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Immobilization of cesium in alkaline activated fly ash matrix
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Abstract

The immobilization potential of alkaline activated fly ash (AAFA) matrices for cesium has been investigated. The
presence of Cs in the AAFA pastes, prepared using 8M NaOH solution as activator, showed no significant adverse
effects on mechanical strength or microstructure, nor were significant quantities of Cs leached following application
of the Toxic Characteristic Leaching Procedure (TCLP) and American Nuclear Society (ANS) 16.1 leaching protocols.
Microstructural analysis shows Cs associated with the main reaction product in the AAFA suggesting that cesium
is chemically bound rather than physically encapsulated. It is proposed that cesium is incorporated into the alkaline
aluminosilicate gel, a precursor for zeolite formation.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Portland cement-based systems have long been iden-
tified as candidate matrices for the solidification and iso-
lation of low- and intermediate level radioactive wastes.
These are relatively low-cost, readily available, easy-to
use binders, compatible with aqueous waste streams
and are capable of activating several chemical and phys-
ical immobilization mechanisms for a wide range of
inorganic waste species. Despite their widespread use
in this role, Portland cement-based materials are not
very effective in the treatment of alkali metal wastes
and cesium immobilization in particular has proved dif-
ficult [1–4]. Cesium �137 is a significant component of
radioactive waste from the nuclear industry and its high
solubility in water makes it extremely mobile.
0022-3115/$ - see front matter � 2005 Elsevier B.V. All rights reserv
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The reported success of hydrothermal studies, in
which Cs from highly alkaline (pH > 13) solution is
incorporated in crystalline aluminosilicate minerals [5–
8], prompted the present study which seeks to investigate
the efficacy of alkali-activated fly ash cements as alterna-
tive binders for waste immobilization. A number of fac-
tors are relevant. Alkaline activated fly ash cements have
some similarities with Portland cement and other
ceramic materials [9,10]. For example, alkaline activated
fly ashes set at low temperature (45–150 �C) to give
amorphous to semicrystalline structures [11,12] from
which zeolite crystallisation may occur in the final stages
of hydration. The first-formed aluminosilicate gel prod-
uct is essentially amorphous to X-rays but NMR [11]
studies have revealed a three-dimensional short-range
structure in which the Si is found in a variety of environ-
ments, with a predominance of Q4(3Al) and Q4(2Al)
units. Also, alkaline activated aluminosilicates materials
are reported to be more durable in aggressive environ-
ments [13] than Portland cements. Consequently it is
thought that most of industrial and even nuclear wastes
ed.
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(liquids, sludges, solids, etc.) could be stabilized in this
type of matrix [6,14–17].

With these considerations, the objectives of the pres-
ent study were: (i) to determine the effect of cesium salts
(CsOH and CsNO3) on the mechanical properties and
mineralogical composition (including identification of
any zeolitic host phases) of the alkali activated fly ash
matrix, and (ii) to determine the effect of curing time
(5 h and 7 d) and temperature (85 � and 120 �C) on
leaching behaviour.
2. Experimental

A complete chemical, physical, mineralogical and
microstructural characterization of the Spanish class F
fly ash used has been reported elsewhere [18,19]; chemi-
cal analyses data only are reproduced here in Table 1.
The fly ash used is a vitreous material with some minor
crystalline phases (mullite, quartz, magnetite and hema-
tite) and is made up of cenospheres and plerospheres
with 78.5 wt% of particles sized less than 45 lm.

All samples were activated with 8 M NaOH solution,
with a fly ash/solution ratio = 0.4. The cesium content
of mixes was kept constant at 1 wt% of the initial fly
ash content, and was added as CsOH Æ H2O (strongly
alkaline base which can attack glass) and CsNO3 dis-
solved in the alkaline activator. Pastes were mixed by
hand to give complete homogenization. They were then
Table 1
Chemical composition of fly ash

PF IR SiO2 Al2O3 Fe2O3

Fly ash 1.80 0.40 51.51 27.47 7.23

IR = Insoluble Residue.

Table 2
Matrices compositions and the curing conditions

Sample Fly ash (g) 1% Cs

FA.85 �C.5 h 100 0
FA.85 �C.7 h 100 0
FA.120 �C.5 h 100 0
FA.120 �C.7 d 100 0
FA1H.85 �C.5 h 100 1.26 g CsOH Æ H2O
FA2H.85 �C.7 d 100 1.26 g CsOH Æ H2O
FA3H.120 �C.5 h 100 1.26 g CsOH Æ H2O
FA4H.120 �C.7 d 100 1.26 g CsOH Æ H2O
FA5N.85 �C.5 h 100 1.47 g CsNO3
FA6N.85 �C.7 d 100 1.47 g CsNO3
FA7N.120 �C.5 h 100 1.47 g CsNO3
FA8N.120 �C.7 d 100 1.47 g CsNO3

1% of Cs = 10000 ppm of Cs.
poured and compacted into metal moulds. Samples were
then sealed in polypropylene bottles and cured in an
oven for 5 h and 7 d at temperatures of 85 �C or
120 �C. After curing, the samples were removed from
the oven and demolded. Table 2 summarises the compo-
sitions of the matrices, and the curing conditions
studied.

Prismatic test samples (10 · 10 · 60 mm) were pre-
pared in order to determine flexural strength (ENE 80-
101-91) and the pore size distribution was studied by
mercury intrusion porosimetry (Micromeritics 9320).
The microstructural characterization of pastes was by
means of X-ray diffraction (XRD), Fourier Transform
Infrared spectroscopy (FTIR), and scanning and trans-
mission electron microscopy (SEM and TEM). The
experimental conditions and procedures for these studies
have been reported previously [18–20].

The performance of the different matrices for cesium
immobilization was evaluated using two standard leach-
ing methods:

Total characteristic leaching procedure (TCLP):
[14,15,21]. Prismatic specimens (10 · 10 · 60 mm) were
ground and sieved to provide particle sizes in the range
4.5–9.5 mm. The leach test was carried out with 100 g of
sample and 2 l of fluid #2 [21], prepared by diluting
5.7 ml of glacial acetic acid in 1000 ml of deionised water
to give a pH of 2.88 ± 0.05. Solid and leachant are put
into a tightly closed vessel with constant agitation for
18 h at 22 ± 3 �C. Liquid and solid phases were then
CaO MgO SO3 K2O Na2O

4.39 1.86 0.15 3.46 0.70

8M NaOH (g) Curing Ta (�C) Time

40 85 5 h
40 85 7 d
40 120 5 h
40 120 7 d
40 85 5 h
40 85 7 d
40 120 5 h
40 120 7 d
40 85 5 h
40 85 7 d
40 120 5 h
40 120 7 d
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separated. The relative concentrations of Cs, Si, Al, Na,
and Fe were determined by ICPMS (ICP-MS, Spectro-
mass 2000).

American Nuclear Society method ANS 16.1: [7–15].
A series of cylindrical samples was prepared (16 mm
long · 6 mm diameter), cured (as described above) and
placed in a tank with deionised water (leachate). The
leachate was removed and replaced at 0.0084 (30 s), 2,
7, 24, 48, 72, 96, 120, 336, 504, 1176, 2160 h. The Cs
content was analysed by ion chromatography (CX 500
Dionex with conductivity detector CD40).
3. Results and discussion

3.1. Mechanical strength

Flexural strength data are reported in Table 3 for the
different matrices (11 prisms per composition were
tested). In general the mechanical strengths increase with
the curing time increase, but no significant differences
Table 3
Flexural strength

Time Flexural strength (MPa) of AAFA samples

FA.85 �C FA.120 �C FAH.85 �C

5 h 2.76 ± 0.4 3.70 ± 0.5 2.6 ± 0.36
7 d 11 ± 0.73 9.43 ± 0.96 7.38 ± 0.74

5h. 85°C 7d. 85°C
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Fig. 1. Total porosity and
are observed with respect to the curing temperature.
However we can observe in both cases (FAH and
FAN samples) that the presence of Cs reduces the
mechanical strength. This effect is more significant when
Cs is adding as CsNO3, probably due to lower pH with
respect to Cs as CsOH Æ H2O it is well known that pH
level is a determining factor in the alkali activation pro-
cess of aluminosilicates materials [16,22].
To determine the effect of time and temperature of

curing in AAFA pastes, the total porosity and the pore
size distribution of samples without Cs were determined
(see Fig. 1). These results show that, in general, matrices
cured at 85 �C and 120 �C have similar total porosities
after 5 h curing (the numbers are not sufficiently differ-
ent to claim a temperature effect) but after 7 d, the
85 �C specimens have lower overall porosity. Also the
curing time, as expected, has an influence in the pore size
distribution. Matrices cured for 5 h have a higher per-
centage of pores size between 10 and 0.1 lm, while fly
ash matrices cured for 7 d have a higher percentage of
small pores between 0.1 and 0.01 lm.
FAH.120 �C FAN.85 �C FAN.120 �C

3.22 ± 0.38 1.84 ± 0.24 2.35 ± 0.21
8.38 ± 0.94 5.07 ± 0.67 8.67 ± 0.62

5h. 120°C 7d. 120°C

33.19%
35.41%

00-10 µ 10-1 µ

-0.01 µ > 0.01 µ

pore size distribution.
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3.2. Mineralogical and microstructural characterisation

XRD patterns of alkaline activated fly ash pastes,
with and without cesium, are presented in Fig. 2 as a
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Fig. 2. XRD spectrum of (a) un-reacted FA and AAFA pastes
without Cs, curing at 85 �C; (b) AAFA pastes with Cs curing at
85 �C and (c) AAFA pastes with Cs curing at 120 �C (for
captions see Table 4). Q = Quartz; M =Mullite; G = Hematite;
C = CaO; S = hydroxysodalite; * = herchelite.
function of the reaction time and temperature. Accord-
ing to the XRD data the original fly ash consists mainly
of a glassy phase (see the broad hump between 20� and
30� 2h) with some minor crystalline phases (mullite,
quartz and magnetite) (see Fig. 2 and Table 4).

Evidence of fly ash reactivity is apparent after only
5 h at 85 �C (Fig. 2(a)). The amorphous contribution
to the XRD pattern has increased, indicated by a broad-
ening of the amorphous �hump�, suggesting that the ini-
tial product (alkaline aluminosilicate gel) is also poorly
crystalline. Also some new minor crystalline phases are
detected with peaks at positions consistent with
hydroxysodalite and herschelite (See Table 4 where the
relevant XRD data are presented). With continued reac-
tion, the intensity of these peaks increases and the amor-
phous character of the diffraction pattern diminishes.
The 5 h data indicate crystallisation of hydroxysodalite
but herschelite peaks were not confirmed until later; they
were identified after 20 h curing (data for 20 h are not
shown but the relevant peaks are evident in the 7 d
data).

In the presence of Cs, a similar picture emerges in
relation to the evolution of new peaks consistent with
hydroxysodalite and herschelite formation. However,
in these cases, the patterns do not tend to reduce
in amorphous character with increased curing time
(Fig. 2(a) and (b)).

It is reasonable to propose that the incorporation of
cesium in the system could involve some substitutions
Cs–Na in the products of reaction giving rise to some
differences in peak position and intensity of those prod-
ucts in the XRD spectra. This could be explained by the
greater scattering potential of cesium and to the larger
ionic radius of cesium which would affect crystallo-
graphic cell parameters and redefine peak positions.
However, reference to literature data [3,5] indicates that
cesium-like zeolites such as Cs-herschelite, Cs-hydroxy-
sodalite, pollucite etc., have XRD patterns with peaks
in positions very similar to those developing peaks ob-
served for the AAFA pastes; it is difficult to distinguish
all of the peaks due to peak overlap in the AAFA pat-
terns. A further difficulty arises due to the relatively
small Cs loading and the patterns only permit character-
ization of that fraction of the total hydrated system
which has crystallised. It is confirmed by the amorphous
humps in all of the patterns for Cs-containing systems
that most of the hydrates have not crystallised so that
Cs associated with the amorphous gel did not contribute
to the crystalline zeolites discussed above. It is therefore
not possible, through XRD alone, to derive a quantita-
tive assessment of the degree of Cs substitution (for Na)
in the crystalline (zeolite) hydrates from the AAFA
system.

The corresponding FTIR data are shown in Fig. 3.
The spectra for fly ash show the three wide bands char-
acteristic of aluminosilicates. The band appearing at



Table 4
XRD references and annotate patterns

Elements Symbol JCPDF 2(h) value/intensity

Quartz SiO2 Q 5-490 26.64 (100) 20.83 (34) 50.17 (17)
Mullite Al6Si2O13 M 15-776 26.26 (100) 25.96 (94) 40.86 (60)
Hydroxysodalite S 11-401 24.50 (100) 14.09 (80) 35.01 (80)
Na4Al3Si3O12OH

Herschelite a 19-1178 30.50 (100) 20.55 (65) 45 (50) 24.73 (20)
NaAlSi2O6 Æ 3H2O

Pollucitea 29-0407 26.05 (100) 24.3 (50) 30.68 (45)
CsAlSi2O6 Æ xH2O

a 25-194 26.05 (100) 30.69 (45) 24.38 (30)

a The main reflection of these phases can be masked by some of the reflections belonging to other minerals present in the system.
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Fig. 3. FTIR spectrum of (a) un-reacted FA and AAFA pastes without Cs, curing at 85 �C; (b) AAFA pastes with Cs curing at 85 �C
and (c) AAFA pastes with Cs curing at 120 �C.
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1064 is associated with T–O (T = Al, Si) asymmetric
stretching vibrations. The band at 457 cm�1 is associ-
ated with T–O bending vibrations. The band appearing
at 780–790 cm�1 corresponds to the quartz present in
the original fly ash and the band at 547 cm�1 corre-
sponds to mullite.
In the spectra of AAFA pastes (Fig. 3(a)) the band

associated with T–O stretching vibrations shifts to lower
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frequencies (to 1000–1010 cm�1 at 5 h and to 1010–
1020 cm�1 at 7 d). The shift in absorption frequency is
related to compositional effects (Al/Si ratio [20,23]);
the initial effect is associated with an Al-rich intermedi-
ate reaction product, which gradually enriches in Si to
slightly shift the band towards higher frequencies. The
presence of Cs appears not to influence this behaviour
significantly (Fig. 3(a) and (b)).

The FTIR data are however consistent with the
occurrence of zeolites as indicated by XRD, although
they do not permit distinction between the amorphous
aluminosilicate product and the crystalline aluminosili-
cate zeolites, which may be considered to be the final
stage of evolution of the system in all matrices of
Fig. 2. The bands appearing between 800 and
500 cm�1 can be identified with the tetrahedral second-
ary building units (SBU) and fragments of the alumino-
silicate system [24,25]. The band appearing at around
720–730 cm�1 may be associated with Al-rich structures
such as hydroxysodalite [20].

According to the literature, the band at 640–
630 cm�1 observed for zeolite structures can shift to-
wards lower frequencies due to distortions in the ringed
connections (single 6-membererd ring (S6R) or double,
6-membered ring (D6R)) between SBU�s [23–25]. The
ultimate explanation for this lies in the different M–O
bond energies associated with differences in Al3+ and
Si4+ ionic radii. The influence of counter ions (Cs+ or
Na+) adds to this distortion potential so that the band
appearing at 640–630 cm�1 may provide clues to possi-
ble substitutions in the zeolite structure. Zeolites of the
chabazite family (e.g. herschelite-type zeolite as detected
in the AAFA hydration products) have D6R connec-
tions and have corresponding FTIR absorbances at
around 520–510 cm�1 and 640–630 cm�1. The observed
shift of these absorbances to slightly lower frequencies in
Cs-loaded samples may suggest possible Cs+ substitu-
tion for Na+ in these structures.
Fig. 4. (a) Sample FA2H.85 �C.7 d (with CsOH�H2O) (points 1–3)
Fig. 4 shows SEM images of alkali activated fly ash
mortars hydrated with solutions of CsOH Æ H2O and
CsNO3 respectively and cured for 7 d at 85 �C. The het-
erogeneous morphology is made up of intact or broken
hollow spheres (cenospheres) corresponding to partially
reacted fly ash, and hydration products. Fig. 4(a) shows
a relatively large, partially reacted fly ash grain (centre)
in a matrix of hydration product. Other smaller grains
are also evident but the large, hollow grain contains
smaller crystallites, having rosette-like textures, within.
Fig. 4(b) shows these products in more detail. Within
the fly ash rim, evident around the periphery of the im-
age, several crystallites have formed and are agglomer-
ated. Based on EDX analysis and morphology, it is
suggested that these crystalline rosettes are aluminosili-
cate zeolites and that the mass from which they are
emerging is an amorphous precursor form having simi-
lar composition. However, the main reaction product
is the aluminosilicate gel whose composition is expressed
in average atomic ratios: for FA2H.85 �C.7 d (points 1,
2), Si/Al = 1.9–2.0 and Na/Al = 0.9–1.0; for FA6N.
85 �C.7 d (points 4, 5) Si/Al = 2.0–2.1 and Na/Al =
0.9–1.

Analysis of the crystalline materials, e.g. point 3 gives
Si/Al = 1.95 and Na/Al = 0.96. Point 6 to Si/Al = 2.16
and Na/Al = 0.81 are consistent with compositions ex-
pected for the zeolite herschelite. Note also that Cs
was detected in these crystalline structures but only
when cesium was introduced to the system as
CsOH Æ H2O.

Fig. 5 shows transmission electron micrographs of
the alkaline activated fly ashes matrices. The familiar
spherical morphologies of the fly ash particles are again
evident as discs, amongst other features including hydra-
tion rims and the protuberances associated with them.
With this technique more detail can be derived both
from morphological and compositional information,
the latter being available from energy dispersive X-ray
and (b) sample FA6N.85 �C.7 d (with CsNO3) (points 4–6).



Fig. 5. (a) Sample FA3H.120 �C.5 h and (b) sample FA5N.85 �C.5 h.
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analysis (EDX). Transmission microscopy is capable of
providing the resolution necessary to focus on small
microstructural features enabling microanalysis within
hydration rims. Such information is useful in correlating
compositions with specific morphologies.

Fig. 6 summarises the raw analytical data obtained
from EDX acquired from the points numbered 7–16 in
Fig. 5. The values are expressed as atomic percentages
normalised from all the elements analysed (Na, Al, Si,
S, K, Ca, Ti, Fe and Cs) and take no account of the pres-
ence of oxygen or water. Although they are not absolute
percentages they are, nevertheless, a useful indicator of
relative amounts. Note that the penetration of beam
electrons into the specimen at these points may lead to
interaction of the electrons with underlying phases
although analytical points were chosen to minimise such
interferences. Also the electron diffraction showed that
the main reaction product was amorphous.

Fig. 6 suggests that the composition associated with
the point 15 is predominantly an alkaline aluminosilicate
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with Si/Al = 2.3, Na/Al = 0.32 and Na + Cs/Al = 0.45.
Note the lower level of Na and Cs detected can be due to
the high volatility of these elements in this type of
analysis.
With this technique, it evident when considering the

immobilization potential of this type of matrix that ce-
sium appears to be associated basically with the reaction
product. The highest relative cesium concentration in
any of the analyses (see Fig. 6) is associated with points
8–13, 15 and 16. All of these correspond to positions
within (or close to) the matrix and in the reactions rims
of fly ash particles.

3.3. Leaching programme

Leachate Cs concentrations following the ANS 16.1
leaching test were consistently below the analytical
detection limit (1 ppm). However, the dynamic TCLP
method show that only low levels of Cs were leached
from all of AAFA matrices studied (Table 5). As previ-
ously reported [12,14,15,19,26], these matrices are robust
to aggressive leachants and the low levels of Al and Si in
leachates confirm this again. Although the concentra-
tions of Cs introduced to the AAFA matrices were
small, the low leachate concentration suggests that these
matrices may be suitable for Cs immobilization. In
Table 5
Leaching results obtained by TCLP method

Samples Leaching elements

Si (%) Al (%) Na (%) Cs (%)

FA1H.85 �C.5 h 0.34 0.11 16.75 0.45
FA21H.85 �C.7 d 0.35 0.20 12.70 0.25
FA3H.120 �C.5 h 0.73 0.30 28.27 1.30
FA4H.120 �C.7 d 0.40 0.32 24.05 0.69

FA5N.85 �C.5 h 0.76 0.60 27.56 1.21
FA6N.85 �C.7 d 0.38 0.30 16.25 0.22
FA7N.120 �C.5 h 0.77 0.30 30.53 1.44
FA8N.120 �C.7 d 0.37 0.28 15.90 0.42
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general, with increased reaction time, the available Cs
for leaching appears to be reduced as indicated by the
decrease in the percentage of Cs leached. This is most
likely to be due to an increase in the degree of reaction
with consequent increase in hydration products with
binding capacity for Cs, but may also be a consequence
of microstructural effects, e.g. reduction of pores be-
tween 10 and 0.1 lm and increases the percentage of
small pores (between 0.1 and 0.01 lm, see Fig. 1).

Comparing these data with those in the literature
[2,3] the retention of Cs appears to be more effective in
alkali-activated fly ash and other aluminosilicates matri-
ces than for OPC-based systems. According to Hoyle
and Gruzeck [3] the amount of cesium leached from
the waste forms decreased as the alumina and/or silica
content of the formulations increase. This may be due
to a reduction in the degree of connected porosity which
is characteristic of such systems or to an increase in the
chemical/physicochemical binding of Cs in/on hydration
products. The better retention of Na in/on low C/S C–
S–H than on high C/S ratio C–S–H is well known as well
as the good cation retention in condensed aluminosili-
cate structure. The main reaction product in AAFA is
an alumino silicate gel with a 3D structure [11]. From
compositional considerations alone, the silica/alumina
rich – surface charges in the gel are more negative in
the system investigated here than in lime-rich gel (C–
S–H from OPC) and so are potentially better as adsorb-
ing cations.

Differences in the availability of Cs to leach out of the
matrix are evident only at early age. Samples aged 5 h
and cured at 85 �C containing Cs as CsOH Æ H2O have
higher strengths, appear to develop higher level of zeo-
lite formation and lower levels of Cs leached (and also
of Si, Al and Na) than samples activated with CsNO3.
The reason for this behaviour may be related to the rel-
ative alkalinity of the salts. When the CsOH is added to
the 8M NaOH solution, the pH of the solution is not sig-
nificantly affected. The addition of CsNO3 has an acidi-
fying effect (due to NO�

3 ) and may have an inhibiting
effect on the hydrolysis kinetics (hydration rate) in these
mixes. This study has already highlighted some impor-
tant differences between the basic and acidic additions
(see Table 3 for example, where lower mechanical
strength are obtained with CsNO3). This effect is small
because the concentration in all cases is low. Conse-
quently the effects are more evident at the earlier age.
The effect is less significant in the more mature samples.

In all case the cesium content leachated decreases
with the curing time, indicating that cesium may be
being partitioned into the reaction products of AAFA.
Alternatively, these observations would be consistent
with Cs entrapment in fluid-filled isolated porosity, be-
cause both the total porosity and the pore size decrease
with the curing time (see Fig. 1). The increased leaching
of Cs (and other mobile ions) at higher temperatures
may be attributable to the coarser pore structure arising
from the higher temperature curing.

The hydrated system comprises a poorly crystalline
aluminosilicate gel, with some minority crystalline
phases of zeolite type. These coexist with a liquid phase
residing in the pore space. During hydration, ions in the
mixing water are partitioned between the hydrating solid
phases and the remaining pore solution, the partitioning
being driven by equilibrium considerations. When the
matrix becomes subject to leaching, leachant penetrates
through connected porosity to interact with solids and
mass transport is then controlled by dissolution/precip-
itation/sorption and diffusion processes. Ions weakly
associated with solids are leached first and contribute
to high initial leachate concentrations. Conversely, low
leach rates imply either strong binding to solids or
encapsulation in disconnected or isolated porosity. In
the present study, the identification of zeolites having
retention capacity for Cs encourages the view that some
immobilization potential (rather than physical encapsu-
lation) is active in this system, although the anticipated
ion-exchange mechanism opens a route to Cs release
(if an ion more suitable to the exchange site becomes
available in penetrating leachant).

To better understand the immobilization mechanisms
for Cs in these matrices, studies involving higher concen-
tration of cesium are needed. This would increase confi-
dence in interpretation of the analytical data, which in
the present study was restricted by detection limits
(ANS leach test, XRD interpretation).
4. Conclusion

The main conclusions of this work are:

• Neither mechanical strength nor microstructure of
AAFA matrices were significantly affected by incor-
poration of Cs.

• Only small amounts of Cs are leached from this type
of matrix. Results obtained suggest that the cesium is
chemically incorporated into the reaction product.
There is an apparent association of cesium with the
alkaline aluminosilicate gel or �zeolite precursor�,
the main reaction product in the AAFA.

• At early ages, a higher level of Cs is leached from
matrices in which Cs is introduced as CsNO3 than
as CsOH. This may be because CsOH is a more
active base and increases the initial reaction rate to
secure a more consolidated microstructure and a
higher volume of reaction product.

• Finally due to the absence of distinct hydrated Cs
compounds (e.g. CsOH, CsNO3) within the reaction
products, we believe that the percentage of cesium
fixed is therefore chemically bound rather than phys-
ically encapsulated.
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