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Abstract

Geopolymers are promising candidates for nuclear-waste immobilization, and more
specifically for the immobilization of radioactive cesium. Low-Si metakaolin-based
geopolymers cured at temperatures of 40°C in the presence of Cs ions generate a
mixture of amorphous and crystalline phases including a Cs-bearing zeolite F phase.
Using a combination of '*Cs solid-state NMR and X-ray powder diffraction
measurements we were able to show that Cs preferentially binds to zeolite F even when
zeolite F is not the dominant phase in the matrix. Moreover, post-leaching NMR
experiments indicate that zeolite F binds Cs more efficiently than the remaining
crystalline or amorphous phases. Tailoring geopolymer formulations so that a large
fraction of zeolite F is generated may therefore be a promising route for the production

of immobilization matrices for cesium.

Introduction:

Geopolymers are a class of inorganic cementitious materials obtained by alkali
activation of various aluminosilicate raw materials, either calcined clays such as
metakaolin, or waste materials such as ashes (coal fly-ash, incinerator ashes) and slags.
Whereas the preparation of geopolymers is similar to that of traditional Portland
cement, their chemical nature is akin to that of zeolites, having an interconnected
network of silicate and aluminate groups. The ion-binding preoperties of geoplymers,
much like those of zeolites, are due to the negatively-charged tetrahedral aluminate
groups. This property, together with their high chemical resistance, have made the
geopolymers attractive candidates for waste immobilization applications, including

nuclear waste! 8.

Special attention has been given to the possibility of immobilizing wastes containing

radioactive Cs species, which are often present in low-level nuclear waste. An example



from recent years is the need to immobilize municipal solid waste incineration ashes
from the Fukoshima region, which have a high content of radioactive **Cs and *3'Cs
following the nuclear accident in 2011%*. Whereas most of the radioactive species
found in low-level waste streams precipitate to form stable insolube compounds in the
alkaline conditions afforded by cementitous materials, the immobilization of Cs is
especially challenging due to the high solubility of most Cs compounds in both alkaline
and acidic media. Mineral additives such as fly ash, slag and silica fume are often
included in Portland cement based low-level radioactive waste formulations, and have
been shown to improve wasteform performance, and more specifically Cs
immobilization'?>4, It was therefore suggested that geopolymers, which are produced
by alkaline activation of these and similar pozzolonic materials, will be able to

immobilize Cs ions efficiently®>1®,

The properties of geopolymer products vary depending on the composition of the
aluminosilicate source materiall’~2°, the nature of the activating solution?*?? and the
curing conditions®2*, High-Si compositions (SiO2:Al,03 molar ratio > 2.0) form
porous glass-like amorphous matrices!®?*, whereas low-Si compositions (SiO2:Al03
molar ratio < 2.0) result in the formation of a composite structure, with crystalline
domains, often zeolites, imbedded within the amorphous matrix!>625-2% Most Cs-
bearing geopolymers studied thus far had a relatively high SiO2:Al>Os ratio, yielding
materials of a non-crystalline amorphous nature®®>%%34 Heat treatment at elevated
temperatures (~1000°C) was suggested in order to form the Cs-bearing zeolite pollucite,
CsAlSi,06%133% or the feldspathoid phase CsAISiO*, which are known to be efficient
immobilizing phases for Cs®*-%8, We have shown in a previous study that low-Si
geopolymers prepared using mixed CsOH-NaOH solutions and cured at temperatures
of 40°C or lower may also yield a Cs-bearing crystalline phase, (Cs,Na)AlSiOs*nH>0,
named zeolite-F*®. Leaching experiments indicate a correlation between the formation
of this Cs-bearing phase and the efficient and selective immobilization of Cs.

In most of the abovementioned studies, structural information concerning geopolymer
structure was obtained from X-ray diffraction and scattering, FTIR spectroscopy, as
well as porosity and surface area measurements. These experimental methods yield
information concerning the ensemble of phases making up the geopolymer matrix.
Direct probing of the chemical environment of Cs species within waste-incineration

fly-ash based geopolymers was attempted by Shiota et al using Cs K-edge XAFS %0,



Recently, solid state 2°Si NMR has been used in order to probe the structural changes
due to Cs incorporation in an alkali-activated blast furnace slag matrix, and its
subsequent exposure to leaching conditions®®. However, identification of the Cs binding
sites, as well as their distribution between the different phases making up the geopolyer

matrix is still lacking.

In the current study, *3Cs magic angle spinning (MAS) solid-state NMR
measurements were combined with structural information obtained from XRD data in
order to characterize the binding sites of Cs within low-Si MK-based geopolymers.
Furthermore, identification of the cesium binding sites allowed us to follow changes in

the distribution of cesium between the different sites upon geopolymer leaching.

1. Materials and Methods:

1.1. Preparation of geopolymers:
Metakaolin (MK, PowerPozzTM) conforming to ASTM C-618, Class N Specifications
for Natural and Calcined Pozzolans, was supplied by Advanced Cement Technologies

(Blaine, Washington USA). The manufacturer's data for chemical composition and

physical properties are presented in Tables 1 and 2.

Table 1: Chemical composition of raw metakaolin

Oxides, weight%

SiO2 | AlO3 | Fe203 | CaO | TiO2 | MgO | Na,O | KoO | P2Os | SO3

51-53 | 42-44 | <2.20 | <0.2 | <3.00 | <0.10 | <0.05 | <0.40 | <0.20 | <0.50

<0.50%

2 LOI: loss on ignition, 950°C

Table 2: Physical characterization of raw metakaolin

BET | Density | Particle size distribution
[m?/g] | [g/cm®] | D10 [um] | D50 [pm] | D90 [um]

235 |26 <2 um <45um | <25pum




Activation solutions were prepared by mixing aqueous solutions of NaOH and CsOH.
The molar fraction of CsOH in the mixed activating solutions, CsOH:MOH
(M=Na+Cs), was varied between 2.5% to 100%, while the overall water to alkali molar
ratio was kept at a constant value of H.O:MOH=5.5, corresponding to hydroxide ion
concentration of approximately 10M. The ratios between MK and the activating
solutions were adjusted to obtain a M20:Al.O3 ratio of 1 (M= Na+Cs), assuming Al.O3
content of 44% in MK. The resulting cation content in each of the geopolymer
preparations is given in Table 3.

MK was mixed manually with the activation solution at ambient temperature to yield a
homogenous paste, which was cast into sealed polypropylene containers (50 ml) and
cured at 40°C+3 for 3 months, and consequently kept at room temperature.

Cured samples were ground manually by mortar and pestle to yield powder for XRD

and NMR measurements as well as for leaching experiments.

Table 3: Cs and Na content of the different geopolymer preparations given as
M20:Al>O3 molar ratios (M=Cs, Na) and weight fractions.

Sample name M>0O:Al,O3 molar ratios Cation content, weight %
Cs20:Al03 Na2O:Al203 Cs Na
2.5%Cs 0.025 0.975 14 9
5%Cs 0.050 0.950 2.8 8.5
7.5%Cs 0.075 0.925 3.8 8.3
10%Cs 0.100 0.900 5.4 7.9
25%Cs 0.250 0.750 11.8 6.3
50%Cs 0.500 0.500 21.5 3.9
75%Cs 0.750 0.250 29.9 1.8
100%Cs 1.000 36.9

1.2. XRD measurements:
XRD measurements were carried out using a PanAnalytical Empyrean Powder
diffractometer with CuKa radiation at 40 kV, 30 mA, and a scanning rate of 0.49°/min
from 26=5° to 26=60° (BGU, Beer Sheva, Israel).

1.3. NMR measurements:
133Cs magic-angle spinning (MAS) single-pulse solid-state NMR spectra of ground
samples were acquired on 9.4T and 14.1T AVIII Bruker spectrometers using triple-
resonance 4 mm probes. *3Cs shifts were referenced to a 1.0M solution of CsCl at 0 ppm.

Additional explicit details are given in the figure captions.



1.4. Geopolymer leaching experiments:
Leaching experiments were performed for geopolymer samples containing 2.5%, 5%,
7.5%, 10%, 25%, 50%, 100% Cs. For each of the abovementioned compositions, two
ground 1 g samples were contacted with 10 ml of deionized water for 24 hours. The
mixture was shaken using a rotating shaker. The aqueous phase was separated from the
solid sample after 24h. One sample of each composition had undergone a second
leaching step, during which it was contacted with 10 ml of fresh deionized water for an
additional period 22 hours (46 hours total).

The solid samples obtained after 24 or 46 hours of leaching were filtered using a
Buchner funnel and washed with a small volume of deionized water, then dried under
a hood for 48 hours. These samples were used for the post-leaching NMR
measurements. For the 100%Cs geopolymer, a single post-leaching sample which had

undergone the two-step 46 hours leaching procedure was obtained.

The fraction of Cs and Na leached from the samples after each leaching step was
calculated by determining the concentration of Cs and Na in the aqueous leachant. Cs
concentrations were determined by ICP-MS (NexION 300D, Perkin Elmer, USA) and
Na concentrations were determined by ICP-OES (Optima 3300, Perkin Elmer, USA).
Both were carried out at the Geological Survey of Israel, Jerusalem. Samples were
diluted by a factor of 1000 or 5000 using 0.1 M HNOs for ICP-MS analysis, and spiked
with 10 ppb Rh as an internal standard. The estimated error for Cs concentrations was
less than 1%. For ICP-OES, samples were diluted by a factor of 10 using 0.1M HNOs
and spiked with 5 ppm Sc as an internal standard. The estimated error for Na

concentrations was 1%.

2. Results & discussion:

2.1. Xray diffraction measurements:

XRD diffraction patterns of geopolymer samples with varying Cs content are presented
in Fig. 1. The diffraction pattern obtained for the 2.5%Cs sample (Cs/(Cs+Na)=2.5%)
is essentially the same as that observed previously for similar samples containing 0%
or 1% Cs?. The pattern shows distinct diffraction peaks due to zeolite A and zeolite X,
which are superimposed upon a broad diffraction band centered at 26=29.4. This broad
hump is due to an amorphous geopolymer phase. Diffraction peaks due to zeolite A and

zeolite X were also observed in the XRD patterns of 5%Cs and 7.5%Cs samples.



However, for these two samples, peaks which correspond to a previously reported Cs-
bearing zeolite (PDF#00-039-0131) were also observed. The Cs-bearing zeolite is the
only crystalline phase indicated in the diffraction patterns of the 10%Cs sample and all

samples with higher Cs content.

Barrer et al. were the first to report the formation of this Cs-bearing zeolite, having a
chemical formula of CsAISiO4+1.2H,0, which was named zeolite Cs-D in their original
publication®, It was initially prepared via hydrothermal synthesis from kaolinite and
CsOH, but was later also obtained by ion exchange from its K-based analogue,
KAISiO41.5H,0 (zeolite K-F)**1, Powder diffraction data of the Cs form of this
zeolite were later published by Kosorukov et al (PDF#00-039-0131%?). The powder
diffraction pattern of the Na analogue, PDF#00-039-0217, was calculated from single
crystal diffraction data obtained by Baerlocher and Barrer®. Here we will refer to this
zeolite structure as zeolite F, noting the Na and Cs analogues as zeoF(Na) and zeoF(Cs).
Both the Na and Cs forms of zeolite F, as well as their Li**, K*> or Rb* analogs, are
isostructural with the naturally occurring Ba-bearing zeolite edingtonite, with two alkali

cations replacing the divalent Ba cation.

While the position of the diffraction peaks of zeoF(Na) and zeoF(Cs) are identical,
changes in the relative intensities, which are due to the difference in electron density
between Na and Cs as well as the different water content in the two homologous crystal
structures, are evident®. Similar changes in the relative intensity of diffraction peaks
can be seen by comparing the diffraction patterns of pollucite, the only naturally

occurring Cs-bearing zeolite, and its Na-analog analcime*®.

The normalized diffraction patterns for samples containing 7.5%-100%Cs (Fig. 2)
demonstrate the changes in the relative intensity of the diffraction peaks due zeolite F
with increasing Cs content. The relative intensity of the diffraction peak at 26=12.42
(110) decreases with increasing Cs content, as do those for the peaks at 26=28.40, 31.07
((222) and (312) reflections). In contrast, the relative intensities of diffraction peaks at
26=29.46, 25.03 ((114) and (220) reflections) increase with increasing Cs content.
These changes in the diffraction patterns, moving away from the intensity ratios
expected for zeoF(Na) towards those expected for zeoF(Cs), reflect a gradual increase

in the Cs content within the zeolite F crystalline domains. The data also indicate an



increase in the contribution of the amorphous phase to the diffraction pattern with

increasing Cs content.

The diffraction patterns with the highest Cs content (25%Cs and higher) display a
diffraction peak at 26=19.82, which is not expected for the various zeoF phases. This
peak may be due to a Cs or Na analog of the naturally occurring zeolite goosecreekite,
CaAl2SigO16¢5H20, which is the only aluminosilicate phase reported to have a

diffraction peak at this angle.
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Figure 1: X-ray diffraction patterns of Cs-bearing MK-based geopolymers with varying Cs
content. The diffraction lines are attributed to zeolite A, zeolite X, and zeolite F (Cs and Na
forms)*’.
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Figure 2: Changes in the relative intensity of diffraction peaks due to zeolite F with increasing
Cs content in MK-based geopolymers. Background subtracted diffraction patterns were
normalized according to maximum intensity. Dashed lines demonstrate the contribution of the
amorphous phase to the diffraction patterns.

2.2. NMR measurements and comparison to XRD data:

The chemical shift of Cs obtained in 13Cs MAS NMR measurements is known to be
sensitive to the chemical environments within zeolite phases, and is influenced by its
concentration within the specific phase, by the type of nearest neighbors, and by its
hydration state*®-*°, In dehydrated zeolite samples Cs ions often have several resonance
lines in the range of -60 to -150 ppm, depending on the size of the cages hosting the
Cs ion (e.g. zeolite A and X3!, zeolite Y#%%2). Upon rehydration, these lines shift to

higher frequencies and merge into a single peak®.

The 13Cs MAS NMR spectra of the Cs-bearing MK-based geopolymers, which are
presented in Fig. 3, report on the existence of several Cs sites within geopolymer
matrices. The distribution of Cs between the different sites varies with Cs content.
These changes can be correlated with the structural data obtained from XRD data, hence
allowing for assignment of the features in the NMR spectra to the different phases

making up the geopolymer matrix.

The two peaks observed in the 1*Cs NMR spectrum of the 2.5%Cs sample (bottom of
Fig. 3) correspond from right to left to zeolites A (-3.5 ppm) and X (28.0 ppm). This

identification is based on preliminary **Cs MAS NMR measurements of Cs-exchanged



zeolites A and X shown in Fig. 4. The chemical shifts obtained in the preliminary
experiments are in a range that is characteristic of Cs ions residing in hydrated sites.
Moreover, for both zeolite A and zeolite X, the Cs chemical shifts were found to
increase with increasing Cs content, in agreement with previously reported data for
zeolite X*8%, The chemical shifts of Cs in the 2.5%Cs geopolymer sample (Fig. 3) are
similar to those obtained for the Cs-exchanged zeolites A and X with M=0.5 (Fig. 4).
We can thus conclude that the Cs content in the crystalline phases is relatively high.

The *3Cs NMR spectrum of the 5%Cs sample exhibits three peaks. We assign the new
signal at 51.6 ppm to the zeolite F phase, which was observed in the powder diffraction
pattern for of this sample. This assignment is supported by the increase in the relative
intensity of this signal with increasing Cs content, which may be correlated with the
increase in dominance of zeolite F diffraction peaks in the corresponding powder
diffraction patterns (see Fig. 1). The remaining two peaks in the spectrum of the 5%Cs
sample, -14.5 ppm and 19.4 ppm, correspond to Cs ions in the zeolite A and zeolite X
phases, respectively. The shift of these peaks to lower values with respect to the 2.5%Cs
sample indicate a lower Cs content within these phases, despite the higher overall
content within the sample. It is also interesting to note that the area of the peak assigned
to zeolite F (51.6 ppm) is of the same order of magnitude as that of the remaining two
peaks, although the relative intensity of the diffraction peak due to the zeolite F in the
XRD pattern of this sample is rather small. These results indicate preferential binding
of Cs to zeolite F, and are in line with data published previously showing a decrease in
Cs content in the pore solution and a decrease in Cs leaching in geopolymer samples
following the formation of zeolite F within geopolymer samples?.

The peak due to zeolite F is the dominant feature in the spectrum of the 7.5%Cs sample,
with minor contributions from peaks due to zeolites A and X. This is in agreement with
the increase in the intensity of XRD diffraction peaks of zeolite F for the sample of the
same composition. The chemical shift of Cs in the zeolite F phase is similar to that
observed for the 7.5%Cs sample, suggesting that the concentration of Cs cations in the

zeolite F form is similar.

The spectra for samples with 10%-50%Cs all have a single peak assigned to zeolite F.
The appearance of a single signal in the NMR spectra is in agreement with the XRD
data, which indicate that zeolite F is the sole crystalline phase formed in this



compositional domain. A gradual increase in the corresponding **3Cs shift from 51.6
ppm to 62 ppm can be observed, indicating a corresponding increase in Cs content
within this phase. We also note a broadening of the line, probably caused by a larger
distribution of the type of Cs sites occupied within zeolite F, due to a larger variation
in Cs-nearest neighbor interactions. The increase in amorphous phase content, which is
inferred from the XRD data, is not reflected in the NMR spectra for these compositions.
This finding suggests that, here again, Cs preferentially resides within the zeolite F
phase.

At 75%Cs we observe further broadening of the signal due to Cs in zeolite F (64.6 ppm)
together with the appearance of several additional overlapping broad signals. A similar
spectrum was observed for the 100%Cs sample, although in this case two distinct
signals appear, which are due to the crystalline F phase (105.8 ppm) and a yet
unidentified binding site (44.4 ppm). It is therefore evident that at these compositions
Cs ions are no longer restricted to the zeolite F phase. XRD data for these compositions
indicate a further increase in the amorphous fraction in the geopolymer matrices as well
as the appearance of a new diffraction peak, which may be associated with the zeolite
goosecreekite or a similar structure. The data from leaching experiments, which are
presented in the following section, suggest that this site does not strongly bind Cs and
is therefore more likely correlated with the amorphous phase that is dominant in the
XRD pattern.
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Figure 3: 3Cs MAS NMR spectra of MK-based geopolymers with increasing Cs content.
Spectra were acquired at a MAS rate of 13 kHz using a recycle delays of 1 sec (2.5-10%) and
0.25 sec (25-100%). No. of scans were 3072 (2.5%), 1536 (5-7.5%) and 512 (10-100%). All
spectra were processed with line broadening of 100 Hz.
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Figure 4: 1*3Cs MAS NMR of Cs-exchanged zeolites A (a,b) and X (c,d). Zeolite A and zeolite
X were obtained from Sigma-Aldrich in the Na form. Zeolite samples were contacted with a
0.1M CsCl solution for a period of 24 hours, washed in milipore water and then dried for 4 hrs
at 95 °C. The extent of ion exchange in the zeolite sample was calculated from the decrease in
Cs concentration in the equilibrated aqueous solution, as obtained by ion-chromatography
according to a method described previously®, and is given by M=[Cs]/[Cs]+[Na]. NMR spectra
were obtained with repetition delays of 1s for (a, ¢, d) and 1.5s for (b). 128 scans were acquired
for (a) and (c), 256 for (b) and 512 for (d). All spectra were processed with line broadening of
100 Hz.

2.3. Leaching experiments and post-leaching NMR measurements:

Identification of the different Cs sites as obtained by NMR allows us to track the
leaching of Cs with site resolution. The cumulative fraction of Cs and Na ions leached
into the aqueous phase after a single leaching step (24 hours) and two leaching steps
(46 hours) from samples of selected compositions are presented in Table 4. The results
show that the fraction of Cs leached was lower than 0.01 for the range of 5-25%Cs,
increasing to ~0.05 for the 50%Cs sample, and slightly over 0.10 for the 100%Cs
sample. Moreover, most of the Cs had leached out during the initial leaching step (24h).
In contrast, the fraction of Na leached from the 2.5%Cs sample (97.5%Na) is close to
0.92 and decreases gradually down to 0.045 for the 50%Cs (50%Na) sample. At this
composition the cumulative fractions of Cs and Na leached are similar.

Table 4: Cumulative fractions of Cs, Na and total alkalis (Cs+Na) leached during one
step (24h) or two step (46 h) leaching experiments.

Sample name Cumulative fraction leached
Cs Na Cs+Na
24h | 48h | 24h | 48h | 24h | 48h

2.5%Cs 0.038 | 0.044 | 0.816 | 0.918 ] 0.796 | 0.896
5.0%Cs 0.007 | 0.008 | 0.311 | 0.352 ] 0.296 | 0.335
7.5%Cs 0.003 | 0.004 | 0.204 | 0.231 ] 0.189 | 0.214
25%Cs 0.004 | 0.006 | 0.056 | 0.065 | 0.043 | 0.050
50%Cs 0.051 | 0.056 | 0.040 | 0.044 ] 0.045 | 0.050
100%Cs 0.110 /| 0.139 | --- --- 10.110 ] 0.139

Fig. 5 shows a comparison of 33Cs NMR spectra for selected samples following
leaching times of 24 h and 46 h. Significant spectral changes were observed for samples
with low Cs content, despite the low fraction of Cs leached (<0.05 for samples up to
25%Cs). As such small changes in the Cs concentration are not expected to affect the

NMR spectrum significantly, we can conclude that the changes in the spectra at this



composition range are due to the significant leaching out of Na ions and their
replacement by water molecules, which affect both the distribution and mobility of Cs

ions within the geopolymer.

The post-leaching spectra of the 2.5%Cs sample (Fig. 5a) shows a two-fold increase in
the relative intensity of the Cs peak due to zeolite A with respect to that of phase X
(determined by peak integration), suggesting preferential migration of Cs ions into the
zeolite A phase during the leaching process. Since a significant fraction of Na ions had
leached out, the Cs ions were able to migrate to many newly available zeolite A sites.
Thus, despite the higher content of Cs in Zeolite A, its local concentration decreases,
as suggested from the lower chemical shift in the leached sample. It is not clear at this
stage why the chemical shift of Cs in phase X is higher than in the non-leached sample;
unlike zeolite A, this form is highly sensitive to many environmental conditions such
as temperature and hydration®2. The narrowing of the lines for both zeolite A and zeolite
X can be attributed to the increased amount of water molecules or H:O" ions replacing

Na ions and thus increasing the mobility of Cs.

Similar effects can be seen for the 5%Cs sample (Fig. 5b); normalization of the spectra
to the intensity of the zeolite A peak allows us to demonstrate a decrease in the relative
intensity of the zeolite X site upon leaching. Moreover, the relative intensity of the
signal due to zeolite F increased (the signal after 24 h seems at lower intensity, but is
broader than the signal of the non-leached sample), suggesting preferential binding of
Cs ions to zeolite F. Since the fraction of Na leached is significantly smaller than in the
case of the 2.5%Cs sample, no apparent change of Cs concentration is observed for F
and A phases. Another observation is the appearance of a new site with a chemical shift
of 33.9 ppm. This site could be attributed to Cs located at one of two different chemical
environments, which are available in zeolite X. It is possible that preferential depletion
of Na from one of the two cavities results in changes to the local environment of the

remaining Cs ions. However, we do not have further evidence for this hypothesis.

The zeolite F site remains the dominant feature in the spectrum of the 7.5%Cs samples
following leaching (Fig. 5¢), with small contributions from zeolites X and A. The extent
of leaching from this sample was much smaller than from the previous two samples
(cumulative fractions leached were 0.20 for Na ions and 0.003 for Cs ions). Thus, no

significant spectral changes are observed for the different leaching times. Similarly,



leaching from the 25% and 50% samples (Fig. 5d and e) is very minor (~cumulative
fractions of 0.05 for both ions from the 50%Cs sample, 0.005 for Cs ion from the
25%Cs sample), thus no changes are observed in the spectrum.

A significant change in the NMR spectrum occurred upon leaching the 100%Cs sample
(Fig. 5f). In this case, a substantial amount of Cs had leached from the sample, and
clearly it has preferentially leached out of the site with the lower chemical shift. We
suggest that this signal corresponds to Cs residing in the amorphous fraction of the

sample, which binds Cs less efficiently than the crystalline zeolite F phase.
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Figure 5: **Cs single-pulse MAS NMR spectra acquired following the two leaching steps (24h,
46h) compared to spectra of the same samples before leaching (same spectra as in Fig. 4). For
the leached samples, spectra were acquired at a MAS rate of 14 kHz (2.5-7.5%) and 13 kHz
(25-100%) using recycle delays of 1 sec. Number of scans were 3072 (2.5%), 1536 (5-7.5%),
512 (25%), 600(50%-24h), 128(50%-46h), and 64(100%-46h). All spectra were processed with
line broadening of 100 Hz.



3. Summary and Conclusion

Correlation of **Cs NMR measurements with structural data obtained from XRD
allowed us, for the first time, to assign the different signals in the NMR spectra to
specific binding sites within a composite crystalline-amorphous geopolymer matrix.
Moreover, using 1*3Cs NMR data we were able to identify changes in the distribution

of Cs ions between different phases following leaching experiments.

NMR data indicated that a significant part of the Cs ions is incorporated into the zeolite
F phase in the 5%Cs sample, which contains only 2.8wt% Cs, although this is not the
most dominant phase within the geopolymer matrix. A clear preference for
incorporation of Cs into the zeolite F phase over the amorphous matrix is observed for
the 10%Cs-50%Cs samples. Significant presence of Cs ions in the amorphous phases
was observed only in 75%Cs and 100%Cs samples, probably due to exhaustion of the

available zeolite F binding sites.

The ability to identify the Cs binding sites was found to be useful in order to identify
changes in Cs ion distribution within the geopolymer following leaching experiments.
At low Cs content, a significant leaching of Na ions most probably results in their
replacement by water molecules, allowing increased mobility and redistribution of the
Csions. When zeolite F sites are available, Cs ions migrate to this phase. Inthe 100%Cs
sample, where a more significant amount of Cs leaches out, NMR data indicate again
that Cs is retained by the zeolite F phase and leaches preferentially out of the amorphous

phase.

Our results show that better insight into Cs immobilization is obtained by combining
X-ray powder diffraction and solid-state NMR measurements. While XRD reveals the
different phases in the geopolymer matrix, the information it provides concerning Cs
ion distribution between these phases is limited. Such information is easily obtained by
133Cs NMR. In the case studied here, the data afforded by '*Cs solid-state NMR
demonstrated the preferential incorporation of Cs in zeolite F, as well as its retention
within this phase during the applied leaching test, thus confirming that the formation of
this crystalline phase within a composite geopolymer matrix increases its efficiency for
cesium immobilization. Tailoring geopolymer formulations so that a large fraction of
Cs-binding phases are generated may therefore be a promising route for the production

of immobilization matrices for cesium.
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