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Abstract: Heavy metal contamination in soils has become one of the most critical environmental issues.
The most efficient in-situ remediation technique is chemical immobilization that uses cost-effective
soil amendments such as phosphate compounds to decrease Pb, Cd and Zn accessibility in the
contaminated soils. The present study examined the effectiveness of KH2PO4 in immobilizing Pb,
Cd and Zn in three samples of contaminated soils collected from ZGH “Bolesław” (Mining and
Smelting Plant “Bolesław”). Effectiveness was evaluated using the following methods: a toxicity
characteristic leaching procedure (TCLP)-based experiment, sequential extraction, X-ray diffraction
analyses (XRD), and scanning electron microscopy–energy dispersive spectroscopy (SEM–EDS).
The most efficient percentage reduction of total leachable metal concentration assessed by TCLP was
observed for lead (50%–80%), and the least reduction was observed for zinc (1%–17%). The most
effective immobilization of stable compounds assessed by sequential extraction was noted for lead,
while the weakest immobilization was noted for cadmium. New insoluble mineral phases were
identified by SEM-EDS analysis. Cd, Zn, and Pb formed new stable mineral substances with
phosphates. The predominant crystal forms were dripstones and groups of needles, which were
easily formed by dissolved carbon rock surfaces containing zinc ions. The alkaline nature of the soil
and a large number of carbonates mainly influenced the formation of new structures.
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1. Introduction

Anthropogenic activities have polluted soils with heavy metals and metalloids in many places
worldwide [1]. The leading causes of soil pollution by heavy metals are fossil fuel consumption, agrochemical
use, military training and the discharge of waste and wastewater from industrial, mining and smelting
activities. The accumulation of Cd, Pb and Zn may result in decreasing soil fertility, soil microbial
activities, and biodiversity [2,3]. Soils that have a high concentration of Cd, Pb and Zn pose a potential
threat to human health if directly ingested or transferred through foods [4]. Chronic cadmium exposure
can cause emphysema, hypertension, diabetes mellitus, and skeletal malformation; it is challenging
to eliminate Cd from the body, and it can remain in the body even for decades [5,6]. Lead even at
low concentration may damage the kidney, liver, and the central nervous system and can cause many
dangerous diseases [7]. At the low level, zinc is an essential element for living organisms; however,
exposure to high concentrations of Zn can cause depression, lethargy, increased thirst, and some
neurologic symptoms [8].

Several treatmentmethodshavebeendevelopedandappliedtotreatmetal-pollutedsoils. Theremediation
of contaminated soils can be divided into two types according to the location: in-situ and ex-situ remediation.
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Ex-situ remediation techniques include soil washing [9], solidification [10], and vitrification [11].
In-situ remediation techniques include biological technologies such as phytoremediation [12], microbial
remediation [13,14], and genetic engineering remediation [15] as well as encapsulation [16], electrokinetic
extraction [17], soil flushing [18], and chemical immobilization. Most of these remediation technologies
are expensive and time-consuming. Therefore, the choice of suitable technologies is often difficult but
extremely important.

Chemical immobilization is a method where relatively cheap materials are added to contaminated soil
to decrease mobility, bioavailability and bioaccessibility of heavy metals [19]. A broad range of materials has
been used, including fly ash, red mud, goethite, zeolite, silica gel, vermiculite, chitosan, compost, and
biochar [13,15,20–24]. Recently, much research has proved that using phosphate in the form of phosphate
salt or relatively stable rock decreases aqueous metal concentration in metal-contaminated soil solutions
because of rapid and exclusive formation of metal phosphates such as pyromorphite [25–27]. The use
of phosphate compounds is a cost-effective and environmentally positive remediation method [28].

Phosphate compounds can immobilize metals in soils by decreasing their bioavailability [29].
Numerous studies have proven that P-induced metal immobilization significantly lowers the bioavailability
of heavy metals [19,27,30–35]. Phosphates have been shown to be sufficient in immobilizing lead, zinc,
and cadmium in contaminated soils by the formation of stable minerals. The addition of various phosphate
compounds such as phosphate rocks, synthetic hydroxyapatite, or commercial phosphate fertilizers to
contaminated soils effectively decreases Pb concentration and forms lead phosphate—pyromorphite,
fluoropyromorphite or apatite [26,36–40]. Phosphate ions react with Zn and form hopeite, while cadmium
phosphate is precipitated by the reaction of phosphate ions with Cd [41]. The effectiveness of Pb, Cd,
and Zn immobilization depends on the solubility of P amendments [42]. Readily soluble phosphates such
as KH2PO4 or H3PO4 can be used as available sources of phosphates [43,44].

Recently, a high volume of publications about immobilization of heavy metals in contaminated soils
has been published. As the effectiveness of raw phosphate rocks is usually low, researchers tried to modify
them to release more soluble P. The oxalic acid-activated rock is much more efficient in immobilization of
Pb or Cd [38,45]. Studies have been conducted over both a short and a long period [46–49]. Another kind
of phosphoric material is bone meal, created from animal bones and slaughter-house waste products,
that also significantly decreased the bioavailability of Pb in soils [50–52]. While most research pointed to
the potential influence of P compounds in the immobilization of individual metals in soils, such as Pb,
only a few studies describing the simultaneous immobilization of Zn, Cd and Pb from natural soils have
been published [27]. There is still a lack of definitive studies involving the formation of Zn, Cd and Pb
phosphates. Information about the methodology of the process, as well as condition in which the newly
formed phases remain in a stable insoluble form, are also insufficient.

There were two primary objectives of these studies: (1) To examine the effectiveness of immobilization
of Zn, Cd and Pb by potassium phosphate additions to natural soil, and (2) To identify and characterize
the newly formed metal phosphate precipitates.

2. Materials and Methods

2.1. Materials

Samples of soils rich in Pb, Zn, and Cd used in this study were collected from nearby areas of ZGH
“Bolesław” (Mining and Smelting Plant “Bolesław”) and storage places for post-flotation materials. ZGH
“Bolesław” is located in the Upper Silesia region in southern Poland. It has long been an area of large-scale
mining and processing of Pb–Zn ores [53]. The nature of this geological structure, as well as mining and
smelter operations and the presence of heaps, led to significant soil and water pollution in this area.

Samples were taken from three different points (BI, BII, and BIII) from outcrops with dimensions
of 0.5 m × 1.0 m × 0.3 m. BII and BIII sampling points were close to the flotation waste tanks, and BI
sampling point was located approximately 100 m from smelters. Soil profiles were divided into two
parts—the first part was a surface layer consisting of an organic level and/or a humus level, and the



Minerals 2020, 10, 342 3 of 18

second part was a subsurface layer covering the level of enrichment. For samples, BI and BII, the
borderline between those two parts were determined based on an apparent change in soil colour (depth:
approx. 14–18 cm for BI; 20 cm for BII). In the case of sample BIII, where there is no clear differentiation
of the soil profile, the borderline between the layers was determined at a depth of 16 cm. This depth
corresponded to the depth at which the boundary between the surface and subsurface layers was
found at point BII. The material was taken from the surface layer, which was characterized by a higher
concentration of Zn, Cd and Pb [53]. The collected samples were air-dried, gently disaggregated,
passed through a 2-mm sieve and homogenized by mixing before use. The selected properties and
concentrations of Cd, Zn and Pb in the soil samples collected from BI, BII and BIII points have been
previously characterized by Szrek et al., [53] (Table 1). Chemical composition of these samples was
determined by X-ray fluorescence and is presented in Table 2.

Table 1. Selected properties and concentrations of Cd, Zn, and Pb in the soils from BI, BII and BIII
points [53].

Sample
Particle Size Analysis (%) 1

OM (%) 2 LOI (%) 3
Total Content (mg/kg) 4

Sand Silt Clay Cd Zn Pb

BI 69 12 19 2.51 0.23 34 ± 1.7 3078 ± 137 699 ± 6
BII 63 17 20 6.75 0.35 78 ± 1.4 8103 ± 78 2479 ± 83
BIII 71 18 11 4.17 0.38 53 ± 0.4 19173 ± 4 910 ± 15

1 Sand (0.053–2.0 mm), silt (0.002–0.053 mm), clay (<0.002 mm). 2 Organic matter content. 3 Loss on ignition. 4 Mean
± standard deviation (n = 2).

Table 2. Chemical composition of the samples BI, BII and BIII.

Element BI (%) BII (%) BIII (%)

Na2O 0.28 0.40 0.36

MgO 2.15 1.91 2.48

Al2O3 3.87 4.99 4.59

SiO2 79.46 68.52 63.07

P2O5 0.14 0.22 0.97

SO3 0.21 1.63 1.13

K2O 0.83 0.89 0.59

CaO 2.98 3.18 5.98

TiO2 0.25 0.31 0.27

Cr2O3 0.01 0.10 0.05

MnO 0.18 0.37 0.05

Fe2O3 2.06 4.18 2.95

NiO 0.01 0.01 0.01

CuO 0.01 0.01 0.01

ZnO 0.54 1.14 0.54

Rb2O 0.00 0.01 0.00

SrO 0.00 0.01 0.01

ZrO2 0.82 0.08 0.05

PbO 0.10 0.27 0.09

As2O3 <0.01 0.02 0.01

CdO <0.01 0.01 0.01

BaO <0.01 0.04 0.03

V2O5 0.01 0.01 <0.01

SnO2 <0.01 <0.01 0.04

Cl <0.01 <0.01 0.01

Co2O3 <0.01 <0.01 0.01
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2.2. Hydrolytic Acidity

The hydrolytic acidity was determined by measuring the pH value of a suspension of a soil sample
and water in a 1:1 ratio. The samples were shaken for 6 h at room temperature and then centrifuged
for 10 min at 14,000 rpm.

2.3. Immobilization of Heavy Metals with Phosphorus Compounds

A 150 g mass of each sample and the appropriate amount of phosphate were placed in the polythene
bottles, mixed, and kept in darkness at room temperature (20 ◦C) for 30 days. The experiment was
conducted in triplicate. On day 30, the samples were dried to an air-dry state and crushed. As a
source of phosphate, an aqueous solution of KH2PO4 was used. The experiment of immobilization
was divided into two parts:

1. The experimental system (ES)—the amount of potassium phosphate (KH2PO4) was calculated
according to the expected reaction product, metal phosphate (Me3(PO4)2). Thus, the molar ratio
of metal to phosphate (Me:PO4) was 3:2. The content of Zn, Cd, and Pb determined by Szrek
et al., (2011) was used as the amount of metal [53]. Total concentrations of Zn, Pb and Cd were
obtained by digesting the solid samples using aqua regia (a mixture of 38% hydrochloric acid and
65% nitric acid in ratio 3:1 of HCl to HNO3, by volume). The digestion lasted for 16 h at 25 ◦C
and 2 h at 120 ◦C. The digests were analyzed for metals using atomic absorption spectrometer.
Throughout the experiment, the moisture level was kept at 25% (by adding a volume of water
equivalent to the loss of evaporated water).

2. A control system (CS)—The soil samples were allowed to react with double-distilled water.
The moisture level was kept at 25%.

The TCLP-based experiment (Toxicity Characteristic Leaching Procedure) was used to determine
the leaching of Zn, Cd and Pb elements from soil samples [54]. The test was carried out on soil
samples from ES and CS. Samples were then treated with acetate buffer (0.1 M CH3COONa + 0.1 M
CH3COOH) with pH of 5. The suspensions of soil samples and acetate buffer were shaken for 24 h at
room temperature and centrifuged for 10 min at 4500 rpm. The supernatant was filtered and analyzed
by atomic absorption spectroscopy.

Geochemical modelling was conducted with the aid of the computer program PHREEQC [55] with
the modified MINTEQ.v4 thermodynamic database [56]. Thermodynamic data used for calculations
are listed in Table S1 [56–59].

2.4. Solid-Association of Zn, Cd and Pb

To determine the forms of occurrence of Zn, Cd, and Pb in soil samples, a seven-step extraction
method was used [60–63]. The test was conducted on soil samples from ES and CS. The extraction
method was applied according to the following steps:

Step I: ion exchange positions—1 M CH3COONH4 (ammonium buffer), pH 7, the ratio of the
solid phase to the solution: 1:20, and shaking time 2 h.

Step II: carbonates—1 M CH3COONa (sodium acetate) + 27 mL concentrated CH3COOH (acetic
acid), pH 5, the ratio of the solid phase to the solution: 1:50, and shaking time 5 h.

Step III: manganese oxides—0.1 M NH2OH (hydroxylamine), pH 2 (controlled with 1M HCl
(hydrochloric acid)), the ratio of the solid phase to the solution: 1:50, and shaking time 0.5 h.

Step IV: amorphous oxides and iron oxyhydroxides—0.2 M (NH4)2C2O4 (ammonium oxalate) +

0.2M C2H2O4 (oxalic acid), pH 3, the ratio of the solid phase to the solution: 1:50, and shaking time 4 h
(in dark).

Step V: crystalline iron oxides—DCB (dithionite-citrate-bicarbonate) method, the extraction was
carried out at 85 ◦C in a water bath; 40 mL 0.3 M C6H5Na3O7 · 2H2O (sodium citrate dihydrate), 5 mL
1 M NaHCO3 (sodium bicarbonate), and 0.5 g solid Na2S2O4 (sodium dithionite), pH 8.5, the ratio of
the solid phase to the solution: 1:50, and reaction time 15 min.
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Step VI: organic substance and sulfides—30% H2O2 (hydrogen peroxide), pH 2 (controlled with
1 M HNO3 (nitric acid)), the ratio of the solid phase to the solution: 1:50, temperature 85 ◦C, time =

until the reaction with H2O2 ceases. The residue was extracted with 1 M CH3COONH4 (as in Step I).
Step VII: residuum—HF (hydrofluoric acid) + HClO4 (perchloric acid), the residue after

evaporation was dissolved in concentrated HCl (hydrochloric acid), and the ratio of the solid phase to
the solution: 1:100.

2.5. Methods of Analysis

The concentrations of Zn, Cd and Pb in solutions were analyzed by atomic absorption spectrometry
(Savant AA GBC Scientific Equipment, Braeside, Australia). The analyses were conducted at the
following wavelengths: Zn: 213.9 nm; Cd: 228.8 nm; Pb: 217.0 nm (accuracy: 0.5%–2%; precision: 0.5%;
limit of detection: 0.01 ppm for all analyzed elements). Air-dried uncoated samples were analyzed
by electron microscopy using a variable pressure field-emission scanning electron microscope (FEI
QUANTA 200, Graz, Austria) equipped with an energy dispersive spectrometer (EDS, Graz, Austria)
for elemental microanalysis. The chemical composition of the samples was determined by X-ray
fluorescence (WD-XRF ZSX Primus II Rigaku, RIGAKU, Tokyo, Japan) on powder pellets (accuracy:
0.1%; precision: 0.1%; limit of detection: from 0.00018% to 0.01470% depending on the element and
the sample). Qualitative XRD were conducted with Philips APD X’pert PW 3020 (Philips, Eindhoven,
Holland) to investigate the mineral composition of soil samples (limit of detection: 2%–5% depending
on the mineral phase).

3. Results and Discussion

3.1. Mineral Composition of Soil

The X-ray diffraction patterns presented in Figure 1 indicate that the main components of the
samples BI, BII and BIII are quartz, dolomite and feldspar. In addition to dolomite, other carbonates
are also present in the tested samples; however, due to the overlapping of diffraction peaks, it was not
possible to determine them. The analysis did not reveal any presence of new mineral phases because
of the reaction of Zn, Cd and Pb with phosphates. The reason might be a small number of developed
phases as well as insufficient sensitivity and detectability of the method used [38].
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3.2. Hydrolytic Acidity Parameters for Soil Samples

Figure 2 presents the results of pH values for samples from ES and CS. The pH values for samples
from CS ranged from 7.11 (BII) to 7.93 (BIII). Lower pH of samples from ES was due to the addition of
monopotassium phosphate. The solution of KH2PO4 is acidic (pH 4.4–4.7); therefore, it reduces the
pH of samples from the ES. Despite the slight decrease in pH, it might suggest that the addition of
KH2PO4 will cause a reduction in soil pH.
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3.3. Immobilization of Heavy Metals with Phosphorus Compounds

The leaching of Zn, Cd, and Pb elements from soils was examined by the experiment based on the
TCLP developed and used by the US EPA in 1992 [54]. The use of acetate buffer causes mobilization of
metals from ion-exchange positions and metals associated with carbonates. Furthermore, the addition
of acetate buffer simulates the conditions of reducing the pH of the soil environment, which may lead
to an increase in the mobility of heavy metals [64]. The effect of phosphates on the immobilization
of heavy metals was analyzed in soil samples from ES and CS. The results compared with U.S. EPA
regulatory limits are as follows: Zn: 250 mg L−1, Cd: 1 mg L−1, Pb: 5 mg L−1 [54].

The highest concentration of leachable lead was observed in BII (control system)—9.42 mg L−1,
which significantly exceeded the EPA’s regulatory limit value for Pb (Figure 3a). The use of potassium
phosphate enabled a decrease of leachable lead in sample BII from 9.42 mg L−1 to 1.86 mg L−1.
The EPA’s regulatory limit for Cd was exceeded for all soil samples (BI, BII, and BIII); however, only in
sample BI (1.07 mg L−1) did the use of potassium phosphate enable a decrease in content of leachable
Cd below the limit value (1 mg L−1). The highest value (2.01 mg L−1) was observed in sample BII
(Figure 3b). The content of leachable Zn in the control soil samples varied from 84.3 mg L−1 for sample
BI to 260.4 mg L−1 for sample BIII (Figure 3c). The EPA’s regulatory limit was exceeded only for BIII.
Exposure of Zn to K2HPO4 influenced its mobility; however, the limit value was still slightly exceeded
for experimental sample BIII (250.8 mg L−1).

The percentage reduction of the concentration of zinc, cadmium, and lead ions was calculated
according to the following formula:

Rp = 100%−
CES
CCS
× 100% (1)

Rp—percentage reduction of the concentration. CES—the average concentration of metal in the
experimental system. CCS—the average concentration of metal in the control system.
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A higher percentage decrease in leachable concentration was achieved for Pb (49%–80%), and then
for Cd (11%–32%), and the lowest percentage reduction was observed for Zn (1%–17%) (Figure 4); this
finding suggests that lead forms bonds with phosphates more quickly than with other metals [26,30,65].
Based on the modelling results (Table S2), it can be stated that for each sample, not all the amount of
phosphates added were consumed for the formation of Pb, Zn, Cd phosphates, despite the reduction
of metal concentration to <0.1 µg L−1. The results of the experimental studies obtained in this paper
clearly show that the concentration of leaching amounts of metals has not been reduced by 100%. This
means that there are other leachable metals (e.g., Ca, Fe and Al) in the soil samples that can be combined
with phosphates, reducing PO4 concentration. However, analysis of the constant solubility of potential



Minerals 2020, 10, 342 8 of 18

metal phosphates (Table S1) indicates that lead, zinc and cadmium phosphates will preferentially be
formed. Besides, it is known that phosphates readily adsorb onto soil components [61,66], which is an
additional reason for the PO4 immobilization and reduction of phosphate availability for connections
with Pb, Zn, Cd. Experiments conducted by Ren et al. [65] prove that there are competitive reactions
of Pb, Zn and Cd with phosphates when those heavy metals coexist in the soil. The percentage
entrapping of Zn and Cd from single-metal-contaminated soil was higher than for competitive
stabilization. However, immobilization of Pb did not change, which proves that entrapping of lead is
more favourable. An experiment conducted by Ruby et al. [30] indicated that lead immobilization
by phosphates reduced Pb concentration very rapidly, in less than 10 min. Based on geochemical
modelling, in the presence of Na2HPO4 and a sample containing 10 g of Pb per 1 kg of soil, new
stable minerals were formed, and Pb concentration was decreased to approximately 0.1 µg/L [30]. This
resulted in the formation of stable, sparingly soluble mineral forms, among which chloropyromorphite
(Pb5(PO4)3Cl), hydroxypyromorphite (Pb5(PO4)3OH), and fluoropyromorphite (Pb5(PO4)3F) were
most commonly formed, depending on the anions available in the soil [26,30,34,35]. These newly
formed compounds are not available for plants [30]. Immobilization of cadmium and zinc was
significantly lower, which may suggest that cadmium and zinc hardly form stable mineral forms
with phosphates. The mechanisms involved in P-induced Pb immobilization include ionic exchange
and chemical precipitation [26,42,67,68]; however, the formation of pyromorphite-like minerals is
considered to be the primary mechanism of reducing Pb mobility in soils [28,42].

In contrast, the immobilization of Zn and Cd is usually attributed to various processes, including
ion exchange [27,33], surface complexation [68,69], sorption on the surface of phosphate minerals [27,70],
etc. The formation of pyromorphite-like minerals upon addition of P has been proved by several
previous studies [26,30,31,42,71–73]. However, the formation of pyromorphite-like minerals was not
determined by our XRD results and is only partially confirmed by SEM results (discussed in Section 3.5.
SEM-EDS Analysis), where new formations resembling phosphate-hopeite are present. This result may
be caused by reaction time—the complete formation may take more time than previously estimated.

Moreover, except for metal-phosphates, the formation of phosphate anion precipitates with
other cations (like Ca) is also possible. Potassium ions (derived from KH2PO4) exchange for Ca,
Mg and other cations, bringing them into solution [19,74–78]. It is too complicated to indicate the
main mechanisms of heavy metal immobilization using phosphate—they can be only predicted based
on literature-derived data. More detailed studies are required to confirm the occurrence of these
mechanisms and phrases unambiguously.Minerals 2019, 9, x FOR PEER REVIEW 9 of 19 
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The highest percentage reduction of concentration was obtained for sample BII (Figure 4).
The lower pH can explain this result in sample BII (pH = 6.64) compared to that of BI (pH = 7.59)
and BIII (pH = 7.27). The lower pH significantly increases the formation of new, stable, and sparingly
soluble phosphates of metals in the soil [79].

3.4. Solid-Association of Zn, Cd and Pb

The method of selective extraction was used to determine the binding forms of the metals in
the soil. This method consists of the gradual dissolution of subsequent mineral forms in the soil.
The selective extraction allows estimation of metal ions associated with successive dissolved mineral
phases. Although the phases in sequential extraction schemes are defined by the reagents used for
dissolution processes, it is generally accepted that the water-soluble, exchangeable, carbonate-bound,
Fe–Mn oxides and organic-bound phases are more bioavailable than the residual phase [26,42,68,80].
The analysis was conducted for soil samples from ES and CS to examine whether the addition of
potassium phosphate affected the stability of Zn, Cu, and Pb. The results are shown in Figure 5.

Lead, zinc, and cadmium are usually associated with ion exchange positions and carbonates
(30%–50% of total metal content in soil samples). This is related to the occurrence of zinc-lead
mineralization in the research area, including dolomitic middle-silicon limestones [81]. An exchangeable
fraction consists of weakly adsorbed metals bound by weak electrostatic interactions. These metals can
be released by ion exchange processes and coprecipitated with carbonates [64]. Metals bound with
carbonates occur at metastable positions; thus, metals can be relatively quickly released as a result of
changes in the geochemical conditions in the soil [64,68]. The lower content of metals in metastable
positions for soil samples treated with potassium phosphate (ES), than for soil samples from the CS,
indicates increasing immobilization of heavy metals by phosphates. This implicates an increased
resistance of newly formed metal phosphates to dissolution. The influence of phosphate salts on the
immobilization of toxic metals is also apparent in step VII. In this step, the most durable minerals are
dissolved. An evident increase in the number of metals that form hardly soluble bounds, especially
for zinc and lead (Figure 5a,c), indicates the effective immobilization and formation of new, durable
mineral substances associated with the heavy metals.

The addition of KH2PO4 significantly reduced exchangeable Pb and simultaneously increased
residual Pb fractions (Figure 5a). These changes reflect a conversion of Pb from bioavailable to less
bioavailable forms [33]. This was also noted in previous investigations, which indicated a significant
reduction of soil Pb in the exchangeable fraction and an increase in the residual fraction upon P
addition [25,33,65,68,82].

The phosphates also influenced Cd fractionation (Figure 5b). Decrease in exchangeable Cd
and increase in carbonate-bound and Fe-Mn-oxide-bound Cd was observed. The dissolution of the
carbonate matrix probably causes an increase in carbonate-bound Cd under more acidic conditions
in the presence of phosphate. Carbonate anions compete with phosphates for available metals.
The mechanism underlying the decrease in Cd at exchangeable positions is not known, mainly because
the decline in soil pH produced by KH2PO4 is expected to increase exchangeable Cd [33]. For Pb, the
newly formed pyromorphite-like minerals could be the reason for the decrease in nonresidual fractions,
but there is no comparable insoluble Cd phosphate mineral [33]. Thus, besides the precipitation of
Cd-phosphates, sorption of Cd onto Fe and Mn-oxides is also possible [83–85].

The decline in the bioavailability of Zn depends strongly on the sample (Figure 5c). The presence
of KH2PO4 influences the content of carbonate-bound and Fe-Mn−oxide-bound Zn, which was also
observed by Zwonitzer et al. [33]. In all samples, there was a significant increase in residuum content,
which implies the occurrence of new, stable forms. The increase in exchangeable Zn was most probably
due to the slight acidification caused by phosphate salt [33].
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Figure 5. Contents of Pb (a), Cd (b) and Zn (c) in individual stages of selective extraction in soil samples
(ES—results for the experimental system, CS—results for the control system). Step I: ion exchange
positions—1 M CH3COONH4; Step II: carbonates—1 M CH3COONa; Step III: manganese oxides—0.1
M NH2OH, pH 2 (controlled with 1M HCl); Step IV: amorphous oxides and iron oxyhydroxides—0.2
M ((NH4)2C2O4) + 0.2M C2H2O4, pH 3; Step V: crystalline iron oxides—DCB method; Step VI: organic
substance and sulfides—30% H2O2, pH 2 (controlled with 1 M HNO3), the residue was extracted with
1 M CH3COONH4 (as in Step I); Step VII: residuum—HF + HClO4.

Similar to the previous studies, the higher increase of insoluble phases for Pb ions probably occurred
because Pb-phosphate precipitates (pyromorphite-like minerals) were easier to form because of their
extremely low solubility (logKsp = −71.63 to −83.7, compared to −35.3 for Zn3(PO4)2 and −38.1 for Cd3
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(PO4)2) [66,67]. Moreover, the formation of metal-phosphates is more favourable than the formation of
metal-carbonates. Values of logKsp for PbCO3, ZnCO3 and CdCO3 are much lower than for phosphate
analogues (around −13.13, −10.85 and −11.28 respectively). The competitive effect that occurs between
Pb, Zn and Cd ions may also explain the more effective conversion of Pb to the residual fraction than
for Zn and Cd. As was mentioned before, experiments conducted by Ren et al. [65] indicate that in the
case of the ternary metal mixture in the soil immobilization of Pb ions is more favourable than Zn and
Cd ions.

Utilization of phosphate for in-situ remediaton of soil may potentially lead to release of mobile
phosphates into the environment. Phosphate retention and concentration in the soils is mostly
controlled by hydrous metal oxides of Fe, Al, and Mn. The equilibrium between phosphates adsorbed
on solid surfaces and those in soil solution may be altered, for example, by changing the concentration
of phosphate species, pH, ionic strength, and temperature, which may be an effect of in-situ soil
remediation [33,86,87]. Moreover, previous research concerning stability of the phosphate compounds
in soils indicates that bacteria naturally occuring in the soils are one of the greatest threats to the stability
of metal phosphates. Some bacteria are able to actively capture P from insoluble phosphate compounds
like apatites which results in remobilization of heavy metals in the environment. It is generally
accepted that the action of organic acids synthesized by soil microorganisms is the major mechanism
of mineral phosphate solubilization [88–92]. Nevertheless, despite many studies concerning in-situ
immobilization of heavy metals using phosphates, more detailed study regarding assessment of the
mobility and leachability of phosphate from treated samples needs to be performed.

3.5. SEM-EDS Analysis

The elemental composition obtained from the EDS spectrum shows that the samples contain
many admixtures of metal compounds such as Pt, Ti, Fe, As, Al, V, Co and rare earth elements.
The presence of these compounds is a result of precious mineralization of carbonates and activity of
metallurgical industry.

Stable mineral forms, especially zinc phosphates, were primarily created on carbonates, which
contain abundant admixtures of zinc and lead. During the dissolution of clasts, zinc reacted
with phosphates, and acicular forms were created on carbonates, which resemble hydrated zinc
phosphate—hopeite (Figure 6a,b) [93]. A few lamellar forms on easily dissolved silicates were also
formed. Insoluble zinc compounds also occurred in agglomerations, thus creating typical “brushes”
made of parallel cone-shaped crystals (Figure 6c). The chemical analyses of the grains visible in
Figure 6d indicate that lead and phosphorus created stable mineral phases, probably lead phosphates
co-occurring with clay minerals in the form of compact agglomerates about 2 µm in size.

Studies on the chemical composition of individual carbonate grains using the scanning electron
microscope with the EDS attachment showed a significant number of zinc ions present in the form of
admixtures. On the surface of these forms, some pits and cavities indicate an intensive dissolution
process. Chemically unstable limestones released zinc into the solution during the grain digestion
process. The released zinc reacted quickly with phosphate anions (added as KH2PO4 salts), thus
creating zinc phosphate on the dissolved surface. New mineral substances usually created various
types of infiltration that partially covered the carbonate grain. In addition to the dripstone formations,
very fine, chaotically arranged spherical needles crystallized on the carbonate crumbs (Figure 6b).
They formed small, irregular structures, which indicates very rapid and intense crystallization. Zinc
phosphates are formed only on structures containing zinc in their composition, which is released as a
result of dissolution. Figure 6e shows that carbonates with crystallized phosphate structures (Zn) are
surrounded by quartz grains (Q) on which no new mineral forms have been formed.
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Figure 6. SEM images: (a) lamellar forms of zinc phosphate (BI-ES), (b) needle forms of lead phosphate
(BII-ES), (c) brush made of parallel conical crystals—zinc silicates (BII-ES), (d) lead phosphate structures
(BII-ES), (e) spherical forms of zinc phosphate on carbonates (BIII-ES), (f) lamellar forms of zinc
phosphate (BII-ES).

Along with carbonates, there are also soluble silicates containing zinc admixtures. Figure 6f shows
zinc phosphate plates crystallized on the silicate grains. These plates are jagged on their edges, which
indicates the dissolution process of these structures. The Zn ions released from their structure react
with phosphates and form plaques on the surface of rock crumbs; these plaques are not parallel to
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each other and have a size up to 50 µm [94]. These plaques morphologically resemble hydrated zinc
phosphate—hopeite Zn3(PO4)2·4H2O, as also observed by Chen et al. [93] and Zwonitzer et al. [33].
In addition, zinc forms sparingly soluble forms of zinc sulfide as individual grains and a characteristic
brush made of parallel conical crystals of zinc silicates (Figure 6c). These structures are similar to the
willemite [33,95].

Lead ions also reacted with phosphates to form stable and sparingly soluble compounds as reported
by Letcher [96]. This is also confirmed by the results of the analysis of the chemical composition of
grains of soil samples in which the presence of fine, needle forms of lead phosphate was detected
(Figure 6b). The percentage content of lead in the residuum ranged from 25% to 50%. The most common,
stable minerals of lead are lead silicates found in the form of small, jagged plaques as well as spherical
grains. The crystalline lead in the form of infiltrations is also present. The presence of infiltrations is
probably caused by the metallurgical activity of the ZGH “Bolesław” plant [94]. The concentration of
lead and zinc potentially available for living organisms were 10 and 260 mg L−1, respectively. With such
a low lead concentration, detecting the products of Pb reaction with phosphate ions by XRD and SEM
was impossible. The effectiveness of lead immobilization in the soil can be evaluated using the results
from the TCLP-based procedure, as well as selective extraction methods. Tests of chemical composition
and phase composition did not show the formation of stable forms of cadmium phosphates. This may
be related to the limitations of the methods used together with the small amount of Cd released to
the solution.

4. Conclusions

There are different and complex interactions among phosphates, heavy metal, and soil, especially
the direct reaction between phosphate anions and heavy metals, which leads to different immobilization
efficiencies. Our results indicated that phosphate amendments could effectively decrease Zn, Pb,
and Cd leachability from soils. The easily soluble phosphate salts (KH2PO4) used in the experiment
contributed to the partial immobilization of Zn, Cd, and Pb. The highest percentage decrease in
leachable metal concentration was obtained for Pb (49%–80%), and then for Cd (11%–32%), and the
lowest was observed for Zn (1%–17%). The results of experiments on immobilization of heavy metals
using KH2PO4 indicate a high efficiency in the decrease of mobile content, especially of Pb and Zn.
In all samples, there was a significant increase in residuum content, which implies the occurrence of
new, stable forms. SEM images revealed that the dominant, newly formed phases occur as infiltrates
and needles on soluble carbonate rock fragments. The alkaline nature of the soil and the high amount
of carbonate has a fundamental influence on the formation of new structures.

The experiments were conducted on natural samples, where heavy metals coexist with each
other. Our results shed light on the possibility and effectiveness of simultaneous immobilization of
Zn, Cd and Pb using KH2PO4. Despite the competitive effect that occurs between analyzed heavy
metals, it was possible to reach U.S. EPA regulatory limits in almost all samples. However, new, more
detailed studies are required to determine concentrations of phosphates needed for the most effective
immobilization of heavy metals. Furthermore, the formation of stable minerals combined with a lower
content of mobile phases has a significant impact on the bioavailability of heavy metals—sparingly
soluble minerals are not available for plants. Thus, immobilization of heavy metals with phosphorous
compounds could be a practical approach for the reduction of soil pollution in industrial areas.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/4/342/s1,
Table S1. Theoretical solubility of phosphate phases used in geochemical modelling (calculations for T = 298.15 K;
log K—equilibrium constant). Table S2. Modelling of metal concentration after phosphate treatment.
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