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Abstract: In recent years, biochar-amended soil cover has shown promise for enhancing microbial methane (CH4) oxidation and mitigate
fugitive CH4 emissions at municipal solid waste landfills. However, addition of biochar in landfill cover soil has an initial lag phase due to
microbial acclimation and colonization, resulting in lower CH4 oxidation rates relative to CH4-exposed landfill cover soil. Therefore, this
study explored amendment of landfill cover soil with biochar infused with methane-oxidizing bacterial (MOB) consortium (termed activated
biochar) to reduce acclimation time and enhance the CH4 oxidation activity. Experimental long-term incubation tests were performed on soil
columns containing one of four different biocovers: soil control (CS), soil with 10% by weight of biochar (B10), soil with 5%MOB-activated
biochar (AB5), and soil with 10% MOB-activated biochar (AB10), exposed to continuous flow of simulated landfill gas (LFG). The AB10 soil
column had a reduced lag phase with notable CH4 oxidation efficiency (ranging from 13% to 50%) during the initial exposure phase compared
with all other biocover columns (0.4%–36%). In addition, the activated biochar–amended soil biocovers had higher CH4 oxidation rates
(69–74.3 μgCH4 g−1 day−1) than the nonactivated biochar–amended soil (42 μgCH4 g−1 day−1) and soil control (36 μgCH4 g−1 day−1).
The activated biochar–amended columns had higher relative abundances of Type II methanotrophs, mainly Methylocystis and Methylosinus
(relative abundance ∼10%) than did nonactivated biochar–amended soil and control columns (relative abundance 3.0%–3.6%). A positive
correlation was observed between CH4 oxidation rate and the ratio of Type II/Type I abundance (R2 ¼ 0.84, p < 0.01), further suggesting
an important role for the biochar activation in the biological CH4 mitigation process. Overall, biochar activation appears to be a promising
mechanism to reduce microbial lag phase and enhance CH4 oxidation rates in biochar-amended landfill cover soils. DOI: 10.1061/(ASCE)
EE.1943-7870.0001984. © 2022 American Society of Civil Engineers.
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Introduction

In 2018, 292.4 million tons of municipal solid waste (MSW) was
generated in the US, of which nearly 146.1 million tons (∼50%)
was landfilled (USEPA 2021). Landfilling is a common practice
in many parts of the world because landfills are an environmentally
accepted waste management strategy that is among the least expen-
sive options (Bogner et al. 1995; Sharma and Reddy 2004). About
37% of waste ends up in some category of landfill globally (Kaza
et al. 2018). At landfills, waste undergoes anaerobic decomposition
soon after the depletion of free oxygen (O2) and generates signifi-
cant amount of methane (CH4) and carbon dioxide (CO2), which
are major greenhouse gases (GHGs). MSW landfills have been
identified as the third largest source of anthropogenic CH4 emis-
sions in the US (USEPA 2020) and second largest source in Europe
(Kjeldsen and Scheutz 2018). Landfill CH4 emissions are controlled

by (1) gas recovery or control systems, (2) thickness of the landfill
cover materials, and (3) CH4 oxidation by methanotrophic bacteria
present in the daily, intermediate, or final cover soil (Bogner
et al. 2011). Landfill cover soils generally are enriched with
CH4-oxidizing microbes called methanotrophs by the continuous
exposure to CH4 emanating from underlying waste (Sadasivam
and Reddy 2014; Kjeldsen and Scheutz 2018). Methanotrophic
bacteria have the unique ability to oxidize CH4 in the presence
of O2 and release CO2 and water as the products of oxidation
(Hanson and Hanson 1996; Huber-Humer et al. 2008). The
CH4 oxidation potential of the indigenous landfill soil methano-
trophic microbial communities has been explored extensively
(Huber-Humer et al. 2008). Various biocovers have been devel-
oped to mitigate landfill CH4 emissions through the activity of
methanotrophic bacteria (Powelson et al. 2006; Rachor et al.
2011; La et al. 2018). Biochar amendment has gained prominence
for enhancing CH4 oxidation in landfill cover soil due to the
favorable physical properties of the biochar for microbial coloni-
zation (Reddy et al. 2020a, b; Yargicoglu and Reddy 2018).

Biochar is a solid porous carbonaceous product generated from
waste biomass by thermochemical treatment such as pyrolysis or
gasification in oxygen-deficient conditions (Shackley et al. 2013;
Xie et al. 2016). Biochar has been used increasingly in agricul-
tural soil and environmental contaminants remediation due to its
unique properties such as high internal porosity and surface area,
and high adsorption potential for various chemical compounds,
including gases (Yargicoglu et al. 2015). Biochar also has been
used in carbon-sequestration applications (Lehmann et al. 2006;
Shackley et al. 2013). Recently, the use of biochar has been ex-
plored in landfill cover soil for mitigation of CH4 emissions by uti-
lizing the favorable properties of biochar such as high moisture
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retention and high internal porosity to enhance the microbial activ-
ity of indigenous methanotrophic bacteria (Yargicoglu and Reddy
2018; Reddy et al. 2020a, b).

Biochar itself does not react with CH4, but it promotes adsorp-
tion of CH4 (Sadasivam and Reddy 2015a, b). Moreover, biochar
promotes microbial colonization and enhances CH4 oxidation
when mixed with landfill cover soil. However, biochar-amended
soils require time for acclimation and microbial colonization; the
lag time associated with these stages leads to lower CH4 oxidation
rates at the beginning of experimental incubation, particularly com-
pared with rates associated with acclimated landfill cover soil (Rai
et al. 2019). Rai et al. (2019) prepared activated biochar by soaking
biochar in a high-density mixed methanotrophic culture. The acti-
vated biochar then was added to landfill cover soil as part of labo-
ratory microcosm tests to compare the CH4 oxidation performance
of activated biochar and nonactivated biochar–amended soils. Rai
et al. observed that soil amended with 10% and 2% activated bio-
char by weight (w/w) had significantly higher CH4 oxidation rates
than did soil amended with nonactivated biochar-amended soil or
soil without amendment. This phenomenon occurred at the begin-
ning of incubation, without showing any lag phase. In addition, Rai
et al. also observed that the CH4 oxidation rate of nonactivated
biochar-amended soil was lower than that of soil alone in the be-
ginning, and started to overtake soil alone only after 50 days of
incubation. Similarly, Huang et al. (2019) performed batch incuba-
tions with biochar-amended soil by inoculating 15% (w/w) and
∼2.5% (w/w) biochar-amended soil. They inoculated biochar-
amended soil with a methane-oxidizing bacterial (MOB) consor-
tium by applying the consortium in media directly to the soil.
Huang et al. observed a higher CH4 oxidation efficiency (∼46%)
in MOB-inoculated biochar–amended soil than in landfill cover soil
alone (30%) without MOB inoculation.

Thus, biochar activation with MOB consortia has the potential
to expedite CH4 oxidation in landfill cover soils. However, such
findings have been verified only in batch-scale incubations which
were closed systems with a limited amount of substrates. No studies
have assessed methanotrophy in large-scale column experiments
under dynamic gas flow conditions that represent near-field con-
ditions. This study evaluated the CH4 oxidation performance of
landfill cover soil alone, soil amended with 10% (w=w) nonacti-
vated biochar, and soils amended with 5% and 10% (w=w) acti-
vated biochar in soil columns under continuous flow of changing
landfill gas (LFG). In previous studies (e.g., Yargicoglu and
Reddy 2018), 10% biochar amendment performed better in terms

of CH4 oxidation. Hence, a 10% amendment ratio was chosen in
the present study. Similarly, a 5% amendment ratio was chosen to
investigate whether the biochar use can be economized. The spe-
cific objectives of this study were to (1) evaluate the effect of
methanotrophic activation of biochar on microbial acclimation
and growth in biochar-amended soil under near field conditions;
(2) compare the CH4 oxidation rates of MOB-activated biochar–
amended soils, nonactivated biochar–amended soil, and landfill
cover soil alone; and (3) evaluate the effect of various LFG gas
compositions on soil’s CH4 oxidation efficiency and methanotro-
phic community structure. To achieve these objectives, column tests
were performed by exposing the test cover substrates to continuous
flows of synthetic LFG from the bottom and air from the top, and
analyzing the gas concentrations along the depth of the cover sub-
strates over time. The testing was performed in four phases, each
corresponding to different simulated LFGs to evaluate the resilience
of microbial communities to the changing gas conditions.

Materials and Methods

Soil and Biochar Characterization

Soil was obtained from the interim cover of the Zion landfill, lo-
cated in Zion, Illinois, from a depth of ∼15–30 cm and was stored
at room temperature (23°C� 2°C). Soil samples were air dried,
pulverized, and screened through a 4.75-mm sieve prior to con-
ducting the experiments in order to remove very large particles
and maintain homogeneity in the biocovers. Biochar was supplied
by Chip Energy, Goodfield, Illinois. Biochar used in this study was
pinewood-derived biochar obtained in the form of pellets. The soil
and biochar were characterized for their physical, chemical, and
geotechnical properties as per ASTM standards (Table 1). Specific
gravity, grainsize analysis, Atterberg limits, organic content and
water holding capacity were evaluated as per ASTM D854 (ASTM
2014), ASTM D6913/D6913M-17 (ASTM 2017d), ASTM D4318-
17e1 (ASTM 2017c), ASTM D2974-20e1 (ASTM 2020) and
ASTM D2980-17e1 (ASTM 2017b), respectively. Soil and biochar
were classified as per USCS classification [ASTM D2487-17e1
(ASTM 2017a)]. The hydraulic conductivity of soil was measured
using flexible wall permeameter in a triaxial cell as per ASTM
D5084-16a (ASTM 2016) whereas for biochar, rigid wall permea-
meter was used (ASTMD2434-19 ASTM 2019a). The pH was mea-
sured as per ASTM D4972-19 (ASTM 2019b) using an Orion 720A

Table 1. Properties of soil and biochar

Property ASTM method Soil Biochar

Specific gravity ASTM D854-14 2.68 0.65
Grain-size distribution: ASTM D6913/D6913M-17 — —
Gravel (%) — 3.7 45
Sand (%) — 14.4 54
Fines (%) — 81.9 1
D50 (mm) — 0.009 4.3
Cc — — 0.82
Cu — — 2.42
Atterberg limits: ASTM D4318-17e1 — —
Liquid limit (%) — 39 Nonplastic
Plastic limit (%) — 22 —
Plasticity index (%) — 17 —
USCS classification ASTM D2487-17e1 CL SP
Water holding capacity (w/w) ASTM D2980-17e1 43.4 51.6
Hydraulic conductivity (cm=s) ASTM D5084-16a/ASTM D2434-19 5.4 × 10−8 4 × 10−3
Organic content (%) ASTM D2974-20e1 5.80 96.71
pH ASTM D4972-19 7.6 6.5
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pH meter (Orion Research, Franklin, Massachusetts) at a liquid to
solid ratio of 1∶1.

Biochar Activation

A methanotrophic culture was prepared by enriching landfill cover
soil in nitrate mineral salts (NMS) medium (Whittenbury et al. 1970)
following procedures described by Rai et al. (2018) and Reddy et al.
(2019). NMS solution was prepared by mixing 0.2 gMgSO4,
0.02 CaCl2, 1 gKNO3, 0.7 gKH2PO4, 1.5 gNa2HPO4 · 5H2O,
and 1 mL trace element solution in 1 L distilled water. For enrich-
ment cultures and MOB consortium preparations, 5 g soil (sieved
through a 2-mm sieve) was mixed with 100 mL NMS solution in a
500-mL glass bottle and sealed with a long sleeve rubber septum.
Approximately 80 mL air from the headspace was replaced with an
equal volume of 50% by volume (v/v) CH4 and 50% (v/v) CO2 to
obtain a headspace concentration of ∼8%CH4 and 8% CO2 bal-
anced in air. Headspace concentrations of CH4 and CO2 were
monitored regularly using a gas chromatograph (GC) (SRI 9300
GC, SRI Instruments, Torrance, California) to evaluate the activity
of methanotrophs. Headspace gas was replenished twice during the
incubation of 20 days. Thereafter, the supernatant was separated
from each enrichment bottle and transferred into two acrylic col-
umns each with a volume of 2,356 cm3. Biochar (1,050 g) was
added to the culture media such that the biochar was completely
soaked, and the columns were sealed immediately. A port was pro-
vided at the top of the column for gas measurement. Approximately
500 mL of headspace was replaced with an equal volume of a 50∶50
(v/v) mixture of CO2 and CH4. The headspace concentration of
CO2, CH4, and O2 was monitored regularly to evaluate the activity
of the methanotrophs and ensure that the biochar was activated. The
gases in the headspace were replenished regularly when the con-
centrations became significantly low (<1%v=v). The biochar
was soaked in the MOB culture for nearly 56 days before mixing
into landfill cover soil. The biochar was separated from the culture
supernatant before adding to the soil. The CH4 consumption rates

of biochar during activation period are shown in Fig. S1 in the
Supplemental Materials.

Column Setup

Four biocover profiles were tested in the column incubation experi-
ments: soil only or soil control (CS), soilþ 10% (w/w) biochar
(B10), soilþ 5% (w/w) activated biochar (AB5), and soil þ10%
(w/w) activated biochar (AB10). The columns were made of acrylic
tubing, and were cylindrical, with a height of 100 cm and an in-
ternal diameter (ID) of 18.40 cm. The columns were provided with
a flange top and bottom plates with rubber O rings screwed together
to ensure airtight sealing. The experimental setup is shown in
Fig. 1(a). A 25-cm-thick layer of pea gravel was placed at the
bottom of each column to serve as a gas distribution layer (GDL).
A 20-cm-thick biocover layer was placed on top of the GDL.
A geotextile fabric was used as a separator between the GDL
and the biocover layer. Water was added to achieve a moisture con-
tent of 15% (w/w) in each biocover material. Biocover materials
were mixed thoroughly before placement into the columns, result-
ing in moisture contents ranging from 15.3% to 16.6% (Table 2).
These measured values, exceeding 15%, were due to the hydro-
scopic moisture present in the soil samples. Biochar was soaked
in the MOB consortia for activation purposes as described previ-
ously, leading to a high moisture content (∼98%w=w). The mois-
ture content in activated biochar-amended soils was adjusted
accordingly to obtain an overall moisture content of 15% (w/w).
The biocover materials were placed in 5-cm layers with light tamp-
ing by a 3.1-kg tamping rod to achieve the bulk densities ranging
from ∼1.3 to 1.5 g=cm3 (Table 2). The four columns were con-
nected in parallel [Fig. 1(a)]. The inlet synthetic LFG was fed
to the bottom of the column, and air was fed from the top of
the column at a flow rate of ∼60 mL=min. The inlet LFG flow rates
were controlled by rotameters (Cole-Parmer, Vernon Hills, Illinois).
Similarly, the rate of outflow LFG was monitored by a rotameter
connected at the outlet of each column. Two gas sampling ports
were located within the biocover layer, one port was located above

Fig. 1. Schematic of (a) column experimental setup; and (b) column configuration.
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the biocover layer, and one port was located below the biocover
layer [Fig. 1(b)]. A time-domain reflectometry (TDR) sensor
(CS655-L, Campbell Scientific, Logan, Utah), capable of measur-
ing volumetric water content (VWC), temperature, and electrical
conductivity (EC), was installed within the biologic layer to mon-
itor the changes in physical parameters during column incubation.
Parameters were recorded every 15 s and averaged over 4-h inter-
vals by the data acquisition system (Campbell ScientificCR1000
Data Logger equipped with an AM16/32 B multiplexer).

Gas Concentration and Methane Oxidation Efficiency

Gas concentrations along the depth of the columns were deter-
mined by extracting gas samples from sampling ports 1–2 times=
week. Gas samples were analyzed using an SRI 9300 GC
equipped with a thermal conductivity detector (TCD) (detection
limit ¼ 500 ppm) and a flame ionization detector/flame photo-
metric detector (FID/FPD) (detection limit ¼ 1 ppm) capable of
measuring CO2, CH4, and H2S simultaneously (Chetri et al.
2020). An SRI Model 110 standalone detector chassis with elec-
tronic pressure control equipped with a FID/FPD was connected
to the host GC with a heated transfer line for the detection of
H2S. The host GC was fitted with a HayeSep-D packed column
(SRI Instruments, Torrance, California) 1829 mm × 3.2 mm
(6 ft × 1/8 in.) for separation of CH4 and CO2, and a 60-m
MXT-1 capillary column (SRI Instruments, Torrance, California)
for separation of H2S. The TCD and FID/FPD used helium and
hydrogen as the carrier gases, respectively. For O2 concentration
measurements, the carrier gas was switched to nitrogen in the
TCD. Gas samples were withdrawn from sampling ports using
a 1-mL syringe equipped with a filter and stopper.

The four phases tested in the column experiments are summa-
rized in Table 3. Phase 1 was the acclimation phase, in which the
covers were exposed to a low flow of 50% (v/v) CH4 and 50% (v/v)
CO2 (inlet flux 50 gCH4 m−2 day−1) to allow the microbes to
acclimatize to the LFG conditions. After the gas profiles stabilized
in Phase 1, the inflow gas configuration was switched to a mixture
of 48.25% (v/v) CH4, 50% (v/v) CO2, and 1.75% (v/v) H2S in
Phase 2 to evaluate the effect of the presence of H2S in LFG
on microbial CH4 oxidation and community structure. LFG from
MSW landfills can contain H2S generated from the decomposition
of sulfur-containing organic wastes such as paper, food, and sew-
age sludge from waste treatment plants (Ko et al. 2015). In addi-
tion, the inflow gas composition was switched to pure CH4

(∼99%v=vCH4) in Phase 3, maintaining the same CH4 flux as
in Phase 2 to investigate the resilience of microbial communities
to changing gas compositions. A 10-cm-thick layer of field sand
was added on top of the biocover layer in each column during
Phase 3 to stabilize gas profiles and reduce the effect of dilution.
The incubation phase before adding sand was termed Phase 3a,
and that after adding sand was termed Phase 3b. A schematic
of the column set up in Phase 3b is shown in Fig. S2 in the Sup-
plemental Materials. The main aim of conducting these three
phases was to understand how well the microbial communities
adapted to the changing gas conditions.

Batch Tests and Methane Oxidation Rates

At the end of Phase 2, batch incubation experiments were performed
on soil-biochar samples extracted from the biocover layer of each
reactor to quantify their CH4 oxidation rates. Approximately 10–
11 g of sample was extracted from each of the biocover layer from
top 0 to 5 cm during Phase 2 by pushing a thin-walled stainless-steel
sampler with an inner diameter of 2.5 cm (1 in.) fabricated specifi-
cally for the sample extraction. The cavity created by sampling
was filled with an equivalent amount of fresh biocover material.
Batch incubation tests were performed on 5 g each of the extracted
sample in a 125-mL glass serum vial (Wheaton, Millville, New
Jersey). The glass vials were hermetically sealed with rubber septa
and aluminum crimps after samples were placed inside. Avolume of
20mL air was withdrawn from each vial and replacedwith amixture
of 50% (v/v) CH4 and 50% (v/v) CO2 to obtain the headspace con-
centration of ∼8% (v/v) CH4 and 8% (v/v) CO2 balanced in air. The
headspace gas concentrations were monitored at regular intervals
until the headspace CH4 concentrations were completely depleted.
Methane oxidation rates were estimated by linear regression of CH4

concentrations versus time plots following zero-order kinetics
(Reddy et al. 2019). Batch tests were performed in duplicate.

Analysis of Microbial Community Structure

Soil samples (∼1 g) were obtained from the top layer (0–5 cm from
the surface) of column reactors during each incubation phase
(Phases 1, 2, and 3a) to characterize the structure of microbial com-
munities in response to the experimental conditions. Genomic
DNA was extracted from each sample using a DNeasy PowerSoil
Pro Kit (Qiagen, Hilden, Germany) implemented on a QIAcube
instrument (Qiagen, Hilden, Germany). Each sample was weighed

Table 3. Description of different incubation phases of column experiments

Phase Phase description
Duration
(days) Inlet gas (% v/v)

Avg inlet Q
(mL=min)

Avg CH4 influx
(gCH4 m−2 day−1)

1 Acclimation stage 90 50%CH4, 50%CO2 2.8 50
2 Exposure to mixed LFG 81 48.25% CH4, 50% CO2, 1.75 H2S 6–8 103–138
3a Exposure to pure methane 22 99%CH4 2.8 100
3b Exposure to pure methane-after addition of sand 37 99%CH4 2.9 102

Table 2. Properties of control soil and biochar-amended soils during placement in column reactors

Property CS B10 AB5 AB10

Substrate Soil only Soilþ 10% biochar Soilþ 5% activated biochar Soilþ 10% activated biochar
Bulk density (g=cm3) 1.53 1.37 1.51 1.25
Dry density (g=cm3) 1.31 1.18 1.31 1.08
Total porosity 0.49 0.52 0.47 0.56
Air-filled porosity 0.27 0.32 0.27 0.39
Water-filled porosity 0.22 0.20 0.20 0.17
Initial moisture (% w/w) 16.6 16.0 15.3 15.7
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before DNA extraction for absolute quantification. Bead-beating
was performed off-instrument prior to automated extraction using
an MP FatsPrep-24 5G homogenizer (MP Biomedicals, Irvine,
California) at 6 m=s for 40 s. Microbial 16S rRNA gene abundance
was quantified using quantitative real-time PCR, as described
previously (Nadkarni et al. 2002). Primers, probes, and a double-
stranded synthetic DNA standard (gBLOCKs) were synthesized by
Integrated DNATechnologies. A standard TaqMan assay (Thermo
Fisher Scientific, Waltham, Massachusetts) was used. The final
concentration of each primer in the 10-μL qPCR reaction was
500 nM and the probe had a concentration of 250nM. Cycling
conditions were standard TaqMan cycling conditions: 50°C for
2 min, 95°C for 20 s, and then 40 cycles of 95°C for 1 s and
60°C for 20 s. The calculated primer efficiency for this specific as-
say was between 84% and 94%, with an average of 90%. Analysis
was performed using a ViiA7 real-time PCR instrument (Thermo
Fisher Scientific), with an 8-order-of-magnitude dilution series for
absolute quantification. Genomic DNA was used as a template for
amplification of microbial 16S rRNA gene amplicons using a two-
stage PCR protocol described by Naqib et al. (2018). The primer
set 515F-806R was employed (Parada, et al. 2016; Apprill et al.
2015), and libraries were sequenced using an Illumina (San Diego)
MiniSeq instrument, employing paired-end 2x153 base reads.
Nucleic acid extraction, quantitative PCR, library preparation, and
sequencing were performed by the Genome Research Core (GRC)
at the University of Illinois at Chicago (UIC).

Raw sequence data were processed through a standard bioinfor-
matic pipeline. Forward and reverse reads were merged using the
software package PEAR (Zhang et al. 2014). Merged reads were
trimmed to remove ambiguous nucleotides and primer sequences,
and were trimmed based on a quality threshold of p ¼ 0.01. Reads
that lacked either primer sequence or any sequences shorter than
225 bases were discarded. Chimeric sequences were identified and
removed using the USEARCH algorithm with a comparison to the
Silva v132 reference sequence (Glöckner et al. 2017; Edgar 2010).
Amplicon sequence variants (ASVs) were identified using DADA2
(Callahan et al. 2016). Representative sequences for each ASVs
were annotated using the naïve Bayesian classifier included in
DADA2 with the Silva v132 reference sequence database (Quast
et al. 2012). Basic annotation pipelines were performed by the
Research Informatics Core (RIC) at UIC.

The estimated normalized abundance of methylotrophs was cal-
culated by multiplying their relative abundance by the total number

of 16S rRNA gene copies. Because gene copy numbers vary be-
tween different organisms, the estimated normalized methylotro-
phic abundance was calculated only for comparison among the
groups. It did not represent the actual methylotrophic gene copies.

Data Archive

Raw sequence data (FASTQ files) were deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA), under BioProject PRJNA750501.

Statistical Analysis

Statistical analysis of batch test results was conducted using one-
way ANOVA and t-tests (equivalency of sample means) using
Microsoft Excel 2019. A value of alpha ¼ 0.05 was used to assess
statistical significance in all tests. Microbial community sequence
data were analyzed using software package Primer7 (Clarke and
Gorley 2015) to calculate alpha-diversity indexes and multidimen-
sional scaling (MDS) plots. Significant differences in community
structure between biocover samples were assessed using analysis of
similarity (ANOSIM).

Results and Discussions

Phase 1 Incubation

Gas Concentration Profiles during Phase 1
During Phase 1, columns were exposed to low flow (∼2.8 mL=
min) of 50% ðv=vÞCH4 and 50% ðv=vÞCO2 to allow the bio-
covers to acclimatize to the synthetic LFG conditions. The columns
were incubated for 90 days until the gas concentration profiles
along the depth of the biocover stabilized and did not fluctuate sig-
nificantly. During Phase 1, three distinct stages were observed;
Stage 1, in which the CH4 concentration within the biocover re-
mained relatively high, suggesting a lag phase with minimal oxi-
dation; Stage 2, in which the CH4 concentration within the biocover
decreased gradually, indicating adaptation and growth of methano-
trophs and microbial oxidation; and Stage 3, in which CH4 con-
centrations remained relatively stable, suggesting a steady state
(Fig. S3). The average CH4 oxidation efficiencies during each stage
are shown in Fig. 2(a). During Stage 1, all biocovers had low CH4
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Fig. 2. (a) Average CH4 oxidation efficiencies at various stages during Phase 1; and (b) average CO2=CH4 concentration ratios for all four columns
during Phase 1. The higher CH4 oxidation efficiency in all three stages and the CO2=CH4 ratio shows that 10%MOB-activated biochar was successful
in reducing the lag phase as well as enhancing the microbial CH4 oxidation.
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oxidation efficiencies (1%–3%), with the exception of the AB10
(∼15%). This observation is consistent with our hypothesis that ac-
tivated biochar can minimize the methanotrophy lag phase. How-
ever, soil amendment with 5% activated biochar did not appear to
be effective in reducing the lag phase. After an initial lag phase,
CH4 oxidation efficiency increased gradually in all the biocovers
and reached a stable oxidation state in Stage 3, resulting the effi-
ciencies of 32%– 50%, with AB10 having the highest CH4 oxida-
tion efficiency. The thickness of the biocover layer in each column
was just 20 cm, which led to significant dilution from air injected
from the top, resulting in reduced concentrations of CH4 and CO2

and making it hard to quantify CH4 oxidation efficiencies from flux
measurement. Hence, the ratio of CO2=CH4 was evaluated along
the depth of the biocover layer, with the assumption that CO2 was
equally affected by dilution as CH4. A CO2=CH4 ratio greater than
1 indicated generation of CO2 due to CH4 oxidation. Fig. 2(b)
shows the average ratio of CO2=CH4 during Stage 3 of Phase 1.
The CO2=CH4 ratios were greater than 1 in all four columns,

confirming that CH4 oxidation was occurring in the biocovers
[Fig. 2(b)]. For reference, the inlet CO2=CH4 ratio was 1. The ratio
was higher in AB5 and AB10, which further confirms greater
CH4 oxidation efficiency in activated biochar–amended soils.
B10 (nonactivated biochar –amended soil) had marginally less
CH4 oxidation efficiency than CS (soil control). A plausible ex-
planation for this observation is that soil by itself had a higher mi-
crobial load than the mixture of soil and nonactivated biochar.
Therefore, biochar-amended soil had lower CH4 oxidation efficien-
cies at the start of the experiment and took longer for acclimation
and full development of the methanotrophic communities. This ob-
servation is consistent with that of Rai et al. (2019), who also ob-
served lower CH4 oxidation rates in 10% (w/w) nonactivated
biochar–amended soils than in the soil control during the initial
50 days of batch incubation. Fig. 3 shows average CH4, CO2,
and O2 concentration profiles along the depth of the biocovers dur-
ing Stage 3 (steady-state) of Phase 1. The biocover layers were fully
aerated (Fig. 3) due to the low layer thickness and high porosity
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Fig. 3. Average gas concentration profiles along the depth of the biocovers during Stage 3 (steady state) of Phase 1 (exposure to 50% CH4 and 50%
CO2): (a) soil control (CS); (b) soilþ 10% biochar (B10); (c) soilþ 5% activated biochar (AB5); and (d) soilþ 10% activated biochar (AB10). The
CO2 concentrations were greater than CH4 concentrations along the depth of the biocovers, confirming CH4 oxidation activity. The differences in CH4

and CO2 concentrations were highest in AB10, confirming higher CH4 oxidation activity.
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(Table 2). Therefore, O2 limitation, one of the factors affecting CH4

oxidation efficiency (Rachor et al. 2011; Rachor et al. 2011;
Scheutz et al. 2009), was not a limiting factor in our study.

Microbial Community Distribution during Phase 1
Samples were extracted from each of the biocovers during the end
of Phase 1 to assess the development of microbial community along
the column incubation process. Fig. 4 shows the microbial commu-
nity distribution in the biocover samples before adding them to the
column and after incubation in Phase 1 [exposure to 50% (v/v) CH4

and 50% (v/v) CO2]. The activated biochar had significantly higher
relative abundance of putative methylotrophs (∼23.6%) than did
the nonactivated landfill cover soil and biochar-amended soil
(∼4%–6%) [Fig. 4(a)]. The low methylotrophic abundance in the
landfill cover soil before column incubation likely was the reason
for the relatively longer lag phase for CH4 oxidation in Phase 1
(Fig. S3). The landfill soil used in the study, despite being stored
for 3 years without CH4, contained a diverse methanotrophic com-
munity, although in low relative abundance [Fig. 4(a)], which
shows that methanotrophs are resilient to CH4 starvation condi-
tions. In a study by Kightley et al. (1995) in which CH4 supply
was interrupted for 8 days, CH4 oxidation rates recovered quickly
upon reinstating CH4 supply, demonstrating that methanotrophs

can be sustained even under CH4 starvation. Reactors amended
with activated biochar had microbial communities with substantial
contributions of methane-oxidizing methylotrophs to the total mi-
crobial community. In these systems, Type II methanotrophs such
as Methylosinus (5.8%) and Methylocystis (1.8%) were dominant,
whereas the relative abundance of Type I methanotrophs was rel-
atively low [e.g., Methylobacter (0.9%)]. Our cultivation condi-
tions, with some gas diffusion limitations, may have favored
conditions suitable for Type II methanotrophs to thrive, because
the biochar was completely soaked in the consortium during acti-
vation. Type II methanotrophs are known to grow in nitrogen-
limited conditions at low O2 and high CH4 concentrations (Graham
et al. 1993; Amaral and Knowles 1995; Pfluger et al. 2011). Reddy
et al. (2019) also observed significantly higher abundances of
Type II methanotrophs such as Methylocystis in enrichment cul-
tures at room temperature (23°C) than in landfill cover soil incu-
bated at the same temperature. In addition to methane-oxidizing
methanotrophs, activated biochar samples also had higher rel-
ative abundances of non-methane-oxidizing methylotrophs such as
Methylobacillus (9.5% of total sequences) that grow on methane-
oxidation intermediates such as methanol (Hanson and Hanson
1996; Gilman et al. 2017).

Fig. 4.Microbial community structure in biocover samples before and after incubation in Phase 1 (exposure to 50% CH4 and 50% CO2) based on 16S
rRNA gene amplicon sequencing: (a) average relative abundance of methylotrophic communities (genus level) in biocover samples before incubation
and after incubation in Phase 1, with percentages representing the relative abundance of methylotroph sequences out of all the 16S rRNA gene
sequences for each sample; (b) average relative abundance of total microbial communities (family level) in the biocover samples before and after
incubation in Phase 1; and (c) metric multidimensional scaling plot of total microbial community distribution (genus level) before and after incubation
in Phase 1; communities before incubation were significantly different from those after incubation in Phase 1 (ANOSIM, R ¼ 0.358, p ¼ 0.002, 999
permutations). CS = soil control; B10 ¼ soilþ 10% biochar; AB5 ¼ soilþ 5% activated biochar; AB10 ¼ soilþ 10% activated biochar; and AB =
activated biochar.
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After acclimation in Phase 1 for nearly 90 days, the relative
abundance of methylotrophs increased significantly from 4%–7%
before incubation to 31%– 42% [Fig. 4(a)]. The methylotrophic
communities contained methane-oxidizing methanotrophs (Type I
and Type II) and non-methane-oxidizing methylotrophs, consistent
with previous studies of landfill cover soils (Yargicoglu and Reddy
2018; Reddy et al. 2019). The significant increase in methylotrophic
bacteria after column incubation suggests that biocover conditions
were conducive for microbial growth. pH and temperature are two
of the important factors that affect methylotrophic diversity in land-
fill cover soil (Reddy et al. 2019, 2020a). The optimum pH for
methanotrophic activity has been reported to be in the range 6–8
(Zhao et al. 2021; Reddy et al. 2020a). The pH of the soil and bio-
char used in this study were 7.6 and 6.5, respectively, which are
within the optimum range, further suggesting favorable condition
for methanotrophic activity. Similarly, optimum temperature for
microbial oxidation has been reported to vary from 25°C to 30°C
(Reddy et al. 2019; Majdinasab and Yuan 2017), which means the
column incubation temperatures in this study (23°C� 2°C) were in
the conducive range.

Soil bacteria from the genus Methylobacter, Type I methano-
trophs, dominated the samples and constituted nearly 12%–24%
of the total 16S rRNA gene sequences (40%–55% of the total meth-
ylotrophic abundance). Type I methanotrophs have been reported to
grow faster than Type II methanotrophs (Wilshusen et al. 2004;
Henckel et al. 2000), and this may be the reason for the dominance
of Methylobacter during column incubations. Bacteria from the

genusMethylobacter were relatively abundant in landfill cover soil
prior to column incubation (1.4% of total sequences), which is as-
sociated with the CH4 exposure in the landfill prior to sampling
(Yargicoglu and Reddy 2017b), and their relative abundance in-
creased significantly after incubation in Phase 1 (24% of total
sequences). The relative abundance of bacteria from the genus
Methylobacter was significantly lower in 10% biochar–amended
soil samples (14.8% and 12.3% in B10 and AB10, respectively)
than in CS (p ¼ 0.009, ANOVA), whereas AB5 had a comparable
relative abundance (19.0%). AB5 had a higher proportion of
landfill soil, and this likely led to higher relative abundances
of Methylobacter. Other Type I methanotrophic taxa, such as
Methylomicrobium, Methylovolum, Methylocaldum, Crenothrix,
and Methylomonaceae (family) also were detected in the samples,
although at relatively lower abundance (∼6%–12% combined)
compared with Methylobacter. In addition to Type I methano-
trophs, Type II methanotrophs such as Methylocystis and Methyl-
osinus were present (combined relative abundance of 3.64%,
2.48%, 10.21%, and 10.26% of total sequences in CS, B10, AB5,
and AB10, respectively) in the biocover samples, but primarily in
activated biochar–amended soils. Similarly, Huang et al. (2019)
reported the dominance of Type II methanotrophic bacteria in
biochar-amended soil after inoculation with CH4-oxidizing bacte-
rial consortia. Prior studies reported that Type II methanotrophs
are not exceedingly sensitive to changing conditions (Henckel et al.
2000; Gebert et al. 2009), and this may explain why Type II
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Fig. 5. Average gas concentration profiles along the depth of biocovers: (a) soil alone; (b) soilþ 10% biochar-amended soil; (c) soilþ 5% activated
biochar–amended soil; and (d) soilþ 10% activated biochar–amended soil in Phase 2. (Exposure to mixture of 48.25% CH4, 50% CO2, and
1.75% H2S.)
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methanotrophs were retained in soils from activation to column
incubation in Phase 1.

Fig. 4(b) shows the relative abundance of bacterial families in
biocover samples before and after incubation in Phase 1. Across all
samples, the most abundant methylotrophic taxa were Methylomo-
naceae and Beijerinckiaceae after incubation in Phase 1. The
relative abundance of family Methylomonaceae in CS was signifi-
cantly different from that in the 10% biochar–amended groups
(p ¼ 0.03, ANOVA), with averages of 36.4%, 26.6%, and 17.3%
in CS, B10, and AB10, respectively, and was not significantly dif-
ferent from that in AB5 (28.1%), which shows that the Methylo-
monaceae was enriched in the landfill cover soil from CH4

exposure prior to sampling. The relative abundance of bacteria
from the family Beijerinckiaceae (including Methylocystis and
Methylosinus) was significantly (p ¼ 0.008, ANOVA) more abun-
dant in activated biochar (∼11% in both AB5 and AB10) than in
nonactivated samples [B10 (2.7%) and CS (3.6%)]. Column incu-
bation with activated biochar appears to have created a favorable
environment for growth of Type II methanotrophs. A clear shift in
microbial community structure was observed as a result of incuba-
tion [Fig. 4(c)], with significance testing performed by ANOSIM
(R ¼ 0.358, p ¼ 0.002). Similarly, a significant difference was
observed between activated biochar–amended samples and non-
activated samples after incubation (ANOSIM, R ¼ 0.969 and
p ¼ 0.029).

Phase 2 Incubation

Gas Concentration Profiles
In Phase 2, columns were exposed to a synthetic LFG mixture of
48.25% (v/v) CH4, 50% (v/v) CO2 and 1.75% (v/v) H2S at an inlet
flux of 103–138 gCH4 m−2 day−1 for ∼80 days. At the beginning
of the Phase 2, transient white globules, which disappeared after
10 days, formed in each biocover surface [Fig. S4(a)] and may
have been sulfur globules produced by sulfur oxidizing bacteria
(Kleinjan et al. 2003; Grant and Bathmann 1987). Grant and
Bathmann (1987) observed the formation of white sulfur mats on
the surface of sediments in coastal environments from sulfur bac-
teria which oxidize sulfur compounds and produce deposits of
elemental sulfur. Because no H2S was detected in the gas sampling
ports located within the biocover, and black precipitates appeared
on the gravel surface in the GDL, abiotic interactions with the
gravel surface also appear to have played a role in sulfur cycling
in these reactors [Fig. S4(b)].

The average concentrations of CH4, CO2, and O2 along the
depth of the biocovers during Phase 2 are shown in Fig. 5. CO2

concentrations were consistently higher than CH4 concentrations
in all biocovers as a result of CH4 oxidation. Although some studies
reported an inhibitory effect of H2S on the CH4 oxidation capacity
of landfill cover soils (Xia et al. 2015; Lee et al. 2015; Long et al.
2013; Lee et al. 2011), such a phenomenon was not observed in the
present study. CH4 oxidation efficiencies in the presence of H2S
were higher than in Phase 1 (p < 0.001, ANOVA), ranging from
88% to 93%. Studies have reported that competitive inhibition
of CH4 oxidation by H2S occurs at lower CH4 concentrations
(5% v/v) (Long et al. 2013). Because the injected CH4 concentra-
tions in this study were substantially higher (∼50%v=v), competi-
tive inhibition may not have been high enough to impede the
CH4 oxidation process. In addition, some H2S appears to have
been removed by abiotic processes in the pea gravel layer beneath
the biocover, thereby reducing the H2S flux into the biocover
layer.

Batch Incubation and Methane Oxidation Rates
In column incubation, several processes interact concurrently,
including dilution, diffusion, advection, and oxidation, and as a
result, absolute CH4 oxidation rates are difficult to calculate
(De Visscher et al. 1999). Therefore, at the end of Phase 2, samples
were extracted from biocover layer in each column and subjected to
batch incubations for CH4 oxidation rate measurement and micro-
bial community structure analysis. Fig. 6(a) shows variation of
headspace CH4 and CO2 concentrations over time during batch in-
cubations. CH4 concentrations decreased linearly with time in all
the biocover samples with concomitant increases in CO2 concen-
tration [Fig. 6(a)]. The biochar-amended soils did not have any lag
phase, confirming that the methanotrophic communities were well
established during column incubation. However, CS samples had
an initial lag phase of ∼4 days, which could be due to the drying of
the soil samples from continuous exposure to LFG and air in the
column reactors causing water stress and reduced microbial activ-
ity. Prior studies also reported reduced microbial activity and CH4

oxidation capacity due to a reduction in moisture content (Boeckx
and Van Cleemput 1996; Spokas and Bogner 2011; Yargicoglu
and Reddy 2017a; Chetri and Reddy 2021). The better moisture
retention capacity of biochar-amended soils help to sustain micro-
bial colonization under prolonged exposure to LFG and air
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Fig. 6. (a) Variation of CH4 and CO2 with time (dotted lines represent
CO2 and solid lines represent CH4); and (b) CH4 oxidation rates ob-
tained during batch incubation of biocover samples obtained during
Phase 2 [lowercase letters on top of the bars show significant difference
(p < 0.05) in CH4 oxidation rates among samples]; the CH4 oxidation
rates support the hypothesis that the activated biochar addition helps to
increase the microbial CH4 oxidation in landfill cover soil.
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(Yargicoglu and Reddy 2017a), and this was reflected in the ab-
sence of a lag phase in batch incubations seeded with biochar-
amended soils [Fig. 6(a)].

The CH4 oxidation rates in the four biocover samples were
significantly different (p < 0.01, ANOVA), and AB10 had the
highest CH4 oxidation rate (74.3 μg g−1dry soil day−1) followed by
AB5 (64.8 μg g−1dry soil day−1). Batch reactors seeded with nonac-
tivated biochar–amended soil had a higher CH4 oxidation rate
(41.9 μg g−1dry soil day−1) than did the soil control batch reactors

(36.1 μg g−1dry soil day−1) [Fig. 6(b)]. The CH4 oxidation rates deter-
mined from the batch incubations can be extrapolated to field scale;
for example, a rate of 36.1 μg g−1dry soil day−1 (CS) corresponds to

∼151 gCH4 m−2 day−1. Thus, all the biocovers in the column tests,
assuming that they had the same oxidation potential as that ob-
tained through batch testing, had the potential to oxidize all the
CH4 injected into the column during Phase 2 [flux rates
103–138 gCH4 m−2 day−1 (Table 3)]. The positive effect of bio-
char amendment is reflected in the higher CH4 oxidation rates
of biochar-amended soils than of the CS. In addition, the signifi-
cantly higher CH4 oxidation rates in activated biochar (AB5 and
AB10) than in the nonactivated biochar (B10) emphasizes that

the enhanced microbial oxidation was not merely because of bio-
char addition, but was due to the combined effect of biochar and its
infusion with MOB.

Microbial Characterization during Phase 2
Fig. 7(a) shows total bacterial 16S rRNA gene copies per gram soil
in each biocover sample during Phase 1 and Phase 2 of column
incubation. The relative abundance of methylotrophs, as assessed
by 16S rRNA gene sequencing, during each of the incubation
phases are shown in Fig. S5. The estimated normalized abundance
of methylotrophs is shown in Fig. 7(b). The total bacterial gene
copies as well as the estimated normalized methylotrophic abun-
dances were slightly lower in Phase 2 than in Phase 1. Except for
AB10, the differences were not significant (p ¼ 0.17, ANOVA).
The methylotrophic diversity and their relative abundance were
fairly similar in Phase 1 and Phase 2 (Fig. S7), which further sug-
gests a minimal impact of the presence of H2S in LFG on the meth-
ylotrophic community composition and abundance. In addition, no
sulfur-oxidizing bacterial sequences were detected in the biocover
samples. The methylotrophic communities were notably different
between activated and nonactivated biocover groups in both Phase 1
(R ¼ 0.604, p ¼ 0.0029) and Phase 2 (R ¼ 0.748, p ¼ 0.0001)

Fig. 7. Microbial communities in biocover samples extracted from columns during Phase 1 and Phase 2: (a) total bacterial abundance, as assessed
by qPCR of 16S rRNA genes; (b) estimated total methylotrophic count (relative abundance of methylotrophs determined by 16S rRNA gene amplicon
sequencing multiplied by total bacterial 16S rRNA gene copies); (c) metric multidimensional scaling plot of microbial communities in biocover
sample during Phase 1 (exposure to 50%CH4 and 50%CO2); and (d) metric multidimensional scaling plot of microbial communities in biocover
samples during Phase 2 (exposure to 48.25% CH4, 50% CO2, and 1.75% H2S). During both phases, the microbial community structures in the
four biocover samples were significantly different from each other (global ANOSIM, R ¼ 0.604, p ¼ 0.0029 and R ¼ 0.748, p ¼ 0.0001 in
Phases 1 and 2, respectively). Lowercase letters on top of the bars represent significant difference in bacterial population in the samples.
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[Figs. 7(c and d)]. The batch-incubated samples obtained from col-
umn incubations during Phase 2 also were analyzed for bacterial and
methylotrophic abundance. Fig. 8(a) shows total bacterial copies in
the batch incubated samples. The estimated normalized methylotro-
phic abundance was 2.92 × 109, 2.14 × 109, 2.82 × 109, and 3.62 ×
109 in CS, B10, AB5, and AB10, respectively.

A significant positive correlation was observed between CH4

oxidation rates and ratio of Type II/Type I methanotrophic relative
abundance in batch-incubated samples [Fig. 8(b)] (R2 ¼ 0.84,
p ¼ 0.0015, from regression analysis in EXCEL 2019), suggesting
an important role for Type II methanotrophs in CH4 oxidation in
these columns. Type II methanotrophs have a clear dominant role in
landfill CH4 oxidation, likely due to resilience to changing and ad-
verse environmental conditions. For example, Kumaresan et al.
(2009) also found Type II methanotrophs (mainly Methylocystis)
to be more resilient to changing environmental conditions in a land-
fill cover soil. Fig. 8(c) shows total bacterial abundance (16S rRNA
gene copies per gram soil) in the biocover samples obtained directly
from column during Phase 2. A significant difference was noticed
between samples obtained directly from column incubation and the
samples incubated in batch microcosms (p ¼ 0.015, ANOVA).
Similar observations were reported by Yargicoglu and Reddy
(2017b), in which batch incubated samples had higher methylo-
trophic relative abundance than samples obtained directly from
the column. These differences may be attributed to the differences
between batch and column incubation conditions such as a closed

system (batch) versus a continuous flow system (column) affect-
ing the gas retention time and interaction of microbes with the
gases.

Phase 3 Incubation

Gas Profiles and Methane Oxidation during Phase 3
In Phase 3, the soil columns were exposed to 99% (v/v) CH4 con-
centrations at similar inflow rates (∼100 gCH4 m−2 day−1) as in
Phase 2. Fig. 9 shows the average gas concentration profiles along
the depth of the biocovers in Phase 3a, and demonstrates that all
biocovers were fully aerated. The appearance of CO2 is an indica-
tion of CH4 oxidation activity in Phase 3a. However, relatively
lower CO2 concentrations may be an effect of dilution, because
CH4 concentrations also were reduced significantly. Kightley et al.
(1995) also observed that the maximum CO2 concentration gener-
ated during column experiments exposed to 99% (v/v) CH4 influx
were less than 5% (v/v) and were reduced further in the upper
20 cm of the biocover layer due to the dilution from air ingress.
Another tenable reason for lower CO2 production could be the
presence of non-methane-oxidizing methylotrophs feeding on the
intermediate products of CH4 oxidation, such as methanol, form-
aldehyde, and so forth, thereby limiting the production of CO2

(Huang et al. 2019). The amount of CO2 produced in the CS
was less (p ¼ 0.017, ANOVA) than that in the biochar-amended
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Fig. 8. Relationship between methanotrophic microbial community structure and methane oxidation in Phase 2 column soils: (a) total bacterial
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samples (R2 ¼ 0.84, p ¼ 0.0015, from regression analysis in EXCEL 2019). Lowercase letters on top of the bars represent significant difference in
bacterial population in the samples.
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soils, demonstrating higher CH4 oxidation rates in the biochar-
amended soils.

In Phase 3b, after the addition of a 10-cm-thick sand layer, a
sharp decrease in CH4 concentration was observed in the top
10 cm of the biocover layer, indicating a likely zone of maximum
oxidation (Fig. S6). However, in the case of AB5, the zone ex-
tended to the entire 20 cm of the biocover layer, suggesting that
CH4 oxidation was occurring deeper into the biocover layer. The
depth of maximum CH4 oxidation normally is governed by
the degree of soil aeration, and most soils are well aerated toward
the surface (Cabral et al. 2010; Rachor et al. 2011; Roncato and
Cabral 2012). However, the biocovers in this study were well aer-
ated throughout their depth, allowing oxidation across the entire
soil column. A possible cause of the oxidation occurring in the
upper layers despite full aeration could be the high CH4 load
(127 gCH4 m−2 day−1). Prior studies have shown shifting of
CH4 oxidation zones toward the surface under such CH4 loads
(Rachor et al. 2011).

Effect of Phase 3 Incubation on Microbial Community
Methylotrophic community structures in biocover samples from
Phase 3a were similar to those observed in the previous incubation
phases [Fig. 10(a) and Fig. S6]. Bacteria from the genus Methyl-
obacter (Type I methanotroph) continued to dominate the biocover
samples in Phase 3. Bacteria from the genera Methylocystis and

Methylosinus (Type II methanotrophs) were found in greater abun-
dance in activated biochar-amended soil samples than in the CS and
B10 (p < 0.001, ANOVA), consistent with the previous column in-
cubation phases (Table 4). The changes in gas composition did not
have a significant effect on the microbial community composition,
as they remained similar across all the incubation phases. The sta-
bility of the microbial community could be a result of maintaining
equivalent inflow CH4 fluxes (Table 3), because CH4 flux is a key
driver of microbial community composition in landfill cover soil
(Gebert et al. 2009; Yargicoglu and Reddy 2017a, b). In addition,
the bacterial communities were well established in Phases 1 and 2,
so they were resilient to changing gas compositions. Unlike other
incubation phases, the total bacterial gene abundance in the bio-
cover samples in Phase 3a was significantly different among the
biocovers (p ¼ 0.014, ANOVA), and was remarkably higher in
biochar-amended soil samples [Fig. 10(b)]. Fig. 10(c) shows the
estimated normalized abundance of methylotrophs in the biocover
samples, which was significantly different among the biocover
samples (p < 0.001, ANOVA).

Batch Tests to Verify H2S Removal by Gravel

The darkening of the pea gravel prompted further study to assess
the reactivity of the gravel with H2S. Batch tests were performed
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Fig. 9. Average gas profiles along the depth of the biocovers in Phase 3a: (a) soil control (CS); (b) soilþ 10% biochar (B10); (c) soilþ 5% activated
biochar (AB5); and (d) soilþ 10% activated biochar (AB10). The presence of CO2 gas along the depth of the biocovers confirms CH4 oxidation
activity in the covers. It also shows resilience of the microbial communities to changing gas compositions, which generally is encountered in MSW
landfills due to heterogeneity in the waste composition.
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with the same pea gravel used in the column studies, and were per-
formed following similar procedure as described previously, with
the exception that in these batch tests, the vials containing 5 g of the
substrate were purged with a mixture of 48.25% (v/v) CH4, 50%
(v/v) CO2, and 1.75% (v/v) H2S. The tested substrates included pea
gravel, clean Ottawa sand, field sand, and controls without sub-
strate. The headspace gas concentration was monitored over time
to assess absorption of H2S by each substrate (Fig. S7). Pea gravel
and field sand showed significant reactivity with H2S, whereas
clean Ottawa sand and controls showed negligible reactivity. These
batch tests affirmed that the H2S was reacting with the gravel layer
in the columns, thereby reducing the H2S flux into the overlying
biocover layer.

The darkening of the gravel could be attributed to the reaction of
metals with H2S leading to formation of metal sulfides. Wohlers
and Feldstein (1966) studied the darkening of paints due to H2S
exposure and attributed it to the reaction of heavy metals, including
iron salts. Similarly, Chetri et al. (2020) showed a reaction of H2S
with basic oxygen furnace (BOF) steel slag, which is high in iron,
leading to blackening of the BOF slag. Hence, it is likely that the
pea gravel contained iron salts which reacted with H2S, leading to
the formation of black iron sulfide precipitates on the surface.
These observations from batch tests further support our hypo-
thesis that a significant amount of H2S did not reach the overlying

biocover layer to affect the CH4 oxidation efficiency negatively in
Phase 2. However, further investigation is warranted to confirm the
reaction mechanisms of H2S in the column reactors.

Practical Implications and Future Perspectives

Biocovers have emerged as an environmentally friendly alternative
to landfill CH4 mitigation. Biochar based biocover offers advan-
tages over many organics-based biocovers such as compost in
terms of long-term endurance due to low susceptibility of biochar
to degradation under dynamic environmental conditions (Sadasivam
and Reddy 2014). Biochar amendment also helps to prevent desic-
cation cracking and formation of preferential flow paths due to high
moisture retention abilities of biochar (Yargicoglu and Reddy
2017a), which is a common issue in conventional soil covers
(Barlaz et al. 2004). Hence, biochar amendment to landfill cover
soil helps to prevent the formation of CH4 hotspots. Similarly,
long-term stability of biochar-amended soil reduces the require-
ment for regular maintenance, and in turn reduces maintenance
costs required for repairing cracks and regular monitoring of sur-
face emissions to identify hotspots. Activation of biochar with
MOB offers advantage in accelerating the CH4 oxidation activity
in the biocover in addition to the benefits of biochar. Biochar-based
landfill cover soil has applicability not only in the US setting, but
also in global settings where fugitive landfill gas emissions is a

Fig. 10.Microbial community structure in biocover samples during Phase 3a: (a) relative abundance of methylotrophs as assessed by 16S rRNA gene
amplicon sequencing (numbers above each column indicate the relative abundance of methylotroph sequences out of all recovered microbial se-
quences); (b) total bacterial abundance in each biocover samples extracted during Phase 3a of column incubation based on qPCR analysis (bacterial
abundance significantly different among the samples, p ¼ 0.014, ANOVA); and (c) estimated absolute abundance of methylotrophs calculated by
multiplying the relative abundance of each genus by the total bacterial 16S rRNA gene abundance measured by qPCR for the corresponding sample
(methylotrophic abundance significantly different among the samples, p < 0.001, ANOVA). Lowercase letters on top of the bars represent significant
difference in bacterial population among the samples.
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problem and constructing advanced gas control systems is not
economically and practically feasible.

The study evaluated the CH4 mitigation efficiency of activated
and nonactivated biochar–amended landfill cover soil based on col-
umn studies. The future goal is to evaluate the ability of the activated
and nonactivated biochar–amended soil to mitigate CH4 emissions
under biogeochemical cover conditions. In the newly proposed bio-
geochemical cover system, it is proposed that basic oxygen furnace
steel slag should be placed over biochar-amended soil to mitigate
CH4, CO2, and H2S simultaneously (Reddy et al. 2018). Because
BOF slag is highly alkaline in nature and rich in calcium-containing
minerals, it is crucial to understand the effect of BOF slag on the
microbial activity in the underlying biochar-amended soil. In
addition, the performance of biochar-amended soil will be evalu-
ated in field-scale experiments to better understand the effect of
environmental conditions. Moreover, biochar’s properties vary
based on the type of feedstock and pyrolysis conditions; hence,
further studies should be conducted with different types of bio-
char to verify the outcomes of this study to validate the wide-
spread applicability of biochar for landfill CH4 mitigation.

Conclusions

The study evaluated the performance of four different biocovers in
column incubation studies in terms of CH4 oxidation efficiency
and CH4 oxidation rates. The findings of the study supported
our hypothesis that biochar activation with MOB helps reduce
the initial lag phase in CH4 oxidation observed in control and non-
activated biochar soil columns, and significantly enhances the
CH4 oxidation potential of the biochar-amended landfill cover
soil. The use of activated biochar also resulted in higher CH4 ox-
idation rates and methylotrophic abundance in soil columns. A
shift in methylotrophic communities was not observed during
various incubation phases under diverse gas compositions and
CH4 flux rates, highlighting the resilience of methylotrophic com-
munities to changing LFG conditions. H2S presence in LFG did
not hamper the methylotrophic community composition and CH4

oxidation; however, the exact reaction mechanism could not be
elucidated due to likely absorption of H2S in the gravel layer.
The activated biochar and activated biochar-amended soils had
higher relative abundances of Type II methanotrophs (Methylo-
cystis and Methylosinus) across all the incubation phases, and
a positive correlation between CH4 oxidation rates and Type II/
Type I methanotrophic abundance was observed, highlighting
the importance of Type II methanotrophs in higher CH4 turnover
rates. However, the findings of this study need to be verified with
field-scale demonstration as the conditions in the real field vary
significantly. In addition, the physicochemical properties of bio-
char vary depending on the feedstock type and pyrolysis temper-
ature, due to which the observations obtained in this study may
differ upon using different biochar. Hence, further studies need to
be performed to confirm methanotrophic activities in different
types of biochar.

Data Availability Statement

All data generated during the study appear in this article.
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