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A B S T R A C T

This study presents the first valorisation of a waste generated from the cleaning process of phosphogypsum 
leachate (HApW) as a clay substitute in ceramics , contributing to the development of cleaner materials through 
industrial waste reuse. The waste is mainly composed of hydroxyapatite but contains non-negligible concen
trations of heavy metals such as As, Zn, Cu, Ni, and V, and exhibits a 238U activity concentration of approximately 
750 Bq⋅kg− 1. Ceramics were prepared with varying clay replacement by HApW (20, 40, 60, and 80 wt%). Two 
commercial ceramic clays with distinct chemical and mineralogical compositions (referred to as clay A and clay 
B) were used. The thermal behaviour, sintering responses and the resulting microstructural and mechanical 
properties were systematically evaluated to determine the suitability of HApW as a sustainable clay substitute. 
Ceramic compositions were further assessed for porosity, flexural strength, and environmental safety via leaching 
tests. Results indicate that high HApW compositions exhibit a mineralogy dominated by HApW derived phases, 
including substituted apatite (Ca5(Na,Mg)(PO4)3) and complex calcium phosphate (Ca9MgNa(PO4)7), formed 
through thermal decomposition. HApW induces intense sintering and high final shrinkage, and clay would act as 
a skeleton that moderates this process. The flexural strength of the ceramic compositions ranges from 7 to 47 
MPa and decreases linearly with increasing HApW content; however, this behaviour depends not only on total 
porosity but also on pore size. Microstructural analysis showed that clay A led to mostly amorphous matrices, 
while clay B produced denser structures with integrated apatite and acicular mullite crystals, enhancing 
densification and mechanical performance. Environmental assessment showed that heavy metal release remains 
below regulatory limits and that the radiological impact is negligible (indicative dose < 0.1 mSv⋅year− 1). 
Compositional evaluation against ISO 13006 ceramic tile requirements showed that formulations 50A and 60A 
meet the specifications for BIIa indoor floor tiles, whereas 70B and 80B comply with BIb requirements, identi
fying these compositions as the optimal ranges for practical application. These findings demonstrate the viability 
of HApW as a sustainable clay replacement in ceramic production within the framework of cleaner material 
development.

1. Introduction

In the context of the circular economy, the valorisation of waste 
plays an essential role in transforming waste into valuable resources, 
improving both the economic efficiency of companies and providing 
environmental benefits through reuse and recycling, using the approach 
of ‘waste-to-resource innovation’ (Leder et al., 2020; Ling et al., 2025).

From an environmental impact point of view, industrial waste 

generated and/or stored is as important as the leachates (the contami
nated liquid produced by water percolating through solid waste) 
generated for them (. These effluents can contaminate soil, groundwater, 
and surface water with heavy metals, toxic chemicals, and other pol
lutants. This contamination can harm ecosystems, pollute drinking 
water, and pose risks to human health (Ayala and Fernández, 2020; 
Segundo et al., 2021).

A clear example of these leachates is the phosphogypsum leachate 
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(PGL), which is generated in phosphogypsum (PG) piles (Wu, 2024). 
Phosphogypsum is an inorganic waste (mainly composed of gypsum 
CaSO4⋅2H2O) generated in the phosphoric acid production by using 
phosphate rock and sulphuric acid as raw materials (Bolívar et al., 1998; 
Tayibi et al., 2009). Currently, more than 300 million tonnes of phos
phogypsum (PG) are produced annually, where only 14 % is recycled, 
28 % is discharged into coastal waters, and the remaining 58 % is stored 
in stacks (Bilal et al., 2023). Thus, around 6‒7 billion tonnes of phos
phogypsum (PG) are estimated to be stored across the world to date 
(mainly EE.UU., Jordanian, Turkey, Tunisia, Spain, Morocco, China, 
Russia and Poland) (Chernysh et al., 2021). These stacks involve large 
open storage areas that are susceptible to leaching with the action of 
rainfall (Millán-Becerro et al., 2023; Millán-Becerro et al., 2019). 
Phosphogypsum leachate (PGL) is an environmental problem primarily 
due to its high content of pollutants, including heavy metals (lead, 
cadmium, arsenic, etc), radionuclides (U and Th decay family), and 
other toxic substances (F-, SO4

2- and Cl-), which can contaminate soil, 
groundwater, and surface water (Wu, 2024). This contamination can 
lead to long-term ecological damage and pose health risks.

In Spain, the phosphogypsum stacks sited in Huelva (southwest of 
Spain) contain approximately 100 million tons of PG (after 45 years of 
phosphoric acid production). These stacks cover more than 1,000 ha in 
the marshlands of the Tinto River, less than one kilometre from the city. 
Previous studies have found that the contents in natural radioactivity of 
the PG are variable, with average values and ranges as follow: 226Ra 
(650 Bq⋅kg− 1, 400–1100 Bq⋅kg− 1), 210Pb = 210Pb (500 Bq⋅kg− 1, 
300–600 Bq⋅kg− 1), 238U (120 Bq⋅kg− 1, 30–300 Bq⋅kg− 1), 230Th (450 
Bq⋅kg− 1, 200–700 Bq⋅kg− 1) (Bolívar et al., 1998; Mas et al., 2006). 
Additionally, with a pH = 1.5–3, the activity concentrations of PGL 
(collected in the perimeter channel, Fig. 1), are very high and variable, 
according to the solubility of the different radioelements. Thus, activity 
concentration for 238U = 234U (200 Bq⋅L− 1), 230Th (0.8 Bq⋅L− 1), 226Ra (2 
Bq⋅L− 1), 210Pb = 210Po (20 Bq⋅L− 1) were measured (Gázquez et al., 2014; 
Guerrero et al., 2021). In relation to the metals and metalloids, con
centrations of total phosphorus (10‒32 g⋅L− 1), fluorides (1.5‒2 g⋅L− 1), 
sulphates (4‒5 g⋅L− 1), chlorine (4.5‒5.5 mg⋅L− 1), and metals such as K 
(250‒300 mg⋅L− 1), Mg (600‒700 mg⋅L− 1), Ca (1600 mg⋅L− 1), Na (3.5‒ 
4.5 g⋅L− 1), As (25‒50 mg⋅L− 1), Zn (65‒70 mg⋅L− 1), Cr (20 mg⋅L− 1), Cd 
(8 mg⋅L− 1), Mg (700‒900 mg⋅L− 1) and Br (100 mg⋅L− 1) were found 
(Soto-Cruz et al., 2024, 2025).

To mitigate the environmental impact of the PGL, Soto-Cruz et al. 
(Soto-Cruz et al., 2024) developed a treatment for the decontamination 

of PGL by adding CaCO3 and Ca(OH)2 in two sequential separate steps. 
As a result of this treatment, two solid wastes (one from each step) and a 
non-polluted liquid effluent were obtained. The first solid consisted 
mainly of calcium fluoride (37–55 wt% CaF2), whereas the second solid, 
composed predominantly of hydroxyapatite (75–80 wt% Ca5(PO4)3OH), 
is the waste investigated in the present study. For clarity, this second 
waste will hereafter be referred to as HApW. HApW contains high 
concentrations of phosphorous and calcium (in hydroxyapatite form) 
and potential hazardous substances such as heavy metals (Pb, Cr, As, 
etc) and natural radionuclides (mainly 238U and 234U).

Hydroxyapatite (HAp) is regarded as an environmentally friendly 
adsorbent due to its non-toxic nature and low solubility in water (Feng 
et al., 2010; Lin et al., 2023; Peng et al., 2023). Several studies have 
demonstrated that HAp obtained by hydrothermal processing of marble 
sludge and limestone sludge its effectiveness in removing Cu2+ and Pb2+

(Lin et al., 2023; Peng et al., 2023; Takei et al., 2013) from wastewater. 
Similarly, HAp obtained from the valorisation of calcium sulphite 
(CaSO3) waste, was studied as good heavy metal adsorption material, 
particularly for removing Cs+ and Cd2+ from aqueous solutions, offering 
a heavy metal pollution mitigation (Takei et al., 2013).

Similar wastes to HApW but obtained from other processes, were 
used in the manufacture of construction materials. In this sense, the 
sludge generated in the mining activity related to natural phosphate 
beneficiation (usually called phosphate sludge with concentration of 14 
% P2O5 and 34 % of CaO) was mixed with natural clay (up to 30 %). This 
study demonstrated that phosphate sludge mixture with 5 % of clay and 
processed under specific thermal conditions (900‒1000 ◦C), can be 
transformed into ceramic materials with enhanced physical properties 
(water absorption, density, and compressive strength) (Loutou et al., 
2017). Bih et al. explored the use of hydroxyapatite (from bone ash), in 
clay bricks. The study found that adding 5 %, 10 %, and 15 % bone ash 
resulted in compressive strengths of ~ 41.6 MPa, ~ 49.3 MPa, and 46.1 
MPa, respectively, compared to the control clay bricks at 20 MPa. 
Additionally, bricks containing bone ash tend to have lower water ab
sorption due to decreased porosity, improving their performance (Bih 
et al., 2022). Moreover, a study by Avelino et al. demonstrated that the 
addition of natural HAp led to a reduction in water absorption and 
apparent porosity, and a significant increase in the linear shrinkage and 
mechanical resistance of ceramic pieces, achieving up to 25 % greater 
strength compared to formulations without HAp (Avelino et al., 2023).

Compared with other calcium-phosphate wastes previously studied 
for use in ceramics, the characteristics of HApW differ substantially. 

Fig. 1. Aerial view of the phosphogypsum stacks of Huelva and the location of the PGL collection channel. The image shows the large-scale phosphogypsum disposal 
area and the drainage system from which the phosphogypsum leachate (PGL) used in this study is collected.
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Phosphogypsum mainly consists of CaSO4⋅2H2O and has a very low 
phosphate content. It also does not exhibit the thermal reactivity asso
ciated with calcium phosphates. Phosphate sludge usually contains 
fluorapatite mixed with silicates and only develops moderate melt for
mation during firing. On the other hand, bone-ash-derived hydroxyap
atite is highly crystalline and almost entirely free of environmentally 
significant impurities, resulting in a comparatively weak effect on sin
tering behaviour. Therefore, these residues differ significantly from the 
HApW waste in both origin and thermal response.

Nevertheless, while several authors have explored the reuse of 
hydroxyapatite-containing waste materials such as bone ash, marble 
sludge, calcium sulphite residues and phosphate sludge in ceramics or 
construction materials, the residue investigated here (named HApW) is 
fundamentally different. HApW is derived from the second stage of a 
particular CaCO3/Ca(OH)2 decontamination process used for treating 
phosphogypsum leachates. Consequently, it contains a combination of 
hydroxyapatite, amorphous calcium phosphate, heavy metals, and U- 
series radionuclides. To our knowledge, no previous study has evaluated 
the valorisation of this type of waste as a clay substitute.

The behaviour of clay-based ceramics during firing is largely gov
erned by the mineralogical transformations of kaolinite, illite, and 
muscovite, as well as the formation of liquid phases that control densi
fication (Kingery et al., 1976; Kalendova et al., 2024). Additionally, 
incorporating waste materials into ceramic bodies has been extensively 
studied as a valorisation strategy, with the final properties strongly 
dependent on fluxing oxides and interactions with the aluminosilicate 
matrix (Zanelli et al., 2021; Romero et al., 2021; Martín et al., 2013).

Considering the previous mentioned, the objective of this study is to 
analyse the incorporation of waste from the second step of decontami
nation process for PGL as clay substitute in the manufacture of com
mercial ceramics, and to evaluate its impact on sintering behaviour, 
mineralogical evolution, microstructure, mechanical performance, and 
the environmental and radiological safety of end products. These com
bined aspects (raw material origin, compositional uniqueness, envi
ronmental relevance and functional behaviour) represent the main 
novelty of the present study within the framework of cleaner materials 
development, where industrial by-products are reintroduced into high- 
value applications to reduce waste generation and resource consump
tion. In addition, given that the optimal formulations identified in this 
study incorporate 50–80 wt% HApW, this approach has realistic po
tential to valorise several tonnes of this residue annually in industrial 
ceramic production, thereby enhancing technological and environ
mental viability.

2. Materials and methods

2.1. Raw materials

The raw materials used in this study were an industrial waste and 
two commercial clays. The waste was a material rich in hydroxyapatite 
(HApW), obtained from PGL collected at the phosphogypsum stockpiles 
located in Huelva (south-west Spain). This waste was extensively char
acterised in a previous study (Soto-Cruz et al., 2024). In addition, two 
different commercial clays, clay A and clay B, were used as primary 
sources of silica and alumina. Both clays are widely used in industrial 
ceramic tile formulations. They were selected because they are repre
sentative of two typical raw materials with distinct mineralogical com
positions and fluxing behaviours. Using both clays enables the 
assessment of the behaviour of HApW under two representative indus
trial ceramic matrices with different sintering reactivities. Clay A con
tains the main oxides SiO2 (59.79 %) and Al2O3 (33.19 %), 
supplemented by fluxing oxides such as Fe2O3 (2.29 %) and K2O (2.29 
%), and other minor alkaline earth oxides. Mineralogically, this clay is 
primarily composed of kaolinite (Al2Si2O5(OH)4), with smaller amounts 
of quartz (SiO2) and muscovite (KAl2(AlSi3O10)(OH)2). Clay B, on the 
other hand, has a composition of SiO2 (54.53 %) and Al2O3 (34.89 %), 

with a higher content of fluxing oxides, particularly Fe2O3 (5.22 %), K2O 
(2.88 %), and TiO2 (1.01 %). The mineralogical composition of clay B is 
dominated by muscovite, with quartz and kaolinite in smaller pro
portions. This suggests a greater potential for liquid-phase formation at 
lower temperatures owing to the contribution of fluxes associated with 
muscovite.

2.2. Sample preparation

The test specimen preparation process began with the pre-treatment 
of raw materials to break soft agglomerates and ensure homogeneous 
mixing of the raw materials. The HApW was ground in a Retsch 100 PM 
ball mill and sieved to achieve a particle size of less than 200 µm. 
Subsequently, it was fractionated to obtain representative samples. Bi
nary compositions were then defined by mixing HApW with one of the 
clays. The nomenclature of the samples reflects the percentage of clay in 
the mixture (a number, e.g., 80) and the clay code: A for clay A and B for 
clay B (for example, 80A corresponds to the mixture 20 wt% HApW plus 
80 wt% clay A). These mixtures were homogenised in a TÚRBULA 
planetary mixer with alumina balls to ensure uniform distribution of the 
components. Finally, the powders were formed by uniaxial pressing at 
40 MPa under wet conditions (using 5 % water to improve agglomera
tion and compaction). Two test piece geometries were prepared: 2 cm 
diameter discs from 1.5 g of mixture and parallelepiped test pieces 5.3 
cm long and 1.6 cm wide from 6 g of mixture. All test pieces were kept in 
an oven at 110 ◦C for a minimum of 24 h for drying before firing. Finally, 
the firing schedule consisted of several controlled heating ramps 
adjusted to reach the target temperature within approximately 45 min. 
The maximum temperature was held for 30 min, after which the spec
imens were cooled inside the furnace under a controlled cooling ramp 
designed to reach room temperature in approximately 25 min.

2.3. Analytical methods

Chemical and quantitative analysis of the HApW was determined by 
X-ray fluorescence (XRF). The raw materials were prepared by grinding 
in a Retsch 100 PM ball mill and subsequent sieving to a particle size of 
less than 63 µm. The samples were then subjected to elemental analysis 
using a Bruker S8 Tiger X-ray fluorescence (XRF) spectrometer. The 
analytical procedure followed standard XRF guidelines for ceramic and 
mineral raw materials (ISO 12677:2011 standard “Chemical analysis of 
refractory products by X-ray fluorescence (XRF) – Fused cast-bead 
method”).

The crystalline structure of the raw materials and fired ceramic was 
analysed using X-ray diffraction (XRD). To this end, the samples were 
ground and sieved in advance to achieve a particle size of less than 63 
µm. Analysis was carried out using a Bruker D8 Advance diffractometer 
with CuKα radiation, an intensity of 30 mA and a voltage of 50 kV. The 
scan was performed within an angular range of 3◦ ≤ 2θ ≤ 60◦ at a speed 
of 0.5◦ min. Each crystalline phase in the diffractograms was identified 
using Bruker DIFFRAC.EVA V4.2.1 software. XRD analysis and phase 
identification were performed according to the general recommenda
tions of EN UNE-EN 13925–2:2004 standard “Non-destructive testing −
X-ray diffraction from polycrystalline and amorphous materials − Part 
2: Procedures”.

The thermal stability of HApW was analysed using differential 
thermal and thermogravimetric analysis (DTA/TG) with TA Instruments 
SDT Q600 equipment. For this study, a 5 mg sample was heated from 
room temperature to 1300 ◦C at a rate of 50 ◦C⋅min− 1 under a constant 
airflow. The sample was placed in an alumina crucible, with calcined 
Al2O3 used as the reference material. To ensure homogeneity, the HApW 
samples were pre-ground and sieved to a particle size of less than 63 µm.

The dimensional changes in the samples during the firing process 
were evaluated using heating microscopy (HM) in a Hesse Instruments 
model HR18 device. This system comprises a chamber connected to a 
tubular furnace, as well as image analysis software that enables 
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continuous monitoring of dimensional variations. The test was carried 
out in an oxidising atmosphere (air) at a constant heating rate of 
10 ◦C⋅min− 1, with the samples supported by alumina. This characteri
sation was performed on both the individual raw materials and all the 
raw ceramic compositions. To this end, powder samples were sieved to a 
particle size of less than 63 µm and then shaped into prisms.

The total porosity and average pore diameter of the fired ceramic 
samples were determined using X-ray computed tomography (CT) on a 
Nikon CT-SCAN-XT H-160 device. This was equipped with a tungsten 
lens, operated at 82 kV and 51 mA, and took 1000 projections over an 
exposure time of 1000 ms. No prior preparation of the samples was 
required for analysis.

The flexural strength of the sintered ceramic specimens was deter
mined by means of three-point flexural tests on parallelepiped speci
mens, in accordance with the requirements of the UNE-EN 843–1 
standard “'Advanced technical ceramics, monolithic ceramics”. Me
chanical properties at room temperature“. Part 1: Determination of 
Flexural Strength”). The tests were performed using a Servosis ME-402/ 
01 hydraulic press controlled by PCD-2 K software. The distance be
tween the press's rollers was set to 3 cm, and the load speed was adjusted 
so that the specimen would break within 5–15 s.

The microstructure of the ceramics was characterised using a Field 
Emission Scanning Electron Microscope (FESEM) operating at an 
accelerating voltage of 20 kV. SEM observations were carried out on 
freshly fractured samples coated with a carbon layer using a Quorum 
Technologies Q150T sputter. Semiquantitative analysis of the different 
phases was performed using Energy Dispersive X-ray Spectroscopy 
(EDS) with a Link eXL detector fitted with a beryllium (Be) window. 
Digital X-ray mapping was used to thoroughly investigate the spatial 
distribution of the various elements across the material.

2.4. Leaching hazard assessment and radioactivity analysis

The leaching of pollutants in the specimens was assessed using a 
modified version of the UNE-EN 12457–2:2003 “Characterisation of 
waste Leaching Compliance test for leaching of granular waste materials 
and sludges”. Monolithic specimens were employed instead of particles 
< 4 mm to better reflect the actual release mechanisms of pollutants 
under service conditions. Demineralised water was used as the extrac
tion fluid, maintaining a liquid-to-solid ratio of 10 L⋅kg− 1 (± 2 %) and a 
leaching duration of (24 ± 0.5) h. Monolithic specimens were sub
merged in demineralised water for 24 h with agitation.

Following this period, the leachate was collected and analysed using: 
(1) Inductively Coupled Plasma Optical Emission Spectrometry (ICP- 
OES, SPECTRO model FMD46) at the Central Research Services (Uni
versity of Cadiz). ICP‑OES quantification followed the general analytical 
framework of ISO 17294–2:2013 “Water quality − Application of 
inductively coupled plasma mass spectrometry (ICP-MS) − Part 2: 
Determination of selected elements including uranium isotopes (ISO)”; 
(2) Alpha and gamma spectrometry were used for the radioactivity 
analysis. For alpha-particle spectrometry an EG&ORTEC system with an 
integrated Octete PC PLUS was used. The samples were firstly subjected 
to the sequential separation method by using TRU resin (Gázquez et al., 
2022). Afterwards, U isotopes were electrodeposited onto stainless steel 
discs. Finally, the Maestro software was used for data analysis and 
acquisition. For gamma spectrometry, an extended range (XtRa) high- 
purity germanium detector (model GX3519, Canberra) was used in the 
energy range from 0 to 3 MeV. The relative efficiency was 38.4 % at 
1332 keV (60Co) in relation to a 3″ × 3″ NaI (Tl) detector, a full width at 
half maximum (FWHM) of 1.74 keV and 0.88 keV at 1332 keV (60Co) 
and 122 keV (57Co), respectively, and a peak-to-Compton ratio of 
67.5:1. Gamma spectrometry measurements followed the guidelines of 
UNE-EN ISO 18589–3:2024 “Measurement of radioactivity in the envi
ronment − Soil − Part 3: Test method of gamma-emitting radionuclides 
using gamma-ray spectrometry”. All the tests were conducted in tripli
cate, with blanks included for every ten samples to ensure data 

reliability. Gamma spectroscopy was also used to characterise the ce
ramics compositions and index I was calculated.

3. Results and discussion

3.1. Raw material characterisation

3.1.1. Chemical characterisation of HApW
The chemical composition of the HApW, as determined by XRF, is 

presented in Table 1. The analysis reveals that the primary constituents 
are calcium oxide and phosphorus pentoxide, with concentrations of 
46.77 wt% and 27.99 wt%, respectively. These values support that the 
waste material is predominantly a calcium phosphate-based compound, 
consistent with the expected composition of hydroxyapatite. The 
calculated weight ratio of CaO/P2O5 for this waste material is approxi
mately 1.67. This ratio deviates from the theoretical value of 1.317 for 
stoichiometric hydroxyapatite (Ca10(PO4)6(OH)2), indicating potential 
non-stoichiometry or the presence of other calcium- or phosphate- 
containing phases within the waste.

It also contains Na2O and MgO as minor oxides, which could act as 
sintering agents as they are low-temperature fluxes. It also contains 
impurities such as Cl and SO3. In addition to the main components, the 
analysis identifies several minor elements present at concentrations 
above 1 wt%. These include magnesium and sodium oxides, sulphur 
trioxide, and chlorine. A significant loss on ignition (LOI) of 13.58 wt% 
is recorded for this sample. This high value suggests the presence of a 
substantial number of volatile components beyond the structural water 
content expected in pure hydroxyapatite. These components may 
include adsorbed water, structurally bound water within an amorphous 
phase, carbonates, and residual organic matter.

Trace amounts (below 0.1 wt%) of other oxides and elements are also 
detected. Although present in small quantities, these impurities can 
potentially influence ceramic processing and the final material proper
ties (Wu et al., 2023). Notably, the presence of heavy metals such as 
arsenic, copper and nickel necessitate careful consideration of its po
tential environmental implications (Wu, 2024; Yan et al., 2024).

According to the radioactive analysis reported in our previous work 
(Soto-Cruz et al., 2024), the activity concentrations of the radionuclides 
were as follows: 238U (750 ± 20 Bq⋅kg− 1), 21⁰Po (58 ± 5 Bq⋅kg− 1), 232Th 
(< 0.4 Bq⋅kg− 1), 21⁰Pb (< 100 Bq⋅kg− 1), 22⁶Ra (< 20 Bq⋅kg− 1), 228Ra (<
40 Bq⋅kg− 1), 228Th (< 15 Bq⋅kg− 1), and 4⁰K (44 ± 12 Bq⋅kg− 1). In this 
case, the radionuclides in the waste are not in secular equilibrium. 
Therefore, this aspect must be considered and will be further discussed 
in Section 3.6 (Environmental Impact).

For comparison purposes, the activity concentrations of the radio
nuclides commonly evaluated in building materials (232Th, 22⁶Ra, and 

Table 1 
Chemical composition of the HApW (wt.%) as 
determined by XRF.

HApW (wt.%)

CaO 46.77
P2O5 27.99
MgO 3.19
SO3 2.51
Na2O 2.38
Cl 2.31
SiO2 0.54
Al2O3 0.27
K2O 0.13
ZnO 0.09
As2O3 0.06
V2O5 0.03
MnO 0.03
Fe2O3 0.03
CuO 0.02
NiO 0.01
LOI 13.58
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4⁰K) are below the worldwide average values reported for such materials 
(50 Bq⋅kg− 1 for 232Th, 50 Bq⋅kg− 1 for 22⁶Ra and 500 Bq⋅kg− 1 for 4⁰K) 
(UNSCEAR, 1993 (Annex A)). In contrast, the radionuclide with the 
highest activity concentration in our sample is 238U. Elevated concen
trations of this radionuclide have been reported in clays and shales. For 
instance, clays from Malaysia (Abu Hanifah et al., 2023) have been re
ported to reach up to 1300 Bq⋅kg− 1 of 238U, while shales from Egypt 
(Ibrahim, 2024) and Morocco (Galindo et al., 2007) show values of up to 
9000 and 500 Bq⋅kg− 1 of 238U, respectively. This variability in uranium 
activity concentrations in clay-based materials has also been highlighted 
in recent studies, which emphasize the strong influence of geological 
origin and mineralogical composition on natural radioactivity levels 
(Vasić et al, 2025).

3.1.2. Mineralogical analysis of HApW
The diffraction pattern of the HApW is shown in Fig. 2. The presence 

of crystalline phases is revealed by the occurrence of distinct peaks, and 
a comparison with the reference pattern for hydroxyapatite (HAp) (PDF 
03–0747) shows a good match between the observed peaks and the 
characteristic diffractions of Ca10(PO4)6(OH)2. The presence of these 
characteristic peaks confirms that hydroxyapatite is the primary crys
talline phase. However, the diffractogram also exhibits a significant 
increase in the background intensity, particularly at lower 2θ angles. 
This broad hump indicates the presence of a substantial amount of 
amorphous or poorly crystalline material in the sample.

The crystalline peaks of hydroxyapatite appear relatively broad and 
of moderate intensity, suggesting a nanocrystalline nature or the pres
ence of lattice strain within the crystalline domains (Cao et al., 2007). 
The absence of sharp, distinct peaks corresponding to other crystalline 
phases suggests that the impurities identified in the chemical analysis (e. 
g., oxides of magnesium, sodium, and sulphur) are either present in 
amorphous forms or their concentration is below the detection limit of 
the XRD technique.

The strong amorphous background is consistent with the high loss on 
ignition (LOI) observed in the chemical analysis, suggesting that a sig
nificant portion of the volatile components may be associated with a 
non-crystalline fraction. This amorphous phase could be also attributed 
to amorphous calcium phosphate (ACP) or other poorly ordered calcium 
phosphate precursors. ACP is a well-known precursor in the formation of 
hydroxyapatite, being a metastable phase that tends to transform into 
the thermodynamically more stable crystalline hydroxyapatite 
(Nakashima et al., 2024).

3.2. DTA/TG analysis of HApW

Fig. 3 depicts the DTA/TG analysis of the HApW. The TG curve shows 
a total mass loss of approximately 16.75 % across the analysed tem
perature range, correlating with the high LOI value from the chemical 

analysis and further supporting the presence of a substantial amorphous 
phase with bound water and/or other volatile species, consistent with 
the XRD findings of a strong amorphous background.

This mass loss is associated with several thermal events observed in 
the DTA curve. A broad and shallow endothermic peak is observed 
below 200 ◦C, which is primarily attributed to the release of adsorbed 
water from the surface of the waste material and the initial dehydration 
of the amorphous phase. The mass loss in the intermediate temperature 
range (200‒800 ◦C) likely corresponds to the continued dehydration of 
the amorphous phase and the removal of any remaining volatile com
ponents without significant sharp thermal events in the DTA curve. A 
distinct exothermic peak is evident at approximately 887 ◦C, which is 
likely due to the crystallization of ACP into a more thermodynamically 
stable crystalline phase (Uskoković et al., 2018) or the oxidation of re
sidual organic impurities in the sample. Finally, a significant and sharp 
decrease in the heat flow begins at approximately 1080 ◦C, which is 
primarily attributed to the dehydroxylation of the crystalline HAp 
structure (Raynaud et al., 2002), leading to the formation of anhydrous 
calcium phosphate phases such as tricalcium phosphate (TCP) and 
possibly calcium oxide (CaO). The subsequent endothermic drop in the 
DTA signal suggests the onset of melting or the formation of a liquid 
phase within the system as decomposition progresses.

3.2.1. Heating microscopy analysis of the raw materials
Fig. 4 shows the heating microscopy curve for the HApW. From room 

temperature to approximately 450 ◦C, the material exhibits remarkable 

Fig. 2. Diffraction pattern of the HApW showing broad amorphous background and the main crystalline peaks characteristic of hydroxyapatite.

Fig. 3. DTA/TG analysis of the HApW showing progressive mass loss and the 
main thermal events associated with ACP crystallisation and HAp 
dehydroxylation.
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dimensional stability with no observable shrinkage. This initial plateau 
indicates that the material retains its original geometry during the early 
stages of heating, suggesting the absence of significant low-temperature 
densification processes or phase transformations that induce volumetric 
changes. From 450 ◦C to approximately 900 ◦C, a slight and gradual 
contraction is observed, resulting in a reduction of approximately 1.5 % 
in the sample area. This moderate initial shrinkage could be due to the 
continued release of residual adsorbed water, initial densification pro
cesses associated with the amorphous phase, and initial particle rear
rangement. Beyond 900 ◦C, a distinct and rapid contraction phase 
begins, leading to a total area reduction of around 36 %. This sharp 
decrease in the specimen area indicates the onset of active sintering and 
densification. This significant shrinkage is consistent with the thermal 
events observed in Fig. 3, particularly the strong endothermic event that 
initiates around 1080 ◦C. This endothermic process is linked to the 
dehydroxylation of crystalline HAp and the decomposition of the 
amorphous calcium phosphate. This, in turn, facilitates the formation of 
more mobile species or even a liquid phase. The presence of such a liquid 
phase greatly increases mass transport, promoting highly efficient and 
rapid densification via liquid-phase sintering (Indurkar et al., 2021). 
Above 1320 ◦C, the curve decreases extremely sharply, indicating the 
extensive formation of a low-viscosity liquid phase, which could result 
in the sample losing its structural integrity completely.

The sintering behaviour of HApW highlights the necessity of 

incorporating additional raw materials to produce stable and durable 
ceramic products. To this end, two different clay materials (clay A and 
clay B) were selected, and their thermal behaviour was also investigated 
using heating microscopy (Fig. 4).

Clay B exhibits a more gradual and extended shrinkage profile than 
the HApW. Practically no shrinkage is noticeable from room tempera
ture to approximately 900 ◦C. The major sintering phase occurs between 
950 ◦C and 1200 ◦C, showing a steady reduction in area and indicating 
efficient densification without an abrupt deformation. Clay A also shows 
almost no shrinkage from room temperature to approximately 900 ◦C. 
From 900 ◦C onwards, clay A begins its main contraction phase, 
although at a slightly slower initial rate than clay B. The densification 
process is most significant between 1050 ◦C and 1300 ◦C. Despite their 
differing initial contraction rates, both clay B and clay A achieve a 
similar final level of densification within the studied temperature range, 
with an overall area contraction of approximately 23 % by 1370 ◦C.

Fig. 5 shows the heating microscopy curves for the formulations 
composed of the HApW waste and clay A or B. It is important to note that 
the behaviour observed in Fig. 5 does not arise solely from the HApW 
fraction. Both clays undergo their own mineralogical transformations 
during heating, including the dehydroxylation and structural collapse of 
kaolinite and muscovite at intermediate temperatures. These trans
formations also contribute to dimensional changes. Therefore, the sin
tering response of the mixtures results from the combined thermal 
evolution of the raw clays and the HApW. The curves show the role of 
HApW as a flux that modifies the clay sintering. Concerning composi
tions formulated with the clay B (Fig. 5b), in the initial temperature 
region, from room temperature to approximately 900 ◦C, clay-rich 
compositions (80B and 60B) exhibit remarkable dimensional stability, 
reflecting the intrinsic refractory behaviour of clay minerals at low 
temperatures. Conversely, the formulations with a high HApW content 
(40B and 20B) show a slight but noticeable decrease in the area above 
500 ◦C. This behaviour is attributed to the gradual release of structurally 
bound water (Fig. 3) and the initial densification of the amorphous 
hydroxyapatite phase (Bulina et al., 2021). The onset of sintering, 
considered the point at which the curves clearly begin to descend, occurs 
within the 950–1050 ◦C range. Notably, mixtures with a higher pro
portion of HApW begin to shrink at slightly lower temperatures (approx. 
950–1000 ◦C) than clay-rich mixtures (approx. 1000–1050 ◦C). This 
advance in the onset of sintering confirms the role of HApW in reducing 
the firing temperature and facilitating earlier intergranular bonding. 
The main densification stage occurs between 1100 and 1350 ◦C and 
shows the greatest reduction in area for all compositions. The acceler
ation of shrinkage from 1150 ◦C indicates that liquid-phase sintering is 
the main densification mechanism in this temperature range. The for
mation of a low-viscosity liquid phase resulting from the decomposition 
of HAp and its reaction with clay oxides (CaO, Na2O, etc.) promotes 

Fig. 4. Heating microscopy curves for the HApW, clay A, and clay B, high
lighting their different shrinkage onsets and final densification behaviours.

Fig. 5. Heating microscopy curves for the formulations composed of hydroxyapatite residue (HApW) and a) Clay A, and b) Clay B, showing how increasing the 
HApW content accelerates sintering and modifies the densification profile.
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mass transport across grain boundaries, thereby accelerating shrinkage. 
The balance between the densifying behaviour of HApW and the re
fractory stability of clay is crucial for the viability of these formulations. 
While HApW induces intense sintering and high final shrinkage, clay 
acts as a skeleton that moderates this process. The composition with the 
highest clay content (80B) exhibits slightly higher stability up to 
approximately 1100 ◦C, acting as an initial retardant and providing a 
more controlled densification profile.

Finally, all the mixtures exhibit a sharp decrease in area at temper
atures above 1350 ◦C, resulting in final area values ranging from 0.6 to 
0.7. This behaviour indicates widespread overcooking. At this stage, the 
porous structure collapses owing to densification progressing to such a 
degree, which could be associated with glass softening and the material 
becoming viscous. Therefore, controlling the firing temperature is crit
ical, and including excessive HApW in the formulation reduces the 
practical sintering window, increasing the risk of deformation or failure 
of the final product.

The heating microscopy curves of the HApW mixtures with clay A 
(Fig. 5a) show a sintering behaviour similar to that observed in the 
HApW-clay B system. In both families of compositions, HApW acts as a 
densifying agent that significantly influences the sintering process. The 
addition of HApW causes the mixtures to contract slightly at interme
diate temperatures (approx. 500 ◦C) when the HApW content is high. 
The main sintering, characterised by a significant reduction in area, that 
begins in the 950–1050 ◦C range. The proportion of HApW in the 
formulation modulates the starting temperature and intensity of sin
tering, enabling densification at lower temperatures.

Although both systems exhibit similar overall behaviour, critical 
differences in their performance at high temperatures impact their 
processing viability. The main distinction lies in their high-temperature 
stability and sintering window. While mixtures with clay B demonstrate 
a greater ability to maintain their structural integrity, those with clay A, 
particularly those with a high HApW content, exhibit a more abrupt and 
severe collapse. This behaviour can be explained by the different roles 
played by the aluminosilicate matrices during high‑temperature sin
tering. Clay A, with a higher SiO2/Al2O3 ratio and lower content of 
fluxing oxides, tends to generate a more viscous liquid phase, which 
limits mass transport and increases the likelihood of pore retention and 
structural collapse when HApW content is high. In contrast, clay B 
contains higher levels of Fe2O3 and K2O, which promote the formation 
of a more fluid liquid phase, enabling earlier densification and better 
dimensional stability. Consequently, the HApW-clay B system appears to 
offer a broader processing window and enhanced dimensional stability 
control compared with the HApW-clay A system. Clay B contains a high 
concentration of active fluxes (Fe2O3 at 5.22 % and K2O at 2.88 %), 
which reduces the viscosity of the liquid phase to accelerate ion diffu
sion. This low final viscosity enables optimal sintering.

The firing temperatures for each composition series were selected 
based on the results of the heating microscopy analysis, to achieve 
effective densification while avoiding overfiring or collapse. For mix
tures containing clay B, a temperature of 1150 ◦C was chosen because 
this is the point at which significant densification occurs without 
deformation, as indicated by the curves. Conversely, mixtures with clay 
A exhibited greater initial stability at intermediate temperatures and 
required additional thermal energy to initiate and complete the densi
fication process. Therefore, a higher firing temperature of 1250 ◦C was 
selected for these samples. The firing temperatures were selected based 
on the heating microscopy results: clay B, which contains higher 
amounts of fluxing oxides, reached effective densification at 1150 ◦C, 
whereas clay A, characterised by a higher SiO2/Al2O3 ratio and lower 
flux content, required 1250 ◦C to achieve comparable densification 
without deformation. The expected sintering mechanisms therefore 
differ between both systems, with clay B dominated by low‑viscosity 
liquid‑phase sintering and clay A by higher‑viscosity melt formation and 
slower densification. Both firing temperatures fall within standard in
dustrial ranges: flux‑rich ceramic bodies are typically fired at 

1100–1150 ◦C, while more refractory kaolinitic or porcelain‑type bodies 
commonly require higher firing temperature (up to 1250 ◦C). Therefore, 
the selected temperatures are fully compatible with current kiln tech
nologies and energy practices.

3.3. Mineralogical characterisation of the new materials

Fig. 6 shows the XRD results for the clay A and clay B mixtures fired 
at 1250 and 1150 ◦C, respectively. Compositions with a high HApW 
content (e.g. 20A and 30A) show a mineralogy dominated by phases 
derived directly from the HApW. The XRD patterns indicate a kinetic 
equilibrium of the calcium phosphate phases. The presence of both 
substituted apatite (Ca5(Na,Mg)(PO4)3; PDF 89–6444) and a complex 
calcium phosphate (Ca9MgNa(PO4)7; PDF 45–0136) is a direct result of 
the thermal decomposition of the initial HAp in the presence of impu
rities. During heating, the Na+ and Mg2+ ions present in the residue are 
incorporated into the HAp crystal lattice to form a substituted Hap 
(Ptacek, 2016); this phase is thermally more stable than the initial HAp. 
The less stabilised fraction of HAp undergoes dehydroxylation and 
subsequent decomposition to form β-tricalcium phosphate (β-TCP). 
However, this decomposition phase also incorporates Na+ and Mg2+ to 
stabilise its lattice, resulting in the formation of a complex calcium 
phosphate. Despite partial dehydroxylation, the decomposition tem
perature of the substituted HAp shifts to a higher temperature range. At 
1250 ◦C, the temperature necessary for its complete decomposition to 
β-TCP is not reached, allowing it to persist. Goldberg et al. (Goldberg 
et al., 2020) found that apatite decomposition can begin at 850 ◦C, with 
α-TCP peaks detected at 1000 ◦C. Therefore, the coexistence of apatite 
and β-TCP in samples fired at 1250 ◦C is the result of incomplete 
decomposition. In addition to these phosphate phases, XRD analysis 
reveals the presence of anorthite (CaAl2Si2O8, PDF 52–1344). This is due 
to the high availability of CaO in the HApW and the presence of SiO2 and 
Al2O3 in the clay A. Anorthite is a characteristic reaction product in 
calcium-rich ceramic systems, formed from the reaction of CaO with 
clay components at temperatures of approximately 1150 ◦C (Sokolar and 
Nguyen, 2024).

As the proportion of clay A in the mixtures increases, the evolution of 
the phases becomes evident in the diffractograms. This is driven by the 
CaO/(Al2O3 + SiO2) ratio in the composition. Starting with the 30A 
composition, a decrease in the substituted apatite peaks is observed, 
probably due to the accelerated decomposition kinetics and progressive 
dissolution of this phase caused by the addition of clay A. The fraction of 
substituted apatite stabilised by Na+ and Mg2+ ions exceed its stability 
limit owing to the increased reactivity of the medium, which is partly 
caused by the increased fluxing oxides (K2O and SiO2) contributed by 
the clay. In this environment, the substituted apatite undergoes a more 
complete conversion to its most stable decomposition product, complex 
calcium phosphate (Ca9MgNa(PO4)7), at 1250 ◦C. This explains the 
concurrent increase in this phase up to the 40A composition value. 
Simultaneously, the anorthite content increases up to 50A, even though 
the total percentage of CaO decreases with the lower HApW content in 
these compositions. This suggests that the crystallisation efficiency of 
the available calcium is increasing, which is probably driven by the 
release of amorphous calcium from HApW into the system during 
heating. From the 30A composition onwards, increasing clay fluxes 
accelerate the release of amorphous calcium, introducing highly reac
tive CaO into the medium (Goltsman and Yatsenko, 2024). This CaO is 
then available to react with SiO2 and/or Al2O3 present in the clay.

Fig. 7 shows the compositions of the HApW and clay A and B mix
tures in the SiO2-Al2O3-CaO phase diagram. 20A falls within the lime 
(CaO) formation region, which explains the high intensity of the 
substituted apatite and complex calcium phosphate. The mineralogy of 
these compositions is governed by reactions between CaO and P2O5 to 
form phosphates before they react completely with Al2O3/SiO2 in the 
clay. Theoretically, the 30A and 40A compositions fall within the pri
mary crystallisation fields of larnite (Ca2SiO4) and gehlenite 
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(Ca2Al2SiO7). However, Fig. 7 shows that these phases did not develop 
during firing because of the competition for CaO. The formation of 
phosphate consumes a significant portion of the available CaO. This loss 
shifts the effective compositional point of the silicate-aluminate matrix 
away from the crystallisation fields of CaO-rich phases, such as larnite 
(Ca2SiO4) and gehlenite (Ca2Al2SiO7), favouring the crystallisation of 
anorthite, which requires a lower CaO/(Al2O3 + SiO2) ratio in the 
remaining system. Finally, the amount of anorthite decreases from the 
60A composition, probably because the consumption of CaO to form 
phosphate shifts the composition towards the SiO2/Al2O3-rich region of 
the ternary where mullite (Al6Si2O13) occurs. However, the absence of 
detectable mullite in the XRD pattern can be attributed to kinetic factors. 
At 1250 ◦C, the thermal energy and dwell time are insufficient to 
overcome the activation barrier required for the nucleation of this 
crystalline phase, particularly in a high-viscosity matrix caused by 
excess SiO2.

The phase evolution of mixtures containing clay B (fired at 1150 ◦C) 

exhibits greater kinetic efficiency in crystallisation than that observed in 
the clay A system (fired at 1250 ◦C). Compositions ranging from 20B to 
60B exhibit an anorthite peak intensity comparable to that of their clay 
A system analogues, despite being fired at a lower temperature. One 
possible explanation is the higher proportion of fluxing agents in clay B. 
These oxides decrease the viscosity of the liquid phase at 1150 ◦C, 
accelerating ion diffusion and enabling anorthite to crystallise within its 
thermodynamic field (Chalouati et al., 2020). Additionally, mullite 
formation is observed in the 80B composition, likely due to the miner
alising effect of Fe2O3 at such a low temperature.

However, from the 70B composition onwards, a decrease in the in
tensity of the anorthite peaks is observed, a trend that continues for 80B. 
This drop is due to competition for Al2O3 and SiO2. Because 80B is 
located within the mullite field, where its formation is facilitated by the 
mineralising effect of Fe2O3 (Sadli et al., 2024), mullite becomes the 
dominant phase and consumes a significant proportion of the available 
Al2O3. This inhibits the crystallisation of anorthite, resulting in the 
remaining SiO2 segregating from the liquid phase and crystallising as 
quartz. This explains the significant increase in quartz from the 70B 
composition.

It should be noted that the mineralogical evolution observed in the 
mixtures is also strongly influenced by the transformations of the clay 
matrices. During firing, kaolinite and muscovite in both clays undergo 
dehydroxylation and structural collapse, providing the aluminosilicate 
framework that favours the crystallisation of anorthite in both systems 
and mullite in the clay B compositions. These clay‑derived trans
formations, together with the reactivity of the HApW phases, jointly 
determine the final phase assemblage observed in the fired products.

3.4. Pore size distribution and flexural strength of the new materials

Figs. 8 and 9 show the pore size distributions of the different com
positions formulated with A and B clays, respectively. Composition 20A 
has a relatively narrow pore size distribution centred on small and in
termediate diameters (mainly between 0.3 and 0.6 mm), with over 80 % 
of the pores measuring less than 0.6 mm. As the percentage of clay in the 
composition increases (50A and 60A), the distribution broadens and 

Fig. 6. XRD patterns for the hydroxyapatite residue (HApW) and a) Clay A fired at 1250 ◦C and b) Clay B fired at 1150 ◦C, showing the phases developed after firing, 
including Ca‑phosphates, anorthite and mullite.

Fig. 7. Compositions of the HApW and clay A and B mixtures in the SiO2- 
Al2O3-CaO phase diagram, showing their position relative to the primary 
crystallisation fields that help interpret the formation of anorthite, mullite and 
Ca–phosphate phases during firing.
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becomes multimodal. While there is still a significant contribution from 
small pores (between 0.3 and 0.5 mm), a higher proportion of large 
pores (greater than 0.8 mm) is evident. This pore size distribution 
confirms the narrow sintering window of this system. However, this 
trend is counterintuitive. A higher HApW content is expected to produce 
larger pores. The 20B composition shows an extremely narrow distri
bution, with a main peak at approximately 0.8–0.9 mm. As the clay 
percentage in the mixtures increases (to 60B and 70B), the distribution 
narrows further and shifts towards smaller sizes (between 0.4 and 0.7 
mm). The pore distribution of the compositions containing clay B is 
homogeneous and unimodal across the entire range of compositions. 
This contrasts with the dispersion and macropores of the A system, even 
when their compositions are similar. This is due to the greater effec
tiveness of the clay B fluxes in generating a low-viscosity liquid phase at 
1150 ◦C (Zheng et al., 2025). This allows for rapid and uniform mass 
transport, efficiently eliminating pores.

Fig. 10 shows the total porosity and average pore size of the studied 
compositions. In mixtures with the clay B, porosity remains extremely 
low across the entire range, varying between 0.1 % and 0.4 %. In 
contrast, the porosity of the mixtures with clay A is significantly higher, 
ranging from 0.3 to 3.5 %. Porosity tends to be higher when the clay 
content is low (20A), after which it decreases, remaining in the range of 
2.0–2.5 % for compositions with a higher clay content (50A and 60A). 
The higher overall porosity in the clay A system (despite the higher 
firing temperature) indicates a lower sintering efficiency in this system.

In terms of average pore size, the clay B mixtures consistently have a 
smaller average pore size (approx. 0.3 mm) than the clay A system. This 

is consistent with the narrow distribution observed in Fig. 9, and the 
low-viscosity liquid phase promotes densification by closing the pores 
without allowing them to grow. The average pore size is larger and more 
variable in mixtures with clay A, reaching a maximum of almost 0.5 mm. 
These results regarding porosity and pore size reinforce the conclusions 
drawn from the sintering study performed using heating microscopy 
(Fig. 5). This study showed that the clay B system had a more controlled 
densification profile and a greater ability to maintain its structural 
integrity at high temperatures. This is confirmed by the remarkably low 
total porosity and homogeneous, small-pore microstructure. Clay A, on 
the other hand, leads to the formation of liquid phases with a lower 
eutectic point or higher viscosity (due to the higher proportion of SiO2). 
This results in a narrower sintering window and a more abrupt collapse, 
resulting in higher residual porosity and a wider pore size distribution 
(including macropores) in the final product.

Fig. 11 shows the flexural strength (σf) of the studied compositions 
and Fig. 12 illustrates the impact of porosity and pore size on σf. The 
mechanical strength of ceramic materials is determined by the total 
porosity and the size of the largest pore, which is considered the critical 
defect. The flexural strength results show that the limiting factor for 
strength differs between the two clay systems. In materials formulated 
with clay A, the strength increases linearly with decreasing HApW 
content, confirming that the total porosity is the primary limiting factor 
in this system. Consequently, the 20A composition exhibits the lowest σf 
(14 MPa), consistent with its maximum total porosity of 3.5 %. How
ever, its high flux content results in oversintering at 1200 ◦C, where 
excess liquid phase traps the decomposition gases, leaving a high 

Fig. 8. Pore size distribution of the studied compositions formulated with clay A, showing broader and multimodal pore populations, especially at high 
HApW content.
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residual porosity that acts as a stress concentrator. σf increases signifi
cantly from 14 MPa (20A) to 32 MPa (60A) as the proportion of clay 
increases, stabilising the structural skeleton and facilitating more 
controlled densification. This reduces the total porosity to 

approximately 2 %.
In contrast to the clay A system, materials formulated with clay B 

exhibit minimal and constant total porosity (≤ 0.4 %) across all com
positions, suggesting that the strength should be high. However, σf 

Fig. 9. Pore size distribution of the studied compositions formulated with clay B, showing narrow and homogeneous pore populations across compositions.

Fig. 10. Total porosity and average pore size of HApW and clay B mixtures, 
fired at 1200 ◦C, comparing the higher residual porosity in clay A with the 
dense bodies formed with clay B.

Fig. 11. Flexural strength of ceramic compositions, showing the progressive 
increase in strength with decreasing HApW content in clay A and the much 
stronger compositional dependence observed in clay B, where σf ranges from 
very low to the highest values obtained.
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varies dramatically from 7 to 47 MPa, indicating that it is controlled by 
the quality of the microstructure (i.e., defect size) and the nature of the 
glass matrix. Composition 20B exhibits the lowest total porosity but the 
largest average pore size (approximately 0.85 mm). This combination 
explains the anomalously low σf of 7 MPa observed. High concentrations 
of HApW flux (80 %) and clay B fluxes promote densification, but they 
also accelerate the Ostwald ripening of residual pores (Singh et al., 
2022). The result is a material that is almost completely dense yet still 
contains a small number of giant pores. According to fracture me
chanics, the strength is inversely proportional to the square root of the 
critical defect size. These large pores act as stress concentrators, initi
ating fractures and counteracting the advantage of low volumetric 
porosity (Liao et al., 2025). The σf increases steadily as the proportion of 
HApW decreases, reaching a maximum value of 47 MPa for the 80B 
composition. The combination of low porosity and small, homogeneous 
pore size eliminates critical defects and ensures high strength. In addi
tion, the crystalline matrix is enriched with mullite, as observed by XRD. 
Mullite is renowned for its exceptional hardness, high elastic modulus, 
and outstanding thermal stability. It usually forms acicular (needle- 
shaped) crystals, particularly when its formation is promoted by the 
fluxes. The formation of acicular mullite crystals in the glass matrix 
provides a reinforcement mechanism through interlocking and crack- 
deflection. Cracks encounter the edges of the needles, which deflects 
their path and consumes energy, significantly increasing the flexural 
strength (Cui et al., 2020).

These observations suggest that the dominant failure mechanisms 
differ between the two systems. In clay A compositions, fracture is 
predominantly controlled by weak glassy interphases and residual pores 
formed during sintering. In contrast, in clay B compositions, flexural 
strength is dictated by pore size, with critical defects dominating failure 
in high-HApW mixtures. However, when pore coarsening is avoided, the 
formation of acicular mullite in clay B promotes crack deflection and 
efficient load transfer. This explains the high σf values obtained for the 
most balanced formulations.

To evaluate the industrial feasibility of the ceramic materials 
developed, their flexural strength values were compared to the re
quirements of the ISO 13006:2018 “Ceramic tiles − Definitions, classi
fication, characteristics and marking” standard. The compositions 
formulated with clay A correspond to Group BIIa, which has a minimum 
flexural strength requirement of 22 N⋅mm− 2. Both 50A and 60A satisfy 
this requirement. Products in Group BIIa are typically suitable for indoor 
flooring in residential or commercial environments. Formulations 
incorporating Clay B fall within Group BIb, which requires a minimum 
flexural strength of 30 N⋅mm− 2. Compositions 70B and 80B comply with 

this threshold and are therefore also appropriate for indoor floor tiles. 
Composition 50B meets the mechanical performance criteria for Group 
BIIb, while 20A corresponds to Group BIII. Both groups are commonly 
used for interior wall coverings in residential or commercial buildings. 
Finally, composition 20B does not meet the minimum strength required 
for any UNE-EN 14,411 category. These results demonstrate that several 
HApW-based formulations meet industrial performance standards and 
are suitable for real ceramic applications, depending on the clay matrix 
and HApW content.

Overall, the differences observed in densification, pore structure and 
mechanical behaviour between the two systems can be directly 
explained by their distinct chemical and mineralogical compositions, 
which determine their fluxing behaviour and sintering kinetics.

When compared with previous studies involving hydroxyapatite- 
containing wastes, clear differences can be seen. Bih et al. (2022) re
ported that bone ash additions (5–15 wt%) enhanced compressive 
strength by promoting cementitious reactions at 600–900 ◦C; however, 
they did not induce strong liquid-phase sintering or abrupt shrinkage. 
Similarly, Avelino et al. (2023) demonstrated that minor additions of 
synthetic hydroxyapatite (5–20 wt%) improved the mechanical perfor
mance of porcelain tiles via gradual densification and reduced porosity; 
there was no indication of premature melting. Loutou et al. (2017)
studied phosphate sludge that exhibited partial fluorapatite decompo
sition and gehlenite formation. Sintering was controlled by limited melt 
flow, which occurred at 900–1000 ◦C, with optimal behaviour occurring 
at 1152 ◦C. In contrast, the HApW used in the present study contains 
crystalline HAp, amorphous calcium phosphate, and reactive impurities 
(Na2O, MgO, and SO3). These impurities collectively promote intense 
and early liquid-phase formation. This results in significantly sharper 
shrinkage, a narrower sintering window and a stronger effect on pore 
elimination or coarsening, depending on the clay matrix. These 
compositional and kinetic differences explain the distinct mineralogical 
evolution and microstructural features observed in HApW-based ce
ramics, as well as the differences in mechanical behaviour compared 
with that of previously investigated phosphate-rich wastes.

3.5. Microstructural analysis of the new materials

Fig. 13 shows the results of the microstructural analysis of 60A 
sample, which was performed using FESEM/EDS. Elemental mapping 
analysis reveals a heterogeneous microstructure resulting from complex 
sintering reactions. The main matrix consists of an interconnected 
network of silicon and aluminium, and EDS analysis indicates the for
mation of calcium aluminosilicates. This distribution is highly consistent 
with the non-stoichiometric anorthite phase previously identified by 
XRD. However, FESEM observations of the matrix do not reveal any 
sharp, euhedral, or prismatic crystalline forms that would enable the 
visual identification of anorthite crystals. The lack of a well-defined 
crystalline morphology is primarily due to the crystallisation kinetics. 
The high viscosity of the liquid phase in this system inhibits ionic 
mobility, preventing the anorthite crystals from growing to a visible 
size. Additionally, the substantial amorphous glassy phase envelops the 
small crystals and their irregular boundaries, creating the appearance of 
a fused matrix rather than an assembly of discrete crystals.

This aluminosilicate matrix contains two types of inclusions. Phos
phorus is concentrated in discrete, scattered clusters that correspond to 
calcium phosphates derived from HApW. Similarly, silicon nuclei indi
cate the presence of residual quartz grains from clay due to an incom
plete reaction.

Higher-magnification micrographs of the calcium phosphate region 
reveal a microstructure composed of dense, agglomerated aggregates of 
irregularly shaped particles ranging in size from the nanometre to sub- 
micrometre scale. These particles do not exhibit well-defined crystal
line faces but instead appear as strongly cohesive globular or irregular 
nodules. This morphology could be due to massive nucleation, that is, a 
high density of phosphate nuclei that grow rapidly, but in a disordered 

Fig. 12. Impact of porosity and pore size on the flexural strength of ceramic 
compositions, showing that compositions with larger critical pores exhibit 
lower flexural strength, while those with smaller and more uniform pores 
achieve higher σf values.
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and agglomerated manner without developing into large crystalline 
structures. The texture is porous at the nanometric scale, with small, 
interconnected pores visible between the particles that constitute the 
aggregates. In terms of strength, this region can act as a local weak point.

Fig. 14 shows the microstructural analysis of the composition 80B. 
The low-magnification micrograph reveals a microstructure charac
terised by a dense aluminosilicate matrix that is less porous than that 
observed in composition 60A, together with a phosphate phase (apatite) 
dispersed into small grains and significantly better integrated into the 
matrix than in the clay A system. This greater densification is attributed 
to the formation of a low-viscosity liquid phase, which is facilitated by 
clay B clay fluxes and allows for effective pore closure. Fig. 15 shows a 
high-magnification FESEM image in which acicular mullite crystals are 
clearly visible. These acicular crystals provide internal structural rein
forcement to the densified matrix. The main mechanisms are crack 
deflection and interlocking. When a microcrack propagates through the 
material under stress, it encounters mullite needles, which deflect its 
path and cause it to consume additional energy. This dramatically 

increases the toughness and, therefore, the flexural strength (Cui et al., 
2020).

Overall, the thermal, mineralogical, densification and microstruc
tural results provide a coherent explanation of the sintering mechanism 
for the HApW–clay systems. During heating, the amorphous calcium- 
phosphate fraction within the HApW dehydrates and progressively 
reorganises. It crystallises at temperatures between 880 and 900 ◦C, 
which promotes the formation of a reactive calcium-phosphate melt 
once the HAp begins to dehydroxylate above ~ 1080 ◦C. The interaction 
of this melt with the clay matrices determines the distinct behaviour of 
the two systems. Clay A, characterised by a high SiO2/Al2O3 ratio and 
low flux content, generates a comparatively viscous liquid that limits ion 
mobility and favours the development of an amorphous aluminosilicate 
matrix with embedded Ca-phosphate particles. In contrast, clay B, which 
is richer in Fe2O3 and K2O, produces a liquid phase with significantly 
lower viscosity that enhances mass transport. This enables earlier pore 
closure, the formation of well-crystallised anorthite and mullite, and 
ultimately a more homogeneous and mechanically robust 

Fig. 13. Microstructural analysis of sample 60A, performed using FESEM/EDS, showing a glassy aluminosilicate matrix containing Ca–phosphate clusters and 
heterogeneous pores.

Fig. 14. Microstructural analysis of sample 80B, performed using FESEM/EDS, showing a dense matrix with well–integrated Ca–phosphate phases and mullite 
development.
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microstructure. These transformations can be summarised as follows: 
initial reorganisation of the amorphous calcium-phosphate fraction, 
crystallisation, formation of the liquid phase, and subsequent densifi
cation and phase development. These steps lead to the observed differ
ences in sintering temperatures and technological properties between 
the two HApW-clay systems.

3.6. Environmental impact

Fig. 16 shows the results of the leaching test conducted to the 
ceramic samples and HApW compared to the limit values of the Decree 
646/2020, which establish the threshold of the concentrations of con
taminants in the leachate for landfill admission (Royal Decree 646/ 
2020). The leaching test was therefore conducted following the UNE- 
EN_12457-4 standard previously described in section 2.4. The 
threshold values considered correspond to the “Inert Waste” category 
established in Royal Decree 646/2020 (Annex II), which establishes 
maximum leachate concentrations of 500, 30, 40, 2000, 400, 500 and 
4000 µg⋅L− 1 for As, Cd, Cr, Cu, Ni, Pb and Zn, respectively.

All analysed samples showed concentrations well below these reg
ulatory thresholds. The highest values measured were 1.72, 0.0025, 
0.07, 0.23, 0.67, 0.005, and 3.30 µg⋅L− 1 for As, Cd, Cr, Cu, Ni, Pb, and 
Zn, respectively. These values were at least 3 orders of magnitude below 
their respective limit values. Considering that the Inert Waste category 
represents the most restrictive classification for landfill acceptance, 
these results confirm the high stability of the developed ceramics and its 
effective immobilization capacity for the elements of concern.

Comparison with other studies is challenging, and to the best of our 
knowledge, the substitution of clay with contaminated hydroxyapatite 
in ceramics has not been studied. However, several studies have 
explored the partial or total substitution of clay with various industrial 

or agricultural residues to produce ceramics. For example, the addition 
of phosphogypsum waste in ceramic bodies has been shown to improve 
technological properties of fired ceramic tiles, with toxicity character
istic leaching procedure (TCLP) results indicating negligible environ
mental impact under standard protocols (Contreras et al., 2018). In the 
same way, the solidification for Cr, Cu, Zn, As, and Pb into sludge bricks 
obtained by mixing sewage sludge with shale was showed to be feasible 
in recent research (Zhang et al., 2015). In that study, the leachate 
toxicity was proved to be lower than that of national standards. Despite 
the methodological and compositional differences, (Karayannis et al., 
2016) concluded in a recent review that stabilization/solidification of 
potentially hazardous heavy metals from solid wastes (including power 
station ashes, steelmaking by-products, various metallurgical wastes, 
and sewage sludges) into clay-based ceramics was feasible. In addition, 
relatively low lixiviation levels, as concentrations of these elements in 
the leachates were reported to remain within acceptable limits, thus 
providing an alternative to minimize the environmental impacts.

Two mechanisms may be attributed to explain this observation:
Chemical stabilization
The possible incorporation of metal cations into newly formed 

phosphate and apatite-type phases. Apatite-type phosphates can incor
porate divalent and trivalent metal cations in the chemical structure. 
Apatite and related phosphate phases are widely used or proposed for in- 
situ immobilization of Cu, Ni, Pb, Cd, Zn and other metals because of this 
capacity (Feng et al., 2010; Kato et al., 2023; Mavropoulos et al., 2002). 
Another possibility is that the heavy metals could react with other 
components to form a new crystal compound (Guo et al., 2017), how
ever, in the XRD there are no visible peaks of any heavy metals phase, 
probably because of the low concentrations of these elements in the 
material.

Physical stabilization

Fig. 15. Microstructural analysis of sample 80B, performed using FESEM/EDS, showing well–developed acicular mullite crystals embedded within a dense 
ceramic matrix.

Fig. 16. Leaching test concentrations of ceramic compositions and Limit Decree 646/2020 thresholds.
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The possible physical encapsulation within an essentially dense sil
icate/aluminosilicate matrix (Yuan et al., 2023). In addition, reduced 
accessible surface area and transport due to very low total porosity (<
3.5 %) observed in all compositions therefore providing a strong phys
ical barrier to contaminant release.

On the other hand, it should be noted that the HApW originates from 
the cleaning of a NORM (Naturally Occurring Radioactive Material) 
waste (Soto-Cruz et al., 2024). Therefore, assessing the potential 
radiological impact of this material is essential. As previously discussed 
in an earlier study in which we valorised another residue derived from 
the cleaning of PGL (Soto-Cruz et al., 2025), the radionuclides present in 
these wastes do not pose a significant concern regarding external radi
ation exposure. This is because, in the equation used to calculate the 
radiological index on which this assessment is based (Index I), the ra
dionuclides found in the highest concentrations in our samples are not 
included. The activity concentration index (I) functions as a regulatory 
parameter to verify compliance with radiation safety limits, ensuring 
that external gamma exposure from construction materials remains 
within the annual threshold of 1 mSv. This requirement, stipulated in 
Article 75(1) of the 2013/59/EURATOM Directive, provides a stand
ardised approach to control potential radiological risks associated with 
building materials. This index should not exceed the value of unity (I ≤
1) for materials used in bulk amounts, to ensure that the additional 
external dose received by occupants living in buildings constructed with 
these materials does not exceed the reference value of 1 mSv⋅ year− 1 

(Llanes et al., 2018). In this case, the main radionuclide present was 
238U, which is not considered in the index equation due to its alpha- 
emitting nature. Anyway, the index (I) was calculated for the ceramics 
with the higher composition of HApW following the Eq. (1): 

I =
C226Ra

300
+

C232Th

200
+

C40K

3000
(1) 

where C226Ra, C232Th and C40K are the activity concentrations for 226Ra, 
232Th and 40K, respectively, expressed in Bq⋅kg− 1. The results were 
consistent with the previous discussion, as the index I for the sample 20B 
was 0.24, which is less than 1, and it is comparable to other building 
materials such as ordinary Portland cement (I = 0.25) (Soto-Cruz et al., 
2025b).

Nevertheless, the potential environmental impact associated with its 
use must be considered. For this reason, the activity concentration of this 
radionuclide was measured in the leachates obtained from the leaching 
test. The results showed that the activity was < 0.2 Bq⋅L− 1 in all samples. 
To ensure the radiological safety of these leachates, the indicative dose 
established by Spanish regulation Royal Decree 314/2016 was calcu
lated. The indicative dose represents the estimated radiation dose that a 
person would receive from drinking such water over one year and serves 
as a benchmark for radiological safety assessment. Based on the 
measured values (0.2 Bq⋅L− 1 for 238U), the calculated indicative dose for 
the leachates was < 0.1 mSv⋅year− 1. Consequently, the environmental 
impact can be considered negligible.

While the present study demonstrates that the developed clay-based 
ceramics effectively immobilize heavy metals and 238U under the tested 
conditions, the long-term stability under environmental ageing or 
weathering was not directly assessed. Factors such as repeated wet-dry 
cycles, freeze–thaw, or acidic conditions could potentially influence 
the leaching behaviour over extended periods. Therefore, further studies 
including accelerated ageing tests or long-term field trials are needed to 
fully confirm durability under realistic environmental conditions. From 
a technical perspective, the processing route employed (mixing, 
shaping, and conventional ceramic sintering) relies on well-established 
industrial technologies, suggesting that large-scale implementation is 
feasible. However, full-scale deployment would require careful evalua
tion of energy consumption, emissions, and process optimization to 
ensure environmental and economic viability within a life cycle 
framework. In this context, occupational radiological exposure must be 

carefully evaluated in a scale-up scenario, particularly regarding po
tential internal exposure through inhalation of fine particulate matter 
during handling, grinding, or mixing stages due to the high 238U activity 
concentration.

4. Conclusions

The study confirms the technical feasibility of valorising the waste 
(HApW) derived from phosphogypsum leachate treatment as a second
ary raw material in ceramic formulations. Thermal analysis showed that 
HApW undergoes a sequence of transformations associated with the 
crystallization of amorphous calcium phosphate, dehydroxylation of 
hydroxyapatite, and subsequent liquid-phase formation at higher 
temperatures.

Heating microscopy established optimal firing temperatures of 
1150 ◦C for systems containing clay B and 1250 ◦C for those with clay A, 
ensuring adequate densification without deformation. At high HApW 
contents, the mineralogy was dominated by phases derived from the 
residue, mainly substituted apatite (Ca5(Na,Mg)(PO4)3) and complex 
calcium phosphate (Ca9MgNa(PO4)7), resulting from thermal decom
position. The incorporation of HApW promoted strong sintering and 
significant shrinkage, while the clay fraction acted as a stabilizing 
skeleton moderating these effects. The flexural strength of the fired 
bodies ranged from 7 to 47 MPa and decreased linearly with increasing 
HApW content; this behaviour was influenced by both total porosity and 
pore size distribution. Microstructural analysis confirmed the formation 
of heterogeneous matrices whose characteristics depend on the clay type 
and HApW content. In compositions with clay A, the high viscosity of the 
liquid phase limited crystal growth, leading to a predominantly amor
phous, fused microstructure. In contrast, clay B promoted the develop
ment of a denser matrix with well-integrated apatite phases and acicular 
mullite crystals, which enhanced densification and contributed to 
improved mechanical performance through crack deflection and inter
locking mechanisms. From an environmental standpoint, all measured 
contaminant concentrations were well below regulatory thresholds. The 
immobilization of metallic cations could be attributed to their incor
poration into apatite or crystalline phases, and to physical encapsulation 
within the silicate/aluminosilicate matrix. The low porosity of the ma
terials further reduced the accessible surface for contaminant transport. 
Moreover, radiological evaluation confirmed the absence of risk, with 
indicative doses below 0.1 mSv⋅year− 1. Based on the mechanical per
formance benchmarked against ISO 13006, compositions 50A and 60A 
meet the requirements for BIIa indoor floor tiles, while 70B and 80B 
satisfy BIb specifications, identifying these formulations as the most 
suitable ranges for practical ceramic applications. The processing route 
employed here is compatible with industrial fast‑firing practice, and the 
high substitution levels achieved (up to 50–80 wt% HApW) indicate a 
realistic potential for significant annual waste utilisation in ceramic 
production, reinforcing the industrial relevance of the approach. It 
should also be noted that the applicability of the present results is 
conditioned by the specific firing temperatures and the use of the two 
commercial clays studied, which represent typical but not exhaustive 
ceramic matrices; nevertheless, the identified optimal compositions 
provide a realistic starting point for industrial implementation.

In the context of cleaner materials, this study demonstrates the 
successful valorisation of a waste derived from phosphogypsum leachate 
treatment (HApW) as a secondary raw material in ceramic production. 
This strategy contributes to cleaner material development by reducing 
waste accumulation, minimising potential pollutant release, and pro
moting circular material flows through the reuse of industrial by- 
products.

Future research could explore the optimisation of HApW incorpo
ration below the ranges tested here, as well as its behaviour in other 
ceramic matrices or under alternative firing schedules, to further expand 
the potential applications of this residue. Any industrial implementation 
would require a deep radiological risk assessment to comply with 
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occupational radiological safety regulations. Overall, while the current 
work demonstrates technical feasibility and potential for waste valor
isation, detailed techno-economic assessments, life cycle analyses, and 
radiological evaluations will be necessary in future studies to fully 
confirm scalability and practical implementation potential.
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Géotechnique 75, 1093–1096. https://doi.org/10.1680/jgeot.24.00991.

F.J. Soto-Cruz et al.                                                                                                                                                                                                                            Cleaner Materials 20 (2026) 100398 

16 

https://doi.org/10.1021/es0155938
https://doi.org/10.1016/J.JHYDROL.2022.128943
https://doi.org/10.1016/J.JHYDROL.2022.128943
https://doi.org/10.1016/J.SCITOTENV.2018.12.305
https://doi.org/10.1016/J.SCITOTENV.2018.12.305
https://doi.org/10.1111/jace.19631
https://doi.org/10.1111/jace.19631
https://doi.org/10.1016/j.matchemphys.2022.126854
https://doi.org/10.1016/j.matchemphys.2022.126854
https://doi.org/10.1016/S0142-9612(01)00218-6
https://doi.org/10.1016/S0142-9612(01)00218-6
https://doi.org/10.3390/min11030332
https://doi.org/10.3390/min11030332
https://doi.org/10.1111/ijac.14820
https://doi.org/10.1111/ijac.14820
https://doi.org/10.1016/j.jece.2021.105554
https://doi.org/10.1016/j.jece.2021.105554
https://doi.org/10.1007/s11242-022-01859-4
https://doi.org/10.1080/21870764.2024.2320448
https://doi.org/10.1080/21870764.2024.2320448
https://doi.org/10.1016/j.jwpe.2025.106968
https://doi.org/10.1016/J.HELIYON.2024.E30610
https://doi.org/10.1016/J.HELIYON.2024.E30610
https://doi.org/10.1016/j.rineng.2025.107913
https://doi.org/10.1016/j.powtec.2012.12.022
https://doi.org/10.1016/j.powtec.2012.12.022
https://doi.org/10.1016/j.jenvman.2009.03.007
http://refhub.elsevier.com/S2772-3976(26)00033-X/h0270
http://refhub.elsevier.com/S2772-3976(26)00033-X/h0270
https://doi.org/10.1039/C8CP06460A
https://doi.org/10.1039/C8CP06460A
https://doi.org/10.1007/s10967-025-10229-5
https://doi.org/10.1016/J.ENVRES.2024.119849
https://doi.org/10.1016/J.ENVRES.2024.119849
https://doi.org/10.3390/molecules28134926
https://doi.org/10.3390/molecules28134926
https://doi.org/10.1007/s12272-023-01481-y
https://doi.org/10.1016/j.wasman.2023.05.007
https://doi.org/10.1016/j.resconrec.2020.105289
http://refhub.elsevier.com/S2772-3976(26)00033-X/h0310
http://refhub.elsevier.com/S2772-3976(26)00033-X/h0310
http://refhub.elsevier.com/S2772-3976(26)00033-X/h0310
https://doi.org/10.1680/jgeot.24.00991

	Valorisation of a waste derived from the decontamination of phosphogypsum leachate as a clay replacement in ceramics
	1 Introduction
	2 Materials and methods
	2.1 Raw materials
	2.2 Sample preparation
	2.3 Analytical methods
	2.4 Leaching hazard assessment and radioactivity analysis

	3 Results and discussion
	3.1 Raw material characterisation
	3.1.1 Chemical characterisation of HApW
	3.1.2 Mineralogical analysis of HApW

	3.2 DTA/TG analysis of HApW
	3.2.1 Heating microscopy analysis of the raw materials

	3.3 Mineralogical characterisation of the new materials
	3.4 Pore size distribution and flexural strength of the new materials
	3.5 Microstructural analysis of the new materials
	3.6 Environmental impact

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


