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Abstract

A column leaching experiment was conducted to study the long-term remediation stability
of hydroxyapatite, sepiolite, and biochar on soil Cd and Pb under simulated acid rain. The results
indicated that simulated acid rain reduced soil pH and facilitated the conversion of residual fractions
of Cd and Pb to acid-soluble fractions, thus increasing solubility, mobility, and availability of soil Cd
and Pb. Lower leachate Cd and Pb contents were found in hydroxyapatite-treated soil than were found
in sepiolite and biochar-treated soils. Meanwhile, Cd and Pb concentrations in hydroxyapatite met grade
IV (Cd<0.01 mg L, Pb<0.1 mg L") at the end of leaching (48 weeks), according to the Environmental
quality standards for groundwater in China (GB14848-93). The application of hydroxyapatite, sepiolite,
and biochar effectively immobilized Cd and Pb in both the water and simulated acid rain treatments.
The immobilization efficiencies of Cd treated by hydroxyapatite, sepiolite, and biochar were
37.97~43.55%, 21.52~25.81%, and 26.58~33.87%, respectively, after the long-term leaching
experiment. For Pb, these values were 36.35~48.65%, 24.90~29.26%, and 20.91~22.41%, respectively.
Hydroxyapatite has better immobilization efficiency and maintains stronger and more durable stability
than sepiolite and biochar. Therefore, hydroxyapatite is recommended to use in the remediation of Cd
and Pb-contaminated agricultural soils under the condition of soil acidification.
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Introduction

Heavy metal contamination causes serious threats
to the global environment because of its high toxicity
and nonbiodegradability [l]. According to previous
studies, about 19.4% of China’s agricultural soil is
contaminated, and Cd and Pb are considered the most
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toxic in the list of major contaminants [2-4]. They are
easy to accumulate in agricultural soils and can be
transferred into the food chain, resulting in a great risk
to human beings [5]. Therefore, the remediation of Cd
and Pb co-contaminated agricultural fields has captured
great concern in recent years. Several remediation
techniques have been performed, such as soil dressing,
vitrification, electrokinetic methods [3, 6], soil washing,
chemical immobilization [7,8] and phytostabilization
[9]. Among those techniques, agriculture-based in situ
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chemical immobilization attracts extensive attention
due to the cost-effectiveness, rapid implementation,
and environmental sustainability for the heavy metal
contaminated soils [10, 11]. Chemical immobilization
alleviates the solubility, mobility, and bioavailability of
Cd and Pb by applying various amendments to increase
soil pH, and by adsorbing, exchanging, complexing, or
precipitating with heavy metals in soil [12, 13].

A feasible soil amendment is essential for chemical
remediation technology and has attracted increasingly
widespread attention. Various amendments, including
in-organic materials (lime, phosphate compounds,
and clay minerals) and organic mate-rials (biochar,
manure, organic fertilizer), have been successfully
used to decrease the bioavailability of Cd and Pb
during in situ chemical immobilization [4, 15]. For
example, hydroxyapatite is considered an effective
soil amendment for the remediation of Cd and Pb
contaminated soils, due to its small size and high
specific surface area [16, 12]. The application of clay
minerals including sepiolite, bentonite, and zeolite
can significantly increase adsorptive ability and ion
exchange capacity and reduce the toxicity and extraction
of Cd and Pb [5, 17]. Biochar is also recommended
as a sustainable means of alleviating the Cd and Pb
contamination because of its highly porous structure
and various functional groups to increase adsorption
capacity [18, 19].

It is worth paying attention to whether the
immobilization ability by amendments is stable in
a long-term process. Heavy metal re-mobilization
is probably affected by environmental factors, local
climate, amendment properties, and other uncertain
factors [20]. Therefore, the immobilized heavy metals
have the potential to release and become phytoavailable
fractions with the change of environmental conditions
[21]. Soil pH is a key factor governing heavy metals
mobility and bioavailability, and it is significantly
affected by acid rain. Acid rain is considered one of the
three most severe environmental disasters, and China
has the third-largest acid rain region, with about 40%
of the land area currently suffering from acid rain [22].
Moreover, heavy metal contamination areas mainly
occur in southern China and overlap with the areas
affected by acid rain, aggravating soil acidification and
the risk of remobilization of immobilized metals [3].
Even when applying alkaline amendments to heavy
metal contaminated soils, the immobilization effect
may decrease over time. Therefore, it is crucial to
predict heavy metal stability for a long period under
acid rain conditions, particularly when using alkaline
amendments. At present, there is also a research gap
in the long-term impacts of alkaline materials on the
remediation stability of Cd and Pb under acid rain
conditions. Further studies are needed to conduct and
fill in the knowledge gaps on this subject.

In this research, a column leaching experiment was
carried out to determine the effects of hydroxyapatite,
sepiolite, and biochar on the long-term immobilization

of soil Cd and Pb under simulated acid rain. The
overall objective is to provide valuable insights into (1)
the dynamic changes of leachate properties, e.g., pH,
electrical conductivity (EC), dissolved organic carbon
(DOC), Cd, and Pb; (2) post-leaching changes in the
mobility and bioavailability of soil Cd and Pb; and (3)
the changes in the immobilization efficiency of the
three amendments during the whole remediation period.

Experimental
Soil and Materials

Surface soils (0-20 cm) were sampled from
a vegetable field contaminated by Cd and Pb in Nanjing,
Jiangsu Province, China. It is classified as yellow-
brown soil based on Chinese Soil Taxonomy while it
would be Alfisol according to the US Soil Taxonomy.
The soils were air-dried and impurities removed, then
passed through a 2-mm sieve for use. Hydroxyapatite,
sepiolite, and biochar were chosen as soil amendments
in the present study. Hydroxyapatite and sepiolite were
purchased from a local Chemical Reagent Co., Ltd.
Biochar was prepared in laboratory according to the
detailed process of Zhang and Ding [23]. The physico-
chemical properties of the tested soil and applied
materials are described in Table 1.

Leaching Experimental Design

A laboratory column leaching experiment was
carried out to determine the immobilization efficiency
of applied materials on Cd and Pb contaminated soil
under simulated acid rain. Four treatments were carried
out in the experiment, i.c., control (without amendment,
designated CK), H (hydroxyapatite), S (sepiolite),
and B (biochar). Deionized water and simulated acid
rain were used as leaching solutions for the column
leaching experiment, which lasted for 48 weeks.
Deionized water was set as a control with a pH value
of 6.5. According to the characteristics of acid rain in
Nanjing, the mother liquor of simulated acid rain was
prepared with a mixture of H,SO, and HNO, in the
ratio of 4:1, and then diluted with deionized water to
prepare a leaching solution (pH 4.0). Each amendment
was evenly blended and applied with 2.5% (w/w) of soil,
then placed into a uniform plexiglas column with each
mixture replicated in triplicate. The plexiglas column
was a diameter of 4.4 cm and a loading height of 20 cm.
The loading sequence from bottom to top was porous
plate, nylon net, 10-mm quartz sand, 2-mm soil, and
10-mm quartz sand. Deionized water was added to all
the columns to stabilize for 48 h before the leaching
experiment. After that, simulated acid rain leaching
was conducted using a peristaltic pump with a flow
rate of 10 mL h™'. For each column leaching, 250 mL of
simulated acid rain was used every two weeks. Twenty-
four applications were conducted, and the cumulative
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Table 1. The physical and chemical properties of the tested soil and three amendments.
pH BET-surface area Soil Organic carbon CEC Total Cd Total Pb
(1:2.5) (m*g™h) texture (gkg™ (cmol  kg) (mg kg™ (mg kg™)
Soil 6.34 - Silty clay 26.69 12.56 1.37 707.8
Hydroxyapatite 8.79 46.58 - 0 64.28 0.03 6.31
Sepiolite 8.42 41.23 - 0 136.6 0.006 1.27
Biochar 7.87 59.65 - 47.83 23.74 0.076 1.51

volume was equivalent to the annual rainfall (1000 mm)
in this region. The same volume of deionized water
was conducted in the control treatment. Leachates were
collected every two weeks. The pH, EC, DOC, and total
Cd and Pb concentrations of leachates were analyzed.
About 20 g of soil was collected from each column and
then naturally air-dried to determine the soil pH, the
soil organic carbon (SOC), the soil available Cd and Pb
contents, the toxicity characteristic leaching procedure
(TCLP) extractable Cd and Pb, and the redistribution of
soil Cd and Pb.

Chemical Analysis

The pH and EC of the leachate were determined
using a pH meter (Orion Star™ A211, USA) and an
electrical conductivity meter (DDSJ-318), respectively.
The DOC was measured using a total organic carbon
analyzer (Multi N/C 3100, Germany). The total Cd and
Pb concentrations were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 7500,
USA). The availability of soil Cd and Pb was extracted
as described by Zhang et al. with 0.01 mol L CaCl,
[23]. TCLP extractable method was conducted to assess
the mobility of soil heavy metals, and the detailed
experimental process is shown in the Supplementary
Material [24]. The redistribution of Cd and Pb in soil
was determined by the European Community Bureau
of Reference (BCR) sequential extraction method [25].
Four different fractions designated by this method
included: acid soluble, reducible, oxidizable, and
residual fraction, of which the first three were extracted
by 0.11 mol L' HAc, 0.5 mol L' NH,OH-HCI and
1.0 mol L' NH,OAc, respectively, while the last was
obtained by digesting the residual with HNO,-HF-
HCIO, mixture. The detailed process is contained in the
Supporting Material. The soil Cd and Pb concentrations
of the above-mentioned extraction were determined by
ICP-MS. A certification reference material (GBW07412,
National Research Center for Certified Reference
Materials, China) was used to ensure the precision of
the analytical procedure. The recovery rates of soil Cd
and Pb ranged from 95% to 106%.

Data Analysis

All results were tabulated and presented as the
means (n = 3) and standard deviations (S.D.). A two-way

ANOVA was conducted to test the differences of
means using SPSS 19.0 statistical software. The least
significant difference (LSD) test at a 5% probability
level was employed.

Results and Discussion

Effects of Simulated Acid Rain and Amendments
on Soil Leachate Chemistry

The dynamics of leaching water chemistry as
affected by acid rain are shown in Fig. 1. The leachate
pH of all treatments gradually increased with time and
then tended to be stable after ten weeks. This may be
caused by the exchange of H* with base ions (Na*, K,
Ca*, Mg*", and NH,") in the soil at the initial stage of
leaching, thus increasing leachate pH [26]. With a large
number of base ions consumed, the secondary buffering
stage mainly depends on the weathering of minerals to
decrease the effects of simulated acid rain [26]. This
indicates that adequate time is needed for leachate pH
to become stable due to the strong buffering capacity of
the soil. The pH of leachate ranged from 5.39 to 6.93 in
the acid rain treatment, which was much lower than that
in the water treatment (6.33~8.49). The leachate pH in
the control treatment was significantly higher than that
of acid rain (pH 4.0). This was related to the specific
adsorption of SO,. After being adsorbed by soil,
SO,* can exchange with hydroxyl groups on the soil
oxide surface, and then the hydroxyl groups enter the
solution from the soil surface to increase leachate pH
[27]. Compared to the control treatment, amendments
caused a significant increase in leachate pH in both the
water and simulated acid rain groups. Of these, the pH
in the hydroxyapatite (H) treatment increased the most
and the magnitudes of the increase were 28.44 and
25.93%, respectively, in the water and simulated acid
rain treatments. The increase of leachate pH may be
attributable to the dissolution of hydroxyapatite, and the
finding is consistent with that of Cui et al. [28].

As shown in Fig. 1, the leachate EC sharply
decreased in the first ten weeks, and then it tended to
be at a stable level. The EC decreased from 1.67 to
0.34 mS cm™ in the acid rain group and from 1.23 to
0.25 mS cm™ in the water group during the leaching
period. This result may be the cause of the increased
base ions following simulated acid rain and was
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Fig. 1. Dynamics of pH, EC, DOC in leachate.

consistent with the previous study [28]. Compared
with the control treatment, hydroxyapatite and sepiolite
(S) caused a dramatic increase of leachate EC in the
water and acid rain groups at the beginning of leaching
(week 0). It is common to observe elevated EC due to
the higher mineral contents after the dissolution of the
amendments.

The DOC concentrations significantly decreased
with time in the control, hydroxyapatite, and sepiolite
treatments during the first ten weeks (Fig. 1). However,
there was a fluctuation between collection periods
in biochar (B). The DOC concentration dramatically
increased by 10.02~74.89% and 17.33~78.74% in the
first two weeks in the water and acid rain groups,
respectively, compared with the other three treatments.
Correspondingly, there was no significant difference
among the control, hydroxyapatite, and sepiolite
treatments. This result may be related to the increase of
soil organic matter after applying biochar, leading to the
increase of leachate DOC at the beginning of leaching.
This study also indicated that the concentration of
leachate DOC in the acid rain treatment was higher
than that in the water treatment, which means simulated
acid rain promoted the dissolution of organic carbon
and accelerated the loss of DOC.

Effects of Simulated Acid Rain and Amendments
on the Solubility of Cd and Pb

The Cd and Pb concentrations in leachate
dramatically decreased with time in the first four weeks,

Time (week)

Time (week)

and then stabilized (Fig. 2). The concentrations of Cd
and Pb were 9.45~120.6 pg L' and 0.08~1.56 mg L' in
the water group during the leaching period, respectively.
Correspondingly, Cd and Pb concentrations were
10.43~274.5 pg L' and 0.11~2.75 mg L, respectively,
in the simulated acid rain group. Simulated acid rain
increased the solubility of Cd** and Pb*"; one reason for
this is that the increasing concentration of H* promotes
Cd and Pb desorption by displacing metal cations from
their binding sites [29]. On the other hand, simulated
acid rain increased the concentrations of active Al**and
Fe¥, and increased the desorption of Cd and Pb due to
the competitive adsorption and surface protonation [27,
28]. In addition, simulated acid rain can increase the
solubility of heavy metal oxides and hydroxides in soil,
reduce the adsorption of soil colloid to Cd** and Pb*,
and then lead to the increase of Cd and Pbin leachate
[27].

The application of hydroxyapatite, sepiolite, and
biochar caused significant decreases in leachate Cd and
Pb concentrations compared to the control treatment in
the water and acid rain groups. The results indicate that
the three amendments applied can decrease the mobility
of Cd and Pb and reduce the risk of contaminating
environment. According to the Environmental quality
standards for groundwater in China (GB14848-93), the
concentrations of leachate Cd and Pb in hydroxyapatite
were below grade IV (Cd<0.01 mg L, Pb<0. mg L")
at the end of leaching (48 weeks) both in the water and
acid rain groups, and the Cd and Pb concentrations in
other three treatments met grade V quality standard.
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Fig. 2. Dynamics of total Cd and Pb concentrations in leachate.

Although sepiolite and biochar addition could alleviate
the leaching risk of Cd and Pb into the environment,
there is still a risk of water pollution during the first
year, the hydroxyapatite appears to be the most optimal
amendment to alleviate Cd and Pb leaching in a short
time.

To evaluate the long-term environmental effects of
Cd and Pb in the column leachate, the double constant
model, parabolic model, exponential model and first-
order kinetic model were analyzed [30]. The four
simulated models and correlation coefficient (R?) are
shown in Table 2. Of which, the parabolic model fit
best to the cumulative leaching rate of Cd and Pb, the
correlation coefficients reached a maximum of 0.998
and 0.995 in the water group, respectively, while the
correlation coefficients were 0.996 and 0.993 for Cd
and Pb in the acid rain group, respectively. Therefore,
the parabolic model was used to predict the long-term
effect of Cd and Pb leaching on water environment.

Table 2. Leaching models of Cd and Pb accumulated.

Time (week)

The model indicated that the concentrations of leachate
Cd in hydroxyapatite, sepiolite and biochar may reach
4 ug L', 7 ug L' and 6 pg L' over the next 5 years in
the water group, respectively, while the concentrations
of leachate Pb may reach 0.03 mg L, 0.05 mg L and
0.05 mg L, respectively. The parabolic model predicted
that the concentrations of leachate Cd in hydroxyapatite,
sepiolite and biochar may reach 6 pg L', 9 pg L' and
10 pg L over the next 5 years in the acid rain group,
respectively, while the concentrations of leachate Pb
may reach 0.05 mg L, 0.08 mg L' and 0.10 mg L,
respectively. The concentrations of leachate Cd and Pb
with the three amendments were lower than the level 111
and level IV quality standard for groundwater in the
water and acid rain group, respectively. This means that
the Cd and Pb contaminated soil with hydroxyapatite,
sepiolite and biochar remediation may be harmless to
the water environment after adequate time even under
acid rain conditions.

Water Acid rain
Leaching model Equation
R? values of Cd | R?values of Pb | R?values of Cd | R? values of Pb
Double constant model Inn=a+blnt 0.991 0.993 0.986 0.992
Parabolic model H=at+bttc 0.998 0.995 0.996 0.993
Exponential model Im=at 0.994 0.990 0.989 0.990
First-order kinetic model Inm=a+bt 0.945 0.939 0.885 0.912

Notes: a, b and c are constants; 1) is the cumulative leaching rate, t is leaching time.
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Table 3. Soil pH and SOC contents after water and acid rain leaching.

pH (1:2.5) SOC (gkg")
Treatment
Water Acid rain Water Acid rain
CK 6.31+0.08¢ 5.73+0.07b 26.14+2.43b 23.44+£1.75b
H 7.14+0.12a 6.19+0.12a 27.39+1.95b 25.37+1.54b
S 7.09+0.07a 6.154+0.09a 26.65+3.04b 23.59+1.66b
B 6.62+0.06b 6.04+0.08a 35.03+4.11a 33.08+2.84a

Notes: values are presented as mean+standard deviation. Significant differences (p<0.05) among treatments are indicated by different

lowercase letters (n = 3, LSD test).

Effects of Simulated Acid Rain and Amendments
on Soil pH and Organic Carbon

The effects of water and acid rain on soil pH and
SOC content are shown in Table 3. The increases of soil
pH were 0.80, 0.75, 0.28 in hydroxyapatite, sepiolite,
and biochar treatments, respectively, compared to the
background soil in the water group. Meanwhile, the pH
values in amendment treatments were about 0.15~0.61
lower than that of the background soil in the simulated
acid rain group. This result indicated simulated acid
rain caused a loss of soil base cations and reduced soil
pH. Compared to the control, soil pH had a notable
increase (p<0.05) in the hydroxyapatite, sepiolite, and
biochar treatments in the water and acid rain groups.
The three amendments have high alkalinity and acid-
neutralizing capacity, which can increase the soil pH
to different degrees [31-33]. Notably, hydroxyapatite
contains a large number of hydroxyl groups, which will
consume H' through dissolution and increase the soil
pH after being applied to the soil [16]. This result agrees
with that of Zhao et al. [30] and Cui et al. [27], who
showed that hydroxyapatite has a good liming effect
for acidic soil and can effectively increase soil pH.
The application of amendments caused different effects

residual PCXH oxidizable 77 reducible ] acid soluble
100

on SOC contents. There was no marked difference
between the hydroxyapatite, sepiolite, and control
treatments, but a remarkable rise of SOC in biochar
compared to other three treatments was observed
(p<0.05). Compared to the background soil, the
increases in the SOC content were 8.34 and 6.39 g
kg'! in the biochar treatment in the water and acid rain
groups, respectively. Biochar is rich in organic carbon
and can directly lead to an increase of soil stable
organic carbon [34].

Effects of Simulated Acid Rain and Amendments
on the Distributions of Soil Cd and Pb

BCR sequential extraction techniques are suitable
to indicate the effects of simulated acid rain on soil
Cd and Pb fractionation, and the distributions of Cd
and Pb in each solid phase of soil are shown in Fig. 3.
The results indicated that amendments and simulated
acid rain significantly changed the proportion of acid-
soluble and residual fractions of Cd and Pb, but there
were no significant changes in the oxidizable and
reducible fractions. Compared to the water treatment,
the percentages of acid-soluble fractions of Cd and Pb
were increased, and the residual fraction of Cd and Pb

residual XXX oxidizable [/ reducible ] acid soluble
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3. Changes in Cd and Pb fractionation after water and acid rain leaching.
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correspondingly decreased in the acid rain treatment.
The percentages of the acid-soluble fraction of Cd
and Pb increased by 5.64~15.65% and 5.53~17.12%,
respectively, while the percentage of the residual
fraction decreased by 5.42~14.16% and 4.41~16.25%,
respectively. The acid-soluble fraction represents
the easily labile fractions and can be used to evaluate
the risks associated with heavy metal bioavailability

and immobilization effectiveness [35]. Our study
indicated that simulated acid rain transformed
the less bioavailable metal fractions of soils into

more bioavailable forms and decreased the metal
immobilization. For the amended soils, compared to
the control treatment, the greatest increase in residual
fractions of Cd and Pb was found in the hydroxyapatite
treatment. The proportions of residual Cd increased
to 25.55 and 21.93% in the water and simulated acid
rain groups, respectively, while the proportions of
residual Pb increased to 30.63 and 25.41%, respectively.
The immobilization of Cd and Pb by hydroxyapatite
can be attributed to the formation of a large amount
of metal precipitation. The increased soil pH
caused by hydroxyapatite may lead to the formation
of Cd(OH), and Pb(OH), [33]. Moreover, the dissolved
hydroxyapatite will increase soil labile P and promote
the formation of more stable phosphate such as
Cd Ca, (PO),(OH), and PbCa (PO, (OH), to
increase the residual fraction [36]. The application of
sepiolite and biochar also can decrease the proportions
of acid-soluble fractions of Cd and Pb due to the effects
of pH regulating, complexation or adsorption. Sepiolite
has high pH and strong cation exchange capacity
(Table 1) to increase immobilization of Cd and Pb.
Biochar can increase surface area and binding sites
to adsorb heavy metals. In addition, the surface
complexation of oxygen-containing functional groups
on biochar promotes the adsorption of soil Cd and Pb
[37].
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Effects of Simulated Acid Rain and Amendments
on the Mobility and Bioavailability of Soil Cd
and Pb

TCLP was used to evaluate the mobility of Cd
and Pb under acidic conditions. Compared to the
beginning of leaching (week 0), leaching at 48 weeks
decreased TCLP-Cd by 8.33~41.56% and 7.96~35.16%
in the water and acid rain groups, respectively
(Fig. 4). For TCLP-Pb, the magnitudes of the decrease
were 9.96~29.09% and 5.05~22.01% in the water and
acid rain groups, respectively. At the end of leaching,
compared to the water treatment, the increases of
TCLP-Cd in the hydroxyapatite, sepiolite, and biochar
treatments were 31.11, 47.06, and 28.07% in the acid
rain treatment, respectively. Similarly, the TCLP-Pb
increased by 39.11, 35.84, and 32.90%, in the acid
rain group treated by hydroxyapatite, sepiolite, and
biochar, respectively. Moreover, the three amendments
decreased TCLP-Cd and TCLP-Pb remarkably (p<0.05)
compared to the control, but no significant difference
between amendments treatments was observed at the
end of leaching (48 weeks). Similar to TCLP-Cd and
TCLP-Pb, amendments and simulated acid rain caused
marked changes in CaCl-Cd and CaCl,-Pb (Fig. 5).
At the end of leaching (48 weeks), compared to the water
treatment, the increases of CaCl-Cd and CaCl,-Pb
were 0.11~0.17 mg kg' and 0.82~1.53 mg kg' in the
acid rain group, respectively. Moreover, hydroxyapatite,
sepiolite, and biochar showed a significant effect on
soil CaCl,-Cd and CaCl-Pb (p<0.05). Compared to
the control treatment, the application of hydroxyapatite,
sepiolite, and biochar decreased CaCl,-Cd and CaCl,-Pb
by 22.41~43.55% and 25.81~45.65% in the water group,
respectively. While the decrease was 21.52~37.97% and
20.91~36.35% in the acid rain group, respectively.

Simulated acid rain caused a significant effect
on the mobility and bioavailability of soil Cd and
Pb. The possible mechanism was the change of soil
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Fig. 4. Mobility of Cd and Pb as evaluated by TCLP. Values are the mean = SD, and different lowercase letters between bars indicate

significant differences at p<0.05 level (n = 3, LSD test).
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significant differences at p<0.05 level (n = 3, LSD test).

physical-chemical properties affected by simulated acid
rain. In particular, soil pH is a key factor governing
Cd and Pb solubility, mobility, and bioavailability [38].
The decrease of pH increased the solubility of heavy
metal hydroxides and oxides and reduced the adsorption
of Cd*" and Pb* by soil colloids [37]. Linear analysis
confirmed that a significant and negative correlation
(n = 24, p<0.01) was observed between soil pH and
TCLP-, CaCl, extractable Cd and Pb. The determination
coefficients (R?) were 0.76 and 0.73 in TCLP and CaCl,
extractable Cd, respectively, and 0.83 and 0.82 in
TCLP and CaCl, extractable Pb, respectively (Table 4).
Previous studies also indicated that there was a negative
correlation between pH and available Cd and Pb
[32, 36, 39]. Furthermore, simulated acid rain promoted
the release of Ca* and Mg?* in soil and competed
with Cd* and Pb** for soil adsorption, resulting in the
decrease of the adsorption capacity of soil Cd and Pb
[26].

In this study, the application of amendments
decreased soil mobility and bioavailability compared
to the control treatment. The main reason for this
may be attributable to the increase of soil pH, which
can promote the formation of hydroxide or carbonate
precipitation and increase the negative charges of
variably charged colloids, resulting in enhanced
adsorption of Cd** and Pb** in soils [40-42]. In addition,
hydroxyapatite can immobilize heavy metals by ion

Table 4. Linear analysis between soil pH and available metals.

T;Z? Linear regression models Valies vaﬁl os
TCLP ., =-0.33 pH +2.77 0.76 <0.001

« CaCl, ., =-0.24 pH +2.08 0.73 <0.001
TCLP ,, =-2.96 pH +25.61 0.83 <0.001

o CaCl, , =-2.35 pH +20.29 0.82 <0.001

exchange and substitution of Ca by other metals during
recrystallization (coprecipitation) [16, 43]. Sepiolite
belongs to the alumino-silicate family, and it has a large
specific surface area and special pore structure, which
can immobilize Cd** and Pb*" through mineral surface
adsorption, isomorphic substitution, and reaction
coordination [44, 45]. Biochar also has a large surface
area, microporous structure, abundant functional
groups, and some soluble salts, and can reduce the
solubility of Cd and Pb through surface adsorption,
complexation, and precipitation [42, 46, 47]. Moreover,
the application of biochar can increase the SOC content
and form organo-metal complexes [48].

The key problem in in situ chemical immobilization
is whether the immobilization efficiency is stable for a
long time [3]. In our study, the remediation efficiency of
the three amendments was calculated as below:

Immobilized Cd (Pb)(%)

Bioavailable Cd(Pb) in amended soil
Bioavailable Cd(Pb) in control soil

) x 100

After a long-term column leaching experiment, the
remediation efficiencies of Cd treated by hydroxyapatite,
sepiolite, and biochar were 43.55, 25.81, and 33.87%,
respectively, in the water treatment. Meanwhile,
the remediation efficiencies dropped to 37.97, 21.52,
and 26.58%, respectively, in the simulated acid rain
treatment. For Pb, the remediation efficiencies of
hydroxyapatite, sepiolite, and biochar were 48.65, 29.26,
and 22.41%, respectively, in the water treatment, and
the values were 36.35, 24.90, and 20.91%, respectively,
in the acid rain treatment. The results indicated that the
immobilization efficiencies of the three amendments
were different, following the order hydroxyapatite>se
piolite>biochar>control. Therefore, the immobilization
effects of hydroxyapatite can be expected to be more
stable than sepiolite and biochar in a long-term process.



Effects of Soil Amendments Applied on Cd and Pb...

4961

Conclusions

Simulated acid rain facilitated the conversion of
a residual fraction of Cd and Pb to an acid-soluble
fraction. Compared to the water group, the percentage
of the residual fraction decreased by 5.42~14.16%
and 4.41~16.25%, respectively, thus increasing the
solubility, mobility and bioavailability of soil Cd and
Pb. The application of hydroxyapatite, sepiolite, and
biochar effectively reduced leaching and availability
of Cd and Pb in both the water and simulated acid
rain groups. Hydroxyapatite can transform a greater
percentage of the acid-soluble fraction of metals to
other more stable fractions, which may improve the
immobilization efficiency and maintain stronger and
more durable stability than sepiolite and biochar. In
particular, hydroxyapatite appears to be the most
appropriate amendment to mitigate Cd and Pb leaching.
The leachate Cd and Pb concentrations in the
hydroxyapatite treatment met the environmental quality
standards for groundwater in China (Cd<0.01 mg L,
Pb<0.1 mg L) and can eliminate the risk of Cd and Pb
leaching into the environment in a short time. Therefore,
this study recommends that hydroxyapatite can be used
to remediate Cd and Pb-contaminated agricultural soils
in the condition of soil acidification.
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