization of eutectic

P
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~2"  Thermophysical Property Measurement
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 Characterization of commercial salts

100 C

200 C

» Fluid inclusions are formed at imperfections on the

surface of the growing crystal

» Although individual inclusions are small, they are
voluminous. Thus, can account for significant

volume of water (i.e., >0.1% by vol.)

hole (imperfection)

surface

ca
g O
UDD

edge (step)

» Vacuum oven experiment shows they survive 8

hours at both 100 and 200 °C

KCI

Figure from Goldstein and Reynolds (1994)

NaCl

Modified from Kretz (2003) and
https://www.alexstrekeisen.it/english/vulc/skeletal.php



~ Actinide Salt Synthesis
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Synthesis and purification of chloride and fluoride
U/Th/Pu salts
« HF/F,/NF;/ HCI /Cl, sparging or static atmosphere

XRD, DSC, TIMS/ICPMS, Polarized Light Microscopy

Salts being provided to Nat'l Labs (i.e. ORNL) and to
industry partners for study

Effusion and transpiration vapor pressure measurement
system being built

KF-UF, (12.7 mol% U) FLiThU (26.5 mol%

| FLiThU (0.2
mol% U)

2024 salts synthesized included (First Pu salt

made!):
* FLiTh-U * NaF-UF,
« FLiNa-U * KF-UF,
CINaK-U * NaF-ZrF,-UF,
LiF-UF, * LiF-ThF,-UF,-PuF,

Sparge, evacuate,
SNl Chloride and purge reactqr lines
¢ : g . . HAMILTON & 7
Fluoride Synthesis = :
&S tom . |

--' f.
——

3 "ﬁ Hastelloy or Nickel
| | reactors and lines

| % f——

. Inert Gloveboxes in Cat Il Nuclear =\

AT —
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~z= CI-35/37 Separations - Thermal Diffusion
Pacific Isotope Separation
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0.005 A o values from literature
> Work in 2023 demonstrated successful separation of CI-35/37 . S iaties 01100 o |
in HCI ;) matrix and predictive model validation ﬁ A
% 0.003 - AR
» FY24 system is being upgraded to 6 serial columns for 18m & |
of column length — predicted for single pass~85% CI-37 . .
enrichment 2 oo ‘

» Limiting factor is laboratory space and HCI , corrosion at
temperatures above 400C

Temperature (K)

1.0
09 | /

0.8

0.7 ~

Predicted FY24-25
column performance

Mole Fraction *’Cl in Product Gas

0.6 -
0.5 — il 200°C
T, = 300°C
0.4 - —— Ty =400°C
— T, = 500°C
0.3 -
2 column system . e 5
- ¢ 4 ) o haa - T T T
being upgraded to U . & 0 20 40 60

6 columns

Total Column Length (m)

80 12
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~z  EasyXAFS300 for in-situ Cr
racitic  [Mleasurements: Proof of Concept
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Cr K-edge XAFS
measurements in solid metal

12 T T I I I

1F
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2T Blue: standard Cr metal

: Red : Cr in SS316 foil

02U I | | ] I T I |
5970 5980 5990 6000 6010 6020 6030

Energy (eV)

« XAFS indicate different local
environment of Cr in SS316 and in
pure metals

« Structural changes are observable

Cr K-edge XAFS measurements in NaCl-MgCl,

normalized xu(E)

eutectic

14 T | | | |
12

1 B .
08 FEmm™™ T W -
06 |- :
04 - ...................... . &%Bm
02 1 wt.% Cr in NaCl-MgCI2

0k 2.5wt.% Crin NaCl-MgCl2 —— ||

5wt.% Crin NaCl-MgCl2 ——

_02 | | I I I

5950 6000 6050 6100 6150
Energy (eV)

« XANES: determination of Cr oxidation state possible

* 1 and 2.5 wt% Cr samples: mostly Cr(VI)
* 5 wt% Cr sample: about equal mixture of Cr(lll) and Cr(VI)

13



~=_ On-line Monitoring of MSR Off-gases
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» Building tools, and sensors that
enable safe, cost effective, and
near-term deployment of MSRs

* OLM to support:

« Sensor development:
 Overcoming COTS (commercial
off-the-shelf) limitations to build
sensors capable of surviving
processes which are:

&L bletens

« Highly corrosive, high Y
temperatures, radiation [Fbers fo é

»  Building advanced data P 2
processing tools e g

 Real-time identification and
quantification of chemical targets

 Robust models capable of being
applied across systems Data

2000

-
(9]
o
o
[3%]

Intensity
o 3
S 8

QLJ“.‘

500 1000 1500 2000 2500 3000 3500 4000 4500

Information Wavenumber, cm”]

o




Optical
Spectroscopy Tools

Can provide detailed chemical composition

information:
» Identification and quantification, oxidation
state, speciation
Highly flexible, fast, robust, and versatile

Chemical targets:
« lodine and hydrogen isotopes

Collaboration between ORNL and PNNL
« Supporting system development and
demonstrations

« Laying foundation for tools that enable

cost effective and near-term
deployment of technology

Opportunities for Collaboration between
PNNL and INL on tritium monitoring
Additional industry collaborations

2500

% Composition

2000
P

Fiber Optics Probe

Monitoring of
hydrogen isotopes

Body

10 . ‘
[‘ @ D2 Predicted
80f © H,Predicted |
60}
40f
20t
&
0 10 20 30 40

Time, min

50

Probe Barrel

Testing probe components
in ORNL LSTL

| ———Y=0.9951%X + 0.4982; *=0.9951 ~
- — —95% conf. int. y

| @ 532nm, Calibration

800 ’ 532 nm, Validation

700
600 |
500
400 |

Measured Hz' Torr

300 -
200 -
100

400 600 800 1000

Known H,,, Torr
Heather M. Felmy, Richard M. Cox, Alyssa F. Espley, Emily L.
Campbell, Bethany R. Kersten, Hope E. Lackey, Shirmir D.
Branch, Samuel A. Bryan, Amanda M. Lines, Analytical
Chemistry 2024, 96 (18), 7220-7230. DOI:

10.1021/acs.analchem.4c00802.

0 200

Shirmir Branch, Heather Felmy, Adan Schafer Medina,
Samuel Bryan, Amanda Lines, Industrial & Engineering
Chemistry Research, 2023, 62, 37, 14901-14909.

Adan Schafer Medina, Heather M. Felmy, Molly E. Vitale-
Sullivan, Hope E. Lackey, Shirmir D. Branch, Samuel A.
Bryan, and Amanda M. Lines ACS Omega 2022 7 (44),
40456-40465. DOI: 10.1021/acsomega.2c05522

Heather M. Felmy, Andrew J. Clifford, Adan Schafer Medina,
Richard M Cox, Jennifer M. Wilson, Amanda M. Lines, Samuel
A. Bryan, Environmental Science & Technology 2021. DOI:
10.1021/acs.est.0c06137.



~=  Creating Value from MSR Off-gases
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» Noble gas (Xe, Kr and Ar) market projected
to be $40B in 2030

» MSR provide cleaner gas feed for noble gas

recovery

» MSR plant operation enable growing noble
gas needs

» Cost of operations and capital reduced with
each product recovered

» Sequential removal of volatile gases
Improves noble gas recovery processes

Packed-bed molten Activated charcoal  Separate noble gases

hydroxide scrubber noble gas delay bed (potential commercial
v Y A\ /y\ K o 22,
residual /\ : YA ml m
_I halide I
| T
Off gas ecl K supply
- —I» H g >
from reactor * He 5 reactor
H,0 trap [ | @
@J (e, H) i i
o \/ 1/ U
removes particles, mists, 17 [

0, trap —

aerosols, reactive volatile i Xe ®Kr Ar [

species decay of short-lived }
(e.g. CO, SO, Se0, TeO,, HF, Xe and Kr spec:es préssure swing |
HCl, Cl,, F,, Br,, 1, Cs, St Y, La, Se, (e.g., *°Xe, ¥'Xe, e, ¥ Xe, I or cryogenic '
TeFy Sef.) mXe, 1*Xe, “Kr, “Kr, 7Kr) distillation

Mcfarlane, J.; Ezell, N.; Del Cul, G.; Holcomb, D. E.; Myhre, K.; A(,)iapel A.; Lines, A.; Bryan, S.; Felmy,
H. M.; Riley, B. Fission Product Volatility and Off-Gas Systems for Molten Salt Reactors; dak Ridge National

Lab. (ORNL) Oak Ridge, TN (United States): 2019. / I
/ I
/ I

1) Too complex, 2) Large footprint, 3) Costly, 4) Hazardous and safety issues ,

» Need advanced materials and
membranes to develop a
modular/compact off-gas system to meet

on

Distillation

/

a U 9 g @ d

Drying Evaporatlon Extraction Adsorption Absorption Membranesl Crystallization

vendor needs in support of licensing and qu

HIGH ENERGY LOW ENERGY

deployment activities

to start commissioning SIPF gas centrifuges (GC) to produce enriched Xenon-129. Xenon-129 is the newest isotope to show
its effectiveness in polarized lung imaging; there is no U.S. production capability. This isotope has also garnered the interest
of the medical community in monitoring lung function and damage from infectious disease such as COVID-19. The FY 2022
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Computational
Screening

| ) |

T

Semi-quantitative Metrics
Cost, Synthesis time

Thermophysical Propertien

for Off-gas

Adsorbent

Curated Dataset of ~10,000 MOFs

- ) 4

>,
:11 PLD >4 A

\/

Compute
MOP Matrix

Downselected
Sorbent(s)

Optimization

Good geometrical properties
> J]Eﬁghest Ky, Qui.0 < 50 kJ/mol, l
Promising — (R TR ERTES
thermodynamics
> 15 wit% working capacity at (Grou
High working A}lfo% or (Gr]-{::f B)Psa:r%tfﬁoﬂg RH, ’
capacity Qg < 50 kJ/mol

Fast transport
T s ccnden

Predicted Best MOFs for Each Group

Membranes [Bare supportl ——

>




~=" Sorbent testing for Noble Gas Separation

Northwest Engineered Particles (FY’24)
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. O
Qutlet c5.;,(:00
kBl C
$%°
() ()

Air
Without
Xe and Kr

|

|
" |J%1
L1

Extension

Inlet -

m Carbon = MOF

Bed Volume

Time (min)

Time (min)

» Xe and Kr separation in 2 step at RT
Thallapally, PK., Vienna et. al., USPTO WO/2017/218346A1

25 0 -40

Temperature (°C)

« Continue to collaborate with ONRL on integrating MOF technology
with LIBS and LSTL test loop

 Additional collaborations with INL and industry



Capabilities iIn Membrane Fabrication and Testing

PEI solution

Feed

N ' Membrane stages in series

»—

Recyrie

I
Bare support surface Functionalized support feed side« » permeate side -
A
soapfilm ﬂuwmntmg.! ‘ B
permeation I;:[I ;l
Time Xe Kr Ar wl | r---| GOFD
48 27.37 32.62 | 13.46 P - B
. . . e N\
» First experimental evidence to separate s
Ar from MSR off-gas using a membrane N
at RT |
| | \
» Need further experiments and modelling

to support our observation

Thallapally et. al., US Patent Pending

Membrane 1

Retentate

f_[:l@ Xe/

> Ar

"""" Kr/
Membrane 2 % Ar
Kr




~ Radiation Stability Testing
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 PNNL's Radiological Exposures
and Metrology Lab (REM Lab) — e s sty
contains highly characterized beta, —_ ) <\l
gamma-ray, neutron, and X-ray
fields

« Supported a wide range of
applications, including radiation
effects on materials and
electronics

 PNNL can simulate a wide variety

of temperature (from -60 to 200 ‘
°C), humidity (20 — 90%), and \2 Y o
vacuum environments within these \\‘\/ - 4‘

radiation fields. e —

Radiation experiments are planned during FY'25
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T

&

Pristine ‘1'A ‘ |
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Optical images suggest

color change

No changes in XRD,
SEM (sintering) and IR
No changes in unit cell
parameters

0 MRad

Change in unit cell parameter a

11870

~=~ Characterization of Irradiated MOF Sample
(FY 24

B
B
i¢

55 100Mrad | S S 300Mrad

®

P -2

—— CASDB 500 RAD

- CASDB 400 RAD
— CASDB 300 RAD
— CASDB 200 RAD
— CASDB 100 RAD
—— CASDB Pristine

11.865
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11.835

11830
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~=Non-silver Loaded Sorbents for I, adsorptlon
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F=9
(=]

L]
=]

ho
o

I, uptake (wt%)
=

Time fhl
|,@SBMOF-2

v,@type-I 170 cm!
S

» Change in color of the sorbent as a function of |2
concentrations

» The prominent adsorbate—adsorbent interactions are |-
7 (phenyl ring) and I---O, the occupancy of |, is higher in
channel |l compared to channel I.

v, (atype- 201 II:I"I"I'1

¥

Raman intensity (arb. units)

» The H—1and O — H stretching in Raman spectra were
absent suggest preferential adsorption of |, under |

humid environment T 1 : —— :

_ 100 200 300 400 500 600 22
Debasis et. al., ACS. App Mat. Int., 2018 Raman shift {cm-‘}
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