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Abstract 11 

Geopolymers are promising materials for safe immobilisation and disposal of complex radioactive waste 12 

streams. This work investigates the effect of Sr incorporation and alkali-activator chemistry on 13 

1)  geopolymer chemistry, phase assemblage and nanostructure, 2) chemical binding mechanism of Sr2+ 14 

into the aluminosilicate framework of (N,K)-A-S-H gels in geopolymers, and 3) mass transport of Sr2+ during 15 

leaching, using high-field solid-state nuclear magnetic resonance spectroscopy and synchrotron-based X-16 

ray absorption spectroscopy measurements. All geopolymers studied comprise a fully polymerised, X-ray 17 

amorphous Al-rich (N,K)-A-S-H type gel. Si exists predominantly in tetrahedral Q4(4Al) and Q4(3Al) sites 18 

and Al exists in tetrahedral sites, resulting in a net negative charge that is balanced by Na+ and/or K+ in 19 

extra-framework sites. Sr2+ was incorporated into extra-framework sites within (N,K)-A-S-H gels, without 20 

altering the local structure of the aluminosilicate framework by directly substituting for both Na+ and K+ 21 

in charge-balancing sites to form a (N,K,Sr)-A-S-H gel, at loadings equal to or below Sr/Na = 0.005. Above 22 

this limit, SrCO3 is formed, and the geopolymers simultaneously chemically bind Sr within a (N,Sr,K)-A-S-23 

H gel, and physically encapsulate excess Sr as SrCO3. These findings have significant implications for use 24 

of geopolymers as materials for encapsulation and/or immobilisation of radioactive waste containing 90Sr. 25 
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2 

1 Introduction 26 

Cementation has received particular attention as a potentially viable method for encapsulation and 27 

immobilisation of radioactive waste bearing strontium-90 (90Sr), a fission product that is present in many 28 

radioactive waste streams, including in nuclear reactor cooling water. [1-3] This is due to the relatively 29 

short half-life of 90Sr (T1/2 = 28.80 years), which means that 90Sr-bearing cement wasteforms are only 30 

required to be durable and secure for on the order of a few hundred years, as well as the compatibility of 31 

cement wasteforms with many granular ion exchange materials [4, 5], which are necessary to extract 90Sr 32 

from nuclear reactor cooling water, or from remediation of decommissioned or damaged nuclear facilities 33 

(e.g. Fukushima Daiichi Nuclear Power Station), and must subsequently be conditioned prior to disposal 34 

[6]. 35 

Portland cement has traditionally been used for cementation of radioactive waste containing strontium, 36 

to act as an additional physical containment barrier. However, hardened Portland cement comprises  37 

numerous hydrate phases and high water content, and as a result Sr2+ uptake is via reversible ion-38 

exchange interactions in phases such as calcium silicate hydrate (C-S-H) [7, 8], which has implications for 39 

the resistance of PC wasteforms to leaching, and retention of 90Sr. 40 

Geopolymers exhibit high potential as suitable materials for radioactive waste cementation due to their 41 

cation-binding sites, mechanical properties, enhanced chemical resistance in aggressive environments, 42 

and enhanced chemical tolerance to problematic wastes [9-11]. Geopolymers also exhibit desirable flow 43 

characteristics in the fresh state, which may potentially enable higher waste loadings and the ability to 44 

encapsulate greater volumes of wastes [12-15]. 45 

The main binding phase in geopolymers is a structurally disordered and pseudo-zeolitic alkali 46 

aluminosilicate framework [16]. The most common alkalis used to produce geopolymers are Na and K, 47 

and so the alkali aluminosilicate hydrate gel framework is often abbreviated as (N,K)-A-S-H. Si exists in 48 

tetrahedral Q4(mAl) sites (1 ≤ m ≤ 4), while Al is primarily in tetrahedral Q4(4Si) sites as a result of the 49 

avoidance of AlIV−O−AlIV bonding [17]. Alkali cations are present in octahedrally coordinated sites, and 50 

balance the negative charge arising from Al within tetrahedral sites. 51 

We have previously reported successful chemical immobilisation of Sr in alkali aluminosilicate 52 

(geopolymer) gels [18] at concentrations relevant for cementation of radioactive ion exchange resins [19, 53 

20] (up to 0.012 wt. % of the total sample mass and 0.026 mol % of the total Na). Others have reported 54 

incorporation of 1-2 mol. % [21, 22], while further studies have shown successful physical encapsulation 55 
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of Sr-loaded adsorbents [23-25] in geopolymers. Despite this, the radionuclide incorporation processes 56 

which control long-term wasteform performance remain unclear. In particular, 1) there has been little 57 

investigation of the upper waste loading limit achievable for chemical immobilisation of Sr in sodium 58 

aluminosilicate hydrate gels in geopolymer wasteforms, 2) a detailed understanding of the Sr 59 

incorporation in potassium-based geopolymer gels is not yet available, and 3) the role of the alkali cation 60 

type and waste loadings achievable in Sr-bearing geopolymer wasteforms remains unknown. 61 

Here, we use multinuclear solid state NMR probing 23Na, 39K, 27Al and 29Si, including high-field (20.0 T) 39K 62 

MAS and 27Al MAS and 3QMAS NMR experiments, and synchrotron X-ray absorption measurements, to 63 

show for the first time that the incorporation mechanism and chemical binding of Sr2+ and Ca2+ into the 64 

aluminosilicate framework of (N,K)-A-S-H gels in geopolymer is controlled by the alkali ion type, and to 65 

determine the Sr-binding capacity in N-A-S-H gels, and Sr mass transport properties, in these cements. 66 

These findings have significant implications for the long-term durability of geopolymers, and show that 67 

when formulating geopolymer wasteforms, selection of the alkali ion type in the alkali activator is critical 68 

in determining wasteform properties and performance.  69 
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2 Experimental methods 70 

2.1.1 Sample preparation 71 

2.1.1.1 Assessing the Sr binding capacity in sodium aluminosilicate hydrate 72 

To assess the effect of Sr loading on the chemical immobilisation mechanism in geopolymer cements, 73 

metakaolin (MetaMax, BASF, UK, chemical composition provided in Table 1, D50 = 4.49 µm) was reacted 74 

with a solution of sodium silicate containing varying amounts of Sr (added as Sr(OH)2·8H2O). 75 

Table 1: MetaMax metakaolin chemical composition (wt.%) as determined by X-ray fluorescence analysis 76 
(LOI: loss on ignition at 1000 °C). 77 

SiO2 Al2O3 K2O Na2O MgO CaO TiO2 Fe2O3 Other LOI 

52.5 44.5 0.2 0.2 <0.05 <0.05 1.3 0.4 0.2 0.6 

 78 

Activating solutions were produced by dissolution of sodium hydroxide powder (AnalaR 99 wt.%) in PQ-79 

NS sodium silicate solution (PQ UK, SiO2/M2O = 2.1, 44.1 wt.% sodium silicate with the balance water) and 80 

distilled water. Samples were formulated with the chemical composition and water/solids (w/s) ratios 81 

shown in Table 2, and an activating solution modulus of SiO2/Na2O = 1. 82 

Table 2: Chemical composition (molar basis), and Sr(OH)2.8H2O content (mass basis) of the reaction 83 

mixtures. 84 

Sample 

code 

Sr(OH)2.8H2O 

content (wt. %) 
Si/Al Na/Al Sr/Al Sr/Na H2O/Na2O w/s 

Sr_0.0 0.0 1.35 1.05 0.000 0.000 13.0 0.4 

Sr_0.5 0.5 1.35 1.05 0.009 0.005 13.0 0.4 

Sr_1.0 1.0 1.35 1.05 0.018 0.009 13.0 0.4 

Sr_1.5 1.5 1.35 1.05 0.026 0.013 13.0 0.4 

Sr_2.0 2.0 1.35 1.05 0.035 0.018 13.0 0.4 

Sr_2.5 2.5 1.35 1.05 0.044 0.022 13.0 0.4 

Sr_3.0 3.0 1.35 1.05 0.053 0.027 13.0 0.4 
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Sr_3.5 3.5 1.35 1.05 0.062 0.031 13.0 0.4 

 85 

The activating solution was mixed with metakaolin with a high-shear mixer at 1300 rpm for 10 minutes, 86 

and the geopolymer paste was then cast in sealed containers and cured for 28 days at 20°C ± 2°C. Samples 87 

containing natural abundance proportions of the isotopes of Sr2+ were produced by mixing Sr(OH)2∙8H2O 88 

(Sigma Aldrich) with the activating solution and metakaolin to obtain Sr concentrations of up to 3.5 wt. % 89 

of the total sample mass and 3.0 mol % of the total Na content in the sample. 90 

2.1.1.2 Assessing the effect of the alkali cation on the chemical immobilisation mechanisms 91 

To assess the effect of the alkali cation on the chemical immobilisation mechanisms in geopolymer 92 

cements, metakaolin (MetaStar 501, Imerys, chemical composition provided in Table 3) was reacted with 93 

a solution of either sodium silicate, potassium silicate, or a blend of sodium and potassium silicate (1:1 94 

molar ratio) to form geopolymer cements. 95 

Table 3: MetaStar 501 metakaolin chemical composition (wt.%) as determined by X-ray fluorescence 96 
analysis (LOI: loss on ignition at 1000°C). 97 

SiO2 Al2O3 K2O Na2O MgO CaO TiO2 Fe2O3 Other LOI 

52.6 44.4 0.2 0.3 <0.05 <0.05 1.0 0.6 0.0 0.8 

 98 

Alkali solutions were produced by dissolution of either powdered sodium hydroxide (AnalaR 99 wt.%), 99 

powdered potassium hydroxide (AnalaR 99 wt.%), or a combination, in PQ-NS sodium silicate solution PQ 100 

UK, SiO2/M2O = 2.1, 44.1 wt.% sodium silicate with the balance water) or PQ-KS potassium silicate solution 101 

(PQ UK, SiO2/M2O = 2.2, 51.6 wt.% potassium silicate with the balance water, PQ UK) and distilled water. 102 

Samples were formulated with Si/Al = 1.5 (SiO2/Al2O3 = 3) and M2O/H2O = 11, w/s = 0.4, an activating 103 

solution modulus of SiO2/M2O = 1 (where M represents Na and/or K), and the chemical composition 104 

shown in Table 4. 105 

Table 4: Nominal chemical composition (molar basis) of the alkali activating solution. 106 

  Mole fraction 

Sample Code Sr/Al Ca/Al K2O Na2O 

Na 0 0 0.0 1.0 

Na.K 0 0 0.5 0.5 

K 0 0 1.0 0.0 

Na-Sr 0.00025 0 0.0 1.0 
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Na.K-Sr 0.00025 0 0.5 0.5 

K-Sr 0.00025 0 1.0 0.0 

Na-Ca 0 0.00025 0.0 1.0 

Na.K-Ca 0 0.00025 0.5 0.5 

K-Ca 0 0.00025 1.0 0.0 

 107 

Metakaolin was mixed with the activating solution, cast in sealed containers and cured for 3 months at 108 

20°C ± 2°C. Samples containing Ca2+ and Sr2+ were prepared by dissolving Sr(OH)2∙8H2O (Sigma Aldrich) 109 

and Ca(OH)2 (Sigma Aldrich) in the activating solution and then mixing with metakaolin to obtain ME/Al = 110 

0.00025 (ME = Sr2+ or Ca2+). Previous work utilising X-ray diffraction data showed that trace amounts of 111 

the crystalline phases anatase (TiO2), quartz (SiO2) and hydroxylated muscovite (illite-2, 112 

(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] were also observed in each geopolymer cement, due to their 113 

presence in metakaolin [18]. The hardened binders were hand ground using a mortar and pestle, 114 

immersed in acetone for 15 min to remove loosely bound water and to halt the alkali-activation reaction 115 

[26]). The ground binders were subsequently filtered and stored in a sealed desiccator under vacuum, 116 

prior to characterisation. 117 

2.1.1.3 Assessing the Sr mass transport properties using leaching tests 118 

Samples containing between 0 wt. % and 3 wt. % Sr(OH)2∙8H2O were prepared to assess the mass transport 119 

properties of Sr in geopolymers using leaching  tests. For these samples stoichiometry was designed to 120 

obtain an activating solution modulus of SiO2/Na2O = 1 and the nominal chemical composition and 121 

water/solids (w/s) ratios outlined in Table 5. To easily distinguish between the samples discussed in this 122 

study, they will be referred to in the form Y – M_X%, where Y is the sample identifier (A-H for the eight 123 

sample types), M is the alkali cation (either K or Na) and X is the percentage by mass of Sr(OH)2∙8H2O in 124 

the sample (ranging from 0 - 3 wt. % in increments of 1 wt. %). 125 

Table 5: Chemical composition (molar basis), and Sr(OH)2.8H2O content (mass basis) of the reaction 126 
mixtures. 127 

Sample 
Sr(OH)2 

(wt. %) 
Si/Al K/Al Na/Al Sr/Al Sr/(Na+K) H2O/Na2O w/s 

A – K_0% 0.0 1.35 1.05 - 0.000 0.000 13.0 0.4 

B – K_1% 1.0 1.35 1.05 - 0.018 0.009 13.0 0.4 
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C – K_2% 2.0 1.35 1.05 - 0.035 0.018 13.0 0.4 

D – K_3% 3.0 1.35 1.05 - 0.053 0.027 13.0 0.4 

E – Na_0% 0.0 1.35 - 1.05 0.000 0.000 13.0 0.4 

F – Na_1% 1.0 1.35 - 1.05 0.018 0.009 13.0 0.4 

G – Na_2% 2.0 1.35 - 1.05 0.035 0.018 13.0 0.4 

H – Na_3% 3.0 1.35 - 1.05 0.053 0.027 13.0 0.4 

 128 

Leach tests were performed according to ANSI/ANS 16.1-2003 [27]. This semi-dynamic leach experiment 129 

involves submerging a monolithic, cylindrical sample of fixed geometry into water at a fixed liquid volume 130 

to monolith surface area ratio, and replacing the entire leachate volume at given time intervals. Hardened 131 

geopolymer wasteforms cured for 28 days at 20°C ± 2°C, with mass 4 g ± 0.25 g, were cast in cylindrical 132 

containers to form cylinders 13 mm in diameter and 20 mm ± 2 mm in length [27]). The ends of each 133 

cylindrical sample were sealed with cold setting epoxy to inhibit axial mass transfer. Consequently, it was 134 

assumed that two dimensional radial mass transport is the dominant mass transfer mechanism controlling 135 

Sr mobility. This assumption allows modelling of the long term leaching of Sr from the geopolymer 136 

wasteform in two dimensions, and calculation of diffusion coefficients and leachability indices, as 137 

described below. 138 

The hardened samples (sealed at each end with epoxy) were immersed in 79.8 ml ± 1 ml of deionised 139 

water, to provide a strong driving force for leaching of Sr. At 2, 7, 24, and 72 hours, and 7, 14, 21, and 28 140 

days after initial submersion, each sample was removed from the solution and placed in fresh deionised 141 

water. At each time point, the sample was washed with deionised water for 30 seconds. This ‘wash-off’ 142 

was combined with the leachate for analysis, as described below. At the end of the 28-day leach test, each 143 

sample was removed from solution and subsequently submerged in isopropanol (IPA) to dry the sample 144 

and remove any loosely bound water through solvent exchange. The IPA was changed at 8, 24, and 72 145 

hours, and 7 and 14 days, after which the solid samples were prepared for characterisation, as described 146 

below. 147 

A Mettler Toledo benchtop digital pH meter was used to measure the pH of the leachate at each time 148 

point. Three replicates were measured at each time point. Inductively coupled plasma optical emission 149 

spectroscopy (ICP-OES) data were obtained using a Spectro-Ciros-Vision ICP-OES instrument and used to 150 
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determine the concentrations of K, Na, Al, Si, and Sr in the leachate for each sample at each time point. 151 

Three replicates were measured at each time point. 152 

2.1.2 Characterisation of the geopolymer samples 153 

2.1.2.1 X-ray diffraction 154 

X-ray diffraction (XRD) data were acquired using a Panalytical X'Pert³ Powder X-ray diffractometer with 155 

Cu Kα radiation (1.54 Å), a nickel filter, a step size of 0.020° and a count time of 1 s/step, across a 2θ range 156 

of 5°-70°. An anti-scatter blade was used to reduce low angle diffracted background intensity, and an 157 

incident beam divergence of 1.0 mm and a 2.5° Soller slit in the diffracted beam were used. Phase 158 

identification was performed using the ICDD PDF4+ 2015 database and Diffrac.EVA V4.1 software. 159 

2.1.2.2 Fourier transform infrared spectroscopy 160 

FTIR spectroscopy data were acquired using a Perkin Elmer Frontier Mid FT-IR spectrometer equipped 161 

with a deuterated triglycine sulfate (DTGS) detector and KBr beam splitter optical system, scanning 16 162 

times at a resolution of 4 cm-1. Data were acquired for pellets comprising 200 mg KBr with 2 mg of sample. 163 

2.1.2.3 Solid state nuclear magnetic resonance spectroscopy 164 

Solid-state single pulse 29Si and 23Na magic angle spinning (MAS) NMR data were acquired at 11.7 T on a 165 

Bruker Avance III HD 500 spectrometer operating at Larmor frequencies 99.35 MHz and 132.29 MHz, 166 

respectively. A Bruker 4.0 mm dual resonance CP/MAS probe and MAS frequency of 12.5 kHz was used. 167 

29Si MAS NMR spectra were acquired using a 5.5 μs π/2 excitation pulse, a measured 90 s relaxation delay, 168 

a total of 256 FIDs per spectrum. 1H-29Si cross-polarisation (CP) MAS NMR measurements were acquired 169 

using a 29Si π/2 pulse width of 1.7 μs, an initial 1H non-selective (π/2) pulse width of 2.5 μs, a recycle delay 170 

of 1.5 s, a contact pulse of 1.7 ms, and a nominal 1H decoupling field strength of 80 kHz, with 10240 scans 171 

collected per experiment. 23Na MAS NMR data were acquired using a 3 μs non-selective (π/2) excitation 172 

pulse, a measured 10 s relaxation delay and 128 scans per experiment. All 29Si and 23Na data were 173 

referenced to the IUPAC primary references, pure tetramethylsilane (TMS) (δiso = 0 ppm) and 1.0 M 174 

aqueous NaCl(aq) (δiso = 0 ppm), respectively [28].  175 

Single pulse 27Al MAS data were acquired at 9.4, 14.1 and 20.0 T using Bruker Avance III HD, Bruker Avance 176 

Neo 600 and 850 spectrometers operating at the Larmor frequencies 104.23, 156.34 and 221.49 MHz, 177 

respectively. A 3.2 mm HXY probe and a spinning frequency of 20 kHz was used. Pulse calibration and 178 
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chemical shift referencing were carried out using the IUPAC primary reference of 1.1 M solution Al(NO3)3 179 

(δiso = 0 ppm) [28]. A ‘non-selective’ 18 μs π/2 pulse was measured, allowing for a ‘selective’ 1 μs π/12 to 180 

be implemented. A minimum of 2600 scans were acquired per spectrum, with a recycle delay of 1 s 181 

between subsequent acquisitions. 2D 27Al 3QMAS z-filter experiments were attained at 20.0 T (ν0 = 221.49 182 

MHz) using a Bruker Avance Neo spectrometers. A 4 pulse z-filter 3QMAS pulse sequence (excitation - 183 

conversion - π/2 - π /2 - acquire) was implemented where a calibrated 6.2 μs 'hard' excitation pulse, 1.8 μs 184 

conversion pulse and 11 μs 'soft' z-fillter pulses. A total of 64 slices were acquired per spectrum and 96 185 

scans were obtained per slice. 186 

 187 
High-field solid state 39K MAS NMR data were acquired at 20.0 T (ν0 = 39.67 MHz) using a Bruker Avance 188 

Neo 850 spectrometer with a Bruker 4.0 mm HX MAS probe, which enabled a spinning rate of 14 kHz to 189 

be implemented. Pulse calibration and chemical shift referencing for all 39K data were achieved using KCl(s) 190 

(δiso = 47.8 ppm) as a secondary reference to the IUPAC primary reference of  0.1 M KCl(aq) (δiso = 0 ppm) 191 

[28]. A ‘non-selective’ π/2 pulse of 12 μs was measured allowing for a ‘selective’ 4 μs π/3 to be 192 

implemented. Spectra were acquired using a Hahn echo pulse sequence (π/2 – τ – π – acquire) using a 193 

measured relaxation delay of 0.1 s and acquiring a total of 480,000 transients per spectra. 194 

29Si MAS and 1H-29Si CP MAS NMR data were deconvoluted using Gaussian peak distributions [29]. The 195 

isotropic chemical shift (δiso) and peak full width at half maximum (FWHM) of each fitted peak were 196 

required to be consistent in both 29Si MAS NMR and 1H-29Si CP MAS NMR deconvolutions, and the 197 

minimum number of peaks possible were fitted. Intensities of the fitted Gaussian distributions were 198 

constrained by the thermodynamics of a statistical distribution of Si and Al sites within a Q4 aluminosilicate 199 

network for (N,K)-A-S-H products [17]. Congruent dissolution was assumed in all samples to enable 200 

suitable constraints on the spectral deconvolutions, and a scaled spectrum calculated from 29Si and 27Al 201 

MAS NMR data of unreacted metakaolin was used in the fits to account for the contribution to the data 202 

from 29Si sites within unreacted metakaolin. 203 

2.1.2.4 X-ray absorption spectroscopy 204 

XAS data were acquired at Diamond Light Source, Harwell, UK, on the bending magnet beamline B18, 205 

using a collimating mirror, a fixed-exit double crystal Si(111) monochromator, and a double toroidal 206 

focussing mirror. Sr K-edge XAS data were acquired in transmission mode using finely ground powder 207 

samples dispersed in polyethylene glycol to achieve a thickness of one absorption length. Incident and 208 

transmitted beam intensities were measured using ionization chambers, filled with mixtures of He and Ar 209 
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or N2, operated in a stable region of their I/V curve.  Yttrium foil was measured to provide an absolute 210 

energy calibration; the first inflection point (in the first derivative) was defined to be 17133 eV.  The 211 

yttrium foil was measured periodically to ensure that there was no energy drift over the course of the 212 

experiment.  Data reduction and analysis was performed using the programmes Athena, Artemis and 213 

Hephaestus [30]. 214 

 215 

 216 

  217 
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3 Results and discussion 218 

3.1 Sr binding capacity in sodium aluminosilicate hydrate 219 

3.1.1 X-ray diffraction 220 

XRD data for each of the samples produced to assess the effect of the Sr loading on the chemical 221 

immobilisation mechanism, as well as that for metakaolin used, are shown in Figure 1. Data for metakaolin 222 

(Raw MK) exhibits a large broad feature centred at approximately 22° 2θ due to diffuse scattering. This is 223 

consistent with the crystallographically disordered nature of metakaolin [31]. Reflections due to anatase 224 

(TiO2, Powder Diffraction File (PDF) # 01-071-1166), quartz (SiO2, PDF # 01-078-1252), and mullite 225 

(Al6Si2O13 (PDF) # 04-012-0161) are also observed in the XRD data for metakaolin, and are attributed to 226 

impurities present, consistent with previous observations [32]. XRD data for each geopolymer gel exhibit 227 

a dominant broad feature at approximately 29° 2θ due to diffuse scattering, indicating a 228 

crystallographically disordered reaction product, consistent with the formation of a sodium 229 

aluminosilicate hydrate (N-A-S-H) gel [18, 33, 34]. Reflections due to strontium carbonate (SrCO3, PDF # 230 

00-005-0418) are also observed in the XRD data for geopolymer gels containing ≥1.5 wt. % Sr(OH)2·8H2O. 231 

The formation of SrCO3 is consistent with reaction of excess Sr2+ in the pore solution with atmospheric 232 

CO2 during sample preparation and analysis. Previous work [18] has shown incorporation of Sr content in 233 

geopolymers at up to 0.012 wt. % of the total sample mass and 0.026 mol % of the total Na, by chemical 234 

binding (immobilisation) of Sr2+ in charge balancing sites within the N-A-S-H gel (i.e. via formation of a 235 

(N,Sr)-A-S-H gel) [18]. The formation of SrCO3 suggests that 1.3 mol. % of the Na+
 can be replaced by Sr2+ 236 

(equivalent to ≥1.5 wt. % Sr(OH)2·8H2O in the reaction mixture), and that this is the upper bound on 237 

incorporation of Sr within the (N,Sr)-A-S-H gel framework. The mechanisms leading to this upper limit on 238 

Sr incorporation limit may be related to the extent to which the local gel structure can accommodate 239 

charge balancing cations with different charge states and ionic radii, or may be due thermodynamically or 240 

kinetically preferential formation of SrCO3 compared to (N,Sr)-A-S-H under the reaction conditions used. 241 

The XRD data for each geopolymer show reflections due to anatase and quartz, indicating that these are 242 

inert throughout the reaction process. This is consistent with the small amount of unreacted metakaolin 243 

observed by solid-state MAS NMR in all geopolymer samples (discussed in section 3.1.3.). 244 
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 245 

Figure 1: X-ray diffraction patterns of the reacted metakaolin-based geopolymers containing an 246 

incremental increase in the wt. % of Sr(OH)·8H2O within these samples.  247 

3.1.2 Fourier transform infrared spectroscopy 248 

The FTIR spectrum for each of the samples produced to assess the effect of the Sr loading on the chemical 249 

immobilisation mechanism (Figure 2) exhibits bands consistent with common Si and Al bonding 250 

environments in an N–A–S–H gel [18], and a detailed analysis and discussion of these is provided in 251 

Supporting Information. A small band is observed approximately 1460 cm-1 in the FTIR data for 252 

geopolymer gels produced with varying amounts of Sr(OH)2·8H2O, and is assigned to asymmetric 253 

stretching vibrations of CO3
2- anions in SrCO3 [35]. While this band is of low intensity, it is observed to at 254 

least some extent in all geopolymer gels containing Sr, and with intensity increasing steadily with 255 

increasing amounts of Sr(OH)2·8H2O in the geopolymer formulation. This indicates formation of SrCO3 256 

occurs when these geopolymer wasteforms contain 0.5 wt. % Sr(OH)2·8H2O, due to reaction of 257 

atmospheric CO2 with excess Sr2+
(aq) not incorporated into the N-A-S-H gel framework. The amount of 258 

SrCO3 formed increases with increasing amounts of Sr(OH)2·8H2O. Formation of SrCO3 or CaCO3 was not 259 

observed in previous work investigating encapsulation of Sr and Ca in geopolymer cements 260 

(producedusing the same precursor Sr source as the work presented here) [18], suggesting that the solid 261 

solution limit for incorporation of Sr into the N-A-S-H gel framework lies equal to or below Sr/Na = 0.005 262 
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(0.5 mol.% of monovalent Na replaced by Sr, equivalent to 0.5 wt. % Sr(OH)2·8H2O in the geopolymer 263 

formulation). 264 

 265 

Figure 2: FTIR data for the geopolymers as a function of the amount of Sr(OH)2·8H2O (wt. %) in the 266 

geopolymer formulation, and unreacted metakaolin,. Inset, the 1360 – 1560 cm-1 range is highlighted to 267 

show the SrCO3 formation. Annotations are provided for bands attributed to asymmetric stretching 268 

vibrations of CO3
2- anions in SrCO3 and Na2CO3, bands due to free and chemically bound water, and bands 269 

due to asymmetric stretching of Si–O–T bonds (where T = Al or Si) in the N-A-S-H gel. 270 

3.1.3 Solid state nuclear magnetic resonance spectroscopy 271 

3.1.3.1 29Si MAS and 1H-29Si CP MAS NMR 272 

The 29Si MAS and 1H-29Si CP MAS NMR data for the samples produced to assess the effect of the Sr loading 273 

on the chemical immobilisation mechanisms and Sr binding capacity of the N-A-S-H gel is shown in Figure 274 

3. Each spectrum exhibits a broad resonance centred at δiso = -87.0 ppm and spanning from δiso = -75 to -275 

110 ppm, with a consistent lineshape for all samples. This resonance is attributed to a distribution of 276 

Q4(mAl) environments (where 0 ≤ m ≤ 4) within a N-A-S-H gel, [36, 37] and the difference in the resonance 277 
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compared with that of metakaolin published previously [18, 38] indicates a reaction product comprising 278 

predominantly Q4(4Al) and Q4(3Al) sites. 279 

The 1H-29Si CP MAS NMR data for each geopolymer exhibits a broad resonance centred at δiso = -84.0 ppm 280 

and spanning from δiso = -75 to -95 ppm, with a consistent lineshape for all samples. Si sites in the hydrated 281 

N-A-S-H gel can be resolved from those in unreacted metakaolin by comparison of the 1H-29Si CP MAS 282 

NMR data with the 29Si MAS NMR data. The maximum intensity at δiso = -84.0 ppm in the 1H-29Si CP MAS 283 

NMR spectra of the geopolymer gels, therefore, indicates that the N-A-S-H gel comprises primarily Q4(4Al) 284 

Si sites. 285 

Deconvolution and quantification of the 29Si MAS and 1H-29Si CP MAS NMR data (Figure 3 and Table 6) 286 

identifies Q4(4Al), Q4(3Al) and Q4(2Al) sites within an Al-rich (Si/Al ≤ 1.2), fully polymerised (N,K)-A-S-H gel 287 

[17], resonating at δiso = -83.4, -89.4 ppm and -95.0 ppm, respectively. Engelhardt’s formula [39] (equation 288 

1) can be used to calculate the molar Si/Al ratio of the N-A-S-H gel by assuming that there are negligible 289 

Al-O-Al bonds present (valid in geopolymers with Si/Al > 1 [40]). 290 

SiAl =  ∑ 𝐼𝐴Q4(𝑚Al)4𝑚=1∑ 0.25 × 𝑚 × 𝐼𝐴Q4(𝑚Al)4𝑚=1  291 

In equation 1, IAQ4(mAl) represents the normalised relative integral areas of each Q4(mAl) site within the N-292 

A-S-H gel (i.e. excluding resonances due to Q4(mAl) sites within remnant unreacted metakaolin). 293 

Each N-A-S-H gel exhibits a Si/Al value lower than that of the initial reaction mixtures (Si/Al = 1.19 to 1.22), 294 

indicating preferential release of Al during the dissolution of metakaolin, and subsequent formation of an 295 

Al-rich gel. 296 

No consistent variation in the Si/Al ratio of the geopolymer gels is observed (within the estimated error) 297 

when comparing different amounts of added Sr(OH)2.8H2O, indicating that the incorporation of Sr (either 298 

by chemical immobilisation or physical encapsulation) in the geopolymers does not induce significant 299 

changes to the N-A-S-H gel structure. This contrasts with previous work investigating the incorporation of 300 

much smaller amounts of Sr in geopolymer cements (up to 0.012 wt. % Sr relative to the total sample 301 

mass and 0.026 mol % Sr relative to the total Na content) [18], which saw a slight decrease in the Si/Al 302 

ratio of the N-A-S-H gel with the incorporation of Sr2+. This is in line with replacement of a monovalent 303 

alkali cation with a divalent charge alkaline earth cation, resulting in an increased charge balancing 304 
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capacity. The differences observed in the samples here are likely due to the formation of SrCO3 in the 305 

geopolymers investigated. The implications of this will be discussed in further detail below. 306 

 307 

Figure 3: a) 29Si MAS (B0 = 11.7 T, νR = 12.5 kHz) NMR and b) 1H-29Si CP MAS (B0 = 11.7 T, νR = 12.5 kHz and 308 

Hartmann-Hahn contact period t = 1.7 ms) NMR spectra and associated deconvolutions for geopolymer 309 

gels, as a function of the amount of Sr(OH)2·8H2O (wt. %) in the geopolymer formulation. The fit (shown 310 

in red) is the sum of the deconvoluted peaks, the data for each sample are shown in black, and the 311 

difference between the data and the fit is shown in green. Peaks attributed to Si sites in N-A-S-H are shown 312 

in blue, while peaks attributed to sites within unreacted metakaolin are shown shaded in grey. 313 

 314 

Table 6: Relative integral areas for Q4(mAl) sites within N-A-S-H in each sample, calculated from the 315 

deconvoluted 29Si MAS NMR spectra. 316 

   Relative integral area (%)a 
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Sample 

Sr(OH)2·8H2

O (wt. %) in 

reaction mix 

Nominal 

Sr/Na 

Q4(4Al) 

δiso = -83.4 

Q4(3Al) 

δiso = -89.4 

Q4(2Al) 

δiso = -95 

Q4(1Al) Q4(0Al) Si/Al 

A 0.0 0.000 45 44 11 0 0 1.19 

C 1.0 0.009 43 42 14 0 0 1.22 

E 2.0 0.018 43 43 14 0 0 1.22 

G 3.0 0.027 47 40 13 0 0 1.20 

a

 The relative integrated intensity for each resonance is normalised to the sum of all sites within the reaction 

product and is obtained by simulating the 29Si MAS NMR spectra. Residual unreacted metakaolin component 

contributions were observed in all geopolymer gel spectra and are shown in Figure 3 but are excluded from 

the quantification of N-A-S-H gel constituents. The estimated error in the relative integral area is 1 %. Peak full 

width at half maximum (FWHM) for all Q4(mAl) environments is 10.0 ppm. 

 317 

3.1.3.2 27Al MAS NMR 318 

27Al MAS NMR data for the samples produced to assess the effect of the Sr loading on the chemical 319 

immobilisation mechanism are shown in Figure 4. Each spectrum exhibits a broad resonance centred at 320 

δobs =  60.7 ppm and spanning from δobs = 70 to 50 ppm, which indicates Al within a tetrahedral (q4) site in 321 

a (N,K)-A-S-H type gel [40, 41], with the negative charge due to Al3+ in tetrahedral coordination balanced 322 

by alkali cations (Na+ or K+). A relatively low intensity resonance, spanning from δobs = 10 to 0 ppm and 323 

centred at δobs = 6 ppm, is also observed in the 27Al MAS NMR spectrum for each geopolymer gel and is 324 

attributed to Al in octahedral coordination (AlO6 sites) in unreacted metakaolin particles [41, 42]. The 27Al 325 

MAS NMR spectrum for unreacted metakaolin has been published previously and displays three broad 326 

resonances due to Al in tetrahedral, pentahedral, and octahedral coordination exhibiting distributions of 327 

δobs with maximum intensity at δobs = 56, 33 and 8 ppm, respectively [18, 41, 42]. The presence of Al in 328 

predominantly tetrahedral coordination in the 27Al MAS NMR spectrum for each geopolymer gel (Figure 329 

4) in the study presented here is expected due to the presence of excess alkali cations [43]. This indicates 330 

that most of the Al within metakaolin has reacted and is in line with the 29Si MAS and 1H-29Si CP MAS NMR 331 

observations above. Similar to previous observations for geopolymer cements incorporating up to 0.012 332 

wt. % Sr (relative to the total sample mass) and 0.026 mol % Sr (relative to the total Na content) [18], the 333 

width and lineshape of the distributions of δobs in the 27Al MAS NMR data for each geopolymer investigated 334 
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here are identical, indicating that incorporation of Sr2+ cations in the N-A-S-H gel does not alter the local 335 

structure of the aluminosilicate framework such that it is observable by NMR. 336 

 337 

Figure 4: a) 27Al MAS NMR spectra (B0 = 11.7 T, νR = 12.5 kHz) and b) 23Na MAS NMR spectra (B0 = 11.7 T, 338 

νR = 12.5 kHz) for each geopolymer gel. The inset in b) shows a magnified region of the 23Na MAS NMR 339 

spectra. 340 

 341 

3.1.3.3 23Na MAS NMR 342 

The 23Na MAS NMR spectrum for the samples produced to assess the effect of the Sr loading on the 343 

chemical immobilisation mechanism is shown in Figure 4. Each spectrum exhibits a broad resonance 344 

spanning from δobs = 10 to -20 ppm, attributed to Na+ ions charge balancing Al3+ ions in fully polymerised 345 

q4 sites within the N-A-S-H gel [37, 40, 41]. In the absence of Sr (i.e. the 0.0 wt. % Sr sample), the 23Na MAS 346 

NMR spectrum of the geopolymer gel has a maximum intensity at δobs = -5.0 ppm. Incorporation of Sr2+ 347 

shifts this 23Na resonance toward higher δobs values (see inset of Figure 4b), exhibiting a maximum at δobs= 348 

-4.0 ppm in geopolymer gels with ≥ 1.0 wt. % Sr(OH)2.8H2O. This indicates decreased shielding of Na+, 349 

contrasting with previous observations for significantly lower Sr-loadings (up to 0.012 wt. % Sr, relative to 350 

the total sample mass) [18]. In that study, incorporation of up to 0.012 wt. % Sr resulted in increased 351 

shielding of Na+
 in the 23Na MAS NMR data, consistent with the displacement of Na+ with Sr2+, which was 352 

expected to fulfil an equivalent charge balancing role. The 23Na MAS NMR data presented here suggest 353 

that in geopolymers containing ≥ 1.0 wt. % Sr(OH)2.8H2O, the formation of SrCO3 and Na2CO3 (observed 354 
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via XRD and FTIR, and discussed above in sections 2.1.2.1 and 2.1.2.2, respectively) reduces the amount 355 

of Sr2+ incorporated into the N-A-S-H gel. This is consistent with the absence of any observable variation 356 

in the distribution of δobs in the 27Al MAS, 29Si MAS and 1H-29Si CP MAS NMR data for the geopolymer gels 357 

presented here. If significant quantities of Sr were incorporated in the N-A-S-H gel structure, substitution 358 

of the divalent alkali earth cations (Sr2+, Shannon ionic radii = 1.18 Å for octahedrally coordinated Sr2+) for 359 

twice the amount of single valence alkali cations (Na+, Shannon ionic radii 1.02 Å for octahedrally 360 

coordinated Na+) would be expected to distort the local structure of the (N,K)-A-S-H gel framework. It is 361 

likely that both thermodynamic and kinetic factors influence the incorporation of Sr into the N-A-S-H gel 362 

here. At high pH, as occurs in fresh geopolymer pastes, SrCO₃ exhibits very low solubility and hence strong 363 

stability, and so once formed this phase can be considered stable. Kinetic and steric hindrance will also 364 

impede incorporation of any soluble Sr into the alkali aluminosilicate gel once the gel begins to precipitate 365 

from solution. 366 

Together with the XRD and FTIR data discussed above, this suggests that the limit for chemical 367 

immobilisation of Sr2+ in geopolymer gels via incorporation into the N-A-S-H gel framework is equal to or 368 

below Sr/Na = 0.005 (0.5 mol.% of monovalent Na replaced by divalent Sr, equivalent to 0.5 wt. % 369 

Sr(OH)2·8H2O in the geopolymer formulation). While the geopolymers appear to encapsulate Sr as SrCO3 370 

at these higher waste loadings, the findings here of the limit of chemical immobilisation of Sr have 371 

significant implications for the solidification of Sr-bearing wastes in geopolymers. 372 

3.1.4 X-ray absorption spectroscopy 373 

3.1.4.1 Sodium silicate-activated samples 374 

3.1.4.1.1 X-ray absorption near-edge structure (XANES) spectroscopy 375 

Normalised Sr K-edge X-ray absorption spectra for the samples produced to assess the effect of the Sr 376 

loading on the chemical immobilisation mechanisms and Sr binding capacity of the N-A-S-H gel are shown 377 

in Figure 5 (samples Sr 0.014 wt.%, Sr 1 wt.%, Sr 2 wt.%, Sr 3 wt.%, with Sr/Al = 0.00025, 0.018, 0.035, and 378 

0.053, respectively). Data from standard compounds of SrCO3 [44] and the mineral brewsterite-Sr, 379 

(Sr,Ba)2Al4Si12O32·10H2O, [45] are overlaid for comparison. 380 
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 381 

Figure 5: (a) Normalised X-ray absorption spectra for the Sr-doped geopolymers samples.  Overlaid are 382 

data from the mineral brewsterite-Sr and SrCO3.  (b) 1st derivative of the spectra.  The spectra have been 383 

stacked to improve clarity. 384 

The Sr K-edge is characterised by a smoothly rising absorption edge with a single peak at the maximum. 385 

Although the absorption edge is relatively featureless (cf. K-edge spectra of transition metals [46-49]) 386 

there are several groups of features, ca. 35 eV and 85 eV above the peak of the absorption edge, which 387 

can be used as qualitative diagnostic tools. Close inspection of the absorption edge Figure 5(a) reveals a 388 

small shift in the position of the maximum to lower energy in the brewsterite-Sr mineral with respect to 389 

the SrCO3.  The dotted line labelled A is included as a guide to the eye.  A shallow shoulder on the leading 390 

edge of the peak is barely perceptible; however, on inspection of the 1st derivative Figure 5(b) this feature 391 

is clearly evidenced by the presence of two components on the feature labelled A (Feature A) inside the 392 

hatched box. The relative intensity and position of the two components of the doublet are different in the 393 

two standard compounds; the lower energy component in the brewsterite-Sr is reduced to a shallow 394 

shoulder on the leading energy edge. Direct comparison between the spectra from the samples loaded 395 

with ≥ 1 wt. % Sr(OH)2·8H2O, and the standards indicate that the local environment of Sr in these samples 396 

is structurally similar to that found in SrCO3. The edge position for the spectrum from the sample loaded 397 

with 0.014 wt. % Sr(OH)2·8H2O (molar Sr/Al = 0.00025) and the features in the 1st derivative are more 398 
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characteristic of Sr in a zeolitic structural environment (e.g. brewsterite-Sr). Inspection of the spectral 399 

features above the absorption edge (indicated by the hatched regions labelled B and C in Figure 5(a) also 400 

show similarities between the spectra for the geopolymers loaded with higher amounts of Sr and that for 401 

SrCO3. The broad and diffuse nature of these features in the Sr 0.014 wt. % loaded sample indicates that 402 

the local structural environment in this sample is relatively disordered (beyond the first nearest neighbour 403 

anion coordination sphere) in comparison to that of the brewsterite-Sr. These conclusions corroborate 404 

the findings from the XRD analysis (Figure 1). 405 

 406 

3.1.4.1.2 Extended X-ray Absorption Fine Structure (EXAFS) 407 

Figure 6(a) shows the extracted EXAFS region of the spectra (in wavenumber space). 408 

 409 

 410 

Figure 6: (a) k2-weighted Χ(k) and (b) the Fourier transforms (FT) of k2-weighted Χ(k) for the Sr-doped 411 

geopolymer and standard samples.  The spectra have been stacked to improve clarity. 412 

 413 

To accurately determine a first shell coordination number (NO), an independent determination of the 414 

amplitude reduction factor (S0
2) is required [50, 51]. It is not possible to simultaneously refine both. S0

2 415 
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was therefore determined by fitting the structural model reported by Pannhorst and Lohn [44] to the 416 

SrCO3 data set. The model consists of a nearest neighbour oxygen anion shell, with a degeneracy of nine, 417 

and two farther out cation shells with refined scattering path lengths of 3.37 ± 0.10 Å  (Sr-C) and 4.17 ± 418 

0.02 Å (Sr-Sr). The degeneracy of both these shells was six, and their inclusion allowed a satisfactory fit 419 

for the features in the FT between 3 and 5 Å.  Validation of the proposed chemical structure was 420 

performed using the bond valence method [52], and further details are provided in Supporting 421 

Information. The refined model parameters are reported in Table S1, Supporting Information. The refined 422 

Sr-O scattering path length was 2.63 ± 0.03 Å, and the bond valence sum (BVS) returned a value of 2.2 ± 423 

0.1 v.u., which is within 10% of the formal Sr valence value of 2. Bond valence parameters were taken 424 

from Gagné and Hawthorne [53]. The k3 weighted Χ(k) and FT, together with the fits to the structural 425 

model, are shown in Figure 7. 426 

 427 

 428 

Figure 7: k3χ(k) and FT of k3χ(k) for SrCO3 (uncorrected for phase shift). Solid black lines represent 429 

experimental data, and solid red lines represent theoretical fits. Fitting windows are indicated by solid 430 

blue lines. 431 
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In light of the qualitative similarities observed with respect to SrCO3, the Sr K-edge EXAFS data for 432 

geopolymer samples loaded with ≥ 1 wt. % Sr(OH)2·8H2O (molar Sr/Al = 0.018, 0.035, and 0.053 for 433 

samples labelled Sr 1.0, Sr 2.0, and Sr 3.0 wt. %, respectively) were modelled using the same basic 434 

structural model. The amplitude reduction factor (S0
2) was fixed, based on the refinement of the SrCO3 435 

data, at 0.8 ± 0.2 and the first shell (Sr-O) coordination number was allowed to refine. The degeneracies 436 

for the second (Sr-C) and third (Sr-Sr) nearest neighbour shells were initially fixed according to the SrCO3 437 

structural model outlined above.  A single Sr-Sr coordination shell did not provide a satisfactory fit to the 438 

spectral features in the k3-weighted Χ(k) between 3 and 5 Å so the six Sr atoms were split into two groups 439 

of three. The inclusion of two Sr-Sr paths with a scattering length at ca. 4 Å, and a degeneracy of three, 440 

provided sufficient flexibility in the model to return a satisfactory fit. The refined model parameters are 441 

reported in Table S2, Supporting Information.  Very similar fits were returned for the geopolymer samples 442 

loaded with 1.0, 2.0, and 3.0 wt. % Sr(OH)2·8H2O, indicating that the predominant Sr environment in these 443 

samples was similar to that in SrCO3. The refined Sr-O scattering path length (2.58 ± 0.01 Å) were 444 

consistent with the slightly lower refined Sr-O shell coordination numbers, which varied between 7.6 ± 445 

0.6  and 7.9 ± 0.7. The BVS sum calculations were all within 5 % of the formal Sr valence value, which 446 

indicates that the refined path lengths were sensible given the number of nearest neighbour anions in the 447 

first coordination shell. 448 

Qualitative inspection of the data obtained for the sample loaded with 0.014 wt. % Sr(OH)2·8H2O (molar 449 

Sr/Al = 0.00025) showed similarities with data from the brewsterite-Sr standard. This indicated that the 450 

Sr local environment at low dopant concentration is better represented using a model based on a zeolite-451 

like structure. A model was constructed based on the structural refinement reported by Artioli et al. [45], 452 

which consisted of: a nearest neighbour Sr-O shell with a refined path length of 2.68 ± 0.03 Å; Sr-Si shells 453 

at ca. 3.5, 5.6, and 7.0 Å; Sr-Al shells at ca. 3.9 , 5.5, and 6.5 Å;  five Sr-O shells with path lengths between 454 

ca. 4.3 and 6.4 Å; a single Sr-Sr shell at ca. 6.9 Å. The refined parameters are reported in full, in Table S3, 455 

Supporting Information. As in previous models, the BVS was used as a restraint, returning a value of 2.2 ± 456 

0.1 v.u. The refined coordination number for the Sr-O shell was 10.0 ± 1.2, which was consistent with the 457 

proposed starting model [45].  A simplified version of this model was applied to the data for the sample 458 

loaded with 0.014 wt. % Sr(OH)2·8H2O (molar Sr/Al = 0.00025), which consisted of a nearest neighbour Sr-459 

O shell (2.68 ± 0.03 Å) and two Sr-cation shells (Sr- Si and Sr-Al). The coordination numbers for the Sr-Si 460 

and Sr-Al shells were fixed, and a Si/Al ratio of 1.33 was maintained to be consistent with the nominal 461 

chemical composition of the reaction mixtures (see Table 2 and Table 3).  The refined Sr-O coordination 462 

number was 9.3 ± 0.8, which is consistent with the Sr atoms adopting structural positions within the 463 
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cavities in a pseudo-zeolitic framework structure similar to that of brewsterite-Sr. The BVS restraint 464 

returned a value of 2.0 ± 0.1 v.u. In order to rule out strontium accommodation in the sodium positions 465 

in the N-A-S-H framework structure [40, 54] the Sr-O coordination number was fixed at six to determine 466 

whether a fit to SrCO3 could be achieved. This was unsuccessful, indicating that Sr is present in a pseudo-467 

zeolitic framework. 468 

 469 

Together with the XRD, FTIR and SSNMR data discussed above, this confirms that the limit for chemical 470 

immobilisation of Sr2+ in these geopolymer gels via incorporation into the pseudo-zeolitic N-A-S-H gel 471 

framework is equal to or below Sr/Na = 0.005 (0.5 mol.% of monovalent Na replaced by divalent Sr, 472 

equivalent to 0.5 wt. % Sr(OH)2·8H2O in the geopolymer formulation). Above this amount, any additional 473 

Sr exists in a phase exhibiting structural similarity with SrCO3. 474 

  475 
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3.2 Effect of the alkali cation on the chemical immobilisation mechanism 476 

3.2.1 Solid state nuclear magnetic resonance spectroscopy 477 

3.2.1.1 29Si MAS and 1H-29Si CP MAS NMR 478 

A detailed discussion of the 29Si MAS and  1H-29Si CP MAS NMR data for samples produced to assess the 479 

effect of the alkali cation on the chemical immobilisation mechanism has been published previously [18]. 480 

This data is also presented in Figure S1, Supporting Information, aid interpretation of the 27Al MAS and 481 

3QMAS NMR data, and 23Na and 39K MAS NMR data, presented here and discussed in the remainder of 482 

this paper. Quantification of the 29Si MAS NMR deconvolutions for each geopolymer shows that 483 

incorporation of Ca2+ and Sr2+ results in a slight decrease in the Si/Al ratio of the (N,K)-A-S-H gel [18], 484 

consistent with substitution of a divalent charge alkaline earth cation for a monovalent alkali cation 485 

resulting in an increased charge balancing capacity within the gel framework [18]. Incorporation of both 486 

Ca2+ and Sr2+ did not result in any observable variation in gel Si/Al ratios (within the estimated error). This 487 

indicates that both Ca2+ and Sr2+ induce similar structural changes [18]. 488 

3.2.1.2 27Al MAS and 3QMAS NMR 489 

The 27Al MAS NMR data (Figure 8a) acquired at high field (20.0 T) for each geopolymer gel exhibit a broad 490 

tetrahedral Al resonance centred at δ = 60.7 ppm and spanning from δ = 70 to 50 ppm, indicating 491 

tetrahedral Al a (N,K)-A-S-H-type gel [40, 41], with the negative charge due to Al3+ in tetrahedral 492 

coordination balanced by alkali cations (Na+ or K+). With the exception of a narrowing of the distribution 493 

of chemical shifts, the data obtained at 20.0 T do not differ significantly from data obtained in this study 494 

at 14.1 and 9.4 T, and obtained previously at 11.7 T [18]. 495 

The excess alkali cations within the samples [43] means that observation of Al in only tetrahedral 496 

coordination is expected and indicates complete reaction of Al within metakaolin. This is  consistent with 497 

the 29Si MAS and 1H-29Si CP MAS NMR data that shows preferential Al dissolution during reaction. The 498 

width and lineshape of this resonance are identical for each sample, regardless  the different alkali (Na+ 499 

or K+) or alkaline earth (Ca2+, Sr2+) cations present. When K+ is present the 27Al nuclei are slightly shielded 500 

for geopolymers activated with Na2SiO3 (in δ = 60.9 ppm) compared with those activated with Na2SiO3 or 501 

blended Na2SiO3 and K2SiO3 (δ = 60.6 ppm), consistent with replacement of some of the charge balancing 502 

Na+ ions with K+ ions. The addition of Sr2+ and Ca2+ results in a slight narrowing of the chemical shift 503 
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distribution and an increase in intensity (between 1 and 3%) of the distribution maximum for all samples. 504 

This is consistent with the reduction in the Al/Si ratio observed by 29Si MAS NMR discussed above. 505 

27Al 3QMAS data (Figure 8b) were acquired to determine if incorporation of Sr2+ and Ca2+ resulted in 506 

changes in the symmetry around each Al nucleus within the geopolymer gels. The sheared 27Al 3QMAS 507 

spectra for geopolymer cements produced from the reaction of metakaolin with potassium silicate each 508 

display a single AlIV resonance which is broadened primarily along the chemical shift (CS) axis. Each 509 

resonance indicates a single AlIV site linked via oxygen bridges to tetrahedral Si (i.e., SiIV−O−−AlIV), 510 

consistent with SiIV−O−−AlIV sites charge-balanced by Na+ or K+. The absence of any variation in the 27Al 511 

3QMAS spectra for samples containing Sr and Ca, and the sample without, indicates incorporation of these 512 

cations does not result in changes to the local structure of Al in the (N,K)-A-S-H gel. 513 

 514 



26 

Figure 8: a) 27Al MAS NMR spectra (B0 = 20.0 T, νR = 20 kHz) for each geopolymer gel, and b) 27Al 3QMAS 515 

z-filter NMR spectra (B0 = 20.0 T, νR = 20 kHz) for each potassium silicate-activated geopolymer gel. Spectra 516 

are sheared, and the single pulse MAS NMR spectra is shown on the horizontal axis for comparison (F2 517 

dimension). The chemical shift (CS) and quadrupolar induced shift (QIS) axes are indicated by the dashed 518 

lines. 519 

 520 

 521 

3.2.1.3 23Na and 39K MAS NMR 522 

The 23Na MAS NMR data for the samples produced to assess the effect of the alkali cation on the chemical 523 

immobilisation mechanism has been published previously [18];  however, these data are presented here 524 

(Figure 9) to aid interpretation of the 39K MAS NMR data discussed in this section. The 23Na MAS NMR 525 

spectrum for each geopolymer gel (Figure 9) exhibits a broad resonance spanning from δ = 10 to -20 ppm. 526 

This resonance is centred at  δ = -2.5 ppm for geopolymer gels activated with Na2SiO3 or blended Na2SiO3 527 

and K2SiO3, and in these samples this resonance is attributed to charge balancing Na+ ions within a (N,K)-528 

A-S-H type gel [37, 40, 41]. The width and lineshape of the chemical shift distribution is very similar for 529 

geopolymers activated with Na2SiO3 or with a combination of Na2SiO3 and K2SiO3, suggesting that some of 530 

the charge balancing Na+ ions are replaced by K+ ions. 531 

Incorporation of alkaline earth cations in the geopolymer results movement of the 23Na distribution of 532 

chemical shifts toward lower δ values (see inset of Figure 9) after, and is centred at δ = -3.2 ppm in 533 

geopolymers activated with Na2SiO3 and δ = -3.6 ppm in geopolymer gels activated with blended Na2SiO3 534 

and K2SiO3. This is consistent with Sr2+ or Ca2+ ions substitution for Na+ ions, which then are expected to 535 

take on an equivalent charge balancing role. Substitution of one double valence alkali earth cation (i.e. 536 

Sr2+ or Ca2+) for two single valence alkali cations is expected to perturb the (N,K)-A-S-H gel nanostructure, 537 

due to differences in charge and ionic size (Shannon ionic radii 1.02, 1.38, 1.00, and 1.18 Å for octahedrally 538 

coordinated Na+, K+, Ca2+ and Sr2+, respectively). 539 

Incorporation of Sr2+ or Ca2+ does not result in observable variation in the distribution of δ in geopolymer 540 

gels, regardless of the alkali source. This indicates that at the concentrations investigated here the N,K)-541 

A-S-H gel framework can easily accomodate both Sr2+ and Ca2+, which is likely a result of their lack of long 542 

range order [40]. 543 
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The 39K MAS NMR data (Figure 9) for each sample exhibits a broad resonance spanning from δ = -20 ppm 544 

to  -220 ppm, centred at δ = -100 ppm. This indicates charge-balancing extra-framework K+ ions within a 545 

(N,K)-A-S-H-type gel [55]. Similar to what was observed for the 23Na MAS NMR data, the width and 546 

lineshape of the chemical shift distribution in the 39K MAS NMR data is very similar for geopolymer gels 547 

activated with K2SiO3 or with blended K2SiO3 and Na2SiO3. This suggests that there is sufficient distance 548 

between charge balancing Na+ and K+ ions, and that there is no Na+ present in the immediate local region 549 

surrounding K+ ions. 550 

In contrast to the trend observed in the 23Na MAS NMR data, no change in the lineshape or position of 551 

the 39K resonance is observed after incorporation of alkaline earth cations (see inset of Figure 9), in all 552 

geopolymer cements activated with either K2SiO3 or blended Na2SiO3 and K2SiO3. This indicates there are 553 

no observable changes in shielding of K+ after incorporation of Sr2+ or Ca2+ ions, suggesting that K+ ions are 554 

not displaced by Sr2+ or Ca2+ ions. This contrasts with observations from the 23Na MAS NMR data, discussed 555 

above, that indicated displacement of Na+ by Sr2+ or Ca2+ ions, which are then expected to provide an 556 

equivalent charge balancing role. However, synchrotron-based X-ray absorption data (discussed below) 557 

shows clear evidence of Sr within these geopolymer samples being in sites that are structurally similar to 558 

brewsterite at the lower Sr loading (0.014 wt. %). It is therefore likely that any changes in local structure 559 

of K caused by the displacement of K+ ions with Sr2+ are not observable by 39K MAS as a result of the broad 560 

lineshapes of the 39K MAS NMR resonances for these samples. 561 

 562 

 563 
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 564 

Figure 9: 23Na MAS NMR spectra (B0 = 11.7 T, νR = 12.5 kHz) for geopolymers produced using a) sodium 565 

silicate and b) blended sodium-potassium silicate, and 39K MAS NMR spectra (B0 = 20.0 T, νR = 12.0 kHz) 566 

for the geopolymers produced using c) potassium silicate and d) blended sodium-potassium silicate. The 567 

inset in each case shows a magnified region of the spectra. 568 

 569 

3.2.1.4 X-ray absorption near-edge structure (XANES) spectroscopy 570 

Normalised Sr X-ray absorption spectra for samples produced to assess the solubility limit of Sr within the 571 

N.K-A-S-H gels are shown in Figure 10 (Na-Sr 0.014 wt.%, Na.K Sr 0.014 wt.%, K-Sr 0.014 wt.%, Sr/Al = 572 

0.00025). Data from standard compounds of SrCO3 [44] and the mineral brewsterite-Sr, 573 

(Sr,Ba)2Al4Si12O32·10H2O, [45] are overlaid for comparison. 574 
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 575 

Figure 10: Normalised X-ray absorption spectra for the Sr-doped geopolymer samples.  Overlaid are data 576 

from the mineral brewsterite-Sr and SrCO3.  (b) 1st derivative of the spectra.  The spectra have been 577 

stacked to improve clarity.  578 

As previously discussed in Figure 5(a), the dotted line labelled A (Feature A) in Figure 10(a) shows a small 579 

shift of the maximum to the lower energy of brewsterite compared to SrCO3. However, the spectral 580 

features above the absorption edge are more difficult to match to either SrCO3 or brewsterite (Feature 581 

B). This is likely due to the increased noise (Figure 10b, post 16130 eV) in the measurement of the Sr 0.014 582 

wt. % samples, due to the presence of inherently less Sr. Despite this, when the 1st derivative energies of 583 

the samples are compared to the two standards (Figure 10b) a clear doublet (Feature C) is absent, 584 

indicative of SrCO3, as is present in the higher-loaded geopolymers. This indicates that Sr within the 585 

samples is structurally similar to brewsterite at the lower Sr loading (0.014 wt. %).   586 

 587 

 588 
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3.2.1.5 Extended X-ray Absorption Fine Structure (EXAFS) 589 

Due to the similarities observed between the Sr 0.014 wt. % samples and brewsterite, a model was 590 

constructed utilising the brewsterite refinement reported by Artioli et al. [45]. The amplitude reduction 591 

factor and the refinement parameters of the three samples are reported in Table S4, Supporting 592 

Information. All three samples (Na, Na.K, K) were found to fit the brewsterite model with only minor 593 

adjustments from sample to sample. The model consists of a nearest neighbour oxygen shell, with a 594 

degeneracy of 7 to 9 (~2.6 Å) - Splitting of the first shell oxygen was attempted. However, this resulted in 595 

a less robust fit. Two further outer caution shells were present between 3.3 and 4.2 Å. As with the higher 596 

Sr-loaded geopolymers, the Si/Al path ratios were fixed at 2:1.5 to reflect the relevant elemental ratios in 597 

the samples. As an adaptive CIF file was used, mixed occupancy was not possible; hence, sites were 598 

selected as Si or Al.  these limitations were considered while fitting the system as the mixed occupancy 599 

introduces disorder into the local structure, as the absorber is surrounded by a blend of Al and Si paths 600 

rather than distinct, well-defined paths represented in the CIF. 601 

Progressing from Na to Na.K and K resulted in a gradual contraction of the O bond distances as is observed 602 

in Table S5, Supporting Information, and this was consistent with the observed reduction in NSr-O, which 603 

indicates a decrease in the coordination of the first shell oxygen due to steric and energetic factors. While 604 

the Si/Al ratio for all three samples was fixed, for the Na.K and K samples, increasing the coordination 605 

number of the Al and Si paths resulted in a more robust fit. This is theorised to be due to the increased 606 

size of the K+ cation - with respect to Na - introducing distortion into the framework, and lowering the 607 

number of oxygen atoms that can directly coordinate around Sr, but simultaneously create more space 608 

for second shell atoms (Al/Si) to coordinate at a greater distance. However, the authors acknowledge that 609 

this cannot be fully confirmed due to the inability to represent the structure in true mixed occupancy. This 610 

inability to ideally model mixed occupancy is also theorised to be the cause of the Sr-Al σ2 in the K sample 611 

being slightly greater in uncertainty than the value itself. Removing the Al path resulted in the best fit; 612 

however, despite Si being a stronger X-ray scatterer and in greater concentrations than Al, this difference 613 

should not be great enough to justify the removal of the path with the inclusion of Si at the same distance. 614 

As in the previous models, the BVS [52] was used as a restraint and returned values of 2.04 ± 0.15, 2.03 ± 615 

0.06 and 2.07 ±0.07 v.u. for Na, Na.K, and K, respectively. The k3 weighted Χ(k) and FT, together with the 616 

fits to the structural model, are shown in Figure 2, Supporting Information. Attempts were made to fit the 617 

experimental results to SrCO3. However, these were unsuccessful, indicating that Sr is present in a pseudo-618 

zeolitic framework. 619 
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3.3 Mass transport properties of Sr during leaching  620 

Plots showing cumulative leach fractions of Sr, Na, K, Al and Si in the leachate for geopolymer sample over 621 

time for the duration of the 28 day semi-dynamic leach test are provided in Figure 11.  The concentration 622 

of Sr, Na, K, Al and Si within the leachate of each sample from the semi-dynamic leach tests was 623 

determined using ICP-OES. The cumulative fraction leached (CFL) of Sr, Na, K, Al and Si, can be calculated 624 

using Equation 1, where an is the mass of the species released during the leaching time interval n, and A0 625 

is the total mass of the species in the sample at the start of the leach test. 626 

The incremental concentration (mg/mL) of Sr present in the leachate for each sample was greatest 627 

between 2 and 24h after leaching commences, after which it decreases significantly. During this stage Sr 628 

leaching primarily results from surface wash-off and rapid diffusion of aqueous Sr2+ cations from the 629 

geopolymer gel surface and pore solution. Similar ‘surface wash-off‘ effects have been observed 630 

previously for 137Cs and 60Co leaching from cements [56, 57]. The subsequent rapid decrease in the 631 

incremental concentrations of Sr, down to very low levels beyond 7-14 days of leaching, indicates a 632 

significant decrease in the rate of Sr release, and suggests significant hindrance of mass transport of Sr 633 

between 24 hours and 28 days. The behaviour of Na+ and K+ initially follows similar trends to those 634 

observed for Sr2+, but the release of these elements continues at a significant rate throughout the duration 635 

of the leaching experiments, without showing the much more marked deceleration observed in the Sr2+ 636 

data. Overall, across all amounts of Sr incorporation investigated (1, 2, and 3 wt. % Sr), the potassium 637 

silicate-based geopolymers exhibit significantly less leaching of Sr when compared to sodium silicate-638 

based geopolymers. 639 

Incorporation of Sr also affects the extent of leaching of Na, K, Al, and Si. In all samples, the extent of 640 

leaching of Al and Si is increases with the amount of Sr incorporated in the sample. Overall, the potassium 641 

silicate-based geopolymers exhibited significantly less Al and Si leaching when compared to sodium 642 

silicate-based geopolymers, with the CFL values for Al and Si being approximately half of those for Na-643 

geopolymers. The values and variation in Al and Si leaching are extremely low, with the maximum CFL 644 

values for Al and Si observed across all samples being 0.20% and 0.35%, respectively (sample Na_3%). An 645 

increased content of Sr resulted in a less rapid deceleration of Al and Si leaching. The CFL value for Sr in 646 

all samples is extremely low, with the maximum CFL for Sr observed across all samples being 0.013% 647 

(sample Na_3%); the CFL for Sr is two orders of magnitude smaller than for Al and Si, and three orders of 648 

 𝐶𝐹𝐿 = ∑ 𝑎𝑛𝐴0  (1) 
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magnitude smaller than the alkali cations, indicating preferential binding of Sr over alkali cations that are 649 

competing for the same charge-balancing sites within the N-A-S-H gel framework. 650 

 651 

Figure 11: Cumulative leach fractions of Sr, Na, K, Al and Si from each geopolymer sample over time for 652 

the duration of the 28 day semi-dynamic leach test. 653 

  654 
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4 Conclusions 655 

The effect of alkali-activator chemistry and the addition of Sr on the chemistry, phase assemblage and 656 

nanostructure, and incorporation mechanism of Sr2+ into the aluminosilicate framework of (N,K)-A-S-H 657 

gels in geopolymers was investigated by 1) incremental addition of up to 3.5 wt.% Sr(OH)2.8H2O to sodium 658 

silicate-activated metakaolin-based geopolymers, and 2) addition of 0.014 wt. % Sr(OH)2.8H2O to 659 

metakaolin-based geopolymers produced using sodium silicate, potassium silicate, or a blend of sodium- 660 

and potassium-silicate. The main reaction product in all geopolymers was a fully polymerised, X-ray 661 

amorphous Al-rich (N,K)-A-S-H-type gel. Si exists predominantly in tetrahedral Q4(4Al) and Q4(3Al) sites 662 

and Al exists in tetrahedrally coordinated sites, resulting in a net negative charge that is balanced by Na+ 663 

and/or K+ in extra-framework sites. In geopolymers produced using both sodium silicate and potassoium 664 

silicate, and a mixture of both,  and containing 0.014 wt. % Sr(OH)2·8H2O, Sr2+ was incorporated into extra-665 

framework sites within the N-A-S-H gels by directly substituting for Na+ and K+ in charge-balancing sites to 666 

form a (N,K,Sr)-A-S-H gel. 667 

Formation of SrCO3 was observed for geopolymers containing ≥ 1.0 wt. % Sr(OH)2·8H2O. The local structure 668 

of Sr in geopolymers containing 0.014 wt. % Sr(OH)2·8H2O (molar Sr/Al = 0.00025) was consistent with Sr 669 

atoms adopting structural positions within cavities in a pseudo-zeolitic framework structure similar to that 670 

of the natural zeolite brewsterite-Sr, (Sr,Ba)2Al4Si12O32·10H2O. In geopolymers loaded with 1.0, 2.0, and 671 

3.0 wt. % Sr(OH)2·8H2O (molar Sr/Al = 0.018, 0.035, and 0.053, respectively) Sr exhibited a local structure 672 

similar to SrCO3. This shows that the limit for chemical immobilisation of Sr2+ in geopolymers is equal to 673 

or below Sr/Na = 0.005 (0.5 mol.% of monovalent Na replaced by divalent Sr, equivalent to 0.5 wt. % 674 

Sr(OH)2·8H2O in the geopolymer formulation).  The mechanisms controlling this may be related to the 675 

extent to which the local gel structure can accommodate charge balancing cations with different valances 676 

ionic radii, or may be due thermodynamically or kinetically preferential formation of SrCO3 compared to 677 

(N,Sr)-A-S-H under the reaction conditions used. The geopolymers simultaneously chemically bind Sr 678 

within a  (N,Sr)-A-S-H gel, and physically encapsulate excess Sr as SrCO3, at waste loadings above those 679 

which result in Sr/Na = 0.005. Potassium silicate-based geopolymers exhibit significantly less leaching of 680 

Sr when compared to sodium silicate-based geopolymers. Incorporation of Sr also affects the extent of 681 

leaching of Na, K, Al, and Si. In all samples, the extent of leaching of Al and Si is increases with the amount 682 

of Sr incorporated in the sample 683 

The findings presented here significantly advance the understanding of the incorporation mechanism 684 

and chemical binding capacity of Sr-bearing geopolymers. This new insight is critical to support further 685 
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research into geopolymers for encapsulation and/or immobilisation of radioactive waste containing 686 

strontium-90, particularly given recent focus on potassium silicate-based geopolymers in the nuclear 687 

waste management sector due to their lower viscosity and desirable flow characteristics when 688 

compared with sodium silicate-based geopolymers. 689 

  690 
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