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Abstract 

Caustic scrubbers are proposed to remove vaporized iodine from nuclear fuel reprocessing 

plants. Resulting caustic slurries of radioactive iodine (129I) and other anions can be captured and 

immobilized into the cage structures of sodalite-type minerals. Here, mixed anion sodalites were 

hydrothermally synthesized from a simulated caustic scrubber solution containing 

hydroxide/water, carbonate, chlorine, bromine, iodine, nitrate, and nitrite ions with added 

kaolinite. Experiments were conducted with twenty-five different sets of process conditions.  

Resulting powders were characterized by quantitative X-ray diffraction (XRD) and multi-

functional thermal analysis, including gravimetry, calorimetry, and mass spectrometry. Using 

statistical analysis, process variables were tailored to maximize conversion of kaolinite into cage 

silicates, immobilize caustic scrubber anions, and minimize amorphous content. Chemical analysis 

showed the incorporation of all the targeted ions into the solids. Detailed investigation of a batch 

characterized after washing (creating secondary waste) and one without washing but subsequent 

calcination is given. This work contributes to defining the constraints required for subsequent 

consolidation process steps of the waste form to avoid volatilization. 
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Introduction 

A significant challenge in nuclear waste management is the safe, long-term disposal of iodine-

129. Issues with the disposal of 129I include high groundwater mobility, a long half-life (15.7 

million years), and its incompatibility with typical vitrification technologies [1]. Caustic Scrubbers 

(CS) are a proposed method to remove gaseous iodine from envisioned spent nuclear fuel (SNF) 

reprocessing plants in the United States [2,3]. In the early steps of such a plant, iodine (129I) and 

other gaseous fission products including 3H, 14C, and 85Kr are released during dissolution of the 

SNF. Current European reprocessing plants release 129I vapor directly into the environment, a 

solution that is unsustainable in the long term [1]. With a caustic scrubber process, the gaseous 

iodine can be captured with a caustic scrubber tower in concert with an Ag-embedded solid sorbent 

bed as a final removal ‘polishing’ step [4]. 

One way to dispose of the resulting caustic slurry waste stream of 129I, other halogens, and 

oxyanions, entails immobilizing them into cage-type aluminosilicate minerals. The cage structures 

[5] of sodalite (SOD) – e.g., Na8Al6Si6O24I2 – and cancrinite (CAN) – e.g., 

Na8Al6Si6O24(OH)2ꞏ2H2O – can incorporate 129I and a variety of other anions with a -1 or -2 

charge. The general formula of both SOD and CAN is Na8(AlSiO4)6X2, where X = -1 anion. 

Furthermore, sodalites and cancrinites can be pressed with a suitable glass binder and sintered at 

low temperatures, to ensure retention of iodine, into a vitrified waste form for long term storage. 

Previous work has developed processes for hydrothermal and aqueous synthesis of sodalites and 

cancrinites [6–13].  

Synthesis of SOD, CAN, and other porous aluminosilicates (e.g., zeolites) has previously been 

extensively studied for radioisotope immobilization [6–8,11,13–20]. Various synthesis routes have 

been proposed for providing the aluminum and silicon for producing sodalite, most commonly 
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kaolinite [6,8,9], metakaolin [6,8,21], NaAlO2 + colloidal SiO2 or Na2SiO3 [6,8,22], aluminum-

isopropoxide + tetraethyl-orthosilicate (TEOS) [23,24], or zeolite 4A [8,10,11,25]. The reactions 

are typically in an aqueous (uncapped) or hydrothermal (mildly pressurized) environment in a 

solution of water plus NaOH and any other Na-anion salt (in this case, carbonate, nitrate, nitrite, 

chloride, bromide, and iodide) as desired. In the current study, we chose to use kaolinite (KAO) 

as the precursor; a previous direct comparison [8] showed slightly higher conversion with zeolite 

4A but required high excess NaOH, while KAO still resulted in a high conversion to iodosodalite 

in the presence of water without excess NaOH in a later study [6].  

Here, experimental parameters were varied to maximize conversion of a KAO precursor into 

SOD and CAN products, while incorporating caustic scrubber anions (i.e., hydroxide, chloride, 

iodide, bromide, nitrate, nitrite, carbonate) and minimizing the amorphous content. Furthermore, 

in an industrial setting, optimizing process conditions for SOD and CAN synthesis can improve 

mixed-anion SOD and CAN product properties. Additionally, optimization can lead to reduction 

in energy demand, water use, and waste form mass, lowering system costs and environmental 

impacts. This work is the first step at optimization of the process for iodine immobilization into 

the synthetic ceramic powders and provides the basis for ongoing work on immobilizing caustic 

scrubber solution into aluminosilicates. 

Materials & Methods 

The assumed approximate composition of the caustic scrubber from a SNF waste stream is 

[26]: NaOH (0.2 M), NaI (0.03 M), NaCl + NaBr (0.1 M), Na2CO3 (0.6 M), NaNO3 (0.03 M), 

NaNO2 (0.06 M). The -1 and -2 charge anions can be incorporated into SOD in different amounts: 

as two anions of -1 charge or one anion of -2 charge (see Eq. 1) [6,15,16]. For example, 
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Na8(AlSiO4)6A2 or Na8(AlSiO4)6B if A = -1 anion, B = -2 anion. As in Chong et al [16], excess 

NaOH was avoided to maximize the uptake of non-OH anions into the sodalite cage and minimize 

residual NaOH. Because of the ubiquitous presence of hydroxide and water, which both go into 

the cage of sodalite [24,27], we did not supply excess Al+Si in the form of the KAO precursor.  In 

our experience, additional KAO results in more hydrosodalite products (containing OH- and 

water), instead of the desired halide sodalite products [9]. The synthesis procedure essentially 

consists of mixing caustic scrubber solution with a stoichiometric amount of kaolinite (KAO).  

 

Sodalite Synthesis: 3𝐾𝐴𝑂 ൅ 6𝑁𝑎𝑂𝐻 ൅ 2 ቀ𝑁𝑎𝐴 ൅
ଵ

ଶ
𝑁𝑎ଶ𝐵ቁ → 𝑆𝑂𝐷 ൅ 9𝐻ଶ𝑂  Equation 1 

e.g., 3ሾ𝐴𝑙ଶ𝑆𝑖ଶ𝑂ହሺ𝑂𝐻ሻସሿ ൅ 6𝑁𝑎𝑂𝐻ሺ௔௤ሻ ൅ 2𝑁𝑎𝐼ሺ௔௤ሻ → 𝑁𝑎଼ሺ𝐴𝑙𝑆𝑖𝑂ସሻ଺ሺ𝐼ሻ ଶ ൅ 9𝐻ଶ𝑂 

𝑆𝑂𝐷 ≡ 𝑁𝑎଼ሺ𝐴𝑙𝑆𝑖𝑂ସሻ଺ሺ𝐴ሻଶ 𝑜𝑟 𝑁𝑎଼ሺ𝐴𝑙𝑆𝑖𝑂ସሻ଺𝐵; 𝐴:𝑂𝐻ିଵ,𝐶𝑙ିଵ, 𝐼ିଵ,  𝐵𝑟ିଵ,𝑁𝑂ଷ
ି,𝑁𝑂ଶ

ି;  𝐵:  𝐶𝑂ଷ
ଶି 

 

Aqueous and hydrothermal procedures were employed to synthesize a mixed sodalite solid 

material from kaolinite and a simulant caustic scrubber solution, containing non-radioactive 

iodine. The ideal stoichiometry is 2 mol NaOH to 1 mol KAO as described in Eq. 1. Various 

stoichiometries were synthesized to examine alternate products and process sensitivity. The 

reactions occurred when powdered KAO reacted in suspension with caustic solution and re-formed 

as SOD and CAN minerals.  

To investigate ideal conversion to SOD, time, temperature, and reaction vessel type were 

varied. Sample batches were reacted for durations between one hour and one month. Three 

synthesis methods were used. 1) In the autoclave method, the reaction mixture was transferred 

from a stirred beaker to a PTFE-lined Parr autoclave and heated in an oven at 90°C, 120°C, or 

150°C. 2) In the stirred autoclave method, the reaction mixture was heated on a hotplate, 
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potentially creating more thorough mixing to increase conversion of KAO to SOD. 3) In the third 

method, only feasible below 90°C, the reaction mixture was heated and stirred in a loosely capped 

jar on a hotplate. A summary of the details of the process parameters for each batch is provided in 

Table S-1. 

After the desired aging time, a subset of the batches were washed with deionized water in a 

centrifuge to remove residual reactants, while others were first dried to drive the reaction to 

completion (Eq. 1), and then washed. Some samples were calcined at 550°C after drying and aging 

with no washing step, to remove chemically bonded water and to test for iodine volatilization. 

Removing the washing step eliminates an additional wastewater stream (secondary waste) and 

significantly reduces water consumption, both primary objectives in a scaled-up process. All 

batches were dried at 105°C to remove sorbed water but not chemically bound water of hydration.  

For characterization, samples were crushed and mixed with a mortar and pestle to ensure 

homogeneity. Powder XRD spectra were collected for each sample with a Panalytical X’Pert Pro 

diffractometer using CuK𝛼 radiation (𝜆 = 1.5418740 Å). Data was collected in 0.0501° step 

increments at 5.080 s per step over a 2𝜃 range of 5-90°. In order to improve signal to noise ratio, 

5 scans were summed. Diffraction patterns were analyzed with HighScore Plus (Malvern 

Panalytical) software to identify phases.  

Quantitative analysis included Rietveld fitting with an internal standard (20 wt% CaF2 or 

corundum Al2O3) enabling calculation of amorphous fraction. Contents of SOD, CAN, residual 

KAO, and amorphous material were of particular focus. Phase composition data was analyzed with 

JMP software (SAS, Inc.), which allowed statistical exploration and data visualization to elucidate 

relationships between process variables (i.e., time, temperature, reactor vessel type, and phase 

composition). 
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Thermogravimetric methods were employed to measure temperature dependent heat and mass 

fluxes to compare with single phase standards – i.e., iodo-SOD, hydro-SOD, carbonate-CAN (see 

Supplementary information) [24,28]. Preliminary thermal analysis data was collected on a TA 

Instruments SDT-Q600 thermal analyzer (i.e., for Thermogravimetric – Differential Thermal 

Analysis, TG-DTA). For TG-DTA, 13-18 mg samples were heated in alumina crucibles to 1250°C 

at a constant rate of 10°C/min with 100 mL/min of N2 gas flowing across the sample. More 

accurate heat flux measurements and the identity of gas volatilization during phase transitions (i.e., 

material decomposition) was subsequently collected with a Netzsch instrument STA 449 F3 

Jupiter® STA-QMS 403 D Aëolos® quadrupole mass spectrometer coupling (i.e., for 

Thermogravimetric – Differential Scanning Calorimetry – Mass Spectrometry, TG-DSC-MS). 

Chemical analysis of the presence of anions in the CS product and standards was determined 

by several methods. First, in the TG-DSC-MS above, ion current was measured for H2O and CO2 

off-gas. Second, energy dispersive spectroscopy (EDS) was used in a scanning electron 

microscope (SEM) to look for halides. Finally, commercial chemical analysis (Gilbraith 

Laboratories, Knoxville, TN, USA) was performed for nitrate, nitrite, chloride, and bromide by 

ion chromatography, iodide by an ion selective electrode method, and carbonate as carbon by a 

coulometric method.  

Results and Discussion 

X-ray diffraction 

XRD data allows for many phase composition observations between samples. It was 

determined that the converted caustic scrubber solids were primarily comprised of SOD and CAN 

minerals and a fraction of amorphous content, as seen in Fig. 1. Numerical phase fraction data is 
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shown in Table S-1, along with goodness-of-fit parameters. Example Rietveld fits are given in Fig. 

S-13 through Fig. S-16). Given the difficulty and inconsistency in distinguishing various sodalites 

(with single or mixed anions in the beta cage, see Fig. S-17), only the total sodalite fraction from 

XRD was considered. 

Samples with 2:1 NaOH to KAO ratio exhibited more complete KAO to SOD conversion, as 

was expected from stoichiometry. More complete KAO to SOD conversion occurred at longer 

aging times (> 3 d) and at higher temperatures (≥ 90°C). More complete conversion at higher 

temperatures was enabled with autoclave reactors. At the lowest temperature (60°C) and 

conversion times (1 h to 3 d), a large amount of KAO remained, although some amorphous phase 

still formed (Fig. 2). Evidence of residual KAO is also confirmed via thermal analysis (Fig. S-4). 

 

 

Figure 1: Phase composition of each synthesized batch. Blue is combined SOD phases, brown is 

KAO, orange is zeolite, green is cancrinite, grey is amorphous, black is silica, and purple contains 

miscellaneous additional phases (Misc.). Batches 16a & b had significant quantities of residual 

NaCO3 and NaCl. 
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The bubble plot in Fig. 2 allows visualization of the relationships between phase composition 

and process variables revealing a clear relationship between KAO conversion to SOD, and 

ultimately showing that this process was more complete at higher temperatures (indicated by 

color). Amorphous content in the samples is indicated by bubble size, and samples 5 and 6 are 

outliers because of their high zeolite (ZEO) content, here identified by XRD as zeolite Na-P [29]. 

In a previous study [30], this phase was shown to be an intermediate one between an amorphous 

phase and SOD which eventually ripened into CAN. Other relationships are shown in Fig. S-1, 

Fig. S-2, and Fig. S-3. 

Greater temperatures and aging times converted more of precursor KAO into product SOD, 

incorporating caustic scrubber anions from the slurry (Fig. 2). Minor amounts of CAN were 

formed in some samples. Autoclave reactors allowed for higher temperatures associated with more 

complete conversion. Most samples were washed in post processing steps, although there was little 

evidence in XRD of soluble salts in the batch 17 unwashed products (17b). Moreover, sample 17a 

was calcined, while 17b was left uncalcined; this calcination at 550°C for 1 h reduced the 

amorphous content of 17b by about 9% with respect to 17a (Table S-1).  

During hydrothermal sodalite synthesis, zeolites can form as intermediates [7,10,22,31–33], 

and were confirmed in TG-DTA in batches 1, 5, and 6 (Fig. S-6). Zeolite appears to be an 

ephemeral step in KAO to SOD conversion though, as it was only seen in these three samples. 

Another hypothesized KAO  SOD pathway involves partial dissolution of KAO into amorphous 

material followed by SOD recrystallization. This is supported by the XRD evidence that all 

samples contain amorphous content (Table S-1, Fig. 1). No samples showed complete conversion 

from KAO to 100% caged silicates, i.e., SOD + CAN (Fig. 2, Fig. S-3). 
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Figure 2: Relationship between residual KAO (y-axis) and synthesized SOD (x-axis), in weight 

percent, as determined by XRD Rietveld refinement. Batch numbers are shown in the bubbles, and 

a green trendline is shown as a guide to the eye. Bubbles show that higher synthesis temperatures 

(redder) produced more sodalite and consumed more kaolinite. Samples 5 & 6 (orange arrow) are 

outliers on the KAO to SOD relationship because of their high ZEO content, a reaction 

intermediary between KAO and SOD. Circle size represents amorphous content, larger-higher, 

smaller-lower. 
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Thermal analysis 

TG-DSC-MS and TG-DTA measurements allowed for an examination of the thermal 

decomposition of the synthesized materials. At temperatures above 700°C, SOD decomposes into 

carnegieite (CAR) and subsequently to nepheline near 900°C. First, the SOD cage breaks down, 

releasing the cage anion as a volatilized salt and rearranges into the channeled structure of CAR 

as in Eq. 2. Then with additional heating, the CAR can transform into nepheline [34–36]. These 

transitions are shown in thermal analysis (Fig. S-5). 

Na8(AlSiO4)6X2 (s) → 6NaAlSiO4 (s) + 2NaX (g)   Equation 2 

Shown in Fig. 3, TG-DSC-MS identifies a complex event slightly above 800°C noted by a 

mass loss (TG), an exothermic peak within an endothermic peak (differential scanning calorimetry, 

DSC), and a spike in CO2 release (mass spectrometry, MS). CO2 is the primary cage anion 

measurable with this TG-DSC-MS equipment, as halides are believed to deposit on the transfer 

tube despite the tube being heated.  

Figure 3: TG-DSC-MS spectra from Caustic Scrubber sample 15. Shown is 1) mass change 
(green), 2) heat flow (blue), 3) ion current H2O (red), 4) ion current CO2 (orange). 
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Another significant feature noted in TG-DSC-MS is water loss that occurs up to ~400°C in 

temperature. At ≈100°C, water adsorbed from ambient air is driven out of all samples. Then, at 

higher temperatures, waters of hydration in SOD or CAN cages are driven off. These two features 

were measured in MS (Fig. 3) and have distinct endothermic peaks for the maximum water losses.  

As evidenced by the TG-DSC-MS investigation of CS 15 (Fig. 3), we hypothesize that the 

broader endothermic peak (~700-975°C) that encompasses a sharp exothermic one (795-870°C) 

from CO2 evolution (evidenced by MS) is related to a phase change from SOD to CAR. As the 

SOD is heated, carbonate becomes excited in its cage structure but is unable to exit. At higher 

temperatures when the cage starts to break down, the CO2 is lost rapidly and exothermically, and 

then the cage structure finishes relaxing and breaking down as the SOD becomes CAR. It is also 

possible that this phase change is two subsequent endotherms: SOD to CAR, then CAR to 

nepheline (NEP). The Gibbs free energy (ΔG) of SOD is much more negative than the ΔG of CAR, 

indicating that the SOD  CAR transition is endothermic [37]. To help elucidate this transition, 

hot stage in situ X-ray diffraction (XRD) is planned in future work. 

In sample CS 17a (calcined) (Fig. S-8), a stepped down endothermic transition between 690°C 

and 1000°C was observed, suggesting a transition pathway of SOD  CAR  NEP. Carbon 

dioxide evolution peaks at 855°C (MS ion current, envelope ~815-900°C) with a 3% loss in weight 

as a result. Both samples lose water of hydration at low temperatures (i.e., OH, H3O2, and/or water 

in the SOD cages [24]), up to temperatures around 300°C. CS 15 loses a small amount of CO2, 

centered on 122°C, which coincides with the loss of hydration water and its related endotherm. 

This CO2 is possibly associated with water as a loosely bound bicarbonate, but it is not seen in MS 

data on CS 17a. 
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Similar heat and mass fluxes were calculated from TG-DTA as in TG-DSC-MS, although TG-

DTA results were less definitive. TG-DTA identified similar SOD to CAR transitions across a 

range of synthesized mixed SODs and standards and showed the release of hydration water at 

temperatures < 200°C (Fig. S-5). TG-DTA of different SOD standards indicated that the 

temperature of the SOD to CAR transition can shift due to different SOD cage anions (Fig. S-6). 

Transitions seen in both TG-DTA and TG-DSC-MS were identified, including SOD 

decomposition to CAR, KAO transition to metakaolinite to mullite, zeolite, CAN decomposition, 

adsorbed and hydrated water losses (Fig. S-4, Fig. S-6). 

Moreover, TG-DSC-MS (Fig. 3, Fig. S-8) helped elucidate the SOD to CAR transition, 

identified between 700°C and 900°C. Here, the SOD cage decomposes, releasing the cage anions 

(including presumably I-), a key factor in iodine retention. TG-DTA revealed that the identity of 

the cage anion leads to a variable temperature of decomposition.  

While the TG-DSC-MS instrument detected water and carbon dioxide evolution from the CS 

samples, it could not detect nitrogen oxides because its carrier gas was nitrogen. Further, no halides 

(chlorine, bromine, iodine) were detected. As previously stated, this is likely due to condensation 

in the transfer line between the TG-DSC and MS instrument units. Even with an iodosodalite 

standard, no iodine signal was observed in the TG-DSC-MS (Fig. S-7).  

Chemical analysis 

To confirm the original capture of the various anions in the mixed phase CS materials and the 

standards, several methods were employed. As stated in the previous section, water-related species 

(OH, H3O2, H2O) can be assessed by thermal analysis methods and MS. Carbonate can be seen by 

MS as well as chemical analysis. In the coulometric chemical analysis, carbonate was observed in 

the CS 15 and CS 17a solid samples, as well as in the ‘hydro’-SOD standard, the cancrinite 
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standard, and the iodo-SOD standard. Its presence in iodo-SOD is likely due to CO2 from the air 

dissolving into the water of the hydrothermal vessel. EDS was unable to detect the presence of 

iodine in the measured CS samples (Fig. S-10) but did so in the iodo-SOD standard (Fig. S-9). 

Chemical analysis, however, showed iodine in all the CS samples as well as iodo-SOD, and in the 

CS samples approximately 1/3 of the targeted iodine was present in the CS solid. Lower amounts 

of the other halides, nitrate, and nitrate were apparently captured, though some interferences in the 

ion chromatography technique used cannot be ruled out. The calcined sample (CS 17a) showed 

higher incorporation of chloride and bromide than the washed sample (CS 15) hinting at further 

incorporation of these anions into non-soluble phases during a calcine step. The chemical analysis 

data is summarized in Table S-3, Fig. S-11, and Fig. S-12. 

We have shown here that a mixture of sodalite endmembers have been successfully synthesized 

from a caustic, mixed anion waste stream, demonstrating the potential for sodalites to immobilize 

caustic scrubber slurry in potential SNF reprocessing plants. XRD characterization alone cannot 

distinguish between most sodalite endmembers, especially when mixed phases are present, and 

cannot provide information about composition of amorphous phases. Thermal analysis methods 

provide some additional insight, especially indicating the importance of both water-related species 

and carbonate in these mixed phases. Further studies are in progress to ascertain the nature of the 

mixed sodalites (nuclear magnetic resonance, infrared spectroscopy), the detailed phase 

transformations on heating (hot-stage XRD), and the cage site preferences for anions in the 

presence of all the CS solution species. Results from this work also provide additional insight to 

the ongoing design of CS consolidation efforts by glass binding, sintering, and hot isostatic 

pressing of these waste forms, which will be reported in forthcoming work. 
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Summary 

 In this work, a simulated caustic scrubber solution containing sodium hydroxide and 

dissolved ions (nitrate, nitrite, carbonate, chloride, bromide, iodide) were synthesized by aqueous 

and hydrothermal methods and converted to aluminosilicates, primarily sodalite, using kaolinite 

for the aluminum and silicon. Given the propensity for sodalite to accommodate many anions and 

their coincident, overlapping XRD patterns, thermal and chemical analyses were used to help 

assess the materials. Water/hydroxide species and carbonate were confirmed using mass 

spectrometry, but halides and nitrogen compounds were not observed. However, these species 

were confirmed to be present in the solids by chemical analyses. These low temperature processes 

are promising for conversion of caustic scrubber solution to durable aluminosilicates with anion 

cages. Through these studies, temperature constraints were obtained for subsequent processing, in 

which these aluminosilicate powders will be consolidated into monoliths using glass bonding and 

sintering or hot isostatic press thermal treatment.  
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