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Abstract

There are various techniques for rehabilitating soils contaminated by heavy metals, such as physical treatment, chemical
treatment, and phytoremediation. Pb-contaminated soils are mostly treated with soil mixing, soil dressing, or soil washing. In
this study, hydroxyapatite powder and organic compost of different mix ratios were added to two kinds of high-concentration
synthesized Pb-contaminated soils (1000 mg/kg), which were processed with sequential extraction schemes after different
incubation periods in order to examine the distribution of Pb forms in them. The form distributions analyzed included the
exchangeable form Pb (PbE), Fe-Mn oxidation form Pb (PbFe-Mn), organic bonded form Pb (PbO), and residual form Pb (PbR).
The findings indicated that after stabilization for one month, the alkaline Tk series soil was less susceptible to Pb contamination
when no hydroxyapatite and compost was applied, which made it more difficult for Pb in the soil to interact with cations and
trigger exchange reactions. Next, the PbR concentrations of the two soils tested were higher after hydroxyapatite was added.
This result suggested that hydroxyapatite helped to stabilize the Pb in the soil samples and prevented it from precipitating,
thereby controlling the Pb concentration at a certain level to avoid contamination. Lastly, when hydroxyapatite and compost
of different mix ratios were applied to the two kinds of Pb-contaminated soils, we found that the PbE concentration of the Tk
series soil declined as the concentration of compost increased, suggesting that increasing the compost concentration raised
the pH value of the soil and enhanced its fertility. On the other hand, the PbE concentration of the Lp series soil increased as the
compost concentration rose, indicating that an increase in compost concentration hampered plants from absorbing soluble
nutrients in the soil, thereby making it easier for Pb to precipitate via cation exchange and resulting in Pb contamination.
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Introduction food chain; contaminants will also jeopardize drinking water
and underground water sources as they move inside the
Generally speaking, soils have the capacity to soil. In addition, heavy metals can accumulate to a high level

accommodate contaminants. As contaminants enter soils via
air or water, some parts of them are degraded via chemical
or biochemical reactions, with only a small part of them
reentering the atmosphere or water via the soils. Once
soil is contaminated and the contaminants have exceeded
its capacity, the soil’'s remediation and rehabilitation will
become relatively difficult [1,2]. Besides, crops will absorb
contaminants in the soil, inflicting damage to humans via the
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in soils, with high toxicity and low mobility. They will not
degrade and disappear due to biological effects. Thus, they
may hinder the growth of crops and reduce yields. Crops
may also accumulate heavy metals, whereby the quality of
agricultural products will be deteriorated. Humans and
animals will be poisoned if they consume said agricultural
products [3-5].
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The geochemical forms of heavy metals in soils can
directly affect their solubility and potential mobility in
soils [6,7]. When industrial wastewater containing Pb is
discharged into the environment, Pb will enter the human
body via the food chain involving microorganisms, crops,
and fish and shellfish. Pb deposited in soils will be dissolved
in water and eventually concentrated and accumulated
in organisms. When a person’s blood lead level exceeds
120 pg/100 mL, he/she will suffer from lead poisoning.
Symptoms of lead poisoning include chronic nephritis,
gout, lead encephalopathy, spasticity, petechiae, and anemia
[8,9]. Thus, problems derived from lead pollution cannot be
ignored. Such problems include a decrease in the number
of bacterial, fungal, and actinomycete populations in heavy
metal-contaminated soils, mineralization and nitrification of
organic nitrogen, and nitrogen fixation in rhizobia, whereby
crop yields will decline [10,11]. The use of compost can
provide soil microbial populations with energy needed for
their growth, while facilitating the activity of soil microbial
populations and maintaining a balanced ecosystem. A
relevant study [12,13] has pointed out that adding phosphate
rock to lead-contaminated soils can effectively stabilize lead
and reduce its solubility in soils. Moreover, the results of the
experiment on the use of phosphate rock show that when
more phosphate rock is added to lead-contaminated soils,
less amount of lead is extracted from said soils. There is a
significant decrease in lead content as the duration of adding
phosphate rock to lead-contaminated soils increases [14,15].
This phenomenon is called ageing. With the results of the
experiment on adding phosphate rock to contaminated soils
of different lead contents, it can be estimated that adding 10
g of phosphate rock to 100 g of soil with a lead content of
2250 mg/kg will help to reduce the lead content to its natural
level [1,16].

In this study, hydroxyapatite powder and organic
compost of different mix ratios were added to two kinds
of high-concentration synthesized Pb-contaminated test
soils (1000 mg/kg), which were processed with sequential
extraction schemes after different incubation periods, in
order to examine the distribution of Pb forms in them. Four
forms: Pb, Pb, .., Pb, and Pb, were analyzed to examine the
Pb stabilization and precipitation mechanisms of individual
soils.

Materials and methods

Sources of test soil samples

This study selects Taiwanese soils with two different
categories of properties as the sampling soil sample.
(1)Taikang series soil (Tk series soil): The sample soil
was obtained from Gangshan District, Kaohsiung City. It
developed from alluvial parent rock and is characterized by
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a reddish hue and rich iron and aluminum oxides. Since it is
acidic, it is suitable for sugarcane plantation.

(2)Lopei series soil (Lp series soil): The sample soil was
obtained from Neipu Township in Pingtung County, Taiwan.
It is a kind of oxidized diluvium soil containing abundant
iron and aluminum oxides and is characterized by fine
texture. Its high iron and aluminum oxide content makes it
an ideal catalyst carrier. This kind of soil is ideal for planting
pineapples.

Analysis of the chemical composition of the two
test soil samples

An analysis of the chemical composition of the test
soil samples can help in examining their chemical content,
including free elements and elements that appear in crystal
form. From the data obtained, researchers can estimate
the proportion of each chemical element when it forms
oxide. The procedure for the analysis is as follows: Place
0.1 g of soil from each of the two test soil samples in a
polytetrafluoroethylene cup. Add 1.5 ml of aqua regia and
2.5 ml of hydrofluoric acid (HF) to the cups, respectively,
and then heat the soil inside the cups at 110°C for 2 h. After
the soil cools down, add 25 ml of boric acid to the soil and
heat the soil again (without exceeding the boiling point) for
10 to 15 min so that sediments can be completely depleted.
Run the soil solution through filters and add deionized
water until the total volume reaches 100 ml, and then test
the chemical composition of the two soil samples with
inductively coupled plasma atomic emission spectroscopy
(ICP-OES).

Preparation of Pb concentrations in test soil
samples

The Tk series soil and Lp series soil were air-dried,
ground, sifted with a 10-mesh (=2 mm) filter, and stored
inside PE buckets. The processed soils were then mixed with
PbNO, to create two kinds of 1000 mg/kg Pb-contaminated
soil samples (Merck, Pb(NO,),, 99.9%). After the samples
were dried, the same amount of deionized water was added
and mixed properly with the two kinds of samples before
they were put aside and dried again. The entire preparation
involved two times of wetting and drying of the samples,
which underwent a month of incubation for a subsequent
study.

Stabilizing lead in the soil samples with
hydroxyapatite and compost

100 g of each kind of the two Pb-contaminated soils
(1000 mg/kg) were placed in 250 mL conical flasks. Each
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sample was mixed with 10 g hydroxyapatite and 0%, 1%, 2%,
3%, and 5% compost before being processed in an isothermal
shaker at 25°C for 30 d. The samples were then air-dried for
subsequent analysis.

Extractionforanalyzingvarious Pbdistributions
in the test soil samples

1 g of Pb-contaminated soil (1000 mg/kg) from each
test soil sample was mixed with 40 mL of 0.11M CH,COOH.
Deionized water was added to the samples to make the
total volume of each reach 50 mL. The mixtures were then
shaken for 16 h at room temperature (rt) and processed
with a centrifuge for 30 min, after which the supernatants
were extracted and analyzed for the oxidation form
concentrations of the soils. The subnatants were mixed
with 40 mL of 0.1 M NH,OHXHCI before deionized water
was added so that the total volume of each mixture reached
50 mL. The mixtures were then shaken for 16 h at rt and
processed with a centrifuge for 30 min, after which the
supernatants were extracted and analyzed for the Pb,_
form concentrations of the soils. The subnatants were mixed
with 10 mL of 0.1M H,0, and shaken for 1 h in a water bath
at 85°C. The mixtures then had 50 mL of 1M CH,COOHNH,
added before being shaken for 16 h at rt and processed with
a centrifuge for 30 min. The supernatants were extracted
and analyzed for the Pb, form concentrations of the soils.
Lastly, the subnatants were mixed with 10 mL of 0.1M
aqua regia and deionized water, so the total volume of each
sample reached 50 mL. The mixtures were shaken for 16
h at rt and processed with a centrifuge for 30 min. The
supernatants were extracted and analyzed for the Pb, form
concentrations of the soils.
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Results and Discussion

Analysis of oxides of different elements in the
composition of two test soil samples

Table 1 shows the results of the analyses of the elemental
compositions of the two kinds of soil samples. In terms of
texture, the Tk series soil’s particle size was around 0.063-
0.004 mm, with silt taking up 53.4% of the composition
and clay taking up 44.2%. In contrast, the Lp series soil
had smaller particle size than the Tk series soil; it was low
in sand content, which only took up 14.6%, but had high
clay content, which took up 53.0%. In terms of pH, the Tk
series soil’s pH value was 8.25, meaning that it was a kind
of strong alkaline soil because the parent material of the Tk
series soil was high in calcium carbonate; its substratum
contained a significant amount of lime concretion particles,
which resulted in high pH value [17]. Conversely, the parent
material of the Lp series soil was rich in iron and aluminum
oxides, which rendered the soil acidic (pH = 4.21). As for
specific surface areas, that of the Lp series soil (179.13 m?/g)
was significantly larger than the Tk series soil (24.51 m?/g),
indicating that the texture of the Lp series soil was finer than
that of the Tk series soil. The degree of rock weathering of
the Lp series soil was more complete than the Tk series soil,
which was corroborated by the Lp series soil having higher
clay content than the Tk series soil [18]. In further examining
the soils’ cation exchange capacity (CEC), we found that the
CEC of the Tk series soil (14.43 cmole/kg) was higher than
that of the Lp series soil (11.96 cmole/kg), suggesting that
Tk series soil particles were lined up more densely than the
Lp series soil particles. Also, the Tk series soil had higher
organic matter content than the Lp series soil, indicating that
the Tk series soil had higher Pb adhesion capacity than the
Lp series soil.

Water 5 Specific Particle Size (%) organic matter
. co CEC
soil content pH o) le/k surface area . texture content
% % cmole/kg (m?/g) sand | silt | clay %
Tk series soil 8.23 14.43 24.51 24 534 | 44.2 SiC 1.61
Lp series soil 3.33 4.21 0.63 11.96 179.13 14.6 | 324 | 53.0 clay 1.28

Table 1: Results of an Analysis on the Basic Properties of the Tk and Lp series soil

Pb distribution in test soil samples without
hydroxyapatite and compost being added

Pb-contaminated Tk series and Lp series soils without
hydroxyapatite and compost being added were incubated for
a month and three months, respectively, and then analyzed
for their Pb distribution. The analysis results are shown in
Table 2. Table 2 indicates that after a month of incubation,
the Pb_ concentration of the Lp series soil was higher than
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that of the Tk series soil, meaning that Pb in the Lp series
soil precipitated after interacting with cations, causing Pb
contamination. Similarly, after a month of incubation, the
highest Pb concentration was observed in the Pb,_, of the
Tk series soil, suggesting that the Pb contamination is less
likely to occur in the alkaline Tk series soil, as Pb in the soil
is less likely to interact with cations and trigger exchange

reactions [19].
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i Pb PbFe-Mn Pb Pb
Compost_ Incub:':ltlon Test soils E | o R
concentration period ----mg/kg----
Tk series soil 116 +1.7 597 +2.6 123 5.6 70 £1.7
One month
Lp series soil 532+7.0 209 7.5 57 +1.2 76+1.2
0% Tk series soil 115+5.0 634+10.3 165+9.0 186+6.0
Three months
Lp series soil 510+6.0 237+6.6 56£2.0 132+1.2

Table 2: Distribution of Pb forms in the soil samples without hydroxyapatite and compost being added.

Moreover, Table 2 shows that the resulting PbE
concentrations of soil samples after three months of
incubation were lower than those after only a month, meaning
that longer incubation periods make it more difficult for Pb
to precipitate via exchange reactions with cations, thereby
making it less likely to cause Pb contamination. On the other
hand, Pb,_, concentrations of the two soil samples increased
after three months of incubation when compared to those
after a month of incubation. This result suggests that the
longer the incubation period, the less likely the occurrence
of Pb contamination, since increasing iron and manganese
concentration over time made it more difficult for Pb to
precipitate via exchange reactions with cations [5,11].

Furthermore, Table 2 indicates that regardless of
the organic forms of the two soil samples, there were no
significant differences between the Pb, concentrations
after one month and three months of incubation. However,
the Pb, concentration of the Tk series soil was remarkably
higher than that of the Lp series soil, meaning that it was
easier for Pb to form hydroxides or phosphate precipitation
that stayed in the structure of the Tk series soil. This result
reflects the findings of the aforementioned experiment on
Pb, concentration.

Distribution of Pb forms in the soil samples
when only hydroxyapatite was added

Table 3 shows the distribution of Pb forms in the
two soil samples with hydroxyapatite being added and
incubated for one month and three months, respectively.
The results indicate that the Pb, concentration was the
highest compared to the other Pb form concentrations.
Also, the Pb, concentrations were remarkably higher after
hydroxyapatite was added to the two samples. This finding
suggests that hydroxyapatite helped to stabilize Pb in the soil
samples, making it more difficult to precipitate and prevent
Pb contamination by controlling the Pb concentration [20].
Moreover, in examining how incubation time influences the
distribution of Pb forms in the soil samples, Table 2 shows
that the Pb, concentrations of the two samples after three
months of incubation were lower than when the samples
were only incubated for one month. This result demonstrates
the same trend as that observed in Table 1: i.e., the longer the
incubation period, the less likely the precipitation of Pb via
exchange reactions with cations, leading to Pb contamination.
The above analysis shows that hydroxyapatite can effectively
immobilize Pb in the soil samples, decreasing the amount of
Pb precipitated.

i Pb PbFe-Mn Pb Pb
Composg Incubf’:ltlon Test soils B | 0 A
concentration period ----mg/Kg----
Tk series soil 48 +6.5 491 12 12 +0.6 327 +15.5
One month
Lp series soil 57 +13.5 80 +13.5 84 +15.5 576 5.1
0% Tk series soil 37 1.2 2214275 44 +4.2 559 +6.2
Three months
Lp series soil 31+£7.4 61 £6.2 97 £2.6 629 £10.1

Table 3: Distribution of Pb forms in incubated soil samples with hydroxyapatite being added.

Distribution of Pb forms in the soil samples
when both hydroxyapatite and compost were
added

Table 4 presents the distribution of Pb forms in the two
soil samples with hydroxyapatite and compost of different
ratios being added and incubated for one and three months,
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respectively. The results show that after three months
of incubation, the PbE concentration of the Tk series soil
decreased (36—529—26) as the amount of compost increased.
This result indicated that increasing compost concentration
helped to raise the pH value of the soil and improve its
fertility, while increasing the soluble nutrients in the soil
that can be absorbed by plants [12,20]. In contrast, the Pb,
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concentration of the Lp series soil increased (25—31—-35)
as the compost concentration increased. This result signifies
that an increase in compost concentration caused the soluble
nutrients in the soil to decline (which can be corroborated
by the finding in Table 2, where the Pb_ concentration of
the Lp series soil was generally higher than that of the Tk
series soil, making it easier for Pb in the Lp series soil to
precipitate via exchange reactions with cations and causing
Pb contamination). Also, an analysis of Pb, shows that after a
month and three months of incubation, the concentration of
Pb wasnoticeably higher than thatofthe other three Pb forms
because hydroxyapatite formed highly stable pyromorphite

Journal of Ecology and Natural Resources

fertility and lower the availability of Pb in the soil, causing
Pb precipitation to decline [12,19]. Moreover, Table 4 shows
that the Pb, concentrations of the two soil samples declined
as the amount of compost increased, probably because the
more compost added, the more the organic acid to precipitate
partof the Pb,, causingits concentration to drop [21,22]. This
finding was contrary to the results in Tables 2 and 3 (which
present the analysis results of soil samples when compost
was not added). The above findings show that the amount
of compost added influences the degree of precipitation of
the Pb, concentration, and that the amount of compost added
was directly proportional to the amount of Pb, precipitated.

with Pb in the soil samples. Pyromorphite can enhance soil

Pb PbFe-Mn Pb Pb
Compost Incubation period | Test soils £ | 0 R
concentration ----mg/Kg----
Tk series soil 27+1.0 46+2.0 346+11.5 4524215
One month
Lp series soil 52+2.1 92+5.5 117+4.2 565+6.0
1% Tk series soil 36+1.2 4242.6 11749.0 680+16.7
Three months
Lp series soil 25+4.6 75+4.0 330+20.1 394+27.0
Tk series soil 26+0.6 44425 370+18.2 438+1.2
One month
Lp series soil 42+8.0 188+22.3 138+1.2 458+9.0
3% Tk series soil 29+1.7 53+6.8 135+17.0 657+6.1
Three months
Lp series soil 31+3.5 94+5.6 350+3.0 363+8.1
Tk series soil 27%3.0 41+5.0 373 £8.5 437+£2.1
One month
Lp series soil 35+12.0 242+8.0 149+6.8 399+12.2
5% TKk series soil 26+5.3 42+5.6 157+13.0 65 +16.6
Three months
Lp series soil 35+0.6 98+8.0 372+15.4 331+26.9

Table 4: Distribution of Pb forms in incubated soil samples with hydroxyapatite and compost being added.

Conclusion

In this study, hydroxyapatite and compost of different mix
ratios were added to high-concentration Pb-contaminated
soil samples (1000 mg/kg), which were incubated for amonth
and three months, respectively, and had their distribution of
four Pb forms analyzed via sequential extraction. Analyses
of the basic properties of the two Kinds of soils revealed that
the Tk series soil had high pH as its parent material was
high in calcium carbonate and its substratum contained a
significant amount of lime concretion particles. In contrast,
the Lp series soil was acidic because its parent material was
high in iron and aluminum oxides. This study found that,
after incubating the Tk series and Lp series soil samples for
a month without hydroxyapatite or compost being added,
the Pb, concentration of the Lp series soil was higher than
that of the Tk series soil, suggesting that the Lp series soil
is more susceptible to Pb contamination because Pb in the
soil is more likely to precipitate via exchange reactions with
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cations. Moreover, after three months of incubation, the PbE
concentrations of both soil samples dropped below the level
resulting from a month of incubation. This result indicates
that the longer the incubation period, the less likely the
occurrence of Pb contamination, since Pb is less likely to
precipitate via exchange reactions with cations. Next, after
incubating the two Pb-contaminated soil samples with
hydroxyapatite being added for one month and three months,
respectively, concentrations of Pb, in both samples became
the highest among the four Pb forms. The Pb, concentrations
in soils with hydroxyapatite being added were also
significantly higher than those in soils without the substance
being added. This result suggests that hydroxyapatite helped
to stabilize Pb in the soils so that it did not precipitate so
easily, thus controlling the Pb concentration below the
contamination level. Finally, when it comes to soil samples
with hydroxyapatite and compost of different mix ratios
being added, PbR concentrations of both samples were found
to be noticeably higher than those of the other three Pb forms
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after one month and three months of incubation because
hydroxyapatite and Pb in the soils formed pyromorphite, a
highly stable mineral that helps to enhance soil fertility and
lower the availability of Pb in soil, causing the amount of Pb
precipitated to decline. We hope that the research findings
can be widely applied to contaminated soil treatment,
serving as a reference especially for soil remediation and
rehabilitation at soil treatment sites.
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