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Abstract

Hydroxyapatite (HAP) and its modified derivatives represent a feasible approach for remediating 
lead-contaminated soils, while concerns remain regarding their long-term stability. This study 
conducted a lab-scale experiment to investigate the synergistic remediation of lead-contaminated soil by 
HAP and KCl, aiming to efficiently immobilize lead and achieve long-term stabilization. The optimum 
P:Cl:Pb ratio and the remediation mechanisms were first investigated using the toxicity characteristic 
leaching procedure, the sequential extraction procedure, and X-ray photoelectron spectroscopy. The 50-
year stability was then assessed by conducting simulated exposure to different types of rainfall (SO4

2-

:NO3
- = 1:1, 2:1, and 4:1; pH = 4.5, 5.6, and 6.5). The results showed that after 14 days of treatment, 

the optimum mixture of HAP and KCl (P:Cl:Pb = 8:2:1, 3.2 wt% HAP) completely immobilized Pb 
in soil (4985  mg kg-1 Pb), generating 49% stable residual Pb. The presence of KCl enhanced the Pb 
immobilization through the formation of Pb5(PO4)3Cl and Pb10(PO4)6(OH)2. Following an additional 50-
year simulated rainfall period, the residual Pb fraction further increased to 90%, while the leached 
Pb concentration remained below the regulatory threshold of 5  mg L-1 (GB 5058.3-2007). These 
findings indicate successful long-term Pb immobilization for at least 50 years, especially under rainfall 
conditions.
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Introduction

Due to excessive lead (Pb)-related anthropogenic 
activities, such as mining, smelting, and agricultural 
practices, approximately 783,000 metric tonnes of Pb 
are released into the environment annually [1, 2], leading 
to the contamination of over 20 million hectares of soil 
globally [3]. Elevated soil Pb levels severely affect plant 
metabolism [4, 5] and morphophysiological features, 
reducing crop growth [6, 7], and ultimately causing 
neurological and cardiovascular risks to humans via the 
food chain [8, 9]. 

Many remediation methods have been developed 
to mitigate Pb hazards in soil, including physical, 
biological, and chemical techniques [10-13]. Physical 
remediation involves soil replacement [14], isolation 
embedding, and electrokinetic remediation [15], which 
are simple but costly for large-scale remediation and may 
disrupt soil structure [16]. The biological techniques, 
including phytoremediation [17] and bioremediation 
[18] via fungi and bacteria, immobilize Pb as more 
stable compounds and reduce its bioavailability [11, 
19]. However, phytoremediation is time-consuming 
and only suits lightly contaminated fields, while fungi 
and bacteria are vulnerable to soil conditions, and the 
investigations are still limited to a laboratory scale [20]. 
Chemical stabilization can convert Pb into insoluble, 
immobile, and less toxic forms via cation exchange, 
complexation, precipitation, physisorption, and/or 
electrostatic interaction [21, 22]. It gained widespread 
attention in recent decades since it is simple, fast, 
and cost-effective. Various exogenous materials were 
explored for Pb remediation [23], such as blast furnace 
slag, fly ash, sodium sulfide, and natural and biological 
apatite [22, 24-26]. 

It is reported that hydroxyapatite (HAP, 
Ca10(PO4)6(OH)2) can immobilize metals via cation 
exchange, adsorption, surface complexation, 
precipitation, and co-precipitation [27-30]. Its hexagonal 
crystal structure provides high ion exchange capacity, 
allowing Ca2+ exchange with metals [31, 32]. The large 
surface area supplies numerous adsorption points [33, 

34]. Moreover, the alkalinity of HAP can promote 
precipitation, transforming weakly bound, reducible, 
oxidizable, and water-soluble Pb into pyromorphites, 
Pb10(PO4)6(OH)2, and subsequently reducing the 
mobility of Pb [35]. However, some of the Pb-HAP-
derived products are at risk of being re-released under 
the influence of environmental factors [36, 37]. This 
drawback highlights the necessity of finding an additive 
that can not only reduce costs but also enhance Pb 
stabilization in the long term.

To find such an additive, the subgroup of 
pyromorphites, such as Pb10(PO4)6(OH)2, Pb5(PO4)3Br, 
and Pb5(PO4)3F, was evaluated [38]. It was noted that 
Pb5(PO4)3Cl has the lowest solubility (Ksp = 10-84.4) [39], 
as well as the greatest stability due to its chemical and 
physical attributes [40, 41]. Therefore, Pb immobilization 
via the formation of Pb5(PO4)3Cl is plausible and 
can reduce Pb and phosphorus leaching over time, 
enhancing long-term stability. However, excessive 
chloride may erode and deteriorate the hydrated 
products in the soil, affecting the physical properties 
of the soil and the effectiveness of remediation [42]. 
Screening the optimum P:Cl:Pb molar ratio is the key 
to successful Pb-contaminated soil remediation, which 
involves testing different ratios to find the best one 
for Pb immobilization. To the best of our knowledge, 
this has not been explored so far. Furthermore, after 
reviewing the bibliography on Pb-contaminated soil 
remediation using HAP-related materials, no research 
data on its long-term stability have been published so far 
[32, 35, 43-46].

This study aims to evaluate the optimum ratio, 
mechanisms, long-term stability, and cost-effectiveness 
of synergistic remediation of Pb-contaminated soils 
using hydroxyapatite combined with chloride. Potassium 
chloride (KCl) was selected as the chloride source since 
it is cheap and widely available on the market [40, 43]. 
The risk assessment code (RAC) was calculated to assess 
the environmental risks of Pb exposure at different 
remediation stages. It is worth mentioning that this 
paper focuses on the evaluation of the combined effect 
of HAP and KCl. The single effect of HAP was ignored 
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due to the availability of published data on this [35, 43]. 
This study is expected to provide a reliable approach for 
the long-term remediation of lead-contaminated soil.

Materials and Methods

Materials

HAP powder (80 μm particle size) was purchased 
from Shanghai Macklin Biochemical Co., Ltd. Pb(NO3)2 
and KCl were purchased from Sinopharm Chemical 
Reagent Co., Ltd. All the reagents were of analytical 
reagent grade and were used as received. The water 
used in this study was deionized water unless specified 
otherwise.

Soil Preparation and Characterization

Genuine polluted soil typically contains various 
contaminants that may induce side reactions [47]. In 
order to simplify the reaction process and focus on 
illustrating the Pb remediation mechanism, simulated 
Pb-contaminated soil was employed in our experiments. 
Fresh natural topsoil (0-20  cm depth) was collected 
from China University of Mining and Technology 
(117°14′E, 34°21′N, China). After air-drying at 25℃, the 
soil was sieved through a 2  mm mesh to remove large 
impurities. A Pb concentration of 4985  mg kg-1 was 
selected to mimic industrially polluted soil in China 
[48]. Natural soil (500  g, dry weight) was mixed with 
200  mL of 12.5  g L-1 Pb(NO3)2 solution. The mixture 
was subsequently sealed with plastic wrap, rested 
in a shaded area for 7 days, air-dried under natural 
sunlight, ground, and sieved through a 100-mesh 
sieve. The simulated Pb-containing soil samples were 
acid digested with a mixture of HNO3, HCl, HF, and 
HClO4 in a volume ratio of 1:3:3:1 [49]. After that, the 
Pb concentration in the soil was determined by flame 

atomic absorption spectrophotometry (FAAS, TAS 
990 Super, Persee, China). To ensure the accuracy of 
FAAS measurements, a method blank and the certified 
reference material GBW07427 (GSS-13) were analyzed 
after each set of nine samples, in accordance with ISO/
IEC 17025 guidelines. The limit of quantification was 
considered to be 3 times the limit of detection [50, 51]. 

Other key performance indicators were evaluated 
by following established methodologies. The soil pH 
was measured by the PHS-3E meter (Shanghai INESA 
Scientific Instrument Co., Ltd., China) at the solid-liquid 
ratio of 1:2.5 (g mL-1). Soil conductivity was determined 
by a conductivity meter (AP-2-US, China) at a solid-
liquid ratio of 1:5 (g mL-1). Available phosphorus was 
quantified by spectrophotometry at a solid-liquid ratio of 
1:20 (g mL-1). The organic matter content was measured 
by the volumetric method using potassium dichromate. 
Moisture content (%) was calculated by drying the soil 
until constant weight at 105°C for 24  h. Heavy metal 
content, including Mn, Cu, and Zn, was determined by 
FAAS after acid digestion with HNO3-HCl-HF-HClO4. 
The contents of K and Cl were determined by ion 
chromatography (ECO IC, Metrohm, Switzerland) after 
acid digestion. All the tests were performed at 25°C 
unless otherwise specified. The physical and chemical 
characteristics of the natural and contaminated soil are 
presented in Table 1.

Preliminary Tests in Aqueous Solution

In order to determine the optimum molar ratio 
of remediation materials and to explore the reaction 
mechanism between HAP, KCl, and Pb2+, preliminary 
tests were performed in aqueous solution to exclude 
possible side reactions. Regarding the selection of 
P:Cl:Pb molar ratio, the P:Pb stoichiometric ratio of the 
target product Pb5(PO4)3Cl is 0.6:1. To account for side 
reactions between phosphorus and lead in contaminated 
soil, an excess of HAP was added. The P:Cl:Pb molar 

Properties Natural soil Pb-contaminated soil

pH 8.2±0.1 7.3±0.1

Moisture (%) 17.6±0.32 20.2±0.45

Organic matter (mg kg-1) 17.3±0.12 20.8±0.22

Electrical conductivity (mS m-1) 178.0±6.3 1237.1±8.9

Available phosphorus (mg kg-1) 40.5±1.1 22.3±0.9

Pb (mg kg-1) 24.0±2.2 4985.0±2.6

Mn (mg kg-1) 379.0±6.3 632.0±5.8

Cu (mg kg-1) 46.0±3.2 36.0±3.1

Zn (mg kg-1) 115.0±5.2 82.0±2.6

K (mg kg-1) 259.9±12 263.4±13

Cl (mg kg-1) 189.0±3.2 165.0±4.3

Table 1. The physical and chemical properties of natural and Pb-contaminated soil. All tests were conducted in triplicate.
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ratios were eventually set at 0.6:1:1, 0.6:2:1, 1:1:1, 1:2:1, 
2:1:1, and 2:2:1, respectively. The Pb concentration 
in the aqueous solution was maintained at 4985  mg 
L-1, which is consistent with that in the simulated soil. 
HAP and KCl were initially added to the Pb-containing 
solution, and the pH was maintained at 7.3 using either 
0.1  M NaOH or 0.1  M HCl. The mixed solution was 
continuously shaken at 200 rpm (SHA-B, China) at 20℃ 
± 2℃ for 28 hours. In the meantime, aqueous samples 
were withdrawn using a syringe every 2 hours. After 10 
minutes of centrifugation (TG16, China, 3000 rcf) and 
0.45 μm filtration, the samples were analyzed by FAAS 
to determine the Pb2+ concentration for subsequent 
removal efficiency evaluation. The precipitates were 
collected, oven-dried (103-105℃) until constant weight, 
and finally characterized by X-ray diffractometry (XRD, 
D8 Advance, Bruker, Germany).

Immobilization Tests in Soil

The P:Cl:Pb molar ratios for the immobilization tests 
in soil were set at 2:2:1, 4:2:1, 8:2:1, 2:4:1, 8:4:1, 6:6:1, 
8:8:1, and 10:10:1, respectively. The Pb-contaminated soil 
(4985 mg kg-1) without treatment served as the control.  
Higher content of P and Cl was applied than that in 
aqueous tests due to the complexity of soil components 
and potential side reactions. 25  g of Pb-contaminated 
soil samples (4985  mg kg⁻¹) were thoroughly mixed 
with weighed amounts of HAP, KCl, and deionized 
water. The mixtures were incubated at 25℃ for 14 
days [52], with the moisture content maintained at 40% 
± 2% [53]. At the end of the experiment, 1  g of the 
soil sample was taken to extract Pb using the toxicity 
characteristic leaching procedure (TCLP) (HJ/T 300-
2007). Additionally, 0.5 g of soil samples were subjected 
to the European Community Bureau of Reference 
(BCR) sequential extraction procedure to evaluate 
different Pb species, including weak acid soluble, 
reducible, oxidizable, and residual fractions [46, 54, 55]. 
Further samples were prepared for scanning electron 
microscopy (SEM, Quanta250, FEI, USA) and XRD 
analysis to characterize the soil particle morphology and 
crystal structure of the precipitates, respectively.

Rainfall Exposure

Rainfall experiments were designed with varying 
SO4

2-:NO3
- ratios (1:1, 2:1, and 4:1) and pH values to 

evaluate the long-term stability of remediated soil 
relevant to East China. These conditions simulated a 
range of rainfall characteristics, including acid rain (pH 
4.5 and 5.6) and neutral rain (pH 6.5). Based on the 
annual precipitation (~1300 mm) in East China and a soil 
dry density of 1.30 g cm-3 [53, 56, 57], it is estimated that 
1 g of dry soil receives approximately 1 mL of rainfall 
annually. Accordingly, the impact of a 10-year rainfall 
exposure can be simulated by mixing remediated soil 
with simulated rainwater at a solid-to-liquid ratio of 
1:10 g mL-1 [57, 58]. The mixture was shaken at 200 rpm 

for 8 hours, followed by centrifugation at 300 rpm for 10 
minutes (TG16 centrifuge, China) [53]. To simulate a 50-
year rainfall cycle, the mixture underwent four additional 
cycles, each consisting of an 8-hour incubation and a 
10-minute centrifugation. Subsequently, the supernatant 
was collected, and the Pb concentration was analyzed 
by FAAS. The collected supernatant after 2, 3, 4, and 
5 cycles represented the leached Pb over 20, 30, 40, and 
50 years of rainfall exposure, respectively. The ultimate 
0.5  g of soil after the fifth cycle was subjected to the 
BCR sequential extraction to evaluate the diverse Pb 
species after 50 years of simulated rainfall.

Environmental Risk Assessment

The Risk Assessment Code (RAC) was calculated 
to assess the environmental risks of Pb exposure before 
and after remediation, and further after the rainfall 
exposure. Risk levels were divided into 5 levels (Table 
S1) according to the calculated RAC values [59]. 
Higher RAC values indicate a higher risk level of Pb 
exposure.	

	 	 (1)

where the F1, F2, F3, and F4 are the respective Pb 
concentrations of the weak acid soluble, reducible, 
oxidizable, and residual Pb fractions.

Statistical Analysis

To ensure accuracy and repeatability, all experiments 
were performed in triplicate, and experimental errors 
were maintained below 5%. All experimental data were 
processed using Microsoft Excel 2021 and presented as 
mean ± standard error. Graphical representations were 
generated using Origin 2023 software. Experimental 
data were subjected to analysis of variance (ANOVA) 
and regression analysis using SPSS 19.0 software 
(SPSS Inc., Chicago, IL, USA). Mean separation was 
conducted via the least significant difference (LSD) test 
at a significance level of P<0.05.

Results and Discussion

The Pb Removal in Aqueous Solution

Upon addition of HAP and KCl at a molar ratio 
of 0.6:1:1 (P:Cl:Pb), the aqueous Pb2+ concentration 
decreased from 4985  mg L-1 to 137  mg L-1 (97.3% 
removal efficiency) within 2 hours. Thereafter, 
equilibrium was established, and the concentration 
remained constant (Fig. S1a). Analogous trends were 
observed with increasing HAP and KCl concentrations, 
such as P:Cl:Pb molar ratios of 0.6:2:1, 1:1:1, 1:2:1, 
and 2:1:1 (Fig. S1a-S1c). After increasing the ratio to 
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2:2:1, Pb removal efficiency reached 100% within 28 
hours (Fig. S1c). This result indicates that when both 
P and Cl are supplied in excess, the relatively stable 
intermediate precipitates can further transform into 
more thermodynamically stable products, leading to 
complete lead immobilization. Therefore, maintaining 
an excess of both P and Cl is essential for achieving 
quantitative lead removal.

Subsequent XRD analysis revealed the primary 
products such as Ca(10-x)Pbx(PO4)6(OH)2, Pb8K2(PO4)6, 
Pb3(PO4)2, Pb10(PO4)6(OH)2, and Pb5(PO4)3Cl, with 
characteristic diffraction peaks at 2θ = 30.107°, 
21.782°, 20.861°, 30.099°, and 30.206°, respectively 
(Fig. 1). The proposed mechanisms for Pb removal 
using HAP and KCl in aqueous solution are illustrated 
in Fig. 2: (1) dissolution-precipitation [35, 60-62], 

HAP initially dissolved, generating H2PO4
- and 

PO4
3-  , which subsequently reacted with Pb2+, Cl-, 

and K+ to form precipitates such as Pb10(PO4)6(OH)2, 
Pb5(PO4)3Cl, Pb3(PO4)2, and Pb8K2(PO4)6; (2) ion 
exchange [63], wherein some Pb2+ was adsorbed onto 
the HAP surface, partially replacing Ca2+ and forming  
Ca(10-x)Pbx(PO4)6(OH)2; (3) surface complexation [64], 
some Pb2+ was immobilized by ≡POH, ≡PO-, and/or 
≡CaOH, forming predominant complexes on the HAP 
surface.

The Pb Immobilization in Soil: The 
Efficiency and Mechanisms

Fig. 3a) shows the Pb leaching concentration and 
species distribution, before and after soil treatment with 
HAP and KCl for 14 days. Prior to treatment, the TCLP 
leached Pb was 563.65 mg kg-1, accounting for 11.3% of 
the total spiked concentration (4985  mg kg-1). Similar 
TCLP-Pb proportions of 8.4% and 6.5% were reported 
by Wang et al. [43] and Shen et al. [53], respectively. 
This observation can be attributed to the soil preparation 
method, involving a 7-day incubation with Pb(NO3)2 
followed by air-drying, during which Pb reacted with 
soil components to form precipitates. Consequently, only 
11.3% of the total Pb was leached by the TCLP method. 
The BCR analysis shows that Pb species are mainly 
weak acid soluble (31.2%) and reducible Pb (58.7%), 
which can be easily leached out and transformed into 
free Pb2+ in the natural environment. The other 10.2% 
existed in oxidizable Pb, while no residual Pb was 
detected in the control. A similar species distribution 
was obtained by Liu et al. [46], with 35% weak acid 
soluble, 55% reducible, 5% oxidizable, and 5% residual 
Pb.

Fig. 1. XRD patterns of precipitates, where the Pb solution 
(4985 mg L-1, pH = 7.3) was treated with HAP and KCl (P:Cl:Pb 
= 2:2:1) for 28 hours. 

Fig. 2. The proposed Pb (4985 mg L-1) removal mechanisms in aqueous solution using HAP and KCl (P:Cl:Pb = 2:2:1), pH = 7.3.
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Treatment with the minimum dosage of HAP 
and KCl (P:Cl:Pb = 2:2:1) for 14 days reduced the 
TCLP-Pb concentration from 563.65  mg kg-1 to 
104.77 mg kg-1 (5.24 mg L-1), which is slightly over the 
regulatory threshold limits of 5  mg L-1 (GB 5058.3-
2007). Concurrently, the weak acid soluble Pb fraction 
decreased from 31.2% to 9.3%, reducible Pb reduced 
from 58.7% to 48.6%, and oxidizable Pb reduced from 
10.2% to 1.5%, while the residual Pb increased from 0% 
to 40.6%. Upon increasing the HAP dosage to P:Cl:Pb 
= 8:2:1 (3.2 wt% HAP), the TCLP-Pb concentration 
further diminished to 0  mg kg-1, and the residual Pb 
fraction further increased to 48.9%. A further increase 
of the Cl content from 2:1 to 4:1 (Cl:Pb) resulted in a 
slight decrease in the TCLP-Pb leaching concentrations 
(Fig. 3a)) and weak acid soluble Pb proportions. Upon 
further increasing the P:Cl:Pb ratio to 6:6:1, 8:8:1, and 
10:10:1, the TCLP-Pb and weak acid soluble Pb fractions 
were eliminated. These results indicated that increasing 
chlorine ions can enhance the remediation efficiency 
of Pb-contaminated soil. However, excessive chloride 

ions may erode and deteriorate the hydrated products 
in the soil, adversely affecting the cementation of soil 
aggregates [40, 42]. The optimum P:Cl:Pb ratio of 8:2:1 
(3.2 wt%) with minimum chloride input was therefore 
selected, and the remediated soil was further analyzed 
by SEM and XRD to elucidate the Pb immobilization 
mechanism. 

The additive KCl at the optimum ratio (P:Cl:Pb 
= 8:2:1) dramatically enhanced the generation of the 
residual state of Pb (49%), compared with HAP-only, 
HAP-related, and other treatments in Table 2. For 
example, Wang et al. [35] applied 3% wt HAP-only on 
slightly contaminated soil (16.12  mg L-1 Pb), obtaining 
only 15% residue state Pb. In terms of the HAP-related 
materials, Yan et al. [45] found the hydroxyapatite 
derived from flue gas desulphurization gypsum (FDG-
HAP) produced 16.0%-40.2% residual Pb fraction. Yan 
et al. [44] used DW-HAP (3% wt) derived from distiller 
waste, yielding a TCLP-Pb of 30  mg kg-1 and 30.0% 
residual Pb. Qian et al. [65] used 5% wt apatite to treat 
2647  mg kg-1 Pb-contaminated soil for 5 months and 

Fig. 3. The full characterization of soil remediated with different mass ratios of HAP and KCl (38%–42% moisture content, 25℃, pH 7.3, 
14 days); a) TCLP leached Pb (mg kg-1) concentration and Pb species distribution; b) XRD patterns; c) SEM image; d) EDS data. Note: 
Control, the Pb-contaminated soil (4985 mg kg-1) without treatment
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achieved a 21.8% residual state. Further addition of 5 
wt% ferrihydrite (composite of 5 wt% apatite and 5 wt% 
ferrihydrite) increased the residue state to 41.8%. The 
respective residual Pb generated by other remediation 
reagents, such as MgO (~42.0%) [58], KH2PO4 (25.7%) 
[66], and SiO2@Fe3O4@C-COOH (20.9%) [67] was also 
less than that of our combined HAP and KCl.

The weak acid soluble and reducible Pb in soil 
firstly decomposed to free Pb2+. The introduction of 
HAP led to the generation of H2PO4

- and PO4
3- in the 

soil, increasing the negative charge on soil particle 
surfaces, facilitating the uniform adsorption of free 
Pb2+ onto the soil [68]. The addition of KCl contributed 
to the presence of Cl- in the soil. Residual Pb, such as 
Pb10(PO4)6(OH)2 and Pb5(PO4)3Cl, was subsequently 
formed by Pb2+, PO4

3-, H2PO4
-, and Cl- via dissolution-

precipitation and ion exchange [35]. Notably, Cl- can 
also react with ettringite present in the soil, leading to 
the immobilization of a portion of the free Pb2+ [42]. 
The formation of these precipitates was corroborated by 
XRD analysis of remediated soil in Fig. 3b), exhibiting 
new characteristic diffraction peaks at 2θ values of 
30.457° and 22.015°, respectively. SEM images revealed 
the presence of uneven and dense flake-like structures 
(Fig. 3c)) on the surface of the remediated soil, 
complemented by EDS analysis, which demonstrated 
similar spatial distributions of Pb, P, and Cl. This 
suggests the formation of compounds containing P, Cl, 
and Pb, further confirming the XRD results. 

It is noteworthy that 100% of Pb was removed in the 
aqueous tests (Fig. S1c) at the dosage of P:Cl:Pb = 2:2:1, 
whilst only 98% of Pb immobilization was achieved in 
soil treatment under the same dosage conditions. This 
discrepancy can be attributed to the complex nature 
of the soil environment, comprising competing ions 
such as CO3

2-, SO4
2-, OH-, and various organic matter 

species, which can interact with HAP and influence its 
Pb2+ immobilization efficiency [69, 70]. Additionally, 
the uneven distribution of HAP and KCl in soil also 
hampers Pb immobilization.

The Long-Term Stability under Rainfall Stress

Fig. 4 shows the Pb leaching concentration from 
soil remediated with HAP and KCl (P:Cl:Pb = 8:2:1) 
over a simulated 50-year rainfall period. The leached 
Pb remained below 1 mg L-1 during the initial 30 years 
across all simulated rainfall compositions (SO4

2-:NO3
- 

ratios of 1:1, 2:1, and 4:1) and pH levels (4.5, 5.6, and 
6.5). A slight increase in Pb leaching was observed over 
time, reaching a maximum concentration of 3.55  mg 
L-1 (3.6%) at the 50-year mark, which remained below 
the regulatory threshold value of 5 mg L-1 (GB 5058.3-
2007). This may be because HAP dispersed into 
nanoparticles and migrated with leachate under acidic 
and neutral rainfall, causing a slight decrease in lead 
immobilization.

Fig. 5 illustrates that the Pb species exhibited 
dramatically greater stability after 50 years of simulated 

rainfall exposure. The weak acid soluble and reducible 
Pb were nearly all transformed to the residual Pb (49% 
vs 90%) regardless of pH value, with 10% reducible left 
in the soil. This means that, instead of being dissolved 
and leached out in acidic and neutral rainfall [71], the 
weak acid soluble and reducible Pb were transformed 
into residual fractions by HAP and KCl. This is because 
the rainfall facilitated the release of H2PO4

- from the 
residual HAP [72], which predominantly reacted with the 
liberated Pb, forming highly stable residual Pb species, 
such as Pb10(PO4)6(OH)2 (Ksp = 10-76.8) and Pb5(PO4)3Cl 
(Ksp = 10-84.4) [73, 74]. The rates of these reactions were 
independent of pH. Additionally, the application of HAP 
could elevate soil pH and enhance the buffering capacity 
against acidic to neutral rainfall [75]. Only a minimal 
amount of unreacted Pb was leached out during the 
initial 30 years, regardless of pH value. This indicates 
that the P:Cl:Pb dosage ratio of 8:2:1 can ensure excellent 
long-term remediation performance over 50 years under 
rainfall environments (pH 4.5-6.5).

Regarding the effect of rainfall composition, it was 
observed that the maximum Pb leaching concentration 
decreased from 3.55 mg L-1 (SO4

2-:NO3
- = 1:1) to 2.16 mg 

L-1 (SO4
2-:NO3

- = 2:1), and further to 1.33 mg L-1 (SO4
2-

:NO3
- = 4:1) with the increasing ratio of SO4

2- to NO3
- 

(Fig. 4). This trend was further corroborated by the 
Pb species distribution shown in Fig. 5, where the 
oxidizable Pb fraction disappeared as the SO4

2-:NO3
- 

ratio increased. A possible explanation is the reaction 
between SO4

2- and the leached Pb2+ generated the highly 
stable PbSO4 precipitates Ksp = 10-12.8 [76]. Consequently, 
in regions where the rainfall composition exhibits a 
higher content of SO4

2-, the combined remediation 
approach employing HAP and KCl may result in even 
better performance.

In terms of the effect of rainfall pH, the differences 
in Pb leachability were primarily observed between 
years 30 and 50, as the leached Pb concentrations were 
minimal during the initial years. When the SO4

2-:NO3
- 

ratio was 1:1, the maximum Pb leaching concentration 
was observed at the lowest pH of 4.5 (Fig. 4a)). However, 
as the SO4

2-:NO3
- ratio increased to 2:1 and 4:1, the 

maximum Pb leachability shifted to the medium pH 
of 5.6 (Fig. 4b) and 4c)). This can be attributed to the 
interplay between Pb solubility and PbSO4 precipitation. 
Generally, Pb solubility reaches its peak at the minimum 
pH of 4.5 [77]. When the SO4

2-:NO3
- ratio was 1:1, the 

low pH of 4.5 facilitated the dissolution of Pb(OH)2 and 
PbCO3, generating soluble Pb2+ [78], resulting in the 
most Pb leachability.

Variations of Risk Assessment Code

Table S2 shows the calculated RAC values at 
different remediation stages. The RAC was 31% before 
remediation, indicating a high risk of Pb exposure. 
The risk was reduced to a low level (1%) after 14 days 
of remediation with HAP and KCl (P:Cl:Pb = 8:2:1), 
and further decreased to no risk (0%) after 50 years 
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of simulated rainfall exposure. This demonstrates 
that HAP and KCl have great potential in effectively 
stabilizing Pb in the long run.

Cost Estimation

In terms of the estimated cost, the price of HAP and 
KCl in the Chinese market ranged between 948-8,487 $ 
ton-1 and 334-390 $ ton-1 respectively. According to Eqs. 
(2) and (3), the total combined cost using HAP and KCl 
(P:Cl:Pb ratio of 8:2:1, 3.2 wt% HAP) is 11.8 $ m-3 soil, 

comprising 0.3 $ for KCl (340 $ ton-1) and 11.5 $ for HAP 
(1698 $ ton-1). It is about half of the cost using HAP only 
(24.8 $ m-3 soil, 7 wt%), as well as many other reported 
immobilization methods (about 39.6-205.1 $ m-3) [14].

	 	
	 (2)

	 	 (3)

Where KHAP and KKCl are the costs of HAP and 
KCl for the remediation of 1  m³ of Pb-contaminated 
soil, $ m-3; CPb is the lead content in the soil, 4985 mg  
kg-1; MPb, MHAP, and MKCl are the respective molecular 
weights of Pb, HAP, and KCl, g mol-1; D is the depth of 
lead-contaminated soil, 20  cm; W is the soil moisture 
content, %; GHAP, GKCl are the purity grades of HAP and 
KCl, %; ρ is the soil density, 1300 kg m-3; PHAP, PKCl are 
the prices of HAP and KCl, $ ton-1.

Conclusions

This study demonstrated the synergistic remediation 
of lead-contaminated soils using HAP combined with 
KCl. The optimum P:Cl:Pb molar ratio (8:2:1) offers 
superior performance, featuring 98% Pb immobilization 
efficiency, long-term stability with 90% residual Pb 
under 50-year simulated acidic conditions, and a low 
cost of 11.8 $ m-3 soil. We believe that the proposed 
method is a valuable addition to the existing “toolkit” 
that is available for Pb-contaminated soil. It opens up 

Fig. 4. The Pb leaching concentration from the remediated soil after 50 years of simulation, with different rainfall types and pH values. 
Note: Before the rainfall simulation, the soil was remediated with HAP and KCl (P:Cl:Pb = 8:2:1) for 14 days. All tests were conducted 
in triplicate.

Fig. 5. The distribution of Pb species in the remediated soil 
(P:Cl:Pb = 8:2:1, 14 days), before and after 50 years rainfall 
simulation with different pH values and rainfall types:  
(a) SO4

2-:NO3
- = 1:1; (b) SO4

2-:NO3
- = 2:1; (c) SO4

2-:NO3
- = 4:1. 

All tests were conducted in triplicates.



Xiangyu Bai, et al.10

the possibility that Pb can be completely immobilized 
in contaminated soil over the long term, even in acid 
rain environments. Furthermore, the impact of added 
chloride on soil physicochemical properties, potential 
for long-term phosphorus leaching, and the effects of 
field environmental factors on Pb stabilization should be 
addressed in the future.
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