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Abstract: Nitrogen (N) fertilizer affects the migration and transformation of arsenic (As) in soil and
rice. We conducted pot experiments and studied the effects of 0.1, 0.2, and 0.4 g·kg−1 N levels of
NH4Cl, (NH4)2SO4, and NH4NO3 fertilizers on the As bioavailability in the As-contaminated inter-
rhizosphere soil and As accumulation in the rice organs. The results showed that the concentration of
bioavailable As in the rice rhizosphere soil was significantly negatively correlated with pH under the
0.4 g·kg−1 N level of each fertilizer. At the same N level, while the As concentration was maturity
stage > tillering stage in rice stems and leaves treated with NH4Cl and (NH4)2SO4, it was the opposite
in roots. This suggests that the transfer of As from roots to stems and leaves mainly occurs in the late
stage of rice growth under the condition of only NH4

+-N fertilizer applying. The As concentration in
rice aboveground organ (grains and stems–leaves) decreased with the increasing N application under
the same N fertilizer treatment condition during the mature stage. In addition, the As concentration
in rice grains treated with (NH4)2SO4 was the lowest. This result indicated that SO4

2− and NH4
+-N

had a significant synergistic inhibition on the As accumulation in rice grains. It was concluded that
appropriate (NH4)2SO4 levels for As-contaminated paddy soils with high sulfur (S) contents would
obtain rice grains with inorganic As concentrations below 0.2 mg·kg−1.

Keywords: mineral nutrients; heavy metal; acid mine drainage; polluted paddy soil

1. Introduction

The mining industry can cause significant damage to terrestrial and aquatic environ-
ments at certain scales, and the mining process generates large amounts of waste that is
deposited in terrestrial or aquatic systems. This results in the heavy metal pollution of air,
soil, river water, and groundwater [1]. One of the most common forms of pollution near
sulfide mines is the oxidation of weathered S-containing minerals that releases heavy metals
and acidic wastewater, and these are then released into surface water, soil, and groundwa-
ter [2–4]. This leads to excessive levels of heavy metals in crops, such as rice downstream
of agricultural fields [5], seriously damaging plant growth and human health [6]. High
concentrations of sulfate ions in mining wastewater can lead to soil acidification and an
excessive soil S content, and this may develop into acidic sulfate soils that contain many
toxic substances. This leads to soil degradation and even damage to crop growth [7–9].
As a toxic heavy metal, the prolonged presence and accumulation of As in soil can affect
soil physicochemical properties and crop growth and even have toxic effects through the
food chain, affecting the health of organisms [10]. Plant nutrient regulation is an important
tool to mitigate and manage agricultural soils, and mineral nutrients can effectively control
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the uptake and accumulation of heavy metal elements by crops [11]. Nitrate (NO3
−) and

ammonium (NH4
+) salts as N fertilizers are the primary ways to obtain N for non-legume

crops such as rice, but As can reduce the N fertilizer transportation and interfere with
the availability of inorganic N [12]. Uddin et al. [13] studied the relationship between the
application of nitrogen fertilizer and the release of arsenic from sediments in the polluted
area and found that the application of N fertilizer would significantly promote the release
of As from sediments in the polluted area of Bangladesh to groundwater. The study of
Liu et al. showed that the urea application increased the exchangeable As concentration in
the soil [14]. It has been shown that S has an inhibitory effect on the bioavailability and
transport of As [15] that significantly reduces the toxicity of As to plants and promotes
plant growth [15,16]. Manju et al. found that plant seedlings were affected by As stress,
and that was because reduced glutathione and cysteine-containing S had a protective effect
on them by reducing the uptake of As in plants [17]. This result was the same as that of Tuli
et al. [18]. By studying the effect of S on black algae subjected to As stress, Srivastava et al.
found that S increased plant tolerance to As by modulating plant antioxidant mechanisms
and increasing the enzymatic activity of the antioxidant system [19]. It has been reported
that S and N interact in plants. For example, S addition reduces the NO3

− content and
increases N accumulation in plants [20]. However, there are few reports about the effects
of S and N used together on As toxicity [15]. Therefore, in this study, we investigated the
bioavailability of As in plant inter-rhizosphere soil and the uptake of As in different rice
organs by comparing different N sources and N levels. We accomplished this by studying
rice growth in a polymetallic S mining area and conducting pot experiments to explore the
appropriate N fertilizer species and application levels considering the combined effects of
S and N.

2. Materials and Methods
2.1. Test Soil

This experiment studied a heavy-metal-contaminated paddy field with more than
50 years of irrigation history (since the 1970s) that was irrigated with acidic mine wastewater
from the Dabaoshan polymetallic sulfide mining area. A determination of the heavy-metal
concentrations in the soil of this paddy field found elements such as As, lead (Pb), and
Cd. The concentrations were less than the risk control value for soil contamination of
agricultural land, but they were greater than the risk screening value. In addition, edible
agricultural products, such as rice, may not meet the requirements of the national standards
for food safety. In this study, soil samples from 0 to 20 cm of the cultivated layer were used
as the test soil, air-dried, sieved (2 mm), and mixed well for use. The physical and chemical
properties of the test soils are shown in Table 1.

Table 1. Basic physical and chemical properties of the tested soil.

Risk Screening Value a (pH ≤ 5.5) Risk Intervention Value a (pH ≤ 5.5) Test Value

pH 4.21
Cd (mg·kg−1) 0.3 1.5 0.54
As (mg·kg−1) 30 200 70.28
Cu (mg·kg−1) 50 298.25
Zn (mg·kg−1) 200 302.66
Cr (mg·kg−1) 250 800 46.28
Pb (mg·kg−1) 80 400 201.00

Fe (g·kg−1) 30.37
S (mg·kg−1) 443.66

Bioavailable S (mg·kg−1) 133.38
Bulk density (g·cm−3) 1.20

organic matter (g·kg−1) 11.20
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Table 1. Cont.

Risk Screening Value a (pH ≤ 5.5) Risk Intervention Value a (pH ≤ 5.5) Test Value

CEC (cmol·kg−1) 9.52
Hydrolyzed N (mg·kg−1) 10.59

N (g·kg−1) 1.10
P (g·kg−1) 1.20

K2O (g·kg−1) 24.2
a Risk screening values and risk intervention values for soil contamination of agricultural land, soil environmental
quality national standard of the People’s Republic of China, and risk control standard for soil contamination of
agricultural land (GB 15618-2018).

2.2. Pot Experiment

The effect of N fertilizer application on the soil–rice transport of As was investigated
by using Choukoukoku (Oryza sativa L. cv.) with a high Cd accumulation. The rice grains
were sterilized by using NaClO at a concentration of 0.5% for 20 min, rinsed several times,
and then soaked in deionized water. They were removed after one day and placed in
moist gauze for cultivation and cultivated until the seeds germinated to approximately
1 cm in height. They were then removed and placed in pots that contained quartz sand
and deionized water for further cultivation. Two plants per pot were utilized for the
soil-cultivation experiment. The experiment was conducted in ordinary plastic bottles
with a diameter and height of 20 cm. Two days prior to transplanting, 3.8 kg of the soil
was placed into the pots, and 17.6 g of KH2PO4 with different contents of N fertilizer was
weighed, mixed, and dissolved in 1 L of water. This was poured into the pots after complete
dissolution. The plants were watered in the morning and evening.

Nine different fertilization treatments according to different N fertilizers and N levels
were administered to the rice, as shown in Table 2, and there were five replicated pots
(ten plants) for each treatment.

Table 2. The application dose of each N fertilizer under the different N-level treatments.

Fertilizer
N (g N·kg−1 Soil)

0.1 g·kg−1 0.2 g·kg−1 0.4 g·kg−1

NH4Cl 7.6 g 15.2 g 30.4 g
(NH4)2SO4 9.4 g 18.8 g 37.6 g
NH4NO3 5.8 g 11.6 g 23.2 g

2.3. Rice Treatments

All rice seedlings were transplanted on 21 May 2012, and two pots of rice plants were
collected as tillering samples on 2 July. Three pots of rice plants were harvested as maturity
samples after the grains matured and were treated with a three-day roasting. However, the
maturity stage of the rice differed among treatments, and the rice samples were harvested
on 23 August for the 0.1 and 0.2 g·kg−1 N levels of the three forms of N fertilizers treatments
and 0.4 N level of NH4NO3 treatments; on 28 August to 6 September for the 0.4 N level
of (NH4)2SO4 treatment; and 3 September to 14 September for the 0.4 N level of NH4Cl
treatment. Days of the whole rice growth period under treatment conditions with different
N forms and levels are shown in Table 3. Photos of the rice under treatment conditions
with different N forms and levels were taken on 23 August 2012. They are provided in
Supplementary Figure S1.
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Table 3. Days of the whole rice-growth period under treatment conditions with different N forms
and levels.

Fertilizer
N (g N·kg−1 Soil)

0.1 g·kg−1 0.2 g·kg−1 0.4 g·kg−1

NH4Cl 109 days 109 days (120–131) days
(NH4)2SO4 109 days 109 days (114–123) days
NH4NO3 109 days 109 days 109 days

Each rice plant was treated as a replication. The rice samples were cut from the roots
at harvest, and the stems–leaves and the rice grains were collected. The roots were then
slowly removed, the debris was removed, and the roots and inter-rhizosphere soil were
collected as research samples. The inter-rhizosphere soil was air-dried, and the debris was
removed; the soil was then ground, passed through 10- and 100-mesh sieves, and stored
in separate polyethylene plastic bags for use. The obtained roots, stems–leaves, and rice
grains were rinsed with tap water and deionized water successively, green-killed at 105 ◦C
for 0.5 h, dried at 60 ◦C to a constant weight, ground, passed through a 60-mesh sieve, and
then stored for use.

2.4. Sample Testing and Data Analysis

The pH was determined by using the glass electrode method (water–soil ratio of 1:2.5).
We digested the soil with HNO3-HClO4-HF solutions and determined the heavy-metal
and S concentrations in the soil by using an inductively coupled plasma–optical emission
spectrometer (ICP–OES, ICP-5000, Focused Photonics, Inc., Zhejiang, China). The detection
limits measured by the ICP–OES were 0.5 µg·L−1 for Cd, 1 µg·L−1 for Cr, 0.5 µg·L−1

for Cu, 0.5 µg·L−1 for As, 0.5 µg·L−1 for Pb, 0.2 µg·L−1 for Zn, 0.5 µg·L−1 for Fe, and
0.2 mg·L−1 for S. The bioavailable concentration of S in the soil was leached by using
the 1:5 suspensions of soil and 0.008 mol·L−1 Ca(H2PO4)2–2 mol·L−1 CH3COOH mixed
solution at 180 revolutions per minute (rpm) for 1 h, and then it was determined by using
the ICP–OES. The bioavailable concentration of As in the soil was determined by using the
AFS-830 atomic fluorescence photometer after being leached using a 1:2 suspension of soil
and a mixed solution of 0.005 mol·L−1 DTPA, 0.01 mol·L−1 CaCl2, and 0.1 mol·L−1 TEA at
180 rpm for 2 h. The rice organ samples were analyzed by using HNO3-HClO4 (3:1, v:v)
mixed acid digestion.

The bulk density was traditionally assessed by gravimetric methods. The cation
exchange capacity (CEC) was determined by using ammonium acetate [21]. The organic
matter content was determined by using the Walkley–Black procedure [22]. For total
phosphorus (P), soils were digested with concentrated HClO4–H2SO4. Extracted P was
measured by using the molybdenum antimony blue colorimetry method [23]. Alkaline
hydrolyzed N was determined by a micro-diffusion technique after alkaline hydrolysis.
Soil total N was determined by the semi-micro Kjeldahl digestion procedure [24]. Total
potassium (K) was determined by digesting in sodium hydroxide and then measured
by atomic absorption spectrometer. The reagents used in the experimental pretreatment
process were guaranteed reagents (GRs).

One standard solution was added for every 20 samples during the samples analysis,
and the internal standard solution was used to control the quality and reduce the error. The
recoveries of As were higher than 95% for both the soil and plant samples, and the relative
standard deviations (RSDs) had a precision of greater than 10%.

All assay data were calculated by using the IBM SPSS Statistics 25 for the mean and
standard deviation and expressed in Duncan. Different N level treatments of each fertilizer
were compared by using least significant difference at p < 0.05. Histograms were plotted by
using Origin 2018.
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3. Results and Discussion
3.1. Bioavailable As and pH in Rice Inter-Rhizosphere Soil under Different N Fertilizer
Treatment Conditions

The effects of different N fertilizer treatment conditions on the bioavailable As concentra-
tion in the inter-rhizosphere soil of the rice during the tillering and maturity stages are shown
in Figure 1. During the tillering stage, the bioavailable As concentration under 0.1 g·kg−1

and 0.2 g·kg−1 N fertilizer treatment conditions was NH4Cl > NH4NO3 > (NH4)2SO4. Dur-
ing the maturity stage, the bioavailable As concentration under 0.1 g·kg−1 and 0.2 g·kg−1

N fertilizer treatment conditions was (NH4)2SO4 > NH4NO3 > NH4Cl. The bioavailable
As concentration at both periods under 0.4 g·kg−1 N fertilizer treatment condition was
(NH4)2SO4 > NH4Cl > NH4NO3. These results indicated that, during the different periods,
the different N fertilizer treatment conditions had different effects on the bioavailable As in
the inter-rhizosphere soil. During the tillering stage, the bioavailable As concentration in
the soil under the same N application was NH4Cl > NH4NO3. At the 0.4 g·kg−1 N level,
the bioavailable As concentration in the soil treated by NH4NO3 (NH4

+-N coexisted with
NO3

−-N) was significantly lower than that treated by NH4Cl and (NH4)2SO4 (NH4
+-N coex-

isted alone); this indicated that NO3
−-N could significantly decrease the As bioavailability

under a high-N-level-fertilizer treatment condition.
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We compared the As concentration changes during the tillering stage and the maturity
stage in Figure 1, and we found that the change trends of the bioavailable As concentration
in the inter-rhizosphere soil treated with the same N fertilizer were similar with the increas-
ing N level during the both stages. For the NH4Cl treatments, the As concentration first
decreased and then increased. For the (NH4)2SO4 treatments, the As concentration first
remained nearly unchanged, and then it increased. Moreover, for the NH4NO3 treatments,
the As concentration first remained nearly unchanged, and then it decreased. Figure 1
showed that the bioavailable As concentration in the rice rhizosphere soil decreased slightly
with the increase of the NH4NO3 level. The reason might be that the addition of NO3

− to
the inter-rhizosphere soil may inhibit the reduction of Fe3+ or promote the oxidation of Fe2+,
which, in turn, leads to the adsorption or co-precipitation of As with Fe3+ minerals [25].
Thus, the bioavailable As in the soil decreased.

Many studies have found that N fertilizers can affect the pH of plant soils [26,27]. For
example, Liu et al. studied the relationship between urea application and soil exchangeable
As concentration, and the results showed that the urea application increased the pH of
the soil and increased the exchangeable As concentration in the soil [14]. In contrast,
the bioavailable As concentration in the soil can be affected by pH due to the alkaline
environment, and a large amount of OH− can compete with arsenate anion for sorption
sites. This results in a decrease in the As sorption. However, the phenomenon is opposite
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for an acidic environment where the bioavailable As concentration increases with the As
sorption increases [28]. In this study, under the same N level (except 0.4 g·kg−1), the
bioavailable As concentration in the rice rhizosphere soil during tillering stage was NH4Cl
treatment > NH4NO3 treatment > (NH4)2SO4 treatment, but the phenomenon was opposite
during the mature stage: (NH4)2SO4 treatment > NH4NO3 treatment > NH4Cl treatment.
Therefore, it is necessary to apply different varieties of N fertilizers for the different fertility
stages of rice to control the As concentration in rice.

Figure 2 shows the effect of the different N fertilizers and different N applications
on the pH of the inter-rhizosphere soil of rice during the tillering and maturity stages.
The inter-rhizosphere soil pH of the NH4NO3 treatment was greater than that of the
NH4Cl and (NH4)2SO4 treatments. The soil pH of the NH4Cl and (NH4)2SO4 treatments
gradually decreased with the increasing N application, while the NH4NO3 treatment
showed the opposite trend. The concentration of bioavailable As in the rice rhizosphere
soil was significantly negatively correlated with the pH under the 0.4 g·kg−1 N level of
each fertilizer.
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After entering the soil, N fertilizers first change the soil pH and thus affect the activity
of the soil’s heavy metals, and different forms of N fertilizers have different effects on
the inter-rhizosphere soil’s pH [29–31]. Md. Shamim Uddin et al. studied the effect of
N fertilizers on As release from groundwater and found that the N concentration was
positively correlated with the As concentration, and NH4

+-N significantly promoted As
uptake compared to NO3

−-N [13]. This happened because, when the plant roots absorb
NH4

+-N, they secrete H+, and when the plant roots absorb NO3
−-N, they secrete OH−.

In addition, the secretion of the two ions changed the pH of the inter-rhizosphere soil.
Hence, the two N fertilizers had opposite effects on the uptake of As. Under the condition
of the same N level, NH4NO3 contains more NO3

−-N than both NH4Cl and (NH4)2SO4;
hence, the soil treated with NH4NO3 was acidified less, and the pH was higher than it
was for the other two N fertilizers. Therefore, the pH of the rice inter-rhizosphere soil
treated with NH4NO3 (shown in Figure 2) was higher and increased with the increasing
NH4NO3 dose. SO4

2− also had an effect on the inter-rhizosphere soil’s pH and bioavailable
As concentration, besides NO3

− and NH4
+. As shown in Figure 2, all pH values were

(NH4)2SO4 treatment > NH4Cl treatment, except for the similar pH values under the
0.4 g·kg−1 N level of (NH4)2SO4 treatment and NH4Cl treatment during the maturity
stage. This indicated that SO4

2− had an inhibitory effect on the pH decreasing caused by
NH4

+. Chen et al. studied the effect of SO4
2− on the As adsorption by river sand. They

found that As existed in various forms in the inter-rhizosphere soil, and As(V) adsorption
was reduced by 35.87% compared with the treatment without the addition of SO4

2− [32].
Their experiment proved that SO4

2− could inhibit the adsorption of As in the soil [32],
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and this was the same as the results of this study at the early stage of rice growth with
the N levels of 0.1 and 0.2 g·kg−1. This may have been due to an increase in the soil pH
caused by SO4

2−, along with ion exchange with As (V), resulting in a decrease in the As
adsorption [32]. However, the bioavailable As concentration in the soil treated with the
(NH4)2SO4 treatment was greatest at the 0.4 g·kg−1 N level at both growth stages. Moreover,
it was greatest under the 0.1 and 0.2 g·kg−1 N levels at maturity with the increasing time.
This indicated that SO4

2− promoted As bioavailability under the condition of a high N
level or long time. In the early stage of this experiment, we also studied the soil of the
sulfide mining area, and the amount of total S in the experimental soil was 443.66 mg·kg−1.
However, the bioavailable S concentration was 133.38 mg·kg−1, and the bioavailable S
concentration was 6.2 times higher than the average bioavailable S value of Guangdong
Province. These data indicated that the study soil had a large amount of SO4

2−, and these
SO4

2− ions were highly migratory and active. This significantly increased the bioavailable S
concentration. Figure 1 showed that the bioavailable As concentration at the maturity stage
was higher than at tillering stage under the condition of the same NH4NO3 dose treatment.
The result indicated that the bioavailable As concentration in the rice rhizosphere soil
increased with the increasing growth time. This result may be caused by the bioavailable
S in the soil. The bioavailable S in the soil may have activated As under the condition of
long rice growth time and NH4NO3 treatment. Therefore, it is worth paying attention to
the influence of high S environment on As in soil.

3.2. As Concentration in the Rice Roots under Different N Fertilizer Treatment Conditions

Figure 3 shows the effects of the different treatments of N fertilizer and N levels on
the As concentration in the rice roots. It can be seen that different fertilizers had different
effects on the As concentration in rice roots under the same conditions of N application
during the same fertility period. During the tillering stage, the As concentration in the rice
roots increased from 596.09 mg·kg−1 to 1076.92 mg·kg−1 with the increasing application
level of NH4Cl, indicating that NH4Cl promoted As uptake. The As uptake by the rice
roots decreased with an increase in the NH4NO3 application, and from 607.21 mg·kg−1

to 261.42 mg·kg−1, there was a decrease of 56.95%. The differences in the effects of the
two N fertilizers on the As accumulation indicated that NO3

− had a significant inhibitory
effect on the As concentration in the rice roots during the early stages of plant growth.
(NH4)2SO4 had no significant effect on the As accumulation, and this may be due to the
balance between the promoting effect of NH4

+ and the inhibiting effect of SO4
2− on the As

uptake during the tillering stage. In addition, with the growth of plants, SO4
2− in the soil

entered the plant roots, and when its concentration was greater than NH4
+, the inhibitory

effect of As was enhanced. Hence, the accumulation of As decreased. In addition, it was
also found that the difference in the As accumulation between the three N fertilizers at
0.1 g·kg−1 of N application during the tillering stage was small, indicating that low N levels
and N fertilizer varieties had no significant effect on the As uptake by rice roots during the
tillering stage.

The As concentration decreased and then increased when NH4Cl and (NH4)2SO4 were
applied during the maturity stage, and the accumulation of As in the rice roots was the least
at 0.2 g·kg−1 of N application. The inhibitory effect of (NH4)2SO4 on the As accumulation
was more obvious. This was likely because SO4

2− facilitated the formation of iron film
on the root surface of the rice and hindered the uptake of As [33]. When NH4NO3 was
applied, the As accumulation was nearly unchanged with an increase in the N application,
indicating that NH4NO3 had a significant inhibitory effect on As uptake during only the
early stage of rice growth, while the As concentration during the late stage of rice growth
was not affected by NH4NO3. One study found that the total As concentration in fern
increased with an increase in N fertilizer when different N fertilizers were applied, and the
As concentration in fern was NH4HCO3 > (NH4)2SO4 > urea > Ca(NO3)2 > KNO3; there
was no significant difference between the NO3

−-N treatment and the control treatment [34].
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This result was consistent with the effect of NH4NO3 on the As accumulation in rice roots
at maturity found in this experiment.
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Figure 3 showed that the concentration of As in the rice roots during the tillering
stage was higher than that during the maturity stage, except for NH4NO3 treatments at
the 0.2 and 0.4 g·kg−1 N levels. This was because the amount of iron film on the root
surface during the early stages of rice growth was low, and the ability to accumulate As was
strong. In addition, the As content accumulated by the roots was high, and this accelerated
the migration of As from the soil to the root surface and increased the As concentration
in the rice roots during the tillering stage. With the rice growth, As migrated from the
underground part to the aboveground part, leading to a decrease in the As accumulation
in the rice roots at maturity [35].

A comparison of Figures 1 and 3 revealed that the different N fertilizers had different
effects on the As concentration in the inter-rhizosphere soil and rice roots. The bioavail-
ability of As in the inter-rhizosphere soil of the rice during the tillering stage was NH4Cl
treatment > NH4NO3 treatment > (NH4)2SO4 treatment, while the As concentration in the
roots was NH4Cl treatment > (NH4)2SO4 > NH4NO3 treatment. This difference might be
because NO3

−, as a strong oxidizer, oxidizes As(III) to As(V), and As(V) is easily adsorbed
by iron (hydrogen) oxides, thus reducing the As uptake in rice roots [36].

3.3. As Concentration in Rice Stems and Leaves under Different N Fertilizer Treatment Conditions

The As concentrations in the stems and leaves of all three N fertilizer treatments,
except for the NH4Cl treatment at the tillering stage, decreased with the increasing N
application in both stages of rice growth, as shown in Figure 4. This indicated that the rice
stems and leaves’ accumulation of As was inhibited with an increasing N level. In contrast,
the As concentration in rice stems and leaves during the maturity stage was greater than
that during the tillering stage at the same N level. This result indicated that As in rice
stems and leaves accumulated largely during the rice’s mature stage, while As in rice roots
accumulated largely during the rice tillering stage except for NH4NO3 treatments at 0.2
and 0.4 g·kg−1 of N levels. The higher As concentration in the rice stems and leaves during
the later stages of plant growth may have been caused by the increased accumulation of As
that translocated from the roots to the stems and leaves with the plants’ growth time.
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In addition, Figure 4 shows that the As concentration in the rice stems and leaves was
NH4NO3 treatment > NH4Cl treatment during the rice’s maturity stage, indicating that
NH4NO3 is more favorable for As accumulation during the later stages of plant growth
compared to NH4Cl. This may be because, during the transfer of NO3

− from the heel to the
stem and leaves of the plant, it reaches charge equilibrium with cations, and this facilitates
the transfer of some heavy metals to the aboveground portion [37]. In rice roots, however,
the As concentration was NH4Cl treatment > NH4NO3 treatment at 0.2 and 0.4 g·kg−1 of
N application during the tillering stage, indicating that different N fertilizers have different
effects on the As transport in different organs of plants, and the soil pH is not the only
criterion for evaluation.

Figure 4 indicated that the As concentration in the rice stem–leaf decreased signif-
icantly compared to the rice roots. This result indicated that As was inhibited during
the translocation from the rice roots to the stem–leaf, and it has been reported that S-
induced thiol ligands can form stable complexes with As and limit the transfer of As to
the ground [38,39]. In addition, it can be seen that, under NH4Cl treatment conditions
and (NH4)2SO4 treatment conditions, while the concentration of As in the rice roots was
tillering stage > maturity stage, the concentration of As in the rice stems and leaves was
tillering stage < maturity stage. This suggests that the transfer of As from the roots to the
stems and leaves mainly occurs in the late stage of rice growth under the condition that
only NH4

+-N fertilizer is applied.

3.4. As Concentration in Rice Grains under Different N Fertilizer Treatment Conditions

The effects of three N fertilizers on the As accumulation in rice at different N levels
are shown in Figure 5. According to the national food safety standard (GB 2762-2017) [40],
the limit standard of inorganic As in rice is 0.2 mg·kg−1. In view of previous measurement
experience, the inorganic As concentration accounts for about 1/3 to 2/3 of the total As
concentration. According to the results of this experiment, the inorganic As concentration of
rice grains might not exceed the standard under the treatment conditions of the 0.2 g·kg−1

N level of (NH4)2SO4 and 0.4 g·kg−1 N level of all three N fertilizers.
With an increase in the N level, the As concentration of rice under the three fertilizers

decreased differently. Compared with the 0.1 g·kg−1 N level, the As concentration in rice
grains treated with the 0.4 mg·kg−1 N level of NH4Cl, (NH4)2SO4, and NH4NO3 decreased
by 68.64%, 63.59%, and 40.29%, respectively. NH4Cl and (NH4)2SO4 decreased the As
concentration in rice greatly, while the As concentration of rice, except for the 0.4 g·kg−1

N level, was as follows: NH4Cl treatment > NH4NO3 treatment > (NH4)2SO4 treatment.
The (NH4)2SO4 treatment group accumulated the least amount of As. In a comparison
of Figures 3–5, we found that the As concentration was as follows: roots > stems and
leaves > grains. The largest As concentration accumulated in the rice roots. If specific
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measures can be taken to fix it in the roots, this will effectively reduce the transfer of As to
the aboveground portions of the rice and lower the As concentration in rice.
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Table 3 shows the number of days of rice growth in each experimental group, and it is
clear that the 0.4 g·kg−1 N levels of NH4Cl and (NH4)2SO4 treatments slowed down the
growth and maturation of the rice. This may have been related to impaired plant tissue
development or function due to high N concentrations, and some studies have shown that
the threshold for NH4Cl application in the phytoremediation of mycoplasma spinosum
was 0.2 g·kg−1 [41]. The N level often used in our experiments is 0.2 g·kg−1 [42].

The effects of N fertilizer on the As accumulation in this experiment were different
under the different types, different amounts of N application, and in the different plant
organs. During the tillering stage, the NH4Cl fertilizer had a promotion effect on the As
accumulation in rice roots, stems, and leaves. During the maturity stage, the N fertil-
izer greatly inhibited the accumulation of As in stems, leaves, and rice grains. The As
concentration in the rice’s aboveground organ (grains and stems–leaves) decreased with
the increasing N application under the same N fertilizer treatment condition during the
mature stage. SO4

2−, NO3
−, and NH4

+ had different effects on the As accumulation, and
all the three ions played a restraining role on the As accumulation. In addition, the As
concentration in rice grains treated with (NH4)2SO4 was lowest. This result indicated that
SO4

2− and NH4
+-N had a significant synergistic inhibition on the As accumulation in

rice grains. Considering the effect of SO4
2− in the experimental soil, the application of

NH4
+-N fertilizer to rice was more beneficial to control the As concentration. Based on the

As accumulation in mature rice, it can be concluded that the application of (NH4)2SO4 to
rice grown in the acid mine wastewater irrigation area was more favorable to control the
As concentration.

In addition, generally the accumulation of As in plants was positively correlated
with the availability of As in soil. This study, however, showed that the bioavailable As
concentration in soil was positively correlated with the As absorption by rice roots, but not
rice grains and rice stems–leaves. Therefore, chemical extraction methods to characterize
the bioavailability of As in soil should be improved.

4. Conclusions

The study of rice soils in polymetallic sulfide mining areas, using pot experiments,
revealed that the application of different N forms and N levels had different effects on the
bioavailability of As in the rice inter-rhizosphere soil and the changes in the As concen-
tration in the rice roots, stems–leaves, and rice grain. The concentration of bioavailable
As in the rice rhizosphere soil was significantly negatively correlated with pH under the
0.4 g·kg−1 N level of each fertilizer during the same growth period. The high N level makes
great changes in the soil pH and bioavailability of As. SO4

2− promoted As bioavailability
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under the condition of a high N level or long time. At the same N fertilizer form and level,
while the As concentration was at the tillering stage > maturity stage, except NH4NO3 treat-
ments at 0.2 and 0.4 g·kg−1 of N levels in rice roots, it was tillering stage < maturity stage in
rice stems and leaves. This suggests that the transfer of As from the roots to the stems and
leaves mainly occurs in the late stage of rice growth under the condition of only NH4

+-N
fertilizer applying. The As concentration in rice’s aboveground organ decreased with the
increasing N application under the same N fertilizer treatment condition during the mature
stage. However, the bioavailable As concentration in soil was positively correlated with the
As absorption by rice roots, but not rice grains, stems, and rice leaves. Therefore, chemical
extraction methods to characterize the bioavailability of As in soil should be improved. In
addition, the As concentration in rice grains treated by (NH4)2SO4 was lowest at the same
N level. This result indicated that S and NH4

+-N synergistically reduced As accumulation
in rice grains. For the As contaminated soil, the application of an appropriate amount
of (NH4)2SO4 will help rice grains accumulate the least amount of As. Thus, this study
suggested that (NH4)2SO4 would be a good N source to reduce As phytoextraction for
paddy soils with high levels of S concentration and likely would obtain rice grains with
inorganic As concentrations below the food safety standards of 0.2 mg·kg−1.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/life12101541/s1. Figure S1: Photos of rice under treatment conditions with different N forms
and levels were taken on 23 August 2012.
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