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Abstract: Heavy metal pollution and greenhouse gas (GHG) emissions from soil are two major
detrimental sources in the agriculture environment because of concerns about crop safety and global
warming. Applying amendments on site is a common technique used for heavy metal remediation
and the reduction in GHG emissions. This study aims to evaluate the effect of different amendments
on the reduction in both bioavailable heavy metals and GHG emissions from soil. Four different
amendments, namely bottom ash (BA), sintered material (SM), sintered material combined with
lime (SM + L), and FeO (SM + FeO) were applied to upland fields, followed by maize (Zea mays L.)
cultivation from April to October. Subsequently, SM + FeO treatment demonstrated the highest
bioavailability reduction efficiency for As at 79.1%, and SM + L treatment had a high efficiency for
the reduction in Cd and Pb by 64.6% and 41.4%, respectively. SM + FeO treatment also reduced
bioaccumulated As and Pb in maize grain by 59.3% and 66.2%, respectively. Furthermore, SM + FeO
treatment demonstrated the highest reduction efficiency for cumulative N2O emissions by 70.7%,
compared to the control soil. Among the four different amendments, the efficiency of heavy metal
and GHG emission reduction was in the following order: SM + FeO > SM + L > SM > BA. Overall,
SM combined with FeO is a promising amendment for reducing and managing both heavy metal
pollution and GHG emissions in soil.

Keywords: heavy metals; greenhouse gas; amendments; remediation; upland soil

1. Introduction

Heavy metal pollution and greenhouse gas (GHG) emissions present in arable soil
have recently become a concern due to crop safety and the threat of global warming [1–5].
The main sources of heavy metal pollution include anthropogenic activities, such as urban-
ization, industrialization, and environmental over-development [6,7].

Mining, smelting activities, and compost made from sludge or waste are typical
sources of heavy metal pollution in the environment [6–8]. Agricultural soil is also a
major source of GHG emissions, including nitrous oxide (N2O), carbon dioxide (CO2), and
methane (CH4). Nitrous oxide (N2O) is of main concern as it has a 298 times greater global
warming potential (GWP) than CO2, with an increased ability to disrupt the atmospheric
ozone layer [4,5,9].

Various remediation techniques have been applied to reduce both heavy metal con-
centrations and GHG emissions in agricultural soil. The application of amendments is a
popular technique used to immobilize bioavailable heavy metals and reduce GHG emis-
sions in soil because of its high efficiency, low cost, and ease of use [10–13]. The most
commonly used amendments include organic materials (biochar, compost, and plant resid-
uals), minerals (zeolite), and pH adjusters (lime, steel slag, and coal ash) [2,3,14,15].
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Coal ash, including fly ash (FA) and bottom ash (BA), are used as a soil amendment for
heavy metal remediation in agricultural fields. FA generally contains alkaline properties
and a large surface area suitable for adsorbing bioavailable heavy metals in soil [16,17]. BA
is a porous medium that can efficiently absorb soluble heavy metals in soil [18–20]. How-
ever, unprocessed FA and BA demonstrated decreased efficiency of heavy metal sorption
in soil compared to other amendments, which were then modified to increase the sorption
efficiency [2,21–23]. Representative methods include the hydrothermal method [24,25],
synthesis of zeolite-type adsorbents [26], and sintering processes [2,22,23].

The potential risks associated with heavy metal pollution and GHG emissions in soil
have not been thoroughly investigated. Heavy metal toxicity in soil can inhibit microbial
activity, leading to biomass reduction, increased tolerance, and reduced biodiversity [27].
Greenhouse gas emissions may increase as microbial activity decreases, due to slower bio-
logical processes, including nitrification/denitrification or organic decomposition [5,11,27].
Other soil variables, including soil water content, nutrient availability, and soil pH, can
affect heavy metal remediation and GHG emissions in soil [4,28].

Thus, this study aims to evaluate the efficiency of soil amendments in reducing
bioavailable heavy metals and GHG emissions in upland soil. The synergetic effect of
combined sintered material and lime or FeO is also evaluated.

2. Materials and Methods
2.1. Soil Amendments

Sintered material (SM) was manufactured using recycled materials, including bottom
ash, low-quality unburned carbon, and dredging sand (ratio of 2:5:3 w/w/w) at a coal
power plant in the Incheon province, Korea. Heating (550–600 ◦C), cooling (25 ◦C), and
re-heating (1100–1200 °C) was conducted to generate the SM. The detailed manufacturing
process and physicochemical properties of SM are described in our previous study [2]. Lime
and iron oxide (FeO) were applied together with SM to investigate the combined effect on
bioavailable heavy metal reduction and GHG in upland soil. The optimum application
rate for heavy metal sorption efficiency was previously determined, and 10% SM and 0.5%
combined lime or FeO (w/w) were subsequently added to the upland field assuming the
total mass of the soil within 100 cm depth with density of 1.3 g/cm3 [2]. Lime and FeO
were obtained from a commercially available market (Sigma Aldrich, Seoul, Korea).

2.2. Site Description and Experimental Field Setup

The experimental site was an upland field located in Dan-yang, Chungbuk province,
South Korea (37◦02′19′′N; 128◦15′02′′E). The abandoned metal mine, You-jin mine, was
located within a 2 km radius and severe heavy metal soil pollution was reported by the
Ministry of Environment in Korea. A total of 5 plots (10 m × 10 m, W × L) were installed
in the randomized block design and named control (no amendment), BA (10%), SM (10%),
SM+L (10% SM and 0.5% lime), and SM + FeO (10% SM and 0.5% FeO). Amendments
were evenly distributed across the surface soil and thoroughly plowed to a depth of 40 cm
to homogenize the soil. Each plot was then irrigated with groundwater and equilibrated
for eight weeks without water. Organic fertilizers were added and equilibrated one week
before cultivation. No heavy metals exceeded the groundwater and organic fertilizer
threshold values set by the Ministry of Environment (MOE) and the Rural Development
Agency (RDA) in Korea (data not shown).

Maize (Zea. mays L.) was then cultivated for 32 weeks and an adequate amount
(160 kg/ha) of chemical fertilizer (30-8-8, N-P-K) was added to each field at end of April,
according to RDA recommendations.

2.3. Soil and Plant Sampling

Top soil samples were collected from upland soil, using a hand auger, after harvesting
the maize. Three sub-samples per plot were collected at a depth of 20 cm and added to a
single sample bag to make 1 sample. The soil sample was thoroughly mixed by shaking for
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one minute and stored in a cooled box. Maize samples were collected from all three stands
in each plot, followed by on-site separation of the root and edible parts. The separated
parts were individually placed in plastic sample bags and stored in a cooled box.

The transported soil sample was completely air-dried at 35 ◦C and passed through a
2 mm and 0.15 mm sieve for chemical and heavy metal analysis. The root samples were
washed with deionized water several times and sonicated for one minute to remove fine
surface particles. The grain was separated from the kernel after thorough air drying at
20 ◦C. Every 100 grains were weighed for yield comparisons in each plot. Ground-up grain
and root were used for heavy metal analysis.

2.4. Chemical and Heavy Metal Analyses of Soil and Plants

The soil pH and electrical conductivity (EC) were measured using a pH meter (MP220,
Mettler Toledo, Columbus, OH, USA) and EC meter (S230, Mettler Toledo, Columbus,
OH, USA), after shaking 10 g of soil with 50 mL of distilled water for 1 h. Organic matter
(OM) and available P2O5 (Av. P2O5) were measured following the Walkley–Black and Bray
No1 methods.

The total concentrations of As, Cd, and Pb were prepared by digesting the soil sample
with aqua regia (HNO3: HCl (v/v) = 1:3) in a heating block (block heating sample prepara-
tion system, Ctrl-M Science). The bioavailable heavy metal fraction in the soil was extracted
using Mehlich-3 extractant.

Maize grain and roots were digested using a heating block for 2 h, after 24 h stagnation
in a HNO3 solution. Heavy metal concentrations were measured using an inductively cou-
pled plasma-optical emission spectrometer (ICAP 7000series, THERMO FISHER, Waltham,
MA, USA). For quality assurance and quality control (QA/QC) purposes, blank and spiked
samples were measured every 50 samples. The certified reference material (CRM) for
heavy metal contaminated soil (BAM, Berlin, Germany) was also analyzed. The mean
recovery ratios for As, Cd, and Pb were 102%, 97%, and 98%, respectively. All glassware
and polyethylene bottles were soaked overnight in a 0.5% HNO3 solution and rinsed with
deionized water before the experiment.

2.5. Monitoring Greenhouse Gas Emissions

Monthly N2O and CO2 flux monitoring was conducted every third week from April
2018 to October 2018. A static opaque closed chamber, made of a PVC column with a
24.8 cm diameter and 17 cm height, was installed at the center of each plot. Gas was
sampled for 2 h at a time (10:00 a.m.–12:00 p.m.) [11]. Weeds and plant residuals were
removed from the surface soil before installing a chamber. The chamber lid was left open
for one hour to allow ventilation. The chamber lid was closed at the start of the sampling
procedure, followed by sample collection every 20 min using a 20 mL polypropylene
syringe. The gas sample was then transferred into a 12 mL evacuated glass vial (Exetainer,
Labco, Ceredigeon, UK), as previously described [10,11]. N2O and CO2 concentrations were
measured using a gas chromatography-mass spectrometer (GC/MS, OP2020, Shimazu,
Kyoto, Japan). GC/MS conditions were maintained during the analysis, including a column
temperature of 60 ◦C, heating temperature of 330 ◦C, and N2 gas as a carrier [10,11]. For the
calculation of gas flux, only 20 and 40 min gas sample concentrations were used because
of asymptotic problems [10,29]. In addition, the linear interpolation between days was
considered for the calculation of cumulative GHG emissions. The information about air
temperature and rainfall was collected at the nearest weather station from the sampling
site. The daily gas flux and cumulative gas flux were calculated using Equations (1) and (2):

Daily gas flux (g/ha/day) = (∆g/∆t)× d× (273/T)× (V/A)× k× a (1)

Cumulative gas flux (kg/ha/yr) = ∑(Ri×Di) (2)

where ∆g/∆t is the rate change in the gas concentration inside the chamber (g/m3/min), d
is the gas density (g/m3) at 273 K and 0.101 MPa, and T is the chamber air temperature. V
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is the volume of the chamber (m3), A is the surface area of the chamber (m2), k is the time
conversion factor (min/day), and a is the area conversion factor (10,000 m2/ha). For the
cumulative gas flux, the mean value of the daily gas flux (Ri) was multiplied by the length
of the period (Di) and added to the previous cumulative amount for the total calculation.

2.6. Statistical Analysis

The means of the triplicate measurements for soil chemical properties, heavy metal
concentration, crop yield, and gas flux analysis were used throughout the study. The
differences between the varied treatments were compared using the analysis of variance
(ANOVA) test at a significance level of p < 0.01 or p < 0.05, with SPSS software (version
20.0). Correlation analyses among the soil chemical properties, heavy metal concentrations,
and GHG emissions were also conducted with SPSS software using multiple correlation
analysis.

3. Results and Discussion
3.1. Properties of Amendments and Upland Soil

The chemical properties and total heavy metal concentrations of the amendments
without soil mixing are summarized in Table 1. All amendments were alkaline with pH
ranging from to 8.02–9.00. The main material, BA, is alkaline on its own, but the pH
increased more after sintering. In fact, SM had a significantly higher pH than BA. A
previous study reported that the formation of a crystal phase during the sintering process
can increase pH because of the dissolution of silicate (SiO2) and aluminum (Al), which
contain certain minerals. Additionally, calcium (Ca)-containing materials are re-precipitated
under alkaline conditions [2,25,30]. The highest pH (9.00) was observed when lime was
added to SM. A similar trend was observed for the EC, OM, and Av. P2O5, showing
significantly higher values for SM, SM + L, and SM + FeO, except for the combination of
Av. P2O5 and SM + FeO.

Table 1. Physicochemical properties of amendments.

pH EC OM
Av.

P2O5

Total Heavy Metal Concentration
As Cd Pb Cu Zn Ni

(1:5) dS/m % mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

BA 8.02 ±
0.61 b

0.19 ±
0.05 c

0.05 ±
0.01 c

30.04 ±
3.2 b

1.26 ±
0.61

0.22 ±
0.02

7.41 ±
3.37

5.13 ±
0.05

14.52 ±
4.49

15.22 ±
0.27

SM10 8.68 ±
0.11 a

1.29 ±
0.03 b

0.25 ±
0.10 b

117.9 ±
11.2 a

10.4 ±
0.96

0.66 ±
0.14

4.23 ±
0.22

17.23 ±
0.72

31.45 ±
1.41

13.43 ±
1.03

SM10 +
L

9.00 ±
0.04 a

1.25 ±
0.07 b

0.35 ±
0.01 a

102.2 ±
1.1 a

SM10 +
FeO

8.15 ±
0.05 b

1.62 ±
0.05 a

0.21 ±
0.10 b

36.90 ±
11.9 b

Different letters indicate that the value is significantly different at p < 0.05.

The initial physicochemical properties of the upland soil before the application of
the amendments are listed in Table 2. The soil texture was silt loam and three out of four
chemical properties were out of range for the optimum range of crop cultivation set by
RDA, Korea. The soil pH was alkaline, which was higher than the optimum range and
exceeded the concentrations of OM. Av. P2O5 was also observed. The soil samples were
collected in April, just before the maize season, and compost was generally applied before
crop growth. We can assume that the OM and Av. P2O5 concentrations exceeding the
optimum range were due to the application of compost fertilizer.
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Table 2. Physicochemical properties and total heavy metal concentration in the soil.

Sand Silt Clay Texture pH EC OM
Av.

P2O5

Total Heavy Metal
Concentration

As Cd Pb
% % % dS/m % mg/kg mg/kg mg/kg mg/kg

Soil 36.2 50.4 13.4 Silt
loam

7.23 ±
0.31

1.46 ±
0.12

3.66 ±
0.87

1131.8
± 26.31

94.9 ±
4.28

4.2 ±
1.01

338.5 ±
22.5

Optimum
range/

threshold
value

6.0–6.5 <2.0 2.0–3.0 300–500 25 4 200

3.2. Effect of Amendments on Soil Chemical Properties

Soil chemical properties were measured after harvesting (32 weeks after sowing) and
are summarized in Table 3. Although no significant difference was observed for soil pH
in the BA and SM treatments compared to the control, the application of amendments
increased the soil pH in all treatments. The highest soil pH increase was observed with
SM+FeO treatment (12.2%), followed by SM + L treatment (9.0%). Increased EC values
were also observed in all treatments, except BA. For OM and Av. P2O5, the values were
decreased in all treatments compared to the control. The applied amendments were porous
media with an increased surface area, which may have contributed to the sorbing of Av.
P2O5 and complexation with OM [2]. In addition, P2O5 sorption could occurred when
calcium (Ca) containing materials are applied in the soil by increasing the soil pH [31].

Table 3. Soil chemical properties in the upland field after harvesting the maize.

Treatment pH EC OM Av. P2O5

(1:5) dS/m % mg/kg

Control 7.30 ± 0.01 c 0.51 ± 0.01 b 3.49 ± 0.22 a 1246.8 ± 46.1 a

BA 7.60 ± 0.06 bc 0.40 ± 0.01 c 2.86 ± 0.44 bc 844.1 ± 42.2 b

SM 7.37 ± 0.08 c 0.61 ± 0.20 a 3.03 ± 0.25 b 1110.2 ± 31.8 a

SM + L 7.96 ± 0.19 ab 0.66 ± 0.04 a 1.94 ± 0.06 d 857.4 ± 46.2 b

SM + FeO 8.19 ± 0.36 a 0.64 ± 0.01 a 2.44 ± 0.06 c 1170.6 ± 64.7 a

Different letters indicate that the value is significantly different at p < 0.05.

3.3. The Effect of Amendments on Reducing the Bioavailable Heavy Metals in Soil

We evaluated the reduction efficiency of the bioavailable fractions of As, Cd, and Pb
using amendment application in upland soil, and the M3 extracted heavy metal concentra-
tions are summarized in Table 4. Significantly lower concentrations of bioavailable As were
measured in all treatments compared to the control at 32 weeks after application. When
calculating the reduction efficiency by comparing the bioavailable concentrations at 0 and
32 weeks, the highest reduction efficiency of As was observed with SM + FeO treatment
(79.1%), followed by BA treatment (47.7%). This corresponds with previous investigations,
in which the fate and mobility of As was highly impacted on iron oxide, and can be sorbed
onto amorphous FeO (α-γ-Fe2O3), crystalline iron hydroxide (α-γ-FeOOH), or other forms
of FeO minerals, reducing bioavailable As in the soil [32,33].

For Cd and Pb soil concentrations, a significantly higher reduction efficiency than the
control was observed with the SM + L and SM + FeO treatments, with reduction efficiencies
of 64.6% and 55.4% for As, respectively, and 41.4% and 35.5% for Pb, respectively. Various
researchers have pointed out that soil pH is a major factor influencing the decrease in the
bioavailable fraction of the cationic form of heavy metals in soil [1,34–36]. In our study,
soil pH was significantly increased when SM was combined with lime, compared to the
control (Table 3). Soil liming decreases its zeta potential and consequently increases soil
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pH [37]. As the soil pH increases, the cationic forms of Cd2+ or Pb2+ cause precipitation as
an insoluble form of Cd(OH)2, CdCO3, or 2PbCO3·Pb(OH)2 at the surface of the material,
or in soil [13,38].

Table 4. Bioavailable concentration of heavy metals before and after cultivation in upland soil.

Heavy Metals

As Cd Pb
mg/kg mg/kg mg/kg

Before After
Reduction
Efficiency

(%)
Before After

Reduction
Efficiency

(%)
Before After

Reduction
Efficiency

(%)

Control 2.12 ±
0.11 a

3.45 ±
0.06 a

0.35 ±
0.03 a

0.41 ±
0.01 a

55.53 ±
3.09 b

60.04 ±
0.89 a

BA 2.66 ±
0.06 a

1.39 ±
0.17 c 47.7 0.36 ±

0.01 a
0.44 ±
0.01 a −22.2 70.40 ±

0.55 a
63.76 ±

0.92a 9.4

SM 2.29 ±
0.06 a

1.93 ±
0.05 bc 15.7 0.31 ±

0.01 a
0.41 ±
0.01 a −32.3 52.36 ±

1.32 b
46.00 ±
0.84 b 12.1

SM + L 2.61 ±
0.07 a

2.15 ±
0.08 b 17.6 0.37 ±

0.03 a
0.08 ±
0.01 b 64.6 64.63 ±

4.98 a
37.88 ±
0.31 b 41.4

SM + FeO 2.20 ±
0.04 a

0.46 ±
0.03 d 79.1 0.31 ±

0.01 a
0.36 ±
0.01 a 55.4 55.49 ±

1.53 b
35.77 ±
2.85 b 35.5

Different letters indicate that the value is significantly different at p < 0.05.

Although less reduction efficiency was observed with SM + FeO than with SM+L
treatment for bioavailable Cd and Pb in soil, FeO also had a higher reduction efficiency than
BA and SM (Table 4). Yao et al. examined X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FT-IR) analyses to verify the sorption mechanism of heavy metals
with various sorbents, and concluded that the interaction between FeO and Cd or Pb in soil
was affected more by a combination of multi-metal precipitation, or specific chemisorption,
than by organic chelation [13]. Thus, we could assume that the ionic form of Cd can
precipitate with FeO and form CdFe2O4 under alkaline conditions.

3.4. The Effect of Amendments on Heavy Metal Bioaccumulation

The heavy metal concentrations in maize corn and roots are summarized in Table 5.
No significant reductions in heavy metals were observed for As and Cd with all treatments,
except for the As concentrations in corn with SM + FeO treatment. Significantly lower
maize corn Pb concentrations were observed in all the treatments, while no reductions were
measured in the maize roots with all treatments. The highest reduction efficiency of As and
Pb in corn was observed in the SM + FeO treatment of 59.3% and 66.2%, respectively.

Cao et al. examined 39 different maize cultivars to determine the bioconcentra-
tion factor (BCF) of As and Cd and reported that the BCF of As and Cd was ordered:
root > stems > grain, for all 39 cultivars [39]. The average root concentrations of As and Cd
were 5.5–52 and 1.2–13.5 times higher than those in straw or grain, respectively. Similar
results were observed in our study, with 23.0–173.5, 32.0–78.0, and 10.5–38.2 times higher
concentrations of As, Cd, and Pb observed in roots than in grains, respectively. The main
reason for the higher accumulation of heavy metals in roots is that heavy metals are gener-
ally immobilized by complexation with iron oxide plaques or thiol ligands in roots, which
inhibits heavy metal translocation to grain [40]. We therefore observed a markedly higher
reduction efficiency of As and Pb in corn when FeO was combined with SM.
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Table 5. Heavy metal concentration in corn and root of maize.

Heavy Metals

As Cd Pb
mg/kg mg/kg mg/kg

Corn Root Corn Root Corn Root

Control 0.32 ± 0.04 ab 9.18 ± 1.46 b 0.01 ± 0.01 a 0.64 ± 0.10 b 3.02 ± 0.06 a 19.68 ± 1.51 b

BA 0.40 ± 0.20 a 18.01±1.72 a 0.02 ± 0.01 a 0.94 ± 0.05 a 1.63 ± 0.24 b 34.38 ± 3.29 a

SM 0.46 ± 0.16 a 10.59 ± 0.60 b 0.02 ± 0.01 a 0.64 ± 0.04 b 1.89 ± 0.16 b 19.89 ± 1.31 b

SM + L 0.31 ± 0.10 ab 17.88 ± 3.38 a 0.01 ± 0.01 a 0.78 ± 0.10 ab 1.15 ± 0.06 c 34.89 ± 5.69 a

SM + FeO 0.13 ± 0.07 b 22.55 ± 2.17 a 0.02 ± 0.01 a 1.23 ± 0.04 a 1.02 ± 0.06 c 38.98 ± 3.52 a

Different letters indicate that the value is significantly different at p < 0.05.

3.5. The Effect of Amendments on Greenhouse Gas Emission Reduction and Crop Yield

The temporal changes in N2O and CO2 fluxes with monthly measurements are shown
in Figure 1. The high initial N2O flux was stabilized 2 months after sowing in all the
amendments. The highest peak of N2O flux was observed in August at SM treatment, and
again in September at SM + FeO treatment. For the CO2 flux, a fluctuation was observed in
all the treatments throughout the experimental period. The highest peak was observed in
September with all treatments. The increased GHG emissions in August and September
can likely be linked with the moisture content of the soil. When soil moisture reaches
approximately 60% water-filled pore space (WFPS), N2O emission is the greatest, with an
exponential increase observed when WFPS is above 80% [9,41]. Rainfall data during the
experimental period indicated that heavy rainfall frequently occurred at the end of July and
the beginning of September (Figure 2). Therefore, we could assume that increased WFPS in
upland soil may have enhanced GHG emissions [11,29]. In addition, drying and rewetting
cycle can cause the high peak of N2O and CO2 in Figure 1. Kim et al. (2012) reported that
the GHG emission peak occurred after soil rewetting and the throwing cycle [42]. Increased
soil temperatures can also enhance GHG emissions in soil due to enzymatic reactions [43].
We did not measure the soil temperature, but the air temperature increased from July. The
highest air temperature was observed in August (31.8 ◦C), which then gradually decreased
in September. Assuming that the soil temperature also increased as the air temperature
increased, the increased soil temperature may have contributed to the reduction in soil
N2O emissions. Other factors, such as soil Eh and soil ammonium contents, can effect
GHG emissions.

The application of amendments significantly reduced cumulative N2O-N soil emis-
sions (Table 6). The highest reduction efficiency was observed with SM + FeO treatment
(70.7%), followed by SM treatment (70.6%). No significant reductions were observed for
cumulative CO2-C emissions. However, lower emissions were observed in all amendment
treatments, ranging from 5.3% to 17.1%. SM+FeO treatment showed the highest reduction
efficiency for both N2O-N and CO2-C emissions.

Greenhous gas (GHG) emissions in soil can be affected by various factors, such as soil
pH, Eh, and ammonium nitrogen concentrations [10,11,29,44]. Soil acidification increases
GHG emissions [5,45]. The microbial structure or functioning can be altered as the soil pH
decreases [46]. When the soil pH is low, N2O reduction rates can be reduced because of
the inhibition of denitrification or production of enzymes [44,47]. The soil pH in our study
increased with the application of amendments compared to the control. A significantly
higher soil pH can be observed with the SM+L and SM + FeO treatments (Table 3). Increased
soil pH might promote the reduction of N2O to N2 during denitrification. However,
increased soil pH has a controversial effect on reducing CO2 emissions [46]. Microbial
activity and respiration generally increase as the soil pH increases, causing CO2 production.
This could explain the minimal effect of soil amendments on the reduction in CO2 emissions
in our study.
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SM + L 16.64 ± 8.91 b 33.02 ± 1.74 a 
SM + FeO 13.77 ± 7.91 b 29.20 ± 2.43 a 

Different letters indicate that the value is significantly different at p < 0.05. 

Greenhous gas (GHG) emissions in soil can be affected by various factors, such as 
soil pH, Eh, and ammonium nitrogen concentrations [10,11,29,44]. Soil acidification in-
creases GHG emissions [5,45]. The microbial structure or functioning can be altered as the 
soil pH decreases [46]. When the soil pH is low, N2O reduction rates can be reduced be-
cause of the inhibition of denitrification or production of enzymes [44,47]. The soil pH in 
our study increased with the application of amendments compared to the control. A sig-
nificantly higher soil pH can be observed with the SM+L and SM + FeO treatments (Table 
3). Increased soil pH might promote the reduction of N2O to N2 during denitrification. 
However, increased soil pH has a controversial effect on reducing CO2 emissions [46]. 
Microbial activity and respiration generally increase as the soil pH increases, causing CO2 
production. This could explain the minimal effect of soil amendments on the reduction in 
CO2 emissions in our study. 

4. Conclusions 
The application of SM, combined with lime (SM + L) and FeO (SM + FeO), was eval-

uated for the reduction in bioavailable heavy metals and greenhouse gas emissions in up-
land soil. When SM was combined with lime or FeO, bioavailable heavy metals and GHG 

Figure 2. Air temperature and precipitation during the cultivation period.

Table 6. Cumulative N2O-N and CO2-C emission amounts based on a monthly measured gas
emission flux.

N2O-N CO2-C

kg/ha/yr ton/ha/yr

Control 46.97 ± 9.33 a 35.19 ± 3.49 a

BA 20.34 ± 3.25 b 29.82 ± 0.84 a

SM 13.80 ± 3.81 b 33.33 ± 1.76 a

SM + L 16.64 ± 8.91 b 33.02 ± 1.74 a

SM + FeO 13.77 ± 7.91 b 29.20 ± 2.43 a

Different letters indicate that the value is significantly different at p < 0.05.

4. Conclusions

The application of SM, combined with lime (SM + L) and FeO (SM + FeO), was
evaluated for the reduction in bioavailable heavy metals and greenhouse gas emissions
in upland soil. When SM was combined with lime or FeO, bioavailable heavy metals and
GHG emissions were significantly reduced. The highest reduction efficiency of As in soil
was observed in the SM + FeO treatment (79.1%), and in the SM+L treatment for Cd and
Pb by 64.6% and 41.4%, respectively. A reduction in bioaccumulated As and Pb in maize
grain was also observed with SM + FeO by 59.3% and 66.2%, respectively, compared to
the control. A GHG reduction was observed for all treatments, where a markedly greater
reduction was measured for N2O emissions than for CO2. The greatest N2O reduction was
also observed in the SM + FeO treatment (70.7%). Overall, SM combined with FeO was the
most efficient treatment for reducing both bioavailable heavy metals and N2O emissions in
upland soil. Thus, combinations with FeO might be necessary to enhance the efficiency of
heavy metal remediation and GHG emission reduction in heavy metal-polluted soils.
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