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Abstract
Phosphogypsum (PG) is a solid by-product of the phosphate industry, rich in contaminants and produced in large quantities. 
Raw materials and stabilized specimens, consisting of bentonite-lime-PG mixtures, were characterized by mineralogical, 
microstructural, chemical, alpha-particle, and gamma-ray spectrometry analysis before hydration and after hardening. Com-
pressive strength and leaching tests were performed on hardened specimens. The physicochemical parameters and chemical 
composition of leachates from raw materials and hardened specimens were determined. PG contains high concentrations of 
natural radionuclides, specially from U series. Uranium-238 activities are double in PG than the worldwide average for soil 
values. The mobility of PTEs from PG is Cd (2.43%), Zn (2.36%), Ni (2.07%), Cu (1.04%), Pb (0.25%), and As (0.21%). 
Cadmium is the cation most easily released by PG in water with a concentration 0.0316 mg  kg−1. When PG is added to 
bentonite-lime mixture, cadmium is no longer released. The radionuclide 238,234U and 210Po predominates in the leachates of 
PG. However, the activity of 210Po becomes negligible in the leachates of bentonite-lime-PG mixtures. The addition of PG to 
bentonite-lime mixtures facilitates the trapping of trace elements (PTEs) and radionuclides, providing potential applications 
for PG as road embankments and fill coatings.
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Introduction

Phosphate rocks in Morocco can contain high amounts 
of natural radionuclides, particularly those belonging to 
the 238U series, rare earth elements (REEs) (Al Khaledi 
et al. 2019), and potentially toxic trace elements (PTEs) 
(Kechiched et al. 2020). During chemical attack, for the 
production of phosphoric acid or phosphate fertilizers, 
dangerous pollutants such as heavy metals and natural 
radionuclides can migrate into the phosphogypsum (PG) 
(Qamouche et al. 2020). Many studies shed light on the 
impact of PG in environment, especially with respect to 
the distribution of REEs (Cánovas et al. 2019; Mukaba 
et al. 2021), PTEs (e.g., As, Cd, Pb, Cu, Cr, Ni, Zn, Mn, 
Sb) (Pérez-Moreno et al. 2018; Ramanayaka et al. 2019), 

natural radionuclides (Moreno et al. 2023; Papaslioti et al. 
2020; Pérez-Moreno et al. 2018, 2023), and anions  (F−, 
 PO4

3−, and  SO4
2−) (Pérez-Moreno et al. 2023). In Mediter-

ranean costal area, several studies emphasized the potential 
environmental risks of the PG and its significant contribu-
tion to radioactive contamination of coastal waters (Bolıvar 
et al. 2002; El Zrelli et al. 2019; Pérez-López et al. 2011; 
Periáñez et al. 2013). The secular equilibrium of radionu-
clides belonging to the 238U series is broken during the acid 
attack of the phosphate rock and 100% of 210Pb, 90% of 
226Ra, 80% of 232Th plus 230Th, and 78% of 210Po fraction-
ate to PG (Mazzilli et al. 2000). The discharge of PG into 
the open sea from Morocco has caused the contamination 
by 238U, 226Ra, and 210Po in the natural sand of the beach 
of the El Jadida province (Belahbib et al. 2021).

PG represents a worldwide environmental problem. In 
2013, the annual worldwide production of PG was around 
160 million tonnes. Forecasts by the International Atomic 
Energy Agency (IAEA 2013) indicate an increase that 
could reach 200 to 250 million tonnes within the next 
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decade or two. PG is often stored in large stacks or piles 
in dedicated storage areas (Hilton 2008). There are about 
6 billion tonnes of PG stored in stacks worldwide (IAEA 
2013). This accumulation of PG results in the release of 
hazardous substances, which can have a severe environ-
mental impact, such as air, soil, river, or groundwater pol-
lution (Silva et al. 2022). The nature of the soil at PG stor-
age sites influences the release of contaminants. The stack 
of PG should be constructed above the ground level and on 
natural clayey soils, specifically on adsorbent clays such as 
smectite-rich clays, to prevent any infiltration (Bhawan and 
Nagar 2014). Another problem of PG stacks is the 222Rn 
exhalation through the surface if it has not been restored 
with insulator materials from Rn (Dueñas et al. 2007).

Bentonite is a clay rich in natural colloidal expansive 
smectite, containing adsorption sites in the interlayer space, 
the external surface, and edges. It is an excellent sorbent for 
trace elements, making it highly effective for water pollut-
ant treatment (Han et al. 2022). The high surface area and 
pore size of natural bentonite make it a good adsorbent for 
REEs from wastewaters (Mosai et al. 2019). The interlayer 
space retains cations, while the most REEs soluble species 
are anionic oxygen combined, especially in circum-neutral 
pH (Vriens et al. 2019). The addition of lime to bentonite 
can generate intraparticle porosity, enhancing the sorption of 
REEs (Gaona et al. 2012; Kechiched et al. 2020). To reduce 
the amount of PG released into the environment, several 
researchers have proposed solutions, such as the incorpo-
ration of PG into a bentonite-lime mixture to develop a 
new material for road embankments (Kumar et al. 2014; 
Mashifana et al. 2018). The uniaxial compressive strength 
of specimens prepared with different mass fractions of PG, 
bentonite, and lime increases with the increase in the addi-
tion of PG added to the bentonite-lime mixture (Oumnih 
et al. 2019). The addition of PG to the bentonite-lime mix-
ture affects the mineralogy of bentonite allowing the forma-
tion of ettringite (Harrou et al. 2020). However, previous 
studies have not assessed the release of toxic elements and 
radionuclides present in PG-bentonite-lime mixtures into 
water. A study of the leaching of PG-bentonite-lime mix-
tures could shed light on the rate at which pollutants are 
released from these mixtures.

Considering the aforementioned issues, this study inves-
tigates the leaching of raw clay mortar specimens composed 
of bentonite, hydraulic lime, and variable quantities of PG. 
The study aims to assess the feasibility of establishing PG 
storage sites on clayey soils rich in bentonite stabilized with 
hydraulic lime. It seeks to examine the capacity to retain pol-
lutants present in the PG within the solidifying clayey soil 
through pozzolanic reactions between bentonite and hydrau-
lic lime. Additionally, this approach will provide insights 

into the potential utilization of PG as road embankments 
and fill materials.

Material and methods

Raw materials

The phosphogypsum (PG) used in this study is produced 
by the Office Cherifien of Phosphates (OCP) group in Jorf 
Lasfar in Morocco. The bentonite (B) comes from the Trebia 
deposit (northeast of Morocco), which is the largest Moroc-
can deposit with a high economic performance (Lamrani 
et al. 2021). It is originating from hydrothermal alteration 
of obsidian perlite glass inside the volcanoes themselves 
(Ddani et al. 2005). This bentonite is rich in smectite, a 2:1 
type clay mineral whit structure composed of two tetrahedral 
sheets  [SiO4] and an octahedral sheet [(Al,Mg)O4(OH)2]. 
The Trebia bentonite is characterized by high cation 
exchange capacity (146.5 meq/100 g) and a large specific 
surface (693  m2  g−1) (Ait Hmeid et al. 2021). The hydraulic 
lime (L) sample, obtained by traditional calcination of local 
limestone, was purchased at local market in Oujda (northeast 
Morocco) (Fig. 1). To obtain representative results, three 
samples of each raw material were collected and homog-
enized prior to analysis. Three replicates were obtained for 
various characterization and leaching tests.

The formulation of PG-B-L mixtures was carried out by 
substituting B with a variable amount of PG ranging from 
2 to 32%. The added L content was kept constant at 8% by 
mass (Table 1). The chosen L content is based on the results 
of our previous work, which showed that the mechanical 
strength of the B-L mixture is maximized with 8% L (Har-
rou et al. 2020; Kumar et al. 2014; Oumnih et al. 2019). For 
each experimental condition, three samples were analyzed, 
and average values are given. A total of 36 specimens were 
prepared: 18 for the mechanical compression test and 18 for 
the leaching tests.

Leaching specimens

The raw materials (PG, B, L) were crushed and sieved 
through a 250-µm mesh size before use. The leaching tests 
were carried out according to the standards “Assessment 
of release of dangerous substances. Horizontal dynamic 
surface leaching tests” (CEN/TS 16637–2). Demineralized 
water is used for leaching tests on the specimen, as it can 
be considered as rainwater. Firstly, cubic test specimens of 
4 cm in size were prepared using the mass fraction of the 
B-L-PG mixed materials outlined in Table 1. The solid/
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Fig. 1  Mortar specimens and schematic diagram of the compressive strength tests

Table 1  Formulation of specimens for leaching tests

Specimens Mixtures: %PG + %B + %L

PG0 0%PG + 92%B + 8%L
PG8L0 8%PG + 92%B + 0%L
PG2 2%PG + 90%B + 8%L
PG8 8%PG + 84%B + 8%L
PG16 16%PG + 76%B + 8%L
PG32 32%PG + 60%B + 8%L

liquid ratio was 46% (Harrou et al. 2020). Subsequently, 
the specimens were covered with plastic film to prevent 
calcite formation and promote the formation of hydrated 
gels in the clay paste after 28 days of hydration at a room 
temperature of 20 °C. Hardened specimens, each weighing 
approximately 100g, were submerged in 1 L of demineral-
ized water. Filtrations of 45 µm were conducted at inter-
vals from 0.25 to 36 days to separate leachates from solids, 
with the system being replenished with fresh demineral-
ized water after each filtration (Fig. 2). The release kinet-
ics of chemical elements, including cations and anions, 
into the demineralized water, as well as variations in phys-
icochemical parameters such as pH, EC, and redox poten-
tial, were monitored. Cation concentrations were deter-
mined by inductively coupled plasma mass spectrometry 

(ICP-MS), while anion concentrations were measured by 
ion chromatography (IC). Long-lived radionuclides (U 
isotopes, Th isotopes, Ra isotopes, and 210Po) were meas-
ured by alpha particle spectrometry. The activity of 210Pb 
was measured on the 46.5-keV gamma line by low-energy 
gamma spectrometry.

For raw materials, a similar process was followed, with 
specimens immersed for 24 h to achieve extreme ion leach-
ing due to the low ionic strength of demineralized water.

The transfer factor (TF) was determined by calculating 
the ratio of trace element concentrations in leachates to those 
in the raw materials, as described by the following equation 
(Guido-Garcia et al. 2021) (Eq. 1):

with:

 (i) [XL]: Concentration of the chemical element deter-
mined by ICP-MS in the leachate, in mg  kg−1.

 (ii) [XS]: Concentration of chemical element determined by 
ICP-AES in the solid phase prior to leaching, mg  kg−1.

The optimum concentrations,  Aopt(S) from the solid raw 
materials and  Aopt(L) from the concentrations of the raw 
materials, in the leachate are calculated by the Eqs. 2 and 3:

(1)TF(%)=

[

X
L

]

[

XS

]*100
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with:

• AB(S),  AL(S), and  APG(S): Concentrations of alpha-emitting 
radionuclides (Bq  kg−1) contained in B, L, and PG.

• AB(L),  AL(L), and  APG(L): Concentrations of alpha-emit-
ting radionuclides (Bq  kg−1) contained in the leachates 
of B, L, and PG, respectively, following a 24-h leaching 
period.

• XB,  XL, and  XPG: Mass fraction of B, L, and PG in the 
specimens (Table 1)

The ratios RL and RS between the concentrations of 
alpha-emitting radionuclides measured in specimen lea-
chates  (Aexp(specimen)) and the optimum concentrations, 
 Aopt(L) and  Aopt(S), respectively, are calculated from Eqs. 4 
and 5:

with:

(2)Aopt(S)=XB
*AB(S) +XL

*AL(S)+XPG
*APG(S)

(3)Aopt(L)=XB
*AB(L)+XL

*AL(L)+XPG
*APG(L)

(4)RL=
Aexp(PG32)

Aopt(L)

*100

(5)RS =
Aexp(PG32)

Aopt(S)

*100

Aexp(specimen): Concentrations of alpha-emitting radionu-
clides (Bq  kg−1) contained in leachates of specimen after a 
leaching period of 16 days.

Analytical methods

Various techniques were employed to characterize and 
determine potentially toxic trace elements in both leachates 
from raw materials and cured specimens. All the equipment 
used is located in research centers and is systematically cali-
brated: All radiological and physicochemical analyses of 
PG and samples containing PG were carried out within 100 
days of PG production at the Jorf Lasfar plant.

• X-ray diffraction (XRD) was carried out by a Shimadzu 
XRD 6100 diffractometer, equipped with a Cu X-ray 
tube, operating at 40 kV and 30 mA, in the interval 
[2–70°] 2θ. This analysis was performed in the Analyti-
cal Platform of Faculty of Sciences (Oujda).

• Scanning electron microscope (SEM) was used to deter-
mine the microstructure of the raw material and the cured 
specimens. The apparatus was an HIROX SH-5000P with 
high resolution, high vacuum, and SE and BSE detector 
(Oujda).

• The TESTWELL device was used for compressive 
strength analysis on cured specimens, with a speed of 1 
mm/min (Oujda). We chose 28 days of hydration because 
this time gives mortars high compressive strength at 
room temperature.

Fig. 2  Mortar specimens and schematic diagram of the leaching tests
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• X-ray fluorescence (XRF) analysis was performed using 
Panalytical Sequential Spectrophotometer (ZETIUM 
Minerals model) in the Central Research Services of the 
University (Seville).

• Inductively coupled plasma atomic emission spectrom-
etry (ICP-AES) was used for the analysis of chemical ele-
ments in the raw material performed by the Jobin Yvon 
Ultima 2 apparatus in Central Research Services of the 
University (Huelva)

• Inductively coupled plasma mass spectrometry (ICP-MS) 
was used for the analysis of cations concentration in lea-
chate produced by the Agilent 7700 apparatus (Huelva).

• Ion chromatography (IC) analysis was performed 
by Metrohm 883 plus basic ion chromatograph (IC) 
equipped with Metrosep columns (Huelva).

• Physicochemical parameters, including pH, electri-
cal conductivity (EC), and redox potential (Eh), were 
measured using a portable multiparametric probe (model 
Crison MM 40 +). The redox potential measured by the 
multiparametric probe is the oxidation–reduction poten-
tial (ORP). This value was corrected for temperature to 
obtain the standardized redox potential (Eh). The redox 
potential was calculated using the standard method pro-
posed by Nordstrom and Wilde (1998). These measure-
ments were conducted in the research group “Radiation 
Physics and Environment” (FRYMA-Huelva).

• Alpha-particle spectrometry was performed with pas-
sivated implanted planar Si (PIPS) detectors, EG & G 
ORTEC. The radiochemical procedure to isolate the 
U, Th, and Po isotopes was based on the methodology 
described by Pérez-Moreno et  al. (2023) (FRYMA-
Huelva). In leachate, measurements of alpha activity con-
centrations were carried out immediately after filtration.

• Gamma-ray spectrometry with a high purity germa-
nium detector (HPGe model GCW3023) was employed. 
Gamma emitter measurements were carried out accord-
ing to the procedure described by Barba-Lobo et al. 
(Barba-Lobo et al. 2021). Certified reference materials 
(CRM) from the IAEA, specifically RGU −1,  RGTh−1, 
and  RGK−1, containing natural radionuclides from the 
238U, 232Th, and 40K series, were used to determine the 
experimental efficiencies (FRYMA-Huelva).

Results and discussion

Raw material characterization

Potentially toxic trace elements (PTEs)

The concentrations of PTEs in mg  kg−1 for raw materials, 
namely B, L, and PG, were determined by ICP-AES analysis 
(Table S2 in Supplementary materials). Compared with the 

recommended trace element composition of the upper conti-
nental crust (Rudnick and Gao 2010), high concentrations of 
Be, Zn, Ga, As, Sr, Zr, Sn, Y, Cd, Ba, and Ce were observed 
in B. L shows increased concentrations of Co, Cu, Zn, As, 
Sr, Mo, Cd, and Pb, while PG shows high concentrations of 
Sr, Y, Mo, Cd, and U. The studied B is rich in Th (118.87 
mg  kg−1). This value is higher than the average value of Th 
concentration found in soils, which typically varies from 
2 to 12 mg  kg−1 (Kabata-Pendias 2000). The concentra-
tion of Ba in the B is 2742.14 mg  kg−1. L and PG contain 
respectively 1037.11 mg  kg−1 and 1166.64 mg  kg−1 of Sr. 
Strontium, sharing similarities with calcium in its proper-
ties, is more mobile in soil than calcium, and its sorption 
into soil is linked to isomorphic replacement of calcium-
containing minerals (Dubchak 2018; Ermakov et al. 2020). 
The uranium concentration in PG (12.31 mg  kg−1) is higher 
than that found in B (5.25 mg  kg−1) and L (1.76 mg  kg−1), 
and it exceeds the average value of 2.7 mg  kg−1 identified in 
undisturbed soils. These concentrations fall within the range 
of soil concentrations, which typically are between 0.4 and 
6 mg  kg−1 expect for PG (Shacklette and Boerngen 1984).

The PTEs concentration results found in this study 
(Table 2) are within the range of concentrations reported in 
PGs originating from Morocco (Guerrero et al. 2019). Dif-
ferences in trace element concentrations are observed when 
compared to other PGs from other countries (El Zrelli et al. 
2018; Rutherford et al. 1994).

Alpha and gamma emitters

Table 3 shows the radionuclide activity concentrations of the 
raw material (B, L, and PG). The activity concentrations of 
the alpha emitters in B sample were similar to current world-
wide average values (UNSCEAR 2008). The activity con-
centration of 210Po is 18.4 ± 1.3 Bq  kg−1 in B, which is close 
to that found in various soils 20–240 Bq  kg−1 (Persson and 
Holm 2011). The 232Th concentration obtained for L sample 
(182.4 ± 16 Bq  kg−1) is about four times higher than that 
found for an unpolluted soil (45 ± 4 Bq  kg−1) (UNSCEAR 
2008). Thorium is commonly transported and redeposited by 
adsorption on clay-sized detrital grains (Bodin et al. 2011) 
and adsorbs preferentially on carbonates (Kretschmer 2010).

In general, PG contains significant concentrations of 
U-series radionuclides, with average activity concentrations 
around 650, 600, 400, and 100 Bq  kg−1 for 226Ra, 210Po, 
230Th, and 238U, respectively (Pérez-Moreno et al. 2018). The 
studied PG contains concentrations of 210Po (699 ± 23 Bq 
 kg−1) and 230Th (782.4 ± 53.9 Bq  kg−1) significantly higher 
than average concentrations. For 238U, the concentration is 
74.5 ± 3.2 Bq  kg−1, it is lower than the average concentration 
100 Bq  kg−1, but it is double the worldwide average soil val-
ues (37 ± 4 Bq  kg−1) (UNSCEAR 2008). The activity con-
centration of 234U is 75.7 ± 3.3 Bq  kg−1 in PG, which is lower 
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than the concentration found in PGs produced in Huelva 
obtained from phosphates coming from Morocco (Bolıvar 
et al. 2002; Dueñas et al. 2010) and Morocco (Azouazi et al. 
2001). The concentration of 232Th in PG is relatively low 
(11.5 ± 3.6 Bq  kg−1), consistent with values reported in PG 
from Moroccan phosphate (Bolıvar et al. 2002; Dueñas et al. 
2010). The isotopic fractionation of radionuclide shows that 
the activity ratio of 230Th/232Th in B is close to 1. This aligns 
with the average ratio observed in detrital river particles and, 
consequently, in nearshore sediment (Sam et al. 2000). For 
L, the 230Th/232Th activity ratio is less than 1, indicating 
detrital contributions (Ludwig et al. 2011). For PG, the ratio 
is very important, reflecting contamination by initial 230Th 

(San Miguel et al. 2001). 230Th and 232Th are two long-life 
radioisotopes of Th element and for that during any chemi-
cal process that have to be the same behavior. Therefore, 
during the chemical process of phosphoric acid production, 
the 230Th/232Th activity ratio measured in the raw material 
has to be the same that in the final products (PG and phos-
phoric acid), the radionuclide concentrations in the sulfuric 
acid are negligible. In other words, activity ratios of two 
radionuclides belonging to the same element (U, Th, Ra) 
can be used as markers of the processes involved in specific 
transformation. For that, it is interesting to calculate these 
activity ratios in the different materials obtained from spe-
cific raw materials. During the acidification of phosphate 

Table 2  Comparison of 
potentially toxic trace element 
concentrations in PG with other 
studies

Elements This study Morocco Tunisia Florida Idaho

(mg  kg−1) Guerrero et al. (2019) El Zrelli et al. (2018) Rutherford et al. 
(1994)

As 3.25 ± 0.51 16 ± 7 0.5–83 1.0 ± 0.1 0.4 0.6
Cd 3.25 ± 0.09 1.8 ± 0.4 0.8–4.4 17.7 ± 1.8  < 0.2 10.7
Cr 35.75 ± 0.87 16 ± 3 8–36 13 ± 1.3 5 48
Cu 5.37 ± 0.88 32 ± 11 1.3–113 9.6 ± 1.4 3.4 11.4
Ni 3.84 ± 0.82 1.6 ± 0.6 0.05–6.1 4.1 ± 0.41 5 5
Pb 4.56 ± 0.03 36 ± 31 0.6–344 0.9 ± 0.09 10 13
Sb  < 0.1 2.8 ± 2.3 0.1–23.9 0.09 ± 0.01 10 13
Mn 13.01 ± 0.73 15 ± 2 4–20  < 5 - -
Th 3.39 ± 0.01 0.9 ± 0.2 0.2–2.1 0.74 ± 0.07 1.5 -
U 12.31 ± 1.56 12 ± 2 2.8–28 1.6 ± 0.16 4.5 7.3
V 11.05 ± 0.42 6.3 ± 2.4 2–28 3 ± 0.3 6 20
Zn 12.23 ± 0.13 22 ± 8 2–98 137 ± 13.7 6.4 30.7
Y 106.34 ± 6.90 50 ± 4 30–78 53.2 ± 8.0 71 125

Table 3  Average activity 
concentration (Bq  kg−1) for 
radioelements contained in raw 
materials

W1 worldwide in raw materials (UNSCEAR 2008), W2 average activity concentration in PG (Pérez-
Moreno et al. 2018)

Alpha activity
238U 234U 230Th 234U/238U 232Th 230Th/232Th 210Po

B 21.4 ± 2.5 28.9 ± 2.0 6.21 ± 1.1 1.35 ± 0.11 7.21 ± 0.8 0.86 ± 0.13 18.4 ± 1.3
L 9.53 ± 1.1 9.96 ± 1.2 27.5 ± 5.1 1.04 ± 0.06 182.4 ± 16 0.15 ± 0.02 7.3 ± 0.6
PG 74.5 ± 3.2 75.7 ± 3.3 782.4 ± 53.9 1.02 ± 0.05 11.5 ± 3.6 67 ± 10 699 ± 3
W1 37 ± 4 1.02 ± 0.03 45 ± 4 57 ± 17
W2 100 - 400 - 600
Gamma emission

226Ra 228Ra 234Th 226Ra/228Ra 228Th 40 K 210Pb
Gamma 

energies 
(keV)

351.9 911.2 63.3 238.6 1460.8 46.5

B 24.7 ± 1.3 219 ± 9.1 45.6 ± 4 0.11 ± 0.01 217.9 ± 9,2 285.1 ± 14 26.9 ± 3
L 11.1 ± 0.9 6.87 ± 2.8 10.2 3 1.62 ± 0.14 8.88 ± 1.6 87.7 ± 9 13.4 ± 4
PG 815 ± 33 14.1 ± 3.8 88.1 ± 9 58 ± 7 13.4 ± 1.7 29.5 ± 12 805.8 ± 35
W1 33 ± 3 400 ± 24
W2 650 - - - -
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rocks, 80% of 230Th fractionates into PG, and this has been 
attributed to a number of factors including redox potential, 
digestion temperature during rock processing, sorption of 
humic substances and clays, and co-precipitation with fluo-
rides (Mazzilli et al. 2000). 232Th is very minor presence 
in phosphate minerals (Akyüz et al. 2000), and 230Th/232Th 
ratio in Moroccan phosphate rock (sedimentary origin) is 
approximately 80 (Guerrero et al. 2020). This ratio was 
slightly weakened in the PG which is 67 ± 10 (Table 3).

The 234U/238U ratios are close to the standard value of 1 
for soils (Minteer et al. 2007), meaning that a centuries-old 
balance between 238 and 234U is found in all raw materials.

Table 3 shows a potential absence of secular equilib-
rium between 232Th and 226Ra and for lime and between 
234U and 230Th for lime and PG, respectively. Likewise, 
the effective specific activity of natural radionuclides of L 
(Aeff = 0.09*AK + ARa + 1.3*ATh) changes during the heat 
treatment, and the fuel, used for calcination, contributes sig-
nificantly to the increase in the activity of 226Ra in L (Mikh-
nev et al. 2019).

The concentrations of the gamma emitters of the raw 
materials solids are given in Table 3. The concentration 
of 226Ra (via 214Pb, 351.9 keV) for B and L is 24.7 ± 1.3 
Bq  kg−1 and 11.1 ± 0.9 Bq  kg−1, respectively. For PG, the 
concentration of 226Ra is equal to 815 ± 33 Bq  kg−1. PG 
shows a relative enrichment in 226Ra, as observed in pre-
vious studies (Azouazi et al. 2001; Becker 1989; Horton 
et al. 1988). This concentration is higher than that deter-
mined for PG of Morocco, which is about 573 Bq  kg−1 
(Qamouche et al. 2020).

For 228Ra (via 228Ac, 911 keV), the activity concentra-
tions were 219 ± 10 Bq  kg−1, 6.8 ± 1.7 Bq  kg−1, and 14 ± 3 
Bq  kg−1 for B, L, and PG, respectively. In the case of 228Th 
(via 212Pb, 238 keV), the obtained concentrations were 
218 ± 9 Bq  kg−1, 8.8 ± 0.6 Bq  kg−1, and 13.4 ± 1.0 Bq  kg−1 
for the three samples, respectively.

The 40K (1460.8 keV) concentrations in B, L, and PG 
are respectively 285.1 ± 14 Bq  kg−1, 87.7 ± 9 Bq  kg−1, and 
29.5 ± 12 Bq  kg−1 lower than the overall average soil value 
400 ± 24 Bq  kg−1 (UNSCEAR 2008). B appears to be rich 
in 40 K, probably due to the presence of the K-feldspars 
(Fig. S1A in supplementary materials). X-ray fluorescence 
showed the presence of 4.67% K in B (Table S2 in supple-
mentary materials).

Mortars characterization

XRD analysis after 28 days of hydration for PG0 and PG8 
shows the formation of calcium silicate hydrate (CSH) and 
hemicarbonaluminate (Hc) by adding 8% of L to B and 
ettringite with the addition of 8% of PG to B-L mixture 
(Fig. 3S in supplementary materials). The formation of 
CSH is important in our study because these gels improve 

the compressive strength of bentonite-lime mixture and also 
when we added the PG. These gels form just after 3 days of 
hydration and may be before this time, thanks to the poz-
zolanic reaction. SEM image of PG8 showed needle-shaped 
crystals of ettringite (Fig. 4S in supplementary materials). 
The formation of the ettringite increases the mechanical per-
formance of the material (Oumnih et al. 2019).

According to Fig. 4SC in supplementary materials, the 
best compressive strength for PG0–PG32 (Table 1) was 
observed for the PG8 mixture with a value of 1.54 MP.

Leachate analysis

Leachates of raw material and mortar specimens

Figure 3 shows the transfer factors (TF) of chemical ele-
ments from solid matter to leachate. In the case of B, the 
chemical elements with the highest transfer factors are Cs 
(13.16%), Ta (10.01%), and As (4.70%). The elements with 
the highest transfer factors are (Ba (9.21%), Rb (8.42%), 
and Li (5.40%)) for lime and (Rb (12.52%), Cd (9.67%), Zn 
(9.29%), and Ni (8.13%)) for PG. TFs for (As, Cd, Pb, Cu, 
Cr, Ni, Zn, Mn) were found to be highest for PG manufac-
tured in Huelva (Spain) (Pérez-Moreno et al. 2023).

Tables 4 and 5 show the concentration of some PTEs (As, 
Cd, Cr, Cu, Ni, Pb, Mn, and Zn) released by the raw materi-
als B, L, and PG in demineralized water and of the leachates 
of the mortars PG0, PG8L0, PG2, PG8, PG16, and PG32 
after 24 h of leaching. The release of PTEs from L is very 
low compared with B and PG. According to the Table 4, 
the most PTEs released by B are As (4.70%), Cu (3.65), 
Zn (1.84%), Cr (1.33) and Ni (0.88). The release of PTEs 
from L is very low compared with B and PG. In addition, 
PG as industrial wastes release high amount of PTEs: Cd 
(9.67%), Zn (9.28%), Ni (8.13%), Cu (4.06%), Mn (2.63%), 
Pb (1.01%), and As (0.83%). The mobility of PTEs is more 
important in the case of PG. Comparing our results in the 
case of the leaching of PG with other work, we can conclude 
that the most PTEs mobility are observed for As, Cd, Cr, 
Ni, Cu, Pb, and Zn. The study by Rafael Pérez-López et al. 
(2007) on the Huelva PG (Spain) found mobility rates of 6%, 
5%, 5%, and 2%, respectively, for Cu, Cd, Ni, and Zn. The 
leaching results of PG, originating from Aqaba and Eshidiya 
in Jordan, showed that approximately 3% As, 1% Cd, 5% Cr, 
9% Cu, and 3% Zn are transferred to the surrounding aquatic 
environment and/or soils (Al-Hwaiti et al. 2010).

When B is mixed with hydraulic L (sample PG0, Table 5), 
the amount of arsenic released becomes very low (0.0332 
mg  kg−1), which may be due to its stabilization by the CSH 
cement gel produced by the reaction of B with L (Fig. 3S). In 
the leachate of the sample containing only PG and B (with-
out the addition of L, PG8L0 specimen), arsenic is detected. 
Therefore, the As concentration becomes undetectable only 
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Fig. 3  Transfer factors for A bentonite, B PG, and C lime. *Represents PTEs (As, Cd, Pb, Cu, Cr, Ni, Zn, Mn)

Table 4  Concentrations and 
transfer factor of PTEs in 
leachates of raw materials

DL detection limit

Elements (mg 
 kg−1)

As Cd Cr Cu Ni Pb Mn Zn

B 0.41  < DL 0.13 0.18 0.02 0.09 1.28 5.17
L  < DL  < DL 0.12  < DL  < DL 0.04  < DL 0.04
PG 0.03 0.31 0.15 0.22 0.31 0.05 0.34 1.14

TF
B 4.70 - 1.33 3.65 0.88 0.55 0.9 1.84
L - - 0.36 - - 0.04 - 0.04
PG 0.83 9.67 0.41 4.06 8.13 1.01 2.63 9.28

Table 5  Concentrations of 
PTEs in leachates of mortar 
specimens

DL detection limit

Elements 
(mg  kg−1)

As Cd Cr Cu Ni Pb Mn Zn Sb

PG0 0.0332  < DL 0.0566 0.0204  < DL  < DL  < DL 0.0218  < DL
PG8L0 0.0561  < DL  < DL 0.0057 0.0054  < DL 0.0589 0.822  < DL
PG2 0.00513  < DL 0.0425  < DL  < DL  < DL  < DL  < DL  < DL
PG8  < DL  < DL 0.0709  < DL  < DL  < DL  < DL  < DL  < DL
PG16  < DL  < DL 0.0779  < DL  < DL  < DL  < DL 0.0182  < DL
PG32  < DL  < DL 0.0647 0.0053  < DL  < DL  < DL 0.0235  < DL
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when L is added to B. This can be interpreted by the forma-
tion of the cemented gel CSH through pozzolanic reactions 
between L and B, which consolidates B grains and conse-
quently prevents the release of arsenic. In leachate from 
specimen containing PG and B, cadmium, along with most 
potentially toxic trace elements, have concentrations below 
the detection limit of ICP-MS. This was also confirmed for 
the sample containing 32% of PG. This result implies that 
the B-L-PG mixture has the capability to trap PTEs, espe-
cially those which high transfer factors, such as Cd and As.

Kinetic study of leaching

Physicochemical parameters Figure 4 shows the temporal evo-
lution of pH, EC, and redox potential in the leachates of speci-
mens PG0, PG8L0, PG2, PG8, PG32. The pH of leachates 
from samples containing L increases considerably during the 
first 3 days followed by a gradual stabilization. The pH of the 
leachates increases from 7.3 to values exceeding 12 (Fig. 4A). 
PG is rich in residual acidity, reflected in its leachate with a pH 
of 2.67. However, the addition of PG to B (PG8L0 specimen) 
does not influence the pH of the leachates. This is probably due 
to the neutralization of the acidity of PG by particle–particle 

cementation during the aging of the clay specimen. Indeed, 
the setting and the hardening of the clay specimen mixed with 
water result from particle rearrangements and particle–particle 
cementation (Dexter et al. 1988). For B-L-PG mixtures (PG2–
PG32), the pH of the leachate at equilibrium decreases with an 
increasing quantity of added PG.

The EC (Fig. 4B) of the leachates from the various hardened 
specimens is very low compared to that of leachates from 
powdered raw materials. In raw earth specimens, the par-
ticles are coated in a cemented matrix, impeding the diffu-
sion of water towards the core of the specimens. This makes 
difficult the contact between non-hydrated solid particles 
and water, reducing the release of ions into the water and, 
consequently, EC. The EC curves show a relaxation period 
of 2 to 3 days, corresponding to the diffusion of water mol-
ecules, the development of microcracks, and the dissocia-
tion of crystalline structures under the action of electrostatic 
forces in the solid. After 5 days of leaching, a strong increase 
in EC is observed, corresponding to the stage of ions release, 
hydration, and dispersion of ions in the solution. After about 
10 days of leaching, the equilibrium is established, and EC 
stabilizes. The increase in electrical conductivity could be 

Fig. 4  Evolution of physicochemical parameters. A pH. B EC (µS/cm). C Eh (mV) of leachates
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due to the release of  Ca2+,  OH− from the L and  H+, and 
 SO4

2− from the PG. Indeed, the molar conductivities per 
unit charge concentration Λ° are significant, equal to 11.9, 
19.8, 16, and 34.9  m2 S  mol−1, respectively, for  Ca2+,  OH−, 
 SO4

2−, and  H+ (Vanysek 1993).
The redox potential of the PG8L0 leachate remains con-

stant at around 450 mV throughout the leaching period. The 
dissolved ions have a strong tendency to be reduced and to 
receive electrons from other chemical species in the solution 
(Fig. 4C). When L is added to the specimens (PG0–PG32), 
the initial redox potential of the leachates is 400 mV, and 
it undergoes a decrease during the first 5 days, followed by 
stabilization. This decrease in the redox potential is probably 
due to the oxidation of the dissolved reducing species and 
the formation of hydroxides facilitated by  OH− supplied by 
L. The pH, EC, and redox potential curves show stable levels 
after 10 days of leaching.

Cation release The concentration of cations in the leachate 
of PG0, PG8, and PG32 mixtures is represented in Fig. 5. 
Between 0.25 and 5 days of leaching, the release of the 
cations is rapid and significant. After 15 days, the release 

is slowed down and subsequently stabilizes. For the three 
specimens,  Sr2+ is the most released cation, with concen-
tration after 36 days of leaching of 0.041, 0.091, and 0.185 
mg  kg−1 for PG0, PG8, and PG32, respectively. In the lea-
chate of powdered raw materials, especially L and PG,  Sr2+ 
stands out among the predominant cations. In the case of the 
specimen containing 92% B and 8% L (PG0), the second-
ranking released cation, after Sr, is Cr. This element, present 
in traces in B and PG, does not appear in the leachates of 
raw material.

For PG8, with the exception of Ba, Sr, and V showing 
increases, the concentrations of other cations in the leachates 
remain unchanged. With a significant quantity of PG (32% in 
the case of PG32), an increase is observed in the concentra-
tions of Ba, Sr, V and Zn. The concentration of Cs increases 
in the leachates of PG8 and PG32, suggesting its release 
from B. Although Cd is one of the most leached elements 
from PG (Fig. 3), it does not appear in the leachate of sam-
ples containing PG. Montmorillonite has a strong ability to 
adsorb Cd ions by a precipitation process to form hydroxide 
at pH between 6 and 9. Adsorption is more favored with 

Fig. 5  Cations release from mortars to distilled water with time (note: Sr concentration was divided by 10 for PG0 and by 100 for PG8 and 
PG32)
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increased contact time between Cd and montmorillonite par-
ticles (Altin et al. 1999; Ayouch et al. 2020).

The PG0 specimen releases a very small amount of arse-
nic; however, with the addition of PG, this element does not 
appear. The release of cations in water by B-L-PG raw earth 
mortars, although very insignificant, stabilizes from the first 
15 days, demonstrating the stability of the material.

Anion release Figure 6 shows the evolution of the release 
of anions  (Cl−,  SO4

2−,  F−,  NO3
−) in demineralized water. 

The release kinetics are important during the first days and 
decelerate after 15 days of leaching. Chloride ions may orig-
inate from clay, as montmorillonite and kaolinite, especially 
when montmorillonite and kaolinite are out of brine, and 
they grow in the interlayer space, initially filled by over-
saturated brine. This process involves crystal nucleation 
and the growth of NaCl (Dashtian et al. 2017). The addition 
of PG causes the release of sulfates into the water, appar-
ently without disrupting the release of chloride ions by the 
B-L matrix. Even with a high dose of PG (specimen PG32), 
the concentration of fluoride ions in the leachate does not 
increase and remains negligible, despite PG normally con-
taining 0.6 to 1.8 mg  kg−1 of  F− (Ennaciri et al. 2020). This 

is probably due to the conversion, by L, of ions to insoluble 
calcium fluoride  (CaF2) whose solubility constant is low 
(Ksp = 3.9  10−11) (Lokshin and Tareeva 2015). The analysis 
did not show the presence of  PO4

3− ions in the leachates of 
the samples containing PG, probably due to the formation 
of insoluble hydrated calcium phosphates (e.g., brushite, 
hydroxyapatite).

Radionuclides release

Alpha emitters for raw materials leachates Table 6 gives 
the concentrations of alpha emitters (238,234U, 232,230Th, and 
210Po) in the solutions, filtered after 24-h leaching period 
of raw materials (B, L, and PG). The highest concentra-
tion of global-alpha activity is found in PG, followed by B 
and by far by L. The release of radionuclides is seemingly 
independent of their content in the raw materials but rather 
influenced by on the nature of the nuclide and its mobility. 
Calculation of the TFs of the radionuclides analyzed in the 
raw materials shows high mobility alpha-emitting radionu-
clides in water from bentonite. This mobility is relatively 
lower in the case of PG and lime. Despite a higher content of 
230Th (782.4 ± 53.9 Bq  kg−1) compared to 210Po (699 ± 3 Bq 

Fig. 6  Anions release from mortars to distilled water with time
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 kg−1) in PG (Table 3), the TF of 230Th (0.02%) is negligible 
compared to that of 210Po (0.49%) (Table 6).

Alpha emitters for PG32 leachates Mortars containing 32% 
PG were chosen for the alpha emission radionuclide release 
study. The temporal evolution of the concentrations of the 
alpha-emitting radionuclides (238,234U, 232,230Th, and 210Po) 
in the leachate of PG32 specimen shows saturation after 4 
days of leaching (Fig. 7A). Among the radionuclides, 210Po 
shows the highest release into the leachate from PG32. How-
ever, the quantity of each radionuclide released is very small 
compared with the quantity released from raw materials. 
Similarly, the overall alpha activities in the leachate of the 
PG32 samples are very low compared with the overall alpha 
activities in the leachate of the raw materials (Fig. 7B).

Based on the mass composition of the PG32 sample, con-
taining 60% B, 8% L, and 32% PG, and the alpha activities 

in the solid raw materials  (Aexp(S)) (Table 3) and in their 
respective leachates  (Aexp(L)) (Table 6), we calculate the 
optimum concentrations  Aopt(S) from the solid raw materi-
als and  Aopt(L) from the concentrations of the raw materials 
in the leachate (Table 7). When materials are compacted into 
the PG32 mortar sample, radionuclide mobility decreases, 
and release is greatly reduced. The overall alpha activities 
recorded (0.0017 Bq  kg−1) in the PG32 leachate represent 
only 0.13% of the overall optimum activity calculated from 
the activities of the raw material leachates. The formula-
tion of hydrated B-L-PG mixtures makes proves effective 
in confining the radionuclides present in the raw materials, 
particularly in the PG.

For the purpose of this research, the optimal mixture for 
the leaching of B-L-PG was determined to be PG8. This 
specific proportion was selected based on initial experiments 
that showed it provided the most effective balance between 
reactivity and stability. The equal parts of bentonite, lime, 

Table 6  Concentrations and transfer factor of alpha particle emitting radionuclides in raw material leachates (leaching time = 24 h)

DL detection limit

Samples 210Po 234U 238U 232Th 230Th Global-alpha 
activities

230Th/232Th

Bq  kg−1

Leachate of B 1 ± 0.05  < DL  < DL 0.74 ± 1.10 4.40 ± 1.10 6.3 6.03
Leachate of L 0.023 ± 0.004  < DL  < DL 0.31 ± 0.02 0.72 ± 0.03 1.1 2.33
Leachate of PG 3.4 ± 0.3 1.6 ± 0.08  < DL 0.49 ± 0.02 1.8 ± 0.1 7.3 3.67
TF (%)
B 5.43 - - 10.26 70.85 - -
L 0.32 - - 0.17 2.62 - -
PG 0.49 2.11 - 4.26 0.02 - -

Fig. 7  A Concentrations of alpha-emitting radionuclides of PG32 leachates varying the leaching time. B Concentrations of alpha-emitting radio-
nuclides of PG32, B, L, and PG leachates after 1 day
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and PG ensure a consistent and uniform blend, promoting 
efficient interaction among the components. This ratio maxi-
mizes the leaching efficiency by enhancing the pozzolanic 
reaction, which helps in immobilizing contaminants and 
improving the overall material properties.

Conclusion

This study was focused on the hypothesis that pollutants 
can be immobilized by phosphogypsum (PG) in raw clayey 
soils through the incorporation of B and hydraulic L. PG was 
mixed with B and L at levels ranging from 0%, 2%, 8%, 16%, 
and 32% by weight of dry soil, with a fixed L content of 8%. 
The properties of raw materials, and hardened specimens, 
were studied. This included physicochemical, radioactivity 
and geotechnical characterizations of solids, leaching tests, 
and chemical and radioactivity analyses of leachates. The 
key findings can be summarized as follows:

(1) PG contains high concentrations of trace elements (Cd, 
U, and Y) exceeding the recommended composition of 
the upper continental crust. In addition, it contains high 
concentrations of U series radionuclides (226Ra, 210Po, 
and 230Th).

(2) Cd, Zn, and Ni are the PTEs having the highest transfer 
factors from PG to water.

(3) PG leachates contain concentrations of emitting radio-
nuclides 210Po, 234U, 232Th, and 230Th of 3.4 ± 0.3 
Bq  kg−1, 1.6 ± 0.08 Bq  kg−1, 0.49 ± 0.02 Bq  kg−1, and 
1.8 ± 0.1 Bq  kg−1, respectively.

(4) Monitoring of physicochemical parameters, cations and 
anions concentrations, and the activity of alpha-emit-
ting radionuclides in hardened raw earth mortars con-
taining PG-B-L for 36 days showed that the exchange 
with water, generally, stops after 10 days of leaching. 
This result seems interesting and original, but it needs 
to be confirmed by long-term tests carried out on open-
air PG deposits.

(5) When PG is mixed with B or B-L, cadmium and several 
PTEs do not appear in the leachates.

(6) The quantity of alpha-emitting radionuclides (238,234U, 
232,230Th, and 210Po) released by the PG-B-L specimen is 
very small compared to those released by the raw materials.

(7) Hydration of the B-L mixture leads to the formation of 
cemented gel (CSH) and hemicarbonaluminate (Hc). 
The addition of PG to the B-L mixture forms needle-
like ettringite crystals.

(8) The greatest mechanical compressive strength is 1.54 
MPa found when the quantity of 8% PG is added to the 
B-L mixture.
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