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Abstract 
An alternative option for treating anion-enriched reprocessed nuclear waste streams is to 

immobilize technetium-99 (99Tc, b = 293.7 keV, t1/2 = 2.1 × 105 years) and other anions in micro- and 

meso-porous materials. Here we determine the thermodynamic stability of anion bearing sodalites, 

Na8Al6Si6O24X2 (X = SO4, ReO4, Cl, I), to improve our understanding of the driving forces that control 

framework assembly using high temperature oxide melt solution calorimetry. Raman and FTIR 

spectroscopy illustrate a strong dependence for vibrational features on anion size and enabled the 

development of a linear model that predicted the vibrational features for numerous anion bearing sodalites 

to within ±20 cm-1 (i.e., OH, F, Br, ClO4, NO3, and MnO4). The largest negative enthalpy of formation 

from elements and the lack of structural water demonstrate that the perrhenate sodalite 

(Na8Al6Si6O24[ReO4]2), a chemical analogue for pertechnetate sodalite (Na8Al6Si6O24[TcO4]2), is more 

thermodynamically stable than all other anion bearing sodalites evaluated. The enthalpies of the reaction 

between nepheline and the sodium salt, which provides the guest anion species, was negative only for the 

ReO4 and NO3 bearing sodalites. We report for the first time the enthalpy of the ion exchange reactions 

for different anion bearing sodalites relative to the perrhenate sodalite, which is a key step in gaining the 

ability to tune sodalite material properties and structure during treatment and the immobilization of 99Tc 

in the presence of competing anions. 
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I. Introduction  

Micro- and meso-porous solids support a range of industrial uses; including petrochemical cracking, 

ion exchange for water softening and purification, and gas separation. There is renewed interest in the 

application of porous solids, such as the sodalite group minerals, for the sequestration, immobilization, 

and treatment of anion-enriched waste streams which contain long-lived radionuclides (e.g., 99TcO4−, 129I−, 

75SeO42−) that volatilize during high temperature treatment processes (e.g., vitrification)1-8. 

Feldsphathoid minerals, such as sodalite, have a three-dimensional (3D) porous structure that is 

composed of alternating TO4 (T = Al or Si) tetrahedral units that share corner oxygens and form a pore or 

cavity system that can expand (microporous 2.5 to 20 Å; mesoporous 20 to 500 Å) to encase guest 

molecules (Br−, Cl−, F−, I−, OH−, MnO4−, SO42−, SeO42−, ReO4−, TcO4−, and WO42−) by cooperative 

changes in the T—O—T bond angles2-5, 9-14. Although these solids have been studied for decades, we still 

lack the ability to tune the material properties and structure during synthesis. The inability to exert control 

over and direct the symmetry and size of pores, the strength of the active site, and characteristic nature of 

the material, limits our ability to selectively and efficiently sequester anions during material synthesis and 

treatment of anion-enriched nuclear waste streams.  

Recent studies by Dickson et al.3-5 suggested that anion selectivity for the b-cage is anion size-

dependent. This hypothesis was further explored by conducting experiments to determine the amount of 

perrhenate (ReO4−),  a non-radioactive surrogate for pertechnetate (TcO4−), incorporated into sodalite in 

the presence of competing anions ranging in size and charge (e.g., Cl−, CO32−, SO42−, MnO4−, and WO42−)3, 

4. These results illustrated that competitive incorporation of ReO4− increased when anions with a similar 

ionic radius and charge were present in sufficient concentrations.3 While those studies provide 

experimental evidence for anion selectivity in sodalites, we still lack a clear understanding of the driving 

forces that govern framework assembly during synthesis in the presence of competing anions. This is 
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particularly important for understanding how these structures form and their stability in extreme 

environments, such as the high radiation environment present in anion-enriched reprocessed nuclear waste 

streams. The primary objective of the present study is to assess the thermodynamic stability of anion 

bearing sodalites relative to the enthalpy of formation from nepheline and sodium salt and from the 

elements. We report, for the first time, the enthalpy of the ion exchange reactions for sodalites containing 

different anions relative to the perrhenate sodalite (Na8Al6Si6O24[ReO4]2), which serves as a chemical 

analogue for pertechnetate sodalite (Na8Al6Si6O24[TcO4]2).   

 

II. Experimental Methods 

Synthesis 
The synthesis, particle size, and surface area of the anion bearing sodalites, Na8Al6Si6O24X2 (X = SO4, 

ReO4, Cl, I), used in this study are described in detail elsewhere14, 15. A solid state reaction with zeolite 

4A, Na12[(AlO2)12(SiO2)12]•H2O, was used to synthesize nepheline16. Zeolite 4A was placed in 95% Pt-

5% Au crucibles and heated in a furnace initially to 1273 K for 6 hours, then to 1323 K for 4 hours, and 

finally to 1373 K for 4 hours. The synthesized nepheline particles ranged in size from 5 to 264 µm and 

had a N2-BET surface area of 1.01 m2/g. 

 

Characterization 

The phase purity and lattice parameters of all compounds were verified by X–ray powder diffraction; 

the particle size of the anion bearing sodalites was determined using SEM and laser diffraction particle 

size analyses; the compositions of the samples are checked by electron microprobe and digestion followed 

by elemental analysis; and the presence and the amount of the structural water was determined by FTIR 

and thermogravimetry. All characterization techniques and instrumentation were described previously14, 

15. The Raman spectroscopy, neutron powder diffraction, neutron activation analysis, and the X-ray 
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absorption spectroscopy measurements for perrhenate sodalite are discussed in Pierce et al.14.   

The X–ray powder diffraction on nepheline was carried on Bruker D8 Advance diffractometer (Cu 

Ka1 wavelength = 1.5406 Å, Cu:40 kV, 40 mA) with a step size of 0.01º and collection time of 40 minutes. 

FTIR solid–state spectroscopy to check for waters of hydration was performed using Bruker Equinox 55 

FTIR spectrometer. The homogeneity and stoichiometry of the nepheline were verified by wavelength 

dispersive analysis using a Cameca SX–100 electron microprobe with HV of 15 kV, beam current of 2 

nA and beam size of 10 µm. The elemental analysis of the nepheline was performed alkaline digestion 

followed by chemical analysis of the resulting solution. 

Raman and infrared spectra of nepheline and the anion bearing sodalites, Na8Al6Si6O24X2 (X = SO4, 

ReO4, Cl, I), were collected on a Renishaw micro-Raman spectrometer (Renishaw Inc.) and Nicolet 

Magna-760 Fourier transform infrared (FTIR) spectrometer, respectively. The Raman spectrometer is 

equipped with a 300 mW near-infrared diode laser for excitation at a wavelength of 785-nm. The laser 

beam was set in position with a 50×, 0.5-numerical aperture Leica microscope objective at a lateral spatial 

resolution of ~2-mm. A charge-coupled device array detector was used to achieve signal detection from a 

1200 groove/mm grating light path controlled by Renishaw WiRE software. Prior to measuring each 

sample, an instrument performance check was conducted to verify the peak position and intensity using a 

silicon standard. Infrared spectra were recorded in the 400 – 4000 cm-1 at 4 cm-1 steps on a FTIR 

spectrometer equipped with a liquid nitrogen cooled MCT (Mercury-Cadmium-Tellurium) detector. All 

sample spectra were background corrected by collecting spectra on a clean ZnSe window in air. 

Raman and FTIR spectra were fit with a sum of Lorentzian profiles and a linear baseline from 250-

1100 cm-1 and 600-1300 cm-1, respectively. No parameters were fixed during fitting. A Lorentzian profile 

was chosen to fit the spectra here considering the inherent Lorentzian nature of the harmonic oscillator 

model for molecular vibrations17. 
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Calorimetry 

The low temperature heat capacities for the anion bearing sodalites were measured and reported 

previously using a Quantum Design Physical Properties Measurement System (PPMS) as described in 

Schliesser et al.15. The standard thermodynamic functions were calculated from these data. 

High temperature oxide melt solution calorimetry was performed using a Tian Calvet twin calorimeter 

as described in Navrotsky18-20. In the drop solution calorimetry experiment, samples in the form of pellets 

(between 4 and 6 mg) were dropped from room temperature (298 K) into the molten lead borate solvent 

(2PbO·B2O3) and maintained at the 973 K calorimeter temperature in a platinum crucible. Air was flushed 

over the solvent at 90 mL/min. The calorimeters were calibrated using the heat content of 5 mg α–Al2O3 

pellets.  

A preliminary furnace test was performed prior to the solution calorimetric measurements for all 

compounds to assure their complete dissolution in 2PbO·B2O3. During the dissolution, the chlorine and 

iodine – containing sodium salts and sodalites were checked for a presence of chlorine or iodine vapors 

above the melt. Hence, the quenched melt was dissolved in diluted nitric acid and the solution was tested 

for a presence of Cl– or I– ions, using AgNO3. White AgCl and pale yellow AgI precipitates were formed, 

respectively, which verified that Cl– and I– anions were not oxidized to Cl2 and I2 by the atmospheric O2 

and expelled from the melt. For each sample, the dissolution process started immediately and finished in 

a minute. After quenching the melt, no undissolved material was found. The qualitative analytical reaction 

with AgNO3 resulted in a formation of white AgCl and pale yellow AgI precipitates.  

 

Thermogravimetry 
A nepheline sample with initial mass of 141.37 mg was heated in air at 973 K for 3 hours with 10 

K/min. The final mass after the heating was 141.30 mg, which is within the error of the balance. No 
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significant weight change was registered, which confirms the FTIR spectroscopy results indicating no 

water. The details of thermogravimetry on the anion bearing sodalites are published in Pierce et al.14 and 

Schliesser et al.15. 

 
III. Results and Discussion  

Characterization  

Nepheline was found to be a single phase with hexagonal structure and lattice parameters a = 9.97066 

± 0.001223 Å and c = 8.33555 ± 0.001062 Å. The stoichiometric nepheline has the same structure but 

with a = 9.978 Å and c = 8.33 Å (PDF card# 35–0424). According to Buerger et al.21, who studied a 

natural sample, containing potassium, the reported lattice parameter were larger: a = 10.01 Å and c = 8.405 

Å. Tait et al.22 list different natural samples with lattice parameter between a = 9.985 Å – 10.01 Å; c = 

8.3852 Å – 8.405 Å and two synthetics with a = 9.964 Å and c = 8.360 Å and a = 9.968 Å and c = 8.380 

Å. In general, the lattice parameters decrease with the Al/Al+Si ratio. All natural samples contain K and 

Ca as well as vacancies. Authors also provide X–ray data for a natural specimen from a high temperature 

environment give a = 9.9953 Å and c = 8.3822 Å and microprobe data which indicate composition close 

to K2Na6Si8Al8O32. Hamilton and Mackenzie23, suggest a = 9.979 Å, c = 8.331 Å for stoichiometric 

nepheline and a = 9.968 – 9.971 Å and c = 8.342 –8.351 Å for NaAlSiO4 – SiO2 solid solutions. For 

simplicity the solid solution sample here will be called “nepheline”.  

The electron microprobe results suggest single nepheline phase with a formula of 

Na0.90(2)Al0.88(2)Si1.12(2)O4.00(1) which indicates a solid solution with Al/(Al+Si) ratio of 0.44 rather than 

stoichiometric NaAlSiO4 with Al/(Al+Si) = 0.5. The potassium content in the sample is negligible, ~0.1 

at. % which is within the error of the microprobe and will not be considered further. The elemental analysis 

for nepheline confirms the solid solution stoichiometry from the electron microprobe within the 

experimental errors. The XRD and composition results for the anion bearing sodalites are discussed in 
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detail in Pierce et al.14 and Schliesser et al.15. 

 

Raman and infrared spectroscopy 
Raman and FTIR spectra for the anion bearing sodalites, Na8Al6Si6O24X2 (X = SO4, ReO4, Cl, I) are 

displayed in Fig. 1 at 250-1100 cm-1 and 600-1300 cm-1, respectively. The Raman and FTIR spectra for 

nepheline are consistent with previous results and are provided in the Supporting Information (Fig. SI1). 

These frequency ranges encompass the bending and stretching vibrations of TO4 tetrahedra24-29. Here we 

limit our analysis to the major TO4 tetrahedra symmetric bending [d-(A1/T2), ~450 cm-1] and symmetric 

stretching [n-(A1), ~1000 cm-1] peaks in the Raman spectra and the symmetric stretching [nSS-(TOT)), 

~650-750 cm-1] and asymmetric stretching [nAS-(TOT), ~1000 cm-1] peaks in the FTIR spectra. For 

vibrational spectra of sodalites, splitting of the Raman and infrared active longitudinal optical and 

transverse optical (LO-TO) phonon modes is known to occur28; however, a detailed discussion covering 

the origin for all observed spectral features is beyond the scope of this study. For both sulfate (SO4) and 

perrhenate (ReO4) containing sodalite [i.e., Na8Al6Si6O24SO4 and Na8Al6Si6O24(ReO4)2] these frequency 

ranges also encompass anion vibrational modes including bending, symmetric, and asymmetric stretching 

from SO4 and ReO4 tetrahedra. While the presence of these anionic vibrations does not generally inhibit 

the analysis of the sodalite vibrational modes, they do complicate an infrared analysis for 

Na8Al6Si6O24SO4 as the broad nAS-(TOT) peak occurs at a similar frequency (~1100 cm-1) as asymmetric 

stretching in SO4 ions. 

Since the late 1970s it has been recognized that the vibrational features of sodalites vary with cell 

parameters, which are strongly influenced by the size of the anion hosted within the sodalite b-cage24, 30. 

These structure – spectra relationships have since been highlighted many times within the literature25-28, 

31-33 and continue to provide insight into sodalite materials with novel compositions8, 34-36. While sodalite 

vibrational features are generally compared directly against cell parameters determined using XRD24, it is 
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also possible to relate these features to the ionic radius of the anion for sodalites with identical cation 

composition. The frequencies for the major Raman and FTIR peaks as a function of the anion radius are 

shown in Fig. 2 where it is observed that the two major Raman and four major infrared peak frequencies 

display a strong linear relationship with anion radius (R2 values all > 0.9). 

 

 
Fig. 1. Vibrational spectra of the anion bearing sodalites under study here. (A) Raman spectra with the 
TO4 tetrahedra symmetric bending [d-(A1/T2), ~450 cm-1] and symmetric stretching [n-(A1), ~1000 cm-

1] peaks labeled. Inset for Na8(Al6Si6O24)(ReO4)2 spectrum highlights n-(A1) region as response from 
ReO4- vibrations dominate spectral intensity. (B) Fourier transform infrared spectra with three TO4 
tetrahedra symmetric stretching [nSS-(TOT)), ~650-750 cm-1] and one asymmetric stretching [nAS-
(TOT), ~1000 cm-1] peaks labeled. Asterisks in (A) and (B) indicate anion vibrational modes for 
Na8(Al6Si6O24)SO4 and Na8(Al6Si6O24)(ReO4)2 samples. All spectra have been baseline corrected, 
normalized, and scaled vertically for clarity. 
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The strong dependence of vibrational features on anion size, as exhibited in Fig. 2, is unsurprising as 

the incorporated anion size will directly influence the resulting b-cage size; i.e., for larger anions T-O 

bond lengths and T-O-T bond angles will both increase28. Using linear empirical relationships, Table 1, 

between the sodalite vibrational spectra and the respective anion radius it is possible to predict the 

frequencies for these major spectral peaks for sodalites containing other anions beyond the four measured 

here. Using the linear models described in Table 1 we can reproduce literature frequencies for Na-sodalites 

containing OH and Br to within ± 20 cm-1 (and typically much better). These results along with predicted 

values for ClO4, NO3, MnO4, MoO4, TcO4, and WO4 containing Na-sodalites are summarized in Table 2. 

Larger deviations are observed between the predicted and measured vibrational frequencies for OH- 

containing sodalite which is attributed to the small radii of OH anion (~50 pm smaller than Cl anion) and 

so fall far outside of the linear regression model bounds. Nonetheless, the agreement between the predicted 

and literature values highlighted in   
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Table 2 demonstrates the degree to which sodalite structural features can be predicted from even a 

limited number of spectroscopic signatures, and vice versa. Finally, it is important to note that the anionic 

radii used for the linear regression models were taken from measurements of aqueous hydrated ions37 and 

so should represent an upper-bound estimate for the anion radius hosted in the sodalite beta-cages.  

 

Table 1. Linear regressions relating major sodalite vibrational peak frequencies to beta-cage hosted 
anion radii:  

 
where nsodalite is the vibrational frequency and ranion is the radius of the anion in picometers taken from 
Marcus37. 
 

 Raman Peaks Infrared Peaks 
Linear 

Regression 
Coefficients 

d-(A1/T2) n-(A1) 1: nSS-
(TOT) 

2: nSS-
(TOT) 

3: nSS-
(TOT) 

nAS-
(TOT) 

a 556 865 782 762 712 937 

b -0.500 0.677 -0.237 -0.263 -0.228 0.316 
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Fig. 2. Dependence of sodalite vibrational peak frequency on anionic radius. (A) Raman n-(A1) peak; (B) 
Raman d-(A1/T2) peak; (C) Infrared nAS-(TOT) peak; and (D) Infrared nSS-(TOT) peaks. Legend is the 
same for all panels. Dashed lines in each panel represent linear regression fits to the data. Linear regression 
correlation coefficients for each fit are inset. For (D) linear regression fits and corresponding correlation 
coefficients are labeled “1”, “2”, or “3”. 
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Table 2. Predicted frequencies of major Raman and IR Na-sodalite peaks, for a variety of anion-bearing 
Na sodalites not measured here. For OH and Br containing sodalites absolute differences in 
wavenumbers between predicted (bold) and literature peak frequencies (italics) are provided. 

 

Thermogravimetry 

Thermogravimetry was performed on all samples to determine the presence or absence of absorbed or 

structural water. The initial hydrated SO4-sodalite (i.e., nosean, Na8[Al6Si6O24](SO4)·xH2O), containing 

potentially both adsorbed and structural water in the sample was heated in air at 973 K for 12 hours. A 

weight loss of 3.03 wt. % was registered. The water (both surface and structural) as well as the sulfate in 

the initial and dehydrated samples was verified by FTIR spectroscopy. Additional heating at 1173 K for 

another 12 hours was performed with no weight change and at 1273 K for six hours with 3.60 wt % weight 

loss, giving 6.63 wt. % in total. The FTIR analysis of the sample after the final heating indicated no 

absorption bands which can be assigned to molecular water, OH group or surface–adsorbed carbonate, 

  Raman Peaks Infrared Peaks 

Anion 
aRadius 

(pm) 
d-(A1/T2) 

(cm-1) 
n-(A1) 
(cm-1)  

1: nSS-(TOT) 
(cm-1) 

2: nSS-
(TOT) 
(cm-1) 

3: nSS-
(TOT) 
(cm-1) 

nAS-(TOT) 
(cm-1) 

OH 133 490 955 750 727 682 979 

  - - 20b 15b 25b 14b 

F 133 490 955 750 727 682 979 

NO3 179 467 986 740 715 671 994 

Br 196 458 998 736 710 667 999 

  10d 24d 2b, 4c, 2d 4b, 2c 2b, 3c, 5d 4b, 14c, 31d 

MnO4 240 436 1027 725 699 657 1013 

ClO4 250 431 1034 722 696 655 1016 

TcO4 252 430 1036 722 696 655 1017 

MoO4 270 421 1048 718 691 650 1022 

WO4 279 417 1054 716 689 648 1025 
aIonic radius values from Marcus37. 
bGodber et al.26  
cTaylor, D.30 
dMofrad et al.29 
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with the sulfate bands still present. Considering that between the three heating cycles, the sample was 

exposed to air for prolonged times, additional water was adsorbed on the surface, which increased the 

total weight loss. In order to verify that no structural changes occurred, XRD was performed on the 

material after heating to 1273 K and the lattice parameter decreased to within error (9.08901 ± 0.000329 

Å), likely due to the removal of the structural water38. According to Hassan and Grundy39, for the 

stoichiometric structure Na8[Al6Si6O24](SO4)·H2O, a = 9.084 Å and it depends on the size of [Na4SO4]2+ 

and [Na4.H2O]4+ clusters. Using the thermogravimetry in lead borate solvent to determine the water 

content of SO4-sodalite resulted in weight loss of 4.80 wt.% which corresponds to 2.79 mol H2O. Lower 

water content than previously obtained confirms the assumption that more water (1.83 wt.%) was adsorbed 

between the three heating cycles. Additionally, the error of each measurement (estimated to be around 1 

wt. % for each measurement) increased accordingly with the number of cycles.  

The thermogravimetry of dry chloride and iodide at 1073 K resulted in partial decomposition and loss 

of Cl2 and I2. Using lead borate solvent gave a weight loss of 12 and 10 wt. % or approximately 7.33 and 

6.77 mol H2O, respectively. No vapors above the melt were noticed during the experiment. No weight 

change was registered for nepheline and perrhenate sodalite, which confirms the lack of water bands 

observed in the FTIR results for this sample.  

 

Calorimetry 

The results from the low temperature heat capacity measurements of the sodalites are published and 

discussed in Schliesser et al.15. Oxide melt solution calorimetry is discussed here. 

The drop solution enthalpies of all compounds and the enthalpies of formation from components and 

from elements are shown in the Table 3. The enthalpies of formation are calculated from the drop solution 

enthalpies, corrected for the water content in order to be able to compare the stability of the hydrated and 

anhydrous feldspathoids. All results are calculated for the actual stoichiometry. SO4-sodalite 
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(Na7.98Al6Si6.06O24S1.02O4·2.79H2O) is the only sample in this study that dehydrated by annealing without 

decomposing. The enthalpy of hydration is calculated as 74.90 ± 12.15 kJ/mol per mole water, which is 

similar to Moloy et al.40 values for Na8-hydrosodalites and it is within the experimental error of the heat 

effect of liquid water 70.2 ± 2.7 kJ/mol41. Since all anion bearing sodalites in Table 3 are close to ideal 

Na8 structure, and the enthalpies of hydration of the individual compounds are not known, we used the 

effect of the liquid water to correct the drop solution enthalpies.  

The enthalpy of formation from oxides of Na0.90Al0.88Si1.12O4 is calculated and compared with the 

values for stoichiometric nepheline obtained from literature sources42-44 and shown in Table 3 and Fig. 3. 

These values were found to be less negative. The enthalpies of formation from oxides of cristobalite, 

Na0.90Al0.88Si1.12O4.00 solid solution and stoichiometric nepheline points, situated on a straight line are 

shown in Fig. 3.   

The effect of the tetragonal – hexagonal transition between the two end members is not apparent in 

the drop solution enthalpies (hence in the enthalpies of formation) and the cristobalite – nepheline solid 

solution behavior appears to be ideal. Substituting silicon by aluminum in the Si–O tetrahedra plus sodium 

outside the framework results in more negative heats of formation, as seen before for many other 

materials.45  
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Table 3. Drop solution enthalpies corrected for water, the enthalpies of formation from components, 
nepheline and components, and from elements. The enthalpies of formation from elements of the 
component oxides, sodium salts, and anions are taken from Robie and Hemingway46, Glushko47, or 
calculated from FactSage48. 
 

Compound ΔHds, kJ/mol 
dehydrated 

ΔHf,comp, kJ/mol ΔHf,neph,comp, 
kJ/mol 

ΔHf,el, kJ/mol 

Na0.90Al0.88Si1.12O 154.5±1.59 –113.55±2.02  –2057.50±2.38 
NaAlSiO4 164.92±0.59a 

167.50±4.10b 

169.40±0.65c 

–127.92±1.86 
–130.26±4.26 
–132.41±1.34 

 –2067.92±1.87 
–2070.50±4.47 
–2072.40±1.89 

Na7.98Al6Si6.06O24S1.02O4·2.79H2O 1137.29±9.34 -718.68±8.76d 75.73±10.01 –13842.20±13.80 

Na8Al6Si6O24(ReO4)2  1292.07±8.07d –814.02±10.68d –22.57±9.03 –14624.70±13.12 
Na8.04Al6.06Si5.94O24Cl1.92·7.33H2O 944.38±13.01 –604.21±14.87 198.60±13.62 –13149.73±16.63 
Na7.64Al6Si6O24I1.64·6.77H2O 846.88± 4.72 –583.61±11.11 211.74±9.33 –12762.68±13.33 
Na8.072Al6.055Si5.945O24(NO3)1.320(CO3)0.348·2.5H2O 1546.49±11.12h –819.68± 13.84 -22.91±5.82  –13578.73±15.61 
Na8.28Al5.93Si6.07O24(OH)0.49(CO3)0.93·3.64H2O 1107.10±50.00i –651.69±57.71  –13669.79±51.04 
Na7.82Al5.98Si6.02O24(OH)1.84 10009.3±12.4j –830.30±13.3j  –13181.7 ±15.1j 
Na2O –112.86±0.97e   –414.80±0.30 
Al2O3 107.45±0.76f   –1675.70±1.30 
SiO2 39.70±1.00g   –910.70±1.00 
Na2SO4 196.62±1.10   –1387.80±0.40 
NaReO4 126.55±0.55   –1036.00±1.00 
NaCl 63.29± 0.88   –411.10±1.00 
NaI 25.74± 0.76   –287.90±1.00 
SO42-    –907.5±0.1 
ReO4-    –803.33±3.77 
Cl-    –167.10±0.1 
I-    –56.80±0.1 
NO3-    –206.90±0.4 
CO32-    -675.20±0.1 
OH-    -230.0±0.1 
aHlabse and Kleppa42  
bAkaogi et al.43 
cNavrotsky et al.44  
dPierce et al.14 
eaverage drop solution enthalpy from Fialips et al.49, Kiseleva et al.50, 51  
fdrop solution enthalpy of Al2O3 which is an average of the values measured over 5 years in The Peter A. Rock Thermochemistry 
Laboratory 
gaverage drop solution enthalpy from Kiseleva et al.51, Chai and Navrotsky52, and Trofymluk et al.53   
hLiu et al.54 
iKurdakova et al.55 
jMoloy et al40 
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Fig. 3. Enthalpies of formation of cristobalite, the solid solution and nepheline. The empty circle indicates 
the result for non–stoichiometric nepheline, the black, grey and red circles represent the enthalpies of 
formation, calculated from Hlabse and Kleppa42, Akaogi et al.43, and Navrotsky et al.44, respectively. The 
yellow circle is the enthalpy of formation of cristobalite end–member from quartz. 
 

 

Hlabse and Kleppa42, Akaogi et al.43, and Navrotsky et al.44 state that their samples were characterized 

by XRD and found to be single phase nepheline. None of these studies reported analyzed chemical 

compositions and the samples used were assumed to be stoichiometric. The difference in the enthalpy of 

formation for nepheline between previous measurements and the data collected in this study, is due to 

differences in composition and not a result of structural changes or impurities (phases or elements). The 

nepheline sample used in this study is nonstoichiometric (Al/(Al+Si)) < 0.5 as evident by the microprobe 

and elemental analysis which suggest the ratio Al/Al+Si is 0.44 and 0.435, respectively, instead of 0.5. 

The thermodynamic cycles used to calculate the enthalpy of formation of nepheline from oxides and 

elements and of the sodalites from elements are shown in Table 4 and 5, respectively. The thermodynamic 
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cycle used to calculate the enthalpy of formation of the sodalites from components is published in Pierce 

et al.14. The perrhenate sodalite appears to be the most thermodynamically stable with respect to the 

enthalpy of formation from elements. The mixed NO3/CO3 cancrinite (Table 3) shows a similar enthalpy 

of formation from components (oxides and sodium salts) to the perrhenate sodalite within experimental 

error. It should be noted that the NO3 and CO3 cancrinites are mixed anion sodalites, e.g. solid solution 

between NO3, CO3, and OH end members with an unknown mixing enthalpy, which could potentially 

contribute to the total energetics of the compound. 

Additionally, the perrhenate sodalite is the only compound lacking structural water, which is known 

to help stabilize the structure. The iodide and the chloride sodalites contain the largest amount of structural 

water in comparison to the other aluminosilicates (Table 3) and have the least exothermic heats of 

formation from components. The correlation of the enthalpy of formation with the water content indicates 

that the energetics of the sodalite is a function of the combination of all interactions between the ions and 

molecules within the structure.  

 
Table 4. Thermodynamic cycles used to calculate the enthalpy of formation of nepheline (solid solution) 
from oxides and elements.  

Reaction number and reaction 
Enthalpy of 
the reaction 
(kJ/mol) 

Na0.90Al0.88Si1.12O4.00(s, 298 K) → 0.45Na2O (soln, 975K) + 0.44Al2O3(soln, 975K) + 1.12SiO2 
(soln, 975K) 
Na2O (s, 298 K) → Na2O (soln, 975K)  
α–Al2O3 (s, 298 K) → Al2O3 (soln, 975K)  
SiO2 (s, 298 K) → SiO2 (soln, 975K)  
 
0.45Na2O (s, 298 K) + 0.44Al2O3(s, 298 K) + 1.12SiO2 (s, 298 K) → Na0.90Al0.88Si1.12O4.00 (s, 298 
K) 

ΔH1
a 

 
ΔH2

b  
ΔH3

c 

ΔH4
d 

 
ΔH5  

DH5 = ΔHf,ox = – DH1 + 0.45DH2 + 0.44DH3 + 1.12DH4  
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Table 5. Thermodynamic cycles used to calculate the enthalpy of formation of a compound 
NaaAlbSicXxO24 where X is SO4, Cl, I, ReO4, from elements. The numerical values are shown in Table 3. 

Reaction  

Enthalpy  
of the 
reaction 
(kJ/mol) 

NaaAlbSicXxO24 (s, 298 K) → (a–x)Na2O (soln, 973K) + xNaX (soln, 973K) +  b/2Al2O3(soln, 
973K) + cSiO2 (soln, 973K) 
Na2O (s, 298 K) → Na2O (soln, 973K)  
α–Al2O3 (s, 298 K) → Al2O3 (soln, 973K)  
SiO2 (s, 298 K) → SiO2 (soln, 973K)  
NaX (s, 298 K) → NaX4 (soln, 973 K) 
2Na (s, 298 K) + O2 (g, 298 K) → Na2O (s, 298 K) 
2Al (s, 298 K) + 1.5O2 (g, 298 K) → Al2O3 (s, 298 K) 
Si (s, 298 K) + O2 (g, 298 K) → SiO2 (s, 298 K) 
Na (s, 298 K) + X (g, 298 K) + 2O2 → NaX (s, 298 K) 
 
aNa (s, 298 K) + bAl (s, 298 K) + cSi (s, 298 K) + xX (s, 298 K) + 16O2 (g, 298 K) → NaaAlbSicXx-
O24 (s, 298 K) 

ΔH1
 

 

ΔH2 
ΔH3

 

ΔH4
 

ΔH5 
ΔH7 
ΔH8 
ΔH9 
ΔH10 
 
 
ΔH11 

 
DH11 = ΔHf,el = – DH1 + (a–x)DH2 + b/2DH3 + cDH4 + xΔH5 +(a–x)ΔH7 + b/2ΔH8 + cΔH9 + xΔH10 

 

 
 
 

The enthalpies of formation from the corresponding sodium salt and nepheline can be calculated 

according to the equation: 

 
NaAlSiO4 + xNaX = Na8Al6Si6XxO24 where X = SO4, I, Cl, ReO4, CO3, and NO3 

 
For stoichiometric nepheline, the value 169.40 ± 0.65 (Navrotsky et al.44) was used (Table 3). All 

compounds appear metastable (the enthalpy of the reaction is positive) with respect to nepheline and 

sodium salt except for the perrhenate and the nitrate/carbonate sodalites. The sodium “salt” behavior 

would be different than that of the bulk one depending on the confinement of the guest species as observed 

by Liu et al.54.  
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Enthalpy of exchange reactions 

During the treatment and immobilization of the nuclear waste, 99Tc can compete for the sodalite b-

cage with other anions as NO3-, SO42-, Cl-, I-, OH-. Using the perrhenate sodalite as an analogue for 

pertechnetate sodalite, the enthalpies of the exchange reactions were calculated using the data in Table 3.  

Na8Al6Si6O24(ReO4)2 + xX- → Na8Al6Si6O24Xx + 2ReO4- (X = SO4, CO3, NO3, Cl, I, OH) 
 

For the species with mixed guest anions such as Na8.072Al6.055Si5.945O24(NO3)1.32(CO3)0.348, the following 
reaction was used: 

Na8Al6Si6O24(ReO4)2 + xX- + yY-→ Na8Al6Si6O24XxYy + 2ReO4- 
where X1 and X2 are CO3, NO3, and OH 

 
 
Table 6.  Enthalpies of exchange of perrhenate sodalite and Na8Al6Si6O24X2 (X = SO4, NO3, CO3, Cl, I, 
OH) 

Compound ΔHex, kJ/mol 
Na8Al6Si6O24SO4 83.34 ± 19.10 
Na8.072Al6.055Si5.945O24(NO3)1.32(CO3)0.348 –52.61 ± 20.37 
Na8.28Al5.93Si6.07O24(OH)0.49(CO3)0.93 –23.82 ± 52.69 
Na7.82Al5.98Si6.02O24(OH)1.84 37.39 ± 20.66 
Na8Al6Si6O24Cl2 202.51 ± 21.15 
Na7.64Al6.02Si5.95O24I1.64 348.51 ± 18.67 

 
 

Except for the nitrate and carbonate anions, the exchange enthalpies of the other reactions are positive, 

and suggest such exchange would not be favored (Table 6). These results support the findings of Dickson 

et al.5 who showed a larger preference for NO3 than ReO4 in the sodalites when the nitrate anion 

concentration is above 0.9 mole fraction in the mixture.  

 

IV. Implications  

The newly obtained data provide valuable information about the guest anion – stability relationship 

in sodalites. The perrhenate sodalite, which is a chemical analogue for pertechnetate sodalite, is the most 

thermodynamically stable phase with respect to the enthalpy of formation from elements. The enthalpies 
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of formation from nepheline and sodium salt of the perrhenate and the nitrate sodalites are negative and 

within the experimental error of each other; while all other sodalites appear metastable (i.e., the enthalpies 

of formation from nepheline plus sodium salt are positive). The enthalpies of ion exchange reactions 

indicate that pertechnetate sodalite, Na8Al6Si6O24(TcO4)2, will only form after removal of the majority of 

the nitrate, carbonate, nitrite, and possibly other anions with smaller ionic radii present in reprocessed 

nuclear waste streams. While sodalites can serve as an alternative treatment and immobilization option 

for anion-enriched reprocessed nuclear waste streams, the ability to maximize the formation of 

pertechnetate sodalite in the presence of competing anions will require additional data to assess the 

potential for the formation of mixed-anion sodalites during treatment. 
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