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I. Introduction

The earth’s climate is undergoing a gradual
warming trend due to the accumulation of green-
house gases such as carbon dioxide (CO,),
methane (CHy), nitrous oxide (N,O), and ozone
(O3) in the atmosphere (IPCC, 1995). The emis-
sion of greenhouse gases resulting from anthro-
pogenic activities is increasing the atmospheric
concentration of greenhouse gases, which can
influence the earth’s absorption of radiation (U.S.
EPA, 1999a). When these gases accumulate in the
earth’s atmosphere, they absorb excessive
amounts of infrared energy causing the earth’s
surface to become warmer than normal. Since
many greenhouse gases are long-lived, they can
affect our climate for a long time (IPCC, 1995).
This increase in the concentration of greenhouse
gases can alter the climatic system by changing
the temperature, precipitation, wind and other
climate factors. These changes will in turn cause
global changes in soil moisture and will result in
a slow rise of sea level (U.S. EPA, 1999a; IPCC,
1995).

Methane (CH,) is a very potent greenhouse
gas and is approximately 20-35 times more dam-
aging than CO, (Boeckx et al., 1996; Parsons,
1995; U.S. EPA, 1999a; Yashushi et al., 1993).
Global releases of CHy to the atmosphere have
been estimated to be in the range of 500-700
Tg/yr (Visscher et al., 1999; U.S. EPA, 1999a;
Bogner et al,, 1995). Atmospheric CHj is increas-
ing faster than any of the other greenhouse gases
(US. EPA, 1999a). While the concentrations of
CO, and N,O have increased by 30 and 15%,
respectively, the CH, concentration has increased

by 147%, from 700 parts per billion by volume

(ppbv) in pre-industrial time to 1,730 ppbv in
1997 (U.S. EPA, 1999a; ICCP, 1995). It is postulat-
ed that this increase of CH, may be largely due
to increasing emissions from antropogenic
sources (U.S. EPA, 1999b). CH, emissions from
anthropogenic sources account for 70% of all CH,
emissions, while the natural CH, emission is
about 30% (U.S. EPA, 1999a). Landfills are very
important antropogenic sources in the CH, emis-
sions (U.S. EPA, 1999a).

CH, can be degraded by methanotrophic bac-
teria in aerated soil and thus, soil can serve as an
important biological sink of atmospheric CH,
(King and Adamsen, 1992). The CH, oxidizing
capacity in landfill cover soil has been reported
to be in the range of 3,796 to 5475 moles m?2 yr'1
(Kightley et al., 1995; Visscher et al., 1999).
Therefore microbially mediated CH, oxidation
plays an important role in reducing the atmos-
pheric CH, emissions from landfills constructed
with conventional soil covers (Ahn et al., 2002;
Boeckx et al., 1996; Jones and Nedwell, 1993;
Kightley et al., 1995; Seo et al., 1997; Visscher et
al.,, 1999; Whalen et al., 1990). According to the
study of Kightley et al. (1995), which evaluated
the effect of soil texture on CH, oxidation, the
fine sand and clay soils had similar CH, oxida-
tion rates while porous, coarse sand had a higher
CH, oxidation rate. It was due to soil textures
that affect the air filled porosity which controls
O, and CH, penetration. The studies of Seo et al.
(2001) and Lee et al. (2002) indicated other mate-
rials such as compost, rice hull and expanded
rice hull had the higher CH, oxidation rates than
landfill cover soil because they have high gas
permeability, and can maintain moisture content,

temperature, and microorganisms.
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In this study the combined effect of soil mois-
ture content and temperature on CH, oxidation
in landfill cover soil exposed to landfill gas in
temperate climate was investigated using batch
incubation experiment. Based on the experimen-
tal results of this study, a regression model of
CH, oxidation rate as a function of environmen-
tal variables was developed. Using developed
CH, oxidation rate model, the CH, oxidation
capacity of landfill cover soil as a biofilter under
various environmental conditions was then calcu-
lated.

I1. Materials and Methods
1. Soil characteristics

The soil used in these experiments was collect-
ed from a municipal solid waste landfill in
Gyeonggi. The physicochemical properties of the
soil was the following: pH of 6.88, organic matter
content of 5%, NH,*-N of 0.455 mg kg’lsoil and
NO;5-N of 0987 mg kg 'soil. In the laboratory the
soil was air dried and passed through a 2 mm
sieve prior to use. According to the USDA textur-

al classification, the soil was sandy clay loam.

2. Incubation procedure

Air tight 60-mL vials sealed with rubber septa
for gas sampling were used. To evaluate the
influence of the moisture content, 13 grams of
dry soil were put into the vials and water was
added to obtain soil moisture content of 5, 10, 15,
25, 30% w/w (30% = WHC). To study the com-

bined effect soil moisture content and tempera-

ture, the vials were incubated at 5, 15, 25, 30 and
35°C in water bath or incubator to keep constant
temperature. Each treatment was duplicated.
After the vials were closed, 15 mL of the atmos-
pheric air in the vials were replaced by 15mL
synthetic LFGs (CH, : CO, = 50% : 50%). Zero
time gas samples were taken 20 min after gas
addition to allow uniform diffusion of the added
gas. The initial CH, concentration in the vials
was about 10%. Before incubation, the vials filled
with soil were pre-incubated under same CH,
concentration of 10% for 5 days to restore the
methanotrophic activity and remove lag time.
The processes of sorption, volatilization, and
leakage could occur within the vials resulting in
the loss of CH,. Therefore, to determine the
importance of these processes relative to
biodegradation, blank vials at 25 and 35°C with
different moisture contents were prepared using
sterilized soil. Sterilization was achieved by auto-
claving the soil at 122°C and 0.138 MPa for 30

min on three successive times.

3. Gas analysis

Gas samples of 300uL were taken from the
headspace using gas-tight syringe with time
intervals. The gas samples were analyzed for
CHy, CO:; and O: concentration using a
Younglin, model 600D, Gas Chromatograph
equipped with a Thermal Conductivity Detector
(TCD) and CTR1 column. The carrier gas was He
at a flow rate of 30 mL min"". The injector tem-
perature was 120°C, the oven temperature was

35°C, and the detector temperature was 120°C.
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II1. Results and Discussion

1. Blank test

Methane concentration did not decrease in the
blank vials with sterilized soil during the incuba-
tion. These results indicate that the processes of a
sorption, volatilization, and leakage were not
occurring to any significant extent within soil
vials. Therefore, the loss of CH; from soil vials in
other treatments was attributed to oxidation by

methanotrophic bacteria.

2. Gas concentration versus time

Figure 1 shows an example of the gas concen-
tration versus time in the vial. The concentration
of CH, and O, decreased with time, while the
CO, concentration increased. The O, concentra-
tion in all vials were above 7%. It might be
enough to ensure CH, oxidation due to CH, oxi-
dation in incubation study was insensitive to O,

mixing ratio above 3% (Czepiel et al., 1996) The
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Figure 1. Gas concentration as a function of time in batch
test with soil moisture content of 15% (w/w) and
soil temperature of 30°C

carbon dioxide concentration did not increase as
much as the CH, concentration decreased in the
vial. It might be due to assimilation of carbon in
the biomass dissolution of CO, in the soil water
(Christohpersen et al., 2000; Whalen et al., 1990).

3. Effect of soil moisture content and
temperature

Figure 2 shows the effect of soil moisture con-
tent and soil temperature on the CH, oxidation
rates. The optimum moisture contents were 10%
or 15% on different soil temperature except 5°C.
The lower oxidation rate at the 5% moisture con-
tent might be due to the lower moisture content
as physical stress to methanotrophs. The lower
oxidation rate at the 30% moisture content might
be due to the higher moisture content which can
reduce methanotrophic activity by restricting O,
diffusion in soil. However, the optimum moisture
content in the soil can allow both rapid gas diffu-
sion and a sufficient methanotrophic activity to
oxidize CH, (Boeckx et al., 1996).

The optimum temperatures were between 30
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Figure 2. Methane oxidation rates as a function of soil
moisture content and temperature
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and 35°C under various soil moistures except 5%
(w/w). This result was coincident with that of
studies of Whalen et al. (1990) and Czepiel et al.
(1996). Methane oxidation rates at 5°C were sig-
nificantly lower than rates at other temperatures.
At the temperature of 5°C and moisture content
of 5%, no optimum moisture content or tempera-
ture condition was found. The highest CH, oxi-
dation rate was 1.03 umol g h! at soil moisture
content of 15% (w/w) and temperature of 35°C.
This amounted to a total oxidation of 73% of the
applied CH,.

4. Regression model on CH, oxidation
rate

The CH, oxidation capacity of soil is a func-
tion of environmental conditions. Therefore, a
mathematical model of CH, oxidation rate as a
function of soil moisture content and temperature
was developed based on the above experimental
results. To explain the relationships between the
variables, a polynomial regression analysis was
used which yielded the following quadratic equa-
tion with an R? value of 0.71.

ORcpyy =0.0284(Ts) - 0.0003(Ts)? + 11.3282(6s) -
31.8907(9s)> - 0.7618 [

Where:

ORcyyy = CH, oxidation rate (umol CHy g”soit h™)
Ts = incubation temperature (°C)

s = soil moisture content (percent by weight)

The CH, oxidation capacity of soil under vari-
ous environmental conditions was then calculated
using equation [1] and the monthly soil moisture
content and temperature conditions.

To test the model sensitivity to soil moisture

content, the soil moisture content was varied in

one percent increments from 0 to 30% (w/w)
while soil temperature was held at their opti-
mum levels, 35°C. The results indicate that the
CH, oxidation rate is fairly stable over the mois-
ture content range of 15-20%. However, at mois-
ture contents below 15% or above 20%, the CH,
oxidation rate changed nearly linearly with a
steep slope (Figure 3a) indicating that the model
was quite sensitive to changes in soil moisture
content within these ranges. This indicates that
maintaining the soil moisture content in the opti-
mum range will be critical to increase the
methane oxidation rate in the landfill cover soil.
To evaluate the model sensitivity to soil tem-

perature, the soil temperature was varied from 0
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Figure 3. Sensitivity test of the regression model of CH,
oxidation rate a) Sensitivity test on soil moisture
content; b) Sensitivity test on soil temperature
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to 35°C while soil moisture content was fixed at
optimum value of 15% moisture. The results
showed that oxidation rates increased with
increasing temperature within these ranges
(Figure 3b).

5. Soil moisture content and soil
temperature

Rural Development Administration (RDA) in
Korea operates agricultural weather observation
and service system (AWS). From this service, the
data of soil moisture content and soil (subter-
ranean) temperature from January to December
in 2004 of the 4 selected sites were collected.
Most of the AWS are located in agricultural

areas.

Yangpyeong, Gyeongi

The monthly soil temperature data were used
without further modification. The soil moisture
contents collected from RDA service system were
in units of percent by volume. The volumetric
moisture contents were converted to gravimetric
moisture contents by divided by an assumed
bulk density of 1.45 g cm™ which is typical of
many agricultural soils. Figure 4 shows the aver-
age soil moisture content and temperature of the
4 selected sites.

6. Oxidation rate calculation

The monthly CH; oxidation rate for each city
was calculated (Figure 5) using the soil moisture
content and temperature data plus the CH, oxi-

dation model (equation 1) and assuming soil tex-
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Figure 4. Soil moisture content and temperature of the 4 selected sites
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Figure 5. Calculated CH,4 oxidation rate of the 4 selected sites

tures of the selected 4 sites were sandy clay
loam. At most sites, the oxidation rates during
the winter months of December, January, and
February were lower than those of the remainder
of the year. The lower oxidation rates were due
to lower soil temperatures that reduce methan-
otrophic activity.

According to the calculations, the CH, oxida-
tion rate of Seongju, Gyeongbuk in January was
negative value, so it was considered to be zero.
This was due to a synergistic effect of low soil
temperature (0°C) and low soil moisture content
(8.6%).

As expected, methane oxidation rates were
highest during the summer months of May to
September in 3 sites except Yangpyeong,

Gyeonggi. The highest oxidation rate among all
sites was 0.725 umol CH, glsoil h'! for
Seogwipo, Jeju in August. In Seogwipo, Jeju, the
CH, oxidation rates were relatively high through-
out the entire year, and thus this site had the
highest yearly average oxidation rate of 0.566
umol CH, glsoil h'l. Methane oxidation capacity
of a landfill cover soil located in this site with
favorable environmental conditions might be
higher than that in the other sites, and thus a
landfill cover soil in this site should act as a
biofilter effectively.

Yangpyeong, Gyeonggi had lowest average
oxidation rate of 0.182 umol CH, g'lsoil h,
caused by higher soil moisture content than that

of the other sites. The maximum oxidation rate
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for this site was 0.615 umol CH, g'lsoil h'! in
June. The CH, oxidation rate from July to
September in this site was calculated as the nega-
tive value and considered to be zero. This was
due to the high moisture content (above 30%),
which was nearly saturated condition. The
methane oxidation capacity of a landfill cover soil
in this site was lower than other sites, and thus a
landfill cover soil should not act as a biofilter
effectively.

However, the efficiency of a landfill cover soil
as biofilter may be increased by designing and
managing the landfill cover soil to optimize the
soil moisture content. During dry seasons, mois-
ture may be added by irrigation to maintain opti-
mal soil moisture contents to promote the maxi-
mum methane oxidation rate. To prepare wet
seasons, well-drained sandy soils can be used as
the landfill cover soil medium. This will mini-

mize times of saturation when methane oxidation
is inhibited.

IV. Conclusions

The results of this study clearly show the
potential of a landfill cover soil to biodegrade
CH,4 to CO, and water. This study also showed
that the CH, oxidation rate in landfill cover soil
was significantly influenced by environmental
factors of soil moisture content and temperature.
The optimum range of soil moisture content and
temperature for CH, oxidation in a sandy clay
loam textured soil were between 10 and 15%
(w/w) and between 30 and 35°C, respectively.
The maximum CH, oxidation rate was 1.03 xmol
CH, g'soil h! under optimum conditions (15%

moisture content and 35°C temperature). This

amounted to a total oxidation of 73% of the
applied CH,. However, this value was gotten
from short term laboratory studies and exact per-
cent reductions in the amount of methane emit-
ted cannot be predicted since it will vary on a
case-by-case basis.

A quadratic regression equation was devel-
oped to describe the dependence of CH, oxida-
tion rate in a sandy clay loam soil as a function
of soil moisture content and temperature. Using
this equation and the average monthly soil mois-
ture contents and temperatures for 4 different
sites, the monthly CH, oxidation rate at each
location was calculated. Considering the CH, oxi-
dation rates calculated by the regression equa-
tion, the landfill cover soils located in the sites
with favorable environmental conditions may be
expected to be effective as biofilters to reduce the
atmospheric CH, emissions. In contrast, the cal-
culations indicate that landfill cover soils in the
sites with unfavorable soil moisture content and
temperature ranges will have much lower effi-
ciencies as biofilters.

The CH, oxidation rates calculated by the
regression equation developed in this study may
have some limitation because this equation was
developed from short term laboratory studies
and the factors affecting on CH, oxidation rate of
landfill cover soil in specific field will also
include soil texture, soil depth and landfill gas
composition as well as soil moisture content and
temperature. However, the result of this study
suggested that a properly designed and managed
cover soil should be capable of achieving a sig-
nificant reduction in atmospheric CH, emission,
and thus a landfill cover soil can act as an effec-

tive biofilter to reduce the accumulation of green-
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house gases in the earth’s atmosphere.
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