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Report Summary
This report provides an overview of the research activities conducted during three years,

i.e. October 1, 2014 to September 30, 2017. The project was divided into two parts. The first part
dealt with the synthesis and characterization of glass-bonded-iodoapatite waste forms and was led
by Rutgers University. The second part comprised the synthesis and characterization of glass-
bonded-iodosodalite based waste forms and was led by WSU. The PNNL collaborators were
mainly involved with chemical durability testing of glass-bonded-ceramic waste forms. The report
includes the summary of the project objectives, approaches, results and deliverables.

Scientific Accomplishments

Part 1. Synthesis and characterization of glass-bonded-apatite waste form

lodide containing calcium phosphate apatite [Cai0(POa4)sl2] could not be synthesized using
wet chemical precipitation or hydrothermal route. However, lodate (/03) containing
calcium phosphate apatite [Cai0(PO4)s(OH)(2-x)(1037)x] was synthesized via wet chemical
precipitation technique. The presence of iodine in apatite structure was confirmed by FTIR
and XRF.

Investigated the feasibility of hydrothermal synthesis of iodide containing lead vanadate
apatite [Pb1o(VOa)sl2].

Synthesis of iodide containing lead vanadate apatite [Pb1o(\VOa)sl2] was achieved via wet
chemical precipitation (at room temperature) route. The presence of iodine in apatite
structure was confirmed by XRD, XRF, and ICP-MS. The uptake of iodine for synthesized
waste form has been shown to be 94.6%.

Studied the formation of solid solutions in apatites with general formula [Pbio-
»Cax(VO4)e-y)(POs)yl2] via wet chemical precipitation technique. Characterization
included XRD Rietveld, XRF, ICP-MS, and Raman spectroscopies.

Pb1o(VOa4)sl2 was successfully synthesized using Nal and Agl as iodine precursors,
respectively. The choice of precursor materials was made considering the nature of iodine
waste extracted from caustic scrubbers or solid sorbents coated with silver compounds.
Designed and characterized PbO-V20s-P20s based glass binder.

Investigated the sintering ability of glass binders using DSC, HSM, XRD and SEM along
with some physical properties including linear shrinkage and density.

Prepared glass-bonded-apatite waste forms and studied their chemical durability in
accordance with ASTM C1308-14.

Part 2. Synthesis and characterization of glass-bonded-sodalite waste form

lodosodalite, NagAleSieO24l2, was synthesized using hydrothermal and aqueous methods.
The effects of NaOH concentration, temperature, aging time, Al/Si ratio, dilution, and
precursors on the hydrothermal synthesis were investigated using XRD-Rietveld, SEM,
FTIR, and XPS.

The effects of NaOH concentration, drying temperature, dilution, and precursors on the
aqueous synthesis were investigated using XRD-Rietveld and SEM.

The optimal synthesis conditions for both hydrothermal and aqueous synthesis were
found.

lodosodalite was synthesized without using excess NaOH and unwashed after reaction for
glass-bonded waste form study. This was done to avoid the effect of mineralizing agent
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and loss of unreacted iodine and other residuals.

Glass-bonded waste forms were synthesized with baseline iodosodalite powders from
both hydrothermal and aqueous methods and two borosilicate glasses, NBS-4 and SA-
800.

The effects of sintering temperature, glass binders, and mixed glass binder amounts on
the glass-bonded sodalite waste forms were investigated using XRD-Rietveld, SEM-EDS,
FTIR, TGA-DSC, NAA, volumetric titration, porosity, and ASTM 1308 chemical
durability test.

Ongoing and future activities
Manuscript writing in progress on design and performance of glass binders for iododpatite
waste forms.
The identical iodosodalite powders mixed with/without glass binders used for glass-
bonded waste forms were HIPped at 900 °C and 175 MPa for 3hrs, and XRD and SEM-
EDS will be performed on the resulting samples.
PCT will be performed on the same sample that was tested with ASTM 1308 to understand
the difference in the chemical durability tests.
Anion competition between I, CI, and OH" is investigated to understand the anion
selectivity by the f-cage of the sodalite.
Capturing capacity of iodine gas with anhydrous sodalite, NasAleSisO24, Will be
investigated.
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1 PROJECT BACKGROUND

The highly volatile radionuclide, 1-129, has a long half-life and is difficult to immobilize.
lodine is not easily vitrified by conventional routes due to its volatility at typical glass processing
temperatures. Therefore, there have been many efforts to develop an alternative waste form for
iodine, but none has been uniquely accepted by the nuclear waste community due to trade-offs
regarding loading capacity, chemical durability, processing efficiency, and cost. Some
prominent approaches to immobilize iodine include the development of Agl containing glasses,
bismuth-oxyiodide minerals, silver functionalized silica aerogels, metal-organic frameworks, Pb
and/or Ag containing vanadinite apatites, and sodalite.

Apatite and sodalite are good candidates for baseline waste form for iodine immobilization
due to their crystal structure, low temperature synthesis, and superior chemical durability. The
project was aimed at developing glass bonded waste form with sodalite and apatite for the
capture and immobilization of the radionuclides of interest. The goals and specific objectives
for the research are stated below.

Project Goals and Objectives

The goal of the project was to utilize the knowledge accumulated by the team, in working
with minerals for chloride wastes and biological apatites, toward the development of advanced
waste forms for immobilizing ?°I and mixed-halide wastes. Based on our knowledge,
experience, and thorough literature review, we had selected two minerals with different crystal
structures and potential for high chemical durability, sodalite and CaP/PbV-apatite, to form the
basis of this project. The focus of the proposed effort was towards: (i) low temperature synthesis
of proposed minerals (iodine containing sodalite and apatite) leading to the development of
monolithic waste forms, (ii) development of a fundamental understanding of the atomic-scale
to meso-scale mechanisms of radionuclide incorporation in them, and (iii) understanding of the
mechanism of their chemical corrosion, alteration mechanism, and rates. The proposed work
was divided into four broad sections.

1. Synthesis of materials

2. Materials structural and thermal characterization

3. Design of glass compositions and synthesis glass-bonded minerals, and

4. Chemical durability testing of materials.

Approach
The proposed research was broken down into the following separate tasks in order to
accomplish the objectives stated above:

1. Synthesis of iodine-containing minerals: Apatite and sodalite minerals were synthesized
using wet chemical synthesis, hydrothermal synthesis, or/and sol-gel synthesis.

2. Structural and thermal characterization of waste forms: The elemental concentration of
halides incorporated into the ceramic waste forms has been analyzed by XRF and ICP-MS
while the crystalline phase evolution and thermal transformation in these waste forms has
been followed with XRD, NMR and DSC-TGA

3. Design and synthesis of monolithic waste forms: The low-temperature melting (<1000
°C) PbO-V20s-P20s based glass compositions were designed to be used as binders for
consolidation of iodoapatites. lodosodalite was consolidated using borosilicate based glas
binders.

4. Chemical durability of glass bonded waste forms: The chemical durability of the iodine
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waste forms was studied in accordance with ASTM C1308.

SUMMARY OF ACTIVITIES CONDUCTED (October 1, 2014 — September 30, 2017)

2.1 Activities conducted in the Fiscal Year 2015

e The project team met the TPOC for this project (Dr. William Ebert) at 2014 MRS Fall

Meeting in Boston, MA. The scientific and technical work scope of the project was
discussed and finalized in this meeting.

e Work package describing all the technical details of the final work plan has been

submitted to PICSNE. The work package has been approved by concerned DoE
authorities.

e A sub-contract has been established between Rutgers and WSU.

Hydroxyapatite, Caio(PO4)s(OH)., and lead vanadate apatite, Pbio(\VOa)s(OH)2, were
synthesized via wet chemical precipitation and hydrothermal methods and analyzed with
FTIR and DTA-TGA.

A series of apatite based solid solutions with general formula Ca10(PO4)(6-x)(VOa)x(OH)2
was synthesized via wet chemical precipitation route.

lodide sodalite, NagAleSisO24l2, was synthesized via hydrothermal method. The iodide
sodalite formation is favored under high pH (13-14).

Attempts were made to synthesize Caio(POas)el> via wet chemical precipitation and
hydrothermal synthesis. FTIR and XRD of the product was compared to that of
Ca10(PO4)s(OH)2, but there was no difference. Therefore, the presence of iodine in the
structure was not confirmed.

Attempts were made to synthesize Caio0(POa4)s(103)2 via wet chemical precipitation method.
FTIR and iodine 3d X-ray photoelectron spectra confirmed the presence of iodine in the
crystal structure.

Lead vanadate apatite, Pb1o(VOa)sl2, was synthesized by heating the reaction mixture from
wet chemical precipitation method in an autoclave at 200 °C for 24 hours.

The analysis on the effects of NaOH concentration, aging time, and precursor concentration
on the hydrothermal synthesis of iodide sodalite was performed. XRD pattern of sample
with 20 days of aging time at 100 °C resulted in almost pure iodide sodalite. Lowering
precursor concentration with water resulted in formation of nepheline hydrate 1 phase.
Preliminary experiments were performed looking at glass binders and pellet synthesis.
lodide sodalite and nepheline were the main crystalline products in all fired pellets. Further
investigation was required to understand the precise phase distribution and identity of some
sodium aluminosilicate phases.

XRF was performed on synthesized Ca—P-I, Ca—P-103, and Pb—V-I apatite minerals to
analyze iodine waste loading. The apatite minerals samples are sent to Bryce at University
of Ottawa, Canada and WSU for NMR and XRD Rietveld analysis respectively.

Lead vanadate apatite was synthesized hydrothermally, and the resulting product shows
higher crystallinity than that of wet chemical precipitation method.

The influence of temperature and environment on the synthesis of Pb-V-1 apatite was
studied.

Some preliminary experiments were performed to study the sintering behavior and iodine
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volatilization from Pb-V-I apatite powders.

The influence of NaOH concentration, temperature, precursor concentration, Al/Si ratio,
and aging time on the hydrothermal synthesis of iodide sodalite was analyzed with XRD
and Rietveld method.

Preliminary syntheses of iodide sodalite using aqueous method was performed.

2.2 Activities conducted in the Fiscal Year 2016

Successfully synthesized Phio(VOa)ex(PO4)xl2 solid solution series, where x varied between

0 — 1.2. Quantitative crystalline/amorphous phase analysis of Pbo.xCax(VOa)sl2 apatite
samples by XRD Rietveld refinement.

Characterization of Pbuox)Cax(VOa)slz and Pb1o(VOa)e-x)(POa)xl2 powders by FTIR,
Raman, and XRF spectroscopies. The chemical analysis of remnant solution was made by
ICP-MS.

Synthesis of Pb1o(VOa)el2 apatite by wet chemical precipitation using Agl as iodine source.
Design and synthesis of glasses in the system (60 — x)PbO—(10+x)V205-30P20s, and
40PbO—(55-y)V20s—(5+y)P20s [x varies between 5 — 50 mol.%, and y varies between 5 —
20 mol.%] for sintering experiments.

Thermal analysis of Pb-V-P-O glasses by DSC and HSM.

Sintering of glass powders at 400 and 425 °C in argon environment.

lodosodalite, NagAleSisO24l2, was hydrothermally synthesized from different
precursors including kaolinite, Al>Si>Os(OH)s, zeolite 4A, Na12Al12Si12048-XH20, and
NaAlO,+SiO- and analyzed with XRD and SEM.

The as synthesized iodosodalite was characterized by XRD, XPS and FTIR to understand
the chemistry of iodine.

Based on the optimal conditions from the variables experiments, iodosodalite was
synthesized at 150 °C for 1, 2, 4, 8, 16, 20, and 32 days and analyzed with XRD, SEM,
and FTIR. The result showed the increase in iodosodalite fraction with increase in
aging time. The result is in good agreement with previous result.

In addition to other precursors, meta-kaolin, Al>Si.O7, was synthesized and used as a
precursor for iodosodalite synthesis. All the synthesized powders from different precursors
were analyzed with XRD and Rietveld refinement for phase quantification and SEM for
surface morphology. Zeolite 4A precursor yielded the highest iodosodalite phase, and SEM
showed that iodosodalite obtained from different precursors have similar polycrystalline
feature.

lodosodalite was synthesized with aqueous method from different precursors including
kaolinite, meta-kaolin, zeolite 4A, sodium aluminate + TEOS, gibbsite + colloidal silica,
and sodium aluminate + colloidal silica. Kaolinite, meta-kaolin, and sodium aluminate +
colloidal silica yielded significantly higher fraction of iodosodalite compared to zeolite 4A,
sodium aluminate + TEOS, and gibbsite + colloidal silica.

For hydrothermally grown baseline powder for glass-bonded waste form study, the
unwashed and washed iodosodalite powders from zeolite 4A were compared. The washed
iodosodalite synthesized from zeolite 4A was not usable due to the presence of I and Na in
the washed solution, and the unwashed powder was very hygroscopic from excess NaOH.
We wanted to ensure that all the materials would be included in the final waste form.
Among other precursors, meta-kaolin and kaolinite yielded the highest iodosodalite



fraction for hydrothermal and aqueous methods respectively when no excess NaOH was
added and the reacted powders were unwashed.

~60 g of unwashed iodosodalite from meta-kaolin was hydrothermally synthesized for the
sintering experiment, and ~40 g of unwashed iodosodalite from kaolinite was synthesized
with agueous method.

Two glass binders, NBS-4 and SA-800, were synthesized.

Glass-bonded sodalite waste forms were synthesized using NBS-4 and SA-800 glass binder
with/without 10 or 20% fractions at 650, 750, and 850 °C sintering temperatures.
Preliminary XRD study was done on the pellets with hydrothermal iodosodalite and
different NBS-4 glass binder fraction sintered at 650 and 750 °C, and iodosodalite was the
major phase in the pellet samples. Phase quantification with Rietveld was performed on all
the powders synthesized by the aqueous method.

2.3 Activities conducted in the Fiscal Year 2017

Optimize the conversion of solid Agl into aqueous Nal in order to thereby synthesize the
apatite, Pb1o(VOa4)sl2.

Investigate the influence of ambient air atmosphere and argon atmosphere on the
conversion of solid Agl to aqueous Nal

Characterization of glass binders by XRD after sintering their powders at 400°C and 425°C
in an argon environment

Preliminary experiments into apatite-glass consolidation

Further explore different apatite-glass sintering conditions, including apatite-glass mass
ratios and glass binder composition selections. Characterize experimental sintered samples
by XRD and SEM

Investigate alternative glass binder compositions, including binary PbO-V20s glass and
Bi203-P205-PbO-V20s glass along with preliminary sintering with apatite

Investigate into the synthesis of Baio(VOa)sl2, including testing various synthesis parameters along
with the proper characterization (XRD, XRF, SEM)

Glass-bonded iodosodalite waste forms were characterized with XRD-Rietveld.
Porosities of all the waste form pellets were calculated.

Selected pellets with high iodosodalite fractions were sent out to Nuclear Science Center
at Washington State University and Galbraith Laboratories Inc for iodine quantification
using NAA and volumetric methods respectively.

SEM-EDS were performed on the polished surfaces of the selected pellets.

The identical baseline sodalite powder mixed with glass binders were HIPped at Oak Ridge
National Laboratory (ORNL).

Sodalite with mixed anions were synthesized hydrothermally to understand the anion
selectivity of the -cage.

Anhydrous sodalite was synthesized for possible application in iodine gas capture.

Chemical durability testing of glass-bonded-apatite and glass-bonded-sodalite waste forms in
accordance with ASTM 1308.
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3 SUMMARY AND CONCLUSIONS
3.1 Glass-bonded-apatite based waste forms

A novel wet chemical synthesis method has been developed to produce Pbi1o(VO4)sl2 based
apatite waste forms for immobilization of radioactive iodine under ambient conditions. The
proposed methodology can be applied to iodide containing waste streams from caustic
scrubbing and silver solid adsorbents. The Pbi1o(VOas)sl2 apatite waste form synthesized
using the proposed method has been shown to exhibit an iodine waste loading of 9.4 wt.%,
while its loading efficiency has been experimentally calculated to be 94.6%. In terms of
solid solutions, it was found that calcium has a minimal tendency to form apatite solid
solutions when substituted for lead in the system, Pbo-xCax(VOa4)sl2. On the other hand,
phosphate ion forms a solid solution with Pb1o(VOa)el2 when partially substituted for the
vanadate ion.

The choice of glass binder to consolidate apatite based waste form was made in PbO-V20s-
P2Os system. Glasses with compositions (60 — x)PbO—(10+x)V205-30P20s and 40PbO—
(55-y)V205—(5+y)P20s [x varies between 0 — 50 mol.%, and y varies between 0 — 20 mol.%]
were synthesized by melt-quench technique and characterized for their sintering and
crystallization behavior. After a detailed study on the abovementioned glass system, two
glass compositions — 20 P2Os — 40 PbO — 40 V205 and 30 P20s — 10 PbO — 60 V205
(mol.%) — were selected to consolidate the Pb1o(VOa)el2 apatite powders produced by wet
chemical synthesis.

Glass powders were mixed with apatite powders in the ratio of 20:80 and 15:85
(glass:apatite) by mass. The mixtures were pressed into pellets and sintered at 400 °C for
1 h in flowing argon environment. The as produced pellets were studied for their chemical
durability as per ASTM 1308. The normalized loss (NL) of elements from the glass — bonded —
apatite pellets were much higher when compared with glass — bonded — iodosodalite pellets. The
NL of iodine varied between 597 g m? — 1498 g m? depending on the surface area — to — volume
ratio (8 — 80 m*) and composition of glass binder. The hypothesized model of dissolution of
these waste forms is that the apatite dissolves independently of the glass (represented by
P), and that iodine is preferentially leached from the apatite with diffusion-controlled
kinetics while the Pb-V-O structure dissolves. The initially fast iodine release slows as it
is depleted from the surface and eventually becomes limited by the dissolution rate of the
Pb-V-O structure.

3.2 Glass-bonded-iodosodalite based waste forms
3.2.1 Hydrothermal synthesis

The effect of six variables (pH, aging time, temperature, Al/Si ratio, differing precursors,
and precursor concentration) on the hydrothermal synthesis of iodosodalite was
investigated. Higher pH and longer aging time increased the iodosodalite yield along with
the overall crystalline fraction with in the tested range. The crystallization of iodosodalite
was favored in the temperature range between 140°C and180°C. A lower water amount
and Al/Si molar ratio of unity yielded a higher mass% of iodosodalite (up to ~50 mass%,
with the remainder being X-ray amorphous). From aging time and temperature variation
experiments, the phase transformation of zeolite A—sodalite—cancrinite was observed
with longer aging time and higher temperature, respectively. Among the tested precursors,
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3.2.2

the product synthesized via zeolite 4A had the highest mass% of iodosodalite. XPS and
FTIR verified the presence of iodide but not iodate.

Glass-bonded iodosodalite waste forms were synthesized by mixing iodosodalite powder
with NBS-4 or SA-800 borosilicate glass binders, and firing pellets at different
temperatures of 650, 750, or 850 °C. The effects of firing temperature and glass loading
(i.e., 0, 10, and 20 mass%) were investigated. Heat-treatment at 750 °C resulted in the best
waste form as the pellets heat-treated at 650 °C were not well sintered, and ones at 850 °C
contained low fractions of iodosodalite and high amorphous content. As the temperature
increased from 650 to 850 °C, higher nepheline fractions were observed. The pellets mixed
with NBS-4 had higher iodosodalite phase compared SA-800 under the same heat-
treatment temperature and mixed amount of glass binder after heat-treatment at 750 °C.
The glass SA-800 came out to be a better binder in comparison to NBS-4 as the former
was effective in closing the pores in the sintered waste form. the sintering temperatures.
The iodine masses in the sintered pellets showed that ~38-44% of the as-batched iodine
remained in these pellets. The chemical durability test on these samples showed that iodine
release rate was lower than sodium and silicon during the first 10 days and decreased
significantly to 0.23 and 1.29 g/m?/d for 80 or 8 m™* "the 10 — 24-day interval, respectively.
The linear release behavior of iodine indicated congruent dissolution of iodosodalite.

Aqueous synthesis

The effects of drying temperature, pH (NaOH concentration), and precursor variation
(concentration and identity) on the aqueous synthesis of iodosodalite was investigated. An
iodosodalite synthesis procedure was established to yield a product with an iodosodalite
phase purity of up to 95% using a kaolinite-based precursor route by drying at 100°C with
15 mL of deionized water. The product had a measured density of 99.4% of the theoretical
value. A sample with this high phase purity and density before sintering has never been
reported before with aqueous synthesis methods.

For the waste form study, ~55-70 mass% of the original iodine remained in the heat treated
pellets. The loss of iodine is likely due to the decomposition of iodosodalite, transition of
sodalite to nepheline, and volatilization of iodine from the amorphous fraction. In general,
pellets made with NBS-4 resulted in higher iodosodalite fractions compared to those made
with SA-800, but the addition of SA-800 resulted in pellets with lower porosities. The best
synthesis conditions for iodosodalite waste forms according to this study are 10 mass% of
glass binder and a heat treatment of 750°C. The chemical durability shows the congruent
dissolution of sodalite phase, but there are likely other phases present that contain Na and
Si, considering that their dissolution rates are higher than those for | or Al. Further
investigation will be performed on iodine dissolution.

lodosodalite synthesis with agueous methods may yield higher iodosodalite fractions than
hydrothermal methods based on comparison to a previous study. After aqueous or
hydrothermal synthesis, not all precursors are converted into iodosodalite, and there is
usually an amorphous fraction in the resulting product. In the waste form study, having
higher fractions of initial iodosodalite present in the product seems to affect the outcome
of the resulting iodine fraction present, because the iodine in the sodalite is less likely to
volatilize during heat treatment compared to iodine present in the amorphous fraction due
to low iodine solubility in silicate glasses. This results in better iodine incorporation and
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lower dissolution rate. To optimize the iodine retention in the waste form, more crystalline
iodosodalite baseline powder or glass binder with lower sintering temperature are needed.

4 RECOMMENDATIONS FOR FUTURE WORK

4.1

4.2

lodoapatite
Apatites are potential materials for immobilization of radioactive iodine. Significant
advancement has been made towards developing novel methods to synthesize apatite based
ceramic waste forms, with particular emphasis on Pb-V-I and Ca-P-I systems. There still
exist potential candidate waste forms that have not been explored, for example,
Baio(VOa4)slo. The discovery of wet chemical synthesis methodology for Pbio(VOa4)sl2
based apatite waste form has opened a possibility to synthesize these unexplored apatites.
Future work should be focused on optimizing the wet chemical routes to synthesize novel
apatite based waste forms.
One major challenge that needs to be addressed for successful immobilization of
radioactive iodine is the conversion of 103™ — I in the waste stream. While the waste
stream contains iodine primarily in the iodide (I-) form, it also contains low volumes of
iodate (1037). Although waste form development with iodide precursors (especially Nal)
helps in immobilizing the majority of waste stream, it does not account for the leftover
iodate species in the waste stream. Therefore, a mechanism needs to be devised to convert
iodate species in the waste stream to iodide before it can be immobilized into a suitable
waste form.
Chemically durable glass binders with low sintering temperatures (<400 °C) need to be
designed for successful consolidation of Pb1o(VOa)el2 based apatites.

lodosodalite
Refine the glass-bonded-sodalite waste forms to minimize porosity and thus, improve
chemical durability, such as possibly hot isostatic pressing, glass binder optimization.
Revisit agueous methods for sodalite synthesis as they appear to keep more iodine in the
structure.
Explore microwave synthesis of iodosodalite and potential paths to use it with the
radioactive waste.
Explore the role of other alkali (Li, K) or Ag in sodalite for holding on to iodine.
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ABSTRACT

Apatite based ceramic waste forms are the most promising candidates for
immobilization of radioactive iodine (I-129). While lead-vanadium based apatites
have been studied for a long time, significant progress has been made in recent
years in the domain of calcium-phosphate based apatites for iodine immobilization.
This article is an attempt to present an overview of the progress that has been
made in terms of developing novel synthesis and processing routes to contain
iodine in apatite based ceramic waste forms. The challenges associated with current
state-of-the art waste form synthesis techniques along with novel routes to
synthesize these waste forms at low temperatures have also been discussed.

INTRODUCTION

One of the key components to a feasible and sustainable nuclear fuel cycle is
a viable set of waste forms for the radionuclides and fission products. Of particular
concern are the highly volatile radionuclides, e.g., H-3, Tc-99, I-129, Cs-137. In
particular, the long half-life of I-129 (~1.6%x10’ years) combined with its high
solubility in water (in anionic state) and its technical challenges associated with its
capture in conventional radioactive waste forms (glasses or cements) pose serious
concerns for its geological disposal.[1] The current proposed technology for the
removal of iodine from reprocessing plant off-gas is to pass it through Ag-
exchanged zeolite (AgZ) to form chemisorbed Agl.[2] Since silver is an RCRA
metal, iodine is typically extracted from AgZ and further processed for
immobilization into a durable waste form. Iodine is not amenable to conventional
borosilicate vitrification routes because of its low solubility in some glass
chemistries, but more importantly due to its high volatility at typical glass
processing temperatures (1000-1100°C).[3] Therefore, considerable effort is being
made to develop alternative waste forms for iodine. However, most proposed waste
forms to date have not achieved sufficient maturity and satisfactory properties
(specifically: ease of processing, high waste loading, and high chemical durability)
to be considered as promising technologies. This article presents an overview of the
current state of research pertaining to the development of apatite based ceramic
waste forms for the immobilization of radioactive iodine.

JUSTIFICATION FOR THE USE OF APATITES

Apatites have been long been considered as a potential waste form for the
immobilization of iodine isotopes. Due to their unique channel structure, it is easily
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amenable to the incorporation of a wide range of fission products, including halides,
into its crystal structure.[4] In addition, it has also been suggested that apatites
have acceptable durability against radiation.[5, 6] The challenge, however, lies in
the large ionic radius of the iodide ion. Considering the large ionic radius of iodide
(I, 196 pm), it is difficult to find any naturally existing iodine containing apatites,
thus leading to a scarce amount of knowledge and basic understanding about iodo-
apatites.[4] Due to these reasons, most of the iodine containing apatites produced
so far have had several shortcomings that have not allowed them to be adopted for
iodine immobilization. The shortcomings may be issues, such as low waste (iodine)
loading, poor chemical durability, or inability to scale up production. Progress is
being made in the development of apatites for iodine immobilization, but in order to
find the solution to the problem, one must thoroughly investigate the problem and
understand the work that has led to the current state of apatite research within the
scientific community.

Early Iodo-Apatites

Early on, iodine-containing apatites were synthesized by various researchers
for various purposes. None of those, however, aimed at developing a waste form
for immobilization of radioactive iodine. It began as early as 1959 when Merker and
Wondratschek were studying lead apatites.[7] It was not, until about four decades
later, however, when the topic of iodine immobilization in apatites was brought to
light by Audubert et al.[8] Within that timeframe, there were only a few other
investigations into iodo-apatites. Sudarsanan et al. synthesized cadmium vanadate
iodide apatite from the melt of cadmium vanadate and cadmium iodide. [9, 10] It
was concluded that due to a short c-dimension, there were deficiencies in the halide
content and, as a result, modifications in the typical apatite structure occurred. This
led to the formation of vacancies in the Cd(2) position (which formulates the apatite
channel) in order to maintain charge balance. Apart from that, the only other iodo-
apatite studies that were reported in this timeframe involved the use of pyramidal
perrhenates (Re0s).[11, 12] This is a step away from the standard structural and
chemical moieties, which comprise of a tetrahedral MO4 structure. For example,
Baud et al. made an attempt to synthesize barium perrhenate iodide
(Bai1o(ReOs)6l2) via solid state route.[11] However, the as synthesized apatite
mineral had the composition Baio(ReOs)elo.77(OH)1.23, depicting uptake of moisture
during synthesis. It was concluded that due to the electrostatic repulsion of the
oxygen atoms of the pyramidal perrhenates on the IBas octahedra that hydroxyl
ions began to substitute for the halogen within the channel. In another study,
Schriewer and Jeitschko, made an attempt to synthesize strontium perrhenate
iodide apatite (Sri0(ReOs)6l2) via solid state route.[12] Although we could not find
any information about the experimental chemical composition of the apatite formed
in this study, it is interesting to note that the as synthesized iodo-apatite had an
orthorhombic crystal structure, whereas the majority of iodo-apatites have
hexagonal crystal structure.

Calcium-Phosphate Iodo-Apatites
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One of the most commonly-known apatites within the scientific community is
hydroxyapatite, which has a chemical formula, Cai0(PO4)s(OH).. Owing to the ability
of hydroxyapatite to accommodate halide ions (F-, CI', Br) in its crystal structure,
attempts have also been made to incorporate iodide (I") for the hydroxyl (OH") ion
within the apatite channel. However, success in this direction is still eluding the
scientists. The only study that has reported on successful substitution of I" <« OH" in
Cai10(PO4)s(0OH)2 using wet chemical synthesis has been published by Phebe and
Narasaraju.[13] However, their assertions were highly preliminary in nature and it
has been difficult to reproduce those results by any other researcher
worldwide.[14] The successful attempts to incorporate iodine into calcium
phosphate apatites utilized iodate (I0s3") instead of iodide (I") as the precursor for
iodine, resulting in a solid solution with the general formula, Ca10(POa4)s(OH)>-
x(I03)x. The first successful attempt was made by Henning et al. where they
synthesized a superstructure of an apatite material with the chemical formula,
Cais5(P04)9I03 using a flux method.[15] However, considering that the material was
synthesized at high temperature (850 °C) and under highly controlled conditions, it
was difficult to consider this technique for waste form development. Recently,
Campayo et al. synthesized a calcium phosphate iodate apatite with experimental
composition Ca10(P04)s(OH)1.6(103)0.4 using low temperature wet chemical synthesis
aimed at immobilizing iodine.[16] Although halide containing apatites (for example,
fluorapatite) are known for their high chemical durability in neutral and basic
environments, the structural analysis of iodate-containing hydroxyapatite revealed
the lack of local order around the iodate ions as these ions do not cluster around
the apatite channels, something that is not typically observed in apatites.[17] This
raises concerns about the long term chemical durability of this waste form.
Increasing iodine waste loading in these apatites is another crucial aspect that
needs to be addressed in the near future.

Lead-Vanadate Iodo-Apatites

Lead-vanadate apatite [Pbi0(VOa4)sl2] has been extensively studied as a
potential waste form for iodine immobilization. Due to the fact that lead and
vanadium have larger ionic radii than calcium and phosphorous, lead-vanadate
apatites are capable of incorporating iodine into its structure. Due to this, many
variations on the synthesis of lead-vanadate iodide apatite have been explored over
the years. Lead vanadate iodide was first synthesized by Merker and
Wondratscheck by melting lead vanadate and lead iodide in a vacuum sealed vessel
in the temperature range of 500-800°C, while the crystallographic data on these
minerals was obtained by Audubert et al.[7, 18] Further, Audubert et al.
synthesized lead vanadate iodide, Pb1o(VOa4)el2 within a matrix via solid state
sintering by compacting a lead iodide core within the center of an outer layer of
lead vanadate and consolidating the green body at 700 °C and 25 MPa.[8] Other
high temperature synthesis methods include (i) mixing stoichiometric amounts of
the precursors (PbO, Pbl, V,0s5) corresponding to Pb1o(VOa4)el2, and heating them in
a sealed quartz ampoule at 700 °C for 5 h under 35 MPa pressure, or (ii) hot
isostatic pressing at 700°C for 2 h under the pressure of 200 MPa.[19, 20]
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Although various solid state synthesis routes have yielded the desired Pb-V-I
apatite, the major drawback with these synthesis routes is the need for a higher
processing temperature. Iodine typically volatilizes at a temperature >500 °C and,
as a result, the majority of the synthesis techniques investigated so far have been
confined to sealed vessels and highly controlled environments. This problem is
further aggravated by the poor chemical durability of stoichiometric Pb1o(VO4)el2
which demonstrates a leach rate (in pure boiling water) that is two orders of
magnitude higher than for silver iodide-embedded glass waste forms.[19] This has
resulted in a significant research effort focused on developing low temperature
synthesis routes and improving the chemical durability of Pb-V-I based apatites. In
this pursuit, it was observed that partial substitution of (VO4)3 by (PO4)3 in the
apatite structure, resulting in a mineral with chemical composition
Pb10(V0a4)4.8(P0O4)1.2I2, not only lowered the densification temperature of the ceramic
body from 700 °C to 540°C (25 MPa), but also had a significant increase in the
densification of the powder compact, thus increasing its chemical durability (due to
a decrease in surface area).[21] This development resulted in a flurry of studies
involving synthesis of Pb-V-P-I based apatites using various other techniques
including spark plasma sintering,[22, 23] microwave dielectric heating,[24] and
high energy ball milling.[25] The research in this direction currently still continues
to be explored.

Future research on iodine containing apatites

As discussed above, most of the research on iodine immobilization in apatites
has focused either on Pb-V-I or Ca-P-I system. However, there are several other
systems that have demonstrated their ability to incorporate iodine in their crystal
structure. For instance, cadmium vanadate iodide (Cdi0(VOa4)sl2), barium rhenium
perrhenate iodide (Baio(ReOs)sl2) and strontium rhenium perrhenate iodide
(Sri0(ReOs)6l2), are potential candidate waste forms for iodine immobilization.[9,
11, 12] According to a recent computational study on the structure of iodine
containing apatites with general formula As(X04)sI, the A-site cation is capable of
holding either Ag*, K*, Sr?*, Pb2*, Ba?* and Cs*, whereas the X-site cation can hold
Mn>*, As>*, Cr°*, V>*, Mo°*, Si**, Ge** and Re’* depending on the overall chemistry
of the system.[26] Therefore, there is enough scope to design chemically durable
apatite based waste forms for immobilization of radioactive iodine.

Another area that needs significant research effort in this field is to develop
low temperature synthesis methods where these minerals can be produced under
ambient conditions. This will not only lower the overall cost of waste form
development, but will also allow the integration of a production scale-up. One such
example is aqueous processing (for example, co-precipitation technique or
hydrothermal synthesis) which has not been reported for Pb-V-I based apatites so
far.

CONCLUSION

The development of a viable apatite based waste form for the immobilization
of I-129 would be a significant contribution to the nuclear waste management
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community. In comparison to current proposed technology, apatite waste forms
possess a significant advantage by providing substantial financial savings along the
nuclear waste processing stream. By replacing current waste form technologies
utilizing precious metals, such as Ag-exchanged zeolite, with lower cost metals,
such as lead and calcium, the cost-efficiency of immobilizing iodine waste becomes
much improved and much more viable. In the U.K., for instance, radioactive I-129
is currently being discharged into the sea. Considering possible future changes to
regulatory practices, it is necessary to review strategies for developing durable
waste forms for the immobilization of I-129 and apatites are a very viable
candidate.

The development of apatite based waste forms could also prove beneficial for
the immobilization of other existing radioactive isotopes. Because of the ability of
apatite to incorporate various halides within its crystal structure, the future
potential for immobilizing mixed halide waste is very feasible. By streamlining and
consolidating the steps involved with collecting reprocessing plant off-gas, the
potential for financial savings would again be improved substantially. Chloride-
containing apatites, for instance, have already been proposed as a potential waste
form for radioactive chloride waste. Considering that I-129 holds one of the longest
half-life durations among the various HLW, a success in the immobilization of iodine
would translate well to the immobilization of other radioactive waste.

Lastly, the ability of apatites to be synthesized by various methods would
prove to be beneficial in the immobilization of large quantities of radioactive waste.
By utilizing techniques, such as wet chemical synthesis, large quantities of apatite
could be produced to meet the demands of the nuclear waste management
community.

As can be seen, the investigation into the immobilization of iodine waste
utilizing apatite waste forms is an ongoing process within the research community.
Significant advancement has been made towards developing novel methods to
synthesize apatite based ceramic waste forms, with particular emphasis on Pb-V-I
and Ca-P-I systems. There still exist potential candidate waste forms that have not
been explored, while novel low temperature synthesis methods need to be
developed in order to produce chemically durable waste forms using a simplified
process. Progress, however, certainly has been made and will continue to advance
in the ongoing future.
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lodine isotopes make up ~0.69% of the fission products of 23°U slow neutron fission, i.e. ~360 g iodine per
metric ton of 2*°U. The currently proposed technology for the removal of iodine from reprocessing plant
off-gas is to pass it through a caustic scrubber (using ~1-2 M NaOH) to form Nal, NalOz and possibly
NaOl, or to pass it through Ag-containing solid sorbents to form chemisorbed Agl. Since iodine is not
amenable to conventional vitrification routes because of its poor incorporation into borosilicate glass
chemistry and high volatilization at temperatures >500 °C, considerable effort is being made to develop
alternative waste forms for the immobilization of iodine at low temperatures (<100 °C). In this paper,
a novel wet chemical synthesis method has been described for immobilizing radioactive iodine obtained
from caustic scrubber solutions and silver solid sorbents into the apatite, Pbig(VO4)el,, at room

temperature. The uptake of iodine for the synthesized waste form has been shown to be 94.6%. In
Received 8th January 2017

Accepted 13th June 2017 addition, investigation into the formation of solid solutions in the systems, Pbyo Cax(VO4)el, and

Pb10(VO4)6-1)(PO4), Lo, by the proposed method has been discussed. The study provides an easy pathway
DOI: 10.1039/c7ta00230k ’ . R . . L
to design novel waste forms for the immobilization of large volumes of radioactive iodine at room

rsc.li/materials-a temperature and a methodology to potentially synthesize new compositions of iodide-containing apatites.

1. Introduction

The radioactive fission product "*°I has many aspects which

make it problematic for immobilization and storage in an
engineered nuclear waste form, and much research has been
devoted to obtaining satisfactory solutions to these challenges,
as has been recently reviewed.! The long half-life of **°I (1.6 x
107 years) combined with its high solubility in water (in the
anionic state) and the technical challenges associated with its
capture in conventional radioactive waste forms pose serious
concerns for its long-term geological disposal. In the UK and
France where nuclear fuel reprocessing is practiced, the iodine
fission products (both stable I and radioactive '*°T) are
currently discharged to the sea, relying on isotope dilution to
reduce exposure risk.> However, considering anticipated future
regulatory changes in the international community, it will
become necessary to review this strategy and develop durable
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waste forms for the immobilization of '*°L3 In addition,
meeting the current U.S. regulations (Code of Federal Regula-
tions, CFRs, relating to the Environmental Protection Agency,
EPA, and Nuclear Regulatory Commission, NRC) that are
imposed on any nuclear fuel reprocessing facility requires the
capture of several volatile radionuclides, namely *H, **C, **Kr,
and **°I, which are projected to partition to the off-gas streams
in current designs for reprocessing plants. The current
requirement for iodine, based on considerations of the total
quantity of radioactive materials entering the general public
(EPA 40 CFR 190.10) and dose limits to individual members of
the public (NRC 10 CFR 20), requires an overall plant decon-
tamination factor of ~2000 for '*°I, necessitating a coherent
iodine management strategy for plant operations.* (For
discussion of the metric of the decontamination factor, readers
are referred to ref. 1). Therefore, it is imperative that solutions
be developed where radioiodine can be captured, treated, and
immobilized for safe disposal, where controlled release can be
maintained on a geological time scale.

At present, iodine capture methods in radioactive waste
reprocessing facilities mainly fall under two categories: (i) wet
scrubbing, and (ii) solid sorbents.* In the case of wet scrubbing, the
most commonly implemented technique is known as caustic
scrubbing. With the use of ~1-2 M NaOH, iodine off-gas is con-
verted to various Nal, NalO,, and possibly NaOI species in solu-
tion, based on the disproportionation shown in reaction (1).*
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31x(g) + 60H (aq) — 51 (aq) + 1053 (aq) + 3H,O(1) (1)

Often in conjunction with wet scrubbing, solid sorbents are
utilized to maximize the collection of iodine off-gas. Owing to
its affinity for iodine, Ag is often selected as the primary metal
when determining the composition of the capture media,
whether that be AgNO;-loaded alumina,® AgNO;-loaded silica,*”
Ag-loaded zeolites,® or Ag-functionalized silica aerogels.” Upon
reaction with iodine off-gas, Ag-solid sorbents are postulated to
form Agl, examples of which are shown in reactions ((2)-(5)).*

3Ix(g) + 6 AgNO5(s) — 4Agl(s) + 2AglOs(s) + 6NO2(g)  (2)
CH;l(g) + AgNOs(s) — CH3NO5(g) + Agl(s) 6)
Lx(g) + 2Ag(s) — 2Agl(s) 4)

2CH;l(g) + 2H,O(g) + Agl(s) — 2Ag(s)
+ 2CH;0H(g) + Ha(g) (5)

One major challenge in developing waste forms for the
immobilization of radioactive iodine is that it is not amenable
to conventional borosilicate vitrification routes, the standard
waste form for most nuclear waste management, because of its
poor incorporation into silicate glass chemistries."® More
importantly, iodine, when included as a component in oxide
glasses at typical glass processing temperatures (1000-1100 °C),
exhibits high volatility and leaves the glass melt as a gas above
500 °C.* Therefore, considerable effort is being made to develop
waste form alternatives to glass, processed at low temperatures,
for iodine immobilization."'*®* Most proposed waste forms to
date, however, have not achieved sufficient maturity and satis-
factory properties (specifically: ease of processing, high waste
loading, and high chemical durability) to be considered as
baseline technologies.™”

Apatites (general formula, A;4(BO,)¢X,; A and B are cations,
X is an anion) have been long considered as one of the most
promising candidate waste forms for the immobilization of
radioactive iodine."»*®*° This is primarily due to their unique
channel structure that allows the halide ions to be incorpo-
rated into their crystal structure,** their good chemical dura-
bility,"” and their high radiation stability.?*** Experimentally,
most investigated apatites can accommodate either F~, Cl™,
Br~, O>~, OH™ and/or CO;*>~ in their X-anion site. The choice
of apatite minerals where the X-anion site in the structural
channel is occupied by I or 103, however, is highly limited
due to the large size of iodide/iodate ions. Due to this reason,
most of the recent research in this area has focused on only
two apatite based minerals - Ca;(PO,)s(103),_x(OH), (ref. 12
and 14) and Pb;,(VO,)el,.'***2* While Ca;((PO,)s(103)_x(OH),
is an interesting candidate, it is plagued by complex synthesis
routes (N, atmosphere and controlled pH by wet-chemical
precipitation or formation of low iodide loading (~6.5
wt%) calcium phosphate cements'?) in comparison to >8 wt%
for Pb,(VO,)el,.>* Due to these reasons, Pb;y(VO,)s], has been
the most favorable choice of candidate waste forms for iodine
immobilization.*
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While Pb,,(VO,)el, possesses two of the most desirable
features required for any waste form, i.e. high iodine loading
(>8 wt%),?* and acceptable chemical durability (3.98 x 107> g
em > d' as per MCC-5, 7-day Soxhlet leaching test'’), there
are two big challenges associated with this waste form - (i)
poor densification behavior affecting the chemical durability
of the waste form, and (ii) difficulty of synthesis and process-
ing. The solution to the first problem was found by Guy et al.>®
wherein they reported that partial substitution of (VO,)*”
with (PO,)*” results in a theoretical apatite composition
Pb;0(VO4)4.5(PO4)1.21,, which not only lowers the (reactive)
sintering temperature of the mineral from 700 °C to 540 °C,
but also improves the densification of the apatite powder, thus
reducing its total surface area and enhancing its chemical
durability. However, the solution to the second problem is still
to be found as most of the routes employed for the synthesis of
these apatite minerals involve high temperatures (550-800 °C),
and pressures."”****?*® Since iodine tends to volatilize from
relevant compounds at temperatures >500 °C, all these
methods have to be performed in highly controlled and sealed
environments which further adds to the complexity of the
synthesis. Therefore, it is highly desired to find a route for the
synthesis and consolidation of these minerals at temperatures
lower than 500 °C using simplified processes which can be
employed in industrial settings. In this pursuit, a low
temperature (~200 °C) solid state synthesis of Pb;,(VO,4)sl,
using high energy ball milling has been proposed by Lu et al.**
The method employs high energy ball milling of a mixture of
Pbl,, PbO, and V,05 at ~50 °C followed by thermal annealing
of ball milled powder at 200 °C to form the desired apatite
phase. Although promising, it still involves a two-step
synthesis process, ie. (i) ball milling and (ii) annealing,
thus, adding complexity to its implementation in a practical
scenario. Furthermore, the choice of the iodine precursor
(PbI,) may not be the most appropriate from the viewpoint of
existing or proposed technologies to be used for iodine
capture in nuclear waste facilities.*

In this paper, we have presented a novel approach to
synthesize Pb,,(VO,)sl, based apatite waste forms at tempera-
tures <40 °C using wet chemistry. The choice of precursors used
in this study makes the proposed synthesis route an attractive
candidate for the immobilization of iodine waste extracted from
caustic scrubbers or silver-loaded solid sorbents, generally used
in most of the nuclear waste reprocessing facilities around the
world.® In addition, the possibility of the formation of
Pb(19—xCa,(VO,)sI, and Pb;(VO4)—y)(PO4)yl, solid solutions
has been discussed. The reason for choosing Pb*>" < Ca®*
substitution in these apatites is based on the fact that
Pb(10-_xCa,(VO,)6X; and Pb(1o_Ca,(PO4)sX, have been reported
where X = OH, F, Cl, or Br** but Pb(g_,Cay(VOy4)sl,
compounds have not been reported to the best of our knowl-
edge. With respect to the partial substitution of (VO,) < (PO,),
as has been discussed earlier, phosphate substitution in these
apatites facilitates their sintering at lower temperatures.”® Our
aim is to synthesize these minerals at ambient temperature
using a simple and industrially scalable method.

This journal is © The Royal Society of Chemistry 2017
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2. Experimental

The chemistry of precursors plays a crucial role in this synthesis
method as all the precursors should exhibit high solubility in
water. Accordingly, Pb(NO;), (99.0% min, Alfa Aesar) and
NazVO, (99.9% metals basis, Alfa Aesar) were used as precursors
for lead and vanadium ions, respectively. The choice of PbI, and
NH,VO; as precursors of lead and vanadium will not lead to the
formation of the desired product. Nal (99.9% metals basis, Alfa
Aesar) and AglI (99%, Acros Organics) have been used as iodine
precursors in compliance with the sources of radioactive iodine
extracted from caustic scrubbers or Ag-loaded solid sorbents,
respectively.

The chemical precursors used for calcium and phosphate in
the synthesis of solid solutions were Ca(NO3),-4H,0 (99%, Alfa
Aesar) and K;PO, (=98%, Sigma Aldrich), respectively. K;PO,
was chosen as the phosphate precursor over NazPO, after our
preliminary experimental analysis suggested that powders ob-
tained using the former had higher crystallinity than those
synthesized using the latter.

Two different synthesis routes were applied to produce
apatite waste forms depending on the iodine precursor (Nal vs.
Agl). The step-by-step synthesis of Pb;o(VO4)sI, has been
described below.

2.1 Nal as iodine precursor

Step 1. The required amounts of Pb(NO3),, Na;VO, and Nal
in accordance with reaction (6) are weighed and dissolved in
deionized water on an individual basis.

10Pb(NO3), + 6Na;VO, + 2Nal — Pb;o(VO4)sl, + 20NaNO;
(6)

In our study, 9.936 g Pb(NOs),, 3.31092 g NazVO,, and
0.89934 g Nal were dissolved in 300 ml deionized water sepa-
rately in three different beakers, corresponding to a 0.1 M
solution of Pb(NOj3),, a 0.06 M solution of NazVO,, and a 0.02 M
solution of Nal. All the solutions were magnetically stirred for
1 h. The concentration of precursor solutions was kept low to
ensure that all the precursors react completely.

Step 2. Mix 0.02 M Nal solution with 0.06 M NazVO, solution
and stir for 1 h.

Step 3. Add 0.1 M Pb(NOj3), solution to 0.02 M Nal + 0.06 M
NazVO, solution obtained from Step 2 in a drop-by-drop
manner.

Step 4. Allow the solution from Step 3 to stir for an additional
3 h ensuring the thorough formation of precipitates. The ob-
tained precipitates are washed with deionized water and dried
overnight at 70-80 °C.

The synthesis (including mixing of precursor solutions) was
performed at ambient temperature (~30 °C). It was observed
that temperatures higher than 45 °C (in particular for the
aqueous solution of Nal and NazVO, prior to the formation of
precipitates in Step 3) favored the formation of Pb;,(VO,)s(OH),
along with Pb,,(VO,)sl, considering that OH™ has a higher
affinity (than I") to be incorporated into an X-anion site of

This journal is © The Royal Society of Chemistry 2017
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A40(BO,)6X, apatite due to its smaller ionic size.** Furthermore,
no acid or base was added to control the pH of the final solution
or to precipitate the apatite mineral, unlike the methodology
used in the synthesis of halide-containing calcium phosphate
apatites.”** The addition of HNO; or NaOH (even in small
concentrations) to the reaction medium will result in the
formation of powders with undesired crystalline phases
including, for example, chervetite, Pb,V,0,, iodolaurionite,
Pb(OH)I, (when HNO; is added) or hydroxyvanadinite,
Pb,((VO,)s(OH), (Wwhen NaOH is added).

2.2 Agl as iodine precursor

The synthesis of apatites using Agl as the starting material
poses a challenge considering its low solubility in water (3 X
1077 g at 20 °C). Therefore, iodine was stripped off from silver
and converted to water soluble Nal using reaction (7).

2Agl(s) + Na,S(aq) — 2Nal(aq) + AgS(s) (7)

In order to convert Agl to Nal, 0.72054 g Na,S-9H,0
(98.0% min, ACS Certified, Alfa Aesar) was dissolved in 300 ml
deionized water and allowed to stir for 1 h at room temperature
(25-30 °C). Finally, 1.40862 g AgI was added to the Na,S-9H,0
solution to produce 300 ml of 0.02 M Nal solution, in accor-
dance with reaction (7). The experiments were performed in two
different sets: (i) in an ambient environment and (ii) under
a continuous flow of argon in a 3-neck flask. The hypothesis for
performing this experiment in the presence of argon was to
check if the exposure of aqueous sodium sulfide to air, as noted
in reaction (8), has any significant effect on the conversion of
AglI to Nal, given that the thiosulfate ion is not expected to
substitute for iodide as the sulfide ion would.*®

2Na,S(s) + 205(g) + H>O(l) — Na,S,0;(aq) + 2NaOH(aq) (8)

The successful execution of reaction (7) results in a Nal
aqueous solution, while black-colored Ag,S precipitates at the
bottom of the flask. After removal of Ag,S (i.e. filtration or
centrifugation), the remaining 0.02 M Nal aqueous solution can
further be used to synthesize iodoapatite powder as described
in Section 2.1. It is noteworthy that conversion of Agl to Nal can
also be performed using anhydrous Na,S. However, due to the
highly hygroscopic nature of Na,S, the formation of a hydrate
analogue is very likely in a humid ambient environment.

2.3 Synthesis of solid solutions

In order to synthesize Pby;_Ca,(VO4)sl; and Pbyo(VO,)_y)(PO4), 1>
solid solutions, the methodology is defined by the chemistry of
apatites. In general, the structure of apatites with the general
formula A;((BO,4)eX, consists of two cations, i.e. A and B, where
A-cations individually occupy two functionally different sites
within the crystal structure, while B-cations are found as tetra-
hedral units with oxygen in their specific site.*” Theoretically,
both Pb** and Ca*' can be substituted at the A-cation sites,
while V** and P°" can be substituted at the B-cation site.’?
Accordingly, during synthesis of Pbo_.)Ca(VO4)sl, apatites,
aqueous solutions of Pb(NO;), and Ca(NOj3),-4H,0 (A-cation
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solutions) have to be mixed completely before adding the
resultant solution (drop-by-drop) to the aqueous solution of
0.02 M Nal + 0.06 M Na;VO, in Step 3 of the synthesis route
described in Section 2.1.

Similarly, during synthesis of Pb;o(VO4)s—y)(PO4),I, apatites,
aqueous solutions of Naz;vVO, and K3PO, (B-cation solutions) of
desired molarities need to be mixed completely with 0.02 M Nal,
prior to the addition of Pb(NO3), in Step 3 of the synthesis route
described above. If the precursors are mixed in an incorrect
sequence, the solution will prematurely precipitate an unde-
sired mineral and apatite synthesis will no longer be possible.

The qualitative and quantitative crystalline phase analyses of
dried powders were performed by X-ray diffraction (XRD; PAN-
alytical X'Pert Pro MPD; Cu-K, source at 45 keV and 40 mA; 26 =
10-90° with a 0.002° 26 step size and a dwell time of 5.7 s). 5 or
10 wt% ZnO (NIST SRM-674b) was used as an internal standard.
The quantitative phase analysis was performed by the Rietveld -
Reference Intensity Ratio (RIR) method using PANalytical
HighScore software. The structural analysis of powder samples
was performed by Raman spectroscopy (Renishaw inVia Raman
microscope; 633 nm wavelength laser, operating at 10% power;
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Fig. 1 XRD patterns of the Pbyg_,Cax(VO,)el, apatite series (x = 0—
10).
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acquisition dwell time = 40 s from the range of 100-1700 cm
with a 50x objective). X-ray fluorescence (XRF; Epsilon 1, PAN-
alytical B.V.; Ag anode) was used to quantify the elemental
composition in powder samples. To improve quantification,
oxygen was attributed to any potential B-site cations present due
to their inability to be detected individually. The iodine concen-
tration in the remnant solution was analyzed by inductively
coupled plasma - mass spectroscopy (ICP-MS; PerkinElmer). The
microstructural observations were done on gold sputtered
powdered samples using a scanning electron microscope (SEM;
ZEISS Sigma FE-SEM).

3. Results
3.1 Synthesis of the Pb,, ,Ca,(VO,)¢I, series (using Nal)

Fig. 1 presents the XRD data of powder samples from the series,
Pb(10-Ca,(VOy,)6l,, Where x varies between 0 and 10. For
sample x = 0, the XRD data show intense phase reflections
corresponding to the Pbyg g5(VO,)el; 7 (PDF#97-028-0065) phase,
thus confirming the synthesis of the lead vanadate iodide
(apatite) mineral. The deviation from the ideal stoichiometric
formula of Pb;o(VO,)el, is attributed to the presence of stoi-
chiometric deficiencies in the structure as has been explained
by Audubert et al.*® The quantitative crystalline phase analysis
of this sample (Table 1) reveals the presence of ~53 wt% crys-
tallinity in the sample. The SEM analysis (Fig. 2a and b) of the as
synthesized mineral reveals strongly spheroidal, agglomerated,
nanoscale (<200 nm) crystals that are consistent with previous
studies of lead phospho-vanadate based apatites.****

The gradual substitution of Ca®* for Pb>" in the theoretical
apatite composition of Pb(;o_y)Ca,(VO,)el, resulted in broad-
ening of XRD peaks. The quantitative crystalline phase analysis
of these samples reveals an increase in amorphous content in
samples with increasing Ca®*/Pb*" ratio (in particular for x = 6-
10) with sample x = 10 being completely amorphous (Fig. 1).
From the viewpoint of the formation of solid solutions, lead
vanadate iodide, Pbgg5(VO,)sl;.7, was the only phase for the
sample with x = 2. For x = 3, minor amounts (~5 wt%) of the
hydroxyvanadinite phase (Pbg 6,(VO4)s(OH);.4; PDF#97-015-
5416) were observed with Pbg g5(VO,)el; 7 still being the domi-
nant phase. Further increase in the Ca*>'/Pb>" ratio (at x = 4)
resulted in crystallization of ~2.4 wt% litharge (PbO; PDF#97-
006-2842; tetragonal) along with lead vanadate iodide and

Table 1 Rietveld refinement of the Pbg_,Ca,(VO,)sl, apatite series (x = 0-10)

Phase wt%

Lead vanadate iodide Hydroxyvanadinite Litharge Massicot TIodine(m)
x Sample formula Amorphous Pby g5(VO4)6l1 7 Pbg 562(VO4)s(OH)1 4 PbO PbO iodine(v) oxide 1,0,
0 Pby(VO,)sL, 16.8 53.2
2 PbgCay(VO,)6l, 50.4 49.5
3 Pb,Ca,(VO,)sl, 44.1 50.9 5.0
4 PbgCa,(VO,)6l, 46.4 41.4 9.8 2.4
6 Pb,Cag(VO,)el, 78.1 13.9 5.2 2.9
8 Pb,Cag(VO,)6l, 83.6 8.9 6.6 0.9
10 Cayo(VO,)6ln 100.0
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Fig. 2 SEM image of Pb;o(VO,)¢l, apatite powder at magnification (a)
10kx, and (b) 50kx. The inset on the bottom left of (a) shows a low
magnification (1kx) image of agglomerates.

hydroxyvanadinite, with Pbg g5(VO4)el4 7 still being the primary
crystalline phase (~41 wt%). For samples x = 6 and 8, the
amorphous content in the samples significantly increased from
46.4 wt% (at x = 4) to 78 wt% (at x = 6) and 83.6 wt% (at x = 8).
While lead vanadate iodide was still the primary crystalline
phase in both the samples, massicot (PbO; PDF#97-065-3900;
orthorhombic) and 1,0, (PDF#97-007-8386) were found in
their crystalline phase assemblages at minor concentrations.

View Article Online
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XRD data suggest the formation of apatite structure solid
solutions in Pbyo_Ca(VO4)sl, for x = 0-3. However, the
chemical compositions of the synthesized mineral powders and
their respective remnant reactant solutions, which were
analyzed by XRF (Table 2) and ICP-MS (Table 3), respectively,
suggest otherwise. The results obtained from chemical analysis
of powder samples and reactant solutions are summarized
below.

(i) The synthesized Pb,,(VO,)sl, apatite exhibited an iodine
loading of ~9.4 wt% as deduced by XRF spectroscopy. This is
close to the theoretical value of 8.4 wt% as calculated for stoi-
chiometric Pb;y(VO,)s],. The concentration of iodine decreased
from 2600 ppm (mg 17") in the precursor solution (0.02 M Nal)
to 140 ppm in the remnant reactant solution after synthesis of
Pb,((VO,)sl, apatite (as shown in Table 3), thus, demonstrating
an uptake of 94.62%.

(ii) XRF data reveal that a negligible amount of calcium was
incorporated into the apatite crystal structure, thus suggesting
that the A-cation sites in the structure were dominantly occu-
pied by Pb** ions. The as synthesized Pb;o(VO,)el, (x = 0) apatite
contained ~990 ppm calcium (Table 2) which may be attributed
to impurities present in the precursor materials. For minerals
with ideal composition Pbo_.Ca(VO4)sl, with x varying
between 2 (2.99 wt%) and 4 (6.83 wt%), the concentration of
calcium in the experimental analogues was found to be
constant at ~0.32 wt%. Further increase in calcium content (x =
6-10) in the ideal apatite composition induced high concen-
trations of amorphous character in their experimental
analogues which allowed accommodation of significantly
higher amounts of calcium as shown in Table 2. These results
were corroborated by ICP-MS analysis of the remnant reactant
solution where the concentration of Ca>* was found to increase
from 0.824 ppm (for x = 0) to 780 ppm (for x = 10) implying that
most calcium stayed back in the solution as opposed to being
incorporated into the crystal structure.

Since substitution of Ca*" for Pb>" in the Pb(;_Ca,(VO,)sl,
series induced a highly amorphous character in the synthesized
minerals, Raman spectroscopy was used to study their struc-
tural transformations. Fig. 3 presents the Raman spectra of all
the as synthesized minerals (x = 0-10). The Raman spectrum of
Pb;o(VO,)el, (x = 0) apatite exhibits a sharp band at 824 cm™*
corresponding to »; symmetric stretching, followed by
a shoulder at 777 ecm™' and a small band at ~698 cm™*
depicting the v; antisymmetric stretching of V-O bonds.**** The

Table 2 XRF analysis of select apatites. Th. And Exp. are theoretical and experimental weight percent, respectively

Normalized weight%

Intended sample ~ Th. Pb%  Exp. Pb% Th.Ca% Exp.Ca% Th.VO,% Exp.VO0,% Th.PO,% Exp.PO,% Th.I% Exp.I%
Pby(VO,)sla 68.71 70.3606 0 991 ppm 22.87 19.6800 0 0.5210 8.42 9.4384
PbgCas(VOy)el2 61.82 70.0900 2.99 0.3183 25.72 19.7768 0 1.0371 9.47 8.7777
PbsCa,(VO,)sls 52.97 70.5788 6.83 0.3219 29.38 21.3383 0 1.0244 10.81 6.7366
Pb,Cag(VO,)el2 41.18 64.8398 11.95 3.9584 34.26 29.8946 0 1.0115 12.61 0.2957
Pb,Cag(VO,)el, 24.69 50.6042 19.10 11.7761 41.09 36.9168 0 0.7029 15.12 882 ppm
Cayo(VO4)6lz 0 67 ppm 29.81 35.1371 51.30 64.3260 0 0.5369 18.88 808 ppm
Pb;o(VO,4)5(PO,)I,  69.17 71.7276 0 0.3332 19.22 15.6740 3.17 3.8088 8.47 8.4564

This journal is © The Royal Society of Chemistry 2017
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Table 3 ICP-MS analysis of select apatite synthesis remnant solutions

Concentrations in mg L™ (ppm)
Sample pH Pb Ca \% P I Na K
Pb14(VO,)sla 3.53 ~2400 0.824 <0.010 <0.050 140 ~970 1.41
PbgCay(VO,)sl, 3.96 ~800 ~200 <0.010 <0.050 140 ~790 1.41
PbsCay(VO,)el, 4.80 6.6 ~440 <0.010 <0.050 300 ~870 1.61
Pb,Cay(VO,)el, 9.10 0.016 ~500 13.8 <0.050 530 ~800 1.49
Pb,Cag(VO,)el, 9.89 <0.010 ~570 ~90 <0.050 540 ~880 1.63
Cayo(VO,)sl, 10.36 <0.010 ~780 ~120 0.168 670 ~1200 2.08
Pb1(VO,)5(PO,)L, 4.01 ~1600 0.32 0.015 <0.050 170 ~660 286
Nal reference 6.20 0.013 0.16 <0.010 <0.050 2600 ~480 0.605

multiple bands in the low wavenumber region of 300-400 cm™*

mainly correspond to the v; bending vibrations of O-V-O
bonds.* The band at 161 cm ™" is presumably attributed to the
libration of VO, parallel to the c-axis.*® Similar spectra were
observed for minerals with x = 0-4, thus, confirming minimal
structural changes due to calcium incorporation. A weak band
(shoulder) can be observed at 877 cm™ " for mineral x = 0 which

Raman Intensity (a.u.)

T

100 500
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-1
Wavenumber (cm )

900 1700

Fig. 3 Raman spectra of the Pb(1p_,Cax(VO4)el- apatite series (x = 0-
10).
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gradually disappears with increasing calcium concentration
from x = 0-4. This band was not observed by Zhang et al.** in
their Raman spectra of Pb,,(VO,)el, apatite. The band has been
attributed to the symmetric stretching of VO; units in (HVO,)*~
and (V,0,)* species in aqueous vanadate solutions, as
observed by Griffith and Wickins,** and is hypothesized to be
a product of the variances in solution pH among the different
compositions.

For x = 6-10, noticeable structural transformations occur in
the synthesized minerals as is evident from their Raman
spectra. The first evident observation was the broadening of
Raman bands, which is typical for highly amorphous materials.
The bands at 830 cm™ " and 839 cm ™' corresponding to the v,
symmetric stretching of V-O bonds in the apatite structure were
still the most intense structural features in minerals with x = 6
and 8, respectively, thus corroborating the quantitative XRD
results. The band at 877 cm ™", corresponding to the symmetric
stretching of VO; units, became highly prominent in the spectra
of the sample with x = 6, while this band shifted to 897 cm ™" for
samples x = 8 and 10.* Interestingly, the band at 897 cm ™"
became the most intense band for the sample x = 10, while the
band corresponding to the »; symmetric stretching of V-O
bonds in apatite structures appeared as a minor feature
centered at ~823 cm™'. This implies a dominance of amor-
phous (V,0,)*" structural species in the sample x = 10. This
assertion gains support due to the presence of a broad band at
~227 cm ™" and an intense band in the region 300-400 cm ™" in
samples with x = 6-10 confirming the presence of (V,0,)*~
units.”> The presence of amorphous (V,0,)*" units in these
minerals (x = 6-10) is also supported by the fact that the
addition of any acid during synthesis has been shown to
produce chervetite (Pb,V,0-) instead of apatite (as reported in
the Experimental section of the paper). Therefore, it is highly
likely that amorphous Ca,V,0, may have been formed in these
minerals due to the deviation from ideal crystalline synthesis
conditions and the analogous nature between the two cations,
Pb*" and Ca*".

3.2 Synthesis of the Pb;(VO4)e—_y)(PO4)yl, series (using Nal)

Fig. 4 presents the X-ray diffractograms, while Table 4 presents
the quantitative phase analysis of powder samples from the
series, Pbyo(VO,)—y)(PO4),l2, where y varies between 0 and 2.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XRD patterns of the Pb;o(VO4)_,)(PO4), 1> apatite series (y = 0-2).

The XRD phase analysis of minerals with y > 2 has not been
presented, as the Pb;o(VOy4)(—y)(PO4)L, solid solution did not
exist for y = 2 (as evidenced by the absence of vanadate-
containing apatite phases).

For y = 1, a large percentage (40.8%) of the lead vanadate
iodide apatite phase is present along with traces (3.4 wt%) of the
OH-analogue, Pb;o(VO4)s(OH),, and a non-apatite phase,
litharge (4.6 wt%), PbO. Furthermore, as the phosphate content
increases, the XRD peaks become much broader. The presence
of non-apatite phases along with broadening of XRD phase
reflections suggests the structural disorder induced in the
apatite structure due to substitution of smaller phosphate ions
for larger vanadate ions. An attempt was made to understand
the phosphate speciation in the structure of the as synthesized
minerals using Raman spectroscopy.

However, due to an overlap between the Raman bands of
vanadate and phosphate units at 290-580 and 770-950 cm ™", no
conclusions could be drawn (Fig. S1, ESI{).* However, the XRF
(of powders) and ICP-MS (of liquid aliquots) data support the
formation of solid solutions for the partial substitution of (VO,)
< (PO,4) as summarized below.

(i) When y = 1, the experimental weight percent of phos-
phate within the synthesized apatite mineral was 3.8 wt%, as
seen in the XRF data in Table 2. This is in good agreement with
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Fig.5 XRD patterns of Ag,S powders obtained from conversion of Agl
(air environment vs. argon environment).

the theoretical concentration (3.17 wt%) of phosphate ions
present in the mineral.

(ii) The compositional analysis of the remnant reactant
solution supports the hypothesis of solid solution formation as
seen in the ICP-MS data present in Table 3. When y = 1, the
concentration of phosphate ions remains at a low level when
compared to the base apatite, Pb;o(VO,)el,, which does not
undergo cation substitution. This is opposite to the observa-
tions made in the Pb(;,_,)Ca,(VO,)el, series where the calcium
concentration in remnant solutions was found to increase with
increasing the value of x. This further suggests that the phos-
phate ions are incorporated into the apatite crystal structure.

As is evident from XRD data (Table 4), a solid solution does
not exist at y = 2. A combination of amorphous content and
several crystalline phases, such as lead vanadium oxide
(Pby.667V1.33305.96), pentalead tris(phosphate) iodide
(Pbyo(PO4)el,), and decalead hexakis(phosphate(v))dihydroxide
(Pb1o(PO4)s(OH),), was observed. Therefore, several apatite
syntheses were performed with values of y varying between 1
and 2 to find the limit of substitution of phosphate for vanadate
ions in the apatite structure. The threshold limit of (PO,) <
(VO,) substitution in Pbyo(VOy4)s_y)(PO4)yI, was found to be y =
1.5 (8.33 mol% or 4.77 wt%). Non-apatite phases were observed
in the sample with y = 1.7.

Table 4 Rietveld refinement of the Pbio(VO4)e_,)(PO4), 1> apatite series (y = 1, 2)

Phase wt%

Lead vanadate

Decalead

Lead vanadium Pentalead tris hexakis(phosphate(v))-

iodide Hydroxyvanadinite Litharge oxide (phosphate) iodide dihydroxide
y Sample formula  Amorphous Pbggs(VO,)sli; Pbg 262(VO4)s(OH);.4 PbO PDb,.667V1.33305.06 PD1o(PO4)6l2 Pb;o(PO,)s(OH),
1 Pbyo(VO,)5(PO,L, 40.8 51.2 3.4 4.6
2 Pb;o(VO4)s(POs)I, 30.8 39.5 16.5 13.3

This journal is © The Royal Society of Chemistry 2017
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3.3 Apatite synthesis using Agl

Fig. 5 presents the XRD patterns of the black precipitates,
disilver sulfide, obtained in reaction (7), both in an ambient
environment and under the continuous flow of argon. The
XRD data reveal the formation of Ag,S (PDF#97-018-2916,
monoclinic) as the only phase when the experiment is per-
formed in the presence of argon. However, minute phase
reflections corresponding to iodargyrite (Agl; PDF#97-020-
0104, hexagonal) can be observed when the same reaction is
performed in an ambient environment. This proves that the
environment has an impact on the conversion of AgI to Nal as
Na,S tends to react with H,O in the presence of O, (ambient
air) to form minor amounts of sodium thiosulfate, Na,S,03, in
accordance with reaction (8). Fig. 6 presents the XRD patterns
of apatite powders synthesized using the solutions obtained
after conversion of Agl to Nal using the methodology
described in Section 2.2. The powders synthesized from both
air and argon-exposed solutions still primarily reveal the
presence of Pbg 35(VO,)sl;.7 as the only crystalline phase in the
samples. This is consistent with the aforementioned reactions
(7) and (8) as any unreacted solid AgI will be collected along
with the solid Ag,S and will only result in a slightly under-

O Lead vanadate iodide

=
S 9 Air atmosphere
= 'v
n %o
= lof0 o |
g \\JJWU z v:jw ,
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\‘M ol %%
\-JJ\J \“‘“‘V uVN}U—M MW
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Fig. 6 XRD patterns of Pb;o(VO,)¢l, synthesized from Nal, converted
from Agl in an air environment vs. an argon environment.
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stoichiometric Nal solution, and consequently, slightly
under-stoichiometric apatite composition.

In order to determine the conversion efficiency of Agl to Ag,S
(via reaction (7)) in air vs. argon, the iodine concentration in the
black Ag,S precipitates was measured using XRF spectroscopy.
As presented in Table 5, the Ag,S precipitates obtained from the
reaction in an argon environment comprised 3.14 wt% iodine in
comparison to 4.47 wt% iodine detected in their ambient
environment analogues. In addition, the mass ratio of Ag/S in
Ag,S precipitates obtained in the argon environment was
comparatively higher than those obtained in an air environ-
ment. This is in agreement with the reaction mechanism
proposed in reaction (8). The exposure of the reaction to air
facilitates the formation of Na,S,0; from Na,S. Since S,0;>” is
unable to substitute for iodine in Agl, most of the sulfur content
remains in solution as opposed to forming Ag,S. As a result, the
mass ratio of Ag/S is much lower in the ambient environment
than in the argon environment.

The methodology to convert Agl(s) — Nal(aq) is highly
relevant from two viewpoints: (i) it allows the production of
Nal(aq) which can be further used as an iodine precursor for the
development of ceramic waste forms, for example, cements,
apatites, sodalite, and other zeolitic frameworks, (ii) it helps in
recovering silver which comes in the list of the Resource
Conservation and Recovery Act (RCRA).

4. Discussion

In preface to the discussion of the results and their implica-
tions on the waste form development for the immobilization
of '2°I, it is helpful to appreciate the fact that while research in
this domain has been active for more than two decades, no
baseline technology has been defined for this purpose so far.
Therefore, several candidate waste forms have been proposed
for the immobilization of radioactive iodine including
frameworks,***> aerogels,>*
sodalite and other zeolitic framework minerals,**"*®
glasses,'™* calcium phosphate apatites,'* and lead vanadium
apatites."®?® Despite considerable effort in this field, there still
exists room for the development of novel waste forms as most
of the proposed candidate waste forms pose challenges either
from the viewpoint of their synthesis or their long-term
performance.' Therefore, the discussion section has been
divided into two subsections, where the first part highlights
the implications of the proposed synthesis route on the design
of potentially novel apatite compositions, while the second

cements,'** metal-organic

Table 5 XRF analysis of a select Ag,S precipitate after conversion from Agl. Th. and Exp. are the theoretical and experimental weight percent,

respectively

Normalized weight%

Intended sample Th. Ag% Exp. Ag% Th. S% Exp. S% Th. 1% Exp. 1%
(Air) Ag,S 87.06 86.7264 12.94 8.8059 0 4.4677
(Argon) Ag,S 87.06 88.5719 12.94 8.2879 0 3.1403
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Fig. 7 Structural schematic of Pbg g5(VO4)gl1 7.

part discusses potential technical challenges that need to be
addressed in order to develop a viable industrial-level pro-
cessing route leading to a mature waste form technology.

4.1 Implications of the proposed synthesis route on the
design of novel apatite compositions

The crystal structure of an apatite (A19(BO,)eX,) with P63/m
symmetry comprises A- and B-cation sites occupied by Pb and V,
respectively, in Pb;,(VO,)s],, while the iodide ion occupies the
X-anion site, as shown in Fig. 7{. The A-cation is further divided
into two different configurations: A(1) and A(2). The column
configuration of A(1) cations along with their interaction with
tetrahedral units composed of B-cations forms the walls of the
characteristic apatite channel which extends along the crystal-
lographic c-direction. The A(2) cations line the inside of the
apatite channel and play a major role in the interaction of the
intended X-anion with the apatite.

For the iodide to be incorporated into the structural channel,
the channel size must be compatible with the size of the ion.
Therefore, the ionic and crystal radii of cations (A and B,
respectively), based on the proper charge and coordination
number (CN), play a critical role in deciding the fate of anion
incorporation into the apatite structure. It is noteworthy that
the interaction between the channel anion and the A(2) cation is
largely ionic, while the interaction between the B cation and
oxygen forming the tetrahedral unit is strongly covalent, and
hence the use of both ionic and crystal radii is imperative.** The
Pb,0(VO,)el, apatite has a relatively large Pb>* ion (ionic radius:
1.19 A, CN = 6)* in the A(1)/A(2) sites and VO, in the tetrahe-
dron site, leading to a large channel size.>* For this reason, it is
possible to synthesize Pb,,(VO,)sl, apatite. However, substitu-
tion of a smaller ion, i.e. Ca®* (ionic radius: 1.00 A, CN = 6),% for
Pb”" reduces the channel size, thus not allowing the large iodide
ion to be incorporated into the apatite structure. Similar
reasoning can be provided for the substitution of the phos-
phorus ion (P**; crystal radius: 0.31 A, CN = 4)° for the

1 For detailed information about the crystal structure of Pbg 5(VO,4)el; ; apatite,
readers are suggested to refer to ref. 38 (F. Audubert, J. M. Savariault, and J. L.
Lacout, Pentalead tris(vanadate) iodide, a defect vanadinite-type compound,
Acta Crystallographica Section C: Crystal Structure Communications, 1999, 55(3),
p. 271-273).

This journal is © The Royal Society of Chemistry 2017
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vanadium ion (V**; crystal radius: 0.495 A, CN = 4)* at the B-
cation site, which eventually results in narrowing of the
channel size. Therefore, only partial substitutions of Ca** for
Pb**, and P°* for V° are possible in the Pb;o(VO,)sl, apatite
systems. Due to these reasons, it is not possible to synthesize
Cayo(PO,)sl, based apatites.§.

In our study, the investigation of calcium substitution helps
to establish a baseline of compatible cations capable of forming
iodine-containing solid solutions by wet chemical synthesis.
When paired with molecular modeling, a comprehensive
understanding of the structural consequences of substitution
can be properly grasped. In a recent study by Wang,** for
example, an artificial neural network (ANN) approach was
utilized to predict candidate cations for the synthesis of
appropriate apatite compositions that are capable of incorpo-
rating iodine. The results reported in our work show a very good
correlation with the computational study of Wang.”*

By utilizing the experimental XRF data and defining the
limit of calcium (wt%) that can be accommodated in
Pb(10_xCa,(VO,)el, to form a solid solution as 0.32% (as evi-
denced by x = 2, 4; Table 2) and considering the summation of
A-site cations (Pb + Ca) to be equal to 10, the composition of the
solid solution can be calculated to be Pbg ;6Cag 24(VO,)el,. Using
a weighted average of the ionic radii of Pb (1.19 A, 2+, CN = 6)
and Ca (1.00 A, 2+, CN = 6) calculated according to the esti-
mated formula, the average radius of A-cations (Pb, Ca) is
1.185 A. When correlated with the crystal radius of vanadium
(0.495 A, 5+, CN = 4), the resultant estimated channel size
agrees very closely with the threshold of iodine accommodation
as proposed by Wang.**

By applying the same methodology through reverse calcula-
tions, an ideal chemical formula for a complete iodine-
containing apatite solid solution can be determined as well.
In the synthesis of lead vanadate-phosphate solid solutions, by
utilizing the ionic radius of lead (1.19 A) in conjunction with the
modelled apatite channel size threshold, the average crystal
radius of the B-cation can be estimated to be approximately
0.475 A. By using a weighted average for the B-cations and
considering the summation of B-site cations (V + P) to be equal
to 6, the predicted chemical formula for the iodine-containing
solid solution is Pb;o(VO,)s5.35(PO4)o.6s5lo. Comparing the
acquired experimental phosphate wt% of 3.8 (when y = 1) with
the ideal calculated phosphate wt% of 2.056 of this formula
with evidence from the XRD phase analysis, the model proves
its utilization as a possible tool for apatite composition
determination.

Most of the radioactive waste forms have been traditionally
designed empirically using trial-and-error experimentation
owing to the compositional complexity of radioactive waste.
Historically, this approach has been successful as borosilicate
and aluminophosphate glass chemistries have been defined as
baseline waste forms for most of the high level radioactive

§ Calcium phosphate iodide apatite, Ca;o(PO4)sls, was claimed to have been
synthesized by Phebe and Narasaraju,” but it has not been able to be
replicated. This is concluded both by the studies of Flora, et al® and by our
own studies.
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wastes around the world.**> However, this approach may not
work for the immobilization of secondary wastes, like **Tc and
291, which despite their low radioactivity pose technical chal-
lenges in their processing and immobilization. Therefore, a new
level of conceptual understanding is required to design novel
materials through the combination of experimental and
computational approaches, wherein predictive modelling is
used to design waste forms with desired properties, while
rigorous experimental data are required to validate these
models. The wet chemical synthesis route proposed in this
paper for the synthesis of Pb;o(VO4)sl, based ceramics in
conjunction with the computational design of apatite based
materials based on ANN,* density functional theory (DFT),*
and molecular dynamic simulations® opens a new avenue for
the development of novel apatite based waste forms at room
temperature as the A-site cation in the apatite (A;o(BO4)sls)
structure can accommodate Ag®, K*, Sr**, Pb**, Ba®>" and Cs”,
whereas the B-site cation can hold Mn®", As®**, Cr**, v°*, Mo®",
Si**, Ge** and Re”" depending on the overall chemistry of the
system.”*

4.2 Open and relevant problem for industrial scale up of
waste form technology for immobilization of **1

While there are several synthesis and processing routes
proposed for the development of various waste forms for the
immobilization of radioactive iodine, it is difficult to translate
any of these directly into practical application due to technical
challenges that need to be addressed to develop a viable waste
form technology. Often these challenges are overlooked to
control the scope of an investigation (i.e., initial precursor
selection). One major challenge that needs to be addressed is
the conversion of I0;~ — I in the waste stream.

As has been discussed in the introduction of the article, the
two commonly utilized groups of iodine capture technologies
that are either being used, or planned to be deployed in nuclear
waste reprocessing plants, are caustic scrubbing (USA, France,
UK, Russia, and Japan) and silver solid sorbents (USA, France,
UK, Russia, Japan, Italy, and Germany).' As has been shown in
reactions (1) and (2)-(5), while the waste stream contains iodine
primarily in the iodide (I") form, it also contains low volumes of
iodate (IO;7). On the other hand, most of the waste form
development in this arena has focused on using
iodide'*?*263%5557 or jodine***® as the main precursors for
iodine waste streams. Although waste form development with
iodide precursors (especially NalI) helps in immobilizing the
majority of the waste stream, it does not account for the leftover
iodate species in the waste stream. Campayo et al.'®> proposed
incorporating iodates into (Ca-P) hydroxyapatite based
minerals, but these minerals are not able to accommodate
iodide species in their structure, as discussed above. Therefore,
a mechanism needs to be devised to convert iodate species in
the waste stream to iodide before it can be immobilized into
a waste form. One possible mechanism for converting I0;~ —
1" can be via the Dushman reaction as shown in reaction (9) and
the subsequent reaction (10), which results in iodide ions and
an excess amount of tetrathionate ions, $,04>~ .5
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1037 + 51 + 6HJr - 312 + 3H20 (9)
L, + 25,05 — S,04> + 21 (10)

However, the influence of excess tetrathionate ions on the
overall immobilization process is unclear. Perhaps the $,04>~
ions can be compensated, for instance, with excess cations in
solution, i.e. Pb**, to produce stoichiometric lead tetrathionate,
PbS,0s, alongside the stoichiometric apatite. This hypothesis
needs to be validated and the process needs to be optimized in
accordance with the composition of the waste stream. Addi-
tional concerns for practical application include the possible
presence of NaOI species in the caustic solution and the inter-
actions of Na,S on the various silver solid sorbents. The
certainties of these problems, however, are unknown and will
form the basis of our future studies.

Finally, considerations must be made for consolidation or
incorporation of any fine-powder waste form containing iodine
in order to minimize the surface area for interaction with water
over a long time. Many possible methods have been proposed in
general, including hot-isostatic pressing, binding with low
melting point glass, and incorporation into cementitious
materials, as has been reviewed elsewhere.' Each solution has
its pros and cons. For example, direct incorporation of iodine
containing materials, such as Agl, (Ba, Ca, Sr, and Hg)IO3, and
AgZ zeolite, has been demonstrated in Portland cement.®
However, one of the challenges with cement waste forms in the
U.S. satisfies the Resource Conservation and Recovery Act
(RCRA) that controls the release of toxic materials including As,
Ba, Cd, Cr, Pb, Hg, Se, and Ag.** In previous studies, no
unmodified cement waste form for AgZ satisfied RCRA, so Cal,
was added for isotopic dilution of iodine and to precipitate Agl
and improve silver retention.* Given the additional constraint
in the Pb apatite waste form for potential leaching of Pb, careful
consideration must be made in developing consolidation
techniques for Pb-V-I apatite-based powders.*> Our strategy,
going forward, is to use specially designed low-temperature
sintering glasses to reduce the surface area and further bind
the heavy metals and iodine. These waste forms will be ulti-
mately evaluated for their aqueous chemical durability in
comparison with alternative mineral and waste form
combinations.

5. Conclusions

A novel wet chemical synthesis method has been proposed to
produce apatite-based ceramic waste forms for the immobili-
zation of radioactive iodine under ambient conditions. The
proposed methodology can be applied to iodide containing
waste streams from caustic scrubbing and silver solid sorbents.
The Pb;y(VO,)sl, apatite waste form synthesized using the
proposed method has been shown to exhibit an iodine waste
loading of 9.4 wt%, while its loading efficiency has been
experimentally calculated to be 94.62%. In terms of solid solu-
tions, it was found that calcium has a minimal tendency to form
apatite solid solutions when substituted for lead in the system,
Pb(19—xCa,(VO,4)sl,. On the other hand, the phosphate ion
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forms a solid solution with Pb;o(VO4)sl, when partially
substituted for the vanadate ion. The threshold incorporation
limit of (PO,) has been found to be 4.77 wt%. The implications
of the proposed route to synthesize computationally designed
apatite based novel waste forms and its industrial scale-up have
been discussed. Future work will assess the aqueous chemical
durability of these materials in the presence of water alone or as
composite waste forms consolidated with a glass binder of
novel chemistry.
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ABSTRACT

Five process variables affecting hydrothermal synthesis of iodide sodalite,
NagAlsSisOo412., were investigated, including NaOH concentration, aging time,
temperature, Al/Si ratio, and precursor concentration. X-ray powder diffraction was
performed to characterize synthesized samples, and Rietveld refinement method
was used to quantify the mass fractions of phases. lodide sodalite yield increased,
in general, as NaOH concentration, aging time, and temperature increased.
Lowering the Al/Si ratio from 1 to 0.5 increased the formation of cancrinite. Diluting
the precursor concentration in the mixed solution with water revealed that
nepheline hydrate-1, a zeolite, formed rather than sodalite. This observation, along
with the preferential formation of zeolite A in samples where no NaOH was added,
suggests that mechanisms for transport of the ions and formation of the
aluminosilicate frameworks vary with hydrothermal conditions. The model for the
best synthesis conditions based on the four significant variables is presented.

INTRODUCTION

The highly volatile radionuclide, 1-129, has a long half-life and is difficult to
immobilize. lodine is not easily vitrified by conventional routes due to its volatility
at typical glass processing temperatures. Therefore, there have been many efforts
to develop an alternative waste form for iodine, but none has been uniquely
accepted by the nuclear waste community due to trade-offs regarding loading
capacity, chemical durability, processing efficiency, and cost [1-3]. Some prominent
approaches to immobilize iodine include the development of Agl containing glasses
[4], bismuth-oxyiodide minerals [5], silver functionalized silica aerogels [6], metal-
organic frameworks [7], Pb and/or Ag containing vanadinite apatites [8, 9], and
sodalite [10-12]. Sodalite, written as MgAlgSicO4X, where M and X typically
represent an alkali cation and monovalent anion respectively, has been studied
extensively for immobilization of chlorine, and was proposed as the baseline
mineral for the spent electrochemical salt waste [13, 14]. However, relatively few
studies have been made on sodalite for immobilization of iodine [15-19].
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lodide sodalite is a promising candidate for immobilization of radioactive iodine due
to its ability to capture iodine in the B-cage of the sodalite crystal structure.
Sodalite, as portrayed in Fig. 1, is composed of aluminosilicate framework forming
B-cages with an anion at the center surrounded by cations and has cubic lattice
system with P43n [20] or [43m symmetry [21]. However, there are challenges
associated with synthesizing iodine-containing sodalite, particularly for a waste
form. Typical solid state processing routes require high temperatures, which might
be undesirable due to the high volatility of iodine. One potential solution to this
processing challenge is low temperature growth using various simple aqueous-
based or hydrothermal (aqueous at higher pressure) synthesis routes.

Fig. 1. Sodalite structure where X and M represent an anion and a cation, respectively.

Our current work is focused on the hydrothermal synthesis of iodide-containing
sodalite. Hydrothermal synthesis is a one-step growth method at relatively low
temperature (< 200°C) in a sealed vessel with water, resulting in above
atmospheric pressure inside the vessel. One potential challenge with hydrothermal
synthesis of iodide sodalite is competition of the hydroxide anion for iodide in the -
cage, since syntheses are typically performed at high pH using alkali hydroxide, for
instance. Additionally, most studies on the hydrothermal synthesis of sodalite use
excess halide reagent to avoid OH™ in the B-cage, but this is probably not realistic
for a radioactive waste form process where a highly alkaline scrubber solution
might be the waste stream.

In this article, we briefly report the synthesis and characterization of iodide sodalite
produced without using excessive halide reagents, thus representing a more
realistic waste-processing scenario. Our study shows the effects of various process
variables (NaOH concentration, aging time, temperature, Al/Si ratio, and precursor
concentration) and precursors (zeolite 4A, kaolinite, and sodium aluminate, colloidal
silica) on the phase development and phase fraction of crystalline species. In all
cases, the iodine was provided by Nal salt. This simple low-temperature synthesis
approach has promising practical applications for immobilizing 1-129. Our
synthesized minerals were characterized by X-ray powder diffraction (XRD) for their
atomic structure estimate of iodine waste loading.
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EXPERIMENTAL METHODS

Sodium iodide (Nal certified grade, Fisher), sodium aluminate (NaAlO, 99.9%-Al,
Stream Chemicals), colloidal silica (SiO,, Sigma Aldrich), and sodium hydroxide
(NaOH certified ACS grade, Fisher) were used as-received for variable-effect
experiments, such as temperature, aging time, and water content. The
stoichiometric ratio of Nal:NaAlO,:SiO, was 1:3:3, by mole, for iodide sodalite
synthesis. In general, approximately 0.500 g of Nal, 0.823 g of NaAlO,, and 0.601
g of SiO, were mixed in 11.25 mL of deionized water (DIW).

One-variable-at-a-time experiments were conducted to investigate each effect as
summarized in Table I. For the NaOH concentration variation study, a different
amount of NaOH was mixed with addition of 3.75 mL of DIW to the initial 11.25 mL
solution. In other words, 4 M, 8 M, and 11 M in Table I mean adding 3.75 mL of
those NaOH concentrations, and the mixed solutions have NaOH concentration of 1
M, 2 M, and 2.75 M respectively. Roughly 15 mL of the mixed solution was put in an
autoclave (Parr 200 mL acid digestion vessel) and placed in an oven at 180°C for 2
d. For the aging time variation study, samples were in an oven at 100°C for 1-20 d.
Two sets of samples with either O or 11 M NaOH concentration were synthesized.
For the temperature variation study, three samples were synthesized at 100°C,
140°C, or 180°C, covering the typical hydrothermal process temperature range for
sodalite minerals [22-25]. For the Al/Si ratio study, an excess amount NaAlO, or
SiO, was added to the initial stoichiometric solution to make the Al/Si ratio equal to
1.5 or 0.5. Therefore, for Al/Si ratio equal to 1.5, it is not just excess Al but also Na.
For the precursor concentration study, a dilution was performed by adding 15 mL or
30 mL of extra DIW to the previously mixed solutions. The diluted solution was
heated at 180°C for 2 d. After processing, all the synthesized samples were washed
3 times for 5 min each using a centrifuge at 9000 rpm then subsequently dried at
90°C overnight.

XRD and Rietveld analysis were performed on synthesized samples. XRD spectra
were obtained using a PANalytical X’Pert Pro MPD (The Netherlands). Scans were
performed with a Cu-Ka X-ray source at 45 keV and 40 mA in the range of 10-90°
26 with 0.002° 26 step and 11-s dwell. For Rietveld analysis, samples were doped
with 10 mass% NIST SRM-674b (ZnO) as an internal standard to quantify phases
and crystalline fraction, and subsequently analyzed using Highscore software
(PANalytical).

TABLE 1. One-variable-at-a-time synthesis conditions

Variable Precursor Added Aging Temperat | Al/Si Extra

Experiment ratio NaOH time (d) ure (°C) ratio water
concentrati added
on (M)* (mL)

NaOH conc. | stoichiometric | O, 4, 8, 11 2 180 1 0

variation

Aging time | stoichiometric | 11 1, 5, 10, | 100 1 0

variation 20

Aging time | stoichiometric | O 1, 5, 10, | 100 1 0

variation 20
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Temperature stoichiometric | 11 2 100, 140, | 1 0
variation 180

Adjusting Al/Si | not 11 2 180 05, 1,|0

ratio stoichiometric 1.5

Precursor stoichiometric | 11 2 180 1 0,15,30
concentration

* 3.75 mL of X M NaOH is added where X=4, 8, or 11.

RESULTS

NaOH Concentration Variation Study

The effect of NaOH concentration on product yield was investigated by adding 3.75
mL of different NaOH concentration solution to 11.25 mL of stoichiometric solution.
XRD patterns and phase mass percentages are shown in Fig. 2. As NaOH
concentration increased, more iodide sodalite was formed, and overall crystalline
fraction increased. Also, it can be seen that major peaks of analcime 1C phase
(NaAlSi,04-H,0) at 25.9°(26) and hydrosodalite phase [Nag(AlSiO4)s2(H>0)(0OH):]
at 14°(20) decreased as the NaOH concentration increased. It should be noted that
iodide sodalite and hydrosodalite have several similar peak positions such as near
14° and 24°, which were taken into account during refinement. However, it can be
seen that higher NaOH concentration favored iodide sodalite formation as a
decrease in the intensity of the peak at 14°(28) mainly reflects the decrease in
hydrosodalite yield.

a |
100 _ IAA e
2 80 =
= 60 o 4M
8 40 g oM
o c
£ W B £ l| - ISOD
o =
oM 4 M BM 11 M | L . -~ HS50D
MNaOH concentration _LA_J_L«_-«_-_...-_M_N Analcime 1C
SO0 mHSOD » Others ™ Amorphous 20 0 &l

2 0 (deg)

Fig. 2. (@) Phase wt% distribution for different NaOH concentration. ISOD and HSOD
denote iodide sodalite and hydrosodalite respectively. (b) Normalized XRD patterns of
synthesized minerals and reference phases (ISOD ICSD# 41193, HSOD ICSD# 413496, and
analcime 1C ICSD#15811)

Aging Time Variation

The study of the effect of aging time involved 2 sets of samples, one with and one
without added NaOH. The mixed solutions were aged at 100°C for 1, 5, 10, or 20 d.
Longer aging time resulted in higher iodide sodalite yield as shown in Fig. 3. For 20
d of aging with 11 M NaOH, the synthesized mineral was almost pure iodide sodalite,
but about half of the sample was amorphous based on Rietveld analysis.
Synthesized minerals without NaOH were mainly zeolite A and zeolite P1, and
almost no sodalite phase was present regardless of aging times. Zeolite A formation
at 90°C was observed in other studies when NaOH concentration was low [22], thus

4
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it is not surprising that zeolite A was observed at 100°C in experiments without
added NaOH. The transformation of zeolite to sodalite can be seen between the 1-d
and 5-d samples, and this zeolite-sodalite phase transformation was observed in
other studies [22]. It should be noted that the colloidal SiO, precursor does contain
some NaOH in the liquid containing the colloidal particles, and the pH of this
solution was 9.0.

I M| 20d
(a) (b) |
100 _ | P E—— 1 ]
80 3 A
[+:]
a‘; s 5d
BO =
2 2 ' id
£ w0 g |
& E [ 1500
20
; 1 l | - I A « HSOD
1 s§ 1w 20 1 § 10 20 LL._.J_L.L_L_J i e
11 M Days Mo MaOH 20 40 60
®|S0D ®wHSOD wZeolite ®Others = Amorphous 2 0 (deg)

Fig. 3. (@) Phase wt% for aging time variation on 11 M and no NaOH samples. (b)
Normalized XRD patterns of 11 M NaOH samples and reference phases (zeolite A ICSD#

183702).

Temperature Variation
The temperature variation study consisted of samples produced at 100°C, 140°C,

and 180°C with 11 M NaOH and 2 d aging time. Higher temperature generally
resulted in higher iodide sodalite yield (Fig. 4). The 140°C sample showed the
highest yield, but it was very similar to that of 180°C. Lower processing
temperatures favored formation of hydrosodalite. Crystalline fractions were similar

for all 3 temperatures.

(a) (b) J
o 180 °C
100 = I
= 80 ; —_— 140 °C
% oo = | .
o 5 100 *C
@ 40 % |
= —
0 2g £ ! L IS0D
o | | L :
100 140 180 . e , HS0D
Temperature {°C) 20 40 60
5 |SOD = HS0D ™ Other ® Amorphous 2 6 (deg)

Figure. 4. (a) Phase wt% for temperature variation. (b) Normalized XRD patterns of
synthesized mineral and reference phases.

Adjusting Al/Si Ratio
The effect of the AI/Si ratio on the product was investigated by adding excess

NaAlO, or SiO; to initial stoichiometric solution to make the Al/Si ratio equal to 1.5

5
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or 0.5. Excess Na and Al favored the formation of hydrosodalite, whereas the
excess Si favored the formation of the cancrinite, Naz7 34 (AlISiO4)s(OH)1.68(H20)7 56,
as shown in Fig. 5. Crystalline fractions changed minimally among the different
Al/Si ratios.

(a) (b) J
100 1 Py (R A__ = ~ 18
%‘u 80 = _,_A_Jt___ﬁ_a_ﬂk_ﬂ_d_ 1
60 L
3 = l 0.5
::% g B § s l . s IS0D
20 | =
I £ l [ I i » HSOD
o | |
15 1 05 _L_LI—LLLLL‘-A—_-A_M-A_ : . CAN
Al/Si rafio 20 40 60
1SOD = HSOD = CAN = Amorphous 2 6 (deg)

Figure. 5. (a) Phase wt% for different Al/Si ratio. (b) Normalized XRD patterns of
synthesized samples and reference phases; CAN denotes cancrinite (CAN ICSD# 411486).

Precursor Concentration
The effect of precursor concentration variation was investigated by adding extra

DIW to the initial stoichiometric solution. Three samples were synthesized at 180°C
with the total amounts of DIW equal to ~15 mL, 30 mL, or 45 mL. Lowering
precursor concentration favored the formation of hydrosodalite and nepheline
hydrate 1, Nasz(Als:Siz;012)(H20), a “JBW” framework zeolite [26, 27]. This result is
consistent with other studies where lowering NaOH concentration favored nepheline
hydrate 1 formation over sodalite at 200°C [27]. Although the current work
involved lowering all precursor concentrations including NaOH, the effect should be
relevant when lowering NaOH concentration alone. Also, it should be noted that
with similar conditions but at a lower temperature around 100°C, lowering
precursor or NaOH concentration favored the formation of zeolite A.

@ (5 THRYE | O S
o S o aomL
E‘g * ‘E 15mL
g | 2 |
E 40 g L . - ISOD
o, __l l | s+ HSOD

15 a0 45 J-Lk—l-——l——l*—u--—-——~ , , . NH 1

DIW (mL) a0 40 &0
# |SOD = HSOD = NH-1m Other m Amorphous 2 0 (deqg)

Fig. 6. (@) Phase wt% for precursor concentration variation. NH 1 denotes nepheline
hydrate 1. (b) Normalized XRD patterns of synthesized samples and reference phases (NH
1 ICSD# 17069)
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Model for Optimal Synthesis Condition

Using all the data of one-variable-at-a-time variation experiments with JMP
software (version 11, SAS), the model for optimal synthesis condition to maximize
iodide sodalite yield was designed. All the variables were input as continuous
variables. Among the five process variables, Al/Si ratio was not used because it was
determined to be less significant according to the software algorithm. The model
predicted optimal conditions for maximum iodide sodalite yield was at 11 M NaOH
concentration, 20-d aging time, 155°C processing temperature, and without
dilution. The interaction profile diagram at the optimal condition is shown in Fig. 7.

&0

o 180 180 180 _
2 ' temperature 100 100 100 -g
a = 3

10 2

a a

=20 20 20

40
o ¥ :
8 a ! aging 1 1 g
= 1

a

i 11 11

w0 0 > 0 0 g
o i MNaOH conc. T
w 10 g

o .

215 i5 15

= 45 45 45
8 o diuion  ©
w g

10

o

8 RS9 EE ©oepR °Nvemouw spmamces

Fig. 7. Interaction profile diagram for the optimal hydrothermal condition when using
NaAlO,, SiO,, Nal, and NaOH within given experiment ranges.

CONCLUSIONS

Five process variables were investigated to determine their relationship to iodide
sodalite formation. Increased in NaOH concentration, temperature, and aging time,
in general, resulted in higher iodide sodalite yield. Excess Si/Al favored cancrinite
formation whereas excess sodium and aluminum favored hydrosodalite formation.
Lowering precursor concentration yielded the nepheline hydrate 1 phase at the
180°C synthesis temperature. The synthesis without NaOH at 100°C favored zeolite
A formation. The formation of zeolite A before sodalite in the aging experiments
suggests that zeolite A is a precursor phase. High NaOH concentration, longer aging
time, and higher precursor concentration produced higher overall crystalline
fraction (lower amorphous content). By contrast, temperature and Al/Si affected
the crystalline phase distribution but not so much the overall crystal fraction within

7
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the tested range. A model for optimal conditions for iodide sodalite was designed,
and it agreed with the general trends seen in one-at-a-time variation experiments.
This model can be helpful for hydrothermal synthesis when using NaAlO,, SiO,, and
Nal precursors with NaOH.
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Abstract

The effects of six process variables were investigated on the hydrothermal growth
of iodosodalite, NagAleSicOo4I>: pH (NaOH concentration), aging time, tempera-
ture, Al/Si ratio, precursors used (i.e., zeolite 4A, kaolinite, meta-kaolin, colloidal
silica, and sodium aluminate), and precursor concentration. Powder X-ray diffrac-
tion (XRD) with Rietveld refinements, X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy
(SEM) were performed to characterize the structures, phase fractions, chemical
state, and surface morphology of the synthesized products. Iodosodalite yield
increased as aging time and pH increased. The crystallization of iodosodalite was
favored in the temperature range 140°C-180°C. Decreasing the Al/Si ratio by half
increased the crystallization of basic cancrinite. Lowering the precursor concentra-
tion by adding water revealed the crystallization of nepheline hydrate I and a
decrease in the sodalite fraction. Among the tested precursors, zeolite 4A yielded
the highest mass fraction of iodosodalite in the synthesized powders. From the
aging time and temperature variation experiments, the phase transformation of
zeolite A—sodalite—cancrinite was observed. XPS and FTIR results showed the
presence of only iodide but not iodate in the synthesized product. The crystalliza-
tion of various minerals suggests that mechanisms for transport of the ions and

formation of the aluminosilicate frameworks vary with hydrothermal conditions.

KEYWORDS
FTIR, hydrothermal, iodosodalite, sodalite, XPS, XRD

six-membered rings that comprise the aluminosilicate frame-
work known as the B-cage as shown in Figure 1. Tetrahedra

Sodalite is a microporous material with a cage-like structure
that can incorporate various ions, and it has been studied for
many industrial applications including nuclear waste
forms,'™ optical data storage,”® and semiconductor quantum
dots.”® Sodalite has a generic chemical formula of
M;gAlgSicO0,4X, often written as Mg(AlSi04)gX,, where M
represents a cation (eg, Nat, Ag", Ca™, Li") and X repre-
sents an anion (eg, C1, I", OH™, I057). In the general soda-
lite structure, AlO, and SiO, tetrahedra are connected
through shared oxygen atoms and form four-membered and

of the B-cage formed by other 3+ and 4+ ions (eg, B**, P**,
G>*, Ge*™) with oxygen are also reported in the literature.”'°
The B-cage typically incorporates four cations that are tetra-
hedrally coordinated to an anion at the center of the cage.
However, anion-free B-cages have been observed, such as in
hydrosodalite, Nag(AlSiO4)¢-8H,0, which contains only
three sodium cations to balance the charge. The lattice con-
stant of sodalite, which is directly related to the size of the -
cage, is dependent on the elements of the framework, sizes
of cations and anions, and temperature.'’

J Am Ceram Soc. 2017;100:2273-2284.
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FIGURE 1 A, Structure of the B-cage for iodosodalite shown without oxygen atoms. B, The B-cage of iodosodalite shown with oxygen

atoms forming tetrahedra around Al and Si. C, The stacked structure of sodalite with respect to the unit cel

not to scale [Color figure can be viewed at wileyonlinelibrary.com]

1.1 | Todosodalite

Since I incorporates into sodalite, the nuclear waste com-
munity has considered sodalite as a vehicle for immobiliz-
ing radioactive iodine-129 in the B-cage.®'*”'* This is an
attractive option because of the feasibility of synthesis at
low temperatures (<200°C) to control iodine volatility and
because the aluminosilicate framework of the sodalite is
compatible with glass matrices used to encapsulate the
sodalite crystallites. In addition, chlorosodalite, NagAlg.
Sig0,4Cly, has been studied extensively and has been pro-
posed as the baseline mineral for the spent electrochemical
salt waste that would be produced when reprocessing used
nuclear fuel via the pyrochemical method.'*'® Todosodalite,
NagAlgSicOo4L,, has an iodide and four sodium cations in
the P-cage with a lattice constant of 9.009 A A discrep-
ancy exists in the symmetry of the cubic space group
reported for iodosodalite in the literature, such that one
study showed the disordered positions of Al and Si result-
ing in 743m symmetry,'” whereas most other studies
favored the ordered positions of Al and Si with P43n sym-
metry,®1°
sodalites.
Iodosodalite is typically synthesized by high-tempera-
ture solid-state routes or lower temperature aqueous routes,

the space group usually proposed for other

such as hydrothermal or wet chemistry methods. Typical
solid-state synthesis requires around 800°C,% but the
volatility of iodine occurs at similar temperature resulting
in substantial loss of iodine.>?° Also, longer synthesis
times at 850°C showed the transformation of sodalite to
nepheline in the case of chlorosodalite.?'

The formation of aluminosilicate frameworks under
hydrothermal conditions gelation, dissolution,
nucleation, and crystallization as shown in Figure 2.%* The
precursors form amorphous hydrogels and subsequently
dissolve in the presence of a mineralizing agent such as

involves

1.4? Note that the radii of atoms are

Gelling 50-300 °C
H,0
Precursors _— Amorphous

Hydrol-gel

Dissolution
. Mineralizing
Structuring i
Agent: Agent: OH-, F
Na*, K*, H,0, etc.
Nucleation/ <:>
Zeolite Crystal Crystallization Building Units

FIGURE 2 Hydrothermal synthesis of zeolite crystal (modified
from Derouane et al.??) [Color figure can be viewed at
wileyonlinelibrary.com]

OH"™. Various species separated in the solution will form
into different sizes of nuclei and reach critical size during
an induction period. After the induction period, crystal-
lization occurs rapidly.”> Structuring agents such as Na*
ions and water influence the formation of various crystals
depending on the process variables.”> Therefore, a small
variation of synthesis conditions when using the
hydrothermal processing route can yield various pure or
co-crystallized zeolitic framework minerals such as soda-
lite, cancrinite [Nag(AlSiO4)s(OH),-3H,0], nepheline
hydrate 1 [Naz(AlSiO4)3-H,O], and zeolite A [Naj,
(AlSiO,),,-27H,0].>+

1.2 | Competing minerals to iodosodalite

Previous studies have shown that the hydrothermal route
with a stoichiometric ratio of the precursors usually yields
iodosodalite with other minerals including hydroxysodalite
[Nag(AlSiO4)6(OH),-2H,0], cancrinite, nepheline hydrate I,
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zeolite A, and analcime [NaAlSi,O¢s-H,0], depending on
the synthesis corldition;14 the framework structures of these
minerals are shown in Figure 3. Cancrinite and sodalite are
classified as feldspathoids, which have the same alumi-
nosilicate framework structure as some zeolites but without
water.”>*® Analcime and nepheline hydrate I are zeolites
which are defined as crystalline and hydrated aluminosili-
cates typically containing group I and II elements and com-
posed of AlO4 and SiO, tetrahedra.”® Although there is a
distinction between zeolite and feldspathoid, water-contain-
ing sodalite such as hydroxysodalite is sometimes consid-
ered a zeolite in the literature.”*° Feldspathoids containing
water can be fit in the definition of zeolite if they have ion
exchange properties.”

When performing the hydrothermal synthesis route for
making iodosodalite, the most competing mineral is
hydroxysodalite. Since hydrothermal synthesis involves
NaOH and water, OH™ anions and H,O can be incorpo-
rated into the B-cages. The “hydro-sodalite” system has
several different chemical formulas associated with the
name including Nag(AlSiO4)s(OH),-xH,O with 2<x<4,
Nag(AlSiO4)6-xH,O with 6<x<8, and Nag(AlSiO4)s(OH),
with x=2 or 4,3 1734 \where they are often distinguished as
hydroxysodalite, hydrosodalite, and hydroxylsodalite,
respectively. Buhl® reported the presence of OH™ and
water in the B-cages regardless of an excessive amount of
NalOj precursor in their hydrothermal synthesis of iodate
sodalite.

The generic chemical formula of the basic cancrinite is
Nag(AlSiO,4)s(OH),-3H,0O. However, various alternative com-
positions have been reported in the literature including Nag
(AISiO4)6(OH)204(H20)266°°  Nag 14(AlSiO4)6(H:0) 457,
Nay 34(AlSiO4)6(OH); 65(H20)7.56.°"  and  Nag 6(AISiO4)s
(OH)1462(H20)25.39 The cancrinites are hydrothermally
synthesized in a wide range of temperature between
90°C and 500°C.*° Studies have shown that sodalite

Cancrinite

Analcime

FIGURE 3 Building units and frameworks of sodalite,

cancrinite, analcime, zeolite A, and nepheline hydrate I (modified

142

from Baerlocher et al."”) [Color figure can be viewed at

wileyonlinelibrary.com]
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transforms into cancrinite with longer aging time, higher
temperature, and higher precursor concentration.'**3%4!

Nepheline hydrate I, also known as JBW, after Na-J with
Barrer & White,*” is often co-crystallized with more stable
products such as cancrinite and sodalite.® The general chem-
ical formula of nepheline hydrate I, Nas(AlSiO4);-xH,0,
with different amount water as x=1, 1.5, 1.8, and 2, has been
reported in the literature®**° but the transformation path has
not been clearly established yet. Lin et al.** reported the
phase transformation from zeolite A to nepheline hydrate I,
whereas Rios et al.?” proposed the possibility of transforma-
tion from cancrinite to nepheline hydrate 1.

Zeolite A, also known as LTA for Linde Type A,42 is
known to be an intermediate phase between an amorphous
gel and sodalite, and its formation requires relatively low
temperature (<90°C)."*' Analcime can have a variety of
crystallographic structures under different hydrothermal
conditions including triclinic, monoclinic, orthorhombic,
tetragonal, cubic, and hexagonal systems. Ghobarkar
et al.*® showed that analcime with different crystal symme-
tries can be controlled by using specific temperature ranges
between 80°C and 650°C at a constant pressure.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials

Sodium iodide (Nal certified grade, Fisher, Waltham, MA,
USA), sodium aluminate (NaAlO,, Strem Chemicals, New-
buryport, MA, USA), colloidal silica (SiO, LUDOX HS-
40, Sigma Aldrich, St. Louis, MO, USA), sodium hydrox-
ide (NaOH certified ACS grade, Fisher), zeolite 4A
(NajAl5S11,048 xH,O, W.R Grace & Co., Columbia,
MD, USA), and kaolinite (Al,Si,Os(OH)4 natural, Sigma
Aldrich), were used as-received. Meta-kaolin (Al,Si,O5)
was synthesized by heat-treating kaolinite at 850°C for
17 hours. The water content in zeolite 4A was found to be
7.5 mass% by thermogravimetric analysis. Deionized water
was used for all experiments.

Colloidal silica was selected as the silica source over
powdered silica based on preliminary hydrothermal synthe-
sis experiments of iodosodalite. The colloidal silica con-
tained some NaOH and has pH of ~9. All the precursors
were analyzed under XRD showing the dried colloidal sil-
ica as amorphous, meta-kaolin as mostly amorphous, and
other precursors as crystalline and phase-pure.

2.2 | Hydrothermal synthesis

For the pH, aging time, temperature, Al/Si ratio, and pre-
cursor concentration variation experiments, Nal, NaAlO,,
and colloidal SiO, were used as precursors, and NaOH was
used as a mineralizing agent. The stoichiometric molar
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ratio of Nal:NaAlO,:Si0, was 1:3:3 for iodosodalite syn-
thesis. In general, initial solutions were prepared by mixing
0.500 £ 0.007 g of Nal, 0.823 £+ 0.006 g of NaAlO,, and
0.601 £ 0.008 g of SiO, from colloidal silica in 10.75 mL
of water. One-variable-at-a-time experiments were con-
ducted to investigate the effect of each variable as shown
in Table 1.

Detailed synthesis conditions of the NaAlO, experiments
are as follows. For the pH variation experiment, 0, 0.6, 1.2,
or 1.65, all £0.006 g, of NaOH were dissolved in 3.75 mL
of water, then these solutions were added and mixed into
the initial solutions of sodalite precursors, resulting in total
precursor solution pH of 13.2, 13.6, 13.9, and 14.0, respec-
tively. Approximately 15 mL of the mixed solution was
poured into an autoclave (200 mL acid digestion vessel,
Parr Instrument Company, Moline, IL) and placed in an
oven at 180°C for 2 days. For the aging time variation
experiment, two sets of solutions with or without NaOH
(1.65 g) were prepared. Four solutions were placed in an

oven at 100°C for 1, 5, 10, and 20 days for each set. For
the temperature variation experiment, four solutions were
prepared and placed in an oven at 100°C, 140°C, 180°C,
and 200°C for 2 days, covering typical hydrothermal pro-
cess temperature for sodalite minerals."**"*” For the Al/Si
ratio experiment, the excess amount of NaAlO, or SiO, was
added to the initial stoichiometric solution to make the Al/
Si ratio equal to 1.5 or 0.5. Therefore, in obtaining the Al/
Si ratio of 1.5, it resulted in excess Al and Na. For the pre-
cursor concentration experiment, the total amount of water
was adjusted to 7.5, 14.5, 29.5, or 44.5 mL of DIW, and
the solutions were placed in an oven at 180°C for 2 days.
To compare the yield of iodosodalite synthesized from
the commonly used precursors in the literature, four sam-
ples of iodosodalite were hydrothermally grown using
kaolinite, meta-kaolin, zeolite 4A, or sodium aluminate
plus colloidal silica, all under the same process conditions.
The synthesis conditions include the stoichiometric ratio of
precursors, temperature of 180°C, 2 days of aging,

TABLE 1 Hydrothermal synthesis conditions for parameter variation experiments (pH, aging time, temperature, Al/Si ratio, and precursor

concentration). “ND” means that the data for that entry was not determined

Molar composition of reactants

No. Experiment Nal NaAlO, SiO,
1 pH (NaOH) Variation 1.0 3.0 3.0
2 1.0 3.0 3.0
3 1.0 3.0 3.0
4 1.0 3.0 3.0
5 Aging time variation with NaOH 1.0 3.0 3.0
6 1.0 3.0 3.0
7 1.0 3.0 3.0
8 1.0 3.0 3.0
9 Aging time variation without 1.0 3.0 3.0
10  NaOH 10 3.0 3.0
11 1.0 3.0 3.0
12 1.0 3.0 3.0
13 Temperature variation 1.0 3.0 3.0
14 1.0 3.0 3.0
15 1.0 3.0 3.0
16 1.0 3.0 3.0
17 Al/Si Ratio variation 1.0 3.0 3.0
18 1.0 3.0 6.0
19 1.0 45 3.0
20 Precursor concentration variation 1.0 3.0 3.0
21 1.0 3.0 3.0
22 1.0 3.0 3.0
23 1.0 3.0 3.0

Excess H,O0 Aging time T Si/
NaOH (mL) pH (@@ ©C) Al
0.0 14.5 132 2 180 1
4.5 14.5 136 2 180 1
9.1 14.5 139 2 180 1
12.5 14.5 140 2 180 1
12.5 14.5 ND 1 100 1
12.5 14.5 ND 5 100 1
12.5 14.5 ND 10 100 1
12.5 14.5 ND 20 100 1
0.0 10.8 ND 1 100 1
0.0 10.8 ND 5 100 1
0.0 10.8 ND 10 100 1
0.0 10.8 ND 20 100 1
12.5 14.5 ND 2 100 1
12.5 14.5 ND 2 140 1
12.5 14.5 ND 2 180 1
12.5 14.5 ND 2 200 1
12.5 14.5 ND 2 180 1
12.5 14.5 ND 2 180 0.5
12.5 14.5 ND 2 180 1.5
12.5 7.5 ND 2 180 1
12.5 14.5 ND 2 180 1
12.5 29.5 ND 2 180 1
12.5 44.5 ND 2 180 1
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10.75 mL of water, and addition of 3.75 mL of
11 mol-L™" NaOH solution. After the hydrothermal pro-
cess, all the synthesized samples were washed three times
for 5 minute each using a microcentrifuge at 9000 rpm
then subsequently dried at 90°C overnight.

2.3 | Characterization methods

XRD (X’Pert Pro MPD, PANalytical, Almelo, Netherlands)
spectra were obtained for phase identification and quantifi-
cation. Three consecutive XRD scans were performed with
a Cu-K, X-ray source at 45 kV and 40 mA in the range of
5° to 90° 20 with 0.008° 26 step and 11 seconds of dwell-
ing time per step, and the intensities added. For Rietveld
analysis, samples were doped with ~10 mass% of NIST
SRM-674b ZnO as an internal standard to quantify phases
and crystalline fraction, and subsequently analyzed using
Highscore software (PANAlytical). The refined parameters
include U, V, and W for the width, preferred orientation
for the relative peak heights for different planes, the unit
cell, and the sample height (see Supplementary for more
details). The weighted profile R values ranged from 5.68%
to 11.17%, and the goodness-of-fit values ranged from 0.89
to 3.06 (see Supplementary). SEM (XL-30 field emission
SEM and Quanta 200F, FEI, Hillsboro, OR, USA; JSM-
7001F field emission, JEOL, Tokyo, Japan) micrographs
were obtained to observe the surface morphology. The sec-
ondary electron and through the lens detectors were used
with the acceleration voltage of 5-15 kV. XPS (Axis 165,
Kratos, Manchester, UK) spectra were obtained to under-
stand the chemical state of elements in sodalite. An Al-K,
X-ray source was used at 156 W with 0.15 eV step and
0.3 seconds of dwell time per step, and spectra from two
repeated scans were added. FTIR (Thermo Nicolet 6700
spectrometer, ThermoFisher, Waltham, MA, USA) spectra
were obtained from 400-4000 cm ™' using 64 co-adds with
a resolution of 4 cm™'. Sample was added to KBr at a con-
centration of ~0.5 mass% and pressed into pellets for mea-
surement.

3 | RESULT AND DISCUSSION

3.1 | Products

The products from the hydrothermal synthesis were usually
co-crystallized minerals depending on the process condi-
tions. Although the pure iodosodalite within the crystalline
fraction was synthesized, it was not possible to synthesize
pure iodosodalite without amorphous fraction using the
methods described here. The amorphous fraction of the
hydrothermally grown sodalite is often ignored in the litera-
ture, but this study showed that all the synthesized products
contained >40 mass% of the amorphous fraction. Among all
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the synthesized powders, Sample 8 (see Table 1) had the
highest iodosodalite fraction of 54.5 mass% with the rest
being amorphous. The mass% of various phases synthesized
in process variable experiments are summarized in Figure 4.
The error on the phase mass% was estimated to be
£0.06 x the mass% value for major phases (~40-50 mass%)
and £0.076 x the mass% for minor phases (~12-15 mass%)
(see Supplementary for details). Most of the products con-
tained some fraction of hydroxysodalite suggesting the pres-
ence of P-cages that were empty or filled with OH™ and
H,O. It is not clear from the XRD analysis if the iodosodalite
and hydroxysodalite are in the mixed phase such that I and
OH™ are randomly distributed in the P-cages, or whether
they are separate microscopic phases, and further investiga-
tion will be performed to confirm. Other mixed sodalites
have been reported in the literature, but the experimental evi-
dence is unclear as to how these guest anions are dis-
tributed,*” *° particularly since evidence in mixed halide
sodalites indicates the presence of both near ideal miscibility
(CI/Br and Br/I) and domain segregation (CYD.*" 1t should
be noted that the XRD patterns of iodosodalite and hydrox-
ysodalite have several similar peak positions such as near
14° and 24°. The coexistence of the B-cages containing either
OH™ or I was observed in two ways. First, XRD patterns
showed that increase in the peak intensity around 14°, the
second major peak position of hydroxysodalite, was
observed with increase in hydroxysodalite fraction in pH and
aging variation experiments (see Supplementary for details).
Second, a refinement test showed that fitting with both
iodosodalite and hydroxysodalite resulted in better weighted
R and goodness-of-fit values compared to fitting only with
iodosodalite or hydroxysodalite. Figure 5 shows an example
of fitted peaks using both iodosodalite and hydroxysodalite.
For iodosodalite, the crystallographic information files used
to refine the data in this study utilized the P43n space group
because it provided a better fit to the data. Other phases,
including analcime, cancrinite, zeolite A, and nepheline
hydrate I, were observed within the tested range as shown in
Figure 6, and conditions promoting their formation are dis-
cussed in the next section.

The morphology of iodosodalite has polycrystalline fea-
tures as shown in images in Figure 7. This suggests that
iodosodalite nucleates and crystallizes on pre-existing crys-
tallites under suitable conditions. The crystallite size of
iodosodalite was estimated to be 25-80 nm by XRD analy-
sis, but as seen with SEM analysis, these crystallites tend
to agglomerate into larger clusters. The sodalite crystallites
observed with SEM show various sizes, generally
<500 nm. All the iodosodalite synthesized with different
precursors show the same polycrystalline morphology.
Maddrell et al.> observed similar morphologies in their
hydrothermally grown iodosodalite. The characteristic fea-
tures of sodalite, cancrinite, and zeolite A are shown in



mjourna! CHONG i1 .

feAmerican Ceramic Society

100 T 100 : : 100 T
(A) pH (NaOH) Variation (B) Aging Time (¢) Temperature Variation
801 ™ go{  Varation with NaOH 80
2 oo T e
= 40- Y| = 201 N
8 / 8 e
o 201 0O 20 " ~
———————————— a--A o
0_ '.T:.—:7.;?.‘.‘.'.'.'.‘.*'.‘:TA--.vH._,_i._.!_;_.______I- 0_ ./('\-_,_, ” __,_______I__'_‘__—_;I- 0 P ;77777+77'777;77777./
132 134 136 13.8 14.0 0 5 10 15 20 100 120 140 160 180 200
pH Aging Time (d) Temperature (°C)
100 100 -
(D) Al/Si Ratio Variation (E) Precursor Concentration - 1SOD
80+ 80 Variation —A- HSOD
2 EN o —-@- CAN
@ 601 60 1
g .| o w —%— ANA
® 40 a | 8a0{*¥—K -@-LTA
8 e 2 R —p- NH |
Q 20 20 _ e S P S iy - W - Others
’ A-- A - s sk
B R , -l Amorphous
0— = ' T “* ...... T_._--'_‘-_. 0 - T hl’ - : T T T T T
04 06 08 10 12 14 16 5 10 15 20 25 30 35 40 45
Al/Si Ratio Water (mL)

FIGURE 4 Phase mass% distribution of variable experiments. The abbreviation for mineral names and associated ICSD numbers are the
following: iodosodalite as ISOD (71434), hydroxysodalite as HSOD (413496), cancrinite as CAN (28521), analcime as ANA (40451), nepheline

hydrate as NH I (17069), and zeolite A as LTA (263084) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Quantification of phase fractions in sample 15 using Rietveld method [Color figure can be viewed at wileyonlinelibrary.com]

A?73%31 and elon- iodosodalite. Higher pH yielded higher mass% of iodoso-
dalite and overall crystalline fraction. Although there is no
specific study on the effect of pH on the crystallization of
iodosodalite to the best of our knowledge, other studies on
3.2 | Effects of process variables on the the z§olites have shown pH as' 9ne of the maj'n. variables
synthesis ajffe;:glgggs 2the type and c0@p051t10n of cryﬁtall'lzmg mate-

rial.”>**°% The pH value influences the kinetics and the
polymerization equilibrium of the aluminosilicate reactant.
High pH decreases the induction period in the crystallization

Figure 7. The cubic crystallite of zeolite
gated®**® or lephispheric®’ crystallites of cancrinte have

also been observed in other hydrothermal studies.

The pH (NaOH concentration) variation study revealed
that pH is a crucial variable in the crystallization of
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of zeolites.>® Higher crystalline fraction of sodalite with
higher pH suggests that faster dissolution of the initial amor-
phous gel occurs, followed by polycondensation of the

O SOD
A ANA
o ¢ LTA
B CAN
@® NH |

Sample #1

Sano"nple#18 o
¥ ®a ) o srsmfoo

Sample #23
® o

2 0 (deg)

FIGURE 6 XRD patterns of synthesized samples showing co-

crystallization of sodalite and other phases. SOD, ANA, LTA, CAN,
and NH I denote sodalite, analcime, zeolite A, and nepheline hydrate
I respectively [Color figure can be viewed at wileyonlinelibrary.com]
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aluminosilicate framework and transformation from the
previous phase, possibly zeolite A, to sodalite. NaOH is
often used as a mineralizing agent to synthesize zeolite
framework minerals such as sodalite, cancrinite, and
nepheline hydrate I'*"*'2%* where the OH ™ aids in the
dissolution of the hydro-gel and reactants, and Na®*
strongly reorganizes surrounding water molecules.”” Wal-
ton et al.”> reported that higher NaOH concentration
resulted in faster transformation of zeolite A to hydrox-
ysodalite in their hydrothermal synthesis. In our study,
besides sodalite, analcime with cubic symmetry was pre-
cipitated at pH of 13.2 and 13.6; however, only a small
fraction was observed indicating that sodalite is more
stable within the given condition.

The effect of aging time variation was investigated on
the two sets of samples synthesized at 100°C for 1-
20 days, with or without the addition of NaOH. The sam-
ples synthesized with NaOH showed higher mass% of
iodosodalite with longer aging time. The 20 days sample
had ~50 mass% of iodosodalite with the other half amor-
phous. This trial achieved the highest iodosodalite fraction
among the synthesized powders, suggesting that aging time
is a critical variable. Between the 1 and 5 days samples,
the transformation of zeolite A to sodalite phase was
observed. Our results showed the co-crystallization of zeo-
lite A as the major phase and sodalite as the minor phases
in the 1 day sample, and that mostly sodalite phase was

FIGURE 7 SEM micrographs of (A) iodosodalite with higher magnification, (B) iodosodalite, (C) cancrinite, and (D) LTA
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formed by the 5 days sample. This indicated that transfor-
mation of zeolite A to sodalite occurred within 1 day and
almost completed by 5 days. Liu et al.' observed the trans-
formation of zeolite A to sodalite phase within 8 hours at
90°C. Rios et al.*' observed the transformation of zeolite
A —sodalite —cancrinite samples synthesized at
100°C for 6-120 hours. Our result along with previous
studies in the literature shows that transformation from
amorphous gel to zeolite A is an intermediate phase
between amorphous gel and sodalite. Iodosodalite phase
fraction the hydroxysodalite fraction
decreased as aging time increased. This indicates that there
is possible anion exchange occurring between OH™ and 1.
Once a larger I" anion is positioned inside the B-cage, it
would be less likely to be replaced by smaller OH™ anion.
This will cause increase in iodosodalite fraction with aging
time. More investigation will be performed to verify this
anion exchange. The powder samples synthesized without
addition of NaOH contained mainly zeolite A and zeolite
P1, Nag(AlgSi|0032)(H;0)15, as the major phases, and
almost no sodalite was present regardless of aging time.

To investigate the effect of temperature, four samples
were synthesized at 100°C, 140°C, 180°C, and 200°C
soak temperatures. The XRD results showed the highest
iodide fraction was obtained at 140°C and 180°C. At the
100°C, the formation of hydroxysodalite was favored,
whereas at 200°C the formation of cancrinite was
observed along with sodalite. This suggests that iodoso-
dalite formation would be maximized between 140°C
and 180°C. Higher yield of sodalite from 100°C to
140°C is due to the solubility of zeolite A and sodalite.
The solubility of both phases increases as the tempera-
ture increases, and zeolite A has higher solubility than
sodalite.® This will result in faster dissolution of zeolite
A and nucleation of sodalite. The crystallization of can-
crinite at 200°C indicates the phase transformation of
sodalite to cancrinite at higher temperature. Although the
sodalite is more thermodynamically
crinite,*
the higher temperature and longer aging time has been
observed in the literature."*****! The phase transforma-

in the

increased while

stable than can-
the transformation of sodalite to cancrinite at

tion of sodalite to cancrinite is believed to be a slow
solution-based mechanism involving the dissolution of
sodalite and subsequent formation of cancrinite in a lig-
uid medium.’® The effect of the Al/Si ratio in the pre-
cursors was investigated using three samples synthesized
with Al/Si ratio of 0.5, 1, and 1.5. The Al/Si ratio of
0.5 resulted in the formation of the cancrinite and a
decrease in sodalite fraction. The excess NaAlO, was
added to make the Al/Si ratio of 1.5, and the results
showed that the excess Na and Al favored the formation
of hydroxysodalite. The Al/Si ratio is known to control
the equilibrium state of precursors during synthesis, and

the composition of the crystallizing materials.’® Oleksiak
et al.”>’ reported that the Al/Si ratio influenced the nucle-
ation and the initial crystalline phase. A low Al/Si ratio
in the precursor is reported to help the crystallization of
basic cancrinite in hydrothermal synthesis, even though
basic cancrinite has a Al/Si molar ratio of 1.°®

The precursor concentration was varied by adding dif-
ferent volumes of water, and four samples were synthesized
with the water volume equal to 7.5, 14.5, 29.5, or
44.5 mL. Lowering the water amount increased the fraction
of iodosodalite, whereas increasing the water amount
revealed the formation of nepheline hydrate I, which was
consistent with Buhl et al.>> who showed that lower NaOH
concentration favored the formation of nepheline hydrate I
in their hydrothermal synthesis at 200°C. Rios et al.?’
reported the formation of nepheline hydrate I at 200°C but
none at 100°C. Lin et al.** observed the transformation of
zeolite A to nepheline hydrate I within 3 hours at 200°C.
Our NaOH concentration study at 180°C did not show the
presence of nepheline hydrate I at the lowest tested NaOH
concentration; however, lowering the overall precursor con-
centration, including NaOH, and synthesizing at 180°C
showed the formation of nepheline hydrate 1. Compara-
tively, the samples synthesized without any NaOH at
100°C favored the formation of zeolite A. These observa-
tions suggest that the crystallization of both zeolite A and
nepheline hydrate I favor the low precursor concentration,
but zeolite A is shown to crystallize at relatively low tem-
peratures, whereas nepheline hydrate I is only observed at
>180°C.

Four iodosodalite samples were synthesized using dif-
ferent commonly used precursors including sodium alu-
minate, colloidal silica, zeolite 4A, kaolinite, and meta-
kaolin, under the same conditions (180°C, 2 days of
aging, and Al/Si=1), and the resulting phase distributions
were compared. All the precursors except meta-kaolin
were used as-received. Meta-kaolin was synthesized by
heat-treating kaolinite at 850°C for 17 hours. The XRD
pattern of meta-kaolin showed mostly amorphous with
partial crystalline phases. The sodalite powder synthe-
sized from the zeolite 4A precursor had the highest
iodosodalite mass fraction among the four tested precur-
sors as shown in Figure 8. In all cases, the major crys-
talline  phase  was  iodosodalite,  followed by
hydroxysodalite; a small fraction of cancrinite was
observed in the samples synthesized with zeolite 4A,
kaolinite, and meta-kaolin.

3.3 | Chemistry of sodalite

XPS was performed on two samples with high iodosodalite
(sample 8) and high hydroxysodalite (sample 13) fractions
to understand the chemical state of sodalite. The measured
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FIGURE 8 Phase mass% of the product synthesized with
different precursors (N: NaAlO,+SiO,+NaOH+Nal, K:
Kaolinite+NaOH+Nal, M: Meta-kaolin+NaOH+Nal, and Z: Zeolite
4A+NaOH+Nal). Here, “ISOD” denotes iodosodalite, “HSOD”
denotes hydroxysodalite, and “CAN” denotes cancrinite [Color figure

Others [l Amorphous

can be viewed at wileyonlinelibrary.com]

peaks were adjusted according to C (ls) reference peak at
248.6 eV. The binding energy of I (3d5/2) was measured
at 619.1 eV which indicates I~ (618.4 eV>® and
618.7 eV®) but not I'* (623.5 eV>®) nor I'* (624.0 eV>?)
as shown in Figure 9 (see also Supplementary). This result
confirmed that the oxidation number of iodine in iodoso-
dalite samples is —1 as it should be. However, the mea-
sured binding energy for I (3d5/2) was 0.4 to 0.7 eV
higher than published iodine data for Nal. In order to check
the instrumental error, XPS on Nal precursor was per-
formed and showed the peak position of I (3d5/2) at
618.4 eV. The higher binding energy for I (3d5/2) in soda-
lite can be due to the difference in the structure. In

1 (3d5/2)
619.1
1(3d3/2)
630.4
3
s
2
1]
<
2
]
T T T T T T v T T T T
640 635 630 625 620 615 610

Binding Energy (eV)

FIGURE 9 XPS spectra of I (3d) in sample 8
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iodosodalite, I” is surrounded by four Na* cations forming
a tetrahedron at the center of the negatively charged
B-cage, whereas I in salt Nal is surrounded by six Na*
cations forming an octahedron. The distance between Na
and I in the B-cage is 3.12 A compared to 2.71 A for salt
Nal, which implies that the electrostatic force between Na
and I in sodalite is weaker than that of salt Nal. This will
result in higher binding energy for the electrons of iodide
in the sodalite as the less attraction force is exerted from
Na™ cation. In addition, the scanning step size makes the
accuracy of the measurement +0.15 eV. Although no
specific XPS study has been performed on iodosodalite to
the best of our knowledge, studies on zeolites have shown
that different structures resulted in shift in binding energies
for Si-0.°" The measured binding energies of sodalite sam-
ples (Na, Al, Si, O, I) compared with published data are
summarized in Table 2 (spectra are shown in Supplemen-
tary). The measured XPS result is valid for confirming the
oxidation state of iodine as there is a significant difference
(~5 eV) for the binding energies between iodide and
iodate.

FTIR was performed on three samples with different
iodosodalite and hydroxysodalite fractions as shown in
Figure 10. The result was in good agreement with pub-
lished data as shown in Table 3. O-H stretching bands
from water were observed ~3000 to 3700 cm ™', and higher
water content was observed in the sample with higher
hydroxysodalite fraction. The O-H deformation vibration
was observed ~1642 cm ™', and the hydroxyl OH ™ absorp-
tion band were observed ~3634 cm ' for samples with
hydroxysodalite. These water and hydroxyl absorption
bands have been reported in the literature.’*** The absorp-
tion bands due to impurity of CO5>~ were observed at 841
and 1440 cm™'. The peak between 840 and 880 cm ™' is
typically observed in COs>~ bearing cancrinite,”* and the
CO5;>~ band ~1450 cm™' region has been shown in
hydrothermally grown sodalite.”*®* This suggests that there
may be a small fraction of cancrinite phase in the samples.
In agreement with XPS, FTIR showed that there is no
iodate in the synthesized product. Buhl*® reported that a
significant vibration of iodate was observed at 775 cm ™'
for iodate sodalite, and this band was not observed in any
FTIR spectrum.

3.4 | Implications for nuclear waste
management

This study was focused on the effects of process variables
on the iodosodalite yield, and the result can be helpful to
optimize the iodosodalite yield using a hydrothermal
method. In a future study, the synthesized powders will be
mixed with glass binders and sintered to form a glass-
bonded waste form. The iodine fraction and chemical
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TABLE 2 XPS binding energies of sample 8, 13 and published data for hydroxysodalite. The measured binding energies were referenced to

C (1s) at 284.6 eV. “NA” means that data for that entry is not applicable

Phase mass%

Material ISOD HSOD Amorphous
Sample 8 52.6 0.0 474
Sample 13 9.7 48.0 42.3
HSOD®' NA
HSOD®* NA
Sample 13
5 Sample 4
s
=y
[7/]
<
3
E —
- Sample 8
Sample | 1SOD Mass % |HSOD mass % |Amorphous

13 9.7 48.0 42.3

4 41.6 13.6 44.8

8 52.6 0.0 47.4

. T ¥ T ¥ T g T ¥ T 5 T x T

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm"1)

FIGURE 10 FTIR spectra of sodalite samples with different
amount of iodosodalite (ISOD) and hysdroxysodalite (HSOD)
fractions, as shown in inset [Color figure can be viewed at
wileyonlinelibrary.com]

durability of the glass-bonded waste form will be character-
ized and compared to other iodine containing waste forms.
Though the focus in this study was to obtain the highest
fraction of iodosodalite in washed powders, the focus of

Binding energy (eV)

Na (1s)

Al (2p) Si 2p) O (1s) I (3d5/2)
1070.5 74.2 102.1 531.0 619.1
1070.5 74.5 102.1 530.9 618.8
Not stated 73.6 101.5 530.9 NA
1070.3 73.8 101.5 530.2 NA

the latter study will be to obtain the highest incorporation
of iodine in iodosodalite in unwashed powders after consol-
idation and heat treatment at low temperatures to prevent
iodine volatilization.

4 | CONCLUSION

The effect of six variables (pH, aging time, temperature,
Al/Si ratio, differing precursors, and precursor concentra-
tion) on the hydrothermal synthesis of iodosodalite was
investigated. Higher pH and longer aging time increased
the iodosodalite yield along with the overall crystalline
fraction within the tested range. The crystallization of
iodosodalite was favored in the temperature range between
140°C and 180°C. A lower water amount and Al/Si molar
ratio of unity yielded a higher mass% of iodosodalite (up
to ~50 mass%, with the remainder being X-ray amor-
phous). From aging time and temperature variation experi-
ments, the phase transformation of zeolite A —sodalite—
cancrinite was observed with longer aging time and higher
temperature, respectively. Among the tested precursors, the
product synthesized via zeolite 4A had the highest mass%
of iodosodalite. XPS and FTIR verified the presence of
iodide but not iodate.

TABLE 3 IR absorption bands of sample 4, 8, 13 and published data for several sodalite. “NA” means that data for that entry is not

applicable

Phase mass%
Material ISOD HSOD Amorphous
Sample 13 9.7 48.0 42.3
Sample 4 41.6 13.6 44.8
Sample 8 52.6 0.0 47.4
ISOD% NA
ISOD* NA
HSOD® NA
HSOD® NA
CISOD® NA
BrSOD® NA

Vibration Frequency of T-O bands (cm )

Vas (T-0) vs (T-0) 3 (0-T-0)
994 725, 702, 663 461, 430
995 730, 704, 661 462, 432
996 729, 704, 661 461, 431
997 728, 701, 661 462, 431
961 730, 697, 661 455, 420
not stated 731, 705, 660 465, 430
1096, 986 729, 701, 660 not stated
981 738, 713, 671 469, 437
986 733, 708, 667 465, 434
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Abstract

Immobilization of radioiodine (e.g., '*°I, 13'I) is an important need for current and future nuclear fuel
cycles. For the current work, iodosodalite [Nag(AlSiO4)sl,] was synthesized hydrothermally from
metakaolin, Nal, and NaOH. Following hydrothermal treatment, dried unwashed powders were used to
make glass-bonded iodosodalite waste forms by heating pressed pellets at 650, 750, or 850 °C with two
different types of sodium borosilicate glass binders, i.e., NBS-4 and SA-800. These heat-treated specimens
were characterized with X-ray diffraction, Fourier-transform infrared spectroscopy, scanning electron
microscopy, energy dispersive spectroscopy, thermal analysis, porosity and density measurements, neutron
activation analysis, and inductively-coupled plasma mass spectrometry. The pellets mixed with 10 mass%
of NBS-4 or SA-800 and heat-treated at 750 °C contained ~44-47 % retention of batched iodine with
relatively low porosities, while other pellets with higher iodine retention either contained higher porosity
or were not completely sintered. ASTM C1308 chemical durability tests of monolithic specimens showed
a large initial release of Na, Al, Si, and I on the first day, possibly from water-soluble salt crystals or non-
durable amorphous phases. Release rates of Na and Si were higher than for Al and I, probably due to a
poorly durable Na-Si-O phase from the glass bonding matrix. The cumulative normalized releases of iodine

for the identical specimens with different S/V values of 80 or 8 m! were 12.5 and 91.9 g/m? for the first 10
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1-d exchanges, suggestive of coherent dissolution. The average release rates of iodine from 10-24 days

during the 7-d exchange intervals were 0.23 and 1.29 g/m?/d for 80 or 8 m! respectively.

Keywords

lodosodalite; sodalite; glass ceramic waste form; glass composite material

1. Introduction

The disposal of radionuclides in stable waste forms is of great importance to the long-term safety of
humans and environment. These radionuclides can be released from a variety of processes including
medical isotopes, legacy nuclear wastes from Cold War weapons production, and reprocessing of used
nuclear fuel. During nuclear fuel reprocessing, several radionuclides are released from the fuel and some
enter the off-gas stream such '?I, which is very problematic due to its long half-life of 15.7 million years,
high mobility in the earth’s environment, easy incorporation into the human thyroid, and difficulty to
immobilize using traditional vitrification methods [1-5].

A process from generation to disposal of '?° requires both capture and immobilization. Several methods
have been proposed to capture iodine using solid sorbents and wet scrubbing. For solid sorbents, currently
planned or deployed methods to capture iodine are focused on usage of silver-loaded zeolite (AgZ) [6],
silver nitrate-loaded silica (AgS) [7], and silver nitrate-loaded alumina (AgA) [8]. For wet scrubbing
methods, commonly studied methods for iodine capture involve caustic scrubbing, Mercurex, electrolytic
scrubbing, and Iodox [9]. Among these methods, hydrothermal synthesis of iodine-containing minerals in
high pH solution can be useful for capturing iodine in the caustic scrubber solution. However, the caustic
scrubber solution contains various radionuclides, halides, and dissolved hydroxide-scrubbable species, e.g.,
CI, CO,, and NO,. Finally, it is a challenge to separate iodine effectively from other anionic species and
incorporate into a waste form structure with good chemical durability.

In this study, we demonstrate the immobilization of iodine in iodosodalite [Nag(AlSiO4)sl,] and provide

characterization of the waste forms. Waste form characterizations performed include X-ray diffraction
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(XRD), Fourier-transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), thermal analysis, porosity and density measurements, as well as chemical
durability using ASTM C1308-14 tests [10]. For iodine quantification, neutron activation analysis (NAA)
and inductively-coupled plasma mass spectrometry were utilized (ICP-MS).

2. Background

2.1 Sodalite

Sodalite is a microporous mineral, similar to zeolites, with an aluminosilicate B-cage in which various

ions can incorporate. The general chemical formula of sodalite is M 1; (A3 *B**0° " )6X 12_ where M and

X represent a cation and anion inside the B-cage, 4 represents the 3+ cations (typically Al’*), and B
represents the 4+ cations (typically Si*"), where 4 and B form the framework (through oxygen bridges), as
shown in Fig. 1. The M cations (e.g., Na*, Ag*, Cs*, Li*) [11-13] form a tetrahedron around the X anion
(e.g., I, CI, OH-, Br) [14, 15] at the center of the B-cage. In addition, 2+ cations (e.g., Mg?", Ca?*, Sr?",
Zn**) and 2- anions (e.g., SO,>, CO;>, MoO,*, CrO,*) have been documented [11, 16]. For the B-cage
framework, 3+ and 4+ ions (e.g., AI**, Ga’*, Si*", Ge*") [14, 17, 18] form 4O, or BO, tetrahedra that
comprise the four- and six-membered rings through shared oxygen atoms. Sodalite is classified as a
feldspathoid, although water-containing sodalite such as basic sodalite, Nag(AlSiO,)s(OH),(H,0),, can be
considered as a zeolite [19, 20]. The symmetry of the elements in the sodalite structure is generally
described with either the I43m or, more commonly, P43n space groups.

Sodalite can be synthesized through a variety of techniques such as hydrothermal and solid-state
methods. Hydrothermal synthesis is typically done in a basic solution at temperatures around 90-200 °C,
whereas the solid-state synthesis requires temperatures > 700 °C. For the hydrothermal method, controlling
the crystallization of a pure sodalite phase and the undesired incorporation of OH- into the B-cage is a
challenge [14]. The formation of hydroxysodalite can be avoided in the solid-state synthesis, but the

volatility of iodine and transformation of iodine to nepheline can occur [5, 21].
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Iodosodalite has been considered as a potential mineral to immobilize '*’I due to the ability to
incorporate halides in the P-cage, the viability of low temperatures (<200 °C) synthesis, and the
compatibility of the aluminosilicate framework with glass matrices. In addition, chlorosodalite
[Nag(AlSiO4)Cl,] is currently the proposed baseline mineral for the spent electrochemical salt waste in a
pyrochemical nuclear fuel recycling process [22, 23].

2.2 Glass ceramic waste forms

The glass-bonded iodosodalite waste form is a glass ceramic in which the iodine remains immobilized
within the crystalline sodalite phase contained within a sintered glass matrix. These types of glass ceramics
are sometimes called glass composite materials (GCMs) [24]. These waste forms generally require low
sintering temperature to avoid iodine volatility. Garino et al. developed a GCM using Bi-Zn-B-oxide glass
for Agl and Agl-zeolite [25] and Bi-Si-Zn-oxide glasses for Agl and Agl-mordenite [26] that were heat-
treated at 500 and 550 °C, respectively. The glass binder helps to reduce the porosity, immobilize the
radionuclide in its amorphous environment, and induce the crystallization of the targeted phase or phases
that encapsulate the radionuclide(s) [22, 27].

2.3 Glass binder selection

For the glass-bonded iodosodalite waste form, it is crucial to mix with a proper glass binder to form a
chemically durable GCM waste form at a sufficiently low sintering temperature to minimize the volatility
of'iodine. Glass binders for sodalite-based waste forms have been developed and studied for immobilization
of CI' in glass-bonded chlorosodalite [28, 29].

In one study by Riley et al. [29], a series of SA-### (Where ### = temperature, °C) glass binders with
only Na,O, B,0;, and SiO, as components where composition-property models were used to predict the
temperature at which the viscosity was ~ 100 Pa-s. The SA-### glass binders were designed for low
viscosities compared to NBS glass binders, to aid the densification of the waste form at lower temperature.
The glass-bonded waste form synthesized with SA-### glass binders had high sodalite fractions with

maximum densification occurring at 750-850 °C [29].
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In a subsequent study, Riley et al. [28] developed a series of Na,O-B,05-Si0, (NBS)-based glass binders
with additions of Al,O;, CaO, Li,O, and/or ZrO, and showed that the resulting glass-bonded waste form
contained high amounts of chlorosodalite. Each component of NBS glass binders was added for specific
reasons, including ~20 mass% Na,O to aid sodalite formation, ~5 mass% of Al,O; to increase the chemical
durability, ~5 mass% of ZrO, to have greater change in viscosity as a function of temperature [28, 30, 31].
The amount of B,03, Na,O, CaO, and Li,O were selected to control the transition temperature, thermal
expansion, viscosity, and chemical durability based on composition-property models [28, 32]. In the current
study, one NBS glass binder (i.e., NBS-4) and one SA glass binder (i.e., SA-800) were selected for
evaluation with iodosodalite to form glass-bonded iodosodalite for immobilization of I-.

3. Experimental methods

3.1 Hydrothermal synthesis of iodosodalite

lodosodalite was hydrothermally synthesized using the stoichiometric ratio of precursors. The respective
molar ratio of sodium iodide (Nal, Fisher, Waltham, MA, USA), metakaolin (Al,Si,0;), sodium hydroxide
(NaOH, Fisher), and deionized water was 1:1.5:3:21, according to the reaction shown in Equation (1).
Metakaolin was synthesized by heat-treating kaolinite [Al,Si,05(OH),, Sigma-Aldrich, St. Louis, MO,
USA] at 850 °C for 17 h. The precursor solution was magnetic stirred for 10 min, poured into an autoclave
(125 mL acid digestion vessel, Parr Instrument Company, Moline, IL), and placed in an oven at 180 °C for
48 h. After the hydrothermal process, the solution was dried at 90 °C overnight. Unlike previous work with
hydrothermal sodalite synthesis [14, 33, 34], the syntheses in the current work were done without using
excess NaOH or washing of the final powder, to avoid the effect of extra Na* and OH- during synthesis and

losing unreacted iodine and other residuals, respectively.
2Nal + 3AlL,Si,0, + 6NaOH + xH,0 — Nag(AlSiO,) I, + 60H + xH,0 (1)
3.2 Synthesis of NBS-4 and SA-800 glass binders

Two borosilicate glasses, NBS-4 and SA-800, were synthesized as glass binders; the compositions are

listed in Table 1. This selection was based on the previous studies in which NBS-4 showed the best result
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for chemical durability while having the same loading capacity as other NBS glass binders for a previous
chlorosodalite study [28], and SA-800 allowed for lower viscosities and sintering temperatures [29]. For
the synthesis of NBS-4, a platinum crucible half-filled with precursors was placed in a furnace at 650 °C,
and the temperature was ramped to 1150 °C at 10 °C min'!. The additional precursors were charged at 1150
°C, and the furnace was ramped up to 1550 °C at 10 °C min'!. The melt was held for 2 h at 1550 °C and
then water quenched. The glass was ground in a tungsten carbide mill, and the melting and quenching
process was repeated. For the synthesis of SA-800, the similar steps to NBS-4 were taken, and the
precursors were charged at 875 °C and ramped to 1050 °C at 10 °C min™'. The melt was held for 40 min
and poured.
3.3 Pellet preparation and firing

Both iodosodalite and glass powders were sieved to 63-125 pm particle size fraction to aid in more
homogeneous mixing. These powders were initially mixed with a vortex mixer and then with a mortar and
pestle. The experimental matrix with sample names is shown in Table 2. For sample names, the notation
P##-YY(N/S)-ZZZC was used where ## was the pellet number, YY was the mass% of glass binder, ZZZ
was the heat-treatment temperature (°C), and N and S denote NBS-4 and SA-800 respectively (where only
one was used per sample), and 0GB denotes pellets sintered without glass binder. First, 10 or 20 mass% of

glass binders were mixed into the iodosodalite powder with a mortar and pestle, and ~1 g of each sample

was pressed into a pellet with a uniaxial press at ~4.3 X 10’ Pa (~6200 psi) for 1 min, resulting in a pellet
that was ~20 mm diameter and ~2 mm thick. The pellets were placed on alumina sintering plates in three
furnaces, heated to 650, 750, and 850 °C at 10°C min’!, dwelled for 8 h, and then furnace cooled. Two
identical pellets were synthesized for a given condition due to insufficient quantity of powder from a single
pellet for all the characterization; a full pellet was preferred for the chemical durability tests.
3.4 Characterization
3.4.1. Physical characterization

X-ray diffraction (XRD) using a diffractometer (X Pert Pro MPD, PANalytical, Netherlands) was used

to obtain the diffraction patterns, and the phase identification and quantification were done with HighScore
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software (PANalytical) using Rietveld analysis. Five consecutive XRD scans for each sample were
performed and the spectra added. Either a Co tube at 40 kV or a Cu tube at 45 kV were used, both at 40
mA, and samples were scanned in the range of 10 to 90° 26 with a 0.05° 20 step and 14-s dwells per step.
For Rietveld analysis, specimens were mixed with 30 to 40 mass% of zinc oxide (ZnO, Sigma-Aldrich) as
an internal standard. The refined parameters include U, V, and W for fitting the width, peak shape, peak
asymmetry, preferred orientation for fitting the intensities, and unit cell.

Portions of sample pellets were vacuum-impregnated with resin and polished in glycol-based diamond
suspensions to a 250-nm finish. Then, SEM analysis was performed on the polished cross-sections with a
JSM-7001F field-emission gun microscope (JEOL USA, Inc. Peabody, MA) using a backscattered electron
(BSE) detector for atomic number contrast. All samples were first sputter-coated with Pt (Polaron Range
SC7640, Quorum Technologies Ltd., East Sussex, England). The EDS analysis was performed with a
Bruker xFlash® 660 (Bruker AXS Inc., Madison, WI) and dot mapping was performed at ~100 k counts s
!'with a ~51-min collection time over 1024x768 pixels at a 16-us dwell time per pixel.

Fourier transform infrared (FTIR, Nicolet iS10 spectrometer, ThermoFisher, USA) spectra were
obtained 550-4000 cm!' with a resolution of 4 cm™! using a diamond attenuated total reflectance (ATR)
plate. Samples were dried at 90 °C overnight before the measurement. Four background scans were taken
and averaged before the sample measurement, and 20 scans were averaged for the sample measurement.
The peaks of resulting spectra were analyzed using OriginPro 8 (v8.0724) and compared with published
data.

Simultaneous thermo-gravimetric analysis (TGA) and differential scanning calorimetry (DSC) (SDT
Q600, TA Instrument, USA) were performed to study the transition and decomposition of sodalite structure
and volatility of iodine. All the samples were dried at 90 °C overnight before TGA/DSC measurement. ~50
mg of each specimen was filled into an alumina crucible and heated to 1000 °C at 10 °C min™.

Densities of pellets were calculated using a He pycnometer (AccuPyc 11 1340, Micromeritics, USA).
Prior to the volume measurement, the masses of ground pellets were measured. Subsequently, 1-cm? sample

holder was filled with ~0.5 g of ground pellets, and 5 consecutive measurements of volume were taken and

7



176
177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192
193
194
195
196
197
198
199

200

averaged. The measured masses and volumes were used to calculate the densities of pellets, and the
porosities of the pellets were calculated with the Equation (2).
¢ (vol%) = (pp - py) / pp X 100 2

where [ is the porosity, p, is the pycnometric density, and p, is the geometric density.
3.4.2. lodine quantification methods

The NAA characterization was performed at the Washington State University Nuclear Science Center.
Four calibration standard solutions with different concentration of Nal were prepared. The samples were
packaged in polyethylene vials, heat sealed, and irradiated with the standards in the reactor at 100 kW with
for 10 min. The peak intensity of y-rays from the samples was measured with an EG&G Ortec HPGe
detector, Model 0195. The data was processed with the Genie 2000 Gamma Acquisition and Analysis
Software (Canberra v3.2.1).

Iodine quantification by volumetric method was performed at Galbraith Laboratory, Inc. lodine in the
samples were oxidized to iodate in an oxygen flask. The resulting solution was treated with excess
potassium iodide liberating free iodine that was titrated with thiosulfate using starch as an indicator. The

final mass% of iodine was calculated with an empirical formula shown in Equation (3).

(sample titration, mL - blk titration, mL)(N Na,S,0,)(21.5)(100)

I(wWt%) = Sample weight, mg €)

For volumetric and Rietveld analysis, two additional pellets for each of P10-10NBS4-750C and P22-
10SA800-750 were synthesized under the same conditions, and three measurements were performed on
three pellets for each analysis for statistical calculations, accounting for any variability due to the synthesis
reproducibility and measurement uncertainties (e.g., weighing of internal standards, fitting procedures). For
the NAA analysis, the linear calibration line was drawn using Nal standard, and the slope with the
uncertainty was calculated. Two sets of counting data were collected at different time intervals after
cessation of irradiation, and the one with a smaller percent of the dead time for detector response was used.

The linear equation was used to calculate the iodine mass in the samples.

3.4.3. Chemical durability
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The dissolution behaviors of P10-10N-750C samples were evaluated using a modified ASTM
C1308-14 test procedure. Two samples prepared under the same conditions, one a cylindrical pellet and the
other a quadrant, were used for the tests of the effect of different surface areas. All experiments were
conducted at 90 °C in Teflon® vessels (Savillex, Eden Prairie, MN) in the same convection oven. The
surface area-to-volume (S/¥) ratio of 80 m™! for a whole pellet and 8 m! for a quadrant were attained by
controlling the amount of leachant (i.e., deionized water). The samples were set on top of a Teflon support
grid so that it was elevated off the bottom inner surface of the vessel and readily accessible to the solution
on all sides.

For each sampling, vessels were removed from the oven and weighed. Then, the solutions from the
vessels were removed without cooling. The sample was taken out of the vessel to allow all solution to be
removed. Excess water was wicked off the sample, but the sample was not dried. The sample was placed
back into the vessel and fresh solution was added to match the original mass of the vessels. The very small
amount of test solution wetting the sample was carried over into the next test interval. The vessels were
recapped and then placed back into the oven. Each solution exchange procedure only required a few minutes.
The concentration of elements in the leachate solutions were measured using inductively-coupled plasma
mass spectrometry (ICP-MS).

The incremental normalized mass loss, NL;,, for each test interval was calculated using Equation
(4) where C;,, is the concentration of species i measured in the test solution during the n-th test interval, S
is the geometric surface area of the specimen, V is the volume of solution, and f; is the mass fraction of the
i-th species in the test specimen. The cumulative dissolution over a series of n-test intervals, NL;., was

calculated as the sum of incremental NL;, values using Equation (5).

Cin
NL, =— 4)
in S/V*fi
NL =YY" NL )
i,c i=1 iL,n

4. Results and discussion
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4.1 Structure and morphology

The XRD phase analysis of heat-treated pellets are presented in Fig. 2 showing the change in phase
fraction of crystalline and amorphous phases depending on sodalite and glass binder fractions and heat-
treatment temperature. The weighted profile R values ranged from 2.43 to 4.77 %, and the goodness of fit
values ranged from 1.55 to 4.84. The heat-treated pellets contained ~15-54 mass% of iodosodalite along
with ~4-31 mass% of aluminosilicate phases [i.e., ~4-31 mass% of nepheline (Na;gsAl; g5Sig 1503,) [35] or
~8-13 mass% of interstitial carnegieite (NagAl;Si,O,7) [36]], with the rest being amorphous. In general,
higher heat-treatment temperatures resulted in lower iodosodalite and higher amorphous fractions.

The structures of the resulting phases are shown in Fig. 3. lodosodalite and carnegieite phases have the
cubic crystal systems with P43n and F43m space groups, respectively, whereas nepheline has the

hexagonal crystal system with P6, space group. The synthesized NBS-4 and SA-800 glasses were

transparent with no bubbles and showed the amorphous characteristic spectra under XRD. XRD analysis
showed that fractions of sodalite and/or the amorphous phase transform into nepheline phase as the firing
temperature increased from 650 to 850 °C. Fig. 4 shows the XRD spectra of P8-10N-650C, P10-10N-750C,
and P12-10N-850C, revealing the crystallization of nepheline as temperature increased. The transition of
chlorosodalite to nepheline at ~700 or 850 °C has been observed in the literature [21, 28], and the results
of the current study show evidence of the same process. As shown by Novembre et al. [21], the reaction
kinetics showed that the rate of sodalite — nepheline transformation was a slow process at a constant
temperature.

The amorphous fraction in the samples heat-treated at 850 °C was higher than those of 650 and 750 °C
and this is attributed to the decomposition of sodalite into nepheline and Nal, where the Nal appears to
decompose within the sample, according to the results shown in this study — see Equation (6) below. One
proposed reaction is that, as Nal enters the matrix of sodalite and nepheline within the amorphous melt, it

decomposes; here, the Na enters the glass (as Na,O) and the iodine evolves as a gas [i.e., [(g)] — see

10



249

250

251

252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272

273

Equation (7). This is evidenced by the presence of I-free aluminosilicate phases, the absence of Nal in the

diffraction patterns, and the iodine deficiencies measured in heat-treated pellets.

Y|
Nag(AlsiO4)6lz -6 NaAlSlO4 + 2 Nal (6)
A
2 Nal + Oz(g) -2 Nazo + Iz(g) (7)

This result agrees with TGA and DSC results (discussed later in section 4.2) in which there is a large
mass loss and an endothermic reaction at ~800 °C. The resulting fractions of sodalite and nepheline phases
were not significantly affected by the addition of NBS-4 and SA-800 glass binders according to Rietveld
analysis. Sodalite fractions were higher in the NBS-4 pellets than SA-800 pellets following heat treatment
at 750°C. The SA-800 pellets heat-treated at 650 °C contained relatively higher iodosodalite fractions but
were weakly sintered and brittle, and those heat-treated at 850 °C contained high amorphous fractions.
Therefore, 750 °C was determined to be the optimal sintering temperature for these pellets.

FTIR spectra of P4-0GB-750C, P10-10N-750C, and P22-10S-750C are shown in Fig. 5. The frequencies
of asymmetric stretching (v,) of 7-O (T'= Si or Al) band at 965 cm™! and symmetric stretching (vs) of 7-O
bands at 657, 700, and 725 cm! of sodalite are labeled in Fig. 5, according to the literature [5, 14, 37]. The
frequency of 7-O vibrational bands from the B-cages with different anions are similar [37, 38]. Peaks at
~880 and 1450 cm™! were absorption bands due to impurity of COs? [5, 38]. Samples heat treated at 750 °C
contained minor nepheline phases according to XRD analysis, but it is difficult to differentiate nepheline
from iodosodalite with FTIR because 7-O bands of nepheline at ~690 and 960 cm' [39] overlap with
iodosodalite bands and this discernment is especially difficult when the fraction of nepheline is small.

SEM-EDS analysis results performed on the polished cross-section of P18-20N-850C and P22-10S-
750C pellets are shown in Fig. 6. The sintered pellets were porous and elements were heterogeneously
distributed. The variability of iodine concentration shows that iodine is only present in one phase (i.e.,
iodosodalite) and absent from the other phase(s) (i.e., aluminosilicate and amorphous phases). Less iodine
distribution in the sample heat-treated at 850 °C compared to that of 750 °C is due to iodine volatility as

the B-cage decomposed. These results corroborate the XRD results showing a decrease in iodosodalite

11
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fraction and an increase in amorphous fraction as the heat-treatment temperature increased from 750 to
850 °C. Small amounts of K and Ca were found and are considered to be impurities in the kaolinite
precursor which was used to synthesize the baseline powder for the pellets; some of the signal for Ca was
from the NBS-4 glass binder.

4.2 Thermal analysis

TGA and DSC were performed on the baseline iodosodalite powder, P4-0GB-750C, P10-10N-750C,
and P22-10S-750C as shown in Fig. 7. TGA shows that there are two stages of mass loss. For the heat-
treated samples, decrease in 2-3 mass% occurs at 600 to 670 °C due to transition of sodalite to nepheline
or other sodium aluminosilicate phases. The water in the structure was removed during the heat treatment,
and no significant loss due to water dehydration was observed for the heat-treated pellets. Above 800 °C,
the sodalite structure decomposed to amorphous material or nepheline, and the iodine volatilized resulting
in significant decrease in mass% of iodine. These transitions are supported by the XRD results. For the
baseline iodosodalite, the major loss from 600 to 800 °C is due to dehydration of water in the structure in
addition to phase transitions, and the mass loss continued at higher temperatures due to the iodine volatility
and sodalite decomposition.

Hydrothermally-grown iodosodalite typically contains a minor amount of basic sodalite phase that
contains water. The evidence of these water-containing phases can be seen with FTIR at ~3000 to 3600
cm! regions, which disappear after heat treatment above 650 °C. DSC does not show the significant change
in heat flow around 800 °C for heat-treated pellets, indicating that the sodalite — nepheline transition is
likely a slow process, and consequently the heat flow signal will be spread out over time. For the baseline
iodosodalite powder, two clear endothermic peaks at 640 and 811 °C represent the water loss from the
structure and decomposition of sodalite with iodine volatility, respectively.

4.3 Density and porosity

Densities were measured on heat-treated pellets. All the samples contained iodosodalite, nepheline,

NBS-4, and/or SA-800 with similar densities of 2.62 (ICSD 71434), 2.61 (ICSD 108352), 2.53 [28], and

2.51 g/em? [29], respectively. In general, firing to 750 °C increased the density of the pellets, but as the
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temperature increased to 850 °C, the densities of pellets with NBS-4 increased whereas ones with SA-800
decreased as shown in Fig. 8. XRD showed that pellets with SA-800 contained higher amorphous fractions
compared to those with NBS-4 after firing at 850 °C, resulting in relatively lower densities for pellets made
with SA-800.

Porosities decreased substantially for the pellets with SA-800 as the heat-treatment temperature
increased, whereas only a slight decrease was observed for ones with NBS-4. As for the densities, addition
of glass binders resulted in higher sample densities compared to baseline iodosodalite powder alone when
heat-treated at 650 and 750 °C, but samples with SA-800 heat-treated at 850 °C resulted in substantially
lower densities. Overall, the pellets with NBS-4 contained higher crystalline fractions but with higher
porosities compared to the pellets with SA-800. Smaller porosities of the pellets with SA-800 are attributed
to lower viscosity with this glass at the sintering temperatures than for NBS-4, which resulted in more
effective means to close porosity within the pellets during the heat-treatment process.

4.4 lodine quantification

The iodine masses in P10-10N-750C and P22-10S-750C were determined with the NAA, volumetric,
and Rietveld methods and are compared in Fig. 9. The quantification results from these methods for P22-
10S-750 agree well, but there is some discrepancy for P10-10N-750C. It should be noted that iodine
quantification with Rietveld analysis only accounts for iodine in the crystalline fraction and not any which
might be in the amorphous fraction, which is expected to be low based on the low solubility of iodine in
borosilicate glass [40]. According to Fig. 9, only 38-47% of the as-batched iodine remained in these pellets,
and the rest volatilized during the heat-treatment. A similar iodine retention was observed previously during
solid state synthesis of iodosodalite, in which ~53 mass% of iodine remained after synthesis at 800 °C,
whereas ~94 mass% of chlorine remained in the case of chlorosodalite [41].

4.5 Chemical durability

The cumulative normalized mass loss (NVL;.) values for Na, Al, Si, B, and I of P10-10N-750C samples

with S/V of 8 and 80 m™! are shown in Fig. 10. A large release of these elements, especially Na and Si, was

observed in the first day, possibly from water-soluble salt crystals and non-durable amorphous phases. The
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NL;. values were 91.9 and 12.5 g/m? for 8 and 80 m™' for the 10 1-d exchanges with a linear trend,
respectively. When the exchange interval was changed to 7-d, the release rate decreased, which has been
observed in previous studies with glass-bonded sodalite [42]. Despite the slope change after 10 days, the
overall linear loss behavior indicated congruent dissolution of iodine over time. The release rate of iodine,
shown by the slope, is lower than sodium and silicon. Incongruent dissolution of the different elements is
indicative of a multi-phase materials, which was expected since sodalite and glass are both present. Since
Na, Al, and Si are present in the NBS-4 glass as well as in the sodalite phase, but the release of Al was
much lower than that of Na and Si, it is more likely that a separate amorphous phase was present containing
Na and Si following the hydrothermal synthesis. For all the elements, the release rate decreased when
measured at longer intervals. For iodine, the release rates during the 7-d exchange intervals (i.e., 10-24 days
of the test) were 0.23 and 1.29 g/m?d for 80 or 8 m™! respectively. The nearly linear releases of I and Si
from NBS-4-bonded iodosodalite is likely due to dissolution of iodosodalite. The sensitivity to the S/V ratio
and much faster releases in the 8 m™! test compared with the 80 m! test is consistent with a solution affinity
mechanism controlled by sodalite solubility. The linear release of B in the 7-d exchanges suggests the non-
linear release of B seen in the initial three or four 1-d exchanges is probably an artifact of the surface.
According to previous studies [42], it is known that NBS-4 glass dissolves by surface dissolution. Based
on different release behaviors of B and I, it is likely that the response is dominated by sodalite dissolution,
not glass. This release rate is an order of magnitude higher than a reported value for hot isostatically pressed
iodosodalite [43]; however, there are differences in sample preparation and chemical durability test between
the P10-10N-750C sample and those from the study by Maddrell et al. (i.e., hot isostatic pressed sample
and static solution test) [43]. The release behaviors presented here for P10-10N-750C are similar to the
ASTM C1308 test result for glass-bonded chlorosodalite ceramic waste forms [42].

5. Conclusions

Glass-bonded iodosodalite waste forms were synthesized by mixing iodosodalite powder with

NBS-4 or SA-800 borosilicate glass binders, and firing pellets at different temperatures of 650, 750, or
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850 °C. The effects of firing temperature and glass loading (i.e., 0, 10, and 20 mass%) were investigated.
Heat-treatment at 750 °C resulted in the best waste form as the pellets heat-treated at 650 °C were not
well sintered, and ones at 850 °C contained low fractions of iodosodalite and high amorphous content. As
the temperature increased from 650 to 850 °C, higher nepheline fractions were observed. The sintered
pellets of P10-10N-750C and P22-10S-750C both had similar and relatively high iodine fractions, i.e., 9.3
and 8.6 mass% (volumetric), respectively. The pellets mixed with NBS-4 had higher iodosodalite phase
compared SA-800 under the same heat-treatment temperature and mixed amount of glass binder after
heat-treatment at 750 °C. P22-10S-750C was less porous than P10-10N-750C, indicating that SA-800 was
better at closing pores as it had lower viscosity at the sintering temperatures. The iodine masses in P10-
10N-750C and P22-10S-750C showed that ~38-44% of the as-batched iodine remained in these pellets.
The chemical durability test on P10-10N-750C showed that iodine release rate was lower than sodium
and silicon during the first 10 days and decreased significantly to 0.23 and 1.29 g/m?/d for 80 or 8 m! in
the 10-24 d interval, respectively. The linear release behavior of iodine indicated congruent dissolution of
iodosodalite.

Acknowledgements

This research was supported by the U.S. Department of Energy in support of the Nuclear Energy
University Program — Advanced Waste Forms program, award # DE-NE0008257. Pacific Northwest
National Laboratory (PNNL) is operated by Battelle Memorial Institute for the DOE under contract DE-
ACO05-76RL01830. The authors also thank Grant Norton, Min-Kyu Song, and Ashutosh Goel for helpful
comments. The authors also thank Benjamin Williams and Michelle Snyder for help with chemical

durability experiments and William Ebert for help with interpretation of the chemical durability data.

15



374

375
376

377
378
379

380
381
382

383
384

385
386
387

388
389

390
391
392

393
394
395

396
397
398

399
400
401
402
403
404

405
406

407
408
409

410
411

412
413

10.

11.

12.

13.

14.

References

Taylor, P., A review of methods for immobilizing iodine-129 arising from a nuclear fuel recycle
plant, with emphasis on waste-form chemistry, 1990, Atomic Energy of Canada Ltd.

Goldsmith, J.R., C.M. Grossman, W.E. Morton, R.H. Nussbaum, E.A. Kordysh, M.R. Quastel,
R.B. Sobel, and F.D. Nussbaum, Juvenile hypothyroidism among two populations exposed to
radioiodine. Environmental health perspectives, 1999. 107(4): p. 303.

Hou, X., V. Hansen, A. Aldahan, G. Possnert, O.C. Lind, and G. Lujaniene, 4 review on
speciation of iodine-129 in the environmental and biological samples. Analytica Chimica Acta,
2009. 632(2): p. 181-196.

Yang, J.H., J.JM. Shin, J.J. Park, G.I. Park, and M.S. Yim, Novel synthesis of bismuth-based
adsorbents for the removal of 129 I in off-gas. Journal of Nuclear Materials, 2015. 457: p. 1-8.

Bardez, I., L. Campayo, D. Rigaud, M. Chartier, and A. Calvet. Investigation of sodalites for
conditioning halide salts (NaCl and Nal): Comparison of two synthesis routes. in ATALANTE
2008. 2008. Montpellier (France).

Jubin, R., Airborne Waste management technology applicable for use in reprocessing plants for
control of iodine and other off-gas constituents, 1988, Oak Ridge National Laboratory, TN.

Herrmann, F., B. Herrmann, and V. Hoeflich, Removal efficiency of silver impregnated filter
materials and performance of iodie filters in the off-gas of the Karlsruhe reprocessing plant
WAK, 1997, Harvard Univ., Boston, MA.

Takeshita, K. and Y. Azegami, Development of thermal swing adsorption (TSA) process for
complete recovery of iodine in dissolver off-gas. Journal of Nuclear Science and Technology,
2004. 41(1): p. 91-94.

Riley, B.J., J.D. Vienna, D.M. Strachan, J.S. McCloy, and J.L. Jerden, Materials and processes
for the effective capture and immobilization of radioiodine: A review. Journal of Nuclear
Materials, 2016. 470: p. 307-326.

Standard Test Method for Accelerated Leach Test for Diffusive Releases from Solidified Waste
and a Computer Program to Model Diffusive, Fractional Leaching from Cylindrical Waste
Forms, in Standard Test Method for Accelerated Leach Test for Diffusive Releases from
Solidified Waste and a Computer Program to Model Diffusive, Fractional Leaching from
Cylindrical Waste Forms. 2014, American Society for Testing and Materials International,
ASTM International Book of Standards Volume 12.01: West Conshohocken, PA.

Brenchley, M.E. and M.T. Weller, Synthesis and Structures of Mg[AlSiO,] s (X041 M= Na, Li, K;
X= CI, Mn Sodalites. Zeolites, 1994. 14(8): p. 682-686.

Mon, J., Y. Deng, M. Flury, and J.B. Harsh, Cesium incorporation and diffusion in cancrinite,
sodalite, zeolite, and allophane. Microporous and Mesoporous Materials, 2005. 86(1): p. 277-
286.

Mikuta, A., M. Krél, and A. Kolezynski, Experimental and theoretical spectroscopic studies of
Ag-, Cd-and Pb-sodalite. Journal of Molecular Structure, 2016. 1126: p. 110-116.

Chong, S., J. Peterson, J. Nam, B. Riley, and J. McCloy, Synthesis and characterization of
iodosodalite. Journal of the American Ceramic Society, 2017. 100(5): p. 2273-2284.

16



414
415
416

417
418
419

420
421
422

423
424
425

426
427
428

429
430

431
432
433
434

435
436
437

438
439

440
441

442
443

444
445
446

447
448
449

450
451
452

453
454
455

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Trill, H., H. Eckert, and V.1I. Srdanov, Topotactic transformations of sodalite cages: Synthesis
and NMR study of mixed salt-free and salt-bearing sodalites. Journal of the American Chemical
Society, 2002. 124(28): p. 8361-8370.

Antao, S.M., I. Hassan, and J.B. Parise, Chromate Aluminate Sodalite, Cag[Al;;0,,](CrO,);:
Phase Transitions and High-temperature Structural Evolution of the Cubic Phase. The Canadian
Mineralogist, 2004. 42(4): p. 1047-1056.

Borhade, A. and S. Wakchaure, Synthesis and characterization of gallosilicate halide sodalites
using organic solvent. Indian Journal of Chemistry. Section A, Inorganic, Bio-inorganic,
Physical, Theoretical & Analytical Chemistry, 2010. 49(8): p. 1047.

Borhade, A.V., A.G. Dholi, D.R. Tope, and S. Wakchaure, Solvothermal synthesis and crystal
structure of aluminogermanate halide sodalites using organic solvent. Indian Journal of Pure and

Applied Physics, 2012. 50(8): p. 576-582.

Nabavi, M.S., T. Mohammadi, and M. Kazemimoghadam, Hydrothermal synthesis of hydroxy
sodalite zeolite membrane. Separation of H 2/CH 4. Ceramics International, 2014. 40(4): p.
5889-5896.

Henmi, T., Synthesis of hydroxy-sodalite (“zeolite”’) from waste coal ash. Soil Science and Plant
Nutrition, 1987. 33(3): p. 517-521.

Novembre, D., D. Gimeno, A. Pasculli, and B. Di Sabatino, Synthesis and characterization of
sodalite using natural kaolinite: an analytical and mathematical approach to simulate the loss in
weight of chlorine during the synthesis process. Fresenius Environmental Bulletin, 2010. 19(6):
p. 1109-1117.

Ebert, W., Testing to evaluate the suitability of waste forms developed for electrometallurgically
treated spent sodium-bonded nuclear fuel for disposal in the Yucca Mountain reporsitory, 2005,
ANL-05/43, Argonne National Laboratory, Lemont, IL.

Bateman, K., C. Knight, and C. Solbrig, Current Status of Ceramic Waste Form Development,
2007, INL/INT-06-11736, Idaho National Laboratory, Idaho Falls, ID.

McCloy, J.S. and A. Goel, Glass-ceramics for nuclear-waste immobilization. MRS Bulletin,
2017. 42(3): p. 233-240.

Garino, T.J., T.M. Nenoff, J.L. Krumhansl, and D.X. Rademacher, Development of Waste forms
for Radioactive lodine. Ceramics for Environmental and Energy Applications, 2010: p. 35-42.

Garino, T.J., T.M. Nenoff, J.L. Krumhansl, and D.X. Rademacher, Low-Temperature Sintering
Bi-Si—Zn-Oxide Glasses for Use in Either Glass Composite Materials or Core/Shell 1291 Waste
Forms. Journal of the American Ceramic Society, 2011. 94(8): p. 2412-2419.

Lepry, W.C., B.J. Riley, J.V. Crum, C.P. Rodriguez, and D.A. Pierce, Solution-based approaches
Jfor making high-density sodalite waste forms to immobilize spent electrochemical salts. Journal
of Nuclear Materials, 2013. 442(1): p. 350-359.

Riley, B.J., I.D. Vienna, S.M. Frank, J.O. Kroll, J.A. Peterson, N.L. Canfield, Z. Zhu, J. Zhang,
K. Kruska, and D.K. Schreiber, Glass binder development for a glass-bonded sodalite ceramic
waste form. Journal of Nuclear Materials, 2017. 489: p. 42-63.

Riley, B.J., W.C. Lepry, and J.V. Crum, Solution-derived sodalite made with Si-and Ge-ethoxide
precursors _for immobilizing electrorefiner salt. Journal of Nuclear Materials, 2016. 468: p. 140-
146.

17



456
457
458

459
460
461

462
463

464
465

466
467

468
469
470

471
472

473
474

475
476
477

478
479
480

481
482
483

484
485

486
487

488
489

490

491

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Vienna, J., P. Hrma, and M. Schweiger, Compositional dependence of elemental release from
HLW glasses by the product consistency test: One-component-at-a-time study, 1996, American
Ceramic Society, Westerville, OH.

Feng, X., P. Hrma, J. Westsik Jr, N. Brown, M. Schweiger, H. Li, J. Vienna, G. Chen, G. Piepel,
and D. Smith, Glass optimization for vitrification of Hanford Site low-level tank waste. Pacific
Northwest National Laboratory Report PNNL-10918, 1996.

Vienna, J.D., D.-S. Kim, and P.R. Hrma, Database and Interim Glass Property Models for
Hanford HLW and LAW Glasses, 2002, Pacific Northwest National Laboratory, Richland, WA.

Liu, Q. and A. Navrotsky, Synthesis of nitrate sodalite: An in situ scanning calorimetric study.
Geochimica et cosmochimica acta, 2007. 71(8): p. 2072-2078.

Dickson, J.O., J.B. Harsh, M. Flury, and E.M. Pierce, Immobilization and exchange of perrhenate
in sodalite and cancrinite. Microporous and Mesoporous Materials, 2015. 214: p. 115-120.

Vuli, P. and V. Kahlenberg, On the high temperature behaviour of monoclinic trinepheline.
Neues Jahrbuch fiir Mineralogie-Abhandlungen: Journal of Mineralogy and Geochemistry, 2012.
189(2): p. 197-206.

Borchert, W. and J. Keidel, Beitrédge zur Reaktionsfihigkeit der Silikate bei niedrigen
Temperaturen. Heidelberger Beitrdge zur Mineralogie und Petrographie, 1947. 1(1): p. 2-16.

Stein, A., G.A. Ozin, P.M. MacDonald, G.D. Stucky, and R. Jelinek, Class A Sodalites: Silver,
Sodium, Halosodalites. Journal of the American Chemical Society, 1992. 114(13): p. 5171-5186.

Buhl, J.-C., W. Hoffmann, W. Buckermann, and W. Miiller-Warmuth, The crystallization kinetics
of sodalites grown by the hydrothermal transformation of kaolinite studied by 29 Si MAS NMR.
Solid State Nuclear Magnetic Resonance, 1997. 9(2): p. 121-128.

Markovic, S., V. Dondur, and R. Dimitrijevic, FTIR spectroscopy of framework aluminosilicate
Structures: carnegieite and pure sodium nepheline. Journal of Molecular Structure, 2003. 654(1):
p. 223-234.

Riley, B.J., M.J. Schweiger, D.-S. Kim, W.W. Lukens, B.D. Williams, C. lovin, C.P. Rodriguez,
N.R. Overman, M.E. Bowden, and D.R. Dixon, lodine solubility in a low-activity waste
borosilicate glass at 1000° C. Journal of Nuclear Materials, 2014. 452(1): p. 178-188.

Nakazawa, T., H. Kato, K. Okada, S. Ueta, and M. Mihara. lodine immobilization by sodalite
waste form. in MRS Proceedings. 2000. Cambridge Univ Press.

Ebert, W.L. and C.T. Snyder, Corrosion Tests with Waste Forms Developed for EChem Salt
Wastes, 2015, FCRD-MRWFD-2015-000145, Argonne National Laboratory, Lemont, IL.

Maddrell, E., A. Gandy, and M. Stennett, The durability of iodide sodalite. Journal of Nuclear
Materials, 2014. 449(1): p. 168-172.

18



492

493

494

495

496

497

498

499

500

501

Tables

Table 1. Compositions of NBS-4 [28] and SA-800 [29] glass binders.

Glass Mass %

binder SIO2 B203 NaQO A1203 CaO ZI'OZ

NBS-4 58.87 8.98 20.17 5.99 3.99 2.00

SA-800 42.50 | 24.60 | 32.88 - - -

Table 2. Experimental matrix with sample names.
T(°C) | 1SOD pellet ISOD+10 mass% ISOD+20 mass% ISOD+10 mass% ISOD+20mass%
NBS-4 pellet NBS-4 pellet SA-800 pellet SA-800 pellet

650 P2-0GB-650C | P8-10N-650C P14-20N-650C P20-10S-650C P26-20S-650C
750 P4-0GB-750C | P10-10N-750C P16-20N-750C P22-10S-750C P28-20S-750C
850 P6-0GB-850C | P12-10N-850C P18-20N-850C P24-10S-850C P30-20S-850C
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Figure Captions

Fig. 1. (a) Structure of the B-cage in sodalite and (b) the stacked structure with the unit cell shown as a
cube. Oxygen atoms and bridges are removed for simplicity.

Fig. 2. Phase mass% distribution of samples.

Fig. 3. Structures of (a) iodosodalite, (b) sodium aluminosilicate (interstitial carnegieite), and (c)
nepheline phases, all projected on (001).

Fig. 4. XRD spectra of P§-10N-650C, P10-10N-750C, and P12-10N-850C. Sodium aluminosilicate is
also known as the interstitial carnegieite or (NagAl4Si,O,7) [36].

Fig. 5. FTIR spectra of P4-0GB-750C, P10-10N-750C, and P22-10S-750C. See the text for details about
the peak assignments.

Fig. 6. SEM of (a) P18-20N-850C and (b) P22-10N-750C and their EDS elemental maps (bottom). The
bright and geometrically-shaped particles are iodosodalite and darker areas are nepheline and/or
amorphous fractions.

Fig. 7. (a) TGA and (b) DSC plots of baseline powder, P4-0GB-750C, P10-10N-750C, and P22-10S-
750C.

Fig. 8. (a) Densities and (b) porosities of heat-treated pellets. Lines are drawn as guide to the eye.

Fig. 9. lodine quantification by different methods. Note that “maximum” is that from the batch assuming
all of the iodine is in sodalite.

Fig. 10. Cumulative normalized releases (NL;.) of Na, Al, Si, B, and I from duplicate pellets of P10-10N-
750C with S/V values of (a) 8 m! and (b) 80 m! as a function of time following ASTM C1308

experiment.
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ABSTRACT

Nuclear energy is one option to meet rising electricity demands, although one concern of this
technology is the proper capture and storage of radioisotopes produced during fission processes.
One of the more difficult radioisotopes is '°I due to its volatility and poor solubility in
traditional waste forms such as borosilicate glass. lodosodalite has been previously proposed as
a viable candidate to immobilize iodine due to high iodine loading and good chemical durability.
lodosodalite was traditionally synthesized using solid state and hydrothermal techniques, but
this paper discusses an aqueous synthesis approach to optimize and maximize the iodosodalite
yield. Products were pressed into pellets and fired with glass binders. Chemical durability and
iodine retention results are included.

INTRODUCTION

Todine-129 (**°I) is a highly volatile radionuclide that is difficult to immobilize in a
nuclear waste form using conventional vitrification processes [1]. It is highly water soluble and
thus poses a serious concern for storage in geological repositories. It has a very long half-life of
about 16 million years. Attempts have been made using vitrification processes and cements, but
iodine typically has low solubility in typical borosilicate glass chemistries [2], and it is highly
volatile at normal glass processing temperatures between 1000-1150°C. Iodine-containing
mineral structures have received some attention as iodine waste form options, the more
commonly studied being sodalite [3] and apatite [4].

Iodosodalite [Nag(AlSiO4)sl,], can be synthesized at temperatures below 200°C, and is
the focus of this study. The structure of iodosodalite is shown in Figure 1. It consists of SiO4 and
AlQy tetrahedra arranged in rings, with a central “cage” containing a Nayl tetrahedron. It is this
so-called B-cage containing the iodide anion that makes sodalite attractive for immobilizing '*’I,
because iodine is tightly bound within the cage and that reduces the tendency for release into the
environment.
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Figure 1. (a) Structure of the B-cage and (b) its arrangement in the sodalite unit cell. Oxygen atoms are not shown
for better visualization.

Background on sodalite synthesis

Iodosodalite was first artificially synthesized using a solid state method in 1968 [5],
where nepheline and Nal were mixed, sealed inside metal capsules, and heat treated to 500°C. In
the years following, iodosodalite was mainly synthesized using hydrothermal methods [6, 7],
where precursors were added to a solution heated inside a sealed autoclave to induce a higher
pressure and encourage crystallization. The main disadvantage to the hydrothermal method,
compared to an aqueous synthesis method that would occur in an open container, is that it would
be difficult and expensive to scale hydrothermal synthesis up to industrial scale, since a large-
volume, high-pressure environment would be necessary for this technique.

Strachan and Babad [13] compared two approaches for starting precursors for iodide
sodalite: a kaolin clay mixture and an aluminosilicate gel. Both were cold pressed and fired to
1000°C and then vacuum hot pressed in graphite dies at 13.8 MPa with a die surface temperature
of 1200°C. It was found that the samples made from the clay mixture had higher iodine content
than those made from the gel mixture. Leach tests on these samples led to the proposal that
iodosodalite should be a serious candidate for the immobilization of '*’I. Although these samples
showed promise, there was difficulty in complete incorporation of the target iodine into the
sodalite structure. Studies by Vance [14] and Dunn [15] have shown that at temperatures below
600°C, unreacted Nal remains after synthesis, while at higher temperatures between 600 and
1200°C, volatilization of iodine was observed along with the formation of a secondary glassy
phase [14].

In 1980, Babad and Strachan [8] patented an aqueous synthesis method that involved
simply stirring the precursors in water at 70°C in order to make a homogeneous solution. After
stirring, the solution was dried in an oven overnight, pressed, and then sintered to form
1odosodalite [8]. In 2008, Bardez [9] compared the low-temperature (75°C) aqueous method
using kaolinite and a high temperature (i.e., up to 880°C) calcining method in air with nepheline
as a precursor. Both methods yielded a “significant” amount of crystalline iodosodalite, which
was not quantified. Thus, synthesis processes were not optimized in these prior studies. In 2013,
Lepry et al. [10] compared crystalline chlorosodalite yields from 3 different aqueous synthesis
precursor routes using either (1) Al(OH); + NaOH + CS, (2) NaAlO, + CS, or (3) Al,S1,07 +
NaOH (CS = colloidal silica) along with sintering aids, calcining, and pressure variation on pellet
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pressing. The presented results and conclusions drawn from the aforementioned studies were
used to develop the testing protocol used in the current work.

EXPERIMENTAL METHODS

The main objectives of this study were to: 1) identify an optimal low-temperature
synthesis procedure for iodosodalite by choosing from several precursor options, drying
temperatures, precursor concentrations, and NaOH concentrations; 2) characterize the
iodosodalite powders using X-ray diffraction (XRD) and scanning electron microscopy (SEM);
3) produce and characterize glass-bonded iodosodalite waste forms from this process; and 4)
perform chemical durability testing on the most promising glass-bonded waste form.

Baseline iodosodalite powder for the waste form study was synthesized using an aqueous
method, and subsequently the resulting sodalite was separately combined with two different
glass binders (i.e., NBS-4 and SA-800, described below) and sintered. lodine quantification was
performed using three methods. Finally, chemical durability tests were performed using the
ASTM C1308 method.

Sodalite synthesis by agueous method

The objective of this first phase of this work was to establish an optimized synthesis
procedure for iodide sodalite. In an attempt to optimize the iodosodalite yield, parameters from
hydrothermal synthesis were initially used which had shown success in increasing iodide sodalite
yield, such as increased temperature, increased the amount of excess NaOH over stoichiometry,
and optimized precursor concentration [3]. This optimization for the aqueous process was
achieved by testing three different precursor routes as shown below, varying the synthesis
conditions, and assessing the iodosodalite yield. The variables that were changed were drying
temperature, NaOH concentration, and precursor concentration.

1.) Metakaolin + NaOH
2Nal + 3Al,Si,0, + 6NaOH — Nag(AlSiO,)¢l, + 3H,0

2.) Kaolinite + NaOH
2Nal + 3Al,Si,05(0H), + 6NaOH — Nag(AlSiO4)¢l, + 9H,0

3.) NaAlO; + Colloidal Silica (Ludox 40 wt%)
2Nal + 6Si0, + 6NaAlO, — Nag(AlSiO,4)el,

Precursors were sequentially added in stoichiometric amounts, based on 0.5 g of Nal, into
15 mL of deionized (DI) water in a Teflon vessel (Savillex, 60 mL) that was heated to 70°C in a
water bath. The water bath provided uniform heating in the vessel on top of the hot plate, and the
water temperature was monitored by a thermometer. Each precursor was added in stoichiometric
amounts and stirred in the solution for 15 min before the next precursor was added. After the last
precursor was added, the final solution was stirred for 1 hr for homogenization and then placed
in an oven overnight for drying. The following day, the sample was washed with DI water 3
times in a centrifuge at 9000 rpm for 5 min cycles with DI water and dried overnight again at
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95°C. This washing step was done only for the optimization study to eliminate phase
contributions from unreacted salts.

As shown in the equations above, the first precursor for each synthesis route was Nal
(Certified Grade, Fisher Chemical). This was followed by the Si-source, then the Na-source. The
required Al was included in either the Si- or Na-source, depending on the precursor route.

The three different sources of Si were Ludox HS-40°colloidal silica (CS, Sigma Aldrich),
kaolinite [Al,Si1,05(OH)4, natural, Sigma Aldrich], and metakaolin (Al,Si,07). Metakaolin was
prepared by heat treating the kaolinite at 850°C for 17 hrs in an alumina crucible [11]. The Na-
sources used were NaOH (ACS Certified Fisher Scientific) and NaAlO; (99.9%-Al, Strem
Chemicals).

For the Al,S1,07, Al,S1,05(OH)4, and CS precursor routes, different conditions were used
to observe their effect on the yield of crystalline iodosodalite. As shown in Table 1, the
conditions that were varied were the oven drying temperature, precursor concentration, and
NaOH concentration in 15 mL of deionized (DI) water; these variables were chosen based on
previous related hydrothermal synthesis results [3].

Table 1. Synthesis parameters that were investigated. Excess NaOH concentration is associated with the starting
solution for synthesis before precursors are added into the Teflon vessel.

Precursor Concentration | Drying Temperature | Excess NaOH
(mL of DI Water) (°C) (M)
7.5,15,22.5 65, 100, 135 0,1,2,5

Glass binder synthesis method

Two borosilicate glass binders, NBS-4 and SA-800, were synthesized with the
compositions shown in Table 2. These glass binders showed the best results during previous
glass-bonded chlorosodalite studies [12, 13]. The best result for the chemical durability test of
the glass itself was previously obtained using NBS-4 among the series of NBS glasses [12] , and
the lowest porosity was observed with SA-800 among the series of SA glasses while having the
similar sodalite fraction [13]. Since the chlorosodalite and iodosodalite have the same structure
and cage composition except the anions, the hypothesis was that these glass binders would give a
similar positive result with iodosodalite. For the synthesis of NBS-4 and SA-800, the precursors
were mixed with a vortex mixer, poured into a platinum crucible, and melted at 1550°C for 2 hrs
and 1050°C for 40 min, respectively. For NBS-4, the resulting glass was ground in a tungsten
carbide mill, and the melting process was repeated as there were pores after the first melt.

Table 2. Compositions of NBS-4 and SA-800 glasses [12, 13].

Glass Mass %

binder SlOz B203 NaQO A1203 CaO ZI'02
NBS-4 58.87 8.98 20.17 5.99 3.99 | 2.00
SA-800 4250 | 24.60 | 32.88 - - -
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Waste form synthesis method

Iodosodalite was synthesized using the stoichiometric ratio of Nal, Al,Si,0s(OH)4, and
NaOH; the powder was unwashed after synthesis to avoid losing unreacted iodine and other
residuals. The precursor selection and sodalite synthesis parameters were chosen based on the
variable experiments showing the highest iodosodalite yield (see Results). Figure 2 shows the
general procedures of waste form synthesis. lodosodalite powder and glass binder were first
mixed with a vortex mixer and then with a mortar and pestle. Approximately 1 g of mixed
powder was pressed into a pellet using a 20-mm die with a uniaxial press at ~4.3 x 10’ Pa
(~6200 psi) and held under pressure for 1 min. The resulting pellets were heat-treated at 650,
750, or 850°C for 8 hrs.

For the sample names, PNN-YY glass binder-ZZZC was used where NN is the pellet
number, Y'Y is the mass% of glass binder, and ZZZ is the sintering temperature (°C). N, S, and
0GB represent NBS-4, SA-800, and no Glass Binder, respectively. Table 3 shows the
investigated variables for the waste form study.

Aqueous Synthesis
Stoichiometric "
Nal,

Kaolinite,
NaOH solution

70°C, 100°C, ‘ Sodalite Mix with glass  650-850°C, Glass-bonded sodalite

1 h stir 16 h powder and press pellet 8h ~20 mm diameter
~2 mm thickness

Figure 2. Schematic of process of aqueous synthesized iodosodalite glass-bonded waste forms.

Table 3. Synthesis parameters investigated.

Sintering Temperature (°C) Glass binders (mass%)
650, 750, 850 0%, 10% NBS-4, 20% NBS-4, 10% SA-800, 20% SA-800
Characterization

X-ray diffraction (XRD) was performed with a PANalytical X’Pert Pro MPD with a Cu
line x-ray source. Scans were performed at 45 keV and 40 mA through a range 26 = 5-90° with a
0.05° 20 step size and 11-s dwell. Rietveld analysis was performed for phase identification and
determination of the crystalline fraction for each phase on the PANalytical Highscore Plus
software. For the amorphous phase fraction determination, 10 wt% of zinc oxide (ZnO, NIST
SRM-674b) was mixed in as an internal standard using a planetary ball mill (Thinky ARE-310)
with 5-mm yttrium-stabilized zirconia milling balls. The mill was spun for 3 min clockwise at
2000 rpm and 2 min counter-clockwise at 2200 rpm.

Scanning electron microscopy (SEM) on powders was performed using an FEI XL FEG
Sirion by using carbon tape to adhere powder samples to the sample stage. Selected glass-bonded
waste form pellets were impregnated with resin, cross-sectioned, and polished. SEM analysis
(JSM-7001F field-emission gun microscope, JEOL USA, Inc. Peabody, MA) was then



performed in backscattered electron (BSE) mode with energy dispersive analysis (EDS) dot
mapping (Bruker xFlash® 6|60,Bruker AXS Inc., Madison, WI).

An AccuPyc 11 1340 (Micromeritics) was used to perform helium pycnometry in a 1 cm’
sample cup. Each measurement consisted of 10 purges with helium gas, followed by 10
measurements of volume. The average density was calculated with the measured mass for each
sample.

Iodine quantification was performed using neutron activation analysis (NAA),
volumetric, and Rietveld methods. For NAA, the samples were packaged in heat-sealed
polyethylene vials and irradiated with the standard in the reactor at 100 kW for 10 min at the
Washington State University Nuclear Science Center. The peak intensity of y-rays was measured
with a high purity germanium detector (HPGe, EG&G Ortec, Model 0195), and the data was
analyzed with the Genie 2000 Gama Acquisition and Analysis Software. For the volumetric
method, iodine in the sample was titrated with thiosulfate using starch as an indicator, and the
iodine mass was calculated using an empirical formula. For the Rietveld method, the width, peak
shape, preferred orientation, and lattice parameters of reference phases were refined, and the
mass% of iodosodalite and its chemical formula were used to calculate the iodine mass in the
crystalline fraction.

Using the ASTM C1308-14 [14] chemical durability test, the dissolution behavior of one
sample, P40-10N-750C, was investigated. The cylindrical pellet was placed in a DI water filled
Teflon vessel at 90°C in a convection oven. The surface to area-to-volume (S/V) ratio of 80 m™
was attained by controlling the volume of water. For each sampling, the solution was removed
from the vessel after 1 day in the oven, and the same amount of water was refilled. The process
was repeated for the 10 consecutive days (i.e., 1-d exchange interval), and then two additional
exchanges were made at 7-d intervals (i.e., 17 d and 24 d into the test). Analytes present in the
leachates were quantified with inductively-coupled plasma mass spectrometry (ICP-MS). The
incremental normalized mass loss, NLi,, and the cumulative dissolution, NL; ., were calculated
using Equation 1 and 2, respectively, where C;, is the concentration of species i measured in the
test solution during the n-th test interval, S is the geometric surface area of the specimen, V' is the

volume of solution, and f; is the mass fraction of the i-th species in the test specimen.

Cin
NLi,n = m (1)

NLijc =YL NL;, )

RESULTS

Sodalite powder characterization

The trials for optimizing iodosodalite yield with aqueous processes are detailed elsewhere
[15]. From the work on drying temperature, pH (NaOH concentration), and precursor variation, a
baseline iodosodalite synthesis procedure was established with a maximum iodosodalite yield
based on a Al,Si,05(OH)4 precursor route synthesized in 15 mL of DI water and dried overnight
at 100°C. This yielded ~95% crystalline iodosodalite with a measured density of 99.4% of the
theoretical value. An SEM image of the optimum sodalite powder is shown in Figure 3.

The overall trends in variable effects on iodosodalite yield in aqueous synthesized
samples seem to differ from those trends observed for hydrothermal synthesis, where an
increased NaOH concentration was found to be favorable for sodalite formation with colloidal
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silica in hydrothermal synthesis [16]. From experiments where the drying temperature was
varied, 100°C was the optimal drying temperature for all three precursor routes based on the
XRD quantification for iodosodalite fraction, and was the chosen drying temperature to perform
the rest of the experiments. Increasing the pH clearly showed anion competition into the B-cages
between the OH™ and I" anions forming basic sodalite (i.e., “hydrosodalite”) and iodosodalite
respectively, especially between the 2 and 5 M NaOH samples for all three precursor routes.
However, increasing the pH with up to 2 M NaOH did increase the iodosodalite yield for
colloidal silica samples, showing the importance of NaOH on the crystallization of iodosodalite.
However, this was not the case for Al,Si,07- and Al,Si,05(OH)4-based samples. Densities
decreased with increasing NaOH concentration with the exception of the colloidal silica 1 M and
AlS1,05(OH)4 2 M samples. Varying the precursor concentration from 15 mL of DI water
negatively affected the iodosodalite yield and densities for both Al,Si,0s5(OH)4 and Al,Si,07-
based samples. Its effect was more significant for colloidal silica samples where increasing the
concentration resulted in a largely amorphous sample, while decreasing the concentration
resulted in no iodosodalite, but rather zeolite A, which is known to be a precursor for
iodosodalite formation.

Figure 3. SEM image of iodosodalite polycrystals grown from aqueous synthesis with Nal + Al,Si,Os(OH)4 +
NaOH in 15 mL DI water solution and then dried overnight at 100°C.

Waste form characterization

XRD phase analysis was performed on the glass-bonded waste form pellets as shown in
Figure 4. As the temperature increased, the phase fraction of iodide sodalite decreased while the
amorphous fraction increased. The nepheline (nominally NaAISiO4) phase was formed at 750
and 850°C. This indicates that iodosodalite transformed into nepheline or decomposed as the
temperature increased. The transition of sodalite to nepheline at ~700—850°C has been reported
with chlorosodalite [13, 17]. The samples heat-treated at 650°C had the highest iodosodalite
fraction; however, due to incomplete sintering at 650°C, samples heat treated at 750°C appeared
to be the waste form pellets produced with the most optimal properties. At 750°C, addition of
NBS-4 resulted in higher sodalite fraction, but addition of SA-800 resulted in more effective
closure of open porosity in fired pellets.



The results of SEM-EDS on the polished surfaces of P40-10N-750C and P52-10S-750C
are shown in Figure 5. The elements are heterogeneously distributed in both samples. P40-10N-
750C has more pores with larger particles, and this observation agrees with the porosity results.
The brighter regions with particles represent the iodosodalite crystals, and the darker regions are

glass or nepheline phases.
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Figure 4. Quantitative XRD analysis based on Rietveld refinement, for aqueous iodosodalite samples without or
with 10 or 20 wt% glass binders and sintered at 3 temperatures.

Figure 5. SEM on (a) P40-10N-750C and (b) P52-10S-750C with their elemental maps at the bottom.
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The iodine masses in P40-10N-750C and P52-10S-750C quantified using NAA,
volumetric, and Rietveld approaches are compared in Figure 6. Among these methods, Rietveld
analysis provides the iodine fraction in the crystalline fraction only but not in the amorphous
fraction; however, the iodine fraction is expected to be similar to those in other methods as the
low solubility of iodine in the borosilicate glass has been reported [2]. Approximately 55-70 %
of iodine was retained, although there is some discrepancy in the results among the methods. The
addition of NBS-4 resulted in higher iodine fraction compared to SA-800 for pellets fired at the
same temperature. The loss of iodine during the synthesis can be due to transition of sodalite to
nepheline and decomposition of the B-cages. In addition, weakly-bonded iodine in the
amorphous fraction can be volatilized easily. With similar iodine fractions between the two
samples with different glass binders, SA-800 might be the better choice as it has lower porosity
at 750°C although samples made with NBS-4 are expected to be more chemically durable.

r 100

I Viaximum
I NAA

[ Volumetric
[ Rietveld [

% 6o

140

lodine mass% in the sample
% iodine retention

20

P40-10N-750C P52-10S-750C

Figure 6. Iodine quantification of aqueous iodosodalite with NBS-4 (left) or SA-800 (right) glass binders, both heat
treated at 750°C. The “maximum” values represent as-batched iodine concentrations used during sample syntheses.

The chemical durability test result is shown in Figure 7. The NL; values after the ten 1-d
exchanges for P40-10N-750C (S/V =80 m™") was 7.7 g/m”. Initial releases of B, Na, and Si were
observed, and this is possibly due to release of a non-durable Na-Si-O amorphous phase (not
detected by XRD). Since Na, Al, and Si are present in the NBS-4 glass as well as in the sodalite
phase, but the release of Al was much lower than Na and Si, it is more likely that a separate
amorphous phase was present containing Na and Si following the aqueous synthesis. This could
partially be due to NBS-4 dissolution, but the B-release and Al-release behavior were quite
different, so while this is a possibility, the incongruity suggests otherwise. The normalized loss
rate is larger than another iodosodalite study [18]; however, the chemical durability test and
sample preparation used here were different. Further investigation will be performed to
understand the dissolution mechanism.
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Figure 7. Chemical durability results for iodosodalite with NBS-4 (P40-10N-750C) using ASTM C1308-14

SUMMARY AND CONCLUSIONS

The effects of drying temperature, pH (NaOH concentration), and precursor variation
(concentration and identity) on the aqueous synthesis of iodosodalite was investigated. An
1odosodalite synthesis procedure was established to yield a product with an iodosodalite phase
purity of up to 95% using a kaolinite-based precursor route by drying at 100°C with 15 mL of
deionized water. The product had a measured density of 99.4% of the theoretical value. A sample
with this high phase purity and density before sintering has never been reported before with
aqueous synthesis methods.

For the waste form study, ~55—70 mass% of the original iodine remained in the heat-
treated pellets. The loss of iodine is likely due to the decomposition of iodosodalite, transition of
sodalite to nepheline, and volatilization of iodine from the amorphous fraction. In general, pellets
made with NBS-4 resulted in higher iodosodalite fractions compared to those made with SA-800,
but the addition of SA-800 resulted in pellets with lower porosities. The best synthesis conditions
for iodosodalite waste forms according to this study are 10 mass% of glass binder and a heat-
treatment of 750°C. The chemical durability shows the congruent dissolution of sodalite phase,
but there are likely other phases present that contain Na and Si, considering that their dissolution
rates are higher than those for I or Al. Further investigation will be performed on iodine
dissolution.

Iodosodalite synthesis with aqueous methods may yield higher iodosodalite fractions than
hydrothermal methods based on comparison to a previous study [15]. After aqueous or
hydrothermal synthesis, not all precursors are converted into iodosodalite, and there is usually an
amorphous fraction in the resulting product. In the waste form study, having higher fractions of
initial iodosodalite present in the product seems to affect the outcome of the resulting iodine
fraction present, because the iodine in the sodalite is less likely to volatilize during heat treatment
compared to iodine present in the amorphous fraction due to low iodine solubility in silicate
glasses. This results in better iodine incorporation and lower dissolution rate. To optimize the
iodine retention in the waste form, more crystalline iodosodalite baseline powder or glass binder
with lower sintering temperature are needed.

Page 10 of 11



Page 11 of 11

ACKNOWLEDGMENTS

This research was supported by the U.S. Department of Energy in support of the Nuclear
Energy University Program — Advanced Waste Forms program, award # DE-NE0008257. The
authors thank Diana Tabada and Donald Wall for help with the NAA, Benjamin D. Williams and
Michelle M.V. Snyder for help with chemical durability data collection, and William Ebert for
help with chemical durability data interpretation. The authors also thank Amit Bandyopadyay,
Owen Neill, Lou Vance, Stephanie Bruffey, and Ashutosh Goel for helpful comments.

REFERENCES

1 B.J. Riley, J.D. Vienna, D.M. Strachan, J.S. McCloy and J.L. Jerden Jr, J. Nucl. Mater. 470, 307
(2016).

2 B.J. Riley, M.J. Schweiger, D.-S. Kim, W.W. Lukens Jr, B.D. Williams, C. lovin, C.P.

Rodriguez, N.R. Overman, M.E. Bowden, D.R. Dixon, J.V. Crum, J.S. McCloy and A.A. Kruger,
J. Nucl. Mater. 452, 178 (2014).

3 S. Chong, J. Peterson, J. Nam, B. Riley and J. McCloy, J. Am. Ceram. Soc. 100, 2273 (2017).

4 C. Cao, S. Chong, L. Thirion, J.C. Mauro, J.S. McCloy and A. Goel, J. Mater. Chem. A 5, 14331
(2017).

5 T. Tomisaka and H.P. Eugster, Mineral. J. 5, 249 (1968).

6 N.C. Nielsen, H. Bildsee, H.J. Jakobsen and P. Norby, Zeolites 11, 622 (1991).

7 A. Stein, G.A. Ozin, P.M. Macdonald, G.D. Stucky and R. Jelinek, J. Amer. Chem. Soc. 114,
5171 (1992).

8 H. Babad and D.M. Strachan, Method for immobilizing radioactive iodine, USPTO, US4229317
A (1980).

9 I. Bardez, L. Campayo, D. Rigaud, M. Chartier and A. Calvet in Proceedings of ATALANTE

2008, (Montpellier, France), pp. O4 _19.

10 ASTM, Standard Test Methods for Determining Chemical Durability of Nuclear, Hazardous, and
Mixed Waste Glasses and Multiphase Glass Ceramics: The Product Consistency Test (PCT),
ASTM Committee C26 on Nuclear Fuel Cycle, ASTM C 1285-02, ASTM International, West
Conshohocken, PA (2008).

11 K.L. Konan, C. Peyratout, A. Smith, J.P. Bonnet, S. Rossignol and S. Oyetola, J. Colloid
Interface Sci. 339, 103 (2009).

12 B.J. Riley, J.D. Vienna, S.M. Frank, J.O. Kroll, J.A. Peterson, N.L. Canfield, Z. Zhu, J. Zhang, K.
Kruska, D.K. Schreiber and J.V. Crum, J. Nucl. Mater. 489, 42 (2017).

13 B.J. Riley, W.C. Lepry and J.V. Crum, J. Nucl. Mater. 468, 140 (2016).

14 ASTM, Standard Test Method for Accelerated Leach Test for Diffusive Releases from Solidified
Waste and a Computer Program to Model Diffusive, Fractional Leaching from Cylindrical Waste
Forms, ASTM Committee C26 on Nuclear Fuel Cycle, ASTM C 1308-14, ASTM International,
West Conshohocken, PA (2014).

15 J. Nam, Aqueous synthesis of iodide sodalite for the immobilization of I-129, Materials Science
and Engineering, MS, Washington State University, Pullman, WA (2016).

16 S. Chong, J. Peterson, B. Riley and J. McCloy in Proceedings of WM2016, (Waste Management
Phoenix, AZ, 2016), pp. 16153.

17 N.C. Hyatt, J.A. Hriljac, A. Choudhry, L. Malpass, G.P. Sheppard and E.R. Maddrell, MRS Proc.
807, (2003).

18 E. Maddrell, A. Gandy and M. Stennett, J. Nucl. Mater. 449, 168 (2014).



	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (1)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (1)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (2)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (3)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (4)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (5)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (6)

	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (2)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (1)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (2)

	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (3)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (1)

	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (4)
	Wet chemical synthesis of apatite-based waste forms tnqh_x2013 A novel room temperature method for the immobilization of radioactive iodineElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00230k (5)

	ABSTRACT
	INTRODUCTION
	EXPERIMENTAL METHODS
	RESULTS
	NaOH Concentration Variation Study
	Aging Time Variation
	Temperature Variation
	Adjusting Al/Si Ratio
	Precursor Concentration
	Model for Optimal Synthesis Condition

	CONCLUSIONS
	REFERENCES
	ACKNOWLEDGEMENTS

