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Abstract

Phosphoric-acid-activated metakaolin-based geopolymers (PGPs) have been investigated as promising
options for the disposal of radionuclides. However, a lack of understanding of the surface chemical
properties of PGPs has hindered further research into them and their application. This study explored the
structure-related electrostatic properties and anion immobilisation potentials of PGPs via zeta potential
measurements, structural characterisation, and leaching experiments. These findings suggest that acid
activation triggers the geopolymerisation of metakaolin, resulting in new Alx-PO units (x = IV, VI
representing VI- and V-coordination), the ratio of which controls the surface charge of PGPs. PGPs
possess a positive charge in the equilibrium pH range of approximately 2—5 and exhibit a maximum
positive zeta potential at approximately pH 4. Under acidic conditions, the Alyi-PO unit within the
surface structure is released, decreasing the zeta potential as the pH decreases. In contrast, in alkaline
environments, the Alyi/Si-OH hydroxyl group loses protons, causing a decrease in the zeta potential with
increasing pH. Furthermore, PGPs can effectively immobilise SeOs*", SeO4>, I', and 105™ anions through
stabilisation/solidification (S/S). This immobilisation is primarily facilitated by electrostatic attraction
between the anions and the positively charged surface of the PGPs. Importantly, the immobilisation
process does not cause significant alterations to the matrix structure of the PGPs, even after solidification

or subsequent leaching.

KEYWORDS: Acid-activated geopolymer; Metakaolin; Zeta potential; Immobilisation; Leaching
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1. Introduction

The rapid development of contemporary society has brought about remarkable progress in industry and
technology, but has also resulted in a series of significant environmental problems. The development of
the nuclear industry is a prominent example [1, 2, 3]. Although the nuclear industry has brought
tremendous energy and technological advancements to humanity, it has also produced vast quantities of
contaminants, including radionuclides, which are not only released during nuclear accidents [4, 5, 6], but
are also generated during normal nuclear facility operations, posing a significant threat to the natural
environment and human health through their diffusion and accumulation in groundwater [7, 8, 9]. The
radionuclides generated during nuclear operations, notably the cationic cesium-137 ('*’Cs) and
strontium-90 (°°Sr), as well as the anionic selenium-79 ("’Se) and iodine-129 (**I), have received
considerable attention. These radionuclides present formidable challenges in terms of proper disposal
owing to their common forms in aqueous and soil environments ( Cs*, Sr?*, Se03*/Se04>, and 1/103),
high solubility and mobility, and long half-life (1*’Cs, 30 years; *°Sr, 28 years; "°Se, 3.27 x 10° years;
and %I, 1.57 x 107 years) [10, 11, 12]. At present, an important issue worldwide is handling and
controlling the nuclear waste generated by the nuclear industry in an efficient, economical, and

environmentally friendly manner.

Stabilisation/solidification (S/S) technology is widely used for solidifying hazardous waste into a stable,
inert, and impermeable material [13, 14, 15]. This process involves mixing waste with a binder, such as
cement, lime, or gypsum, to form a solid block, which reduces the environmental threat posed by
hazardous waste [ 16, 17]. In recent years, the application of S/S technology to nuclear waste disposal has
become an essential research topic. Low- to intermediate-level radioactive waste (LLW and ILW,
respectively) can be stabilised and immobilised using S/S technology [18, 19]. This method has
advantages over other disposal methods, such as reducing the volume of waste and increasing its density,

making it easier to transport and store [20].
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Geopolymers are a well-known class of inorganic polymers that have attracted significant attention
owing to their low density, excellent thermal and mechanical properties, outstanding fire resistance,
excellent chemical resistance, and strong resistance to permeability [21]. The use of geopolymers as
potential substitutes for Portland cement in nuclear waste management, particularly in the application of
S/S, has gained global attention [22]. Compared with conventional cementitious materials, geopolymer
materials have demonstrated superior chemical durability owing to their three-dimensional framework
structure derived from oxygen-linked aluminium and silicon, as well as their higher degree of silicate

polymerisation [23].

Among the extensively studied geopolymers, alkali-activated aluminosilicate materials (AAMs) have
been a common focus. The geopolymerisation process encompasses depolymerisation, polycondensation,
and the formation of a gel network from an aluminosilicate precursor upon exposure to a highly alkaline
solution or activator [24, 25]. AAMs are being actively investigated as a potential remedy for the long-
term containment of contaminants, notably heavy metals and radionuclides [26, 27]. Owing to their large
number of tetrahedral aluminium sites, AAMs have a permanent negative framework charge [28, 29].
Owing to this surface electrical property, AAMs are suitable for the uptake and adsorption of cationic
radionuclides [30-34]. In our previous study, we found that Cs" in AAMs formed complexes with zeolites
in an alkaline environment and was eventually firmly immobilised in the AAMs [35]. Soonthornwiphat
et al. [32] reported that AAMs exhibit excellent S/S performance for the encapsulation of Sr2+-loaded
titanate ion exchangers. Tian et al. [36] successfully immobilised SeOs> and SeO4>" into AAMs using
S/S and surmised that electrostatic interactions were the primary association mode of selenium in
geopolymers. However, as outlined in our previous study [30], the permanently negatively charged
surface of AAMs demonstrates a significant capacity for the adsorption of cationic radionuclides while

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

selenium ("’Se) and iodine ('*I).

Acid-activated geopolymers are an intriguing alternative to AAMs, with phosphoric-acid-activated
geopolymers (PGPs) being the most prominent and extensively studied [37]. The activation process
involves the dealumination of an aluminosilicate precursor within a phosphoric acid activator, followed
by the condensation of silicate tetrahedrons, culminating in the formation of P(OAl)x(H20)4x units
connected to Si or Al [38]. The acid activators applied in PGPs, such as phosphoric acid, require lower
activation temperatures and result in reduced CO; emissions compared with traditional alkaline activators,
such as sodium hydroxide or silicate solutions [39]. Moreover, PGPs exhibit superior mechanical
properties compared with AAMs [40-42]. Recently, the application of PGPs in the disposal of
environmentally hazardous substances has gained increasing attention [31]. Liu et al. [43] introduced a
new type of porous phosphoric acid-activated metakaolin-based geopolymer foam material and applied
it to the removal of mixed pollutants (Pb(II), Cd(II), and Ni(Il)) from aqueous solutions. Tome et al. [44]
reported that phosphoric acid-activated volcanic ash-based geopolymers have an adsorptive potential for
anionic (erochrome black T (EBT)) and cationic (methylene blue (MB)) dyes in water. Moreover, PGPs
have recently received attention for their S/S applications. Pu et al. [45] found that acid-activated
geopolymers better stabilise Pb?>" than cement- or alkali-activated geopolymers. However, to the best of
our knowledge, studies on the S/S of radionuclides produced by PGPs are limited, especially for anionic
radionuclides, such as selenium (”’Se) or iodine (}?°I). The surface chemistry and electrical properties of
PGPs require significant attention in the fields of anionic radionuclide stabilisation and solidification.
Although AAMs have been extensively researched and acknowledged for their permanently negatively
charged surfaces [19], there is a noticeable lack of comprehensive studies on these aspects of PGPs. This
knowledge gap poses a significant disadvantage for exploring the potential of PGPs for the

immobilisation of anionic radionuclides, highlighting the need for further research in this area.
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This study aimed to understand the surface chemistry and structure-associated electrostatic properties of
PGPs and explore their viability in the field of stabilisation/solidification of SeO3*, SeO4*, I, and 105",
Notably, this is the first instance in which these specific substances have been considered for S/S
implementation using PGPs. The surface properties of the PGPs were evaluated by X-ray photoelectron
spectroscopy (XPS), zeta potential measurements, X-ray diffraction (XRD), nuclear magnetic resonance
(NMR) spectroscopy, and inductively coupled plasma—optical emission spectroscopy (ICP-AES). The
S/S capacities of the PGPs towards SeOs*, SeO4>, I', and 105” were evaluated using XRD, inductively
coupled plasma—mass spectrometry (ICP-MS), and Fourier-transform infrared spectroscopy (FTIR). This
thorough analysis provided a deeper understanding of the surface chemistry of PGPs. Moreover, the
findings of this study provide compelling evidence supporting the safe disposal of PGPs, especially those

containing radionuclides or other potentially harmful environmental substances.

2. Experimental details

2.1. Materials

Metakaolin (MK) obtained from Sobueclay (Japan) was used to synthesise the PGPs. The chemical
composition of the MK determined by X-ray fluorescence (XRF) is listed in Table S1; the molar ratio
of Si02:AL20s in metakaolin is 1.91. Analytical-grade pure commercial phosphoric acid (WAKO (Japan),
85 wt. % H3PO4) and ultrapure water (TRUSCO, Japan) were used to produce a phosphoric acid solution,
which was used as an acidic activator for the synthesis of PGPs. KNOs; (KANTO, >99%), KOH
(KANTO, >86%), and HNO3; (KANTO, 61%) were used to adjust the pH and ionic strength of the
solutions. In addition, the non-radiological isotopes K>SeOs, KoSeOs, K1, and KIO3 were selected as the

simulated radionuclide sources and purchased from WAKO (Japan).

2.2. PGPs synthesis
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The PGPs were prepared by mechanically mixing stoichiometric amounts of metakaolin with a sufficient
quantity of an acidic-activated solution, yielding a solid-to-liquid mass ratio of 1. Acidic-activated
solutions were prepared by diluting 85 wt. % phosphoric acid, and detailed information on the PGP
sample compositions is shown in Table 1, where Si and Al were determined through the molar contents
of SiO2 and AlO3 in metakaolin (Table S1), and P represented the molar content of H3PO4 from
phosphoric acid. To achieve efficient curing while mitigating thermal cracking, a two-stage curing
protocol was implemented after sealing the homogeneous slurry with parafilm [38]. This procedure
involved an initial pre-curing phase at 40 °C for 24 h, succeeded by a subsequent 24-h curing phase at
60 °C. Afterwards, PGPs were ground to a particle size of less than 150 um and stored in vacuum bags

for further analysis.

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

activator solutions.

Samples Si/Al  P/Al P/H,0 HsPOs (M) H3PO, (wt. %)
PGP1 0.956 1.025 1.042  14.659 85
PGP2 0.956 0.821 0391  10.305 68
PGP3 0.956 0.615 0.191  6.893 51
PGP4 0.956 0.410 0.094  4.147 34

2.3. Surface chemical properties experiments

2.3.1. Structural characterisation of PGPs

A Rigaku X-ray diffractometer (MultiFlex, Rigaku, Japan) was used to characterise the synthetic samples
with CuKa radiation, scanning from 26=5—70° with a scan speed of 6.5° per min and a step size of 0.02°.

The solid-state magic angle spinning (MAS) NMR spectra of the PGPs were acquired using a Bruker
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500 MHz spectrometer equipped with an 11.74T magnet. ?Si MAS NMR spectra were collected at 99.4
MHz using a ¢3.2-mm probe with a pulse width of 1.5 ps (30°) and spinning speed of 5 kHz, and a total
of 2800 scans were recorded with 20-s recycle delay for each sample. For 2’Al MAS NMR experiments,
a ¢2.5-mm probe operating at 130.4 MHz with a pulse width of 5.8 ps (90°), spinning at 30 kHz, was
used to record a total of 3600 scans, with a 5-s recycle delay for each sample. The chemical shifts for
both 2°Si and 2’Al nuclei were referenced to hexamethylcyclotrisiloxane (C¢H1s03Si3) and an AlCI;

solution (1 mol/L).

2.3.2. Zeta potential measurement

A zeta potential and particle size analyser (ELSZ-1000ZS) was used to measure the zeta potential of the
PGPs in neutral (pH = 7) and acidic/alkaline (pH: 2—12) solutions with ionic strengths of 10 and 100 mM,
respectively, and the solid/liquid ratio of the suspension was set to 1 g/L. Moreover, the zeta potential of
PGP2 changed with time in the Se03>, SeO4>", I and 105™ solutions. The initial anion concentration was
1 mM and the pH and ionic strength were set to 4 and 10 mM, respectively, to simulate the internal
environment of the PGP2 matrix. Solutions with the same ionic strength and pH, but without Se0;7,
SeO4*, I, and 105", were used as controls. The zeta potential was measured after immersion for 1, 3, 7,
14, 21, and 28 d. Among the various solutions used to examine the zeta potential, KNO3 was selected to

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

2.3.3. Component changes of PGPs in the aquatic environment

The quantities of P, Si, and Al dissolved from the PGPs in water, acidic, and alkaline solutions were
determined using inductively coupled plasma—atomic emission spectroscopy (ICP-AES;
SPECTROBLUE, Hitachi, Japan). The ICP-AES analysis covered the wavelength range of 165—770 nm.

The pH of the solutions was measured using a pH meter (AS ONE Ltd., Japan), specifically the AS800
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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

alkaline solutions was set to 10 mM using KNOs3, and the pH was controlled using KOH and HNOs.

2.3.4. XPS measurement

X-ray photoelectron spectroscopy (XPS) analysis was performed using a JPS-9200 (JEOL, Japan) for
detailed chemical composition characterisation of the PGPs before and after immersion in water or pH
solutions. Photoelectron emission was excited by the monochromatic Mg Ka line with a photon energy
of 1253.6 eV. Detailed spectra of each sample were obtained using a narrow scan with an energy step of
0.1 eV and a dwell time of 100 ms. Charging compensation was performed using a neutralising electronic
gun under a constant current and voltage. The binding energy axis was adjusted according to the position

of the C 1s line.

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

2.4.1. Preparation of solidified wasteform

Based on the structure and properties (refer to Section 3), the PGP2 samples were selected as the matrix
to solidify Se03%, SeO4>, I, and 105". Predetermined quantities of K»SeOs, K2SeOs, KI, and KIO; were
dissolved in four separate batches of the acid activator solutions. These solutions were then individually
mixed with metakaolin to achieve a specific ratio of 1 mmol of the intended anion per 100 g of PGP
slurry. The fresh mixture was cast into a cylindrical mould with a height and inner diameter of 1.5 and
1.3 cm, respectively, after stirring, obtaining a 3.6-g (= 0.02-g) specimen containing approximately 36
umol of target anions. These specimens were sealed with parafilm and underwent two-stage curing as

the original PGPs.

2.4.2. Leaching experiments
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Leaching experiments were conducted after curing using the ANSI/ANS-16.1-2003 standard test
(American Nuclear Society, 2004). Each specimen was immersed in 88 mL of deionised water as the
leachate (the ratio of the leachate volume to the specimen surface area was 10 mL/cm?), as shown in Fig.
1. The leachate was replaced entirely after cumulative leaching times of 2hand 9 h and 1, 2, 3,4, 5, 7,
14, 21, and 28 d at room temperature (approximately 20 °C) from the onset of the test. The leachates
were then analysed at each time point to determine the released SeOs>, SeO4>", I, and 105™ contents from
the PGP2 matrix. The specimens were recovered after 28 d of leaching and then ground into powder with

particles smaller than 150 um for solid analysis after 3 d of drying in a 40 °C thermostat.

88 mL

Fig. 1. Schematic of leaching experiments

The leachates obtained from the leaching experiments were analysed using ICP-MS (iCap Q ICP-MS,
Thermo Scientific, USA; detection limit 0.01-10 ppb). SeOs>" and SeOs* were measured using the
yttrium internal standard method with ultrapure water as a solvent. All solutions used for ICP-MS
measurements were spiked with 1% HNO; (approximately 60 wt. %) for sample protection. The
measurement of I" and 103™ was conducted with the application of the caesium internal standard method
using 0.5% tetramethylammonium hydroxide (TMAH) as a solvent, and all solutions used for ICP-MS
measurements were spiked with 1% Na>SOs (1 wt. %) for sample protection. The anion-solidified PGP2
samples before and after the leaching experiment were characterised via Fourier-transform infrared

(FTIR) spectroscopy (JASCO670, Japan) at a constant spectral resolution of 4 cm™'. Solid samples were

10
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recorded in the wavenumber range of 400-2000 cm ! after dilution with KBr and pressing into tablets.
In addition, XRD measurements were conducted using the same method for all solid samples before and

after the leaching experiments.

3. Results and discussion

3.1. Structural properties of PGPs

3.1.1. XRD

Figure 2 shows the X-ray diffraction patterns of the metakaolin precursor and PGPs obtained after a two-
stage curing process using different concentrations of phosphoric acid as the activator. The XRD pattern
of the metakaolin precursor exhibited a broad hump in the 20 range of 15-30°, along with minor
crystalline phase peaks of mullite and quartz, which were retained in all concentrations of acid-activated
PGPs as an inert phase. This indicates that acidic activators encounter difficulties in dissolving and
activating Al and Si, which have already formed stable crystalline structures. Upon activation with acidic
activators, the broad hump of all samples shifted towards 17-35°, indicating that the PGPs had a more
disordered short-range structure with relatively shorter interatomic distances compared with the
metakaolin precursors. Similarly, the hump at less than 15° in the pattern of the metakaolin precursor,
which represented a large interatomic distance (cannot be shown for less than 5°), also shifted towards
15° upon activation with acidic activators. This shift was most pronounced in the PGP1 samples activated
by the highest concentration of the acid activator. Among the four types of PGPs, PGP2 exhibited the
highest reactivity and densest structure, as evidenced by its largest relative variation and fullest hump in
the high-diffraction-angle region. This suggests that a concentration of approximately 10.3 M may be

optimal for the phosphoric acid activator, consistent with previous findings [46].
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Fig. 2. X-ray diffraction (XRD) patterns of metakaolin and PGPs.

3.1.2. ¥Si NMR

In cementitious materials, silicon sites are often labelled using the notation Q"(mAl), where Q represents
Si in tetrahedral coordination, and n and m denote the number of tetrahedral atoms and Al atoms bonded
to Si, respectively. The values of n and m range from 0 to 4, indicating that Si is connected to n other
tetrahedral atoms, of which m is Al, through O bridges. Based on this labelling system [45], Fig. S1(a)
illustrates the correspondence between the 2°Si nuclei in the different chemical environments of
cementitious materials and their typical chemical shift ranges. As the number of bridged oxygen atoms
around the Si increases, the chemical shift gradually shifts toward the higher-field region. This suggests
that electromagnetic shielding is enhanced. In contrast, an increase in the substitution of aluminium
atoms around the silicate tetrahedra resulted in reduced electromagnetic shielding of the Si nuclei, leading

to a displacement of the Q*(mAl) chemical shift towards a lower field.
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Figure 3 shows the 2°Si NMR spectra and their corresponding individual Gaussian peaks after
deconvolution using the Gaussian amplitude function. The main chemical environment of Si in
phosphoric- acid-activated metakaolin PGPs was found to include Q°, Q!, Q*(1Al), Q*(1Al), Q*(4Al),
Q*(3Al), Q*2Al), Q*(1Al), and Q*(0Al), which were positioned at chemical shifts around approximately
—68+£5,-76+5,-85+3,-86+4,—-88+3,-94+4,-100£5,—-105=+4, and —115 + 4 ppm, respectively
[38]. However, it is important to note that structural units, such as Q*(4Al), Q*(3Al), Q*(2Al), Q*(1Al),
and Q*(0Al), may not necessarily correspond to a single chemical shift peak due to the significant overlap
between broad resonances in disordered solid phases, particularly for silicate tetrahedrons. Consequently,

multiple deconvolution techniques have been utilised to achieve a more accurate fit.
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—— Q%2A1) —— Q%2A1)
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— Q%4Al) — Q%4Al)
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— Q(1Al) — QX(1Al)
— a! — a!
Q° Q°
R2=0.9997 R?2=0.9996
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Chemical shift (ppm) Chemical shift (ppm)
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— Q%A — Q%A
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Fig. 3. Deconvolution results of 2Si NMR spectra for MK and the PGPs after curing: (a) MK, (b—e)

PGP1, PGP2, PGP3, and PGP4, respectively.

Figure 4 shows the molar fractionation of Si in different chemical environments in MK and PGPs derived
from 2°Si NMR spectra deconvolution results. The Q*(0Al) units were found to be the dominant species
in a given PGP sample, and their proportion increased with the concentration of the acid activator. In
contrast, the number of remaining silicate tetrahedra decreased as the concentration of the acid activator
increased. This is because higher concentrations of acid activators caused more significant dealumination
of MK. This dealumination process promoted the condensation of silicate tetrahedrons, increasing
Q*ALl). It is also noteworthy that the Q* (1Al) units of all the PGPs increased to varying degrees
compared with MK. This is because Q*(1Al) is also the product of the dealumination of higher-Al-
content silicate tetrahedrons, and higher concentrations of the acid activator further enabled the

dealumination of Q*(1Al), resulting in more Q*(0ALl).
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Fig. 4. Molar proportions of Si structural units in MK and PGPs quantified through the 2°Si NMR

deconvolved spectra.

3.1.3. AINMR

Figure S1(b) illustrates the primary features of the 2’ Al chemical shift variation observed in most types
of porous aluminosilicate solids, where Al typically exists in I[V-, V-, and VI-fold coordination structures
[47]. As the number of coordination structures around the Al atom increased, the chemical shift gradually
increased to higher fields. However, the chemical shifts of Al with the same coordination number varied
depending on the type of atoms connected to it via bridging oxygen atoms. In general, Alx-OP has a
chemical shift closer to the high-field range than Alx-OSi/OH because P is less electronegative than O
and Si. The deconvolution strategy for Al in the PGPs sample was different from that for 2°Si, because
27TA1 (S = 5/2) is a class of quadrupolar nuclei (S > 1/2), and quadrupolar interactions must be considered
in the process of simulating the spectra [48]. As a result, deconvolution and simulation of 2’Al NMR

spectra were achieved by combining multiple Pearson IV functions [49].
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The deconvolution results of the 2’ Al NMR spectra of MK and PGPs are shown in Fig. 5. The chemical
environment of Al in metakaolin was mainly composed of IV- and V-coordinated structures, with a small
fraction of VI-coordinated structures. Upon activation with an acid activator, the original VI-coordinated
Al species linked to Si/OH in MK disappeared, and the V-coordinated Al species decreased significantly.
Meanwhile, new IV-, V-, and VI-coordinated Al species linked to OP were generated. The intensity
corresponding to the VI-coordinated Al species linked to -OP increased significantly with increasing acid

activator concentration.
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Fig. 5. Deconvolution results of 2?A1 NMR spectra for MK and the PGPs after curing. (a) MK, and (b—

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

Figure 6 shows the molar proportion of Al in metakaolin and PGPs for each chemical structural unit
based on 2’A1 NMR deconvolution. Upon the activation of metakaolin to form PGPs, the Aly-OSi/OH
component was eliminated, while notable reductions were observed in the Aly-OSi/OH and Aliv-OSi/OH
components. The reductions in the latter two were positively correlated with the concentration of the acid
activator. The proportion of Alyi-OP, a novel structural unit generated in PGPs, increased significantly
with increasing activator concentrations. In contrast, the proportions of the other two newly formed
structural units, Aliv-OP and Aly-OP, decreased with increasing acid activator concentration. Although
PGP4, with the lowest concentration of acidic activator, exhibited the lowest percentage of Aly-OP of
all PGPs, this may be attributed to the insufficient concentration of the acid activator, which hinders the
effective progress of dealumination and thus the formation of Aly-OP, to an extent. These findings
indicate that higher concentrations of acid activators facilitate the dealumination process of metakaolin,

but only favour the formation of new structural units of Alyi-OP.
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Fig. 6. Molar proportions of Al coordination structural units in MK and PGP 1-4 quantified through the

Al NMR deconvolved spectra.

3.2. Zeta potential

The pH plays a critical role in influencing the surface electrostatic properties of materials. To investigate
the zeta potential behaviour of the PGPs under different pH conditions, the PGP powder was immersed
in solutions spanning the pH range from acidic to basic (pH 2—12). The pH and zeta potential values of
PGP1-PGP4 after reaching equilibrium in a neutral solution (pH 7) are presented in Table 2. At
equilibrium, the pH values exhibited varying degrees of reduction, gradually decreasing with increasing
concentrations of the acid activator (PGP4-PGP1), whereas the zeta potential showed a corresponding
gradual increase. The influence of pH on the zeta potential of the PGPs in acidic and basic solutions is
shown in Fig. 7. Similar to the neutral solution (Table 2), an overall decrease in the solution pH was
observed after equilibrium compared with the initial pH setting. This decrease could be attributed to the
acidic nature of the PGPs activated by the acid activator. The magnitude of the pH reduction upon the

introduction of these materials into the solution depended on the concentration of the acid activator. The
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zeta potential values of the PGPs demonstrated an initial increase, followed by a subsequent decrease
with variations in pH, which was observed in both the 10- and 100-mM ionic strength solutions. The zeta
potential curve of the PGPs in the solution with 100-mM ionic strength appeared flatter than that in the
solution with 10-mM ionic strength. This flattening can be attributed to the formation of a thinner
electrical double layer (EDL) on the surface of the PGP particles in the higher-ionic-strength solution,
resulting in a lower absolute value of the zeta potential for the same charge amount [50]. Progressive
rightward displacement of the zeta potential peaks was observed from PGP1-PGP4 in solutions of both
ionic strengths. These peaks corresponded exactly to the pH and zeta potential values of the PGPs at
equilibrium in a neutral solution with an initial pH of 7. The PGPs exhibited peak positive zeta potentials
at equilibrium pH levels. Deviations from this pH value resulted in a gradual decrease in the zeta potential

in either direction.

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

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
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Fig. 7. Zeta potential of PGPs in NO;™ solutions of (a) 10- and (b) 100-mM ionic strength at various pH

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

The coordination state of Al significantly affects the surface charge of aluminosilicate materials. For
example, the surface is negatively charged in zeolites and AAMs where [V-coordinated Al dominates
[51, 52]. This is because the tetrahedral Al sites always provide Brensted acidity, resulting in a
negatively charged surface [53]. In contrast, the octahedral Alvy sites are amphoteric in nature. In acidic
environments, they can provide Brensted basicity and a positive charge after binding to protons, whereas
in alkaline environments, they can provide Brensted acidity and a negatively charged surface [54].
Figure 8 shows the zeta potential of the PGPs as a function of the Alyi/Aly ratio, as determined by 2’Al
NMR analysis in a neutral solution. The surface charge of the PGP sample was positively correlated with

the Alvi/Alv ratio in its structure, which can be explained by the above theories.
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Fig. 8. Zeta potential of PGPs in neutral solution with ionic strengths of (a) 10 mM and (b) 100 mM as

a function of Alvr/ Aliv molar ratio.

Figure 9 presents the time-dependent zeta potentials of PGP2 in four different anion solutions. Following
a day of immersion, only the zeta potential of PGP2 in SeO4>" was significantly lower than that in the
control group. Subsequently, the zeta potentials gradually decreased to varying extents, with a noticeable
distinction observed after 7 d, demonstrating the significant electrostatic attraction of PGP to all anions.
Equilibrium was achieved after approximately 14 d, with only a slight decrease observed at 28 d. The
reduction in zeta potential after reaching equilibrium followed the order of SeO4’>SeO3*>1>105".
Charge density plays a crucial role in the variation of the zeta potential upon adsorption onto colloidal
surfaces. Even among ions with the same valence state, those with larger ionic sizes and lower charge
densities exhibited a relatively limited influence on the zeta potential [55]. Although the ionic sizes of
SeO4* and SeO;* are comparable, the latter acquires protons in acidic surroundings, forming HSeOs",
thus exhibiting a lower charge density than SeO4>. However, the charge density of 103~ with oxygen

atoms is considerably lower than that of I, resulting in a change in the relatively low zeta potential.
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Fig. 9. Zeta potential of PGP2 in anionic solutions of 1 mM concentration with time (all solutions had a

pH of approximately 3.6 + 0.2).

3.3. Surface changes in the aqueous environment

3.3.1. Component changes

To study the surface behaviour of the PGPs in an aqueous environment, the change in the surface
composition of the PGPs after immersion in water was investigated. Figure 10(a) shows the percentages
and relative proportions of Al, Si, and P in the raw materials. In all PGPs, the proportions of Al and Si
remained consistent, given that MK was the source. However, the proportion of P decreased as the acid
activator concentration decreased. The composition of the ground PGP powder is presented in Fig. 10(b).
The surfaces of the PGPs showed a higher Si content and lower P and Al contents with decreasing acid
activator concentration, except for PGP 1, which had the second-lowest Al content after PGP4. Compared
with the raw material, as determined by the experimental design composition (Fig. 10(a)), it is evident
that all PGPs, except PGP4, exhibited reduced levels of Al and increased levels of P on their surfaces.
This can be attributed to the dealumination and penetration of P during geopolymerisation, which resulted
in a significant number of defective sites in the original Si-O-Al structure. During grinding, these sites

were easily fractured, forming the surface of the obtained powder. Upon immersion in water (Fig. 2S(a)),
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significant amounts of Al and P leached from the surface of the PGPs, whereas little Si was detected in
the leachate. This indicates the inability of the acid activator to dissolve Si in MK and the presence of
large amounts of extra-framework Al (EFAL) and free PO4* on the surface of the PGPs. Furthermore,
analysis of the surface Al, P, and Si contents after water immersion revealed that the relative Al and P
contents on the surfaces of all PGPs were similar after water immersion (Fig. 10(c¢)), which may be
attributed to the preference of Al and P for the formation of Al-O-P in the structure [38]. Moreover, the
Si content increased from PGP2 to PGP4, with PGP1 displaying a Si content comparable to that of PGP4.
This can be explained by the fact that a suitable concentration of the acid activator (PGP2) facilitates the
geopolymerisation process, resulting in the formation of more AI-O-P units within the structure. In
contrast, an excessive concentration of an acid activator (PGP1) may promote a rapid dealumination

process and the accumulation of AI**

around the metakaolin particles, thereby impeding the reaction.
Therefore, combining the XRD and NMR analysis results, PGP2 was selected as the sample in this

context for further study.

When PGP2 was immersed in an acidic environment, Al leaching increased significantly as the pH
decreased (Fig. 2S(b)). Conversely, in an alkaline environment, the leaching of Al remained consistently
low and was independent of the pH, with fluctuations presumably due to AI** precipitation from the basic
pH. Correspondingly, as shown in Fig. 10(d), the concentrations of Si, Al, and P on the surface of PGP2
exhibited distinct trends when exposed to acidic solutions at different pH levels. Specifically, as the
solution pH decreased, the proportion of Si gradually increased, whereas the proportions of Al and P

decreased. In contrast, the individual components remained stable after immersion in an alkaline solution.
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Fig. 10. Proportion and relative molar ratio of Al, Si, and P in (a) raw materials, (b) PGPs before water
immersion, (¢) PGPs after water immersion, and (d) proportion and the relative molar ratios of Al, Si,

and P in the PGP2 sample with pH variation.

3.3.2. XPS spectroscopy analysis

X-ray photoelectron spectroscopy (XPS) was employed to examine the changes in the surface chemistry
of the PGP2 samples following their immersion in aqueous solutions with varying pH. The resulting XPS
spectral changes of Al 2p, Si 2p, O 1s, and P 2p of the PGP2 samples in acidic and alkaline solutions

with progressive pH modification are shown in Fig. 3S(a) and (b), respectively. In acidic solutions (Fig.
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3S(a)), the intensities of Al 2p and P 2p decreased gradually with decreasing pH, which was attributed
to the dissolution and leaching of Al and P from the surface of PGP2 under acidic conditions (Fig. 2S(b)).
Furthermore, as the pH decreased, the binding energies of Si 2p and O 1s gradually increased. This trend
can be attributed to the dissolution of Al and P from the surface structure of PGP2, resulting in a higher
electron cloud density around the Si and O atoms. In alkaline solutions (Fig. 3S(b)), no significant
chemical composition or structural changes were observed in any of the XPS spectra with increasing pH.
These results align with prior compositional analyses (Fig. 10(d)) and suggest that PGP2 can maintain a

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

To achieve a more comprehensive analysis of the changes in the surface chemical structure of PGP2
under different pH conditions, high-resolution XPS spectra at three initial pH values ( 2, 7, and 12) were
deconvoluted using a Gaussian amplitude function and compared (Fig. 11). Furthermore, the different
chemical states of the PGP2 sample were quantified and the results are presented in Table 3. The Al 2p
spectrum of PGP2 exhibited two peaks located at 75.15 and 76 eV. As established in previous studies
[56, 57], the peak at 75.16 eV is attributed to AIPO4 linkages, whereas the peak at 76 eV corresponds to
Al-O-Si bonds. In the neutral and alkaline solutions, no significant differences in Al 2p contributed to
either chemical environment. However, in acidic solutions, both peaks were significantly weakened,
although the relative intensity of the Al-O-Si peak was higher. These results indicate that the Al-O-P
bond in AIPO4 is more vulnerable to breakage in acidic environments than the Al-O-Si bond.
Consequently, the dealumination of the PGP2 surface was primarily caused by the breakage of the Al-

O-P bond.

The Si 2p spectrum was deconvoluted into three components. The peak at a binding energy of 102 eV
was associated with Si-O-Al [54], whereas the peaks at approximately 103.1 and 104 eV were attributed

to Si-O-P and Si-O-Si, respectively [58, 59]. The presence of these three stable peaks in neutral and

25



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

alkaline environments indicates the relative stability of the chemical environment and the composition
of Si on the PGP2 surface, similar to the behaviour observed for Al. However, in an acidic environment,
the Si 2p peak of Si-O-P disappeared, leaving only a faint Si-O-Al peak. This suggests that dealumination
of the PGP2 surface in an acidic environment is more likely to occur through the removal of P-linked Al
from Si-O-P-Al than from Si-O-Al.

The O 1s spectrum of PGP2 was deconvoluted into four main components. The peak at 531 eV could be
attributed to P-O-P bonds from the network structure or P=0O bonds from the PO4>" functional groups [59,
59]. The binding energy peaks at 532.1 and 533 eV corresponded to the bridging oxygen in Si-O-Al and
Si-O-Si, respectively [54, 61]. The peak at 534 eV corresponded to the O 1s binding energy of terminal
Si (Si-OH) groups [62]. The O 1s peaks of Si-O-Si on the PGP2 surface exhibited a relatively stable
content in both neutral and alkaline environments, while the increase under acidic environments was due
to dealumination. Correspondingly, the O 1s contribution to Al-O-Si decreased significantly in acidic
environments and remained almost constant in neutral and alkaline environments. Although the O 1s
peak corresponding to P-O-P (P=0) was relatively weak, a reduction could still be observed in acidic
environments. The O 1s peak corresponding to Si-OH gradually decreased from low to high pH, which
can be attributed to the decrease in Si-OH at the defective sites or terminal Si resulting from broken P-
O-Si and Al-O-Si bonds. The Si-O at these fracture points had a strong affinity for accepting protons
from the acidic environment to form Si-OH. In an alkaline environment, the hydroxyl radical ions in the
solution reacted with Si-OH on the surface of PGP2, which is a common reaction observed in silicate
materials in alkaline environments [63]. This reaction weakened the O 1s XPS peak intensity of Si-OH.
Notably, as the intensity of the O 1s peak corresponding to Si-OH decreased, a new peak appeared at a
binding energy of approximately 534.5 eV, which was previously identified as O 1s in Si-O™ [64]. This
result also provides evidence that the Si-OH groups on the surface of PGP2 undergo deprotonation to

form Si-O in alkaline environments.
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In the P 2p spectra, only one component was discerned on the PGP2 surface in the natural and alkaline
environments. This component is likely a mixture of Si-O-P bonds, AI-O-P bonds, and variations in the
O-P-O and P=0 bond content [65]. In such cases, P exists in a crosslinking-type chemical environment
that connects Al and Si in tetra-coordinated P [66]. Consequently, it is difficult to distinguish between
the individual contributions of each bond. However, in an acidic environment, although the intensity of
the P 2p XPS peak was relatively low, a shift in the binding energy was still observed. After
deconvolution, a new peak was obtained at approximately 136.18 eV, which was believed to represent
the component of terminal-type P. This type of P is linked only on one side with Al or a small portion of

Si after the breakage of the Al-O-P bond in an acidic environment.
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Fig. 11. High-resolution XPS analysis of PGP2 after immersion in pH 2, 7, and 14 solutions.

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

Peak Functional Binging energy Proz)(;r)tlon Proz)(;r)tlon Proz);r)tlon
0 0 0

name group (eV) pH 2 pH 7 pH 12
Al2 AlPOq4 75.15 18.82 26.26 27.89
P Al-O-Si 76 81.18 73.74 72.11
Si-O-Al 102 5.32 17.16 15.03
Si2p Si-O-P 103.1 - 36.02 34.44
Si-O-Si1 104 94.68 46.82 50.53

27



522

523

524

525

526

527

528

529
530

531

532

533

534

535

P-O (P=0) 531 2.97 4.98 7.40

Al-O-Si 532.1 4.68 17.55 19.08

O ls Si-O-Si 533 67.25 62.76 63.15

Si-OH 534 25.10 14.71 7.13

Si-O 534.5 - - 3.24

P 2p Crosslinking-P 135.12 77.54 100 100
Bridging-P 136.18 22.46 - -

3.4. Evaluation of stabilisation/solidification capacity for anions

The leaching of SeO3%, Se04%, I, and 105™ from PGP2 is illustrated in Fig. 12. All anions were leached

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

3.55+0.05%, and 4.23+0.05% for Se03%, SeO4>", I, and 105", respectively, after 28 d.
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Fig. 12. Cumulative fraction of Se oxyanion (SeOs>" and SeO4>), I', and 105™ leaching from PGP2 for 28

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

Table 4 shows a comparison of previous studies on the immobilisation of SeO3>, SeO4>, I and 105” onto

alkali-activated materials. Tian et al. [36] used Na;SiO; and NaOH as alkali activators to activate

geopolymer materials and solidify the Se oxyanions. After an 18-h leaching procedure, it was determined
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that the Na,SiOs-activated geopolymer exhibited superior efficiency in solidifying SeOs> and SeO4*
compared with NaOH-activated geopolymers, which can be attributed to the variations in the structural
compactness of the geopolymer induced by the two different activators. The former results in leaching
percentages of 10% and 18%, respectively. In another investigation, the efficacy of alkali-activated
geopolymers in immobilising I" was found to be inadequate, with more than 80% of I" being leached out
over a 21-d leaching period. This outcome was attributed to the weak association between I" and the
geopolymer [67]. In addition, owing to the lack of studies and data on the immobilisation of 103~ by
alkali-activated geopolymers, the capacities of the typical alkali-absorbent ettringite and layered double
hydroxides (LDHs) to immobilise 103~ were compared [68, 69]. Although both ettringite and LDHs
exhibited some immobilisation capability, the presence of co-mingled SO4>” and COs?" in the vadose zone
pore water (VZPW) within cementitious waste forms led to substantial leaching of 103" after the leaching
process. To the best of our knowledge, this study shows the highest level of effectiveness among all
published reports on the solidification capacity of alkali-activated metakaolin geopolymer substrates for

Se0s”, SeO4*, I, and 105",

Table 4. Leaching of Se0s3%, Se0:”, I and 103" from alkaline-activated materials in literature: alkali-
activated geopolymer matrices for Se oxyanions and I', and other adsorbents for [03", compared with the

PGP in this study.

Condition Se0,” Se0,” I 10, reference

. . 10% 18%

S/S in Na,SiO,-based GPs (18 ﬁ) (18 1‘1’) [36]
S/ S in the NaOH—based QPS 50% 60%

with calcined hydrotalcite [36]
(CHT) (18 h) (18 h)

S/S in the alkaline-activated >80% [67]

metakaolin-based GP (21 d)
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geopolymer

XRD was employed to study the structural changes occurring during the solidification of anions and
leaching of the PGP2 samples. Figure 13(a) displays the XRD patterns of the original PGP2 and the
PGP2 samples that underwent solidification with anions. The results indicate that the XRD pattern of the
PGP2 sample remained unchanged with the anion solidification after the two-stage curing process,
displaying the same broad hump in the 20 range of 15-35° as the original PGP2 sample. The XRD
patterns of the PGP2 samples with solidifying anions after 28 d of leaching are shown in Fig. 13(b).
After 28 d of leaching, the PGP2 samples with solidified anions maintained the same XRD pattern as
previously reported. These results indicate that the crystalline structure of PGP2 did not change after

solidifying the anions and could maintain its structural stability, even after 28 d of leaching.
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Fig. 13. XRD pattern of pure PGP2 and PGP2 samples incorporated with anions of SeOs>, SeO4>", T,

and I03™ (a) before and (b) after leaching.

The PGP2 samples with the incorporated anions before and after leaching were characterised by FTIR
spectroscopy (Fig. 14). PGP2 absorption peaks were assigned according to previous studies [38, 70-75].
The absorption peaks located at 16001700 cm™! were due to the bending vibration of the OH groups.
The peaks at 900—1200 cm™ and 720 cm™! were assigned to the asymmetric and symmetric stretching of
Si-O-Si and Al-O-Si, respectively. The peaks at 912, 800, 630, and 450 cm™ were assigned to the
stretching and bending vibrations of Si-O-P, Si-O-Si, O-P-O, and Si-O, respectively. Moreover, a faint
peak was observed in the COs>" vibration mode at 1405 cm™!. This is because the phosphoric acid-
activated geopolymers exposed active hydroxyl groups on their surfaces during geopolymerisation (Fig.
3), which could easily absorb carbon dioxide from the air and produce carbonation that disappeared after
28 d of leaching. Notably, all the vibration modes of PGP2 remained unaltered after the incorporation of
anions (Fig. 14(a)). Both intensities and frequencies remained nearly constant, indicating that the PGP2
matrix retained its structural integrity, even after anion incorporation. No new chemical linkages were
observed, suggesting a chemical connection between the PGP2 matrix and the anions. Furthermore,
consistent FTIR spectra were observed for all PGP2 samples before and after leaching, indicating that

PGP2 maintained its structural stability, even after 28 d of leaching (Fig. 14(b)).
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Fig. 14. FTIR spectra of PGP2 samples (a) before and (b) after leaching.

Based on the leaching results, it is evident that SeO3% consistently exhibited a lower leaching rate than I
and IO5™. Conversely, SeO4%, which initially demonstrated higher leaching than I" for up to approximately
21 d, experienced a decline in leaching beyond this period, ultimately leaching less than I" owing to its
plateaued leaching curve (Fig. 12). Generally, the association of Se and I with the Al or Si tetrahedron is
exceedingly challenging due to their distinct structures and charges [76, 77]. Moreover, the FTIR and
XRD results demonstrated that the PGP2 matrix did not undergo any structural changes or produce new
chemical bonds after the solidification of the anions (Fig. 13, 14). Considering the electrostatic
interaction as the primary association mode between PGP2 and anions, it is clear that this result is
consistent with earlier speculations based on zeta potential (Fig. 9). However, the robust solidification
capacity of PGP2 for SeOs> compared with that for SeO4>" appeared to contradict the zeta potential
results. It is crucial to note that SeO3* in PGP is typically present in the form of HSeOs™ because of its
acidic environment [78]. Therefore, despite having a greater electrostatic attraction, its impact on the zeta
potential of the PGP surface was not as strong as that of SeO4>". Conversely, the PGP sample containing

I' after the 28-d leaching experiment showed a brownish—yellow substance with a distinctly irritating
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odour (Fig. 12), which was identified as KI. Thus, the high solidification ability of PGP for I" was also
favoured by the precipitation of KI in addition to ionic electrostatic attraction, although I" had a more

pronounced effect on the zeta potential of PGPs than 105™ (Fig. 9).

4. Conclusions

The surface chemistry and structure-related electrostatic properties of phosphoric-acid-activated MK-
based PGPs and their potential in S/S applications were studied and evaluated through zeta potential,
microstructure characterisation, immersion behaviour, and leaching experiments. The obtained results
provide a theoretical basis for prospective manipulation of the surface electrical characteristics of PGPs.
Additionally, the findings provide valuable insights and perspectives on the immobilisation of anionic
radionuclides, which can inform the broader integration of PGPs in the domain of nuclear waste

management. The following conclusions were drawn:

1) PGPs develop Alvi-OP and Aliv-OP structural units after undergoing geopolymerisation, the ratio of
which controls the surface electrostatic properties of the PGPs. Increasing the concentrations of the
acid activators led to a higher ratio of these units, resulting in more positively charged sites. An
optimal concentration of approximately 10.3 M of the phosphoric acid activator is recommended
when activating metakaolin. This concentration effectively supported the geopolymerisation process

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

2) The surfaces of the PGPs demonstrated a zeta potential that initially increased and then decreased as
the pH level increased. Typically, the zeta potential reaches its peak value at equilibrium pH in neutral
solutions. Within the equilibrium pH range of approximately 2—5, the surfaces of the PGPs carried a
positive charge and possessed electrostatic adsorption capabilities for anions such as SeOs*, SeO4>,

I', and 105",
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3)

4)

When PGPs come into contact with an acidic aqueous environment, their surface structure
experiences preferential fracture of the AIPO4 units, which contributes to the dealumination process.
This phenomenon became more prominent as the pH decreased, leading to a decreased ratio of Alvi-
OP to Alv-OP and subsequently causing a decline in the positive electrical properties of the PGPs
surface. In contrast, PGPs exhibit relatively stable structures in aqueous alkaline environments.
However, a large number of Si-OH structural units in the surface structure, along with VI-
coordination Al, which exhibits Brensted acidity in an alkaline environment, lose their protons and
generate negative charges. This process intensified with increasing pH, leading to an increase in the

negative charge of the PGP surface.

The immobilisation of SeOs*", SeOs*, I, and 105 anions within the PGP matrix was highly effective,
without any significant changes in the matrix structure observed after the solidification of these
anions, even after 28 d of leaching. This effective immobilisation was primarily attributed to the
electrostatic attraction between the anions and positively charged structural unit, Alyi-OP, located at
the PGP matrix interface. Remarkably, this association led to a significant enhancement in the

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