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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. Leachate decontamination waste (LDW), which contains non-negligible concentrations of heavy metals, 
radionuclides and fluorine, was used as a partial cement replacement in mortars at varying proportions. New 
cements and mortars were produced from mixtures of a commercial Portland cement (CEM I 52.5) with different 
concentrations of this waste (2.5, 5, 7.5, 10, 25 and 35 wt.%).

The physical-chemical properties, mechanical behaviour, and environmental impact of these LDW-cement 
mortars were evaluated. The results revealed that incorporating LDW at levels of up to 10% not only main
tained but even enhanced the mechanical properties compared to the reference mortar. Furthermore, the cement 
matrix effectively immobilized potential contaminants in all cases, contributing to environmental safety.

1. Introduction

Global waste generation was estimated at around 20⋅109 t in 2017, 
with projections indicating an increase to 28⋅109 t by 2030 and further 
to 46⋅109 t by 2050 [1]. The vast majority of these wastes are industrial 
solid wastes [2]. The management and reduction of their generation is 
necessary to avoid serious environmental impacts.

Phosphogypsum (PG) is an industrial by-product of the fertiliser in
dustry derived from the production of phosphoric acid, producing about 
300 million tons yr-1 [3,4]. PG is usually stacked worldwide in open 
stacks [5,6], generating leachates due to the exposure to weathering 
conditions. Phosphogypsum leachates (PGL) are characterised by high 
acidity (pH < 2) and high concentrations of phosphates, sulphates, 
fluorides, metalloids and radionuclides that exceed those found in 
seawater by several orders of magnitude, especially U-isotopes and 
210Po, whose activity concentrations are over 4 orders of magnitude 
higher than those found in unpolluted sea waters [7,8]. Thus, PGL can 
cause serious environmental pollution and ecological damage if it is not 
handled properly [9], even more than phosphogypsum itself [10].

In previous studies, we have conducted a treatment for the decon
tamination of PGL by using two alkaline reagents added in two 

sequential separate steps (CaCO3 and Ca(OH)2) [11,12]. An unpolluted 
liquid effluent and two solid wastes were obtained after decontamina
tion (one waste per step). The first solid was composed of 37–55 % 
calcium fluoride (CaF2), while the second solid was mainly hydroxy
apatite (80 %) (Ca5(PO4)3OH) [7].

This work is focused on the first waste generated in the PGL decon
tamination process: leachate decontamination waste (LDW). This solid 
contains non-negligible concentrations of potential hazardous sub
stances such as heavy metals, fluoride and radionuclides [7]. Therefore, 
it is necessary to carry out a valorisation considering this information.

Sustainable stabilisation/solidification has been commonly adopted 
for hazardous waste control in recent years [13,14]. Ordinary Portland 
Cement (OPC) is one of the most popular binders used for this purpose, 
since toxic elements are often immobilised and settled in the cement 
hydration products in hydroxide or complex forms through reactions 
with cement [15,16].

Wastes materials such as phosphogypsum [17], urban wastes [18], 
thermoset plastic waste [19], used engine oil [20], fly ash [21] or red 
mud [22] as building materials replacement has been widely studied. 
Fluorine-containing sludge produced in the manufacturing of solar cells 
has been used as substitute of Portland cement [23]. Additionally, 
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fluorapatite (Ca5(PO4)3F), a mineral containing fluoride, has been ana
lysed in several applications, as additive in temperature reduction in the 
manufacture of clinker [24,25], and its influence on the mineral for
mation and final composition of cement clinker has also been explored 
[26,27].

Unlike PG and other industrial residues, LDW is not generated 
directly by industrial activity, but rather results from the remediation of 
contaminated leachates originating from an industrial by-product. This 
distinction is essential, as the environmental behaviour and potential 
reuse applications of LDW remain unexplored in the scientific literature.

Taking into account the above mentioned, the main objective of this 
work is to assess the feasibility of incorporating LDW into cement 
mortars by analysing its performance from technological, mineralogical, 
and environmental perspectives. The central hypothesis proposed is 
that, despite its complex composition—including elevated levels of 
fluoride, trace elements and radionuclides—LDW can be effectively 
incorporated into cement matrices without compromising material 
integrity or environmental compliance.To the best of our knowledge, no 
previous studies have investigated a residue coming from the treatment 
of PGL as a separate waste potentially valorisable..

2. Materials and methods

2.1. Raw materials

The raw materials used to prepare the cement mortars specimens 
were cement (CEM I 52.5), water, sand and LDW obtained from PGL 
collected at the phosphogypsum stockpiles located in Huelva (South
western Spain).

2.1.1. Cement – ordinary Portland cement (OPC)
In this study, CEM I 52.5 was used. This cement does not contain 

mineral additions. The water used was drinking water, and CEN Stan
dard Sand was employed. The chemical composition of the cement used 
is shown in the Supplementary Material (Table S1).

2.1.2. Leachate decontamination waste (LDW)
The waste used in this study was the solid generated in the first step 

of the decontamination process of PGL by adding CaCO3 up to pH = 3.5. 
This process is thoroughly detailed in our previous paper [7]. This 
cleaning process produces another waste consisting mainly of calcium 
phosphates, and we are currently studying its viability in the production 
of raw material for the manufacture of phosphoric acid.

The main components of LDW are F, P and Ca (Table 1). These ele
ments constitute 64 % of the chemical composition of LDW, and they are 
in the form of fluorite (CaF2) and amorphous phase [7]. LDW also 
contains potential contaminants such as heavy metals (As, Cd, Cr, Cu, 
Ni, Pb and Zn) and natural radionuclides (210Po, 238U,210Pb) (Table 1). 
In addition, major and minor elements were compared with the 
composition of the continental crust [28] (Table 1), revealing that Ca, F, 
P, S, As, Cd, Cr, Cu, V, and Zn have higher concentrations (16–800 times 
more) than in the continental crust (CC). Furthermore, comparing the 
natural radionuclides (210Po, 238U,210Pb) with an unperturbed soil (35 
Bq kg-1 for 238U and 232Th in secular equilibrium with their daughters), 
it is observed that the activity concentrations are 140 times higher for 
210Po and 210Pb and 225 times higher for 238U [29]. It is important to 
note that LDW only contains 60 Bq kg-1 of 40K, which is an activity 
concentration much lower than that found in unperturbed soil (500 Bq 
kg-1) [29]. These concentrations were expected, since LDW comes from 
the treatment of leachates from a waste (phosphogypsum) of a NORM 
(Naturally Occurring Radioactive Material) industry [30].

The pozzolanic activity of LDW was evaluated by the Frattini test at 8 
and 15 days according to EN 196–5:2011 [31]. This test consists in 
evaluating the amount of calcium ion capable of saturating a solution of 
the same alkalinity. As an additional method to Frattini, the compressive 
strength of the material (Strength Activity Index) has also been 

evaluated.
The material is considered to be pozzolanic when the concentration 

of calcium ions is represented below the Ca(OH)₂–[OH⁻] saturation 
curve (solubility curve of CaO at 40 ◦C) (Fig. 1) confirming the presence 
of pozzolanic activity according to Frattini test. This experimental result 
constitutes a recognized normative criterion for classifying materials as 
pozzolanic in cement additions.

High pozzolanicity values of LDW were observed at both 8 and 15 
days. The high pozzolanicity of LDW was mainly due to its high Ca 
content. It was observed that LDW exhibited high pozzolanicity 
compared to common supplementary cementing materials, such as fly 
ash (FA) and silica fume (SF) (Fig. 1). Although the elemental chemical 
analysis (Table 1) shows a low overall content of Si and Al (0.37 %), 
compared to Si and Al contents of 25.7 % in FA samples and 35.7 % in SF 
samples [32], this parameter alone is not decisive for establishing 
reactivity [33]. Several studies have demonstrated that pozzolanic ac
tivity depends mainly on the amorphous/glassy fraction, which must be 
high—an aspect shown in previous studies carried out by the authors 
[7], where LDW presented 45 % amorphous phase content. In Table 1 it 
can be observed that the major components are Ca (42 %), P (12 %) and 
F (12.9 %), and a minority of Fe (1.31 %). These elements are not 
amorphous by itself, however, as discussed in the previous study [7], the 
Ca that is not in the form of CaF2, which is highly crystalline, should be 
in the form of amorphous calcium phosphates among with Fe, Al, Na and 
Mg that are also in the amorphous fraction. In addition, pozzolanic ac
tivity is influenced by material fineness and the solubility of reactive 
compounds rather than by the total oxide content [34,35]. In this re
gard, even small amounts of amorphous silica or alumina can exhibit 
high reactivity with Ca(OH)₂ in an alkaline medium.

Regarding the presence of F and P (Table 1), previous authors have 
shown that a high percentage it limits the pozzolanic activation [36]. 
However, this reduction in pozzolanicity is observed in materials with a 
phosphorus content higher than 30 % [37], mainly affecting the internal 
microstructure at early ages; nevertheless, in the long term it can 

Table 1 
Chemical properties of LDW and concentration coefficient between LDW and 
continental crust (CC) [28].

Properties LDW

Major elements ( %) LDW/CC

Al 0.35 ± 0.01 0.041
Ca 42.4 ± 0.6 16.5
Cl 0.15 ± 0.01 4.05
F 12.9 ± 0.1 230
Fe 1.31 ± 0.01 0.33
K 0.23 ± 0.02 0.10
Mg 0.67 ± 0.04 0.45
Na 0.94 ± 0.19 0.39
P 9.08 ± 0.03 130
S 1.24 ± 0.09 200
Si 0.02 ± 0.01 6.4 ⋅ 10–4

Minor elements (mg kg-1) LDW/CC
As 320 ± 10 67
Cd 72 ± 4 800
Cr 4200 ± 80 46
Cu 460 ± 40 16
Ni 6 ± 1 0.13
Pb 44.1 ± 0.3 2.59
V 4100 ± 80 45
Zn 2600 ± 300 38.8
Radionuclides (Bq kg-1)
210Po 5120 ± 80
238U 7900 ± 600
232Th < 0.4
210Pb 5000 ± 110
226Ra 39 ± 3
228Ra < 20
228Th < 5
40K 60 ± 10
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enhance the mechanical strength of the cement paste. Finally, the 
sulphur content in LDW (Table 1) could be beneficial in small amounts 
[38], but in excess it generates expansion and loss of durability due to 
ettringite formation. The sample showed values close to 4 % SO₃, a 
relatively low percentage that enhances the pozzolanicity of the mate
rial without affecting paste durability. With reduced SO₃ values, there is 
usually sufficient gypsum to adequately regulate initial ettringite for
mation and to increase the solubility of Ca(OH)₂, since the presence of 
sulphates promotes ionic mobility in the medium, which can accelerate 
the dissolution of the amorphous Si and Al rich phases of the cement. 
This improves the secondary pozzolanic reaction, which depends on the 
availability of Ca(OH)₂.

The release of aluminates, silicates and Ca2+ in hydration reactions 

in residues of similar origin to the analysed waste [22] showed the 
generation of a large amount of ettringite and the acceleration of 
pozzolanic reactions. The presence of these elements usually leads to the 
formation of C-(A)-S-H and ettringite, which produce a uniform and 
compact structure, thus improving strength. It was observed that the 
particle size distribution of LDW was similar to that of the cement used 
in the study, Ordinary Portland Cement, CEM I 52.5 (OPC). (Fig. 2).

In addition to the chemical composition of the material, which is 
essential to evaluate its pozzolanicity, we also considered the gran
ulometry of the material (using a Mastersizer 2000). An adequate fine
ness leads to an improvement of the pozzolanic properties and to a 
higher specific surface area, thus increasing the specific surface area 
and, consequently, the pozzolanic activity [39,40]. The higher LDW 

Fig. 1. Results of Frattini’s test at 8 and 14 days. LDW: phosphogypsum leachate decontamination waste; SF: silica fume; FA: fly ash.

Fig. 2. Particle size distribution of LDW.
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fineness resulted in higher pozzolanicity (Fig. 2). To understand the 
internal microstructure of the new cements manufactured, it would be 
useful to perform MIP or SEM tests to evaluate the formation of new gels 
and structures.

2.2. Sample preparation

Samples were prepared by replacing cement (CEM I 52.5) with 
different concentrations of LDW (2.5, 5, 7.5, 10, 25 and 35 %) 
(Table S2). In this study, a control mortar made with CEM I 52.5 (C) and 
a reference mortar made with CEM II 42.5 A/L (R) were analysed. In 
order to compare the properties of these mortars with a mortar made 
without cement replacement, this reference sample was prepared with 
CEM II 42.5 A/L. To ensure a correct comparison, this cement was 
selected based on its clinker content (80–94 %). This proportion is 
similar to that of the cement manufactured with LDW.

Mortar mixtures were prepared using the optimum water/binder (w/ 
b) ratio to obtain normal consistency and good workability, as estab
lished by the flow table test in accordance with UNE 83–811–92 [41]. 
The mixtures were then poured into steel moulds to obtain prismatic test 
specimens measuring 40 × 40 × 160 mm, following the procedure 
outlined in EN 196–1 [42].

2.3. Analytical methods

(1) Technological tests were conducted to evaluate the mechanical 
properties of the cement mortars: flexural and compressive 
strength. Both mechanical properties are considered quality in
dicators to evaluate the potential use of different waste types in 
new cements [43]. These tests were carried out at 1, 7 and 28 
days of curing time following regulation UNE-EN 196–1. For the 
technological tests, a universal electromechanical testing ma
chine (IBERTEST ELECTROTEST-300-MD2) was used, equipped 
with two load cells: 50 kN and 300 kN.

(2) A mineralogical study of the manufactured mixtures (curing time 
28 days) was performed by X-ray diffraction (XRD) using a Bruker 
D8advance- A25. The XRD measurement conditions were: 2θ of 
5–90◦; step size = 0.03◦; t = 0.03 s; tube conditions: 40KV and 40 
mA. The XRD analysis was carried out using Diffrac.eva software.

(3) Environmental risks of the manufactured mortars were carried 
out with the monolithic leaching test, following the EN 16,637–2 
procedure [44]. This test is used to determine, as a function of 
time, the release of substances from a monolithic product with a 
leaching liquid in contact with its surface. According to the 
harmonised standard, the specimens were subsequently leached 
for a total of 64 days. During these 64 days, 8 fractions took place 
(after 6 h (fraction 1), 1 d (fraction 2), 2 d 6 h (fraction 3), 4 
d (fraction 4), 9 d (fraction 5), 16 d (fraction 6), 36 d (fraction 7), 
and 64 d (fraction 8)). Eluate samples were taken at each leaching 
step and consequently analysed on the constituents of interest. 
The leaching test was carried out at room temperature. Results 
were reported as normalised concentrations by dividing the 
eluate concentrations of each step by the averaged concentration 
of all steps. These normalized concentrations were plotted as a 
column diagram. The raw data can be found in the Supplemen
tary Material (Table S3). The incremental releases in mg m-2 

using Eq. (1) and cumulative release (ε64) in mg m-2 were 
calculated following EN 16,637–2 (Eq. (2)) 

ri =
ci × V

A
× 0.001 (1) 

Rn =
∑n

i=1
ri (2) 

Where ri is the area-related release of a substance in period i (i = 1 to 
8) in mg m-2; ci is the concentration of the substance in eluate I, in μg l-1; 
V is the volume of the leachant, in L; and A is the area of the test portion, 
in m2; Rn is the cumulative area-related release of the substance for 
period n, including fraction i = 1 to n, in mg m-2.

For the calculation of the cumulative release, concentrations re
ported to be below the limit of detection (LOD) were taken as equal to 
LOD.

In addition, the influence of the leaching behaviour of the LDW with 
initial acid/base addition was carried out following the normative EN 
14,429 [45]. The raw data can be found in the Supplementary Material 
(Table S4).

The concentration of heavy metals was determined by inductively 
coupled plasma mass spectrometry (ICP–MS) (Agilent 7700) in the 
CIDERTA laboratory at the University of Huelva. The anion concentra
tion was measured by ion chromatography (IC) (883 Basic IC plus, 
Metrohm) in the CIDERTA laboratory at the University of Huelva.

For the measurements of alpha emitters, alpha-particle spectrometry 
was conducted using an EG&ORTEC system equipped with an integrated 
Octete PC PLUS. Data acquisition and analysis were carried out using 
AlphaAnalyst software. The tributyl phosphate (TBP) sequential sepa
ration method was used [46]. Subsequently, Po was self-deposited onto 
silver discs for 6 h at room temperature, and U and Th isotopes were 
electrodeposited onto stainless steel discs at pH = 2, for 1 h and also at 
room temperature [47]. The samples were measured for 48 h to obtain 
sufficient counts. This method was validated in a previous work [3].

Regarding the measurements of gamma emitters, an extended range 
(XtRa) high-purity germanium detector (model GX3519, Canberra) was 
used (energy range: 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. All samples were analysed for 48 h.

For both spectrometric techniques, blanks, replicas and CRMs were 
used to make a quality control of the results. The radiological implica
tions were studied according to index I.

Standard deviations were determined for all analyses. Additionally, 
the error bars shown in the relevant figures represent the standard error 
of the mean, calculated as the standard deviation divided by the square 
root of the sample size. For the statistical significance analysis, Student’s 
t-test was used.

3. Results and discussion

3.1. Technological test. compressive and flexural strength

Fig. 3 shows the compressive and flexural strength results of the 
formulated mortars and reference cement. Both compressive and flex
ural strengths increased with curing time. From 2.5 % to 10 % 
replacement, the flexural strength of the formulated mortars showed no 
significant differences to that of the reference cement (R) (values from 
8.4 to 9.1 MPa at 28 days). Also from 2.5 % to 10 % replacement, the 
compressive strength of the formulated mortars was about 30 % higher 
than that of the reference cement (R). Among the tested samples, 
LDW7.5 and LDW35 showed the highest and lowest flexural and 
compressive strengths, with compressive strength values of 58.6 MPa 
and 25.7 MPa, respectively, representing a decrease of 56 %.

As shown in Fig. 3, replacements of up to 10 % cement with LDW led 
to an increase in compressive strength of 19–23 % compared to the 
reference cement (R) at all ages tested. From 10 % replacement, the 
flexural and compressive strength values decreased progressively, 
reducing to values lower than those obtained with the reference cement 
(R). Specifically, compressive strength values were 14 % and 43 % lower 
for LDW25 and LDW35, respectively. The compressive strength values 
showed no significant differences compared to those of the control 
cement up to a 10 % replacement, remaining above the requirements 
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established by the EN 196–1 standard for 52.5 cement: ≥ 30.0 MPa at 2 
days, and ≥ 52.5 MPa at 28 days.

Based on the obtained mechanical properties, LDW could be used as 
cement replacement, reducing the use of raw materials by up to 10 %.

The combination of the use of PG with CaCO3 has been previously 
studied by other authors. Lin et al. [48] showed that the combination of 

PG with CaCO3 increased the compressive strength by 15 % over a 
control mortar. One reason for the increase in the compressive strength 
of the combination of both materials can be the reduction of the porosity 
of the matrix [49]. The formation of microcrystals takes place, which 
accelerates the hydration processes and improves the mechanical 
properties of cement mortars [50,51].

Fig. 3. Flexural and Compressive Strength (MPa) of the formulated mortars and control (C) and reference cement (R).
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LDW showed a high calcium fluoride content (Table 1). The feasi
bility of using this component as a partial cement substitute has been 
proved, with previous studies corroborating the obtained results. For 
instance, Lin, W. T [52]. showed that it was possible to use up to 10 % of 
calcium fluoride sludge as cement substitute, as it led to an improvement 
in mechanical properties and durability due to the formation of denser 
microstructures.

3.2. Mineralogical characterisation

Fig. 4 shows the diffractograms of LDW-cement mortars. The crys
talline phases identified were quartz (SiO2), calcite (CaCO3), portlandite 
(Ca(OH)2, ettringite (Ca₆Al₂(SO₄)₃(OH)₁₂⋅26H₂O) and phurcalite 
(Ca2(UO2)3O2(PO4)2⋅7H2O). Quartz, portlandite, ettringite and calcite 
are common phases present in cement mortars. In the case of phurcalite, 
this was expected, considering the calcium, phosphorus, and uranium 
composition of the residue. The presence of phosphorus in the material 
(Table 1) suggests that hydration reactions may lead to the formation of 
Ca₃(PO₄)₂. This effect is commonly associated with a delay in setting 
time and a reduction in compressive strength development. However, 
XRD analyses indicated that phosphorus in LDW is present in a more 
complex compound (phurcalite). Fig. 4 shows that the phurcalite peak 
appears as the proportion of replaced residue rises. The high quartz 
content is due to the presence of standardised sand in the manufacture of 
the mortars. As can be seen in Fig. 4, the presence of quartz is similar in 
all mortars, so the LDW content applied does not influence it. There are 
no visible peaks of C-S-H or C-A-H which typically contribute to the 
development of mechanical strength. However, the presence of ettrin
gite suggests that its crystallization may contribute to the increase in 
mechanical strength, due to the volume of this compound.

3.3. Environmental risk

3.3.1. Leaching tests
One of the main objectives of this study was to evaluate the mobility 

of the pollutants contained in the mortars manufactured with LDW.
When cement is mixed with water, the pH increases from 6–7 to 

around 12. These changes in the pH can affect the release of pollutants 
from LDW. Therefore, a LDW leaching test with varying pH was carried 

out to analyse the behaviour of the potential contaminants with the 
influence of pH, following regulation UNE-EN 14,429 [45].

Fig. 5 shows the leaching effect of pH in the behaviour of potential 
contaminants present in LDW (Table 1). In general, the concentrations of 
the elements decrease as the pH increases, indicating that their mobility 
is pH-dependent. This suggests that, when the waste is incorporated into 
the cement mix, leaching is expected to be minimal, due to the high pH 
(~12) of the matrix, which promotes the precipitation and immobili
sation of most contaminants.

However, in the case of V and As, leaching persists at high pH values 
due to the formation of soluble species (HVO4

2-, AsO4
3-, HAsO4

2-) under 
alkaline conditions [53,54]. This means that these elements could still 
be present in the leachate of the produced mortar, highlighting the need 
for further evaluation of their long-term stability.

Based on the concentrations of the analysed anions, a clear depen
dence of their concentration on pH was observed. Specifically, phos
phate and fluoride exhibited higher concentrations at lower pH levels, 
whereas sulphate concentrations increased as pH rose. The concentra
tions of phosphate and sulphate were in the range of 50–800 mg l-1, 
while fluoride levels were in the range of 5–50 mg l-1. These values fall 
within a range that required further research in subsequent phases of the 
study to evaluate potential environmental risks.

To complement these findings, a leaching test on the mortars was 
conducted following the EN 16,637–2 standard. This test provides 
further insight into the actual release behaviour of contaminants from 
the cementitious matrix, ensuring a more comprehensive assessment of 
the material’s environmental performance. Additionally, prediction of 
the long-term release of dangerous substances is important with respect 
to the evaluation of the release behaviour of a construction product 
during its service life in a construction. In order to be able to predict the 
long-term release by extrapolation, it is necessary to determine its 
release mechanism [44]. These tests were conducted for LDW10, 
LDW25, and LDW35, as they contain the highest waste replacement. 
These replacement levels were explored to demonstrate the potential of 
these mortars for sustainable construction applications, offering a sig
nificant reduction in cement use and environmental impact while 
maintaining acceptable mechanical performance.

The results showed that most of the trace elements (As, Ni, Cd, Cu, 
Pb, Th and U) were under the limit of detection (< 0.04 mg m-2) in all 

Fig. 4. X-Ray diffractograms of the manufactured cement mortars at 28 days.
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fractions of the test. The results also showed values < 40 mg m-2 for 
phosphates in all fractions.

Only five potential contaminants were detected in the leachates: Cr, 
V, Zn, F- and SO4

2-. Normalised concentrations of these compounds are 
shown in Fig. 6. Following the EN 16,637–2 standard (Annex B, 

assessment of release mechanisms), the different release mechanisms 
(dissolution, diffusion, wash-off and depletion) could be identified from 
the normalised concentration curve shapes. It has been reported that 
surface wash-off, matrix dissolution, and diffusion are the three main 
mechanisms of contaminant release from concrete monoliths [55,56]. In 

Fig. 5. Effect of pH on element concentration in LDW.
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this study, the following mechanisms of release were detected: V and Cr 
(surface wash-off, followed by diffusion); Zn and F- (unidentified); SO4

2- 

(dissolution).
Fig. 6 also shows the conductivity variations over time. An increasing 

curve was observed over a long time, which was related to the diffusion/ 
dissolution of chemical species into the leachate.

It was expected that V, F- and SO4
2- could be leached, as suggested by 

the leaching study of the previously discussed residue. On the other 
hand, although Zn and Cr are not favoured for leaching under the given 
pH conditions, they were still detected in the leachate. Additionally, 
while As was leached in the pH-dependent leaching study, it remained 
below the detection limit in the leachates from LDW-cement, indicating 
its successful immobilisation within the matrix.

Regarding the immobilisation mechanism, physical encapsulation 
and chemical reactions are main mechanisms for heavy metal immobi
lization in cementitious materials [57]. Chemically, metal ions such as 
Pb²⁺, CrO4

2- and Zn²⁺ can substitute into C–S–H phases or replace ions in 
ettringite [58,59], and may also form low-solubility hydroxide pre
cipitates under high pH conditions.

Specifically, Liu et al. [60] studied the vanadium immobilisation 
mechanism from spent SCR catalyst in cement with sulfurizing agent, 
concluding that it could be immobilised through formation of VO4

3- 

-bearing compounds in hydrating cement matrix. Li et al. [59] investi
gated the immobilisation of arsenic within a cement matrix, observing 
that this process occurred through two distinct phases. Firstly, physical 
encapsulation took place, leading to the formation of calcium arsenate 
precipitates during the early hydration stage (0–3 days). As the hydra
tion process progressed (3–28 days), arsenic retention was increasingly 
dominated by its incorporation into ettringite, which exhibited a 
significantly higher immobilisation efficiency compared to the earlier 
mechanisms. Other studies have also reported the effective immobili
sation of As in cement-based matrices, highlighting this approach as a 
suitable management option for the treatment of As-containing waste 
[61]. Regarding F-, various Ca-bearing hydrates such as portlandite, 
calcium silicate hydrate (CSH), and ettringite may to remove fluoride by 
precipitating CaF2 and/or adsorbing F- ions [62].

In this study, the horizontal dynamic surface leaching test (EN 
16,637–2) results were compared with the threshold values set by the 

Soil Quality Decree (SQD) (Table 2), which is a regulatory framework 
that establishes specific criteria for the (re)use of mineral materials in 
construction applications, particularly for "shaped materials" [63]. The 
SQD sets the maximum allowed release of inorganics, expressed as mg 
m-2, after a testing period of 64 days using a tank leaching test. The 
cumulative leaching values at 64 days (ε64) obtained for the analysed 
contaminants were consistently lower than the maximum allowable 
limits defined by the SQD (Table 2), indicating compliance with the 
established environmental safety standards. The ε64 of the LDW mortars 
was also compared with that of a cement mortar containing biomass fly 
ash as a secondary cementitious material [64]. It was observed that the 
only element showing a significant difference was F, which was 2 orders 
of magnitude higher in the LDW-mortars than in the biomass-mortars. 
However, as previously mentioned, the ε64 of F- is below the SQD limits.

Although leaching behaviour was addressed in the present study, 
future research should focus on evaluating the potential risks associated 
with more aggressive degradation scenarios, such as wet-dry cycling, 
carbonation, and acid exposure, which may affect the stability and 
mobility of contaminants over extended periods.

3.3.2. Radiological impact
Since LDW contains significant concentrations of radionuclides, it 

Fig. 6. Normalised concentration and conductivity (μS cm-1) of the leaching test (EN 16,637–2) fractions (1–8) (concentration of V, Cr, Zn, F- and SO4
2- was < 0.04 mg 

m-2 in all fractions in the reference mortar).

Table 2 
Cumulative concentration of potential contaminants leached from LDW-mortar 
in the horizontal dynamic surface leaching test (EN 16,637–2) compared to SQD 
limit levels and cement mortar with 40 % wt. replacement of OPC with fly ash 
(40FA1) [64].

Contaminant LDW10 
ε64 (mg m- 

2)

LDW25 
ε64 (mg m- 

2)

LDW35 
ε64 (mg m- 

2)

SQD limit 
ε64 (mg m- 

2)

40FA1 
ε64 (mg 
m-2)

V 3.1 ± 0.3 3.5 ± 0.3 4.8 ± 0.4 320 0.837
Cr 0.56 ±

0.09
0.60 ±
0.12

0.86 ±
0.14

120 1.82

Zn 3.4 ± 0.3 3.0 ± 0.3 2.8 ± 0.3 800 16
F- 690 ± 100 1280 ±

160
1840 ±
240

2500 39

SO4
2- 70,500 ±

500
68,900 ±
500

70,400 ±
500

165,000 -
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was necessary to carry out a radiological characterisation of the man
ufactured mortars. The results of the radioactive characterisation of the 
LDW mortars are shown in Table 3.

The LDW showed 210Po (5120 ± 80 Bq kg-1), 210Pb (5000 ± 110 Bq 
kg-1) and 238U (7900 ± 600 Bq kg-1) concentrations above the safety 
threshold (1000 Bq kg-1) established by the 2013/59/EURATOM 
Directive. Similar activity concentrations have been obtained in a pre
vious work [7].

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. The index is derived from the following calculation 
(Eq. (3)): 

I =
C226Ra

300
+

C232Th

200
+

C40K

3000
(3) 

where C226Ra, C232Th and C40K are the activity concentrations for 226Ra, 
232Th and 40K, respectively, expressed in Bq kg-1. This index should not 
exceed the value of unity (I ≤ 1) for materials used in bulk amounts such 
as concrete, to ensure that the additional external dose received by oc
cupants living in buildings constructed with these materials does not 
exceed the reference value of 1 mSv year− 1 [65]. Table 3 shows that 
index I is lower than 1 for all the manufactured mortars and for LDW 
itself, indicating that LDW is a suitable material for use as cement 
replacement in mortars without radiological implications.

Although LDW comes from a cleaning process of the leachates from a 
NORM industry waste (phosphogypsum), the I index is comparable to 
that of commercial Portland cement. This is due to the fact that ²³⁸U and 
²¹⁰Po are alpha emitters and do not affect the index. Meanwhile, ²¹⁰Pb is 
a low-energy gamma emitter, thus it has no influence on its calculation 
either. However, although 238U, 210Po and 210Pb are not taken into ac
count in the I index, they still may represent an environmental issue. 
These radionuclides could be mobilized when the material reaches the 
environment and then pass to waters and from here to the food chain, 
producing potential increases of the radiological effective doses. Then, 
to simulate this mobility, the activity concentrations of these elements in 
the liquid fractions obtained in the leaching test that was previously 
commented were measured by alpha and gamma spectrometry. The 
results were under 5 mBq l-1 for 238U, 210Po and 210Pb in all samples and 
in all fractions. These results showed that radionuclides are immobilised 
in the cementation matrix. According to the results, the activity con
centrations in the not only the leachates were quite low and were in the 
same order of magnitude as in seawater [7], but also it has been 
calculated the indicative dose from the Spanish regulation (Royal Decree 
314/2016) [66]. The indicative dose is the estimated amount of radia
tion a person would receive from drinking water over a year, used as a 
benchmark to assess its radiological safety. Using these values (5 mBq l-1 

for 238U, 210Po and 210Pb), it can be concluded that the indicative dose 
for these leachates is < 0.1 mSv. Therefore, the environmental impact 
and the effective dose equivalent received by the population would be 
negligible.

However, while the current exposure is minimal, it would be 
important to consider the full life-cycle radiological impact of materials 

containing enhanced concentrations of naturally occurring radioactive 
materials (NORM). During end-of-life scenarios such as demolition, 
cutting, or crushing of the mortars, there would be a potential release of 
particles containing radionuclides. Inhalation of these particles could 
pose a radiological risk, particularly in enclosed or poorly ventilated 
environments. From a waste management perspective, Spanish regula
tions (Royal Decree 1217/2024) specify that materials with activity 
concentrations below 1000 Bq kg-1 of 238U, 210Po and 210Pb may be 
declassified as a radioactive waste. The activity levels measured in this 
study (Table 3) fall below this threshold, indicating that disposal of these 
mortars would not require classification as radioactive waste under 
current national regulations. Nevertheless, these considerations high
light the need to assess both operational safety and end-of-life implica
tions when evaluating the radiological suitability of construction 
materials containing NORM.

4. Conclusions

This study presents the potential use of phosphogypsum leachate 
cleaning waste (LDW) as partial cement replacement in mortars, 
assessing its pozzolanic activity, mechanical performance, leaching 
behaviour, and environmental impact.

LDW showed pozzolanic activity due to its high calcium content. The 
evaluation of the resistant activity index demonstrated an improvement 
in compressive strength when up to 10 % LDW was used as a cement 
substitute in mortars.

In the surface leaching test, only five potential contaminants (Cr, V, 
Zn, F⁻, SO4²⁻) were detected, and the following mechanisms of release 
were identified: V and Cr (surface wash-off, followed by diffusion); Zn 
and F- (unidentified); SO4

2- (dissolution). Cumulative leaching values 
remained below SQD regulatory limits, indicating environmental 
compliance. Additionally, the I index was < 1 in the LDW-mortars and in 
LDW itself. Lastly, low activity concentrations (< 5 mBq l-1) of ²³⁸U, 
²¹⁰Po, and ²¹⁰Pb suggested minimal radiological impact.

Future studies should consider, internal microstructure study, and 
risk associated with more aggressive degradation and end-of-life sce
narios, which may affect the stability and mobility of contaminants.
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238U 226Ra 210Pb 228Ra 228Th 40K 210Po 232Th I

OPC 20 ± 1 22 ± 2 ​ 13 ± 1 13 ± 1 338 ± 20 18 ± 1 12 ± 1 0.25
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LDW 7900 ± 600 39 ± 3 5000 ± 110 < 20 < 5 60 ± 10 5120 ± 80 < 0.4 0.20
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[32] J. Rosales, M. Rosales, J.L. Díaz-López, F. Agrela, M. Cabrera, Effect of processed 
volcanic ash as active mineral addition for cement manufacture, Materials (Basel) 
15 (2022) 6305, https://doi.org/10.3390/ma15186305.

[33] V.D. Pinheiro, J. Alexandre, G. de C. Xavier, M.T. Marvila, S.N. Monteiro, A.R.G. de 
Azevedo, Methods for evaluating pozzolanic reactivity in calcined clays: a review, 
Materials (Basel) 16 (2023) 4778, https://doi.org/10.3390/ma16134778.

[34] F. Massazza, Pozzolanic cements, Cem. Concr. Compos. 15 (1993) 185–214, 
https://doi.org/10.1016/0958-9465(93)90023-3.

[35] R. Snellings, G. Mertens, J. Elsen, Supplementary cementitious materials, Rev. 
Mineral. Geochem. 74 (2012) 211–278, https://doi.org/10.2138/rmg.2012.74.6.

[36] M. Pyzalski, K. Durczak, A. Sujak, M. Juszczyk, T. Brylewski, M. Stasiak, Synthesis 
and investigation of the hydration degree of CA2 phase modified with boron and 
fluorine compounds, Materials (Basel) 17 (2024) 2030, https://doi.org/10.3390/ 
ma17092030.

[37] M. Pang, Z. Sun, M. Chen, J. Lang, J. Dong, X. Tian, J. Sun, Influence of phosphorus 
slag on physical and mechanical properties of cement mortars, Materials (Basel) 13 
(2020) 2390, https://doi.org/10.3390/ma13102390.

[38] W. Guo, M. Zhou, Y. Liu, L. Chen, X. Chen, Effect of SO3 content in circulating 
fluidized bed fly ash on expansion performance of circulating fluidized bed ash-slag 
unfired brick, Constr. Build. Mater. 489 (2025) 142239, https://doi.org/10.1016/j. 
conbuildmat.2025.142239.

F.J. Soto-Cruz et al.                                                                                                                                                                                                                            Results in Engineering 28 (2025) 107913 

10 

https://doi.org/10.1016/j.rineng.2025.107913
https://doi.org/10.1177/0734242X221074116/ASSET/IMAGES/LARGE/10.1177_0734242X221074116-FIG5.JPEG
https://doi.org/10.1177/0734242X221074116/ASSET/IMAGES/LARGE/10.1177_0734242X221074116-FIG5.JPEG
https://doi.org/10.1177/0734242X221074116/ASSET/IMAGES/LARGE/10.1177_0734242X221074116-FIG5.JPEG
https://doi.org/10.1016/J.SCITOTENV.2024.170446
https://doi.org/10.1016/J.SCITOTENV.2024.170446
https://doi.org/10.1016/J.CHEMOSPHERE.2018.07.193
https://doi.org/10.1016/J.CHEMOSPHERE.2018.07.193
https://doi.org/10.1016/j.rineng.2024.103280
https://doi.org/10.1016/j.rineng.2024.103280
https://doi.org/10.1016/J.JCLEPRO.2020.124661
https://doi.org/10.1016/J.JCLEPRO.2020.124661
https://doi.org/10.1016/J.CHEMOSPHERE.2021.131513
https://doi.org/10.1016/J.CHEMOSPHERE.2021.131513
https://doi.org/10.1016/J.HELIYON.2024.E30610
https://doi.org/10.1016/J.HELIYON.2024.E30610
https://doi.org/10.1016/j.chemosphere.2022.134661
https://doi.org/10.1016/J.SCITOTENV.2016.02.070
https://doi.org/10.1016/J.ENVRES.2024.119849
https://doi.org/10.1016/J.ENVRES.2024.119849
https://doi.org/10.1016/J.JECE.2022.109032
https://doi.org/10.1016/J.JECE.2023.111485
https://doi.org/10.1016/J.JECE.2023.111485
https://doi.org/10.1016/j.measurement.2019.03.070
https://doi.org/10.1016/j.measurement.2019.03.070
https://doi.org/10.1007/s10661-023-12176-8
https://doi.org/10.1007/s10661-023-12176-8
https://doi.org/10.1016/B978-0-12-824004-5.00031-1
https://doi.org/10.1016/B978-0-12-824004-5.00031-1
https://doi.org/10.1016/B978-0-12-824004-5.00032-3
https://doi.org/10.1016/j.jobe.2021.102506
https://doi.org/10.1016/j.jobe.2021.102506
https://doi.org/10.1016/j.jclepro.2022.133057
https://doi.org/10.1016/j.cemconcomp.2022.104922
https://doi.org/10.1016/j.jclepro.2021.129555
https://doi.org/10.1016/j.jclepro.2021.129555
https://doi.org/10.1016/J.JHAZMAT.2009.07.109
https://doi.org/10.1016/J.JHAZMAT.2009.07.109
https://doi.org/10.3390/ma15176096
https://doi.org/10.1016/j.jclepro.2020.121030
https://doi.org/10.1051/matecconf/201814901075
https://doi.org/10.1051/matecconf/201814901075
https://doi.org/10.1016/J.MATCHAR.2010.02.002
https://doi.org/10.1016/J.MATCHAR.2010.02.002
https://doi.org/10.1016/j.conbuildmat.2020.122042
https://doi.org/10.1016/j.conbuildmat.2019.01.112
https://doi.org/10.1016/B978-0-08-095975-7.00301-6
https://doi.org/10.1016/B978-0-08-095975-7.00301-6
https://doi.org/10.3390/min11060575
https://doi.org/10.3390/ma15186305
https://doi.org/10.3390/ma16134778
https://doi.org/10.1016/0958-9465(93)90023-3
https://doi.org/10.2138/rmg.2012.74.6
https://doi.org/10.3390/ma17092030
https://doi.org/10.3390/ma17092030
https://doi.org/10.3390/ma13102390
https://doi.org/10.1016/j.conbuildmat.2025.142239
https://doi.org/10.1016/j.conbuildmat.2025.142239


[39] Y. Zhao, J. Gao, C. Liu, X. Chen, Z. Xu, The particle-size effect of waste clay brick 
powder on its pozzolanic activity and properties of blended cement, J. Clean. Prod. 
242 (2020) 118521, https://doi.org/10.1016/j.jclepro.2019.118521.
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