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ABSTRACT

Biochar-amended soils have been explored to enhance microbial methane (CH,4) oxidation in landfill cover systems.
Recently, research priorities have expanded to include the mitigation of other components of landfill gas such as car-
bon dioxide (CO,) and hydrogen sulfide (H,S) along with CH,. In this study, column tests were performed to simulate
the newly proposed biogeochemical cover systems, which incorporate biochar-amended soil for CH, oxidation and
basic oxygen furnace (BOF) slag for CO, and H,S mitigation, to evaluate the effect of cover configuration on microbial
CH, oxidation and community composition. Biogeochemical covers included a biochar-amended soil (10% w/w), and
methanotroph-enriched activated biochar amended soil (5% or 10% w/w) as a biocover layer or CH,4 oxidation layer.
The primary outcome measures of interest were CH, oxidation rates and the structure and abundance of methane-
oxidation bacteria in the covers. All column reactors were active in CH, oxidation, but columns containing activated
biochar-amended soils had higher CH, oxidation rates (133 to 143 pg CH, g~ ! day ') than those containing non-
activated biochar-amended soil (50 pg CH,4 g~ ' day ') and no-biochar soil or control soil (43 pg CH, g~ ! day ).
All treatments showed significant increases in the relative abundance of methanotrophs from an average relative abun-
dance of 5.6% before incubation to a maximum of 45% following incubation. In activated biochar, the abundance of
Type II methanotrophs, primarily Methylocystis and Methylosinus, was greater than that of Type I methanotrophs
(Methylobacter) due to which activated biochar-amended soils also showed higher abundance of Type II
methanotrophs. Overall, biogeochemical cover profiles showed promising potential for CH, oxidation without any ad-
verse effect on microbial community composition and methane oxidation. Biochar activation led to an alteration of the
dominant methanotrophic communities and increased CH,4 oxidation.
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1. Introduction

Methane (CH,) emission from municipal solid waste (MSW) landfills
has been a growing concern due to its high global warming potential (28
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to 36 times that of CO, in 100 years, USEPA, 2021) and its highly explosive
nature. Novel landfill cover systems, primarily organics-based systems,
have been explored extensively to mitigate landfill CH4 emissions.
Microbially mediated CH,4 oxidation has been identified as a cost-effective
technology to manage emissions from MSW landfills (Scheutz et al.,
2009; Scheutz and Kjeldsen, 2011; Sadasivam and Reddy, 2014). Recently,
focus has shifted to mitigation of other landfill gas (LFG) components such
as carbon dioxide (CO,) and hydrogen sulfide (H,S) which are also emitted
from waste along with CH, in the amounts significant enough to cause
harmful effects to human health and the environment. In this regard, a
novel biogeochemical cover system consisting of biochar-amended soil
layer overlain by basic oxygen furnace (BOF) steel slag layer is proposed
to mitigate CH4, CO5 and H,S simultaneously (Reddy et al., 2018a,
2018b; Chetri et al., 2019, 2020). Biochar-amended soil can mitigate CH,
emissions by microbially-mediated CH, oxidation (Yargicoglu and Reddy,
2018) and BOF slag can mitigate CO, and H,S by geochemical reactions in-
duced by the mineralogical composition of the slag, mainly calcium and
iron containing minerals (Chetri et al., 2019, 2020).

Biochar is a solid carbonaceous product derived from waste biomass
through thermochemical processes such as pyrolysis and gasification.
Biochar has been used in wide range of environmental applications such
as remediation of organic and inorganic soil contaminants, dissolved con-
taminants in groundwater, and sorption of gases (Xie et al., 2015). The en-
vironmental applicability of biochar is governed by its physicochemical
properties such as pore size, porosity, specific surface area, pH, functional
groups, electrical conductivity, cation exchange capacity, and elemental
composition (Kumar et al., 2021). Biochar is characterized by high internal
porosity, larger micropores, moisture retention and gas adsorption proper-
ties which are suitable for microbial growth (Kumar et al., 2021) and thus
microbial gas treatment systems such as landfill covers (Yargicoglu et al.,
2015). BOF slag is a type of steel making slag which is characterized with
high alkalinity (pH ~12) and rich in metal oxides such as calcium oxides,
magnesium oxides and iron oxides (Chetri et al., 2020). Calcium oxides
have high propensity to react with CO, and form calcium carbonate. Simi-
larly, iron oxides have potential to bind H,S forming stable iron sulfides
(Chetri et al., 2020; Sarperi et al., 2014). The biogeochemical cover lever-
ages these beneficial properties of biochar and BOF slag to simultaneously
remove CH,4, CO, and H,S from LFG.

Methane oxidizing bacteria (MOB) play a crucial role in global CH, bud-
get. Soils serve as a sink for atmospheric CH4 due to the activity of MOB
(IPCC, 2013), and in the landfills, a portion of the produced CH, is oxidized
by the MOB before escaping into the atmosphere through landfill cover.
Methanotrophs are a group of MOB which have highly specialized metabolic
systems capable of utilizing CH, as the sole source of carbon and energy,
though some can utilize other C1 compounds like methanol (Hanson and
Hanson, 1996; Bowman, 2006). The unique ability of methanotrophs to me-
tabolize CH, is catalyzed by an enzyme called methane monooxygenase
(MMO) (Bowman, 2006). Methanotrophs are part of bigger group of
bacteria called methylotrophs which can utilize wide range of C1
compounds other than CH,4 such as methanol, methylated amines,
halomethanes, and methylated compounds containing sulfur (Hanson
and Hanson, 1996; Bowman, 2006; Jiang et al., 2010). Landfill cover
soils have shown wide diversity of methanotrophs and methylotrophs.
Both Type I (e.g., Methylobacter, Methylomicrobium, Methylococcus, and
Methylocaldum) and Type II methanotrophs (e.g., Methylocystis, and
Methylosinus) have been detected in landfill cover soils (Su et al., 2014;
Yargicoglu and Reddy, 2017a, 2017b; Reddy et al., 2019). However, there
has been mixed reports on the dominant methanotrophic groups. Some stud-
ies observed dominance of Type II methanotrophs, such as Methylocystis and
Methylosinus (Gebert et al., 2008), whereas others have observed dominance
of Type I methanotrophs mainly Methylobacter (Reddy et al., 2019). The struc-
ture of methanotrophic communities is affected by a wide range of environ-
mental factors such as pH, temperature, moisture content, and oxygen and
CH,4 mixing ratios (Su et al., 2014; Reddy et al., 2019, 2020a).

Biochar-amended soils have shown enhanced potential for CH, oxidation
with habitation of a broad diversity of methanotrophic and methylotrophic
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communities including both Type I and Type II methanotrophs (Yargicoglu
and Reddy, 2017a, 2018). In prior column-based studies, CH, oxidation
rates have been positively correlated with the relative abundance of
methanotrophs as part of the total microbial community as well as CH4 expo-
sure history in landfill cover (Yargicoglu and Reddy, 2017a). Exposure his-
tory here represents the CH,4 exposure conditions in the landfill cover prior
to obtaining the soil sample for the laboratory column tests. Yargicoglu and
Reddy (2017a) observed that the locations which were exposed to higher
CH, fluxes had greater methanotrophic abundance. Similarly, CH4 and oxy-
gen mixing ratios can play important role in the methanotrophic community
composition. Gebert and Perner (2015) reported that Type I methanotrophs
were dominant in the upper layers of a cover system with high oxygen and
low CH4 concentrations, while Type II methanotrophs dominated in lower
layers with low oxygen and high CH, concentrations. Likewise, Wilshusen
et al. (2004) observed dominance of Type II methanotrophs over Type I in
compost under microaerophilic and nitrogen limiting conditions (lower oxy-
gen concentrations) which were also capable of oxidation CH, at superior
rates. Similarly, Henckel et al. (2000) also reported greater abundance of
Type II methanotrophs at high CH4 mixing ratios and Type I at low CHy4
mixing ratios in rice field soil.

In the biogeochemical cover, the biochar-amended soil layer is overlain
by the BOF slag and the effect of this configuration on oxygen intrusion and
microbial community structure and activity is unknown. It is hypothesized
that the presence of highly alkaline BOF slag would change the microbial
community composition and CH,4 oxidation potential of the underlying
biochar-amended soil layer. Column experiments have been commonly
used to simulate LFG flow conditions and microbial CH,4 oxidation activities
(e.g., De Visscher et al., 1999, 2004; Rachor et al., 2011; Yargicoglu and
Reddy, 20174, etc.). Hence, column experiments were performed with dif-
ferent biogeochemical cover profiles to investigate the potential of biogeo-
chemical cover profiles to remove CH,4, CO, and H,S simultaneously from
LFG and to identify the cover profile with the highest LFG mitigation poten-
tial which is summarized in Chetri et al. (2022a). This study focuses mainly
on the CH, oxidation potential and microbial community structure in the
biologic layers in the novel biogeochemical cover profiles. The prime objec-
tives of this study were to: 1) Assess the effect of BOF slag layer on the bio-
logical CH,4 oxidation potential of underlying biochar amended soil layer in
the biogeochemical cover system; 2) Evaluate the effect of biochar and ac-
tivated biochar amendment to soil on biological CH4 oxidation in experi-
mental landfill columns; and 3) Evaluate microbial community structure
in the experimental columns at different soil depths in relation to CH, oxi-
dation.

2. Methods
2.1. Column tests

Three biogeochemical cover profiles along with a control soil were
tested in column reactors which are shown in Fig. 1. The column set up is
explained in detail in Chetri et al. (2022a). Briefly, Plexiglas columns,
each of internal diameter 18.40 cm and height 100 cm, were used for the
tests. The inlet LFG was fed from the bottom of the column and humidified
air was fed from the top of the column. Gas sampling ports were provided at
an interval of 5-10 cm along the depth of the column. The columns had
flanged top and bottom and were sealed with rubber O-rings. The flow of
LFG into the columns were controlled and the outlet gas flow rates were
monitored through flowmeters.

Column 1, served as control, had a 20 cm thick cover soil layer (CS) as
CH, oxidation (biocover) layer with an overlying 10 cm thick sand layer
and a 25 cm thick cover soil layer on top of sand as shown in Fig. 1. The
cover soil layer above sand serves as erosion control or vegetative layer
rather than supporting microbial activity like biocover. Column 2 had a
20 cm thick 10% (w/w) of biochar-amended cover soil (B10) as a CH, oxi-
dation (biocover) layer overlain by a 10 cm thick sand, a 20 cm thick BOF
slag and a 5 cm thick cover soil layer (Fig. 1). Column 3 had similar config-
uration as Column 2 except for 5% (w/w) of methanotrophically activated
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Fig. 1. Schematic of biogeochemical cover profiles tested in the column reactors. Note: CS, B10, AB5 and AB10 layers represent CH,4 oxidation (biocover) layer in each

column.

biochar-amended cover soil (AB5) as CH,4 oxidation (biocover) layer, and
Column 4 had 10% (w/w) methanotrophically activated biochar amended
cover soil (AB10) as CH, oxidation (biocover) layer overlain by a 30 cm
thick mixture of sand and BOF slag (1:2 v/v) layer and a 5 cm thick cover
soil layer (Fig. 1).

Biochar used in this study was pinewood derived biochar obtained from
Chip Energy, Goodfield, IL, USA. The average internal porosity of the bio-
char was 42%. The high internal porosity of the biochar is suitable for gas
adsorption and moisture retention (Yargicoglu et al., 2015). The biochar
used in this study had negligible metal contents and leachability of toxic
constituents such as polycyclic aromatic hydrocarbons (PAHs) and toxic
metals (Yargicoglu et al., 2015) making it suitable for environmental appli-
cation in landfill cover.

Biochar was methanotrophically activated to introduce methanotrophic
communities in the biochar amended soil and reduce lag phase and im-
prove CH,4 oxidation. Biochar activation process is explained in detail by
Chetri et al. (2022b). Briefly, a methanotrophic culture consortium was pre-
pared by enriching landfill cover soil in Nitrate Mineral Salts (NMS)
medium. Nearly, 5 g of cover soil was mixed with 100 mL of the NMS solu-
tion in a 500 mL glass bottle and sealed with long sleeve rubber septa. 80
mL of LFG containing 50% CH, and 50% CO, was added to the headspace
of the bottle after removing equal volume of air. The enrichment of the cul-
ture was ensured by monitoring the headspace concentration of CH, and
CO,. After enrichment, the supernatant was transferred to acrylic columns
for biochar activation. The enrichment cultures were prepared in volumes
such that the required amount of biochars were completely soaked in the
cultures for activation.

The CH4 oxidation (biocover) layers were first added to the column and
incubated under different LFG flow conditions through Phase I to III (see
Table 1) to investigate the microbial community response to changing
LFG conditions which is summarized in Chetri et al. (2022b). The layers
above CH,4 oxidation (biocover) layer were added in Phase IV to simulate
the biogeochemical cover profiles and their LFG mitigation potential. The
main reason for exposing biocover layers to changing LFG conditions
prior to adding BOF slag layer was to understand the development of micro-
bial communities and their response to changing LFG conditions that may
prevail in a landfill cover. The microbial characterization of the samples
was performed during each LFG exposure phase outlined in Table 1. Adding
BOF slag layer on top would have hindered the sampling process and micro-
bial characterization would not have been possible during Phases I to III,

hence BOF slag was added in Phase IV. The columns were exposed to LFG
in each phase until a quasi-steady state gas flow conditions were estab-
lished.

This study focuses on microbial response during Phase IV incubation.
LFG was supplied at the base of the column and flushed with atmospheric
air from the headspace. Following column tests, the cover soil and CH4 ox-
idation (biocover) layer samples (10-15 g) were extracted from various
depths of the column (5 cm (cover soil layer), and 40 cm, 45 cm, and
50 cm (biocover layer)). Three replicates were sampled at each depth and
analyzed for microbial characterization. Batch incubations were also per-
formed on the samples obtained from these depths and CH, oxidation
rates were evaluated.

2.2. Batch incubation experiments

The samples exhumed from the columns were stored at 4 °C before per-
forming batch incubation testing. Batch testing was performed following
procedure detailed in Reddy et al. (2019). Briefly, approximately 10 g of
each sample was taken in a 125 mL sterilized glass serum vial (Wheaton
Glass, Milville, NJ, USA). The vial was then sealed with rubber septa and
aluminum crimps. Approximately 20 mL of air was removed from the head-
space and replaced with an equal volume of 50% CH,4 and 50% CO, to
achieve headspace concentrations of ~6% CH,4 and 6% CO-. The headspace
concentrations of CH4 and CO, were monitored at regular intervals until
CH, dropped below 1% or became invariant. Monitoring was performed
using a gas chromatograph (SRI Instruments, Torrance, CA, USA) equipped
with TCD and FPD/FID detectors for simultaneous measurement of CHy,
CO- and H,S. Each sample was tested in triplicate. Blank vials, containing
only headspace, were similarly tested to evaluate CH4 loss by non-
biological processes such as leakage. Methane oxidation rates were calculated

Table 1
Column testing phases.
Testing Inlet gas composition Avg. methane influx Duration
phase (% v/v) (gCHy;m 2day 1) (days)
I 50% CH,, 50% CO 50 90
IS 48.25% CH,4, 50% COo, 1.75 H,S 138 55
mr* 99% CHy4 100 59
v 48.25% CH4, 50% CO,, 1.75 HoS 127 36

@ Results presented in Chetri et al. (2022b).
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from concentration vs time plots following zero order kinetics (Yargicoglu
and Reddy, 2017b).

2.3. Microbial characterization

Microbial characterization was performed following similar proce-
dure outlined in Chetri et al. (2022b) Soil samples (~1 g) were obtained
from various depths of cover soil and CH, oxidation (biocover) layers in
column reactors after column termination to characterize the structure
of microbial communities in response to experimental conditions. Geno-
mic DNA was extracted from each sample using a DNeasy PowerSoil Pro
Kit (Qiagen) implemented on a Qiagen instrument. Each sample was
weighed before DNA extraction (0.2 to 0.5 g). Bead-beating was
performed off-instrument prior to automated extraction using MP
FastPrep-24 5G homogenizer (MP Biomedicals, CA) 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 DNA Technologies. Analysis was performed
using a ViiA7 real-time PCR instrument (Thermo Fisher), with an 8-
order of magnitude dilution series for absolute quantification. Genomic
DNA was also used as template for amplification of microbial 16S rRNA
gene amplicons using a two-stage PCR protocol as described previously
(Naqib et al., 2018). The primer set 515F-806R was employed (Parada
et al., 2016; Apprill et al., 2015), and libraries were sequenced on an
[lumina MiniSeq instrument, employing paired-end 2 X 153 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. Briefly, forward, and reverse reads were merged using
the software package PEAR (Zhang et al., 2014). Merged reads were
trimmed to remove ambiguous nucleotides, primer sequences, and
trimmed based on quality threshold of p = 0.01. Reads that lacked ei-
ther 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 Silva v132 reference se-
quence (Glockner et al., 2017; Edgar, 2010). Amplicon sequence vari-
ants (ASVs) were identified using DADA2 (Callahan et al., 2016).
Representative sequences for each ASVs were then annotated using
the Naive 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
the UIC.

Table 2
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2.4. Terminal material characterization

The CH,4 oxidation (biocover) layer samples exhumed from columns after
termination were analyzed for moisture content, pH, and organic content as
per ASTM D2216, D4972, and D2974, respectively which are summarized in
Table 2 in addition to the microbial community characterization. The main
aim was to assess the effect of soil properties on the microbial communities,
as studies in the past have pointed out profound effect of these parameters on
the microbial communities and their activities (Huber-Humer et al., 2008;
Albanna and Fernandes, 2009).

2.5. Statistical analysis

Statistical analysis of batch test results was tested using one-way
ANOVA and t-tests (equivalency of sample means) using Microsoft Excel-
2019. An alpha = 0.05 was used to assess statistical significance in all
tests. Microbial community sequence data were analyzed within the soft-
ware package Primer7 (Clarke and Gorley, 2015) to calculate alpha-
diversity indices and generate multidimensional scaling (MDS) plots. Sig-
nificant differences in community structure between biocover samples
were assessed using analysis of similarity (ANOSIM).

3. Results and discussion
3.1. Methane oxidation rates

Methane oxidation rates were determined for each column samples ob-
tained from various depths of cover soil and CH, oxidation (biocover)
layers, summarized in Table 2. Methane oxidation rates were significantly
different among the amendment groups (p = 0.01, ANOVA). The maxi-
mum CH, oxidation rates of 143.2 g CH, g~ ' day ™' and 133.9 pg CH,4
¢~ 1 day ! were observed in AB5 and AB10 at 50 cm and 45 cm depth, re-
spectively (Table 2). Methane oxidation rates in CS and B10 were signifi-
cantly lower than that of activated biochar amended groups across all
depths within the biocover layer and ranged from 38.7 to 43.3 pg CH,
¢ ' day ' in CS and 27.9 to 50.3 pg CH4 g~ ' day ' in B10 (Table 2).
The oxidation rates observed in this study are within the range reported
in the previous studies conducted on landfill cover soils (Whalen et al.,
1990; Reddy et al., 2019; Yargicoglu and Reddy, 2017a). The biocover
layers showed significant CH, oxidation potential despite being located
deeper in the cover system as studies in the past have observed occurrence
of methanotrophic activity close to the surface of the cover (Barlaz et al.,
2004; Yargicoglu and Reddy, 2017a). One of the plausible reasons for abil-
ity of the biocover layer to oxidize significant CH4 could be sufficient

Properties of terminal samples, methane oxidation rates, and relative abundance of methylotrophs at various depths of the tested cover profiles.

Column Layer description Depth MC (%) OC(%) pH Methane oxidation rate (ug CH, g~ ' day ')  Relative abundance of methylotrophs (%)
Column1  Cover soil 5cm 16.1 3.2 7.9 59.1 %= 3.6 18.8 = 0.6
10cm 159 3.5 79 631=*=1.6 152 + 1.6
15ecm 157 3.9 7.8 640 1.6 20.5 1.7
20cm  16.0 3.2 7.8 57.6 =0.1 14.5 = 0.8
Cover soil (CS) 40 cm 7.8 5.1 7.6 423 + 3.1 25.5 + 0.6
45 cm 8.4 4.9 7.6 387 x21 221 £ 0.6
50 cm 8.8 5.4 7.7 433 *21 17.1 = 0.9
Column 2  Cover soil 5cm 19.5 3.3 84 21.0 0.6 151 1.9
Soil 4+ 10% biochar (B10) 40cm  10.4 12.8 7.7 50.3 25 30.0 £ 1.6
45 cm 8.3 12,5 7.8 36.7 £0.7 144 0
50cm 10.4 13.1 75 279=*11 13.7 = 1.0
Column 3  Cover soil 5cm 18.6 3.5 8.0 243 =x04 13.7 £ 0.2
Soil + 5% activated biochar (AB5) 40cm 125 9.5 7.5 130.6 £ 29 338 +14
45cm 127 10.1 7.4 127.8 £ 2.3 34.2 = 0.5
50cm 128 9.7 7.5 1432 £0.7 26.6 = 1.6
Column 4  Cover soil 5cm 17.6 3.8 8.3 487 x11.7 15.7 = 0.6
Soil + 10% activated biochar (AB10) 40cm  11.8 16.9 7.9 108.6 = 1.0 48.7 = 2.3
45cm 119 12.6 79 1339 1.5 23.4 +15
50cm 11.7 11.1 8.0 80.6 0.4 145 = 0.5

Note: MC = moisture content; OC = organic content.
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aeration owing to the high porosity of the overlying layers (sand, BOF
slag and soil) as porosity plays important role in gas flow. In addition,
methanotrophic communities can oxidize CH,4 even at lower oxygen
mixing ratios as Wang et al. (2011) found that oxygen as low as 5%
(v/v) was sufficient for CH4 oxidation activity. Studies have also high-
lighted that aerobic methanotrophs have ability to function under
micro-oxic conditions by altering their metabolic activities (Guerrero-
Cruz et al., 2021).

3.2. Microbial community composition in the biocover layers

The total bacterial 16S rRNA gene abundance in the CH,4 oxidation
(biocover) layers ranged from 1.5 X 10° to 3.31 x 10° (Fig. 2a). The
total bacterial 16S rRNA gene abundance was not significantly different
across the biocover groups in general and a particular trend with depth
could not be established. However, significant differences between non-
activated groups and activated biochar amended groups were observed
mainly at 40 cm depth (Fig. 3a). The estimated normalized methylotrophic
bacterial abundance, calculated by multiplying relative abundance of
methylotrophs with total bacterial gene abundance, ranged from 5.63 X
10® to 2.39 x 10° (Fig. 3b). Like total bacterial abundance, a particular
trend with amendment groups were not observed in methylotrophic abun-
dance. However, at 40 cm depth, the activated biochar amended biocover
groups showed slightly higher methylotrophic abundance than non-
activated groups (Fig. 3b). It is likely that the top 10 cm of the biocover
layer (40 cm from top surface) had better conditions for methylotrophic
growth relative to the deeper parts of the layer.

Soil bacterial communities were comprised mostly of bacteria from
5 phyla (Fig. 4a). Proteobacteria, which comprised 30-46% of all
sequences, were the most abundant phylum. Methanotrophs were
34-92% of all Proteobacterial sequences. Apart from Proteobacteria,
samples were inhabited with non-methane oxidation bacterial phyla
such as Actinobacteria (29 to 38%), Chloroflexi (8.5 to 12%), Firmicutes
(4 to 6%), Bacteroidetes (2.5 to 4%), and Gemmatimonadetes (2 to 3.3%)
which are known to be commonly present in soil and play crucial role
in its nutrient cycling (Yargicoglu and Reddy, 2017a, 2017b; Long
et al., 2016).

The biocover samples were primarily inhabited with methanotrophic
families such as Methylomonaceae (which houses Type I methanotrophs)
and Beijerinckiaceae (which houses Type II methanotrophs) attributing to
9-32% and 1-12% of total bacterial sequences, respectively (Fig. 4b).
The relative abundance of methanotrophic family Methylomonaceae
was not significantly different among the treatment groups while
Beijerinckiaceae was significantly different among the groups (p =
0.014, ANOVA) with activated biochar (AB5 and AB10) showing signif-
icantly higher abundance (7-10%) in comparison to the non-activated
groups (B10 and CS, 1.5-1.8%).
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Fig. 2. Total bacterial 16S rRNA gene abundance along the depths of CH,4 oxidation
(biocover) layer in each column. Note: The alphabets on top of the bar refer to
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3.3. Effect of biochar amendment on methanotrophic community composition

Each of the biocover sample was analyzed for microbial diversity prior
to incubation as well as after column termination to track changes in the
community composition due to exposure to synthetic LFG in column reac-
tors. The cover soil used in this study was exposed to CH, in the landfill
prior to sampling and hence showed presence of methanotrophs before in-
cubation in column reactors as methanotrophs utilize CH, as the sole source
of carbon and grow in a CH, rich environment. During incubation in col-
umn reactors, the methanotrophic abundance increased as the injected
LFG had 48.25% CH,4 (v/v) which acted as the main source of carbon for
the methanotrophic growth. Although the injected LFG also comprised
50% CO5, (v/v), a minimal effect on microbial communities due to CO,
was anticipated. Studies in the past have also reported negligible effect of
CO, on microbial CH,4 oxidation (Spokas and Bogner, 2011).

The cover soil (CS) in the biocover layer in Column 1 had average
methanotrophic abundance of 5.8% before incubation in the column reac-
tor (Table 3). Amendment of cover soil with non-activated biochar (B10)
resulted in reduction of methanotrophic abundance (4.1%) before column
incubation as biochar itself is not microbially active and thus replaces the
microbially active soil, reducing the overall microbial load (Rai et al.,
2019). Therefore, biochar was infused with MOB consortium through acti-
vation process to offset the impact of adding non-activated biochar to cover
soil. The activated biochar alone had 23.6% of methylotrophic abundance
out of which 38% were methanotrophs (Fig. S1a). As a result, biocovers
with activated biochar had greater relative abundance of methylotrophs
prior to column incubation (AB10, 7.4% and AB5, 5.3%) than B10
(Fig. S1b).

After incubation in column reactors, methylotrophic bacteria grew rap-
idly across all the biocover groups leading to 270-490% increase in the
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average methylotrophic relative abundance (Table 3). About 97 to 98% of
the methylotrophs sequenced were methanotrophs. Biochar amended
biocovers demonstrated greater increase in methylotrophic abundance in
general than the CS which could be attributed to the physicochemical
changes in soil properties induced by biochar addition, that likely created
conducive environment for microbial proliferation. Similarly, the maxi-
mum methylotrophic abundance was observed at 40 cm below ground sur-
face (bgs) or top 5 cm of the biocover layer in each column and ranged from
26 to 48% of the total sequences. Moreover, activated biochar amended
biocovers (AB5 and AB10) had significantly higher methanotrophic abun-
dance in comparison to B10 and CS combined (p = 0.0077, ANOVA).
This could be attributed to the collective advantage of biochar activation

Table 3
Comparison of relative abundance of methylotrophs in CH,4 oxidation (biocover)
layers before incubation and after column termination.

Methane Relative abundance of methylotrophs
;))adratlon Before column  After After % %
(?)}ilzcover) incubation termination termination Increase Increase
(avg.) (avg.) (max.)* (avg.) (max.)
cS 5.8 21.6 25.5 272 340
B10 41 20.1 30 390 632
AB5 5.3 31.3 329 491 521
AB10 7.4 33.6 48.8 354 559

# Maximum abundance of methanotrophs were observed in the top 5 cm (40 cm
bgs) of the CH,4 oxidation (biocover) layer in each column.

and physicochemical properties of biochar which promoted microbial
growth and proliferation in the column reactors.

The major methanotrophic genera identified were Methylobacter,
Methylocaldum, Methylomicrobium, and Crenothrix, grouped as Type I
methanotrophs and Methylocystis, and Methylosinus grouped as Type II
methanotrophs (Fig. 5). The samples were dominated by Type I
methanotrophs mainly genus Methylobacter accounting for 60 to 73%
of the total methanotrophic abundance (Fig. 5) which is consistent
with the past studies on landfill cover soil (Cébron et al., 2007;
Jugnia et al., 2009; Reddy et al., 2019, 2020a, 2020b). However, acti-
vated biochar amended biocovers (AB5 and AB10) had significantly
higher (p = 0.01, ANOVA) abundance of Type II methanotrophs
(Methylocystis and Methylosinus) accounting for 28 to 30% of the total
methanotrophic abundance in comparison to CS and B10 (7.6 to
11%) (Fig. 5). This is because activated biochar alone had Type II
methanotrophic dominance over Type I, accounting for 84% of total
methanotrophic abundance (Fig. S1b). The selection of Type II over
Type I methanotrophs could be attributed to the biochar activation
process. Since large quantity of biochar was soaked in the MOB consor-
tium in the process of biochar activation, there may have been compe-
tition for the nutrients and oxygen among the heterotrophs leading to
nutrient and oxygen deficient environment. Studies suggest that Type
II methanotrophs survive better in the nutrient/nitrogen depleted or
scarce environments (Hanson and Hanson, 1996; Wise et al., 1999) as
well as in the environments with low oxygen and high CH,4 concentra-
tion (Cébron et al., 2007; Gebert et al., 2008, 2009). In addition, some
studies showed the growth of Type II methanotrophs over Type I in
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water saturated soil with lower CH4 mixing ratios (Knief et al., 2006).
Since biochar was completely soaked in the MOB culture during activation
process, it may have created hydromorphic conditions for methanotrophs
leading to selection of Type II methanotrophs over Type L.

A slight shift in the community composition of Type I methanotrophs
was observed before and after column incubation. Before incubation in col-
umn reactor, CS sample had greater abundance of Type I methanotrophs
such as Crenothrix, Methylovulum, and Methylomicrobium accounting for
8.3%, 4.6% and 16.22% of the total methanotrophic bacterial abundance,
respectively (Fig. S1b). However, in the column incubated CS samples, the
abundance of Crenothrix had reduced to 2.1% and Methylomicrobium to
4.8% out of total methanotrophic bacterial abundance (Fig. 5). Methylovulum
was not detected in the column incubated CS samples. This shift could be at-
tributed to differences in oxygen and CH, mixing ratios in the landfill cover
and column reactor. The cover soil used in the column test was sampled from
near the surface (0-30 c¢m) of the intermediate landfill cover. However, in
the column reactor, the biocover layer was placed 35 cm bgs and extended
up to 55 cm bgs with layers of sand and cover soil lying on top. Some of
these methanotrophs such as Crenothrix are commonly present in upland
soils, oxidizing atmospheric CH, and therefore, likely thrive well near the
surface with abundant oxygen supply (Kolb, 2009; Knief, 2015; Yargicoglu
and Reddy, 2017a).

Along with methanotrophs, the samples were inhabited with non-
methane oxidizing methylotrophs such as Methylobacillus, Hansschlegelia,
Methyloversatilis, Methylopila, and Methylibium. Landfill cover soils have
shown such wide diversity in microbial communities in the past (Yargicoglu
and Reddy, 2017a; Reddy et al., 2019, 2020a, 2020b). The co-existence of
these methylotrophs with methanotrophs suggest denitrification as well as as-
similation of intermediate products of methanotrophic CH, oxidation (do
Carmo Linhares et al., 2021).

3.4. Effect of depth on methanotrophic distribution within biocover layer

Methanotrophic abundance varied along the depth in CH,4 oxidation
(biocover) layer mainly in Column 1, Column 2 and Column 4 (p = 0.019,
ANOVA). A decreasing trend was observed with depth in each column
(Fig. 6a). Fig. 6b shows relative abundance of four of the most abundant
methanotrophic genera in each biocover layer at various depths. Methylobacter
(Type I methanotroph), one of the most abundantly present methanotrophic
bacteria differed significantly along the depth in each biocover, whereas
other abundant methanotrophic genera such as Methylocystis and Methylosinuis
(Type II methanotrophs) were not significantly different along the depth. It is
indicative of the sensitivity of the Methylobacter genus towards gas transport,
oxygen and CH,4 mixing ratios as Type I methanotrophs are known to react
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more sensitively towards changing environmental conditions including soil
gas transport and oxygen availability (Henneberger et al., 2012; Gebert
et al., 2009; Henckel et al., 2000). In contrary, Type II methanotrophs
showed mostly stable distribution along the depth which is consistent
with the observations of Henckel et al. (2000) where Type Il methanotrophs
remained fairly stable under different gas mixtures. Overall, prevalence of
Type I methanotrophs in the biocover layer in all the columns suggests suf-
ficient aeration as Type I methanotrophs are selective towards high oxygen
concentrations (Cébron et al., 2007; Gebert et al., 2008, 2009). Sufficient
availability of oxygen in the biocover layer also indicates that the overlying
BOF slag did not impede oxygen flow into the underlying biocover layer
which was anticipated to be a concern in the beginning.

3.5. Relation between methane oxidation rates and methanotrophic distribution

The average methanotrophic abundance was significantly higher in ac-
tivated biochar amended biocovers (AB5 and AB10) in comparison to non-
activated groups (CS and B10, p = 0.014, ANOVA) (Fig. S2a). However, the
average relative abundances of Type I methanotrophs were not signifi-
cantly different among the treatment groups (Fig. S2b). On the other
hand, Type Il methanotrophs were significantly different among the groups
with activated biochar having significantly higher relative abundance than
non-activated groups (p = 0.013, ANOVA) (Fig. 7). Activated biochar
amended biocovers also showed greater CH, oxidation rates (Table 3),
hence it suggests a likely link between Type I methanotrophs and CH, turn-
over rates. Furthermore, a positive correlation was observed between rela-
tive abundance of Type II methanotrophs (Methylocystis and Methylosinus)
and CH, oxidation rates (R> = 0.75, p < 0.01, Regression, Excel 2021)
(Fig. 8a). Similarly, ratio of Type II/Type I methanotrophs also showed pos-
itive correlation with the CH, oxidation rates (R*> = 0.95, p < 0.01, Regres-
sion, Excel 2021) (Fig. 8b). Type II methanotrophs are considered “low
affinity” methanotrophs which initiate CH4 oxidation only at higher CH,4
levels (0.8-66 pmol L~ 1) but have higher kinetic parameters resulting in
higher CH,4 turnover rates (Bender and Conrad, 1992; Henckel et al.,
2000; Huber-Humer et al., 2008; Yargicoglu and Reddy, 2017a). Hence, ac-
tivated biochar amended soils had greater CH,4 oxidation rates likely due to
the greater abundance of Type II methanotrophs. Although the trends ob-
served in this study indicate likely link between Type II methanotrophs
and CH,4 oxidation rates (Fig. 8), the quality of data may not be enough to
reach conclusive remarks. Hence, further studies are warranted to confirm
these findings.

3.6. Diversity of microbial communities in cover soil

The biogeochemical cover profiles tested had 5 cm thick cover soil layer
overlying BOF slag layer in each column. The control column (Column
1) had 20 cm thick cover soil layer above sand layer instead of BOF slag
layer making a total cover soil layer thickness of 25 cm (Fig. 1). The layers
above CH4 oxidation (biocover) layer were added in Phase IV and hence
were incubated for lesser duration than the biocover layers (Table 1).
Cover soil samples from Columns 2, 3 and 4 taken from a depth of 5 cm
bgs and from Column 1 taken from depths of 5 cm, 10 cm, 15 cm, and
20 cm bgs were analyzed for microbial distribution. The total bacterial
communities and methanotrophic communities were significantly different
between cover soil and biocover layers (R = 0.297 and R = 0.337, respec-
tively at p = 0.001, ANOSIM) as shown in Fig. 9. Similarly, relative abun-
dances of the methylotrophic bacterial communities in the cover soil
were relatively lower than that of the biocover layers which were incubated
for longer duration (Table 2). This suggests a possible link between CH,4 ex-
posure time and methanotrophic abundance rather than oxygen mixing
ratio since the cover soil had greater oxygen availability in comparison to
the biocover layer. Wang et al. (2011) reported that the 5% (v/v) oxygen
was enough to sustain methanotrophic activity in landfill cover soil and
they observed that oxygen concentrations greater than 5% did not increase
CH, oxidation. Since oxygen penetrated deeper into the biocover layers
throughout the incubation period, there was sufficient oxygen mixing
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ratio to sustain methanotrophic population. Although the cover soil in Col-
umn 1 had lower methanotrophic abundance, it had greater CH, oxidation
rates than the CS layer (Table 2). This could be likely due to variation in
moisture contents. The CS layer had undergone significant drying due to
long-term incubation and moisture content dropped to 7.8-8.8% from ini-
tial 15% while cover soil maintained the moisture content of approximately
15% (Table 2) which is an optimum moisture content for CH4 oxidation in
18% 1 i
utliers
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Fig. 7. Box plots showing average relative abundances of Type Il methanotrophs out
of total sequences in the CH,4 (biocover) layers. Note: The alphabets on top of the bar
refer to significant differences at the 5% level based on the t-test (MS Excel 2019).
The activated biochar amended soils had significantly higher relative abundance
of Type Il methanotrophs than the non-activated groups (p = 0.004, ANOVA).

landfill cover soils (Boeckx and Van Cleemput, 1996; Visvanathan et al.,
1999).

Interestingly, no bacterial cells were detected in the sand layer overly-
ing the biocover layer in all the columns. The reason could be the negligible
organic content (0.6%) of the sand and the moisture content as the sand
was placed dry with zero moisture content. Moisture is an important pa-
rameter for microbial CH, oxidation. Studies have shown inhibited CH,4 ox-
idation rates in dry state of soil (Wang et al., 2011; Saari et al., 1998). In
addition, Rachor et al. (2011) showed lowest CH, removal efficiency in
sandy soil with lowest organic matter (0.7%).

3.7. Effect of H2S on microbial community composition

The columns were exposed to LFG mixture containing 1.75% (v/v) of
H,S along with 48.25% CH,4 and 50% CO, during two of the incubation
phases (Table 1). In an oxic environment, some bacteria can consume sulfide
ions and oxidize them to elemental sulfur or sulfur species (Burgess et al.,
2001). Biological H,S oxidation results in production of H* ions resulting
in reduction of soil pH which may negatively affect the methanotrophic
growth. In this study, a notable effect was not observed on the CH, oxidation
and microbial community structure due to injection of H,S. Sulfur oxidizing
bacteria such as Halothiobacillus, Thiobacillus, Thiovirga and Bradyrhizobium
and sulfur-metabolizing bacteria such as Comamonas and Acinetobacter pre-
viously reported in landfill cover soils and different biocover soils (Xia et al.,
2014, 2015) were not detected in the column samples in this study. This
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indicates either microbial oxidation of H,S did not take place in the biocover
layers or H,S was adsorbed in the underlying gravel layer before entering
the biocover layers. This observation was backed by the evidence of darken-
ing of the gravel (Fig. S3) which could be due to precipitation of metal sul-
fides from reaction of H,S with the metal salts (such as iron salts) present
in the gravel (Wohlers and Feldstein, 1966). Similar darkening was not ob-
served in the overlying layers and H,S was never detected in the gas sam-
pling ports within the soil layers which further affirms the hypothesis that
H,S was absorbed in the underlying gravel layer preventing overlying soil
layers from exposure to H,S. The sulfur content of the gravel layer was
also elevated which are presented in Chetri et al. (2021a). Studies have re-
ported inhibitory effect of HyS on the methanotrophic oxidation (Lee
et al., 2011) however, the inhibitory effects were prominent only at lower
concentrations of CH,4 due to the competitive inhibition (Long et al.,
2013). Such inhibitory effects were not observed in this study which could
also be attributed to the high inlet CH4 concentrations (~50%). In addition,
a drop in soil pH was not observed which is also an indication of absence of
microbial H,S oxidation in biologic layers.

3.8. Effect of soil properties on the microbial communities

Microbial CH,4 oxidation and community composition are dependent on
various environmental factors such as pH, temperature, moisture, oxygen,
and CH4 mixing ratios, nutrient conditions in soils, etc. (Visvanathan
et al., 1999; Huber-Humer et al., 2008; Albanna and Fernandes, 2009;
Yargicoglu and Reddy, 2017b). Studies have shown optimum pH for CH,4
oxidation in landfill cover soil to be in the range of 6.5-7.5 (Reddy et al.,
2020a; Scheutz and Kjeldsen, 2004). The pH of the terminal column ex-
humed biocover samples ranged from 7.4 to 8 which is close to the opti-
mum pH range for CH, oxidation. Presence of H,S in LFG did not result in
reduction of pH which is an indication that microbial H,S oxidation was
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not prevalent. Reddy et al. (2020a) observed prevalence of methanotrophs
such as Methylobacter (Type 1) and Methylocystis (Type II) at pH 7.6 in the
landfill cover soil which is consistent with this study. Similarly, the columns
were incubated at room temperature (23 = 2 °C) which is in the range of
optimum temperature of 20-30 °C for CH, oxidation as reported by various
studies (Reddy et al., 2019; Scheutz and Kjeldsen, 2004; Park et al., 2005).
Reddy et al. (2019) also found dominance of Methylobacter and Methylocystis
inlandfill cover soil incubated at 23 °C consistent with this study. Hence, pH
and temperature conditions in the column reactors were favorable for the
growth of methanotrophs and CH,4 oxidation.

Moisture content is another crucial parameter which affects microbial
CH, oxidation. Many studies have reported reduced microbial activity
and CH, oxidation at lower moisture content (5% w/w) due to increased
water stress (Boeckx and Van Cleemput, 1996; Visvanathan et al., 1999)
and at high moisture content due to interference of soil moisture in gas ex-
change (Albanna and Fernandes, 2009). Optimum moisture content for mi-
crobial CH,4 oxidation has been reported to be in the range of 10-20%
(Boeckx and Van Cleemput, 1996; Visvanathan et al., 1999; Yargicoglu
and Reddy, 2017a). In this study, the initial moisture content during col-
umn set up was maintained at 15% (w/w) which falls within the optimum
moisture content range for CH, oxidation. However, due to prolonged ex-
posure to LFG, the biocover layers lost considerable amount of moisture,
mainly CS in Column 1 (Table 2). Nonetheless, biochar amended biocovers
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had relatively lesser loss in moisture than CS and terminal moisture contents
remained above 10%. This could be attributed to the high moisture retention
property of biochar. The higher terminal CH4 oxidation rates in biochar
amended biocover samples (Table 2) could be associated with the higher
moisture contents, supporting greater abundances of microbial population.

3.9. Future prospects

Methane and carbon dioxide which are prime components of LFG are also
major greenhouse gases. With the increase in the frequency and intensity of
extreme climatic events associated with global warming, every step towards
curbing greenhouse gases could prove instrumental in reducing the effects
of global warming. The proposed biogeochemical cover shows promising po-
tential to mitigate CH4 and CO,, by using sustainable materials such as waste
wood derived biochar and steel slag. Steel slags are produced in huge quanti-
ties every year and have limited applications, hence are often stockpiled, or
landfilled. The use of steel slag in the proposed biogeochemical cover could
be instrumental in valorizing the steel slag and reducing landfilling of the
same. In addition, landfill odor is one of the primary concerns of the landfill
operators and H,S is one of the prime odor causing components of LFG
(Chetri and Reddy, 2021). The potential of biogeochemical cover to remove
H,S from LFG provides added advantage of odor management in the landfills.
However, these findings need to be verified with field scale studies. Hence,
future studies will include performing field scale pilot tests with the proposed
biogeochemical cover under real landfill conditions and understand the per-
formance of the cover under dynamic meteorological conditions.

4. Conclusion

Three biogeochemical cover profiles along with a control soil profile were
tested in column reactors under landfill conditions. The CH,4 oxidation
(biocover) layer in each column was inhabited by methylotrophs with domi-
nance of CH,4 oxidizing methanotrophs (<95% of methylotrophs were
methanotrophs). In general, the biocover samples were dominated by Type
I methanotrophs mainly Methylobacter genus. However, activated biochar
amended biocovers (AB5 and AB10) showed significantly higher abundance
of Type II methanotrophs (mainly Methylocystis and Methylosinus) in compar-
ison to the CS and B10. The methylotrophic abundance was higher in the
biocover layer in all the columns which was incubated for longer duration
than the cover soil showing the significance of CH4 exposure time on
methylotrophic communities. Activated biochar amended biocovers (AB5
and AB10) had higher CH, oxidation rates and methanotrophic abundance
than B10 and CS which was attributed to the combined effect of MOB infusion
and physicochemical properties of biochar. Methane oxidation rates were pos-
itively correlated with relative abundance of Type I methanotrophs (R* =
0.75, p < 0.01) and ratio of Type II/Type I methanotrophic abundance
(R? = 0.95, p < 0.01). Although Type II methanotrophs were in lower abun-
dance in comparison to Type I, their positive correlation with CH, oxidation
rates indicates their potential for greater CH4 turnover rates which has also
been supported by some studies in the past. Similarly, having highly alkaline
BOF slag layer on top of the biochar amended soil layer did not affect the gas
transport and microbial CH, oxidation. Hence, biogeochemical cover profile
could be a sustainable alternative cover system for mitigating CH,, CO, and
H,S without compromising the CH, oxidation capacity of the biologic soil
layers.

Data archive

Raw sequence data (FASTQ files) were deposited in the National Center
for Biotechnology Information (NCBI) Sequence Read Archive (SRA), under
the BioProject identified PRINA750081.
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