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Abstract

The formation of nitrate sodalite, an important constituent of the resilient heels at DOE nuclear waste storage sites, was
closely followed by oven synthesis, in situ calorimetry as a function of heating rate from 0.01 to 0.1 °C/min and X-ray diffrac-
tion. A transition sequence of amorphous-zeolite A—sodalite—cancrinite was confirmed. For in situ synthesis calorimetry, the
heat flow peaks related to zeolite A formation are shifted to higher temperatures as heating rate increases. Although the end
products are mostly nitrate sodalite, no calorimetric signals associated with zeolite A to sodalite conversion are detected. This
suggests that the enthalpy of formation of zeolite A and sodalite are very similar and the zeolite A to sodalite conversion
enthalpy is small. This conclusion is in accord with previous measurements by oxide melt solution calorimetry.

© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The leakage of high-level nuclear waste from the storage
tanks at US Department of Energy (DOE) sites contami-
nates groundwater and interacts with surrounding sedi-
ments to form zeolite A, cancrinite and sodalite
(Bickmore et al., 2001; Wan et al., 2002; Qafoku et al.,
2003, 2004). The nature of contaminant transport in the va-
dose zone, a region of variable water content at the Han-
ford site, is not yet fully understood (Wan et al., 2002).
The high volume precipitation of both amorphous and
crystalline aluminosilicates from highly alkaline waste
streams also interferes with several waste processing proce-
dures. Due to plugged waste transfer lines, an evaporator
for tank waste volume-reduction was shut down (Mattigod
et al., 2002). The performance of a crystalline silicotitanate
(CST) ion exchanger was degraded when such deposits were
built up on its surface (Su et al., 2000). To better under-
stand the occurrence and removal of aluminosilicates at
DOE storage sites, the thermodynamic properties of such
materials have been investigated in our laboratory (Liu
et al., 2005; Moloy et al., 2006; Liu et al., 2007). However,
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the kinetics of formation and transformation of these phas-
es is an equally important issue.

In situ calorimetry is a powerful tool for investigation of
thermal events related to zeolite synthesis, such as enthalpy
of mixing in solution (Yang and Navrotsky, 2004a), crystal-
lization driving forces (Yang and Navrotsky, 2000, 2004b),
and crystallization kinetics (Yang and Navrotsky, 2002).
The major advantage of this method is the direct and con-
tinuous monitoring of reaction progress with heating in a
closed system which does not lose water. When coupled
with structural analysis (XRD, IR, NMR and microscopy)
and solution characterization (species concentration and
pH), the calorimetric signals can be intimately associated
with subtle changes in solution speciation, solution reaction
and structural evolution of the precipitate. We report find-
ings on the synthesis of nitrate sodalite, combining oven
synthesis, in situ synthesis calorimetry and X-ray diffraction
analysis.

2. SAMPLE SYNTHESIS AND CHARACTERIZATION

ACS grade sodium silicate (Na,SiO39H,O, Fisher),
sodium nitrate (NaNOj3, Alfa Aesar), and sodium hydrox-
ide (NaOH, Alfa Aesar) were used as received. Technical
grade sodium aluminate (Al,05-Na,O, Alfa Aesar) was also
used in the synthesis. The following solutions were first
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prepared: 6 M NaNO; (10.19g in 20ml H,0), 2.7M
NaOH (2.18 g in 20 ml H,0), 2 M Na,Si039H,0 (11.44 ¢
in 20 ml H,0), | M Al,03-Na,O (3.28 g in 20 ml H,0).
Then 5 ml of each solution was mixed together in a poly-
propylene bottle (Nalgene) to form roughly a 20 ml gel.
For oven synthesis, the plastic bottles containing the mixed
solutions were heated at 90 °C for different periods of time.
To check concentration effects, dilution was performed by
adding 10 or 20 ml of additional water. The precipitation
behavior of the gel at room temperature was also investigated
by storing the gels in sealed bottles for pre-determined times.

For in situ synthesis calorimetry, the gel mixture with
10 ml additional water was investigated with a Setaram
C-80 calorimeter. The procedure was similar to that used
in earlier studies of zeolite synthesis (Yang and Navrotsky,
2000, 2002, 2004a,b). The sample vessel holding a Teflon
liner was loaded with 7.5 g of the gel and sealed. The refer-
ence vessel contained 7.5 g of water. Scanning mode was
used to study the crystallization of gel with different heating
rates (0.1, 0.05 and 0.01 °C/min). For runs with slower
heating rates (0.05 and 0.01 °C/min), the calorimeter tem-
perature was raised to 65°C at 0.1 °C/min after sample
loading and programmed to heat at a specified slower rate
thereafter. After reaching the preset end temperature
(105 °C for 0.1 °C/min scan and 97 °C for slower scans),
the calorimeter was kept at that temperature for 48 h to en-
sure complete reaction. Each synthesis calorimetric experi-
ment was completed by repeating the same heating
sequences again for baseline correction. A flat baseline in
the second run confirmed completion of synthesis in the
first run. For the synthesis experiment performed with a

Table 1
Summary of syntheses
(A) In situ, oven, and room temperature syntheses®

heating rate of 0.1 °C/min, samples were collected before,
during, and after the crystallization peak for phase identifi-
cation; the sample vessel was removed from the calorimeter
at a preset temperature during the calorimetric experiment
and immediately cooled to room temperature with running
cold water. To assist the interpretation of in situ synthesis,
conversion experiments from zeolite A to sodalite were also
performed, in which 1 g zeolite A (NIST reference materi-
al), 6 g NaNO;z and 2 g NaOH were mixed with 40 ml
H,O and heated at various temperatures in sealed plastic
bottles in an oven. All samples were centrifuged and
washed repeatedly with distilled water to neutral pH and
dried at 40 °C before analysis.

Phase identification was performed on an Inel XRG
3000 X-ray diffractometer (Ni-filtered Cu Ko radiation,
30 kV and 30 mA). The position-sensitive detector has a
resolution of 0.029° 26. Selected samples were also charac-
terized by high resolution scanning electron microscopy
(Philips FEI X130).

The conditions and products of all syntheses are summa-
rized in Table 1.

3. RESULTS
3.1. Oven synthesis

The gel-like mixtures produced by mixing sodium sili-
cate, sodium nitrate, sodium hydroxide and sodium alumi-
nate solutions had been placed in a lab oven pre-heated at
90 °C for up to five days. X-ray diffraction patterns of the
end products are shown in Fig. 1. The unnamed zeolite

Experiment Water addition (ml) Heating history

Products

In situ synthesis 10

From R.T.P to 105 °C at 0.1 °C/min or 97 °C at slower

Sodalite, Cancrinite (minor)

heating rates followed by isothermal heating at this
temperature for 48 hours. Above sequences were repeated
for baseline correction after the calorimeter was cooled

down to R.T.
Aging time effect (oven) 0

Aging at 90 °C for up to 5 days

Sodalite, Cancrinite (minor)

Dilution effect (oven) 10 Aging at 90 °C for 2 days Zeolite A (minor), Sodalite
20 Zeolite A, Sodalite (minor)

R.T. synthesis 10 R.T. for up to 3 weeks Zeolite A

(B) Zeolite A to sodalite conversion

Experiment Synthesis conditions Heating history Products

Zeolite A NaNO; NaOH H,O

(g) (g) (g) (ml)
In situ 1 6 2 40 From R.T. to 105 °C at 0.1 °C/min followed by isothermal Sodalite, Cancrinite
synthesis heating at this temperature for 48 hours. Above sequences (minor)
were repeated for baseline correction after the calorimeter
was cooled down to R.T.
Oven 1 6 2 40 Aging at 60 and 70 °C for 24 h Zeolite A, Sodalite
synthesis (minor)
Aging at 80 and 90 °C for 24 h Sodalie, Cancrinite
(minor)

% The starting material for all synthesis is the reaction product by mixing 5 ml of each of the following solutions: 6 M NaNOs, 2.7 M NaOH,
2 M Na,SiO39 H,O, 1 M Al,03-Na,O. Water is added during the mixing.
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Fig. 1. X-ray diffraction pattern showing precipitation behavior of
mixed solution of sodium silicate, sodium nitrate, sodium hydrox-
ide and sodium aluminate at 90 °C.

(PDF#38-0513) refers to nitrate cancrinite in the PDF data-
base. After only 6 hours of aging, the precipitate consists of
nitrate sodalite (PDF#86-1030) as the dominant phase and
a small amount of zeolite A (PDF#39-0222). Zeolite A can
no longer be seen after 1 day of aging, indicating that the
transformation from zeolite A to sodalite is relatively fast.
A minor amount of nitrate cancrinite (PDF#38-0513)
impurity appears at 1 day of aging and is seen throughout
the rest of the synthesis. Thus zeolite A is the first phase
formed in the mixed solution and its disappearance is asso-
ciated with the formation of sodalite in a relatively rapid
process. With increasing aging time, sodalite is converted
into cancrinite at a very slow rate.

The concentration effect on the precipitation behavior of
the gel-like mixture was also investigated by diluting it with
10 and 20 ml water. In this case, all samples were heated in
an oven at 90 °C for 48 h. Comparison of the XRD patterns
of the end products (Fig. 2) shows that the amount of zeo-
lite A increases with dilution. Although the amount of zeo-
lite A is minor with 10 ml water addition, the product
consists of mostly zeolite A when the gel is diluted with
20 ml water, suggesting lower solution concentrations favor
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Fig. 2. X-ray diffraction pattern showing dilution effect on the
precipitation behavior of mixed solution of sodium silicate, sodium
nitrate, sodium hydroxide and sodium aluminate at 90 °C with 48 h
aging.

the formation of zeolite A. The recipe with 10 ml water
dilution was used in in situ calorimetry experiments because
of easier loading of the gel-like mixture into the reaction
vessel.

3.2. Precipitation at room temperature

After the addition of 10 ml water to the gel obtained by
mixing sodium silicate, sodium nitrate, sodium hydroxide
and sodium aluminate solutions, the mixture was kept at
room temperature. XRD analysis showed that zeolite A
precipitated within 2 weeks and complete crystallization
of zeolite A occurred after 3 weeks of aging (Fig. 3). Precip-
itation of zeolite A from the mixed solution at room tem-
perature suggests that zeolite A is an intermediate,
possibly metastable phase that forms before sodalite
crystallization.

3.3. Zeolite A to sodalite conversion

To investigate further the phase transformation behav-
ior, zeolite A was loaded in a mixed solution of sodium ni-
trate and sodium hydroxide. The mixture was aged at
different temperatures in an oven for 24 h. Similar to the
findings in the oven synthesis, the product was sodalite with
a small amount of cancrinite at temperatures of 80 and
90 °C (Fig. 4). No significant amounts of sodalite were
formed from zeolite A in the solution at temperatures lower
than 70 °C. Therefore, rapid conversion of zeolite A to
sodalite under current conditions only takes place at tem-
peratures higher than 70 °C.

The rate of phase transformation from zeolite A to soda-
lite/cancrinite at 90 °C was also investigated. Data indicat-
ed that the reaction was completed within 8 h of aging. No
conversion was found at room temperature even after 46
days storage of the reaction mixture.

3.4. In situ synthesis calorimetry

During the initial heating and subsequent isothermal
segments, heat flow peaks were only found in the scanning
mode. No peaks were detected in the second run when
repeating the same heating sequences for baseline correc-
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Fig. 3. X-ray diffraction pattern showing precipitation behavior of
the gel-like mixture at room temperature.
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Fig. 4. X-ray diffraction pattern showing zeolite A to sodalite
conversion at different temperatures with 24 h aging.

tion. The heat effects (corrected for baseline) related to the
crystallization of the solution mixture at three heating rates
are shown in Fig. 5. All three syntheses show one strong
exothermic peak typical of crystallization. Crystallization
occurs at lower temperature with slower heating rate. The
enthalpies of crystallization for the syntheses with 0.1,
0.05 and 0.01 °C/min heating rate are —0.36, —0.34 and
—0.33 J per gram of gel. Although the peak height decreases
with slower heating rate, the magnitude of the integrated
exothermic heat effect is almost unchanged. This indicates
that heating rate has little influence on the completeness
of crystallization. Crystallization takes a longer time with
slower heating, but all samples finish precipitation within
hours.

Samples were also collected before, during, and after the
crystallization exotherm for phase identification. For the
sample with a heating rate of 0.1 °C/min, sampling temper-
atures were chosen as 68.4, 82.5 and 92.4 °C. Fig. 6 shows
the X-ray patterns of the collected samples. The sample col-
lected at 68.4 °C before the appearance of the crystalliza-
tion peak was amorphous. Significant amount of
crystallization took place in the sample collected at
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Fig. 5. In situ calorimetry of gel mixture at different heating rates.
The heating rates of the three scans were: (a) 0.1 °C/min; (b)
0.05 °C/min; (¢) 0.01 °C/min.
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Fig. 6. X-ray pattern for in situ synthesis calorimetry at a heating
rate of 0.1 °C/min. Sampling temperature was: (a) 68.36 °C; (b)
82.50 °C; and (c) 92.40 °C.

82.5°C. The sample was completely crystallized at the
end of the peak (92.4 °C). The crystalline phase was identi-
fied as zeolite A.

However, the end product after the entire in situ exper-
iment was found to be mostly sodalite with a minor amount
of cancrinite (Fig. 7), similar to the precipitation behavior
observed for oven synthesis. Fig. 8 shows the SEM image
of a typical sodalite product from in situ calorimetric syn-
thesis. Heat flow peaks related to the conversion of zeolite
A to sodalite/cancrinite were not seen in either heating or
isothermal segments of the calorimetric runs. Similarly,
when a mixture of zeolite A, NaNO3z and NaOH was load-
ed in the calorimeter, no heat flow peaks were detected dur-
ing the entire scan, although zeolite A was transformed to
sodalite in the end according to XRD analysis.

4. DISCUSSION

Our synthesis experiments demonstrate that precipita-
tion of nitrate sodalite from mixed solutions of sodium sil-
icate, sodium nitrate, sodium hydroxide and sodium
aluminate is a relatively rapid process. It takes less than a
day at 90 °C for sodalite to precipitate. Slower heating pro-
motes the precipitation of zeolite A at lower temperatures
and slows the formation of sodalite (Fig. 5). The transfor-
mations follow a pathway of amorphous-zeolite A-soda-
lite—cancrinite, which is consistent with the literature
(Barnes et al., 1999a; Mattigod et al., 2002). Zeolite A is be-
lieved to nucleate and crystallize from a solution coexisting
with the amorphous phase and this solution is supersaturat-
ed with respect to the zeolite A (Hu and Lee, 1990). The
solution coexisting with zeolite A, with equilibrium estab-
lished before the onset of sodalite nucleation, is then super-
saturated with respect to sodalite (Subotic et al., 1980;
Subotic and Sekovanic, 1986). The final transformation
from sodalite to cancrinite is the slowest solution-mediated
process (Barnes et al., 1999a).

Our data also indicate that lower temperatures and solu-
tion concentrations favor the formation of zeolite A (Figs.
2-4). Zeolite A can even precipitate at room temperature
given long enough crystallization time (up to 3 weeks under
current solution concentration). At higher temperatures
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Fig. 7. X-ray pattern for the final product of an in situ calorimetry experiment. The sample was heated to 105 °C at 0.1 °C/min followed by a
48 h isothermal treatment. The entire heating sequences were repeated for baseline correction afterwards.

Fig. 8. SEM image of sodalite obtained after in situ synthesis at a
heating rate of 0.1 °C/min.

and concentrations, zeolite A transforms to sodalite at
accelerated rates. Breuer et al. (1963) reported similar tem-
perature- and concentration-sensitive transformation of
zeolite A to sodalite. These phase transformation phenom-
ena are most likely kinetically controlled. It is known that
the solubility of both zeolite A and sodalite increases with
temperature and zeolite A has higher solubility than soda-
lite (Breuer et al., 1963). The rate of zeolite A dissolution
is probably faster at higher temperature. Thus the solution
supersaturation level is higher and the sodalite nucleation is
enhanced, resulting in faster transformation of zeolite A to
sodalite with increasing temperature. Higher solution con-
centration has a similar effect in enhancing sodalite nucle-
ation. The competition of kinetic factors favoring
metastable phases and thermodynamic factors favoring sta-
ble ones can result in simultaneous nucleation of zeolite A
and sodalite and/or sodalite and cancrinite at higher con-
centration and temperature ranges. The kinetically con-
trolled reaction sequence is further supported by
comparison of activation energies for zeolite A-to-sodalite
and sodalite-to-cancrinite transformations, which are 104
and 133 kJ/mol, respectively (Barnes et al., 1999a,b). The
activation energy for zeolite A-to-sodalite conversion is

somewhat lower, suggesting a faster phase transformation
rate.

In situ calorimetric study is consistent with the findings
of oven synthesis for transformation behavior of the gel-
like mixture. It is more revealing in that only heat flow
peaks related to zeolite A formation are observed, even
though the end product consists of mainly sodalite. There
are two possibilities for this observation. First, if the tran-
sition from zeolite A to sodalite is a very slow process,
the heat flow signal will be too spread out with time during
heating and will likely be buried in the noise. However,
oven synthesis experiments showed that, although slower
than the precipitation of zeolite A from the mixed solution,
zeolite A to sodalite transformation is still a fast process
requiring no longer than 6 h at 90 °C. Heat flow signals
related to such crystallization times are well within the
detection capability of the C-80 calorimeter, as shown in
this study for zeolite A formation at three different heating
rates (Fig. 5).

On the other hand, zeolite A and nitrate sodalite may
have similar enthalpies of formation and thus the enthalpy
change associated with the transformation may be below
the detection limit of the calorimeter. Zeolite A is structur-
ally related to sodalite and consists of a double unit cell of
sodalite without additional salt inclusion (NaCl, NaOH or
NaNO;) (Barrer et al., 1959). The standard enthalpy of
formation from oxides of hydrated zeolite A (NIST Stan-
dard Reference Material 8851, (Na,0)g.2530(Al1203)0.2508
(Si02)0‘4934'1.092H20) is —7424+0.7 kJ/mol on T02
(T = Al or Si) basis (Cavanagh and Watters, 2006). The
standard enthalpy of formation of ideal sodalite (Nag(Alg
Sig0,4)Cl,) was reported previously (Komada et al.,
1995). Using thermodynamic cycles shown in Table 2, the
enthalpy of formation from oxides and sodium chloride
of the ideal sodalite was determined as —75.0 £ 1.2
kJ/mol-TO,. The enthalpy of formation of hydroxysodalite
(ideally Nag(AlgSigO24)(OH),) from quartz, corundum,
sodium oxide, water and sodium hydroxide is
—79.6 = 1.2 kJ/mol-TO, (Moloy et al., 2006). In addition,
pure nitrate cancrinite has an enthalpy of formation (from
oxides, sodium nitrate and water) of —75.3 & 1.3 kJ/mol-
TO, (Liu et al., 2005). Comparison of these thermodynamic
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Table 2

Calculation of the enthalpy of formation of ideal sodalite [Nag(AlgSigO,4)Cl,] from oxides and NaCl

3 Na,O (s, 298 K) + 3A1,0; (5, 298 K) + 6Si0; (s, 298 K) + 2NaCl (s, 298 K)

4 Nag(A16Si6024)Clz (S, 298 K)
6Na (s, 298 K) + 3/20, (g, 298 K) — 3Na.O (s, 298 K)
6Al (s, 298 K) + 9/20, (g, 298 K) — 3A1,0; (s, 298 K)
6Si (s, 298 K) + 60, (2, 298 K) — 68i02 (s, 298 K)
2Na (s, 298 K) + Cl, (g, 298 K) — 2NaCl (s, 298 K)

AH,
AH, =3 x (—414.8 + 0.3) = —1244.4 + 0.9 kJ*
AH; =3 x (—1675.7 + 1.3) = —5027.1 + 3.9 kJ*
AH, = 6% (—910.7 + 1.0) = —5464.2 + 6.0 kJ*
AHs=2x(—411.3+0.1) = —822.6 + 0.2 kJ*

8Na (s, 298 K) + 6 Al (s, 298 K) + 6Si (s, 298 K) + 1205 (g, 298 K) + Cl, (g, 298 K)

i Nag(A16Si6024)C12 (S, 298 K)

AHg = —13458.2 4+ 16.0 kJ/mol®

AH, = AH¢ — (AH, + AH; + AH, + AHs) = —899.9 + 14.3 kJ/mol = —75.0 & 1.2 kJ/mol-TO,*

% Robie and Hemingway (1995).
® Komada et al. (1995).

¢ On TO, (T = Al or Si) basis, the enthalpy of formation of ideal sodalite was calculated as —75.0 4= 1.2 kJ/mol.

data suggests that the differences in the enthalpies of forma-
tion among zeolite A, sodalite and cancrinite (of compara-
ble composition) are small. Therefore, the energies
associated with zeolite A-to-sodalite and sodalite-to-cancr-
inite conversions should be small quantities, which are dif-
ficult to differentiate by calorimetry. The standard enthalpy
of formation of pure nitrate sodalite has yet to be
measured.

In situ synthesis calorimetry is capable of measuring the
heat effects related to nucleation and crystallization and
phase transformations. Nucleation and crystallization of
zeolite A from the solution release a large amount of ener-
gy, which is represented by its crystallization energy. This
event is easily detected by the in situ calorimeter and dis-
played as the crystallization peaks shown in Fig. 5. In con-
trast, the energy of the phase transformations is much
smaller and thus difficult to identify.

These findings have direct relevance to radioactive waste
management in that the environment in the alkaline waste
tanks can be quite similar to our experimental conditions
in terms of solution composition (Ondrejcin, 1974; Agnew
and Watkin, 1994). The heat released from radioactive de-
cay causes tank waste to boil and the temperature may re-
main above ambient for many years (Wan et al., 2002).
Volume-reduction operations not only heat waste to
~100°C, but also change the solution concentrations.
Thus, depending on the treatment history of the nuclear
waste, zeolite A, sodalite and/or cancrinite may precipitate
separately or together. The precipitation of aluminosilicates
is a rapid process on the order of days or less. Although the
enthalpies of formation of zeolite A and sodalite from oxi-
des might be very similar, the transformation from zeolite A
to sodalite is fast and spontaneous at elevated tempera-
tures. Therefore, the more stable sodalite and cancrinite
phases will likely dominate the aluminosilicate precipitates
in the nuclear waste.

5. CONCLUSIONS

Both oven and in situ calorimetric syntheses confirmed
the precipitation sequence of silicates in the order of amor-
phous—zeoliteA—sodalite—cancrinite. Although these de-
pend on reaction temperature and solution concentration,
the first two transformations take place rather rapidly with-

in hours to days. The sodalite to cancrinite conversion is the
slowest process. While all evidence supports the fact that
zeolite A is readily transformed to sodalite, this reaction
cannot be detected by in situ calorimetry, suggesting the
enthalpies of formation of these two materials are very sim-
ilar. The transformations among sodium aluminosilicate
precipitates are kinetically controlled processes.
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