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ARTICLE INFO ABSTRACT
Editor: Frederic Coulon Application of biochar to landfill cover soils can purportedly improve methane (CH4) oxidation rates, but un-
derstanding the combined effects of soil texture, compaction, and biochar on the activity and composition of the
Keywords: methanotrophs is limited. The amendment of wood biochar on two differently textured landfill cover soils at
Biochar

three compaction levels of the Proctor density was explored by analyzing changes in soil physical properties
relevant to methane oxidation, the effects on CH4 oxidation rates, and the composition of the methanotrophic
community. Loose soils with and without biochar were pre-incubated to equally elevate the CH,4 oxidation rates.

Proctor compaction
Gas transport
Landfill cover soil

Methane oxidation Hereafter, soils were compacted and re-incubated. Methane oxidation rates, gas diffusivity, water retention
Soil properties characteristics, and pore size distribution were analyzed on the compacted soils. The relative abundance of
Pore size distribution methanotrophic bacteria (MOB) was determined at the end of both the pre-incubation and incubation tests of the
Methanotrophs packed samples. Biochar significantly increased porosity at all compaction levels, enhancing diffusion co-

efficients. Also, a re-distribution in pore sizes was observed. Increased gas diffusivity from low compaction and
amendment of biochar, though, did not reflect higher methane oxidation rates due to high diffusive oxygen fluxes
over the limited height of the compacted soil specimens. All soils, with and without biochar, were strongly
dominated by Type II methanotrophs. In the sandy soil, biochar amendment strongly increased MOB abundance,
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which could be attributed to a corresponding increase in the relative abundance of Methylocystis species, while no
such response was observed in the clayey soil. Compaction did not change the community composition in either
soil. Fir-wood biochar addition to landfill cover soils may not always enhance methanotrophic activity and hence
reduce fugitive methane emissions, with the effect being soil-specific. However, especially in finer and more
compacted soils, biochar amendment can maintain soil diffusivity above a critical level, preventing the collapse

of methanotrophy.

1. Introduction

Landfills contribute significantly to global anthropogenic methane
(CH4) emissions (IPCC, 2021), with ~16 % of total CH4 emissions in the
Netherlands originating from anaerobic degradation of organic matter
in landfills (RIVM, 2021). The global warming potential (GWP) of CHy4 is
28 over 100 years and as high as 84 over 20 years (IPCC, 2021), making
landfills a priority sector that necessitates a reduction of climate forcing
emissions. One option is to optimize microbial oxidation of CH4 in
landfill biocovers, complimenting active gas extraction systems to fully
reduce the long-term low-calorific methane fluxes after active gas
extraction terminates (Gebert et al., 2022; Huber-Humer et al., 2008;
Scheutz et al., 2009). Landfill biocover technology promotes the activity
of methane-oxidizing bacteria (MOB) by enhancing soil properties
favorable to methanotrophic activity. These include soil physical prop-
erties that govern water retention (Boeckx et al., 1996; Czepiel et al.,
1995; Scheutz and Kjeldsen, 2004), surface area for bacterial coloniza-
tion and gas transport (Hill et al., 2019; Keiblinger et al., 2015; Rockhold
et al.,, 2004), and geochemical properties that regulate soil pH and
nutrient supply (De Visscher et al., 1999; Hilger et al., 2000).

Previous research has shown the effects of pH (Hanson and Hanson,
1996; Scheutz and Kjeldsen, 2004), nutrient limitations (De Visscher
etal., 1999; Scheutz et al., 2009) and extracellular polymeric substances
(Wilshusen et al., 2004) on CHy4 oxidation. Furthermore, temperature,
moisture content, porosity, and previous methane exposures are envi-
ronmental conditions that also affect landfill methane oxidation rates
(Borjesson et al., 2004; Gebert et al., 2003; Park et al., 2005). Materials
such as compost, sand, green wastes, or wood chips are also often added
to landfill biocovers to maintain high air-filled porosities for optimized
diffusion of atmospheric oxygen into the soil necessary to convert CHy
into HoO and CO,, and to retain moisture contents favorable to micro-
bial activity.

Biochar is an alternative organic-rich material for biocover amend-
ment suggested to increase the population of methanotrophic bacteria
and methane oxidation rates in landfill cover soils (Reddy et al., 2014,
2021; Yargicoglu and Reddy, 2017a, 2018; Yargicoglu and Reddy,
2017b). It is a byproduct of pyrolysis of organic materials or biowastes
that have undergone thermochemical conversion in oxygen-limited
conditions (Lehmann and Joseph, 2009) that can be added to soils
with the potential for improving soil properties, enhance pollutant
retention and or transformation, or water retention and infiltration.
Compared to compost, biochar is characterized as more recalcitrant and
hence offers structural stability over a longer time. Therefore, biochar
can be utilized as an alternative substrate for promoting the growth of
methanotrophs, which in turn helps to reduce CH4 emissions in landfill
cover soils.

Several factors that drive methane oxidation complicate the under-
standing of the effects of biochar on landfill cover soils. One of the major
factors regulating methane oxidation is the availability of oxygen,
governed by soil gas transport properties (Gebert et al., 2011; Mostafid
et al., 2012), which are in turn moderated by soil moisture which can
either be reduced by decreasing gas transport rates (Poulsen et al., 2008;
Schjonning et al., 2003) or enhanced by increasing microbial activity.
Recent studies and models have shown that biochar can increase or
decrease water retention at different matric potentials and for different
biochar and soil texture combinations. Soil gas transport is reduced by
soil compaction (Poulsen et al., 2008; Verseveld and Gebert, 2020),

leading to a decline in methane oxidation rates, as, for example, shown
in a landfill cover-simulating column study (Gebert et al., 2011; Rachor
et al., 2013).

The current US landfill operating practices require compacting and
covering waste with soil to reduce odors and fires, control disease vec-
tors, minimize litter scattering, and protect human health and the
environment (US EPA, 1997). There is no established regulation
regarding specified Proctor compaction levels in the US, Germany, and
the Netherlands, thus allowing flexibility in certain site-specific situa-
tions and soil types. The US regulation specifies performance standards
for the landfill cover soil by directing the operators to keep the cover soil
dry by reducing infiltration and erosion by compacting the soil to
minimize the “bathtub effect,” which is to minimize water entering into
the waste bodies that can have leachate overproduction, potentially
causing groundwater contamination (US EPA, 1997). According to the
German Landfill Ordinance, compaction is minimized to achieve an air
capacity of a minimum of 8%y, at an available water capacity of 220
mm to enhance vegetation growth and not exceed water seepage of 60
mm per year (Anlauf and Rehrmann, 2012).

Soil compaction modifies pore size distribution, pore arrangement,
and soil pore interconnection (Lipiec et al., 2012), resulting in reduced
water holding capacity (Hajnos et al., 2006), thereby altering gas
transport properties, reducing hydraulic conductivity (Berisso et al.,
2012; Watabe et al., 2000), and decreasing the methanotrophic activity
(Sleutel et al., 2012; Verseveld and Gebert, 2020). Soil compaction can
restrict access to oxygen and water to the microbial community,
potentially causing adverse effects and reducing methane oxidation
rates. The magnitude of the effect and thereby the impact on the soil's
capacity to oxidize CHy is dependent on the soil texture. When biochar-
amended soils are compacted, the static energy released on the soil can
break the biochar particles, reducing void spaces, therefore changing
pore size classes exerting capillary effects, modifying water retention,
and gas transport rates.

It is crucial to understand the influence of biochar particles on
differently textured soils under various compaction levels to assess the
potential of biochar amendment to landfill cover soils for enhancing the
reduction of methane emissions from landfills. Currently, there is a
paucity of information about the effects of biochar on standard Proctor
test to understand compaction conditions on optimum water content
and the underlying impact on methane oxidation. This study aims to
elucidate the effect of fir tree biochar addition on methane oxidation in a
sandy and clayey landfill cover soil collected from two landfills in the
Netherlands under different Proctor compaction levels following pre-
vious works (Anlauf and Rehrmann, 2012; Van Verseveld, 2018). It was
hypothesized that biochar enhances methane oxidation in these soils by
increasing porosity, thus, increasing gas diffusivity, and that the effect is
more pronounced with higher levels of compaction. To isolate the im-
pacts of porosity on methanotrophy, soil moisture contents were main-
tained at a constant level since a beneficial effect of enhanced water
retention was expected, particularly in sandy soils.

2. Material and methods
2.1. Landfill cover soils and biochar

Landfill cover soils were collected from Wieringermeer landfill
(Middenmeer, The Netherlands) and Braambergen landfill (Almere, The



S.C. Yietal

Netherlands) operated by Afvalzorg Deponie B.V. Both soils had been
previously exposed to methane, where Braambergen soil (Soil A) was an
active landfill cover soil in direct contact with the waste body without an
intercepting surface liner, while Wieringermeer soil (Soil C) had been
used as a biocover test field. The particle size distribution curves were
obtained on both landfill soils to determine the USDA soil textures
(ASTM, 2006).

Biochars were purchased from Pyropower (Delft, Netherlands),
where they were produced from recycled Christmas (fir) trees using a
slow pyrolysis system at 500 °C. Biochars were sieved to 2 mm particle
size prior to soil amendment to ensure particle size uniformity and
minimize soil texture changes. Ultimate analyses determining the main
elemental compositions (C, H, N, S, O) were performed on the sieved
biochar in duplicate using a EuroVector EA3400 Series CHN-O analyzer
with acetanilide as the reference (Supplementary Information). The
oxygen contents were determined by the difference. Inductively coupled
plasma optical emission spectrometry (ICP-OES) was also performed on
the biochar by digesting them in aqua regia and HyO- on a heat plate.
Data on elemental contents were acquired using a Spectro-Arcos EOP
combined with Spectro Smart Analyzer Vision software (Table S2 in
Supplementary Information). Scanning electron microscopy images
(Fig. S2 in Supplementary Information) were also recorded using a
backscattered electron detector in a compositional mode with an
accelerated voltage of 10 kV and beam current of 65 pA (Del Grosso
et al., 2022).

Proximate analysis was performed, and the results are presented in
Table S4 in Supplementary Information. The moisture content was ob-
tained using a moisture analyzer and the volatile matter (VM) was
determined using a thermogravimetric analyzer (TGA — SDT Q600) (Del
Grosso et al., 2022). The ash content was acquired in accordance with
NREL/TP-510-4262. The fixed carbon was then calculated by the
difference.

No-physisorption tests were conducted on a Quantachrome In-
struments' NOVAtouch™-LX gas sorption analyzer with high purity Ny
(99.99 %) at 77 K to obtain the Specific Surface Area (SSA). Before
measuring, the samples were degassed at 130 °C for 16 h. Each test was
performed in duplicate. SSA was calculated by applying the Brunauer-
Emmett- Teller (BET) method. Adsorption branches between 0.05 and
0.20 relative pressure (P/P() were used to determine the SSA. The pore
volume of the biochar was estimated using the Density-Functional
Theory (DFT) method. The results are found in Supplementary Infor-
mation, section S2.3.

Soils and biochar were air-dried in an ambient condition prior to any
mixing, and an aliquot of the materials was oven-dried at 105 °C over-
night to determine the moisture content. The air-dried gravimetric water
contents were 0.6 % for Soil A and 1.3 % for Soil C. The samples were not
oven-dried to maintain the methane-oxidizing bacteria, and the air-
dried soil lumps were broken down using a mortar and pestle before
the start of experiments.

All air-dried cover soils were manually mixed with 2 mm sieved
biochar at 6 % (dw/w) to provide a homogenous mixture. Biochar
contents of 6 % were chosen because biochar application to soil can
produce neutral or undesired hydrological outcomes as it can predom-
inantly change soil structure and soil-water properties. For example, it
was shown that biochars have transient wettability, sometimes leaching
hydrophobic compounds and/or changing the soil-water interface at
high (>15 % w/w) biochar application rates (Yi et al., 2015). A recent
review paper reported that biochar has the potential to reduce soil
fertility and release toxic substances that can adversely affect soil or-
ganisms (Brtnicky et al., 2021), similar to the effects of excessive fer-
tilizer application on the reduction of soil quality. Therefore, 6 %
biochar was used, which is an agriculturally relevant application
amount (Mckay et al., 2021), and to ensure no physico-mechanical
properties were changed (Das et al., 2015).

The 5 g of each sample were pelletized using a manual sample press
and analyzed for total carbon (TC) (Unicube Elemental Analyzer,
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Langenselbold, Germany). The pH and electrical conductivity (EC) were
also measured (Consort C1010 multi-parameter analyzer, Turnhout,
Belgium) on solutions prepared using 10 g of sample mass with 40 g of
deionized water that was allowed to stand for 24 h before collecting the
measurements. Total inorganic carbon was estimated by taking 1 g of
sample and saturating it with 40 % H3PO, for 24 h at 80 °C in 250 cm® in
a glass bottle. The CO2%y,) contents and pressure were measured and
calculated for total inorganic carbon. Total organic carbon was esti-
mated by subtracting the total inorganic carbon after determining the C
loss from the acidification of the samples. All samples were prepared and
measured in duplicate.

2.2. Compaction tests

The standard Proctor test (ASTM, 2021) was performed on air-dried
Soil A, Soil A + B, Soil C, and Soil C + B to obtain the optimum water
content (W) and the Proctor density (Dp,) to obtain the compaction
curves (Supplementary Information, Fig. S1). The Proctor density re-
flects the highest degree of compaction, i.e., the highest bulk density
(pp), that can be achieved using the Proctor energy at the optimum
moisture content (the moisture content at which soil attains the
maximum dry density).

Compaction behavior depends on particle size distribution, water
content, anisotropy, and layer thickness (Anlauf and Rehrmann, 2012;
Pulat and Yukselen-Aksoy, 2013; Romero and Jommi, 2008). In order to
compare methane oxidation rates and soil properties for both soils in
relation to their specific compaction behavior, and to cover a range of
bulk densities found in the field, soils were compacted to the same level
of their respective Proctor density, in this case 75 %, 85 %, and 95 % of
the Proctor density.

For each step of water addition, new material was used to avoid
irreproducible compaction curves (Lamprinakos and Manahiloh, 2019).
For the measurement of the methane oxidation rate after the pre-
incubation, and for the determination of the water retention curve, all
soils were compacted to bulk densities corresponding to the relative
compaction levels (Cg) of 75 %, 85 %, and 95 % of the Proctor density
(Eq. (1)).

Cr :Lf)’h x 100% o)

Pr

2.3. Establishing soil moisture contents of loose and compacted soil
samples

The respective water retention curves corresponding to their
compaction at 75 %, 85 %, and 95 % Dp, were estimated using the van
Genuchten model (Moldrup et al., 2005a; van Genuchten, 1980) to
determine the water contents of the two loose soils A and C. The average
hydraulic parameter values, the residual water content (6;), and the
saturated water content (0;) were estimated from Egs. (2) and (3) using
the quantity of clay, TOC, and the dry bulk density (pp) from Eq. (1) of
the two control soils at 75 %, 85 %, and 95 % Dp, (Moldrup et al., 2005b;
van Genuchten, 1980; Vereecken et al., 1989).

6, = 0.01540.005 clay+0.014 TOC 2

6, = 0.81 —0.283 p, +0.001 clay 3

The water content corresponding to a capillary pressure of 1000 hPa
at the reference (medium) compaction of 85 % Dp, was chosen to be the
gravimetric moisture contents for the three compaction rates since the
moisture contents varied the least and were statistically insignificant
between the three Proctor compaction levels after comparing the water
contents between 300 hPa and 1000 hPa. Furthermore, the intention
was also to keep the moisture level drier than the field capacity to
eliminate any possibility of free water drainage. Taking the uncertainties
between the two soil types into account, 1000 hPa was chosen to provide
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a condition that is not excessively dry and not too wet, allowing for a
comfortable margin away from the available water content of 300 hPa.

A gravimetric water content of 17.8 % (w/dw) was estimated to
correspond to capillary pressure of 1000 hPa at 85 % Dy, for the Soil A/
A + B, and it was 5.9 % (w/dw) for the Soil C/C + B. These calculations
were related to soils without biochar. It is well established that biochar
can change water holding capacity in soils (Marsiello et al., 2015).
Therefore, maintaining the same water moisture level throughout the
experiment enabled isolating the effect of water retention changes due
to biochar amendment on methane oxidation.

To meet the same moisture content throughout the study, the sample
holding containers were weighed daily, and the weight change was an
indicator of water increase or decrease. When there was a water loss
during the pre-incubation stages, water was added and mixed with the
loose soil to meet the reference weight. In the compacted samples, the
moisture contents were kept constant by pipetting deionized water
droplets onto the top of the compacted samples when the weight
decreased. When there was a weight increase (both during pre-
incubation/incubation stages), water was evaporated by opening the
lid of the container and monitoring the weight change over time. The
water evaporation time was less than <8 h since the water produced
from methane oxidation was less than ~1 % of the initial weight.
Because the containers were tightly sealed, modifying the water con-
tents by evaporation were seldom performed.

The gravimetric water contents for Soil A/A + B were maintained at
17.8 % during the entire study for the loose soils and after compacting to
75 %, 85 %, and 95 % Dp;. The gravimetric water contents for Soil C/C +
B were initially established at 5.9 % (w/dw) during the pre-incubation
stages of the loose soils but then increased and maintained to 7.7 %
(w/dw) after 70 d of the pre-incubation step when there was no response
in the methane oxidation rates (Fig. 3). The gravimetric moisture con-
tents of Soil C and Soil C + B were 7.7 % (w/dw) for all three compaction
levels. The samples were then tested to monitor the effect of compaction
on biochar-amended landfill cover soils on methane oxidation capacity
(Section 2.4), soil diffusivity (Section 2.6), and pore size distribution via
water retention (Section 2.7). The effects of biochar amendment and
compaction on the methanotrophic community were additionally
assessed by DNA analyses of the loose and compacted soils at the end of
the incubation period (Section 2.5). The details are found in the
following sections.

2.4. Methane oxidation capacity

Once the control soils and biochar-amended landfill cover soils were
adjusted to a target water content corresponding to a matric potential of
~1000 hPa at 85 % Proctor density (Section 2.3), ~5 kg dry mass of
each soil (A, A + B, C, C + B) were then pre-incubated to build up the
methane oxidation capacity in a loose state in an airtight 26 1 container
by injecting an equivalent to 2.6 1 of pure CH4 (99.9 % purity) into the
airtight 26 1 container to achieve a concentration of ~10%,, at
19-20 °C. The CH4 consumption was monitored by gas chromatographic
analyses of the headspace (Agilent Technologies 490 Micro-GC, Santa
Clara, CA, USA). When methane was depleted (~1%y, CHy), the start-
ing concentration was re-established by flushing the container with
ambient air, mixing the soil, and reinjecting a 2.6 | pure methane to
establish ~10%;,,) CHy. If the moisture contents changed, water droplets
were added or evaporated in ambient conditions to meet the established
moisture content as described in Section 2.3. Each repeated injection of
CHy4 is referred to as a phase. The methane oxidation capacity devel-
opment was continuously monitored, and the pre-incubation study las-
ted 105 d, consisting of 23 phases for Soil A and Soil A + B and 19 phases
for Soil C and Soil C + B. The purpose of pre-incubating the samples was
to isolate the effect of compaction and biochar amendment on methane
oxidation by providing all soils with the same starting condition, i.e., a
maximum methane oxidation capacity (Amaral et al., 1998; Kightley
et al., 1995; Spokas and Bogner, 2011).
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Each pre-incubated soil was then compacted into metal cylinders
(with a volume of ~103 cm?® + 2.8 standard error (S.E.)) in triplicate at
75 %, 85 %, 95 % of the Proctor density at a gravimetric moisture
content of 17.8 % for Soil A and Soil A + B, and 7.7 % moisture content
for Soil C and Soil C + B. The bulk densities, solid volumes, water
contents, gas volumes, and total porosities are presented in Table 2.
These samples were then placed in an airtight ~1 1 containers and
injected with ~10%y,] CH4 (100 ml 99.9 % CHy4) and reinjected when
the CH4 gas in the headspace fell below 1%y, following the procedure
described above for the pre-incubation period. Again, the weights of the
samples were monitored to maintain the moisture content throughout
the incubation period. After 58 to 73 d, the CH4 oxidation rate reached
an asymptotic plateau, and the incubation stage terminated. The CHy4
oxidation rate per g of dry mass (CHy oxidation raze) Was calculated using Eq.
(4), and the average of the oxidation rates are reported using the % (v/v)
concentration of CHg:

AC
At

VM cy,

4

CH 4.oxidation rate — ‘/,,,T
where |AC/At| is the absolute value of the slope between the changes in
methane concentration AC (%v/v) over the change in time (At),
respectively. Oxidation rates were only calculated over the linear part of
the slope with a Pearson's coefficient > 0.97, hence representing zero-
order oxidation rates. V is the gas volume [1], Mcpy is the molar mass
of methane (16 g mol’l), Vpn is the molar volume [1 mol’l] assumed to
be 24.0 1 mol ! at 293 K, and M is the dry mass [g] of the sample.

The actual oxygen fluxes (Jo,exp) in the compacted samples were also
calculated using the measured CH4 oxidation rates:

M
0 (5)
Mcy,

Jo,.ep = CH 4y —finar P, X
where CHy—finq is the averaged oxidation rate of the compacted soil
from the last three phases of the incubation experiments (at 58-73 d), p;,
is the dry bulk density of each compacted sample, x is the half depth of
the sample column (2.5 cm), and the last two factors (including the
stoichiometric factor for Oy) are the molar mass of oxygen, Mo,, and
Mgy, is the molar mass of CHy.

2.5. Identification of methane oxidizing microorganisms (NGS and 16S-
qPCR)

At the end of the pre-incubation period (loose soil) and the end of the
incubation experiment (compacted samples), soils were homogenized,
and ~ 10 g of each sample was sent to BaseClear B.V. (Leiden, the
Netherlands), where 0.15 g were used for DNA extraction for meth-
anotrophic community composition using Next Generation Sequencing
(NGS) and 16S qPCR analyses.

The metagenomic DNA read data were generated using Illumina
NovaSeq 6000 paired-end sequencing. Initial quality assessment was
done using Illumina Chastity filtering. Further quality control was done
using FastQC (Andrews, 2013). Reads were filtered using Trimmomatic
v.0.39 (Bolger et al., 2014) and adaptors were removed while specifying
LEADING:3 TRAILING:3 MINLEN:35 SLIDINGWINDOW: 4:20 CROP: 140
parameters. Quality was then reassessed using FastQC. The methano-
trophic community was profiled using the K-mer based Kraken2 v2.1.0
(Wood et al., 2019) using the minikraken2 microbial database (2019,
8GB). Thereafter, species confirmation and the estimation of abundance
was done by Bracken v2.6.2 (Lu et al., 2017). Relative abundances of the
methanotrophic community were normalized using the quantity target
per pl DNA and used for downstream analyses.

The qPCR analyses were performed on 384 well PCR plates (Thermo
Fisher Scientific, Waltham, MA, USA) sealed with MicroAmp Optical
Adhesive Film (Thermo Fisher Scientific, Waltham, MA USA) using an
Applied Biosystems QuantStudio™ 5 Real-Time PCR system (Thermo
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Fisher Scientific, Waltham, MA, USA) with QuantStudio™ Design &
Analysis software v1.4.2.

Each reaction for the total bacteria qPCR assay targeting the 16S
rRNA gene was carried out in a total volume of 10 pl, with 5 pl ABso-
lute™ Blue qPCR Mix, Low ROX (Thermo Scientific, Waltham, MA,
USA), 0.2 pl forward primer (5-CGGTGAATACGTTCYCGG-3; 10 uM),
0.2 pl reverse primer (5-GGWTACCTTGTTACGACTT-3’; 10 uM), 0.1 pl
probe (FAM-CTTGTACACACCGCCCGTC-BHQ1; 10 pM), 2 pl PCR grade
water, and 2.5 pl undiluted template DNA. A standard curve comprising
8 serial 10-fold dilutions of a synthesized, cloned, linearized, and puri-
fied DNA of 192 bp was generated from a work solution (0.1 ng pl™%)
that in turn was derived by 100 times diluting a stock solution (10 ng
pl™1). The PCR program started with a denaturation step at 95 °C for 15
min, followed by 40 cycles consisting of denaturation at 95 °C for 15 s,
annealing and elongation at 52 °C for 1 min with data collection.

A positive control was performed alongside each separate amplifi-
cation consisting of 2.5 pl of 0.1 ng pl~ DNA (0.25 ng DNA added to a
single reaction) that was derived from ZymoBIOMICS™ Microbial
Community DNA Std. (D6306; Zymo Research, Irvine, CA, USA).
Negative template control (NTC) PCRs were performed alongside each
separate amplification without addition of template. Amplification data
were exported from QuantStudioTM Design & Analysis software v1.4.2
followed by determining the target quantity per pl DNA preparations
using the standard curves and calculation of the number of targets per
gram or ml of raw material. The resulting quantity target copies per pl
DNA were corrected for the dilution factor and the quantity target copies
per gram of material were calculated.

2.6. Gas diffusivity

Diffusion tests were performed on the compacted samples in 250 cm®
steel cores (Table 3) in duplicate using a gas chamber equipped with an
INIR-ME-100 % infrared methane sensor (SGX Sensortech, Neuchatel,
Switzerland). After a leakage test of the apparatus was performed, a
sample core was placed on top of a gas chamber fitted with a sliding
plate. The gas chamber was first flushed with synthetic landfill gas
(CH4/CO3) mixture for 30 s to set the initial concentration (Cp) inside
the chamber. Then 1.5 ml of Ca;Hy was injected into the chambers to
cease the activity of methanotrophic bacteria consuming CH4. Once a
constant CH4 concentration was established, the sliding plate was
opened to allow gas to diffuse through the sample core. Fick's first law
was used to calculate the effective gas diffusion coefficient to monitor
the change in CH4 concentration inside the chamber over time of
methane (Dane and Topp, 2002) in Eq. (6),

Ceny = (Co— Cam)exp 2t 4 Cop 6)

where Ccp,is the concentration of CH4 measured by the sensor, Cp is the
initial concentration of CH, in the gas chamber, Cgyyy, is the methane
concentration in the atmosphere (1.76 mg 1™, D, is the effective gas
diffusion coefficient, A is the area of the sample core where diffusion is
occurring, t is the time, [ is the length of the soil sample, and V is the
volume of the chamber. The effective gas diffusion coefficient was then
normalized with the diffusion coefficient of methane in air at a labora-
tory temperature of 20 °C (0.21 cm? s™!) to obtain the gas diffusivity
(Dp/Dy). More details can be found in Gebert et al. (2019). Dividing the
D, by the air-filled porosity (¢) yields the specific diffusivity (Ds = Dp/¢),
and estimating the potential diffusive transport of oxygen through the
soil samples,
dc

J Oypotential flux = Dp EM 0 (7)
was used (Table 3, Jo2 potential flux), assuming gas transport to the middle
of the sample ring (dx = 2.5 cm) using a concentration of dC = 9.37 mol
O,m™3 (equals 21 % O in air), then multiplied by the molar mass of O,
(Mp,) to obtain the units of g Oz m~2d!. Based on the Joz potential flux,
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the maximum CHy flux that can be oxidized was calculated (Jcy4 po-
tential flux in Table 3), assuming that the oxidation of one mol of CHy
requires two mols of Oy and compared to the actually measured CHy
oxidation rate (Jgp4 oxidized). Similarly, Egs. (7) and (5) were used to
obtain the sample depth (dx) at which the O, supply would get depleted,
dx =D, Jo‘j—fm, where Joz,exp is the actual O flux obtained from the CHy4

oxidation rate at the end of the incubation stage of the compacted
samples (eq. 5).

2.7. Water retention curve and pore size distribution

The duplicate compacted samples in ~250 cm® used for the diffusion
tests were slowly saturated with de-aired, deionized water in 1 cm in-
crements hourly until the water level reached a level close to the rim of
the sample packing. They were then saturated overnight in the de-aired
and deionized water bath with a loosely fitted lid to minimize evapo-
ration for obtaining the soil water retention curves (SWRC). The water
retention curves were collected for each sample at the three compaction
levels using the Hyprop apparatus (Meter Group, Inc., Pullman, WA,
USA) at 0 to 1000 hPa suction pressure range to analyze the effects of
compaction on pore size distribution and CH4 oxidation rates. The
measurements at the dry ends of the water retention curves were
collected using a WP4C dewpoint potentiometer (Meter Group Inc.
Pullman, WA, USA).

Using the SWRC, the Young-Laplace equation was adopted to
calculate the pore radius at each capillary pressure step assuming cy-
lindrical pores corresponding to the pore opening:

20 cosa
AP

®

where d is the diameter [m], AP is the capillary pressure [N m’z], o isthe
surface tension of water (0.072 N m’l) is water, a is the contact angle
between particle and water assuming 0°. The direct pore size distribu-
tion was then obtained using the derivative f(r) in Eq. (8) using the
volumetric water content (0) (Nimmo, 2004):

_do

f(r)*E

9

2.8. Statistical analysis

Single-factor ANOVA tests were performed on samples incubated in
loose conditions and samples corresponding to the compaction level to
determine the differences between the means of soil to the soil+biochar
mixtures on CH4 oxidation. The results were then compared using the
two-sample t-test assuming equal variances to obtain p-values (error
probability) of 0.05 to determine whether differences were statistically
significant. If p < 0.05, the differences of the mean were considered
significant. The statistical analyses were conducted using Microsoft
Excel (Microsoft, Redmond, WA, USA).

3. Results
3.1. Soil properties
3.1.1. Loose soils: soil texture, proctor density, and optimum water content

3.1.1.1. Landfill cover soil. Soil A is a finer soil containing significantly
more clay and silt; and, consequently, less sand than Soil C, with a coarse
texture (Table 1). Soil compaction tests showed a slightly higher Proctor
density in Soil C than in Soil A but a lower optimum water content. The
total carbon contents were slightly higher in Soil A than in Soil C, and
the TC/TN ratio was lower in Soil A than Soil C. Electrical conductivity,
representing soil salinity, was slightly higher in the fine-grained Soil A,
and the pH values did not deviate between the samples.
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Table 1
Properties of biochar and landfill cover soils from Wieringermeer® (Verseveld and Gebert, 2020), Braambergen (Holland and Gebert, 2020) and their respective biochar
mixtures.

Soil Property Units Biochar Braambergen (Soil Braambergen + Biochar (Soil A Wieringermeer (Soil Wieringermeer + Biochar (Soil C

A) + B) C) + B)

Clay (d < 0.002 mm) % dw - 21 20 8.8 8.3

Silt (0.002 mm < d < 0.05 mm) % dw 0.04 52 49 7.2 10.7

Sand (0.05 mm < d < 2.00 mm) % dw 2.5 27 31 82.4 81

Gravel (d > 2.00 mm) % dw 97 0 0 1.6 0

USDA texture class - - SiL SiL LS LS

Proctor density gem™3 - 1.7 1.45 1.76 1.57

Optimum water content (Wopc Y%ovol. - 17 235 13.1 14.4

at Dpy)

Total organic carbon (TOC) % dw 76.6° +0.3 1.73+0.1 6.2° 1.3% 5.8¢

TOC/TN ratio - 383¢ 11.5° 56.4° 13¢ 72.5¢

pH - 7.46 = 0.2 7.58 £ 0.2 7.40 £+ 0.02 7.63 £ 0.1

Electrical conductivity us - 295 £ 11.5 323 +35 231 +£16 282 + 14

em ™!

C % dw 77.8" +7.9 2.6 £0.1 34+1.1 25+0.9 5.6 £1.0

H % dw 2°+0.3 0.5+0.2 0.4 £ 0.06 0.4 +£0.1 0.4 +0.02

N % dw 0.2" £ 0.04 0.15 £+ 0.005 0.11 £+ 0.02 0.1 +£0.03 0.08 £ 0.01

S % dw 0.16" + 0.07 £+ 0.03 0.03 £ 0.01 0.03 £ 0.03 0.01 £ 0.01

0.05
o % dw 16" + 2.1 - - - _

Silt loam = SiL; Loamy sand = LS; dw = dry weight; + Standard Error (S.E.).
2 Wieringermeer (Verseveld and Gebert, 2020).
b Sieved biochar.

¢ Calculated, BET surface area of biochar = 163 m? g~! and biochar pore volume = 47.5 cm® g~*.

3.1.1.2. Landfill cover soil with biochar. Adding biochar to Soil A
increased the sand content and lowered the clay content without
altering the soil texture class (Table 1). Similarly, the USDA texture class
was the same for Soil C and Soil C + B despite the slight increase in silt
and reduced clay and sand contents with biochar addition. For both
soils, the 50 % mean diameter mass (dsp) obtained from the particle size
distribution shifted by 12 % in the cumulative distribution curve from
the biochar addition; thus, the volume mean diameter was not signifi-
cantly modified (see Supplementary Information, Egs. (S1) and (S2)).
Changes in the Proctor densities and optimum water contents were
most prominent in soils with biochar amendment. Proctor density

decreased with biochar, as shown in both Soil A + B and Soil C + B. The
addition of biochar increased the total organic carbon contents, the
TOC/TN ratio, and EC. The pH increased slightly with biochar. The most
remarkable changes for all properties were shown in Soil C + B.

3.1.2. Compacted soils: bulk density, moisture content, and porosity

3.1.2.1. Landfill cover soil. Table 2 exhibits the typical physical prop-
erties (e.g., bulk density, total porosities, and moisture contents) of
cover soils and soils amended with biochar at three levels of compaction
(75 %, 85 %, and 95 % of the Proctor density). After testing the particle

Table 2
Density, moisture content, total porosity and air-filled porosity in compacted soils with and without biochar.
Compaction Units Soil A Soil A + B Soil C Soil C + B
% 75 85 95 75 85 95 75 85 95 75 85 95
Proctor
Bulk density g dw 1.27 + 1.44 + 1.61 +7 1.09 + 1.23 + 1.38 + 1.31 + 1.48 + 1.65 + 1.18 + 1.33+ 1.49 +
em 3 7 x 3 x x 1074 2 x 4 x 2 x 2 x 4 x 6 x 3 x 8 x 6 x
1074 1074 102 104 102 1074 1074 1074 1074 104 104
Particle density g dw 2.65 2.65 2.65 2.48 2.48 2.48 2.65 2.65 2.65 2.48 2.48 2.48
em~3
Volume of vol% 48 54.4 60.7 43.9 49.6 55.6 49.4 56 62.3 47.6 53.7 60.1
solids
Volume of vol% 52 + 45.6 + 39.3 + 56 + 50.4 + 44.3 + 50.6 + 441 + 37.7 £ 52.4 + 46.3 + 39.9 +
voids 0.03 0.01 0.03 0.06 0.02 0.08 0.01 0.01 0.02 0.01 0.03 0.02
(Total
porosity)
Volume of vol% 22.7 25.7 28.7 19.4 21.9 24.6 10.1 11.4 12.8 9.1 10.3 11.5
water
Matric hPa 725 364 480 2200 2015 792 550 2538 4576 9492 9160 654
potential
Water content % dw 17.8 £ 17.8 £ 17.80 17.8 £ 17.8 £ 17.8 £ 7.7+2 7.7 +2 7.8+ 77 +2 7.7 +5 7.7 +3
0.01 4 x 0.02 0.01 0.03 x 1073 x107°  0.02 x 1073 x 1073 x 1073
103
Air-filled vol% 29.4 + 20+6.3 10.5 £ 36.6 £ 28.4 + 19.7 £ 40.4 + 32.7 £ 249 + 43.2 + 36+2.1 28.4 +
porosity (&) 0.03 5.8 4.8 4.4 5.5 2.5 2.3 3.1 2.2 2.8
Number of 5 5 7 5 7 6 5 9 5 5 9 5

samples (n)

dw = dry weight; + Standard Error (S.E.); particle density of soil = 2.65 g dw cm~3; particle density of biochar = 1.25 + 0.08 g dw cm >, Soil A = silt loam; Soil A + B
= silt loam with biochar; Soil C = loamy sand, Soil C + B = loamy sand with biochar, cubic-spline interpolation was employed to determine matric potentials >1000

hPa.
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density of Soil A/Soil C in previous works (Holland and Gebert, 2020;
Van Verseveld, 2018), a general average particle density of 2.65 g cm™>
was used to obtain the volume of solids and total pore volume (Blake,
2008). After compaction, the bulk densities in Soil C were slightly higher
than in Soil A. However, the difference was small as the bulk densities
corresponded to pre-defined levels of the Proctor density, which was
quite similar (Table 1).

Total porosity at each compaction level was higher in the fine-
grained Soil A than in Soil C and the air-filled porosity was signifi-
cantly lower. In both soils, air-filled porosity decreased with compac-
tion. Soil A, with higher proportion of finer particles (silt and clay,
Table 1) and higher moisture contents, produced lower air-filled po-
rosities than Soil C for all compaction levels. The gravimetric water
content at a capillary pressure of 1000 hPa was significantly higher for
fine-grained Soil A.

3.1.2.2. Landyfill cover soil with biochar. Both soils with biochar addition
decreased dry bulk density and increased total porosity (Table 2), which
then increased air-filled porosity due to the low biochar particle density
(1.25 g em™3 + 0.08 S.E.) and high biochar interstitial pore volumes
(Fig. S2 in Supplementary Information), yielding higher soil porosities
even when packed to a similar compaction force. The Brunauer-Emmett-
Teller (BET) surface area was 163 m? g’l, and the pore volume was 47.5
cm?® g~! per dry mass of biochar (Table 1 and Table $3 in Supplementary
Information). The increase in total porosity and air-filled porosity upon
biochar addition increased consecutively with the level of compaction in
both soils (Supplementary Information, Fig. S3) reaching a maximum of
12.9 % compared to the original unamended soil (highest compaction
level in fine-grained Soil A). The gain in total porosity and, given that the
water content was not changed, the air-filled porosity was highest in the
finely textured Soil A at all compaction levels. In this soil, biochar
amendment increased air-filled porosity by a maximum of 87 %
compared to the unamended soil.

3.1.3. Pore size distribution and soil water retention curves (SWRC)

The impact of biochar amendment on the soil water retention curve
is presented in Supplementary Information, Fig. S4. The volumetric
water contents at saturation declined with increasing compaction,
similar to the porosity results in Table 2, as the void spaces available for
water storage diminished from compaction. At the same water content,
biochar-amended soils had slightly higher capillary pressures, thus dryer
than the non-biochar-amended soils for both soils between 100 and
1000 hPa for all samples except in Soil A compacted to 75 %. At higher
capillary pressures (>10* hPa), the curves of the amended and un-
amended soils converged, and the water content improvements were not
observed. The most significant water content improvements were shown
in the lower capillary pressure ranges (<1000 hPa). There is a data gap
between 1000 and 10* hPa due to limitations in the instruments
employed, where the Hyprop™ has a maximum capillary pressure
measurable to ~1000 hPa and the minimum pressure of ~10,000 hPa
for WP4C™ dewpoint potentiometer. Nevertheless, the SWRC were used
to estimate pore size distributions using Eqgs. (8) and (9) and illustrated
in Fig. 1.

3.1.3.1. Landfill cover soil. Increasing compaction lowered the total
porosity as expected (Table 2), and thus, the saturated volumetric water
contents for both Soil A and Soil C decreased (Supplementary Infor-
mation, Fig. S4). However, pore size distribution fractions showed a
different trend with increasing compaction for Soil A (Fig. 1). Soil A
compacted at 75 % Proctor density had lower pore volumes than 85 %
compaction at P, < 60 hPa, and the 95 % compaction had the lowest
pore volume percentage. Larger pores (macropores) in 75 % compaction
were more susceptible to pore reduction upon compaction than at 85 %
Dp; in Soil A and small pore volumes (e.g., micropores) have the smallest
impact on compaction (Sleutel et al., 2012). Soil C decreased pore
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Fig. 1. Pore volume distribution histograms of Soil A and Soil C with and
without biochar at different compaction levels at (a) capillary pressures (P,) <
60 hPa, (b) 60 < P, < 300 hPa, (c) 300 < P, < 15,000 hPa, (d) P, > 15,000 hPa,
and (e) P, > 60 hPa.

volume sizes with increasing compaction at P, < 60 hPa, consistent with
the total porosity trends. The highest share of pores for coarse-grained
Soil C was in the P, < 60 hPa region (32 to 66 % of the total porosity).

There was no clear trend in the share of pore volumes to compaction
levels beyond the saturation region for all the samples, particularly after
air started entering the compacted soils beyond the air-entry pressure.
The highest pore volume in the 60 < P, < 300 hPa region was measured
on 75 % compaction for Soil A, whereas the lowest pore volumes were
observed on 75 % compaction for Soil C. The highest percentage of pores
was found in the 300 < P, < 15,000 hPa region for Soil A, ranging from
38 to 54 % of the total porosity, compared to 6 to 21 % of the total pores
in coarse-grained Soil C. At P, > 15,000 hPa, the percentage of pores
ranged between 15 and 26 % for both Soil A and Soil C for all
compaction levels.

3.1.3.2. Landfill cover soil with biochar. Biochar amendment increased
the total porosity of Soil A for all compaction levels by 7 % to 12 % and
by 4 % to 6 % between Soil C and Soil C + B (Table 2 and Fig. S3).
Biochar addition increased field capacity (P, > 60 hPa) and hence the
maximum amount of water that can be stored against gravity in both
soils at all compactions, except for the 95 % level in coarse-grained Soil
C + B (Fig. 1). For Soil C at 95 % compaction level (P, > 60 hPa), the
impact of biochar was negligible. Biochar showed no improvement of
soil pores at P, < 60 hPa (d > 50 pm) except at 75 % compaction level in
Soil A + B (66 % increase in d > 50 pm pore diameter). Biochar addition
most profoundly increased the pore diameter at 10 > d > 0.2 pm
(equivalent to 300 < Pc < 15,000 hPa) with all compaction levels.



S.C. Yietal

Biochar showed the highest pore volume improvement at 300 < P, <
15,000 hPa for all compaction levels (except for Soil C + B at 95 %
compaction): the increase ranged from 21 to 59 % for Soil A + B and 83
to 133 % in Soil C + B. In Soil A + B, this pore class (10 > d > 0.2 pm)
represented ~62 % of the total pores, and in Soil C + B, the pores rep-
resented 13-28 % of the total pores. Biochar amendment lowered pore
volumes at P, > 15,000 hPa (d < 0.2 pm at P, > 15,000 hPa) for both Soil
A and Soil C for all compaction levels.

3.2. Methane oxidation

3.2.1. Methane oxidation in loose soil (pre-incubation)

All samples were pre-incubated for ~105 d to maximize the methane
removal rates by activating the methane-oxidizing bacteria and
providing methanotrophic communities the time to proliferate to their
respective maximum level. Landfill cover soils with a different history of
CH4 exposure will have distinct methane oxidation rates. Therefore, pre-
incubating the soils with CH, to reach a maximum capacity serves as a
way to establish a steady-state condition for both soil types to compare
the soils with two different CH4 exposure histories. Thus, the CHy4
oxidation rates observed after compaction of loose soil should reflect
only a response to changes in porosity and gas transport properties at a
constant water content. Fig. 2a and b illustrate the methane oxidation
rates during the pre-incubation stages of loose soils and the buildup of
methane oxidation capacity over time.

The oxidation rates were initially higher for Soil A/Soil A + Bat17.8
% gravimetric water content than Soil C/Soil C + B mixtures (5.9 %
gravimetric water content from 0 to 69 d of pre-incubation time) and
increasing markedly, suggesting an already active soil conducive to
methane oxidation. Because the methane oxidation rates were slow in
Soil C/Soil C + B, the gravimetric water contents were increased to 7.7
% (w/dw) on 70 d of the pre-incubation study. After 71 d of incubation,
Soil C/Soil C + B started exponentially increasing methane oxidation
rates, and the gravimetric water contents of 7.7 % (w/dw) were main-
tained in the Soil C/C + B mixtures for the remainder of the study.

At the end of the pre-incubation period between 99 and 105 d of
methane exposure, the rates calculated in dry mass were 1117 + 45 mg
CH, kgah d ™ for Soil A, 946 + 66 mg CHy kgah d ! for Soil A + B, 861
+ 63 mg CH, kggit d ™ for Soil C, and 820 + 64 mg CH, kgga d " for Soil
C + B. The differences between Soil A and Soil C, and Soil A and Soil C +
B were statistically significant (P < 0.05). The difference between Soil A
+ B and Soil C + B was statistically insignificant (P > 0.05). Despite the
16.5 % difference between Soil A and Soil A + B, and the 5 % difference
between Soil C and Soil C + B of the mean methane oxidation rates,
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these differences were statistically insignificant (P > 0.05), and the
initial methane oxidation rates were indistinguishable between the
natural soils and the biochar-amended soils.

3.2.2. Methane oxidation in compacted soil

After compacting the soils into the ~100 cm” steel cores and
exposing them to methane in individual jars, the methane oxidation rate
continued to increase with progressive duration of incubation for some
samples, excluding Soil A + B for all compaction levels, and Soil A and
Soil C at 95 % Proctor compaction (compare average rates for 1-3
phases with average rates for 18-20 phases, Fig. 2c).

3

3.2.2.1. Landfill cover soil. Methane oxidation rates were higher in Soil
A at 75 % and 85 % compaction levels within the first three phases of
incubation within three days after sample compaction (Fig. 2¢). The
oxidation rates estimated from the dry soil mass increased from 1117 mg
CHy4 kg&&, d! during pre-incubation (Fig. 2a & 2b) to 1312 mg CH4 kgavlv
d ! for 75 % compaction (Fig. 2¢) and to 1282 mg CH4 kga d ! for 85 %
compaction (Fig. 2c¢). At 95 % of the Proctor density, the methane
oxidation rates in Soil A plummeted by ~83.5 % from the pre-incubation
rate to ~185 mg CHy4 kg&vlv d~L. with more prolonged incubation, the
methane oxidation rates increased in Soil A as shown in the 18-20
phases, except when Soil A was compacted to a 95 % level that
decreased to approximately 33.8 mg CH,4 kgzs d!. Soils with higher
clay and silt contents were more susceptible to compaction and showed
a more significant change in soil pore structures than sandy soils (Gupta
et al., 1989). Hence, the same effect on Soil C was not observed for the
95 % compaction level.

The methane oxidation performance in coarse Soil C varied less in
comparison to fine Soil A. The methane oxidation rates measured within
the first three phases after compaction were similar to the loose soils for
all three compaction levels. There was no change in oxidation rates
initially after compacting the samples to three different levels. The
oxidation rates ranged from 840 + 46 to 954 + 67 mg CHy4 kgE&, d~! for
all three compactions and were statistically insignificant with p > 0.05
for all compacted samples, including the Soil C oxidation rates at pre-
incubation. However, for the final three phases of incubation, the
methane oxidation rates in Soil C significantly increased in samples
compacted at levels 75 % and 85 %, similar to Soil A. The dense
compaction at 95 % in coarse Soil C performed better than Soil A with a
mean oxidation rate of 1167 + 25 mg CHy kg&v}, d~!, but the oxidation
rates were statistically insignificant (p > 0.05) to the rates of the loose
soil in Soil C, indicating that rates did not increase drastically from the
loose condition.
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Fig. 2. Mean methane oxidation rates during pre-incubation (loose soil, left) and of compacted samples (75 %, 85 %, 95 % Proctor density, right) over time of
incubation, with (closed symbols) and without (open symbols) biochar. Phase = one complete cycle of oxidizing 10 vol% CHy. Incubation time for Phases 1-3 was
0 to 0.22 d and 58 to 73 days for Phases 18-20. Error bars = standard error. Letters denote significant differences between samples (p < 0.05).
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3.2.2.2. Landfill cover soil with biochar. Biochar addition decreased
methane oxidation rates at 18-20 phases in fine-grained Soil A at 75 %
and 85 % Proctor by 55 % and 37.5 %, respectively. Only at the 95 %
compaction level, biochar prevented the collapse of methane oxidation
in Soil A, maintaining rates similar to Soil A at pre-incubation. During
1-3 phases of soil incubation in Soil A + B, the methane oxidation rates
were similar between all compaction levels, and the rates prevailed until
the end of the experiment. In Soil C, rates were similar with and without
biochar in the beginning and strongly increased throughout the exper-
iment at 75 % and 85 % Proctor compaction. Long-term improvement in
CH4 oxidation rate is seen for both Soil A and Soil C with biochar
addition at the highest compaction level.

3.2.3. Gas diffusivity of soils and relation to CH4 oxidation

Normalized gas diffusivity (D,/D,) increased linearly with lower soil
density and increased air-filled porosity (Fig. 3a). Soil A mixtures had
lower gas diffusivity than Soil C for all compaction level equivalents
(Table 3). Biochar addition enhanced gas diffusivity by 19-48 % in Soil
A and 23-72 % in Soil C for all compaction levels (Figs. 3a & Table 3).

The methane oxidation rates for the mixtures show that the highest
peak rates were observed in Soil A at 75 % compaction level, surpassing
the rates of all biochar/soil combined mixtures (Fig. 3b). The lowest
oxidation rates were found in Soil A at 95 % compaction level in the last
three phases of incubation. Compaction concomitantly reduced methane
oxidation in Soil A, but a different trend was observed in Soil C, where
the highest methane oxidation was found in 85 % compaction level, and
the lowest rate was observed in 95 % compaction, but the rate ranged
between 1366 and 1680 mg kgzs d . Adding biochar to soils did not
improve methane oxidation rates in Soil A despite having higher oxygen
transport than the original soil except in 95 % compaction. Soil C fol-
lowed a different pattern than Soil A, where biochar improved the CHy
oxidation rates the most in Soil C + B at 95 % compaction. Data suggest
that the methane oxidation rates elevated progressively in Soil A
(Fig. 2b) from the initial phases to the final phases of incubation in the
75 % and 85 % Dp; compacted soils. However, biochar application dis-
rupted methanotrophic activity as the methane oxidation rates stag-
nated in Soil A for the two compaction levels but were not inhibited.
Compaction and biochar addition improved CH4 oxidation in coarser
soils with variable pore volume distribution (Figs. 1 and 3b) than in Soil
A, indicating that biochars did not have toxic properties, and pore size
classes may have an important role in microbial activity (Sleutel et al.,
2012). The decreased CH4 oxidation rates in Soil A + B under 75 % and
85 % compaction levels are soil-specific and could be attributed to the
reduction in certain pore size classes from compaction, biochar
breakage, and the accumulation of water in soil micropores during
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incubation. Despite the clear inverse relationship between gas diffu-
sivity and soil compaction, methane oxidation rates varied only mini-
mally with compaction, except for the collapse in fine Soil A at 95 % of
the Proctor density (Fig. 3b). Coarse Soil C + B maintained oxidation
rates twice as high as fine Soil A + B at all compaction levels. Biochar
amendment in fine Soil A almost halved the methane oxidation rate,
except for the highest compaction.

Biochar amendment improved specific diffusivity at all compaction
levels in the coarse Soil C but only at the 75 % compaction level in fine-
grained Soil A (Table 3). Based on the potential flux, coarse Soil C
mixtures had higher O, transport with higher expected Jcy4 potential
flux than finer Soil A. Adding biochar enhanced the Joz and Jcug po-
tential flux for all sample types, with the highest potential flux observed
in the lowest compacted coarse soil. However, the potential oxygen flux
represents the maximum oxygen transport in the soil, not the actual
oxygen flux. The actual oxygen flux trended contrary to the potential
oxygen flux. In unamended soils, finer Soil A had the highest oxygen flux
compared to the coarse soil, and the oxygen transport increased with
increasing compaction levels for most samples. Furthermore, the addi-
tion of biochar decreased the oxygen flux for both soil types.

Fig. 4 illustrates the sample depths at which diffusive Oy supply
would deplete and start to limit CH4 oxidation based on Fick's law. In a
simplified approach, it was assumed that the entire CH,4 oxidation (one
mol of CHy4) would occur in a specific depth and that the required O flux
(two moles of O,) would have to reach this depth using the measured
methane oxidation rates of compacted samples as an indicator of the
actual oxygen flux. Adding biochar and/or using coarse soil will enhance
O, penetrable depth, thus showing higher oxygen intrusion depth in
coarse Soil C than in the finer Soil A. Adding biochar to a finer soil
enhanced oxygen infiltration depth but remained below 0.6 m for all
compaction levels. The highest oxygen intrusion depths were in coarse
Soil C + B. In line with decreasing effective diffusivity (coefficient Dp),
increasing compaction level decreased the depth reachable by Oa.

3.3. Composition of the methanotrophic population

A total of 1045 species were identified, of which 18 were methano-
trophic species (also see Fig. S5 in Supplementary Information). All
samples, including the loose soil at the end of the pre-incubation stage,
Soil A and C with and without biochar, showed a strong dominance of
Type II species, namely Methylocystis, followed by Methylocella and, in
most samples by Methylosinus. Apparent differences between the com-
munities' response to compaction and biochar amendment were seen;
however, no relation between abundance or community composition
and observed CH4 oxidation rates was found (Fig. 5).
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Fig. 3. Gas diffusivity of compacted samples with and without biochar: (a) compared against porosity where the colored ellipses indicate compaction levels (blue =
75 %, grey = 85 %, red = 95 % compaction), and (b) compared with CH,4 oxidation rates averaged over phases 18-20 (see also Fig. 2c).
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Table 3
Gas diffusivity and gas transport properties.
Compaction Units Soil A Soil A + B Soil C Soil C + B
% Proctor 75 85 95 75 85 95 75 85 95 75 85 95
D,/D, m?! 0.16 0.14 0.06 0.26 0.17 0.08 0.25 0.15 0.09 0.31 0.23 0.19
(S.E.) + 0.03 0.01 0.00 0.02 0.01 0.02 0.01 0.00 0.02 0.03 0.00 0.02
D, m?~! 3.3 x 3 x 1.2 x 5.4 x 3.7 x 1.6 x 5.2 x 3.9 x 1.9 x 6.6 x 4.9 x 3.9 x
10°° 107° 107° 107° 10°° 10°° 10°° 10°° 10°° 107° 107° 107°
(S.E.) + 6.7 x 8.8 x 4.2 x 4.2 x 1.7 x 3.9 x 2.8 x 4.5 x 4.2 x 6.0 x 8.3 x 4.4 x
1077 1078 1078 1077 107 1077 1077 1077 1077 1077 10°° 1077
Specific diffusivity (D,/ m?! 1.1 x 1.5 x 1.1 x 1.5 x 1.3 x 8.1 x 1.3 x 1.2 x 7.5 % 1.5 x 1.4 x 1.4 x
£) 1077 1077 1077 1077 1077 1078 1077 1077 1078 1077 1077 1077
J 02 potential flux g0y m 2 3422 3090 1205 5595 3760 1657 5359 3209 1917 6757 5065 4056
d—l
J 02,exp actual flux’ g0y m™2 261 257 5 104 120 155 179 249 189 208 237 294
d—l
J crq potential flux g CHy m 856 773 301 1399 940 414 1340 802 479 1689 1266 1014
d—l
J crq oxidized (avg. of g CHym 65.1 64.3 1.3 26.1 29.9 38.7 44.7 62.2 47.2 51.9 59.3 73.6
phases 18-20) d!

# Joo actual flux was obtained by calculating the flux using the last three phases of the CH,4 oxidation rates during incubation of compacted soils and the bulk density
of the compacted samples (Egs. (5) & (7)), Dp/D, = gas diffusivity, D, = gas diffusion, ¢ = air-filled porosity, J = gas flux, S.E. = Standard Error.
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Fig. 4. Oxygen infiltration depth at an averaged methane load of 2.41 + 0.01
mg CH,4 per cm?,

3.3.1. Landfill cover soil

In loose soil conditions, methanotrophs represented 6.5 % of the
hybridization product in Soil A and 6 % in Soil C. The most abundant
methanotrophic species was Methylocystis, representing 2.9 % of the
relative abundance of the microbial composition in Soil A and 2.4 % in
Soil C. The second and the third most abundant methanotrophic species
were Methylocella and Methylosinus for all sample types. Type II meth-
anotrophs Methylocystis, Methelocella, and Methylosinus represented 44
%, 14 %, and 10 % of relative abundance of the total methanotrophs in
loose soils for Soil A and 41 %, 11 %, and 7 % for Soil C, respectively.
Representatives of Type I methanotrophs consisted of Methylomicrobium
and Methylomonas. With these two species combined, Soil A had 0.21 %
(0.14 % Methylomicrobium and 0.07 % Methylomonas) and Soil C had 1.7
% (1 % Methylomicrobium and 0.7 % Methylomonas) Type I methano-
trophs from the relative abundance of the total microbial composition,
representing 3.1 % and 27.7 % of the total methanotrophs in Soil A and
Soil C, respectively.

After compaction and continued incubation, the relative abundance
of methanotrophs increased slightly in both Soil A and Soil C for all
compaction levels. Similar to the loose soils, Type II methanotrophs
(Methylocystis, Methylocella, Methylosinus) were the dominant methano-
trophs in both Soil A and Soil C, with a slightly higher abundance in Soil
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A (ranged ~7-9 % abundance) than in Soil C (ranged 5-6 % abundance)
for all compaction levels. Methylocystis represented the most abundant
genus in all compacted samples. Type I methanotrophs represented <1
% of the total abundance for both soil types at all compaction levels.

3.3.2. Landfill cover soil with biochar

In the biochar-amended and compacted soils, MOB abundance did
not change in fine-grained Soil A (Fig. 5a), consistent with the methane
oxidation rates (Fig. 3), possibly due to the differences in soil texture.
The response could be unpredictable since there was no correlation
between the pore size distribution, soil moisture characteristics, gas
diffusivity, Op availability, and compaction on methanotrophic com-
munity composition. Biochar markedly improved coarsely-grained Soil
C (Fig. 5b). Here, relative abundance of methanotrophs doubled upon
biochar amendment at all compaction levels and in the loose soil as the
biochar primarily enhanced pore structure in coarse sandy soil and
diversified the pore size classes. Methylocystis benefited the most from
biochar amendment, with abundances increasing by over a factor of
three. In coarsely-grained Soil C, biochar addition increased the relative
abundance of Type Il species to 90 % of total methanotrophs prior to soil
compaction, while Type I methanotrophs did not increase upon biochar
amendment in Soil A. In the loose, pre-incubated soil, Type I abundance
was similar in Soil A with and without biochar (~2 % of the total spe-
cies), while biochar amendment significantly reduced Type I abundance
in Soil C from ~35 % to ~8 % of the total methanotrophs. Compaction
reduced the share of Type I methanotrophs in Soil C even further to <6
% of the total methanotrophs and ~ 1 % of all species. While, as
described, the relative abundance of the microbial composition enor-
mously increased upon biochar amendment in coarsely grained Soil C,
but no systematic differences between the compaction levels were seen.

4. Discussion

This study investigated if methane oxidation rates and methano-
trophic community composition of two landfill cover soils at different
compaction levels could be enhanced by adding fir-wood biochar
through the hypothesized beneficial effects of the increase in air-filled
porosity and water retention capacity. Biochars are believed to
enhance soil properties relevant to improve methane oxidation, how-
ever, the beneficial effects were different for the two landfill cover soils
employed in this study.
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4.1. Soil compaction, diffusivity, pore size characteristics and water
retention

Compaction reduced air-filled porosity and gas diffusivity in both
soils (Tables 2 & 3), with relative change being soil-dependent. Coarse
Soil A in this study showed lower changes than compaction-susceptible
finer soil under the same compaction regime (Gebhardt et al., 2009). At
all compaction levels, air-filled porosity and gas diffusion coefficients
were higher in coarse-grained soil than in finer-grained soil and were
increased by the addition of biochar (Table 2). The highest diffusion
coefficients were observed in the coarse Soil C mixtures with biochar.
However, the largest relative increases in total porosity and air-filled
porosity and diffusivity were observed for the fine-textured Soil A.
The results corroborated with Amoakwah et al. (2017) and Sun et al.
(2013), who observed that increases in diffusivity corresponded to
increased air-filled porosity resulting from biochar addition (Amoakwah
et al., 2017; Sun et al., 2013).

However, compaction and biochar amendment on soils distorted
pore size distribution. Of all pores size classes, the coarse pores >50 pm
(equivalent capillary pressure of P. < 60 hPa, Fig. 1a) were reduced
mostly by compaction, shifting the pore size distribution towards the
smaller diameter, as also reported previously (Gebhardt et al., 2009;
Verseveld and Gebert, 2020; Wickramarachchi et al., 2011). Biochar
amendment decreased the share of coarse pores >50 pm (Fig. 1a) at all
compaction levels (except for 75 % Dp; in Soil A). Biochar significantly
increased medium size pores (0.2-10 pm, Fig. 1c), except for the 95 %
compaction level in fine Soil A, and always reduced the share of pores
<0.2 pm (Fig. 1d). Changes in the share of fine coarse pores at 10-50 pm
were equivocal, as clear trends did not emerge. In Soil C and Soil C + B,
the pore size distributions were both diverse and varied, providing
sufficient pore spaces in all pore classes, whereas >40 % of pores were in
P, > 60 hPa region for Soil A and Soil A + B (Fig. 1). Interestingly, soils
with pores distributed more evenly between the varying pore fractions
from 0 to >15,000 hPa performed better than soils with only one pore

11

fraction dominating. Despite the slight reduction in pore volumes at P,
< 60 hPa and P, > 15,000 hPa for all biochar-amended Soil C, the
methane oxidation rates were, therefore, higher with biochar
amendment.

Compaction can fracture biochar particles, producing smaller parti-
cles that decrease pore size (Lamprinakos and Manahiloh, 2019) as fine
particles are packed firmly between the larger pores. Compaction of
biochar-amended soil will change the pore size distribution, and this
effect would likely change saturated hydraulic conductivity and
advective gas transport at larger scales, which both are strongly affected
by the pore diameter (Hagen, 1839; Poiseuille, 1840; Stokes, 1845).
Spokas and Bogner (2011) observed that the optimum methane oxida-
tion condition could be at capillary pressure of ~500 hPa, and the
oxidation rate can decrease by ~50 % when the soil moisture becomes
drier than 7000 hPa (Spokas and Bogner, 2011). Therefore, if the pore
volume at ~500 hPa is enhanced, an increase in methane oxidation is
expected. In the study, the soil moisture potential was not set at 500 hPa
to normalize the soil variability to achieve the optimal methanotrophic
activity, but at 1000 hPa (a lower moisture content) to ensure that water
logging did not occur, and sufficient moisture was available for the
MOB. However, water enhancement may occur in smaller pore frac-
tions, and water evaporation may occur in larger pores, possibly
affecting methane oxidation. It was observed that biochars increased
pore volumes at P, = 500 hPa for all samples except in Soil C + B at 85 %
and 95 % compaction (Supplementary Information, Table S5), but the
matric potential mostly increased in soils with biochar amendment at
the same gravimetric water contents (Table 2). Furthermore, adding
biochar reduced the pores above 15,000 hPa matric potential, which can
be easily filled with water that can decrease methane oxidation rates.
The reduced oxidation rates in Soil A + B at 75 % and 85 % Proctor
compactions may have occurred due to water accumulation in biochar-
concentrated regions where the gravimetric water contents can increase
by four times the original amount (Yargicoglu and Reddy, 2017b),
locally reducing the O, and CHy flux, corroborated by increased share of
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medium-sized pores (0.2-10 pm, Fig. 1c) despite keeping the gravi-
metric water contents constant.

Compaction significantly increased the volumetric water content,
while biochar amendment reduced the volumetric water content,
increasing the matric potential (Table 2). By changing the pore size
distribution of soils, biochar amendment led to a redistribution of
moisture across different pore sizes (Fig. 1). In finer soil, depending on
the type of biochar, water retention can be decreased if the internal
porosity of biochar gets clogged and/or the biochar specific surface
areas are lower than soils (Vi et al., 2020), thus controlling CH4 oxida-
tion, especially in cases where soils become too dry or when a larger
proportion of small diameter pores (e.g., d < 0.2 pm) become filled with
water. Methane oxidation will be more susceptible to water in fine soils
than in coarse soils (Huber-Humer et al., 2008) as capillary forces are
higher and large, and drainable pores are less abundant.

At high compaction, the increased air-filled porosity from 10.5 to
19.7%;,) explains the positive effect of biochar on CH4 oxidation when
air-filled porosity is in the region of diminished pore connectivity
(~10%y,01) (Gebert et al., 2011; Moldrup et al., 2001). In these cases,
biochar addition improved air-filled porosity and pore connectivity,
preventing the collapse of CHy4 oxidation rates due to the development of
O,-depleted sites in the soil (Gebert et al., 2016; Horn and Smucker,
2005). In coarse Soil C + B, biochar mostly improved long-term CHy4
oxidation rates, with the greatest impact found at the highest level of
compaction, even though biochar lowered the volumetric water con-
tents at the same gravimetric water content (Table 2). The highest
oxidation rates were observed on coarse Soil C + B at 95 % compaction
(Fig. 2¢).

Against expectation, enhancement of air-filled porosity and gas
diffusivity from biochar addition (Fig. 3) did not improve methane
oxidation rates in the fine-grained soil. Instead, biochar benefitted the
oxidation rates in the coarse-grained soil. The moisture content may
influence the methane oxidation rate, as at constant gravimetric water
content, biochar-amended soil had a lower volumetric water content,
hence a higher matric potential (capillary pressure) than the control soil.
A major limitation of the study was not accounting for the variation of
moisture contents in the compacted biochar-amended soils and the
implications on methane oxidation and methanotrophs. The moisture
contents were set constant to examine the changes in methane oxidation
rates and methanotrophs' adaptability when porosity is altered, influ-
encing gas transport.

Continued exposure of methane to loose soils during pre-incubation
promoted methanotrophic communities to adapt to the higher methane
exposure, and the incubation of compacted samples led to a sustained
increase in CH4 oxidation rates (Figs. 2a — 2c) reaching the values
>2000 mg CH,4 kgpwy d! (equals 83 pg ggi h™1), illustrating the
importance of methane exposure to the substrate before assessing the
suitability of a soil for use in methane oxidation systems (Rower et al.,
2011; Spokas and Bogner, 2011). Methane pre-incubation normalized
all four soil types (Soil A and C, with and without biochar) to similar
oxidation rates (Fig. 2a and b), indicating that biochar amendment did
not significantly affect CH4 oxidation in the loose soils. Methane
adsorption can occur in porous carbon materials affecting methane
oxidation rates, but this effect was not observed, and the biochar's
specific surface area was too low for this process to dominate (Memetova
et al., 2022; Sadasivam and Reddy, 2015). The oxidation rates exceeded
the previously reported values from batch testing at similar tempera-
tures, which ranged 43 to 1133 mg CH, kgpw d* (Scheutz et al., 2009;
Spokas and Bogner, 2011).

In the compaction experiment, CH4 oxidation rates were not sys-
tematically affected by the reduced air-filled porosity and diffusivity
induced by compaction (Fig. 3), except for fine-grained Soil A at the
highest compaction level (95 % Dp;) that showed CH4 oxidation plum-
meting to approximately 33.8 mg CH, kggas d~*. This means that higher
air-filled porosity related to lower compaction or biochar addition did
not govern methane oxidation unless biochar supported the collapse of
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pore structures in the soil media when air-filled porosity reduced to <10
% at a 95 % compaction level. CH4 oxidation rates remained relatively
constant for all compaction levels at different diffusivities when biochar
was added to both soils (Figs. 3b). Coarse soils, both with and without
biochar, mostly exhibited higher methane oxidation rates and oxygen
flux with increasing compaction despite having lower diffusivity with
higher density.

It is noteworthy that in all samples, the potential diffusive Oo flux
greatly exceeded the measured and the calculated Oy flux needed to
facilitate the observed CH4 oxidation rates. This indicates that O,
diffusion did not limit the methane oxidation process in the experi-
mental setup with shallow soil specimens (total height of 5 cm),
resulting in high O, concentration gradients (Table 3). Furthermore,
methane emissions may exceed if the CH4%y,) treatable is higher than
the volume of soil with active methanotrophs (Yargicoglu and Reddy,
2017b) since the addition of biochar to soil increased not only the po-
tential O, flux but also the potential CHy4 flux (Table 3). Design of high-
performing methane oxidation systems should avoid limiting the process
to the upper crust of the soil. Calculating the potential depth of diffusive
O, ingress (Fig. 4), shows that compaction significantly decreases the
depth to which O, can penetrate and that biochar mitigates the adverse
effect of compaction. Further, in line with the lower diffusion co-
efficients, the available depth is higher in coarse-grained soils than in
fine-grained soils that are also more susceptible to mechanical stresses
(Gebhardt et al., 2009; Lamprinakos and Manahiloh, 2019).

4.2. Composition of the methanotrophic community

All samples were dominated by Type II methanotrophs. However, the
response of community composition in the two soils to biochar addition
was quite different. Application of biochar did not increase the total
methanotrophic abundance in finer-grained Soil A but more than
doubled the abundance in all samples of coarse-grained Soil C, including
the loose soil at the end of pre-incubation (Fig. 5). An increase in total
abundance could entirely be attributed to an increase in the relative
abundance of the genus Methylocystis. However, this did not reflect in
increased CH4 oxidation rates. Very clearly, abundance and CH4
oxidation rates were unrelated over the entire sample set of loose and
compacted soils, with and without biochar, as reported in other studies
from natural environments (Hunt et al., 2013; Nagler et al., 2021).
Methanotrophic abundance also showed no relation to compaction, in
either of the soils since the increase in Methylocystis upon biochar
amendment in coarse Soil C was neither related to oxidation rates nor
compaction and hence volumetric water content and air-filled porosity.
It is suspected that Methylocystis benefitted from, for example, biochar-
associated nutritional elements, additional surface area for coloniza-
tion or increased moisture content around biochar particles in coarse
soil.

The proliferation of Type II methanotrophs is favored by high levels
of methane, low levels of O, and limited concentrations of nitrogen and
or copper (Hanson and Hanson, 1996). The Type II genus Methylocystis
was the most abundant in all samples from both soils, with and without
biochar, followed by Methlyocella and Methylosinus. Type II dominance
and high abundance of Methylocystis and Methylosinus were also found in
studies by Gebert et al. (2009) for cover soils from old landfills and by
Huang et al. (2019) in a sandy loam landfill cover soils amended with
biochar, and in biofilters used for the biological treatment of landfill gas
(Gebert et al., 2009; Huang et al., 2019).

Methylocystis species can consume high levels of methane from
landfills and low concentrations of atmospheric methane (Bao et al.,
2014; Huber-Humer et al., 2008). Type II methanotrophs are mesophilic
and neutrophilic microorganisms that can fix nitrogen (Bodelier, 2011)
and grow between 15 °C to 37 °C with an optimum temperature of
30-35 °C (Jung et al., 2020). Methylocystis is considered a versatile
genus, able to adapt to diverse environments under stress and to survive
under fluctuating methane concentrations (Jung et al., 2020).
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Yargicoglu and Reddy (2017a) found that the Type I methanotrophs
Methylomonas and Crenothrix dominated in landfill cover soils, with the
highest population found in samples without biochar (Yargicoglu and
Reddy, 2017a). However, these soils were characterized by low
permeability with low oxidation rates. Also, here, an impact of CHy
exposure to the substrate in laboratory incubations on methane oxida-
tion was suspected. Type I MOB are dominant in environments in which
methane is limited and high nitrogen levels prevail (Hanson and Han-
son, 1996). Type I methanotrophs were detected in this study, however,
the relative abundance of the microbial composition was below 2 %.

5. Conclusions

The study investigated the impact of adding fir-wood biochar to
active landfill cover soils employed at two different Dutch landfills with
moderate oceanic climates. The purpose of the study was to understand
the underlying mechanisms involved in methane oxidation and assess
the feasibility of implementing biochar on a larger scale through batch
tests to understand the application of fir-wood biochar changing the
physical landfill cover soil properties affecting methane oxidation and
methanotrophic population at 75 %, 85 %, and 95 % compaction levels.

Waste management operators and researchers are interested in uti-
lizing biochar to reduce methane emissions, and batch testing serves as
an inexpensive and rapid means to determine if applying fir-wood bio-
char to landfill soil covers is optimal for their landfills. The batch tests
provide essential knowledge of soil properties and behaviors of meth-
anotrophs under various compaction levels, enabling operators to
evaluate and identify limitations and make necessary adjustments to
reduce landfill CH4 emissions using biochar before field-scale imple-
mentation. Thus, tests were conducted to examine the influence of
biochar on methane oxidation kinetics in relation to soil textures,
porosity, and gas diffusivity at a constant moisture content under three
levels of compaction. Based on the results, the following conclusions can
be drawn:

e CH4 oxidation rates are heavily driven by previous methane expo-
sures. Continued exposure leads to very high CH,4 oxidation rates that
attain very high levels in different soils. Prior exposure, therefore,
needs to be considered when assessing a soil's CH4 oxidation ca-
pacity, for example, for use in methane oxidation systems.

e Compaction strongly reduces air-filled porosity and hence diffu-
sivity, reflecting in lowered soil depths to which O can penetrate. In
compacted soils, the active methanotrophic zone is pushed to the
upper crust, which is more susceptible to adverse effects from satu-
ration or desiccation and seasonally varying extreme temperatures.
Also, the diminished soil volume must exhibit higher methane
oxidation rates to oxidize the same CH4 load as less compacted soil.

e Fir-wood biochar addition increases air-filled porosity and hence
diffusivity and the depth to which O3 can penetrate, partially miti-
gating the adverse effects of compaction.

e Sieved fir-wood biochar changes the soil's pore size distribution. Soil
texture plays a vital role in how pore size distribution, gas and water
transport, and water retention are affected by biochar amendment.
Additional study is needed to determine if geometric shapes of bio-
char can change the interpores and pore size fractions between the
solid particles altering soil tortuosity and/or contributing to water
clogging, inhibiting oxygen penetration into the soil, and adversely
impacting CHy4 oxidation.
Fir-wood biochar addition can significantly change the methano-
trophic community composition, with the response being soil-
specific. MOB abundance and composition are unrelated to soil
compaction and the corresponding changes in soil porosity. Also,
they are indirectly linked to CHy4 oxidation rates, at least not at the
level observed in this study.

Understanding the changes in biocover soil properties caused by the
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added materials is critical for designing efficient landfill covers and
optimizing methane oxidation. Suppose fir-wood biochar produced at
500 °C is considered as an amendment to landfill cover soils to enhance
methane oxidation of fugitive methane emissions. In that case, biochar is
most effective in coarse soils rather than in fine soils with high clay
contents.
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