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a b s t r a c t

Low-level nuclear wastes containing radioactive cesium (Cs) are often highly alkaline and rich in sodium
nitrate. The goal of the present study was to examine immobilization of cesium in nitrate-bearing
geopolymers with low Si/Al ratio (SiO2:Al2O3< 2.0), which are known to have relatively high crystalline
phase content.

Geopolymers were prepared by activating metakaolin with a mixed NaOH-CsOH solution containing
NaNO3 where Cs+ ions make up 7% of the total alkali content. Geopolymer samples were cured at 40±3 �C
for up to 3 months. The structure of the cured geopolymers after varying curing times was characterized
by XRD and FTIR, and the immobilization efficiency for Cs+, Na+ and NO3

� was determined from leaching
tests following the ANSI/ANS-16.1 standard procedure for low and intermediate level nuclear
wasteforms.

The first phase crystallized from the amorphous gel was zeolite A. This phase gradually undergoes
further transformations to yield the nitrate-bearing feldspathoids, nitrate sodalite and nitrate cancrinite.
The leaching curves for Cs+, Na+ and NO3

� ions were clearly not linear with t1/2, suggesting a change in
leaching mechanism after the initial 24 hours of the leaching experiment. The apparent diffusion con-
stants, Da, as well as leaching indices for Cs+ and Na+ were therefore calculated separately for the 1st and
2nd time domains of the experiment (t1/2< 1 days1/2 and t1/2> 2.65 days1/2, respectively). The leachability
indices for Cs+ were found to increase with increasing curing time (from 7.4 and 11.2 for the 1st and 2nd

time domains after 1 month of curing to 9.6 and 12.6 for the 1st and 2nd time domains after 3 months of
curing). The enhanced immobilization of Cs+ is correlated with the formation of the nitrate-bearing
feldspathoid phases.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Geopolymers are a relatively novel class of materials which are
obtained by alkaline activation of various aluminosilicate raw
zovsky).
ivil Engineering, Ariel, Israel.
materials, either calcined clays such as metakaolin, or waste ma-
terials such as fly-ash, slag etc. The resulting product is a network of
interconnected silicate and aluminate groups. The tetrahedrally
bonded aluminate groups are negatively charged, and may there-
fore serve as cation binding sites. The properties of the geo-
polymeric product vary depending on the composition of the
aluminosilicate source material [1e6], the nature of activation so-
lution [7e9] and the curing conditions [10,11]. High-Si
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Table 2
Physical characterization of raw metakaolin.

Specific areaa [m2/g] Density [g/cm3] Particle size distribution

D10 [mm] D50 [mm] D90 [mm]

23.5 2.6 <2 mm <4.5 mm <25 mm

a BET.
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compositions form a glass-like porous amorphous matrix [4,12],
whereas low-Si compositions (SiO2:Al2O3 molar ratio< 2.0) result
in the formation of a composite structure, with crystalline domains
imbedded within the amorphous matrix [13e16]. The crystalline
domains are often zeolites or similar structures [16e19].

Due to their cation-binding sites combined with chemical
resistance to acidic media as well as good mechanical properties,
geopolymers have been considered as candidates for waste
immobilization applications, including nuclear waste [20e26]. In
this context, special attention has been given to the possibility of
immobilizing 137Cs, a radionuclide often found in nuclear waste
streams. The immobilization of cesium is especially challenging due
to its high solubility in both alkaline and acidic media [27e29].
Mineral additives such as fly ash, slag and silica fume are often
included in Portland cement based matrices which are used for the
conditioning of low-level radioactive waste. These additives, which
can undergo alkaline activation within Portland cement based
matirces, yielding products which are chemically similar to those
found in geopolymers, have been shown to improve overall
wasteform performance, and more specifically Csþ immobilization
[29e31]. Therefore, geopolymers which are produced by alkaline
activation of these and similar pozzolonic materials, are also ex-
pected to immobilize waste species efficiently.

In a recent study we have shown that the enhanced immobili-
zation of Csþ in a low-Si geopolymer may be correlated with the
formation of a specific Csþ-bearing zeolite phase, namely zeolite F
[32]. However, Csþ-bearing nuclear waste streams often contain
high concentrations of nitrate ions. Previous studies reported in the
literature described changes in the geopolymerization process due
to the introduction of nitrates into the reaction mixture, which
were manifested as delayed setting times [33,34] enhanced zeolite
formation upon heat-treatment [34], and enhanced leaching of
cations [34]. However, all of the abovementioned studies employed
high-Si formulations (SiO2:Al2O3 molar ratio� 3.6). A previous
study carried out in this laboratory has shown that the addition of
nitrate ions into NaOH activation solutions of low-Si MK-based
geopolymers (SiO2:Al2O3 molar ratio< 2.0) leads to the formation
of specific nitrate bearing crystalline phases, namely nitrate soda-
lite and nitrate cancrinite [16]. In the current study, the incorpo-
ration and immobilization of Csþ by nitrate-bearing low-Si
geopolymers was investigated.
2. Experimental

2.1. Sample preparation

Metakaolin (MK, PowerPozzTM, supplied by Advanced Cement
Technologies, Blaine, WA, USA) conforming to ASTM C-618, Class N
Specifications for Natural and Calcined Pozzolans, was used as the
sole alumino-silicate source for geopolymer preparation. The
chemical composition and physical properties of MK as supplied by
the producer are presented in Tables 1 and 2.

Activation solutions were prepared by dissolution of NaOH
(Frutarom, chemically pure), NaNO3 (Loba Chemie, extra pure) and
CsOH monohydrate (Aldrich, high purity, >99.5%) in deionized
water (2 mmho/cm at 25 �C), to yield solutions where Csþ makes up
7% (by mole) of the total alkali content, with a H2O:OH� molar ratio
Table 1
Chemical composition of raw metakaolin.

Oxides, weight (%)

SiO2 Al2O3 Fe2O3 CaO TiO2 MgO
51e53 42e44 <2.20 <0.2 <3.00 <0.10

a LOI: loss on ignition, 950 �C.
of 12.75, (corresponding to [OH�]z3.8M), and a NO3
�:OH� molar

ratio of 0.35 ([NO3
�]z1.5M).

MK was mixedmanually with the activating solution at ambient
temperature to yield a homogenous paste. The MK:solution ratios
were adjusted to obtain a M2O:Al2O3 ratio (M¼NaþþCsþ) of 1,
assuming Al2O3 content of 44% in MK. The resulting pastes were
cast into sealed polypropylene containers (50ml) and cured at
40±3 �C for periods of 1 week, 1 month and 3 months.

2.2. XRD measurements

Samples for XRD measurements were prepared by manual
grinding (mortar and pestle). XRD data were collected from 2q¼ 5�

to 2q¼ 80� using a SIEMENS D5000 diffractometer with CuKa ra-
diation at 20 kV, 5mA, and a scanning rate of 0.36� min�1.
Diffraction peaks due to quartz and anatase, which were present as
impurities in MK and remain unaltered throughout the geo-
polymerization process, were used as internal standards. The XRD
spectra are presented after background subtraction and normali-
zation with respect to the 2q¼ 25.68� diffraction peak of anatase.

2.3. FTIR measurements

FTIR samples were prepared by pressing a mixture of 2e5mg
ground sample (see above) with 100mg dry KBr (French Press
LCAD cell, BLA, type: C2P1). Samples of metakaolin and NaNO3
were prepared in a similar manner. FTIR spectra of samples cured
for either 1 week or 1 month were measured using BRUKER Vector
22 (500-1500 cm�1). Due to technical failure of the latter spec-
trometer, samples cured for 3 months were measured using Bruker
Tensor 27 FTIR spectrometer (850-1500 cm�1). Transmittance
mode was used in both cases.

FTIR spectra were normalized with respect to the integrated
intensity in the 900-1300 cm�1 range, which is attributed to the
asymmetric stretching vibration of T-O-T (T¼Al, Si) bonds.
Normalization using sample weight was also performed, yielding
similar results.

2.4. Leaching tests

Samples cured at 40 �C for either 1 month or 3 months were
stored at room temperature for an additional period of 1 or 3
months, respectively, before being submitted to the leaching test.
The leaching test was performed according to the American Nuclear
Society standard procedure for low-level waste ANSI/ANS-16.1,
2003 [35]. The leaching test was conducted in closed vessels un-
der static conditions using cylindrical samples (26.5mm diameter,
height ranging from 34 to 37mm). Deionized water was used as
LOIa

Na2O K2O P2O5 SO3 <0.50%
<0.05 <0.40 <0.20 <0.50
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leachant. The leachant was replaced 11 times during the 90 day test.
Csþ, NO3

� and Naþ concentrations in the leachant were determined
by Ion Chromatography using Dionex DX-5000 equipped with a
conductivity detector and with a 50 mL injection loop. An IonPack
CS12 column with 20-mM methanesulphonic acid mobile phase
(flow rate 1ml/min) was used for determining concentrations of
the cations. An IonPack AS4A-SC column with solution of NaHCO3
(1.7mM) and Na2CO3 (1.8mM) mobile phase (flow rate 2ml/min)
was used for determining NO3

� concentrations.
The results of the leaching experiments indicated selectivity for

Csþ immobilization within the geopolymer. The degree of selec-
tivity (SL) was estimated for each sampling interval by calculating
the ratio SL¼Naf/Csf, where Naf and Csf are the fractions of Naþ or
Csþ leached during that interval.

The incremental apparent diffusion coefficients, Da, were
calculated for Csþ and Naþ using equation (1), which is derived
from the solution to Fick's second law of diffusion for semi-infinite
media [35]:

Da ¼ p

�ðan=AoÞ
ðDtÞn

�2�V
S

�2
T (1)

where Da e the apparent diffusion coefficient [cm2/s], an e the
amount released from the sample during leaching interval n [mg],
A0 e total content in the sample prior to leaching [mg], (Dt)n e

duration of the nth leaching interval [s], V e volume of the sample
[cm3], S e geometric surface area of the sample [cm2], T ethe mean
time of the nth leaching interval [s] given by equation (2):

T ¼
"
tn1=2 þ tn�1

1=2

2

#2
(2)

where tn, tn-1, are the sampling times [s] for the nth sampling period
and the preceding sampling period, respectively. Equation (1) is not
valid in cases inwhich the cumulative fraction exceeds 20%. In such
Fig. 1. XRD patterns of MK based geopolymer activated by NaOH-CsOH solution in presence
reference.
cases Da should be calculated from the specific solution of the mass
transport equations using a tabular method given by Ref. [35].

Leachability indices, L, were calculated from the apparent
diffusion constants according to the guidelines given by the ANSI/
ANS-16.1 standard (Equation (3)):

L ¼ 1
n

Xn

i¼0
log

�
b

Da

�
(3)

where n is the number of Da values used for the calculation, and b is
a constant (1.0 cm2/s).
3. Results

3.1. Structural characterization

3.1.1. X-ray diffraction
X-ray diffraction patterns of geopolymer samples cured for 1

week, one month or 3months at 40 �C are presented in Fig. 1. The
diffraction pattern obtained from a sample cured for oneweek has a
wide hump centered at 2q~30�, indicating the formation of an
amorphous geopolymer gel. This hump is superimposed by
diffraction peaks due to zeolite A. Diffraction peaks due to zeolite A
are also dominant in the diffraction pattern obtained after 1 month
of curing. However, the relative contribution of the amorphous
peak is lower than after 1 week of curing, indicating that rear-
rangements leading to higher crystalline phase content had taken
place during this time. In addition, two diffraction peaks at
2q¼ 24.30� and 27.48�, were the first indications for the formation
of the nitrate-bearing feldspathoid phases, nitrate sodalite and ni-
trate cancrinite. Diffraction lines due to both nitrate sodalite and
nitrate cancrinite are clearly observed in the diffraction pattern
obtained after a 3 month curing period, together with lines due to
zeolite A. Moreover, the relative intensity of zeolite A diffraction
lines after 3 months of curing is lower than in the earlier diffraction
of NaNO3 as a function of curing time. The diffraction pattern of raw MK is added as a



Fig. 2. FTIR spectra of MK based geopolymer activated by NaOH-CsOH solution in
presence of nitrate as a function of curing times. The spectra for MK and NaNO3 are
added as a reference.
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pattern (1 month), indicating a transformation of zeolite A to ni-
trate sodalite and nitrate cancrinite. Zeolite A is known to be a
precursor of nitrate sodalite and nitrate cancrinite in hydrothermal
processes [36,37]. A similar series of transformations from the
amorphous phase to zeolite A / nitrate sodalite / nitrate can-
crinite was previously observed in low-Si MK-based nitrate bearing
geopolymers without Csþ [16].

3.1.2. FTIR spectroscopy
FTIR data, which are presented in Fig. 2, support the conclusions

drawn from XRD measurements. The main IR absorbance band of
aluminosilicate materials, which is attributed to asymmetric
stretching of the T-O-T bonds (T¼ Si, Al), appears between 900 and
1200 cm�1. The maximal intensity of this band, which appears at
1092 cm�1 in the raw material (MK), had shifted to 1002 cm�1

within 1 week of curing at 40 �C. This shift is due to the incorpo-
ration of Al within the aluminosilicate framework of the geo-
polymer, which results in a higher average T-O-T angle and
consequently lower bond energies and lower frequencies [38]. A
further decrease in the frequency of this band is observed after
curing for 3 months, indicating further rearrangements within the
geopolymer matrix throughout this period. The bands at 835 cm�1

and 873 cm�1 observed after a week of curing are assigned to T-OH
terminal groups, which are known to be present during the rear-
rangement process [15,16,39].

The 500-800 cm�1 region in the FTIR spectrum is assigned to
T-O-T symmetric stretching modes. Metakaolin exhibits a single
band in this region of the spectrum, at 798 cm�1, which is assigned
to the symmetric stretching of either Al-O-Al [15,40] or Si-O-Si [41].
This band is no longer observed after 1 week of curing, indicating
rapid dissolution of the raw material. Specific absorbance bands
associated with the secondary building blocks (SBUs) of zeolites
and related crystalline structures may be observed in the spectra
measured after a 1 week or 1 month curing period. A band at
556 cm�1, which is assigned to the double ring unit of zeolite A
(D4R), is clearly observed after 1 week of curing together with a
smaller band at 671 cm�1, which had also been assigned to zeolite A
[40]. The identification of these bands with zeolite A is in agree-
ment with the XRD data. Unfortunately data for the SBU region for
the sample cured for 3 months are not available, so that the spectral
bands which were previously reported for nitrate sodalite
(660 cm�1, 730 cm�1) [15,42] or nitrate cancrinite (575 cm�1,
622 cm�1 and 682 cm�1) [15,43] are not observed.

The absorbance bands in the 1380-1440 cm�1 region are
attributed to N-O symmetric stretching modes of nitrate ions [36].
The precise position of these bands is highly dependent on the
chemical environment of the nitrate ion. A single band at
1383 cm�1 is observed for nitrate ion in aqueous environment, as
well as crystalline NaNO3 or the nitrate sodalite phase [36],
whereas nitrate cancrinite is characterized by 3 absorption bands in
this region, at 1425 cm�1, 1435 cm�1 and 1440 cm�1 [43,44]. The
shift of the N-O symmetric stretching modes to higher wave-
numbers is due to intercalation of nitrate ions within the cancrinite
structure, resulting in distortion of the nitrate ion geometry, and its
splitting is due to distribution of the nitrate ions over 3 non-
equivalent positions within this structure [43,44].

The absorbance band at 1383 cm�1 was observed in the FTIR
spectra of samples cured for either 1 week, 1 month or 3 months. In
addition, The band at 1425 cm�1 which is due to the formation of
nitrate cancrinite is initially observed in samples cured for 1 month,
and is clearly observed after 3 months of curing together with the
bands at 1435 cm�1 and 1440 cm�1. These results are well corre-
lated with XRD data, which show a substantial increase in nitrate
cancrinite content within the geopolymer matrix within this
timeframe.

3.2. Leaching experiments

Samples cured for either 1 month or 3 months were stored at
room temperature for additional periods of 1 or 3 months,
respectively, before being submitted to the leaching test. The re-
sults of the leaching test, which are presented in Fig. 3, show a
substantial influence of the curing period on the extent of leaching.
The cumulative fractions of Csþ leached during the 90 day leaching
test were 0.12 for samples cured for 1 month, and less than 0.02 for
samples cured for 3 months. Naþ leaching had also undergone a
substantial decrease following a longer curing period, changing
from 0.24 after 1 month of curing to 0.16 after a 3 months curing
period. In a similar manner, NO3

� leaching, which was much higher
than for the two cations, reaching cumulative values of 0.65 for
samples cured for 1 month, decreased to 0.39 for samples cured for
3 months.

The leaching curves obtained for Csþ, Naþ and NO3
� (Fig. 3) do

not conform to the expected trend for diffusion controlled pro-
cesses, which is characterized by a linear dependence between the
cumulative fraction leached and the square root of time (t1/2). In-
spection of the cumulative leaching curves shows that more than
60% of the overall leaching during the 90 day leaching experiment
had occurred during the initial 24 h (1 day). Linear dependence was
observed for the initial sampling points (t< 1 day or t1/2< 1) as well
as for the late data points (t> 7 days or t1/2> 2.65), suggesting that
two diffusion controlled processes, with very different time con-
stants, contribute to the overall leaching of both cations and anions.
A similar interpretation was recently suggested for the cumulative
leaching curves of Csþ and Naþ from nitrate-free geopolymers [32].

Following this interpretation of the data, the average apparent
diffusion constants, Da, for Csþ and Naþ ions were determined
separately for t1/2 < 1 (1st time domain) and t1/2> 2.65 (2nd time



Fig. 3. Cumulative fraction of Csþ, Naþ and NO3
� leaching from MK based geopolymer

activated by NaOH-CsOH solution in presence of nitrate.

Table 3
Leaching selectivity, average apparent diffusion coefficients and leachability indices for Cs
errors.

Curing time Selectivity Da [cm2/s]

1st domain 2nd domain Csþ

1st domain 2nd domain

1 month þ 1 month @RT 1.69 (0.20) 2.84 (0.35) 429.8 (205.7) 0.085 (0.071)
3 months þ 3months @RT 12.16 (0.14) 15.98 (2.20) 2.8 (0.6) 0.004 (0.004)
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domain). These are summarized in Table 3. Although the calcula-
tion of incremental Da values according to Equation (1) is limited to
cases where the cumulative leaching fraction is lower than 0.20, an
exception was made in the case of Naþ ion leaching from samples
cured for 1 month. In this case the cumulative fraction leached at
the end of the 90-day leaching experiment was 0.25. This exception
seems to be justified in this specific case due to the fact that the
observed slopes of the Naþ cumulative leaching curves in the 2nd
time domain are similar for the two curing periods studied.

Inspection of the values presented in Table 3 show that the 1st
time domain Da values for the both Csþ and Naþ ions are several
orders of magnitude higher than 2nd time domain values. This
finding is valid for both curing periods. We propose that the initial
24 hours of the leaching experiment were dominated by leaching of
ions from the open pore network within the amorphous geo-
polymer phase. The cumulative fractions of nitrate ions leached
during the initial 24 hour of the leaching experiment were 0.57 for
samples cured for 1 month and 0.30 for samples cured for 3 months
(Fig. 3). Leaching of the positively charged Csþ and Naþ ions was
impeded due to interaction with aluminate groups whereas nitrate
ions, which do not bind to the negatively charged aluminate groups
within the amorphous phase, diffuse rapidly. The cumulative frac-
tions of Naþ ions leached during the initial 24 hours were ~0.18 and
0.10 for samples cured for 1 month and 3 months, respectively.
The cumulative fractions of Csþ ions leached were yet lower with
values of 0.10 and 0.008 obtained for samples cured for the same
periods. The average Da values calculated for Naþ for this time
domain (t1/2< 1 day), which are 1.18*10�7 cm2/s and 4.17*10�8 cm2/s
for 1 month and 3 months curing, respectively, are similar to pre-
viously reported values for Naþ during the initial leaching period
(t1/2< 1 day) from low-Si NO3

�-free geopolymers (3.68*10�8 cm2/s)
[32] as well as from a high-Si amorphous geopolymer
(3.95*10�7 cm2/s) [45]. The 1st domain Da value for Csþ after 1
month of curing, 4.29*10�8 cm2/s, is also within the same range.

As the pore water is depleted of ions, ion exchange gradually
becomes the rate determining step for further leaching, resulting in
lower leaching rates as indicated by the lower slope of the leaching
curves in the 2nd time domain (t1/2> 1 day). It is interesting to note
that the Da values obtained for both Csþ and Naþ in this time
domain are in the same range as literature values for intra-
crystalline diffusion in crystalline zeolite or feldspathoid phases
(2*10�9 to 5*10�13 cm2/s) [46,47]. Differences in sample composi-
tion and experimental conditions, as well as different assumptions
concerning sample surface area, contribute to discrepancies of
several orders of magnitude between Da values obtained in the
different studies [46]. Nevertheless, the 2nd time domain values
obtained for the two cations in the current study are within this
range, suggesting that ion-exchange between the crystalline phases
and the pore water, a process which involves intra-crystalline
diffusion, is in fact the rate-limiting process during the 2nd time
domain.

The extent of leaching during the 1st time domain was strongly
dependent on curing time, and was clearly lower for samples cured
for 3 months. This may be correlated with the formation of the
þ and Naþ ions as calculated from leaching data. Values in parentheses are estimated

(x10�10) Leachability index

Naþ Csþ Naþ

1st domain 2nd domain 1st domain 2nd domain 1st domain 2nd domain

1185.4 (504.1) 0.678 (0.581) 7.4 (0.3) 11.2 (0.4) 7.0 (0.3) 10.3 (0.4)
416.7 (86.82) 0.889 (0.776) 9.6 (0.2) 12.6 (0.5) 7.4 (0.2) 10.2 (0.4)



Fig. 4. Diffusion coefficients of Csþ and Naþ at the two time domains and two curing
periods.
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nitrate bearing phases, nitrate sodalite and nitrate cancrinite, and
the decrease in zeolite A content in the geopolymer matrix, as
indicated by XRD and FTIR. This correlation is most clearly under-
stood in the case of NO3

� ion leaching, where incorporation of NO3
�

ions within the neo-formed phases decreases the amount of non-
bound NO3

� ions within the geopolymer pore system, and conse-
quently reduces the driving force for leaching. However one should
also note that nitrate sodalite and nitrate cancrinite incorporate salt
molecules in excess of the charge balancing cations. Therefore, the
lower leaching of non-bound Csþ and Naþ cations may also be
correlated to the formation of nitrate sodalite and nitrate
cancrinite.

The 1st domain Da value obtained for Naþ after 3 months of
curing (4.17*10�8 cm2/s) is approximately three times lower than
the value obtained after a 1 month curing period (1.18*10�7 cm2/s).
In the case of Csþ the effect of curing time is even more pro-
nounced. The 1st time domain Da value for Csþ from samples cured
for 3 months, 2.8*10�10 cm2/s, is two orders of magnitude lower
than the value obtained from samples cured for 1 month,
4.29*10�8 cm2/s (Fig. 4). The affinity of Csþ to cancrinite and so-
dalite phases was reported to be higher than its affinity to zeolite A
[47,48]. Selective uptake of Csþ during the transformation of the
initial zeolite A structure to the feldspathoid phases may be the
reason for the exceptionally marked decrease of the 1st domain Da
value for Csþ after 3 months of curing.

The high affinity of Csþ to the feldspathoid phases may also be
the cause for the decrease in 2nd time domain Da values for Csþ

with curing time (Fig. 4). In contrast, the 2nd time domain values
for Naþ were essentially the same for both curing periods
(6.7*10�11 cm2/s and 8.89*10�11 cm2/s for Naþ). These changes are
also manifested in the selectivity values obtained (Table 3).
Whereas selectivity for Csþ was already observed after 1 month of
curing (selectivity values of 1.69± 0.20 and 2.84± 0.35 for the 1st
and 2nd time domains, respectively) after 3 months the selectivity
was significantly higher, as indicated by selectivity values of
12.16± 0.14 and 15.98± 2.20.

Leachability indices for Naþ and Csþ were calculated using the
incremental Da values for the two time domains (Table 3). The
indices obtained for Csþ and Naþ in both time domains are well
above the minimum value of 6 recommended by the NRC for low-
level nuclear waste [49,50].

4. Discussion

The aim of the study reported here was to estimate the effi-
ciency of Csþ immobilization in low-Si geopolymers prepared in the
presence of nitrate, an anion often present in low-level nuclear
waste streams. The samples for this study were prepared by acti-
vating metakaolin (MK) with a mixed CsOH-NaOH solution con-
taining sodium nitrate. Due to the low solubility of CsNO3, the
fraction of Cs in the activation solutionwas limited to 7% of the total
alkalis (Cs2O:M2O¼ 0.07, where M¼ CsþþNaþ). This, however, was
not a drawback, as Csþ content in actual nuclear waste streams is
several orders ofmagnitude lower than that of either Naþ or nitrate.
In addition, the geopolymer formulation was similar to that of ni-
trate bearing geopolymers prepared with no Csþ addition studied
previously [16], allowing us to probe the influence of Csþ on the
geopolymerization process as well as product properties.

The presence of nitrate directed the rearrangements within the
geopolymer matrix towards the formation of the nitrate-bearing
feldspathoid phases, nitrate sodalite and nitrate cancrinite, as
observed for the parallel Cs-free geopolymers [16]. In a previous
study we have shown that the presence of 7% Csþ in the activating
solution of a nitrate-free geopolymer was sufficient in order to
induce the formation of the Csebearing zeolite F (also called zeolite
D in earlier publications) [32]. This phase was not observed in the
current case, despite the similar Cs2O:M2O molar ratio. It should be
noted that the presence of nitrate ions does not preclude the for-
mation of zeolite F. Deng et al. reported the precipitation of zeolite F
from an aluminosilicate solution containing 1.0M NaOH and 0.5M
CsNO3 (Cs2O:M2O and NO3

�:OH� ratios of 0.33) [48]. In the current
study the nitrate concentration was higher (~1.5M NO3

�) than that
used by Deng et al., while the Cs2O:M2O ratio was considerably
lower. At these conditions the role of the nitrate ion as structure-
directing agent was more dominant than that of cesium ion, lead-
ing to the formation of nitrate sodalite and nitrate cancrinite.
Similar geopolymer matrices containing nitrate cancrinite and ni-
trate sodalite as the predominant crystalline phases are therefore
expected to form upon activation of MK with low-level nuclear
waste solutions, as the concentration of Csþ in low-level nuclear
wastes is roughly 3 orders of magnitude lower than that of nitrate
[51,52].

The formation of the nitrate bearing feldspathoid phases is
correlated with decrease in Da values for Csþ, as well as increase in
selectivity for Csþ. The leachability indices of Csþ after a 3 months
curing period are well above value of 6 which is considered as
acceptable for radioactive waste immobilization [49,50]. The
selectivity of zeolites, as well as other ion-exchange materials to-
wards Csþ, is a well-knownphenomenon, which was demonstrated
in ion exchange experiments as well as in self-diffusion studies
[32,46,53e56]. Moreover, selective uptake of Csþ was reported to
occur during hydrothermal synthesis of nitrate cancrinite and ni-
trate sodalite [47,48], and was also observed in geopolymer syn-
thesis from a mixed NaOH-CsOH activating solution [32]. Although
steric effects due to the large ionic radius of Csþ are often
mentioned as the cause for the efficient retention of Csþ within
crystalline structures, these do not explain its efficient uptake from
solution during synthesis, or its ability to exchange for the smaller
alkali cations [53]. The higher ionic radius of Csþ does however
result in a smaller effective charge, and consequently in a hydration
shell which is more loosely-bound and labile when compared to
that of Naþ [57]. Cs ions may therefore dehydrate more readily than
Na ions, and bind more efficiently to the charged aluminate groups
either within the zeolite structure or in the amorphous phase of the
geopolymer matrix. Nevertheless, the enhanced selectivity pro-
vided by nitrate cancrinite and nitrate sodalite is not well under-
stood. A detailed study of the Na-Cs ion exchange process and
identification of the specific sites occupied by Csþ in mixed Cs-Na
systems is needed in order to clarify the structural features which
control this enhanced selectivity.

The series of structural transformations starting from an
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amorphous aluminoslicate and leading to the formation of ther-
modynamically favoured nitrate cancrinite (amorphous phase /

zeolite A / nitrate sodalite / nitrate cancrinite) was previously
observed during hydrothermal synthesis of the feldspathoid phases
[37] as well as in low-Si MK-based geopolymers [16]. While the
transformations are accelerated at elevated temperatures, the data
presented here has shown that they may occur at the relatively
moderate temperature of 40 �C. Our experience with similar geo-
polymer formulations shows that the thermodynamically favoured
product is obtained even at room temperature when sufficient time
is allowed. It is therefore expected that the nitrate cancrinite con-
tent within the geopolymer matrix will increase with prolonged
aging, resulting in yet lower Da values and higher leachability
indices for Csþ, which is highly favorable for the long-term per-
formance of radioactive wasteforms.

5. Conclusions

The results presented in this paper show that a nitrate bearing
geopolymer containing a sufficient amount of nitrate cancrinite and
nitrate sodalite may serve as an efficient immobilization matrix for
cesium ions. The structural data indicate that the presence of Csþ

ions did not alter the sequence of rearrangements previously
observed during the curing of MK-based nitrate-bearing geo-
polymers, leading from an amorphous structure to crystalline
products (amorphous phase / zeolite A / nitrate sodalite /

nitrate cancrinite). Moreover, the leachability indices for Csþ which
were found to conform with the guidelines given by NRC for low-
level nuclear waste, were shown to increase with the progress of
this series of transformations within the geopolymer matrix.

These findings are very promising in the context of nuclear
waste management, as they suggests that metakaolin activated by
low level wastes containing sodium nitrate and trace amounts of
radioactive cesium may yield similar matrices. Moreover, the
naturally occurring series of transformations starting from an
amorphous aluminosilicate matrix and ending in the thermody-
namically stable nitrate cancrinite, which is induced by the pres-
ence of nitrate, is expected to result in the enhancement of Csþ

immobilization with time.
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