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Abstract 25 

Phosphoric-acid-activated metakaolin-based geopolymers (PGPs) have been investigated as promising 26 

options for the disposal of radionuclides. However, a lack of understanding of the surface chemical 27 

properties of PGPs has hindered further research into them and their application. This study explored the 28 

structure-related electrostatic properties and anion immobilisation potentials of PGPs via zeta potential 29 

measurements, structural characterisation, and leaching experiments. These findings suggest that acid 30 

activation triggers the geopolymerisation of metakaolin, resulting in new Alx-PO units (x = IV, VI 31 

representing VI- and V-coordination), the ratio of which controls the surface charge of PGPs. PGPs 32 

possess a positive charge in the equilibrium pH range of approximately 2–5 and exhibit a maximum 33 

positive zeta potential at approximately pH 4. Under acidic conditions, the AlVI-PO unit within the 34 

surface structure is released, decreasing the zeta potential as the pH decreases. In contrast, in alkaline 35 

environments, the AlVI/Si-OH hydroxyl group loses protons, causing a decrease in the zeta potential with 36 

increasing pH. Furthermore, PGPs can effectively immobilise SeO3
2-, SeO4

2-, I-, and IO3
- anions through 37 

stabilisation/solidification (S/S). This immobilisation is primarily facilitated by electrostatic attraction 38 

between the anions and the positively charged surface of the PGPs. Importantly, the immobilisation 39 

process does not cause significant alterations to the matrix structure of the PGPs, even after solidification 40 

or subsequent leaching. 41 

 42 
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1. Introduction  50 

The rapid development of contemporary society has brought about remarkable progress in industry and 51 

technology, but has also resulted in a series of significant environmental problems. The development of 52 

the nuclear industry is a prominent example [1, 2, 3]. Although the nuclear industry has brought 53 

tremendous energy and technological advancements to humanity, it has also produced vast quantities of 54 

contaminants, including radionuclides, which are not only released during nuclear accidents [4, 5, 6], but 55 

are also generated during normal nuclear facility operations, posing a significant threat to the natural 56 

environment and human health through their diffusion and accumulation in groundwater [7, 8, 9]. The 57 

radionuclides generated during nuclear operations, notably the cationic cesium-137 (137Cs) and 58 

strontium-90 (90Sr), as well as the anionic selenium-79 (79Se) and iodine-129 (129I), have received 59 

considerable attention. These radionuclides present formidable challenges in terms of proper disposal 60 

owing to their common forms in aqueous and soil environments ( Cs+, Sr2+, SeO3
2-/SeO4

2-, and I-/IO3
-), 61 

high solubility and mobility, and long half-life (137Cs, 30 years; 90Sr, 28 years; 79Se, 3.27 × 105 years; 62 

and 129I, 1.57 × 107 years) [10, 11, 12]. At present, an important issue worldwide is handling and 63 

controlling the nuclear waste generated by the nuclear industry in an efficient, economical, and 64 

environmentally friendly manner. 65 

 66 

Stabilisation/solidification (S/S) technology is widely used for solidifying hazardous waste into a stable, 67 

inert, and impermeable material [13, 14, 15]. This process involves mixing waste with a binder, such as 68 

cement, lime, or gypsum, to form a solid block, which reduces the environmental threat posed by 69 

hazardous waste [16, 17]. In recent years, the application of S/S technology to nuclear waste disposal has 70 

become an essential research topic. Low- to intermediate-level radioactive waste (LLW and ILW, 71 

respectively) can be stabilised and immobilised using S/S technology [18, 19]. This method has 72 

advantages over other disposal methods, such as reducing the volume of waste and increasing its density, 73 

making it easier to transport and store [20]. 74 
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 75 

Geopolymers are a well-known class of inorganic polymers that have attracted significant attention 76 

owing to their low density, excellent thermal and mechanical properties, outstanding fire resistance, 77 

excellent chemical resistance, and strong resistance to permeability [21]. The use of geopolymers as 78 

potential substitutes for Portland cement in nuclear waste management, particularly in the application of 79 

S/S, has gained global attention [22]. Compared with conventional cementitious materials, geopolymer 80 

materials have demonstrated superior chemical durability owing to their three-dimensional framework 81 

structure derived from oxygen-linked aluminium and silicon, as well as their higher degree of silicate 82 

polymerisation [23].  83 

 84 

Among the extensively studied geopolymers, alkali-activated aluminosilicate materials (AAMs) have 85 

been a common focus. The geopolymerisation process encompasses depolymerisation, polycondensation, 86 

and the formation of a gel network from an aluminosilicate precursor upon exposure to a highly alkaline 87 

solution or activator [24, 25]. AAMs are being actively investigated as a potential remedy for the long-88 

term containment of contaminants, notably heavy metals and radionuclides [26, 27]. Owing to their large 89 

number of tetrahedral aluminium sites, AAMs have a permanent negative framework charge [28, 29]. 90 

Owing to this surface electrical property, AAMs are suitable for the uptake and adsorption of cationic 91 

radionuclides [30-34]. In our previous study, we found that Cs+ in AAMs formed complexes with zeolites 92 

in an alkaline environment and was eventually firmly immobilised in the AAMs [35]. Soonthornwiphat 93 

et al. [32] reported that AAMs exhibit excellent S/S performance for the encapsulation of Sr2+-loaded 94 

titanate ion exchangers. Tian et al. [36] successfully immobilised SeO3
2- and SeO4

2- into AAMs using 95 

S/S and surmised that electrostatic interactions were the primary association mode of selenium in 96 

geopolymers. However, as outlined in our previous study [30], the permanently negatively charged 97 

surface of AAMs demonstrates a significant capacity for the adsorption of cationic radionuclides while 98 

limiting the potential for the adsorption of anionic radionuclides. This raises concerns regarding the 99 
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reliability and durability of AAMs as solidification methods for anionic radionuclides, specifically 100 

selenium (79Se) and iodine (129I). 101 

 102 

Acid-activated geopolymers are an intriguing alternative to AAMs, with phosphoric-acid-activated 103 

geopolymers (PGPs) being the most prominent and extensively studied [37]. The activation process 104 

involves the dealumination of an aluminosilicate precursor within a phosphoric acid activator, followed 105 

by the condensation of silicate tetrahedrons, culminating in the formation of P(OAl)x(H2O)4-x units 106 

connected to Si or Al [38]. The acid activators applied in PGPs, such as phosphoric acid, require lower 107 

activation temperatures and result in reduced CO2 emissions compared with traditional alkaline activators, 108 

such as sodium hydroxide or silicate solutions [39]. Moreover, PGPs exhibit superior mechanical 109 

properties compared with AAMs [40-42]. Recently, the application of PGPs in the disposal of 110 

environmentally hazardous substances has gained increasing attention [31]. Liu et al. [43] introduced a 111 

new type of porous phosphoric acid-activated metakaolin-based geopolymer foam material and applied 112 

it to the removal of mixed pollutants (Pb(II), Cd(II), and Ni(II)) from aqueous solutions. Tome et al. [44] 113 

reported that phosphoric acid-activated volcanic ash-based geopolymers have an adsorptive potential for 114 

anionic (erochrome black T (EBT)) and cationic (methylene blue (MB)) dyes in water. Moreover, PGPs 115 

have recently received attention for their S/S applications. Pu et al. [45] found that acid-activated 116 

geopolymers better stabilise Pb2+ than cement- or alkali-activated geopolymers. However, to the best of 117 

our knowledge, studies on the S/S of radionuclides produced by PGPs are limited, especially for anionic 118 

radionuclides, such as selenium (79Se) or iodine (129I). The surface chemistry and electrical properties of 119 

PGPs require significant attention in the fields of anionic radionuclide stabilisation and solidification. 120 

Although AAMs have been extensively researched and acknowledged for their permanently negatively 121 

charged surfaces [19], there is a noticeable lack of comprehensive studies on these aspects of PGPs. This 122 

knowledge gap poses a significant disadvantage for exploring the potential of PGPs for the 123 

immobilisation of anionic radionuclides, highlighting the need for further research in this area. 124 
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 125 

This study aimed to understand the surface chemistry and structure-associated electrostatic properties of 126 

PGPs and explore their viability in the field of stabilisation/solidification of SeO3
2-, SeO4

2-, I-, and IO3
-. 127 

Notably, this is the first instance in which these specific substances have been considered for S/S 128 

implementation using PGPs. The surface properties of the PGPs were evaluated by X-ray photoelectron 129 

spectroscopy (XPS), zeta potential measurements, X-ray diffraction (XRD), nuclear magnetic resonance 130 

(NMR) spectroscopy, and inductively coupled plasma–optical emission spectroscopy (ICP-AES). The 131 

S/S capacities of the PGPs towards SeO3
2-, SeO4

2-, I-, and IO3
- were evaluated using XRD, inductively 132 

coupled plasma–mass spectrometry (ICP-MS), and Fourier-transform infrared spectroscopy (FTIR). This 133 

thorough analysis provided a deeper understanding of the surface chemistry of PGPs. Moreover, the 134 

findings of this study provide compelling evidence supporting the safe disposal of PGPs, especially those 135 

containing radionuclides or other potentially harmful environmental substances.  136 

 137 

2. Experimental details 138 

2.1. Materials  139 

Metakaolin (MK) obtained from Sobueclay (Japan) was used to synthesise the PGPs. The chemical 140 

composition of the MK determined by X-ray fluorescence (XRF) is listed in Table S1; the molar ratio 141 

of SiO2:Al2O3 in metakaolin is 1.91. Analytical-grade pure commercial phosphoric acid (WAKO (Japan), 142 

85 wt. % H3PO4) and ultrapure water (TRUSCO, Japan) were used to produce a phosphoric acid solution, 143 

which was used as an acidic activator for the synthesis of PGPs. KNO3 (KANTO, >99%), KOH 144 

(KANTO, >86%), and HNO3 (KANTO, 61%) were used to adjust the pH and ionic strength of the 145 

solutions. In addition, the non-radiological isotopes K2SeO3, K2SeO4, KI, and KIO3 were selected as the 146 

simulated radionuclide sources and purchased from WAKO (Japan).  147 

 148 

2.2. PGPs synthesis 149 



 

7 

 

The PGPs were prepared by mechanically mixing stoichiometric amounts of metakaolin with a sufficient 150 

quantity of an acidic-activated solution, yielding a solid-to-liquid mass ratio of 1. Acidic-activated 151 

solutions were prepared by diluting 85 wt. % phosphoric acid, and detailed information on the PGP 152 

sample compositions is shown in Table 1, where Si and Al were determined through the molar contents 153 

of SiO2 and Al2O3 in metakaolin (Table S1), and P represented the molar content of H3PO4 from 154 

phosphoric acid. To achieve efficient curing while mitigating thermal cracking, a two-stage curing 155 

protocol was implemented after sealing the homogeneous slurry with parafilm [38]. This procedure 156 

involved an initial pre-curing phase at 40 °C for 24 h, succeeded by a subsequent 24-h curing phase at 157 

60 °C. Afterwards, PGPs were ground to a particle size of less than 150 μm and stored in vacuum bags 158 

for further analysis. 159 

 160 

Table 1. The molar ratio of the Si, Al and P in the PGPs, and the concentration and mass fraction of acid 161 

activator solutions. 162 

Samples Si/Al P/Al P/H2O H3PO4 (M) H3PO4 (wt. %) 
PGP1 0.956 1.025 1.042 14.659 85 

PGP2 0.956 0.821 0.391 10.305 68 

PGP3 0.956 0.615 0.191 6.893 51 

PGP4 0.956 0.410 0.094 4.147 34 

 163 

 164 

2.3. Surface chemical properties experiments 165 

2.3.1. Structural characterisation of PGPs 166 

A Rigaku X-ray diffractometer (MultiFlex, Rigaku, Japan) was used to characterise the synthetic samples 167 

with CuKα radiation, scanning from 2θ=5–70° with a scan speed of 6.5° per min and a step size of 0.02°. 168 

The solid-state magic angle spinning (MAS) NMR spectra of the PGPs were acquired using a Bruker 169 
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500 MHz spectrometer equipped with an 11.74T magnet. 29Si MAS NMR spectra were collected at 99.4 170 

MHz using a φ3.2-mm probe with a pulse width of 1.5 μs (30°) and spinning speed of 5 kHz, and a total 171 

of 2800 scans were recorded with 20-s recycle delay for each sample. For 27Al MAS NMR experiments, 172 

a φ2.5-mm probe operating at 130.4 MHz with a pulse width of 5.8 μs (90°), spinning at 30 kHz, was 173 

used to record a total of 3600 scans, with a 5-s recycle delay for each sample. The chemical shifts for 174 

both 29Si and 27Al nuclei were referenced to hexamethylcyclotrisiloxane (C6H18O3Si3) and an AlCl3 175 

solution (1 mol/L). 176 

 177 

2.3.2. Zeta potential measurement 178 

A zeta potential and particle size analyser (ELSZ-1000ZS) was used to measure the zeta potential of the 179 

PGPs in neutral (pH = 7) and acidic/alkaline (pH: 2–12) solutions with ionic strengths of 10 and 100 mM, 180 

respectively, and the solid/liquid ratio of the suspension was set to 1 g/L. Moreover, the zeta potential of 181 

PGP2 changed with time in the SeO3
2-, SeO4

2-, I-, and IO3
- solutions. The initial anion concentration was 182 

1 mM and the pH and ionic strength were set to 4 and 10 mM, respectively, to simulate the internal 183 

environment of the PGP2 matrix. Solutions with the same ionic strength and pH, but without SeO3
2-, 184 

SeO4
2-, I-, and IO3

-, were used as controls. The zeta potential was measured after immersion for 1, 3, 7, 185 

14, 21, and 28 d. Among the various solutions used to examine the zeta potential, KNO3 was selected to 186 

modulate the ionic strength, whereas KOH and HNO3 were employed to regulate the pH.  187 

 188 

2.3.3. Component changes of PGPs in the aquatic environment  189 

The quantities of P, Si, and Al dissolved from the PGPs in water, acidic, and alkaline solutions were 190 

determined using inductively coupled plasma–atomic emission spectroscopy (ICP-AES; 191 

SPECTROBLUE, Hitachi, Japan). The ICP-AES analysis covered the wavelength range of 165–770 nm. 192 

The pH of the solutions was measured using a pH meter (AS ONE Ltd., Japan), specifically the AS800 193 
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model. The solid/liquid ratio of all the suspensions was set to 1 g/L, the ionic strength of the acidic and 194 

alkaline solutions was set to 10 mM using KNO3, and the pH was controlled using KOH and HNO3.  195 

 196 

2.3.4. XPS measurement 197 

X-ray photoelectron spectroscopy (XPS) analysis was performed using a JPS-9200 (JEOL, Japan) for 198 

detailed chemical composition characterisation of the PGPs before and after immersion in water or pH 199 

solutions. Photoelectron emission was excited by the monochromatic Mg Kα line with a photon energy 200 

of 1253.6 eV. Detailed spectra of each sample were obtained using a narrow scan with an energy step of 201 

0.1 eV and a dwell time of 100 ms. Charging compensation was performed using a neutralising electronic 202 

gun under a constant current and voltage. The binding energy axis was adjusted according to the position 203 

of the C 1s line. 204 

 205 

2.4. Stabilisation/solidification (S/S) and leaching experiment 206 

2.4.1. Preparation of solidified wasteform   207 

Based on the structure and properties (refer to Section 3), the PGP2 samples were selected as the matrix 208 

to solidify SeO3
2-, SeO4

2-, I-, and IO3
-. Predetermined quantities of K2SeO3, K2SeO4, KI, and KIO3 were 209 

dissolved in four separate batches of the acid activator solutions. These solutions were then individually 210 

mixed with metakaolin to achieve a specific ratio of 1 mmol of the intended anion per 100 g of PGP 211 

slurry. The fresh mixture was cast into a cylindrical mould with a height and inner diameter of 1.5 and 212 

1.3 cm, respectively, after stirring, obtaining a 3.6-g (± 0.02-g) specimen containing approximately 36 213 

μmol of target anions. These specimens were sealed with parafilm and underwent two-stage curing as 214 

the original PGPs.  215 

 216 

2.4.2. Leaching experiments   217 
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Leaching experiments were conducted after curing using the ANSI/ANS-16.1-2003 standard test 218 

(American Nuclear Society, 2004). Each specimen was immersed in 88 mL of deionised water as the 219 

leachate (the ratio of the leachate volume to the specimen surface area was 10 mL/cm2), as shown in Fig. 220 

1. The leachate was replaced entirely after cumulative leaching times of 2 h and 9 h and 1, 2, 3, 4, 5, 7, 221 

14, 21, and 28 d at room temperature (approximately 20 ℃) from the onset of the test. The leachates 222 

were then analysed at each time point to determine the released SeO3
2-, SeO4

2-, I-, and IO3
- contents from 223 

the PGP2 matrix. The specimens were recovered after 28 d of leaching and then ground into powder with 224 

particles smaller than 150 μm for solid analysis after 3 d of drying in a 40 ℃ thermostat.  225 

 226 

Fig. 1. Schematic of leaching experiments 227 

 228 

The leachates obtained from the leaching experiments were analysed using ICP-MS (iCap Q ICP-MS, 229 

Thermo Scientific, USA; detection limit 0.01–10 ppb). SeO3
2- and SeO4

2- were measured using the 230 

yttrium internal standard method with ultrapure water as a solvent. All solutions used for ICP-MS 231 

measurements were spiked with 1% HNO3 (approximately 60 wt. %) for sample protection. The 232 

measurement of I- and IO3
- was conducted with the application of the caesium internal standard method 233 

using 0.5% tetramethylammonium hydroxide (TMAH) as a solvent, and all solutions used for ICP-MS 234 

measurements were spiked with 1% Na2SO4 (1 wt. %) for sample protection. The anion-solidified PGP2 235 

samples before and after the leaching experiment were characterised via Fourier-transform infrared 236 

(FTIR) spectroscopy (JASCO670, Japan) at a constant spectral resolution of 4 cm−1. Solid samples were 237 
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recorded in the wavenumber range of 400–2000 cm−1 after dilution with KBr and pressing into tablets. 238 

In addition, XRD measurements were conducted using the same method for all solid samples before and 239 

after the leaching experiments. 240 

 241 

3. Results and discussion 242 

3.1.  Structural properties of PGPs 243 

3.1.1. XRD  244 

Figure 2 shows the X-ray diffraction patterns of the metakaolin precursor and PGPs obtained after a two-245 

stage curing process using different concentrations of phosphoric acid as the activator. The XRD pattern 246 

of the metakaolin precursor exhibited a broad hump in the 2θ range of 15–30°, along with minor 247 

crystalline phase peaks of mullite and quartz, which were retained in all concentrations of acid-activated 248 

PGPs as an inert phase. This indicates that acidic activators encounter difficulties in dissolving and 249 

activating Al and Si, which have already formed stable crystalline structures. Upon activation with acidic 250 

activators, the broad hump of all samples shifted towards 17–35°, indicating that the PGPs had a more 251 

disordered short-range structure with relatively shorter interatomic distances compared with the 252 

metakaolin precursors. Similarly, the hump at less than 15° in the pattern of the metakaolin precursor, 253 

which represented a large interatomic distance (cannot be shown for less than 5°), also shifted towards 254 

15° upon activation with acidic activators. This shift was most pronounced in the PGP1 samples activated 255 

by the highest concentration of the acid activator. Among the four types of PGPs, PGP2 exhibited the 256 

highest reactivity and densest structure, as evidenced by its largest relative variation and fullest hump in 257 

the high-diffraction-angle region. This suggests that a concentration of approximately 10.3 M may be 258 

optimal for the phosphoric acid activator, consistent with previous findings [46]. 259 
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  260 

Fig. 2. X-ray diffraction (XRD) patterns of metakaolin and PGPs. 261 

 262 

3.1.2.  29Si NMR  263 

In cementitious materials, silicon sites are often labelled using the notation Qn(mAl), where Q represents 264 

Si in tetrahedral coordination, and n and m denote the number of tetrahedral atoms and Al atoms bonded 265 

to Si, respectively. The values of n and m range from 0 to 4, indicating that Si is connected to n other 266 

tetrahedral atoms, of which m is Al, through O bridges. Based on this labelling system [45], Fig. S1(a) 267 

illustrates the correspondence between the 29Si nuclei in the different chemical environments of 268 

cementitious materials and their typical chemical shift ranges. As the number of bridged oxygen atoms 269 

around the Si increases, the chemical shift gradually shifts toward the higher-field region. This suggests 270 

that electromagnetic shielding is enhanced. In contrast, an increase in the substitution of aluminium 271 

atoms around the silicate tetrahedra resulted in reduced electromagnetic shielding of the Si nuclei, leading 272 

to a displacement of the Q4(mAl) chemical shift towards a lower field. 273 

 274 
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Figure 3 shows the 29Si NMR spectra and their corresponding individual Gaussian peaks after 275 

deconvolution using the Gaussian amplitude function. The main chemical environment of Si in 276 

phosphoric- acid-activated metakaolin PGPs was found to include Q0, Q1, Q2(1Al), Q3(1Al), Q4(4Al), 277 

Q4(3Al), Q4(2Al), Q4(1Al), and Q4(0Al), which were positioned at chemical shifts around approximately 278 

−68 ± 5, −76 ± 5, −85 ± 3, −86 ± 4, −88 ± 3, −94 ± 4, −100 ± 5, −105 ± 4, and −115 ± 4 ppm, respectively 279 

[38]. However, it is important to note that structural units, such as Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al), 280 

and Q4(0Al), may not necessarily correspond to a single chemical shift peak due to the significant overlap 281 

between broad resonances in disordered solid phases, particularly for silicate tetrahedrons. Consequently, 282 

multiple deconvolution techniques have been utilised to achieve a more accurate fit. 283 

 284 

  285 

   286 
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 287 

Fig. 3. Deconvolution results of 29Si NMR spectra for MK and the PGPs after curing: (a) MK, (b–e) 288 

PGP1, PGP2, PGP3, and PGP4, respectively. 289 

 290 

Figure 4 shows the molar fractionation of Si in different chemical environments in MK and PGPs derived 291 

from 29Si NMR spectra deconvolution results. The Q4(0Al) units were found to be the dominant species 292 

in a given PGP sample, and their proportion increased with the concentration of the acid activator. In 293 

contrast, the number of remaining silicate tetrahedra decreased as the concentration of the acid activator 294 

increased. This is because higher concentrations of acid activators caused more significant dealumination 295 

of MK. This dealumination process promoted the condensation of silicate tetrahedrons, increasing 296 

Q4(0Al). It is also noteworthy that the Q4 (1Al) units of all the PGPs increased to varying degrees 297 

compared with MK. This is because Q4(1Al) is also the product of the dealumination of higher-Al-298 

content silicate tetrahedrons, and higher concentrations of the acid activator further enabled the 299 

dealumination of Q4(1Al), resulting in more Q4(0Al). 300 

 301 
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 302 

Fig. 4. Molar proportions of Si structural units in MK and PGPs quantified through the 29Si NMR 303 

deconvolved spectra. 304 

 305 

3.1.3. 27Al NMR  306 

Figure S1(b) illustrates the primary features of the 27Al chemical shift variation observed in most types 307 

of porous aluminosilicate solids, where Al typically exists in IV-, V-, and VI-fold coordination structures 308 

[47]. As the number of coordination structures around the Al atom increased, the chemical shift gradually 309 

increased to higher fields. However, the chemical shifts of Al with the same coordination number varied 310 

depending on the type of atoms connected to it via bridging oxygen atoms. In general, Alx-OP has a 311 

chemical shift closer to the high-field range than Alx-OSi/OH because P is less electronegative than O 312 

and Si. The deconvolution strategy for 27Al in the PGPs sample was different from that for 29Si, because 313 

27Al (S = 5/2) is a class of quadrupolar nuclei (S > 1/2), and quadrupolar interactions must be considered 314 

in the process of simulating the spectra [48]. As a result, deconvolution and simulation of 27Al NMR 315 

spectra were achieved by combining multiple Pearson IV functions [49].  316 

 317 
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The deconvolution results of the 27Al NMR spectra of MK and PGPs are shown in Fig. 5. The chemical 318 

environment of Al in metakaolin was mainly composed of IV- and V-coordinated structures, with a small 319 

fraction of VI-coordinated structures. Upon activation with an acid activator, the original VI-coordinated 320 

Al species linked to Si/OH in MK disappeared, and the V-coordinated Al species decreased significantly. 321 

Meanwhile, new IV-, V-, and VI-coordinated Al species linked to OP were generated. The intensity 322 

corresponding to the VI-coordinated Al species linked to -OP increased significantly with increasing acid 323 

activator concentration. 324 

 325 

   326 

    327 
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 328 

Fig. 5. Deconvolution results of 27Al NMR spectra for MK and the PGPs after curing. (a) MK, and (b–329 

e) PGP1, PGP2, PGP3, and PGP4, respectively. 330 

 331 

Figure 6 shows the molar proportion of Al in metakaolin and PGPs for each chemical structural unit 332 

based on 27Al NMR deconvolution. Upon the activation of metakaolin to form PGPs, the AlVI-OSi/OH 333 

component was eliminated, while notable reductions were observed in the AlV-OSi/OH and AlIV-OSi/OH 334 

components. The reductions in the latter two were positively correlated with the concentration of the acid 335 

activator. The proportion of AlVI-OP, a novel structural unit generated in PGPs, increased significantly 336 

with increasing activator concentrations. In contrast, the proportions of the other two newly formed 337 

structural units, AlIV-OP and AlV-OP, decreased with increasing acid activator concentration. Although 338 

PGP4, with the lowest concentration of acidic activator, exhibited the lowest percentage of AlV-OP of 339 

all PGPs, this may be attributed to the insufficient concentration of the acid activator, which hinders the 340 

effective progress of dealumination and thus the formation of AlV-OP, to an extent. These findings 341 

indicate that higher concentrations of acid activators facilitate the dealumination process of metakaolin, 342 

but only favour the formation of new structural units of AlVI-OP. 343 

 344 
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  345 

Fig. 6. Molar proportions of Al coordination structural units in MK and PGP 1–4 quantified through the 346 

27Al NMR deconvolved spectra. 347 

 348 

3.2. Zeta potential 349 

The pH plays a critical role in influencing the surface electrostatic properties of materials. To investigate 350 

the zeta potential behaviour of the PGPs under different pH conditions, the PGP powder was immersed 351 

in solutions spanning the pH range from acidic to basic (pH 2–12). The pH and zeta potential values of 352 

PGP1–PGP4 after reaching equilibrium in a neutral solution (pH 7) are presented in Table 2. At 353 

equilibrium, the pH values exhibited varying degrees of reduction, gradually decreasing with increasing 354 

concentrations of the acid activator (PGP4–PGP1), whereas the zeta potential showed a corresponding 355 

gradual increase. The influence of pH on the zeta potential of the PGPs in acidic and basic solutions is 356 

shown in Fig. 7. Similar to the neutral solution (Table 2), an overall decrease in the solution pH was 357 

observed after equilibrium compared with the initial pH setting. This decrease could be attributed to the 358 

acidic nature of the PGPs activated by the acid activator. The magnitude of the pH reduction upon the 359 

introduction of these materials into the solution depended on the concentration of the acid activator. The 360 
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zeta potential values of the PGPs demonstrated an initial increase, followed by a subsequent decrease 361 

with variations in pH, which was observed in both the 10- and 100-mM ionic strength solutions. The zeta 362 

potential curve of the PGPs in the solution with 100-mM ionic strength appeared flatter than that in the 363 

solution with 10-mM ionic strength. This flattening can be attributed to the formation of a thinner 364 

electrical double layer (EDL) on the surface of the PGP particles in the higher-ionic-strength solution, 365 

resulting in a lower absolute value of the zeta potential for the same charge amount [50]. Progressive 366 

rightward displacement of the zeta potential peaks was observed from PGP1–PGP4 in solutions of both 367 

ionic strengths. These peaks corresponded exactly to the pH and zeta potential values of the PGPs at 368 

equilibrium in a neutral solution with an initial pH of 7. The PGPs exhibited peak positive zeta potentials 369 

at equilibrium pH levels. Deviations from this pH value resulted in a gradual decrease in the zeta potential 370 

in either direction. 371 

 372 

Table 2. pH and zeta potential of PGPs at equilibrium in neutral solution. 373 

 PGP1 PGP2 PGP3 PGP4 

pH-10 mM 3.76 ± 0.01 4.05 ± 0.02 4.29 ± 0.03 4.53 ± 0.02 

Zeta potential (mV)-10 mM 40.02 ± 0.04 36.98 ± 1.27 33.64 ± 0.57 25.18 ± 0.79 

pH-100 mM 3.66 ± 0.03 3.98 ± 0.04 4.24 ± 0.02 4.41 ± 0.04 

Zeta potential (mV)-100 mM 24.95 ± 0.93 20.08 ± 0.25 19.55 ± 0.91 14.88 ± 0.17 

 374 

 375 
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   376 

Fig. 7. Zeta potential of PGPs in NO3
- solutions of (a) 10- and (b) 100-mM ionic strength at various pH 377 

values after equilibrium (empty symbols identify testing in a pH 7 solution). 378 

 379 

The coordination state of Al significantly affects the surface charge of aluminosilicate materials. For 380 

example, the surface is negatively charged in zeolites and AAMs where IV-coordinated Al dominates 381 

[51, 52]. This is because the tetrahedral AlIV sites always provide Brønsted acidity, resulting in a 382 

negatively charged surface [53]. In contrast, the octahedral AlVI sites are amphoteric in nature. In acidic 383 

environments, they can provide Brønsted basicity and a positive charge after binding to protons, whereas 384 

in alkaline environments, they can provide Brønsted acidity and a negatively charged surface [54]. 385 

Figure 8 shows the zeta potential of the PGPs as a function of the AlVI/AlIV ratio, as determined by 27Al 386 

NMR analysis in a neutral solution. The surface charge of the PGP sample was positively correlated with 387 

the AlVI/AlIV ratio in its structure, which can be explained by the above theories. 388 

 389 
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 390 

Fig. 8. Zeta potential of PGPs in neutral solution with ionic strengths of (a) 10 mM and (b) 100 mM as 391 

a function of AlVI / AlIV molar ratio. 392 

 393 

Figure 9 presents the time-dependent zeta potentials of PGP2 in four different anion solutions. Following 394 

a day of immersion, only the zeta potential of PGP2 in SeO4
2- was significantly lower than that in the 395 

control group. Subsequently, the zeta potentials gradually decreased to varying extents, with a noticeable 396 

distinction observed after 7 d, demonstrating the significant electrostatic attraction of PGP to all anions. 397 

Equilibrium was achieved after approximately 14 d, with only a slight decrease observed at 28 d. The 398 

reduction in zeta potential after reaching equilibrium followed the order of SeO4
2->SeO3

2->I->IO3
-. 399 

Charge density plays a crucial role in the variation of the zeta potential upon adsorption onto colloidal 400 

surfaces. Even among ions with the same valence state, those with larger ionic sizes and lower charge 401 

densities exhibited a relatively limited influence on the zeta potential [55]. Although the ionic sizes of 402 

SeO4
2- and SeO3

2- are comparable, the latter acquires protons in acidic surroundings, forming HSeO3
-, 403 

thus exhibiting a lower charge density than SeO4
2-. However, the charge density of IO3

- with oxygen 404 

atoms is considerably lower than that of I-, resulting in a change in the relatively low zeta potential. 405 

 406 
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 407 

Fig. 9. Zeta potential of PGP2 in anionic solutions of 1 mM concentration with time (all solutions had a 408 

pH of approximately 3.6 ± 0.2). 409 

 410 

3.3.  Surface changes in the aqueous environment 411 

3.3.1. Component changes  412 

To study the surface behaviour of the PGPs in an aqueous environment, the change in the surface 413 

composition of the PGPs after immersion in water was investigated. Figure 10(a) shows the percentages 414 

and relative proportions of Al, Si, and P in the raw materials. In all PGPs, the proportions of Al and Si 415 

remained consistent, given that MK was the source. However, the proportion of P decreased as the acid 416 

activator concentration decreased. The composition of the ground PGP powder is presented in Fig. 10(b). 417 

The surfaces of the PGPs showed a higher Si content and lower P and Al contents with decreasing acid 418 

activator concentration, except for PGP1, which had the second-lowest Al content after PGP4. Compared 419 

with the raw material, as determined by the experimental design composition (Fig. 10(a)), it is evident 420 

that all PGPs, except PGP4, exhibited reduced levels of Al and increased levels of P on their surfaces. 421 

This can be attributed to the dealumination and penetration of P during geopolymerisation, which resulted 422 

in a significant number of defective sites in the original Si-O-Al structure. During grinding, these sites 423 

were easily fractured, forming the surface of the obtained powder. Upon immersion in water (Fig. 2S(a)), 424 
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significant amounts of Al and P leached from the surface of the PGPs, whereas little Si was detected in 425 

the leachate. This indicates the inability of the acid activator to dissolve Si in MK and the presence of 426 

large amounts of extra-framework Al (EFAL) and free PO4
3- on the surface of the PGPs. Furthermore, 427 

analysis of the surface Al, P, and Si contents after water immersion revealed that the relative Al and P 428 

contents on the surfaces of all PGPs were similar after water immersion (Fig. 10(c)), which may be 429 

attributed to the preference of Al and P for the formation of Al-O-P in the structure [38]. Moreover, the 430 

Si content increased from PGP2 to PGP4, with PGP1 displaying a Si content comparable to that of PGP4. 431 

This can be explained by the fact that a suitable concentration of the acid activator (PGP2) facilitates the 432 

geopolymerisation process, resulting in the formation of more Al-O-P units within the structure. In 433 

contrast, an excessive concentration of an acid activator (PGP1) may promote a rapid dealumination 434 

process and the accumulation of Al3+ around the metakaolin particles, thereby impeding the reaction. 435 

Therefore, combining the XRD and NMR analysis results, PGP2 was selected as the sample in this 436 

context for further study. 437 

 438 

When PGP2 was immersed in an acidic environment, Al leaching increased significantly as the pH 439 

decreased (Fig. 2S(b)). Conversely, in an alkaline environment, the leaching of Al remained consistently 440 

low and was independent of the pH, with fluctuations presumably due to Al3+ precipitation from the basic 441 

pH. Correspondingly, as shown in Fig. 10(d), the concentrations of Si, Al, and P on the surface of PGP2 442 

exhibited distinct trends when exposed to acidic solutions at different pH levels. Specifically, as the 443 

solution pH decreased, the proportion of Si gradually increased, whereas the proportions of Al and P 444 

decreased. In contrast, the individual components remained stable after immersion in an alkaline solution. 445 

 446 
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  447 

  448 

Fig. 10. Proportion and relative molar ratio of Al, Si, and P in (a) raw materials, (b) PGPs before water 449 

immersion, (c) PGPs after water immersion, and (d) proportion and the relative molar ratios of Al, Si, 450 

and P in the PGP2 sample with pH variation. 451 

 452 

3.3.2. XPS spectroscopy analysis 453 

X-ray photoelectron spectroscopy (XPS) was employed to examine the changes in the surface chemistry 454 

of the PGP2 samples following their immersion in aqueous solutions with varying pH. The resulting XPS 455 

spectral changes of Al 2p, Si 2p, O 1s, and P 2p of the PGP2 samples in acidic and alkaline solutions 456 

with progressive pH modification are shown in Fig. 3S(a) and (b), respectively. In acidic solutions (Fig. 457 
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3S(a)), the intensities of Al 2p and P 2p decreased gradually with decreasing pH, which was attributed 458 

to the dissolution and leaching of Al and P from the surface of PGP2 under acidic conditions (Fig. 2S(b)). 459 

Furthermore, as the pH decreased, the binding energies of Si 2p and O 1s gradually increased. This trend 460 

can be attributed to the dissolution of Al and P from the surface structure of PGP2, resulting in a higher 461 

electron cloud density around the Si and O atoms. In alkaline solutions (Fig. 3S(b)), no significant 462 

chemical composition or structural changes were observed in any of the XPS spectra with increasing pH. 463 

These results align with prior compositional analyses (Fig. 10(d)) and suggest that PGP2 can maintain a 464 

more stable surface chemical structure in an alkaline environment than in an acidic environment. 465 

 466 

To achieve a more comprehensive analysis of the changes in the surface chemical structure of PGP2 467 

under different pH conditions, high-resolution XPS spectra at three initial pH values ( 2, 7, and 12) were 468 

deconvoluted using a Gaussian amplitude function and compared (Fig. 11). Furthermore, the different 469 

chemical states of the PGP2 sample were quantified and the results are presented in Table 3. The Al 2p 470 

spectrum of PGP2 exhibited two peaks located at 75.15 and 76 eV. As established in previous studies 471 

[56, 57], the peak at 75.16 eV is attributed to AlPO4 linkages, whereas the peak at 76 eV corresponds to 472 

Al-O-Si bonds. In the neutral and alkaline solutions, no significant differences in Al 2p contributed to 473 

either chemical environment. However, in acidic solutions, both peaks were significantly weakened, 474 

although the relative intensity of the Al-O-Si peak was higher. These results indicate that the Al-O-P 475 

bond in AlPO4 is more vulnerable to breakage in acidic environments than the Al-O-Si bond. 476 

Consequently, the dealumination of the PGP2 surface was primarily caused by the breakage of the Al-477 

O-P bond. 478 

 479 

The Si 2p spectrum was deconvoluted into three components. The peak at a binding energy of 102 eV 480 

was associated with Si-O-Al [54], whereas the peaks at approximately 103.1 and 104 eV were attributed 481 

to Si-O-P and Si-O-Si, respectively [58, 59]. The presence of these three stable peaks in neutral and 482 
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alkaline environments indicates the relative stability of the chemical environment and the composition 483 

of Si on the PGP2 surface, similar to the behaviour observed for Al. However, in an acidic environment, 484 

the Si 2p peak of Si-O-P disappeared, leaving only a faint Si-O-Al peak. This suggests that dealumination 485 

of the PGP2 surface in an acidic environment is more likely to occur through the removal of P-linked Al 486 

from Si-O-P-Al than from Si-O-Al. 487 

The O 1s spectrum of PGP2 was deconvoluted into four main components. The peak at 531 eV could be 488 

attributed to P-O-P bonds from the network structure or P=O bonds from the PO4
3- functional groups [59, 489 

59]. The binding energy peaks at 532.1 and 533 eV corresponded to the bridging oxygen in Si-O-Al and 490 

Si-O-Si, respectively [54, 61]. The peak at 534 eV corresponded to the O 1s binding energy of terminal 491 

Si (Si-OH) groups [62]. The O 1s peaks of Si-O-Si on the PGP2 surface exhibited a relatively stable 492 

content in both neutral and alkaline environments, while the increase under acidic environments was due 493 

to dealumination. Correspondingly, the O 1s contribution to Al-O-Si decreased significantly in acidic 494 

environments and remained almost constant in neutral and alkaline environments. Although the O 1s 495 

peak corresponding to P-O-P (P=O) was relatively weak, a reduction could still be observed in acidic 496 

environments. The O 1s peak corresponding to Si-OH gradually decreased from low to high pH, which 497 

can be attributed to the decrease in Si-OH at the defective sites or terminal Si resulting from broken P-498 

O-Si and Al-O-Si bonds. The Si-O- at these fracture points had a strong affinity for accepting protons 499 

from the acidic environment to form Si-OH. In an alkaline environment, the hydroxyl radical ions in the 500 

solution reacted with Si-OH on the surface of PGP2, which is a common reaction observed in silicate 501 

materials in alkaline environments [63]. This reaction weakened the O 1s XPS peak intensity of Si-OH. 502 

Notably, as the intensity of the O 1s peak corresponding to Si-OH decreased, a new peak appeared at a 503 

binding energy of approximately 534.5 eV, which was previously identified as O 1s in Si-O- [64]. This 504 

result also provides evidence that the Si-OH groups on the surface of PGP2 undergo deprotonation to 505 

form Si-O- in alkaline environments.  506 

 507 
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In the P 2p spectra, only one component was discerned on the PGP2 surface in the natural and alkaline 508 

environments. This component is likely a mixture of Si-O-P bonds, Al-O-P bonds, and variations in the 509 

O-P-O and P=O bond content [65]. In such cases, P exists in a crosslinking-type chemical environment 510 

that connects Al and Si in tetra-coordinated P [66]. Consequently, it is difficult to distinguish between 511 

the individual contributions of each bond. However, in an acidic environment, although the intensity of 512 

the P 2p XPS peak was relatively low, a shift in the binding energy was still observed. After 513 

deconvolution, a new peak was obtained at approximately 136.18 eV, which was believed to represent 514 

the component of terminal-type P. This type of P is linked only on one side with Al or a small portion of 515 

Si after the breakage of the Al-O-P bond in an acidic environment. 516 

 517 

 518 

Fig. 11. High-resolution XPS analysis of PGP2 after immersion in pH 2, 7, and 14 solutions. 519 

 520 

Table 3. X-ray photoelectron spectroscopy of functional groups of PGP2 sample 521 

Peak 
name 

Functional 
group 

Binging energy 
（eV） 

Proportion 
(%)  
pH 2 

Proportion 
(%)  
pH 7 

Proportion 
(%)  

pH 12 

Al 2p 
AlPO4 

Al-O-Si 

75.15 
76 

18.82 
81.18 

26.26 
73.74 

27.89 
72.11 

Si 2p 
Si-O-Al 
Si-O-P 
Si-O-Si 

102 
103.1 
104 

5.32 
- 

94.68 

17.16 
36.02 
46.82 

15.03 
34.44 
50.53 
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O 1s 

P-O- (P=0) 
Al-O-Si 
Si-O-Si 
Si-OH 
Si-O- 

531 
532.1 
533 
534 

534.5 

2.97 
4.68 

67.25 
25.10 

-  

4.98 
17.55 
62.76 
14.71 

- 

7.40 
19.08 
63.15 
7.13 
3.24 

P 2p 
Crosslinking-P 

Bridging-P 
135.12 
136.18 

77.54 
22.46 

100 
- 

100 
- 

 522 

 523 

3.4. Evaluation of stabilisation/solidification capacity for anions 524 

The leaching of SeO3
2-, SeO4

2-, I-, and IO3
- from PGP2 is illustrated in Fig. 12. All anions were leached 525 

consistently from PGP2-based samples and reached leaching extents of 2.14±0.06%, 3.04±0.12%, 526 

3.55±0.05%, and 4.23±0.05% for SeO3
2-, SeO4

2-, I-, and IO3
-, respectively, after 28 d.  527 

 528 

 529 

Fig. 12. Cumulative fraction of Se oxyanion (SeO3
2- and SeO4

2-), I-, and IO3
- leaching from PGP2 for 28 530 

d (confidence intervals are indicated by light-coloured areas). 531 

 532 

Table 4 shows a comparison of previous studies on the immobilisation of SeO3
2-, SeO4

2-, I- and IO3
- onto 533 

alkali-activated materials. Tian et al. [36] used Na2SiO3 and NaOH as alkali activators to activate 534 

geopolymer materials and solidify the Se oxyanions. After an 18-h leaching procedure, it was determined 535 
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that the Na2SiO3-activated geopolymer exhibited superior efficiency in solidifying SeO3
2-

 and SeO4
2- 536 

compared with NaOH-activated geopolymers, which can be attributed to the variations in the structural 537 

compactness of the geopolymer induced by the two different activators. The former results in leaching 538 

percentages of 10% and 18%, respectively. In another investigation, the efficacy of alkali-activated 539 

geopolymers in immobilising I- was found to be inadequate, with more than 80% of I- being leached out 540 

over a 21-d leaching period. This outcome was attributed to the weak association between I- and the 541 

geopolymer [67]. In addition, owing to the lack of studies and data on the immobilisation of IO3
- by 542 

alkali-activated geopolymers, the capacities of the typical alkali-absorbent ettringite and layered double 543 

hydroxides (LDHs) to immobilise IO3
- were compared [68, 69]. Although both ettringite and LDHs 544 

exhibited some immobilisation capability, the presence of co-mingled SO4
2- and CO3

2- in the vadose zone 545 

pore water (VZPW) within cementitious waste forms led to substantial leaching of IO3
- after the leaching 546 

process. To the best of our knowledge, this study shows the highest level of effectiveness among all 547 

published reports on the solidification capacity of alkali-activated metakaolin geopolymer substrates for 548 

SeO3
2-, SeO4

2-, I-, and IO3
-. 549 

 550 

Table 4. Leaching of SeO3
2-, SeO3

2-, I- and IO3
- from alkaline-activated materials in literature: alkali-551 

activated geopolymer matrices for Se oxyanions and I-, and other adsorbents for IO3
-, compared with the 552 

PGP in this study. 553 

Condition SeO3
2-

 SeO4
2-

 I
-
 IO3

-
 reference 

S/S in Na2SiO3-based GPs 10% 
(18 h) 

18% 
(18 h) 

  [36] 

S/S in the NaOH-based GPs 
with calcined hydrotalcite 

(CHT) 

50% 
(18 h) 

60% 
(18 h) 

  [36] 

S/S in the alkaline-activated 
metakaolin-based GP 

  >80% 
(21 d) 

 [67] 
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Iodate substituted ettringite    31% 
(35 d) 

[68] 

Iodate doped Mg/Al LDHs    21% 
(21 d) 

[69] 

S/S in phosphoric acid-
activated metakaolin-based 

geopolymer  

2.14% 
(28 d) 

3.04% 
(28 d) 

3.55% 
(28 d) 

4.23% 
(28 d) 

This 
study 

 554 

 555 

XRD was employed to study the structural changes occurring during the solidification of anions and 556 

leaching of the PGP2 samples. Figure 13(a) displays the XRD patterns of the original PGP2 and the 557 

PGP2 samples that underwent solidification with anions. The results indicate that the XRD pattern of the 558 

PGP2 sample remained unchanged with the anion solidification after the two-stage curing process, 559 

displaying the same broad hump in the 2θ range of 15–35° as the original PGP2 sample. The XRD 560 

patterns of the PGP2 samples with solidifying anions after 28 d of leaching are shown in Fig. 13(b). 561 

After 28 d of leaching, the PGP2 samples with solidified anions maintained the same XRD pattern as 562 

previously reported. These results indicate that the crystalline structure of PGP2 did not change after 563 

solidifying the anions and could maintain its structural stability, even after 28 d of leaching. 564 

 565 

  566 
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Fig. 13. XRD pattern of pure PGP2 and PGP2 samples incorporated with anions of SeO3
2-, SeO4

2-, I-, 567 

and IO3
- (a) before and (b) after leaching. 568 

 569 

The PGP2 samples with the incorporated anions before and after leaching were characterised by FTIR 570 

spectroscopy (Fig. 14). PGP2 absorption peaks were assigned according to previous studies [38, 70-75]. 571 

The absorption peaks located at 1600–1700 cm–1 were due to the bending vibration of the OH groups. 572 

The peaks at 900–1200 cm-1 and 720 cm-1 were assigned to the asymmetric and symmetric stretching of 573 

Si-O-Si and Al-O-Si, respectively. The peaks at 912, 800, 630, and 450 cm-1 were assigned to the 574 

stretching and bending vibrations of Si-O-P, Si-O-Si, O-P-O, and Si-O, respectively. Moreover, a faint 575 

peak was observed in the CO3
2– vibration mode at 1405 cm–1. This is because the phosphoric acid-576 

activated geopolymers exposed active hydroxyl groups on their surfaces during geopolymerisation (Fig. 577 

3), which could easily absorb carbon dioxide from the air and produce carbonation that disappeared after 578 

28 d of leaching. Notably, all the vibration modes of PGP2 remained unaltered after the incorporation of 579 

anions (Fig. 14(a)). Both intensities and frequencies remained nearly constant, indicating that the PGP2 580 

matrix retained its structural integrity, even after anion incorporation. No new chemical linkages were 581 

observed, suggesting a chemical connection between the PGP2 matrix and the anions. Furthermore, 582 

consistent FTIR spectra were observed for all PGP2 samples before and after leaching, indicating that 583 

PGP2 maintained its structural stability, even after 28 d of leaching (Fig. 14(b)). 584 

 585 
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    586 

Fig. 14. FTIR spectra of PGP2 samples (a) before and (b) after leaching. 587 

 588 

Based on the leaching results, it is evident that SeO3
2- consistently exhibited a lower leaching rate than I- 589 

and IO3
-. Conversely, SeO4

2-, which initially demonstrated higher leaching than I- for up to approximately 590 

21 d, experienced a decline in leaching beyond this period, ultimately leaching less than I- owing to its 591 

plateaued leaching curve (Fig. 12). Generally, the association of Se and I with the Al or Si tetrahedron is 592 

exceedingly challenging due to their distinct structures and charges [76, 77]. Moreover, the FTIR and 593 

XRD results demonstrated that the PGP2 matrix did not undergo any structural changes or produce new 594 

chemical bonds after the solidification of the anions (Fig. 13, 14). Considering the electrostatic 595 

interaction as the primary association mode between PGP2 and anions, it is clear that this result is 596 

consistent with earlier speculations based on zeta potential (Fig. 9). However, the robust solidification 597 

capacity of PGP2 for SeO3
2- compared with that for SeO4

2- appeared to contradict the zeta potential 598 

results. It is crucial to note that SeO3
2- in PGP is typically present in the form of HSeO3

- because of its 599 

acidic environment [78]. Therefore, despite having a greater electrostatic attraction, its impact on the zeta 600 

potential of the PGP surface was not as strong as that of SeO4
2-. Conversely, the PGP sample containing 601 

I- after the 28-d leaching experiment showed a brownish–yellow substance with a distinctly irritating 602 
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odour (Fig. 12), which was identified as KI. Thus, the high solidification ability of PGP for I- was also 603 

favoured by the precipitation of KI in addition to ionic electrostatic attraction, although I- had a more 604 

pronounced effect on the zeta potential of PGPs than IO3
- (Fig. 9). 605 

 606 

4. Conclusions 607 

The surface chemistry and structure-related electrostatic properties of phosphoric-acid-activated MK-608 

based PGPs and their potential in S/S applications were studied and evaluated through zeta potential, 609 

microstructure characterisation, immersion behaviour, and leaching experiments. The obtained results 610 

provide a theoretical basis for prospective manipulation of the surface electrical characteristics of PGPs. 611 

Additionally, the findings provide valuable insights and perspectives on the immobilisation of anionic 612 

radionuclides, which can inform the broader integration of PGPs in the domain of nuclear waste 613 

management. The following conclusions were drawn:   614 

1) PGPs develop AlVI-OP and AlIV-OP structural units after undergoing geopolymerisation, the ratio of 615 

which controls the surface electrostatic properties of the PGPs. Increasing the concentrations of the 616 

acid activators led to a higher ratio of these units, resulting in more positively charged sites. An 617 

optimal concentration of approximately 10.3 M of the phosphoric acid activator is recommended 618 

when activating metakaolin. This concentration effectively supported the geopolymerisation process 619 

without inducing excessive dealumination, which could have hindered the reaction. 620 

2) The surfaces of the PGPs demonstrated a zeta potential that initially increased and then decreased as 621 

the pH level increased. Typically, the zeta potential reaches its peak value at equilibrium pH in neutral 622 

solutions. Within the equilibrium pH range of approximately 2–5, the surfaces of the PGPs carried a 623 

positive charge and possessed electrostatic adsorption capabilities for anions such as SeO3
2-, SeO4

2-, 624 

I-, and IO3
-. 625 
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3) When PGPs come into contact with an acidic aqueous environment, their surface structure 626 

experiences preferential fracture of the AlPO4 units, which contributes to the dealumination process. 627 

This phenomenon became more prominent as the pH decreased, leading to a decreased ratio of AlVI-628 

OP to AlIV-OP and subsequently causing a decline in the positive electrical properties of the PGPs 629 

surface. In contrast, PGPs exhibit relatively stable structures in aqueous alkaline environments. 630 

However, a large number of Si-OH structural units in the surface structure, along with VI-631 

coordination Al, which exhibits Brønsted acidity in an alkaline environment, lose their protons and 632 

generate negative charges. This process intensified with increasing pH, leading to an increase in the 633 

negative charge of the PGP surface. 634 

4) The immobilisation of SeO3
2-, SeO3

2-, I-, and IO3
- anions within the PGP matrix was highly effective, 635 

without any significant changes in the matrix structure observed after the solidification of these 636 

anions, even after 28 d of leaching. This effective immobilisation was primarily attributed to the 637 

electrostatic attraction between the anions and positively charged structural unit, AlVI-OP, located at 638 

the PGP matrix interface. Remarkably, this association led to a significant enhancement in the 639 

retention of anions compared with previous studies that utilised different matrices. 640 
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