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A B S T R A C T   

Contaminated soil with high mobility of potentially toxic elements (PTEs) can threaten the environment and 
human health. Precisely quantifying trends in PTEs accumulation in the soil under changing pH conditions is 
essential to minimize potential exposure. However, this has long been a hard-to-monitor subject experimentally 
due to the relatively low content of PTEs and the lack of detailed knowledge of the minerals that control PTEs’ 
leaching. Here we profoundly investigate the critical role of soil mineralogy in PTEs release and predict the 
leaching behavior of PTEs by exploiting the modeling approach. The investigated sample comes from a 
brownfield site devoted to fertilizers production. Hematite, jarosite, and gypsum are the major mineralogical 
phases, with zinc sulfate, anglesite, kintoreite, and Pb-bearing jarosite being identified as the dominant Pb and 
Zn phases. pH-dependent leaching tests in combination with geochemical modeling were used to reveal the 
potential leaching mechanisms and contaminants solubility-controlling phases at pH ranging from 1 to 12. The 
experimental and modeling results both demonstrated that Pb and Zn have an amphoteric leaching behavior, 
with the lowest leached concentrations at the neutral/alkaline region around pH values from 8.0 to 10.0. The 
calculated saturation indexes suggest that Pb retention is controlled by anglesite, cerussite, and hydrocerussite, 
while Zn retention is attributed to zinc carbonates and hydroxides. Further, jarosite and ferrihydrite may play a 
role in Pb and Zn retention. In comparison, the sulfate release increases with pH values, which is governed by the 
equilibrium of jarosite, gypsum, and anglesite. The overall results highlight the value of converging 
experimental-geochemical modeling approaches to gain a deeper understanding of PTEs’ release and retention, 
which is difficult to reveal through experiments alone. These advances may be pivotal in the sustainable man-
agement and design of remediation strategies.   

1. Introduction 

Over the past decades, as a consequence of fast rates of urbanization 
and industrialization, the discharged potentially toxic elements (PTEs)- 
containing solid waste have been proven detrimental to soil health [1]. 
The biological and geochemical cycles may play a critical role in the 
abundance and redistribution of PTEs in the stockpile sites, with the 
most commonly encountered trace metal contaminations, including Cd, 
As, Pb, and Zn, as well as sulfates [2,3]. The former may cause serious 
neurological diseases and life-threatening cancers [3], whereas the 
sulfate ions may cause taste impairment and laxative effects [4]. Note-
worthy, many solid waste storage sites, such as pyrite ash [5], 

phosphogypsum [6], and fly ash [7] stockpile regions, are generally 
more vulnerable because of their location (situated near sensitive 
aquatic ecosystems) and unstable nature [3]. Although many in- or 
ex-situ attempts have been adopted to limit and prevent the mobility of 
these toxic elements, finding applicable management options and 
overcoming the technical limits is still a challenge due to the presence of 
impurities which may deteriorate the properties and shorten the service 
life of the immobilized products [8,9]. For instance, the presence of Pb 
and Zn is known for its negative influence on the rate of hydration in 
cementitious systems [10]. Hence, waste stockpiling is still a prevalent 
method that is still massively used in many countries, but the associated 
problems, including the degradation of soil and the resultant loss of crop 
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yield, have aroused great concern in society [3]. Previous publications 
suggest that over 340,000 contaminated sites in Europe require imme-
diate treatment, with the most frequent contaminants being trace metals 
and mineral oils [11,12]. Meanwhile, previous studies have confirmed 
that the deposited trace metals-bearing particulates would generate 
varied mineralogical structures containing sulfides, oxides, and silicates, 
during the stockpiling process, which are driven by the factors such as 
seasonal wet-dry cycles, geogenic differences, and anthropogenic ac-
tivities [3,13]. Such processes tend to induce the trace metals to reach a 
dynamic equilibrium, with the bulk of trace metals may persist in the 
solid phases of the pedosphere for extended periods due to most of the 
trace metals remaining non-biodegradable in the soil [14–16]. For 
example, Contessi et al. [10] found that lead (Pb) in the pyrite ash 
disposal sites is likely to be hosted in the form of anglesite (PbSO4) 
because of weathering-induced oxidation. Compared with pyrite, which 
is a relatively resistant mineral to both acidic and alkaline attacks, the 
oxidized products would promote the leaching and mobility of Pb. Fazle 
Bari et al. [17] illustrated that the formation of tooeleite (Fe6(A-
sO3)4(SO4)(OH)4⋅4 H2O), identified as the dominant arsenic (As) con-
taining minerals in abandoned mine soils, might enhance the solubility 
of As. Also, in the lead/zinc (Pb/Zn) smelter contaminated soil, Zn 
incorporation into apatite (Ca5(PO4)3OH), wollastonite (CaSiO3), and 
kaolinite (Al2Si2O5(OH)4) structures and/or precipitated as pyroxene 
(XY(Si, Al)2O6, X represents Ca, Na, Fe, Mg, and Zn and Y represents ions 
of smaller size) and zinc oxide (ZnO) was observed [18]. Therefore, 
contaminated soil can not only be considered a sink, but also a source of 
pollution with a great potential for transferring contaminants to the 
groundwater, the food chain, and the human body [19]. Moreover, the 
solubility of these PTEs-bearing minerals, as well as their bioavailability 
and activity in terrestrial ecosystems, is strongly influenced by the soil 
pH of the storage sites [3,10]. Although a wide range of literature in-
dicates that even small changes in pH may significantly affect the 
mobility of PTEs with cascading effects on communities and environ-
ments [3,10,20], there are important gaps in our understanding of 
changing pH conditions as a driver of the dynamics of PTEs-bearing 
minerals in the ecosystems. Before deploying remediation technolo-
gies, it is crucial to study the origin and fate of PTEs in dynamic envi-
ronmental conditions, particularly easily mobile forms, plus leaching 
behavior and total concentrations of these PTEs [21]. 

To achieve this goal, detailed characterizations are necessary pre-
requisites to provide a fundamental understanding of the fate of haz-
ardous contaminants. Concurrently, many laboratory works have been 
carried out to fill the knowledge gap in the mineralogy and chemistry of 
phases incorporating contaminants [18,22,23]. With the scope of 
simplifying the analysis process, some works attempted to use the 
experimental datasets required in prior literature to reconstruct the 
transformation by simplified artificial systems [24–26]. But the 
extrapolation from the laboratory findings to the real cases is usually far 
from satisfactory. Another major limitation is the detection limit of the 
routinely employed analytical techniques [27] (e.g., the XRD technique 
is not sensitive to trace elements in solid-solution phases or to ionic 
species adsorbed on mineral surfaces). Therefore, individual analytical 
methods are not always suitable or sufficient for overall knowledge of 
the fate and long-term behavior of mineral phases controlling toxic el-
ements released in such a complex pollutants-soil system, especially 
since this dual system will suffer complex environmental impacts [28, 
29]. Geochemical simulations could be the key to overcome the 
complexity of linking the potential release of hazardous chemical con-
stituents with soil mineralogical and deeply understanding long-term 
environmental impacts that affect surrounding groundwater. 
Currently, several attempts have been conducted to explore how 
mineralogical factors control the leaching behaviors of toxic elements. 
Bisone et al. (2017) used a geochemical assessment to characterize the 
spatial variability of toxic elements in stocked phosphogypsum at 
varying time periods and pH values [6]. Other researchers also tried to 
reconstruct the leaching profiles of metals (e.g., Pb, Zn, Cu, and As) as a 

function of pH values [30,31]. The above geochemical assessments of 
leaching showed good consistency with experiments, but it is not a 
common practice to perform the geochemical modeling construction 
based on the bulk experimental characterization (e.g., XRD), even 
though this mineralogical information is of paramount importance in 
determining which minerals dissolved during the leaching procedures. 
Therefore, in this study, we tend to explore the role of dis-
solving/precipitating mineralogical phases through the bulk XRD 
characterization, which is a missing key element in understanding the 
factors controlling the dispersion of contaminants and overcoming the 
limitations of the demanding experimental procedures [32,33]. 

The main objective of the present study is to bridge the knowledge 
gap of pH-dependent leaching characteristics and associated mineral-
ogical information of Pb and Zn-contaminated soils. The chemical and 
mineralogical compositions of the contaminated soil were first charac-
terized through a multi-technique approach based on XRD, XRF, SEM/ 
EDS, and Raman analyses. Afterward, the pH-dependent leaching of 
hazardous (Pb, Zn, and sulfate) and major elements (Fe) was explicitly 
studied in the pH range of 1.02–12.02. In order to elucidate the impacts 
of mineralogical compositions on the partitioning of chemical species 
between the solid and aqueous phases at different pH values, 
geochemical modeling was performed to predict the leaching behavior. 
Meanwhile, the leaching residues were analyzed to give corroborating 
insight into the predominant solubility-controlling mechanisms. The 
combination of traditional characterization approaches with geochem-
ical modeling may be helpful to better understand the influence of 
different parameters on environmental risks and provide a reliable, low- 
cost, and much less time-consuming instrument to evaluate suitable 
remediation and management techniques for contaminated soil. 

2. Materials and methods 

2.1. Sampling process 

The soil used in this work was excavated from an abandoned fertil-
izer production facility in Italy, which is now used as a storage site for 
the solid waste generated by pyrite roasting, sulfuric acid production, 
and phosphorus-based fertilizer production. The contaminated soil was 
collected following a systematic sampling grid from the surface to 2.5 m 
depth covering the whole area of around 0.11 km2. In this work, the soil 
was mainly composed of black pyrite ashes. The soil sample was placed 
in a polyethylene bag and then transported to the laboratory. Then the 
sample was air-dried, ground, and passed through a 2 mm mesh sieve 
prior to the following characterization experiments. The soil moisture 
content was calculated by drying the soil in an oven a 105 ± 5 ◦C ac-
cording to UNI 12457–4:2004 [34] and resulted below 1%. 

2.2. Characterization methods 

Prior to characterization, the sieved soil was divided by using coning 
and quartering to obtain a representative sample. The solid sample was 
digested following the procedure reported by [35]. HF, HNO3, HCl, and 
H3BO3 (AppliChem GmbH, Darmstadt, Germany) were used at high 
purity levels for trace metal analyses. Before the XRD analysis, the 
divided fraction was ground in an agate mortar and then micronized for 
10 mins (McCrone micronizing mill, RETSCH Inc., Haan, Germany) in 
order to reduce the effect of the preferred crystallographic orientation 
[36]. The mineralogical composition of the micronized sample was 
determined by XRD Rietveld analysis [37]. Diffraction measurements 
were performed using a Malvern Panalytical X’Pert Pro diffractometer 
operating in Bragg-Brentano geometry. The instrument setup is pro-
vided in Table.S1. Diffraction data were acquired from 3◦ to 84◦ 2θ, with 
a step interval of 0.017◦ and an equivalent counting time of 100 s per 
step. Known amounts of ZnO (ACS Reagent, Thermo Fisher Scientific 
Inc., Waltham, USA) were homogeneously mixed with the samples as an 
internal standard. Qualitative and quantitative analyses of the collected 
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XRD patterns were executed using Highscore Plus and Profex [38], 
respectively. The elemental composition of contaminated soil was 
determined with XRF (PW1480, Philips, USA). SEM/EDS investigation 
(CamScan MX3000, Applied Beams, USA) was performed on the pol-
ished and carbon-coated sections of contaminated soil. Detailed Raman 
investigation (DXR Raman microscope, Thermo Electron, USA) was 
conducted with a laser operating at 532 nm. 

2.3. pH-dependent leaching tests and ion concentrations determination 

The pH-dependent leaching tests were performed on the sieved soil 
following the EN 14429:2015 (British Standards Institution, 2015) 
standard, consisting of a series of parallel batch extractions tests with 
increasing pH values. The analytical reagent nitric acid (HNO3) or so-
dium hydroxide (NaOH) was used to adjust the pH values of the 
leachate. The amount of used HNO3 and NaOH are given in Fig.S3. El-
uates were filtered at 0.45 µm and analyzed for Fe, Pb, and Zn by 
inductively coupled plasma mass spectrometry (ICP-MS, ELAN DRC II, 
Perkin, Elmer) following method UNI EN ISO 17294–2 (2016). The 
detection limit was 5.0, 0.1, and 1.0 μg L-1, respectively. Sulfate con-
centration was measured by Inductively Coupled Plasma Optical Emis-
sion spectroscopy (ICP-OES, OPTIMA 2100 DV Perkin Elmer) following 
method CNR IRSA 5(2) (1985). The detection limit was 1 mg L-1. The 
ICP-MS analysis of all the other quantified elements is reported in 
Table S4. The certified standard NIST-SRM 2711a (Montana II Soil) from 
NIST (National Institute of Standards and Technology, Gaithersburg, 
MD, USA) was used to validate the analytical methodology. All analyses 
were performed in triplicate. 

2.4. Geochemical modeling 

Geochemical simulations were conducted using the software 
PHREEQC [39] with two thermodynamic databases from MINTEQ [40] 
and Lawrence Livermore National Laboratory (LLNL). The initial 
mineralogical input was based on XRD quantification and SEM/EDS 
characterization. Besides, additional mineral assemblages were given 
according to previous literature. The description of the initial input data 
is shown in Table.S2. The calculations (pH values range from 1 to 13) 
were based on the pH-dependent leaching tests, using NaOH and HNO3 
as the pH control agents. Meanwhile, the soil XRD result obtained was 
used as a starting point to select the set of mineral phases to take into 
account in the modeling approach. The XRD characterizations of the 
residues were used to constrain the maximum amount of minerals that 
can dissolve [41,42]. Based on the quantification results of the residues 
at the overall pH range, the maximum amount of jarosite that would 
participate in the dissolution process was predictably assumed as 40 wt 
%. 

3. Results 

3.1. Characterization of the contaminated soil 

The XRD mineralogical investigation (Fig. 1) illustrates that hematite 
(Fe2O3) is the main crystalline phase present in the sample, with a 
concentration of 72.0 wt%. The high content of hematite is consistent 
with the findings of previous works on soils sampled in pyrite ash 
disposal sites [5,10]. The Pb-containing minerals are identified as 
anglesite (0.6 wt%) and kintoreite (PbFe3(PO4)(SO4)(OH)6, 1.7 wt%). 
The other observed minerals are mainly sulfates and silicates: gypsum 
(CaSO4⋅2 H2O, 15.3 wt%), jarosite (KFe3(SO4)2(OH)6, 7.6 wt%), and 
quartz (SiO2, 2.8 wt%). The chemical composition from the XRF (Table. 
S3) shows Fe2O3 (83.1 wt%), CaO (8.6 wt%), and SiO2 (6.4 wt%) as 
major elements, which validates the XRD characterization as the he-
matite, gypsum, and quartz being the principal components. The 
detected P2O5 (0.5 wt%) and K2O (0.2 wt%) agree with the presence of 
kintoreite and jarosite. Minor contents of Al2O3 and Na2O can be related 
to the clay minerals from the soil. The trace metal content of the 
contaminated soil is presented in Table.S4, showing a very high con-
centration of Pb (11910 ± 714 mg/kg) and a minor content of Zn (582 
± 43 mg/kg). 

The SEM images (Fig. 2a, b, and c) further evidence the presence of 
hematite, jarosite, gypsum, quartz, and anglesite. Besides forming 
sparingly soluble anglesite at acidic conditions, Pb was found in complex 
exsolution/intergrowths textures in amorphous Fe oxide phases (Fig. 2d 
and e) and incorporated in the Fe-K-S-Pb oxide rims in a compact form 
along the edges of the structures (Fig. 2 f and g). A previous study also 
characterized the incorporation of Pb to Fe oxide phases [10], and an 
adsorption mechanism was accordingly given to explain this observa-
tion. Therefore, the presence of Fe-K-S-Pb oxide rims could imply Pb 
incorporation within the jarosite crystal structure [43,44]. In addition, 
the fate of Zn was related to the formation of sulfur minerals, as a 
Zn-Fe-S assemblage was observed in Fig. 2i. But as a minor component, 
it is hard to assess the exact origins of this assemblage, which could 
represent a residue of the primary ore or a precipitated secondary phase. 

To analyze the Pb distribution mechanisms in the contaminated soil, 
Raman spectroscopy was used to examine the area with high Pb con-
centration presented in Fig. 2d and g. In addition to hematite (Fig. 3a 
and b) confirmed by previous XRD, the Raman spectra show the pres-
ence of clear vibration bands that can be associated with different Pb- 
containing phases (Table.S5). In Fig. 3c, the sulfate anion is character-
ized by the bands at 1160, 1100, 1004, 620, and 437 cm-1 [45]. The 
bands at 976, 557, and 335 cm-1 are assigned to the vibration of PO4

3- 

[46]. Although previous studies have reported that four sharp bands can 
be observed at the wavenumber range from 420 to 480 cm-1 due to the 
ν2 PO4

3− bending modes, these bending modes could suffer the influence 

Fig. 1. XRD characterization of studied soil sample. (a) XRD pattern of the studied sample with the abbreviations A: anglesite, G: gypsum, H: hematite, J: jarosite, K: 
kintoreite, Q: quartz, and Z: zincite (internal standard) and (b) quantification results after subtracting the internal standard. 
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of overlap [45]. Hence the Pb concentrated area in Fig. 2d and Fig. 3a 
implies the presence of kintoreite. In comparison, the band positions 
given in Fig. 3b and d showed almost no changes to the standard 
K-jarosite [47]. It is probable that the low concentration of Pb ions 
incorporated into the structure and the multiple overlapping bands due 
to the complexity of jarosite prevent any significant band shift related to 
Pb incorporation into jarosite [45,48]. In addition, another study has 
shown that incorporating Pb will significantly broaden the bandwidths 
of peaks at 1000 and 1005 cm-1 and raise three split bending modes at 
the low-wavenumber region (approximately at 436, 452, and 476 cm-1) 
[49]. However, these abovementioned vibration modes promiscuously 
overlapped with the SO4

2- and O-Fe vibration profiles. Comparing the 
EDS point analysis (Fig.S1) with the Raman investigation, we inferred 
that the presence of Pb-bearing jarosite was entirely obscured by pre-
vailing Raman bands of K-jarosite and hematite. Meanwhile, based on 
the optical microscopy and SEM images, it is likely that Pb species are 
combined with K-jarosite and hematite without distinct boundaries. 
Although the literature suggests that the alunite-jarosite family could 
hypothetically function as collectors of Pb in the form of plumbojarosite 
(Pb0.5Fe3(SO4)2(OH)) [50], the Pb presence in our samples is more likely 

to be assigned by the co-existing mechanisms (adsorption on the surface 
and/or coprecipitation in the jarosite structure), because the charac-
teristic peaks of plumbojarosite were not found in the XRD pattern 
(Fig. 1a). Therefore, the occurrence of Pb (Fig. 2d and e) may be related 
to the phase transformation (for instance, anglesite and K-jarosite) 
through the dissolution/precipitation process or solid-state recrystalli-
zation during the weathering process [43]. 

3.2. pH-dependent leaching tests 

Fig. 4 illustrates the concentration of released Pb, Zn, Fe, and SO4
2- 

with the acid/base addition to the solution in contact with the 
contaminated soils. When using deionized water as the leachate (at pH 
4.6), the leachability of the tested elements showed that the contami-
nated soil should be classified as hazardous waste, with all the con-
centrations being significantly higher than the limits established by 
Italian laws (Table.S6). The leaching of the studied trace metals (Pb, Zn, 
and Fe) showed a strong dependence on the pH values, indicating that 
the contaminated soil is susceptible to changing conditions of the 
stockpile. At the pH value of 1.98, the highest concentrations of Pb, Zn, 

Fig. 2. SEM micrographs of the sample. (a) backscattered scanning electron (BSE) microscopy image of contaminated soil; (b) BSE image showing the presence of 
anglesite;(c) BSE image implies the iron oxide; (d) BSE image demonstrates the distribution of Pb; (d) elemental mapping of lead, potassium, and iron attributing to 
image d; (f) the magnified BSE image corrected to the green rectangle marked area in image d, indicating a Pb-incorporated structure; (g) and (h) the compacted Pb- 
bearing assemblages; and (i) BSE image shows the Zn-Fe-sulfate assemblage. 
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and Fe in the leachate were reached at 1.59 × 101, 7.49 × 101, and 
2.69 × 102 μmol/L. The minimum release of Pb (0.38 μmol/L) and Zn 
(0.30 ×10-1 μmol/L) was found at the pH value of 9.04. However, with 
the increase in pH values, Pb and Zn showed an upward tendency in the 
release under alkaline conditions. These amphoteric Pb and Zn leaching 
profiles were also observed in the research of Contessi et al. [10], Cap-
puyns et al. [31], and Jarošíková et al. [51]. The enhanced element 
release at basic conditions was due to the occurrence of specific disso-
lution of minerals (e.g., the transformation of Pb/Zn bearing carbonates 
to hydroxides) [52] and desorption reactions of elements from reactive 
surfaces (e.g., Pb/Zn may desorb from Fe-oxides surfaces and favor the 
formation of hydroxyl-complexes). [31]. By contrast, the release of Fe at 
the neutral/alkaline conditions fluctuated approximately from 0.32 to 
3.40 μmol/L, which was probably related to the formation of iron hy-
droxide [31]. Besides, the increasing leachability of SO4

2- was only 
observed under alkaline conditions, with the concentrations being 
constant at around 104 μmol/L in the acidic and neutral regions. 

3.3. Mineral composition after leaching 

To reveal the dissolution/precipitation of the mineralogical phases at 
different pH values, the solid residues after the leaching tests were 

collected for the mineralogical characterization. From quantitative 
phase analysis of the XRD patterns (Figs.S2 and 5), it can be seen that 
quartz and kintoreite are not affected by pH variation, with the con-
centration remaining approximately constant in the studied pH ranges. 
Despite a decrease in hematite appearing in the near-neutral region 
(Fig.5c and d), the mass fraction of hematite still dominates the total 
amount of phases. It is to note that the weight fraction variation ob-
tained by Rietveld’s quantitative analysis of the soil samples before and 
after leaching procedures can be directly compared only, assuming that 
the solid mass of the sample stays constant. But during the leaching tests, 
part of the samples is dissolved, such that the constant mass assumption 
is invalid. Therefore, the weight fraction of the quantified minerals may 
interplay with the dissolution and precipitation of other phases (for 
instance, the hematite fraction quantified by the XRD patterns may be 
influenced by the dissolution of gypsum, thereby its weight percentage 
increased massively at acidic conditions, see Fig.5a and b). Further, 
anglesite exhibits a higher solubility in the alkaline pH ranges. This 
observation is consistent with findings of previous works where angle-
site is considered the most stable Pb-bearing phase when pH < 5.5 [10, 
53]. Regarding gypsum, the XRD results illustrate that it is abundant at 
neutral pH values, with 4.2, 14.6, and 11.0 wt% being present at pH 
values of 1.26, 6.5, and 12.02, respectively. Jarosite was preserved at 

Fig. 3. Raman spectra of the contaminated soil. (a) and (b) Optical microscope images of the tested area correlated to Fig. 2d and g, respectively; (c) and (d) Raman 
spectra of the marked point, with the abbreviation S1 representing spot 1. 

Fig. 4. pH-dependent leaching results of Pb (a), Zn (b), Fe (c), and SO4
2- (d) from experiments and simulations. The abbreviation EX means the experiments. MO.1 and 

MO.2 represent the geochemical modeling without or with jarosite dissolution limit. 
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highly alkaline conditions, even though it was confirmed that it has a 
higher solubility when pH values > 4.5 [54]. In the residues collected 
from the leachate at the pH of 12.02, 3.0 wt% of jarosite was quantified 
in the XRD pattern (Fig.5f), indicating that approximately 40% of jar-
osite dissolved. Previous work suggested that jarosite preservation at 
high pH values could be explained by the formation of nanoparticles of 
secondary iron oxide phases on the jarosite grain surfaces, which in-
hibits subsequent jarosite dissolution and does not resorb either K or SO4 
ions [55]. Similar observations are also presented in the original soils (as 
shown in Fig.2 g and h). Approximately 1.0 wt% of calcite was char-
acterized in the XRD pattern at pH values higher than 6.5. The occa-
sionally found muscovite (pH 9.04, 0.6 wt%) could be related to the 
original soil from the stockpile site. 

3.4. Geochemical modeling: the leaching profiles and phases equilibrium 

To determine which processes and minerals control the release of 
hazardous contaminants, experimental results (the mineralogical 

composition of the residues and pH-dependent leaching tests) were 
combined with geochemical modeling. Based on the preliminary char-
acterization, some basic modeling assumptions were adopted: (1) quartz 
is assumed insoluble during the studied pH range, as derived by quan-
titative analysis of XRD data indicating that this phase stays constant 
(Fig.5a and f); (2) since hematite formation is favored at high temper-
atures and low salinity [56], the precipitation of this phase was not 
envisaged in the model; (3) in the first simulation (MO.1), jarosite was 
assumed to participate entirely in the dissolution/precipitation re-
actions and in the second approach (MO.2), a dissolution limitation 
coefficient, controlling the maximum amount of jarosite allowed to 
dissolve in the model, was set to simulate the effect of coating film 
(physical protection of iron oxide) mentioned in the previous sections. 
Based on the experiments (Fig.5a), the parameter was set as only 40 wt 
% of jarosite would participate in the dissolution/precipitation re-
actions; (4) due to lack of knowledge of the thermodynamic data of 
kintoreite, in this work, this mineral was assumed stable. Additionally, 
the saturation index (SI) was used to determine whether the solution is 

Fig. 5. Quantified mineral assemblages of the residues from the XRD patterns and Phreeqc models and the correlated deviation. The leachate pH values at (a) 1.26, 
(b) 5.02, (c) 6.50, (d) 9.04, (e) 11.52, and (f) 12.02. The "Other" in the simulation is the weight percentage accumulation of Fe(OH)3 and Zn(OH)2 matrix. The marked 
gray rectangle represents the XRD limitation ( ± 2 wt%). The predicted weight percentage of hydrocerussite is the accumulation of cerussite and hydrocerussite. 
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saturated (equilibrium, SI = 0) or undersaturated (mineral dissolution, 
SI < 0) with respect to the given Pb- and Zn-bearing minerals. 

The predicted Pb, Zn, and Fe leaching profiles (Fig.4a, b, and c) 
illustrate that both simulations can describe the pH-dependent leaching 
behavior of the tested systems. Noteworthy, compared to the acidic 
conditions, the leaching of Pb and Zn in harsh alkaline conditions should 
be carefully investigated since a previous work demonstrated that the 
leaching of Pb under alkaline conditions (pH>11) could be several 
magnitudes higher than the acidic conditions [10]. From the predicted 
mineralogical composition (Fig.5) and SI values (Fig.6a), from 
near-neutral to moderately alkaline conditions, the Pb retention is 
closely related to the equilibrium of anglesite, cerussite (PbCO3), and 
hydrocerussite (Pb3(CO3)2(OH)2). In contrast, the plumbojarosite is 
undersaturated in the whole pH range. These observations ascertain the 
findings in previous research [52]. The detected Pb release at this pH 
range can be explained by the formation of Pb-containing stable aqueous 
complexes (with CO3

2− , SO4
2− , and OH− ). In contrast, at pH values over 

12.5, all the Pb-bearing phases are undersaturated, indicating that Pb is 
prone to be preserved in the solution in the form of lead hydroxide 
complex [57], which is consistent with the amphoteric leaching 
behavior. In Fig.6b, it can be seen that the retarded release of Zn at 
near-neutral conditions is due to the precipitation of carbonates 
(smithsonite and ZnCO3⋅H2O) and hydroxides (Zn(OH)2). But at acidic 
conditions, the aqueous Zn speciation is dominated by Zn2+ and ZnSO4 
instead of the zincosite precipitation. Similar to what was observed for 
Pb, Zn in the alkaline leachates occurred in the form of aqueous hy-
droxides species (Zn(OH)4

2- and Zn(OH)3
- ). 

In addition, the assumed limitation of jarosite dissolution (MO.2) 
reduced the deviation of SO4

2- leaching data between the experimental 
and modeling results (Fig.4d), indicating that except for the gypsum and 
anglesite dissolution, the jarosite is also a predominant source of sulfate 
contaminants. Although the deviation of the SO4

2- leaching was slightly 
improved by the assumption of limited jarosite dissolution, a significant 
difference still can be observed at the pH range from 7 to 12, which is not 
in agreement with the experimental findings. Hence, although the 
thermodynamic database used in this work is widely recommended, it is 
clear that the given log K value has overestimated the solubility of 
gypsum and tended to estimate sulfate concentrations that were two to 
three orders of magnitude higher than the experiments. By comparing 
the predicted mineralogical compositions of the residues with the 
experimental results (Fig.5), the geochemical approach demonstrates a 
great potential to quantitatively describe the transformation of the 
minerals, with a good agreement between the phases characterized by 
XRD and the predicted minerals by geochemical modeling. A major 
discrepancy is detected in the gypsum estimation, as approximately 
5.5 wt% of maximum deviation in the residues at particularly acidic 
conditions (pH 1.26, Fig.5a). This discrepancy is slightly reduced at 
neutral and alkaline conditions, as shown in Fig.5c, with a difference 

between experimental and modeling results of 3.4 wt%. It is to note that 
geochemical modeling is capable of detecting such small variations of 
the PTEs-containing phases (< 1 wt%), which is hard to be revealed by 
the XRD mineralogical analysis. As shown in Fig.4a, when the pH in-
creases to neutral conditions (pH values 6–9), which is unsuitable for the 
anglesite stability [10] and the XRD characterization revealed the 
dissolution of anglesite (Fig.S2). The experimental XRD data did not 
identify mineralogical phases responsible for the retention of Pb at this 
pH range, with none of the lead-bearing crystalline phases being 
detected. The geochemical modeling results, along with previous in-
vestigations [58–60], suggest that the Pb-carbonate phases (hydro-
cerussite and cerussite) precipitate at neutral conditions (0.57 wt% at 
pH 6.5, Fig.5c) and then slightly dissolve (0.33 wt% at pH 11.52, Fig.5e) 
with the increase of pH. Similarly, about 0.010 wt% of Zn hydroxide was 
expected to precipitate in the residues at a pH of 9.04 (Fig.5d), then the 
weight percentage slightly decreased to 0.008 wt% (Fig.5e). 

4. Discussion 

4.1. Reconstruction of the mineral transformations from the fertilizer 
production and weathering process 

With the previous mineralogical and chemical investigations, the 
distinct phases in the bulk soil provide valuable information to recon-
struct the linkage between the stocked wastes and soil. In a typical P- 
fertilizer manufacturing chain (Fig.7a), the pyrite and apatite ores were 

Fig. 6. The SI of Pb-(a) and Zn-(b) bearing minerals from MO.2.  

Fig. 7. Schematic cartoon depicting solid waste generation due to industrial 
activities (a), the transformation of mineralogical phases from stockpiled solid 
waste and original soil during the long-term weathering process (b), and the 
overall geographical description of the studied sites (c). 
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used as the raw materials for sulfuric acid production and the following 
phosphorus fertilizer production [61,62]. The primary components in 
pyrite ash are hematite and calcium sulfates, which are naturally 
occurring minerals in the environment with low toxicity [5,63]. The 
concentrated pyrite ores are heated to 900 ◦C to extract the sulfur 
(mainly in the form of SO2), leaving a residue consisting mainly of iron 
oxide [5]. However, the generated by-products, iron oxide (hematite) 
and sulfates minerals (jarosite), would cover the unreacted pyrite and 
then preserve a partially reacted pyrite grain [5,64]. Compared to the 
other co-existing sulfides, the remained pyrite is readily weathered and 
promotes the oxidation and dissolution of galena (PbS), which is a sig-
nificant Pb host in the pyrite ores [10]. Therefore, anglesite was present 
in the contaminated soil systems (Figs.1 and 2b) as a secondary oxidized 
product from the unreacted grains. 

Lead was concentrated along the edges of iron oxides, as observed in 
Fig.2d, e, and f. The vibrations in the Raman spectra (Fig.3b and d) also 
show more complexity for these Pb-bearing phases. Previous works have 
ascertained the observation [65,66] that Pb is partially released from 
sulfide minerals as vapor during roasting. The volatilized Pb condensed 
on the external and interior surfaces of the porous iron oxide grains, 
which have high thermal stability, and formed sulfate precipitates 
(mainly PbSO4). Then the free ferric ions formed by gradual dissolution 
are in contact with PbSO4, which are then hydrolyzed to generate 
Pb-rich jarosite [67]. Further, the SI modeling illustrates that although 
the SI values of plumbojarosite are increasing and closely approach 
saturation equilibrium state in the water leaching condition (pH 4.64, 
Fig.6a), this phase is still undersaturated, and the formation of anglesite 
is favored. Experimental evidence confirmed that the formation of pure 
plumbojarosite hardly occurs in ambient conditions (air temperature 
and neutral pH conditions) [43]. For instance, Forray et al. (2010) 
synthesized plumbojarosite by the reactions between the Fe2(S-
O4)3⋅5 H2O, Pb(NO3)2, and H2SO4 solutions at a temperature of 95 ◦C. In 
this case, the observed Pb (Fig.2 f, g, and h) are not associated with the 
presence of plumbojarosite. The lead distribution in the soil can likely be 
explained by considering a combination of mechanisms such as incor-
poration and physicochemical mixtures [43,68]. It has been established 
that Na- and K-jarosite can act as efficient carriers of Pb because they can 
incorporate Pb in their crystal structure [69]. Usually, jarosite forms as a 
product of pyrite oxidation under very acidic conditions. Accordingly, 
these coprecipitation processes may represent a likely mechanism for 
incorporating the metal cations present at the interfaces, which would 
have high mobility at this pH condition (as demonstrated in Fig.4a, 
approximately at pH>10) in the jarosite structure [50]. Besides, apart 
from the formation of Pb/Na/K-jarosite compounds, Pb may preferen-
tially precipitate as anglesite (Fig.6a) [43]. The formed anglesite can 
serve as crystal nuclei for the subsequently precipitated jarosite. In this 
case, although Pb does not enter the jarosite structure, the anglesite is 
surrounded by jarosite forming small-scale mixtures. However, because 
of the complex speciation of Pb, it is hard to assert an exact interaction 
between the Pb and jarosite. 

Regarding the characterized kintoreite, it is hard to ascertain if 
kintoreite is a gangue mineral originating from the ores or if it is a 
secondary mineral generated during fertilizer production. Many studies 
strongly emphasize that the occurrence and aggregation of kintoreite in 
the impacted soils is most likely a result of the acidity of the stockpile 
sites and the raw wastes (pH values from 3 to 4). The continuously 
leached Fe3+ and PO4

3- combined with Pb (released mainly from galena) 
to form kintoreite [70–72]. But some field works also demonstrate that 
rare kintoreite is present in cavities of quartz gangue [73,74]. Never-
theless, the quantified kintoreite weight fraction almost remained un-
changed over the measured pH range (Fig.5), indicating it barely 
contributes to the Pb leaching profiles. This is also ascertained by the 
geochemical modeling (Fig.4a), as the assumption was given that the 
kintoreite will not participate in the precipitation/dissolution reactions, 
the simulated Pb leaching is still matched with the experiment results. 
Zinc that occurs in the contaminated soil could mainly be in the minor 

phases of zinc sulfate (Fig.2i). The distribution of zinc sulfate is associ-
ated with the sphalerite present in pyrite ores, which can be oxidized by 
either dissolved molecular oxygen or ferric iron and then form second-
ary sulfates or other acid-exchangeable species [22,75]. Meanwhile, 
with the time and climate conditions, the secondary zinc phases prob-
ably continue reacting at high humidity with the atmospheric CO2 (the 
stockpile site in this study is a coastal city, as shown in Fig.7c) [59,76]. 
The detected gypsum is a typical by-product generated from phosphorus 
fertilizer production [61]. Unlike phases containing metals, gypsum 
residues are not dangerous for the environment, though the abundance 
of sulfate would accelerate the migration of metals [77]. Further, with 
the increase of the pH values, the carbonates and hydroxide phases 
dominate the Pb and Zn retention. 

4.2. Influence of pH values on the geochemical stability of PTEs 

As recognized by previous investigations [10,78], pH is one of the 
most important factors controlling changes in the mineralogical con-
centration and leachability of PTEs. Hence, the pH-dependent leaching 
tests can efficiently reveal the fundamental mechanisms, such as 
possible ion exchange/sorption, complexation, and precip-
itation/dissolution [79,80]. The results of leaching tests (Fig.4) and the 
mineralogical study (Fig.5) illustrated that the addition of acid agents 
caused increased concentrations of Pb, Zn, and Fe in solutions. Note-
worthy, over the acidic pH range, Pb was preferentially precipitated as 
anglesite (Fig.6), but the leaching of Pb was still increased with the pH 
decrease. By checking the original (unnormalized) mineralogical com-
positions of the residues in the simulations, only 0.005 wt% weight loss 
of anglesite was found at the pH value of 1.26 (from 0.621 wt% at pH 
5.02–0.616 wt% at pH 1.26), showing that the relatively small changes 
in weight percentage may cause an increase in the leachate concentra-
tion. Therefore, with continuously increased HNO3 agent fraction in the 
system, anglesite is expected to dissolve partially and form ion pairs 
(PbNO3

+
(aq)) [81,82]. Further, Zn is mainly preserved in the acid solutions 

in the monatomic ion form, accompanied by the minor ZnSO4(aq) com-
plex. At the pH range from 2 to 5, the slight deviation in leaching curves 
could be attributed to the Pb/Zn-substituted jarosite. There have been 
previous studies stating the strong affinity of Zn and Pb to Fe-minerals, 
suggesting that jarosite can efficiently immobilize metals by incorpo-
rating the metal ions in its crystal structure [48,67]. Thus, the incor-
porated Pb and Zn should remain stable in the residues, with a relatively 
slow-releasing rate (Fig.6a). When the pH values increase to 
near-neutral conditions, Pb and Zn are preferentially precipitated as 
carbonates and hydroxides (Figs. 5 and 6). But the simulated leaching 
profiles can only partly reflect the overall trends (Fig.4b), with mini-
mum Pb and Zn leaching around a pH value of 10. Especially, the 
measured Zn concentration was one order of magnitude lower than what 
the model predicted (10-1 and 1 μmol/L, Fig.4b). This deviation could be 
partially explained by the high sorption ability and metal affinity of 
ferrihydrite [83–85], which is a phase rarely exists as pure precipitation 
but a highly affinitive host for various foreign elements, such as Si, Al, 
and Mn [86]. The additional modeling (Fig.S4) also verifies this hy-
pothesis. With the assumption of Zn adsorption onto ferrihydrite, the 
estimated Zn leachability at pH values from 6 to 10 is slightly optimized 
compared to MO.1 and MO.2. Therefore, the adsorption competition 
among Pb, Zn, and other elements may play a crucial role in their 
mobility in the environment. However, this does not match experi-
mental results since the amorphous content (ferrihydrite) is not 
observed in the quantification results. Besides, the preservation of Zn 
could also be related to the porous microstructure of hematite (Fig.2c 
and f). The Zn may be strongly bound to the crystalline structures of 
hematite and then preserved without a mineral phase change, which is 
associated with coupled O–Fe and protonated Fe vacancies [22,87]. In 
alkaline conditions (pH >10), despite the fact that ferrihydrite sorption 
mechanisms should theoretically display a role in the Pb and Zn reten-
tion, the increase of leaching profiles was observed in this work, also 
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ascertained by previous investigations [10,52]. The geochemical 
modeling shows that the increased leaching rate under alkaline condi-
tions can be related to the formation of anionic hydroxo complexes such 
as Zn(OH)3

− , Zn(OH)4
2− , Pb(OH)3

− , and Pb(OH)4
2− , suggesting that the 

adsorped trace metal cations partially dissolved due to the anionic 
properties of the newly formed hydrolyzed species preclude their sorp-
tion onto the negative surface of the ferrihydrite. Similar results are 
reported by [88] and [20]. Although an increasing trend of Pb and Zn 
concentrations was observed at this pH range (8− 13), their relative 
leached amounts are still lower than those detected at acidic conditions 
(pH 1–3, Fig.4a and b), which implies that other factors, such as struc-
tural incorporation (isomorphous substitution and occupation of vacant 
sites of hematite and ferrihydrite), Pb-Fe solid solutions, and mechanical 
occlusion (Pb-bearing minerals could inevitably coprecipitate and 
interact with jarosite structure), may play a role in the releasing 
behavior [89]. But further investigations are required to reveal the exact 
retention mechanism. 

With regard to the sulfate release, both experimental observations 
and simulation exhibit its virtual pH-independent leaching behavior 
within the acidic and neutral pH range (Fig.4d, from 1 to 6), with the 
concentrations remaining relatively constant at 104 μmol/L. The 
geochemical modeling reveals that in this pH range, gypsum, jarosite, 
and anglesite are the potential solubility-controlling minerals for SO4

2- 

leaching. In contrast, an increased release of SO4
2- was observed under 

alkaline conditions (Fig.4d, pH from 6 to 13), as the pH values are not 
suitable for the stability of gypsum, jarosite, and anglesite. Furthermore, 
although simulations with the jarosite dissolution limit (MO.2) reflect 
this upward trend successfully, deviations in SO4

2- concentration can still 
be observed (Fig.4d). It is speculated that, in addition to overestimating 
the solubility of gypsum, SO4

2- anions are absorbed or co-existed with 
newly formed ferrihydrite (Fig.S4) at neutral and alkaline conditions, as 
electrostatic forces at the surface-water interface play a vital role on 
sulfate adsorption mechanism [52]. Further research is needed to fully 
understand the complex interactions between the different factors 
affecting sulfate release. 

4.3. Environmental risk 

As demonstrated in previous sections, the concentrations and 
leachabilities of PTEs are strongly influenced by the pH values due to the 
different geochemical stabilities of the PTEs-containing species. 
Numerous studies have indicated that the high solubility of PTEs rep-
resents a greater potential risk of contamination to plants and humans, 
especially during the rainy period when the washout of soluble phases 
may occur [28,52]. Significantly, the complexity of the studied area 
(Fig.7c, coastline city, stockpiled near the surface, and sparse vegetation 
cover) and the subsequent exposure of the contaminants to various 
environmental conditions (e.g., wind, erosion, acid rain, proximity to 
groundwater/surface water), makes it crucial to monitor the site and 
carefully take appropriate measures to minimize the risks [30]. 

From the pH-dependent leaching tests (Fig.4a and b), it can be 
concluded that the optimum pH for the lowest solubility of Pb and Zn is 
near the pH range of 8–10. This is due to the synergistic effects deriving 
from the remained jarosite, the formation of Pb/Zn-bearing carbonates, 
and the assumed ferrihydrite precipitation contributing to significantly 
lower concentrations of Pb and Zn in the leachates (pH 9.04, Fig.5d). If 
the contaminated soil is kept at this pH range, a lower release of haz-
ardous would be expected. Nonetheless, the concentrations of the 
released contaminants are still higher than the threshold limits 
(0.50 ×10-1 μmol/L for both Pb and Zn, from Decreto legislativo 3 aprile 
2006, n. 152). In addition, field works in Italy revealed that the water 
from the rainfall and aquifers has a pH ranging from nearly neutral to 
slightly acidic [90,91], suggesting that the sorption/desorption of con-
taminants on ferrihydrite and carbonates may not govern the Pb and Zn 
retention in its natural stockpile state. Severe acid rain circumstances 
can also expose the risk of higher release of contaminants. 

Hence, the outdated and improper stock is insufficient for the long- 
term disposal of contaminated soil, and efficient treatment is urgently 
needed for its management. Some works focused on the ex-situ immo-
bilization technologies of these materials, for instance, ex-situ soil 
washing and filling [92], electrokinetic remediation [93], and chemical 
extraction [94]. For ex-situ treatment, it is fundamental to evaluate the 
advantages and disadvantages of the intervention and compare them 
with the scenario of leaving the contaminated soil in the current state. It 
has to be evaluated whether the environmental and human health risks 
outweigh the risks of re-opening the site, especially the potential sec-
ondary pollution caused by the excavation and transportation processes 
during the large-scale reprocessing plan. Alternative approaches 
encompass in-situ remediation strategies, such as high-performance 
solidification/stabilization procedures [10] and cemented paste back-
fill [95], that could be envisaged for this contaminated soil. However, 
based on the amphoteric leaching behavior revealed by the 
pH-dependent leaching test, the traditional binders (ordinary Portland 
cement or lime) might not be suitable for the management scenarios. It is 
because the high alkalinity provided by traditional binders might in-
crease the mobility of Pb and Zn under alkaline conditions (pH>10). 
Therefore, additional studies need to be conducted on the mix design, 
the buffering capacity, and the leaching potential of metals. 

5. Conclusion 

This study focused on assessing the leaching behavior and potential 
environmental risks of soil contaminated by Pb, Zn, and sulfates, mainly 
based on the geochemical mobility investigation and mineralogical as-
sessments of the hazardous contaminants. The overall results demon-
strated that Pb, Zn, and SO4

2- are highly mobile in the studied pH range 
and that various mechanisms played a role in controlling the PTEs 
releasing behavior. With the aid of PHREEQC modeling, a more 
comprehensive mineralogical insight was provided into contaminated 
soil management., which indicated that the forward model construction 
is feasible and capable of monitoring major and minor phases involved 
in PTEs retention. Overall, the combined use of geochemical modeling 
and experiments has prompted the possibility of an in-depth investiga-
tion for application to in-situ remediation in industrial sites. Moreover, 
this approach allows for the integration of experimental approaches to 
monitor the PTEs leaching behavior through a relatively uncomplicated 
pathway. The main findings are as follows: 

(1) With the raw material characterization, anglesite and kintoreite 
are the main Pb-bearing crystalline phases detected in the XRD patterns, 
which may be generated from the oxidation of remaining pyrite parti-
cles. The sulfates (jarosite) were confirmed as the trace metal-bearing 
phases, as the Pb/Zn-Fe sulfates were characterized along the edge of 
the hematite particles. The SI estimation suggests that Pb and Zn pres-
ervation are associated with different phases and an adsorption mech-
anism is also active in the soil. 

(2) The measured concentrations of PTEs in the leachates showed a 
strong dependence on the pH values of the contact solution. Both Pb and 
Zn releases exhibit an amphoteric behavior, with a downward trend at 
pH values of 8–10. The mineralogical information indicates that the 
solubility of trace metal compounds, especially in the form of oxides, 
hydroxides, and carbonates, significantly depends on the pH value. At 
acid conditions, the solubility of Pb is dominated by the dissolution of 
anglesite and the formation of Pb nitrate complexes, while Zn is 
controlled by Zn ions and Zn-sulfate complexes in the solution. The 
decrease of trace metal leaching in the neutral/alkaline region is related 
to the precipitation of carbonates and the potential adsorption onto 
jarosite and ferrihydrite. When the pH values move to strong alkaline 
conditions, the upward trend could be associated with the complexation 
of aqueous metal hydrates. Sulfate leaching is approximately constant in 
the pH range of 1–6, but increases at pH values above 7 due to the 
dissolution of gypsum, jarosite, and anglesite. 

(3) The simulated and experimental results of leaching and 
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mineralogical composition of the residues are in good agreement. The 
conceptual model, which combined processes of precipitation/dissolu-
tion and formation of solid solutions, gave a great reproduction of the 
amphoteric Pb and Zn leaching. The jarosite was preserved in the resi-
dues, which could be related to the formation of nanoparticles of sec-
ondary iron oxide phases. Limited by the lack of appropriate 
thermodynamic data for highly-soluble gypsum, its dissolution at alka-
line conditions is over-estimated, which should be considered for further 
optimization. But the general estimation has progressed in the ability to 
predict the environmental fates of associated PTEs. 

(4) The concern over PTEs’ pH-dependent mobility highlights the 
severe risk to both the environment and human health posed by 
contaminated soil, even in its natural state. This risk only becomes more 
pronounced under acidic or alkaline conditions. Geochemical modeling 
provides in-depth information about the contribution of specific PTEs’ 
solubility-controlling phases to the risk, thus offering new perspectives 
for improved predictions and constraints on PTE release. 
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