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Geopolymers are promising materials for immobilisation of 90y, present in complex radioactive waste
streams at sites such as Sellafield and Fukushima Daiichi. This study investigates the impact of strontium
salts (Sr(OH),-8H,0, SrCOs, Sr(NO3),, and SrSO4) on geopolymer reaction mechanisms and kinetics.
Isothermal conduction calorimetry, zeta potential, and X-ray diffraction data show that the introduction
of the strontium salt leads to a reduction in the rate and extent of reaction. This is a result of (1) reduced
dissolution of the metakaolin precursor due to (a) a reduction in pH of the aqueous phase and (b) sorp-
tion of Sr2* cations to the surface of the metakaolin precursor, and (2) a ‘filler effect’ arising from the
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presence of insoluble solid particles of the strontium salts. The extent to which each mechanism occurs
depends on the salt solubility in the high pH, high ionic strength fresh cement slurry. This insight is vital
for designing geopolymer cements for the long-term immobilisation of radioactive waste streams con-

rsc.li/dalton taining °°Sr.

1. Introduction

Electricity generation via nuclear fission in the civil sector pro-
duces an array of radioactive waste streams which must be con-
ditioned and safely disposed of to prevent release to the sur-
rounding environment. An example of such waste is stron-
tium-90 (°°Sr), which forms as a fission product and can be
found in complex legacy nuclear waste streams at sites such as
Sellafield and Fukushima Daiichi nuclear power plants. The
safe containment of °°Sr is of international importance as
many countries explore and prioritise development of deep
geological disposal facilities (GDF) for disposal of radioactive
waste." The selection of the encapsulating material that pro-
vides the initial engineered barrier of containment plays a
crucial role in this.

Cementation has recently been explored as a promising
low cost, low temperature technology for the conditioning of
radioactive wastes containing °°Sr.>”* The presence of *°Sr in
aqueous waste streams often necessitates its extraction using
granular inorganic ion exchange materials, making cementa-
tion a very suitable conditioning route for this type of waste.
Furthermore, °°Sr exhibits a relatively short half-life (t;,, =
28.80 years), which means that °°Sr-bearing cement waste-
forms are only required to be durable and secure for a few
hundred years.
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Traditionally, portland cement (PC) has been investigated
for encapsulation of *°Sr-bearing wastes, and has been shown
to be capable of binding Sr through chemisorption to the
calcium silicate hydrate (C-S-H) gel phase. The substitution of
Ca>" ions by °°Sr*" ions within the hydrate phases of PC, most
notably C-S-H, has also been observed.”” However, much of
the °°Sr uptake comes in the form of reversible ion exchange
reactions to hydrated and partially hydrated phases within har-
dened PC.” This limits the potential degree of chemical immo-
bilisation, leading to much of the Sr waste being simply phys-
ically encapsulated (rather than chemically bound) within the
cement binder. Furthermore, the high water content of
hydrated PC can detrimentally affect the radiolytic stability of
the wasteform.® The high CO, emissions associated with the
production of PC - 8% of anthropological CO, emissions glob-
ally - is a further issue which is becoming more prominent in
the current climate, and is viewed as increasingly important in
the nuclear sector.””® Therefore, research into alternative
cementitious materials is vital to develop a sustainable, high-
performance material for the safe and effective containment of
°°Sr-bearing wastes.

More recently, geopolymers, an alkali-activated alu-
minosilicate cement binder, have been considered as a prom-
ising alternative to Portland cement-based encapsulants.
Geopolymers comprise a structurally disordered, highly cross-
linked alkali aluminosilicate gel framework containing cation
binding sites which possess the potential to incorporate
cations, such as Sr**, into the gel framework via ion
exchange.”" This, as well as their desirable chemical,
mechanical and thermal properties, has led to a significant

Dalton Trans., 2025, 54, 1337-11348 | 11337


http://rsc.li/dalton
http://orcid.org/0000-0003-1069-1362
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt01087j&domain=pdf&date_stamp=2025-07-16
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01087j
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054029

Open Access Article. Published on 30 June 2025. Downloaded on 1/24/2026 10:14:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

level of interest surrounding geopolymers as a matrix for the
immobilisation and subsequent disposal of radioactive
waste."' ™

The most common alkali metals used to produce geopoly-
mers are sodium and potassium, leading to the primary alkali
aluminosilicate hydrate gel network being abbreviated to (N,
K)-A-S-H (sodium or potassium aluminosilicate hydrate). The
nanostructure is described as pseudo-zeolitic; it is identical to
that of a zeolite over short distances (no greater than several
angstrom),"*"> yet over longer distances the alkali aluminosili-
cate gel exhibits extensive disorder, and is completely X-ray
amorphous, contrasting with crystalline zeolites. Similar to
zeolites, geopolymers comprise Si and Al in tetrahedral coordi-
nation, with the chemical environment of Si being described
using Q"(mAl) nomenclature (where n is the number of other
bonded tetrahedral units via oxygen bridges, of which m is the
number of these units that are Al tetrahedra), most commonly
Q*(mAl) and Al existing most commonly in the q*(4Si) coordi-
nation. The negative charge that arises from AI’* in four-fold
coordination is charge-balanced by the presence of alkali
metal cations in extra-framework sites.

Previous work has focused primarily on the interaction
between sodium silicate-activated geopolymers and strontium
containing waste simulants, yet within the context of encapsu-
lation of radioactive waste within the nuclear sector potassium
silicate-activated geopolymers have been shown to exhibit
more preferential flow characteristics and rheological pro-
perties than equivalent sodium activated geopolymer
formulations.*®™® This is particularly important in the context
of cementation of radioactive waste streams exhibiting
complex shapes and morphologies, where a fluid fresh-state
paste is essential for sufficient encapsulation.

The kinetics of reaction of the soluble alkali and silica con-
stituents and the solid aluminosilicate precursor (typically
metakaolin), and subsequent alkali aluminosilicate gel for-
mation, dictate the initial setting period of the geopoly-
mer.'®?° An understanding of these properties allows for the
initial phase of reaction to be tailored to its application; for
example, altering the rate of reaction to extend the period of
desirable workability, and to maintain fluidity which allows
for better infill of complex waste types with tortuous pathways,
producing a lower porosity wasteform. The order in which the
components of the geopolymer reaction mixture are added
together can also significantly alter the early stage kinetics of
reaction; there are varying observations in the literature about
the rate at which the reaction occurs, and an understanding of
the role of each constituent and its point of addition carries
both scientific and industrial importance.

This work investigates the impact of incorporating
various salts of non-radioactive isotopes of strontium (Sr) on
the kinetics and mechanisms of the reaction within the
fresh cement paste, and early stage K-A-S-H gel formation of
potassium silicate-activated geopolymers. The chemical
environments created by the introduction of Sr(OH),-8H,O0,
SrCO;, Sr(NO;3), and SrSO, to the geopolymer reaction
mixture simulate the potential interactions observed when
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complex waste streams resulting from e.g. cooling water,
radioactive sludge/slurries, spent-ion exchange materials,
etc., containing Sr are encapsulated/immobilised within a
geopolymer wasteform.

Isothermal conduction calorimetry (ICC) is used to monitor
the heat evolution during reaction, and zeta potential measure-
ments are taken to determine the electrokinetic potential on
the surface of the solid reactant particles, which can help to
reveal the reaction mechanisms occurring. X-ray diffraction
(XRD) is used to reveal any crystalline reaction products
present within the geopolymers. The findings of this work
provide an important overview of the early stage reactions
within the geopolymer wasteforms, and how these are influ-
enced by various salts of non-radioactive isotopes of strontium
(Sr). This reveals the distinct mechanisms driving the initial
dissolution of metakaolin and subsequent K-A-S-H gel for-
mation, and suggests that geopolymers are suitable for the
long-term immobilisation of radioactive waste streams con-
taining °°Sr.

2. Materials and methods
2.1 Geopolymer sample production

2.1.1 Geopolymer cements. The geopolymers in this
study were produced by the reaction of MetaMax meta-
kaolin (MK) (BASF) with a potassium silicate activating
solution. The chemical composition of the metakaolin, as
obtained by X-ray Fluorescence (XRF), can be found in
Table 1. The activating solution was made by reacting pot-
assium hydroxide (AnalaR 99 wt%), deionised water and a
potassium silicate solution (PQ-KS, 51.6% potassium sili-
cate, with a solution modulus of SiO,/K,0 of 2.2, with the
balance water, PQ-UK).

Stoichiometry was designed to obtain an activating solution
modulus SiO,/K,0 = 1, an activator dose such that K,0/Al,O; =
1, and a water content molar ratio of H,O/K,O = 11.

The amount of strontium hydroxide octahydrate (Sr
(OH),-8H,0) (Acros Organics, 98%), strontium carbonate
(SrCO;) (Sigma Aldrich, >99.9%), strontium nitrate (Sr(NO3),)
(Alfa Aeser, 98%) and strontium sulphate (SrSO,) (Alfa Aeser,
Reagent Grade) added to the samples was determined by
setting a constant Sr/Al molar ratio in the final geopolymer
binder, as shown by Table 2.

To produce the geopolymers containing the Sr salts, the
salt is mixed with the metakaolin powder before the introduc-
tion of the activating solution. The resulting mixture is mixed

Table 1 Chemical composition (wt%) of the MetaMax metakaolin used
in this work, obtained by X-ray fluorescence (XRF)

Loss on

Ignition
Sio, AlL,O; TiO, Fe,0; CaO Na,0O Others (1000 °C)
52.54 44.54 1.31 0.36 Trace 0.15 0.20 0.63

This journal is © The Royal Society of Chemistry 2025
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Table 2 The geopolymer formulations used in this work, with and
without Sr salts, with the corresponding anion and nominal Sr/Al, Si/Al,
K/Al, HO/K,0 and w/s molar ratios

Sr/Al Si/Al K/Al H,0/K,0 w/s
Sample Anion ratio ratio ratio ratio ratio
KGP — — 1.5 1.0 11 0.55
OH_1 OH™ 0.025 1.5 1.0 11 0.55
OH_2 OH™ 0.050 1.5 1.0 11 0.55
OH_3 OH™ 0.075 1.5 1.0 11 0.54
OH_5 OH™ 0.125 1.5 1.0 11 0.54
CO5_1 CO,%~ 0.025 1.5 1.0 11 0.56
CO;_2 CO,*~ 0.050 1.5 1.0 11 0.57
CO;_3 CO,%~ 0.075 1.5 1.0 11 0.58
CO;_5 CO,2~ 0.125 1.5 1.0 11 0.60
NO;_1 NOz;~ 0.025 1.5 1.0 11 0.56
NO;_2 NO;~ 0.050 1.5 1.0 11 0.58
NO;_3 NO;~ 0.075 1.5 1.0 11 0.59
NO;_5 NO;~ 0.125 1.5 1.0 11 0.62
SO, 1 S0,% 0.025 1.5 1.0 11 0.56
SO, 2 S0, 0.050 1.5 1.0 11 0.57
SO,_3 S0,2~ 0.075 1.5 1.0 11 0.57
SO, 5 S0,* 0.125 1.5 1.0 11 0.60

for 10 minutes before being stored in a sealed container at
20 °C. At the desired curing times (3 and 28 days’ post-reac-
tion), a section of each geopolymer sample was removed from
storage before being immersed in isopropanol to halt the
alkali-activation reaction through the removal of loosely bound
water. For this work, one batch of each sample was prepared;
as a result all of the analysis techniques are carried out on
samples from the same batch.

2.2 Sample characterisation

2.2.1 Isothermal conduction calorimetry. Isothermal con-
duction calorimetry was used to examine the heat evol-
ution during the reaction and, therefore, study the kinetics
of the reaction between the activating solution and the
metakaolin powder.?! Heat evolution in the geopolymer
pastes was measured at 20 °C for a total of 7 days using
dual channel TAM Air Isothermal Conduction Calorimeter
from TA instruments. 20 g of each geopolymer was mixed
within the glass ampoule using a vortex mixer to provide
uniform mixing for two minutes before insertion into the
calorimeter.

2.2.2 Zeta potential. Zeta potential measurements were
performed to determine the electrokinetic potential on the
surface of the metakaolin particles in solution. 20 g samples
were used, each containing 2 g of metakaolin and the corres-
ponding mass of the salt required to reach the Sr/Al ratios
used in the entirety of this work, in a solution of potassium
hydroxide (KOH) at pH 10 and pH 12. The zeta potential of the
dispersions was measured using a Stabino II system from
Colloid Metrix. The samples were mixed via 10 inversions, and
the readings were taken 30 seconds after the initial mixing.
Error bars in the data show the standard deviation of 3 rounds
of data collection.

This journal is © The Royal Society of Chemistry 2025
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2.2.3 X-ray diffraction. X-ray diffraction (XRD) data were
obtained to examine the long range ordering and crystallinity
of the reaction products in each sample, using the same
method as in previous work.”” Data were obtained using a
Panalytical X’Pert’® Powder X-ray diffractometer across a 26
range of 5°-70°, with Cu Ka radiation (1.54 A), a nickel filter, a
step size of 0.020°, and a count time of 1 s per step. Low angle
diffracted background intensity was reduced using an anti-
scatter blade. An incident beam divergence of 1.0 mm and a
2.5° Soller slit in the diffracted beam were used.

3. Results and discussion
3.1 Geopolymers incorporating Sr(OH),-8H,0

3.1.1 Isothermal conduction calorimetry. Fig. 1(a) displays
the isothermal calorimetry curves obtained when measuring
heat evolution during the reaction of the K-geopolymers
loaded with Sr(OH),-8H,O over the first 3 days of reaction.
Each of the curves display a single, complete, broad peak
within the first 2 days of reaction. Previous work shows that
the reaction process for geopolymers produces three distinct
peaks in the calorimetry data;*® in that work, dissolution of
the metakaolin as a result of the high pH of the activating
solution is attributed to the appearance of an initial peak,
which usually occurs within the first few minutes of reaction.
The method used in the current work presented here does not
allow for this peak to be fully observed in its full state due to
the initial mixing of the reaction mixture occurring outside of
the calorimeter. Therefore, any sign of this first peak will be
disregarded and all observations will be taken from the second
peak, which is attributed to the heat produced from the for-
mation of the aluminosilicate framework as observed in Fig. 1.

Fig. 1(a) shows that the addition of Sr(OH),-8H,O has a
mild retarding effect on the kinetics of the reaction process
when compared to the KGP control sample. Increasing the Sr/
Al ratio increases the level of retardation of the reaction, as the
maximum observed heat flow both decreases, and occurs later
in the reaction. The solubility of Sr(OH),-8H,0 is very low, and
is not expected to fully dissolve into solution when combined
with the activator.>* Therefore, the effect of the addition of the
salt on the kinetics will be partially due to a portion of the salt
acting as an inert filler material within the binder. However,
the presence of an inert material (the filler effect) alone does
not account for the magnitude of reduction in heat flow
during the reaction observed in Fig. 1(a).

Fig. 2(a) shows that the relationships between Sr/Al ratio
and both time and value of the maximum heat evolution of
the visible peak in the data are approximately linear, although
the effect begins to dampen between an Sr/Al ratio of 0.075
and 0.125. This suggests that the maximum retardation of
reaction caused by Sr(OH),-8H,0 within this KGP formulation
is reached around this region, as adding more of the salt
above an Sr/Al ratio of 0.075 has less of an effect on the kine-
tics of reaction when compared to the salt addition at a lower
Sr/Al ratio. However, the reduction in heat does not reduce to
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Fig. 1 Calorimetry curves for the geopolymers showing normalised heat flow (mW per g of sample) over the first 3 days of reaction. Plot (a) shows
the geopolymers loaded with Sr(OH),-8H,0, plot (b) the geopolymers loaded with SrCOs, plot (c) the gels loaded with Sr(NOs), and plot (d) the geo-

polymers loaded with SrSO,.

0, as adding the salt continues to add to the filler effect. The
pattern seen in Fig. 1 is followed in Fig. 3(a), as the cumulative
heat release, and therefore reaction completion percentage,
decreases with increasing Sr/Al ratio.

3.1.2 Zeta potential measurements. The interactions of the
Sr** cations with the solid metakaolin particles and aqueous
phase in the fresh geopolymer paste can be partially explained
by the zeta potential values of dispersions of metakaolin par-
ticles in solution with varying Sr/Al ratios, as shown in Fig. 4.

The zeta potential values for the metakaolin dispersions
with an Sr/Al ratio of 0, become less negative as the pH
increases from pH 10 to pH 12. This could suggest that the
electrostatic repulsion between the metakaolin particles
decreases within this pH change, leading to a lesser rate of dis-
solution of the metakaolin. However, it is more likely that the
increased pH of the system leads to a higher rate of dissolution
of the metakaolin, which in turn decreases the magnitude
of the observed zeta potential values. This has been reported
in previous work, where Derkani et al. showed that the dis-
solution of metakaolin occurs at a higher rate at a higher
pH.2®

Derkani et al. describe the effect of K" ions on the surface
charge of metakaolin, showing that the inclusion of these ions
in the solution leads to a change in the recorded zeta potential

N340 | Dalton Trans., 2025, 54, 11337-11348

value.”® They also show that the further introduction of diva-
lent cations, such as the Sr** seen in this work, leads to an
increase of the recorded zeta potential towards a value of 0.
This is due to the cation adsorbing to the surface of the meta-
kaolin particles. Therefore, both the Sr** and the K* ions in
solution will be
metakaolin.

The zeta potential results here suggest that the solubility of
Sr(OH),-8H,0 is not affected by the pH of the solution, as the
zeta potential trends follow similar trajectories between pH 10
and pH 12. There is a slight deviation in the data for Sr/Al
ratios of 0.05 and 0.075, but the overall trend is comparable. At
a Sr/Al ratio of 0.125, the recorded zeta potential reaches a
maximum value of around —12.4 mV. This is due to the posi-

impacting the surface charge of the

tively charged Sr** ions adsorbing to the surface of the meta-
kaolin. It can be assumed that this would also be similar in
the geopolymer systems themselves at the much higher pH
seen in the real systems.

The presence of K' cations from the KOH solution will lead
to a shift in the zeta potential towards more positive values, as
these cations will also adsorb to negative sites on the metakao-
lin surface, caused by the deprotonation of the surface
hydroxyl sites in the alkaline solution, as well as AlO, sites in
the geopolymer gel, leading to an increased negative charge on

This journal is © The Royal Society of Chemistry 2025
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and plot (d) the gels loaded with SrSO,.

the surface of the particles.”® However, the concentration of K*
ions is not altered when the Sr/Al ratios are varied at both pH
values investigated here. Therefore, there will be the same
number of K' cations when the zeta potential is at —97.7 mV
(pH 10, Sr/Al ratio of 0) as when the zeta potential is —12.4 mV
(pH 10, Sr/Al ratio of 0.125). Therefore, due to the difference in
recorded values of zeta potential, it is clear that the main con-
tributor to this change is the introduction of the Sr** cation. It
is also likely that the Sr*" interactions are dominating when
compared to the OH™ ions as the introduction of the OH™ ions
via addition of Sr(OH),-8H,0 is negligible when compared to
the concentration of OH™ ions already present in solution.
There are two possible mechanisms for the simultaneous
observation of decreased heat evolution in the ICC data with
increasing Sr/Al ratio, and an increase in zeta potential values
with increasing Sr/Al ratio. The first is that the shift in surface
charge towards neutral reduces the electrostatic repulsion and
therefore dispersion of the metakaolin particles in
solution,’**° and promotes their agglomeration. This agglom-
eration results in a reduction to the total surface area of meta-
kaolin available to participate in reaction during dissolution
and, therefore, a reduction in the rate of dissolution of meta-
kaolin. The second is the formation of a layer of Sr*" ions on
the surface of the metakaolin particles, producing a physico-
chemical barrier that simultaneously lowers the concentration

This journal is © The Royal Society of Chemistry 2025

gradient between the metakaolin and the surrounding solu-
tion and shields the surface of the aluminosilicate solid from
OH™ ions in solution, which as a consequence are prevented
from breaking the interlayer and intralayer bonds in metakao-
lin and preventing dissolution. This mechanism has been
shown to govern the dissolution of glass, as outlined in
Frugier et al.,*" and as metakaolin is a crystallographically dis-
ordered aluminosilicate solid, the concept of a physical barrier
to dissolution fits the observations here, as the Sr** ions are
drawn to the surface of the metakaolin. It is likely that it is a
combination of both mechanisms that leads to the reduced
rate of metakaolin dissolution observed for the geopolymer
samples with addition of Sr(OH),-8H,O (i.e. containing the
OH™ anion).

The zeta potential values seen in Fig. 4 indicate that the
delay in reaction seen in the ICC data are, in some part, due to
the effect of the Sr*" cations on the dissolution of the metakao-
lin. The reduced rate of dissolution leads to a lower concen-
tration of silicon and aluminium particles within the solution,
meaning that the reaction to form the alkali aluminosilicate
gel cannot occur until a later stage in the reaction process.
This effect increases with increasing Sr/Al ratio. The effects on
the surface charge of the metakaolin described above, coupled
with the presence of relatively inert undissolved Sr(OH),-8H,0
that are unable to dissolve due to saturation of Sr in solution

Dalton Trans., 2025, 54, N337-11348 | 11341
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Fig. 4 Comparing the effect of Sr/Al ratio, altered by the addition of Sr(OH),-8H,0, SrCOs3, Sr(NOs3), and SrSO4, on the zeta potential of metakaolin

particles in a KOH solution at (a) pH 10 and (b) pH 12.

(i.e. the filler effect), leads to the changes to the heat flow
observed by ICC during geopolymer reaction.

3.1.3 X-ray diffraction. The XRD data (Fig. 5) for each
sample within a set are comparable, exhibiting a broad feature
due to diffuse scattering between 24° 20 and 33° 26. This peak
indicates the presence of an amorphous phase within the
sample, and is consistent with the presence of the K-A-S-H gel.**

M342 | Dalton Trans., 2025, 54, 1337-11348

The XRD data for geopolymers incorporating Sr
(OH),-8H,0 show a broad feature due to diffuse scatter-
ing, consistent the formation of the K-A-S-H gel, and also
exhibit diffraction peaks due the presence of anatase
(TiO,, Powder Diffraction file (PDF) # 01-084-1286), which
arises due to its presence as an impurity in the meta-
kaolin used in this study. Anatase is inert under the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The X-ray diffraction data of the samples after the first 3 days of reaction. Plot (a) shows the geopolymers loaded with Sr(OH),-8H,0, plot (b)
the gels loaded with SrCOs3, plot (c) the gels loaded with Sr(NOs), and plot (d) the gels loaded with SrSO,.

reaction conditions occurring during alkali-activation of
metakaolin.

The presence of strontium hydroxide octahydrate
(Sr(OH),-8H,0, PDF # 00-027-1438) in samples OH_3 and
OH_5 is expected due to the low solubility of the salt. It is
clear that some of the strontium is still in the form in which it
was added to the geopolymer mix, and has not dissolved to be
incorporated into the structure due to its low solubility. The
diffraction peaks for this salt are not present in the spectra for
samples OH_1 and OH_2. This could be due to the concen-
tration being too small in the samples as, potentially, a greater
percentage of the mass of the salt has dissolved into the acti-
vating solution. The diffraction data for the OH_2 sample
shows that there is strontianite (SrCO;, PDF # 00-005-0418)
present. This is most likely due to the carbonation of the geo-
polymer due to air, forming SrCO; crystals.

3.2 Geopolymers incorporating SrCO;

3.2.1 Isothermal conduction calorimetry. Isothermal con-
duction calorimetry data in Fig. 1(b) shows that the addition
of SrCO; to the geopolymers at all Sr/Al ratios has a much
lower effect on the heat evolved during reaction. Both the
maximum value of normalised heat flow, and the time of
maximum heat flow, are only slightly affected by the addition
of the salt, however there is a clear correlation of these with

This journal is © The Royal Society of Chemistry 2025

Sr/Al ratio, with the maximum value of normalised heat flow
decreasing and the time of maximum heat flow increasing
with Sr/Al ratio, albeit by a relatively minimal factor (Fig. 6). To
emphasise this, the time of maximum heat evolution for the
KGP control sample is approximately 7 hours, almost identical
to that of all of the CO; containing samples, which have a
maximum value of 7.5 hours. The CO;_5 sample showed the
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Fig. 6 Calorimetry curves for the KGP and CO3_5 samples compared
to a scaled curve of the KGP sample.
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greatest deviation from the control with respect to the
maximum recorded heat flow, decreasing by around 11%. This
is most likely due to SrCO; being an insoluble compound
within the fresh geopolymer reaction mixture, and so is un-
likely to dissolve within the activating solution. Instead, the
solid SrCO; particles are suspended within the binder, acting
primarily as an inert filling material and slightly retarding the
reaction. This is further supported by Fig. 6, which shows the
KGP and CO;3;_5 samples seen in this work compared to a
scaled version of the curve generated by the KGP sample,
shown in red. This is calculated by normalising the heat evol-
ution of the KGP sample by a mass that would be consistent
with a CO3;_5 sample with the same mass of metakaolin and
activating solution as the 20 g KGP sample. This curve gives
the normalised heat evolution that would be observed if none
of the SrCO; dissolves into the activating solution, and all
SrCO; remains as a solid, acting as a filler material in the geo-
polymer reaction mixture. As can be seen from Fig. 6, the
CO;_5 sample, shown in green, is not too dissimilar from the
scaled KGP curve. This suggests that the majority of the SrCO;
does not dissolve in the CO;_5 sample. However, it is clear
that some of the salt does dissolve, exposed by the slight retar-
dation of the reaction when compared to the KGP sample.

Fig. 2(b) shows that as the Sr/Al ratio of the geopolymer mix
increases, so does the time at which the maximum heat evol-
ution is reached. However, this effect diminishes as the Sr/Al
ratio continues to increase, suggesting that, at some defined
point in this region of SrCO; addition, the effect of adding
more SrCO; reaches its maximum. Moreover, the scale of the
y-axis should be noted here as the change is on the order of
minutes, as opposed to hours. This impact is, in part, due to
the addition of the SrCOj; resulting in a smaller mass of both
metakaolin and activating solution available to react and,
therefore, produce heat through dissolution. The wt% of the
SrCO; salt in the CO;_5 sample is 6.1%, and the maximum
drop in heat flow observed for this sample drops by ~11%
compared to the KGP control, suggesting that the decline in
available reactive material is likely contributing for the
reduction in heat flow. Furthermore, it is likely that ‘wetting’
of the SrCO; molecules is occurring, with the activating solu-
tion becoming adhered to the surface of the salt, preventing it
from commencing the dissolution reaction in the first
instance. A combination of these two explanations is the likely
cause of the decrease in heat flow, suggesting that no changes
are expected to be found in the structure of the resulting geo-
polymer matrices. Fig. 3(b) follows the same expected pattern,
with slight decreases to the cumulative heat as more of the
SrCO; is loaded into the geopolymer mix, reducing the total
mass of reactants within the mix.

3.2.2 Zeta potential measurements. Fig. 4 shows that
increasing solution pH has a clear effect on the zeta potential
values of the metakaolin particles in the presence of SrCO;. As
previously mentioned, the addition of the divalent cation Sr**
results in a change in surface charge due to the electrostatic
attraction of Sr** to the negatively charged deprotonated
hydroxyl sites on the surface of the metakaolin. The magni-
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tude of this change is directly related to both the pH, and the
concentration of Sr** cations within the solution; the increase
in the pH from pH 10 to pH 12 leads to a less significant
change to the zeta potential with increasing Sr/Al ratio. This
correlates with the reduced solubility of SrCO; at higher solu-
tion pH values, meaning that there are less Sr>* ions available
in solution to interact with the surface of the metakaolin.

At pH 10, the introduction of the SrCO; causes the zeta
potential values to shift towards more positive values, and
finally reaching a value of approximately —50 mV. This is likely
due to the interactions with the Sr** cations with the negatively
charged deprotonated hydroxyl groups on the surface of the
metakaolin. However, this increase, when compared to meta-
kaolin in solution without the presence of Sr, is not affected by
the increasing Sr/Al ratio. This is due to the low solubility of
SrCOj;, meaning that only a small amount of the salt dissolves
before the solubility limit is reached, and the solution is satu-
rated with the salt at the Sr/Al ratio of 0.025.

However, at pH 12, increasing the Sr/Al ratio does lead to
some dissolution of the salt, as the zeta potential values
recorded increase towards O as the Sr/Al ratio increases.
However, this increase is still minimal, as the surface charge
of the metakaolin remains very negative. When compared to
the pH 10 data, the maximum increase toward 0 is far less; a
10% increase as opposed to a 55% increase. Therefore, it is
likely that at the high pH of the geopolymer samples used in
this work, around pH 14, the SrCO; will not dissolve signifi-
cantly and will therefore have negligible effect on surface
charge of the metakaolin particles. This is supported by the
data obtained via ICC (Fig. 1b), providing further evidence that
the majority of the SrCO; does not dissolve into solution and
simply acts as a filler within the geopolymer matrix. However,
the ICC results do suggest that a small portion of the salt does
dissolve, and it is likely that the Sr that is introduced into solu-
tion adsorbs onto the surface of the metakaolin to produce the
slight increase in zeta potential values seen here. This is com-
parable to what can be seen with the Sr(OH),-8H,0 loaded
samples, with the inclusion of SrCOj; into the reaction mixture
leading to a change in the rate of reaction through both the
filler effect and the interaction of Sr** ions with the
metakaolin.

3.2.3 Xray diffraction. The XRD data for geopolymers
incorporating SrCO; show a broad feature due to diffuse scat-
tering, consistent the formation of the K-A-S-H gel, and also
exhibit diffraction peaks due to the crystalline strontianite
phase (SrCO3, PDF # 00-005-0418), indicating that the addition
of the SrCO; did not lead to its complete dissolution within
the activating solution. This is supported by the low solubility
limits exhibited by the SrCO;, and also by the ICC data
(Fig. 1(b)). The presence of anatase (TiO,, PDF # 01-084-1286)
is also observed, due to its inert nature and presence as an
impurity in the metakaolin used in this study.

3.3 Geopolymers incorporating Sr(NO;),

3.3.1 Isothermal conduction calorimetry. Fig. 1(c) shows
that the addition of Sr(NO;), to the geopolymer reaction

This journal is © The Royal Society of Chemistry 2025
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mixture has an impact on the kinetics of reaction within the
first 72 hours. Firstly, the maximum recorded normalised heat
flow for the reaction peak decreases with the increasing
addition of Sr(NO;),; the maximum value recorded for the
NO;_5 sample, where the maximum recorded heat flow value
is most impacted, is around 30% of the maximum recorded
value for the KGP control sample. Furthermore, the time at
which the maximum values are recorded is much later in the
reaction, with this milestone being reached over 3 times later
in the NO;_5 sample (~26 hours) when compared to the KGP
control sample (~7.5 hours). The time period between the
initial dissolution peak and the secondary reaction peak (the
time in the reaction which would be referred to as the induc-
tion period in a PC based system) increases as the Sr/Al ratio
increases, further adding to the delay in reaction.

Fig. 2(c) shows that the relationship between the Sr/Al ratio
of the geopolymer mix and both the value and time of
maximum heat evolution is approximately linear, increasing
the time of max heat evolution with increasing Sr/Al ratio and,
likewise, decreasing the maximum value of heat evolved with
increasing Sr/Al ratio. This also suggests that this trend would
continue as the Sr/Al ratio further increases, suggesting that
the addition of the salt leads to its subsequent reaction with
the raw materials (most probably the activating solution) in a
way which either consumes the reactants or prevents the dis-
solution reaction. This trend suggests that this effect will con-
tinue to increase with further addition of the salt.

The results shown here suggest that the addition of the Sr
(NOy), alters the reaction pathways followed within the geopo-
lymer mix during the early phase reaction. Sr(NO;), is very
soluble, dissolving freely into the activating solution.
Therefore, it is likely that either the free Sr** or NO;™~ ions are
reacting with the ions in solution, preventing the complete dis-
solution of the aluminosilicate precursor or preventing the
reaction of the aluminate and silicate monomers to form the
fully reacted geopolymer matrix.

Fig. 3(c) shows that the introduction of the Sr(NO;), salt in
all of the samples leads to a lower total cumulative heat when
compared to the KGP control sample. The decrease in cumu-
lative heat increases with the Sr/Al ratio, suggesting that the
total extent of reaction is directly affected by the introduction
of the salt. The heat release after 144 hours corresponds to
roughly two thirds of the total heat release of the system for
PC, and if this is assumed to be the same for geopolymer
systems, the maximum total heat release for the Sr(NO;), con-
taining geopolymer samples will be around 315 ] g
maximum, with the NO;_5 sample having the lowest total heat
release of ~250 J g~'.>° For all samples, the cumulative heat
released 24 h after reaction is below the guideline value of
180 J g~' (at 24 h) set by the current UK requirements for
cement encapsulants for radioactive waste.>**” Fig. 3 shows
that the total heat release of the reaction can be decreased
with the addition of certain salts, in this case Sr(NOj),. If the
integrity of the final product is found to be unaffected, this
can be used to engineer the wasteform in order to meet the
standards set within the UK.

This journal is © The Royal Society of Chemistry 2025
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3.3.2 Zeta potential measurements. Fig. 4 shows that meta-
kaolin in the KOH solution without the presence of salts,
shown by a Sr/Al ratio of 0, has a very negative surface charge.
Upon the addition of the Sr(NOj),, the zeta potential of the
metakaolin particles at both pH 10 and 12 increases signifi-
cantly to at or around 0 mV, the isoelectric point. At this point,
the surface charge of the metakaolin is net neutral due to the
effect of the electric double layer (EDL), promoting agglomera-
tion over time.>*® At low Sr/Al ratios, those of 0.025 and 0.05,
the increase in pH from pH 10 to pH 12 reduces the change in
recorded zeta potential, however, as the Sr/Al ratio increases to
0.075 and beyond, the effect is comparable at both pH points.
The solubility of the Sr(NOs), is very high, and is unaffected by
the high pH of the systems here. It also suggests that at pH 14,
the nominal pH at which many of the samples used in other
areas of this work reside, the Sr(NO;), will dissolve and have a
similar effect. Therefore, the concentration of Sr** cations
within the solution is very high, leading to significant changes
to the zeta potential and causing the net charge around the
surface of the metakaolin to be effectively 0, at the isoelectric
point.

Similar to the mechanisms discussed above for samples
produced with Sr(OH),-8H,0, there are two mechanisms
responsible for this. The net neutral charge results in a lack of
electrostatic repulsion between the metakaolin particles,
which will reduce dispersion and lead to the formation of
larger metakaolin particle agglomerates with a decreased
surface area available to participate in reaction during dis-
solution, and therefore a reduction in the rate of dissolution of
metakaolin.”>*® Additionally, the formation of a layer of Sr**
ions on the surface of the metakaolin particles produces a
physicochemical barrier that simultaneously lowers the con-
centration gradient between the metakaolin and the surround-
ing solution and shields the surface of the aluminosilicate
solid from OH™ ions in solution, which as a consequence are
prevented from breaking the interlayer and intralayer bonds in
metakaolin and preventing dissolution.’" This is supported by
the high concentration of Sr*>* particles that are in solution
due to the high solubility of the Sr(NO;),. This mechanism is
likely to be the cause for the impact on the reaction kinetics
that can be seen in the ICC for these samples (Fig. 1c). As the
Sr/Al ratio increases, the high solubility of the salt results in
the concentration of Sr** cations within the solution to
increase which, in turn, promotes the agglomeration of the
metakaolin particles through interaction with the negative
surface which leads to the slower dissolution of the metakaolin
and a decrease in the reaction speed overall.

3.3.3 Xray diffraction. The XRD data for geopolymers
incorporating Sr(NOs), show a broad feature due to diffuse
scattering, consistent the formation of the K-A-S-H gel, and
also exhibit diffraction peaks due to the presence of niter
(KNOs3, PDF # 01-071-1558) suggests that the NO;™ ions in solu-
tion due to the dissolution of the Sr(NOs), are reacting with
the aqueous K' ions to precipitate out a solid crystalline K
phase. This phase becomes more prominent with increasing
Sr/Al ratio, with the greatest concentration in the NO;_3 and
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NO;_5 samples and very little evidence of it in the NO;_1
sample. This aligns with a greater concentration of NO;~ ions
in solution. The increase in the concentration of this phase
also contributes to the delay seen in the ICC, as the increase in
Sr/Al ratio leads to a greater interaction with the K in the acti-
vating solution. This will slow the reaction to form the geopoly-
mer and explains the difference in the ICC curves between the
samples of differing Sr/Al ratios.

The presence of strontianite (SrCO3z;, PDF #00-005-0418) is
most likely due to the carbonation of the sample due to
contact with the air, and the amount of this phase appears to
increase with increasing Sr/Al. The presence of anatase (TiO,,
PDF # 01-084-1286) arises due to its inert nature and presence
as an impurity in the metakaolin used in this study.

3.4 Geopolymers incorporating SrSO,

3.4.1 Isothermal conduction calorimetry. The addition of
the SrSO, in all of the samples has a noticeable impact on the
kinetics of the reaction, in some cases even doubling the time
taken for the maximum heat evolution to occur when com-
pared to the control geopolymer sample as seen in Fig. 1(d).
For the SO,_5 sample, the value of this maximum heat evolved
decreases by ~45% when compared to the KGP control. The
difference in maximum heat flow between the SO,_1, SO,_2
and SO,_3 samples is minimal, with the main difference being
the time at which this maximum heat occurs increasing with
increasing Sr/Al ratio. The time period between the initial dis-
solution of metakaolin (the peak that is not visible in Fig. 1d)
and the observed reaction peak increases with increasing Sr/Al
ratio.

Fig. 3(d) visualises the effect of increasing the Sr/Al ratio on
both the maximum observed heat evolution and the corres-
ponding time of this maximum. As is seen in Fig. 1(d), increas-
ing the Sr/Al ratio leads to a decrease in the value of the
maximum heat flow observed, as well as an increase in the
time it takes for this to occur after the initial reaction. The
SrSO, salt dissolves readily in the activating solution, releasing
the Sr** cation and the SO,> anion into solution. This means
it is unlikely that the SrSO, is acting as a filler material and
reducing the heat evolution in this manner. It is possible that
the ions released during the dissolution of the salt reacts or
interacts with either the metakaolin or the activating solution,
which disrupts the dissolution of the metakaolin required to
release the aluminate and silicate species needed to drive for-
mation of the alkali aluminosilicate gel. This trend is shown in
Fig. 3(d), although the cumulative heat for the SO,_3 sample is
noticeably higher than would be expected.

3.4.2 Zeta potential measurements. Fig. 4 shows that at pH
10, the introduction of SrSO, leads to a significant increase in
the recorded zeta potential at all of the Sr/Al ratios. However,
there does not appear to be a noticeable difference between
the change seen at an Sr/Al ratio of 0.025 when compared with
an Sr/Al ratio of 0.050, 0.075, 0.100, and 0.125. This suggests
that, at pH 10, the SrSO, is saturated within the solution at an
Sr/Al ratio of 0.025.
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At pH 12, the effect on the zeta potential caused by the SrSO,
is far less significant, suggesting the presence of a lower concen-
tration of Sr** cations in these dispersions. Moreover, in contrast
to observations for these dispersions at pH 10, the increase in
the Sr/Al ratio at intervals of 0.025 leads to a continued increase
in the zeta potential. These results indicate that the solubility of
the SrSO, decreases with increasing pH, and therefore that it is
unlikely that the adsorption of the Sr** cations to the surface of
the metakaolin particles is the main mechanism for the retar-
dation of the reaction seen in the ICC (Fig. 1d). As the pH
increases (i.e. up to pH 14), the solubility of the SrSO, is likely to
decrease further, resulting in a lower concentration of Sr**
cations within the solution which will lead to a lower magnitude
change in the surface charge of the metakaolin. Therefore, this
mechanism will not lead to the significant changes seen in the
ICC and suggests that it may arise due to SrSO, reacting with the
activating solution, which then lowers the pH of the fresh state
geopolymer reaction mixture, and retards reaction.

3.4.3 X-ray diffraction. The XRD data for geopolymers
incorporating SrSO, show a broad feature due to diffuse scat-
tering, consistent the formation of the K-A-S-H gel, and also
exhibit diffraction peaks due the presence of celestine (SrSO,,
PDF #f 04-009-9879), confirming that not all of the SrSO, dis-
solves into the activating solution. The presence of this
becomes greater with increasing Sr/Al ratio, suggesting that
the solubility limit is reached between the SO, 1 and SO, 2
samples. This would explain the zeta potential results (Fig. 4),
where the increase in zeta potential decreases as the Sr/Al ratio
increases. The presence of arcanite (K,SO,4, PDF #00-024-0703)
suggests that the dissolved SO,>~ anions react with the K* ions
in solution to precipitate a solid, crystalline K,SO, phase. The
presence of this also increases with increasing Sr/Al ratio,
suggesting that, as more SrSO, dissolves, there are more SO,>~
anions available to react with the K' cations as would be
expected. This is similar for the kalistrontite (K,Sr(SO,),, PDF
# 04-025-4251), which increases in prominence as mass of
SrSO, in the sample increases. The formation of kalistrontite
is not unexpected, as it is seen in the literature that deposits of
kalistrontite have been found in the presence of SrSO, and
K-bearing phases.>*® The presence of this crystalline solid
could explain the changes seen to the reaction kinetics in the
ICC (Fig. 1(d)), as the SrSO, clearly reacts with the activating
solution upon its addition. The crystallisation, and probable
resultant precipitation, of this solid will prevent the migration
of the activating solution fully around the solid metakaolin.
Moreover, the consumption of both K* and Sr**, the two
cations within solution that are responsible for the charge bal-
ancing of the AlO,” sites in the gel phase, could result in less
of the K-A-S-H gel being able to form in a stable state. For a
combination of these reasons, the heat of reaction is less than
that of the control KGP geopolymer when SrSO, is added to
the mix. The presence of strontianite (SrCOs;, PDF # 00-005-
0418) is most likely due to the carbonation of the sample via
contact with air. The presence of anatase (TiO,, PDF # 01-086-
1157) arises due to its inert nature and presence as an impur-
ity in the metakaolin used in this study.

This journal is © The Royal Society of Chemistry 2025
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Table 3 A summary of the effects of the Sr salts on the reaction kinetics of the geopolymer and the mechanisms responsible

Retards the Reduces maximum

Salt reaction? heat flow? Mechanism

Sr(OH),-8H,0 Vv v Filler effect + adsorbs to the surface of the metakaolin

SrCO; X v Filler effect

Sr(NO3), v v Adsorbs to the surface of the metakaolin + reaction with the activating solution

SrSO, v v Filler effect + reaction with the activating solution + adsorbs to the surface of the metakaolin

4. Implications of this work

The findings presented here suggest that the Sr salts that are
being termed as waste can actually prolong the reaction to
form the geopolymer in the early stages of reaction. This is
potentially industrially advantageous; as not only does this
allow the ‘waste’ to act as a key constituent in the reaction
process, it reduces the need for further chemical admixtures to
achieve this, reducing the costs and technical complexity of
the process, in addition to negating the need for incorporation
of a potential organic complexant into the wasteform. The
inclusion of some of the Sr salts also significantly lowers the
heat of reaction observed for the geopolymers, which is impor-
tant when considering scale up of this technology to an indus-
trial process, as well as allowing the geopolymer systems to
contain further elements that may be ideal for inclusion in
this waste form, but are more sensitive to higher temperatures.

Future investigations focusing on the impact of the
inclusion of Sr(OH),-8H,0, SrCOs, Sr(NOs),, SrSO, and other
Sr containing compounds into the geopolymer mix over a
longer time scale, as well as the effect of the order of com-
ponent addition, will allow for a more complete understanding
of the materials performance. Research into the long term
physicomechanical properties of the material, long term phase
evolution and leaching tests are necessary to build a complete
understanding of the suitability of geopolymers for the dispo-
sal of Sr-containing radioactive waste.

5. Conclusions

This work investigated the impact of incorporating various
salts of non-radioactive isotopes of strontium (Sr) on the kine-
tics and mechanisms of the reaction within the fresh geopoly-
mer cement paste, and early stage K-A-S-H gel formation of
potassium  silicate-activated geopolymers. The chemical
environments created by the introduction of Sr(OH),-8H,0,
SrCO;, Sr(NO3), and SrSO, to the geopolymer reaction mixture
simulate the potential interactions observed during geopoly-
mer cementation of complex waste streams.

The introduction of the Sr salts into the geopolymer reac-
tion mixture in all cases leads to a reduction in the heat
evolved during the reaction to form the K-A-S-H gel in the first
6 days. From these findings, the mechanisms responsible for
this change can be described separately: (a) the filler effect
does not affect the time of maximum heat evolution, only
reducing the value of the maximum heat flow, (b) the Sr**

This journal is © The Royal Society of Chemistry 2025

adsorbing to the surface of the metakaolin both reduces the
value of the maximum heat flow and retards the reaction in a
relationship where these extents are greater as the solubility of
the Sr salt increases, (c) the reaction of the Sr salt with the acti-
vating solution leads mainly to a reduction in the maximum
recorded heat flow, however, this may also be responsible for
some retardation of the reaction. The mechanisms for the
alteration of the reaction kinetics discussed here caused by the
different Sr salts are shown in Table 3.

The findings of this work show that the incorporation of
waste containing Sr salts can affect the kinetics of formation
of a metakaolin-based, potassium silicate-activated geopoly-
mers, however in all cases the formation of the K-A-S-H gel is
observed. This suggests that these systems show great promise
as wasteforms for the immobilisation of radioactive waste
streams containing *°Sr.
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