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A B S T R A C T

Acid-activated phosphate-based geopolymers emerged as alternatives to Portland cement thanks to their 
promising mechanical and thermal properties, as well as their potential for the solidification/stabilisation of 
hazardous wastes. In this regard, a peculiar application field can be found in radioactive waste management 
operations, where the immobilisation of radionuclides is one of the primary objectives. However, limited 
knowledge is available regarding the effectiveness of this kind of binders in this context. This study investigated 
the use of a natural, chabazite-rich, volcanic tuff as a novel precursor for phosphate-based geopolymers in 
radioactive waste management applications. The effects of the phosphoric acid concentration and the curing 
temperature on the geopolymerisation process were assessed. Elemental dissolution tests were used to estimate 
the release of aluminium, silicon, and iron from the volcanic tuff, showing extensive aluminium release due to 
the instability of chabazite in acid environments. The mineralogical and microstructural evolution of the samples 
was examined via quantitative phase analysis by X-ray diffraction and scanning electron microscopy, confirming 
chabazite dissolution and the subsequent formation of crystalline taranakite phase primarily governed by 
phosphoric acid concentration. Caesium retention, a key requirement for radioactive waste conditioning, was 
assessed through leaching tests. All samples demonstrated excellent caesium immobilisation capabilities, out
performing traditional cementitious matrices and comparable to alkali-activated geopolymers. The samples also 
met the Italian waste acceptance criterion for radioactive waste disposal. Therefore, chabazite-rich volcanic tuff 
can serve as a viable, natural precursor for phosphate-based geopolymers, providing a lower-impact alternative 
to other commonly used precursors.

1. Introduction

In recent years, geopolymers (GPs) emerged as promising candidates 
for cement substitution thanks to their high engineering performances 
and a more favourable environmental footprint. These materials are 
obtained by mixing a source of amorphous aluminosilicates, called 
precursors, and an activator, which can be an alkaline or acidic solution. 
The extreme pH conditions promote the dissolution of the precursors, 
thus releasing silicon and aluminium species which subsequently react 

and reorganise, forming 3D networks made by (− Si− O− Al− ) and 
(− Si− O− Si− ) building units [1,2]. GPs typically have a better envi
ronmental footprint compared to cement due to their reduced energy 
demand and lower reliance on virgin raw materials [3,4]. In fact, 
common GP precursors are industrial byproducts such as coal fly ash, 
ground granulated blast furnace slag, red mud, and rice husk ash, all 
playing an important role in terms of material repurposing and circular 
economy [5]. Moreover, natural materials such as (meta)kaolin, zeo
lites, and volcanic ash can be used requiring less energy-intensive 
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processing compared to clinker production [6].
Other than applications in the building sector, GPs were successfully 

proposed for the conditioning of low-to-intermediate level radioactive 
waste (RW). The confinement and immobilisation of radioactive con
taminants inside proper conditioning matrices must be a priority to 
avoid potential releases into the environment, which may affect both 
humans and the biosphere [7,8]. In particular, GPs can overcome the 
incompatibilities of challenging RWs with conventional cementitious 
matrices, as in the case of liquid or solid organic waste, and borate- or 
sulphate-rich wastes, allowing elevated loading factors and thus sub
stantial economical savings [9–11]. Caesium, a highly abundant and 
mobile fission product commonly found in RW as short-lived Cs-137 and 
long-lived Cs-135, is often selected as a representative of radioactive 
contamination, and its diffusion and release from conditioning matrices 
is employed as a metric to evaluate their immobilisation effectiveness. In 
this regard, alkali-activated GPs have proven to be effective for RW 
conditioning through low diffusion coefficients. This can be explained 
by the three-dimensional cage-like framework of these binders, similar 
to the ones of zeolites, which determines their selectivity for specific 
cations [12,13]. Conversely, conventional cementitious matrices have a 
low caesium encapsulation and confinement capacity, particularly 
during the hydration phase, limiting their effectiveness and reliability 
within RW management [14].

Although less investigated, acid-activated phosphate-based geo
polymers (PGPs) can offer several advantages over their alkali-activated 
counterparts, mainly in terms of mechanical resistance and thermal 
stability [1]. Moreover, PGPs exhibit elevated sorption capacity partic
ularly towards anionic species thanks to their positive surface charge, 
contrarily to the negatively charged surface of alkali-activated GP [15,
16]. Although preliminary research hinted that PGPs can also effectively 
immobilise, under certain conditions, problematic cations, for example 
heavy metals (in their ionic form) such as Pb2+, or fission (Cs+ and Sr2+) 
and activation (Co2+) products, further investigation is needed [17–19].

The main activator investigated in literature is phosphoric acid, 
though alternatives such as aluminium and potassium dihydrogen 
phosphate might also be used [20,21]. Both the curing temperature and 
the activator concentration deeply influence the properties of the PGPs. 
When the activator concentration is too low, the dissolution of the 
precursors is hindered and the formation of the PGP network is inhibi
ted, resulting in poor mechanical properties. Conversely, excessive 
amounts of activator may lead to unreacted phosphate species and 
higher grout viscosity; both these factors negatively affect mechanical 
properties and excessively extend the setting times [22–24]. Curing 
temperatures above 20 ◦C enhance the dissolution rate of aluminium, 
which is the dominant factor influencing the geopolymerisation reaction 
kinetics of PGPs, thereby reducing the setting time and improving me
chanical strength. However, excessive temperatures (indicatively above 
80 ◦C) can lead to the formation of cracks or disrupt the geo
polymerisation process, thus reducing mechanical performances [25,
26]. While these parameters are clearly dependent on the properties of 
the raw materials, e.g. the precursor type and its particle size distribu
tion, most literature studies suggest that optimal mechanical properties 
can be achieved with a phosphoric acid concentration of approximately 
8–10 mol/L and a curing temperature of about 40–60 ◦C [25–27].

Further investigation is, however, needed to validate these findings 
for a broader range of precursors, as most studies focused only on 
metakaolin and fly ash [1]. Chabazite-rich volcanic tuff (VT) is a 
promising natural precursor for GP synthesis, as it requires minimal 
processing, mostly limited to extraction and grinding. The use of this 
material in alkali-activated GPs has already been demonstrated to 
inhibit leaching of Cs, as chabazite is one of the most selective zeolites 
for Cs [10,11]. The working hypothesis of this study is that the high 
chabazite content in the investigated VT might not only participate in 
the geopolymerisation process, but it can additionally play a key role in 
enhancing Cs immobilisation within the PGP matrix. Such a precursor, 
to the best of authors’ knowledge, has not yet been investigated for 

PGPs. A previous work by Baykara et al. investigated the properties and 
the excellent environmental impact of natural Ecuadorian zeolite 
tuff-based PGPs [28]. The VT proposed in this study, however, differs 
substantially from the one proposed in the aforementioned work in 
terms of mineralogy, elemental composition, and granulometry [28]. 
Furthermore, the high concentration of zeolite chabazite in this VT 
(about 65 % w/w) makes this material particularly interesting for its 
expected Cs immobilisation [29–31].

The aim of this work was to evaluate the interaction between 
phosphoric acid and the chabazite-rich VT, investigating its mineral
ogical evolution and Cs retention efficacy under an acidic environment. 
Therefore, PGP samples were prepared using phosphoric acid solutions 
at varying concentrations. The effect of thermal curing at various tem
peratures up to 60 ◦C was also assessed. A thorough phase composition 
and microstructural characterisation of the samples was also performed 
to ascertain the effects of the activator concentration and curing tem
perature, employing techniques such as powder Quantitative Phase 
Analysis by X-Ray Diffraction (QPA-XRD) and Scanning Electron Mi
croscopy (SEM). The aluminium release from VT in phosphoric acid 
solutions was measured for all combinations of acid concentrations and 
temperatures to analyse the de-alumination process kinetics and 
corroborate experimental findings. The dissolution of silicon and iron, 
two other relevant elements for PGPs, was also investigated. Finally, the 
Cs leaching resistance of the samples was evaluated, as it is a key 
requirement outlined by the Waste Acceptance Criterion (WAC) estab
lished by national regulatory bodies for conditioned RWs.

2. Material and methods

2.1. Raw materials and sample preparation

The micronised chabazite-rich VT (Zeolite Fertenia™, Fertenia S.r.l.) 
used in this study has already been characterised by Santi et al. [10]. 
This VT is mainly composed of SiO2 (52 %1), Al2O3 (17 %), CaO (6 %), 
K2O (6 %), Fe2O3 (4 %), and MgO (2 %). Its full phase composition, as 
obtained by the Rietvled full-profile fit to the experimental X-ray 
diffraction data, is reported in Table 1; further details pertaining to the 
Rietveld treatment are provided in Fig. S1 and Table S2. Industrial-grade 
phosphoric acid (75 % H3PO4, Chimitex S.p.a.) was diluted with osmotic 
water to obtain 60 % and 40 % H3PO4 solutions. The PGP samples were 
prepared using 40 %, 60 %, and 75 % H3PO4 solutions, keeping a con
stant activator solution-to-VT mass ratio of 0.9 to isolate the effect of the 
activator’s molarity on the properties of the samples. Exclusively for the 
samples that underwent leaching tests, phosphoric acid solutions con
taining stable Cs were prepared by dissolving caesium nitrate (CsNO3, 
Sigma Aldrich) to simulate radionuclide contamination. The concen
tration of caesium in the PGP samples was about 300 ppm.

The VT powder was gradually added to the activating solution in a 
planetary mixer, and the resulting paste was thoroughly homogenised 
for 5 min. The PGP samples were then cast in cylindrical moulds 
(diameter 2 cm, height 3 cm) and vibrated to remove air bubbles. The 
samples not subjected to thermal curing were stored in a climatic 
chamber at 20 ◦C (relative humidity >90 %) for 28 days. Those sub
jected to thermal curing were instead put in a sealed container and kept 
in an oven at 40 ◦C or 60 ◦C for 24 h, then moved to the same climatic 
chamber for the remaining 27 days. Table 2 summarises the theoretical 
P/Al, P/Si, and Si/Al molar ratios of the selected PGP formulations and 
provides a code identifier for each sample.

2.2. Quantitative phase analysis by X-ray diffraction

Powder X-ray diffraction data were collected with an automated 

1 Unless otherwise specified all percentages reported in this work are to be 
intended as mass percentages.
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Panalytical X’Pert Pro modular diffractometer, equipped with a X’Cel
erator detector and under the following operating conditions: 2θ range 
from 5◦ to 70◦ and step size of 0.017◦, monochromatized Cu-Kα radia
tion, 40 kV, 40 mA, counting time of 240 s per step, top-loaded samples. 
Phase identification was performed using the X’Pert HighScore suite and 
database. Once all the crystalline components in each sample were 
identified, quantitative phase analysis was performed by Rietveld full- 
profile fit to the experimental X-ray diffraction patterns, employing a 
non-linear least squares procedure and using the GSAS II (General 
Structure Analysis System) software [32]. To perform the Rietveld re
finements, the structural models of the identified crystalline phases were 
imported from the (open) American Mineralogist Crystal Structure Data
base [33]. Through the least squares method, the difference between 
observed and calculated intensities were minimised, using structural 
and instrumental parameters as variables, in particular background 
function (using a Chebeyschev polynomial), crystal size, microstrain, 
and, in some cases, preferred-orientation correction parameters. For all 
the samples, convergence was achieved without any significant corre
lation between the refined parameters, leading to a high quality of fit. To 
quantify the weight fraction of the amorphous phase, an internal stan
dard was added to the mixture (corundum, 20 %). Further details per
taining to the quantification protocol are provided by Gualtieri et al. 
[34].

2.3. Elemental dissolution tests

To assess aluminium dissolution in the acidic environment, suspen
sions were prepared with a solid-to-liquid mass ratio of 1:100 of VT in 
H3PO4 solutions with concentrations of 40 %, 60 %, and 75 %. The 
dissolution of other relevant elements from VT was also investigated, 
namely iron and silicon. The systems were stirred at 1500 rpm at 20 ◦C, 
40 ◦C, and 60 ◦C using a dry bath (Eppendorf ThermoMixer® C). Ali
quots were taken after contact times of 20 min, 40 min, 1 h, 2 h, 3 h, and 
4 h, and immediately centrifuged at 4000 rpm for 3 min to separate the 
aqueous phase from the VT powder. The supernatant, after being filtered 
through a 0.2 μm syringe filter, was then diluted with a 1 % ultrapure 
nitric acid solution and analysed using an inductively coupled plasma- 
optical emission spectrometer (ICP-OES, Avio 500, PerkinElmer). Cali
bration of the spectrometer was performed via matrix-matched certified 
standard solutions (Inorganic Ventures CMS-x) in the range 1–100 ppm. 
The released fraction RFi of the element i at time t was then calculated as 

RFi(t) = mi(t)
/
m0,i (1) 

where mi(t) is the quantity released from VT and m0,i is its initial content 
inside the VT, both expressed in terms of mass.

Further insights into the elemental dissolution mechanism in phos
phoric acid were obtained by validating the experimental data with 
theoretical models. As the investigated VT is a multi-phase material, 

each phase is expected to follow its specific dissolution kinetics. A fully 
comprehensive model would be the result of the superposition of the 
dissolution curves of each phase. Since a detailed model is beyond the 
scope of this work, a simplified approach was adopted, in which the 
dissolution curves were expressed as the superposition of two pseudo 
first-order kinetic models according to the following equation: 

RFi(t) = C1*
(
1 − e− λ1 t)+ C2*

(
1 − e− λ2 t) (2) 

The first exponential term describes the fast transient associated with 
the more reactive phase(s), while the second describes the slower 
transient corresponding to less reactive phase(s). The parameters C1 and 
C2 are the asymptotic released fractions (expressed as weight fractions), 
while λ1 and λ2 are the corresponding dissolution rate coefficients 
(expressed in h− 1).

2.4. Scanning electron microscopy

Morphology characterisation was carried out by scanning electron 
microscopy (SEM). Samples were analysed by a Zeiss EVO MA10 SEM 
(Carl Zeiss, Oberkochen Germany). The surfaces of the samples were 
covered and made conductive by a graphite coating in order to operate 
in high vacuum mode. The images were acquired at high voltage (20 
kV), at room temperature, at different magnifications using both SE and 
BSE detectors.

2.5. Leaching tests

As requested by the Italian regulator, the semi-dynamic leaching 
tests were performed for a period of 7 days following the ANSI/ANS- 
16.1-2019 protocol to evaluate the short-term retention capability of 
the Cs-loaded PGP samples [35]. As the main objective of this work was 
to investigate how caesium retention varies based on the PGP phase 
composition, which is mostly affected by the phosphoric acid concen
tration, the samples cured at room temperature were selected to be 
investigated. Osmotic water was used as leachant, and the systems were 
kept at constant temperature (22 ± 1 ◦C) for the whole duration of the 
experiment. The resulting leachates were duly diluted using a 1 % ul
trapure HNO3 solution and subsequently analysed by means of Induc
tively Coupled Plasma-Mass Spectrometry (ICP-MS, NexION 2000; 
PerkinElmer) to calculate the contaminant releases. The instrument was 
calibrated via matrix-matched multi-elemental certified standard solu
tions (Inorganic Ventures CMS-x) in the range 0.1–100 ppb. The cu
mulative leached fraction CFn of caesium up to the n-th time interval was 
calculated as: 

CFn = an/A0 (3) 

where an is the leached quantity of caesium up to the n-th time interval 
and A0 is the total quantity of caesium inside the tested specimen prior 
to the beginning of the test, both expressed in terms of mass. The 
leachability index L is then calculated according to the ANSI/ANS-16.1- 
2019 protocol to evaluate the leaching behaviour of the samples and 
compare it to the Italian WAC [35]. For comparison with existent 
literature, the leaching rate LRn of caesium up to the n-th time interval 
was calculated as: 

LRn = CFn*
V
S

*
1
tn

(4) 

where V is the volume of the specimen (in cm3), S its total surface area 
exposed to water (in cm2), and tn is the elapsed time since the beginning 

Table 1 
Quantitative phase composition of the investigated VT.

Mineralogical phase Chabazite Pyroxene K-feldspar Biotite Ferrierite Amorphous

Mass fraction (%) 64.7 ± 2 11.7 ± 1 9.5 ± 1 0.5 ± 0.1 0.3 ± 0.1 13.4 ± 1

Table 2 
Main theoretical molar ratios of the investigated samples; the activator solution- 
to-VT ratio of the samples is 0.9 w/w.

P/Al (mol/mol) P/Si (mol/mol) Si/Al (mol/mol)

PGP40-T20, -T40, -T60 1.1 0.42 2.6
PGP60-T20, -T40, -T60 1.6 0.62 2.6
PGP75-T20, -T40, -T60 2.1 0.81 2.6

Nomenclature: PGPX-TY, where X is the phosphoric acid concentration in % w/ 
w and Y is the curing temperature in ◦C.
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of the test up to the n-th time, expressed in days [17].

3. Results and discussion

3.1. Characterisation of the samples

3.1.1. Phase analysis
The results from the QPA-XRD analysis are reported in Table 3. The 

Rietveld full-profile fit of the QPA-XRD patterns of the PGP samples 
prepared using 40 %, 60 %, and 75 % H3PO4 solutions for the investi
gated curing temperatures are reported in Figs. 1–3, respectively, while 
the references of the crystalline structure models used in the Rietveld 
refinements and the associated statistical parameters are reported in 
Table S1 and Table S3. All the PGP samples had a largely amorphous 
component, at least 70 % of the matrix, as expected for GPs [36,37]. This 
dominant phase is mainly a mixture of non-crystalline alumi
no-phosphates, silico-phosphates, and alumino-silico-phosphates, 
constituting the PGP network [38,39]. While QPA-XRD cannot discern 
the PGP network from other possible amorphous phases, such as 
amorphous silica, it is nonetheless reasonable to assume that a high 
degree of reaction occurred in the samples, as the VT was mostly crys
talline (about 85 %) before the reaction. Furthermore, pyroxene was 
completely dissolved in all the samples due to its instability in acidic 
environments, leading to the release of elements such as Mg, Ca, and Fe 
[40].

For the PGP40 samples, the total amorphous fraction increases from 
70.6 % to 72.9 % and 80.8 % at curing temperatures of 20, 40, and 60 ◦C, 
respectively. This might suggest that the initial de-alumination phase of 
the VT is favoured by the higher temperature, leading to a stronger and 
more amorphous configuration, as reported in literature [25,26]. In 
contrast, the amorphous fraction of PGP60 and PGP75 samples was only 
marginally influenced by the curing temperature, with essentially con
stant values in the order of 75 % and 83 %, respectively. The higher 
amorphous content is primarily ascribable to the increase in the acti
vator concentration [27,41]. This suggests that an asymptotic equilib
rium is already reached between the phases at 20 ◦C, thus temperature 
barely affects the mineralogical composition of the samples.

Chabazite, ideally (Ca,K2,Na2)2(Al2Si4O12)2⋅12H2O, the main 
mineralogical phase of the VT precursor, was heavily dissolved in the 
PGPs as its aluminosilicate framework breaks down due to lower sta
bility in acidic environments, contrarily to what happens in alkaline 
conditions [10,42,43]. As reported in Table 3, chabazite was identified 
only in the three PGP40 samples of lower acidity; approximately 20 % 
with respect to the initial amount was not dissolved, and the curing 
temperature did not affect its stability. Increasing the H3PO4 solution 
concentration to at least 60 %, chabazite completely decomposed. The 
dissolution of chabazite entailed the release of several chemical species 
in the PGP matrices, such as Ca2+ and K+, that can promote the nucle
ation and growth of new crystalline phases (as described below), and an 
amorphous (Al + Si)-rich phase, which contributed to the high 
non-crystalline fraction detected in the QPA-XRD analysis of the samples 
prepared using higher acid concentration. As further discussed in section 
3.2, the total dissolution of chabazite caused a lower retention capability 
for Cs in the PGP60 sample, while unexpectedly no significant effects 

were observed for PGP75.
Taranakite, ideally K3Al5(PO3OH)6(PO4)2⋅18H2O, was the main 

crystalline phase in the PGP40 and PGP60 samples (Table 3). As re
ported in literature, its formation is favoured at low pH by precipitation 
of K+ with soluble alumino-phosphate complex anions [44,45]. 
Increasing the concentration of the H3PO4 solution from 40 % to 60 % 
promoted taranakite precipitation, as more K+ from chabazite dissolu
tion and PO4

3− became available, leading to values in the order of 16 % 
and 21 %, respectively. Furthermore, this phase exhibited stability 
under thermal curing except for the PGP40-T60 sample, for which a 
lower fraction of 8.3 % was measured. A possible explanation for this 
deviation is that thermal curing at 60 ◦C promotes the formation of 
amorphous alumino-(silico-)phosphate phases with superior reactivity. 
This hypothesis was corroborated by the experimental findings dis
cussed in section 3.1.2, as aluminium dissolution using a 40 % phos
phoric acid solution at 60 ◦C exhibited a significantly faster kinetics than 
at lower temperatures, thus possibly hindering the formation of crys
talline phases.

Calcium as Ca2+ can form several phases in PGPs, mostly amorphous 
calcium-alumino-phosphates and calcium-silico-alumino-phosphates, 
which favour the precipitation of phases acting as nucleation sites, 
thus enhancing geopolymerisation kinetics and improving compressive 
strength [46,47]. In PGP40 and PGP60 samples, calcium-based crys
talline phases, due to chabazite dissolution, were not identified, thus it is 
highly likely that Ca2+ is one of the chemical components of the amor
phous phase. However, increasing the H3PO4 solution concentration to 
75 % led to a new dominant calcium dihydrogen phosphate Ca(H2PO4)2 
crystalline phase, which partially replaced taranakite. The abundance of 
dihydrogenphosphate anions at low pH, along with and the limited 
water availability, promoted the formation of this anhydrous acid 
phosphate over the highly hydrated taranakite. Increasing the curing 
temperature might instead favour once again the formation of amor
phous calcium phosphate phases, coherently with the slight increase in 
the amorphous fraction of the PGP75 samples. With similar consider
ations, Mg2+ from pyroxene dissolution followed the same chemical 
behaviour of Ca2+ and formed crystalline phases only in the PGP75 
samples, while in the other specimens it reasonably formed amorphous 
magnesium phosphates [48]. Unlike calcium dihydrogen phosphate, 
bobierrite, ideally Mg3(PO4)2⋅8H2O, was stable regardless of the curing 
temperature.

Finally, the fraction of K-feldspar, a minor crystalline phase in VT, 
remained nearly constant among all the samples. K-feldspar exhibited 
elevated stability against the curing temperature thanks to its strong 
framework structures [49,50]. Partial dissolution occurred only in the 
PGP75 samples due to the extremely low initial pH. The use of K-feldspar 
as PGP precursor was reported to improve durability and mechanical 
strength, although to a minor extent when compared to alkali GPs due to 
its limited solubility in phosphoric acid [51,52]. However, due to the 
reduced fractions contained, this did not result in any significant 
mineralogical difference across the specimens.

3.1.2. Elemental dissolution tests of VT
Aluminium dissolution from aluminosilicates-rich materials, such as 

coal fly ash and kaolin, by inorganic acids is known to be effective 

Table 3 
Quantitative mineralogical phase composition of the PGP samples varying activator concentration and thermal curing; all the values are expressed as mass percentages.

PGP40 PGP60 PGP75

​ T20 T40 T60 T20 T40 T60 T20 T40 T60
Amorphous 71 ± 2 73 ± 2 81 ± 1 74 ± 2 75 ± 2 75 ± 1 83 ± 3 84 ± 2 85 ± 1
Taranakite K3Al5(PO3OH)6(PO4)2 ⋅ 18H2O 17 ± 1 16 ± 1 8.3 ± 0.2 21.6 ± 0.9 21 ± 2 20.5 ± 0.5 4.2 ± 0.3 4.0 ± 0.3 5.4 ± 0.3
K-Feldspar KAlSi3O8 4.2 ± 0.3 4.0 ± 0.3 3.5 ± 0.1 4.2 ± 0.2 3.8 ± 0.2 4.4 ± 0.1 1.6 ± 0.2 2.1 ± 0.2 2.5 ± 0.2
Chabazite (Ca,K2,Na2)2(Al2Si4O12)2 ⋅ 12H2O 7.4 ± 0.4 7.2 ± 0.4 7.3 ± 0.1 / / / / / /
Calcite CaCO3 0.1 ± 0.1 / 0.1 ± 0.1 / / / 0.2 ± 0.1 0.2 ± 0.1 /
Calcium Dihydrogen Phosphate Ca(H2PO4)2 / / / / / / 9.5 ± 0.4 8.4 ± 0.4 5.3 ± 0.2
Bobierrite Mg3(PO4)2 ⋅ 8H2O / / / / / / 1.5 ± 0.2 1.5 ± 0.2 1.6 ± 0.1
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[53–55]. The main mechanism is the protonation of the bridging oxy
gens between Al/Si-polyhedra, which significantly lowers the barrier 
energy of the dissolution reaction [39,56,57]. The dissolution of 
aluminium from VT over the time, at the investigated phosphoric acid 
concentrations and temperatures, is shown in Fig. 4. Increasing the 
phosphoric acid concentration beyond 40 % leads to a reduction in the 
total amount of aluminium released over 4 h and slower kinetics. This is 
likely because the viscosity of phosphoric acid solutions strongly in
creases with the concentration, hence limiting diffusion and hindering 
aluminium dissolution [58,59]. Comparing the curves after 4 h at 20 ◦C, 
the aluminium release decreased from approximately 51 %–32 % and 9 
% for phosphoric acid concentrations equal to 40 %, 60 %, and 75 %, 

respectively. Increasing the temperature promoted aluminium dissolu
tion and accelerated the kinetics of this process [60]; this is coherent 
with the increase in reaction kinetics and the decrease in solution vis
cosity, which are typically proportional to the temperature. In fact, after 
4 h at 60 ◦C, the aluminium release amounted to approximately 66 %, 
63 %, and 34 %, for phosphoric acid concentrations of 40 %, 60 %, and 
75 %, respectively.

All the dissolution curves were well described by the model proposed 
in equation (2). The optimal model parameters and the corresponding 
coefficients of determination R2 are reported in Table 4. Given the time 
resolution of the experimental data points, it was not feasible to directly 
and accurately determine the values of λ1, and it can only be inferred 

Fig. 1. X-ray diffraction patterns of PGP samples using phosphoric acid 40 % w/w at different thermal curing temperatures: a) 20 ◦C (PGP40-T20); b) 40 ◦C (PGP40- 
T40); c) 60 ◦C (PGP40-T60).

Fig. 2. X-ray diffraction patterns of PGP samples using phosphoric acid 60 % w/w at different thermal curing temperatures: a) 20 ◦C (PGP60-T20); b) 40 ◦C (PGP60- 
T40); c) 60 ◦C (PGP60-T60).

Fig. 3. X-ray diffraction patterns of PGP samples using phosphoric acid 75 % w/w at different thermal curing temperatures: a) 20 ◦C (PGP75-T20); b) 40 ◦C (PGP75- 
T40); c) 60 ◦C (PGP75-T60).
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that the first exponential contribution to the kinetic model reaches its 
equilibrium well before 20 min contact time. For this reason, λ1 values 
are not reported and only the asymptotic released fractions C1 were 
inferred and reported in Table 4. Consistently with what was previously 
described, most of the aluminium release occurred within the first 20 
min when using a 40 % phosphoric acid solution, between roughly 30 % 
and 50 % depending on the temperature. This high reactivity can be 
linked to chabazite and pyroxene instability in acidic media, which fa
vours their rapid dissolution. Furthermore, it is worth highlighting that, 
with a 60 % phosphoric acid solution, the effect of temperature was 
noticeably beneficial, as the values of C1 increased by a factor of about 5 

at 40 ◦C and 60 ◦C. Once again, this finding highlights the advantages of 
adopting a thermal curing to improve sample setting, in particular when 
increasing the activator concentration. In fact, a higher content of 
readily available aluminium in the PGP paste results in a shorter dura
tion of the de-alumination phase, which is recognised to be the most 
important factor influencing the setting time of these binders [21,26,
39]. Finally, summing the terms C1 and C2 it was possible to estimate the 
total asymptotic aluminium release from the VT. When using either a 40 
% or 60 % phosphoric acid solution, the resulting values were closely 
matched with the released fraction after 4 h, meaning that the dissolu
tion reaction is almost completed by that time. Furthermore, in three out 

Fig. 4. Dissolution curves of aluminium at 20, 40, and 60 ◦C in phosphoric acid solutions of different concentrations: a) 40 % b) 60 % c) 75 % w/w; error bars are 
within markers size. The interpolation represents only the slower transient of the overall dissolution curve.

Table 4 
Model parameters for the dissolution curves of aluminium and iron.

Aluminium Iron

T [◦C] C1 λ2 [h− 1] C2 R2 C1 λ2 [h− 1] C2 R2

40 % 20 0.28 0.66 0.25 0.992 0.11 0.56 0.25 0.924
40 0.37 0.79 0.26 0.996 0.21 0.65 0.36 0.997
60 0.43 1.44 0.22 0.990 0.27 1.23 0.39 0.988

​ T [◦C] C1 λ2 [h− 1] C2 R2 C1 λ2 [h− 1] C2 R2

60 % 20 0.04 0.47 0.33 0.997 0.11 0.53 0.28 0.990
40 0.18 0.72 0.32 0.998 0.22 0.69 0.40 0.998
60 0.22 0.81 0.43 0.998 0.28 2.06 0.38 0.980

​ T [◦C] C1 λ2 [h− 1] C2 R2 C1 λ2 [h− 1] C2 R2

75 % 20 0.02 0.07 0.28 0.948 0.12 0.61 0.23 0.995
40 0.06 0.15 0.30 0.972 0.21 0.73 0.37 0.998
60 0.09 0.17 0.49 0.996 0.41 1.59 0.22 0.981
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of these six tests, a steady-state aluminium release of approximately 65 
% was measured (Fig. 4), suggesting that this might represent the 
maximum achievable value under the investigated experimental con
ditions. Conversely, when using a 75 % phosphoric acid solution, the 
sum of C1 and C2 was higher than the experimental value after 4 h by a 
factor of about 2–3 based on the temperature, confirming that an 
excessive activator concentration slows down the de-alumination 
process.

Further insights into the effects of the phosphoric acid concentration 
and temperature can be inferred from the dissolution rate coefficient λ2, 
which expressed sensitivity to the experimental parameters. The value 
of λ2 increased by 20 % and 119 % when the temperature was raised 
from 20 ◦C to 40 ◦C and 60 ◦C, respectively, using a 40 % phosphoric 
acid solution (Table 4). The significant acceleration of the reaction ki
netics at 60 ◦C, leading to the dissolution of about half of the aluminium 
from the VT precursor already within the first 20 min, is coherent with 
the reduced content of taranakite in the PGP40-T60 sample, as reported 
in section 3.1.1. Under these conditions, in fact, the de-alumination 
reaction might be so fast that crystal formation is hindered in favour 
of amorphous phase development. Similarly, for 60 % phosphoric acid 
the value of λ2 increased by 54 % at 40 ◦C and 73 % at 60 ◦C. However, 
even the latter value remained significantly lower than that observed for 
the 40 % phosphoric acid at 60 ◦C, which may account for the fact that 
crystalline taranakite formation was not hindered. In contrast, the 
values of λ2 in the aluminium dissolution tests with 75 % phosphoric 
acid were one order of magnitude lower, although the beneficial effects 
of increasing the temperature were again confirmed.

Iron is an element of particular importance in PGPs, as it can partially 
replace aluminium to form ferro-sialate structures 

(− O− Fe− O− Si− O− Al− O− ) or amorphous iron phosphate phases [61]. 
As these reactions are strongly exothermic, the generated heat acceler
ates the formation of the PGP binder, hence reducing the setting time, 
and improves mechanical properties by fostering a denser matrix [62,
63]. The dissolution of iron over time at the investigated phosphoric acid 
concentrations and temperatures is shown in Fig. 5. All the nine inves
tigated combinations of phosphoric acid concentration and temperature 
followed the model from equation (2); the corresponding parameters are 
reported in Table 4. The releases were considerably high as iron is easily 
leached in phosphoric acid solutions [64]. Contrarily to literature data, 
the phosphoric acid concentration had no significant effect on the total 
quantity of iron dissolved from the VT [64]. Instead, as expected, tem
perature was the main factor influencing iron dissolution [65], both in 
terms of kinetics and of total released amount. After 4 h contact time at 
20 ◦C, iron release in the 40 % phosphoric acid solution was about 32 %, 
and it increased to 54 % at 40 ◦C and 66 % at 60 ◦C. Comparable values 
were also measured for the other two phosphoric acid solutions. Tem
perature was confirmed to be the main factor influencing the kinetics, in 
particular regarding early-stage dissolution. Specifically, the parameter 
C1 increased approximately by a factor 2 rising the temperature to 40 ◦C, 
and about 3–60 ◦C, regardless the phosphoric acid concentration. 
Moreover, the total asymptotic iron dissolution, estimated as the sum of 
the terms C1 and C2, also showed no dependence on the phosphoric acid 
solution. The corresponding values were around 36 % at 20 ◦C, 59 % at 
40 ◦C, and 65 % at 60 ◦C, comparable to the released fraction after 4 h, 
hence the dissolution reaction is almost completed within 4 h.

Silicon releases were very limited when compared to aluminium and 
iron, as the majority of silicon compounds, in particular silica, are 
chemically inert in most acids other than hydrofluoric acid [66]. 

Fig. 5. Dissolution curves of iron at 20, 40, and 60 ◦C in phosphoric acid solutions of different concentrations: a) 40 % b) 60 % c) 75 % w/w; error bars are within 
markers size. The interpolation represents only the slower transient of the overall dissolution curve.
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According to Bu et al., phosphoric acid exhibits greater silicon dissolu
tion from aluminosilicate precursors than aluminium dihydrogen 
phosphate, another common PGP activator [56]. However, its effec
tiveness remains limited as phosphoric acid can dissolve silicon only 
through protonation of oxygen in the siloxo (− Si− O− Si− ) bonds, which 
are more resistant to protonation than sialate (− Al− O− Si− ) bonds [39,
56]. In opposition to aluminium and iron, no clear silicon dissolution 
trends were observed. Expectedly, temperature had no significant effect 
on dissolution, as silicon compounds commonly found in geopolymers 
are stable at the investigated temperatures range [67]. After 4 h of 
contact, the silicon releases in the 40 % and 60 % phosphoric acid so
lutions were considerably low, in the order of 1 % and 2 % respectively, 
as already observed in other literature works on PGPs [25,68]. Instead, 
silicon releases increased to about 6 % when using 75 % phosphoric acid 
solutions. This higher dissolution rate can reflect the higher acid con
centration and, to some extent, even the partial consumption of 
K-feldspar at very low pH, as consistently reported in section 3.1.1 for 
the PGP75 samples. As expected, all the results were considerably lower 
than those reported in literature using alkaline solutions [69,70]. It is 
important to highlight that as silicon is only marginally dissolved in 
phosphoric acid, only a small fraction is able to actively participate in 
the formation of the geopolymeric gel. Consequently, the effective P/Si 
ratio of the PGP binder is expectedly higher than the theoretical total 
P/Si ratio. Without accurate estimations, the optimisation of PGP for
mulations might be based on misleading data, potentially compromising 
the quality of the final specimens [69].

3.1.3. Morphology of the samples
The micrographs of a selection of PGP samples are shown in Figs. 6 

and 7. All the samples showed a typical texture ascribable to polyphasic 
aggregates, with a dominant amorphous phase, consistently with the 
experimental findings based on QPA-XRD results.

The effects of thermal curing on the morphology of the samples were 
noticeable mostly on the PGP40 samples, as shown in Fig. 6. Although 
chabazite was detected by QPA-XRD, it was not possible to clearly 
identify its crystals, being a microcrystalline phase that heavily reacted 
within the system, thus resulting covered by the geopolymeric network. 
This can be inferred from the PGP40-T20 sample, shown in Fig. 6a. The 
PGP40-T60 sample presented relatively diffused microcracks (Fig. 6b), 
attributable to shrinkage due to the high water content and the rela
tively elevated curing temperature, both of which might favour sample 
exsiccation [25,71]. Therefore, although increasing the curing temper
ature to 60 ◦C led to a more abundant and compact amorphous gel, 
promoted by the higher degree of polymerisation, the overall mechan
ical performance and Cs retention capability of the sample might be 
hindered by the microcracks.

The evolution of the crystalline phases was mostly appreciable on the 
PGP samples that underwent thermal curing at 60 ◦C (Fig. 7). Consid
ering the low fraction of taranakite and the difficulty to detect pure 
chabazite phases, the PGP40-T60 sample showed a vastly amorphous 
microstructure (Fig. 7a). In the PGP60-T60 sample, instead, taranakite 

Fig. 6. SEM micrographs (2000 × magnification) of PGP samples using phosphoric acid 40 % w/w at different thermal curing temperatures: a) 20 ◦C (PGP40-T20); 
b) 60 ◦C (PGP40-T60).

Fig. 7. SEM micrographs (2000 × magnification) of PGP samples at different 
phosphoric acid concentrations that underwent thermal curing at 60 ◦C: a) 40 
% w/w (PGP40-T60); b) 60 % w/w (PGP60-T60); c) 75 % w/w (PGP75-T60).
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crystals were more easily recognisable and homogeneously dispersed 
throughout the matrix (Fig. 7b), with a lamellar habit with inter
penetrated individuals. In the PGP75 samples, as previously reported in 
section 3.1.1, taranakite formation was competitive to the formation of 
calcium dihydrogenphosphate (Table 3). Consistently, this phase was 
identified in the PGP75-T60 sample (Fig. 7c). In opposition to tar
anakite, calcium dihydrogen phosphate formed platy crystals that were 
more localised into clusters.

3.2. Leaching behaviour

Compared to ordinary Portland cement, alkaline GPs typically 
exhibit superior Cs+ retention capabilities [72]. Conversely, thanks to 
their positive surface charge, PGPs are typically more effective for the 
stabilisation of wastes containing anionic species, such as Se and I 
oxyanions and I− [15]. Although PGPs are less suited for cation retention 
for this same reason, it is possible to improve their immobilisation 
performances by opportunely tuning the P/Al ratio, thus modifying the 
surface charge up to slightly positive or neutral values [18]. Caesium 
retention in PGPs is typically lower than in alkaline GPs, but they are 
sufficiently well performing to meet the WAC established by regulatory 
bodies [17].

The leaching behaviour of caesium-loaded PGP40-T20, PGP60-T20, 
and PGP75-T20 samples was investigated. The cumulative leached 
fractions of Cs+ from the matrices, shown in Fig. 8a, followed a linear 
trend with respect to the square root of time, implying that the pre
dominant leaching mechanism was diffusion [11]. After 7 days, the 
PGP40-T20 sample released only 1.7 % by weight of the initially loaded 
caesium. This low fraction can be attributed to the partial preservation 
of chabazite from the VT, which contributed to the improvement of the 
leaching resistance. Instead, PGP60-T20 exhibited a worse retention 
capability. As previously discussed in section 3.1.1, the total consump
tion of chabazite might hinder caesium immobilisation. Moreover, an 
increase in the P/Al corresponds to a more positively charged surface, 
thus a higher repulsion for cations [15]. Nevertheless, the 7-day cu
mulative leached fraction still remained considerably low at approxi
mately 3.3 % by weight, suggesting the involvement of other retention 
mechanisms counterbalancing the adverse effects from electrostatic 
repulsion and chabazite consumption. As taranakite is an abundant 
phase in the PGP40 and PGP60 samples, it is possible for Cs+ to form 
taranakite-like crystals substituting to K+ due to their similar chemical 
behaviour. Since taranakite is relatively insoluble in water, caesium 
leaching is likely hindered [73]. Unexpectedly, the PGP75-T20 sample 
exhibited comparable results to the PGP40-T20 sample, despite the 
absence of chabazite and a much higher P/Al ratio, i.e. a stronger cation 
electrostatic repulsion. A possible explanation for this phenomenon is 

that the formation of new phases was favoured by the abundance of 
phosphate and dihydrogen phosphate anions, such as highly insoluble 
magnesium caesium phosphates [74]. Furthermore, the higher amor
phous fraction of the PGP75-T20 sample may have contributed to a more 
compact microstructure of the material, enhancing physical retention of 
caesium and limiting its diffusion [17].

The leaching rates of Cs+, shown in Fig. 8b, decreased over time after 
an initial surface wash-off [17,75]. Consistently with the previously 
discussed results, the leaching rates for the PGP40-T20 and PGP75-T20 
samples were comparable, ranging from about 1.3⋅10− 3 cm/d after one 
day to 0.8⋅10− 3 cm/d after seven days. Instead, the values for the 
PGP60-T20 sample were higher by a factor roughly two, namely 
2.3⋅10− 3 cm/d and 1.6⋅10− 3 cm/d after one and seven days, respec
tively. Nonetheless, all values remained considerably low in absolute 
terms.

As required by the Italian national regulator, the leachability index 
for Cs+ was calculated over a 7-day test to quantitatively estimate the 
retention capability of the samples [76]. The leachability index value for 
both the PGP40-T20 and PGP75-T20 samples was 10.2 ± 0.1, while for 
the PGP60-T20 sample it was slightly lower, namely 9.6 ± 0.1. Never
theless, all values were significantly above the minimum threshold of 
6.0 required by the Italian WAC [76].

Finally, a comparison between caesium retention capabilities of or
dinary Portland cement, alkali GP, and PGPs from the literature is re
ported in Table 5. Although PGP40-T20 and PGP75-T20 demonstrated 
almost identical retention capabilities, the first one was chosen as the 
reference sample for this study. This choice was made due to the lower 
concentration of the activator, which allows to reduce costs and have a 
more workable paste due to its lower viscosity. When compared to or
dinary Portland cement, PGP40-T20 demonstrated a one order of 
magnitude lower cumulative Cs+ leached fraction, and one to two orders 
of magnitude lower leaching rate after 7 days. The comparison with 
alkali GPs was instead more variable, as some alkali GPs outperformed 
PGPs, while others showed similar results. This indicates that PGPs 
represent a promising class of materials for Cs+ immobilisation, espe
cially for acidic wastes difficult to incorporate within alkaline matrices 
without pre-treatments. To the best of the authors’ knowledge, all 
relevant studies addressing Cs+ leaching from PGPs are reported in 
Table 5. Although the results presented in this study are particularly 
promising in comparison to prior literature, further research is necessary 
to corroborate these findings and to better investigate caesium retention 
mechanisms, especially on a long-term horizon.

4. Conclusions

In this study, PGPs were prepared using a natural chabazite-rich VT 

Fig. 8. Caesium a) cumulative leached fraction and b) leaching rate in the investigated PGP samples; error bars are within markers size.
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as precursor to evaluate their suitability for radioactive waste condi
tioning. The influence of the phosphoric acid concentration and curing 
temperature on the phase evolution was systematically investigated. The 
key findings are hereby summarised. 

- Chabazite was found to be highly unstable in acidic environments. 
The QPA-XRD analysis revealed that chabazite remained in small 
weight fraction when using a 40 % phosphoric acid solution as 
activator, and it was fully dissolved using 60 % and 75 % phosphoric 
acid solutions. Such a dissolution resulted, during the first steps of 
geopolymerisation, in the release of high amounts of structural 
aluminium, in addition to potassium and calcium as chabazite 
balancing cations.

- The VT dissolution tests confirmed that increasing temperature 
promotes aluminium release. Readily available aluminium plays a 
key role in reducing the duration of the de-alumination phase, which 
controls the setting time of these binders. In contrast, silicon release 
was more limited and mostly influenced by phosphoric acid con
centration, with no significant temperature dependence.

- All the selected formulations exhibited promising short-term 
caesium retention capabilities (retention of approximately 98 % 
after 7 days), significantly outperforming ordinary Portland cement- 
based matrices, and matching the performances of some alkali- 
activated geopolymers. Furthermore, the selected formulations met 
the Italian leaching WAC for low-to-intermediate level radioactive 
waste disposal.

Chabazite-rich VT thus emerges as a particularly promising precur
sor for PGP formulations. Furthermore, its elevated resistance to Cs 
leaching makes it a promising precursor for applications within radio
active waste conditioning. Given that the effects of thermal curing on 
PGPs have only recently been explored, and primarily for a limited se
lection of precursors, the outcomes of this paper provided a meaningful 
contribution to the literature.

Future works will focus on fully elucidating the mechanisms behind 
caesium immobilisation in these samples. Furthermore, the leaching of 
other common radionuclides will be investigated, focusing on both 
cationic (e.g., Sr2+, Co2+) and anionic (e.g., I− , IO3

− , SeO4
2− , MoO4

2− , Cl− ) 
species.
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