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Abstract

Biochar has been recently considered as a potential soil additive to mitigate the landfill gas emissions in the soil cover.
Some physical and chemical properties of biochar, like high phosphorus and organic matter contents, porous structures, and
high specific surface area, are prone it a good soil amendment material to enhance the microbial methane oxidation and gas
adsorption capacities of the soils. Three different types of biochar: wood chip, two herbaceous biomasses (corn straw and
rice straw), were used to modify a silty soil in this study. Microbial CH, oxidation and CH, and CO, adsorption capacities
of the modified soils were investigated by the batch tests. The test results showed that the maximum methane oxidation rate
(MO,,,,,) of the soil modified by 30% biochar content (B,) was 3—4 times that of the host soil. An optimum B, corresponding
to the peak value of MO,,,, was identified. For the three biochars tested, the optimum B, ranged between 20 and 30% and
soil modified by wood-derived biochar exhibits the highest MO, ,, because woody biochar has the highest specific surface
area and lower pH. Moreover, MO,,,,, also increased with the preincubation time. It is suggested that preincubated sample
has the advantage over the fresh sample for building up the content of methanotrophs in the soil before constructing the
cover system. The adsorption kinetics and isotherms of CH, and CO, in the modified soils followed the pseudo-second-order
equation and Langmuir model, respectively. By adding 20% B,, the maximum adsorption capacity of CH, and CO, in the

modified soil was about 54 times and 80 times that of the host soil, respectively.
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Introduction

About 2 billion tonnes of municipal solid waste (MSW)
was generated annually and it is expected to increase to 3.4
billion by 2050 [1]. Landfill is one of the key components
in the MSW management. Degradation of wastes in the
landfills can produce leachate and landfill gases, which are
the potential threats to the environment. Landfill gases con-
sist mainly of 55-60% methane (CH,) and 40-45% carbon
dioxide (CO,). Regarding the anthropogenic CH, emissions,
landfills are the third largest source in the world. Soil cover
is one of the common barriers adopted in the landfills to
mitigate the emissions of landfill gases, which replies on the
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low gas conductivity of cover material to maintain the low
gas fluxes through the soil cover [2].

A bio-cover is a novel soil cover system that mitigates
CH, emission of MSW landfills using the methanotrophic
bacteria to oxidise CH, [3—6]. Methanotrophs use methane
as a metabolic substrate. The methane oxidation process of
methanotrophs is a microbial activity in the natural environ-
ment [7]. Microbial oxidation of methane has been observed
in the landfills. With the help of this natural process, the
bio-cover layer could mitigate the methane emissions from
landfills [8, 9]. In general, the bio-cover consists of an upper
oxidation enhancing layer overlying a gas distribution layer.
Past studies have shown that organic-rich materials such as
compost and sewage sludge are commonly used in the bio-
cover to optimise the environmental conditions for the activ-
ity of methanotrophic bacteria, thus enhance CH, oxidation
[10, 11]. However, Humer and Lechner [12] found that the
maturity of the compost could greatly affect the CH, oxida-
tion ability of the soil cover. Besides, immature compost did
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not improve the CH, oxidation capacity, but rather produc-
ing CH, [13].

Biochar is an organic material produced from biomass
through pyrolysis. Its highly porous structure and high
organic matter content can favour the microbial activities,
which have been recently considered as a potential soil
amendment material to enhance CH, oxidation in the bio-
cover [14-16]. However, most of past studies on the micro-
bial methane oxidation using biochar-modified soils were
based on the laboratory column tests. The column tests are
appropriate to model the performance of soil cover subjected
to the boundary conditions specified for the operating sce-
narios found in the landfills. On the other hand, the batch
test is better than the column test to investigate the effects of
different controlling factors. Based on the batch test results,
Chiu and Lei [17] reported that biochar-modified soils
exhibited the optimum biochar and water contents, which
gave the maximum methane oxidation rate.

The porous structure, relatively high specific surface
area, and abundant surface functional groups on the sur-
face of biochar make it a low-cost effective adsorbent for
heavy metal [18, 19]. Hence, using biochar in the bio-cover
to mitigate the CH, emissions would involve the microbial
oxidation and adsorption mechanisms. Based on the batch
tests, Sadasivam and Reddy [20] showed that several pure
biochars had very good adsorption capacity for CH,, which
also depended on the water content and temperature. How-
ever, the adsorption tests for biochar-modified soils have
been rarely reported in the literature. Yargicoglu et al. [21]
showed that a high variability in the physical and chemical
properties of different biochars was observed due to different
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feedstocks and production processes. To understand the per-
formance of biochars produced from different sources, three
different types of biochar (wood chip, corn stalk, and rice
stalk) were tested in this study. The CH, oxidation and gas
adsorption capacities of the biochar-modified soils were
determined from the batch tests. Then, the test results were
compared with the physical and chemical properties to iden-
tify the controlling factors for the removal of CH,,.

Materials and Methodology
Materials

A low plasticity silt was tested in this study. The basic physi-
cal properties were determined in accordance with the pro-
cedures given in GB/T 50123-1999 [22]. Figure 1 shows
the grain size distribution. Most of the particles are smaller
than 75 pm. The liquid limit and plasticity index of the tested
soil are 27% and 8, respectively. The maximum dry den-
sity and optimum water content obtained from the stand-
ard compaction test are 1760 kg/m> and 16%, respectively.
Three different biochars were tested in this study. They were
derived from wood chip (W), corn straw (C), and rice straw
(R). C and R are herbaceous biomasses. All of them were
pyrolysed in a low oxygen environment at a temperature
of 500 °C. To prepare a more homogeneous sample, the
biochar samples were grounded and sieved through a sieve
with 2 mm openings. The specific surface area was deter-
mined by the BET method. The hydraulic conductivity (k)
was determined by a flexible wall permeameter conducted
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at an effective confining pressure of 50 kPa. Back pressure
saturation was conducted to remove any trapped air bubbles
in the soil specimens. The pore pressure parameter B was
measured after back pressure saturation. A B value of at least
0.95 was achieved for each specimen. Organic matter (OM)
and ash were determined by loss of ignition at a tempera-
ture of 550 °C according to the procedures given in NY/T
85-1988 [23]. The substance remaining after ignition is con-
sidered as ash. Phosphorus (P) and pH were determined in
accordance with the procedures given in LY/T 1232-1999
[24] and LY/T 1239-1999 [25], respectively. The grain size
distribution curves of three biochars are depicted in Fig. 1.
It is apparent that the biochars are coarse materials, which
consist of 52%, 50%, and 30% of particle sizes larger than
75 pm for W, C, and R, respectively. Table 1 summarises the
basic physical and chemical properties of the tested biochars.
R has more ash than W. This is consistent with the results of
past studies which show that biochar derived from woody
biomass contains less amount of ash than that from herba-
ceous biomass [26]. In this study, all three tested biochars
were pyrolysed at the same temperature of 500 °C. Uchimiya
et al. [27] showed that a pyrolysis temperature higher than
400 °°C can produce biochar of high specific surface area
and substantial amount of internal porosity. Table 1 depicts
that the range of BET-specific surface area is between 82 and
196 m*/g which is one order of magnitude higher than that
of kaolinite. Besides, W has a higher specific surface area
than C and R. Wang et al. [28] proposed that the lower spe-
cific surface area observed in the herbaceous biochar may be
attributed to its higher non-combustible component content
compared to the woody biochar.

Methane Oxidation Test

Two series of laboratory batch tests were conducted to
study the effects of biochar contents (B,) and preincuba-
tion time on CH, oxidation of biochar-modified soils. Air-
dried samples of biochar and soil were mixed thoroughly
according to the target B.. B, is defined as the ratio of
the dry mass of biochar to the dry mass of host soil. B,
tested in the study ranged from 10 to 50%. Then, water was
added to the samples to achieve a water content of 20%. To

prepare preincubated samples, fresh samples were stored
in the airtight containers in the laboratory under an ambi-
ent temperature of 25 °C. 100 g of biochar-modified soil
with a water content of 30% was put inside a 1 L container,
where a headspace concentration of 5% CH, (v/v) and 95%
air (v/v) was maintained. Each week, the containers were
re-opened and were flushed by fresh air for at least an
hour to ensure sufficient supply of oxygen for the aerobic
microbial activities. Then, the containers were resealed
after injecting 5% concentration of CH, by volume. The
above procedures were repeated until reaching the target
preincubation time of 14 days and 28 days. It is assumed
that the methanotrophic bacteria can grow in the soil sam-
ples inside the containers during the preincubation [29].

12 g of soil mixture (fresh or preincubated) was placed
inside each 135 ml gas container. An isobutyl stopper
was used to close the opening of the container. Tape was
used to wrap around the stopper and the opening of the
container to minimise gas leakage. The test procedures
followed those recommended by Albanna and Fernandes
[30]. First, 10 ml of air inside the container was replaced
by 10 ml of mixture of CH, and CO, (volumetric ratio of
1:1) using a syringe through the stopper at the top of the
container. Silicone rubber was used to seal the pinhole on
the stopper. Thereafter, the container was placed inside an
environmental chamber under a constant temperature of
25 °C for 24 h. Then, 10 ml of gas sample was extracted
from each container and the volume fraction of CH, was
measured by gas chromatography. After extracting gas
sample, the container was flushed by fresh air for at least
an hour. Then, 10 ml of mixture of CH, and CO, was
injected to replace 10 ml of air inside the container. As
a result, the same initial volume fractions of gases were
maintained. The above procedures were repeated and the
gas sample was extracted for each subsequent 24 h. The
batch tests lasted for a total of 30 days. It should be noted
that the initial volume fraction of CH, is assumed as that
measured from the gas sample taken from the container 2
h after the first gas injection. The methane oxidation rate
per unit dry mass per unit of time (ug CH, g~! day™!) is
calculated as the difference of volume of methane at a
given time of incubation and its initial volume.

Table 1 Physical and chemical

. . Material G, OM Ash ds, dyy BET-
properties of biochars specific
area
- % % (um) (um) m’/g
Wood (W) 0.71 75.6 24.4 82 8 196
Corn straw (C) 0.68 75.7 24.3 71 8 82
Rice straw (R) 0.69 60.5 39.5 38 6 118
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Gas Adsorption Test

The adsorption test method suggested by Do [31] was used
to determine the gas adsorption properties of biochar-mod-
ified soils. The tests consisted of five series: host soil, bio-
char R, and biochar-modified soils with a B, of 5%, 10%,
and 20%. For each test series, three initial gas concentra-
tions were tested. The soil samples were first sterilised in an
autoclave for at least 1 h to minimise the effects of micro-
organisms on the consumption of CH,. Then, the sterilised
samples were mixed with water to achieve a water content of
20%. 6 g of dry soil mixture was placed inside each 320 ml
gas container. An isobutyl stopper was used to close the
opening of the container. Tape was used to wrap around
the stopper and the opening of container to minimise gas
leakage. The test procedures followed those recommended
by Sadasivam and Reddy [20]. First, 20, 40, and 60 ml of
air inside the container were replaced by 20, 40, and 60 ml
of mixture of CH, and CO, (volumetric ratio of 1:1) using a
syringe through the stopper at the top of container, respec-
tively. Silicone rubber was used to seal the pinhole on the
stopper. The initial concentrations of CH, and CO, were
3.1%, 6.2%, and 9.4% (v/v). Thereafter, the containers were
placed inside an environmental chamber under a constant
temperature of 25 °C. For each test series and initial gas
concentration, eight test specimens (gas containers) were
prepared to collect gas samples at eight different time inter-
vals (2, 4, 6, 10, 20, 30, 60, and 120 min). 10 ml of gas
sample was extracted from each container. Then, the volume
fraction of CH, and CO, was measured by gas chromatog-
raphy. It should be noted that the initial gas concentration
was determined from a control gas container without soil
specimen and three replicas were tested to determine the
average gas adsorption rate of a specimen.

Adsorption Models

In the literature, the adsorption kinetics measured by the
batch tests is normally modelled by either the pseudo-first-
order or pseudo-second-order equations [32]. The pseudo-
first-order equation was proposed by Largergren [33],

assuming that the uptake rate is first order with respect to
the available surface sites. It has the following form:

1n< 2e >=k1t,
9de — 4

where ¢ is the adsorption capacity (mol/kg), g. is the equi-
librium adsorption capacity (mol/kg), ¢ is time (min.), and k;
is the rate constant for the first-order equation (min~!). On
the other hand, the pseudo-second-order model assumes that
the uptake rate is second order with respect to the available
surface sites. It has the following form:

ey

t 1 t

g ke g 2)

where k, is the rate constant (kg/mol/min) for the second-
order equation. After determining g, for a particular species
concentration (or partial pressure of species), adsorption is
usually described as isotherms. Langmuir and Freundlich
models are two common isotherm models [34]. The follow-
ing equation represents Langmuir model:

_ bq°P,
T 1+bP,]

qe 3)
where ¢ is the maximum adsorption capacity (mol/kg), P,
is the partial pressure of species (kPa), and b (kPa™') is the
model parameter related to energy of adsorption.

Test Results and Discussion
Physical and Chemical Properties

Table 2 summarises some basic physical and chemi-
cal properties of the host soil and the biochar-modified
soils. The specific gravities (G,) of biochars W, C, and R
used in this study are 0.71, 0.68, and 0.69, respectively
(see Table 1). Ameloot et al. [35] suggested that the high
hydrogen-to-carbon (H:C) ratio may be the reason for the
low specific gravity of biochar, because H:C can be related

Table 2 Physical and chemical

. . Material G, pH P, oM k e
properties of host soil and 9
biochar-modified soils B B gkeg % 107 m/s B
S 2.62 5.8 0.53 1.79 32 0.348
S+10%W 2.49 8.3 227 8.64 14.7 0.465
S+20%W 2.36 8.6 6.96 13.97 30.3 0412
S+10%C 2.53 9.2 2.08 9.26 16.3 0.432
S+20%C 2.47 9.9 7.18 142 46.1 0.422
S+10%R 2.57 10.1 1.22 7.9 34.3 0.478
S+20%R 2.47 10.4 6.22 13.07 45.6 0.479
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to the charring intensity. As expected, G of biochar-mod-
ified soils are smaller than that of the host soil, which
decreases with increasing B.. Hence, a smaller bulk den-
sity is expected for the modified soil than that of the host
soil. It is apparent from Fig. 1 that adding biochar can shift
the grain size distribution curve of the modified soil to the
left-hand side as illustrated by the soil modified by 20%
B_ biochar R (20% R). In other words, biochar-modified
soils have more coarse particles than the host soil. Figure 2
shows the plasticity of soils modified with 10% and 20%
B._. It is evident that the plasticity of modified soils moves
towards the right-hand side on the plasticity chart with
increasing B, i.e., increasing the plasticity. It should be
noted the change in the liquid limit is more significant than
the change in the plasticity index. Coarser particle sizes,
but higher plasticity observed in the biochar-modified soils
are different from the conventional coarse-grained soils
which normally exhibit negligible plasticity. The BET-
specific surface areas of biochars W, C, and R are 196, 82,
and 118 m%/g, respectively. These values are about one
order of magnitude higher than that of kaolinite, resulting
in the high affinity to water [36]. Hence, more water is
required for the biochar-modified soil to behave in a plastic
or liquid manner than the host soil. Besides, soils modified
by C and R exhibit higher plasticity than those modified
by W. This observed difference may be attributed to the
high ash content in herbaceous biomass-derived biochar
resulting in a higher cation-exchange capacity (CEC) [37].

Figure 3 depicts the standard compaction curves of the
biochar-modified soils. It is shown that the maximum dry
density decreases, but the optimum water content increases
with increasing B, for all three biochars tested. The compac-
tion test results are consistent with the consistency presented
in Fig. 2. For a soil with higher plasticity, it is less prone to
compactibility, i.e., lower maximum dry density and higher
optimum water content. The measured hydraulic conductiv-
ity (k) and the corresponding void ratio (e) are summarised
in the sixth and seventh columns of Table 2. The reported
k of each test is the average value of three replicas. The
maximum error bound is around +45% of the average value.
It is found that the values of k of modified soils are at least
one order of magnitude higher than that of the host soil.
The effects of the test results are opposite to those reported
in Chiu et al. [38]. It should be noted e of the host soil is
0.348, the lowest compared to the values of the modified
soils. Hence, it is unclear either a high e or an addition of
biochar, which contributes to the high hydraulic conductivity
of the modified soils.

Table 2 also summarises some basic chemical proper-
ties like pH, phosphorus (P), and organic matter (OM) of
the biochar-modified soils. The host soil is slightly acidic
with a pH value of 5.8 and all three biochars are alkaline.
Among the three biochars, the soil modified by the bio-
char R is the most alkaline, e.g., soil modified by 20% B,;
biochars R and W have a pH value of 10.4 and 8.6, respec-
tively. As shown in Table 1 R has more ash content than
W, because rice straw is the herbaceous plant. The ash of
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Fig.3 Standard compaction 1.8
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biochar is usually rich in soluble trace elements such as
potassium, sodium, and magnesium. When it is applied
to the soil, it becomes a base ion, which can improve the
base saturation of acidified soil, reduce the hydrogen ion
of soil through adsorption and exchange, and reduce the
content of exchangeable acid [39]. It should be noted that
pH is a crucial factor influencing the microbial oxida-
tion of methane. Past studies have shown that slightly
acidic-to-neutral is the favourable condition for microbial
oxidation of methane.

The contents of P and OM follow similar trend. Both
properties increase with increasing B.. By adding 20% B,
the contents of P and OM can increase to a value around
7 g/kg and 14%, respectively. As P and OM are the basic
nutrients for the growth of microbial activities, these
enhanced contents can promote the metabolism of meth-
anotrophic bacteria in the biochar-modified soils [40].
Besides, the soil porosity and water retention capacity are
also related to the OM content. Chiu et al. [38] found that
the biochar-modified soil can hold more water than the
host soil for a given suction. The increase of OM content
can increase the aggregate structure of the soil resulting
in more intra-aggregate pores. It is postulated the high
internal micro-porosities of biochar itself and substantial
intra-aggregate pores in the modified soil matrix contrib-
ute to its higher water retention capacity.

@ Springer
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Methane Oxidation Capacity

The batch test results of methane oxidation for the soils
modified by three different biochars are very similar. For
illustration, the relationship between methane oxidation
rate and incubation time of biochar R modified soils is
shown in Fig. 4. The test results of the host soil and pure
biochar are also shown in the figure for comparison. It is
apparent that biochar R alone exhibits negligible methane
oxidation throughout the 30-day incubation period. As the
pH of biochar R is over 10, its high alkalinity may inhibit
the microbial activities leading to negligible methane
oxidation. This result is consistent with the past findings.
Reddy et al. [29] recently conducted a study on the effects
of pH on methane oxidation in a landfill cover soil. They
concluded that there is an optimum range of pH (between
7 and 7.6) which exhibits the maximum methane oxida-
tion rate. As the pH decreases to strongly acidic (a pH of
2) and increases to strongly alkaline (a pH of 12) condi-
tions, negligible oxidation and no oxidation are observed,
respectively. On the other hand, the other six test speci-
mens exhibit a similar trend where the methane oxidation
rate increases with time and reaches a maximum value
(MO,,...), beyond which it reduces to a negligible value
at the end of the 30-day incubation period. It is evident

from the test results that MO, is influenced significantly
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Fig.4 Effects of biochar content 250
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210 ug CH, g~ ! day~'.

Figure 4 also indicates that after reaching MO,,,, meth-
ane oxidation rate decreases with time. Similar trend was
observed in the past studies on other soils [41-43] and com-
posts [44, 45]. The reason for this phenomenon may be due
to the exopolymeric substances (EPS), products of methane
oxidation activities. It is postulated that the amount of meth-
ane oxidising bacteria reduces with the accumulation of EPS
and depletion of soil nutrients leading to a lower methane
oxidation rate. As the impact of EPS on methane oxidation

activity is a very complex process, further study is required.

max

Incubation time (day)

Effects of preincubation time on the relationships between
methane oxidation rate and incubation time are depicted in
Fig. 5. All three soil specimens were modified by the same
B, of 20%, but two of them were preincubated for 14 days
and 28 days before conducting the batch tests for meth-
ane oxidation. It is apparent that there is a shift of time for
reaching MO,,,... The 28-day preincubated specimen has the
shortest time (3 days), while the fresh (0-day preincubated)
specimen has the longest time (12 days) as expected. It is
because the preincubation period can enhance the microbial
activities and substantial amount of bacteria was already
available in the beginning of the batch tests. Hence, a high
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methane oxidation rate was observed at the first day of batch
test for the 28-day preincubated specimen. It takes the short-
est time to reach MO,,,,, for this specimen. Furthermore, the
values of MO, are also different for the three specimens,
which are 142, 218, and 233 ug/g/day for 0-day, 14-day,
and 28-day preincubated specimens, respectively. There
is a sharp rise in the MO, ,, between 0- and 14-day pre-
incubated specimens. The rising rate becomes mild after
14 days. The difference in MO,,,, between 14 and 28 days
preincubated specimens decreases to about 7%. It seems that
the magnitude of MO,,, would be influenced significantly
by the preincubation period. Thus, it should be careful to
apply the measured methane oxidation rate directly in the
quantitative design of the bio-cover. To better understand
the long-term field performance of bio-cover, further study
should be conducted to investigate the effects of a longer
preincubation period.

Figure 6 depicts the effects of B, on MO, of soils modi-
fied by three different biochars. All three biochars exhibit a
similar trend. It can be seen from the test results that there
is an optimum B_ which corresponds to a peak value of
MO, The optimum B, is between 20 and 30%. There are
many factors that influence the methane oxidation process
in soils; for example, soil texture, organic matter content,
water content, pH, nutrients, temperature, and CH, and O,
concentrations [44, 46]. Soils with coarser grains and higher
organic matter contents exhibit higher oxidation efficiency
[12]. However, the oxidation process is also affected by the
pH of soil, because methanotrophic bacteria are sensitive to
the pH. Past studies have shown that all types of methano-
trophic bacteria can grow in pH values ranging from 5.8 to
7.4 and they cannot grow at pH values below 5 [7, 47]. As
shown in Fig. 1 and Table 2, addition of biochar can increase
the amount of coarser grains, P content and OM content of

the modified soils, from which the oxidation capacity may
be enhanced. On the other hand, the pH values of biochar-
modified soils are higher than the reported optimal range for
the growth of methanotrophic bacteria. It is postulated that
the strong alkalinity at high B, may reduce the activity of
methanotrophic bacteria leading to a reduction in the oxida-
tion rate. Among the three tested biochars, soils modified by
biochar W exhibit the lowest pH. Besides, W has the high-
est specific surface area. Thus, soils modified by biochar W
show the highest methane oxidation capacity, as depicted in
Fig. 6. It should be noted that a wide range of B, was tested
in the batch tests, such that the optimum range of B, can be
identified. The observed optimum B, between 20 and 30%
was only valid for disturbed soil samples under certain test
conditions, such as a water content of 30% and a pH between
8.3 and 10.4. Thus, the influencing factors such as pH and
soil density have not been considered. For the similar oxida-
tion rate, a much lower value of B, should be expected under
slightly acidic condition. In the design of bio-cover, the
design methane load is another factor governing the methane
removal efficiency of soil cover. Furthermore, the transport
properties of gas and water, and water retention properties
of biochar-modified soil are also important properties in the
design of soil cover. These properties are also influenced
by the B,. Using much larger physical models, Yargicoglu
et al. [16] adopted a biochar dosage by weight between 2 and
10% to study long-term methane removal capacity of biochar
amended soil cover.

Gas Adsorption Capacity
For the host soil, pure biochar, and modified soil with dif-

ferent B, tested, adsorption kinetic isotherm follows similar
trend for both CH, and CO,. For illustration the batch test

—0—W modified (0 day)
—0—C modified (0 day)
—a—R modified (0 day)

X R modified (14 days)
A R modified (28 days)

Fig.6 Effects of biochar content 250
(B,) on the maximum value of
methane oxidation rate for soil
modified by different biochars -
2200
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results of the adsorption capacity (g) of CH, vs time for
the biochar R modified soil with 20% B, are depicted in
Fig. 7a—c. Each data point represents the average value of
three replicas. It is shown that the adsorption capacity of
CH, reaches or close to an equilibrium value within 60 min.
from the start of the tests for all three gas concentrations.
The pseudo-first-order and pseudo-second-order models
were used to best fit the test data. Table 3 summarises the fit-
ting parameters of the two models. Based on the correlation
of determination (R?) value, the pseudo-second-order model
fits the test data better than the pseudo-first-order model.
The test results are consistent with those of adsorption pro-
cess of pure biochar on heavy metals and gas [20]. It should
be noted that the pseudo-second-order model is superior
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Table 3 Best-fit model parameters for pseudo-first-order and pseudo-
second-order models

Initial concentration of
CH, (viv %)

3.1 6.2 9.4

Model Model parameters

Pseudo-first order q. (mol/kg) 0.0039 0.0055 0.0068
k; (min~!) 0.473  0.538 0.385
R? 0.447  0.648 0.638

Pseudo-second order g, (mol/kg) 0.0041 0.0059 0.0071
k, (kg/mol/min) 241.0 161.7 90.6
R? 0.787  0.891 0.892

0.010
¢ 9.4% CH, concentration (v/v)
- - -~ Pseudo first order equation
Pseudo second order equation
0.008

0.006

0.004

CH, adsorption capacity q (mol/kg)

0.002
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(©

Fig.7 CH, adsorption kinetics for rice straw biochar-modified soil (B,=20%) at an initial gas concentration of a 3.1% (v/v), b 6.2% (v/v), and ¢

9.4% (vIv)
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in terms of fit to the pseudo-first-order model, because the
equilibrium adsorption capacity (g,.) predicted by the first-
order model is often further away from the experimental
data. Thus, the superiority of the pseudo-second-order
model over the pseudo-first-order model does not necessar-
ily due to the physical basis, but rather than the mathemati-
cal basis. Allen et al. [48] showed that it is merely a general
equation with a k, value representing a lump value of dif-
ferent controlling mechanisms. No meaningful mechanism
can be confidently postulated from the model. However, for

either batch or continuous system design, a lumped analysis
is sufficient [49, 50].

Using the pseudo-second-order model, g, of CH, and
CO, for each testing condition is evaluated and presented
in Fig. 8a, b. It is apparent that g, of CH, and CO, increases
with increasing gas concentration and B.. For an initial gas
concentration of 9.4%, g, of CH, for soils modified with B,
of 5%, 10%, and 20% is 1.8, 4, and 6 times of that of the
host soil. For an initial gas concentration of 9.4%, g, of CO,
for soils modified with B, of 5%, 10%, and 20% is 2.5, 4.3,

Fig. 8 Equilibrium adsorption 0.03

capacity of rice straw biochar-
modified soils under different
test conditions: a CH, and b

025
Co, 0.02
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89.4% (V/V)
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0.015
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and 9.3 times higher than that of the host soil. The biochar
is a porous material, which has a relatively high specific
surface area. The biochar R used in the study has a specific
surface area of 118 m%g, which is around one order of mag-
nitude higher than that of kaolinite. This high specific area
enhances the gas adsorption of the modified soil.

Figure 9a, b shows the best-fit pseudo-second-order rate
constant (k,) of CH, and CO, for different test conditions. It
can be seen that k, of CH, and CO, decreases with increas-
ing B_ for a given initial gas concentration. The specific sur-
face area of biochar R is higher than the host soil. In other

words, more adsorption sites are available for modified soils
with higher B, and hence, the adsorption equilibrium time
is longer and a lower value of k, is expected. For the host
soil, no specific trend between k, and the initial gas concen-
tration is observed. For the biochar-modified soils and pure
biochar R, k, of CH, and CO, decreases with increasing
initial gas concentration. The Langmuir isotherm adsorption
model was used to best fit the relationship between g, and
partial pressure of gas species, as shown in Fig. 10a, b. Two
best-fit model parameters ¢° and b are obtained. ¢° is the
maximum adsorption capacity and b is the parameter related

Fig.9 Rate constant of pseudo- 1000
second order for rice straw
biochar-modified soils under
different test conditions: a CH,
and b CO,
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to the energy of adsorption. The best-fit values for different
test samples are summarised in Table 4. The magnitude of
¢° for the pure biochar R is in the same order of magnitude
to that of 7 biochars reported in Sadasivam and Reddy [20].
Besides, it is also revealed that ¢° for CO, is higher than that
for CH, which may due to the fact that higher interaction
and stronger attractive forces of CO, molecules with the
surfaces of biochar. Similar results have been reported for
the activated carbon [51, 52]. It should be noted that CO, has

@ Springer

a certain polarity. The surface polarity of activated carbon
has a significant role in promoting the adsorption of CO,,
while CH, has no polarity. The results show that the increase
of polar surface functional groups of activated carbon is ben-
eficial to the increase of CO, adsorption on activated carbon
[20]. Manna et al. [53] studied the surface functional groups
of rice straw and wheat straw-derived biochars obtained at
different pyrolysis temperatures using FTIR. It was found
that all biochars had polar surface functional groups such as
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Table 4 Best-fit model

. Parameter S 5%R 10%R 20%R R
parameters for Langmuir
adsorption model CH, CO, CH, CO, CH, CO, CH, CO, CH, CO,
q®(mol/kg) N/A  N/A 0004 0013 0006 0022 0012 0043 0.054 0.159
b (kPa~") N/A  N/A 0366 0203 0.29 0.169 0.162 0.168 0.113  0.254
R? N/A  NA 0963 0978 0995 099 0979 0989 0986  0.985
phenolic hydroxyl groups, which may be beneficial to CO, and 0.043 mol/kg, respectively, which were about
adsorption but not to non-polar CH, adsorption. 54 times and 80 times of that of the host soil. CO,
adsorption was higher than that of CH,, because the
rice straw biochar contained the hydroxyl surface
function group which could be beneficial to the polar
Conclusions CO, adsorption.
In this study, batch tests were presented to determine the
microbial CH, oxidation and gas adsorption capacities of
biochar-modified soils. Three different biochars were tested.
The batch test results were interpreted with the help of the References
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