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Alkali-activated metakaolin geopolymers are attracting interest in the conditioning of nuclear wastes,
especially for their ability to immobilise cationic species. However, there is limited understanding of the
chemical interactions between the encapsulated spent ion-exchangers, used for decontaminating waste
water, and the host aluminosilicate matrix. The lack of such understanding makes it difficult to predict the
long-term stability of the waste form. In this study, the suitability of using metakaolin based geopolymer
as a matrix for encapsulation of titanate-type ion-exchangers loaded with non-radioactive Sr was investi-
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gated for the first time, via spectroscopic and microstructural inspection of the encapsulated ion-exchan-
gers and the aluminosilicate gel matrix. The microstructural and chemical properties of metakaolin geo-
polymers remained stable after encapsulating titanate type spent ion-exchangers, performed desirably as

rsc.li/dalton host materials for conditioning of Sr-loaded titanate ion-exchangers.

Introduction

Soon after the accident at the Fukushima Daiichi Nuclear
Power Station on the 11" of March 2011, sea water was
injected into the reactor core for emergency cooling." Water-
soluble radionuclides such as "*’Cs and °°Sr contaminated the
cooling water, and were then removed during the following
water treatment process by ion-selective inorganic resins.>?
Alternative nanomaterials, such as functional carbon materials
and metal-organic frameworks can also be used for removing
radionuclides from waste water.* The water treatment at
the Fukushima Daiichi site is ongoing, and continues to
generate spent ion exchange media that are loaded with
radioisotopes.

Sodium titanate, consisting of layered edge-sharing TiOg
octahedral chains linked with exchangeable interlayer sodium
cations, was selected at the Fukushima Daiichi site for selec-
tive exchange of strontium ions from the waste water.”® An
alkaline aqueous environment is preferred for the functional-
ity of sodium titanate as an ion-exchanger, as in a non-basic
aqueous environment (pH < 8), protonation of the surface
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cation-exchangeable site is preferred, which significantly
reduces ion-exchange capacity.”

The spent ion-exchangers generated during the Fukushima
Daiichi water decontamination processes need to be stabilised
and disposed of as secondary nuclear wastes. The currently
available options for management of these spent ion-exchan-
gers include destructive methods, such as incineration and
vitrification; and non-destructive methods, such as cementa-
tion.'® Most of the destructive methods involve thermal treat-
ments, which unavoidably generate secondary off-gases that
require additional processes for further decontamination.
Cementation is instead a simple but robust option for
conditioning nuclear wastes, especially for wastes with sig-
nificant water content (e.g. wet granular ion-exchangers,
slurries, etc.). There are numerous different cement
systems that have been implemented or proposed to be used
as waste forms, including Portland cement and its blends,"*
calcium aluminate cement and its modifications with
sulfate or phosphate,"”>"® magnesium silicate or phosphate
cement,""'®> as well as various types of alkali-activated
cements.

In choosing a suitable cement system for encapsulation of
spent ion-exchangers, there are two important aspects to con-
sider: firstly, the interactions between the ion-exchangers and
the cement binder (chemical and dimensional stability); sec-
ondly, the partition (or redistribution) of radioelements
between the spent ion-exchangers and the cement binder
itself. A lower extent of interaction between the cement binder
and the spent ion-exchangers would be preferred. The cement
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binder system should then have a high capacity to take up
and/or absorb any radioelements that are released from
the spent ion-exchangers, to their further
dispersion."®*°

In commonly used Portland cement-blended cement
systems, the main mineral phases that immobilise radioele-
ment ions are an aluminium substituted calcium
silicate  hydrate = (C—(A)-S-H) type gel, ettringite
(CagAl,(SO,);5(0OH);,-26H,0), layered double hydroxides (LDHs,
Me; Al (OH),(A™)y/mnH,0, where Me represents either Ca
or Mg, and A™ commonly represents OH~, CO;>~, or
S0,>7), and in some cases also polymorphs of CaCOj; (e.g.
calcite, aragonite). However, among these, only CaCOj; is a
highly favourable host for immobilisation of Sr** by forming
(Ca,Sr)CO; solid solutions.”* The other phases do not show
such a high capacity/affinity to take up free Sr** from an
aqueous phase.'®**?* Also, in these high-Ca cement
systems, the free Ca®" in the pore solution might exchange
with the Sr in the spent ion-exchanger,”* and thus release
Sr** to the cement water.>* For this reason, it is desirable to
seek cements that are not based on calcium, and so are less
likely to cause strontium release from the encapsulated ion-
exchanger.

The present study investigates geopolymer cements based
on metakaolin. The binding phase in these cements is a
monolithic alkali aluminosilicate type gel, which has attracted
attention in nuclear waste conditioning due to its chemical
and thermal resistance, and ability to immobilise hazardous
cations.>>*® These gels consist of crystallographically dis-
ordered framework silicates (Q*) in tetrahedral environments,
with a significant fraction of the Si sites substituted by Al,>°
and are commonly prepared by activating aluminosilicate pre-
cursors (e.g. metakaolin or fly ash) with chemical activators
(alkali hydroxide and/or silicate solutions).”> The Al substi-
tution in Q" sites is charge balanced by extra-framework
cations, commonly Na* and K*.>*>*° As in zeolites, these extra-
framework cations have the potential to be ion-exchanged by
cations to be immobilised, including important radioelements
(e.g. °°sr?**, 1¥7Cs").3173% studies using geopolymer binders to
encapsulate zeolite-type ion-exchangers have shown that geo-
polymer waste forms were more mechanically durable and
chemically stable than Portland cement-based waste
forms,"”***> even though chemical interaction between the
zeolite ion-exchangers and the gel binders was observed.'”*
However, there has not been any published study of the chemi-
cal and physical stability of geopolymer waste forms encapsu-
lating titanate-type spent ion-exchangers.

This study presents detailed characterisation of metakaolin-
based geopolymer waste forms encapsulating spent titanate
ion-exchangers containing non-radioactive Sr. Two widely used
activators, sodium silicate and potassium silicate, were used in
preparing the gel binder. Based on the material characteris-
ation results, the implications of the physicochemical inter-
actions between the encapsulated ion-exchangers and the host
geopolymer matrix on the chemical stability of the waste form
is discussed.

prevent
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Materials and methods
Simulated waste form

The commercial sodium titanate ion-exchanger SrTreat®
(Fortum, Finland) was used in this study,*® with a chemical
composition of Nag¢TiO,,(OH),,:0.6H,0 and grain size
between 0.30 to 0.85 mm. The Sr-loaded sodium titanate was
prepared by adding the ion-exchanger (as received) into
0.5 mol L™' Sr(NO3), solution at a solid/liquid ratio of 1:10
(g mL™") in 250 mL HDPE bottles, and storing at 20 + 2 °C for
3 days with regular shaking. Then, the solids were separated
via filtration, and then dried at 80 °C in an oven overnight to
remove free water. Analysis of the degree of ion exchange
achieved is presented in the Results and Discussion section of
this paper.

The alkali-activated metakaolin was prepared by mixing
aqueous sodium silicate or potassium silicate with metakaolin
(MetaStar 501, Imerys UK) to obtain a stoichiometry of
M,0-Al,03-35i0,-11H,0, where M refers to either Na or K. This
formulation was chosen according to previous studies in order
to achieve dense and mechanically stable gel matrix.>” The acti-
vator solutions were prepared by dissolving NaOH (Honeywell
Fluka, >98%) or KOH (Sigma-Aldrich, >90%) pellets to the com-
mercial sodium silicate solution (SiO,/Na,O ratio of 2.0, water
content of 56%) or potassium silicate (SiO,/K,O ratio of 2.5,
water content of 15%) supplied by PQ Corporation. The activa-
tor solution constituents were blended to give a dissolved SiO,/
M,O molar ratio of 1.0. The required amount of Milli-Q water
was added to the alkali-activator solution to obtain a constant
M,0/H,0 ratio in each sample. The sodium silicate-activated
metakaolin samples are denoted Na-GP, and the potassium sili-
cate-activated metakaolin samples are denoted K-GP. The simu-
lated waste forms were prepared by firstly dry-mixing the Sr-
loaded titanate with alkali-activated metakaolin gel binders,
with a mass ratio of spent ion-exchanger to metakaolin precur-
sor of 1:10, and then adding the pre-prepared alkali-activator
to the dry mix to form fluid pastes. The mixtures were blended
using a high shear overhead mixer, cast and sealed in centrifuge
tubes, and stored at 20 + 2 °C for 1 month prior to analysis.

SEM-EDX

After one month of aging, the simulated geopolymer waste
forms were sliced into 5 mm sample discs (@ 14 mm),
mounted onto an aluminium sample stand, and polished
using diamond paste to 0.25 pm fineness. The polished
sample surface was then analysed by moderate-vacuum scan-
ning electron microscopy (SEM) for backscattered electron
imaging, and energy dispersive X-ray spectroscopy (EDX) for
elemental analysis, both using a Hitachi benchtop ESEM
TM3030 coupled with a Bruker Quantax 70 X-ray microanalysis
detector. An acceleration voltage of 15 kV and a working dis-
tance of 10 mm were applied.

Raman spectroscopy

Sliced solid samples were also used for Raman spectroscopy
analysis, following the same preparation methods as for
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SEM-EDX. Raman spectra were recorded with a Renishaw Invia
Raman spectrometer equipped with a CCD detector, using a
green line (514.5 nm) laser at 20 mW laser power and a 50x
objective. The samples were scanned between 100 cm™" and
1200 ecm™', with a 10 s exposure time for each sample.
Calibration with silicon was undertaken each time the spectro-
meter was used.

X-ray diffraction (XRD) and X-ray fluorescence (XRF)

The crystalline structure and chemical composition of the
sodium titanate used in this study, before and after Sr-
exchange, were characterised using XRD and XRF. A
Panalytical X’Pert’ Powder X-ray diffractometer, with Cu Ka
radiation and a nickel filter, was used for XRD. The tests were
conducted with a step size of 0.02° and a counting time of 0.5
s per step, from 5° to 55° 26. A Panalytical Zetium Wavelength
Dispersive X-ray Fluorescence (XRF) Analyser was used for
XRF, with a 4 kW rhodium X-ray source. The fused bead
method was used for sample preparation, mixing around 1 g
of powdered sample with about 10 g of flux (99.5% Li,B,0; +
0.5% Lil), which was then fused at 1065 °C, moulded in a plati-
num crucible and air-cooled to room temperature before
testing.

View Article Online
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Results and discussion
Sr-loaded titanate and geopolymer binders

Fig. 1 shows the X-ray diffraction pattern of the metakaolin
precursor and the plain Na-geopolymer and K-geopolymer
binders (without spent ion-exchangers) stored at 20 + 2 °C for
1 month. Crystalline anatase (TiO,, Powder Diffraction File
(PDF) # 01-084-1286) and quartz (SiO,, PDF# 01-078-2315) were
observed from the metakaolin precursor, which stayed as inert
phases in the alkali-activated metakaolin gel binder. A trace of
hydroxylated muscovite (a mica-group mineral, PDF# 00-026-
0911) was also observed in the metakaolin precursor; however,
it reacted with the activator to be incorporated into the alkali
aluminosilicate gel binder. The main alkali (Na or K) alumino-
silicate gel was observed through a broad non-crystalline
feature centred at around 28° 26, suggesting the formation of a
relatively homogeneous gel.*®3°

The XRD pattern (Fig. 1) of the as-received titanate ion-
exchanger showed the material to be apparently semi-crystal-
line, with a large diffuse scattering centred at around 9.4° 26,
corresponding to an average interlayer spacing of around 9.4 A
for diffraction of Cu Ko radiation. This value is somewhat
larger than the layer spacing between the main edge-sharing

TiO,
Quartz

Hydroxylated muscovite
SrCO,

* = X *

K-geopolymer

Na-geopolymer

Sr-titanate

Na-titanate
(as received)

10 20 30
26 ()

40 50

Fig. 1 XRD patterns of metakaolin precursor (MK501), plain geopolymer binders (Na-geopolymer and K-geopolymer) and titanate ion-exchangers

before (Na-titanate) and after Sr-exchange (Sr-titanate).
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TiOs sheets reported for sodium titanate nanosheets,
Na,TigO,,-nH,0, with an average interlayer spacing of 8.8 A.®
After ion-exchange with Sr**, the crystallinity of the titanate
did not change significantly, but the formation of a fraction of
SrCO; crystals was observed, likely due to the partial surface
carbonation when dried in air.® According to the XRF analysis
of the ion-exchangers (Table 1), the simulated spent ion-
exchanger contained 11 wt% SrO. The total loss on ignition
(L.O.L) is higher for titanate ion-exchanged by Sr, likely related
to the formation of SrCO; which decomposes at around
800 °C.*° The results shown in Table 1 suggest an Na/Ti molar
ratio of 0.61 for the as-received titanate, and a Na/Ti molar
ratio of 0.35 together with a Sr/Ti molar ratio of 0.13 for the
Sr-exchanged titanate. The total (2Sr + Na)/Ti ratio (0.61) was
not changed before and after Sr-exchange, indicating an
exchange extent of 42.6% of the total exchangeable Na" sites.
The SEM-BSE images of the cross-section of Sr-exchanged
titanate (Fig. 2) show Sr-rich regions surrounding the surface
of titanate, while the distribution of Sr element within the ion-
exchangers appears to be uniformly distributed. Fig. 3 shows
the Raman spectra taken from the same sample at different
locations: the edge (Sr-rich) and the inner region of the ion-
exchanger. These results were compared to the Raman spectra
taken from the as-received titanate ion-exchanger, and the
epoxy resin (containing no samples). It appears that, the Sr-

Table 1 XRF results of the titanate ion-exchangers as received and
after ion-exchange with strontium. Data are presented as mass percen-
tage in oxides form. L.O.l. is loss on ignition at 1065 °C

wt% TiO, Na,O SrO Other L.O.L
As received 68.6 16.2 0.0 0.2 14.9
Sr-Exchanged 64.5 8.7 11.1 0.2 15.3

Sr-exchanged SrTreat
(Embedded in Epoxy Resin)
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rich region on the surface of the titanate was due to the for-
mation of crystallised SrCOj;, as suggested by the sharp and
intense peak at 1070 cm™", corresponding to the C=0 stretch-
ing vibration of carbonates.*'

According to the literature,"**® Raman shifts between
600-700 cm™' correspond to edge-shared TiOg (similar to
anatase and rutile), those between 700-800 cm™" correspond
to the Ti-O-Ti stretch vibration in regular corner-shared TiOg
chains, 800-900 cm™' indicates the Ti=O bond in TiOs, and
the stretching vibration of Si-O-Ti bonds appear at between
900-1000 cm™", predominantly at 960 cm™~'. The Raman shifts
below 600 cm™" are mostly related to surface Ti-O—(H, Na, K,
Sr) bonds.*>*® In Fig. 3, the chemical shifts corresponding the
these Ti-O and Ti=O bonds have not changed significantly
after ion-exchange, suggesting that the uptake of Sr** by tita-
nate will not change the framework structure of titanate. This
provides important reference for latter discussion on the
effects of using geopolymer for encapsulating these spent ion-
exchangers.

Interfaces between geopolymer and encapsulated Sr-loaded
sodium titanate

Fig. 4 and 5 show SEM-BSE images of cross-sections of the
simulated waste forms with encapsulated titanate particles,
and a line scan of the intersection between the titanate gran-
ules and each of the geopolymer binders, which were prepared
using different activators. In Fig. 4A and 5A, the darker grey
regions represent the main alkali aluminosilicate gel binder,
and the granular shaped light grey regions with bright white
rings represent the spent titanate ion-exchangers. From these
images, it appears that apart from drying cracks present in the
binder due to imaging under partial vacuum, there have been
no significant dimensional changes in either the titanate ion-
exchanger or the geopolymer binder after setting that would

SE

Ti-KA

Fig. 2 SEM (BSE) images of the Sr-exchanged titanate ion-exchangers, and EDX mapping of a selected region. The ion-exchangers were embedded
in epoxy resin, cross-sectioned, polished using 0.25 p diamond paste, and mounted to sample holder prior to analysis.

This journal is © The Royal Society of Chemistry 2019
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1070, v,(CO5)
Srco,

Sr-exchanged(edge)
Sr-exchanged(inner)

As received

*

* * % * .
W,__,,J\J Epoxy resin
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800

1000 1200
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Fig. 3 Raman spectra of the titanate ion-exchangers before (Na-titanate) and after ion-exchanged with Sr>* (Sr-titanate). The ion-exchangers were
embedded in epoxy resin, cross-sectioned, polished using 0.25 p diamond paste, and mounted to sample holder prior to analysis. The Raman spec-
trum of the epoxy resin used for sample preparation has also been included for indicating the contribution from the background.

—Si—Ti—Sr—Na—Al C

Fig. 4

10 20 30 40 50
Distance from the starting point (um)

(A) SEM-BSE image of encapsulated Sr-exchanged sodium titanate in Na-GP binder at lower magnification, (B) higher magnification BSE

image of the interface between the encapsulated ion-exchanger and the Na-GP binder, corresponding with (C) the EDX line scan of the interfacial

area.

lead to damage to the matrix. Such damage would have been
expected to appear as cracks radiating from the encapsulated
particle (if an expansive reaction was induced in the ion
exchanger, or shrinkage induced in the geopolymer gel), or as
crack formation within the encapsulated particle or along the
interface (if the particle had shrunk or the binder expanded).
Fig. 4C and 5C show the EDX line scans of the regions
shown in Fig. 4B and 5B. As indicated by the line scan data for
Ti, there appeared to be a clear boundary between the encap-
sulated ion-exchanger and the geopolymer binder. From the
line scan data for Sr, the exchanged Sr appeared to have accu-
mulated at the surface of the IE particle, as in the ion-
exchanged Sr-titanate before encapsulation (Fig. 2). The Sr-rich
region surrounding the IE is likely to contain the SrCOj;
observed by XRD (Fig. 1), as well as exchanged ions. Although

12120 | Dalton Trans., 2019, 48, 12116-12126

Al and Si were only sourced from the alkali aluminosilicate
binder, the line scans of these two elements showed that they
might also present in the inner regions of ion-exchanger par-
ticles, suggesting that the binder material might have pene-
trated into these particles, potentially by being absorbed into
the oven-dried particles in the early stage of the reaction.

To illustrate the compositions of these intermixed alumino-
silicate phases within the ion-exchangers, EDX data points
taken from the geopolymer binders, the outer (marked as IE-
ring) and the inner (marked as IE-inner) regions of the encap-
sulated ion-exchangers have been plotted in the Na,O-Al,0;-
SiO, pseudo-ternary diagram (renormalised to exclude TiO,
and SrO,) for the Na-GP waste form (Fig. 6A), and the K,O-
Al,05-SiO, pseudo-ternary (renormalised to exclude Na,O,
TiO, and SrO,) for the K-GP waste form (Fig. 6B). The black

This journal is © The Royal Society of Chemistry 2019
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(A) SEM BSE image of encapsulated Sr-exchanged sodium titanate in K-GP binder at lower magnification, (B) higher magnification BSE image

of the interface between the encapsulated ion-exchanger and the K-GP binder, corresponding with (C) the EDX line scan of the interfacial area.

dashed lines in these plots represent alkali aluminosilicate gel
compositions with a fixed Si/Al molar ratio of 1.5, the same as
the Si/Al ratio of the geopolymer binder in each case. The red
regions in these plots cover the data points taken from the geo-
polymer binders. The areas shaded in grey correspond to
regions where the bulk Si/Al ratio is in the range 1.5 + 0.3, and
the light blue shading highlights the data clusters of high
overall TiO, + SrO content. The inset plots Fig. 6A-1 and B-1
show the mass percentages of TiO, vs. SrO (with respect to the
total detected elements) for the same data points shown in the
ternary diagrams, where the dashed guidelines are used to
indicate constant total mass percentages of (TiO, + SrO). The
regions shaded in red, blue and grey correspond to the simi-
larly-shaded regions in Fig. 6A and B respectively.

The inner sections of the encapsulated ion-exchanger par-
ticles in both Na-GP (Fig. 6A) and K-GP (Fig. 6B) waste forms
are composed of two distinct regions: the regions where alkali
aluminosilicate gel is intermixed with alkali titanate (grey
region); and the titanate-dominated regions (blue). The alkali
(Na or K) aluminosilicate gel found within the inner section of
the Sr-exchanged titanate exhibited a similar bulk Si/Al ratio to
the main geopolymer binder (grey regions), for both activator
types. This suggests that in both Na-GP and K-GP waste forms,
there might be up to 50 wt% (as indicated by Fig. 6A-1 and
B-1) geopolymer binder intimately intermixed with the ion-
exchanger. However, different features were observed from
these two types of waste forms within the titanate-dominated
region (blue regions). For the Na-GP waste form (Fig. 6A), the
titanate-dominated region was mixed with less than 10 wt%
sodium silicate with SiO,/Na,O molar ratios varying from 0.5
to 3.0. The Al,0; content within this region is negligible.
In the K-GP waste form (Fig. 6B), the titanate-dominated
region was primarily mixed with K,O-rich phases, up to
20 wt%. The Al,O; content within this region can still be con-
sidered negligible. However, the relative SiO, content was sig-
nificantly lower in comparison with the Na-GP waste form,
with SiO,/K,0 molar ratios varying from 0 to 1.5. Since the tita-

This journal is © The Royal Society of Chemistry 2019

nate ion-exchanger contains no K,O as received, the K,O
present within the ion-exchanger must have been brought in
by the potassium silicate activator. Therefore, as suggested by
the identification of a dominant K,O-TiO,-SrO region (lower
left corner in the blue region, Fig. 6B), formation of potassium
titanate within the ion-exchanger region might take place, due
to the uptake of some vacant exchangeable sites by free K'.

Also, the scattered data points observed between the grey
and blue regions were showed only for the Na-GP waste form,
suggesting that, other than the main alkali aluminosilicate
hydrate gels, there might be Si-rich phases formed near the
surface of the ion-exchangers. This can be caused by either
trapping of alkali silicate activators near the surface at the
initial stage of the activation, and/or the formation of titanosi-
licates that contain Si-O-Ti chemical bonds. The presence of
such bonds would indicate chemical reactivity between the
encapsulated particles and the geopolymer binder. However,
the latter possibility needs to be further discussed from the
basis of the Ti-O chemical bond environment within the geo-
polymer waste forms. In addition, there might also be coexist-
ing strontium silicate hydrate, Sr5SigO;6(OH),-5H,0, within
this region; such a phase has previously been observed to form
in Sr”*-rich siliceous alkaline solution at pH ~ 12.*” The stron-
tium silicate hydrate formed under these conditions presented
a semi-crystallised structure similar to tobermorite,
Ca5Sig0,6(OH),-4H,0, in which most of the silicate is in the Q>
chain sites.*® As the main alkali aluminosilicate gel contains
predominately Q* tetrahedral silica species, the chemical
bonding environment of the Q> bridging silicates might be
used as an indication of the presence of this phase.

Raman spectroscopy was used to identify the Ti-O chemical
bonds and other chemical environments in the geopolymer
waste forms. Fig. 7 shows the Raman spectra taken from
different locations in the waste forms: the bulk geopolymer
binder, crossing the ring section, and toward the inside of the
encapsulated ion-exchanger particle. In the bulk geopolymer
binder region of both Na-GP (Fig. 7A) and K-GP (Fig. 7B)

Dalton Trans., 2019, 48, 12116-12126 | 12121
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Fig. 6 Pseudo-ternary compositional plots (in normalised mass percentage) showing EDX data points taken from geopolymer binders, the inner
part of the titanate ion-exchanger particle, and the interface between the geopolymer binder and the encapsulated ion-exchanger. (A) Na,O—
Al,03-SiO; ternary plot for the Na-GP, and (B) K,O—Al,03—-SiO, ternary plot for the K-GP, where (A-1) and (B-1) show the overall mass percentages

of TiO, vs. SrO of the same data points corresponding to (A) and (B).

samples, Raman shifts were observed at 144, 397, 516, and
639 cm™', matching the spectrum of anatase,*® which was a
impurity in the metakaolin precursor (Fig. 1). Although the
alkali aluminosilicate gel is the main constituent of the gel
binder, no Raman signals corresponding to the Si-O-(Al, Si)
bonds (at around 900-1200 cm™" (ref. 50)) have been identi-
fied. However, since the intensity of Raman peaks is influ-
enced by both concentration and structural ordering, dis-
ordered structures such as alkali aluminosilicate geopolymer
gels would be expected to show weak Raman bands.*"

In the outer ring of the ion-exchangers, peaks at around
274 em™" (280 em ™" for K-GP), 378 cm™*, 442 ecm ™, 650 cm ™,
and 895 cm ™" start to appeatr, the intensities of which increase
when moving towards the inner region of the ion-exchanger
particles. The locations of these peaks corresponded to those

12122 | Dalton Trans., 2019, 48, 1211612126

observed for the as-received sodium titanate ion-exchangers
(Fig. 3), and may represent a layer-like structure containing
titanate nanotube-like environments.** However, alterations in
the Ti-O chemical bonding environment of the encapsulated
ion-exchangers have been observed, involving both surface Ti-
O-(H, Na, K, Sr) bonds and the main titanate layers. The
Raman shift corresponding to the surface Ti-O—(H, Na, K, Sr)
bonds moved towards higher wavenumbers in Fig. 7B,
suggesting that bonding involves cations with stronger ionic
interactions (e.g. K and Sr**),>**? consistent with the hypoth-
esis that the surface Ti-O bonds in the K-GP waste form might
be significantly charge-balanced by K* from the activator.

A new Raman peak at around 702 ecm™" appeared from the
ion-exchanger encapsulated in the Na-GP, corresponding to
the Ti-O-Ti bond in corner-shared TiOg; while a new Raman

This journal is © The Royal Society of Chemistry 2019
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from the main gel binder (a, b), crossing the interface between the ion-exchanger and the gel binder (c, d), and towards the inside of the ion-exchan-

ger particle (e, f).

! was observed from the ion-exchanger

peak at around 805 cm™
encapsulated in the K-GP, corresponding to the Ti=O bond in
TiOs. However, neither in Fig. 7A nor in Fig. 7B was there a
Raman peak associated with Si-O-Ti bonding (960 cm™" (ref.
44)). This suggests that, although the encapsulated ion-exchan-
gers underwent structural distortion in their main titanate

layers, the chemical interactions between the encapsulated

This journal is © The Royal Society of Chemistry 2019

titanate ion-exchanger and the geopolymer binder were not
extensive as no chemical bonds associated with titanosilicates
were formed. An additional sharp and intense peak was
observed at 1070 cm™"' in the Sr-rich outer ring of the ion-
exchanger encapsulated in both Na-GP and K-GP, corres-
ponding to the C=O stretching vibration of carbonates,*'
same as that been observed from the ion-exchangers before

Dalton Trans., 2019, 48, 12116-12126 | 12123
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encapsulation in geopolymer (Fig. 3). This peak decreased in
the inner region of the ion-exchanger particles, confirming
that the SrCO; had accumulated mainly in the outer ring of
the Sr-exchanged particles.

The Raman spectrum of a pure strontium silicate hydrate
phase is not available from literature. However, the analogous
tobermorite-like calcium silicate hydrate phase gives two dis-
tinctive Raman peaks, at 671 and 1020 cm™ ', attributed to
symmetrical bending and symmetrical stretching of Si-O-Si
bands within the Q” silicate chains.>® Comparison between the
Raman spectra of calcium silicate and strontium silicate
glasses (synthesised by high-energy milling) showed almost
identical results, both of which featured the symmetrical Si-
0-Si stretching band at around 1050 em™".>* Due to the simi-
larity between the crystalline structures of these two phases, it
would be within reason to assume that strontium silicate
hydrate would contribute to comparable Raman peaks.
However, neither of these two Raman peaks identified as
being distinctive of the tobermorite-like structure (671 and
1020 cm ™) can be observed in Fig. 7. Also, it has been proven
that in the hydrous Na,0-Ca0O-Al,0;-SiO, gel system, the for-
mation of (Al-substituted) calcium silicate hydrate gels of
tobermorite-like structure was barely observed in samples with
CaO lower than 10 wt%.>> For comparison, in the simulated
waste forms prepared for this study, the overall SrO mass per-
centages in Na-GP and K-GP are 0.72 wt% and 0.65 wt%,
respectively. Observations from previous studies suggested
that Sr*" behaved comparably to Ca®" as a structure orienting
cation for geopolymers.”® On this basis, the formation of stron-
tium silicate hydrate in the simulated waste forms tested here
would be highly unlikely.

Perspectives

The physical and chemical interactions between the encapsu-
lated ion-exchangers and the geopolymer host matrix play
important roles in determining the long-term chemical stabi-
lity of the designed waste forms. The mobility of Sr** within
the waste form is one of the most important aspects to con-
sider when assessing its long-term chemical stability, which
involves multiple physical and chemical processes including
leaching (which is not addressed directly in the current study).
As illustrated in Fig. 8, these processes can be summarised as
ionic interaction at the solid-solution interfaces ([1]-[3] in
Fig. 8) and ionic diffusion in the pore solution ([4] in Fig. 8).
The microstructure and the gel chemistry properties of the
geopolymer binder, including the pore size distribution, the
pore connectivity, the aluminosilicate framework structure,
and the co-existing ions and prevailing pH conditions in the
pore solution, all play critical roles in these processes.

The physicochemical interactions between the encapsulated
ion-exchangers and the host geopolymer matrix largely deter-
mine the ion exchange process marked as [1] in Fig. 8, which
is the release of Sr** from the exchanger particles. The experi-
mental results obtained in this study suggest that the titanate
ion-exchangers mostly maintained their original physical and
chemical properties after having been encapsulated in geopoly-
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Fig. 8 Schematic diagram indicating possible routes for Sr?* to interact
with the geopolymer host matrix and the environment, where [1] shows
ion-exchange between Sr-titanate and alkali cations in the pore solu-
tion, [2] shows uptake (ion-exchange and adsorption) of the Sr**
released from the ion-exchanger by the geopolymer binder, [3] shows
dissolution of Sr?* from the geopolymer to groundwater, and [4] shows
Sr2* ion-diffusion in the connected pores in the geopolymer binder.

mers. Therefore, it is reasonable to assume that this ionic
interaction process would be primarily be restricted by the
reversibility of the Sr-selective ion-exchange process in the
presence of geopolymer pore solution. The pore solution
in metakaolin-based geopolymers contains approximately
1 mol L™" alkali hydroxides.”” For titanate type ion-exchangers,
their selectivity for Sr>* is particularly high in alkali aqueous
media (pH > 12),%**°® and the uptake of Sr*>" will be preferred
even in solutions that are very rich in Na" and/or K" (up to
10 mol L™).>*** The equilibrium constant (Keq) for Sr*"
uptake by sodium titanate under an alkaline, Na* rich environ-
ment was reported to be between 2 x 107 to 2 x 10° 7
suggesting that the reverse reaction of this selective exchange
process would be very limited in the geopolymer waste form.
The exchange process is also strongly affected by the con-
centration of divalent cations, such as Ca®" and Mg”".>* This
further highlights the benefit of using low-calcium, low-mag-
nesium geopolymer gel binders for encapsulation of these
spent ion-exchangers, and the very high geopolymer pore fluid
pH further suppresses the dissolved concentrations of these
ions even if they are present. Since Sr*" uptake by sodium tita-
nate is pH-dependent, the use of low alkalinity cements would
not be as desirable as geopolymers. In addition, the small
amount of Sr** ions released from the ion-exchanger through
the reversed ion-exchange process can then be immobilised by
the geopolymer if they do gain any mobility within the binder
matrix (process marked as [2] in Fig. 8), either through ion-
exchange with the extra-framework cations®®®® or through
forming non-reversible inner-sphere adsorption complexes.®!

This journal is © The Royal Society of Chemistry 2019
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According to such considerations, the overall leachability of
Sr** of this geopolymer waste form would be expected to be
even lower.

The results from this study provide detailed insight into the
physicochemical interactions between encapsulated ion-
exchangers and the host geopolymer matrix, from elemental
distribution to atomic interactions. This understanding will
provide indispensable support for future analysis of the macro-
scale engineering properties, such as mechanical strength and
leachability, of the bulk geopolymer waste forms with encapsu-
lated titanate ion-exchangers.

Conclusions

Metakaolin geopolymers, consisting mainly of alkali alumino-
silicate gel, show highly desirable performance as binders to
encapsulate spent titanate ion-exchangers, simulating those
which are loaded with radioactive strontium through water
treatment operations at the Fukushima Daiichi site. The result-
ing waste forms are stable in both microstructural and chemi-
cal properties. The encapsulated titanate ion-exchangers were
in intimate contact with the alkali aluminosilicate gel binder
which also filled in the space within the ion-exchangers, con-
tributing to a dense microstructure in the waste form. The
choice of either sodium or potassium as the activator for geo-
polymer synthesis led to slight alterations in the octahedral
titanate coordination in the main titanate sheet of the ion-
exchangers. However, the overall chemical interactions
between alkali aluminosilicate gel binder and the titanate ion-
exchangers did not appear to be significant, as evidenced by
the absence of Ti-O-Si bond formation in the samples tested
here.
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