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Abstract 20 

Studies have demonstrated the remarkable capacity of metakaolin-based geopolymers for the uptake of 21 

cationic radionuclides, such as Cs+ and Sr2+. However, the lack of uptake ability towards anionic 22 

radionuclides represents a potential avenue for improvement in utilising this material for nuclear waste 23 

disposal applications. Additionally, the prevalence of ettringite as an anion exchange agent formed in 24 

alkaline environments, such as cement hydration, is widely acknowledged in the field. However, no 25 

previous studies have been conducted to explore the utilisation of the advantageous qualities of both 26 

metakaolin-based geopolymer and ettringite in developing a comprehensive incorporation process for 27 

both cationic and anionic radionuclides. In this study, compositions and sets of preparation conditions 28 

were proposed to modify metakaolin-based geopolymer, resulting in the in-situ formation of ettringite, 29 

with the aim of enhancing its uptake capabilities for selenium oxyanions. The uptake behaviour and 30 

mechanism of ettringite, and geopolymer with in-situ ettringite, were proposed through co-precipitation 31 

experiments, binding and structural analysis. The results reveal that the ettringite can uptake SeO3
2- and 32 

SeO4
2- through co-precipitation; however, its effectiveness is limited to SeO3

2- in the uptake process, 33 

where the mechanism is contingent on the concentration of Se oxyanions present. On the other hand, 34 

modified geopolymer with in-situ ettringite retained its capacity to uptake cationic radionuclides such as 35 

Cs+ and Sr2+ while evolving to exhibit an ability to uptake SeO3
2-. Thermodynamic modelling was carried 36 

out according to the ion exchange mechanism, which effectively predicts the uptake of SeO3
2- at low 37 

concentrations. The proposed composition and preparation conditions hold the potential for developing 38 

an effective incorporation process for cationic and anionic radionuclides. The outcomes of this research 39 

enhance the understanding of the uptake behaviour of Se oxyanions by ettringite and provide insight into 40 

the potential of metakaolin-based geopolymers to immobilise anions.  41 

 42 

 43 
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 47 

1. Introduction  48 

Selenium (Se) is a widely occurring oxyanion-forming element. While it is considered a vital trace 49 

mineral in biological systems, it can pose a significant environmental and health hazard when its 50 

concentration surpasses certain levels. The aggregation of Se in high concentrations can be attributed to 51 

anthropogenic activities, and its cytotoxicity and carcinogenicity in animals have been demonstrated [1]. 52 

Among the various sources of Se aggregation, the nuclear industry is a particularly noteworthy 53 

contributor, as it has the potential to generate substantial amounts of the anionic radionuclide 79Se. This 54 

isotope, 79Se, is linked to fission, reprocessing, and accidents within the nuclear industry [2]. It is 55 

considered to be a high-priority radionuclide due to its long half-life of nearly 3.27 × 105 years and the 56 

presence of highly mobile oxidised forms, selenite (SeO3
2-) and selenate (SeO4

2-), which are regarded as 57 

particularly challenging species due to their high mobility in aqueous environments and severe toxicity 58 

[3,4]. Numerous techniques have been developed to mitigate the presence of selenium in wastewater 59 

effectively. Uptake methods utilising easily accessible sorbents, such as activated carbon, zeolites, resins, 60 

and iron-based materials, have demonstrated remarkable efficacy in removing selenium. These 61 

techniques have been successfully employed in the treatment of wastewater following the Fukushima 62 

Daiichi nuclear power plant accident [5,6,7,8,9]. In addition, emerging technologies such as membrane 63 

filtration [10], electrochemical processes [11,12], cationic layered rare earth hydroxide (LRHs) [13], 64 

tailored cationic polymeric [14], and cationic metal organic frameworks [15,16] have great potential for 65 

the effective immobilisation of many radioactive anions, including selenium oxyanions. However, it is 66 

crucial to acknowledge that these treatment approaches may lead to accumulating medium to high 67 
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concentrations of selenium aggregates, posing a potential risk of secondary contamination [17]. Hence, 68 

it is imperative to promptly develop encapsulate materials with low water solubility to ensure the 69 

formation of stable phases. Such materials can effectively immobilise selenium oxyanions and securely 70 

isolate selenium-bearing contaminants for long-term disposals, such as geological disposal [9]. 71 

 72 

Geopolymer materials (GP) are a well-known class of alkaline-activated materials. The 73 

geopolymerisation process can be succinctly described as the depolymerisation, polycondensation, and 74 

gel network formation of an aluminosilicate precursor in the presence of a strongly alkaline solution or 75 

activator [18,19]. As an alternative to Portland cement that is under assessment for nuclear waste 76 

management, the use of geopolymer has garnered interest worldwide [20]. Compared to conventional 77 

cementitious materials, the three-dimensional framework structure derived from oxygen-linked 78 

aluminium and silicon and the higher degree of silicate polymerisation, yield geopolymer materials with 79 

superior chemical durability [21,22].  80 

 81 

The use of metakaolin-based geopolymers as a potential matrix for managing radionuclide-containing 82 

waste generated from the nuclear industry has received significant attention in recent years [23,24]. The 83 

nuclear industry is known to produce large quantities of contaminated wastewater containing 84 

radionuclides from various sources such as operation, maintenance, and accidents [2,25]. Extensive 85 

research has been conducted to explore the capabilities of metakaolin-based geopolymers as disordered 86 

pseudo-zeolite for the immobilisation of radionuclides. In their spatial structure, the tetrahedral 87 

aluminium sites possess a negative charge, which can be effectively neutralised by alkali cations derived 88 

from activator solutions [26]. These negative sites impart a permanent net negative framework charge to 89 

the metakaolin-based geopolymers, creating many sites capable of binding cations [27]. The uptake 90 

behaviour of metakaolin-based geopolymers for heavy metal ions has been confirmed and studied 91 
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extensively [28,29]. These geopolymers have also demonstrated remarkable efficiency in immobilising 92 

137Cs and 90Sr, the most prevalent cationic radionuclides found in water contaminated by nuclear 93 

activities [30-33]. In our previous study [33], the mechanisms of 137Cs, 90Sr and 60Co uptake by 94 

metakaolin-based geopolymers were clarified, and a thermodynamic model based on ion exchange 95 

mechanisms was proposed. However, the permanently negatively charged surface of metakaolin-based 96 

geopolymers restricts the potential for uptake of anionic radionuclides such as selenium (79Se) or iodine 97 

(131I). Hence, modifying the composition of metakaolin-based geopolymers to endow them with both 98 

cations and anions uptake capacities while retaining their chemical stability remains a topic of great 99 

interest in the field. 100 

 101 

Ettringite (3CaO·Al2O3·3CaSO4·32H2O) can be found as a naturally occurring mineral and is also one 102 

of the hydration products of Portland cement. It predominantly forms during the initial stages of cement 103 

hydration through the reaction between aluminate and sulphate, which can either be naturally present in 104 

the cement paste or intentionally added to the system [34]. Ettringite possesses a column-like structure 105 

wherein the Al(OH)6
3-  octahedral units are interconnected with three adjacent Ca atoms. Each Ca atom 106 

demonstrates square antiprismatic coordination, involving eight surrounding entities consisting of 4 H2O 107 

(-OH2) molecules and 4 OH− ions. Notably, the OH− ions are shared between the Al(OH)6
3- octahedra 108 

and the Ca-O8 square antiprismatic polyhedra, facilitating their structural connectivity [35]. The column-109 

like structure is saturated with sulphate ions and water molecules, and these columns are held together 110 

by the electrostatic attraction of the occupying species [36]. The abundant exchangeable sulphate (SO4
2-) 111 

species in the inter-channels of its column-like structure endow ettringite with a remarkable capacity for 112 

anion exchange [37,38]. For this reason, ettringite has been extensively studied for its ability to 113 

immobilise selenium oxyanions. Solem-Tishmack et al. [39] found that ettringite derived from high-114 

calcium coal combustion by-products can effectively adsorb Se oxyanions from aqueous solutions. 115 

Zhang et al. [40] reported that ettringite demonstrates a higher adsorption capacity for Se oxyanions than 116 
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does hydrocalumite, which represents another family of hydrous calcium aluminates that is often 117 

observed among cement hydration products. Gou et al. found that ettringite can immobilise SeO4
2- 118 

through the formation of SeO4
2- -substituted ettringite, while it can immobilise SeO3

2- through a ligand 119 

exchange with the Ca-OH2 at the edges of its channels, forming an inner sphere complex [41,42]. 120 

Moreover, ettringite can form in environments that are alkaline and rich in calcium, aluminium, and 121 

sulphur. Thus, it is feasible to form ettringite during aluminium-rich, alkali-activated reactions 122 

(geopolymerisation) in the presence of calcium and sulphur-rich additives, such as slag [43,44], which 123 

hold the potential for immobilising hazardous waste [45]. 124 

 125 

Several studies have examined ettringite formation in geopolymers made from multi-aluminosilicate 126 

precursor sources [46,47]. Few researchers also explored the potential of geopolymers based on different 127 

precursors to adsorb or immobilise anions, including I-, AsO4
3- and Cr2O7

2- [48,49]. Tian et al. [50] 128 

developed the uptake capability for Se oxyanions using layered double hydroxides (LDHs) based on 129 

geopolymer gel. However, to our knowledge, the effectiveness of incorporating ettringite into 130 

metakaolin-based geopolymers for the immobilisation of selenium oxyanions has not been reported and 131 

studied in detail. 132 

 133 

 The present study addresses this gap by synthesising and evaluating a metakaolin-based geopolymer 134 

with in-situ ettringite. The capacity and feasibility of ettringite to uptake Se oxyanions were evaluated 135 

through aqueous co-precipitation experiments, and the uptake mechanism of the modified ettringite-in-136 

situ geopolymers was explored through a binding experiment. A combination of X-ray diffraction (XRD), 137 

zeta potential, scanning electron microscopy (SEM), and Raman spectroscopy was used to evaluate the 138 

solid-phase characteristics, while inductively coupled plasma mass spectrometry (ICP-MS) and ion 139 

chromatography (IC) were used to analyse the aqueous phase. Finally, a thermodynamic model was 140 

developed to understand selenite uptake in both synthetic ettringite and modified geopolymer with in-141 
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situ ettringite. This comprehensive analysis provides valuable insights into the synthesis of ettringite-in-142 

situ metakaolin-based geopolymers and their ability to uptake Se oxyanions. 143 

 144 

2. Experimental 145 

2.1. Materials  146 

Metakaolin obtained from Sobueclay (Japan), tricalcium aluminate (Taiheiyo Consultancy, Japan. 147 

3CaO·Al2O3, abbreviated as C3A), gypsum (WAKO, 98 wt.%, CaSO4·2H2O, abbreviated as Gyp), and 148 

ground granulated blast furnace slag (Ceramento A, Taiheiyo Cement Sales Co., Ltd., Japan) were used 149 

for the synthesis of geopolymer with in-situ ettringite. The chemical composition of metakaolin and slag 150 

determined by X-ray fluorescence (XRF) is listed in Table 1. The calcium content (in the form of CaO) 151 

in slag is approximately 0.01032 mol/g, and the molar ratio of SiO2:Al2O3 of metakaolin is 1.01. An 152 

aqueous potassium silicate solution (WAKO, originally containing 29.1 wt.% SiO2, 21.9 wt.% K2O, 49.0 153 

wt.% H2O), a potassium hydroxide (WAKO, 86 wt.% KOH), and ultrapure water (TRUSCO, Japan) 154 

were used for making a potassium silicate alkali solution, which was used as an activator for the synthesis 155 

of geopolymers. Al2(SO4)3·16-18H2O and Ca(OH)2 were used to synthesise ettringite. In addition, 156 

K2SeO3, K2SeO4 and Sr(NO3)2 were selected as the simulated radionuclide sources, purchased from 157 

WAKO (Japan).  158 

 159 

Table 1. Chemical composition (wt%) of the metakaolin and slag as determined by X-ray fluorescence 160 

Component Metakaolin Slag 

SiO2 48.59 23.43 

Al2O3 43.11 10.85 

Fe2O3 0.54 0.50 
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CaO 0.21 51.70 

MgO 3.66 4.11 

Na2O 2.25 2.54 

K2O 0.13 0.62 

TiO2 1.27 0.51 

P2O5 1.08 1.23 

SO3 - 4.00 

L.O.I.* 1.74 2.40 

*: L.O.I. is loss on ignition at 1100℃ for 12h [33,57]. 161 

 162 

2.2. Ettringite synthesis and co-precipitation 163 

The process for the ettringite synthesis with and without Se oxyanions is shown in Fig. 1 (a). Initially, 164 

10 mmol/L Al2(SO4)3·16-18H2O and 60 mmol/L Ca(OH)2 were mixed with water at a liquid/solid ratio 165 

of 10 to give a Ca2+ / SO4
2- molar ratio of 2. The suspension was continuously magnetically stirred for 166 

24 hours at room temperature, followed by vacuum filtration and then drying at 40 ℃ for one day. In 167 

addition, co-precipitation of ettringite in the presence of Se oxyanions was conducted. The raw materials 168 

for the ettringite formation of 10 mmol/L Al2(SO4)3·16-18H2O and 60 mmol/L Ca(OH)2 were introduced 169 

into 100 mL K2SeO3 or K2SeO4 aqueous solution, where the concentration of Se oxyanions was from 0 170 

to10 mmol/L. The synthetic geopolymer was added at a ratio of 1 g per 100 mL solution (Fig.1(b)), and 171 

they were subsequently mixed using a magnetic stirrer for 24 hours at room temperature. Then, the solid 172 

and liquid phases were separated by vacuum filtration for further analysis. All co-precipitation reactions 173 

were carried out in nitrogen-filled PE bottles to avoid CO2 contamination. Table 2 summarises the 174 

components included in each group. In addition, all solid samples were dried at 40 °C for 24 h in a 175 

thermostat before being ground to a particle size of less than 150 μm. 176 



9 

 

 177 

Fig.1. Schematic illustration of the procedure to conduct the co-precipitation experiment and to prepare 178 

the samples of (a) synthetic/Se-doped ettringite, (b) geopolymer with superficial ettringite, (c) pure 179 

geopolymers, and (d) geopolymers with in-situ ettringite 180 

 181 

Table 2. Components contained in each group of co-precipitation experiment 182 

Groups SeO3
2- SeO4

2- Ettringite (raw material) Geopolymer 

1. SeO4-Ettringite-GP 
 ✓ ✓ ✓ 

2. SeO4- Ettringite 
 ✓ ✓  

3. SeO3- Ettringite -GP 
✓  ✓ ✓ 

4. SeO3- Ettringite 
✓  ✓  

✓ indicates the presence of the component. 183 
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2.3. Ettringite in-situ geopolymer synthesis  184 

The alkali-activated solution for synthesising the geopolymers samples was prepared from potassium 185 

silicate solution, potassium hydroxide and ultrapure water. Fig.1(c) and Fig.1(d) demonstrate the 186 

synthesis procedure of pure geopolymers and modified geopolymers with in-situ ettringite, respectively. 187 

Pure geopolymers were prepared by mechanically mixing stoichiometric amounts of metakaolin with a 188 

sufficient quantity of alkali-activated solution (Fig.1(c)), giving a final chemical composition of 189 

geopolymers (in ceramist nomenclature) of 1K2O: 1Al2O3 :1SiO2: 13H2O. The detailed synthesis 190 

procedure, the preparation of materials and the curing method were reported in our previous study [33]. 191 

Various additives such as C3A, Gyp and blast furnace slag with different doses and curing conditions 192 

were tested to form the in-situ ettringite in geopolymer (Table 3). For simplicity, the samples were named 193 

according to the additives and the content added to the system. For instance, Gyp 10 wt.% + 3Slag 194 

corresponds to the sample synthesised by externally adding 10 wt.% gypsum and slag, the amount of 195 

slag added was determined as the molar amount of calcium in the slag was three times the molar amount 196 

of sulphate in added gypsum. After curing under specified conditions, the samples were characterised by 197 

XRD to identify ettringite formation. The only group in which in-situ ettringite could be detected was 198 

Gyp 10 w.t% + 3Slag, which had been kept at either 20 or 40 ℃ for 28 days.  199 

 200 

Table 3. Compositions and conditions adopted for the formation of in-situ ettringite in geopolymer 201 

Specimens with different additives 
20℃    

7 days 

20℃  

28 days 

40℃    

7 days 

40℃  

28 days 

1. Synthetic ettringite    × 

2. Ettringite raw materials: Al2(SO4)3·16-18H2O and Ca(OH)2    × 

3. C3A 5 wt.% + Gyp 5 wt.%   × × 



11 

 

4. C3A 5 wt.% + Gyp 5 wt.% + 1Slag   × × 

5. C3A 5 wt.% + Gyp 10 wt.%   × × 

6. C3A 5 wt.% + Gyp 10 wt.% + 1Slag   × × 

7. C3A 10 wt.% + Gyp 5 wt.%   × × 

8. C3A 10 wt.% + Gyp 10 wt.%   × × 

9. Gyp 5 wt.%    × 

10. Gyp 5 wt.% + 1Slag    × 

11. Gyp 5 wt.% + 3Slag  × × × 

12. Gyp 5 wt.% + 5Slag  ×  × 

13. Gyp 10 wt.%    × 

14. Gyp 10 wt.% + 1Slag  ×  × 

15. Gyp 10 wt.% + 3Slag × ✓ × ✓ 

×: No Ettringite was detected by XRD; ✓: Ettringite was detected by XRD 202 

 203 

2.4. Experimental procedure 204 

An X-ray diffractometer (MultiFlex, Rigaku, Japan) was used to characterise the synthetic samples with 205 

CuKα radiation, scanning from 2θ=5-45° with a scan speed of 6.5° per min and a step size of 0.02°. The 206 

microstructure of the geopolymer with in-situ ettringite was examined by scanning electron microscopy 207 

(SEM: JSM-IT200, JEOL, Japan) with a 25kV acceleration voltage. A zeta potential & particle size 208 

analyser apparatus (ELSZ-1000ZS) was used to measure the zeta potential of the suspensions where the 209 

solid/liquid ratio of the suspension was set to 1 g/L. In each case, KNO3 was selected to adjust the ionic 210 

strength, whereas KOH was used to adjust the pH. The Raman spectra of the samples, including the 211 

structural variation of synthetic ettringite and geopolymer with in-situ ettringite after uptake of SeO3
2-, 212 

were obtained using an XploRA PLUS Confocal Raman Microscope (HORIBA, Japan). The 213 
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experimental parameters applied were a laser power of 532 nm, an x50 VIS objective lens, a 50-100% 214 

filter, a 100 μm slit, a 300 μm hole, an 1800 grating (450-850 nm), a measurement time of 40 seconds, 215 

and 6 accumulations. The water content change in ettringite samples after uptake of SeO3
2- was examined 216 

by a TG/DTA7220 (SEIKO, Japan), and the analysis was conducted by gradually increasing the 217 

temperature from 20 ℃ to 800 ℃ at a rate of 10 ℃/min while maintaining a nitrogen flow rate of 200 218 

mL/min. The suspensions of ettringite were equilibrated with 0.01, 0.1, 1, and 10 mmol/L of K2SeO3 and 219 

K2SeO4 solutions to measure the equilibrium time for the uptake of ions by ettringite (1g synthetic 220 

ettringite powder per 100 mL solution). After 7, 14, 21 and 35 days of immersion, the solution was 221 

filtered using a syringe filter (0.45 μm), and the concentrations of Se oxyanions were assessed using 222 

inductively coupled plasma-mass spectrometry (ICP-MS, iCap Q ICP-MS, Thermo Scientific, USA, 223 

detection limit 0.01-10ppb), with the application of Yttrium internal standard method. A batch of binding 224 

experiments of synthetic ettringite and modified geopolymer with in-situ ettringite were performed with 225 

K2SeO3 solutions at 0.01, 0.05, 0.1, 0.5, 1, 5, and 10 mmol/L with an ettringite (in-situ ettringite) to 226 

solution ratio of 1g/100 mL. After equilibration, the liquid phase was filtered with a 0.45 μm syringe 227 

filter. The concentrations of Se oxyanions in the filtered solution were measured by ICP-MS, and the 228 

concentrations of SO4
2- were measured through ion chromatography (ICS-90, DIONEX, USA). In 229 

addition, the uptake capacity of geopolymer with in-situ ettringite for Cs+ and Sr2+ with in-situ ettringite 230 

was measured in the same way as given in our previous study [33]. It is important to note that a glovebox 231 

filled with N2 gas and a sealed wide-mouth flask were employed in the experiment. Therefore, the 232 

influence of oxygen was negligible. In addition, the redox state regions expressed by Eh-pH according 233 

to the boundary conditions set in terms of pH and initial concentration of SeO3
2- are shown in Fig. S1. 234 

The result illustrates that all the data points fall within the range dominated by SeO3
2-. Hence, the 235 

oxidation of SeO3
2- to SeO4

2- in this study was found to be insignificant. Furthermore, it is known that 236 

SeO4
2- represents the highest oxidation state of selenium and is considerably more stable compared to 237 

SeO3
2-, and it will rarely be actively reduced to SeO3

2- in the absence of a suitable reducing agent [51]. 238 
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Given this understanding, it can be inferred that throughout this study, SeO3
2- and SeO4

2- retained their 239 

respective oxidation states without undergoing any notable redox reactions. 240 

 241 

The amounts of bound Se oxyanions and leached SO4
2- were calculated by Eqs. (1) and (2): 242 

𝐴஻ = ൫𝐶ௌ௘_௜ − 𝐶ௌ௘൯
௏

௠
 (𝑚𝑚𝑜𝑙/𝑔)                                                                                                          (1)  243 

𝐴௅ = ൫𝐶ௌ − 𝐶ௌ_௕൯
௏

௠
 (𝑚𝑚𝑜𝑙/𝑔)                                                                                                            (2) 244 

The distribution ratio (Rd) was determined from Eq. (3): 245 

𝑅ௗ = 𝐴஻/ 𝐶ௌ௘_௜  (𝐿/𝑔)                                                                                                               (3) 246 

 247 

where 𝐴஻ is the bound amount of the Se (mmol/g), 𝐴௅ is the leached amount of SO4
2- (mmol/g), 𝐶ௌ௘_௜ is 248 

the Se initial concentration (mmol/L), 𝐶ௌ௘ is the equilibrium concentration of the Se (mmol/L), 𝐶ௌ is the 249 

equilibrium concentration of SO4
2- (mmol/L), and 𝐶ௌ_௕ is the SO4

2- concentration when the synthetic 250 

ettringite or geopolymer with in-situ ettringite is immersed in pure water until reaching equilibrium 251 

(mmol/L). 𝑉 is the volume of the liquid phase (L), and 𝑚 is the mass (g) of the crystalline ettringite 252 

detected by XRD. 253 

 254 

2.5. Modelling approach 255 

The ion-exchange reaction between synthetic ettringite or in-situ ettringite and SeO3
2- was fitted and 256 

explained based on the ion-exchange model available in the geochemical code PHREEQC Version 3 257 

[52]. The activity coefficients were calculated based on the extended Debye–Huckel equation, whose 258 

parameters are available in the database of WATEQ4F.dat [53]. The simulant radionuclide anion SeO3
2- 259 

can be exchanged with the SO4
2- present in the ettringite interlayers as  260 
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 261 

𝑋𝑔 − 𝑆𝑂ସ + 𝑆𝑒𝑂ଷ
ଶି ↔ 𝑋𝑔 − 𝑆𝑒𝑂ଷ + 𝑆𝑂ସ

ଶି, 𝐾 =
[௑௚ିௌ௘ య]ൣௌைర

మష൧

[௑௚ିௌைర]ൣௌ௘ைయ
మష൧

 (4) 262 

 263 

where 𝑋𝑔  is the exchange site, simplifying the representation of the ettringite interlayer. 𝐾  is the 264 

exchange coefficient for SeO3
2-. The model can be implemented in PHREEQC using the keyword data 265 

block of EXCHANGE_MASTER_SPECIES, EXCHANGE_SPECIES, and EXCHANGE. In addition, 266 

the keyword data block of PHASES and EQUILIBRIUM_PHASES was used to introduce the ettringite 267 

phase into the reaction to simulate the pH changes and the SO4
2- environment in the solution through the 268 

equilibrium reactions. To obtain the best-fitting log_𝐾, a Python code loop was implemented to adjust 269 

the parameter continuously in incremental steps. This iterative process involved comparing the quality 270 

of the fit controlled by log_𝐾 with the experimental data until the desired level of accuracy was achieved. 271 

Python-IPhreeqcCOM code for the ion exchange model is given in the Supporting Information.    272 

 273 

3. Results and discussion 274 

3.1 Characterisation 275 

X-ray diffraction measurements were conducted to characterise the formation of in-situ ettringite in 276 

modified geopolymers. Fig. 2 shows the XRD patterns of pure geopolymer, synthetic ettringite, and 277 

geopolymer with in-situ ettringite cured at 20 ℃ and 40 ℃ for 28 days. A small amount of gypsum was 278 

found as an impurity in the synthetic ettringite, less than 2 %, as determined using a corundum internal 279 

standard. The synthetic geopolymer XRD pattern exhibits a broad hump in the range of 2θ = 27°-29°, 280 

indicating disordered products. A faint signal of quartz was also detected in the XRD pattern of pure 281 

geopolymer, attributed to a very minor impurity in the metakaolin used. These findings align with earlier 282 

investigations on metakaolin-based geopolymers [33]. The characteristic peaks of ettringite were 283 

detected in the XRD pattern of the geopolymer samples with in-situ ettringite; however, the presence of 284 
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peaks of potassium sulphate was also identified, which could be a result of the precipitation of saturated 285 

sulphate with potassium ions in the pore solution of the geopolymer. It is believed that the presence of 286 

the sulphate ions would favour the formation of in-situ ettringite, although there may be some delay in 287 

this process [54]. The sample containing Gyp 10 wt.% + 3Slag-40°C exhibited a significantly stronger 288 

ettringite peak, measuring 2.65% according to the internal standard method. A calcite peak was also 289 

observed in this sample, unlike in the Gyp 10 wt.% + 3Slag-20°C sample. These findings indicate that a 290 

relatively higher temperature favours the crystallisation of these crystals and that the higher temperature 291 

used here is sufficiently low not to induce thermal destabilisation of the ettringite.  292 

 293 

Fig. 3 shows the SEM images of pure geopolymers, synthetic ettringite and the Gyp 10 wt.% + 3Slag-294 

40℃ samples. These images provide insights into the significant morphological changes in geopolymers 295 

before and after in-situ ettringite formation. An amorphous geopolymer matrix is shown in Fig. 3 (a); 296 

the EDS analysis indicates that its main constituent elements are O, Al, and Si in the structural and K is 297 

balancing the negative charge sites. The characteristic needle-like hexagonal crystal structure of ettringite 298 

is clearly depicted in Fig. 3 (b). Notably,  the EDS analysis reveals a slight elevation of approximately 299 

3.5% in the S and Ca as compared to the anticipated theoretical values. This discrepancy can likely be 300 

attributed to the presence of CaSO4 impurities, which may have influenced the detection results. Moving 301 

on to the modified geopolymers shown in Fig. 3 (c), the presence of in-situ ettringite embedded within 302 

the geopolymer matrix is evident. The EDS analysis performed at specific points confirms the 303 

corresponding elemental composition of the substances. Although Ca was detected in the geopolymer 304 

matrix and Si in the in-situ ettringite, this occurrence might be attributed to their interaction during the 305 

detection process. Significantly, the in-situ ettringite within the geopolymer matrix is not observed in 306 

aggregated clusters, as typically observed in cementitious materials [55]. Instead, it appears as a distinct 307 

crystal structure embedded within the geopolymer matrix. This phenomenon is likely a consequence of 308 

the electrostatic attraction between the positive charge on the ettringite surface and the geopolymer 309 
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matrix’s negative charge. This electrostatic interaction is further addressed in the subsequent sections of 310 

this paper, specifically in the discussion on zeta potential. It is therefore hypothesised that the in-situ 311 

ettringite present in the geopolymer matrix may have distinct properties compared to synthetic ettringite. 312 

 313 

 314 

Fig. 2. X-ray diffraction (XRD) patterns of synthetic ettringite, pure and modified geopolymers. 315 
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 316 

 317 

Fig. 3. SEM micrographs of (a) pure geopolymer, (b) synthetic ettringite and (c) modified geopolymer 318 

and EDS analysis of the corresponding sites 319 

 320 
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The zeta potential of each solid phase is demonstrated in Fig. 4. Since those solid phases were in an 321 

alkali-activated environment, basic solutions were selected for zeta potential measurement at constant 322 

ionic strengths of 10 and 100 mmol/L. Synthetic ettringite shows a positive zeta potential that is 323 

independent of pH, indicating the presence of a permanent charge on its surface (Fig. 4 (a)). The positive 324 

charges are considered to be derived from the unit cell of ettringite consisting of columnar 325 

{Ca6[Al(OH)6]2·24H2O}6+ [35]. Conversely, the zeta potential of pure geopolymer shows a consistent 326 

negative charge independent of pH (Fig. 4 (b)). However, as the ionic strength decreased, a thicker 327 

electrical double layer formed, increasing the absolute magnitude of the zeta potential of the pure 328 

geopolymer. It is worth noting that the zeta potential of ettringite was independent of ionic strength, 329 

which could be a significant characteristic difference in its behaviour compared to the zeta potential of 330 

geopolymer. Both the geopolymer with superficial ettringite from the co-precipitation process and the 331 

geopolymer with in-situ ettringite after modification demonstrated a reduced absolute value of zeta 332 

potential due to the positive surface of ettringite partially compensating the negatively charged 333 

geopolymer matrix (Fig. 4 (c) & (d)). Moreover, due to the variation in the state of the space filled by 334 

ettringite, the zeta potential of the geopolymer with superficial ettringite exhibited a trend more like that 335 

of ettringite, while the surface of geopolymer with in-situ ettringite behaved similarly to pure geopolymer. 336 

 337 

 338 
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 339 

Fig. 4. Zeta potential as a function of pH for (a) synthetic ettringite, (b) pure geopolymer, (c) geopolymer 340 

with superficial ettringite and (d) geopolymer with in-situ ettringite (legend entries indicate ionic 341 

strengths of 10 and 100 mmol/L) 342 

 343 

The synthetic ettringite was characterised by Raman spectroscopy (Fig. 5 (a)). The peak at 989, 450, 344 

1118 and 615 cm-1 are (respectively) the 𝑣ଵ, 𝑣ଶ, 𝑣ଷ and 𝑣ସ sulphate anion vibration modes and the peak 345 

at 549 cm-1 is due to the bending vibration mode of Al(OH)6 [56]. In addition, the Raman spectroscopic 346 

analysis of pure geopolymer and geopolymer with in-situ ettringite indicates the change of structure and 347 

components after modification (Fig. 5 (b) and Fig. 5 (c)). Previous studies have reported that the most 348 

sensitive and typical bands of geopolymer structure in Raman spectroscopy were in the range of 350-750 349 

cm-1 [57]. The peaks at 395(396), 509(507) and 635 cm-1 are assigned to the vibration modes of the 350 

representative ring structures of aluminosilicate tetrahedra in geopolymers. The broadband at 372-421 351 

cm-1 (marked as light blue in Fig. 5) is assigned to 8-membered rings (8R), the broadband in the region 352 

of 421-604 cm-1 (marked as light green) representing double 6-membered rings (D6R), and the broadband 353 

at 604-712 cm-1 (marked as light red) corresponding to 4-membered rings (4R). These are the main basic 354 

building units that constitute the three-dimensional network of the geopolymer, which is a disordered 355 

pseudo-zeolite [58]. It is important to note that the 8R, D6R, and 4R vibration modes of the modified 356 
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geopolymer containing in-situ ettringite remained unaltered from the pure geopolymer (Fig. 5 (b) and 357 

Fig. 5 (c)); intensities and frequencies were nearly constant, indicating that the geopolymer matrix was 358 

not structurally altered by the addition of slag and gypsum to form in-situ ettringite. No new chemical 359 

linkages were observed that would have suggested a chemical connection between the geopolymer matrix 360 

and the ettringite. Additionally, the sample containing in-situ ettringite shows a minor calcium carbonate 361 

impurity due to adding calcium (as slag and gypsum) into the geopolymer (Fig. 5 (c)). 362 

 363 

Fig. 5. Raman spectra of (a) synthetic ettringite, (b) pure geopolymer, and (c) modified geopolymer with 364 

in-situ ettringite 365 

 366 

3.2 Co-precipitation analysis 367 

The equilibrated Se oxyanions and sulphate concentration of co-precipitation groups 1-4 (as defined in 368 

Table 2) are shown in Fig. 6. As the initial Se concentration increased, the removal of both SeO3
2- and 369 

SeO4
2- from the solution grew, and the difference between each group became more pronounced (Fig. 6 370 

(a)). According to previous studies [42, 59], ettringite has been shown to immobilise SeO3
2- more 371 
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effectively than SeO4
2-, resulting in the formation of Se-doped ettringite, and the results presented here 372 

are broadly consistent with that past studies. The addition of geopolymer reduces the Se removal due to 373 

the charge repulsion caused by the negatively charged surface of the geopolymer (Fig. 4). As the amount 374 

of immobilised Se increased (Fig. 6 (a)), the concentration of sulphate (SO4
2-) in the solution also rose 375 

correspondingly (Fig. 6 (b)). This results from replacing sulphate as the free anion within the ettringite 376 

columnar structure by the Se oxyanions. Given that the original sulphate concentration was 30 mmol/L, 377 

the decrease in sulphate can be interpreted as an indication of the extent of ettringite formation. It is 378 

found that the presence of geopolymer hindered the formation of ettringite in a co-precipitation system 379 

to some extent.  380 

 381 

Comparing the deviation in equilibrated concentrations of each species with the blank group (without 382 

Se) is crucial for understanding the uptake of ettringite during the co-precipitation process with Se 383 

oxyanions. The difference between the initial and equilibrated Se concentration for groups 1-4 at 10 384 

mmol/L Se initial concentration (Fig. 6 (a)), which could be regarded as the amount of Se taken up by 385 

the solid, were 1.81, 2.17, 6.94 and 9.36 mmol/L, respectively. Correspondingly, the differences in 386 

sulphate concentration between the blank and the equilibrated samples were 1.59, 2.16, 6.3 and 7.24 387 

mmol/L, respectively (Fig. 6 (b)), which could be regarded as the amount of SO4
2- displaced from 388 

ettringite. A very close relationship was thus found between the uptake amount of Se oxyanions and the 389 

displaced amount of SO4
2- in groups 1, 2, and 3, but there is a significant difference in group 4. It is 390 

believed that SeO4
2- and SeO3

2- uptake in groups 1-3 was primarily facilitated by the formation of Se-391 

doped ettringite, in which Se oxyanions were immobilised as interlayer anions through electrostatic 392 

forces. However, the immobilisation of Se in group 4 is not solely attributed to anion exchange with 393 

inter-column sulphate, suggesting another mechanism appears to play a role. A previous research study 394 

[42] suggested that ligand exchange with the -OH2 groups at the channel edges to form complexes could 395 

be one of the dominant mechanisms for SeO3
2- uptake in ettringite, and it is possible that this is taking 396 
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place in group 4. This mechanism will be discussed in more detail in the following section. The results 397 

of Rd with an increasing initial concentration of Se are shown in Fig. 6 (c). The Rd of ettringite for SeO3
2- 398 

is much higher than that of SeO4
2- and gradually decreases with an increasing initial concentration of Se.  399 

Despite the slight decrease in Rd for SeO4
2- with higher initial Se concentration, this decrease is relatively 400 

insignificant compared to the significant alterations observed in the SeO3
2- system. It can be observed 401 

that despite some negative effects of the presence of geopolymer on the immobilisation of Se oxyanions, 402 

ettringite still exhibits a significant ability to immobilise Se oxyanions. 403 

 404 

  405 

 406 

0.00

0.02

0.04

0.06

0.08

0.10

0.01 0.10 1.00 10.00

R
d

 (
L

/g
)

Intial Se Con. (mmol/L)

(c)

SeO4-ettringite-Gp SeO4-ettringite

SeO3-ettringite-Gp SeO3-ettringite

(c)



23 

 

Fig. 6. Concentration of (a) Se oxyanions, (b) SO4
2- at equilibrium, and (c) calculated distribution ratio 407 

(Rd) as a function of initial Se concentration (The pH range of systems with only ettringite was 10.5±0.1, 408 

and the pH range of systems with geopolymer was 11±0.1) 409 

 410 

The XRD patterns of the solid phases resulting from the co-precipitation systems were analysed, and the 411 

interplanar distance at (100) crystal planes, d100, was obtained by applying the Bragg formula to the 2θ 412 

angle of the (100)-plane peak. Table 4 presents the d100 values for synthetic ettringite, serving as a control, 413 

and the d100 values of Se-doped ettringite equilibrated in a system containing an initial concentration of 414 

10 mmol/L Se. The d100 of ettringite in the control group had no significant difference in the presence or 415 

absence of geopolymer. After the uptake of SeO4
2- and SeO3

2-, the d100 of ettringite increased and 416 

decreased, respectively. The state of the intercolumn free water has no impact on the size of a unit cell 417 

or crystal structure [60]; thus, the variation of the interplanar distance can be attributed to the uptake of 418 

Se oxyanions. The replacement of SO4
2- by the Se oxyanions appears to increase in the interplanar 419 

distance due to the larger size of SeO3
2- and SeO4

2-, as the Se-O bond length is longer than the S-O bond 420 

length [61]. However, the uptake of SeO3
2- did not increase d100; the difference between the uptake 421 

behaviour of ettringite toward SeO3
2- and SeO4

2- can be attributed to the structural distinction between 422 

the two species [42, 62, 63].  423 

 424 

Notably, the presence of geopolymer may impact the change in d100 of ettringite after the uptake of SeO3
2- 425 

while having a relatively small impact on the change in d100 after the uptake of SeO4
2-. This outcome 426 

suggests that geopolymer may impede the formation of complexes through ligand exchange, but the 427 

capacity of ettringite to immobilise Se oxyanions through interlayer electrical attraction is not 428 

significantly affected. In addition, it is essential to note that the d100 value of synthetic ettringite is 429 

influenced by various factors, such as the Ca/Al ratio, differences in crystallinity resulting from the 430 

growth environment of the crystals, and changes in orientation caused by cutting and grinding during 431 
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sample preparation. Previous studies have reported d100 values of ettringite ranging from 9.67 to 9.75 Å 432 

[35, 64-66]. Therefore, the d100 value obtained for the synthetic ettringite in this study is considered to 433 

be within a reasonable range. 434 

 435 

Table 4. The shift in the d100-spacing of ettringite at a concentration of 10 mmol/L Se in each group and 436 

the percentage change compared to synthetic ettringite 437 

 438 

3.3 Uptake behaviour from solution 439 

Prior to determining the Se oxyanion uptake from the solution onto the synthetic ettringite and the 440 

geopolymer with in-situ ettringite, the time required to attain equilibrium was determined. Fig. 7 presents 441 

the Rd values of SeO3
2- and SeO4

2- on synthetic ettringite as a function of time in solutions with 442 

concentrations ranging from 0.1 to 10 mmol/L. The Rd of SeO3
2- attained more than 95% of its highest 443 

value after 7 days and more than 99% of its highest value after 14 days. Similar trends were observed 444 

across all concentrations. As such, 14 days is considered as the equilibration time for the isothermal 445 

uptake experiment. On the other hand, little SeO4
2- could be immobilised even after 35 days of immersion, 446 

which indicates ettringite has a limited capacity to immobilise SeO4
2- from solution (as distinct from the 447 

co-precipitation route discussed in the previous section). Therefore, the primary emphasis of the 448 

 d100, ettringite 

control sample (Å) 

 d100, ettringite equilibrated 

at 10 mmol/L Se (Å) 

d100, change after uptake 

Se (10mmol/L) (%) 

1. SeO4- ettringite -GP 

9.733 ± 0.01 

9.815 + 0.842 

2. SeO4- ettringite 9.812 + 0.812 

3. SeO3- ettringite -GP 9.697 - 0.369 

4. SeO3- ettringite 9.676 - 0.586 
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isothermal uptake in this study is on SeO3
2- uptake by geopolymers with in-situ ettringite and by the 449 

synthetic ettringite. 450 

  451 

Fig. 7. Relationship between distribution ratio (Rd) and immersion time for synthetic ettringite in (a) 452 

SeO3
2- and (b) SeO4

2- solutions of different concentrations (marked in the legends, in units of mmol/L, 453 

and the pH range of all concentration systems was 10.5±0.1) 454 

 455 

The relationship between the quantity of leached SO4
2- ions from synthetic ettringite and from the 456 

modified geopolymer with in-situ ettringite and the amount of bound SeO3
2- ions is presented in Fig. 8. 457 

The relationship between leached SO4
2- and bound SeO3

2- at initial SeO3
2- concentrations below 1 458 

mmol/L displays a direct (1:1) linear correlation onto both synthetic ettringite and geopolymer with in-459 

situ ettringite. However, at high SeO3
2- concentrations (5 and 10 mmol/L), both geopolymer with in-situ 460 

ettringite and synthetic ettringite exhibit correlations that deviate somewhat from the expected direct 461 

linear relationship. In particular, there is a slight deviation for geopolymer with in-situ ettringite and a 462 

significant deviation for synthetic ettringite. This suggests that the amount of bound SeO3
2- exceeded that 463 

of released SO4
2-. Based on a previous study [67], the quantity of SO4

2- available for ion exchange in the 464 

ettringite is estimated to be 0.04 mmol SO4
2- per gram of ettringite, representing approximately 2-3% of 465 

the total sulphate present in the solid. The results of the current study indicate that the experimental 466 
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uptake of SeO3
2- and leaching of SO4

2- at an initial SeO3
2- concentration of 1 mmol/L (considered the 467 

maximum concentration for ion exchange) were approximately 0.037 mmol/g and 0.036 mmol/g, 468 

respectively. These findings are in good agreement with the estimated results and support the mechanism 469 

of ion exchange. 470 

 471 

Fig. 8. The relationship between bound SeO3
2- and released SO4

2- from synthetic ettringite (blue triangle) 472 

and geopolymer with in-situ ettringite (red squares), expressed in mmol of the oxyanions per g solids 473 

(The pH range of systems with ettringite was 10.5±0.1, and the pH range of systems with modified 474 

geopolymer was 11.5±0.2) 475 

 476 

Fig. 9 displays the evaluation of Rd and the leaching/binding ratio (L/B) as a function of increasing initial 477 

SeO3
2- concentration. The L/B ratio represents the molar ratio between the amount of leached SO4

2- and 478 

the amount of bound SeO3
2-. The Rd of geopolymer with in-situ ettringite continuously decreased with 479 

increasing SeO3
2- initial concentration, whereas the L/B ratio remained close to 1 for concentrations 480 

below 1 mmol/L and showed a slight decline for concentrations greater than 1 mmol/L. Although the 481 

L/B ratio significantly deviated from 1 at 0.01 mmol/L, possibly due to measurement uncertainty. As 482 



27 

 

opposed to that, the Rd of synthetic ettringite showed a “U”-shaped relationship with different initial 483 

SeO3
2- concentrations: in the concentration range from 0.01 to 1 mmol/L, the Rd of synthetic ettringite 484 

decreased with increasing initial SeO3
2- concentration similar to the geopolymer with in-situ ettringite, 485 

while the Rd sharply increased when the concentration was elevated to around 5 mmol/L, (approaching 486 

the same high Rd as at 0.01 mmol/L), and it then remained constant up to 10 mmol/L initial concentration. 487 

The L/B ratio of SeO3
2- on synthetic ettringite fluctuated around 1 in the concentration range between 488 

0.01 and 1 mmol/L SeO3
2-   but rapidly decreased when the initial SeO3

2- concentration reached 5 mmol/L. 489 

These fluctuations suggest that the SeO3
2- uptake in ettringite, both synthetic form and in-situ form, is 490 

primarily controlled by anion exchange with SO4
2- from the interlayer at concentrations below 1 mmol/L. 491 

When the concentration of SeO3
2- exceeds 1 mmol/L, the uptake mechanism for SeO3

2- shifts to ligand 492 

exchange, which acts in conjunction with ion exchange. However, this mechanism is considerably 493 

impeded in the in-situ form of ettringite. 494 

  495 

Fig. 9. Rd values and leaching/binding (L/B) ratios of SeO3
2- on synthetic ettringite, and on geopolymer 496 

with in-situ ettringite, as a function of initial SeO3
2- concentration (The pH range of systems with 497 

ettringite was 10.5±0.1, and the pH range of systems with modified geopolymer was 11.5±0.2) 498 
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The Cs+ and Sr2+ uptake capacities of pure geopolymer and geopolymer with in-situ ettringite were also 499 

analysed and compared, as depicted in Fig. 10. It was observed that the capacity of pure geopolymer for 500 

both Cs+ and Sr2+ was consistently higher than that of the geopolymer with in-situ ettringite, with a more 501 

significant difference in capacity towards Sr2+ as compared to Cs+. While both pure geopolymer and 502 

geopolymer with in-situ ettringite exhibited an increase in cation uptake with increasing initial cationic 503 

concentration until a concentration of 5 mmol/L, the pure geopolymer continued to uptake more cations 504 

even when the initial concentration exceeded 5 mmol/L. However, the uptake capacity of geopolymer 505 

with in-situ ettringite appeared to reach saturation at around 5 mmol/L, unable to continuously uptake 506 

more cations. This disparity can be attributed to the positive surface charge of the in-situ ettringite, which 507 

reduces the electrostatic attraction and leads to a partial loss of chemical sites available for cation 508 

exchange. However, it is important to note that the actual concentrations of cations like Cs+ and Sr2+ in 509 

pollutants are in the order of parts per million, thus even with the modification, geopolymer with in-situ 510 

ettringite still possesses a beneficial uptake capacity for Cs+ and Sr2+. 511 

 512 

Fig. 10. Uptake capacity of pure geopolymer (dotted lines) and geopolymer with in-situ ettringite (solid 513 

line) for Cs+ and Sr2+ 514 
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 515 

3.4 Structural change after uptake 516 

The structural changes in synthetic ettringite, and geopolymer with in-situ ettringite, after SeO3
2- uptake 517 

can be characterised using Raman spectra, as shown in Fig. 11. The spectra in Fig. 11(a) depict the 518 

Raman spectra of synthetic ettringite before and after 14 days of immersion in solutions with varying 519 

SeO3
2- initial concentrations. As previously discussed (Fig. 5), the peaks at 989, 450, 615, and 1118 cm-520 

1 correspond to the vibrations of SO4
2-, while the peak at 549 cm-1 is due to the bending vibration mode 521 

of Al(OH)6. These peaks remained stable after 14 days of immersion and showed no significant changes 522 

with initial SeO3
2- concentration changes. The broad band between approximately 3000 cm-1 to 3650 cm-523 

1 is caused by the overlapping bands of channel water, crystal water, and coordinated -OH2 vibrations in 524 

the columnar unit of ettringite. Synthetic ettringite and ettringite immersed in solutions with initial SeO3
2- 525 

concentrations ranging from 0 to 0.5 mmol/L exhibited identical spectra in the 3000 cm-1 to 3650 cm-1 526 

range, but the intensity in this region decreased gradually with increasing initial SeO3
2- concentration, 527 

reaching a significant reduction when the initial SeO3
2- concentration reached 10 mmol/L. It is also worth 528 

mentioning that with increasing initial SeO3
2- concentration, new peaks attributed to SeO3

2- became 529 

gradually revealed at 829 cm-1 and 773 cm-1.  530 

 531 

Fig. 11 (b) shows the Raman spectra of the geopolymer with in-situ ettringite after 14 days of immersion. 532 

A comparison between the pure geopolymer and the geopolymer with in-situ ettringite demonstrates that 533 

the peaks associated with the typical geopolymer structure, situated between 371 cm-1 and 712 cm-1, 534 

remain unaltered. Conversely, vibrational peaks representing SO4
2- (989 cm-1) and calcite (1085 cm-1) 535 

were observed to emerge, as previously discussed (as depicted in Fig. 5). When the geopolymer with in-536 

situ ettringite was immersed in a solution, no significant alterations were observed as a function of the 537 

initial SeO3
2- concentration. However, there was a noticeable weakening in the intensity of the peak 538 
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associated with SO4
2- at 989 cm-1, which may be attributed to the dissolution of potassium sulphate 539 

present in the geopolymer with in-situ ettringite. Nevertheless, it was still possible to observe peaks 540 

attributed to SO4
2- vibrations in the geopolymer with in-situ ettringite that are considered to be derived 541 

from the in-situ ettringite, and there was no significant change in these peaks. Unlike the synthetic 542 

ettringite, it had no significant change of the broadband between 3000 cm-1 and 3650 cm-1, especially the 543 

peak representing O-H (around 3620 cm-1), as a function of the initial concentration of SeO3
2-. 544 

  545 

Fig. 11. Raman spectra of (a) synthetic ettringite and (b) geopolymer with in-situ ettringite after 14 days 546 

of SeO3
2- uptake at various initial concentrations (as marked in the dataset labels; values in mmol/L). 547 

The vibration of each main functional group is marked in the figure by text annotations, and the vibrations 548 

of OH- and SO4
2- are marked in the ribbons of light blue and light yellow, respectively. 549 

 550 

In order to gain a deeper understanding of the alteration of -OH2 groups in the synthetic ettringite 551 

structure following the incorporation of SeO3
2-, thermo gravimetric analysis (TG) was carried out. Fig. 552 

12 presents the TG profiles of synthetic ettringite after being immersed in various SeO3
2- solutions. The 553 
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most substantial weight loss of the synthetic ettringite was observed between 90 and 108 ℃ and increased 554 

progressively with increasing temperature. The maximum weight loss was reached when the temperature 555 

rose to approximately 800 ℃, which can be attributed to the quantity of water present in the ettringite 556 

structure [68]. As the initial SeO3
2- concentration increased, the water content in the ettringite structure 557 

after the uptake of SeO3
2- decreased, with a notably significant reduction observed at an initial SeO3

2- 558 

concentration of 10 mmol/L. The results are consistent with those obtained from the previous liquid 559 

phase analysis (represented in Fig. 8 and Fig. 9) and provide evidence from the solid phase structure that 560 

the uptake of SeO3
2- into ettringite through anion exchange at low SeO3

2- concentrations does not alter 561 

the vibrational bond in the range of 3000 cm-1 to 3650 cm-1. However, ligand exchange in the intercolumn 562 

edge site can reduce the amount of -OH2 groups coordinated with Ca, which decreases the water content 563 

in synthetic ettringite and weakens the vibrational bond in the range of 3000 cm-1 to 3650 cm-1. 564 

 565 

  566 

Fig. 12. TG curves of synthetic ettringite after immersion in various concentrations of SeO3
2- solutions 567 

(as marked in the legend, in mmol/L) for 14 days 568 
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3.5 Thermodynamic modelling and verification  570 

The ion exchange model was used to predict SeO3
2- uptake at concentrations below 1 mmol/L, where 571 

uptake is primarily controlled via the ion exchange mechanism. The best fit of log_𝐾  was obtained 572 

through python-code fitting results with experimental data for SO4
2- leaching (Fig. 13 (a) and Fig. 13 573 

(c)). A high correlation between experimental data and modelling results was observed for both cases. 574 

The estimated log_𝐾 for ion exchange reaction in the synthetic ettringite and modified geopolymers are 575 

1.049 and 0.222, respectively. The estimated log_𝐾 indicates that the ion exchange capacity of in-situ 576 

ettringite present in modified geopolymers is somewhat weakened by the geopolymer matrix, supporting 577 

the results shown in the previous sections. Fig. 13 (b) and Fig. 13 (d) depict the predicted amount of 578 

bound SeO3
2- corresponding to estimated log_𝐾 as a function of concentration. The model prediction 579 

displays a good agreement with the experimental data, which describes and demonstrates the ion 580 

exchange mechanism at this concentration range.  581 

 582 

 583 
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 584 

Fig. 13. Fitting of SO4
2-  leaching experimental data with modelling results for (a) synthetic ettringite 585 

and (c) modified geopolymers, and the comparison of the predicted and measured uptake of SeO3
2- for 586 

(c) synthetic ettringite and (d) modified geopolymers as a function of concentration 587 

 588 

3.6 Mechanism of SeO32- uptake in the geopolymer with in-situ ettringite 589 

The uptake mechanism of the geopolymer with in-situ ettringite for SeO3
2- is schematically demonstrated 590 

in Fig. 14. As discussed above, the mechanism for uptake of SeO3
2- by ettringite strongly depends on the 591 

concentration of SeO3
2- in the solution. At low concentrations (< 1 mmol/L), the uptake of SeO3

2- is 592 

primarily dominated by ion exchange with inter-channels SO4
2-. However, as the initial SeO3

2- 593 

concentration increases, ettringite immobilises SeO3
2- through a ligand exchange with -OH2 coordinated 594 

with Ca located on the channel edges. According to the bond valence theory [42], the preferred structure 595 

of complexes formed is shown in Fig. 14. The reason for such a mechanistic shift may be attributed to 596 

the variation in the chemical potential generated by the concentrations of SeO3
2- in solution [69]. When 597 

the concentration of SeO3
2- in a reaction system increases, the corresponding increase in its chemical 598 

potential can facilitate its exchange with coordinated hydroxyl through a ligand exchange mechanism 599 

[70]; this property of chemical potential is a critical factor that determines the selectivity and 600 
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controllability of chemical reactions involving ligand and ion exchange mechanisms. However, when 601 

ettringite is present in its in-situ form in the geopolymer matrix, the positively charged embedded 602 

ettringite could be attracted by the negatively charged geopolymer matrix by electrostatic forces. Due to 603 

the polarity of the linked oxygen atoms, the proton in the channel edge functional group (Ca-OH2) in the 604 

ettringite structure may form hydrogen bonds with Al in the negatively charged tetrahedral AlO4 on the 605 

geopolymer surface, thus rendering these -OH2 ligands somewhat more stable. At the same time, the 606 

geopolymer matrix also covers most of the ettringite surface, physically obscuring to some degree the 607 

sites on the ettringite surface where ligand exchange with SeO3
2- can occur. Thus, the uptake capacity of 608 

in-situ ettringite in modified geopolymer to SeO3
2- through ligand exchange is sterically shielded by 609 

geopolymer matrix to some extent; as a result, ion exchange with inter-channels SO4
2- becomes the 610 

controlling uptake mechanism of geopolymer with in-situ ettringite for SeO3
2-. The ion exchange 611 

capacities of ettringite and geopolymer for anions and cations, respectively, are influenced by each other 612 

due to the compensation of mutually opposite charges. Nonetheless, it is noteworthy that the geopolymer 613 

incorporating in-situ ettringite continues to exhibit a reasonable capacity for immobilising both cationic 614 

and anionic radionuclides. These radionuclides are typically encountered in waste streams at 615 

concentrations ranging from parts per million.  616 
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 617 

Fig. 14. A proposed mechanism for SeO3
2- uptake in geopolymer with in-situ ettringite 618 

 619 

4. Conclusions 620 

Modified geopolymers with in-situ ettringite were successfully synthesised with the addition of gypsum 621 

and ground granulated blast furnace slag (Gyp 10wt% + 3Slag). Ettringite was observed to have a high 622 

uptake potential for Se oxyanions, and so its in situ synthesis endows geopolymer with a greatly enhanced 623 

uptake capacity for Se oxyanions. Specific findings of this study include: 624 

 Either in the in-situ form or by co-precipitation, the generated ettringite can act in combination with 625 

the permanently negatively charged geopolymer due to its positively charged surface, and this 626 

interaction compensates for the partial negative charge. 627 

 The basic structure and cation uptake capacity of the geopolymer are retained after the modification 628 

by ettringite synthesis. 629 

 Synthetic ettringite can immobilise both SeO3
2- and SeO4

2- through co-precipitation but can only 630 

uptake SeO3
2- through the binding process. The primary mechanism for immobilising SeO3

2- during 631 
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the binding process is through ion exchange with SO4
2- at low concentrations (<1 mmol/L). The 632 

maximum ion exchange capacity at around 1 mmol/L is approximately 0.037 mmol/g. However, at 633 

higher concentrations (>1 mmol/L), the dominant mechanism shifts to ligand exchange with Ca-OH2. 634 

A maximum Rd value of approximately 0.092 was obtained in the concentrations of 0.01, 5, and 10 635 

mmol/L. 636 

 The uptake mechanism of ligand exchange to SeO3
2- is partially shielded by the electrostatic 637 

interaction and hydrogen bonding with the geopolymer matrix. However, the modified geopolymer 638 

retains the capacity to adsorb cationic radionuclides (Cs+ and Sr2+) and has developed significant 639 

uptake capacity for SeO3
2- by ion exchange as the controlling mechanism. The maximum 640 

immobilisation capacities for Cs+, Sr2+ and SeO3
2- were approximately 0.597, 0.974 and 0.096 641 

mmol/g, respectively. 642 

 Thermodynamic modelling was conducted based on an ion exchange mechanism, which predicts the 643 

uptake behaviour of both synthetic ettringite and modified geopolymers for SeO3
2- at low 644 

concentrations (< 1 mmol/L). 645 
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Supporting Information 887 

 888 

1. Thermodynamic ion exchange model and its fitting method 889 

 890 

Python-written best 𝑳𝒐𝒈𝒌 fitting code template 891 

 892 

The following Python-IPhreeqcCOM template code simplifies the search for the best fitting 𝑳𝒐𝒈𝒌 values 893 

between the results obtained from Phreeqc and experimental data. The search is automated using the least 894 

squares method, which gradually narrows down the range of values based on the parameters provided. 895 

 896 

Initially, the experimental data is imported into the process, and the 𝑳𝒐𝒈𝒌 value is determined based on 897 

the provided boundary conditions. Next, the phreeqc module is utilised to calculate the leaching of SO4
2-. 898 

A range of Se initial concentration-SO4
2- leaching curves corresponding to different 𝑳𝒐𝒈𝒌 values is 899 

obtained, and the closeness of these curves to the experimental data is evaluated using the Root Mean 900 

Squared Error (RMSE). The least squares method is then applied to determine the best-fitting 𝑳𝒐𝒈𝒌 value 901 

within the given range, which corresponds to the smallest RMSE. 902 

 903 

The code: 904 

from win32com.client import Dispatch 905 

import pandas as pd 906 

import numpy as np 907 

from scipy.stats import pearsonr 908 

import matplotlib.pyplot as plt 909 

 910 

# Creating PHREEQC objects 911 

def GetResult(input_string, db_path = 'WATEQ4F.DAT'): 912 

 dbase = Dispatch('IPhreeqcCOM.Object') 913 
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 dbase.LoadDatabase(db_path) 914 

 dbase.RunString(input_string) 915 

 output = dbase.GetSelectedOutputArray() 916 

 return output 917 

 918 

# Calculate the RMSE between two arrays 919 

def calculate_rmse(a, b): 920 

 return np.sqrt(np.mean((a - b)**2)) 921 

 922 

# Create a function that compares two sets of data 923 

def calculate_correlation(a, b): 924 

    corr, _ = pearsonr(a, b) 925 

    return corr 926 

 927 

# Calculate RMSE from log_k 928 

def get_fit(K_fitting, Con, SO4_leaching_ex, SeO3_binding_ex): 929 

                           # Make sure experimental data has been imported  930 
 SeO3_binding_f=[] 931 

 SO4_leaching_f=[] 932 

 for Se_con in Con: 933 

  input_str = f''' 934 

   Phase 935 

Ettringite   # In order to simulate the pH change and  936 

  #SO42- environment in the experiment 937 

     Ca6Al2(SO4)3(OH)12:26H2O + 12H+ = 2Al+++ + 6Ca++ + 38H2O + 938 
3SO4-- 939 

     log_k 57.730 940 

     delta_h -389.36 941 

   SOLUTION 1 942 

    units mmol/kgw  943 

    Temp 20  944 

    ph 7 charge 945 

    water   1 946 

    Se(4) {Se_con} 947 

   EQUILIBRIUM_PHASES 1 948 

    Ettringite 0 0.000797 #Indicates the amount of  949 

    Save solution 1   #ettringite in the system at 1  950 
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    End                   #mol/L 951 

   EXCHANGE_MASTER_SPECIES 952 

    Xg Xg+2 953 

 954 

   EXCHANGE_SPECIES 955 

    Xg+2 = Xg+2 956 

    log_k = 0 957 

    958 

    Xg+2 + SO4-2 = XgSO4 959 

    log_k = 0 960 

 961 

    XgSO4 + SeO3-2 = XgSeO3 + SO4-2 962 

    -gamma 3.5 0.015 963 

    log_k = {K_fitting} 964 

 965 

   USE SOLUTION 1 966 

   EXCHANGE 1 967 

    XgSO4 4e-5     #ettringite contains 0.004 mol/kg of  968 

   CALCULATE_VALUES   #exchangeable SO42- 969 

   SeO3(binding)  970 

   -start 971 

   10 m_Se = MOL("XgSeO3") *1000 972 

   100 SAVE m_Se 973 

   -end 974 

   SO4(leaching) 975 

   -start 976 

   10 m_S = (4e-5-MOL("XgSO4")) *1000 977 

   100 SAVE m_S 978 

   -end  979 

 980 

   SELECTED_OUTPUT 981 

      -reset false 982 

   -calculate_values SeO3(binding) 983 

   -calculate_values SO4(leaching) 984 

 985 

  ''' 986 
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  output = GetResult(input_str) 987 

  XgSeO3, SO4 = output[1] 988 

  SeO3_binding_f.append(XgSeO3) 989 

  SO4_leaching_f.append(SO4) 990 

     991 

 fit = calculate_rmse(SO4_leaching_ex, SO4_leaching_f) 992 

 return fit 993 

 994 

#setting parameters  #Arbitrary starting conditions and boundaries can be set 995 

min_fit = 1 996 

K_fitting=0 997 

best_fit=0 998 

left = 0 999 

right = 20 1000 

epsilon = 0.0001 1001 

 1002 

# Loop calculation of fit  1003 

while right - left > epsilon: 1004 

    mid = (left + right) / 2 1005 

    fit = get_fit(mid) 1006 

    if fit < min_fit: 1007 

        min_fit = fit 1008 

        K_fitting = mid 1009 

    if fit < get_fit(mid+epsilon): 1010 

        right = mid 1011 

    else: 1012 

        left = mid 1013 

 1014 

best_K_fitting = K_fitting 1015 

best_fit = get_fit(best_K_fitting) 1016 

 1017 

plt.plot(x, y) 1018 

 1019 

 1020 

 1021 
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2. SeO32- redox state  1022 

   1023 

Fig. S1. Eh-pH diagram at 298.15 K, 105 Pa [71]. The redox state of SeO3
2- in this study is marked in 1024 

the red area. 1025 

 1026 


