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ABSTRACT
Controlled-release N fertilizers can affect the availability of heavy metals in the contaminated paddy soil. A soil incubation experiment was conducted to

investigate the effects of prilled urea (PU), S-coated urea (SCU), and polymer-coated urea (PCU) on the solubility and availability of heavy metals Cd, Pb, Cu,
and Zn in a multimetal-contaminated soil. The results showed that the application of different coated urea significantly affected the solubility and availability
of heavy metals. At 5 d of incubation, the application of PU, SCU, and PCU had significantly decreased the concentrations of water-soluble and available
Cd, Pb, Cu, and Zn, when compared with the control. At 60 d of incubation, the depletory effects of PU on water-soluble and available heavy metals had
reduced, and the initial decrease in the concentrations of water-soluble Cd, Pb, Cu, and Zn caused by SCU had changed to an increase. The concentrations
of water-soluble Pb, Cu, and Zn in the SCU-treated soil were higher than those in the control. Application with PCU led to a higher water-soluble Cu
than that in the control, while the available Cd, Pb, and Zn were lower than those in the control. The effect of different coated urea was much stronger on
the water solubility of the heavy metals than on their availability. The effects of controlled-release urea on the transformation of heavy metals resulted in
changes in the concentrations of NH+

4 , water-soluble SO2−
4 , and soil pH. The results further suggested that PCU could be used in dry farming operations in

multimetal-contaminated acid soils.
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INTRODUCTION

Heavy metal contamination of soils is a serious issue in
Asian countries, especially the contamination of agricultural
soils, which can affect human health through metal transport
into the food chain (Sipter et al., 2009; Zhao et al., 2015).
Several studies have been performed to evaluate the effect
of the addition of amendment agents for controlling metal
mobility and availability in contaminated soils (Wang et al.,
2007; Kumpiene et al., 2008).

Urea is the main N fertilizer used in agricultural pro-
duction in China, and it has been proven to greatly affect the
mobility and availability of heavy metals in contaminated
soils (Tu et al., 2000; Rodríguez-Ortíz et al., 2006; Yang
et al., 2006; Jiaka et al., 2009; Sun et al., 2009; Liang et
al., 2013). During the first days of cultivation (0–15 d), the
application of urea significantly decreased water-soluble and
available Cd and Cu, while at 60 d, the depletory effect of
urea on the levels of Cd and Cu changed to a fortifying effect
(Yang et al., 2006; Sun et al., 2009). Yang (2004) also repor-

ted that, at 60 d of incubation, the depletory effect of urea
on available Pb changed to a significantly fortifying effect.
The application of urea to soil can change soil pH, resulting
in the transformation of heavy metals and changes in their
availability. The effect of urea on heavy metal availability in
soils contaminated with a single metal, such as Cd, Pb, Cu,
or Zn, has been widely researched. However, soils are often
polluted with multiple metals because of mining, smelting,
application of sewage sludge, and wastewater irrigation (Gu
et al., 2011). Unlike single-metal contaminants, multiple
metals in soils can interact, complicating their effects.

Controlled-release N fertilizers (CRNFs) provide de-
layed N release and allow a synchronous N supply for plant
uptake. Unlike ammonium sulfate and urea, CRNFs afford
controlled environmental impact on soil, reducing nitrogen
loss by decreasing NH3 volatilization, N2O emission, and
runoff (Shoji et al., 2001; Yang et al., 2013; Ji et al., 2014;
Zhou et al., 2014). The application of controlled-release urea
(CRU) can alter the original acid-base balance of the soils
(Zhang et al., 2007; Cheng et al., 2011), thus influencing the
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mobility and availability of heavy metals to plants. On the
basis of an incubation experiment conducted with soils at
water-holding capacities below 60%, in this study, we aimed
to investigate the effects of different CRUs on the mobility
and availability of heavy metals (Cd, Pb, Cu, and Zn) in a
multimetal-contaminated soil, with a particular focus on the
optimization of Nmanagement for decreasing the availability
of heavy metals to the plants.

MATERIALS AND METHODS

Soil and fertilizers used

The thickness of plough layer of paddy soil is ca. 15
cm. The soil used in this study was collected at a depth of
0–15 cm from a paddy field in Shangba, Xinjiang, 6 km
from the Dabao Mountain mining area located in Shaoguan,
Guangdong, South China. This paddy soil was contaminated
by acid mine drainage, with high total and available S
contents (Li Y T et al., 2004; Zhang et al., 2013). The
soil was sampled with a trowel and then stored in polyvinyl
chloride bags. The soil was air-dried at room temperature
(11–28 ◦C in late March), crushed, and passed through a
2-mm mesh sieve. The soil was heavily contaminated with
Cd, Pb, Cu, and Zn. Total heavy metal contents of the soil
(Table I) were far above level II of the China Environmental
Quality Standard for Soils (GB15618-1995, i.e., Cd 0.3 mg
kg−1, Pb 250 mg kg−1, Cu 50 mg kg−1, and Zn 200 mg
kg−1 at soil pH< 6.5). The selected soil properties are listed
in Table I.

Prilled urea (PU, 46-0-0), K fertilizer, and P fertili-
zer were of analytical grade. The PU was obtained from
Sinopharm Chemical Reagent Co. Ltd., Shanghai, China.
Polymer-coated urea (PCU, 42-0-0) containing 8% (weight:
weight) resins, and sulfur-coated urea (SCU, 34-0-0) con-
taining 18% (weight:weight) sulfur and 1% (weight:weight)
paraffin were obtained from Kingenta Ecological Enginee-
ring Company, Shandong Province, China. The PCU and
SCU had a 24–32- and 30–36-d, respectively, delayed release
in water at 25 ◦C. Of the total N in PCU and SCU, 80% was

released over 36 and 45 d, respectively, in water at 25 ◦C.

Incubation experiment

In 2010, the amount of pure N fertilizer used in Guang-
dong Province, China was 1.015 Mt, and the cultivated area
was 2.831 Mha (Statistics Bureau of Guangdong Province,
2011). The weight of the plowed soil layer was ca. 1.8× 106
kg ha−1. By calculation, the N application rate was almost
200 mg kg−1 in the arable soil. Four treatments with four
replicates were used: control (CK, without N application)
and PU, SCU, and PCU (all with N application at 200 mg
kg−1). Small plastic pots were filled with 500 g dry weight
soil, which was thoroughly mixed with the different CRU
amendment agents to obtain homogeneity. Each pot was
sealed at the top with preservative film. All pots were wa-
tered with distilled water, and the humidity was maintained
at near 60% of the water-holding capacity by weighing every
3 d during incubation. The soil in each pot was kept aero-
bic with a permanent small opening in the film. All pots
were arranged randomly in a greenhouse at South China
Agricultural University from October 19 to December 17,
2012.

Soil sampling and analysis

A soil sample of 50 g was taken from each replicate at
5, 15, 30, and 60 d of incubation. The samples were air-
dried at room temperature, ground using a wooden grinder,
and passed through a 1-mm nylon sieve. The sieved soil
samples were collected and stored in plastic bags for the
measurements of pH, NH+

4 -N, NO
−
3 -N, water-soluble SO

2−
4 ,

and water-soluble and available heavy metal concentrations.
Soil pH was measured in a 1:2.5 (weight:volume) mix-

ture of soil and deionized water with a pH meter (Mi 106,
Milwaukee, Italy) (Lu, 2000). The NH+

4 -N and NO−
3 -N

concentrations were determined using an indophenol blue
colorimetric method and ultraviolet spectrophotometry (UV-
1800, Shanghai Mapada Instrument, China), respectively,
after extraction with 2 mol L−1 KCl (Lu, 2000). Soil water-
soluble SO2−

4 was determined using a spectroscopic bari-

TABLE I

Selected properties of the multimetal-contaminated soil used in this study

pH (1:2.5) Organic matter Total N NH+
4 -N NO−

3 -N Total

Zn Cd Pb Cu

g kg−1 mg kg−1

3.98 9.60 0.66 10.20 10.66 493 ± 10a) 0.65 ± 0.02 1 914 ± 42 742 ± 32

Water-soluble CaCl2-extractable

SO2−
4 Cd Pb Cu Zn Cd Pb Cu Zn

mg kg−1 µg kg−1 mg kg−1

199.2 15.2 ± 2.4 1.36 ± 0.26 1.74 ± 0.28 3.39 ± 0.32 0.053 ± 0.006 27.04 ± 1.56 8.05 ± 0.27 8.42 ± 0.35

a)Mean ± standard deviation (n = 4).
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um turbidity method after extraction with deionized water
(Lu, 2000). Soil organic matter was determined with co-
lorimetry (Lu, 2000). Heavy metals in the soil were digested
with an acid mixture of 15:5:1 (volume:volume:volume)
HCl:HNO3:HClO4 (Lu, 2000). Water-soluble heavy metals
were extracted from 10 g of the soil subsamples by shaking
with 25 mL of deionized water for 2 h (Sun et al., 2009).
Available heavy metals were extracted from 5 g of the soil
subsamples by shaking with 25 mL of 0.1 mol L−1 CaCl2
(pH = 7.0) for 1 h (Xiao et al., 2008). The suspensions were
then filtered with quantitative filter paper (11 cm in diameter)
produced by Hangzhou Special Paper Co. Ltd., China. The
Cd and Pb concentrations were determined using graphite
furnace atomic absorption spectrophotometry (Z-2700, Hi-
tachi, Japan) in the water extracts, and by flame atomic
absorption spectrophotometry (FAAS) (Z-2300, Hitachi,
Japan) in the digested solutions and CaCl2 extracts. The
Cu and Zn concentrations in the digested solutions, water
extracts, and CaCl2 extracts were determined using FAAS.

Quality assurance and quality control for heavy metals
in the soil was estimated by measuring heavy metal concen-
trations in the blank and duplicate samples against a standard
reference material (CRM, GBW-070011). The blank and
duplicate samples and the CRM were included in every 10
samples in the analysis.

Data analysis

All the data were subjected to analysis of variance at
a significance level of P < 0.05 with SPSS version 16.0
(SPSS Inc., USA). The Duncan’s test was used to detect
the significant differences between the means of different
treatments. Bivariate correlation was used, and the Pear-

son’s correlation coefficients at P < 0.05 were measured
simultaneously.

RESULTS AND DISCUSSION

Soil NH+
4 -N, NO−

3 -N, pH, and water-soluble SO2−
4

Soil NH+
4 -N concentrations increased significantly after

PU and PCU application between 5 and 30 d of incubation,
when compared with that of the control (Table II). For
all experimental durations, the concentration of NO−

3 -N
was lower in the control than in the three N application
treatments. Significant differences in the NH+

4 -N and NO−
3 -

N concentrations were observed among the PU, SCU, and
PCU treatments. The NH+

4 -N concentration was lower in
the SCU treatment than in the PCU and PU treatments
between 5 and 30 d of incubation; at 60 d of incubation,
it was greater in the SCU treatment than in the other two
treatments. The NO−

3 -N concentration in the SCU treatment
was lower than in the PCU and PU treatments between 5 and
15 d of incubation; subsequently, it was lower than that in the
PCU treatment and higher than that in the PU treatment. The
release of urea N from SCU into the soil was delayed by the S
coating, and the amount of urea N transformed into NH+

4 -N
and the consequent NO−

3 -N production were initially low.
The controlled-release effect of the S coating was maintained
for 30 d under these experimental conditions. The NH+

4 -N
concentration in the soil was lower in the PCU treatment
than in the PU treatment between 5 and 30 d of incubation;
subsequently, at 60 d of incubation, it was greater in the
PCU-treated soil than in the PU-treated soil. The NO−

3 -N
concentration in the soil was lower in the PCU treatment
than in the PU treatment at only 5 d of incubation, and it

TABLE II

Dynamic changes in the concentrations of NH+
4 -N, NO−

3 -N, and water-soluble SO2−
4 and pH in the multimetal-contaminated soil after application of different

coated urea

Treatmenta) NH+
4 -N NO−

3 -N

5 d 15 d 30 d 60 d 5 d 15 d 30 d 60 d

mg kg−1

CK 19.03 ± 0.38b)dc) 20.43 ± 0.46d 25.21 ± 0.06c 7.73 ± 0.40c 11.95 ± 0.79d 6.78 ± 0.03d 11.58 ± 1.44d 7.60 ± 0.54d
PU 55.23 ± 0.55a 72.14 ± 0.56a 132.48 ± 5.60a 7.65 ± 0.52c 100.97 ± 1.40a 89.38 ± 1.19b 56.11 ± 2.32c 50.95 ± 3.48c
SCU 26.49 ± 0.21c 28.01 ± 0.74c 23.55 ± 0.23d 15.85 ± 0.23a 37.74 ± 2.43c 26.40 ± 0.80c 91.58 ± 2.32b 82.76 ± 1.05b
PCU 30.18 ± 0.48b 43.54 ± 0.78b 85.85 ± 0.52b 12.82 ± 0.15b 51.86 ± 4.10b 148.35 ± 3.57a 95.03 ± 0.67a 101.44 ± 1.43a

Treatment pH Water-soluble SO2−
4

5 d 15 d 30 d 60 d 5 d 15 d 30 d 60 d

mg kg−1

CK 3.88 ± 0.02b 4.00 ± 0.04a 4.05 ± 0.01a 4.04 ± 0.02a 487.5 ± 25.6b 431.8 ± 38.2a 436.7 ± 34.9b 581.3 ± 44.1a
PU 4.00 ± 0.03a 4.04 ± 0.02a 4.07 ± 0.03a 3.99 ± 0.01b 606.8 ± 23.1a 374.0 ± 14.7ab 681.6 ± 23.3a 520.0 ± 5.9b
SCU 3.89 ± 0.02b 3.90 ± 0.02b 3.81 ± 0.01c 3.76 ± 0.01d 598.2 ± 13.3a 345.7 ± 43.5b 297.5 ± 7.6d 302.3 ± 26.3c
PCU 3.84 ± 0.02c 3.83 ± 0.01c 3.91 ± 0.02b 3.81 ± 0.02c 499.1 ± 27.5b 315.6 ± 22.4b 373.1 ± 3.7c 295.1 ± 25.5c

a)CK = control; PU = prilled urea; SCU = sulfur-coated urea; PCU = polymer-coated urea.
b)Mean ± standard deviation (n = 4).
c)Means followed by the same letter(s) within each column are not significantly different at P < 0.05 using Duncan’s multiple range test.
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was subsequently greater. In this case, the controlled-release
effect of the resin coating was maintained for 5–15 d under
the experimental conditions.

At 5 d of incubation, the NO−
3 -N and NH+

4 -N concentra-
tions in the control were higher than those before incubation
(Tables I and II). In the initial culture stage, the NH+

4 -N con-
centration in the soil increases with organic N mineralization
and then transformation into NO−

3 -N by nitrification (Tong
and Xu, 2012). Similar results were reported by Sun et al.
(2009) that, with increasing culture time, the concentration
of NH+

4 -N decreases gradually because of nitrification. The
soil NO−

3 -N concentrations in the SCU treatment initially
decreased and then dramatically increased. The surface of
SCUwas sprayed with a paraffin sealant outer coating, which
can better coat the slits and holes formed by S and slow
the release of NO−

3 -N from SCU. The size of the erosion
holes in the paraffin coating enlarges, and the S sealant
cracks into small pieces during the middle to late period of
incubation (Sui, 2011). Therefore, the NO3-N concentration
increased significantly at 30 d of incubation. In contrast,
the soil NO−

3 -N concentrations initially increased and then
decreased in the PCU treatment. The urea N release rate of
PCU in the soil is largely affected by temperature, and the
release rate increases with increasing temperature (Kochba
et al., 1990; Xie et al., 2007). The temperature between 5
and 15 d (12–30 ◦C) was higher than that between 30 and 60
d (9–26 ◦C), and the activity of the nitrification bacteria is
enhanced with increasing temperature in the range of 10–35
◦C (Guntiñas et al., 2012), thus resulting in a higher NO−

3 -N
concentration at 15 d of incubation.

The coated urea has significant effects on soil pH, with
SCU and PCU decreasing soil pH. The PU treatment caused
a significant increase in soil pH when compared with the
control at 5 d of incubation; however, at the end of the
experiment, the pH in the PU treatment was significantly
lower than that in the control (Table II). These results are
consistent with those of other studies (Yang et al., 2006; Sun
et al., 2009; Zhao et al., 2010). Urea exists in the molecular
form once applied to the soil, and the pH of aqueous urea
solutions is ca. 7.0–7.2. When 1 mol urea is completely hy-
drolyzed in an acidic soil (pH< 6.3), 2 mol H+ is consumed
and 1 mol CO2 is produced, leading to an increase in soil
pH (Tu et al., 2000). NH+

4 undergoes nitrification, releasing
H+ ions and causing a decline in soil pH (Tu et al., 2000;
Amoakwah et al., 2014). The pH was significantly lower in
the soil treated with SCU than that of the control between 15
and 60 d (Table II). Application of the S-based amendment
significantly decreased soil pH in the middle and late periods
of the experiment. The oxidation of S to sulfuric acid by
certain acidophilic bacteria, notably Thiobacillus spp., in the
soil results in decreased soil pH (Kayser et al., 2000; Cui et
al., 2004; Wang et al., 2007, 2008; Amoakwah et al., 2014).
Specific microorganisms, such as acidophilic soil bacteria,

are probably present in the soil and are able to oxidize S to
SO2−

4 when soil pH decreases. The S coating increases soil
exchangeable acid and exchangeable Al, but decreases soil
pH (Zhang et al., 2007). Kayser et al. (2000) reported that
adding 36 mmol m−2 of S to soil led to a decrease in soil
pH from 7.2 to 6.9. Amoakwah et al. (2014) reported that
adding 200 and 16 mmol of S to soil decreased soil pH by
2.6 and 2.1, respectively. Wang et al. (2007) reported that
the effect of S on soil pH decreased proportionately relative
to increasing S content in silty clay loam soil. The ability of
S to reduce soil pH depends on soil characteristics such as
buffer capacity, pH, and CaCO3 content (De la Fuente et al.,
2008). In the present study, addition of S also acidified the
soil, decreasing soil pH by 0.28 at 60 d. The pH of the soil
containing PCU was lower than that of the control (Table II).
This can be explained by the oxidative decomposition of the
polymer coating by irradiation with ultraviolet light, promo-
ting oxidation, fracturing the polyethylene carbon chain, and
gradually generating organic acids (Bao, 2010). In strongly
acidic soil, low pH is the main factor that limits crop growth
(Li H H et al., 2004). Growth of non-acid-tolerant plants
may be severely inhibited at pH 4 (Wang et al., 2007), so
acid-tolerant plants such as maize (Salazar et al., 1997)
should be used. The application of SCU and PCU decreased
soil pH, which is not favorable for crops. The effects of
SCU and PCU on crop growth in strongly acidic multimetal-
contaminated soil should be studied in the future. At 5 d
of incubation, the pH value of the control was lower than
that before incubation (Tables I and II). The soil used in this
experiment was an acid sulfate soil, which has a low pH and
a large amount of water-soluble acidic metal cations that
are probably hydrolyzed, releasing H+ (Lin and Wu, 2003;
Wu et al., 2015). At 15 d of incubation, the pH value of
the control was significantly higher than that before incuba-
tion, while the NH+

4 -N concentration significantly increased
(Tables I and II). This indicates that the rate of organic N
mineralization is higher than the nitrification rate in the soil,
resulting in a net pH increase (Sun et al., 2009). This may
be because the presence of autotrophic nitrifying bacteria
is rare in the soils with low pH (Li et al., 1987). Released
Fe2+ is the dominant component of pH-buffering properties
in acid sulfate soil (Glover et al., 2011). Small buffering
effect is observed at pH 4.5, with small increases in Ca2+
and Mg2+ concentrations over this pH range. The detection
of Fe2+ at low pH is consistent with FeS dissolution (Glover
et al., 2011). For this reason, none of the treatments in this
study shifted soil pH to neutrality or alkalinity (Table II),
and none of the treatments had a consistent impact on the
metal availability.

Significant differences (P < 0.05) in the water-soluble
SO2−

4 concentration were observed between the control and
PU-, SCU-, and PCU-treated samples (Table II). At 5 and 30
d of incubation, compared to the control, the PU treatment
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resulted in a higher water-soluble SO2−
4 concentration in

the soil. The SCU treatment initially resulted in a higher
water-soluble SO2−

4 concentration in the soil compared to
that of the control, but subsequently lower values were
observed. After 15 d of incubation and until the end of
the experiment, the PCU treatment showed a lower water-
soluble SO2−

4 concentration in the soil. At the end of the
experiment, all treatments resulted in lower water-soluble
SO2−

4 concentrations in the soil when compared with the
control. SO2−

4 is easily adsorbed by soil at a low pH, and the
adsorption is increased with decreasing soil pH. In particular,
SO2−

4 can be adsorbed on Fe and Al oxides and kaolin (Li et
al., 2001). For this reason, all treatments showed a decrease
in SO2−

4 concentration by the end of the experiment. The
relationships between pH value and water-soluble SO2−

4

were significantly positive (r = 0.624, P < 0.01). For this
reason, the PU and PCU treatments resulted in an increase
in SO2−

4 concentration at 30 d of incubation. Water-soluble
SO2−

4 in the control was increased by a factor of 2.17–2.92
during the incubation process (Tables I and II). The soil
used in this experiment was an acid sulfate soil. The wet,
but not saturated or over-dried, conditions are beneficial for
the oxidation of pyrite S and the formation of water-soluble
and exchangeable S. The humid environment is beneficial
for the transformation of exchangeable S into water-soluble
S, causing a significant increase in water-soluble SO2−

4 (Liu
et al., 2004).

Solubility and availability of heavy metals in the contamina-
ted soil

At 5 d of incubation, PU, SCU, and PCU significantly
decreased the concentrations ofwater-solubleCd, Pb, Cu, and

Zn (Table III). The water-soluble Cd was obviously affected
by the differentCRUs between 5 and 15 d, andPU resulted in a
lower water-soluble Cd than that of the control; subsequently,
no significant difference was observed between the three N
application treatments and the control. The water-soluble
Pb, Cu, and Zn were significantly affected by the different
CRUs throughout the incubation period. The PU treatment,
although resulting in a lower content of water-soluble Pb, Cu,
and Zn compared to those of the control in the early stages
of the experiment, yielded approximately the same values
by the end of the experiment. The SCU treatment resulted
in lower water-soluble Pb, Cu, and Zn than the control at 5
d. However, at the end of the experiments, the values were
significantly higher than those of the control. Therefore, S
increases the solubility of heavy metals in the soil. These
increases in water-soluble heavy metal concentrations can be
explained by the decline in pH, as discussed above (Table II).
The effects of S on heavy metal solubility are consistent with
the results of Kayser et al. (2000), Cui et al. (2004), Wang
et al. (2007), and Amoakwah et al. (2014). Some specific
clones are very similar to Thiobacillus, indicating that S
oxidation in the contaminated soil increased the solubility of
heavy metals (Shi et al., 2011). At 60 d, SCU application to
the heavy metal-contaminated soil increased the solubility
of Pb, Cu, and Zn, whereas no significant effects on soil
Cd were observed. SCU had the greatest effect on Cu,
followed by Pb and Zn. The effects of S application on
heavy metal solubility are consistent with those observed in
a study reported by Wang et al. (2007). The dissolution of
heavy metal-carbonate precipitates under acidic conditions
may also play a role (Madrid and Diaz-Barrientos, 1992).
Water-soluble Pb, Cu, and Zn significantly decreased in the
PCU-treated soil when compared with the control at 5 d,

TABLE III

Dynamic changes in water-soluble heavy metals in contaminated soil after application of different coated urea

Treatmenta) Water-soluble Cd Water-soluble Pb

5 d 15 d 30 d 60 d 5 d 15 d 30 d 60 d

µg kg−1 mg kg−1

CK 19.0 ± 2.0b)ac) 18.3 ± 3.1ab 22.0 ± 2.8a 15.7 ± 2.3a 1.25 ± 0.20a 0.99 ± 0.14a 0.88 ± 0.03a 0.75 ± 0.06b
PU 7.0 ± 2.7c 13.7 ± 1.2b 16.8 ± 3.1a 15.0 ± 2.0a 0.61 ± 0.03b 0.34 ± 0.03c 0.42 ± 0.09b 0.65 ± 0.06b
SCU 13.7 ± 2.3b 20.3 ± 1.2a 17.7 ± 2.3a 17.0 ± 3.5a 0.61 ± 0.03b 0.79 ± 0.06b 0.95 ± 0.03a 0.99 ± 0.11a
PCU 13.3 ± 1.2b 18.2 ± 4.8ab 18.2 ± 3.8a 14.3 ± 2.3a 0.64 ± 0.10b 0.97 ± 0.06a 0.48 ± 0.11b 0.72 ± 0.13b

Treatment Water-soluble Cu Water-soluble Zn

5 d 15 d 30 d 60 d 5 d 15 d 30 d 60 d

mg kg−1

CK 1.25 ± 0.07a 0.87 ± 0.04c 0.88 ± 0.03b 0.44 ± 0.01c 3.10 ± 0.28a 2.62 ± 0.10a 1.92 ± 0.11b 1.71 ± 0.15b
PU 0.91 ± 0.05d 0.72 ± 0.02d 0.62 ± 0.04c 0.53 ± 0.02c 1.98 ± 0.15c 1.81 ± 0.11b 1.14 ± 0.10c 1.63 ± 0.13b
SCU 1.03 ± 0.01c 1.13 ± 0.03b 1.42 ± 0.05a 0.81 ± 0.05b 2.27 ± 0.11bc 2.48 ± 0.21a 2.35 ± 0.21a 2.19 ± 0.22a
PCU 1.15 ± 0.03b 1.27 ± 0.01a 0.82 ± 0.05b 1.27 ± 0.11a 2.43 ± 0.07b 2.59 ± 0.11a 1.40 ± 0.31c 1.96 ± 0.03ab

a)CK = control; PU = prilled urea; SCU = sulfur-coated urea; PCU = polymer-coated urea.
b)Mean ± standard deviation (n = 4).
c)Means followed by the same letter(s) within each column are not significantly different at P < 0.05 using Duncan’s multiple range test.
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whereas PCU significantly increased the water-soluble Cu at
60 d (Table III). This increase may be related to the decline
in pH, since a significant negative correlation was observed
betweenwater-soluble Cu and pH (Table IV). The application
of SCU and PCU can increase crop uptake of some heavy
metals by increasing their solubility. The increased solubility
of heavy metals can pose a health risk because of their
movement into surface water and groundwater. The water-
soluble Cd was always higher in the control after incubation
than before incubation (Tables I and III). The trend of Cd
concentration may depend not only on that of soil pH but also
on the dissolved organic C (DOC) content of the soil (Chen
and Chen, 2002; Li and Yang, 2004). Soil DOC contains
a large number of functional groups that can form organic
Cd complexes through complexation and chelation, thus
increasing Cd solubility in the soil (Li and Yang, 2004).
Reddy et al. (1995) found that, at low pH, the dissolved
heavy metal contents of soil water extracts are dominated
by free ionic forms, followed by ion pairs. The solubility of
metal ions increases as the soil pH decreases because these
chemical forms increase in the soil solution.

The available Cd concentration significantly decreased in

the PU-, SCU-, and PCU-treated soils when compared with
the control at 5 and 15 d (Table V). At 5 d, the application
of PU, SCU, and PCU significantly reduced the available
Pb, Cu, and Zn in soil (Table V). This may be explained by
changes in soil pH and the concentrations of NH+

4 -N, NO
−
3 -

N, and water-soluble SO2−
4 in this period, since significant

negative correlations were observed between NH+
4 -N, NO

−
3 -

N, and available Cd, Pb, Cu, and Zn, and the relationships
between soil pH, water-soluble SO2−

4 , and available Cd,
Pb, Cu, and Zn were also negative. At 60 d, no significant
difference was observed in the available Cd and Pb between
the PU-treated soil and the control, whereas the application
of PCU reduced the available Cd and Pb compared to the
control (Table V).

No significant changes were found in the available Cd
and Pb between the SCU-treated soil and the control at
60 d (Table V). Therefore, an S content of 106 mg kg−1

(3.3 mmol kg−1) does not increase the availability of heavy
metals in the soil. These results are consistent with those of
Kaplan et al. (2005), who found no significant differences
in the availability of Cd, Co, and Ni after addition of S-
containing waste (0.5–1.5 t ha−1) to a calcareous soil. Wang

TABLE IV

Correlation coefficients between soil pH, NH+
4 -N, NO−

3 -N, and water-soluble SO2−
4 and water-soluble and available heavy metals after application of

different coated urea

Soil parameter Water-soluble Available

Cd Pb Cu Zn Cd Pb Cu Zn

pH −0.069 −0.443 −0.717** −0.516* 0.145 −0.013 −0.357 −0.184

NH+
4 -N −0.708** −0.626** −0.244 −0.565* −0.276 −0.235 −0.367 −0.248

NO−
3 -N −0.379 −0.231 0.306 −0.276 −0.774** −0.575* −0.385 −0.375

Water-soluble SO2−
4 −0.392 −0.335 −0.515* −0.235 0.103 0.191 −0.006 0.014

*, **Significant at P < 0.05 and P < 0.01, respectively.

TABLE V

Dynamic changes in heavy metal availability in contaminated soil after application of different coated urea

Treatmenta) Available Cd Available Pb

5 d 15 d 30 d 60 d 5 d 15 d 30 d 60 d

mg kg−1

CK 0.113 ± 0.004b)ac) 0.106 ± 0.008a 0.094 ± 0.002a 0.093 ± 0.012a 57.71 ± 2.94a 36.23 ± 3.31a 30.01 ± 3.58a 32.38 ± 4.32a
PU 0.076 ± 0.006c 0.089 ± 0.011b 0.085 ± 0.002a 0.089 ± 0.004ab 26.58 ± 3.56c 34.16 ± 7.57a 26.87 ± 3.89a 28.17 ± 0.96ab
SCU 0.093 ± 0.004b 0.090 ± 0.006b 0.089 ± 0.007a 0.090 ± 0.005ab 37.49 ± 5.02b 34.27 ± 4.68a 31.46 ± 3.25a 25.92 ± 4.67ab
PCU 0.087 ± 0.002b 0.075 ± 0.006b 0.090 ± 0.006a 0.078 ± 0.005b 37.64 ± 4.56b 25.79 ± 5.11a 26.99 ± 4.44a 23.00 ± 1.18b

Treatment Available Cu Available Zn

5 d 15 d 30 d 60 d 5 d 15 d 30 d 60 d

mg kg−1

CK 11.25 ± 0.52a 5.93 ± 0.47ab 5.49 ± 1.10a 5.48 ± 0.88a 10.21 ± 0.0a 7.66 ± 0.24a 6.04 ± 0.47a 5.53 ± 0.53a
PU 5.34 ± 0.47d 6.37 ± 1.19a 3.59 ± 0.25b 5.59 ± 0.25a 5.88 ± 0.09c 6.51 ± 0.87a 4.89 ± 0.05b 5.01 ± 0.47a
SCU 9.06 ± 0.02b 7.08 ± 0.21a 5.61 ± 0.51a 7.14 ± 1.40a 7.61 ± 0.75b 6.73 ± 0.86a 6.59 ± 0.38a 5.47 ± 0.58a
PCU 7.69 ± 0.21c 4.32 ± 0.41b 6.63 ± 1.33a 5.68 ± 0.49a 7.23 ± 0.28b 6.53 ± 0.39a 5.72 ± 0.79ab 4.90 ± 0.37a

a)CK = control; PU = prilled urea; SCU = sulfur-coated urea; PCU = polymer-coated urea.
b)Mean ± standard deviation (n = 4).
c)Means followed by the same letter(s) within each column are not significantly different at P < 0.05 using Duncan’s multiple range test.
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et al. (2007) found that the effects of S application on the
availability of Cd, Pb, Cu, and Zn were much lower at 100
and 200 mmol kg−1 than at 400 mmol kg−1. Addition of S at
3.14, 4.71, and 6.28 g kg−1 did not increase the availability
of Zn, Pb, Cu, Ni, and Fe in the soil (De la Fuente et al.,
2008). Amoakwah et al. (2014) also found that S application
at 200 mmol kg−1 mobilized higher concentrations of Cd
than S application at 16 mmol kg−1. The effect of S on
the availability of heavy metals is closely related to the
amount of S present. No significant difference was observed
in available Zn and Cu between all treatments at the end of
the incubation. The PCU treatment had the strongest effect
on available heavy metals, although the application of coated
urea had more significant effects on water-soluble heavy
metals than on available ones. At the end of the incubation,
the PCU treatment decreased the available Cd and Pb; this
may be explained by an increase in NO−

3 -N, since significant
negative correlations were observed between NO−

3 -N and
available Cd and Pb (Table IV). The results of this study
indicate that PCU decreases the availability of Cd and Pb
and provides a basis for minimizing the uptake of Cd and
Pb by crops and reducing potential runoff into agricultural
water environments.

Correlations of pH, NH+
4 -N, NO−

3 -N, and water-soluble
SO2−

4 with water-soluble and available heavy metals

The relationships between pH value and water-soluble
Cu and Zn were significantly negative (Table IV). This
observation reinforces those of Sun et al. (2009), who found
significantly negative correlations between pH and water-
soluble and available Cu. Significant negative correlations
were observed between NH+

4 and water-soluble Cd, Pb, and
Zn (Table IV). NH+

4 was able to compete with Cd2+, Pb2+,
and Zn2+, reducing the adsorption capacity of these cations
in soil particles (Shao, 2009). Other significant negative
correlations were observed between water-soluble Cu and
water-soluble SO2−

4 and between available Cd and Pb and
NO−

3 -N content (Table IV). The soil SO2−
4 and organic S are

reduced or decomposed to S2− by sulfate-reducing bacteria
and acidification bacteria, which results in CuS formation
(Zhang et al., 2004). Cd2+ and Pb2+ form complex ions with
NO−

3 (CdNO+
3 and PbNO+

3 ), reducing the number of positive
charges on the Cd and Pb ions, decreasing their adsorption
on the soil surface, and increasing their availability (Wang,
1994).

CONCLUSIONS

The application of different coated urea to soil influenced
the amounts of water-soluble Cd, Pb, Cu, and Zn, whereas
small effects were observed on their availability. In fact,

the application of coated urea significantly lowered the
concentrations of available heavy metals only during the first
days of incubation. At 60 d of incubation, SCU exhibited the
highest ability to enhance the solubility of Cd, Pb, and Zn,
and the application of PCU resulted in the lowest available
Cd, Pb, and Zn concentrations. Changes in soil pH, NH+

4 , and
water-soluble SO2−

4 led to different effects of the coated urea
on heavy metal solubility and availability. The results further
suggested that for dry farming operations in multimetal-
contaminated acid soil, PCU may be considered the best
treatment because it can reduce Cd, Pb, and Zn availability
in the soil. Further studies incorporating plants should be
carried out under different conditions.
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