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ABSTRACT: Landfill cover systems can be tailored to achieve effective methane 
adsorption as well as oxidation by adding organic materials such as biochars. In this 
study, a comprehensive investigation is performed to determine the influence of 
different physico-chemical properties of biochars on their respective methane 
adsorption characteristics so as to aid the selection of suitable biochar types for field 
application. Seven different types of wood-based biochars were characterized for 
their methane adsorption as well as physico-chemical properties. The experimental 
maximum adsorption capacity values for the biochars ranged between 0.04 and 0.18 
mol/Kg. Overall, the methane adsorption capacity of biochars specific to this study 
increased with increasing porosity and surface area and decreased with increasing 
particle size, carbon content (total and fixed) and moisture content. Selected biochars 
are found to have ability to increase the adsorptive capacity of methane when used as 
a cover soil amendment. 
  
INTRODUCTION 
 
   Landfill gases (LFGs) mainly comprise 50% CH4 and 50% CO2 (v/v) (Scheutz et al. 
2009).  Landfills in the U.S. are ranked third among the other anthropogenic sources 
of methane emissions. The global warming potential (GWP) of CH4 is 28 (IPCC 
2013). Thus, cost-effective and efficient mitigation of methane emissions from 
landfills has gained increasing importance in the recent past. Methane mitigation in 
landfill cover systems can be achieved by a combination of adsorption and microbial 
oxidation processes. To date, extensive research conducted in this field of interest 
highlights the importance of employing organic rich biocover materials to improve 
the microbial methane oxidation capacity in landfill cover systems (Huber-Humer et 
al. 2008, Scheutz et al. 2011). Researchers have seldom focused on exploring the 
process of methane adsorption that can also be employed to reduce methane 
emissions (Sadasivam and Reddy, 2013). From previous lab-scale and field-scale 
experimental studies, it can be concluded that organic rich materials with sufficient 
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porosity to allow oxygen diffusion to occur through the cover soils are highly 
efficient in promoting microbial methane oxidation by methanotrophs (Scheutz et al. 
2009).  
 
   Biochar is a highly porous, organic material derived from wood, manure or plant 
based biomass through pyrolysis under limited oxygen environments. Amending 
biochar to soils containing a high fraction of clay content, as in the case of commonly 
used landfill cover soils can increase the aeration and thus limit the fraction of 
anoxic/anaerobic pore volume and subsequently promote microbial methane 
oxidation by methanotrophs (Chan et al. 2007, Yanai et al. 2007). The purpose of this 
study is to evaluate the influence of physico-chemical properties of different wood-
based biochars on their methane adsorption capacity. The scope of this study is to: (1) 
characterize seven different wood-based biochars for their physico-chemical 
properties; (2) quantify the maximum methane adsorption capacity for each biochar 
by conducting batch adsorption tests and (3): identify the most influential properties 
of biochars which affect the methane adsorption process.  
 
METHODS 
 
Biochar Types 
 
   Seven different types of biochars were obtained from commercial vendors in 5-
gallon buckets and stored in air-tight containers prior to usage. All the biochars were 
derived from woody biomass through varying treatment processes and production 
conditions as listed in Table 1 (information provided by respective vendors).  
 

Table 1: Biochar Types, Feedstocks and Production Processes 
 

Biochar Feedstock 
Treatment 

Type 
Reactor 

Temperature
Residence 

Time 
Post-treatment 

Process 

BS Pine Wood 
Slow 

pyrolysis 
350 - 6000C 6 hrs 

Screened 
(< 3mm) 

CK 
90% pine 
& 10% fir  

Fast pyrolysis > 5000C < 1 hr 
Activated with 

oxygen 

AW 
Aged 

wood chips 

Pyrolysis – 
conventional 

kiln 
~ 4000C NA 

Microbial 
inoculation & 
screening (< 

4mm) 
CE-WP1 

Wood 
Pellets 

 
Gasification 

 

~ 5200C NA No screening 
CE-WP2 ~ 5200C NA Fine ash 

separated 
 

CE-AWP ~5200C NA 

CE-WC 
Wood 
Chips 

~5200C NA N/A 
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Physico-Chemical Characterization Testing 
 
   In this study, the physical-chemical properties such as pH, moisture content, 
organic matter, particle size distribution, specific gravity, dry density, water holding 
capacity, volatile matter, ash content and fixed carbon content and elemental carbon 
content were determined for all the biochars as per ASTM methods listed in Table 2.  

 
Table 2: Physico-Chemical Characterization Procedures 

 
Specified Test ASTM Method 
Moisture Content ASTM D 2216 
Organic Content (LOI) ASTM D 2974 
pH ASTM D 4972 
Particle Size Distribution ASTM D 422 
Specific Gravity ASTM D 854 
Dry Density ASTM D 2937 
Water Holding Capacity ASTM D 2980 
Proximate Analysis* ASTM D 3172-07a 
CHN Elemental Analysis CHN Elemental Analyzer 

                   *Volatile matter, ash and fixed carbon content 
 
Porosity, surface area and SEM Analysis 
 
   The SEM images for all the biochars were obtained from the Research and 
Resources Center at UIC using the Hitachi S-3000N variable pressure scanning 
electron microscope. The image magnifications series for all the biochars (x50, x250, 
x500, x1000 and x2000) were taken in a high vacuum mode with a 2kV or 5kV 
accelerating voltage using secondary electron detector. The SEM images were then 
analyzed using an image processing software called Pores (Particles) and Cracks 
Analysis System (Liu et al. 2011) in order to quantify the porosity of each biochar. 
The images of all biochars at magnification of x2000 were used in PCAS to quantify 
the porosity and the details of this procedure has been discussed elsewhere 
(Yargicoglu et al.). Surface areas were determined via N2 adsorption by on a 
Micromeritics ASAP 2020 BET Surface Area Analyzer.  BET and Langmuir 
adsorption isotherms were generated to determine the single-point surface area. 
 
Batch Adsorption Testing 
 
   In order to determine the methane adsorption capacity of biochars, batch adsorption 
tests were conducted in the laboratory. The materials obtained from the respective 
vendors were used as it is without being subjected to physical-chemical pretreatment 
except for sterilization. Sterilization was performed prior to adsorption testing in 
order to eliminate the microbial interference on methane adsorption during the test 
period within the test units. The adsorption testing procedure used in this study was a 
modified version of an ASTM recognized standard method (Houston et al. 1989). A 
known mass of biochar (5g) samples were placed inside 250g amber glass bottles and 
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sealed tight using long sleeved rubber stoppers. 10, 25, 40, 50, 75 and 100 ml of air 
from the headspace of the test units were replaced with respective volumes of 
synthetic landfill gas comprising 50% CH4 and 50% CO2 in order to achieve 
headspace CH4 concentrations of 2, 5, 8, 10, 15 and 20% (v/v) respectively. Control 
test units were set-up similar to the sample test units but, without adding the biochar 
samples in order to determine the initial CH4 headspace concentration (v/v) achieved 
for each experimental set. Gas samples were collected from the test units at different 
time intervals until equilibrium headspace CH4 concentrations were achieved. All the 
gas samples were collected using BD 10 ml louver lock syringe and non-coring 
needle fitted with a two-way plastic stop-cock. Gas samples were then stored in 
evacuated 5 ml glass vials and analyzed within 4 hours from the time of collection 
using HP 6890 GC with FID and GS- Carbon Plot column. Prior to analyzing the gas 
samples, the GC was calibrated using ultra high purity methane standards (0.1, 1, 5 
and 25% CH4 v/v) obtained from Airgas company and a calibration curve was 
prepared to interpret CH4 concentrations of the samples. 
 
RESULTS AND DISCUSSION 
 
Physico-Chemical Characterization Testing 
 
   The results for the physico-chemical characterization tests conducted on all the 
biochars are presented in Table 3. The porosity of all biochars based on image 
analysis ranged between 30 and 55% (Yargicoglu et al. 2014). AW had the lowest 
porosity and CK had the highest porosity. The effective particle size for all the 
biochars ranged from 0.08 mm up to 2.68 mm. CK biochar which had highest 
porosity also had the smallest particle size. The effective particle size of all the CE – 
biochars (except for CE-WP1) were greater than 1 mm with the highest size 
corresponding to CE-WC (3.3 mm) which was closely followed by that of CE-AWP 
(2.68 mm). The specific gravity for all the CE – biochars were less than whereas, that 
of BS, CK and AW were greater than 1. The dry density of all biochars ranged from 
0.38 to 0.73 g/cc. In general, the biochars exhibited very high water holding capacity 
due to its inherent porous structure and ranged between 50 and 180% d.w. The 
moisture content was fairly low among the biochars except for that of AW which cad 
52.4 % d.w. The percentage of organic matter content for all the CE – biochars were 
relatively higher ranging between 82 and 97% d.w as compared to that of BS and CK. 
The volatile matter content for BS CK and CE-WC were relatively lower (~ 24 - 28% 
d.w.) as compared to that of the other biochars (55 – 75% d.w.). BS and CK had very 
high ash contents of 62 and 66% d.w. respectively followed by AW with a value of 
25% d.w. All CE – biochars had comparatively lower ash contents between 1 and 5% 
d.w. The carbon content ranged from 23 – 84% d.w with higher values for the CE - 
biochars (> 70% d.w.) as compared to other biochars. The pH values for all CE - 
biochars were between 6 and 7 and that of other biochars were between 8 and 9 with 
CK having the highest pH.  
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Table 3: Physico-Chemical Properties of Biochars 
 
Property BS CK AW CE-

WP1
CE-
WP2

CE-
AWP 

CE-
WC

Porosity (%) 46.3 54.7 29.4 44.4 41.4 39.9 35.6 
Surface area (m2/g) 40.6 155.1 5.41 0.38 0.1 2.2 ND 
Effective size (mm) 0.09 0.08 0.33 0.24 1.29 2.68 3.3 
Specific gravity 1.36 1.51 1.19 0.77 0.59 0.91 0.87 
Dry density (g/cc) 0.73 0.54 0.48 0.56 0.52 0.53 0.38 
WHC (% dw) 120.6 179.4 113.8 142.4 50.6 80.8 96.4 
MC (% dw) 0.20 0.10 52.4 0.18 0.14 0.47 0.65 
LOI (% dw)  30.0 31.2 76.0 96.0 97.0 82.3 91.0 
Volatile matter (% dw) 28.0 28.1 74.1 61.8 62.7 55.4 24.0 
Ash content (% dw) 65.7 61.6 25.4 4.6 1.5 4.3 4.6 
Fixed carbon (% dw) 4.6 3.7 ND 33.2 35.00 40.3 70.3 
Elemental C (% dw) 53.2 23.5 51.9 70.7 74.0 78.1 84.0 
pH 8.5 9.0 7.9 6.2 6.8 6.1 7.0 
 
 
Batch Adsorption Testing 
 
   Batch adsorption tests were conducted to determine the maximum CH4 adsorption 
capacity of biochars. Adsorption curves were plotted to determine the amount of CH4 
adsorbed onto biochar surfaces at different times until equilibrium conditions were 
achieved in the headspace of test units. Equilibrium conditions were found to be 
achieved within 2 hours from the time the tests were initiated. The maximum 
adsorption capacities for all the biochars are presented in Figure 1.  
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FIG.1. Maximum adsorption capacity for biochars 
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   The maximum adsorption capacity for biochars ranged from 0.04 – 0.17 mol/Kg. 
AW biochar had the lowest adsorption capacity whereas, CK biochar had the highest 
adsorption. This could be due to high percentage of moisture in AW biochar (52.4 % 
dw) which might have resulted in minimal availability of pore space for methane 
adsorption. CK biochar was produced under a relatively higher treatment temperature 
as compared to other biochars and was activated with oxygen. CK biochar also had 
the smallest particle size among all the biochars tested. It was found that the surface 
area of biochars increased with increasing treatment temperatures and that the process 
of chemical activation favored the increase in microporosity of biochars. Thus, 
several factors may have positively influenced the higher adsorption capacity of CK 
biochar. 
 
Effects of porosity and surface area on adsorption 
 
   Several studies have examined the effects of porosity and surface area on methane 
adsorption onto coals and carbons (Bagheri and Albedi, 2011, Bustin et al. 1998, 
Chathoth et al. 2012 and Chun et al. 2004). Previous studies have confirmed that the 
distribution of micropores control the extent of methane adsorption onto carbon 
surfaces. In this study, the effects of biochar porosity and surface area on methane 
adsorption capacity were examined and the results are shown in Figure 2.    
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FIG. 2. Effect of porosity and Surface Area on methane adsorption 

 
As the porosity and surface area of biochars increased, the extent of methane 
adsorption also increased indicating the importance of available pore space in chars 
for their effective use as adsorbents. Methane adsorption was found to be favored by 
micropores (< 2nm size) rather than meso- and macro pores in carbonaceous 
materials (Billemont et al. 2013, Perara et al. 2012 and Zhou et al. 2012). Thus, the 
pore size distribution of biochars could also play a critical role in affecting methane 
adsorption capacity.   
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Effect of particle size on adsorption 
 
   The effect of particle size on methane adsorption capacity of biochars is presented 
in Figure 3.  A decreasing trend in methane adsorption capacity was observed with 
increasing particle size. CK biochar, which had the smallest particle size exhibited the 
highest adsorption capacity whereas, other biochars which had relatively higher 
particle size had lower adsorption capacity. Finer particles generally have greater 
specific surface area thus providing more number of adsorption sites thereby 
increasing adsorption capacity.  
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FIG. 3. Effect of particle size on methane adsorption 

 
Effect of carbon content on methane adsorption 
  
   The influence of elemental carbon content and fixed carbon content on methane 
adsorption capacity of biochars is presented in Figure 4. In this study, for the range of 
elemental carbon content present in the biochars (20 – 83% d.w.), a decreasing trend 
in methane adsorption capacity was observed with increasing carbon content (Figure 
4). A similar trend in the adsorption capacity for biochars were observed with respect 
to the fixed carbon content (Figure 4). Several studies have reported similar findings 
specific to coals with a carbon content that fell within the range observed for biochars 
in this study (Perera et al. 2012, Gurdal and Yaclin, 2000). Some studies suggest that 
for carbonaceous materials having a low carbon content (below 80% d.w.) the extent 
of open porosities for methane adsorption were lower as opposed to materials with 
carbon content greater than 80% d.w. Thus, they propose a ‘U’ shape curve for gas 
sorption with the bottom most point on that curve being at around 83.5% fixed carbon 
(d.w.) (Faiz et al. 2007 and White et al. 2005). These studies mainly attribute such gas 
adsorption characteristics to the extent of micropores that are present on 
carbonaceous materials. It was found that coals with carbon content greater than 85% 
d.w. had higher tendency to adsorb and hold gases within their pore structure 
predominantly due to increased micropore volume.  
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Elemental Carbon
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FIG. 4. Effects of carbon content on methane adsorption 

 
Effects of moisture on methane adsorption 
 
   Moisture content of the biochars were found to negatively influence methane 
adsorption capacity (Figure 5). Several studies have been conducted to determine the 
effects of moisture content on the adsorption of methane onto coals (Levy et al. 1997, 
Bustin et al. 1998) and activated carbon (Zhou et al. 2001, Farzad et al. 2007). From 
these previous studies, it is evident that the presence of moisture decreases the 
amount of methane adsorbed onto pyrogenic substances within the temperature and 
pressure ranges used for conducting adsorption tests in this study. Water molecule has 
a diameter of 0.306 nm as compared to methane molecule which has a diameter of 
0.38 nm which makes it harder for methane to penetrate through the biochar pores in 
the presence of moisture (Zhou et al. 2001). 
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FIG. 5. Effect of moisture on methane adsorption 
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CONCLUSIONS 
 
   This study analyzed the influence of different physico-chemical properties of 
biochars on their methane adsorption capacity. It was found that porosity, surface 
area, particle size, moisture content and carbon content (total and fixed) appear to 
influence methane adsorption onto biochars. No visible trend was observed in the 
effect of all other properties such as, pH, specific gravity, volatile matter content, ash 
content, organic matter content, dry density and water holding capacity on methane 
adsorption. Methane adsorption was found to increase with increasing porosity and 
surface area and decrease with increasing particle size and carbon content (total and 
fixed). However, the conclusions that are derived from this study are only limited to 
biochars with elemental carbon content ranging from 20 – 83% d.w. and further 
studies need to be conducted to characterize the adsorption capacity of biochars with 
a higher range of carbon content.  
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