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Abstract: Phosphate is widely used to immobilize cadmium (Cd) and lead (Pb) in soils through the insoluble metal
phosphate precipitation. However, an increase in the phosphorus content of the environment can cause new pollution. In
this study, five slow-release phosphate amendments (SRPAs) were synthesized and their characteristics including BET,
SEM, FTIR, swelling ratio, and thephosphorus release were determined. The results show that SRPA was a sphere with a
network structure with a specific surface area of 5 to 7.18 m*/g andcontained phosphate, hydroxyl, carboxyl and other
functional groups. Among five SRPAs, S3 sample showed good performance for phosphate release. Phosphate release
from SRPA was well fitted with Ritger-Peppas model with constant n between 0.45 and 0.85, indicating that the
phosphate release was in accordance with non-Fickian diffusion. As compared with monocalcium phosphate (MCP),
SRPA application led to a lower concentration of water-soluble phosphorus in the soil sample and higher remediation
efficiencies of Cd and Pb. The remediation efficiencies of water-soluble Cd and Pb in soil with SRPA were 97.1% and
97.9%, respectively. The remediation efficiencies of bioavailable Cd and Pb were 71.85% and 76.47%, respectively. The
results of Tessier extraction showed that the exchangeable and carbonatebound fractions of Cd and Pb in the soil sample
after SRPA application significantly reduced,while the residual fraction increased, indicating the stability of heavy metals
increased.
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from the Ministry of Environmental Protection

1 Introduction Department and Chinese Ministry of Land and
Resources showed that about 16.1% of soil samples
Heavy metal contamination in paddy soils is a collected from land (600 km’) in China were

serious issue for rice production and management in polluted. The inorganic ions including cadmium
China. The joint report on national soil pollution (Cd) and lead (Pb) were defined as the main
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pollutants. Therefore, the development and research
of remediation technology for Pb and Cd
contaminated soil has received widespread
attention. In recent years, a great deal of research
has been done on physical remediation technology,
biological remediation technology, and electric
remediation  technology. = However, chemical
remediation technology has the advantages of high
efficiency, reliability, and cheapness as a large-scale
remediation method used in the practice [1].
Therefore, research on controlling secondary
pollution caused by chemical remediation has
extremely potential application. Phosphate, widely
known for causing eutrophication in water bodies, is
a very effective amendment for the remediation Pb
and Cd-contaminated soil [2, 3]. Monocalcium
phosphate (MCP) can form insoluble phosphate
with Pb and Cd, thereby reducing the bioavailability
of Pb and Cd in the soil. However, a considerable
part of phosphate will permeate into the
groundwater with the flow of water, which on the
causes water pollution and hand reduces the
remediation efficiency. In order to control the
secondary pollution caused by phosphate in the
environment and improve the remediation
efficiency, a phosphate slow-release amendment
(SRPA) was proposed in this article. Sodium
alginate (SA), a raw material produced from brown
seaweeds, has been chosen to synthesize the
amendment, due to its biodegradability, unique
biocompatibility, and non-toxicity. Sodium alginate
is able to adsorb soluble metal ions because of the
abundant carboxyl groups. However, as an
amendment, pure SA beads could be crushed in the
soil and dissolved under alkaline conditions. In
previous research, sodium alginate was confirmed
to be crosslinked by calcium ion [4]. In addition,
polyvinyl alcohol (PVA) was successfully applied to
prepare slow-release fertilizers [5, 6]. Accordingly,
it is reasonable to prepare a novel slow-release
amendment with calcium phosphate, SA, and PVA
for the remediation of heavy metal contaminated
soils. Therefore, the objectives of this study were to
prepare a slow-release phosphate amendment
(SRPA) for the immobilization of Cd and Pb in
contaminated soil, evaluate phosphate release from
the slow-release amendments, and investigate the
effectiveness of Cd and Pb remediation by this
SRPA.

2 Materials and methods

2.1 Materials

Sodium alginate (SA) and polyvinyl alcohol
(PVA) were purchased from Fengchuan Chemical
Reagent Technologies Co., Ltd. (Tianjin, China) and
Ltd. (Tianjin,
China), respectively. Bicarbonate sodium (BS) and
(MCP)
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,

Kemiou Chemical Reagent Co.

monocalcium  phosphate were  from
China). All chemicals used in this study were of
analytical reagent (AR) grade. The non-polluted soil
(raw soil) was collected from farmland near Yanghu
park (112°55'57"E, 28° 7'12"N) in Changsha city.
The air-dried soil samples (collected at 0 —30 cm)
were ground by mortar and then removed weeds,
plant roots, and gravels by 2-mm sieve. The
modified Walkley and Black method was used to
detect organic matter in soil [7]. The soil pH was
detected by pH meter with 1:5 (w/v) ratio of soil and
After digesting with HNO,-HF-HCIO,
mixture, the total Cd and Pb concentrations were
determined by ICP-OES (Agilent 5100).

The contaminated soil was prepared by spiking
the soil with Pb(NO,), and Cd(NO,), according to
the concentrations of Pb and Cd in soils being 1300
and 16.0 mg/kg respectively. The spiked soil was

water.

aged for 84 d at room temperature. After aging, the
concentrations of water-soluble Cd and Pb were
determined 0.3 and 5.4 mg/kg, respectively.

Table 1 Properties of raw soil

Property Value

pH 6.82
OM/(g-kg™) 11.55
CEC/(cmol-kg™) 8.16
Total Cd/(mg-kg™) 0.69
Total Pb/(mg-kg™) 91.51
Clay in mass/% 39.08
Sand in mass/% 35.87
Silt in mass/% 25.05

2.2 Synthesis of slow-release

amendment

phosphate

Based on the different concentrations of SA,
PVA, BS, and MCP, five samples of SRPA
(numbered S1, S2, S3, S4, S5) were synthesized
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using the procedures described by the previous study
[8]and the ingredients of SRPA are shown in Table
2. Briefly, 50-60 g PVA powder was dissolved in 1
L distilled water in a thermostat water bath of 353 K
to prepare the PVA solution. A certain amount of
MCP was put into the above PVA solution until
fully dissolved, and 6 g BS was added into the
above mixture. Thereafter, 25-30 g SA powder was
added into the mixture and dissolved by continuous
magnetic stirring. The aqueous dispersion was
sucked and put into 100 mL 1.5% (w/v) CaCl,-
saturated H,BO, solutions by a syringe. After
stirring at 100 r/min, the spherical, smooth and
homogenous SRPA beads were formed, collected
and washed twice with the distilled water and air-
dried at 323 K.

Table 2 Material composition of slow-release phospate
amendment

Slow-release phospate Concentration/(g-L™)

amendment SA  PVA BS MCP
S1 30 50 6 0
S2 30 50 6 10
S3 30 60 6 10
S4 25 60 0 10
S5 25 60 6 10

SA: Sodium alginate; PVA: Polyvinyl alcohol; BS: Bicarbonate
sodium; MCP: Morocalcium phosphate.

2.3 Determination of phosphorus encapsulation
efficiency

0.05 g of SRPA beads were digested for 6 h in
the complexed acid of 18.5 mol/L HCl and 18.5 mol/L
HNO, (3:1 v/v). After digesting, the solution was
diluted with deionized water to 10 mL. The
concentration of phosphorus in the above solution
was determined by a spectrophotometer with
ammonium molybdate. The encapsulation efficiency
E, of an agent was expressed as follows:

Ec = (Cmp,SPRA/Caap,SPRA) x 100% (1)

where C,, x4 1 the measured phosphorus content in
SPRA, and C,,, g, 1s the actually added phosphorus
content in SPRA.

2.4 Swelling experiment

100 g SRPA beads were placed in 500 mL
distilled water, and then the pH value was buffered
close to 2, 4, 6, 7, 9 and 10, respectively, with 0.1

mol/L hydrochloric acid and 0.1 mol/L sodium
hydroxide solution. Thereafter, the SRPA beads
were placed in a water bath at 298 K for 8 h. The
SRPA beads were collected every 30 min, sucked
off the water with a tissue paper and weighed. The
swelling ratio (R,) can be calculated by the
following equation:

_ w.-Ww,

R
s WO

2)
where W, is the weight of the SRPA beads at time ¢
and W, is the initial weight at the initial time.

2.5 Phosphorus release experiment

The following procedures were conducted to
analyze the release of phosphorus from SRPA in
aqueous solution. 5.00 g of SRPA was added into
100 mL distilled water (the pH value was adjusted
to 7.0) and placed at room temperature. 10 mL
solution was taken at 0.5, 1, 2, 4, 6 and 8 h and used
for determining phosphorus concentration. The
concentration of phosphorus in solution was
detected by an UV-visible spectrophotometer.
Phosphorus release kinetics was simulated with the
following models.

Zero-order kinetics of phosphorus release can
be represented as:

0=0,+ Kt 3)

where O means the amount of phosphorus released;
0O, means the initial amount of phosphorus in
solution; K is a constant.

The first-order kinetics equation can be
expressed as follows:

¢
ln( c-C

) — K.t (4)

where C, means the balance concentration of
phosphorus; C, means the concentration of
phosphorus at time #; K, is a rate constant.

The release of an agent from an insoluble
matrix as the square root of a time-dependent
process based on Higuchi diffusion was elaborated
by the following equation:

0, = ky ()" )

Where O, means the amount of phosphorus released
at time ¢, k, means a release rate constant.
The Ritger-Peppas model can be described
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with the following equation [9]:
M

ﬁ = kt (6)

©

where M/M, means the fraction of phosphorus
released at time ¢, k is a constant; n means the
diffusion exponent.

2.6 Effect of pH on releasing of phosphate

To study the effect of pH value on the release
of phosphate, pH value was buffered close to 2, 4, 6,
7, 9 and 10, respectively, with 0.1 mol/L
hydrochloric acid and 0.1 mol/L sodium hydroxide
solution. 5.00 g of SRPA was added into 100 mL
buffered solution at room temperature for 2 h. The
concentration of phosphorus in
detected with an UV-visible spectrophotometer.

solution was

2.7 Characterization of SRPA

The morphology of SRPA was observed with a
SEM  (JSM-5600LV, JEOL, Japan) at an
acceleration voltage of 5 kV. The functional groups
were determined with a FTIR (Thermo Nicolet,
NEXUS, TM, USA) by scanning the sample from
400 to 4000 cm™ at 4 cm™ resolution. The specific
surface area was measured with a micrometrics
instrument (NOVA-1000, China).

2.8 Immobilization remediation experiment of Pb
and Cd-contaminated soil

To simulate paddy farmland, 2.5 g SRPA was
added into 10 g soil, mixed up with 10 mL water,
maintained flooded in a 50 mL plastic tube and
placed at room temperature. Parallelly, 0.25 g MCP
with identical phosphorus content to SRPA was used
as a control. After 7, 14, 28, 42, 56, 70 and 84 d, the
bioavailable and waster-soluble Cd and Pb were
extracted with diethylene triamine pentaacetate acid
(DTPA) solution and distilled water at 1:10 ratio
(w/v). To investigate the fractions of Cd and Pb,
sequential extractions of soil samples following the
protocol of Tessier were conducted after 84 d. The
concentrations of Cd and Pb in extracted solution
were measured with ICP-OES (Agilent, USA).

3 Results and discussion

3.1 Characterization of SRPA
As shown in the spectra of pure SA (Figure 1
(a)), there was a strong and broad adsorption band at

3410 cm™ in the presence of bounded —OH groups.
Besides, there were some additional peaks at 2828,
1647, 1417, and 1103 cm™', due to stretching of
C—H, —C==0 (asymmetric), C—C and C—O—C,
respectively [10]. As to the pure PVA, there were
two adsorption bands, the 3451 c¢cm™ for —OH
groups, and 1653 cm™ for C—H band [11]. After
crosslinking with sodium bicarbonate, the peak
intensity of S1 at 3450 and 3441 cm™ decreased
(Figure 1(c)), confirming that the hydroxyl group is
cross-linked with calcium ions and boric acid [12].
After loading calcium phosphate, there were new
peaks at 1130 and 926 cm™ in the spectra of S2, S3,
S4 and S5. The study of STOCH et al [13] pointed
out the peaks reflected the stretching of P—O. The
results indicated that the phosphate was successfully
loaded in the S2, S3, S4 and S5.

)

AT, Y TR e e

[ 477 7¢

S
JOSS

20 el
NS

(a)

>

t

35‘00 30b0 25]00 20100 15]00 1000 500
Wave number/cm™!

Figure 1 FTIR spectra of pure SA(a), pure PVA(b), Sl

(c), S2 (d), S3(e), S4(f) and S5(g)
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As illustrated in Figure 2, SEM images
indicated that all the SRPA possessed an appropriate
network  structure. However, the structure
characterization differed for the five SRPAs due to
the alteration of their polymer density. S1 without
calcium phosphate exhibited a cohesive and
compact structure (Figure 2(a)), indicating that the
beads were collapsed. The specific surface area of
S1 was only 2.3 m’/g. With monocalcium phosphate
(MCP) addition, the network of SRPA was more
regular and the specific surface area increased to
7.9 m’/g. The result attributes to calcium ions,
which promoted the crosslinking of SA. Moreover,
S2 had a nice network structure and the aperture
was the minimum. After adding more dosage of
PVA and SA, the S3 and S5 are with large aperture
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and their specific surface area is 5.03 and 4.78 m’/g,
respectively. In other words, the PVA and SA might
play a role in adjusting the network structure.
However, without BS addition, there were unregular
holes in S4 and its specific surface area was 4.0 m*/g,
indicating that sodium bicarbonate was critical for
crosslinking. The results implied that the calcium
phosphate and sodium bicarbonate benefited the
formation of network structure of SRPA. The PVA
and SA played a role in adjusting the network
structure.

Table 3 BET surface area of various slow-release
phospate amendment (m?/g)

S1 S2 S3 S4 S5
2.36 7.90 5.03 4.00 4.78

3.2 Swelling behavior of slow-release phospate
amendment
The swelling process was important for SRPA.
After swelling, the size and weight were enlarged
and the release of phosphate might be accelerated.

The swelling characteristic can be indicated by the
swelling ratio. The swelling ratio for SRPA in 8 h
ranged from 2.3 to 4.6. The lowest swelling ratio
was observed for S1 with 2.3, while S4 showed the
maximum swelling ratio with a value of 4.6. The
result revealed that increasing SA content in S4
instead of the polymer content in S1 significantly
decreased the swelling ratio. This phenomenon
might be attributed to 1) the high crosslink degree
that decreased the swelling capacity of the network
when carboxylate group existed; 2) the phosphate
chelate with calcium ions of the network that caused
the ionization of groups, increasing electrostatic
repelling and leading to expansion of network; 3)
the lesser absorption of H,O and restricted
transportation of H,O, the penetration of free radical
and monomer molecules might be decreased by
denser network and viscous medium[14]. The larger
swelling ratio might indicate burst release at
initialtion [15]. The samples with a large swelling
ratio and relatively less phosphate content might
release all the phosphate at initialtion. The swelling

Figure 2 SEM images of SRPA: (a) S1;
(b) S2; (c) S3; (d) S4; (e) S5
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ratio of SRPA was also pH-dependent (Figure 3(b)).
In this study, the minimum swelling ratio was found
in neutral conditions, which was consistent with the
other study [16]. The result might attribute to the
presence of hydrogels. At acidic (or basic)
condition, positive (or negative) electric charges in
PVA-SA chains caused the swell process and
generated the water diffusion effect into SRPA [17].
From the result of swelling ratio, the release of
phosphate might be accelerated in acid condition, in
which the heavy metal was activated.
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Figure 3 Swell ratio of SRPA at different time (a) and
various pH values (b)

3.3 Phosphorus content and phosphorus release

of SRPA

Phosphorus plays the most critical role to
immobilize the heavy metal. Thus, phosphorus
content was an important index to evaluate the
SRPA characteristic. The SRPA containing more
phosphorus might display more ability to
immobilize heavy metal. The practical phosphorus
contents for SRPAs (S2, S3, S4, S5) varied from
5.91% to 8.17%, which were a little higher than the
similar amendments with 5.4% [18]. Besides the

phosphorus contents, the encapsulation efficiency
should also be considered. More encapsulation
efficiency indicated less cost of production. The
order of phosphorus contents was S3>S5>S4>S2.
And the order of encapsulation efficiency was S3>
S5> S4>S2. The result indicated the increase of SA
and PVA benefit embedding of phosphate.

Several studies found that swell behavior
would affect the releasing process in similar
products [19, 20]. Thereby the phosphorus release
was determined in various pH relating to the
swelling behavior in this study. The phosphorus
concentration releasing from SRPAs after 4 h in
various pH values (from 2 to 10) is shown in Figure 4.
Under acidic  condition, the  phosphorus
concentration releasing from SRPA was much
higher than that under the neutral condition as
expected for the swelling process (Figure 4(a)).
Nevertheless, the  phosphorus  concentration
decreased when the pH value was over 7.0. As
reported by MARSHALL et al [21], phosphate
preferred to dissolve under acid condition and
precipitated under basic condition. Thus, it could be
induced that the release of phosphorus increased
under acidic conditions, while decreased under
basic condition.

Table 4 Phosphorus content of various amendments

Measured Actually .
added Encapsulation
Amendment  phosphorus .
phosphorus efficiency/%
content/%
content/%
S2 591 10.63 55.6
S3 8.17 9.60 85.0
S4 6.96 10.52 66.1
S5 7.11 10.01 70.4

Most of the pH values of paddy soil were near
7.0. Thus, the phosphorus release kinetics of all
these SRPA was tested at pH 7.0. The less amount
of phosphorus was released from SRPA at initial
stage (2 h) (Figure 4(b)), probably due to phosphate
release from the surface adhered particle.
Thereafter,
prolonging time. Moreover, the largest phosphate
release was obtained in S3 and S4 after 4 h. The
result could be explained by the possibility of more

phosphate release increased with

phosphate content in S3 and the relative compact
network preventing the release of phosphate in S2,
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Figure 4 Phosphorus release of various amendments with
different pH (a) and prolonged time (b)

S4 and S5 [11, 22].

The curve fitting coefficients of phosphate
release kinetics with different models are shown in
Table 5. The phosphorus release from S2, S3 and S5
that contained phosphate and sodium bicarbonate
was consistent with both of Higuchi model (R* in
the range of 0.9713 - 0.9848) and Ritger-Peppas
model (R’ in the range of 0.9506-0.9642) during a
period of 8 h. In particular, the n values for S2, S3
and S5 were higher than 0.45 (Table 6), indicating
non-Fickian mechanism for phosphorus release
[23]. According to previous studies [24], the

Table 5 R’ of dynamic models of phosphate release

Sample  Zero order First order d}flfff;ssi}:n Eéﬁ)e;;
S2 0.3349 0.3360 0.9713 0.9506
S3 0.6192 0.6200 0.9848 0.9515
S4 0.3588 0.5964 0.9337 0.9957
S5 0.3338 0.3347 0.9798 0.9642

mechanism of phosphate transporting included both
the diffusion and corrosion controlling phosphorus
released from S2, S3 and S5. However, phosphorus
release from S4 without sodium bicarbonate was
found to match Ritger-Peppas model (R’=0.9957).
The N of S4 was 0.3339, indicting that the diffusion
mainly controlled phosphorus release (concentrate
of phosphate determined the release rate) and the
release rate was sharply decreased in the first 2 h.

Table 6 Parameters of Ritger-Peppas model

Parameter K N
S2 0.0091 0.5162
S3 0.0075 0.6010
S4 0.0119 0.3339
S5 0.0100 0.4862

3.4 Concentration of phosphorus in soil after

SRPA application

The concentration of phosphorus in soil with
SRPA addition is depicted in Figure 5. In the first
week, the water-soluble phosphorus of SRPA treated
soil was 0.05 mgkg. At the 28th day, the
concentration of water-soluble phosphorus was
fluctuated to 0.36 mg/kg. After being treated for
80 d, the concentration of water-soluble phosphorus
maintained at 0.31 mg/kg. As for MCP, the water-
soluble phosphorus of soil sharply increased to
10.21 mg/kg in the first week. Due to the
adsorption, the concentration of phosphorus reduced
to 5.34 mg/kg at the 14th day. After 80 d, the water-
soluble phosphate was 3.12 mg/kg. The total
phosphorus  concentration in soil was also
continuously monitored for 80 d. Because of a slow
release of phosphorus, the overall trend of total
phosphorus (TP) of SRPA treated soil gradually
rose. The initial TP of soil was 42.26 mg/kg. After
being treated by SRPA, the TP increased to
42.35 mg/kg in the first week and maintained at
44.03 mg/kg finally. The TP in the MCP treated soil
increased to 43.98 mg/kg in the first week.

3.5 Remediation efficiency

According to CIZMECIOGLU et al [25], the
soluble heavy metal in soil, which was the main
form to transport into crops, was used as an
indicator of remediation efficiency. The phosphate
could react with Cd and Pb to form precipitation.
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The removal efficiency of water-soluble Pb and Cd
by MCP reached 82.33% and 74.34%, respectively,
on the 7th day (Figure 6). Subsequently, the removal
rates of water-soluble Pb and Cd decreased to
68.12% and 70.52%, respectively. This may be
caused by the reduction of iron in the soil and the
release of Pb and Cd from the soil into the solution
[26]. It was 68.58% for Cd and 76.95% for Pb when
the reaction time extended to 80 d. As expected, the
SRPA showed far more excellent capacity of
immobilizing soluble heavy metals than MCP. With
SRPA, the removal of water-soluble Pb and Cd
steadily rises. Although the remediation efficiency
was 49.74% for Cd and 86.8% for Pb on the 7th
day, the final remediation efficiency reached 97.1%
for Cd and 97.9% for Pb.

Besides, the heavy metals in mineral and
organic matter fraction caused by microbial,
exchanging of ions, reduction, and oxidation in soil,
could be taken up by crops also, namely,
bioavailable metal [27].  Therefore,
bioavailable heavy metal is another critical index
for the soil remediation. For the evaluation of

heavy
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Figure 6 Remediation effective of Pb and Cd by SRPA:

(a) Water-soluble Pb and Cd; (b) Bioavailable Pb and Cd

bioavailability to heavy metal, a single-step
extraction method was used with DTPA [28]. From
Figure 5, the removal efficiencies of bioavailable Pb
and Cd by MCP increased rapidly to 40.23% and
54.13% on the 7th day, and thereafter reached
equilibrium on the 14th day with 58.75% for Cd and
60.96% for Pb in the contaminated soil. After the
80th day, the removal efficiencies of bioavailable Pb
and Cd were 66.21% and 63.09%, respectively. As
to SRPA, the removal efficiencies of bioavailable Pb
and Cd were 11.9% and 37.37% on the 7th day, and
reached equilibrium at the 21st day with 64.93%
and 64.28% for Pb and Cd, respectively. After 80 d,
76.47% and 71.85% of bioavailable Pb and Cd were
removed by SRPA, which were significantly higher
than those by MCP. Thus, the results imply that the
removal of Pb and Cd by SRPA is more stable,
longer-lasting, and more efficient.

3.6 Fractions of Pb and Cd in soil

The fractions of Pb and Cd were analyzed by
sequential extraction techniques, which are suitable
to indicate the stabilization of heavy metal in soil
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[29]. The method divided the heavy metal as five
fractions: exchangeable fraction, carbonate bound
fraction, Fe-Mn oxide bound fraction, organic matter
(OM) bound fraction and residual fraction. Among
these five fractions, the exchangeable and carbonate
bound heavy metal are active in soil and would be
ecasily released in soil. Fe-Mn oxide bound and
organics bound fractions are relatively stable in soil
for the chemical complex of metal ion with Fe-Mn
oxides and organic matter. The residual heavy metal
is regarded as a fairly stable form which was hardly
released to soil. As illustrated in Table 7, in the soils
without MCP and SRPA addition, the exchangeable,
carbonate bound, Fe-Mn oxide bound, OM bound
and residual Cd were 55.76%, 9.80%, 25.14%,
3.88%, and 5.41%, respectively. Lead mainly exists
in Fe-Mn oxide bound fraction. The exchangeable,
carbonate bound, Fe-Mn oxide bound, OM bound
and residual Pb were 9.94%, 2.32%, 57.74%,
19.80% and 10.20%, respectively.

The MCP addition decreased the exchangeable
and carbonate bound Cd to 43.12% and 4.12%,
respectively. The Fe-Mn oxide bound, OM bound,
and residual fractions increased to 27.45%, 10.57%,
and 14.74%, respectively. Similar to Cd, the
exchangeable, carbonate, Fe-Mn oxides boundand
residual Pb decreased to 2.95%, 0.38% and 47.35%,
respectively. Otherwise, the OM bound and residual
Pb increased to 30.39% and 18.93%, respectively.
The results obviously indicated that the highly
active Cd and Pb greatly reduced, and the relatively
stable fractions increased after adding MCP. The
SRPA has more efficiency for immobilizing Pb and
Cd. For instance, SRPA decreased the exchangeable
and carbonate bound Cd to 43.13% and 3.00%,
respectively. The Fe-Mn oxides bound, OM bound
and residual Cd fractions increased to 27.62%, the

5.82% and 21.41%, respectively. Illustrated by
previous study [30], the Cd immobilization by
phosphate was fairly stable because of the formation
of insoluble phosphate cadmium. The SRPA
contained phosphate and prevented the contact of
phosphate with soil mineral. The produced cadmium
phosphate and lead phosphate were fairly stable and
insoluble in soil. Thus, Cd and Pb prefer to exist in
the formation of residual formation in soil.

3.7 Explanation of remediation mechanism

Heavy metals in soil can be divided into the
following categories: bioavailable heavy metals
(having the potential to be taken up by plants) and
stable heavy metals (hardly taken up by plats). The
bioavailable heavy metals include those fractions of
water-soluble (existing in soil solution and easily
migrate into plants) and adsorbed on the surface of
soil particles. However, the flooding process will
cause the dissolution of iron and manganese oxides
in the soil, which will cause the release of heavy
metals and increase the content of bioavailable
heavy metals [26]. As reported by previous studies,
increasing pH value might cause immobilizing
heavy metal[31, 32]. However, pH value would be
adjusted to 7.0 after flooding [33, 34]. Thus, the use
of phosphorus was more effective for immobilizing
heavy metals in paddy soil. After phosphate enters
the soil, on the one hand, it forms insoluble
phosphate with free Cd in the soil, and on the other
hand, it complexes with aluminum or iron in clay
minerals or iron-manganese oxides to increase the
soil electronegativity and promote the complexation
[35 - 38]. Forming insoluble phosphorus with other
ions like iron in the soil might affect the effect of
immobilizing heavy metals [39-41]. However, the
excessive  phosphate introduce  the
eutrophication of environment. Thus, the SPRA was

would

Table 7 Percentages of different fractions of Pb and Cd in soils (%)

Element Treatment Exchangeable Carbonate Fe-Mn oxide oM Residual
CK 9.94%* 2.32° 57.74 19.80° 10.20°

Pb MCP 2.95° 0.38" 47.35° 30.39° 18.93°
SRPA 1.23¢ 0.51° 49.78° 32.45° 16.03

CK 55.76" 9.80* 25.14* 3.88° 5.41°

Cd MCP 43.12° 4.12° 27.45* 10.57* 14.74°
SRPA 42.13" 3.00° 27.62* 5.82° 21.41%

Note: *Values followed by different lowercase letters are significantly different for each fraction of Pb at p<0.05. Values followed by different

uppercase letters are significantly different for each fraction of Cd at p<0.05.
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synthetized to treat heavy metal contamination.
MCP is a commonly used soil remediation agent,
which can form stable phosphate precipitation with
cadmium ions. In SPRA, MCP plays an important
role in immobilizing cadmium. SA is a widely used
sustained-release material, which can form grid
structure by crosslinking with divalent cations.
However, SA is fragile in physical structure and
easy to be crushed by extrusion, so it is usually used
in combination with PVA. BS can consume excess
hydrogen ions of SA, promoting the crosslinking
process of SA-PVA, adjusting the formed grid
structure, affecting the concentration of phosphate
in SPRA. In the beginning, the organic shell of
SRPA can effectively protect phosphate from
binding with other ions in the soil and adsorption
sites on the soil surface. After absorbing water in the
soil, the surface of the SRPA swelled, and phosphate
was released from the SRPA in a non-Fickian
diffusing manner. Therefore, unlike directly
applying phosphate to the soil, the concentration of
water-soluble phosphorus in SRPA is controlled to a
lower level. The removal rate of water-soluble
heavy metals reached more than 80%, which was
slightly higher than that of MCP. The calcium ions
and hydrogen ions in calcium dihydrogen phosphate
of SRPA can compete for the reaction sites of Pb
and Cd in the soil and affect the removal rate of
heavy metals. However, the complexation of
calcium by sodium alginate effectively inhibited this
competition and improved the removal rates of
heavy metals. With the slow-release process, the
contents of total phosphorus in the soil increased
and the contents of bioavailable heavy metals
continued to decrease. After SRPA addition, the
removal rates of bioavailable heavy metals reached
76.47% and 71.85% for Pb and Cd, respectively.
And the residual heavy metals remarkably increased
from 10.20% to 16.03% for Pb and from 5.41% to
21.41% for Cd. This result indicates that the SRPA
effectively reduces the activity of heavy metals in
the soil and has a good barrier effect against heavy
metals.

4 Conclusions

Five SRPAs were synthesized by different rates
of SA, PAV, MCP and BS. Among these SRPAs, S3
synthesized by using 30 g/L SA, 60 g/L PVA, 10 g/L

MCP and 6 g/L. BS showed a good performance for
phosphate release. As compared with MCP, SRPA
resulted in a lower water-soluble phosphorous
content in soil within 80 d, implying that phosphate
was slowly released from SRPA. Phosphate release
from SRPA was well fitted with Ritger-Peppas
model with constant n between 0.45 and 0.85,
indicating that the phosphate release was in
accordance with non-Fickian diffusion. With SRPA
application to the contaminated soil, the removal
rates of water soluble and bioavailable Pb and Cd
were significantly higher than that with MCP.
Moreover, the exchangeable fractions of Pb and Cd
in the soil after SRPA remediation significantly
declined and the residue fractions increased,
indicating the activity of Pb and Cd in the soil
significantly reduced.
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