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In-situ neutralize methane emission from landfills in loess regions
using leachate
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In loess regions, landfilling is the predominant solid waste disposal and loess is usually used as landfill cover soil. However, the
methane (CH4) bio-oxidation activity of virgin loess is usually below 0.01 μmol/(h g-soil). In this study, we proposed a method to
improve CH4 removal capacity of loess by amelioration with mature landfill leachate, which is in-situ, easily available, and
appropriate. The organic matter content of the ameliorated loess increased by 180%, reaching 19.69–24.88 g/kg-soil, with more
than 90% being non-leachable. The abundance of type I methane-oxidizing bacteria and methane monooxygenase gene pmoA
increased by 5.0 and 79 times, respectively. Consequently, the maximum CH4 removal rate of ameliorated loess reached
0.74–1.41 μmol/(h g-soil) at 25°C, which was 4-fold higher than that of water-irrigated loess. Besides, the CH4 removal rate
peaked at 10 vt% CH4 concentration and remained at around 1.4 μmol/(h g-soil) at 15°C–35°C. The column test confirmed that
the highest CH4 removal efficiency was at 30–40 cm below the surface, reaching 26.1%±0.4%, and the 50-cm-thick loess layer
irrigated with leachate achieved more than 85% CH4 removal efficiency. These results could help to realize carbon neutrality in
landfill sites of global loess regions.
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1 Introduction

Loess is widely distributed on earth, accounting for 10% of
the global land area [1]. The Loess Plateau in Northwest
China, covering an area of 630000 km2, is the largest loess
region in the world [2], and the long-term arid climate and
serious water-soil loss in this region result in a low potential
ecological carrying capacity and high sensitivity to climate
change [3]. Therefore, the Loess Plateau is one of the most
ecologically vulnerable areas in the world.
The Loess Plateau has a vast territory, but underdeveloped

economy. As a result, landfilling has become the dominant
method for the treatment and disposal of mixed municipal

solid waste (MSW) in this region owing to its relatively low
cost. For instance, in Gansu Province in Northwest China,
56.8% of urban MSW was treated by landfilling in 2018 [4].
However, landfill is well known to be a huge greenhouse gas
source, accounting for 16% of global anthropogenic methane
(CH4) [5]. Although landfill cover soil (LCS) is con-
ventionally regarded as a barrier for mitigating CH4 emis-
sions from landfills, the barrier using loess as LCS is fragile
because bioactivity, including CH4 oxidation ability, of loess
is weak and usually leads to a higher amount of CH4 release
[6,7]. Therefore, to abate the disorganized release of CH4

from landfill in loess regions, local ecological restoration is
in huge demand.
CH4 released from landfills can be significantly mitigated

by well-structured LCS through bio-oxidation of soil me-
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thanotrophs [8–10]. In general, the CH4 bio-oxidation ca-
pacity of LCS can be enhanced by the following factors: (1)
soil microbial communities in CH4-rich environment have
higher CH4 affinity [11,12]; (2) ammonia nitrogen (NH4

+-N)
can stimulate the abundance of methanotrophs by improving
nitrogen availability for type I methane-oxidizing bacteria
(MOB), and enhance the transcription of methane mono-
oxygenase gene pmoA. Besides, NH4

+-N can increase the
abundance of ammonia-oxidizing bacteria (AOB) that can
co-oxidize CH4 [13,14]; (3) the aggregate structure of soil
can improve landfill gas adsorption of LSC [15]; and (4)
temperature, aeration, pH and water content of soil can affect
the activity of MOB as well [16]. Accordingly, bioactive
materials like sludge [17] and compost [10] are used to
supplement microorganisms and stimulate microbial activity.
Biochar addition has been reported to lead to a more ba-
lanced ratio of homogeneous microbial community struc-
tures across different soil depths and 90% CH4 removal
efficiency by LCS [18]. However, owing to the arid climate
of the Loess Plateau, these bioactive materials can lose
moisture, making it difficult to maintain high bioactivity.
Additionally, substantial efforts are required to apply these
solid materials to the LCS. Furthermore, the amount of
bioactive materials needed for remediation is huge, which is
economically unaffordable from the point of material cost as
well as transportation cost. Therefore, a more sustainable
method is needed to obtain appropriate landfill covering
materials.
Leachate irrigation is another alternative to improve the

CH4 oxidation capacity of LCS because mature leachate
contains a large amount of nitrogen and humus [19,20],
which can increase the soil organic matter content, aggregate
structure, and water holding capacity [21]. Consequently,
leachate has been applied to irrigate LCS such as silt [22],
sandy soil [9], loam [23], and vegetated LCS [24]. However,
when compared with these LCSs, loess presents lower or-
ganic matter contents (<1%), low nitrogen contents (<1‰)
[25], and more serious salinization (pH>8) [26]. Straw in-
corporation and plastic-film mulching have been used to
enhance bioactivity and organic matter content of loess
[27,28]. Nevertheless, the extent to which CH4 bio-oxidation
activity of barren soil such as loess could be improved by
leachate remediation is still unclear.
The present study aimed to determine the remediation ef-

fect of leachate on the CH4 bio-oxidation activity of loess,
and applied mature leachate to irrigate loess at different ir-
rigation levels. In addition to tracking the changes in the
physicochemical soil quality along the irrigation incubation
period, soil microorganisms and related genes were also
quantified to address the underlying biological rationale
leading to enhanced CH4 bio-oxidation activity of the ame-
liorated loess. Finally, greenhouse gas reduction through
leachate remediation in the loess region was estimated.

2 Materials and methods

2.1 Loess and leachate

Loess soil was collected from a storage site for LCS in
Lanzhou, Gansu Province, China (103.7°E, 36.5°N). The soil
was directly procured with a ferruginous spade after re-
moving about 5 cm of sand and gravel from the surface.
Subsequently, the soil was mixed evenly and stored in a
polypropylene bag at room temperature (around 25°C). Prior
to the experiments, the soil was further screened using a
2 mm sifter to remove large gravel and plant roots. The basic
physicochemical properties of loess soil are listed in Table 1.
The leachate was sampled from the outlet of a landfill

regulating tank and stored in plastic buckets at room tem-
perature (around 25°C). Table 2 shows the physicochemical
characteristics of the stored leachate. The ratio of biological
oxygen demand over 5 days (BOD5) to chemical oxygen
demand (COD) was lower than 0.1 (0.029‒0.036), suggest-
ing that the leachate was sufficiently stabilized [29]. The
value variation of 0‒90 days indicated that the characteristics
of the leachate did not significantly change during the entire
irrigation period (P>0.05).

2.2 Experimental setup

A total of five experiments were scheduled as follows, and
the research scheme is illustrated in Figure S1 in Supporting
information.
(1) Loess amelioration with leachate irrigation
To explore the amelioration effect of long-term mature

leachate irrigation on the properties of loess, the soil was
divided into three groups according to the leachate holding
capacity of the loess employed (Table 1). The water content
of the groups reached 16 wt% (named as L16, representing
60% of leachate holding capacity of the soil), 22 wt%
(named as L22, representing the plastic limit water content
of the soil) [30,31], and 28 wt% (named as L28, representing
the maximum leachate holding capacity of the soil), re-
spectively, by leachate irrigation. Distilled water was used as
the negative control group to adjust the water content of the
soil to 16 wt% (named as W16). These four groups were

Table 1 Basic physicochemical properties of loess sample

Parameter Value

Bulk density (g/cm3) 1.21±0.006

Water content (%) 6.29±0.08

Water holding capacity (g/kg) 303.5±2.1

Leachate holding capacity (g/kg) 378.2±2.4

pH 8.37±0.06

Organic matter content (g/kg) 6.98±0.29

TN (g/kg) 0.89±0.08

NH4
+-N (g/kg) 0.62±0.01
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spread on four enamel pans to form a soil layer of about
100 cm×80 cm×3 cm and incubated in an aerobic incubator
(SPX-250-Z-S, Shanghai Yuejin Medical Instruments Co.,
Ltd, China) at 25°C±2°C. The water content of the four
groups was monitored regularly, and leachate or distilled
water was added to maintain constant water content.
On days 0, 4, 11, 18, 25, 36, 44, 61, 79, and 95 after the

start of irrigation, three parallel samples were collected from
each enamel pan to test the pH, organic matter content, total
nitrogen (TN) content, and NH4

+-N content of the soil. Be-
sides, to determine the stability of the combination between
organic matter and loess, rainwater leaching test was also
performed with these samples. To evaluate the changes in
soil microorganisms during the amelioration process, DNA
was extracted from the initial soil sample, leachate, and soil
after leachate irrigation, and subjected to 16S rRNA high-
throughput sequencing and quantitative real-time PCR
(qPCR) assays.
(2) Acclimation of ameliorated loess in a CH4-rich en-

vironment
With the aim to analyze the changes in CH4 oxidation

capacity of leachate-ameliorated loess, CH4-rich acclimation
of the leachate-ameliorated loess soil was performed. After
95 days of leachate irrigation, 2 kg of loess samples were
collected from L16 andW16, respectively, and placed in two
plexiglass cylinders with an inner diameter of 20 cm and a
height of 40 cm. The soils in the cylinders were placed under
atmospheric O2 and sparged with 5 vt% CH4 at 25°C±2°C for
acclimation of CH4 oxidation for 3 weeks. The concentra-
tions of CH4 and CO2 in the headspace of the cylinders were
determined every day. After daily gas determination, the
cylinder headspace was flushed completely with air and CH4

was sparged again to maintain the inflow CH4 concentration
of 5 vt% with a O2 concentration of 20 vt% [22]. The lea-
chate-ameliorated loess after CH4 acclimation was named as
MLA and distilled water irrigated loess was named as MWA.
Subsequently, the DNA from MLA and MWAwas extracted
and subjected to 16S rRNA high-throughput sequencing and

qPCR assays.
(3) CH4 removal capacity of loess at different CH4 con-

centrations
Batch experiments were conducted to determine the CH4

removal capacity of leachate-ameliorated and CH4-accli-
mated loess at different CH4 concentrations at 25°C. A total
of 50 g of loess was collected from MLA and MWA, re-
spectively, and sealed in a 250 mL serum bottle with butyl
rubber stopper and aluminium to form 2–3-cm-thick soil
layers. The concentration of CH4 in serum bottles was ad-
justed to 2, 5, 10, 20, 30, 40, and 50 vt%, respectively. Ac-
cordingly, the concentration of O2 was 21, 20, 19, 17, 15, 13,
and 11 vt%. After 0, 1, 3, and 8 h, 1 mL of headspace gas was
extracted from the serum bottle with a syringe and the con-
centrations of CH4 and CO2 were measured. For each group,
three parallel samples were established and the CH4 removal
rates were calculated using eq. (1):

R C C V
V t m= ( ) ×

× × × 10 , (1)1 2

m

6

where R is the CH4 removal rate per unit mass of loess
(μmol/(h g-soil)), C1 and C2 are the initial and final CH4

concentrations (vt%) respectively in serum bottle, V is the
volume of gas in serum bottle under standard condition (L),
Vm is molar volume of gas (22.4 L/mol), Δt is time elapsed
(h), and m is the mass of loess (g).
(4) CH4 removal capacity of loess at different temperatures
Another batch experiment series was established to de-

termine the CH4 removal capacity of loess at different tem-
peratures. The experimental procedure was the same as that
employed for determining the CH4 removal capacity of loess
at different CH4 concentrations, except for the variations in
temperature (5°C, 15°C, 25°C, and 35°C, respectively). The
input CH4 concentration was initially adjusted to 10 vt%
with a O2 concentration of 19 vt% and the headspace gas was
measured after 1 h. The CH4 removal rates were also cal-
culated using eq. (1).
(5) CH4 removal capacity of loess layers in column ex-

periments

Table 2 Physicochemical characteristics of the leachate during 90 days’ storage

Parameter
Value

0 d 30 d 60 d 90 d

pH 8.11±0.01 8.12±0.01 8.17±0.02 8.21±0.02

Alkalinity (mgCaCO3/L) 7554±27 7694±23 7706±19 7754±22

COD (mg/L) 4026±26 3765±23 3554±21 3570±16

BOD5 (mg/L) 146±7 136±8 122±10 102±10

TOC (mg/L) 1280±9 1062±12 992±10 951±8

TC (mg/L) 3116±10 2969±11 2748±13 2733±8

TN (mg/L) 2067±24 1984±20 1964±38 1897±24

NH4
+-N (mg/L) 2041±39 1940±35 1933±29 1824±30

BOD5/COD 0.036 0.036 0.034 0.029
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To simulate the dynamic changes in CH4 when passing
through the loess layer, column experiments were performed.
Raw loess was respectively placed in two plexiglass cy-
lindrical columns (Figure S2). The inner diameter of the
column was 20 cm and the thickness of the loess layer was
50 cm. Gas sampling orifices were established at every
10 cm along the column height. For that loess soil settled
naturally in the columns, the density of the loess inside the
columns was the same as that of virgin loess, which is about
1.2 g/cm3. The loess in one column was irrigated with mature
leachate (named as CL), while that in the other column was
irrigated with distilled water (named as CW). The water
content in both the columns was 16 wt%. A mixed gas of 10
vt% CH4, 10 vt% CO2, and 80 vt% N2 was prepared and
circulated through a peristaltic pump to the bottom of the two
columns. After the gas state in the two columns was stable,
gas samples were collected from the sampling orifices to test
the concentrations of CH4, CO2, N2, and O2 along the col-
umns. The CH4 removal efficiency of the whole loess layer
was calculated using eq. (2), and the CH4 removal effi-
ciencies of different depth of loess layers were calculated
using eq. (3):

E C C
C= × 100%, (2)T

b a

b

E C C
C= × 100%, (3)X

xb xa

b

where ET is the CH4 removal efficiency (%) of whole loess
layer, EX is the CH4 removal efficiencies (%) of different
depth of loess layer, Cb and Ca are the CH4 concentrations
(vt%) below and above whole loess layer, respectively, Cxb

and Cxa are the CH4 concentrations (vt%) below and above
different depth of loess layer, respectively.

2.3 Analytical methods

(1) Physicochemical properties of soil
The bulk density and water holding capacity of the soil

were analyzed by the ring-knife method (NY/T 1121.4-2006;
NY/T 1121.22-2010). The soil water content was determined
by drying at 105°C (GB 7172-87). The pH of the soil was
measured using digital pH meter (PHS-25, Shanghai Preci-
sion Scientific Instrument Co., Ltd, China) in 1:2.5 (w/v)
soil:water mixture (NY/T 1121.2-2006). The soil organic
matter was oxidized with excess potassium dichromate-
sulfuric acid solution, and determined by titration with fer-
rous sulfate standard solution (NY/T 1121.6-2006). The soil
TN content was measured using an automatic Kjeldahl
analyzer (UDK 159, Velp Scientifica Srl, Italy) after diges-
tion (NY/T 1121.24-2012). To determine the soil NH4

+-N
content, the loess:KCl solution (2 mol/L) was mixed at a
ratio of 1:5 (w/v) for 1 h, filtered (HJ 634-2012), and ana-
lyzed by spectrophotometry (AQ2, SEAL Analytical, Ger-
many). All the above-mentioned soil testing methods were

performed according to the Chinese standards.
(2) Physicochemical properties of leachate
The pH of the leachate was measured using a digital pH

meter (PHS-25, Shanghai Precision Scientific Instrument
Co., Ltd., China) (GB 6920-86). The alkalinity of the lea-
chate was ascertained by standard acid solution titration
(GB/T 9736-2008) with an automatic titrator (800 Dosino,
Metrohm, Switzerland). The COD was evaluated by fast
digestion spectrophotometry (DR3900, HACH, USA) (HJ/T
399-2007), and BOD5 was tested by dilution and inoculation
(GB/T 7488-1987) in a respirometer (BSBdigi CO2, SE-
LUTEC, Germany). Total organic carbon (TOC) and total
carbon (TC) contents were ascertained by the nondispersive
infrared absorption method (GB/T 13193-1991) using a TOC
analyzer (TOC-VCPH, Shimadzu, Japan). The TN content was
determined by thermocatalytic decomposition and chemilu-
minescence at 720°C using a TN measuring unit (TNM-l,
Shimadzu, Japan). The NH4

+-N content was analyzed by
salicylic acid spectrophotometry (AQ2, SEAL Analytical,
Germany) (GB/T 7481-1987). All the above-mentioned
water quality testing methods were conducted according to
the Chinese standards.
(3) Rainwater leaching test
To simulate the rainwater environment, sulfuric acid-nitric

acid solution (pH of 3.20±0.05) was used with a liquid:solid
ratio of 10:1 (L/kg) according to the Chinese Standard (HJ/
T299-2007), and the mixture was shaken for 18±2 h at 25°C
±2°C on a flip oscillation device at a speed of 30±2 r/min.
After leaching, the mixture was filtered with a mixed cel-
lulose membrane. Subsequently, the organic matter content
of the sulfuric acid-nitric acid leaching residue and lixivium
was measured for calculating the proportion of organic
matter that had leached out.
(4) Concentrations of gaseous CH4, CO2, N2, and O2

The concentrations of CH4, CO2, and N2 were measured by
gas chromatograph (GC Trace 1300, Thermo Fisher Scien-
tific, USA) equipped with a thermal conductivity detector
and flame ionization detector. A 5 m×2.1 mm carboxen-
1000 column with argon as the carrier gas was employed,
and the column operating temperature was held at 55°C for
3 min and increased at a rate of 10°C/min to 75°C and held
for 3 min [32]. The O2 concentration was determined by
using a digital oxygen meter (CYS-1, Shanghai Jiading
Xuelian Instrument panel Factory, China), and the con-
centrations of CH4, CO2, N2, and O2 were corrected for
standard temperature and pressure conditions (0°C and
101 kPa, respectively).
(5) DNA extraction and 16S rRNA high-throughput se-

quencing
For microbial analysis, soil samples were collected after

leachate irrigation and CH4 acclimation, and DNA was ex-
tracted with PowerSoilTM DNA isolation kit (Mo-Bio La-
boratories Inc., CA, USA) [33]. The 16S rRNA high-
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throughput sequencing was performed on an Illumina plat-
form (Illumina MiSeq PE300) by Major Bio-Medicine
Technology Co., Ltd., China, to characterize the microbial
communities. To obtain the relative abundances of bacteria
and archaea, the universal primers 515F and 806R were se-
lected to amplify the variable regions V4 of the microbial
16S rRNA gene by PCR [32]. The reads obtained from the
MiSeq runs were demultiplexed based on exact matching.
The demultiplexed raw amplicon reads were dereplicated
and denoised into amplicon sequence variants (ASVs) using
DADA2. QIIME2 software was employed to perform tax-
onomy identification [34], and the taxonomic composition of
the samples was explored using pre-fitted sklearn-based
taxonomy classifier against SILVA database 132 [35].
(6) qPCR assays
The qPCR assays were performed for quantifying the 16S

rRNA gene, pmoA gene, and amoA gene. The primer pair
341F and 515R was used for bacterial gene amplification
[36], and the reaction conditions were as follows: initial
denaturation step at 95°C for 3 min, followed by 40 cycles of
denaturation at 94°C for 20 s, annealing at 58°C for 30 s, and
extension at 72°C for 30 s, and a final extension at 72°C for
7 min. For the amplification of archaeal genes, the primer
pair Ar364f and Ar934r was used [37], and the reaction
conditions were as follows: initial denaturation at 94°C for
1 min, followed by 40 cycles of denaturation at 94°C for
20 s, annealing at 59°C for 30 s, and extension at 72°C for

30 s, and a final extension at 83°C for 1 min. For the analysis
of methanotrophic community, the primer pair A189F and
mb661R was employed [38], and the reaction conditions
were as follows: initial denaturation at 95°C for 5 min, fol-
lowed by 40 cycles of denaturation at 95°C for 20 s, an-
nealing at 60°C for 30 s, and extension at 72°C for 30 s, and a
final extension at 72°C for 7 min. For the amplification of
genes related to ammonia-oxidizing bacteria (AOB), the
primer pair amoA-1F and amoA-2R was used [39] under the
following reaction conditions: initial denaturation at 95°C
for 5 min, followed by 40 cycles of denaturation at 95°C for
30 s, annealing at 58°C for 30 s, and extension at 72°C for
45 s, and a final extension at 72°C for 1 min. The qPCR
assays were conducted in a cycler (Mastercycler@ realplex2,
Eppendorf, Germany), and the reaction mixture contained
2 μL of the extracted DNA sample, 9.5 μL of ddH2O,
12.5 μL of SYBR Green Mix, 0.5 μL of Primer 1
(10 μmol/L), and 0.5 μL of Primer 2 (10 μmol/L).

3 Results

3.1 Variations in the physicochemical properties of
loess during leachate irrigation

During the process of leachate irrigation, the organic matter
content in the three leachate-irrigated soils dramatically in-
creased after the first three leachate additions, as shown in
Figure 1(a) (P<0.001). The organic matter content in L16,

Figure 1 (Color online) Physicochemical properties variation of loess during leachate irrigation. (a) Organic matter; (b) TN; (c) NH4
+-N; (d) pH. L16: the

water content was adjusted to 16 wt% with leachate; L22: the water content was adjusted to 22 wt% with leachate; L28: the water content was adjusted to
28 wt% with leachate; W16: the water content was adjusted to 16 wt% with water.
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L22, and L28 improved to 19.69, 20.89, and 24.88 g/kg-soil
from the initial 6.98 g/kg-soil, respectively, showing an in-
crease of more than 180%, whereas there was no significant
change in W16 (P>0.05). Subsequently, the organic matter
content in the three experimental groups remained constant
at 20‒30 g/kg-soil (P>0.05).
In contrast, the TN content in L16, L22, and L28 (Figure 1

(b)) first increased to 1.26, 1.39, and 1.30 g/kg-soil from
0.89 g/kg-soil in the first five leachate additions, respec-
tively, and then started to decline in L16 and L22. Further-
more, the TN content in L16 returned to its original level and
that in L22 returned to 1.04 g/kg-soil, whereas the TN con-
tent in L28 remained high at 1.20‒1.30 g/kg-soil. The de-
crease in the TN content could be explained by the NH4

+-N
loss owing to the enhanced pH resulting from leachate ad-
dition (Figure 1(c)). However, although L28 and L22 pre-
sented similar high pH of up to 8.9, its TN content did not
decrease, and this phenomenon will be subsequently dis-
cussed.
The increase in organic matter content was relatively

stable, and the leaching test demonstrated that the residues
after leaching still retained most of the organic matter con-
tent of the soil samples (Figure 2). The proportion of organic
matter content in the residues of L16 (Figure 2(a)), L22
(Figure 2(b)), and L28 (Figure 2(c)) accounted for more than
60%, 65%, and 70% of the total organic matter content,
respectively, while that in the corresponding lixivia only
accounted for 8.1%, 9.4%, and 11%, respectively. The sum
of the organic matter content in the residues and lixivia of
L16, L22, and L28 accounted for 68%, 74%, and 81% of the
total organic matter, respectively, suggesting that the newly
formed organic matter supplemented by leachate was closely
bound to the soil particles and could not be easily leached out
in the rainwater environment. Furthermore, the pH of the
lixivia still remained at 8.6–8.9, indicating that the buffering
property of the leachate-ameliorated soil was strong.

3.2 CH4 removal rate of ameliorated loess

Figure 3(a) shows that the CH4 removal capacity of the
leachate-ameliorated MLA reached up to 0.66 μmol/
(h g-soil) after 20 days of CH4 acclimation from the initial
0.067 μmol/(h g-soil) (P<0.001), whereas that of water-irri-

Figure 2 (Color online) Leaching test on the leachate ameliorated loess.
Distribution of organic matter in (a) L16, (b) L22, and (c) L28.

Figure 3 (Color online) Variation of CH4 removal rate and CO2 production rate of loess during the acclimation in CH4-rich environment. (a) CH4 removal
rate variation in acclimation. (b) CO2 production rate variation in acclimation. MLA: the water content was adjusted to 16 wt% with leachate and acclimated
in 10 vt% CH4-rich environment; MWA: the water content was adjusted to 16 wt% with distilled water and acclimated in 10 vt% CH4-rich environment.
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gated MWA was less obvious and reached only
0.21 μmol/(h g-soil) (P<0.01). Besides, the difference be-
tween respiratory activities of MLA and MWA remained
relatively stable during the whole acclimation (Figure 3(b)),
but the difference between CH4 removal rates of MLA and
MWA increased gradually, which means MOB in MLA
gradually took a dominant position.
At different CH4 concentrations at 25°C, the CH4 removal

rate of MLA was in the range of 0.74–1.41 μmol/(h g-soil)
and peaked at 10 vt% CH4, while that of MWA was in the
range of 0.28–0.38 μmol/(h g-soil) and peaked at 20 vt%
CH4 (Figure 4(a)). Similarly, the CO2 production rate of
MLA was 0.17–1.09 μmol/(h g-soil) and peaked at 10 vt%
CH4, while that of MWAwas 0.06–0.29 μmol/(h g-soil) and
peaked at 5 vt% CH4 (Figure 4(b)).
The effect of temperature was not as significant as that of

CH4 concentration, and at 10 vt% CH4 concentration, the
CH4 removal rate of MLA was 1.17–1.40 μmol/(h g-soil) at
various temperatures and reached the peak at 35°C. Simi-
larly, the CH4 removal rate of MWA was
0.20–0.37 μmol/(h g-soil) and peaked at 35°C (Figure 4(c)).
Meanwhile, the CO2 production rate of MLA was in the
range of 0.95–1.34 μmol/(h g-soil) and peaked at 35°C,

while that of MWA was 0.11–0.33 μmol/(h g-soil) and
peaked at 35°C (Figure 4(d)). This result is in accordance
with those reported in previous studies on the effect of
temperature on CH4 oxidation [40].

3.3 CH4 removal efficiency along the depth of soil in
column experiments

Figure 5 depicts the variation in the average concentration of
four gases (CH4, CO2, O2, and N2) and CH4 removal effi-
ciency across 10 cm above the loess surface to 50 cm below
the loess surface. In the CL column filled with leachate-
ameliorated soil, the concentration of CH4 was 10.2±0.2 vt%
at 50 cm below the surface, and gradually declined to 8.2
±0.2 vt%, 5.6±0.3 vt%, 4.2±0.2 vt%, and 3.2±0.07 vt% at
40, 30, 20, and 10 cm below the surface, respectively, finally
reaching 1.3±0.05 vt% at the surface. This result suggested
that more than 85% of CH4 could be removed by 50-cm-
thick ameliorated layer. In contrast, in the CW column filled
with water-irrigated soil, the CH4 concentration at the sur-
face only reached 5.4±0.4 vt%, i.e., only 48% of CH4 was
removed. Thus, the removal efficiency of 50-cm-thick lea-
chate-ameliorated loess layer was about 1.8 times higher

Figure 4 (Color online) Effect of CH4 concentration and temperature on the CH4 removal capacity and respiration activity of the ameliorated and methane
acclimated loess. (a) CH4 removal rate at different CH4 concentrations at 25°C. (b) CO2 production rate at different CH4 concentration at 25°C. (c) CH4
removal rate at different temperatures at 10 vt% CH4 concentration. (d) CO2 production rate at different temperatures at 10 vt% CH4 concentration. MLA: the
water content was adjusted to 16 wt% with leachate and acclimated in 10 vt% CH4-rich environment; MWA: the water content was adjusted to 16 wt% with
distilled water and acclimated in 10 vt% CH4-rich environment.
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than that of water-irrigated control (P<0.01).
In both the columns, the CH4 removal efficiency of the

bottom layer was higher than that of the top layer. The CH4

removal efficiency of each 10 cm layer in the CL column was
17.4%±6.2% on an average, and the highest CH4 removal
efficiency was noted at 30–40 cm below the surface (26.1%
±0.4%). In the CW column, the CH4 removal efficiency of
each 10 cm layer was 9.6%±3.7% on an average, and reached
the highest value of 15.6%±0.8% at 20–30 cm below the
surface.
The O2 concentrations in both the columns gradually

dropped from 20% at the surface to less than 2% at the
bottom, suggesting effective microbial activity. Furthermore,
the concentrations of CO2 in the CL column were always
more than 1.5 vt% higher than those of CH4 (P<0.01),
whereas the concentrations of both CO2 and CH4 in the CW
column were almost the same at 20 cm below the surface

(P>0.05). This finding suggested that the leachate-amelio-
rated loess layer had stronger CH4 oxidation capacity and
respiratory rate than water-irrigated loess layer.

3.4 Quantity and composition of soil microbial com-
munities

The relative abundance of prokaryotic communities at the
phylum level is presented in Figure 6. A total of 54 ASVs
were obtained in all the samples. In the original loess, the
three bacterial phyla with the highest relative abundance
were Actinobacteria (67.1%), α-Proteobacteria (10.0%), and
Chloroflexi (8.7%). In the leachate, the three bacterial phyla
with the highest relative abundance were Bacteroidetes
(40.3%), Firmicutes (21.2%), and α-Proteobacteria (10.8%).
In all the leachate-irrigated loess samples, the three bacterial
phyla with the highest relative abundance were Actino-

Figure 5 (Color online) The profiles of gas concentration in loess columns and CH4 removal efficiency at different height. (a) The profile of gas
concentration in the CL column; (b) CH4 removal efficiency at different height in the CL column; (c) the profile of gas concentration in the CW column; (d)
CH4 removal efficiency at different height in the CW column.
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bacteria (32.9%–48.0%), Proteobacteria (24.9%–38.1%),
and Bacteroidetes (2.9%–22.9%), implying microbial inter-
vention from leachate irrigation. Furthermore, after accli-
mation in a CH4-rich environment, the three bacterial phyla
with the highest relative abundance were Proteobacteria
(44.5%), Actinobacteria (27.3%), and Chloroflexi (10.4%).
The relative abundance of archaea in all the loess samples,
except MLA, was below 0.2%, while that in MLAwas 2.2%,
with the phylum Thaumarchaeota accounting for more than
95%.
With regard to the methanotrophic communities in Pro-

teobacteria, four kinds of type II MOB and three kinds of
type I MOB were observed (Figure 7). The total relative
abundance of type II MOB in MLAwas 2.1 times higher than
that in MWA. The relative abundances of Pontibaca me-
thylaminivorans, Methylocystis, and Methyloligellaceae in
MLAwere 5.8%, 2.0%, and 30% higher than those in MWA.
Furthermore, Methylobacterium was not detected in MWA,
while the relative abundance of this genus was 2.3% in

MLA. The total relative abundance of type I MOB in MLA
was 5.0 times higher than that in MWA. Leachate irrigation
and CH4-rich environment acclimation increased the relative
abundance of the family Methylophagaceae in γ-Proteo-
bacteria in MLA to 23.8%, which was 39 times higher than
that in MWA. However, the relative abundances of Methy-
lococcaceae and Methylophilaceae decreased to 0.4% and
0.2% after leachate irrigation and CH4-rich environment
acclimation, which were only one-fourth and one-tenth of
those noted in MWA, respectively.
The total copy numbers of bacteria, archaea, pmoA gene,

and amoA gene are shown in Figure 8. After leachate irri-
gation, the total copy number of bacteria in loess increased
by more than 400% (Figure 8(a)). Besides, during CH4-rich
environment acclimation, the total copy number of bacteria
kept increasing and reached the maximum on day 14, which
was 119 times higher than that observed in the original loess.
Leachate irrigation had no significant effect on the number of
archaea, which remained at around 1.25×104 copies (P>0.05)

Figure 6 (Color online) Taxonomic composition of prokaryotic communities in different samples at phylum level. Loess: original loess sample; Leachate:
mature leachate sample; L16: the water content was adjusted to 16 wt% with leachate; L22: the water content was adjusted to 22 wt% with leachate; L28: the
water content was adjusted to 28 wt% with leachate; MLA: the water content was adjusted to 16 wt% with leachate and acclimated in 10 vt% CH4-rich
environment; MWA: the water content was adjusted to 16 wt% with distilled water and acclimated in 10 vt% CH4-rich environment.

Figure 7 (Color online) Relative abundance of methanotrophic communities in proteobacteria. (a) Type II methane oxidizing bacteria in α-proteobacteria.
(b) Type I methane oxidizing bacteria in γ-proteobacteria.
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(Figure 8(b)), while CH4-rich environment acclimation in-
creased the total copy number of archaea to a maximum of
2.55×104 copies on day 7, which was more than 100% higher
than that noted in the original loess. Furthermore, CH4-rich
environment acclimation increased the total copy number of
pmoA gene to 3.70×106 copies from 4.62×104 copies, ex-
hibiting more than 79-fold increase (Figure 8(c)). In contrast,
leachate irrigation did not significantly increase the quantity
of pmoA gene in loess (P>0.05). The total copy number of
amoA gene was increased by more than 9 and 13 times after
leachate irrigation and CH4-rich environment acclimation,
respectively, when compared with that noted in the original
loess (8.50×104 copies in 0.2 g of original loess, Figure 8(d)).

4 Discussion

4.1 Increase in organic matter content could enhance
CH4 oxidation

The results of the present study revealed that the CH4 re-
moval ability of loess was significantly improved to
0.66 μmol/(h g-soil) from the initial 0.067 μmol/(h g-soil)
(P<0.001) (Figure 3(a)) owing to the 5-fold increase in MOB
(Figure 7) and 79-fold increase in pmoA gene (Figure 8).
Besides, the increase in the soil organic matter could also be
partly attributed to the enhanced CH4 removal ability of
loess. The organic matter content of leachate-ameliorated

loess was increased by about 2.0 times (>20 g/kg-soil)
(Figure 1(a)), reaching the level of some biochar-amended
LCS (21.4 g/kg-soil) [41] and compost-amended agricultural
soil (21.9 g/kg-soil) [42]. Besides, the organic matter in-
troduced by leachate bound tightly with the soil particles
(Figure 2), which was hardly leachable. Soil organic matter
is composed of inherently stable and chemically unique
compounds such as humus through different inputs [43], and
the mature leachate used in the present study could directly
increase the humus content of loess and bypass the decom-
position process of biomass fragments. Moreover, organic
matter can establish a favourable environment for microbial
activities [44], and the ratio of BOD5 to COD in mature
leachate was lower than 0.1, which means there was little
degradable organic matter in mature leachate so that het-
erotrophic microorganisms wouldn’t accumulate sig-
nificantly and therefore wouldn’t cause extra O2

consumption.

4.2 Increase in NH4
+-N content could enhance CH4

oxidation

A certain concentration of NH4
+-N has been shown to im-

prove CH4 oxidation in landfill cover layer because AOB and
MOB can co-oxidize CH4 [45,46]. Previous studies on field
and soil microcosm have also reported significant increases
in AOB abundance at high NH4

+-N concentration [47,48],

Figure 8 (Color online) Total copy number of bacteria, archaea, pmoA gene and amoA gene in different loess samples. Total copy number in 0.2 g of loess:
(a) bacteria; (b) archaea; (c) pmoA gene; (d) amoA gene. Loess: original loess sample; irrigation: loess sample after 95 days’ leachate irrigation (L16);
acclimation7, acclimation14 and acclimation21: leachate-irrigated loess sample after 7, 14 and 21 days’ CH4-rich acclimation.
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because in aerobic environment, NH4
+-N could act as elec-

tron donors for AOB. In the present study, leachate ameli-
oration introduced NH4

+-N into the soil at a level of 0.79,
0.86, and 0.96 mg-N/kg-soil in L16, L22, and L28, resulting
in the final N content of 1.26, 1.39, and 1.32 mg-N/kg-soil,
respectively (Figure 1(a)). Figure 8(d) shows that the abun-
dance of amoA gene increased by 9.5 times after leachate
amelioration. During the entire process of leachate irrigation,
the difference between the TN and NH4

+-N contents gradu-
ally increased. The decrease in NH4

+-N concentration could
be owing to two main reasons, namely, ammoxidation by
AOB [49] and volatilization of free ammonia triggered by
increase in pH (Figure 1(d)). After leachate irrigation, the pH
of both L22 and L28 increased to 8.5–8.9 and the TN content
in L22 correspondingly reduced to less than 1.0 g/kg-soil,
whereas that in L28 still remained at a high level of
1.3 g/kg-soil, indicating that the relative abundance of AOB,
which could convert NH4

+-N into nitrate nitrogen, was
higher in L28.

4.3 Leachate amelioration could enhance CH4 oxida-
tion in CH4-rich environment

CH4-rich environment is a well-known factor that can en-
hance the CH4 removal ability of soil. Methanotrophic
communities are usually abundant and active in some CH4-
rich areas such as geothermal vents [50,51], showing high
capacity and affinity kinetics [11]. In the present study, lea-
chate-irrigated loess in CH4-rich environment presented 2.7-
fold increase in CH4 removal capacity (Figure 3(a)), along
with a 1.76- and 3.47-fold increase in CO2 production and
pmoA gene copy number, respectively (Figures 3(a) and 8
(c)), when compared with water-irrigated loess. The reason
for this increase might be the difference in O2 availability in
the leachate- and water-irrigated loess. Availability of O2 is a
major factor in determining the composition of microbial
communities involved in methane oxidation [52]. Never-
theless, further research is needed to confirm whether lea-
chate irrigation could change the granule structure of loess,
causing enhancement of O2 supply level for soil micro-
organisms. Besides, rainwater leaching test performed in the
present study revealed that the pH of the lixivia of leachate-
irrigated loess remained at 8.6–8.9, which was higher than
that of the lixivia of water-irrigated loess. This result in-
dicated that the buffering property of the leachate-irrigated
loess was stronger than that of water-irrigated loess, which
was beneficial to microbial growth.

4.4 Contribution of leachate amelioration to mitigate
greenhouse gas emission from solid waste in global loess
region

The present study proved that leachate amelioration is a

feasible technology for soil remediation as LCS. As shown in
Figure 5, when 50-cm-thick loess layer was irrigated with
leachate, the CH4 removal efficiency reached 88.8%, which
was 1.6 times higher that of the original loess and compar-
able to that of biochar-amended soil inoculated with enriched
MOB (CH4 removal efficiency of up to 85.2%) [18], waste
biocover soil (CH4 removal efficiency of 94%–96%) [53],
yard waste compost mixed soil (CH4 removal efficiency of
up to 55%) [54], or wormcast mixed soil (CH4 removal ef-
ficiency of 53.8%–79.4%) [55]. Furthermore, batch experi-
ments revealed that the CH4 removal rate of leachate-
irrigated loess was up to 1.4 μmol/(h g-soil), which is much
higher than that achieved with biochar application
(0.05–0.51 μmol/(h g-soil)) [40,56].
Based on the results of the present study, the ameliorated

loess is suitable for temporary covering of landfills with
thickness of 20–50 cm. If the bulk density of loess was
1.2 g/cm3, unit CH4 removal rate was 1.4 μmol/(h g-soil),
and loess cover layer thickness was 20 cm, up to 129 g of
CH4 can be bio-oxidized per square meter in a single day;
and if the loess cover layer thickness was 50 cm, CH4 bio-
oxidation can reach 322 g/(m2 d). A full-scale research of
CH4 emission in a loess-gravel capillary barrier cover under
semi-arid climates found the maximum CH4 oxidation rate
could reach 93.3 g/(m2 d) [57]. It can be seen that the CH4

oxidation rate of loess cover layer can be increased by ma-
ture leachate irrigation.
It has been reported that the global concentration of CH4 in

atmosphere has increased to a record level of 1845±2 ppb in
2016 [58], and a single CH4 molecule has a century-old
warming potential that is 25 times higher than that of CO2.
Landfills are the largest source of anthropogenic CH4, and
the CH4 emissions from landfill working face in different
regions range from 67 to 207 g/(m2 d). In the cases of landfill
sites with only cover and no active gas collection, the CH4

emissions range from 11 to 127 g/(m2 d) [59]. In particular,
landfills in semi-arid climates have been reported to exhibit
CH4 emissions of 85 g/(m

2 d) [59]. Based on these results,
the CH4 emissions from landfills in loess region of semi-arid
climate could possibly be mitigated to a carbon-neutral level.
As loess region accounts for one-tenth of the world’s land
area with hundreds of millions of inhabitants, a decrease in
the CH4 emissions to a carbon-neutral level could have a
significant positive effect on the control of greenhouse gases
and mitigation of global warming.

5 Conclusions

This study presented a method to improve the CH4 removal
capacity of loess soil used as bioactive landfill cover.
Overall, mature leachate irrigation increased the organic
matter content of loess by 180% (>20 g/kg-soil), and the
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organic matter was closely bound to loess soil particles with
a leaching rate of less than 10%. The maximum CH4 removal
rate of the ameliorated loess reached 1.41 μmol/(h g-soil),
which was 4 times higher than that of water-irrigated loess.
Thus, 50-cm-thick mature leachate irrigated loess layer
achieved more than 80% CH4 removal efficiency. Moreover,
the results of the present study indicated that mature leachate
enhanced the CH4 bio-oxidation ability of loess by increasing
the abundance of type I MOB and methane monooxygenase
gene pmoA by 5.0- and 79-fold, respectively. Thus, by using
mature leachate irrigated loess as LCS, carbon neutrality can
be accomplished for mitigating CH4 emission from landfills
in loess regions, which can have a positive effect on global
greenhouse gas control. In addition, potential issues with this
technology are worth further exploration. For example, what
will be the possible impact of long-term leachate irrigation
on loess and whether methane-oxidizing bacteria can main-
tain stable growth and activity in the dramatically changing
soil environment.

This work was supported by the National Key R&D Program of China
(Grant No. 2018YFC1903700), and the National Natural Science Foun-
dation of China (Grant No. 41877537).

Supporting information

The supporting information is available online at tech.scichina.com and
link.springerlink.com. The supporting materials are published as submitted,
without typesetting or editing. The responsibility for scientific accuracy and
content remains entirely with the authors.

1 Pécsi M. Loess is not just the accumulation of dust. Quaternary Int,
1990, 7-8: 1–21

2 Peng J, Wang S, Wang Q, et al. Distribution and genetic types of loess
landslides in China. J Asian Earth Sci, 2019, 170: 329–350

3 Pan J, Feng Y. Estimating potential ecological carrying capacity in
Gansu province. Chinese J Ecol, 2017, 36: 800–808

4 National Bureau of Statistics of China. China Statistical Yearbook (in
Chinese). Beijing: China Statistical Press, 2019

5 Ragnauth S A, Creason J, Alsalam J, et al. Global mitigation of non-
CO2 greenhouse gases: Marginal abatement costs curves and abate-
ment potential through 2030. J Integrative Environ Sci, 2015, 12: 155–
168

6 Oertel C, Matschullat J, Zurba K, et al. Greenhouse gas emissions
from soils—A review. Geochemistry, 2016, 76: 327–352

7 Wang Y, Shao M, Zhu Y, et al. Impacts of land use and plant char-
acteristics on dried soil layers in different climatic regions on the loess
plateau of China. Agric For Meteor, 2011, 151: 437–448

8 Whalen S C, Reeburgh W S, Sandbeck K A. Rapid methane oxidation
in a landfill cover soil. Appl Environ MicroBiol, 1990, 56: 3405–3411

9 Zhang H, He P, Shao L. Methane emissions from msw landfill with
sandy soil covers under leachate recirculation and subsurface irriga-
tion. Atmos Environ, 2008, 42: 5579–5588

10 Sadasivam B Y, Reddy K R. Landfill methane oxidation in soil and
bio-based cover systems: A review. Rev Environ Sci Biotechnol,
2014, 13: 79–107

11 De Visscher A, Thomas D, Boeckx P, et al. Methane oxidation in
simulated landfill cover soil environments. Environ Sci Technol, 1999,
33: 1854–1859

12 Bender M, Conrad R. Effect of CH4 concentrations and soil conditions
on the induction of CH4 oxidation activity. Soil Biol Biochem, 1995,

27: 1517–1527
13 Yang Y, Tong T, Chen J, et al. Ammonium impacts methane oxidation

and methanotrophic community in freshwater sediment. Front Bioeng
Biotechnol, 2020, 8: 250

14 Yang N, Lü F, He P, et al. Response of methanotrophs and methane
oxidation on ammonium application in landfill soils. Appl Microbiol
Biotechnol, 2011, 92: 1073–1082

15 Chiu C F, Huang Z D. Microbial methane oxidation and gas adsorp-
tion capacities of biochar-modified soils. Int J Geosynth Ground Eng,
2020, 6: 24

16 Yan X Y, Cai Z C. Advances in the study of roles of soil in methane
oxidation (in Chinese). Rural Eco-Environ, 1996, 2: 33–38

17 Zhang H, Yan X, Cai B, et al. The effects of aged refuse and sewage
sludge on landfill CH4 oxidation and N2O emissions: Roles of
moisture content and temperature. Ecol Eng, 2015, 74: 345–350

18 Huang D, Yang L, Xu W, et al. Enhancement of the methane removal
efficiency via aeration for biochar-amended landfill soil cover. En-
viron Pollution, 2020, 263: 114413

19 Shao L M, He P J, Li G J. In situ nitrogen removal from leachate by
bioreactor landfill with limited aeration. Waste Manage, 2008, 28:
1000–1007

20 He P J, Xue J F, Shao L M, et al. Dissolved organic matter (DOM) in
recycled leachate of bioreactor landfill. Water Res, 2006, 40: 1465–
1473

21 Zhou H, Chen C, Wang D, et al. Effect of long-term organic
amendments on the full-range soil water retention characteristics of a
vertisol. Soil Tillage Res, 2020, 202: 104663

22 Lü F, He P, Guo M, et al. Ammonium-dependent regulation of aerobic
methane-consuming bacteria in landfill cover soil by leachate irriga-
tion. J Environ Sci, 2012, 24: 711–719

23 Chiemchaisri C, Chiemchaisri W, Chittanukul K, et al. Effect of lea-
chate irrigation on methane oxidation in tropical landfill cover soil. J
Mater Cycle Waste Manag, 2010, 12: 161–168

24 Watzinger A, Stemmer M, Pfeffer M, et al. Methanotrophic commu-
nities in a landfill cover soil as revealed by [13C] PLFAs and re-
spiratory quinones: Impact of high methane addition and landfill
leachate irrigation. Soil Biol Biochem, 2008, 40: 751–762

25 Zhang C, Liu G, Xue S, et al. Soil bacterial community dynamics
reflect changes in plant community and soil properties during the
secondary succession of abandoned farmland in the loess plateau. Soil
Biol Biochem, 2016, 97: 40–49

26 Jin Z, Guo L, Wang Y, et al. Valley reshaping and damming induce
water table rise and soil salinization on the chinese loess plateau.
Geoderma, 2019, 339: 115–125

27 Fan C H, Zhang Y C, He L, et al. Effect of straw incorporation on
three-dimensional fluorescence spectrum of dissolved organic matter
in arid loess (in Chinese). Spectrosc Spect Anal, 2013, 33: 1820–1823

28 Xie J Y, Wang Z H, Li S X. Effects of straw and plastic-film mulching
on soil micro-bioactivity and organic carbon and nitrogen in northwest
dryland areas of China (in Chinese). Acta Ecologica Sinica, 2010, 30:
6781–6786

29 Amor C, De Torres-Socías E, Peres J A, et al. Mature landfill leachate
treatment by coagulation/flocculation combined with fenton and solar
photo-fenton processes. J Hazard Mater, 2015, 286: 261–268

30 Hao Y, Wang T, Wang J. Structural properties of unsaturated com-
pacted loess for various sample moisture contents. Arab J Geosci,
2019, 12: 258

31 Chen C, Zhang D, Zhang J. Influence of stress and water content on
air permeability of intact loess. Can Geotech J, 2017, 54: 1221–1230

32 Lü F, Liu Y, Shao L, et al. Powdered biochar doubled microbial
growth in anaerobic digestion of oil. Appl Energy, 2019, 247: 605–
614

33 Griffiths R I, Whiteley A S, O’Donnell A G, et al. Rapid method for
coextraction of DNA and RNA from natural environments for analysis
of ribosomal DNA- and rRNA-based microbial community compo-
sition. Appl Environ Microbiol, 2000, 66: 5488–5491

34 Bolyen E, Rideout J R, Dillon M R, et al. Reproducible, interactive,

1511He P J, et al. Sci China Tech Sci July (2021) Vol.64 No.7

https://doi.org/10.1016/1040-6182(90)90034-2
https://doi.org/10.1016/j.jseaes.2018.11.015
https://doi.org/10.1080/1943815X.2015.1110182
https://doi.org/10.1016/j.chemer.2016.04.002
https://doi.org/10.1016/j.agrformet.2010.11.016
https://doi.org/10.1128/AEM.56.11.3405-3411.1990
https://doi.org/10.1016/j.atmosenv.2008.03.010
https://doi.org/10.1007/s11157-013-9325-z
https://doi.org/10.1021/es9900961
https://doi.org/10.1016/0038-0717(95)00104-M
https://doi.org/10.3389/fbioe.2020.00250
https://doi.org/10.3389/fbioe.2020.00250
https://doi.org/10.1007/s00253-011-3389-x
https://doi.org/10.1007/s00253-011-3389-x
https://doi.org/10.1007/s40891-020-00202-5
https://doi.org/10.1016/j.ecoleng.2014.09.032
https://doi.org/10.1016/j.envpol.2020.114413
https://doi.org/10.1016/j.envpol.2020.114413
https://doi.org/10.1016/j.wasman.2007.02.028
https://doi.org/10.1016/j.watres.2006.01.048
https://doi.org/10.1016/j.still.2020.104663
https://doi.org/10.1016/S1001-0742(11)60813-9
https://doi.org/10.1007/s10163-009-0284-y
https://doi.org/10.1007/s10163-009-0284-y
https://doi.org/10.1016/j.soilbio.2007.10.010
https://doi.org/10.1016/j.soilbio.2016.02.013
https://doi.org/10.1016/j.soilbio.2016.02.013
https://doi.org/10.1016/j.geoderma.2018.12.048
https://doi.org/10.1016/j.jhazmat.2014.12.036
https://doi.org/10.1007/s12517-019-4421-1
https://doi.org/10.1139/cgj-2016-0186
https://doi.org/10.1016/j.apenergy.2019.04.052
https://doi.org/10.1128/AEM.66.12.5488-5491.2000


scalable and extensible microbiome data science using qiime 2. Nat
Biotechnol, 2019, 37: 852–857

35 Pruesse E, Quast C, Knittel K, et al. Silva: A comprehensive online
resource for quality checked and aligned ribosomal RNA sequence
data compatible with arb. Nucleic Acids Res, 2007, 35: 7188–7196

36 López-Gutiérrez J C, Henry S, Hallet S, et al. Quantification of a novel
group of nitrate-reducing bacteria in the environment by real-time
PCR. J MicroBiol Methods, 2004, 57: 399–407

37 Kemnitz D, Kolb S, Conrad R. High abundance of crenarchaeota in a
temperate acidic forest soil. FEMS Microbiol Ecol, 2007, 60: 442–448

38 Kolb S, Knief C, Stubner S, et al. Quantitative detection of metha-
notrophs in soil by novel pmoA-targeted real-time PCR assays. Appl
Environ Microbiol, 2003, 69: 2423–2429

39 De Corte D, Yokokawa T, Varela M M, et al. Spatial distribution of
bacteria and archaea and amoA gene copy numbers throughout the
water column of the eastern mediterranean sea. ISME J, 2009, 3: 147–
158

40 Reddy K R, Rai R K, Green S J, et al. Effect of temperature on
methane oxidation and community composition in landfill cover soil. J
Industrial Microbiol Biotech, 2019, 46: 1283–1295

41 Sadasivam B Y, Reddy K R. Adsorption and transport of methane in
landfill cover soil amended with waste-wood biochars. J Environ
Manage, 2015, 158: 11–23

42 Abujabhah I S, Bound S A, Doyle R, et al. Effects of biochar and
compost amendments on soil physico-chemical properties and the total
community within a temperate agricultural soil. Appl Soil Ecol, 2016,
98: 243–253

43 Lehmann J, Kleber M. The contentious nature of soil organic matter.
Nature, 2015, 528: 60–68

44 Cheng H, Zhang D, Huang B, et al. Organic fertilizer improves soil
fertility and restores the bacterial community after 1,3-di-
chloropropene fumigation. Sci Total Environ, 2020, 738: 140345

45 Bian R, Shi W, Duan Y, et al. Effect of soil types and ammonia
concentrations on the contribution of ammonia-oxidizing bacteria to
CH4 oxidation. Waste Manag Res, 2019, 37: 698–705

46 Long Y Y, Liao Y, Miao J Y, et al. Effects of ammonia on methane
oxidation in landfill cover materials. Environ Sci Pollut Res, 2014, 21:
911–920

47 Taylor A E, Zeglin L H, Wanzek T A, et al. Dynamics of ammonia-
oxidizing archaea and bacteria populations and contributions to soil
nitrification potentials. ISME J, 2012, 6: 2024–2032

48 Verhamme D T, Prosser J I, Nicol G W. Ammonia concentration
determines differential growth of ammonia-oxidising archaea and
bacteria in soil microcosms. ISME J, 2011, 5: 1067–1071

49 Ouyang Y, Norton J M, Stark J M, et al. Ammonia-oxidizing bacteria
are more responsive than archaea to nitrogen source in an agricultural
soil. Soil Biol Biochem, 2016, 96: 4–15

50 Anthony K MW, Anthony P, Grosse G, et al. Geologic methane seeps
along boundaries of arctic permafrost thaw and melting glaciers. Nat
Geosci, 2012, 5: 419–426

51 Tate K R. Soil methane oxidation and land-use change – from process
to mitigation. Soil Biol Biochem, 2015, 80: 260–272

52 Hernandez M E, Beck D A C, Lidstrom M E, et al. Oxygen avail-
ability is a major factor in determining the composition of microbial
communities involved in methane oxidation. PeerJ, 2015, 3: e801

53 He R, Wang J, Xia F F, et al. Evaluation of methane oxidation activity
in waste biocover soil during landfill stabilization. Chemosphere,
2012, 89: 672–679

54 Barlaz M A, Green R B, Chanton J P, et al. Evaluation of a biologi-
cally active cover for mitigation of landfill gas emissions. Environ Sci
Technol, 2004, 38: 4891–4899

55 Lee E H, Moon K E, Cho K S. Long-term performance and bacterial
community dynamics in biocovers for mitigating methane and mal-
odorous gases. J Biotech, 2017, 242: 1–10

56 Reddy K R, Rai R K, Green S J, et al. Effect of pH on methane
oxidation and community composition in landfill cover soil. J Environ
Eng, 2020, 146: 04020037

57 Zhan L T, Wu T, Feng S, et al. Full-scale experimental study of
methane emission in a loess-gravel capillary barrier cover under dif-
ferent seasons. Waste Manage, 2020, 107: 54–65

58 WMO. WMO greenhouse gas bulletin No.12. World Meteorological
Organization, 2016. https://library.wmo.int/doc_num.php?explnum_
id=3084

59 Goldsmith Jr. C D, Chanton J, Abichou T, et al. Methane emissions
from 20 landfills across the united states using vertical radial plume
mapping. J Air Waste Manage Association, 2012, 62: 183–197

1512 He P J, et al. Sci China Tech Sci July (2021) Vol.64 No.7

https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/nar/gkm864
https://doi.org/10.1016/j.mimet.2004.02.009
https://doi.org/10.1111/j.1574-6941.2007.00310.x
https://doi.org/10.1128/AEM.69.5.2423-2429.2003
https://doi.org/10.1128/AEM.69.5.2423-2429.2003
https://doi.org/10.1038/ismej.2008.94
https://doi.org/10.1007/s10295-019-02217-y
https://doi.org/10.1007/s10295-019-02217-y
https://doi.org/10.1016/j.jenvman.2015.04.032
https://doi.org/10.1016/j.jenvman.2015.04.032
https://doi.org/10.1016/j.apsoil.2015.10.021
https://doi.org/10.1038/nature16069
https://doi.org/10.1016/j.scitotenv.2020.140345
https://doi.org/10.1177/0734242X19843988
https://doi.org/10.1007/s11356-013-1963-8
https://doi.org/10.1038/ismej.2012.51
https://doi.org/10.1038/ismej.2010.191
https://doi.org/10.1016/j.soilbio.2016.01.012
https://doi.org/10.1038/ngeo1480
https://doi.org/10.1038/ngeo1480
https://doi.org/10.1016/j.soilbio.2014.10.010
https://doi.org/10.7717/peerj.801
https://doi.org/10.1016/j.chemosphere.2012.06.008
https://doi.org/10.1021/es049605b
https://doi.org/10.1021/es049605b
https://doi.org/10.1016/j.jbiotec.2016.12.007
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001712
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001712
https://doi.org/10.1016/j.wasman.2020.03.026
https://doi.org/10.1080/10473289.2011.639480

	In-situ neutralize methane emission from landfills in loess regions using leachate 
	1 ���Introduction
	2 ���Materials and methods
	2.1 ���Loess and leachate
	2.2 ���Experimental setup
	2.3 ���Analytical methods

	3 ���Results
	3.1 ���Variations in the physicochemical properties of loess during leachate irrigation
	3.2 ���CH4 removal rate of ameliorated loess
	3.3 ���CH4 removal efficiency along the depth of soil in column experiments
	3.4 ���Quantity and composition of soil microbial communities

	4 ���Discussion
	4.1 ���Increase in organic matter content could enhance CH4 oxidation
	4.2 ���Increase in NH4+-N content could enhance CH4 oxidation
	4.3 ���Leachate amelioration could enhance CH4 oxidation in CH4-rich environment
	4.4 ���Contribution of leachate amelioration to mitigate greenhouse gas emission from solid waste in global loess region

	5 ���Conclusions


