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ABSTRACT

Five process variables affecting hydrothermal synthesis of iodide sodalite,
NasAleSis024I2, 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. Iodide 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, I-129, has a long half-life and is difficult to
immobilize. Iodine 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 AgI 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 MgAl¢Sis024X> 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].

Iodide 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
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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 B-
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.

EXPERIMENTAL METHODS

Sodium iodide (Nal certified grade, Fisher), sodium aluminate (NaAlO. 99.9%-Al,
Stream Chemicals), colloidal silica (SiO2, 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
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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 0 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 I. 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 | 0, 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

Temperature stoichiometric | 11 2 100, 140, |1 0

variation 180

Adjusting Al/Si | not 11 2 180 0.5, 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.
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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;06-H20) at 25.9°(26) and hydrosodalite phase [Nag(AlSiO4)s2(H20)(0OH).] at
14°(208) 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.
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Fig. 2. (a) 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
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.
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Fig. 3. (a) 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.
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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
or 0.5. Excess Na and Al favored the formation of hydrosodalite, whereas the
excess Si favored the formation of the cancrinite, Na;.34(AlSiO4)s(OH)1.68(H20)7.56, @s
shown in Fig. 5. Crystalline fractions changed minimally among the different Al/Si

ratios.
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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, Nas(Al:Siz012)(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.
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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)

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
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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.
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Fig. 7. Interaction profile diagram for the optimal hydrothermal condition when using
NaAlO2, SiO2, 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
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 NaAIO;, SiO,, and
Nal precursors with NaOH.
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