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Summary

The work in this report documents the efforts conducted to assess the feasibility of some of the
ideas documented in Pacific Northwest National Laboratory invention disclosure reports (IDRs)
including:

1) lodine capture in polyacrylonitrile (PAN)-containing composite sorbents (32451-E). In this
work, the composites evaluated included Ag®, Bi°, Cu°, Bi,S3, and Cu,S embedded in
PAN.

2) Metal iodide removal from these sorbents through dissolution in dimethyl sulfoxide
(DMSO) (32729-E). In this work, PAN dissolution was evaluated for multiple types of
sorbents including Ag-Pan, Bi-PAN, Cu-PAN, Bi,S3;-PAN, and Cu>S-PAN.

3) Using metal-sulfide sorbents for iodine capture (32647-E). In this work, the composites
evaluated under this IDR included Ag»S, Bi>S3, and Cu,S embedded in PAN.

4) Using low-melting metals to immobilize (encapsulate) iodine-loaded and polymer-
containing sorbents into polymer-ceramic-metal (called polycermet) or polymer-halide-
metal (called polyhalmet) composite waste forms (32625-E). In this work, the iodine-
loaded PAN composites included Agl-PAN, Bil-PAN, and Cul-PAN.

5) Ceramic-metal composite waste form synthesis of polymer-containing materials using
low-melting metals like bismuth, tin, or bismuth-tin alloys (32537-E). In this work, the
metals evaluated included Bi, 58Bi-42Sn eutectic.

6) Cermets for immobilizing commercial sorbents loaded with radioiodine (32806-E). In this
work, AglX (iodine-loaded silver faujasite zeolite) was evaluated in cermet form.

All the ideas and work encompassed in this document cover methods for radioiodine capture and
immobilization for environmental remediation from off-gas releases from nuclear processes.
Details are provided for a variety of polymer-containing composite sorbent production processes,
experiments conducted to better understand processing parameters of the polymer composite
production process (e.g., viscosity of PAN dissolved in DMSO), methods used for producing
polycermet/polyhalmet composite waste forms, and methods for removing the polymer phase
from the iodine-loaded polymer-containing composite beads.

While the initial approach of using Al.O3 as a surrogate (i.e., pellets 2b and 2¢) did not allow for
pelletization of dense monoliths, this process worked well for pure metal iodides (Mly) where low-
porosity pellets were achieved using single-press pellets (i.e., pellets 3b, 3c, 4a, 5a, and 5b). For
pelletization of three-phase pellets containing a metal-iodide along with either a polymer phase
(i.e., pellets 6b, 6¢, and 7d) or aluminosilicate (decomposed zeolite) phase (i.e., pellet 7e). All
other pellets produced (i.e., pellets 1, 2a, 3a, 6a, 7a, 7b, and 7c) were made of pure metal at
different thicknesses and run with the samples sort of as standards so that all samples were
subject to the same conditions. For the Set-6 and Set-7 pellets multi-layer approach was used
with different pressings prior to pellet removal from the die. The aim of this was to create barrier
layers below and above the middle iodine-containing layer. Also, additional fill metal was added
to the middle layer to fill in void spaces around the Ml,-containing phase in between the pure
metal layers. A summary of these pellets is provided in Table S-1.
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Table S-1. Summary of pellets produced within this project lifecycle including the sample set,
the number of samples produced in each set (#), the metal encapsulant used, other phases
present within the set of samples produced for that set, the target metal-iodide complex (Mly),

Summary

and the atmosphere used in the heat treatment process (atm).
Set No. of Pellets Metal Other(s) Target Mlx Atm

N O O WN -

OO WN -2 W W=

Bi -

Bi Al2O3

Bi Adgl

Bi Cul

Bi-Sn  Agl, Cul

Bi AgIPAN

Bi CulPAN, AglX

Agl
Cul
Agl, Cul
Agl
Agl, Cul

Air
Air
Vac
Vac
Air
Vac
Vac
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Acronyms and Abbreviations

129)

131|

(a)

(9)

(ia)

(s)

AgX
AglX
atm
AVE
BSE
BiS

CE
cermet
CPS
CupP
CuS
DIW
DMSO
DSC
EDS
halmet
HIP
HKUST
HUP

ID

IDR
mass%
MOF
MSy
OM
PAN
PDF
PNNL
polycermet
polyhalmet
polymet

iodine-129

iodine-131

aqueous species

gaseous species

neutral aqueous species

solid species

silver faujasite

iodine-loaded AgX

atmosphere used during pellet heat treatment
average

backscattered electron (detector)
Bi>S3

conversion efficiency

ceramic-metal (composite)
cold-press-and-sinter

cold uniaxial pressing

CuoS

deionized water

dimethyl sulfoxide [(CH3).SO]
differential scanning calorimetry
energy dispersive X-ray spectroscopy
halide-metal (composite)

hot isostatic pressing

Hong Kong University of Science and Technology
hot uniaxial pressing

identification

invention disclosure report

mass percent

metal organic framework

metal sulfide (compound)

optical microscopy

polyacrylonitrile

powder [X-ray] diffraction file

Pacific Northwest National Laboratory
polymer-ceramic-metal (composite)
polymer-halide-metal (composite)
polymer-metal (composite)

Acronyms and Abbreviations
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PSD
PSI
RPM
SD
SEM
SEI
SG
SPS
STA
TGA
(v)

vol%

particle size distribution

pounds per square inch

revolutions per minute (mixing rate)
standard deviation (£ 10)

scanning electron microscopy
secondary electron (detector)
[crystallographic] space group
spark plasma sintering
simultaneous thermal analyzer
thermogravimetric analysis
atmosphere was vacuum (during pellet firing)
volume percent

Acronyms and Abbreviations
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Description of Symbols and Variables

Aq

alternative 1D
atmosphere type
C%m (Mly, mass%)
date (mm/dd/yy)

Fa

g

h

iodine loading

Ksp

Am (mass%)

M%gL (mass%)
Mp-a (9)

Mp-» (9)

mf; (mass fraction)
mfuyL (mass fraction)

mg (9)

Mm,r (9)

mi (9)

M, (moles)

Mm,e (9)

M, (9)

My, (9)

My (9)

Mpg (9)

mMean (9)

Mrecov (9)

ms (9)

mss ()

ms;i (9)

np

Pa (MPa)
phase-a (comp.)
phase-b (comp.)
phase-c (comp.)
phase-d (comp.)
phase-a (g)

area of die face (for making pellets)

includes the general composition (if easily written) for each pellet
atmosphere used for sintering pellet(a)

conversion (mass%) of metal iodide (Mly) in composite

date when sample heat treatment was initiated

force applied (during pellet pressing)

force of gravity (9.8 m/s?)

height of pellet (i.e., thickness)

where data is provided for iodine loading of the base sorbent
solubility product constant

change in mass from before to after firing process

mass% of getter loading in PAN composite beads

“a” in pellet

mass of phase “b” in pellet

mass of phase

mass fraction of iodine in Mlx compound

mass fraction of metal loading in composite

mass of getter added to PAN-DMSO mixture during bead production
mass of residual (unreacted) getter after iodine loading
mass of iodine loaded during iodine loading experiments
moles of iodine in the Ml compound

mass of metal encapsulant

mass of residual (unreacted) metal after iodine loading
mass of Mly in iodine-loaded composite

mass of fired pellet (after sintering)

mass of green (unfired) pellet measured before sintering)
mass of PAN in composite synthesis batch

mass of recovered sample

mass of sample

mass of final sample (after iodine loading experiments)
mass of initial sample (during iodine loading experiments)
index of refraction (at sodium D line at 589 nm)

pressure applied (making pellets)

description of phase-a in the pellet

description of phase-b in the pellet

description of phase-c in the pellet

description of phase-d in the pellet

mass of phase-a weighed out for making the pellet

Description of Symbols and Variables ii



phase-b (g)
phase-c ()
phase-d (g)

e (Mg/Q)

Q. (9/9)

r (mm or cm)
Ro/o

ramp (°C/min)
po (g/cm?)
Poem (9/cm?)
Pomix (g/cm?)
Pp-a (9/cmd)
Pp-b (9/cm?®)
pPean (g/cm?)
sample Number
Ty (°C)

T4 (°C)

T4 (°C)

tne (D)

Tht (°C)

Tioad (°C)

Tm (°C)

Tmm (°C)

Tmix (°C)

Toc (°C)

Top (°C)

tos (MmM)

tp,g (MM)

TsL (°C)

Tsu (°C)

Tv (°C)

V%T (vol%)
Vbwmso (mL)
Vine (cm3)
Vmix/mis (cm?3/g)
Vo.g (cm?)
Vpolymet+ (CmM?3)
Viet/mis (cm3/g)
WL m (mass%)

PNNL-35738

mass of phase-b weighed out for making the pellet

mass of phase-c weighed out for making the pellet

mass of phase-d weighed out for making the pellet

milligrams of iodine loaded per gram of sample

grams of iodine loaded per gram of sample

radius (of pellet die)

recovered mass%

ramp rate used for heat treatment (sintering)

bulk density

bulk density of encapsulant matrix (e.g., metal enveloping phase)
bulk density of the Ml complex

density of phase-a

density of phase-b

density of PAN

identification of the sample based on Set-# and letter identification
boiling temperature

decomposition temperature

glass transition temperature

heat treatment (sintering) time

heat treatment (sintering) temperature

temperature used during iodine loading of sorbents

melting temperature

melting temperature for metal

temperature of PAN mixture during composite bead production
continuous operating temperature (polymers)

peak operating temperature (polymers)

thickness of fired pellet (after sintering)

thickness of green pellet (before sintering)

lower sintering temperature

upper sintering temperature

viscosity temperatures

volume of final form based on predicted total volume

volume of DMSO

volume of encapsulant metal phase

volume of Ml complex per mass of iodine-loaded PAN composite
volume of green (unfired) pellet

volume of iodine-loaded PAN composite (polymet)

total volume iodine-loaded PAN composite per mass of loaded sorbent
waste loading of iodine in final form in terms of mass%

Description of Symbols and Variables



WLmy (vol%) waste loading (vol%) based only on incorporation of Ml complex
X; molecular weight of iodine

Xm molecular weight of metal getter in compound

Xm, molecular weight of Ml, compound

Description of Symbols and Variables

PNNL-35738



PNNL-35738

Contents

SUMMIGIY ettt e oo oo ettt ettt e e o4 a4 h b bt ettt e e e e e e e e bbbt e e e e e e e e e e e nnnnaeeeeaans ii
o3 (g oY (Yo [ [ 1= ) £ iv
Acronyms and ADDreviatioNns .............oooiii i v
Description of Symbols and Variables ... i
1.0 1] (oo 18 T3 1T o U 1
2.0 Project Background and APProach ...........oooiiiiiiiiiiiii e 4
2.1 Selection of Encapsulant Metals ..o, 4
2.2 Target Metal lodide Complexes (Mly) ........oooooiiiiiiiiiiiieeeeeeeeeeeeeeeeeee, 4
2.3 Target Polymer MatriX ..........oeeeeiiiiiiiie e 5
24 Selection of Pelletization ProCess ..........oouiiiiiiiiiiiee e 7
2.5 Composite Phase Diagrams..........ccooooiiiiiiiiii 8
2.6 Metal lodide Decomposition and Conversion to lodide (I7) ..........ooociiiiiiieiiiininnns 9
2.7 Metal Sulfide Reactions with lodine Gas.........cccceviiiiiiiiiiiiiie e 12
3.0 Materials and Methods ... 14
3.1 Making PAN-Composite BEadsS .........coooiiiiiiiiiiiiieeieiiieeeee e 14
3.2 Evaluating Variables for PAN Composite Synthesis Process ........cccccccvvveeveeeeee. 15
3.2.1 Pipette Orifice Diameter Evaluation ..., 15
3.2.2 DMSO-PAN Solution Viscosity Evaluation ............ccccooeeiiiiiiiiiiiiininnnnnn. 16
3.3 Evaluating Properties of Encapsulant Metals ..............covvviiiiiiiiiiiiiiiiiiiiiiiiiiiinennn, 16
3.4 lodine Loading of SamPIES .........uiiiiiiiiiiie e 16
3.5 MaKING PelletS ..o 18
3.5.1 Making Two-Phase Pellets ... 19
3.5.2  Making Three-Phase Pellets.............oooiiiiiiiii s 20

3.5.3  Making Pellets with Greater Than Three Phases (Conceptual
o =T ) TP 24
3.6 Evaluating PAN Removal After lodine Loading..............uvvvieiiiiiiivviiviiiiiiisininnnnnn, 25
3.7 Pellet Characterization .......... ... e 27
3.7.1 Images and Optical MiCroSCOPY........ccoovvvveiiiiiiieiee 27

3.7.2 Scanning Electron Microscopy and Energy Dispersive X-Ray
SPECITOSCOPY ..ttt e e e e e e e e e e e e e e e e e e e e e 27
3.7.3  Bulk Density Measurements (Helium Pycnometry) ...........ccccceeeeeiinnns 28
3.8 General Material Characterizations............cccc e 28
4.0 RESUIES @Nd DISCUSSION ... e e e e e e e e e e e e e e e e e e e e e e e e aeaeaeeas 29
4.1 Evaluating Variables for PAN Composite Synthesis Process .............cccccooeuneee. 29
4.1.1 Pipette Orifice Diameter Evaluation..............cooovviiiiiiiiiiiiiiieieieeeeeeeeeee, 29
4.1.2 DMSO-PAN Solution Viscosity Evaluation ..................................... 30
4.2 Making PAN COMPOSILES ......cuuuiiiiiiiiieeieiiiiiiee ettt 30

Contents v



4.3 lodine Loading Of SAMPIES .........uuviiiiiiiiiiiiiiiiiiiiiiiiiire e

4.4 Evaluating PAN Removal after lodine Loading ............ccccovviiiiiiiiienneiiinnns

4.5 Properties of Encapsulant Metals.........cccooooiiiiiiiiiiiiii e

4.6 Initial One-Phase Pellet (Set-1) ...

4.7 Two-Phase Pellets Without lodine (Set-2).........cc.euveeiiiiiiiiiii e

4.8 Two-Phase Pellets with lodine (Set-3, Set-4, & Set-5).........ccccco

4.8.1 Bismuth with Agl (Set-3) ...

4.8.2  Bismuth with Cul (Set-4).......oeeviiiiiiii e

4.8.3  Bismuth-Tin Alloy with Agl or Cul (Set-5) ..o,

4.9 Three-Phase Waste Forms (Set-6 and Set-7) ..o,

4.9.1 Without Grinding the Samples (Set-6)..........ccccoevviiiiiiii,

4.9.2  Grinding the Samples before Pelletization (Set-7)...........ccoccuvnneee.

5.0 Summary, Conclusions, and Recommendations ................cccciiiiii e,
6.0 REFEIENCES ...t e e e e e e e et e e e e e e e e e annnes
Appendix A — Additional Data and Information ...

Figures

Figure 1-1. Venn diagrams showing phase relationships and composite names for (a)
the polymer-metal-ceramic material system and (b) the polymer-metal-

halide material SYStEM........cooiiiiiii e

Figure 1-2. Optical collage showing a summary of the PAN composites including (a) a
high-magnification scanning electron micrograph of the PAN matrix in a
bead drawing attention to the webbed network, (b) images of metal-PAN
composites (metal = Ag, Bi, Cu, and Sn, from left to right), and (c) images
of pure PAN beads and MOF-PAN composites from 10 mass% (10%HK)
to 90 mass% (90%HK) of the HKUST-1 MOF in PAN (from left to right)

(Riley et al. 2020a; Chong et al. 2022). .......ccccoeiiieiieeieeeeeee e,

Figure 1-3. Summary graphic describing the high-level tasks encompassed in this
project including (a) the general flow of the project in terms of phases and
(b) some specific parts of the project including example materials,
processes, and variables being evaluated. Variables and undefined terms

are defined laterinthe report. ...

Figure 2-1. Phase diagrams from the literature of (a) the Bi-Pb binary (Sobolev and
Gessi 2015) and (b) the Bi-Sn binary (NIST 2023). These figures were
redrawn from the originals. The target eutectic compounds for this study
are the 55.5Bi-44.5Pb (mass%) eutectic in (a) and the 58Bi-42Sn

(Mass%) ULECHIC IN (D). . eeeieeeiiiiee e

Figure 2-2. TGA data for PAN homopolymer at different heating rates in air (this figure

was redrawn from the original) (Hall et al. 1994; Horrocks et al. 1994).........

Figure 2-3. Model of polymer temperature-dependent conversion proposed for the
acrylic polymer pyrolysis process (this figure was redrawn from the

Figures

PNNL-35738

..... A1

........ 2

........ 3

Vi



PNNL-35738

original) (Hall et al. 1994; Horrocks et al. 1994). In this figure, rx denotes
the rOULE NUMDET. ... 6

Figure 2-4. lodine loading summary for Ag, Bi, Cu, and Sn metal particles and metal-
PAN (polymet) composites including (a) the Q. (g iodine per g of sorbent)
as well as the ge (mg iodine per g of sorbent) and (b) the conversion%
(C%m) based on mass data alone (Chong et al. 2022). ............coooiiiiiiiiieeeeiinnnns 7

Figure 2-5. Summary of composite phase diagrams to consider when making multiphase
pellets showing (a) at ternary diagram of the PAN composite diagram
representing the iodine-loaded material that has three phases including
the polyacrylonitrile phase (mpan), the reacted metal iodide phase (mMIx),
and the residual metal unreacted by iodine (mm,). (b) This quaternary
diagram (triangular pyramid) provides the same diagram in (a) but with a
forth axis of the additional encapsulant metal mass (Mme).....cvvvvvvvevvviviinniieeininnnn. 8

Figure 2-6. This is the same figure as Figure 2-5 but where the getter is not necessarily
a pure metal phase, but it could be any chemisorbing getter compound
(e.g., BizS3, Cu2S). Summary of composite phase diagrams to consider
when making multiphase pellets showing (a) at ternary diagram of the
PAN composite diagram representing the iodine-loaded material that has
three phases including the polyacrylonitrile phase (mean), the reacted
metal iodide phase (mMIx), and the residual getter unreacted by iodine
(mg,). (b) This quaternary diagram (triangular pyramid) provides the same
diagram in (a) but with a forth axis of the additional encapsulant metal
LT TSN (7 T 9

Figure 2-7. Conceptual design of metal-iodide conversion to metal-sulfide to recycle a
metal-loaded sorbent from Yadav et al. (2023). Summary of experimental
steps and photos of sorbents including (a) AgX sorbent, (b) Agl-
containing sorbent after iodine-loading of AgX, (c) Ag2S-containing
sorbent after elution process, (d) Agl-containing sorbent after iodine-
loading of Ag»S-containing sorbent, (e, f) hydrothermal synthesis of
iodosodalite. For scale, the initial size of AgXwas = 1.7 mm.........cccccveveeeeennnne 10

Figure 2-8. XRD patterns and optical images of (a) starting AgX sorbent, (b) AgX sorbent
after iodine uptake, and (c) AgX sorbent after Ag-recovery from Yadav et
= IR 02022 ) OO 11

Figure 2-9 Conversion efficiency (CE) of Agl to Ag»S relative to (a) time at 60°C for
powders and (b) temperature for 24 hours for granules from Yadav et al.
(2023). The CE value for Ag-mordenite (AgZ) (60°C for 6 hr) is shown in
(a) for a comparison with the other data on AgX. ... 11

Figure 2-10. HSC Chemistry simulations for Gibbs free energies of formation (AGf°) for

NasS reactions with (a) Agl, (b) Bils, and (c) Cul denoted in Equation (2-

3), Equation (2-4), and Equation (2-5), respectively..........ccccccceiiiiiiiiiiiiennnennn, 12
Figure 2-11. Gibbs free energies of formation (AGf°) for the reactions provided in

Equation (2-6) [Agl formation], Equation (2-7) [i.e., Bils formation],

Equation (2-8) [BiOIl formation], and Equation (2-9) [Cul formation],

FESPECHIVEIY. ..o e 13
Figure 3-1. Scheme showing how the metal-PAN composite (polymet) beads are
produced (Chong et al. 2022).........uuuuuumi e 14

Figures Vi



PNNL-35738

Figure 3-2. Process for measuring pipette tip orifice diameters including (a) a picture of
the tips mounted for SEM analysis, (b) circle drawn to encompass the
entire orifice, to find the center point, and the location of horizontal and
vertical guides through the origin of the circle, and (c) an example
diameter drawn through the origin to each side of the opening on that

Figure 3-3. Schematic showing the (a) pellet die base (cylinder and base plug), (b)
additional parts and where the sample fits (the ramrod, sample, and
anvil), and (c—e) different pellet layouts with differing numbers of phases.
An alternative approach is to use a polished anvil above and below the
sample, not just below as shown in the diagram. ..........cccccccvieeii i 19

Figure 3-4. Schematic for how the 2-layer and 3-layer pellets were produced showing (a)
the thin metal layer, (b) the middle layer containing the Ml,-PAN mixed
with metal phase, and (c) the top metal layer..............oovvveiiiiiiiiiiiiiiieieiiiies 22

Figure 3-5. Graphic representation of multi-phase sorbent after iodine reaction showing
(a) the initial MSx-PAN composite, (b) the MS,-PAN composite after
iodine loading, and (c) the phase distribution of (b); note that these values
are arbitrarily shown as an example. ... 25

Figure 3-6. Schematic of the proposed method for removing PAN from iodine-loaded
PAN composites followed by cermet/halmet synthesis. Note that a large

volume of metal-2 is used to encapsulate the Ml compleX.......ccccccvvvviiiieniinnnnen. 26
Figure 4-1. SEM micrographs of (a) 1-mL pipette tips and (b) 5-mL pipette tips........................ 29
Figure 4-2. Summary of (a) DMSO-PAN viscosity as a function of temperature and (b)

the Arrhenius plot of In(u) as a function of inverse temperature (K")................... 30

Figure 4-3. Pictures of PAN composite beads including (a) 75Ag-PAN®), (b) 75Bi-PAN,
(c) 80BiS-PAN, (d) 80CuS-PAN, (e) 80Cu-PAN, and (f) 90Cu-PAN after
drying. All samples are in 20-mL scintillation vials except for (e), which is
in a 100 mL beaker (48 mm diameter) due to the larger sample volume
produced for thisS SAMPIE. .......uuei e 31

Figure 4-4. Pictures of (a) 90Cu-PAN and (b,c) 80Cu-PAN (b) during the DIW washing
process and (c) after the last DIW water rinse was decanted and a picture
was taken just before the beads were loaded into a Nalgene bottle. The
stir bars were moving when images (a) and (b) were taken so they appear
blurry in each. The light blue cloudiness in (b) shows the appearance of
DMSO-rich DMSO/DIW SOIULIONS. ... 32

Figure 4-5. Pictures of four as-made MS,-PAN composites including (a) 80AgS-PAN, (b)
90AgS-PAN, (c) 80BiS-PAN, and (d) 80CuS-PAN. The lines below each
image are 1 mm. This figure was modified from the original by Riley et al.
2402 TSSO RER 32

Figure 4-6. (a) Oblique-view and (b) side-view drawing of how the PAN composite bead
formation process could be improved by allowing for a gap under a
support holding the beads that can be stirred without disturbing the beads
where the DMSO-rich solution could be removed from below the beads.
In both designs, the basket would be a mesh likely made of stainless
S 33

Figure 4-7. Pictures of iodine loading set-3 (a-d) before and (e-h) after iodine loading
including (a,e) 75Ag-PAN(30)_ (b f) 75Bi-PAN(30) (c,g) AC-6120('30), and

Figures viii



Figures

(d,h) Ag-40001302 Details for iodine loading and sample designations

shown in the figure are provided in Table 4-3. .......cccooiiiiiiiiiiiiiiiieeeee,

Figure 4-8. Pictures of iodine loading set-4 (a-d) before and (e-i) after iodine loading
including (a) 80BiS-PAN, (b) 80CuS-PAN, (c) 80Cu-PAN, (d) 90Cu-PAN,
(e) 80BiS-PAN(30) " (f) 80CuS-PAN(30), (g) 80Cu-PAN(39) (h) 90Cu-
PAN(30) and (i) Ag-400('30®, Details for iodine loading and sample

designations shown in the figure are provided in Table 4-3. .........................

Figure 4-9. Pictures of MSx-PAN composites (a-d) before iodine loading and (f-i) after
iodine loading including (a) 80AgS-PAN, (b) 90AgS-PAN, (c) 80BiS-PAN,
(d) 80CuS-PAN, (e) 80AgS-PAN(30)_ (f) 90AgS-PAN(30), (g) 80BiS-
PAN(30) and (h) 80CuS-PAN(30)_ The lines below each image are 1 mm.

This graphic was modified from the original (Riley et al. 2024)......................

Figure 4-10. Pictures of (a) 75Ag-PAN(30) [|-3a], (b) 75Bi-PAN(% [I-3b], and (c) 75Cu-
PAN(50) [-2¢] (top) pellets and (bottom) in 3 mL DMSO. The time elapsed

since DMSO was added are ~20 min for (a) and (b) and 5 days for (c)........

Figure 4-11. Timelapse pictures for 75Cu-PAN(%9) [I-2¢] dissolution in DMSO over 1165

11 e

Figure 4-12. Pictures of (a) 80BiS-PAN(30) [I-4a], (b) 80CuS-PAN(30) [|-4b], (c) 80Cu-

Figure 4-13. Pictures showing the DMSO dissolution phase in 50-mL centrifuge tubes for
(a) 75Ag-PAN(3%) and (b) 75Bi-PAN('30) samples. For each set, the tube
on the left is the initial DMSO solution pipetted off the residual particles at
the bottom and the tube on the right is the recovered particle pellet with

fresh DIW added. The white stir bars can be seen in the tubes.....................

Figure 4-14. XRD data for recovered products from 75Ag-PAN(30) [i.e., experiment |I-3a
in Table 3-6] and 75Bi-PAN('30) [i.e., experiment |-3b in Table 3-6] after
DMSO-PAN dissolution, product washing, and product drying (see

SECHON 3.6). e
Figure 4-15. Summary of DSC data showing onset of melting. ...............ccc

Figure 4-16. Optical micrographs of (Set-1) 100Bi° [1a] pellet fired at 203°C for 22 hours

taken at (a) 20x and (b) 100x magnifications...................cccccc,

Figure 4-17. SEM including (a,c) SEl and (b,d) BSE micrographs of the left side of the

Set-1 pellel. o

Figure 4-18. SEM including (a,c) SEIl and (b,d) BSE micrographs of the right side of the

Set-1 pellet. o

Figure 4-19. Cross-sectional optical micrographs of two-phase set-2 pellets including
(a,b) 100Bi(v) [2a], (c,d) 90Bi-Al,O3 [2b], and (e,f) 85Bi-Al,O3 [2c] taken at
(a,c,e) 20x and (b,d,f) 50x magnifications. Darker regions include voids
and Al,Os. These pellets were fired at 203°C for 8 h in the vacuum oven

] aTe [T gV 7= (o0 (U] o o VT

Figure 4-20. SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of side-1 of the Set-

2a pellet taken at (a,b) 100x%, (c,d) 500x%, and (e,f) 2kx magnifications. ........

Figure 4-21. SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of side-2 of the Set-

2a pellet taken at (a,b) 100x%, (c,d) 500%, and (e,f) 2kx magnifications. ........

PNNL-35738

...... 35

...... 35

...... 36

...... 37

...... 38

...... 39
...... 40

...... 42

...... 43

...... 46

...... 47



Figure 4-22.
Figure 4-23.
Figure 4-24.
Figure 4-25.
Figure 4-26.

Figure 4-27.

Figure 4-28.
Figure 4-29.
Figure 4-30.
Figure 4-31.
Figure 4-32.
Figure 4-33.
Figure 4-34.
Figure 4-35.

Figure 4-36.

Figure 4-37.
Figure 4-38.
Figure 4-39.
Figure 4-40.

Figure 4-41.

PNNL-35738

SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of side-1 of the Set-

2b pellet taken at (a,b) 100x%, (c,d) 500%, and (e,f) 2kx magnifications................ 48
SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-2 of the Set-

2b pellet taken at (a,b) 100x%, (c,d) 500%, and (e,f) 2kx magnifications................ 49
SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-1 of the Set-

2c pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications. .............. 50
SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-2 of the Set-

2c pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications. .............. 51
Pictures of the Set-3 (3a, 3b, 3c) pellets that include (a) 100Bi(v), (b) 85Bi-

Agl(v), and (c) 70Bi-Agl(v). All pellets are 1-cm diameter. ............ccccceeeiviiinnee. 52

Cross-sectional optical micrographs of two-phase set-3 pellets including
(a,b) 100Bi(v) [3a], (c,d) 85Bi-Agl(v) [3b], and (e,f) 70Bi-Agl(v) [3c] taken
at (a,c,e) 20x and (b,d,f) 50x magnifications. These pellets were fired

under vacuum at 203°C for 22 h in the vacuum oven. ........cc.ccccooiiiiiiiiieenennnnns 53
SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of side-1 of the Set-

3a pellet taken at (a,b) 100x%, (c,d) 500x%, and (e,f) 2kx magnifications. .............. 54
SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of side-2 of the Set

3a pellet taken at (a,b) 100x%, (c,d) 500x%, and (e,f) 2kx magnifications. .............. 55
SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of side-1 of the Set-

3b pellet taken at (a,b) 100x%, (c,d) 500x%, and (e,f) 2kx magnifications. .............. 56
SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-2 of the Set-

3b pellet taken at (a,b) 100x%, (c,d) 500x%, and (e,f) 2kx magnifications. .............. 57
EDS collage of the Set-3b pellet at two different locations showing the

distribution of the metal (Bi) matrix and the Agl phase............................... 58
SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-1 of the Set-

3c pellet taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications. .............. 59
SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-2 of the Set-

3c pellet taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications. .............. 60
EDS collage of the Set-3c pellet at two different locations showing the

distribution of the metal (Bi) matrix and the Agl phase............ccccoiiiiiiiinnnn, 61

Cross-sectional optical micrographs of two-phase set-4 pellet of 70Bi-Cul(v)
[4a] taken at (a) 20x%, (b) 50x, and (c) 100x magnifications. This pellet

was fired under vacuum at 203°C for 20 h in the vacuum oven........................... 62
SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-1 of the Set-

4 pellet taken at (a,b) 100x%, (c,d) 500%, and (e,f) 2kx magnifications. ................ 62
SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-2 of the Set-

4 pellet taken at (a,b) 100x%, (c,d) 500%, and (e,f) 2kx magnifications. ................ 63
EDS collage of the Set-4 pellet at two different locations showing the

distribution of the metal (Bi) matrix and the Cul phase.............ccccooiiiin. 64
Pictures of Set-5 pellets (5a, 5b) that include (a) 70BiSn-Cul and (b)

70BiSn-Agl. Both pellets are 1-cm diameter. ..........cccooiiiiiiiiieeee 65

Cross-sectional optical micrographs of two-phase set-5 pellets including (a—
c¢) 70BiSn-Cul [5a] and (d—f) 70BiSn-Agl [5b] taken at (a,d) 20x, (b,e)
50x, and (c,f) 100x magnifications. These pellets were fired in air at
104°C for 8 h in a Thermolyne box furnace..............cccccccviiiiiieeeeeeee 65



Figure 4-42.
Figure 4-43.
Figure 4-44.
Figure 4-45.
Figure 4-46.

Figure 4-47.

Figure 4-48.

Figure 4-49.

SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of the Set-5a pellet
taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications....................

EDS collage of the Set-5a pellet at two different locations showing the
distribution of the metal (Bi-Sn) matrix and the Cul phase.............c...........

SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of the Set-5b pellet
taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications.....................

EDS collage of the Set-5b pellet at two different locations showing the
distribution of the metal (Bi-Sn) matrix and the Agl phase. .............cc.o..e.

Spot EDS data for Set-5b pellet including (a) SEM micrograph with EDS
locations, (b) EDS data in mass%, and (c) EDS data in atomic%..............

Pictures of 3-phase pellets including (a) pellet-6a (500-um thick 100Bi°
pellet), (b) pellet-6b (2-layer pellet including 500-um thick Bi-layer under
Agl-PAN+BIC layer where b1 is Bi° layer side and b2 is the Agl-PAN+Bi°
layer side), and (c) pellet-6¢ [the same approach as in (b) but with a 3
layer of 100Bi° (500-um thick) on the top of the Agl-PAN+BI° layer]. All
pellets are 1-cm diameter. .........c.oo o

Cross-sectional optical micrographs of set-6 pellets including (a,b) 100Bi(v)
[6a], (c,d) Bi|Bi+AgIPAN(v) [6b], and Bi|Bi+AgIPAN|BI(v) [6¢c] taken at
(a,c,e) 20x%, (d,f) 50x, and (b) 200x magnifications. These pellets were
fired in air at 203°C for 22 h in the vacuum oven. ..........cccccvvvviviviiveinnnnnnn.

SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of Set-6a pellet
taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications....................

Figure 4-50 SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of the left side of

Figure 4-51.

Figure 4-52.

Figure 4-53.
Figure 4-54.

Figure 4-55.

Figure 4-56.

Figure 4-57.

Figure 4-58.

Set-6b pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.

SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of the right side of

Set-6b pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.

EDS dot map of Set-6b pellet on both sides (top, bottom) including (a,h)
BSE-SEM micrographs, (b,i) the overlays, (c,j) the C-maps, (d,k) the O-
maps, (e,l) the Bi-maps, (f,m) the I-maps, and (g,n) the Ag-maps. ............

SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of the left side of
Set-6¢ pellet taken at (a,b) 100x%, (c,d) 500%, and (e,f) 2kx magnifications

SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of the right side of
Set-6¢ pellet taken at (a,b) 200x, (c,d) 500%, and (e,f) 2kx magnifications

EDS dot map of Set-6¢ pellet on both sides (top, bottom) including (a,h)
BSE-SEM micrographs, (b,i) the overlays, (c,j) the C-maps, (d,k) the O-
maps, (e,l) the Bi-maps, (f,m) the I-maps, and (g,n) the Ag-maps. ............

Pictures of the Set-7 pellets after heat treatments including (a) 7a, (b) 7b,
(c) 7c, (d) 7d, and (e) 7e. All pellets are 1-cm in diameter. .......................

Cross-sectional optical micrographs of set-7 pellets including (a,b) 100Bi(v)
[7a], (c,d) 100Bi(v) [7b], (e,f) 100Bi(v) [7c], (g,h) Bi|Bi+CulPAN|Bi(v) [7d],
and (i,j) Bi|Bi+AglIX|Bi(v) [7e] taken at (a,c,e,qg,i) 20x, (d,f) 50%, and (b)
200x magnifications. These pellets were fired in under vacuum at 203°C
for 20 h in the Vacuum OVEN. ........coooiiiiiiiii e

SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of Set-7a pellet
taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications....................

PNNL-35738

......... 67

......... 69

......... 72

......... 73

....... 75

....... 76

......... 77

......... 80

......... 81

......... 82

Xi



PNNL-35738

Figure 4-59. SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of Set-7b pellet

taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications...........cc.ccccceeveeee..e. 84
Figure 4-60. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of Set-7¢ pellet
taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications...........cc.ccccceeveeee..e. 85

Figure 4-61. SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of the left side of
Set-7d pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications. ....... 86

Figure 4-62. SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of the right side of
Set-7d pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications. ....... 87

Figure 4-63. EDS dot maps for Set-7d pellet in two regions. ............ccccoeeii 88

Figure 4-64. SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of the left side of
Set-7e pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications. ....... 89

Figure 4-65. SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of the right side of
Set-7e pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications. ....... 90

Figure 4-66. EDS dot maps for Set-7e pellet in two regions. .................ccccc 91

Tables

Table 2-1. Melting temperatures for the metals (Tmm), boiling temperatures (Ty), lower
sintering temperature (TsL = 2/3*Tw in °C), upper sintering temperature
(Tsu = 3/4*Tn in °C), and bulk density (ob) for metals (Sobolev 2007; Lide
2008; Khairulin et al. 2010; Liu and Chen 2014). ...t 4

Table 2-2. Summary of metal-iodide compounds (Ml,) including the melting
temperatures (Tm), boiling temperatures (Ty), bulk densities (0,), solubility
product constants (Ksp), and iodine waste loading (WL,) for each where
data were available (Lide 2008). A Ksp value for BiOl was not found in the
literature at the time of completing this report. .........ccoccooiiiiiiiiiiiiiiciceee e, 5

Table 2-3. Relevant properties for polyacrylonitrile (PAN) from the literature including the
glass transition temperature (Tg), Tm, decomposition temperature (Tq),
continuous operation temperature (7,), and peak operating temperature
(To,p) (Vatanpour et @l. 2023). .......uuiiiiiiiiiiie e 5

Table 2-4. Summary of iodine loading data for Ag, Bi, Cu, and Sn particles and metal-
PAN (polymet) composites including Qe, ge, and C%m after 48 h at
12021°C (Chong et al. 2022)..........coooiiiiii 7

Table 3-1. Summary of PAN composites produced on this project or some that were
used in this study that were produced previously using a room-
temperature casting temperature (Tmix ~ 22+1°C) including the sample
identification (ID), PNNL source data from the laboratory record book, the
getter mass in the batch (mg), mass of PAN in the batch (mpan), volume of
DMSO in the batch (Vbmso), and the mass loading of the getter in the PAN
composite (m%gL). For all samples, the ratio of Vpuso:mg was fixed at 15
mL:1 g, respectively. Samples 75Ag-PAN®@ and 75Cu-PAN are from a
separate study with more details provided elsewhere (Chong et al. 2022). ........ 15

Table 3-2. Description of samples for iodine loading process including the batch ID,
sample description, initial sample mass (ms; i.e., before iodine loading),
final sample mass (msy; i.e., after iodine loading), heat-treatment

Tables Xii



PNNL-35738

temperature (Tht), and heat treatment time (t) in days. Ag-400 is a
commercial product (IONEX Ag-faujasite, or AgX)......ccoooeiiiiiiii 17

Table 3-3. Summary of processing details for two-phase pellets where phase-a is the
material to be encapsulated and phase-b is the encapsulant phase
(metal), h is the target pellet thickness (height, averaged), m, g4 is the
green pellet mass, Atm is the atmosphere (air or vacuum), Tyt is the heat
treatment temperature, ty is the heat treatment time, Ramp is the ramp
rate used for some of the pellets, WL, is the expected mass loading of
iodine in the composite waste form, and WL is the expected volumetric
loading of the Ml compound in the final composite. ®Denotes target (not
MEASUIEA) VAIUE. .....uuuieiieei e e e e e e e e e e e e e e e e e e e aeas 20

Table 3-4. Experimental details for 3-phase pellets where Phase-a, Phase-c, and Phase-
d denote the encapsulant metal and Phase-b is the material to be
encapsulated, h is the target pellet thickness (height, averaged), mp 4 is
the green pellet mass, ti is the heat treatment time, WL, is the expected
mass loading of iodine in the composite waste form, and WLw, is the
expected volumetric loading of the Ml compound in the final composite.
All pellets in this table were fired under vacuum (atm) at 203°C (Txt). For
more information on the Phase-b sources, see Table 3-2...........ccccccciinnnnnes 3.23

Table 3-5. Summary of properties measured for pellets produced under this project. ............... 24

Table 3-6. Summary of experiments performed for PAN removal using DMSO after
iodine loading of PAN composites. The ID# denotes the details for the
starting sorbent from Table 3-2, ms 4 is the sample mass for dissolution
tests, and Vpuso is the volume of DMSO added to each vial. ........coeevvveeenveennnn.n. 27

Table 4-1. Summary of 1-mL and 5-mL pipette orifice sizes (um) including average
(AVE) and standard deviation (SD, in parenthesis) values for each tip and
each setoftipsfromeach set................. 29

Table 4-2. Summary of viscosity measurements (n) on DMSO-PAN solution at different
measurement temperatures (Tv). For all samples, the Newtonian fit range
Was 0-1000 S (UP/AOWN). ....eiiiiiiieiiie ettt e e eneee e 30

Table 4-3. Description of samples for iodine loading process including the batch ID,
sample description, iodine loading temperature used (Tioaq), initial sorbent
mass (ms,), final sorbent mass after iodine (mss), mass of iodine loaded
on each sample (my), iodine loading in g iodine per gram of sorbent (Q.),
the mass of PAN in the loaded sorbent (mpan,L), the mass of residual
metal in the loaded sorbent (mm ), the mass of metal-iodide (Mly) in the
loaded sorbent (mwmixL) [the mass of total iodine in the loaded sorbent
(miL) is equal to my], the mass of residual sulfur (msyrL) in the loaded
sorbent, the volume of Ml per mass of loaded PAN composite (Vuix/ms),
and the total volume of iodine-loaded PAN composite per mass (Viot/mLs).
For the sample name, the superscripted value is the temperature at which
iodine was loaded. Ag-400 is from IONEX. For more details, see Table
B e e — e e e e e e e ———eaee e e e e e ——————aaaaeeeeaannrraaees 4.34

Table 4-4. Summary of Ml recoveries (R%) after DMSO dissolution tests described
above including mass of sample used (ms), estimated MIx present in the
sample, and mass of recovered Ml (assuming all mas is Mly). .......ccccccceeeeeennne 39

Tables Xiii



Tables

PNNL-35738

Table 4-5. Summary of measured melting temperatures from DSC (T m), average (AVE)
measured bulk densities (o) and standard deviations (SD) from helium

PYCNOMIEBIIY. .. 40
Table 4-6. Summary of Set-2 pellets made with Al,O3; surrogate ceramic phase....................... 44
Table 4-7. Summary of data from Set-3, Set-4, and Set-5 pellets. ..., 52
Table 4-8. Summary of spot EDS analysis on Set-5b pellet (see Figure 4-46) shown as

AVE values (top) and SD values (bottom, £10).......ceuviiiieiiiiiii 70
Table 4-9. Summary of data from Set-6 pellets. Note that for 3-phase pellets, phase-b

and phase-c were mixed together in the die prior to pelletization. ..................... 72
Table 4-10. Summary of data from Set-7 pellets. ..., 81

Table 4-11. Summary of fired pellet thicknesses (t,; in mm) for pure Bi° pellets Set-7a,
Set-7b, and Set-7c measured using the measurement tool in Adobe
Photoshop on the 100%x SEM micrographs with target values of 0.5 mm,
0.4 mm, and 0.3 mm respectively..........ooo i 85

Table 5-1. Summary of pellets produced within this project lifecycle including the sample
set, the number of pellets produced in each set, the metal encapsulant
used, other phases present within the set of samples produced for that
set, the target metal-iodide complex (Mly), and the atmosphere (atm) used
in the heat treatment PrOCESS. ... ..uuuuei 92

Xiv



PNNL-35738

1.0 Introduction

Radioiodine can be released from nuclear processes such as used nuclear fuel reprocessing,
salt-fueled molten salt reactor operations and waste treatment, as well as nuclear accidents.
Depending on the age of the fuel and radioiodine isotopes, the isotopes present after these
processes could be different but the primary radioiodine isotopes will likely be iodine-129 ('2°1)
and iodine-131 ('3'l). The half-lives (t1;2) of these iodine radioisotopes are drastically different with
one being very short lived (t1,2 for 3!l is 8.02 days) and one being very long-lived (ti for 29l is
1.57x107 years). The capture and effective storage of these iodine radioisotopes is important to
prevent transport through the environment. The goal of this work was to evaluate the concept of
using ceramic-metal (cermet) and polymer-ceramic-metal (polycermet) composites for the
capture and storage processes of managing radioiodine from nuclear processes. Other terms for
cermet and polycermets include halide-metal (halmet) and polymer-halide-metal (polyhalmet)
composites, respectively, when the “cer” phase is a halide salt. The interplays of the different
phases (polymer, metal, ceramic/halide) are shown in Figure 1-1.

a b

polymer phase(s) polymer phase(s)

Figure 1-1. Venn diagrams showing phase relationships and composite names for (a) the
polymer-metal-ceramic material system and (b) the polymer-metal-halide material system.

The project covered within this report is based off using demonstrated technologies for iodine
capture that involve a polyacrylonitrile (PAN) phase as a scaffold to host materials that have
demonstrated affinity for a target analyte (i.e., Ag®, Bi°, Cu° Sn°, Ag.S, Bi.Ss, Cu.S, Ag-loaded
xerogels, and sulfide-based aerogels) during a gaseous loading process (Riley et al. 2014; Riley
and Garn 2019; Cordova et al. 2020; Riley et al. 2020a; Yu et al. 2020; Riley et al. 2021a; Chong
et al. 2022; Riley et al. 2024). The porous polymer matrix acts as a net (Figure 1-2a) that holds
the target getter during the loading process, much like a fly is held within a spider web. Examples
of some of the different PAN composite beads from these previous projects include metal-PAN
(75 mass% metal in PAN) composites (Figure 1-2b) and composites of PAN with metal organic
frameworks (MOFs) loaded at different mass ratios of 0 mass% MOF (pure PAN beads) to 90
mass% MOF (Figure 1-2c). The composite manufacturing process is very flexible and adaptable
for new active materials to be loaded into PAN at different mass loadings.
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0%HK 10%HK 25%HK 75%HK 90%HK

- 9

before drying

Figure 1-2. Optical collage showing a summary of the PAN composites including (a) a high-
magnification scanning electron micrograph of the PAN matrix in a bead drawing attention to the
webbed network, (b) images of metal-PAN composites (metal = Ag, Bi, Cu, and Sn, from left to
right), and (c) images of pure PAN beads and MOF-PAN composites from 10 mass% (10%HK)

to 90 mass% (90%HK) of the HKUST-1' MOF in PAN (from left to right) (Riley et al. 2020a;

Chong et al. 2022).

A summary of the overall planned approach of the project documented in this report is provided
in Figure 1-3. In this project, the general approach outlined in Figure 1-3a was to first determine
the properties of the starting metal encapsulant materials including the melting temperatures of
the metals (Tmm) and the bulk densities (o). Then, simple cermets were made to evaluate the
process of pressing a surrogate filler material in with the metal particles (approach-1) so that the
heterogeneous pelletization process could be better understood prior to working with iodine-
containing material as the filler. For approach-2, pure metal-iodides (i.e., Agl and Cul) were used
as the filler material. For approach-3, the iodine-loaded polyhalide materials (iodine-loaded PAN
composites) were used as the filler. Figure 1-3b describes some of the other tasks that were
included in this project such as fundamental studies on the thermoviscosity of the PAN-DMSO
mixture, analysis of the pipette-tip orifice diameters used during synthesis of PAN composites,
and an outline of how to evaluate PAN removal from iodine-loaded PAN composites.

In this work, several different PAN composites were produced so that they could be loaded with
iodine and the waste form production processes could be evaluated with different iodine-
containing phases. The different iodine sorbents produced in this study included: 75Ag-PAN (75
mass% Ag®), 75Cu-PAN (75 mass% Cu®), 75Bi-PAN (75 mass% Bi®), 80Cu-PAN (80 mass%
Cu?), 90Cu-PAN (90 mass% Cu®), 80AgS-PAN (80 mass% Ag2S), 90AgS-PAN (90 mass% Ag2S),
80BiS-PAN (80 mass% Bi.S3), and 80CuS-PAN (80 mass% Cu.S). Regarding the waste form
fabrication process, Bi® and Bi-Sn eutectic were the primary materials evaluated as the
encapsulant matrix.

The methodologies for selecting these particular materials is based off of success using these
specific metals as effective active getters for iodine based on data in the literature as well as work
done at Pacific Northwest National Laboratory (PNNL) on Ag (Riley et al. 2017; Riley et al. 2021b;
Chong et al. 2022; Riley et al. 2022a; Riley et al. 2022b), Bi (Yu et al. 2020; Baskaran et al. 2022;

THKUST denotes Hong Kong University of Science and Technology.
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Baskaran et al. 2023), Cu (Riley et al. 2021b; Chong et al. 2022), Sn (Riley et al. 2013a; Riley et
al. 2013b; Riley et al. 2014; Riley et al. 2021b; Chong et al. 2022), and sulfur-containing
compounds (Riley et al. 2011; Riley et al. 2013a; Riley et al. 2013b; Riley et al. 2014,
Subrahmanyam et al. 2015; Yu et al. 2020).

a : A a
determine material properties
(e.g., T,,m and p, for metals, p/n for DMSO-PAN)
approach-1 approach-2 approach-3
make simple cermets make example cermets make example polycermets
(actual metal and surrogate (actual metals and metal-iodides) (actual metals and metal-iodides)

ceramic; vary loadings)

1) receive commercial materials 1) decide on loadings needed 1) make polymets

2) evaluate metal:ceramic loadings 2) test afew metal-iodides 2) load polymets with iodine
3) characterize products 3) characterize materials 3) consolidate in polycermets
4) make decisions for future work 4) make decisions for future work 4) characterize materials

sample characterization, data analysis,
and reporting of results

b
PAN composite process PAN-DMSO process waste form process
1) metals (i.e., Ag, Bi, Cu) evaluate methods for making the evaluate different pelletization
2) sulfides (i.e, Bi,S,, Cu,S) beads different sizes (e.g., approaches for making waste
3) different getter:PAN ratios thermoviscosity, dropper orifice forms (e.g., multi-layer pellets,
size) fully mixed composite pellets, PAN
removal prior to fabrication)

Figure 1-3. Summary graphic describing the high-level tasks encompassed in this project
including (a) the general flow of the project in terms of phases and (b) some specific parts of the
project including example materials, processes, and variables being evaluated. Variables and
undefined terms are defined later in the report.
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2.0 Project Background and Approach

2.1 Selection of Encapsulant Metals

The initial plan was to use 100Bi, 100Sn, 58Bi-42Sn (eutectic), and 55.5Bi-44.5Pb (eutectic)
metals as the metallic (met) portion of the polycermet/polyhalmet composite waste form. the
following metals for this project based on the low Tnm values for the metals (see Table 2-1),
commercial availabilities, procurable sizes, malleabilities, and known formation of the targeted
metal-iodide complexes (Mly) for these metals in the event that iodine was released during the
waste form production step where Bi forms Bils/BiOl, Sn forms Snls4, and Pb forms Pbl,. In addition
to the Ty, values, Table 2-1 also shows the low sintering temperature (Ts.) and high sintering
temperatures (Tsn) based on the recommendation found in the literature as the optimum being
between 2/3*T,, and 3/4*T, (in °C) (Liu and Chen 2014). The binary eutectic compounds of
55.5Bi-44.5Pb and 58Bi-42Sn are shown in the phase diagrams in Figure 2-1a and Figure 2-1b,
respectively. Issues arose with the 55.5Bi-44.5Pb material procured for this work and thus it was
removed from the study as a candidate encapsulant metal.

Table 2-1. Melting temperatures for the metals (Tmm), boiling temperatures (Ty), lower sintering
temperature (TsL = 2/3*Tn in °C), upper sintering temperature (Tsu = 3/4* T in °C), and bulk
density (pp) for metals (Sobolev 2007; Lide 2008; Khairulin et al. 2010; Liu and Chen 2014).

Metal (mass%) Tmm (°C) T (°C) TsL(°C) Tsu(°C) pb(glcm?®)
100Bi 271 1564 180.7 203.3 9.7828
100Sn 231.93 2602 154.7 174.0 7.2900
58Bi-42Sn® 138 - 92.0 103.5 8.5588
55.5Bi-44.5Pb@) 124 1670 82.7 93.0 10.73
@Eutectic compound
350 300
Bi-Pb a Bi-Sn b
3004 250 J
a+liq
2504
g g 200 iq
g 2004 2.5 18‘1’“ 32.2 1 g
G N y+lig i ey 138°
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Figure 2-1. Phase diagrams from the literature of (a) the Bi-Pb binary (Sobolev and Gessi 2015)
and (b) the Bi-Sn binary (NIST 2023). These figures were redrawn from the originals. The target
eutectic compounds for this study are the 55.5Bi-44.5Pb (mass%) eutectic in (a) and the 58Bi-
42Sn (mass%) eutectic in (b).

2.2 Target Metal lodide Complexes (Miy)

Regarding the final fate of radioiodine storage and immobilization, the following Ml compounds
were identified as candidates: Agl, Bils, BiOIl, Cul, and Pbl, (see Table 2-2). These range in
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physical properties (i.e., Tm, To, pPb, Ksp) as well as the mass of iodine in the overall compound,
defined here as the iodine waste loading (WL)).

Table 2-2. Summary of metal-iodide compounds (Mly) including the melting temperatures (Tn),
boiling temperatures (Ty), bulk densities (pv), solubility product constants (Ks), and iodine waste
loading (WL,) for each where data were available (Lide 2008). A K, value for BiOl was not

found in the literature at the time of completing this report.
Mix Tm (°C) Tu(°C) po (g/cmd) Ksp WL, (mass%)

Agl 558 1506 5.68 8.52x10" 541
Bils 408.6 542 5.778 7.71x1071° 64.6
BiOl  308@ - 7.92 - 36.1
Cul 591 =1290 5.67 1.27x10"2 66.6
Pbl2 410 872@ 6.16 9.5x10° 55.1

(a) decomposes
2.3 Target Polymer Matrix

The only polymer being used in the current study is PAN, which is used because of the ideal
structural properties including open porosity, ease of composite bead formation, and
demonstrated properties during iodine capture. Some literature data on the thermal properties of
PAN are provided in Table 2-3 (Vatanpour et al. 2023). Also, it fairs well at high active sorbent
loading. The mass loss curve based on thermogravimetric analysis (TGA) data was reported in
the literature by Horrocks, Hall, and Zhang (Hall et al. 1994; Horrocks et al. 1994) and is shown
Figure 2-2. This shows that the mass loss should not be an issue within the temperature regime
used for this study where sintering temperatures are below 300°C.

Table 2-3. Relevant properties for polyacrylonitrile (PAN) from the literature including the glass
transition temperature (Tg), Tm, decomposition temperature (Tq), continuous operation

temperature (7o), and peak operating temperature (T,,) (Vatanpour et al. 2023).
Property Details

Amorphous density  1.184 g/cm?®

Tensile strength 24—65 cN/tex
Tq 100°C

Tm 317°C

Tq 175°C

Toc (Max) 130°C

Top (Max) 135-145°C
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Figure 2-2. TGA data for PAN homopolymer at different heating rates in air (this figure was
redrawn from the original) (Hall et al. 1994; Horrocks et al. 1994).

The thermal decomposition and flammability processes for acrylic fibers were documented (Hall
et al. 1994; Horrocks et al. 1994) and shown in Figure 2-3. These types of data are often collected
and available in the literature on the topic of preventing flammability of polymers. At high heating
rates, the pathway to the right (i.e., . — r4» — rs) dominates (i.e., cyclisation — dehydrogenation to
dehydrogenation into a graphite-type structure, respectively). The pathway to the left (i.e., r1 — r3
— r5) demonstrates “chain scission” (or polymer length shortening due to degradation) processes
that can lead to the formation of flammable and volatile compounds.

acrylic polymer

r I —
i X‘ 300

volatilisation | cyclisation

I 7
AN 400

volatilisation Il carbonization |

R R

volatilisation Il carbonization Il
(char oxidation) \J

(D,) @4njeiadway

Figure 2-3. Model of polymer temperature-dependent conversion proposed for the acrylic
polymer pyrolysis process (this figure was redrawn from the original) (Hall et al. 1994; Horrocks
et al. 1994). In this figure, rs denotes the route number.

In a previous study (Chong et al. 2022) with the Ag-PAN, Bi-PAN, Cu-PAN, and Sn-PAN
composite beads, iodine loading was compared across the set of beads as well as iodine loading
without the PAN (i.e., just the pure metal particles) where loading was conducted at 120°C £ 1°C
for 48 h. The results provided in Table 2-4 show the iodine loading in terms of both grams of
iodine (Qe¢) and milligrams of iodine (qe) per gram of initial sorbent. Also included is the conversion
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percentage (C%m) based on mass change data alone. These data are also shown graphically in
Figure 2-4 where the changes between the metal particles and the polymets are evident.

Table 2-4. Summary of iodine loading data for Ag, Bi, Cu, and Sn particles and metal-PAN
ge, and C%m after 48 h at 120°C + 1°C (Chong et al. 2022).

(polymet) composites including
Metal Particles

Qe (9/9)  ge (mg/g)

Qe,

Metal-PAN Composite

C%m (mass%) Qe(g9/g) Qge(mglg)

C%m (mass%)

Ag 1.120 1120 95.2% 0.753 753 85.4%
Bi 0.773 773 42.4% 0.474 474 34.7%
Cu 1.033 1033 51.7% 1.457 1457 97 .2%
Sn 3.000 3000 70.2% 1.669 1669 52.0%
3.0 - - 3000

a [l metal-PAN 9

2.5 — [l metal particles - 2500 ?:-

&y S

g 2.0 1 x\,}”-" 2000 ©

E 15 - 1500 —?L

£ 2
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Figure 2-4. lodine loading summary for Ag, Bi, Cu, and Sn metal particles and metal-PAN
(polymet) composites including (a) the Q. (g iodine per g of sorbent) as well as the g. (mg iodine
per g of sorbent) and (b) the conversion% (C%m) based on mass data alone (Chong et al.

2022).

2.4 Selection of Pelletization Process

In this project, a cold-press-and-sinter (CPS) process was utilized to make pellets. This process
involves cold uniaxially pressing (CUP) the phases into a steel die and then firing the pellets.
Other alternatives that would be better from multiple perspectives would be using a type of hot-
pressing process. Examples of hot pressing include a hot uniaxial pressing (HUP) process such
as heating the mold directly using heat tape or a heating blanket or by using a process like spark
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plasma sintering (SPS) under an inert atmosphere or hot isostatic pressing (HIP). The main
reason these were not used in the current work is that no HUP devices were available during the
project lifecycle and PNNL does not have SPS or HIP apparatuses. It is possible to send samples
out to colleagues or to industrial companies that do these types of things on pro-bono or contract
bases but, for process of preserving intellectual property, these routes were not considered within
the initial phase of the project.

2.5 Composite Phase Diagrams

Phase diagrams for the PAN composites (ternary diagram) discussed in this report as well as the
metal-encapsulated, iodine-loaded PAN composites (quaternary diagram) are shown in Figure
2-5a and Figure 2-5b, respectively. These involve different phase proportions at different stages
where, prior to iodine loading, the masses of metal in the metal-PAN composites in this study
were high (275 mass%) with the mass balance being PAN. The iodine-loaded PAN composite
can be thought of as a three-phase composite including the mass of the PAN matrix (mpan), the
unreacted (residual) metal mass (mm,), and the mass of metal-iodide compound formed during
iodine loading (myy;, ). The waste form produced from this iodine-loaded includes another phase,
which is the encapsulant metal phase mass (mm¢). For the ternary in Figure 2-5a, the goal is to
maximize the m,;_ value while minimizing mm, (meaning more metal was converted to metal-
iodide) and mpan. For the quaternary shown in Figure 2-5b, the goal is to minimize the mn e value
(i.e., away from the top apex of the diagram) as this phase only dilutes the waste (Mly) loading in
the final form. However, a sufficient enough quantity is required to maintain good waste form
integrity in order to prevent a percolation pathway through the entire waste form, i.e., creating a
contiguous metal phase. Figure 2-6 covers the same information as Figure 2-5, but where the
getter is not necessary a pure metal but something else (e.g., Bi»S3, Cu.S) so the residual getter
(mg,r) replaces mm,. This is a more general way to consider these types of phase diagrams.

additional metal
encapsulant (m,,.)

<«— residual metal (m,,,,)

Figure 2-5. Summary of composite phase diagrams to consider when making multiphase pellets
showing. (a) Ternary diagram of the PAN composite diagram representing the iodine-loaded
material that has three phases including the polyacrylonitrile phase (mpan), the reacted metal

iodide phase (m,;, ), and the residual metal unreacted by iodine (mm,). (b) Quaternary diagram
(triangular pyramid) providing the same diagram in (a) but with a fourth axis of the additional

encapsulant metal mass (mm.e).
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additional metal
encapsulant (m,,.)

region

<— residual getter (m,,)

Figure 2-6. This is the same figure as Figure 2-5 but where the getter is not necessarily a pure
metal phase, but it could be any chemisorbing getter compound (e.g., Bi>S3, Cu,S). Summary of
composite phase diagrams to consider when making multiphase pellets. (a) A ternary diagram
of the PAN composite diagram representing the iodine-loaded material that has three phases
including the polyacrylonitrile phase (mean), the reacted metal iodide phase (my ), and the
residual getter unreacted by iodine (myq,). (b) Quaternary diagram (triangular pyramid) providing
the same diagram in (a) but with a fourth axis of the additional encapsulant metal mass (mMm.).

2.6 Metal lodide Decomposition and Conversion to lodide (I")

It is possible to remove iodine from iodine-loaded metal getters through decomposition to iodide
(I7). If removed, the iodide could be transferred to different getter or converted to an ionic form for
waste form production and ultimate iodine disposal. The side benéefit to this process is that the
base sorbent could potentially be recycled. Reasons why this type of iodine removal step would
be attractive include:

o It could be used to recycle valuable, expensive, and limited resources (e.g., Ag) and move
iodine to a long-term disposal waste form option that has higher iodine loading (e.g., Pbl
instead of Agl) that is chemically durable but less expensive.

e Preventing the requirement of having to dispose of a waste form that contains elements
regulated by the U.S. Environmental Protection Agency (EPA) under the Resource
Conservation and Recovery Act (RCRA) (EPA 1980), which include Ag, As, Ba, Cd, Cr,
Hg, Pb, and Se. Options for alternative non-RCRA metals to act as long-term repository
options for iodine Cu (i.e., as Cul) and Bi (i.e., as Bils or BiOl). This way, an effective iodine
sorbent (e.g., Ag-containing zeolites) could be used to capture iodine and then it could be
removed from the getter.

e Processes described herein would allow one to convert metal iodides to metal sulfides,
which can also act as iodine getters (Yadav et al. 2023). Thus, the sorbent could be
recycled.

Using a process described by Cao et al. (2017) [and later by Yadav et al. (2023)], Agl was
decomposed in aqueous Na;S solution where the Ag was converted to Ag.S precipitates and the
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iodine was converted to ionic iodide (I7) in solution with Na*; this is shown in Equation (2-1). In
the study by Yadav et al. (2023), these experiments were conducted with iodine-loaded silver
faujasite (i.e., AgX or IONEX Ag-400) particles and particles ground to a fine powder — see Figure
2-7. The final fate of the iodide present in solution is to immobilize it in a sodalite as Nal solution
which was also demonstrated by Yadav et al. (2023) and others (Cao et al. 2017; Chong et al.
2017; Chong et al. 2018; Chong et al. 2020a) as shown in Equation (2-2).

2 Agls) + NazSaq) — 2 Nal@g) + Ag2Ss) (2-1)

2 Nals) + 3 Al2Si2O7(s) + 6 NaOH(s) — Nas(AISiOa4)sl2s) + 3 H20 (2-2)

Based on the work by Yadav et al. (2023), the iodine loading of AgX shows that no faujasite
diffraction peaks remain after analysis with X-ray diffraction (XRD) (Figure 2-8a,b). The Agl in
AgX is shown to partially convert to Ag»S after soaking in the NasS solution, although Agl peaks
still remain (Figure 2-8c). Also, grinding the pellets to a finer particle size provided a much higher
Agl—Ag2S conversion efficiency (CE) than leaving the Ag-400 AgX beads intact (not grinding
them) as shown in Figure 2-9. As fine particles, the most effective conversion was realized with a
60°C soak temperature for 24 hours (Figure 2-9a).

as-received AgX
(IONEX Ag-400)

o
iodine-loaded
(I present as Agl

O i

Na,$ solution

[a]
iodine-removed
(Ag converted to Ag.,S)

+ lyg | recycle the iodine-free
(150°C) | Ag,S-loaded sorbent

L]

o
iodine-loaded
(Agl + residual S)

granules (beads) fine particles

Figure 2-7. Conceptual design of metal-iodide conversion to metal-sulfide to recycle a metal-
loaded sorbent from Yadav et al. (2023). Summary of experimental steps and photos of
sorbents including (a) AgX sorbent, (b) Agl-containing sorbent after iodine-loading of AgX, (c)
Ag.S-containing sorbent after elution process, (d) Agl-containing sorbent after iodine-loading of
Ag»S-containing sorbent, (e, f) hydrothermal synthesis of iodosodalite. For scale, the initial size
of AgX was = 1.7 mm.
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Figure 2-8. XRD patterns and optical images of (a) starting AgX sorbent, (b) AgX sorbent after
iodine uptake, and (c) AgX sorbent after Ag-recovery from Yadav et al. (2023).
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Figure 2-9 Conversion efficiency (CE) of Agl to Ag.S relative to (a) time at 60°C for powders
and (b) temperature for 24 hours for granules from Yadav et al. (2023). The CE value for Ag-
mordenite (AgZ) (60°C for 6 hr) is shown in (a) for a comparison with the other data on AgX.

Conceptually, the same process described above for Agl reactions with Na,S solutions could be
applied to other Ml compounds like Cul and Bilsz. Using HSC Chemistry (v9; Outotec, Finland)
software, simulations were conducted to look at Gibbs free energies of formation (AG;) for the
reactions? shown in Equation (2-3), Equation (2-4), and Equation (2-5). The reactions as a
function of temperature are shown in Figure 2-10. While all of these reactions show up as
spontaneous over the 0-90°C temperature regime, they all seem to be favored most towards

90°C.
2 Agl(a) + NazSia) — 2 Nal(a) + Ag2Ss) (2-3)
2 Bilss) + 3 NazS(a) — 6 Nal@) + BizS3 (2-4)
2 Cul(g) + NazS(a) — 2 Nal(@) + Cu2Sgs) (2-5)

2 Note that “a” denotes aqueous species and “ia” denotes neutral aqueous species. Not all species had
data available in HSC Chemistry, so the closest options were selected for simulations. For example, no
entries were available Bils@) or Bilsia) reactants, so Bilss) was used instead.
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Figure 2-10. HSC Chemistry simulations for Gibbs free energies of formation (AG;) per mole

(chemical potentials) for NaS reactions with (a) Agl, (b) Bils, and (c) Cul denoted in Equation
(2-3), Equation (2-4), and Equation (2-5), respectively.

2.7 Metal Sulfide Reactions with lodine Gas

Some calculations were performed using HSC Chemistry to assess thermodynamic stability of
metal sulfides to react with lyg to form metal iodides. The general expected reactions for
converting the MS, compounds to Ml compounds are provided in Equation (2-6) for Ag.S,
Equation (2-7) and Equation (2-8) for Bi.S3, and Equation (2-9) for CuzS. A graphic showing the
AG} values for these compounds forming are provided in Figure 2-11 where the thermodynamic
favorabilities are in the order of BiOl, Bils, Agl, and then Cul (i.e., BiOl is the most favored with
the lowest AG; values over the temperature range of interest (0°C < T < 200°C). This work was
documented in more detail by Riley et al. (2024).

Ag2S(s) + l2g) — 2 Aglis) + Ss) (2-6)

Bi2S3(s) + 3 l2(g) — 2 Bilss) + 3 Sgs) (2-7)
Bi2S3(s) + 3 l2(g) + O2(g) — 2 BiOl(s) +2 l2g) + 3 S¢s) (2-8)
Cuz2Ss) + I2(g) — 2 Culs) + Sgs) (2-9)

Project Background and Approach 12



PNNL-35738

5
£
~
=
or
5 3
_250_: —O— Ag,S
{ -+ BiS;(a)
. Bi,S; (b)
] —C—-Cus
-350—_'|
L I I DL L I B B I B
0 20 40 60 80 100 120 140 160 180 200

temperature (°C)
Figure 2-11. Gibbs free energies of formation (AG}) per mole (chemical potentials) for the
reactions provided in Equation (2-6) [Agl formation], Equation (2-7) [i.e., Bilz formation],
Equation (2-8) [BiOIl formation], and Equation (2-9) [Cul formation], respectively.
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3.0 Materials and Methods
3.1 Making PAN-Composite Beads

The polymet beads are produced through a multi-step process shown in Figure 3-1 below where
the metal is Ag, Bu, Cu, or Sn but other non-metal getters can be added instead of metal. In
step-1 (Figure 3-1a), the PAN is dissolved in dimethyl sulfoxide (DMSO) in a ratio of 1 g PAN per
15 mL of DMSO using a magnetic stir bar on a stirring plate at ~500 revolutions per minute (RPM).
Once dissolved, the active getter is then added in step-2 (Figure 3-1b) and suspended within the
mixture. In step-3 (Figure 3-1c), the PAN-DMSO-metal mixture is kept suspended through
vigorous mixing and it is withdrawn using a pipette and dropped into a stirring dish of chilled (T
<10°C) deionized water (DIW) whereby the mixture is instantly frozen into a bead that is
somewhat spherical in shape. In the final phase (step-4, Figure 3-1d), the beads are blotted dry
with a paper towel and put into a vacuum desiccator to dry to constant mass over a few weeks.
For example, a typical batch size involves 3 mL of DMSO, 0.2 g of PAN, and 0.6 g of active getter
(75 mass% getter loading). All PAN material used in this study was from Dralon GmbH in the form
of fibers (x100, 3.3 dtex, 60 mm; Dormagen, Germany). The DMSO was from Sigma Aldrich
(299.9%, Sigma Aldrich).

a | step-1: dissolving PAN in DM50 b | step-2: suspending metal particles

DMSO {vessel-1) metal particles (vessel-1)

PAN + DMSO PAN + DMSO
+ metal
¢ | step-3: forming beads in chilled DIW d | step-4: drying beads to final form

remove Ag-PAN Bi-PAN
and blot T
dry

vessel-2) /)

PAN + DMSO DIW in ice water

metal-PAN composites
+ metal bath (3x) T< 7°C

Figure 3-1. Scheme showing how the metal-PAN composite (polymet) beads are produced
(Chong et al. 2022).
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The list of PAN composite beads produced during this project include the following: 75Ag-PAN,
75Bi-PAN, 75Cu-PAN, 80Cu-PAN, 90Cu-PAN, 80Cu.S-PAN, 80Bi.Ss-PAN, 80Ag.S-PAN, and
90Ag.S-PAN. These samples were made at different volume scales. The way the samples are
labeled, the mass% of active getter is listed before the “-PAN” designation (where PAN makes up
the remaining mass of the beads); also, the sample names are abbreviated (e.g., Ag2S — AgS).
Details for these composites are provided in Table 3-1. For making Ag-PAN, Bi-PAN, and Cu-
PAN fine particles were used including -625 mesh Ag® (99.9%), -325 mesh Bi? (99.5%), and 10 uym
Cu® (99.9%) all from Alfa Aesar. For the MS,-PAN composites, the metal sulfides used were:
Ag2S (99.9%), BixS3 (99.9%), and Cu2S (99.5%) from Themo Scientific. The Ag2S particles were
ground to a fine powder in a Diamonite™ mortar and pestle prior to making Ag.S-PAN composites.
For the experiments conducted herein, more details for the composites containing metal particles
are provided by Chong et al. (2022). Additional details for MS,-PAN composites are provided
elsewhere (Riley et al. 2024).

Table 3-1. Summary of PAN composites produced on this project or some that were used in this
study that were produced previously using a room-temperature casting temperature (Tmix ~ 22°C
1 1°C) including the sample identification (ID), PNNL source data from the laboratory record
book, the getter mass in the batch (mg), mass of PAN in the batch (mpan), volume of DMSO in
the batch (Vbwmso), and the mass loading of the getter in the PAN composite (m%g.). For all
samples, the ratio of Vpmso:my was fixed at 15 mL:1 g, respectively. Samples 75Ag-PAN® and

75Cu-PAN are from a separate study with more details provided elsewhere (Chong et al. 2022).
myg mpaN Vbmso m%gL
Sample ID Reference Getter (@) (@) (mL) (mass%) Date

75Ag-PAN®  BNW62908-011  Ag° 0.6015 0.2014 3.0 75% 1/27/2022
75Cu-PAN BNW62908-011 Cu® 0.6010 0.2002 3.0 75% 1/27/2022
75Ag-PAN®)  BNW62908-050 Ag° 0.5999 0.2006 3.0 75% 5/15/2023
75Bi-PAN BNW62908-050 BiI° 0.6000 0.1998 3.0 75% 5/15/2023
80Cu-PAN BNW62908-054 Cu® 4.0003 1.0000 15.0 80% 6/1/2023
90Cu-PAN BNW62908-054 Cu® 1.2000 0.1333 2.0 90% 6/1/2023
80BiS-PAN  BNW62908-054 Bi2S3 0.8004 0.2002 3.0 80% 6/8/2023
80CuS-PAN BNW62908-054 Cu2S 0.8009 0.2004 3.0 80% 6/8/2023
80AgS-PAN  BNW62908-063 AQg2S 0.8003 0.2004 3.0 80% 8/12/2023
90AgS-PAN BNW62908-063 AQg2S 1.2004 0.1336 2.0 90% 8/12/2023

3.2 Evaluating Variables for PAN Composite Synthesis Process

3.21 Pipette Orifice Diameter Evaluation

In order to better understand the PAN composite process variables, some characterizations were
done to understand the pipette tip orifice diameters and the rheological properties of the DMSO-
PAN mixture. For the pipette tip orifice diameters, these were measured by cutting the tips ends
off perpendicular to the central axes with a razor blade, mounting them vertically oriented on
double-stick carbon tape on an aluminum disc, and images were captured with a JSM-7001F field
emission gun scanning electron microscope (SEM; JSM-7001F field emission gun; JEOL USA,
Inc.; Peabody, MA). Six tips were analyzed where three 1-mL and three 5-mL tips were included.
For each tip, one image was collected using a long depth of field imaging mode in the JEOL
software for the SEM and = 11 measurements were made through the origins. Images of these
tips showing the measurement process used are provided Figure 3-2.
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s

Figure 3-2. Process for measuring‘pipette tip orifice diameters icluding (a) a picture of the tips
mounted for SEM analysis, (b) circle drawn to encompass the entire orifice, to find the center
point, and the location of horizontal and vertical guides through the origin of the circle, and (c)

an example diameter drawn through the origin to each side of the opening on that plane.

3.2.2 DMSO-PAN Solution Viscosity Evaluation

The DMSO-PAN mixture prepared for viscosity measurements was done in a 50 mL beaker
including 2 g of PAN and 30 mL of DMSO. The PAN was dissolved into the DMSO through stirring
with a Teflon-coated stir bar. This process took about 30 minutes before the PAN was fully
dissolved within the DMSO. Once fully dissolved, the solution was transferred to a 60-mL Nalgene
bottle and the bottle was capped with a lid. The viscosity measurements of this mixture were run
in an RS600 (HAAKE RheoStress 600 Rheometer, Thermo Scientific) at 25°C, 40°C, 50°C, 60°C,
and 70°C.

3.3 Evaluating Properties of Encapsulant Metals

The four encapsulant metals that were the focus of this study were Bi® (99.9%, -325 mesh), Sn°
(99.9%, -325 mesh), BiSn° eutectic (99%, -300 mesh), and BiPb° eutectic (99.9%, -300 mesh),
which were all received from American Elements. In order to determine the melting temperatures
of the encapsulant metals, differential scanning calorimetry (DSC), helium pycnhometry, and
particle size distributions (PSDs) were measured for all materials. The purpose of the DSC runs,
helium pycnometry runs, and PSD runs were to determine the Tmm values, bulk densities (o),
and PSDs of the as-received metal particles. The DSC measurements were performed on a
NETZSCH 449F1 Jupiter simultaneous thermal analyzer (STA) system. For each run, 15-20 mg
of sample was placed in an alumina crucible and heated at 5 K min-! to a temperature at least
50°C above the expected melting point of the metal (Tmm). Argon was flowing at 40 mL min-" over
the course of the experiment. Melting points were determined by finding the onset of the
endothermic melting peak. Helium pycnometry was run with an AccuPyc Il 1340 (Micromeritics)
whereby volume was measured ten times and the mass was measured for each sample on an
analytical balance (£ 0.1 mg). The PSDs were run on a Microtrac Sync unit. Particle bulk densities
(o) were measured with a Micromeritics AccuPyc Il 1340 helium pycnometer. Sample masses
were weighed on an analytical balance to + 0.1 mg and the instrument measured the sample
volume 10x so that, with the mass value, the average py values and corresponding standard
deviations (SD, i.e., £ 10) could be output.

3.4 lodine Loading of Samples

lodine loading of materials is a process by where samples are exposed to a saturated iodine
atmosphere at elevated temperatures in a sealed chamber. In this study, a 1-L Savillex jar was
used as the loading chamber where samples and iodine were loaded into separate glass
containers. For each test, the empty glass vials were weighed with the vessel lids on (i.e., this is
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the tare mass), samples were loaded into the vials, initial sample masses were measured, the
samples were loaded into a glass dish and placed into the jar, and the lid was added to the jar.
Then, the tests were initiated by placing the jar into an oven. Sometimes the vacuum oven
(VO914A-1, Thermo Scientific, Lindberg Blue M) was used to run the test (with the vacuum off)
so that a higher temperature precision could be obtained and other times a regular oven
(3511FSQ, Isotemp, Thermo Scientific, Hampton, NH) was used. After the iodine loading
duration, samples were samples were weighed after iodine loading. The temperature used for the
loading was 150°C £ 5°C and the loading time was 24 h followed by 1 h of desorption at this
temperature in the absence of iodine to remove any loosely bound (physisorbed) iodine. In all
cases, the standard used is IONEX Ag-400 silver-exchanged faujasite zeolite. The procedures
used here (e.g., temperature, time, desorption) and the Ag-400 standard used are based off of
our previous work in this area (Riley et al. 2017; Chong et al. 2020b; Riley et al. 2020b; Chong et
al. 2021; Riley et al. 2021a; Riley et al. 2021b; Chong et al. 2022; Riley et al. 2022a; Riley et al.
2022b; Yadav et al. 2023). The details for the samples loaded with iodine during this study are
provided in Table 3-2.

Table 3-2. Description of samples for iodine loading process including the batch ID, sample
description, initial sample mass (ms;; i.e., before iodine loading), final sample mass (msy; i.e.,
after iodine loading), heat-treatment temperature (Tht), and heat treatment time (f) in days. Ag-
400 is a commercial product (IONEX Ag-faujasite, or AgX).

Sample name  References ms;i(9) Tnt(°C) tht (d)

Description

1a I-1a  75Ag-PAN 75Ag-PAN(120) BNW62908-11  0.0369 120 1.0

1b I-1b  75Cu-PAN 75Cu-PAN(20  BNW62908-11  0.0276 120 1.0

2a I-2a Ag-400 Ag-400(150) BNW62908-53  0.2301 150 1.0

2b I-2b  75Ag-PAN 75Ag-PAN(1%0) BNW62908-53 0.1388 150 1.0

2c I-2c  75Cu-PAN 75Cu-PAN(50)  BNW62908-53  0.1174 150 1.0

3a I-3a 75Ag-PAN 75Ag-PAN(1%0) BNW62908-57 0.7213 130 4.90
3b I-3b  75Bi-PAN 75Bi-PAN(130) BNW62908-57  0.7290 130 4.90
3c I-3c  AC-6120 AC-6120(130) BNW62908-57 0.1001 130 4.90
3d I-3d  Ag-400 Ag400(130a BNW62908-57  0.0979 130 4.90
4a I-4a BiS-PAN 80BiS-PAN(130)  BNW62908-62 0.1516 130 4.94
4b I-4b  CuS-PAN 80CuS-PAN(39)  BNW62908-62  0.1546 130 4.94
4c I-4c  80Cu-PAN 80Cu-PAN(30  BNW62908-62  0.1530 130 4.94
4d I-4d  90Cu-PAN 90Cu-PAN(30  BNW62908-62  0.1540 130 4.94
4e I-4e  Ag-400 Ag400(130p BNW62908-62 0.1256 130 4.94
5a [-5a 80AgS-PAN  80AgS-PAN(30  BNW62908-66 0.1194 130 4.89
5b [-5b 90AgS-PAN 90AgS-PAN(30)  BNW62908-66  0.1585 130 4.89
5c I-5c  Ag-400 Ag-400(130¢ BNW62908-66  0.1305 130 4.89

After loading, several calculations were made that included the mass change, where all gained
mass was assumed to be iodine (m), using Equation (3-1) through a difference between final
sample mass (mss) and initial sample mass (ms;). Once m is known, the iodine loading can be
calculated using the Q. term [Equation (3-2)] in grams of iodine per gram of starting sorbent or ge
[Equation (3-3)], which is the same but in milligrams of iodine instead of grams of iodine.

my = Mgr— Mg (3'1)

Qe ="/, (in glg) (3-2)
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e =""/m,, (in mg/g) (3-3)

Assuming that all iodine is loaded directly onto the metal particles through chemisorption and
results in the formation of a metal-iodide complex (Mlx), the maximum iodine mass possible
(Mmax) [Equation (3-4)], the mass of M« formed [m,, ; see Equation (3-5)], and the
residual/unreacted metal mass [mm,; Equation (3-6)] can be calculated. For Equation (3-4), mfu.
is the mass fractional metal loading in the sorbent,® x, is the molecular weight of iodine (i.e.,
126.9045 g/mol), M, is the moles of iodine in the Ml, compound (e.g., 1 for Agl, Cul, and BiOl and
3 for Bils), and xm is the molecular weight of the metal getter in the sorbent. For Equation (3-5),
xu1, IS the molecular weight of the Mlx compound and the other variables were defined previously.
The mn, values are calculated with Equation (3-6) by difference of several other parameters
previously calculated. Finally, the mass% conversion (C%m) of the metal can be calculated using
Equation (3-7) (note that an assumption with this calculation is that all mass gained is iodine
loading).*

_ (mg-mfy-x; - M[)/xm (3-4)

mI,max -

_ (mixn,) / i
M1, = (o7 - My) (3-5)
M = Mg — Mpan — My, (3-6)

C%m ="/, 100 (3-7)

3.5 Making Pellets

The general layout of the pellet die (diameter = 10 mm, radius = 5 mm) being used in this work is
shown in Figure 3-3. The pellet making process was varied with this work depending on several
variables being explored where different numbers of layers were included in pellets. For multi-
layer pellets, the anvil and previously pressed layers were left in the cylinder, but the ramrod was
removed for each subsequent pelletization layer being pressed. Sometimes the pressures differed
between the different layers in multi-layer pellets. This was done because it is nearly impossible
to reinsert a pellet into the cylinder once it has been removed.

3 As examples, mfuL = 1 if the sorbent is a pure metal and mfw. = 0.75 if the metal loading in a metal-PAN composite
is 75 mass%.
4 This calculation disregards the possibility that increased mass is attributed to water adsorption/absorption.
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die base working parts different pellet layouts
m y Y C (one layer)
-
sample (mixed)
(phase-a + phase-b)

cylinder dtwo layers)

{phase-a + phase-b)
ramrod portion % metal
(plunger) (phase-c)

€ (three layers)
metal

(phase-a)

ﬁ sample @ sample (mixed)

£

(phase-b + phase-c}

base plug
metal
a b ﬁ polished anvil é (phase-d)

Figure 3-3. Schematic showing the (a) pellet die base (cylinder and base plug), (b) additional
parts and where the sample fits (the ramrod, sample, and anvil), and (c—e) different pellet
layouts with differing numbers of phases. An alternative approach is to use a polished anvil
above and below the sample, not just below as shown in the diagram.

3.51 Making Two-Phase Pellets

To make pellets, several physical properties and parameters of each different phase were
considered so that pellets of similar dimensions could be produced. Pellets were produced in
similar sizes to start this process. The initial pellet sizes produced were ~2.5 mm in height (h) and
10 mm in diameter (radius, r, of 5 mm) with an approximate green pellet volume (V,g) of
196.35 mm?3 (0.19635 cm?) calculated using Equation (3-8). The method for calculating the total
mass of material needed to achieve this target pellet volume included formulation in Microsoft
Excel based off Equation (3-9) using the goal seek function to determine target masses of phase-
a (mp-a; waste-containing material, i.e., ceramic or halide phase) and phase-b (m.»; encapsulant
metal) to achieve a specific target waste loading in mass% (WLme) utilizing the densities of each
phase [Equation (3-10)], i.e., pp-a and pp-», respectively.

V,g = mr2h (3-8)
m,_ m,_
Vog= " /ppat ° "/p,, =0.19635 cm? (3-9)
Mp_a
100 = WLy, ]
/(mp_a rmy ) o (3-10)

Once the phase-a and phase-b masses were determined, these were weighed out on an
analytical balance (ME204E; Mettler Toledo, Columbus, OH; £ 0.1 mg), mixed together on weight
paper for 1 minute, and then loaded into the chamber of a 10-mm diameter steel die. The die was
loaded into a uniaxial press (model 3393, Carver, Inc.), and a 1000 pounds per square inch (PSI)
(3.1 metric tons) load was applied for 1 minute; for some pellets a 1500 PSI (5.0 metric tons) load
was used on the gauge. After 1 minute of applied load, the load was released, and the pellet was
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recovered from the die. Using Equation (3-11) modified (corrected) from the original (MTI 2023),
the actual applied load pressure (Pa) during this process was calculated where T is the force
applied (in metric tons) on the hydraulic cylinder, g is the acceleration due to gravity (9.8 m/s?),
and r is the radius of the die (in meters).> The other option is to divide the force applied (Fa) by
the area of the die face (Aq) to get the applied pressure (Pa) as shown in Equation (3-12).

=9 (3-11)

F,
Pa="%/p, (3-12)

Once the pellets were removed from the die, the green pellet masses (m,4) were taken and the
V,,g was calculated using calipers where a few different measurements were taken of the diameter
and the thickness so that averages could be calculated. After pellets were prepared, they were
heat treated for different temperatures, different times, and in different atmospheres and these
details are provided in Table 3-3. The Agl used here was 99.999% (Alfa Aesar) and Cul was
99.998% (Thermo Scientific).

Table 3-3. Summary of processing details for two-phase pellets where phase-a is the material to
be encapsulated and phase-b is the encapsulant phase (metal), h is the target pellet thickness
(height, averaged), m, 4 is the green pellet mass, Atm is the atmosphere (air or vacuum), Ty is
the heat treatment temperature, f is the heat treatment time, Ramp is the ramp rate used for
some of the pellets, WL, is the expected mass loading of iodine in the composite waste form,

and WlLwiy is the expected volumetric loading of the Ml compound in the final composite.
®Denotes target (not measured) value.

Tht  tht Ramp WLm WLmy

Higges  HngeEee (°C) (h) (°CImin) (m%) (vol%)
la - 100%Bi  155+003 1.1419 Ar 203 22 5 - -
2a - 100%Bi 250 19239 Ar 203 8 5 - Z
2b  10%AkOs 90%Bi 250 16712 Ar 203 8 5 - -
2c  15%ALOs 85%Bi 250 15697 Ar 203 8 5 - -
3a - 100%Bi  259+002 19108 Vac 203 22 - _ _
3b 15%Agl  85%Bi  2.56+001 17091 Vac 203 22 - 811 233
3c 30%Agl  70%Bi  258+003 15628 Vac 203 22 - 1622 425
4a 30%Cul  70%Bi  259+002 15599 Vac 203 20  — 1999 425
5a 30%Cul  70%BiSn  2.57 001 14447 Ar 104 8 5 1999 393
5b 30%Agl  70%BiSn  2.61+007 14484 Ar 104 8 5 1622 392

3.5.2 Making Three-Phase Pellets

The calculations for making three-phase pellets (i.e., metal, polymer, and ceramic/halide phases)
that included the PAN phase were more complicated as they assume the following: (1) an even
metal loading across all metal-PAN composites, (2) an even iodine loading across all metal-PAN
composites, (3) that no mass changes occurred after iodine loading (due to water absorption from
the air), and (4) that the PAN does not decompose during the iodine loading process. Thus, similar
equations to those above were used here with a few adjustments described below in more detail.

5 For a 1-cm diameter die (0.005-m radius) the Pa values for pellets pressed at 1000 PS| and 1500 PS| were calculated
as 387 MPa and 624 MPa, respectively.
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After loading the metal-PAN composites with iodine, not all of the metal reacts with iodine
according to mass changes (before and after the iodine loading tests) alone. This means that
some residual metal mass (mm,) remains in the beads and this has to be accounted for when
calculating the overall composite volume after iodine loading (Vpoymet+1), Which is defined in
Equation (3-13). The three components in this calculation include the PAN matrix (mpay and
pran), the metal-iodide (m,;, and py;, ), and the residual metal (my,  and p, ) where the desired
masses of all components were calculated using the same goal seek function in Excel as
mentioned in Section 3.5.1. From these calculations, the mass of iodine waste loading (WL )
and volumetric waste loading of the M, complex (WLwiv) can be calculated using Equation (3-14)
and Equation (3-15), respectively, including the volume of the encapsulant metal phase (V).

m m
Voolymets1 = PAN/p  + M‘x/pmx + ™o = 0.19635 cm® (3-13)
WL, =100 - ml/ i
bm (mPAN + myy, + mm,r) (3-14)
Vi
Wiy, = X/ 3-15
ML (Vpolymet+l + Vm,e) ( )

For making the 3-phase pellets, a few different ideas were evaluated, and these are shown
graphically in Figure 3-4. A summary these pellets produced is provided in Table 3-4.

1. Initial thin pellet layer. Pressing the polymer-containing phase in between different pure
metal layers. To evaluate this option, work was done to look at how difficult it would be to
press pellets that were <1 mm with the target thickness of ~0.5 mm (500 ym). The pressing
pressure for these thin discs was 1000 PSI (3.1 metric tons) on the Carver press gauge.
This worked well so the next step was conducted. This is shown graphically in Figure 3-4a.

2. Adding polymer-containing layer with metal filler (2-layer). Adding the polymer-
containing layer was done by loading the Ml,-PAN material on top of the thin bottom metal
pellet, loading the metal powder in with the Ml,-PAN material, and pressing at higher
pressures on the Carver press (1500 PSI or 5.0 metric tons) gauge. When doing this, it
was clear that the portions of the Ml,-PAN remained uncovered by metal so it was decided
that a top metal layer should be added in the subsequent 3™ layer approach. This is shown
graphically in Figure 3-4b.

3. Adding a top metal layer to the 2-layer approach (3-layer). The 3-layer approach was
done the same as the 2-layer approach, but after the 2-layer pellet was pressed, additional
Bi® particles were added to the die, and the mixture was pressed at 1000 PSI (3.1 metric
tons). This is shown graphically in Figure 3-4c.
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a
bottom metal layer

b
adding Ml -PAN+metal

(o
top metal layer

metal layer

MI,-PAN+metal layer

metal layer

Figure 3-4. Schematic for how the 2-layer and 3-layer pellets were produced showing (a) the
thin metal layer, (b) the middle layer containing the MI,-PAN mixed with metal phase, and (c)

No material grinding was performed when making the Set-6 pellets (Set-6b and Set-6¢) whereas
samples were ground to a finer particle size for Set-7 pellets (Set-7d and Set-7e). To do the
grinding process, beads were placed between two weigh boats and crushed. This process
prevents significant loss of material onto the surfaces of a mortar and pestle or due to samples
jumping out of the container holding them during grinding. This method also allows for easy

the top metal layer.

transfer of the crushed material afterwards since they are already in a weigh boat.
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For each pellet, data was measured or calculated for each of the parameters (properties)
described in Table 3-5.

Table 3-5. Summary of properties measured for pellets produced under this project.
Property/Information Description

Sample Number Identification of the sample based on Set-# and letter identification
Alternative ID Includes the general composition (if easily written) for each pellet@

Date The date when the sample was put into the oven or furnace for heat treatment
lodine loading (source) Location in report where data is provided for iodine loading of the base sorbent
Phase-a (composition) Description of phase-a in the pellet

Phase-b (composition) Description of phase-b in the pellet

Phase-c (composition) Description of phase-c in the pellet

Phase-d (composition) Description of phase-d in the pellet

Phase-a (mass, g) Mass of phase-a weighed out for making the pellet

Phase-b (mass, g) Mass of phase-b weighed out for making the pellet

Phase-c (mass, g) Mass of phase-c weighed out for making the pellet

Phase-d (mass, g) Mass of phase-d weighed out for making the pellet

C%m (Mlx, m%) Conversion (mass%) of metal iodide (Mlx) based on starting metal in composite
mfi (mass fraction) Mass fraction of iodine in MIx compound

tp,g (Mm) Thickness of green pellet (before sintering)

Mmp.g (9) Mass of green pellet (before sintering)

Atmosphere type Atmosphere used for sintering pellet®

Tnt (°C) Heat treatment (sintering) temperature

tht (h) Heat treatment (sintering) time

Ramp (°C/min) Ramp rate used for heat treatment (sintering)

tp.f (mm) Thickness of fired pellet (after sintering)

Mp (9) Mass of fired pellet (after sintering)

Am (m%) Change in mass from before to after firing process (sintering)

Pb (g/cm3) Bulk density

Pb.em (g/cm?3) Bulk density of encapsulant matrix (e.g., metal envelop phase)

PbMix (g/cm3) Bulk density of the MIx complex

WLim (m%) Waste loading of iodine in final form in terms of mass%

Vix/mis (cm?®/g) Volume of Mlx complex per mass of iodine-loaded PAN composite

Viot/mis (cm®/g) Total volume of iodine-loaded PAN composite per mass of loaded sorbent
WLy (vol%) Waste loading (vol%) based only on incorporation of Mlx complex

Vet (vol%) Volume of final form based on predicted total volume

@note that (v) denotes vacuum was used as the atmosphere.
3.5.3 Making Pellets with Greater Than Three Phases (Conceptual Idea)

Some additional pellet concepts were considered where, instead of using metals as the getters
inside a PAN matrix, metal-sulfides (MSy; i.e., Ag2S, Bi2S3, Cu.S) were used where reacting the
sulfides with iodine results in residual S. Thus, MS,-PAN composites loaded with iodine contain
four distinctly separate phases of PAN, My, S, and residual MSx where adding an encapsulant
metal phase will lead to a five-phase composite material. The general expected reactions for
converting the MS, compounds are provided in Equation (3-16) for Ag.S, Equation (3-17) and
Equation (3-18) for Bi»S3, and Equation (3-19) for Cu.,S (note that these equations are reiterations
of details provided in Section 2.7). A graphic representation of how these phases are distributed
is presented in Figure 3-5.
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Ag2S(s) + l2g) — 2 Aglis) + Ss) (3-16)

Bi2S3(s) + 3 l2(g) — 2 Bilss) + 3 Sgs) (3-17)
Bi2S3(s) + 3 l2(g) + O2(g) — 2 BiOl(s) +2 l2g) + 3 S¢s) (3-18)
Cuz2Ses) + I2(g) — 2 Culs) + Sgs) (3-19)

a [ [ step-1) initial sulfide-PAN (MS,-PAN) beads
b T <t<p-) load with odine
¢ T Jactual phase cistribution

PAN MS, iodine M, sulfur
(fibers) (e.g., Ag,S) (chemisorb.) (M = Ag, Cu, Bi) (residual)

Figure 3-5. Graphic representation of multi-phase sorbent after iodine reaction showing (a) the
initial MSx-PAN composite, (b) the MSx-PAN composite after iodine loading, and (c) the phase
distribution of (b); note that these values are arbitrarily shown as an example.

Considering sorbents containing metal-sulfides (MSy), assuming the iodine-loading process fully
reacts the metal from the MS, compound into Mly, the resulting sorbent will contain elemental
sulfur [see Equation (2-6), Equation (2-7), Equation (2-8), and Equation (2-9)], which is defined
here as msurL in Equation (3-20). This value of msysL is defined as the difference of the total
loaded sorbent mass (msy), the mass of MIx present in the loaded sorbent (mmixL) and the PAN
mass (for PAN composites; mpan ). While this work was not completed within the scope of this
project, a paper was published summarizing the development of MS,-PAN composites for iodine
capture (Riley et al. 2024).

Mguif L. = Mg — MMix L — MPpANL (3-20)

3.6 Evaluating PAN Removal After lodine Loading

During the course of this work, a process was proposed for removing the PAN matrix phase after
iodine loading of PAN composite sorbents as is shown schematically in Figure 3-6. Since having
PAN present in the sample leads to thermal limits for the consolidation process due to the low
PAN decomposition temperature of 175°C (see Ty in Table 2-3), removing the PAN phase prior
to decomposition would make the consolidation process more flexible. It also removes the
concerns of unwanted reactions between the polymer phase and the other phases as well as the
unknown degradation properties of the polymer phase over long time periods. Overall, removing
the PAN phase is a benefit for several reasons, but the added drawback is that it adds more steps
in the process and produces another waste stream containing DMSO. Another point of concern
here is that the Ml complexes could dissolve in the DMSO, and it is possible that some iodine is
encapsulated directly in the PAN matrix (Riley et al. 2021a) that could also become mobile upon
PAN dissolution with DMSO.
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al [ | step-1) initial metal-PAN beads

b| | I step-2) load with iodine
c [ step-3) remove PAN
d [ step-4) make cermet

PAN metal-1 iodine M, I metal-2
(fibers) (Ag, Cu, Bi) (chemisorb.) (M = Ag, Cu, Bi) (Bi, Sn, Bi-Sn)

Figure 3-6. Schematic of the proposed method for removing PAN from iodine-loaded PAN
composites followed by cermet/halmet synthesis. Note that a large volume of metal-2 is used to
encapsulate the Ml, complex.

For this set of experiments, different batches of beads were fabricated including 75Ag-PAN®) and
75Bi-PAN (see Table 3-1). A key difference in this experiment from prior PAN composite
fabrication processes was that all of the residual material was captured from the process including
material often discarded as waste. This “waste” material includes the material left in the glass
beaker (i.e., “vessel-1” container in Figure 3-1b,c), material left in the pipette used to drop beads
into the stirring DIW (i.e., see pipette in Figure 3-1c), and all of the debris in the DIW dish resulting
from bead creation (i.e., “vessel-2” container in Figure 3-1c). After bead fabrication using the
process described previously (see Section 3.1; specifically Figure 3-1), the beads were loaded
into a plastic weigh boat, gently dried with paper towels and then all of the materials from each
batch were placed into separate tared 20-mL scintillation vials. The vials were capped but the lids
were not screwed on tight and then each vial was placed into a glass vacuum desiccator to dry
over the course of several weeks.

After drying the batches of 75Ag-PAN®) and 75Bi-PAN, the entire batches were loaded with iodine
in a single run within the 1 L Savillex jar at 130°C for 4.9 days — these samples were 75Ag-PAN(130)
(I-3b) and 75Bi-PAN(30) (I-3¢) in Table 3-2. An additional sample evaluated in these experiments
was the Cul-PAN(%0) (]-2¢) in Table 3-2. To run DMSO-PAN dissolution tests, it was unclear how
the PAN phase would behave. For these tests, pellets were added to 20-mL glass scintillation
vials with small magnetic stir bars. For Agl-PAN(30) and Bil-PAN('30) the beads were crushed
before they were loaded into the containers while the Cul-PAN(%) beads were not crushed
beforehand. DMSO was added to the containers during stirring (i.e., 500-580 RPM) and images
were taken of the samples at different time intervals. Experimental details are provided in Table
3-6.
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Table 3-6. Summary of experiments performed for PAN removal using DMSO after iodine
loading of PAN composites. The ID# denotes the details for the starting sorbent from Table 3-2,
msq is the sample mass for dissolution tests, and Vpuso is the volume of DMSO added to each

vial.
ID# Getter Sample ID Reference Morphology msa(g) Vomso (mL)
[-2c  Cu° Cul-PAN(150) BNW62908-59 Intact 0.0670 3.0
I-3a  Ag° Agl-PAN(130) BNW62908-61 Crushed 0.0317 3.0
I-3b  Bi® Bil-PAN(130) BNW62908-61 Crushed 0.0288 3.0
I-4a Bi2S3 80BiS-PAN(130  BNW62908-64 Crushed 0.0474 2.0
I-4b Cu2S  80CuS-PAN(39) BNW62908-64 Crushed 0.0516 2.0
I-4c  Cu° 80Cu-PAN(30)  BNW62908-64 Crushed 0.0611 2.0
I-4d Cu° 90Cu-PAN(130)  BNW62908-64 Crushed 0.1146 2.0

After dissolution in PAN, two samples [i.e., Agl-PAN(3%) and Bil-PAN(3%)] were processed further
based on the most promising initial results. The contents of each sample vial (i.e., DMSO mixed
with samples, including both soluble and insoluble materials) were transferred to a 50-mL conical
centrifuge tube and allowed to settle for 7 days. After this, the DMSO was removed from the vial
and saved in case it was needed later. Then, 4 mL of DIW was added to each vial and mixed with
a small magnetic stir bar (from the original glass scintillation vial). The DIW was allowed to sit for
7 days in the container. After this 7-day period, the tubes were loaded into a centrifuge (Sorval
Legend Mach 1.6, Thermo Fisher Scientific) and run for 5 minutes at 2500 RPMs. The liquid was
pipetted off the pelletized solids at the bottom, fresh 4 mL DIW was added, and stirred again with
the stir bar. The centrifugation step was repeated as before, the stir bar was removed, the DIW
was discarded, and the centrifuge tubes containing the residual solids were placed inside a glass
vacuum desiccator at room temperature to dry. Additional studies were performed with the -4 set
of samples including 80BiS-PAN('30) 80CuS-PAN(30), 80Cu-PAN(30) and 90Cu-PAN(30) (see
Table 3-2 and Table 3-6). These samples were processed the same way as the others discussed
above but were left to stir for 11 days at room temperature. All of the Cu-containing materials
appeared very dark and seemed to dissolve the sample. Thus, they were not further processed.

3.7 Pellet Characterization

3.71 Images and Optical Microscopy

Images of pellets were taken with a digital camera or an iPhone. Optical microscopy (OM) was
performed on all samples after pellets were mounted in epoxy and cross-sectionally polishing.
The OM was done on a VHX-7000 (Keyence Corporation of America, Itasca, IL) using a 20-200x
objective and coaxial lighting.

3.7.2 Scanning Electron Microscopy and Energy Dispersive X-Ray
Spectroscopy

All SEM was performed on a JSM-7001F field emission gun SEM using probe current 13-15, 15
kV acceleration voltage, and imaging was done with backscattered electron (BSE) and secondary
electron (SEIl) detectors. Energy dispersive X-ray spectroscopy (EDS) was performed using dual
Bruker xFlash 6|60 (Bruker AXS Inc., Madison, WI) mounted at different angles off the X-ray
collection cone.
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3.7.3 Bulk Density Measurements (Helium Pycnometry)

Bulk densities (o,) of materials were measured using an AccuPyc Il 1340 helium pycnometer
(Micromeritics instrument Corporation, Norcross, GA). To run these experiments, samples were
weighed on an analytical balance through difference in mass by taring the sample cup mass
before adding sample and then 10 volumetric measurements were measured with the instrument.
Using the volumetric data coupled to the mass entry, the instrument software output an average
density value with associated SD values.

3.8 General Material Characterizations

Characterizations were performed on different raw materials and produced composites at different
phases within the project. XRD analyses were performed on raw materials (i.e., Bi°, Sn° BiSn°),
the unloaded PAN composites, and iodine-loaded PAN composites. XRD analysis was performed
using a Bruker® D8 Advance (Bruker AXS Inc., Madison, WI) XRD with Cu Ka emission. The
detector used was a LynxEye™ position-sensitive detector with a collection window of 3° 26. Scan
parameters were generally within the 10—70° 26 scan range with a step of 0.02° 286 and a 1-s
dwell at each step. Scanning electron microscopy was performed using a JSM-7001F field-
emission gun microscope (JEOL USA, Inc.; Peabody, MA). EDS was performed using a Bruker
xFlash 6|60 (Bruker AXS Inc., Madison, WI) detector.
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4.0 Results and Discussion

4.1 Evaluating Variables for PAN Composite Synthesis Process

4.1.1 Pipette Orifice Diameter Evaluation

The SEM micrographs of the 1-mL and 5-mL pipette tips are shown in Figure 4-1 and the tabulated
results are provided in Table 4-1. The average values for the 1-mL and 5-mL diameters were
732.1 (8.4) and 1379.3 (14.5) um, respectively. Looking at the micrographs in Figure 4-1, itis also
clear that the 5-mL tips (Figure 4-1b) were far more regular in shape with less debris on the tips
than the 1-mL tips (Figure 4-1a).

a

Figure 4-1, icrographs of (

Table 4-1. Summary of 1-mL and 5-mL pipette orifice sizes (um) including average (AVE) and

standard deviation (SD, in and each set of tips from each set.

Pipette tip size: 1 mL (um)

1-L plette tips and

parenthesis) values for each tip

Pipette tip size: 5 mL (um)

Tip-1 Tip-2 Tip-3 Tip- Tip-21 Tip-3
737.2 730.8 727.1 1383.1 1362.7 1364.4
732.5 730.1 719.7 1381.2 1361.0 1362.4
705.2 733.5 722.7 1377.0 1361.2 1366.3
738.3 734.3 725.8 1379.8 1360.0 1371.2
716.0 722.6 7275 1386.5 1364.3 1364.6
726.5 733.8 741.9 1390.4 1365.8 1371.3
733.3 739.5 745.0 1393.8 1373.2 1369.6
735.3 740.7 745.4 1397.1 1378.6 1380.3
733.3 740.1 734.5 1399.6 1380.6 1375.2
730.8 738.7 739.5 1406.0 1383.1 1380.3
731.8 735.5 736.4 1405.8 1383.5 1378.0
725.5 - - 1408.7 - -

- - - 1408.5 - -

728.8 (+9.6) 734.5(+5.4) 733.2(+9.1) 1393.7 (+11.5) 1370.4 (+9.5) 1371.2 (+6.5)

732.1 (+ 8.4) um

1379.3 (+ 14.5) ym

Results and Discussion
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41.2 DMSO-PAN Solution Viscosity Evaluation

The viscosity versus temperature data for the DMSO-PAN solution is provided in Table 4-2. A
common method for plotting these values is an Arrhenius function of the form shown in
Equation (4-1) where A and B are fitted coefficients, viscosity (n or ) is in the form of mPa-s, and
temperature is in Kelvin (Hrma and Kruger 2016). The raw and fitted data are provided in Figure
4-2. These data show a nice viscosity-temperature relationship with a high correlation coefficient
where A =-2.429 and B = 2256.

In(nu)=A+BIT (4-1)

Table 4-2. Summary of viscosity measurements (n) on DMSO-PAN solution at different
measurement temperatures (Ty). For all samples, the Newtonian fit range was 0-1000 s’

up/down).
Tv (°C) u (mPa-s)
25 170.9
40 118.2
50 94 .48
60 76.74
70 63.44
temperature (K)
300 310 320 330 340
180 ! ' ' ! ' 0.18 5
[ | a 16
160 — — 0.16 50—
140 — — 0.14 = Ah—
7 = &
o ] B < £
E 120 . 012 & =
c J
100 — — 0.10 =
| 44 — In(u)=B/T+A
\ -
80 - — 0.08 .
u y=2256x-2.429
\. 427 / R? = 0.9999
60 T T T T T T T T T T 0.06 T T T T T T T T T
30 40 50 60 70 0.0029 0.0030 0.0031 0.0032 0.0033
temperature (°C) 1/T(K")

Figure 4-2. Summary of (a) DMSO-PAN viscosity as a function of temperature and (b) the
Arrhenius plot of In(u) as a function of inverse temperature (K).

4.2 Making PAN Composites

Pictures of the as-made PAN composites from Table 3-1 are provided below in Figure 4-3. The
appearances of the composite beads were as follows: of 75Ag-PAN(b) was whitish gray, 75Bi-
PAN was a bluish gray, 80BiS-PAN 80Cu-PAN were dark gray, 80Cu-PAN was purplish brown
(like blueberries), and 90Cu-PAN was reddish brown. Bead sizes varied somewhat as well based
solely on visual appearances.
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a | 75Ag-PAN®! b | 75Bi-PAN

¢ | 80BiS-PAN d | 80CuS-PAN £ 90Cu-PAN

0 <

Figure 4-3. Pictures of PAN composite beads including (a) 75Ag-PAN®), (b) 75Bi-PAN, (c)
80BiS-PAN, (d) 80CuS-PAN, (e) 80Cu-PAN, and (f) 90Cu-PAN after drying. All samples are in
20-mL scintillation vials except for (e), which is in a 100 mL beaker (48 mm diameter) due to the
larger sample volume produced for this sample.

The process of making PAN composites results in bead-like shapes but the beads often have tails
that are likely the last portion of the drop to enter the water bath, which creates a splash back up
towards the pipette dropping the solution mixture, but the tail solidifies instantly and thus remains
attached to the bead. These tails can be observed in Figure 4-4 for 80Cu-PAN and 90Cu-PAN.
During the DIW rinsing process, the DMSO can be observed emanating from the beads as a layer
just above the beads that appears wavey, but still transparent. This layer remains just above the
beads due to the density of DMSO (ppomso = 1.1010 g/cm?3, 25°C) being higher than that of water
(oH20 = 0.99705 g/cm?, 25°C) (Lide 2008). This is likely due to the difference in the refractive index
of DMSO at room temperature (np = 1.4793, 20°C) compared to that of water (np = 1.33336, 20°C)
(Lide 2008).2 Thus, the extent of DMSO removal from the beads can be monitored during DIW
rinsings by monitoring the visual appearance of the solutions after each iteration of replacement
(with fresh DIW) and over time. The tails on the beads can be removed from the body of the beads
by rolling the beads in a paper towel following drying or while they are freshly made and damp
from the DIW rinsing solution.

a Refractive index (np) values are based off the sodium D line at 589 nm.
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N90CuzPAN

Figure 4-4. Pictures of (a) 90Cu-PAN and u- ) during the DIW washing process
and (c) after the last DIW water rinse was decanted and a picture was taken just before the
beads were loaded into a Nalgene bottle. The stir bars were moving when images (a) and (b)
were taken so they appear blurry in each. The light blue cloudiness in (b) shows the appearance
of DMSO-rich DMSO/DIW solutions.

Pictures of the 80AgS-PAN, 90Ag.S-PAN, 80Bi,Ss-PAN, and 80Cu,S-PAN are presented in
Figure 4-5. These pictures emphasize the similar morphologies between the beads but drastic
differences in color.

80Ag,S 90Ag,S 80B,S, 80Cu,S

as-made

Figure 4-5. Pictures of four as-made MS,-PAN composites including (a) 80AgS-PAN, (b)
90AgS-PAN, (c) 80BiS-PAN, and (d) 80CuS-PAN. The lines below each image are 1 mm. This
figure was modified from the original by Riley et al. (2024).
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A potential improvement to the DMSO removal process could be implemented where a basket
could be inserted into the dish to catch the beads within the dish. Two examples are shown in
Figure 4-6 where the beads are elevated over the bottom of the dish. A few key points of note in
the design would be adequate room above the bottom of the dish so a stir bar could spin without
hitting the support, a mesh size of small enough opening sizes to make sure that the beads do
not fall though the support, and walls on the mesh support to prevent beads spillage over the
ledge of the support. An additional feature that it could include would be a handle to allow for each
removal of the basket from the dish so it could be placed directly (and quickly) into a new dish
with fresh DIW. Finally, if the basket had a feedthrough port near the edge, a pipette could be
inserted through the basket plane and used to draw DMSO-rich solution out of the container to
further facilitate DMSO removal from the vicinity of the pellets and expedite the solution rinsing
process to dilute DMSO within the pellet interior surfaces and replace it with fresh DIW.

a b
(oblique view) evaporation (side view)
dish
1 — (or beaker) —_|
-—_— bead DIW-rich
P ——— support M A
\ (with walls

to hold
beads in)

solution Y

DMSO-rich

Figure 4-6. (a) Oblique-view and (b) side-view drawing of how the PAN composite bead
formation process could be improved by allowing for a gap under a support holding the beads
that can be stirred without disturbing the beads where the DMSO-rich solution could be
removed from below the beads. In both designs, the basket would be a mesh likely made of
stainless steel.

4.3 lodine Loading of Samples

The details of the iodine loading of each sample loaded under this project or from previous
projects are provided in Table 4-3. lodine loading runs were performed with different sets of
samples, experiments were run at different temperatures, and details were summarized
accordingly so that the original samples used could be tracked both before and after iodine loading
processes. Sample naming designations were given based the source material and the loading
temperature but also with secondary labels (i.e., “ID” in Table 4-3) to make sure that samples
were not mixed up at any time during the project. Pictures of several PAN composite beads (and
other samples) are shown in Figure 4-7, Figure 4-8, and Figure 4-9. In all cases, the color of the
beads changed after iodine loading.
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Figure 4-7. Pictures of iodine loading set-3 (a-d) before and (e-h) after iodine loading including
Details for

(a,e) 75Ag-PAN(30) (b f) 75Bi-PAN(30), (c,g) AC-6120("39), and (d,h) Ag-400(130a,
iodine loading and sample designations shown in the flgure are provided in Table 4-3
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Figure 4-8. Pictures of iodine loading set-4 (a-d) before and (e-i) after iodine loading including
(a) 80BiS-PAN, (b) 80CuS-PAN, (c) 80Cu-PAN, (d) 90Cu-PAN, (e) 80BiS-PAN('30),
(f) 80CuS-PAN(30) (g) 80Cu-PAN(39) (h) 90Cu-PAN(39) and (i) Ag-400(130®_ Details for iodine
loading and sample designations shown in the figure are provided in Table 4-3.
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a| 80AgS-PAN b | 90AgS-PAN ¢ | 80BiS-PAN d | 80CuS-PAN

as-made

€| 80AgS-PAN(0 f| 90AgS-PAN(30 g | 80BiS-PAN(10

iodine-loaded

Figure 4-9. Pictures of MS,-PAN composites (a-d) before iodine loading and (f-i) after iodine
loading including (a) 80AgS-PAN, (b) 90AgS-PAN, (c) 80BiS-PAN, (d) 80CuS-PAN, (e) 80AgS-
PAN(30) (f) 90AgS-PAN(39) (g) 80BiS-PAN(30) and (h) 80CuS-PAN(39), The lines below each

image are 1 mm. This graphic was modified from the original (Riley et al. 2024).

4.4 Evaluating PAN Removal after lodine Loading

Experiments were conducted to evaluate PAN phase removal after iodine loading of the PAN
composites (see Section 3.5.3). Pictures of small-scale experiments to assess feasibility of this
process are summarized in Figure 4-10 for 75Ag-PAN(30), 75Bi-PAN(30) and 75Cu-PAN(59), The
initial test was conducted with 75Cu-PAN('%0) using intact beads but the dissolution rate was so
slow that crushed beads were used for the next set of samples which were 75Ag-PAN(39 and
75Bi-PAN(30) to see if this changed the dissolution rate. For the 75Cu-PAN(50 test, a timelapse
of solution appearance is provided in Figure 4-11; the initial color was light yellow and it gradually
turned darker and dark until it was completely opaque after 1165 min. For 75Ag-PAN(3% and
75Bi-PAN(30) the dissolution behaviors were very different from one another. The 75Ag-PAN(30)
sample appeared to dissolve the PAN fairly rapidly and a fine particulate product was left on the
bottom. The solution turned a light yellowish orange color. For 75Bi-PAN('30)  the solution
immediately started to turn red and no evidence of residual particulates was observed after
approximately 5-10 min; this time was difficult to determine due to the opacity of the solution. The
last set of experiments conducted are shown in Figure 4-12 and included 80BiS-PAN(130),
80CuS-PAN(30) 80Cu-PAN(30) and 90Cu-PAN(30),
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Figure 4-10. Pictures of (a) 75Ag-PAN(39) [I-3a], (b) 75Bi-PAN(30) [I-3b], and (c) 75Cu-PAN(150)
[I-2c] (top) pellets and (bottom) in 3 mL DMSO. The time elapsed since DMSO was added are
~20 min for (a) and (b) and 5 days for (c).

3min 6 min 21 min 41 min 51 min 63 min

129 min 160 min 1165 min

Figure 4-11. Timelapse pictures for 75Cu-PAN('%0) [|-2¢] dissolution in DMSO over 1165 min.

a | 80BiS-PAN™? b | 80CuS-PAN™? ¢ | 80Cu-PAN™  d|90Cu-PAN"3
| w-iy";z/ wm vl“ i

;/

Figure 4-12. Pictures of (a) 80BiS-PAN(30) [I-4a], (b) 80CuS-PAN(30) [|-4b], (c) 80Cu-PAN(30)
[I-4c], and (d) 90Cu-PAN(30) [I-4d] after sitting in DMSO for = 1 minute.
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The 75Ag-PAN(30) and 75Bi-PAN(30) samples showed the most promise based on the solids
volume reduction and visible solid size reduction. The rest of the materials [i.e., 75Cu-PAN(50),
80BiS-PAN(130), 80CuS-PAN(139), 80Cu-PAN(39) and 90Cu-PAN(39)] showed visible solids left and
incomplete polymer dissolution. For all of the Cu-based sorbents [i.e., 75Cu-PAN(50) 80CuS-
PAN(130) 80Cu-PAN(30) and 90Cu-PAN(39)], the solutions turned very dark black (all similar in
color to the 1165-min mark in Figure 4-11). The process of recovering the solid insoluble
particulates from samples 75Ag-PAN(39) and 75Bi-PAN(39) (discussed in Section 3.6) was most
promising for 75Ag-PAN(30) where particles settled nicely and the DIW above the particles was
very clear whereas the DIW for 75Bi-PAN('30) was notably orange suggesting either some
dissolution or fine particles that remained suspended after the centrifugation process (Figure
4-13).

Figure 4-13. Pictures showing the DMSO dissolution phase in 50-mL centrifuge tubes for (a)
75Ag-PAN(30) and (b) 75Bi-PAN(130) samples. For each set, the tube on the left is the initial
DMSO solution pipetted off the residual particles at the bottom and the tube on the right is the
recovered particle pellet with fresh DIW added. The white stir bars can be seen in the tubes.

After pelletization of the recovered products at the bottom of the tubes shown on the right side of
each image in Figure 4-13, the tubes were centrifuged at 2500 RPM for 5 min (Thermo Sorval
Legend Mach 1.6). The DIW above the pellets was carefully removed with a 1-mL pipette and
discarded. The remaining products were dried in a vacuum desiccator over the course of a few
days at room temperature. Following drying, the products were analyzed with XRD and found to
be phase-pure Agl (i.e., a mixture of hexagonal B-Agl called iodargyrite and cubic y-Agl called
miersite) and phase-pure BiOl for 75Ag-PAN(20) [i.e., experiment |-3a in Table 3-6] and 75Bi-
PAN(30) [i.e., experiment I-3b in Table 3-6], respectively, as shown in Figure 4-14. This mixture
of hexagonal B-Agl and cubic y-Agl being present in iodine-loaded silver compounds has been
documented many times in the past with some examples being provided by Riley et al. (Riley et
al. 2017; Riley et al. 2021b; Riley et al. 2022a; Riley et al. 2022b) and Chong et al. (Chong et al.
2021; Chong et al. 2022). The My yields from these experiments (mass% recovered, i.e., R%)
were estimated at 77 mass% for Agl [sample 75Ag-PAN(39] and 35 mass% BiOl [sample 75Bi-
PAN(30)], These estimates assume all captured iodine (from Table 4-3) converted to the target
Ml compound. The values are also a bit lower than the actual values due to difficultly weighing
the small, recovered particle masses due to static. Additional mass losses could be due to Miy
dissolution in the DMSO. Details for these calculations are provided in Table 4-4.
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Figure 4-14. XRD data for recovered products from 75Ag-PAN(39) [i.e., experiment I-3a in Table
3-6] and 75Bi-PAN(30) [i.e., experiment I-3b in Table 3-6] after DMSO-PAN dissolution, product
washing, and product drying (see Section 3.6).

Table 4-4. Summary of Ml recoveries (R%) after DMSO dissolution tests described above
including mass of sample used (ms), estimated MIx present in the sample, and mass of
recovered Ml (assuming all mas is Ml,).

ID Sample ms Mlx mrecov R%
[-3a 75Ag-PAN(30 0.0317 0.0280 0.0217 77.4%
I-3b  75Bi-PAN(30) 0.0288 0.0205 0.0071 34.7%

4.5 Properties of Encapsulant Metals

The PSD data for the encapsulant metals are provided in Appendix A.3 (see Figure A-16, Figure
A-17, Figure A-18 for Bi°, Sn°, and BiSn° eutectic, respectively). The melting points for the metals
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(Tm,m) for each encapsulant metal measured using the DSC and the p, values are all summarized
in Table 4-5. The Tmm values were determined as the onset off the endothermic peak for each
dataset. A summary of the DSC data for all four encapsulant metals are shown in Figure 4-15.
Based on the DSC data for the Bi-Pb alloy, it was clear that the eutectic compound did not form
upon melting and showed distinctly different T, m for each of the constituent metals, i.e., onset-1
(Bi at 269.2°C) and onset-2 (Pb at 323.5°C). Due to this issue for the Bi-Pb alloy, we decided not
to move forward with this and send it back to the vendor for a credit.

Table 4-5. Summary of measured melting temperatures from DSC (T m), average (AVE)
measured bulk densities (p,) and standard deviations (SD) from helium pycnometry.
Density (p») data

AVE (g/cm®)  SD (g/cmd)

Metal Tmm (°C)

Bi 269.5 9.7828 0.0095
Sn 230.2 7.2900 0.0051
Bi-Sn 138.8 8.5588 0.0075

exo

Onset; 138.8°C

[2] Bi-Pb metal (592892_rerun2.ngh-ss1
DsC
]

[3] Bi-Sn metal (582891 ngb-ss1)

DsC
[4] Bi metal (592893.ngh-s51)
DsC
[5] Sn metal (592894 ngh-ss1)
DsSC

0.4

-0.6
50 100 150 200 250 300 350 400 450

Temperature (°C)

Main  2023-05.08 1116 User: Admin

Figure 4-15. Summary of DSC data showing onset of melting.

4.6 Initial One-Phase Pellet (Set-1)

The initial pellet (set-1) was just a pure Bi® (100Bi) pressed with an initial target green pellet
thickness (t,g) of 1.5 mm. Optical micrographs of the cross-sectioned pellet are provided in Figure
4-16 below and show some color gradations across the pellet with lighter appearance on one side
than the other. The SEM micrograph collages shown in Figure 4-17 and Figure 4-18 show some
striations in the metal particles as well as some intergranular gaps between the particles. The
pellets after this run were heat treated under vacuum to help prevent metal oxidation during the
heat treatment process. The cause for the differences in appearance between the top and bottom
surfaces of the pellet are unknown but it could be different porosities resulting in epoxy-driven
optical differences.
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100Bi [1a]

2000pm

Figure 4-16. Optical micrographs of (Set-1) 100Bi° [1a] pellet fired at 203°C for 22 hours taken
at (a) 20x and (b) 100x magnifications.

Results and Discussion 41



PNNL-35738

um
15.0kV SEI A - : X 15.0k SCOMPO SEM WD 10.0mm 17:

Figure 4-17. SEM including (a,c) SEIl and (b,d) BSE micrographs of the left side of the Set-1
pellet.
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1l0pm  6/16/2 — lo0um 6/16/2023
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Figure 4-18. SEM including (a,c) SEIl and (b,d) BSE micrographs of the right side of the Set-1
pellet.

4.7 Two-Phase Pellets Without lodine (Set-2)

The details for the two-phase pellets made without iodine using Al,O3 as a surrogate ceramic
phase are summarized in Table 4-6. The incompressibility of these pellets was very noticeable
where the Set-2b pellet and Set-2c pellets were ~152% and ~175% the predicted volumes (V%)
based solely on density predictions of the individual phases (assuming no mixing) demonstrating
a large open porosity. This porosity was confirmed with the optical micrographs shown in Figure
4-19. SEM micrographs for Set-2a are shown in Figure 4-20 and Figure 4-21, for Set-2b are
shown in Figure 4-22 and Figure 4-23, and for Set-2c are shown in Figure 4-24 and Figure 4-25.
In the Al20Os-containing samples (2b and 2c), the dark regions are comprised of the Al,O3 phase
or void spaces filled with epoxy. It is also expected that the Al,O3 particles likely contain porosity
that assisted in preventing pelletization without excess void space.
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Table 4-6. Summary of Set-2 pellets made with Al,O3 surrogate ceramic phase.
bolothumber: 282 | 20

Results and Discussion

Alternative ID:
Date:

Phase-a (comp.)
Phase-b (comp.)
Phase-a (mass, g)
Phase-b (mass, g)
Mpg (9)
Atmosphere type
Tht (°C)

tnt (h)

Ramp (°C/min)

to.f (Mm)

mp (9)

Am (m%)

po (g/lcm?®)

Pb,em (glcm3)

V%t (vol%)

100Bi 90Bi-Al 85Bi-Al
5/18/2023 5/18/2023 5/18/2023
Bi Bi Bi
- Al2O3 Al2O3
1.9294 1.5095 1.3399
- 0.1673 0.2360
1.9157 1.6619 1.559
Air Air Air
203 203 203
8 8 8
5 5 5
2.533 3.797 4.389
1.9239 1.6712 1.5697
0.43% 0.56% 0.69%
9.6707 5.6045 4.5540
9.7828 9.7828 9.7828
101.6% 151.8% 175.4%
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100Bi [2a]

90Bi-AlLO; [2b]

85Bi-Al,0, [2¢]

Figure 4-19. Cross-sectional optical micrographs of two-phase set-2 pellets including (a,b)
100Bi(v) [2a], (c,d) 90Bi-Al,O3 [2b], and (e,f) 85Bi-Al.O3 [2c] taken at (a,c,e) 20x and (b,d,f) 50x
magnifications. Darker regions include voids and Al.Os. These pellets were fired at 203°C for
8 h in the vacuum oven under vacuum.
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smM

Figure 4-20. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-1 of the Set-2a
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.

OMPO  SEM
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Figure 4-21. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-2 of the Set-2a
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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15.0kV BSCOMPO  SEM WD 1

Figure 4-22. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-1 of the Set-2b
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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1

omn 6 2023
0 1 15.0kV BSCOMPO  SEM WD 10.0mm 17:13:34

Figure 4-23. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-2 of the Set-2b
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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X 2,000 15.0kV SET

Figure 4-24. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-1 of the Set-2¢c
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.

WD 10.0; 5 X 2,000 15. 0V > sEM WD
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Figure 4-25. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of side-2 of the Set-2¢c
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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4.8 Two-Phase Pellets with lodine (Set-3, Set-4, & Set-5)
A summary of the data from the two-phase waste form pellets containing Mlx phases is provided

in Table 4-7 that includes Set-3, Set-4, and Set-5 pellets. The specific details for each set are
described in the subsections below.

Table 4-7. Summary of data from Set-3, Set-4, and Set-5 pellets.

Alternative ID 100Bi(v)  85Bi-Agl(v) 70Bi-Agl(v) 70Bi-Cul(v) 70BiSn-Cul 70BiSn-Agl
Date 5/22/2023  5/22/2023 5/22/2023 5/24/2023 5/24/2023 5/24/2023
Phase-a (comp.) Bi® Bi® Bi® Bi® BiSn? BiSN?
Phase-b (comp.) - Agl Adgl Cul Cul Adgl
Phase-a (mass, g) 1.9253 1.4750 1.1061 1.1041 1.0207 1.0217
Phase-b (mass, g) - 0.2611 0.4747 0.4734 0.4373 0.4373
C%m (Mlx, m%) 0.00% 100.00%  100.00%  100.00%  100.00%  100.00%
mfi (mass fract.) 0.00% 54.05% 54.05% 66.63% 66.63% 54.05%
to,g (mm) 2.59 2.56 2.58 2.59 2.57 2.61
Mmp,g (9) 1.9108 1.7091 1.5628 1.5599 1.4447 1.4484
Atmosphere type Vac Vac Vac Vac Air Air
Tht (°C) 203 203 203 203 104 104

tnt (h) 22 22 22 20 8 8
Ramp (°C/min) - - - - 5 5

to.s (mm) 2.593 2.553 2.510 2.583 2.550 2.530
mps (9) 1.9192 1.7097 1.564 1.5609 1.4448 1.4493
Am (mass%) 0.44% 0.04% 0.08% 0.06% 0.01% 0.06%
Pb (g/cm3) 9.4226 8.5256 7.9347 7.6932 7.2140 7.2937
Pb,em (g/cm3) 9.7828 9.7828 9.7828 9.7828 8.5588 8.5588
Pomix (g/cm?3) - 5.68 5.68 5.67 5.67 5.68
WLi,m (m%) 0.00% 8.13% 16.23% 20.00% 19.99% 16.20%
WLy (vol%) 0.00% 23.36% 42.50% 42.52% 39.27% 39.21%
Vet (vol%) 104.3% 101.9% 100.2% 103.3% 102.0% 101.2%

4.8.1  Bismuth with Agl (Set-3)

The set-3 pellet data are summarized in this section. This set included a pure Bi° pellet (3a) and
Bi® mixed with different amounts of Agl including 15 mass% Agl (Set-3b) and 30 mass% Agl (Set-
3c). Images of each pellets from Set-3 are shown in Figure 4-26 and a summary of the optical
micrographs are shown in Figure 4-27.

a | 100Bi(v) b | 85Bi-Agl(v) c | 70Bi-Agl(v)

Figure 4-26. Pictures of the Set-3 (3a, 3b, 3c) pellets that include (a) 100Bi(v), (b) 85Bi-Agl(v),
and (c) 70Bi-Agl(v). All pellets are 1-cm diameter.
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100Bi(v) [3al

Figure 4-27. Cross-sectional optical micrographs of two-phase set-3 pellets including (a,b)
100Bi(v) [3a], (c,d) 85Bi-Agl(v) [3b], and (e,f) 70Bi-Agl(v) [3c] taken at (a,c,e) 20x and (b,d,f)
50x magnifications. These pellets were fired under vacuum at 203°C for 22 h in the vacuum

oven.

The SEM micrographs for the Set-3a pellet are shown in Figure 4-28 and Figure 4-29, for Set-3b
are shown in Figure 4-30 and Figure 4-31, and for Set-3c are shown in Figure 4-33 and Figure
4-34. EDS micrographs of Set-3b and Set-3c pellets are shown in Figure 4-32 and Figure 4-35,
respectively. The SEM micrographs in Figure 4-30, Figure 4-31, and Figure 4-32 show the uniform
distribution of Agl and Figure 4-33, Figure 4-34, and Figure 4-35 show the distribution of Cul in
the Bi® matrix. In some cases, it is clear that large agglomerates of the metal iodide were present
in the pellet. These could be broken up prior to pelletization and heat treatment using ball milling
or another size reduction technique. Grain boundaries between the Bi° particles are seen clearly
in the BSE SEM micrographs in all Set-3 pellets. These could likely be reduced with a higher heat-
treatment temperature, but the sintering temperature used in this study for Bi® encapsulant pellets
was done to remain near the T4 for PAN (see Table 2-3).
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smM WD 10.0mm

Figure 4-28. SEM icluding a,c,e) El and ,d,f) BSEmicrographs f side-1 of the Set-3a
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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smM w1

Figure 4-29. SEM mcluding (a,c,e) SEI an (b,d,f) BSEmicro aph of side-2 of the Set 3a
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.

SEM
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10 3
150KV SET smM SEM WD 1 0!

Figure 4-30. SEM including (a,c,e) SEI and (b,d,f) BSE micrographs of side-1 of the Set-3b
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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10mm  6/1i
SEM WD 10.0mm 1 5

SI and (b,d,f) BSE crogra of side-2 of the Set-3b
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.

smM

Figure 4-31. SEM including (a,c,e)
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Figure 4-32. EDS collage of the Set-3b pellet at two different locations showing the distribution
of the metal (Bi) matrix and the Agl phase.
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smM

Figure 4-33. SEM mcluding (a,c,e) SEI nd(b,d,f) BSE micro aph of side-1 ofhe Set-3c
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.

X 2,000 15. 0

SEM
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0 6 23 10
2 WD 10.C 116 s WD 10.0mm 1

Figure 4-34. SEM including (a,c,e) SE| and (b,d,f) BSE micrographs of side-2 of the Set-3¢
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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MAG: 200x HV:, 15 kv WD:

Figure 4-35. EDS collage of the Set-3c pellet at two different locations showing the distribution
of the metal (Bi) matrix and the Agl phase.

4.8.2 Bismuth with Cul (Set-4)

The Set-4 pellet data are summarized in this section. This set included 30 mass% Cul inside a
Bi® encapsulant. Optical micrographs of Set-4 pellet are provided in Figure 4-36. SEM
micrographs are provided for this sample in Figure 4-37 and Figure 4-38 and an EDS map is
provided in Figure 4-39. In this sample, the Cul was evenly distributed around the Bi-metal matrix.
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70Bi-Cul(v) [4a] ¢

Jé.’ﬁ{ﬁ:‘»‘;&'.,‘». o T ,‘ = \ ; 1 L s 2
Figure 4-36. Cross-sectional optical micrographs of two-phase set-4 pellet of 70Bi-Cul(v) [4a]
taken at (a) 20x, (b) 50x%, and (c) 100x magnifications. This pellet was fired under vacuum at

203°C for 20 h in the vacuum oven.

1

Figure 4-37. SEM including (a,c,e) SE| and (b,d,f) BSE micrographs of side-1 of the Set-4 pellet
taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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00 15. 0

Figure 4-38. SEM including (a,c.e) SEI and (b,d,f) BSE micrographs of side-2 of the Set-4 pellet
taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications.

5
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MAG: 200%  HV: 15KV WD: 10.0 mm

_ iodine () bismuth (Bi)

copper (Cu)

= X 4 b o . + b
Figure 4-39. EDS collage of the Set-4 pellet at two different locations showing the distribution of
the metal (Bi) matrix and the Cul phase.

4.8.3 Bismuth-Tin Alloy with Agl or Cul (Set-5)

Pictures of the Set-5 pellets are provided in Figure 4-40 and optical micrographs are provided in
Figure 4-41. The Bi-Sn alloy did not work as effectively as a metal encapsulant as the pure Bi°
based on some strange partitioning observed in Set-5b. This conclusion was based off of several
factors described below.
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(@) (b)
70BiSn-Cul 70BiSn-Agl

Figure 4-40. Pictures of Set-5 pellets (5a, 5b) that include (a) 70BiSn-Cul and (b) 70BiSn-Agl.
Both pellets are 1-cm diameter.

70BiSn-Cul [5a] CE

Figure 4-41. Cross-sectional optical micrographs of two-phase set-5 pellets including (a—c)
70BiSn-Cul [5a] and (d—f) 70BiSn-Agl [5b] taken at (a,d) 20x, (b,e) 50x, and (c,f) 100x
magnifications. These pellets were fired in air at 104°C for 8 h in a Thermolyne box furnace.

SEM micrographs for Set-5a and Set-5b are provided in Figure 4-42 and Figure 4-44,
respectively, with EDS maps provided in Figure 4-43 and Figure 4-45, respectively. Some clear
differences were observed in these pellets compared to the previous sets with the primary
difference being the use of the Bi-Sn alloy in this set versus Bi° only in the previous sets. The Bi-
Sn metal shows up as a heterogeneous matrix as expected but with what looks like Sn-rich
regions around the metallic boundaries; this Sn segregation suggests some heterogeneity
regarding Sn-rich regions and Bi-rich regions. While the Set-5a (Cul) pellet looked very consistent
from region to region within the pellet, the Set-5b (Agl) pellet looked very different. The Agl pellet
showed evidence of Agl decomposition, which is quite strange considering that these were heat
treated at a much lower temperature (104°C) than the previous Agl-containing pellets (203°C). In
the Set-5b pellet, regions showing compositional inconsistencies were observed including Ag-rich
and I-rich areas along with large regions on the pellet edges that appeared to be Agl. Another
strange observation is the structure of the metallic regions where the Set-5b metallic phase
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appears as interconnected spherical (circular) areas (see Figure 4-44 and Figure 4-45), which
was not the case with the Set-5a pellet (see Figure 4-42 and Figure 4-43).

lopm

SEM WD

Figure 4-42. SEM including (a,c,e) SEI and (b,d.f) BSE micrographs of the Set-5a pellet taken at
(a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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G200 HV A8 KV

MAG; 200 HV: 15KV WD: 1.0 mm

100yt

MAG: 200K HV: 15KV WD: 10.0 rmm

copper (Cu)

WAG; 200x

Figure 4-43. EDS collage of the Set-5a pellet at tw
of the metal (Bi-Sn) matrix and the Cul phase.
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Figure 4-44. SEM incdng ,c,e) SEI ‘m (b,,f) BSE mlrogrphs of the et-5 pellet taken at
(a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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Figure 4-45. EDS collage of the Set-5b pellet at two different locations showing the distribution
of the metal (Bi-Sn) matrix and the Agl phase.
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The spot EDS data for the Set-5b pellet is provided in Figure 4-46 and Table 4-8 in terms of both
mass% (Figure 4-46b) and atomic% (Figure 4-46¢). From these, it appears that the darkest layer
(regions 6-10) is rich in Ag and contains the highest fraction of oxygen (i.e., 10.86 £ 0.7 at%). The
top layer (regions 1-5) was stoichiometrically very close to Agl on an atomic basis (i.e., 47.4
1.7 at% Ag and 50.3 £ 2.0 at% |). The middle region was pretty close to the eutectic Bi-Sn
compound at 43.2 at% Sn and 56.8 at% Bi (renormalized) but oxygen was detected in this phase
(>10 at%).

@ Regions 1-5 F) b
& Regions6-10
= Regions 11-15

80 —

60 —

40 —

20

concentration (mass%)

m Regions 1-5
[ Regions6-10
£ Regions 11-15 =

80—

60 —|

40—

20 —

concentration (atomic%)

0 ool
o si Ag sn 1 Bi

Figure 4-46. Spot EDS data for Set-5b pellet including (a) SEM micrograph with EDS locations,
(b) EDS data in mass%, and (c) EDS data in atomic%.

Table 4-8. Summary of spot EDS analysis on Set-5b pellet (see Figure 4-46) shown as AVE
values (top) and SD values (bottom, + 10).

Element Mass% Atomic%
Regions: 1-5 6-10 1115 1-5 6-10 11-15
o 0.16 1.78 1.13 1.16 10.86 10.59
0.11 0.13 0.10 0.80 0.70 0.91
Si 0.06 0.34 0.39 0.27 1.19 2.11
0.06 0.23 0.17 0.24 0.79 0.93
Ag 44.02 93.60 0.25 47.43 84.55 0.34
1.85 1.26 0.43 1.73 1.64 0.60
Sn 0.84 2.59 29.44 0.83 2.13 37.13
0.22 0.72 4.07 0.22 0.60 4.50
I 54.90 1.63 0.90 50.30 1.25 1.05
1.82 1.76 0.53 1.98 1.35 0.62
Bi 0.01 0.05 67.89 0.01 0.02 48.77
0.03 0.10 4.42 0.02 0.04 4.06

Based on these data, it is unclear what occurred during the heat treatment of this sample. It
appears as though the Agl decomposed, the residual Ag oxidized partially, and likely some iodine
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evolved. The Ag-rich phase also contained some Sn (>2 at%). However, based on a review of
the Sn-Ag phase diagram (Kim et al. 2010; Kabatesi and Wang 2022), the eutectic Ag-Sn
compound (i.e., 96.5Sn-3.5Ag) melts at 221°C, which is well below the temperature where these
pellets were heat treated. The presence of Si in these materials is attributed to contamination
from the processes used to create the pellets and are likely near the signal-to-noise limits of the
EDS detector.

4.9 Three-Phase Waste Forms (Set-6 and Set-7)

4.9.1  Without Grinding the Samples (Set-6)

The data for Set-6 pellets are provided in Table 4-9 below. Images of these pellets are provided
in Figure 4-47. For Set-6b and Set-6c¢, the Agl-PAN®©) material was used (i.e., sample I-2b in Table
4-3). The Agl-PAN(a) was loaded directly into the die as full-sized beads along with added Bi°
particles (approach shown in Figure 3-4b). In the (b2) image shown in Figure 4-47, it is clear that
the Bi° particles added with the Agl-PAN(a) beads did not full encapsulate the Agl-PAN(a) phase.
Thus, for the Set-6¢ pellet, another Bi-metal layer was added on top of the middle layer with the
intent to sandwich the Agl-PAN(a) within a Bi® matrix (see Figure 3-4c).

Results and Discussion 71



PNNL-35738

Table 4-9. Summary of data from Set-6 pellets. Note that for 3-phase pellets, phase-b and

phase-c were mixed together in the die prior to pelletization.
Pellet Number: 6a | 6b 6c

Alternative ID 100Bi Bi-AgIPAN Bi-AgIPAN-BiI
Date 6/8/2023 6/8/2023 6/8/2023
lodine loading source - I-2b in Table 4-3 I-2b in Table 4-3
Phase-a (comp.) Bi Bi Bi
Phase-b (comp.) - Agl-PAN(150) Agl-PAN(150)
Phase-c (comp.) - Bi® Bi®
Phase-d (comp.) - - Bi®
Phase-a (mass, g) 0.3838 0.3848 0.3835
Phase-b (mass, g) 0.0000 0.1112 0.1274
Phase-c (mass, g) 0.0000 0.6337 0.6288
Phase-d (mass, g) 0.0000 0.0000 0.3834
C%m (Mlx, m%) 0.00% 94.31% 94.31%
mfi mass fract. 0.00% 45.42% 45.42%
to,g (Mmm) 0.56 1.83 2.55
mpg (9) 0.3753 1.1170 1.5111
Atmosphere type Vac Vac Vac

Tht (°C) 203 203 203

tnt (h) 22 22 22
Ramp (°C/min) - - -

to.f (Mm) 0.55 1.95 2.565
mps (9) 0.3761 1.1160 1.5108
Am (m%) 0.21% -0.09% -0.02%
P (g/lcm?3) 8.7066 7.2868 7.4995
Pb.em (g/cmd) 9.7828 9.7828 9.7828
Pomix (g/cm?3) - 5.68 5.68
WLim (m%) 0.00% 4.47% 3.80%
Vmix/ms (cm3/g) - 0.1479 0.1479
WLwm,v (vol%) 0.00% 13.64% 11.67%
V%T (vol%) 112.6% 114.6% 114.2%
100Bi Bi + Agl-PAN/Bi Bi + Agl-PAN/Bi + Bi

a b-1 b-2 4
Figure 4-47. Pictures of 3-phase pellets including (a) pellet-6a (500-um thick 100Bi° pellet), (b)
pellet-6b (2-layer pellet including 500-um thick Bi-layer under Agl-PAN+Bi° layer where b1 is Bi°
layer side and b2 is the Agl-PAN+BI° layer side), and (c) pellet-6¢ [the same approach as in (b)
but with a 3 layer of 100Bi° (500-um thick) on the top of the Agl-PAN+BI° layer]. All pellets are
1-cm diameter.

Optical micrographs of the set-6 pellets are provided in Figure 4-48. The different layers included

in the pellets are shown on the far-right side of Figure 4-48c-f. It is also clear to see that the
different layers did not adhere well to the nearby layers where clear gaps exist (Figure 4-48c-f).
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The gaps around the AgIPAN layers could be due to different compressibilities and stresses
around the PAN composite beads from the pellet pressing process or due to off-gas release from
the beads (e.g., water) during the heat treatment process where pressure was built up in the pellet
resulting in localized volume expansion.

100Bi(v) [6a]
P i

Bi+AgIPAN

: | Bi-layer

== |

2000um)|

R e e i T it
e |Bi-layer

Bi+AgIPAN

|Bi—layer

-
Figure 4-48. Cross-sectional optical micrographs of set-6 pellets including (a,b) 100Bi(v) [6a],
(c,d) Bi|Bi+AgIPAN(v) [6b], and Bi|Bi+AgIPAN|BIi(v) [6¢] taken at (a,c,e) 20x%, (d,f) 50%, and (b)

200x magnifications. These pellets were fired in air at 203°C for 22 h in the vacuum oven.

49.1.1 Set-6a Pellet

The Set-6a pellet was fairly uniform in thickness and very similar in appearance to the other 100Bi°
pellets discussed previously (i.e., 1a, 2a, 3a) up to this point in the project. It is clear that grain
boundaries still exist in the pure Bi° pellets. The SEM micrographs are provided in Figure 4-49.
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Figure 4-49. SEM including (a,c,e) SEI and (b,d.f) BSE micrographs of Set-6a pellet taken at
(a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.

49.1.2 Set-6b Pellet

The Set-6b pellet is the first example in the project where a polyhalmet was produced and the
polymer-containing phase was Agl-PAN. Looking at Figure 4-50 and Figure 4-51, it is clear where
the different phases sit in the composite, especially when combined with the EDS data shown in
Figure 4-52. The brightest phases in the micrographs in Figure 4-50, Figure 4-51, and Figure 4-52
represent the Bi-metal phase, the darker gray phase is Agl, and the darkest phase is a mixture of
epoxy-filled voids and the PAN matrix. It appears that some portions of the Agl-PAN compressed
more than other portions and the carbon distribution is uneven throughout the Agl-PAN phase. It
is also apparent that cracks exist in the Bi-metal layer that seem to connect to the Agl-PAN beads
as well as within the beads. All of these voids could likely be collapsed if hot pressing technique
were used for the work.
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Figure 4-50 SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of the left side of Set-6b
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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Figure 4-51. SEM including (a,c,e) SE| and (b,d,f) BSE micrographs of the right side of Set-6b
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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Figure 4-52. EDS dot map of Set 6b pellet on both sides (top, bottom) including (a,h) BSE-SEM

micrographs, (b,i) the overlays, (c,j) the C-maps, (d,k) the O-maps, (e,l) the Bi-maps, (f,m) the I-
maps, and (g,n) the Ag-maps.

49.1.3 Set-6¢ Pellet

The Set-6¢ pellet is the first example in the project where a polyhalmet was produced with two Bi-
layers on top and bottom. Looking at Figure 4-53 and Figure 4-54, it is clear where the different
phases sit in the composite, especially when combined with the EDS data shown in Figure 4-55.
The brightest phases in the micrographs in Figure 4-53, Figure 4-54, and Figure 4-55 represent
the Bi-metal phase, the darker gray phase is Agl, and the darkest phase is a mixture of epoxy-
filled voids and the PAN matrix. It appears that some portions of the Agl-PAN compressed more
than other portions and the carbon distribution is uneven throughout the Agl-PAN phase. Itis also
apparent that cracks exist in the Bi-metal layer that seem to connect to the Agl-PAN beads as
well as within the beads; this is also seen very evidently in Figure 4-48e,f. Based on these visual
observations, it is readily apparent that pressing the individual layers separately probably leads
to less adhesion once the pellet is fired. To prevent these gaps and to improve adhesion between
layers, a lower pressing pressure could be used to form the intermediate layers followed by a final
high-pressure press of the full composite form. Another option that would likely work even better
would be to use a hot-pressing technique where the voids could be evacuated (pulling a vacuum)
prior to the pressing step such as using HIP.
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Figure 4-53. SEM including (a,c,e) SEl and (b,d,f) BSE icrographs of the left side of Set-6¢
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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Figure 4-54. SEM including (a,c,e SEl and (b,d,f) BSE micogphs f the right side of Set-6¢
pellet taken at (a,b) 200x, (c,d) 500x, and (e,f) 2kx magnifications.
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Figure 4-55. EDS dot map of Set-6¢ pellet on both sides (top, bottom) including (a,h) BSE-SEM
micrographs, (b,i) the overlays, (c,j) the C-maps, (d,k) the O-maps, (e,l) the Bi-maps, (f,m) the I-
maps, and (g,n) the Ag-maps.

4.9.2 Grinding the Samples before Pelletization (Set-7)

The Set-7 pellets include a few different pure Bi° pellets of different target thicknesses of 0.5 mm
(7a), 0.4 mm (7b), and 0.3 mm (7c). Also, two three-phase pellets were made including one made
with 75Cu-PAN®@ loaded with iodine [i.e., Cul-PAN('%0); see sample |-2¢ in Table 4-3] and one
made with AgX®) loaded with iodine [i.e., AgIX('%0); see |-2a in Table 4-3]. The two three-phase
pellets were made using the sandwich approach outlined in see Figure 3-4c.

Pictures of all Set-7 pellets are shown in Figure 4-56 after heat treatment under vacuum and the
data from the pellets is provided in Table 4-10. From the appearances of the sintered samples
(Figure 4-56), it is clear that some oxidation occurred to the metal before sintering, to the sample
(or just the metal phase) during sintering, or perhaps both. It also appeared that the Bi° in the
container from American Elements was oxidizing based on a reddish (rosy) color visually present
on the particles. This means that pellet pressing might be complete with this metal unless a
method can be employed to reduce it back to metal without changing the other properties (i.e.,
the particle size, purity, and bulk density). Based on information for Bi® oxidation found in the
literature (Sanderson 2023), it was expected that surface oxidation would not occur at room
temperature in air, or it would have been stored in a vacuum desiccator.

Results and Discussion 80



PNNL-35738

Table 4-10. Summary of data from Set-7 pellets.

Alternative ID 100Bi 100Bi 100Bi Bi-CulPAN-Bi Bi-AglIX-Bi
Date 6/21/2023 6/21/2023 6/21/2023 6/21/2023 6/21/2023
lodine loading (source) - - - I-2c in Table 4-3 1-2a in Table 4-3
Phase-a (composition) Bi Bi Bi Bi Bi
Phase-b (composition) - - - Cul-PAN(150) AgX+(150)
Phase-c (composition) - - - Bi Bi
Phase-d (composition) - - - Bi Bi
Phase-a (mass, g) 0.3842 0.3072 0.2308 0.2310 0.2303
Phase-b (mass, g) - - - 0.1889 0.2064
Phase-c (mass, g) - - - 0.4125 0.4154
Phase-d (mass, g) - - - 0.2312 0.2309
C%m (Mlx, m%) 0.00% 0.00% 0.00% 95.43% 68.73%
mfi mass fract. 0.00% 0.00% 0.00% 58.84% 23.50%
to.g (Mm) 0.530 0.465 0.357 2.160 1.930
mpg (9) 0.3770 0.3011 0.2257 1.0483 1.0653
Atmosphere type Vac Vac Vac Vac Vac
Tht (°C) 203 203 203 203 203

tnt (h) 20 20 20 20 20
Ramp (°C/min) - - - - -

to.f (mm) 0.557 0.480 0.370 2.147 1.927
mps (9) 0.3787 0.3017 0.2259 1.0472 1.0671
Am (m%) 0.45% 0.20% 0.09% -0.10% 0.17%
pov (g/lcm?®) 8.6618 8.0028 7.7736 6.2112 7.0519
Poem (g/cm3) 9.7828 9.7828 9.7828 9.7828 9.7828
Po.mix (g/cm?) - - - 5.67 5.68
WLi,m (m%) - - - 10.45% 4.48%
Vimix/ms (cmd/g) 0.1479 0.1479 0.1479 0.1479 0.1479
Viot/mis (cm3/g) 0.2654 0.2654 0.2654 0.2654 0.2654
WLwm,v (vol%) - - - 23.81% 25.41%
Vet (vol%) 113.5% 1225% 126.0% 120.8% 104.8%
a b d e

100Bi(v) 100Bi(v) Bi+CulPAN+Bi(v) Bi+AgIX+Bi(v)

(0.50 mm) (0.40 mm)

Figure 4-56. Pictures of the Set-7 pellets after heat treatments including (a) 7a, (b) 7b, (c) 7c, (d)
7d, and (e) 7e. All pellets are 1-cm in diameter.

Optical micrographs of the set-7 samples are provided in Figure 4-57. The goal with pellets 7a,
7b, and 7c was to evaluate options for making top and bottom layers for the pellet “sandwich”
(see Figure 3-3e and Figure 3-4c). The target was the smallest pellet that could be pressed while
maintaining a uniform pellet thickness. The 0.3 mm pellet (7¢) showed fairly uniform thicknesses
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(see Figure 4-57e,f) so these Bi® masses were used for the top and bottom layers for pellets 7d
and 7e.

100Bi(v) [7a]

100Bi(v) [7b]
[ (B

100Bi(v) [7c]
e= :

| Bi-layer

Bi|Bi+CulPAN|Bi(v) [7d]

Bi+CulPAN

Bi-layer

Bi[Bi-+AgIX|Bi(v) [7e]

Bi-layer

Bi+AgIX

Bi-layer

1

Figure 4-57. Cross-sectional optical micrographs of set-7 pellets including (a,b) 100Bi(v) [7a],

(c,d) 100Bi(v) [7b], (e,f) 100Bi(v) [7c], (g,h) Bi|Bi+CulPAN|BI(v) [7d], and (i,j) Bi|Bi+AglX|Bi(v)

[7e] taken at (a,c,e,q,i) 20x%, (d,f) 50x%, and (b) 200x magnifications. These pellets were fired in
under vacuum at 203°C for 20 h in the vacuum oven.

4.9.21 Set-7a, Set-7b, and Set-7c Pellets

SEM micrographs for Set-7a, Set-7b, and Set-7c pellets comprised of pure Bi® at different target
thicknesses are provided in Figure 4-58, Figure 4-59, and Figure 4-60, respectively. The
thicknesses measured using Adobe Photoshop on the 100x SEM micrographs are provided in
Table 4-11 and align well with the target values. The pellets all look uniform and contain small
pockets and voids throughout with noticeable grain boundaries. Higher firing temperatures would
likely result in better particle-particle sintering.
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R 10pm  1/2
15.0kV SET 3 0. 52 X 2,000 5. 0KV WD 10.0mm 16:57:52

Figure 4-58. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of Set-7a pellet taken at
(a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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Figure 4-59. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of Set-7b pellet taken at
(a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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7/21/2023
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Figure 4-60. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of Set-7c pellet taken at

(a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.

Table 4-11. Summary of fired pellet thicknesses (t,s; in mm) for pure Bi° pellets Set-7a, Set-7b,
and Set-7c measured using the measurement tool in Adobe Photoshop on the 100x SEM

micrographs with target values of 0.5 mm, 0.4 mm, and 0.3 mm respectively.
Sample Target (mm) & ;s(mm) Reference

Results and Discussion

0.5 0.507  Figure 4-58b
04 0.407 Figure 4-59b
0.3 0.308  Figure 4-60b
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49.2.2 Set-7d Pellet

The Set-7d pellet was the first attempt at incorporating iodine-loaded PAN-based materials into a
metal composite where the PAN beads were ground to a finer particle size prior to pelletization.
The SEM micrographs for this sample are provided in Figure 4-61 and Figure 4-62. It is clear that
some void spaces still exist around the PAN composites (darker phase) where the Bi® phase was
not successful at fully closing the porosity around the pellets, but some of this carbon could also
be PAN that was pushed out of the pellets towards the boundary between the Cul crystals and
the Bi® encapsulant phase. It is likely that these pores could be closed if a hot-pressing technique
were applied. An EDS dot map for this pellet is provided in Figure 4-63 where elemental
distributions are clearly seen between the Bi® phase and the Cul-PAN phase. The C-map shows
the void spaces (epoxy filled) as well as the PAN matrix and the Cul phase. Also, the adhesion
was not the same between the bottom and top Bi-metal layers; one side adhered nicely to the
middle layer.

Figure 4-61. SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of the left side of Set-7d
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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Figure 4-62. SEM including (a,c,e) SEIl and (b,d,f) BSE micrographs of the right side of Set-7d
pellet taken at (a,b) 100x, (c,d) 500%, and (e,f) 2kx magnifications.
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Figure 4-63. EDS dot maps for Set-7d pellet in two regions.

49.2.3 Set-7e Pellet

The Set-7e pellet was the first attempt at incorporating iodine-loaded IONEX Ag-400 silver
faujasite into a metal composite; the AgIX beads were ground to a finer particle size prior to
pelletization. The SEM micrographs for this sample are provided in Figure 4-64 and Figure 4-65.
It is clear that some small void spaces still exist around the faujasite particles and agglomerates
that could possibly be closed more effectively if a hot-pressing technique were applied. An EDS
dot map for this pellet is provided in Figure 4-66 where elemental distributions are clearly seen
between the Bi® phase and the Agl-containing faujasite (i.e., Ag, I, Al, Si, O). The C-map shows
the void spaces (epoxy filled) as well as the PAN matrix.
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Figure 4-64. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of the left side of Set-7¢e
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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Figure 4-65. SEM including (a,c,e) SEl and (b,d,f) BSE micrographs of the right side of Set-7e
pellet taken at (a,b) 100x, (c,d) 500x, and (e,f) 2kx magnifications.
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Figure 4-66. EDS dot maps for Set-7e pellet in two regions.
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5.0 Summary, Conclusions, and Recommendations

This report covers experimental data collected and analyzed to understand the production of and
efficacy of metal-encapsulation processes for immobilizing halides (halmets), ceramics (cermets),
and halide-containing polymer composites (polyhalmets) using different halides (i.e., Agl, Cul),
filler materials (i.e., polymers, zeolites), metals (i.e., Bi, Sn, Bi-Sn), temperatures, times,
atmospheres, and pellet thicknesses. After each pellet was produced, they were mounted in resin
and cross-section polished so that the phase distribution, elemental distribution, and
microstructures could be studied across the full thickness of the pellet. During this study, a total
of 18 pellets were produced with a general summary provided in Table 5-1 below.

Table 5-1. Summary of pellets produced within this project lifecycle including the sample set, the
number of pellets produced in each set, the metal encapsulant used, other phases present
within the set of samples produced for that set, the target metal-iodide complex (Mly), and the
atmosphere (atm) used in the heat treatment process.

Set Pellets Metal Other(s) Target Ml Atm
1 1 Bi - - Air
2 3 Bi Al203 - Air
3 3 Bi Adgl Adgl Vac
4 1 Bi Cul Cul Vac
5 2 Bi-Sn  Agl, Cul Agl, Cul Air
6 3 Bi Agl-PAN(150) Adgl Vac
7 5 Bi Cul-PAN(50) AgIX(150)  Agl, Cul Vac

While the initial approach of using Al.O3 as a surrogate (i.e., pellets 2b and 2¢) did not allow for
pelletization of dense monoliths, this process worked well for pure metal iodides (Mly) where low-
porosity pellets were achieved using single-press pellets (i.e., pellets 3b, 3¢, 4a, 5a, and 5b). For
pelletization of three-phase pellets containing a metal-iodide along with either a polymer phase
(i.e., pellets 6b, 6¢, 7d) or aluminosilicate (decomposed zeolite) phase (i.e., pellet 7e). All other
pellets produced (i.e., pellets 1, 2a, 3a, 6a, 7a, 7b, and 7c) were made of pure metal at different
thicknesses and run with the samples as “standards” so that all samples were subject to the same
conditions. It was also an internal “standard” for each set to see how the encapsulant metals
behaved over time. For example, the Bi® was observed to oxidize more and more readily over the
course of the project showing that this metal has a shelf life (with storage in air) before it starts to
oxidize at room temperature. For the Set-6 and Set-7 pellets, a multi-layer approach was used
with different pressings prior to pellet removal from the die. The aim of this was to create barrier
layers below and above the middle iodine-containing layer. Also, additional fill metal was added
to the middle layer to fill in void spaces around the Ml,-containing phase in between the pure
metal layers; in these cases, the same metal was used in all metal layers.

In general, the pelletization processes applied within the context of this work was successful at
collapsing multi-phase mixtures into low-porosity monoliths prior to sintering. While some pellets,
such as the set-7 pellets, did show evidence of oxidation during the sintering process, overall, this
CPS pelletization protocol worked pretty well. Higher temperatures are likely needed to fully sinter
the inter-dispersed metallic particles between the secondary and tertiary phases present in the
multi-phase pellets so this should be studied in the future. However, it is more than likely that hot
isostatic pressing would be a far better approach to fully densify these materials as it can be done
under a vacuum to prevent oxidation as well as allowing for full void collapse without the need to
displace gas-containing void spaces.
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The primary conclusion is that the CPS process can be used to make pellets quick and easy for
screening processes. It remains unclear from this study how these pellets and their properties
(e.g., mechanical integrity) resemble those of pellets of similar compositions produced using hot-
pressing processes like HUP (including SPS) or HIP as that was outside the scope of this project;
however, this should be evaluated in a future study.

The primary conclusions drawn from this work summarized below:

o The PAN composite production process is extremely flexible for producing beads of
predictable sizes and shapes using a variety of active gettering materials including metals
(i.e., Ag®, Bi°, Cu®) and sulfides (i.e., AgzS, Bi»S3, Cu.S) at different loading levels of getter
(i.e., 75-90 mass%).

o The PAN composite production process often creates beads with tails on them (see Figure
4-4 for examples of these). Removing these tails is fairly easy to do while they are wet,
but difficult once the pellets are dry due to the static nature of the resulting materials. Thus,
the tails tend to statically adhere to the beads. Using an antistatic device did not change
this issue.

o Effective DMSO removal from the DIW-DMSO mixture during PAN composite bead
synthesis will require implementation of a new type of bead support system with a pathway
for solution removal. This would require a mesh-type support for the beads to sit on top of
within the mixing vessel whereby the DMSO-rich portion of the mixture separates to the
bottom of the vessel and can be selectively pipetted out into a waste container while
leaving the beads intact (see Figure 4-6).

e Several aspects of the metal encapsulant portion of the work could use improvement. The
metals utilized in this work will need optimization before high-quality pellets can be realized
using the approaches discussed herein. The inherent oxidation-prone properties of these
less-noble metals suggest that non-oxidized metallic encapsulants need to be used to help
prevent with issues with particle-particle sintering during firing. A study should also be
performed for each metal encapsulant to find the optimal firing temperature prior to
producing pellets; this was not done in the current work due to funding and time
constraints. Also, other promising metal encapsulants should be explored, e.g., the 55.5Bi-
44 .5Pb eutectic not obtained for this work. While Pb? is environmentally toxic and disposal
is restricted under the RCRA (EPA 1980) (see Section 2.6), the high stability of Pbl, (Table
2-2) makes it an attractive long-term storage option for radioiodine.

e The concept of loading a PAN composite with iodine and subsequently removing the PAN
phase through DMSO dissolution proved successful for Agl-based materials, somewhat
successful for BilO,-based materials, and not successful for Cul-based materials. This
additional step, while adding another liquid waste stream to the process, will greatly
simplify down-stream consolidation processes for waste form production (i.e., hot
pressing) and remove the low-density polymer phase that will add unwanted volume to
the final composite form.

Additional ideas and experiments that should be pursued in the event that this work was
to be continued are summarized below:

¢ One of the project goals in the original plan was to evaluate the sizes of PAN beads using
different orifice (pipette tip) diameters and different solution temperatures. To initiate this
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line of inquiry, SEM was performed on different pipette tips to get accurate orifice diameter
measurements and DMSO-PAN viscosity measurements at different temperatures (i.e.,
25°C-70°C). The reason that this was not completed was due to the difficultly in figuring
out how to properly heat the DMSO-PAN mixture with active getters added to these
mixtures and transferring that mixture to a pipette tip for dropping into the agitated DIW
dish (Figure 3-1c¢) without the mixture cooling.

For scaling up these types of procedures and producing smaller beads sizes, previous
work on bead production for other processes can be utilized. This includes continuous-
type production processes like those documented by PNNL (Katalenich et al. 2022), INL
(Marshall 2019), and ORNL (Collins et al. 2004) for other nuclear applications. These
types of systems can be used to produce large quantities of beads at different sizes
depending on the chosen orifice diameter.

While the work presented here sets the bases for future exploratory research using these
types of active getters, it is likely (nearly undoubtable) that using higher porosity active
gettering materials would yield more effective sorbents overall. Previous work looking at
porous sulfides (i.e., aerogels, nanoflowers) (Riley et al. 2013a; Riley et al. 2014;
Subrahmanyam et al. 2015; Yu et al. 2020; Yu et al. 2021) demonstrated effective capture
of iodine gas even in low-concentration environments. Engineering the active gettering
materials to be higher porosity prior to PAN composite synthesis should improve the
overall capture efficiency of the composites so this should be explored.

The exploration of pelletization and CPS for iodine-loaded MSx-PAN composites should
be explored. This was planned but time did not permit these experiments. The
thermodynamic calculations show that elemental S should be produced when these are
loaded with iodine; it is unclear how the S will behave in the pelletization and firing process.
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Appendix A — Additional Data and Information

A.1 Calculations for Understanding lodine Loading
Qe = ml/mpolymet (A'1)

mpolymet+1 = mpolymet +mp = (1 + Qe)mpolymet (A-2)
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A.2 XRD Data

A.21 XRD of Pure Metal Encapsulants

Table A1. Summary of XRD data for as-received encapsulant metals where PDF is the powder
diffraction file, SG is the space group, and a, b, and c are the unit cell parameters. Note that

BiSn? is just a mixture of the two base metals (Bi° and Sn°).
Bi° 05-0519 R-3m (166) 4.546 4.546 11.86
Sn° 04-0673 l41/amd (141) 5.831 5.831 3.182

05-0519 R-3m (166) 4.546 4.546 11.86
04-0673  /41/amd (141) 5.831 5.831 3.182
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Figure A-1. XRD of as-received Bi° particles from American Elements.
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Figure A-2. XRD of as-received Sn° particles from American Elements.
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Figure A-3. XRD of as-received BiSn° alloy particles from American Elements.
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A.2.2 XRD of PAN Composites Without lodine
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Figure A-4. XRD of unloaded 80BiS-PAN (Bi»S3) composites.
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Figure A-5 XRD of unloaded 80CuS-PAN (Cu.S) composites.
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Figure A-7. XRD for 90Cu-PAN (before iodine).
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A.2.3 XRD of lodine-Loaded PAN Composites
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Figure A-8. XRD of Clariant AC-6120(13%) material after iodine.
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Figure A-9. XRD of Agl-PAN(30),
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Figure A-10. XRD of Bil-PAN(%9 on only the orange-colored beads.
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Figure A-11. XRD of Bil-PAN('30) on only the brown-colored beads.
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Figure A-12. XRD of 80BiS-PAN(30 after iodine loading. The two Bil; phases differ by the space
group (hexagonal and rhombohedral).
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Figure A-13. XRD of 80CuS-PAN(3 after iodine loading.
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Figure A-14. XRD of 80Cu-PAN(30) after iodine loading.
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Figure A-15. XRD of 90Cu-PAN(39) after iodine loading.
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A.3 PSDs of Metal Encapsulants
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Figure A-16. PSD data for bismuth metal encapsulant used in this study.
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Figure A-17. PSD data for tin metal encapsulant used in this study.
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Figure A-18. PSD data for bismuth-tin eutectic metal encapsulant used in this study.
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