
ABSTRACT 

WANG, XIAOMING. Biodegradability of Forest Products in Laboratory- and Field- Scale 
Municipal Solid Waste (MSW) Landfills. (Under the direction of Dr. Morton A. Barlaz). 

Significant quantities of forest products are discarded in municipal solid waste (MSW) 

landfills annually in the United States as well as in other countries that depend heavily on 

landfilling for waste disposal. For example, paper, wood and yard waste comprised 

approximately 47% of MSW generation in the U.S. in 2012. The anaerobic decomposition of 

forest products in landfills generates carbon dioxide and methane, and methane is a potent 

greenhouse gas (GHG). The recalcitrant carbon in forest products that remains after 

decomposition is considered to be stored. 

The objective of this research was to characterize the biodegradability of forest materials 

that are commonly present in MSW under both laboratory- and field- scale landfill conditions. 

This information is useful to (a) inform inventories of GHG emissions and carbon storage in 

landfills; (b) assist in the evaluation of landfill gas to energy projects; and (c) support life-

cycle assessments of wood and paper product disposal. In addition, the impact of changes in 

waste composition on changes in the life-cycle carbon profile of a landfill can be better 

assessed with waste component specific biodegradability data. 

The anaerobic biodegradability of major wood products was characterized by measuring 

methane yields, decay rates, the extent of carbohydrate decomposition, carbon storage and 

leachate toxicity. Tests were conducted in triplicate 8-L reactors with red oak, eucalyptus, 

spruce, radiata pine, plywood (PW), oriented strand board (OSB) from hardwood (HW) and 

softwood (SW), particleboard (PB) and medium-density fiberboard (MDF). Red oak, a HW, 

exhibited greater decomposition than either SW (spruce and radiata), a trend that was also 



measured for the OSB-HW relative to OSB-SW. However, the eucalyptus (HW) exhibited 

toxicity and no decomposition. 

The anaerobic biodegradation of newsprint (NP), copy paper (CP), magazines (MG), and 

diapers (DP) was studied by measuring methane yields and solids loss, which consistently 

showed that papers made from mechanical pulps are less degradable than those made from 

chemical pulps where essentially all lignin was chemically removed. The diaper, which is 

made from a chemical pulp but also contains some gel and plastic, exhibited limited 

biodegradability. The extent of biogenic carbon conversion varied from 21 to 96% among 

papers. A copy paper made from eucalyptus fiber exhibited inhibited decomposition, though 

this may be due to additives to the paper rather than due to the original source of fiber. The 

toxicity was partially removed by extraction with how water. 

Methane yields, decay rates, solids decomposition and carbon storage factors were also 

measured for hardwood (HW) and softwood (SW) branches in simulated landfill reactors. 

The conversions of carbon in HW and SW branches ranged from zero to 28.5%, and HWs 

exhibited significantly higher conversions than SWs. The lipophilic extractives present in a 

HW and a SW sample were shown to inhibit methane yields in biochemical methane 

potential (BMP) tests. 

Selected wood and paper products were buried in field-scale landfills and excavated two to 

three years later to study solids decomposition. A holocellulose decomposition index (HOD) 

and carbon storage factors (CSFs) were calculated to reflect the extent of solids 

decomposition and carbon storage. These results, in general, correlated well with the 

laboratory-scale study, though the decomposition of newsprint and copy paper measured in 

the field was higher than previously reported. 



This research showed considerable variability in the decomposition behavior of various 

forest products when tested in laboratory-scale high solids reactors that were operated to 

maximize decomposition. The widely divergent carbon conversions show the limitation of 

the uniform assumption of 50% DOCf (fraction of degradable organic carbon dissimilated) by 

the Intergovernmental Panel on Climate Change (IPCC) for biodegradable materials disposed 

in landfills.
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CHAPTER 1 INTRODUCTION 

Forest products are materials derived from biomass harvested from the forest and include 

lumber, engineered wood products, paperboard, and various papers. These forest products 

plus yard trimmings (grass, leaves, and branches) represent a significant portion of municipal 

solid waste (MSW) generated in the United States. The U.S. EPA (2014) estimated that 

approximately 62.3 million Mg (metric ton) of paper and paperboard, 30.8 million Mg of 

yard trimmings, and 14.4 million Mg of wood were generated in 2012, which in total 

accounted for 47.2% of MSW generation. Historically, more than half of the generated MSW 

in the United States has been disposed in landfills and this trend is likely to continue for the 

foreseeable future. Other countries that rely heavily on landfilling for MSW disposal also 

bury large amounts of forest products in landfills. For example, Ximenes et al. (2008) 

reported that approximately 2.3 million tons of wood products and 2.0 million tons of paper 

products are buried in Australian landfills annually. These figures are likely lower estimates 

as they do not consider construction and demolition (C&D) waste, which may contain up to 

40% wood (Staley and Barlaz, 2009). 

Forest products are made from plant vascular tissues assembled by three major 

biopolymers: cellulose, hemicellulose, and lignin. While cellulose and hemicellulose are 

degradable under anaerobic conditions; lignin is considered recalcitrant as  anaerobic 

organisms cannot break down its complex structure (Colberg and Young, 1985; Odier and 

Monties, 1983; Young and Frazer, 1987). Thus, the anaerobic biodegradation of cellulose 

and hemicellulose in plant tissues is limited by their association with lignin (Benner and 
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Hodson, 1985; Blanchette et al., 1990; De la Cruz et al., 2014; Stinson and Ham, 1995; Tong 

et al., 1990). 

The anaerobic biodegradation of cellulose and hemicellulose results in the production of 

equal volumes of methane and carbon dioxide as shown in the stoichiometric equations 

below (Barlaz, 2006). Methane is a potent greenhouse gas (GHG) with a global warming 

potential 25 times greater than CO2 on a 100-year time scale (IPCC, 2007). 

 

 

Some of the generated methane is released as a fugitive emission because it is produced prior 

to the installation of landfill gas collection system, and the gas is not completely collected. 

Landfills have been estimated to be the third largest source of methane emissions in the 

United States (U.S. EPA, 2014). 

The burial of forest products in landfills results in the storage of carbon that is associated 

with the cellulose and hemicellulose that are not degraded, as well as the lignin that is 

preserved. Recent analyses have shown carbon storage to be a significant factor in an overall 

landfill life-cycle analysis, accounting for offsets of 141 to 261 kg CO2-equivalent per Mg of 

waste disposed in a landfill (Christensen et al., 2009). 

There has been limited literature on the biodegradability of specific forest products under 

laboratory- and field- scale landfill conditions. A review of previous work on forest product 

biodegradability is presented in subsequent chapters. Overall, the extent of biodegradation 

has been reported to vary over a wide range and in some cases, data are missing or 

inconclusive. 
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Research Objectives 

The overall goal of this research was to improve our understanding of the fate of various 

forest materials when disposed in MSW landfills. Specific objectives include: 

 Measure the biodegradability of specific wood products, branches and papers under 

laboratory-scale simulated landfill conditions. Test materials include hardwood (HW) 

and softwood (SW) lumber, engineered wood products, HW and SW branches with 

different diameters, as well as major paper types including newsprint, copy paper, and 

magazines. 

 Investigate the inhibited decomposition of a copy paper made from eucalyptus fibers. 

 Explore the extent to which the lipophilic extractives influence the biodegradability of 

HW and SW branches. 

 Characterize the decomposition of selected wood and paper products under field 

conditions, and correlate the field observations with the laboratory measurements. 

Information on the biodegradability of forest products in landfills can be used to answer the 

following questions: 

 How much of the biogenic carbon in landfilled forest products is metabolized by 

microorganisms to generate CH4 and CO2? 

 What is the extent of biogenic carbon storage from forest materials? 

 How do changes in waste composition (e.g., more recycling and reuse of paper 

products) influence methane generation and carbon sequestration in landfills? 

An important application of the biodegradability data is to inform inventories of GHG 

emissions from landfills. For example, the Intergovernmental Panel on Climate Change 
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(IPCC) has provided several alternatives (tiers) to estimate CH4 emissions from landfills. In 

the Tier 3 method, the IPCC allows the use of country-specific measurement-based 

parameters related to biodegradability such as methane generation potential and associated 

decay rate. 

In addition, knowledge on the biodegradability of forest products is useful (a) to estimate 

the feasibility of landfill gas recovery projects, (b) to assess the life-cycle GHG impacts of 

wood and paper products, and (c) to estimate the effects of changes in MSW composition on 

methane generation and carbon storage. 

Dissertation Structure 

This dissertation includes six chapters, in which Chapters 2-5 were written as standalone 

manuscripts that describe the anaerobic biodegradability of forest materials in laboratory- 

and field- scale MSW landfills. 

Chapter 2 describes the anaerobic biodegradability of hardwood and softwood lumbers and 

engineered wood products in laboratory-scale landfills by measuring methane yields, decay 

rates, the extent of carbohydrate decomposition, carbon storage, and leachate toxicity. It has 

been published in Environmental Science & Technology. 

Chapter 3 describes laboratory-scale studies to measure the methane generation, extent of 

solids decomposition and carbon storage of various paper products. This work includes an 

investigation of the inhibited decomposition of a copy paper made from eucalyptus fibers by 

using standard and modified biochemical methane potential (BMP) tests. This chapter is 

formatted for submission to Waste Management. 
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Chapter 4 focuses on the anaerobic decomposition and carbon storage of hardwood and 

softwood branches in laboratory-scale landfills. BMP tests at different solids to liquid ratios 

were used to evaluate the effect of lipophilic extractives on the conversion of branches to 

methane and carbon dioxide. This chapter is formatted for submission to Waste Management 

& Research. 

Chapter 5 describes the behavior of selected wood and paper products that were buried in 

two field-scale landfills and excavated after two to three years to characterize solids 

decomposition. The correspondence between field observations and laboratory measurements 

is discussed in this chapter, which has been published in Waste Management.  

Finally, overall conclusions and recommendations for future work are presented in Chapter 

6. 

Appendices A and B present additional work that was done as part of my Ph.D. program to 

estimate landfill gas decay rates based on field-scale data. This work represents an attempt to 

consider the landfill gas collection efficiency in evaluating gas collection data from landfills.  

Appendix A presents a manuscript that has been published in Environmental Science and 

Technology in which point estimates of gas collection efficiency were used to estimate the 

best fit decay rate. Appendix B presents a manuscript in which the effect of uncertainty on 

estimates of collection efficiency is considered. This work has been submitted for publication. 
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CHAPTER 2 WOOD BIODEGRADATION IN LABORATORY-SCALE LANDFILLS 

 

This chapter was previously published in Environmental Science &Technology. 

 
Wang, X., Padgett, J.M., De la Cruz, F.B., and Barlaz, M.A. (2011). Wood biodegradation in 

laboratory-scale landfills. Environ. Sci. Technol. 45, 6864–6871. 

Abstract 

The objective of this research was to characterize the anaerobic biodegradability of major 

wood products in municipal waste by measuring methane yields, decay rates, the extent of 

carbohydrate decomposition, carbon storage and leachate toxicity. Tests were conducted in 

triplicate 8-L reactors operated to obtain maximum yields. Measured methane yields for red 

oak, eucalyptus, spruce, radiata pine, plywood (PW), oriented strand board (OSB) from 

hardwood (HW) and softwood (SW), particleboard (PB) and medium-density fiberboard 

(MDF) were 32.5, 0, 7.5, 0.5, 6.3, 84.5, 0, 5.6, and 4.6 mL CH4 dry g-1, respectively. The red 

oak, a HW, exhibited greater decomposition than either SW (spruce and radiata), a trend that 

was also measured for the OSB-HW relative to OSB-SW. However, the eucalyptus (HW) 

exhibited toxicity. Thus, wood species have unique methane yields that should be considered 

in the development of national inventories of methane production and carbon storage. The 

current assumption of uniform biodegradability is not appropriate. The ammonia release from 

urea formaldehyde as present in PB and MDF could contribute to ammonia in landfill 

leachate. Using the extent of carbon conversion measured in this research, 0-19.9%, 

predicted methane production from a wood mixture using the Intergovernmental Panel for 
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Climate Change waste model is only 7.9% of that predicted using the 50% carbon conversion 

default. 

Keywords: landfills, municipal solid waste, wood, anaerobic 

Introduction 

Historically, landfills have been the dominant disposal practice for municipal solid waste 

(MSW). The anaerobic decomposition of waste in landfills results in methane generation. 

Because some methane is produced prior to gas collection system operation, and collection 

efficiencies are less than 100%, landfills are estimated to be the second largest source of 

anthropogenic methane in the U.S. and globally (1, 2). Wood is among the major contributors 

of biogenic organic carbon (OC) in waste and is estimated to comprise about 7.3% of 

discarded U.S. MSW and 40% of construction and demolition (C&D) waste (3). To the 

extent that wood does not decompose in landfills, it represents a source of biogenic carbon 

storage, which is a significant component of a landfill life-cycle assessment (4). 

Previous research (5, 6) has shown that hardwoods and softwoods as woody biomass can 

be degraded to carbon dioxide and methane under anaerobic conditions, although 

biodegradation of wood has most often been demonstrated under aerobic conditions (7). 

Cellulose and hemicellulose (holocellulose) are the major biodegradable components of 

wood while lignin is the other major organic component. The presence of lignin reduces 

carbohydrate bioavailability, as lignin has long been considered recalcitrant under anaerobic 

conditions (8). Furthermore, the specific structural monomers (i.e., p-hydroxyphenyl, 

guaiacyl, and syringyl) and the arrangement of the lignin around the holocellulose also play a 

role in anaerobic wood biodegradability (9). Additional factors proposed to influence the 
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anaerobic biodegradability of wood include the proportion of structural and non-structural 

carbohydrates, cellulose crystallinity, relative sapwood and heartwood content, and toxic 

components (6). 

There has been limited work on the behavior of wood in landfills. Mixed branches were 

shown to exert methane production in laboratory simulations (10). Micales and Skog (11) 

reviewed the processes involved in anaerobic decomposition of forest products in landfills 

and estimated that 0 - 3% of the carbon from wood was released as landfill gas, based 

primarily on estimates of methane generation from commercial models. There are a few 

reports in the literature suggesting higher levels of degradation. The excavation of buried 

waste in Australia resulted in estimates of up to 18% loss of the OC in hardwoods and 

softwoods, although these samples may have been influenced by aerobic processes (12). 

Peltola et al. (13) examined the anaerobic degradability of plywood (plain and overlaid with 

phenolic surface film) at 33°C. The samples were ground to dust and less than 1 mg of 

substrate was tested. After 6 months, the mineralization from plain plywood and surface 

phenolic film-coated plywood was 55 and 33% of the OC, respectively.  

Information on both the methane production and carbon storage potential of wood will 

improve gas models, landfill carbon footprint analyses and greenhouse gas inventories. The 

objective of this study was to characterize the anaerobic biodegradation of major types of 

natural lumber and engineered woods in a laboratory-scale simulated landfill. 

Characterization includes measurement of cellulose, hemicellulose and OC loss, and methane 

production. In addition, the toxicity of leachate from eucalyptus reactors and the potential 

ammonia release from resins in engineered woods were measured. 
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Experimental Methods 

Experimental Design  

The anaerobic biodegradability of hardwood (HW), softwood (SW), and four engineered 

woods including plywood (PW), oriented strand board (OSB), particleboard (PB) and 

medium-density fiberboard (MDF) were measured in 8-L reactors. Materials were selected to 

represent the major types of wood produced in the U. S. (14). As described in the Materials 

section, a second series of reactors was initiated with different HW, SW and OSB species 

based on the initial results.  

Reactors were operated under conditions designed to maximize the rate and extent of 

decomposition. This included shredding, initiation of methane production with decomposed 

waste, leachate recirculation and neutralization, the periodic addition of N and P to maintain 

these nutrients at minimum concentrations of 100 mg NH3-N/L and 5 mg PO4-P/L, and 

incubation in a room at about 37°C. All reactors were monitored until they were no longer 

producing measurable methane.  

To explore the toxicity of the eucalyptus HW, its biochemical methane potential (BMP) 

was measured before and after Soxhlet extraction. In addition, the toxicity of leachate from 

the eucalyptus reactors was evaluated using a modified anaerobic toxicity assay (ATA) (15). 

The ATA included anaerobic medium, ground refuse as a carbon source, and an inoculum. 

Methane production from the ground refuse was measured in triplicate in the presence and 

absence of leachate.  
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To evaluate ammonia release from MDF and PB that contain urea formaldehyde resin, 

shredded MDF and PB were soaked in sterile water for 28 d and the ammonia concentration 

was measured weekly.  

Materials  

Materials tested in the initial reactor series included a hardwood (HW-red oak), a softwood 

(SW-spruce), PW, OSB made from hardwood (OSB-HW), PB and MDF. All wood was 

obtained from a local lumber yard. The PW was made from 90% southern yellow pine (SW) 

and 10% gum and poplar (HW), and had a phenol formaldehyde (C7H8O2) resin content of 

2.4%. The OSB-HW was made from 90% aspen and 10% birch (both HW) and had a phenol 

formaldehyde resin content of 2.8%. Both the PB and MDF were manufactured from a 

combination of HW and SW and contained urea formaldehyde resin (C3H8N2O3). The resin 

content was estimated to be 9.2 and 14.6% of dry weight, respectively, as explained in the 

results. 

Based on the initial results, the biodegradability of a HW (Eucalyptus pilularis, or 

Blackbutt), a SW (radiata pine) and OSB-SW made from 100% southern yellow pine (SW) 

with a phenol formaldehyde content of 3% were tested to explore trends in the different 

wood categories. The eucalyptus and radiata pine used for the second phase of the 

experiment are common woods used in Australia while the OSB-SW was obtained from a 

U.S. producer. Before entering the U.S., the eucalyptus and radiata pine were fumigated with 

methyl bromide. To evaporate any residual methyl bromide, these woods were placed in an 

oven at 40°C overnight before and after shredding. 
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All materials tested were shredded with a slow-speed, high-torque shredder (Shredpax AZ-

7H) to obtain a sample size of ~2 cm by ~5 cm. Refuse seed for initiation of decomposition 

was obtained from a ~300-L reactor that contained actively decomposing residential solid 

waste. 

Experimental Equipment and Reactor Operation 

Samples were incubated in 8-L polypropylene mason jars with a sealed screw cap (U.S. 

Plastics Corp., Lima, OH). Jars were modified for installation of a leachate collection port, a 

water inlet, and a gas collection port. Each port accepted 6.35 mm ID tubing. Gas was 

collected in flex-foil gas bags fitted with a hose valve (SKC Corp., Houston, TX). Leachate 

was collected in 2-L intravenous bags (Baxter Healthcare, Deerfield, IL). Assembled reactors 

were tested for leaks using a vacuum pump. 

Each wood type and the refuse seed were added to the reactors in a 3:1 wood to seed, v/v 

ratio. Sufficient deionized (DI) water was added initially to ensure the generation of leachate 

for recirculation and then added periodically to maintain about 500 mL leachate. Leachate 

was neutralized as necessary and recirculated about five times a week throughout the 

incubation period. Gas production was collected in gas bags and both the total volume and 

composition were measured every 1 to 8 weeks as needed. The concentrations of N and P 

were measured approximately monthly and adjusted to the aforementioned target 

concentrations with NH4Cl and KH2PO4 as necessary. Once methane production could no 

longer be measured, reactors were destructively sampled for analysis of the residual solids. 
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Analytical Methods 

The methods employed for analysis of gas concentrations and volume, and leachate COD 

have been presented previously (15). For chemical characterization, shredded samples were 

ground in a Wiley mill to pass a 1 mm screen and re-dried. Cellulose, hemicellulose and 

lignin analyses were conducted on the ground samples as described (16, 17). Briefly, the 

cellulose and hemicellulose were converted to their monomeric sugars using a two-stage 

sulfuric acid hydrolysis. The monomeric sugars were then analyzed by HPLC equipped with 

an electrochemical detector using a CarboPac PA1 column (4x250 mm). The eluents were 

water and a solution containing 200 mM NaOH and 60 mM sodium acetate. Klason lignin 

was determined by loss on ignition (2 h, 550°C) of the solids remaining after acid hydrolysis. 

In the Klason lignin method, any organic material that is not soluble in the initial 

toluene/ethanol wash (lipophilic extractives), and does not dissolve in sulfuric acid, will be 

counted as lignin as discussed with the Results. The BMP was measured by incubation of a 

known mass of ground sample at 37°C in triplicate 160 mL serum bottles that include 

anaerobic growth medium and an anaerobic consortium maintained in our laboratory and 

acclimated to the conversion of MSW to methane (15). BMPs were corrected for methane 

attributable to the inoculum. Organic carbon (OC) was measured with a CHN analyzer 

(Perkin-Elmer PE 2400 Elemental Analyzer). All samples were acid washed (1 N HCl) to 

eliminate inorganic carbon prior to analysis (18). Ammonia and phosphate were measured 

using Method 4500 (19) with a flow injection analyzer (LACHAT Instruments, QuikChem 

8000). 
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Data Analysis 

All gas data were corrected to dry gas at 0°C and 1 atm (STP). The methane yield and loss 

of cellulose and hemicellulose for each wood were corrected for the contribution of the 

refuse seed, assuming that the behavior of the seed was the same when incubated alone and 

in the presence of wood. The laboratory-scale first order decay rates (klab) were computed 

using linearized methane production data, excluding any lag time, as described (20). A mass 

balance was performed on each reactor on the basis of the OC content of each input and 

output. Carbon recovery was defined as the mass of organic carbon removed from a reactor 

at the end of the decomposition cycle plus carbon attributed to measured methane divided by 

the mass of the OC added initially. The calculation assumes that one mole of CO2 was 

produced per mole of CH4 as is characteristic of carbohydrate (cellulose and hemicellulose) 

decomposition. Similarly, the extent of carbon conversion was calculated as the mass of 

carbon recovered as CH4 plus CO2 divided by the mass of C present initially.  

Results and Discussion 

Chemical Characterization 

The chemical composition of the test materials is presented in Table 1. As presented, wood 

is primarily composed of cellulose, hemicellulose, and lignin. Wood is classified as softwood 

(SW from gymnosperms) and hardwood (HW from angiosperms). Although the cellulose 

content is similar, HWs in general contain less lignin than softwoods. However, tropical 

hardwoods can exceed the lignin content of many softwoods (21). In this study, red oak, 

which is a HW species, had the highest cellulose plus hemicellulose to lignin ratio (C+H/L) 

and the lowest lignin concentration. This contrasts with the eucalyptus, which is also a HW 



 

16 

but had the highest lignin content. The chemical composition of two SW samples was nearly 

identical. The engineered woods were manufactured from both SW, HW or a mixture thereof, 

and their solids concentrations were all diluted by resin. The OSB-HW had less lignin than 

the OSB-SW which follows the general trend for lignin in HW and SW. 

To determine if the resins in engineered woods interfered with the Klason lignin analysis, 

samples of pure phenol formaldehyde and urea formaldehyde resins were subjected to the 

lignin analysis. The phenol formaldehyde resins present in PW and OSB behaved as Klason 

lignin, as presented in Table S3 of the Supporting Information (SI). The phenol 

formaldehyde resins contained 77 to 95% material that behaved as Klason lignin. Fortunately, 

PW and the OSBs only contained about 3% resin so the interference was small.
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Table 1. Initial Chemical Composition, Methane Yields, and Decay Rates for Test Woods 

Reactor Series Cellulose 
(%)a 

Hemi-
cellulose 

(%)a 

Lignin 
(%)a 

Volatile 
Solids 
(%)a 

Organic 
Carbon 

(%)a 

Resin  
(%)c 

CHL/OS 

(%)d (C+H)/Le 
Reactor Experimentf 

Methane Yield 
(mL of CH4 g-1)g 

Decay Rate 
(yr-1)h 

HW-Red Oak 40.5 19.6 23.6 99.6 44.6 n.a.i 83.9 2.6 32.5 (12.6) 2.3 (1.0) 
HW-Eucalyptus 40.0 11.0 32.0 99.9 44. 5 n.a. 83.1 1.6 -0.3 (0.3) n.a. 
SW-Spruce 42.0 20.3 27.4 98.5  44.7 n.a. 91.0 2.3 7.5 (0.7) 1.8 (0.4) 
SW-Radiata 
Pine 41.1 20.1 27.1 99.2 44.1 n.a. 89.0 2.3 0.5 (0.2) 21.5 (1.0) 

OSB-HW 42.1 16.8 22.5b 99.0  45.6  2.8 82.2 2.6 84.5 (8.2) 1.0 (0.2) 
OSB-SW 37.6 17.9 33.6 b 98.9  43. 9 3.0 90.2 1.7 -0.1 (0.2) n.a. 
PW 38.8 17.0 31.4 b 96.4  46.9 2.4 90.4 1. 8 6.3 (5.0) 4.5 (0.4) 
PB 37.3 16.3 28.2 98.9  45.1 9.2 82.6 1.9 5.6 (3.3) 1.7 (0.9) 
MDF 34.8 15.2 29.5 98.6  43.9 14.6 80.7 1.7 4.6 (0.7) 6.7 (1.3) 

a.  % of dry weight. Reported values for chemical composition are the average of duplicates and the relative standard deviations 
(RSD) were below 10%. 

b.  The lignin content of the PW and OSB was not corrected for the phenol formaldehyde resin. As described in the text, the 
reported lignin values likely include about 3% resin. 

c.  Synthetic resins present in engineered woods. The resin contents for PB and MDF were calculated from the measured N 
content, assuming that the only source of N was the urea formaldehyde resin. 

d.  The fraction of the cellulose, hemicellulose and lignin accounted for as organic solids. 
e.  The ratio of cellulose plus hemicellulose to lignin. 
f.  Data represents the average for each reactor set. Standard deviations (SD) are presented parenthetically. 
g.  The reported yields of HW-Red Oak and OSB-HW are the average of triplicate reactors (up to day 1347 for one ongoing 

HW-Red Oak and triplicate OSB-HW reactors). In some cases, a negative methane yield is reported. This suggests that less 
methane was produced in a component reactor relative to the amount of methane that could be expected from the seed. For  
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Table 1 (continued) 
      HW-Eucalyptus and OSB-SW, methane yields of two reactors were less than the methane yields expected from the seed, 

while there was no difference between methane yields of the remaining reactor and the seed. 
h.  The decay rate was estimated using the linear part of the methane production curve. There was no measurable methane 

production in the eucalyptus and OSB-SW reactors. The decay rate of SW-Radiata Pine was the average of two reactors as 
there was no measurable methane production in the third reactor. 

i.  n.a. = not applicable. 
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(C+H/L) reflects the ratio of degradable to recalcitrant organic matter as lignin is 

recalcitrant and restricts the bioavailability of some cellulose and hemicelluloses (10). This 

ratio is highest in the OSB-HW and lowest in the HW-eucalyptus. The ratio of measured 

organic components (cellulose, hemicellulose and lignin) divided by the total organic solids 

(CHL/OS) reflects the extent to which the measured organic components represent the 

organic solids content. As presented in Table 1, values between 81% and 91% suggest that 

most of the organic matter can be accounted for by cellulose, hemicellulose and lignin, 

recognizing that in the case of PW and OSB, some of the material reported as lignin is 

actually phenol formaldehyde. These values do not include natural occurring extractives that 

were not detected in SW and HW, or synthetic resins in engineered woods. 

Biodegradability of Hardwood and Softwood 

The average methane yield and decay rate for each wood are presented in Table 1, and 

average methane production rates are presented in Figure 1. Data for individual reactors, 

including pH, methane generation, COD, NH3-N and PO4-P are presented in Figures S1 to S5. 

Final solids analyses and mass balances were not conducted on HW-Red Oak reactor 2 (R2) 

and the OSB-HW reactor set as these reactors were still producing methane after 1347 d.  

In the HW-red oak reactors, the pH of all reactors dropped to about 5.3 initially but 

increased and remained above pH 7 for much of the experimental period without any 

neutralization. Methane production exhibited an increase followed by an asymptotic decrease 

and the COD decreased with the onset of methane production. COD concentrations after day 

160 were nearly constant between 1000 and 2000 mg L-1, suggesting that the remaining COD 

represented recalcitrant carbon.
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Figure 1. Average methane production rate for each wood type in laboratory-scale landfill 
simulations at the completion of decomposition. One HW and all three OSB reactors 
continue to produce methane. 
 
 

In the HW-eucalyptus reactors, the pH of the reactors ranged from 6.5 to 6.8 for much of 

the experimental period without any neutralization. Two of the three reactors did not exhibit 

any methane production and the COD decreased over the experimental period, likely due to 

methane production from the seed. Both the ground wood and reactor leachate were tested to 

evaluate eucalyptus toxicity. The ground wood, after Soxhlet extraction, was tested using a 

BMP test. The extractive comprised 6.5% of the eucalyptus dry weight. The extracted 

eucalyptus had a BMP of -1.52 mL CH4 g-1, suggesting that methane generation from the 

inoculum alone was higher than that in the presence of the extracted eucalyptus plus the 
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inoculum. Thus, the toxic components of the eucalyptus were not removed by Soxhlet 

extraction. 

Leachate from the eucalyptus reactors was evaluated for toxicity using an ATA and the 

results are presented in Table S4. The results indicated that the presence of leachate from the 

eucalyptus reactors inhibited the conversion of refuse to methane, which is consistent with 

the absence of methane production attributable to eucalyptus in the reactors. 

The pH of both sets of SW reactors reached neutral quickly and remained above pH 7 

throughout the experimental period. Methane production in the SW-spruce reactors exhibited 

a sharp peak in methane production and then declined asymptotically. In contrast, there was 

little methane production for the SW-radiata. The COD for both SWs did not exhibit a large 

peak initially, suggesting very little accumulation of volatile fatty acids (VFAs). 

There were significant differences in methane yields between HW and SW samples and 

even between two HW species, although cellulose concentrations were similar. One 

explanation for the higher yield in the HW-red oak is that its lower lignin content and higher 

(C+H)/L relative to HW-eucalyptus and the two SW species, controlled the extent of 

degradation. However, (C+H)/L does not explain the methane yield difference between two 

SW species with similar lignin contents. A second explanation for the additional 

biodegradability of the HW-red oak is that the lignin polymers in HWs have a lower 

structural integrity and typically are chemically degraded more easily than softwood lignin 

(22). HW contains both syringyl and guaiacyl units while SW contains only guaiacyl lignin. 

Lignin polymers containing guaiacyl units have more crosslinking than those rich in syringyl 

monomers (22). Under aerobic conditions, white rot fungi have been reported to degrade 
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syringyl units more easily than guaiacyl units (23). Furthermore, the presence of toxic 

heartwood extractives may also prevent or restrict wood decay (7). As discussed above, the 

eucalyptus exerted toxicity which likely was the dominant factor in the absence of methane 

production, as opposed to its lower (C+H)/L. 

As described in the Data Analysis, measured methane in each reactor was corrected for the 

decomposed refuse seed, assuming that it behaved the same in the presence and absence of 

wood. While this assumption may be imperfect, it did not impact the results. Methane 

attributable to the controls represented less than 1.5% of the total measured methane in all 

reactors, except for eucalyptus, SW-radiata pine, and OSB-SW reactors where methane 

generation was near zero. 

Biodegradability of Engineered Woods 

OSB-HW had the highest methane yield among the four engineered woods, which is 

consistent with its relatively high (C+H)/L. After the first week, the pH in the OSB-HW 

reactors was neutral and the pH remained between 7 and 8 throughout the experiment. The 

COD was relatively constant between 1000 and 2000 mg L-1. Ammonia concentrations 

ranged from 30 to 300 mg L-1 while monthly phosphate additions were required. To evaluate 

whether the decomposition behavior of the OSB was controlled by the manufacturing process 

or due to it having been made from HW, as additional OSB sample made from SW was 

tested in a second reactor set. The OSB-SW did not exhibit any methane production which 

was comparable to the SWs tested. 

In contrast to OSB-HW, the methane yields for the PW (90% SW), PB (SW and HW) and 

MDF (SW and HW) were relatively low and comparable to SW lumbers. Decomposition was 
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complete relatively rapidly for the PW and the PW leachate never required neutralization. 

PW had a COD which stabilized between 4000 and 6000 mg L-1. The phosphate 

concentration in the PW reactors ranged from 12 to 36 mg P L-1 which was the highest of all 

reactor sets. 

The MDF reactors were the first set to complete decomposition at 440 d. The MDF 

contained a urea-formaldehyde resin. The N content of the MDF was 4.5% which results in a 

calculated urea formaldehyde content (C3H8N2O3) of 14.6%. MDF reactor leachate had the 

highest ammonia concentrations of all reactors, ranging from 1780 to 3500 mg NH3-N L-1 

between days 40 and 375 and increasing to 5000 mg NH3-N L-1 thereafter. This relatively 

high N content may explain why the pH in the MDF reactors reached ~8.5 (Figure S5). 

Previous studies have reported that ammonia is inhibitory to methane degrading archaea at 

concentrations of 4000 mg N L-1 (24). Thus, the ammonia concentrations after day 375 could 

have been inhibitory. However, the cumulative methane yield was 99.6% of its ultimate 

value and methane production rates were decreasing when the ammonia concentration was 

below 3200 mg NH3-N L-1. Nonetheless, the possibility that localized elevated 

concentrations of NH3-N inhibited decomposition cannot be excluded. The COD of MDF 

leachate stabilized between 6000 and 12000 mg L-1 which was the highest among all woods 

tested. The traditional explanation for this is that there was some accumulation of 

decomposition intermediates or some organic matter was released from the MDF. Another 

explanation is that the ammonia was contributing to the COD. According to HACH technical 

information (25), ammonia is not measured as COD at chloride concentrations below 2000 
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mg L-1. Unfortunately, chloride concentrations were not monitored so the contribution of 

ammonia to COD cannot be excluded. 

Methane production in the PB reactors was also relatively low. Like MDF, PB is 

manufactured from a combination of HW and SW with urea-formaldehyde resin. PB had a 

measured N content of 2.9% and a calculated urea formaldehyde resin concentration of 9.2%. 

PB had the second highest ammonia concentrations, ranging between 500 and 1300 mg NH3-

N L-1. As MDF and PB were the two wood types that contained urea-formaldehyde resin, the 

elevated NH3-N is consistent with the release of ammonia from the resin. The higher pH in 

the PB leachate (~8) is also consistent with NH3-N buffering. 

The BMP of the formaldehyde-based resins present in engineered woods are presented in 

Table S2. The phenol formaldehyde resins that were used in PW and OSB exhibited some 

methane potential. However, even if all of the resin was converted to methane and carbon 

dioxide, the contribution of the resin to the overall methane yield for PW and OSB-HW 

represented 5.2 and 0.3%, respectively. The urea-formaldehyde resin used for the PB and 

MDF did not exhibit any methane potential. 

Decay Rates 

The rate at which methane production occurs, as quantified by the decay rate, is important 

because gas collection does not commence immediately at most landfills. Thus, higher decay 

rates will result in increased fugitive emissions. The decay rate reflects the rate at which 

methane reaches its ultimate yield so a faster decay rate does not imply a higher methane 

yield (Table 1). For example, the methane yields for the HW-red oak and MDF was 32.5 and 

4.6 ml CH4 dry g-1, respectively, while their decay rates were 2.3 and 6.7 yr-1. In contrast, 
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decay rates for newsprint, food waste and leaves were reported as 3.5, 15.0 and 17.8 yr-1, 

respectively (20). 

Solids Decomposition and Mass Balances 

The cellulose, hemicellulose and lignin concentrations in the fresh materials are presented 

in Table 1, while concentrations in the wood/inoculum mixture at the end of the 

decomposition cycle are presented in Table S1. The concentration data were used to calculate 

the mass of cellulose, hemicellulose and lignin that remained after decomposition as a 

fraction of the initial mass, designated MC, MH and ML, respectively (Table 2). Triplicate 

OSB-HW reactors and HW-red oak Reactor 2 (R2) are still producing methane, thus solids 

analyses could not be conducted on these reactors.



 

26 

Table 2. Extent of Solids Decomposition and Carbon Storage Factorsa 

Reactor Series MCb MHb MLb 
Carbon 

Recovery 

(%)c 

Carbon 
Conversion 

(%)d 

CSF 
(g biogenic C stored 

dry g wood-1)e 

HW-Red Oak 0.85 
(0.01) 

0.84 
(0.00) 

1.06 
(0.00) 

97.2 
(7.6) 

7.8 
(3.0) 

0.41 
(0.02) 

HW-Eucalyptus 0.93 
(0.05) 

0.98 
(0.11) 

0.88 
(0.06) 

101.7 
(4.0) 

0.0 
(0.0) 

0.45 
(0.02) 

SW-Spruce 0.96 
(0.02) 

0.92 
(0.03) 

0.83 
(0.12) 

93.2 
(6.9) 

1.8 
(0.2) 

0.41 
(0.03) 

SW-Radiata Pine 1.02 
(0.08) 

0.88 
(0.06) 

0.96 
(0.06) 

103.6 
(4.2) 

0.1 
(0.1) 

0.46 
(0.02) 

PW 1.12 
(0.05) 

1.10 
(0.09) 

0.93 
(0.05) 

102.9 
(7.9) 

1.4 
(1.1) 

0.46 
(0.03) 

OSB-HW n.m.f n.m. n.m. n.m. 19.9 

(1.9) n.m. 

OSB-SW 1.00 
(0.04) 

0.97 
(0.05) 

0.93 
(0.11) 

110.9 
(3.8) 

0.0 
(0.0) 

0.47 
(0.02) 

PB 0.98 
(0.02) 

0.97 
(0.02) 

0.88 
(0.33) 

91.4 
(7.1) 

1.3 
(0. 8) 

0.38 
(0.03) 

MDF 1.14 
(0.04) 

1.08 
(0.08) 

0.94 
(0.01) 

94.7 
(13.8) 

1.1 
(0.2) 

0.37 
(0.06) 

a.  Data represent the average for each reactor set. The reported results for HW-Red Oak 
are the average of two reactors in which methane production is complete. Standard 
deviations (SD) are presented parenthetically. 

b.  The ratio of the mass of cellulose (MC), hemicellulose (MH) and lignin (ML) 
recovered from a reactor divided by the initial mass. 

c.  Carbon recovery including the mass of organic carbon removed from a reactor and 
carbon attributed to measured CH4 and CO2 production divided by the mass of the 
organic carbon added to a reactor initially. 

d.  Carbon conversion (DOCf in IPCC terminology) represents carbon recovered as CH4 
and CO2 divided by the mass of the organic carbon added to a reactor initially. The 
OSB-HW reactors remain in progress. 

e.  Units are mass of biogenic carbon stored per dry mass of wood component. For OSB, 
PW, PB and MDF, the CSFs were corrected as the measured OC includes some fossil 
OC associated with the resins. CSFs were calculated assuming no biodegradation of the 
fossil carbon. CSF (g C g wood-1) = (C mass stored in 1 g wood – C mass of resin in 1 
g wood)/g wood. The C content of the synthetic resins used in engineered wood was 
calculated from the molecular formulas as described in the text. 

f.  n.m. = not measured until reactor stops producing gas. 
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As presented in Table 2, there was more cellulose and hemicellulose loss for the HW-red 

oak relative to the other woods except OSB-HW, which is still producing methane and could 

be expected to exhibit the most extensive carbohydrate loss. The fact that most MC and MH 

values are close to 1.0 is consistent with the limited decomposition of wood samples. ML 

ranged from 0.83 to 1.06. The chemical form of lignin may change during decomposition, 

resulting in apparent changes in the concentration of Klason lignin (26). Such changes and 

experimental error are likely explanations for the ML values different from 1.0. 

Another metric of decomposition is the fraction of the OC converted to CH4 and CO2 

which is equivalent to the DOCf (fraction of degradable OC that can decompose) as used by 

the Intergovernmental Panel on Climate Change (IPCC) (Table 2). These values range from 0 

to 19.9% which are considerably lower than the 50% recommended by the IPCC for MSW 

that also includes more degradable materials such as food waste and paper (27). As expected, 

carbon conversion is consistent with the rank order of the methane yields. The OSB-HW was 

manufactured from hardwood and interestingly, the extent of conversion was higher than the 

natural hardwood, red oak. 

Eleazer et al. (10) reported on the biodegradability of branches in a similar reactor system. 

In Eleazer’s study, the branches contained 32.6% lignin, exhibited a methane yield of 62.6 

mL g-1, and a C conversion of 13.6%. The reported ratios of MC and MH were 0.52 and 0.59, 

respectively. There is no apparent explanation for the higher extent of decomposition for 

branches relative to wood samples with similar lignin content in this study. In general, the 

results reported previously are not comparable to the results measured here, suggesting that it 

may not be appropriate to apply a specific decomposition factor to wood products as a whole. 
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The recovery of carbon in each reactor set is presented in Table 2. The carbon recovery 

ranged from 91.4 to 110.9%, suggesting that experimental error in each of the measurements 

contributed to the overall recovery. The organic C in the leachate at the end of the 

decomposition cycle was not quantified directly. However, by assuming that all COD is in 

the form of phenol, the OC removed in the leachate was estimated as less than 1% of the OC 

added initially in all reactors, except 2.6% in the case of MDF. 

The carbon storage factor (CSF) is a measure of the amount of biogenic carbon that is not 

converted to methane and carbon dioxide during anaerobic decomposition and thus stored. 

Stored biogenic carbon will include some of the cellulose and hemicellulose and presumably 

all of the lignin. CSFs for each material are presented in Table 2. To calculate the CSF of the 

engineered woods, it was assumed that all CH4 and CO2 resulted from the wood and none 

was attributable to the resins which are typically of petrochemical origin (28). Thus the mass 

of fossil carbon was deducted from the mass of organic carbon stored to calculate the mass of 

biogenic carbon stored. All of the CSFs are higher than the corresponding values of 0.38 g C 

stored g-1 for branches reported previously (3). This is consistent with the higher methane 

yield and cellulose and hemicellulose loss for branches relative to the woods tested here. 

Nitrogen Release from Engineered Woods 

A typical range of NH3-N in MSW landfill leachate is 500 to 2000 mg L-1 (29). As 

ammonia does not degrade under landfill environmental conditions, it is of concern in 

consideration of the long-term management of landfills (30). When MDF and PB were 

soaked in water, they released 0.69 and 0.17 g NH3-N kg-1 wood, respectively, over 28 days. 

Assuming that MDF and PB occur in equal amounts and make up a combined 1% of MSW, 
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there would be 5 kg each of MDF and PB per Mg MSW. Aggregating data from many 

landfills, Camboreco et. al. (31) estimated about 38 L of leachate were produced per Mg 

(metric ton) MSW. Therefore, MDF and PB could potentially contribute about 113 mg NH3-

N L-1 to landfill leachate. Although, an upper limit, the ammonia release indicates that 

engineered woods containing urea formaldehyde could contribute to ammonia in landfill 

leachate. 

Implications of Methane Generation and Carbon Storage from Wood Products 

Discarded in Landfills 

The measured carbon conversion of tested woods (Table 2) (i.e., DOCf as used by IPCC) is 

considerably lower than the 50% default used by IPCC. The implications of lower DOCf 

values on methane generation predictions were evaluated based on the IPCC waste model 

using the parameters given in Table S5 (27). To simplify the comparison and avoid the 

introduction of additional uncertainty, the field-scale decay rate was assumed to be the same 

for the wood fraction of waste, branches and the woods tested in this study at 0.03 yr-1 which 

applies to boreal and temperate wet climates. Three DOCf values were considered including 

the IPCC default of 50% (base case), 13.6% for branches as reported by Eleazer et al. (10) 

(scenario 2), and the values for each wood type as given in Table 2 (scenario 3). For scenario 

3, a weighted average DOCf of 4.4% was calculated based on an assumed composition of 

wood waste as developed in Table S5. This composition was calculated from data on the 

composition of wood in residential and commercial waste in DE (Table 3). Assuming the 

same decay rate, methane generation will be proportional to the product of DOC and DOCf 

(Table S5). Thus, methane production for branches and the mixture of woods tested in this 
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study is 26.9% and 7.9% of the methane generated in the IPCC base case, respectively. It is 

recognized that the 50% DOCf recommended by the IPCC for MSW includes both relatively 

degradable materials such as food waste and less degradable materials such as wood. Thus, 

when the 50% value was applied to wood only, the base scenario also overestimates methane 

generation. 

To develop an estimate of carbon storage from wood discarded in U.S. landfills, an 

estimate of each type of wood product discarded in landfills is required. In 2006, an 

estimated 242 million Mg of MSW was landfilled in the U.S. (32). These data do not include 

construction and demolition (C&D) waste which was estimated to comprise of 20.2±9.7% 

of landfill discards by weight (3). Assuming that 20.2% of all landfill discards is C&D 

materials, an additional 61.2 million Mg of C&D materials were disposed in U.S. landfills in 

2006. The fraction of lumber, OSB, PW, MDF and PB in the residential, commercial and 

C&D waste discarded in landfills was reported in a statewide waste characterization study 

(Table 3) (33). While data from one study are not likely representative of the entire U.S., 

these data were nevertheless applied to the U.S. waste stream to obtain a first estimate of C 

storage attributable to wood. The resulting estimate is 10.3 million Mg of carbon stored in 

landfills attributed to wood discards in 2006.



 

31 

Table 3. Estimated Carbon Storage from Forest Products Deposited in U.S. Landfills 

 Wood 
category 

Fraction of 
each wood 

category (%) a 

Discarded 
in landfills 

(Tg)b 

Moisture 
content 

(%)e 

Carbon 
storage, (Tg)f 

MSW 
Landfilled   241.9c   

Residential   133.0c    
 Lumber 2.1 2.8  11.3 1.1  
 PW 0.8 1.1  9.0 0.4  
 OSB 0.3 0.4  7.8 0.2  

 
MDF and 

PB 0.4 0.5  7.2 0.2  
Commercial   108.8c      

 Lumber 4.1 4.5  11.3 1.7  
 PW 0.6 0.7  9.0 0.3  
 OSB 0.6 0.7  7.8 0.3  

 
MDF and 

PB 0.4 0.4  7.2 0.2  
C&D Waste   61.2d      

 Lumber 15.1 9.2  11.3 3.5  
 PW 4.3 2.6  9.0 1.1  
 OSB 4.7 2.9  7.8 1.2  

 
MDF and 

PB 0.8 0.5  7.2 0.2  
Total       10.3  

a.  The percentage of lumber, PW, OSB, MDF and PB in residential, commercial and 
C&D waste was adapted from a waste characterization study for Delaware (33). 

b.  The mass are given on a wet basis. 
c.  The total MSW landfilled in 2006 was obtained from (32). It was assumed that 55% 

and 45% of MSW landfilled originated from residential and commercial sources, 
respectively. The wet weight of lumber, PW, OSB, MDF and PB was computed by 
multiplying the wet weight of the specific waste stream by the corresponding 
percentage. 

d.  The mass of C&D waste landfilled was calculated based on the fact that the estimated 
percentage of C&D in discarded MSW+C&D was 20.2±9.7%, as described in the text 
(3). 

e.  The moisture content of lumber was the average of measurements on untreated and 
treated lumber. 

f.  Carbon storage was estimated by multiplying the CSFs (Table 2) by the dry mass of 
each wood. The average of the CSFs of HWs and SWs was used for lumber (0.43 g C 
dry g wood-1); while the average of MDF and PB (0.38 g C dry g wood-1) was used for the 
mixture of MDF and PB. 
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The focus of this research was on the biodegradability of specific types of wood that are 

common in MSW and are often disposed in landfills. The methane yields reported in Table 1 

represent an upper limit on what would occur under environmental conditions in a landfill. 

Similarly, the carbon storage factors represent a lower limit. Nonetheless, the results 

highlight the large variability in the extent of decomposition for various types of wood. The 

low methane yields of tested wood products casts doubt on the yield of branches, as 

previously reported and widely used as representative of wood products disposed in landfills 

(34). The carbon conversion factors measured in this research are well below the 50% default 

value recommended by IPCC (27). Collectively, these findings have implications for national 

greenhouse gas emissions, since the IPCC allows the use of country-specific DOCf values, 

provided they are based on well documented research (27). The decomposition data 

developed here also document the high level of carbon storage that should be attributed to the 

burial of wood in landfills. This is particularly important for countries that rely on landfills as 

a major disposal option for wood products (e.g., U.S., Australia) (12). A larger database of 

wood types is required to determine whether the trends in decomposition reported here can 

be generalized. 
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Supporting Information 

Figures S1 to S5 present the reactor results for each wood sample. Figures S6 to S12 are 

the natural log transformed plots of methane production data that were used to determine the 

laboratory-scale decay rate constants, klab,i, as described (1). 

Table S1 presents the solids concentration and mass balance data for each wood tested. The 

BMP and lignin analysis on synthetic resins, as well as the eucalyptus leachate toxicity data 

are presented in Tables S2, S3 and S4, respectively. Parameter inputs for the IPCC waste 

model are given in Table S5.
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Reactor Results 
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Figure S1. Decomposition data for HW (red oak) and HW (eucalyptus) in laboratory-scale 
landfill simulations. 
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Figure S2. Decomposition data for SW (spruce) and SW (radiate pine) in laboratory-scale 
landfill simulations. 



 

42 

  
pH 

  
CH4 Production Rate 

  
Leachate COD 

  
NH4-N 

  
PO4-P 

Figure S3. Decomposition data for OSB-HW and OSB-SW in laboratory-scale landfill 
simulations. 
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Figure S4. Decomposition data for plywood (PW) and particle board (PB) in laboratory-scale 
landfill simulations. 
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Figure S5. Decomposition data for medium density fiberboard (MDF) in laboratory-scale 
landfill simulations.
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Decay Rate Results 
 

   
Figure S6. Linearized first-order decomposition of red oak (HW-Red Oak). m0 and m are 
reactive mass of C (kg) in the refuse present at time zero and t, respectively. 
 
 
 

   
Figure S7. Linearized first-order decomposition of spruce (SW-Spruce). m0 and m are 
reactive mass of C (kg) in the refuse present at time zero and t, respectively. 
 
 
 

  
Figure S8. Linearized first-order decomposition of radiata pine (SW-Radiata Pine). m0 and m 
are reactive mass of C (kg) in the refuse present at time zero and t, respectively.
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Figure S9. Linearized first-order decomposition of plywood (PW). m0 and m are reactive 
mass of C (kg) in the refuse present at time zero and t, respectively. 
 
 
 

   
Figure S10. Linearized first-order decomposition of oriented strand board (OSB-HW). m0 
and m are reactive mass of C (kg) in the refuse present at time zero and t, respectively. 
 
 
 

   
Figure S11. Linearized first-order decomposition of particle board (PB). m0 and m are 
reactive mass of C (kg) in the refuse present at time zero and t, respectively.
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Figure S12. Linearized first-order decomposition of medium-density fiberboard (MDF). m0 
and m are reactive mass of C (kg) in the refuse present at time zero and t, respectively.
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Table S1. Solids Composition and Mass Balance of Reactor Series 
Reactor Series Organic 

Carbonb 

(%) 

Celluloseb 

(%) 

Hemi- 
Celluloseb 

(%) 

Ligninb 

(%) 

Organic 
Solidsb 

(%) 
MCc MHc MLc 

Carbon 
Recoveryd 

(%) 

CSFe 
(g C dry g 
wood-1) Description In/Outa 

HW-red oak In 44.6 40.5 19.6 23.6 99.6 / / / / / 
R1 Out 41.3 31.9  15.3  30.0  89.0  0.85 0.84  1.06  91.8  0.39  
R2 Out n.m.f n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 
R3 Out 43.3 31.5  15.0  29.3  91.0  0.85 0.84  1.06  102.5  0.42  

Average  42.3 31.7 15.1 29.7  90.0 0.85 0.84 1.06 97.2 0.41  
SD  1.4  0.3  0.2  0.5  1.4  0.00 0.00  0.00  7.6  0.02  

HW-eucalyptus In 44.5 40.0 11.0 32.0 99.9 / / / / / 
R1 Out 46.4  32.4  9.2  34.0  93.3  0.91 0.92  0.91  104.4  0.46  
R2 Out 46.5  35.6  11.0  31.5  92.0  0.99 1.10  0.81  103.4  0.46  
R3 Out 43.9  32.1  9.2  33.8  91.6  0.90 0.91  0.90  97.1  0.43  

Average  45.6  33.3  9.8  33.1  92.3  0.93 0.98  0.87  101.63  0.45  
SD  1.5  1.9  1.0  1.4  0.9  0.05 0.11  0.06  3.96  0.02  

SW-spruce In 44.7 42.0 20.3 27.4 98.5 / / / / / 
R1 Out 39.3 31.0  14.2  28.4  81.8  0.96 0.92  0.69  85.8  0.38  
R2 Out 43.3 31.2  14.3  33.2  86.3  0.93 0.90  0.89  94.6  0.41  
R3 Out 43.5 31.5  14.6  32.3  86.6  0.98 0.95  0.91  99.4  0.44  

Average  42.0  31.2  14.4  31.3  84.9  0.96 0.92  0.83  93.27  0.41  
SD  2.3  0.2  0.2  2.5  2.7  0.03 0.03  0.12  6.90  0.03  

SW-radiata 
pine In 44.1 41.1 20.1 27.1 99.2 / / / / / 

R1 Out 42.4  37.3  15.5  29.8  96.0  1.11  0.94  0.95  101.3  0.45  
R2 Out 46.2  35.0  15.4  31.7  94.8  0.99  0.89  1.02  108.5  0.48  
R3 Out 43.2  33.5  14.1  28.8  91.6  0.96  0.82  0.90  101.1  0.45  

Average  43.9  35.3  15.0  30.1  94.1  1.02  0.88  0.96  103.63  0.46  
SD  2.0  1.9  0.8  1.5  2.3  0.08  0.06  0.06  4.22  0.02  
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Table S1 Continued 
Reactor Series Organic 

Carbonb 

(%) 

Celluloseb 

(%) 

Hemi- 
Celluloseb 

(%) 

Ligninb 

(%) 

Organic 
Solidsb 

(%) 
MCc MHc MLc 

Carbon 
Recoveryd 

(%) 

CSFe 
(g biogenic C stored 

dry g wood-1) Description In/Outa 

OSB-HW In 45.6 42.1 16.8 22.5 99.0 / / / / / 
R1 Out n.m. f n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 
R2 Out n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 
R3 Out n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 

Average  n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 
SD  n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 

OSB-SW In 43.9 37.6 17.9 33.6 98.9 / / / / / 
R1 Out 45.6  33.2  15.8  33.2  90.6  1.02  1.02  0.88  107.0  0.45  
R2 Out 48.2  31.2  14.1  38.4  92.9  0.96  0.92  1.06  114.4  0.48  
R3 Out 47.6  33.5  15.3 33.3  93.6  1.03  0.98  0.86  111.4  0.47  

Average  47.1  32.6  15.0  34.9  92.3  1.00  0.97  0.93  110.93  0.47  
SD  1.4  1.3  0.9  3.0  1.5  0.04  0.05  0.11  3.72  0.02  
PW In  46.9 38.8 17.0 31.4 96.4 / / / / / 
R1 Out 44.0 33.0  13.4  32.7  90.1  1.12  1.04  0.94  102.9  0.46  
R2 Out 43.3 32.8  14.1  32.6  89.4  1.07  1.06  0.88  94.9  0.43  
R3 Out 46.7 34.7  15.4  33.7  88.9  1.17  1.20  0.97  110.7  0.49  

Average  44.67  33.5  14.3  33.0  89.5  1.12  1.10  0.93  102.83  0.46  
SD  1.8  1.1  1.0  0.6  0.6  0.05  0.09  0.05  7.90  0.03  
PB In  45.1 37.3 16.3 28.2 98.9 / / / / / 
R1 Out 44.3 33.6  13.9  29.4  90.9  0.99  0.95  0.85  96.3  0.40  
R2 Out 44.6 33.1  14.5  31.1  92.6  0.96  0.96  0.89  94.7  0.39  
R3 Out 39.0 32.9  14.3  30.1  88.2  0.99  1.00  0.90  83.3  0.35  

Average  42.6  33.2  14.2  30.2  90.5  0.98  0.97  0.88  91.43  0.38  
SD  3.2  0.4  0.3  0.8  2.2  0.02  0.03  0.03  7.09  0.03  
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Table S1 Continued 
Reactor Series 

Organic 
Carbonb 

(%) 

Celluloseb 

(%) 

Hemi- 
Celluloseb 

(%) 

Ligninb 

(%) 

Organic 
Solidsb 

(%) 
MCc MHc MLc 

Carbon 
Recoveryd 

(%) 

CSFe 
(g biogenic C 

stored 
dry g wood-1) 

Description In/Outa 

MDF In  43.9 34.8 15.2 29.5 98.6 / / / / / 
R1 Out 41.8 32.0  12.6  32.6  91.9  1.10  0.99  0.95  96.0  0.37  
R2 Out 46.1 34.3  14.6  32.5  93.8  1.18  1.15  0.93  107.8  0.42  
R3 Out 36.6 33.2  14.0  32.8  92.8  1.13  1.10  0.95  80.2  0.30  

Average  41.5  33.2  13.7  32.6  92.8  1.14  1.08  0.94  94.67  0.37  
SD  4.7  1.1  1.0  0.2  1.0  0.04  0.08  0.01  13.85  0.06  

a. ‘In’ designates the chemical composition of each type of wood at the time of initial incubation and ‘Out’ designates the 
chemical composition of each type of wood plus the seed at the time of reactor dismantling. 

b. % of dry weight. Reported values for chemical composition are the average of duplicates and the relative standard deviations 
(RSD) were below 10%. 

c. The ratio of the cellulose (MC), hemicellulose (MH) and lignin (ML) recovered from a reactor divided by the initial mass. 
d. Carbon recovery including the mass of organic carbon removed from a reactor and carbon attributed to measured CH4 and 

CO2 production divided by the mass of organic carbon added to a reactor initially. 
e. Units are mass of biogenic carbon stored per dry mass of wood component. For OSB, PW, PB and MDF, the CSFs were 

corrected as the measured OC includes some fossil OC associated with the resins. CSFs were calculated assuming no 
biodegradation of the fossil carbon. CSF (g C g wood-1) = (C mass stored in 1 g wood – C mass of resin in 1 g wood)/g 
wood. The C content of the synthetic resins used in engineered wood was calculated from the molecular formulas as 
described in the text. 

f. n.m. = not measured until reactor stops producing gas. 
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BMP Results of Synthetic Resins 

Ground resins were subjected to a BMP assay. Traditionally, a 60 day BMP has been 

reported but in an ongoing research we are finding that longer incubation times are required 

for some substrates. The 60-day and 634-day results are presented in Table S2. Melamine 

formaldehyde, although not used in any of the woods tested, is the third most common resin 

used in the U.S. All resins exhibited methane potential except for urea formaldehyde (UF). 

The methane yield of the UF was less than that of the background methane control, 

suggesting that the UF was inhibitory. Based on the N content of the UF, if all of the N was 

released as NH4-N during the BMP test, then the resulting NH4-N content in the BMP would 

have been 3108 mg NH4-N L-1. This concentration would not be expected to result in 

inhibition so the slightly negative BMP result is likely attributable to factors other than 

ammonia toxicity. 

 
Table S2. BMP Results of Synthetic Resins 

 Urea 
Formaldehyde 

(UF) 

Melamine 
Formaldehyde 

(MF) 

Plywood 
Phenol 

Formaldehyde 
(PPF) 

OSB Phenol 
Formaldehyde 

corea 
(OPF c) 

OSB Phenol 
Formaldehyde 

surfacea  
(OPF s) 

60 Day BMP 
(mL CH4 g-1) 

-5.9 6.0 8.2 2.7 6.5 

634 Day BMP 
(mL CH4 g-1) 

-6.4 30.9 13.7 10.7 9.7 

a.  OSB usually contains resins with different chemical formulae for the core and surface. 
For the OSB used in this study, the resin distribution was 65% surface and 35% core. 
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Klason Lignin of Synthetic Resins 

The synthetic resins were subjected to Klason lignin analysis to ensure that they were not 

interfering with lignin analysis. The results presented in Table S3 indicate that all the resins 

behaved as lignin except the urea formaldehyde resin. 

 
Table S3. Lipophilic Extractives and Lignin Content of Synthetic Resins 

Wood Type Resin Typea Lipophilic 
Extractives (%)b 

Measured as Lignin 
(%)b 

Plywood PF 1.53 (0.05) 85.87 (0.18) 
PB and 
MDF UF 0.21 (0.04) -0.02 (0.02) 

OSB PF OSB 
(core) 0.18 (0.02) 77.18 (0.74) 

OSB PF OSB 
(surface) 0.45 (0.04) 95.35 (0.13) 

 MF 0.61 (0.04) 74.18 (1.57) 

a. PF, UF and MF denote phenol formaldehyde, urea formaldehyde and melamine 
formaldehyde, respectively. 

b. Data represent the average for duplicate measurements. Standard deviations (SD) are 
presented parenthetically. 

 
 
Eucalyptus Leachate Toxicity 
 

Leachate samples were collected from eucalyptus reactors R1 to R3 on day 42. Leachate 

toxicity was evaluated using a modified Anaerobic Toxicity Assay (ATA) as described 

previously (2). The ATA included anaerobic medium, ground refuse as a carbon source, and 

an inoculum. Tests were conducted in triplicate. Two sets of controls were inoculated. 

Controls containing inoculum and medium but no refuse were used to measure background 

methane production from the inoculum. Controls containing inoculum, medium and ground 
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refuse were used to compare methane production in the presence and absence of leachate. 

Leachate was tested at 63% of its original strength. 

The fresh refuse used in the ATA as the carbon source was collected in residential areas of 

Raleigh, NC. It was shredded, quartered, dried, and ground in a Wiley mill to a particle size 

of 0.5 mm. The ground refuse was then redried and stored in mason jars at 4°C prior to use. 

Each ATA contained 0.40 g of ground refuse. The inoculum for the ATA test was 15 mL of 

an anaerobic consortium enriched from decomposed refuse. The consortium was enriched 

and maintained on the ground refuse as described above. The inoculum for an ATA test was 

always transferred to fresh medium 2 weeks prior to use. In tests with leachate, more 

concentrated media were prepared and added to serum bottles. The liquid volume was 95 mL 

in all tests and leachate samples were neutralized to pH 7 with NaOH before testing. Tests 

were conducted at 37°C and incubated for 60 days at which time gas composition and 

volume were measured. 

The ATA results are presented in Table S4. Methane yields in ATA test bottles were 

corrected to standard temperature and pressure (STP). The results suggest that the leachate 

was not completely toxic to the inoculum but inhibited the conversion of refuse to methane 

(treatment 2 vs. control 2). 
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Table S4. ATA Assay Results for Leachate Collected from HW-Eucalyptus Reactors 
Reactor BMP 

Media 
BMP 

Inoculum 
Refuse Leachate CH4 Produced in 60 

days (mL) 
Control 1 X X   7.95 (0.36) 
Control 2 X X X  51.61 (0.77) 
Treatment 1 X X  X 19.55 (0.55) a 
Treatment 2 X X X X 16.92 (3.58) a 

a.  Methane production data have been corrected to STP. The values presented are the 
average of triplicates with the standard deviation given parenthetically. 

 
 
 
IPCC Waste Model Application 
 

Wood waste composition, moisture content and IPCC model inputs (i.e., DOC and DOCf) 

for each scenario are given in Table S5. 
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Table S5. Wood Waste Composition, Moisture Content and Inputs for IPCC Model 
Predictions 

Scenario Wood Type 

Relative 
Fraction 
(% wet 

wt.)a 

Moisture 
Content 

(%)b 

DOC  
(% dry 
wt.)c 

Weighted 
DOC 

(% dry 
wt.)d 

DOCf 
(%)e 

Weighted 
DOC  
(%)d 

IPCC 
default 

Wood 
fraction of 

waste 
n.a.f 15 50.0 n.a, 50. n.a. 

        
Branches Branches n.a. 25 49.4 n.a. 13.6. n.a. 

        

Weighted 
Wood 

HW-Red 
Oak 33.0 11.3 44.6 

45.0 

7.8 
1.8 
1.4 

19.9 
0 

1.3 
1.1 

4.4 

SW-Spruce 33.0 11.3 44.7 
PW 15.6 9.0 46.9 

OSB-HW 4.8 7.8 45.6 
OSB-SW 4.8 7.8 43.9 

PB 4.4 7.2 45.1 
MDF 4.4 7.2 43.9 

a. The relative fraction of each wood category was calculated from data on the 
composition of wood in residential and commercial waste in DE (Table 3). Several 
assumptions were made, including: (1) lumber consists of 50% HW-Red oak and 50% 
SW-Spruce; (2) OSB consists of 50% HW and 50% SW; and (3) the PB and MDF 
category in Table 3 consists of 50% PB and 50% MDF. 

b. Moisture content for IPCC wood adopted from (3), for branches from (4), for each 
wood type in weighted wood scenario from Table 3. 

c. DOC on dry basis for IPCC adopted from (3), for branches from (6), for each wood 
type in weighted wood scenario from Table 1. 

d. The weighted values were calculated from the relative contribution of the different 
woods on a dry weight basis and the individual DOC or DOCf values. 

e. DOCf for IPCC default adopted from (3), for branches calculated from (4, 6), for each 
wood type in weighted wood scenario adopted from Table 2. 

f. n.a.- not applicable. 
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Abstract 

The objective of this study was to measure the anaerobic biodegradation of different types 

of paper products in laboratory-scale landfill reactors. The study included (a) measurement of 

the loss of cellulose, hemicellulose, organic carbon, and (b) measurement of the methane 

yields for each paper product. The test materials included two samples each of newsprint 

(NP), copy paper (CP), and magazine paper (MG), and one sample of diaper (DP). The 

methane yields, carbon storage factors and the extent of cellulose and hemicellulose 

decomposition all consistently show that papers made from mechanical pulps (e.g., NPs) are 

less degradable than those made from chemical pulps where essentially all lignin was 

chemically removed (e.g., CPs). The diaper, which is made from chemical pulp but also 

contains some gel and plastic, exhibited limited biodegradability. The extent of biogenic 

carbon conversion varied from 21 to 96% among papers, which contrasts with the uniform 

assumption of 50% by the Intergovernmental Panel on Climate Change (IPCC) for all 

degradable materials discarded in landfills. Biochemical methane potential tests also showed 

that the solids to liquid ratio used in the test can influence the results. 

Key words: landfills; municipal solid waste; paper products; anaerobic decomposition; 

biochemical methane potential; carbon storage.
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Introduction 

An estimated 64 million metric tons of paper and paperboard were generated in U.S. 

municipal solid waste (MSW) in 2011 (U.S. EPA, 2013). Landfills remain the primary 

disposal method for MSW in the U.S., although other alternatives (e.g., recycling, 

combustion) are available in parts of the country. The disposal of paper products in landfills 

also occurs in other countries that rely heavily on landfills for MSW disposal. For example, 

Ximenes et al. (2008) reported that approximately two million metric tons of paper products 

were placed in Australian landfills each year. 

Papers are made from fibers that are primarily comprised of cellulose, hemicellulose, and 

lignin, all of which contain biogenic carbon. The major products of the anaerobic 

decomposition of cellulose and hemicellulose in landfills are carbon dioxide and methane, a 

potent greenhouse gas (GHG). Some of the carbon dioxide and methane are released as a 

fugitive emission because they are either produced prior to the installation of a gas collection 

and control system, or gas collection is not 100% efficient. On the other hand, a significant 

portion of the biogenic carbon does not decompose, and therefore represents a source of 

carbon storage in landfills (Barlaz, 1998; Eleazer et al., 1997; Wang et al., 2011). 

Information on the biodegradability of paper products in landfills is important in estimating 

methane emissions and carbon storage in landfills. For example, the Intergovernmental Panel 

on Climate Change (IPCC) has adopted a default decomposition factor (i.e., DOCf - fraction 

of degradable organic carbon dissimilated) of 50% for all degradable materials placed in 

landfills (including paper) for inventory purpose (IPCC, 2006), but also allows reporting of 

methane emissions based on well documented country specific data. Biodegradability data 
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are also used to support life-cycle assessments of GHG impacts of consumer paper products 

(e.g. Dahlbo et al., 2005; Villanueva and Wenzel 2007) and to estimate the effects of changes 

in MSW composition (due to the increased recycling and reuse) on changes in methane 

production and emissions from landfills (e.g., Levis et al., 2014). 

Limited studies have attempted to measure the decomposition and carbon storage of 

different paper products under simulated or field landfill conditions. In simulated landfill 

reactors operated to maximize decomposition, Eleazer et al. (1997) reported methane yields 

and carbon storage factors of 74.3, 84.4 and 217.3 mL CH4 g-1, and 0.42, 0.27 and 0.05 g 

carbon stored g-1 initial dry material for newsprint, coated paper and copy paper, respectively. 

The higher lignin content in the newsprint, which is generally made from mechanical pulp, 

resulted in the lowest methane yield and highest carbon storage. Greater decomposition of 

copy paper with lower lignin content relative to newsprint has also been reported in field 

studies (Baldwin and Stinson, 1998; Wang et al., 2013). This is because lignin is recalcitrant 

under anaerobic conditions that exist in landfills and therefore limits the bioavailability of 

cellulose and hemicellulose, which are structurally associated with lignin (Colberg and 

Young, 1985; Stinson and Ham, 1995; De la Cruz et al., 2014).  

The chemical composition of paper products has changed over time as more recycled fibers 

and inorganic materials are now used in the manufacturing process compared to the 1990s. 

For example, the ash content of copy papers has increased from 1.4% (Eleazer et al., 1997), 

7.3% (Owens and Chynoweth, 1993), up to 12% (Wu et al., 2001) and 17% (Kong, 2008). 

This is consistent with the addition of inorganic fillers like calcium carbonate and clay into 

copy paper to improve printing properties (Chen et al., 2012). The objective of this study was 
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to measure the anaerobic biodegradation of different types of paper products in laboratory-

scale landfill reactors. This included measurement of methane yields and carbon storage 

factors (CSFs) for each paper product as well as the loss of cellulose, hemicellulose and 

organic carbon. 

Materials and Methods 

Experimental Approach 

The anaerobic biodegradability and carbon storage of newsprint (NP), copy paper (CP), 

magazine (MG) and diaper (DP) were measured in 8-L reactors incubated under laboratory 

conditions designed to achieve the maximum decomposition in the minimum time. The test 

materials were selected to represent the major paper types in municipal waste and the range 

of expected biodegradabilities, including two samples each of newsprint (NP 1 and NP 2), 

copy paper (CP 1 and CP 2), and magazines (MG 1 and MG 2), and one diaper (DP) sample 

(Series A) . As described below, a second series (termed Series B) of tests was conducted 

with newsprint and copy paper to explore the consistency of initial results. 

Incubation conditions were designed to maximize the rate and extent of decomposition, 

which included initial seeding with leachate from decomposing residential solid waste, 

leachate neutralization and recirculation, the periodic addition of nitrogen (N) and 

phosphorus (P) to maintain these nutrients above 100 mg NH3-N L-1 and 5 mg PO4-P L-1, 

respectively, and incubation in a room maintained at about 37 °C. 

Materials 

Copy paper represents a chemical pulp in which most of the lignin has been chemically 

removed while newsprint represents a mechanical pulp in which the lignin is still present. 
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Magazines may be made from either chemical or mechanical pulp, or a combination of both.   

Materials were supplied by a consortium of pulp and paper companies in Australia. Two 

samples of newsprint (NP) were provided by Norske Skog in Australia. NP 1 is a standard 

newsprint, comprising 60% mechanical softwood fiber from Pinus radiata (radiata pine), 

20% recycled fiber, and 20% semi-chemical hardwood pulp that was made by a process 

known as cold caustic soak from mixed eucalyptus species. NP 2 is an enhanced brightness 

newsprint made from 60% bleached softwood (pine) mechanical pulp, 20% recycled fiber, 

and 20% bleached semi-chemical hardwood (eucalyptus) pulp. The recycled fiber may 

contain a mixture of both chemical and mechanical pulp and this could vary over time and 

with the particular paper mill. Based on initial results, three additional newsprint samples 

were provided (termed NP A, B and C) to further explore variability in newsprint 

composition and biodegradability. These newsprints were described as a mix of virgin 

softwood and hardwood as well as recycled fiber that could be a mix of chemical and 

mechanical pulps and would include both hardwood and softwood. 

Two samples of copy paper (CP) were provided by Fuji Xerox of Australia. CP 1 was 

manufactured from acacia fiber in Indonesia while CP 2 was made from eucalyptus fiber 

which is now the primary source of copy paper fiber in Asia. Two types of magazines (MG) 

were provided by Australian Paper. MG 1 is a chemical pulp while MG 2 contains 

mechanical fiber. Finally, diapers and a sample of the pure gel material contained therein 

were provided by Kimberly Clark Corporation. Diapers were comprised of approximately 

60% pulp that originated from softwoods. 

All materials except for the diapers were reduced in size using a paper shredder prior to use. 
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In the case of diapers, one reactor was initiated with diapers that were cut into 3 cm by 2 cm 

strips and two additional reactors were filled with whole diapers that were folded to simulate 

their geometry as they would be disposed in a landfill. Unused diapers were tested to 

measure the decomposition attributable to the diaper material only. 

Reactor Construction, Filling, and Operation 

The procedures for reactor construction, filling and operation have been described 

previously and are summarized here (Wang et al., 2011). Test materials were added to 8-L 

reactors in 7.5-cm layers and compacted using a specially fabricated tool designed to match 

the reactor diameter. Reactors were inoculated with leachate collected from a 300-L reactor 

that contained decomposing residential solid waste. Leachate was added to each layer and a 

total of one liter was added to each reactor. Leachate, rather than decomposing refuse, was 

used so that the only significant source of biogenic carbon was the test substrate. Sufficient 

deionized (DI) water was added initially to ensure the generation of about 500 mL liquid for 

recirculation. DI water was also added periodically during the incubation period to maintain 

the recirculation liquid volume of 500 mL due to sample removal. In the Series B reactors, 

leachate was re-added to all reactors on Day 51 to provide additional inoculation. Gas was 

collected using a flex-foil gas bag (SKC Corp., Houston, TX) and leachate was collected in 

an intravenous bag (Baxter Healthcare, Deerfield, IL). 

Reactor leachate was neutralized and recirculated as necessary throughout the incubation 

period. The concentrations of N and P were measured approximately monthly and adjusted to 

the aforementioned target concentrations with NH4Cl and KH2PO4 as necessary. The pH and 

chemical oxygen demand (COD) were also measured weekly to bi-monthly throughout the 
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incubation period. 

Soxhlet Extraction 

To evaluate the potential impact of extractives on the decomposition of CP 2, samples were 

refluxed for 24 cycles in Soxhlet extractors for 4 to 6 hours with either toluene and ethanol 

(2:1, v/v) or water. 

Analytical Methods and Data Analysis 

Cellulose, hemicellulose, and lignin analyses were conducted on samples that had been 

ground in a Wiley mill to pass a 1 mm screen using a modification of the analytical 

procedure described previously (Davis, 1998; Pettersen, 1991). The basic procedure is 

hydrolysis of a solid sample in 72% (w/v) H2SO4, followed by a secondary hydrolysis in 3% 

(w/v) H2SO4. The hydrolyses convert cellulose and hemicellulose to their respective 

monomeric sugars, glucose, xylose, mannose, arabinose and galactose, which were 

quantified by a Dionex HPLC equipped with a pulsed electrochemical detector using a 

CarboPac PA1 column and a solution of sodium hydroxide and sodium acetate. Fucose was 

used as an internal standard. Klason lignin was determined by loss on ignition (2 h, 550 °C) 

of the solids remaining after the acid hydrolysis. In the Klason lignin method, any organic 

material that is not soluble in the initial toluene/ethanol wash (lipophilic extractives), and 

does not dissolve in sulfuric acid, will be counted as lignin. 

Organic carbon (OC) was measured with a CHN analyzer (Perkin-Elmer PE 2400 

Elemental Analyzer, Perkin-Elmer Corp). All samples were acid washed to eliminate 

inorganic carbon prior to analysis (Ryba and Burgess, 2002). This is particularly important 

for paper samples, because some paper products (e.g., copy paper) contain inorganic carbon 
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in the form of CaCO3 as fillers (Chen et al., 2012). The volatile solids (VS) were determined 

as weight loss on ignition at 550 °C for 2 hours. 

The chemical oxygen demand (COD) of the reactor leachate was measured by using a 

Hach kit (Hach Co., Loveland, CO) and calibrated with an external standard. Ammonia and 

phosphate were measured using Method 4500 with a flow injection analyzer (LACHAT 

Instruments, QuikChem 8000) (APHA, 1998). 

Biogas was collected in gas bags and both the volume and composition were measured 

weekly to bi-monthly as needed. Gas bags were evacuated into a metal cylinder of known 

volume. The gas volume was then calculated from the change in pressure inside the cylinder. 

Gas concentrations were measured by gas chromatography (SRI Instruments, Torrance, CA). 

The injector and thermal conductivity detector temperatures were 100 °C and the valve 

temperature was 90 °C. Separation was obtained on a CTR 1 column (Alltech, Deerfield, IL) 

maintained at 75 °C with a carrier gas of 88 mL He min-1. All methane production data are 

reported as dry gas at 0 °C and 1 atm (STP) and corrected for the contribution of the leachate 

seed, assuming that the behavior of the seed was the same when incubated alone and in the 

presence of paper samples. 

The biochemical methane potential (BMP) was measured as described previously (Wang et 

al., 1994). A known mass of ground sample was incubated at 37 °C in triplicate 160 mL 

serum bottles that included anaerobic growth medium and an anaerobic consortium 

maintained in the laboratory. The consortium has been grown on residential solid waste for 

over a decade. BMPs were measured after 60 days and BMP results are presented at STP 

after correction for the inoculum. Based on initial reactor and BMP results, modified BMP 
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tests with higher solids to liquid (S/L) ratios were used to investigate the inhibited 

decomposition of CP 2, which will be discussed in the Results.  

Mass balances were performed on each reactor to measure (a) the extent of cellulose and 

hemicellulose decomposition and (b) the extent to which the organic carbon was converted or 

stored. 

Results and Discussion 

Chemical Characterization of Test Materials 

The chemical composition of the test materials is presented in Table 1. The copy papers, 

which were made from chemical pulps, have the highest cellulose and lowest lignin 

concentration. This contrasts with the newsprints which were made primarily from 

mechanical pulps and have the highest lignin except for diapers and diaper gels, in which the 

lignin content is biased high as described below. The chemical composition of the five 

newsprint samples is nearly identical, suggesting little variability in this material. It has been 

routine to add inorganic fillers to copy papers, which may be up to 30% (Chen et al., 2012). 

Therefore, the 77% volatile solids contents for both copy papers are reasonable and 

indicative of inorganic matter that would possibly include calcium carbonate and clay. The 

elevated lignin content in MG 2 relative to MG 1 is consistent with the fact that MG 2 

contains mechanical pulp as opposed to MG 1 which was made from chemical pulp. Similar 

to copy papers, both magazine samples contain considerable inorganic matter as coating and 

filler materials that are typical of this type of product. 

The high lignin content in diapers is an artifact of the lignin analytical method. In the 

Klason lignin method used here, any organic material that is not soluble in the initial 
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toluene/ethanol wash, and does not dissolve in 72% sulfuric acid, will be counted as lignin. 

Wang et al. (2011) showed that plastics (high density polyethylene), synthetic textiles 

(polypropylene) and rubber all behave as lignin in the Klason lignin test. To determine if the 

water-absorbing polymer gel (sodium polyacrylate) used in diapers interfered with the lignin 

analysis, samples of polymer gel were subjected to the lignin analysis. The gel was found to 

contain 71.7% material that behaves as Klason lignin plus 5.1% lipophilic extractives (not 

shown), which suggests that the reported lignin content for the diapers and gel is biased high 

and not meaningful. 

Two additional measures of chemical composition are presented in Table 1. The ratio of 

cellulose plus hemicellulose to lignin (CH/L) is a measure of the degradable to recalcitrant 

organic matter, as lignin is not biodegradable under anaerobic conditions (Colberg and 

Young, 1985; Stinson and Ham, 1995; De la Cruz et al., 2014). The high ratios in the 

chemical pulps (CP 1, CP 2, and MG 1) reflect both the greater mass of cellulose plus 

hemicellulose and the presence of little to no lignin. The CH/L ratio for diapers is not 

meaningful and was not calculated due to the artificial lignin measurement as discussed 

above. The second measure is the sum of the measured organic components (cellulose, 

hemicellulose, and lignin) divided by the volatile solids (CHL/VS). This ratio reflects the 

extent to which the total organic solids are accounted for in the cellulose, hemicellulose and 

lignin analyses. The values between 88 and 97% suggest that cellulose, hemicellulose, and 

lignin account for the majority of the VS fraction.
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Table 1. Chemical Characterization and Methane Yields of Test Materials 

Sample Cellulosea Hemi-
cellulosea Lignina Organic 

Carbona 
Volatile 
Solidsa CH/Lb CHL/

VSc 
CH4 yieldd (mL g-1 dry material) 

 (%) (%) (%) (%) (%)  (%) BMP Series A 
Reactors 

Series B 
Reactors 

NP 1 45.2 18.0 23.9 41.6 96.0 2.6 90.7 57.7 (1.4) 39.5 (11.9) 61.9 (7.8) 
NP 2 43.3 17.9 25.5 41.9 95.6 2.4 90.7 43.7 (2.3) 19.3 (1.3) 59.4 (3.6) 
CP 1 61.3 11.4 1.75 32.1 77.2 41.5 96.5 231.9 (7.3) 132.3 (27.4) 143.5 (9.1) 
CP 2 57.8 12.2 0.17 31.9 77.3 412.2 90.9 242.9 (8.8) 22.1 (1.1) 146.4 (1.8) 
MG 1 42.3 7.4 3.3 21.2 55.9 15.1 94.9 165.3 (5.3) 108.8 (22.0) n.m. 
MG 2 34.5 11.9 19.6 29.6 71.5 2.4 92.3 42.8 (1.7) 16.6 (8.0) n.m. 
Diaper 33.7 4.6 49.2f 48.2 84.9 n.a. n.a. 109.8 (2.7) 26.6 and 

23.9 (1.1)h n.m. 
Diaper gele n.m. n.m. 71.7f n.a. 60.0 n.a. n.a. -2.4 (0.1)g n.m. n.m. 

NP A 45.7 17.1 24.3 42.6 96.6 2.6 90.2 55.4 (0.8) n.m. n.m. 
NP B 45.2 17.7 24.5 42.2 96.6 2.6 90.5 54.0 (1.5) n.m. n.m. 
NP C 44.3 16.5 24.1 42.8 96.6 2.5 87.8 53.9 (0.9) n.m. n.m. 

a. % of dry weight. Reported values are the average of duplicates and the relative standard deviations (RSD) were below 10%.  
b. The ratio of cellulose plus hemicellulose to lignin. 
c. The fraction of the cellulose, hemicellulose and lignin accounted for as volatile solids. 
d. Average methane yields measured in BMPs, Series A and B reactors with the standard deviations presented parenthetically. 

Reactor tests were conducted in duplicate in Series A and triplicate in Series B reactors. The reported results for NP 2, CP 1, 
and CP 2 in Series B tests are the average of two reactors due to the gas leakage in the third reactor of each paper type.  

e. Diaper gel is the pure gel material used in diapers. 
f. As described in the text, the reported lignin values for diaper and diaper gel are biased high based on the Klason lignin method. 
g. The negative value in diaper gel suggests the sample produced less methane relative to the control that only contains inoculum.  
h. The first value is for one reactor filled with cut diapers and the second value with a standard deviation is for two reactors filled 

with folded whole diapers. 
i. n.a. - not applicable; n.m. - not measured. 
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Methane Generation and Decomposition Characteristics of Test Materials 

The methane generation and decomposition patterns for each material are presented in this 

section. As described in the Methods, two series of reactors were monitored. All materials 

were tested in the initial series which is designated by an “A”. Additional NP and CP reactors 

with the same materials used in the first series were initiated later and these reactors are 

designated with a “B”. The methane yields for both reactor series and biochemical methane 

potential (BMP) results for all materials are summarized in Table 1. The pH, methane 

production rate, and COD for each material are presented in Figures 1 to 3. The COD was 

not monitored for the series B reactors as the intention of these additional reactors was to 

confirm initial methane yield results. 
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Figure 1. Average pH during the decomposition of each sample type. Two series of NP and 
CP reactors with the same materials were tested and designated as “A” and “B”. DP (cut or 
whole) – reactors filled with cut or whole diapers. Data represent the average of duplicate 
reactors in Series A tests and triplicate reactors in Series B tests. The results for NP 2, CP 1, 
and CP 2 in Series B tests are the average of two reactors in which no significant gas leakage 
occurred. 
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Figure 2. Average methane production rate during the decomposition of each sample type. 
Methane generations in Series B NP reactors were only plotted until Day 500, although the 
actual methane generations (values close to zero) for Series B tests lasted for about 1400 
days. Series B reactors were re-inoculated on Day 51.
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Figure 3. Average chemical oxygen demand (COD) during the decomposition of each 
material in Series A tests.
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Newsprint (NP) 

The pH, methane generation rate, and COD of the NP reactors are presented in Figures 1a 

to 3a. In the Series A tests, the pH of both NP reactors increased quickly and remained above 

neutral for much of the experimental period without any neutralization. Both NPs exhibited 

increased methane production followed by an asymptotic decrease, and NP 1 showed more 

rapid and greater methane generation. The COD data also confirm the trend as the COD of 

NP 1 reactors decreased earlier than NP 2. The pH neutralized more slowly in the Series B 

reactors and this was attributed to a weak leachate inoculum. The Day 51 re-inoculation 

stimulated methane production as the pH of some acidic reactors increased to near neutral. 

The measured methane yields for the Series B reactors are consistently higher than the 

Series A methane yields (Table 1). This is corroborated by cellulose and hemicellulose 

decomposition, which will be discussed in the solids decomposition section. The only 

difference between the Series A and B reactors is the re-inoculation of Series B which 

suggests that the initial inoculum used in Series B was weak although this is difficult to 

quantify. 

Among the five newsprint samples with similar chemical composition, the BMP data are 

lower for NP 2 relative to the others (Table 1). NP 2 also exhibited less methane generation 

than NP 1 in Series A but not in Series B tests. Overall, the reactor methane yields and BMP 

data combined suggest little variability in newsprints’ biodegradability, given their 

similarities in the cellulose, hemicellulose, and lignin concentrations. 

Copy Paper (CP) 

The pH, methane production rate, and COD of CP reactors are presented in Figures 1b to 
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3b. The decomposition of CP1 and CP2 in Series A was clearly different as shown by the 

significantly lower methane yield of CP 2 (Table 1). The pH of the CP 2 reactors required 

100 days before they reached neutrality, suggestive of some inhibition in the system. 

Similarly, the COD in the CP 2 reactors was higher and did not exhibit a sustained decrease 

over the decomposition cycle as is typical of waste decomposition. This too indicates that the 

microbial community that converts carbohydrates to methane did not fully develop in the CP 

2 reactors. In Series B, the methane production patterns were still different between two copy 

papers, although their total methane yields were similar. Decomposition was faster in CP 1 

relative to CP 2, which exhibited a lower methane generation rate. As described in the 

Methods, the different decomposition behavior of copy paper was further explored by using 

modified BMP tests as discussed in the following section. 

Magazine (MG) 

The pH in the MG reactors (Fig. 1c) reached neutrality quickly and remained appropriate 

for methane generation throughout the experiment. The methane yields, as measured in both 

reactors and BMP tests (Table 1), were considerably higher for magazine made from 

chemical pulp (MG 1). This is consistent with the fact that MG 2 contains a higher lignin 

concentration, which reduces the bioavailability of cellulose and hemicellulose (Stinson and 

Ham, 1995). It is unclear why the methane generation rate spiked around Day 300 in MG 1 

reactors (Fig. 2c). One potential explanation would be that the coating and/or filler materials 

present in papers dissolved over time, which allowed exposure of degradable components 

(cellulose and hemicellulose) to then well-established microbial communities. 
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Diaper (DP) and Diaper Gel 

As described in the Methods, one reactor was filled with cut diapers. Later, duplicate 

reactors with folded whole diapers were initiated. Overall, the pH in diaper reactors remained 

at or above neutral throughout the experiment, although it is unclear why the pH decreased in 

whole diaper reactors between Days 100 and 200 (Fig. 1d). The whole DP reactors also 

lagged in methane generation, although the total yield was similar to that of cut diapers (Fig. 

2d). The differences in the methane production behavior between cut and whole diapers are 

likely related to the reduced flow of moisture and presumably microorganisms into whole 

diapers due to their geometry at the time of sample placement. The COD in all reactors (Fig. 

3d) remained elevated throughout the experiment, suggesting that some of the diaper 

components were dissolving and exerting a COD, but not converted to methane as would a 

typical decomposition intermediate (e.g., carboxylic acids). The BMP of the diaper gel 

(Table 1) indicates that it did not produce methane and actually inhibited methane production 

from the inoculum. Nonetheless, the BMP of the diapers, which contained all components 

including gels, does not indicate inhibition of cellulose and hemicellulose biodegradation 

(Table 1). 

Solids Decomposition 

Measurements of the extent of solids decomposition, including the mass loss of cellulose, 

hemicellulose and lignin, are presented in Table 2 and Figure 4. MC, MH and ML, which 

represent the mass of cellulose, hemicellulose and lignin remaining at the end of 

decomposition, are inversely correlated to solids loss. As expected, there was considerably 

more cellulose and hemicellulose loss for the chemical pulps (CP 1, CP 2, MG 1) relative to 
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the mechanical pulps (NP 1, NP 2, MG 2). The elevated values of MC and MH of CP 2 in the 

Series A tests are consistent with the low methane yield, which confirms the inhibited 

decomposition of CP 2. 

ML for lignin is expected to be one as lignin has long been considered recalcitrant under 

anaerobic conditions. The ML values of all samples range from 0.86 to 1.15, except for CP 2 

with a value of 2.45 in Series B. The deviation from one might be attributed to sampling 

and/or analytical errors, which could be significant for CP 2. As CP 2 is a chemical pulp, the 

initial lignin content was 0.2% (Table 1). Given the low lignin concentration, the mass of 

lignin in reactors was only 1 to 2 gram and small sampling and/or analytical errors would 

significantly affect the mass recovery. 

Eleazer et al. (1997) reported the biodegradability of coated paper, newsprint, and office 

paper under similar experimental conditions, although the reactors were seeded with well 

decomposed refuse as opposed to leachate as used in this study. In Eleazer’s study, the 

coated paper, (i.e., magazine paper) contained 15% lignin, which indicates a partly 

mechanical pulp, and 25.7% inorganics, which indicates the presence of a filler as would be 

expected to provide the smooth, glossy finish. Therefore, Eleazer’s coated paper is most 

appropriately compared to MG 2 (a mechanical pulp) in this study. Similarly, the 

composition of Eleazer’s office paper and newsprint samples are comparable to CP and NP 

used here.
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Table 2. Extent of Solids Decomposition, Carbon Conversion and Storage Factorsa 

Sample Reactor 
seriesb MCc MHc MLc 

Carbon 
recovery 

(%)d 

Calculated 
yield (mL 

CH4 g-1 dry 
material)e 

DOCf 
(%)f 

CSF (g 
biogenic C 
stored dry g 
material-1)g 

NP 1 A 0.63 0.59 0.95 88.9 83.2 21.4 0.33 
  (0.04) (0.04) (0.02) (6.0) (10.7) (2.8) (0.01) 
 B 0.49 0.48 0.89 86.6 114.0 29.3 0.29 
  (0.03) (0.03) (0.01) (0.6) (7.2) (1.8) (0.01) 
 Ave. 0.55 0.52 0.91 87.5 101.7 26.2 0.31 
  (0.08) (0.07) (0.03) (3.3) (18.4) (4.7) (0.02) 

NP 2 A 0.64 0.58 0.91 83.9 82.4 21.1 0.33 
  (0.01) (0.00) (0.00) (1.0) (2.7) (0.7) (0.00) 
 B 0.48 0.47 0.89 86.5 112.4 28.7 0.30 
  (0.03) (0.01) (0.01) (2.5) (6.1) (1.6) (0.01) 
 Ave. 0.56 0.52 0.90 85.2 97.4 24.9 0.31 
  (0.10) (0.06) (0.01) (2.2) (17.8) (4.5) (0.02) 

CP 1 A 0.01 0.02 0.86 51.2 278.4 92.9 0.02 
  (0.01) (0.01) (0.06) (8.6) (1.2) (0.5) (0.00) 
 B 0.01 0.01 0.87 55.5 277.1 92.4 0.02 
  (0.00) (0.00) (0.03) (1.7) (4.0) (1.3) (0.00) 
 Ave. 0.01 0.02 0.86 53.3 277.7 92.6 0.02 
  (0.00) (0.01) (0.04) (5.6) (2.5) (0.9) (0.00) 

CP 2 A 0.81 0.65 1.10 83.5 71.3 23.9 0.24 
  (0.03) (0.01) (1.02) (1.1) (2.0) (0.7) (0.00) 
 B 0.00 0.01 2.45 53.5 285.0 95.7 0.01 
  (0.00) (0.00) (0.44) (0.8) (0.5) (0.2) (0.00) 

MG 1 A 0.01 0.02 1.15 73.8 160.6 81.5 0.04 
  (0.00) (0.01) (0.05) (13.0) (3.7) (2.1) (0.00) 

MG 2 A 0.52 0.56 0.95 78.6 75.6 27.7 0.21 
  (0.04) (0.05) (0.03) (0.9) (5.6) (2.4) (0.01) 

a. Data represent the average for each reactor set with standard deviations presented 
parenthetically. The reported results for NP 2, CP 1, and CP 2 in the Series B tests are 
the average of two reactors in which no significant gas leak was identified during the 
reactor operation.  

b. ‘A’, ‘B’, and ‘Ave.’ designate results for Series A, Series B, and the average of both 
series. No average values were calculated for CP 2 due to the inhibited decomposition 
in Series A tests as described in the text.  

c. The ratio of the mass of cellulose (MC), hemicellulose (MH) and lignin (ML) 
recovered from a reactor divided by the initial mass. 

d. Carbon recovery includes the mass of carbon removed from a reactor, the carbon 
recovered as measured CH4 and CO2, and carbon attributed to reactor leachate, 
divided by the mass of the organic carbon added initially. 
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Table 2 (continued) 
e. Calculated methane generation for each reactor set assuming the conversion of the 

measured carbon loss to CO2 and CH4 at a 1:1 ratio. The carbon loss is defined as the  
difference between the mass of carbon added initially and the mass of carbon 
recovered in decomposed material and in leachate. 

f. DOCf represents the ratio of the carbon loss as defined in note e, divided by the mass 
of the organic carbon added initially. 

g. As defined in the text, CSF represents the mass of biogenic carbon stored per dry 
mass of test material. 

 

Sample ID

NP 1 NP 2 NP E CP 1 CP 2 CP E MG 1 MG 2 MG E

R
at

io

0.00

0.25

0.50

0.75

1.00

1.25

2.50
MC
MH
ML
DOCf
CSF

 
Figure 4. Average cellulose, hemicellulose, and lignin mass recovery (MC, MH, and ML), 
carbon conversion (DOCf) and storage factors (CSFs) for each paper type at the completion 
of decomposition. Due to the uncertainty in the gas measurement, the carbon conversion was 
calculated based on carbon loss. Results reported by Eleazer et al. (1997) are designated as 
NP E, CP E, and MG E. The results for NPs and CP 1 are the average of two series, while 
only Series B results are presented here for CP 2 due to its inhibited decomposition in the 
Series A tests.



 

 79 

The reported ratios of MC, MH, and ML of Eleazer' samples are compared to the results of 

this study in Figure 4. In general, the Eleazer’s results are comparable to the results of 

corresponding samples with similar chemical composition. The NPs and MG 2, made from 

mechanical pulps, exhibited considerably lower cellulose and hemicellulose loss than CPs 

made from chemical pulps, with essentially all lignin removed. The CH/L ratio (Table 1), 

frequently used as a measure of the anaerobic degradability, worked well to highlight 

differences in the extent of biodegradation between chemical and mechanical pulps. 

Solids data for diapers are not reported in Table 2 as it was determined that the solids were 

not properly dried when reactors were sampled at the end of decomposition due to the 

presence of diaper gel designed to retain water. Therefore, the solids data are not valid. 

Standard and Modified BMP Tests on Copy Papers (CPs) 

The decomposition of CP 2 was significantly inhibited in the Series A reactors as indicated 

by both methane generation and solids decomposition data (Tables 1 and 2). This was further 

confirmed by conducting BMP tests on residues removed from selected reactors once 

methane generation was no longer measurable. As presented in Table 3, the BMP of the CP 2 

solids after decomposition was similar to the fresh material, indicating the incomplete 

decomposition of CP 2 in Series A. In contrast, all other solids removed from rectors, 

including CP 2 from a Series B reactor, showed limited to no methane generation, which 

suggests that nearly all bioavailable cellulose and hemicellulose had been decomposed in the 

reactors. 
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Table 3. BMP Results of Materials Removed from Selected Reactorsa 

Sample Series 
IDb 

Reactor 
IDc 

Reactor 
CH4 yieldd 
(mL g-1) 

BMP of un-
decomposed 

materiale 
(mL g-1) 

BMP of 
decomposed 

materiale 
(mL g-1) 

NP 1 B R 2 53.5 57.7 (1.4) 12.2 (1.3) 
NP 2 B R 1 62.0 43.7 (2.3) 6.4 (0.5) 
CP 1 B R 1 137.1 231.9 (7.3) 0.0 (0.0) 
CP 2 A R 2 21.3 242.9 (8.8) 231.3 (7.3) 
CP 2 B R 1 145.1 242.9 (8.8) 4.2 (2.1) 
MG 1 A R 2 93.2 165.3 (5.3) 3.3 (0.1) 
MG 2 A R 2 10.9 42.8 (1.7) 5.7 (0.5) 

a. BMP tests were performed on materials removed from selected reactors when they 
stopped producing measurable methane. Standard deviations (SD) for triplicate 
measurements are presented parenthetically. 

b. ‘A’ and ‘B’ designate results for Series A and Series B. 
c. The reactor designation within a paper type. 
d. Measured methane yield in a reactor, mL CH4 g-1 dry material. 
e. Un-decomposed and decomposed materials are samples before and after 

decomposition in reactors. 
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The BMPs of fresh CP 1 and CP 2 were similar (Table 1), which is consistent with their 

similar chemical compositions, yet CP 2 did not decompose in the Series A reactors. This 

suggests either a toxic effect or an inadequate inoculum in the reactors. An inadequate 

inoculum does not appear to be the problem as the effect was reproducible across three 

reactors and the same inoculum was used in the other Series A NP, CP and MG reactors. 

Toxicity appears to be a more realistic possibility. In the standard BMP test, less than 1 gram 

of substrate is tested in 100 mL of liquid, which could dilute toxins present in the original 

substrate, or dilute intermediate metabolites generated during the decomposition that might 

be inhibitory. The low S/L ratio used in BMPs means that although the BMP test is incubated 

anaerobically at mesophilic temperature, the environment does not represent the high solids 

matrix of reactors or landfills. 

To explore the toxicity issue further, a modified BMP test was developed to evaluate the 

importance of dilution on CP decomposition by evaluating a range of S/L ratios. As 

presented in Figure 5, BMP tests were conducted at three S/L levels and a cellulose powder 

(Avicel® PH-101, Sigma-Aldrich Corp., St. Louis, MO) was used as a positive control. The 

results show that the S/L ratio affected the BMP for the cellulose control and CP 2, but had 

little effect for CP1. At a ratio of 0.05 g substrate mL-1 liquid, methane generation of both the 

control and CP 2 were inhibited, presumably due to high substrate loading as the control 

would not be expected to exhibit toxicity. Methane generation was not affected in the control 

or CP 1 at the 0.03 g mL-1 ratio relative to the ratio of less than 0.01 g mL-1, suggesting that 

the amount of readily degradable substrate did not overload the microbial communities at 

0.03 g mL-1. However, methane generation in CP 2 was reduced by nearly 50% in the 0.03 g 
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mL-1 test relative to less than 0.01 g mL-1, pointing to some inhibition exerted by CP 2. 
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Figure 5. Standard and modified BMP results of un-extracted and extracted copy papers. Org. 
sol. -  organic solvents. S/L - solids to liquid ratio, gram substrate per mL liquid. In the 
standard BMP test, less than 1 gram of substrate is tested in the presence of 100 mL of liquid. 
The modified BMP tests included 0.3 or 0.5 gram of substrate and 10 mL of inoculum only. 
For the extracted CP, BMPs with low (<0.01 g mL-1) and high (0.05 g mL-1) S/L ratios were 
conducted to explore if the removal of extractives would influence methane generation. The 
results of extracted samples have been corrected for the removal of extractives and are 
reported based on the dry weight of the initial material.
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To evaluate if the inhibition resulted from extractives, CP 2 was subject to Soxhlet 

extractions with either organic solvents (toluene and ethanol, 2:1 v:v) or with water. The 

extracted samples were then subject to both the standard and modified BMP tests, and the 

results are presented in Figure 5. The standard BMP (S/L ratio < 0.01 g mL-1) results show 

that the extractions did not affect methane generation in CP 2, while the modified BMPs (S/L 

ratio = 0.05 g mL-1) indicate that the water extraction partially alleviated the inhibition on 

methane generation without the influence of dilution. This suggests that the inhibitory 

compounds in CP 2 are water soluble, though it is surprising that inhibitory compounds 

remained even after a series of pulping and bleaching processes associated with CP 

production. Thus, it is more likely that the inhibitory compound(s) are additives used to make 

final paper products rather than compound(s) that originated from the wood. For instance, 

refractory compounds such as resin acids are usually added into papers as internal sizing 

agents (Chen et al., 2004). Unfortunately, we lack conclusive evidence on the compounds 

responsible for the observed inhibition in CP 2. 

Carbon Recovery and Estimated Methane Generation from Carbon Loss 

The carbon recovery for each reactor set is presented in Table 2. Carbon recovery is 

defined as the mass of carbon recovered from residual solids, gas and leachate, divided by 

the mass of the carbon added initially. The carbon recoveries range from 51.2 to 88.9%. The 

relatively low recovery in several of the reactors suggests that there was some uncollected 

gas, especially for copy paper reactors with higher gas generation.  

In consideration of the imperfect carbon mass balance, meaning that less methane was 

measured than would be expected on the basis of the measured loss of organic carbon, a yield 
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was calculated by assuming that 50% of the organic carbon lost was converted to methane 

and 50% to CO2 as is typical for cellulose and hemicellulose (Table 2). As expected, the 

calculated methane yields are higher than the measured reactor yields, but the trends in 

methane generation derived from this calculation are consistent with previous observations 

on methane generation and solids decomposition. The inhibited decomposition of CP 2 in the 

Series A tests is clearly indicated by the calculation. The Series A CP 2 methane yield as 

calculated from the carbon loss is about 26% of that calculated for CP 1. This is consistent 

with the solids decomposition data showing that virtually all of the cellulose was degraded in 

CP 1 (MC = 0.01), while only about 20% of the cellulose was lost in CP 2 (MC = 0.81).   

In the case of newsprints, copy papers, and MG 2, the calculated methane yields exceeded 

the BMPs. This is surprising as the BMP is typically considered as an upper limit of the 

amount of methane that may be produced when a substrate decomposes under anaerobic 

conditions. One possible explanation is that methane generation in reactors lasted for several 

hundred days, which allows more degradation relative to the BMP tests with 60-day 

incubation. The inoculum source might play a role as the BMP tests used a laboratory 

derived inoculum grown on residential waste, while the reactors were seeded with leachate 

from decomposing waste. In a previous study, newsprints exhibited higher BMPs when using 

anaerobic sewage sludge and landfill leachate as inocula relative to the laboratory derived 

culture used in this study, as the former two inocula might contain a wider diversity of 

microbial consortium (Weaver, 2013). Nonetheless, the BMP test is useful to demonstrate the 

observed decomposition trends across different paper products. 
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Carbon Conversion and Storage 

The extent of carbon conversion is defined as the fraction of the organic carbon converted 

to CH4 and CO2, which is equivalent to the DOCf (fraction of degradable OC that can 

decompose) as used by the IPCC (Table 2). Similar to the methane generation, the extent of 

carbon conversion was calculated based on carbon loss due to the uncertainty in gas 

measurement. The carbon conversions for newsprints, copy papers, and magazines range 

from 21.1 to 95.7%. The results show the limitation of the recommended 50% by the IPCC 

for all degradable materials discarded in landfills that included paper. 

The carbon storage factor (CSF) is a measure of the amount of biogenic carbon that is not 

converted to methane and carbon dioxide during anaerobic decomposition. The stored carbon 

results from some of the cellulose and hemicellulose and presumably all of the lignin. As 

expected, more carbon was stored for the materials containing mechanical pulps (NP 1, NP 2, 

MG 2) relative to the chemical pulp (CP 1, CP 2, MG 1) due to the presence of lignin in the 

former (Table 2). The elevated CSFs for CP 2 in the Series A tests are consistent with the 

inhibition discussed above. 

As discussed earlier, both NPs, MG 2, and CP 1 are comparable to samples used by Eleazer 

et al. (1997) in terms of the types of pulp that go into paper. There is agreement in the trends 

between these substrates though some difference in the actual values may be attributed to 

differences in the original pulps.  In addition, the CSFs reported previously had to be 

corrected for carbon storage associated with the decomposed refuse inoculum (Barlaz, 1998). 

This correction was based on the assumption that the decomposed refuse inoculum behaved 

the same in control reactors containing inoculum only, and in reactors containing the test 
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substrate plus inoculum. In contrast, only leachate was used to inoculate reactors in this study 

so that no inoculum correction was required. This correction adds some uncertainty to the 

values reported previously. Overall, the results from both studies likely represent a 

reasonable range of carbon storage, which show that the type of pulp used in a given paper 

product influences the extent of carbon storage. 

Conclusions 

The focus of this study was on the biodegradability of paper products that are common in 

municipal waste and are often disposed in landfills. Although the papers tested were 

manufactured either in Australia or in Asia, our global economy is such that the point of 

production and disposal of a paper type may be on different continents. The methane yields 

and carbon conversion data presented will be useful to improve estimates of these parameters 

in models of landfills in which the biodegradation characteristics of waste components are 

considered individually. These data also support analysis of the carbon footprint of specific 

consumer products. 

The BMP data were surprising in that the yields were lower than what was measured in 

reactors in some cases. In addition, the modified BMP results suggest that the high degree of 

biodegradability of certain chemical pulps may not be fully achieved under high S/L 

conditions as in a landfill, possibly due to chemical additives used in the papermaking. 

Both the reactors and BMP results were consistent with previous reports in showing that 

there are significant differences in the biodegradation characteristics of chemical and 

mechanical pulps. Therefore, to the extent that waste composition data are available, better 

estimates of carbon storage and methane production are possible by considering the presence 
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of mechanical vs. chemical pulps. The results also show the limitation in the assumption of a 

uniform DOCf of 50% for biodegradable materials discarded in landfills by IPCC. 
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Abstract 

Tree branches are an important component of yard waste disposed in U.S. municipal solid 

waste (MSW) landfills. The objective of this study was to characterize the anaerobic 

biodegradability of hardwood (HW) and softwood (SW) branches under simulated but 

optimized landfill conditions by measuring methane yields, decay rates, the decomposition of 

cellulose, hemicellulose and organic carbon, as well as the carbon storage factors. Branches 

with different diameters were tested in triplicate 8-L reactors operated to obtain the 

maximum rate and extent of decomposition. The carbon conversions to CH4 and CO2 ranged 

from zero to 9.5% for SWs and 17.1 to 28.5% for HWs. The lipophilic extractives present in 

some HW and SW samples showed inhibition of their methane yields in biochemical 

methane potential (BMP) tests. The observed variability in biodegradability could not be 

explained by any one parameter and is likely a result of the combined effects of different 

lignin content and composition between HW and SW, and the presence of extractives, as 

toxicity was only observed in the boughs and twigs of some species. The average CH4 yield, 

carbon conversion, and carbon storage factor measured here, 59.4 mL CH4 g-1 dry material, 

13.9%, and 0.39 g carbon stored g-1 dry material, respectively, are consistent with previous 

work and appear to represent reasonable values for use in greenhouse gas inventories in the 

absence of detailed wood type/species data. 

Key words: landfills; municipal solid waste; hardwood and softwood branches; anaerobic 

decomposition; carbon storage.
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Introduction 

Yard trimmings, which consist of branches, grass clippings and leaves, have been estimated 

to account for 8.7% of the 149.2 million metric tons of discarded municipal waste (after 

recycling and composting) in the U.S. in 2012 (U.S. EPA, 2014). Thus, despite the presence 

of 3453 yard trimming composting operations reported in 44 states in the U.S., significant 

quantities of yard trimmings are disposed in municipal solid waste (MSW) landfills (Platt 

and Goldstein, 2014). While data on the composition of yard trimmings is limited, Oshins 

and Block (2000) reported that yard trimmings contain up to 30% branches in the U.S. 

Another study showed that branches accounted for 19.5% of garden waste in Denmark 

(Boldrin and Christensen, 2010). 

When biodegradable organic matter is disposed in landfills, some fraction is converted to 

carbon dioxide and methane, the latter of which is both a potent greenhouse gas and a source 

of energy when captured for beneficial use. As yard trimmings are not completely 

biodegradable, the residual organic carbon is stored in a landfill and carbon storage has been 

shown to constitute a significant component of a landfill carbon balance (Christensen et al., 

2009). 

There is limited information on the biodegradation of branches in landfills which is the 

focus of this study. Eleazer et al. (1997) reported a methane yield of 62.6 mL CH4 g-1 dry 

branches, which has been widely used as a proxy for all wood disposed in landfills. More 

recent research suggests that this proxy is misleading. Wang et al. (2011) showed that the 

value reported by Eleazer et al. was significantly higher than the methane yields for both 

hardwood (HW) and softwood (SW) lumber that was tested under similar conditions. This 
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inconsistency is not surprising as the recent data show that there are differences in 

biodegradability that can be attributed to differences in wood species and the Eleazer study 

was based on a mixture of branches recovered from a yard waste composting facility. 

The objective of this study was to measure the anaerobic biodegradability of both HW and 

SW branches in laboratory-scale high solids simulated landfill reactors. This work includes 

measurement of methane yields and carbon storage factors (CSFs) as well as the loss of 

cellulose, hemicellulose, and organic carbon. Both HW and SW branches were studied based 

on the results of previous work that showed differences in biodegradability between HW and 

SW, which is consistent with differences in both the structure and chemical composition of 

HW and SW (Wang et al., 2011). In addition, branches with different diameters were 

collected to explore whether there is variability in the extent of biodegradation between large 

and small diameter branches. There are both practical and more mechanistic reasons to study 

branch biodegradation as a function of diameter. Practically, branches in yard waste are 

likely to consist of both relatively small diameter trimmings as well as larger diameter 

branches associated with fallen trees. Furthermore, there may be differences within even one 

species of wood in characteristics such as the content of sapwood and heartwood as well as 

the extractives content (Fengel and Wegener, 1984). As trees age, a zone of dead cells is 

formed (i.e., heartwood) and this zone is enriched in wood extractives, including aliphatic 

compounds, terpenes, and phenolic substances relative to the rest of the tree (Eriksson, 1990; 

Fengel and Wegener, 1984). The components of extractives in some species have been 

shown to exert toxicity to methanogens (Fengel and Wegener, 1984; Sierra-Alvarez and 

Lettinga, 1990; Wang et al., 2011), which may inhibit the conversion of wood to CH4 and 
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CO2. As such, the impact of extractives on methane generation was also investigated by 

using biochemical methane potential (BMP) tests. 

Materials and Methods 

Experimental Design 

The anaerobic biodegradability of HW and SW branches was measured in triplicate 8-L 

reactors under simulated landfill conditions to maximize the rate and extent of decomposition. 

Each substrate was mixed with decomposed residential waste as an inoculum and triplicate 

control reactors were operated to measure background methane from the inoculum. Tests 

were conducted with both twigs and boughs (larger diameter branches) for two HW and two 

SW samples. Incubation conditions included initial seeding with anaerobically decomposed 

residential MSW, leachate neutralization and recirculation, the periodic addition of nitrogen 

(N) and phosphorus (P) to maintain these nutrients above 100 mg NH3-N/L and 5 mg PO4-

P/L, respectively, and incubation at about 37 °C. 

To evaluate the extent to which the extractives affect methane generation, BMP tests were 

conducted on samples both before and after removal of lipophilic extractives by Soxhlet 

extraction with toluene and ethanol (2:1, v/v). 

Materials 

The goal was to collect branch samples from commonly distributed tree species as they 

would be discarded prior to contamination with other MSW components. Initially, samples of 

hardwood (HW 1-white oak, Quercus alba) and softwood (SW 1-loblolly pine, Pinus taeda) 

were collected from the North Carolina State University (NCSU) campus to explore the 

variability between HW and SW. A second series of reactors was initiated with another set of 
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hardwood (HW 2-willow oak, Quercus phellos) and softwood (SW 2-white pine, Pinus 

strobus) to explore the variability between species within HW or SW. Oaks and pines are 

among tree species commonly distributed in North America (USGS, 2013). 

Branches from each species were divided into two subsamples based on their diameters, i.e., 

twig (< 2.54 cm) and bough (> 7.62 cm), to explore biodegradation as a function of branch 

size. All samples were shredded with a slow-speed, high-torque shredder (Shredpax AZ-7H) 

to obtain a sample size of 2 to 5 cm, and stored at 4 °C until used. The seed for initiation of 

decomposition was obtained from a ∼300 L reactor that contained decomposed residential 

solid waste. 

Reactor Construction, Filling, and Operation 

The procedures for reactor construction, filling and operation have been described 

previously and are summarized here (Wang et al., 2011). The sample and the seed were 

mixed and added to reactors in a 3:1 (v/v) ratio. Sufficient deionized water (DI) was added 

initially to ensure the generation of leachate for recirculation and DI was added periodically 

to maintain about 500 mL of leachate due to sample removal. The leachate was collected in 

an intravenous bag (Baxter Healthcare, Deerfield, IL), neutralized as necessary and then 

recirculated throughout the incubation period. The concentrations of N and P were measured 

approximately monthly and adjusted to the aforementioned target concentrations with NH4Cl 

and KH2PO4 as necessary. The pH and chemical oxygen demand (COD) were measured 

weekly to monthly as necessary. 

Gas was collected using a flex-foil gas bag (SKC Corp., Houston, TX) and both the volume 

and composition were measured every 1 to 2 weeks as needed. The reactors were operated 



 

 98 

until either no more methane was produced or an extrapolation of gas production data (as 

described below) indicated that the reactors had produced more than 95% of the methane that 

would ultimately be generated. When reactors were dismantled, the solid residues were dried, 

weighed, and analyzed for cellulose, hemicellulose, lignin, and organic carbon. 

Analytical Methods and Data Analysis 

Cellulose, hemicellulose, and lignin analyses were conducted on samples that had been 

ground (< 1 mm) using a modification of the analytical procedure described previously 

(Davis, 1998; Pettersen, 1991). Samples were first rinsed with a toluene/ethanol mixture (2:1 

v/v) to remove lipophilic material after which the solvent rinsed and dried samples were 

subject to a two stage acid hydrolysis. Samples were hydrolyzed in 72% (w/v) H2SO4, 

followed by a secondary hydrolysis in 3% (w/v) H2SO4. The hydrolyses converted cellulose 

and hemicellulose to their respective monomeric sugars, glucose, xylose, mannose, arabinose 

and galactose, which were quantified by a Dionex HPLC equipped with a pulsed 

electrochemical detector using a CarboPac PA1 column and a mobile phase of sodium 

hydroxide and sodium acetate. Fucose was used as an internal standard. Klason lignin was 

determined by loss on ignition (2 hours, 550 °C) of the solids remaining after acid hydrolysis. 

As the solvent rinse described above was not likely to remove all extractives, a more rigorous 

procedure was employed to quantify extractive content.  Lipophilic extractive content was 

determined by refluxing samples for 24 cycles in Soxhlet extractors for 4 to 6 hours with 

toluene and ethanol (2:1, v/v). 

Organic carbon was measured with a CHN analyzer (Perkin-Elmer PE 2400 Elemental 

Analyzer, Perkin-Elmer Corp). All samples were acid washed to eliminate inorganic carbon 
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prior to analysis (Ryba and Burgess, 2002). The volatile solids (VS) were determined as 

weight loss on ignition at 550 °C for 2 hours. The chemical oxygen demand (COD), 

ammonia and phosphate of the reactor leachate were measured by using Hach kits (Hach Co., 

Loveland, CO) and calibrated with external standards. 

Gas volume was measured by evacuating gas bags into a metal cylinder of known volume, 

and then calculated from the change in pressure inside the cylinder. Gas concentrations were 

measured by gas chromatography (SRI Instruments, Torrance, CA). The injector and thermal 

conductivity detector temperatures were 100 °C and the valve temperature was 90 °C. 

Separation was obtained on a CTR 1 column (Alltech, Deerfield, IL) maintained at 75 °C 

with a carrier gas of 88 mL He min-1. All methane production data are reported as dry gas at 

0 °C and 1 atm (STP) and corrected for the contribution of the seed, assuming that the 

behavior of the seed was the same when incubated alone and in the presence of branch 

samples. 

A first order methane generation model with two parameters was used to fit the observed 

methane yields for all reactors (eq. 1). The two parameters are the ultimate methane 

generation potential L0 (mL CH4 g-1 dry material), and the decay rate associated with methane 

generation k (yr-1). A nonlinear least-squares data fitting was executed in Excel spreadsheets 

to obtain the best fit L0 and k values (Kemmer and Keller, 2010). Reactors were allowed to 

run until the differences between the observed methane yields and the projected ultimate 

methane yields were within 5%. This criterion was used to constrain the experimental time 

span as some woods produced measureable methane for 2,000 days in previous work (Wang 

et al., 2011). 
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, (1) 

where QCH4 is the CH4 generation at time t (mL g-1 dry material). 

BMPs were measured as described previously (Wang et al., 1994). A known mass of 

ground sample (< 1 mm) was incubated at 37 °C in triplicate 160 mL serum bottles that 

included anaerobic growth medium and an anaerobic consortium maintained in our 

laboratory. The inoculum has been acclimated to the conversion of residential solid waste to 

methane. An alternative inoculum was used in a second series of BMP tests which will be 

discussed in the Results. Methane generation was measured after 60 days and presented at 

STP after correction for the inoculum. 

A mass balance was performed on each reactor to measure (a) the extent of cellulose and 

hemicellulose decomposition and (b) the extent to which the organic carbon was converted to 

gas or stored in solids. 

Results and Discussion 

Chemical Characterization of Test Materials 

The chemical characterization of the test materials is presented in Table 1. In general, HWs 

and SWs have comparable cellulose plus hemicellulose contents, and as has been reported 

previously, HWs have lower lignin contents than SWs (Fengel and Wegener, 1984; Wang et 

al., 2011). While the lignin content of HW 1-boughs is lower than that of HW 1-twigs, this 

trend was not consistent among all twig/bough comparisons. 

The lipophilic extractives content in SWs ranges from 3.6 to 13.0%, which is in the 

previously reported range of 0.5 to 17% for various pine species (De la Cruz et al., 2014; 

Fengel and Wegener, 1984). The extractives content of 3.4 to 10.2% in HWs is generally 
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higher than the reported 0.4 to 4.4% for several oak species which were not used in this study 

(Fengel and Wegener, 1984). In contrast to the information presented previously, the bough 

samples do not contain more extractives than the twigs. 

Two additional measures of chemical composition are presented in Table 1. The ratio of 

cellulose plus hemicellulose to lignin (CH/L) is a measure of the degradable to recalcitrant 

organic matter, as lignin is not biodegradable under anaerobic conditions (Colberg and 

Young, 1985; De la Cruz et al., 2014; Stinson and Ham, 1995). The highest ratio in the HW 

1-bough sample reflects both the greater cellulose and lower lignin contents, which contrasts 

with SW 2-bough sample with the lowest CH/L ratio due to the higher lignin. The second 

measure is the sum of the measured organic components (cellulose, hemicellulose, lignin, 

and extractives) divided by the volatile solids (CHLE/VS). This ratio reflects the extent to 

which the characterized organic components account for the organic content. The values 

between 81 and 95% suggest that most of the organic matter has been characterized.
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Table 1. Chemical Characterization of Test Materials 
Sample 

ID Cellulosea Hemi-
cellulosea Lignina Lipophilic 

Extractivesa 
Organic 
Carbona 

Volatile 
Solidsa 

CH/
Lb 

CHLE
/VSc 

 (%) (%) (%) (%) (%) (%)  (%) 
HW 1-
twig 31.5 15.1 27.6 10.2 43.4 97.0 1.7 87.0 

HW 1-
bough 40.2 15.4 21.8 3.4 44.5 97.8 2.6 82.7 

HW 2-
twig 26.7 16.1 28.6 7.3 45.3 95.7 1.5 82.2 

HW 2-
bough 26.2 17.6 30.2 4.0 43.7 96.4 1.4 80.9 

SW 1-
twig 29.3 19.4 35.3 3.6 46.5 98.9 1.4 88.6 

SW 1-
bough 31.8 18.0 35.8 5.4 48.2 98.8 1.4 92.1 

SW 2-
twig 26.1 16.4 32.4 13.0 50.1 97.9 1.3 89.8 

SW 2-
bough 27.8 16.9 42.4 6.4 51.0 99.0 1.1 94.5 

a. % of dry weight. Reported values are the average of replicates and the relative 
standard deviations (RSD) were below 10%. 

b. The ratio of cellulose plus hemicellulose to lignin. 
c. The fraction of the cellulose, hemicellulose, lignin, and extractives accounted for as 

volatile solids. 
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Biodegradability of HW and SW Branches 

The methane yields measured in reactors and BMP tests are presented in Table 2. The 

minor differences between the measured reactor yields and the corresponding modeled L0s 

show that the reactor operation timeframe was appropriate to measure at least 95% of the 

maximum methane production potential. The pH, methane production rates, and COD during 

the reactor operation are presented in Figures 1 to 3. Data for NH3-N and PO4-P in reactor 

leachate are presented in Figures S1 and S2 in the supporting information (SI). 

The pH of both series of HW and SW reactors reached near or above pH 7 quickly and 

remained appropriate for methane generation without any neutralization. No pH 

measurement was made after the first 120 days after which the majority of methane 

generation had occurred, and the reactor pHs were stable. 
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Table 2. Reactor Methane Yields, BMPs and Decay Rates of Test Materials 

Sample 
ID 

Measured CH4 Yielda 
(mL CH4 dry g-1) 

Modeled 
Ultimate CH4 

Yield, L0
b 

Laboratory-
Scale Decay 
Rate, klab

b
 

Field-Scale 
Decay 

Rate, kfield
c 

 Reactor BMP Id BMP IId (mL dry g-1) (yr-1) (yr-1) 
HW 1-
twig 

99.2 
(7.4) 

26.0 
(1.0) 

48.5 
(0.3) 103.1 (9.6) 2.79 (0.34) 0.022 

HW 1-
bough 

118.3 
(23.3) 

49.0 
(2.5) 

181.3 
(4.8) 118.9 (22.0) 4.12 (0.08) 0.032 

HW 2-
twig 

76.3 
(11.9) 

-2.9 
(1.7) 

50.6 
(0.3) 76.6 (13.4) 4.76 (0.36) 0.037 

HW 2-
bough 

98.1 
(1.5) 

22.5 
(1.4) 

30.5 
(5.8) 100.8 (0.9) 5.03 (0.42) 0.039 

SW 1-
twig 

19.5 
(1.7) 

20.1 
(0.9) 

38.2 
(1.9) 20.3 (1.9) 13.21 (0.79) 0.103 

SW 1-
bough 

-1.8 
(1.9) 

5.7 
(0.2) 

8.6  
(1.6) n.a.e n.a.e n.a.e 

SW 2-
twig 

44.4 
(5.1) 

-2.2 
(0.4) 

45.7 
(0.7) 46.0 (6.2) 4.39 (0.21) 0.034 

SW 2-
bough 

19.7 
(8.5) 

-4.7 
(0.3) 

-3.3 
(2.5) 19.5 (8.4) 9.13 (0.98) 0.071 

a. Average methane yields as measured in triplicate reactors and in BMP tests with the 
standard deviations given parenthetically. The negative values indicate that the 
sample produced less methane relative to the inoculum only control. 

b. Average best fit k and L0 values with the standard deviations presented parenthetically, 
obtained by non-linear data fitting as described in the Methods. 

c. Calculated by multiplying the laboratory-scale rates with a correction factor of 0.0078 
as described in the text. 

d. In BMP test I, an anaerobic consortium acclimated to the conversion of residential 
MSW to methane was used as the inoculum. In BMP II, leachate collected from HW 
2-bough reactors on day 185 was used as the inoculum. 

e. n.a. - not applicable because no methane generation was measured. 
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Figure 1. Average pH during the decomposition of HW and SW branches in reactors. 
 
 

Figure 2. Average methane production rates during the decomposition of HW and SW 
branches in reactors. Note that the y-axis scale is different in figures (a) and (b). 
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Figure 3. Average chemical oxygen demand (COD) during the decomposition of HW and 
SW branches in reactors. 
 
 

In the HW reactors, methane production exhibited a classic peak followed by an asymptotic 

decrease and the COD decreased with the onset of methane production. The COD 

concentrations in HW 1-twig, HW 2-bough, and HW 2-twig reactors stayed nearly constant 

after day 70 between 2000 and 3000 mg L-1, suggesting that the remaining COD represented 

recalcitrant carbon. The higher COD in HW 1-bough reactors is consistent with the higher 

methane yield though the reason for this relationship is not clear. The higher extractives 

content in the HW-1 twigs did not contribute to a higher COD. 

Similarly, SW reactors exhibited a sharp increase in methane production, which then 

declined asymptotically except that no methane was produced in SW 1-bough reactors. The 

COD for all SWs remained elevated throughout the sampling period, suggesting that some 

components were dissolved and exhibited a COD, but not converted to methane as a typical 
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decomposition intermediate (e.g., carboxylic acids). Here the SW 2-twigs exhibited both the 

highest COD and highest extractives content. 

As presented in Table 2, methane yields from HW are uniformly higher than SW although 

their initial cellulose and hemicellulose concentrations are similar. The lower lignin content 

in HWs likely contributes to their higher methane generation, as less lignin is present to 

restrict the availability of cellulose and hemicellulose for biological conversion (De la Cruz 

et al., 2014; Stinson and Ham, 1995; Tong et al., 1990). The high CH/L in HW 1-bough 

serves well to indicate its high methane generation potential, but in general the ratio does not 

explain the methane yield differences between other HWs and SWs. A second explanation 

for the additional biodegradability of the HWs is that the HW lignin is likely less protective 

of cellulose and hemicellulose from biodegradation, as the HW lignin is less structurally 

condensed relative to the SW lignin. HW contains both syringyl and guaiacyl types of lignin 

units while SW contains only guaiacyl lignin, which has more cross-linking than syringyl 

lignin as a result of the availability of the C5-position on the benzene ring in the guaiacyl 

lignin (Blanchette et al., 1990). 

There is no explanation for why bough samples exhibited higher methane yields relative to 

twigs in HWs, but the opposite occurred in SWs although the carbon conversions in SW 

(Table 3) are so low that differences may not be environmentally significant. 

To confirm the extent of decomposition observed in reactors, two series of BMP tests were 

performed by using inocula from different sources (Table 2). In BMP test I, an inoculum that 

had been maintained on ground residential MSW at 37 °C was used. The methane yields in 

BMP test I were significantly lower than the yields in reactors, which is surprising as the 
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BMP is typically considered as an upper limit of the amount of methane that may be 

produced when a substrate decomposes under anaerobic conditions. Conditions in a BMP test 

are optimized by incubating with a strong buffer, high nutrient concentrations, a low solids to 

liquid (S/L) ratio and a small particle size (<1 mm) relative to reactors (2-5 cm). To evaluate 

the reproducibility of this trend between BMP and reactor tests, BMP tests on HW 1-bough 

and SW 1-bough were repeated using the same inoculum, and the results (not shown) were 

not significantly different from the reported BMP test I results, suggesting that neither 

inoculum viability nor the test operation was problematic. 

To evaluate an alternative inoculum, leachate collected from HW 2-bough reactors on day 

185 was used as inoculum in BMP test II. The reactor leachate was enriched on branch 

samples, which may have promoted changes in the relative abundance of different microbial 

communities relative to the inoculum in Test I. Methane generation in BMP test II was 

consistently higher than that in BMP test I, suggesting that the leachate enriched on branches 

contained microbial communities that were more capable of branch biodegradation. More 

generally, these results suggest strongly that the inoculum can influence BMP results. 

However, it is still difficult to explain why the methane yields measured for some substrates 

(HW 1-twig, HW 2-twig and HW 2-bough) are greater than the yields in both BMP tests. 

One possible explanation is that methane generation in reactors lasted for several hundred 

days, which could allow more degradation relative to the BMP tests with 60-day incubation. 

Another possibility is that the toxic extractives in some species were washed out by leachate 

recirculation in reactors. The effect of the extractives removal on methane yields is discussed 

in the following section. 



 

 109 

Effect of Lipophilic Extractives on Methane Generation 

In addition to lignin, the presence of toxic extractives may inhibit wood decomposition 

(Blanchette et al., 1990; Sierra-Alvarez and Lettinga, 1990; Wang et al., 2011). To evaluate 

whether the lipophilic extractives affect branch biodegradability, all samples were subject to 

a Soxhlet extraction with toluene and ethanol (2:1, v/v), after which BMP tests at two 

different S/L ratios were conducted. In the standard BMP test, less than 1 gm of substrate 

was tested in 100 mL of liquid (S/L<0.01 g substrate mL-1 liquid), which may dilute toxins 

present in the original substrate, or dilute intermediate metabolites generated during 

decomposition. Thus, a concentrated BMP test was used to evaluate the importance of 

dilution on toxicity by using a higher S/L ratio (i.e., 0.5 gm substrate with 10 mL inoculum, 

S/L = 0.05 g substrate mL-1 liquid). 

As presented in Figure 4, the removal of extractives has the most significant effect on the 

methane yield of SW 2-twigs, as extracted samples exhibited similar methane generation in 

both standard and concentrated whereas no methane was generated in the un-extracted 

samples. A similar but smaller effect was measured for SW-2 boughs. SW-2 twigs have the 

highest extractives level measured which might suggest a correlation between extractives 

content and toxicity (Table 1). However, the HW 2-boughs with relatively low extractives 

content also exhibited a significant increase in methane generation after extraction, 

suggesting that the weight content of extractives alone is not a good indicator for inhibition. 

The BMPs of extracted HW 2-boughs and SW 2-twigs are comparable to their respective 

reactor yields. This seems to support the possibility that toxic extractives may be washed 

away from the branches into leachate due to leachate recirculation in reactors, and branches 
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above the leachate surface could actually degrade without the influence of toxicity. In 

contrast, the toxic extractives may continue inhibiting solids decomposition in BMP tests as 

samples were immersed in liquid that still contained toxic extractives. The similar standard 

and concentrated BMP results for un-extracted HW 2-boughs and SW 2-twigs indicate that 

the dilution used here does not eliminate the inhibition on the methane yields due to the 

presence of toxic extractives. The extractives had no effect on the methane generation of 

other samples and no trend was observed either across wood types/species or between 

boughs and twigs in a species due to the presence of extractives. The BMP in the extracted 

HW 1-twigs is an anomalous outlier. 

The observed variability in branch biodegradability is difficult to explain using any single 

parameter measured here and is likely a result of the combined effects of lignin content and 

composition which differ between HW and SW, and the presence of extractives as toxicity 

was only observed on a HW bough and a SW twig sample. 
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Figure 4. Standard and concentrated BMPs on extracted and un-extracted branches. The 
methane yields of extracted samples are reported based on the dry weight of the initial un-
extracted material. 
 
 
Laboratory-Scale Decay Rates 

The decay rates associated with methane generation in each reactor set are reported in 

Table 2. As described in the Methods, the decay rates were obtained by using a first order 

methane generation model (eq. 1) to fit the observed methane yield data. The observed and 

calculated methane yields for each reactor are presented in Figures S3 to S9 of SI. 

The decay rate reflects the rate at which methane is generated and does not correlate with 

the amount of generated methane. For example, the methane yields for the SW 1-twig and 
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SW 2-bough were 19.5 and 19.7 mL CH4 dry g-1, respectively, and their decay rates were 

13.2 and 9.1 yr-1. In contrast, decay rates for HW 1-bough, HW 1-twig, HW 2-bough with 

higher methane yields were only 4.1, 2.8, and 5.0 yr-1, respectively. 

The reported decay rates here are likely the upper limit of the rates in landfills, as these 

laboratory-scale rates were measured under optimal conditions. De la Cruz and Barlaz (2010) 

translated the laboratory-scale rates of MSW components into field-scale rates. These field-

scale estimates are important for projecting methane generation rates and collectable methane 

in landfills. Due to the lack of relative weight fractions of different wood types/species as 

well as boughs and twigs, it is difficult to directly apply the algorithm described in De la 

Cruz and Barlaz (2010) to the laboratory-scale decay rates reported here. Nonetheless, to 

develop an estimate of how the rates measured here could be scaled to the field, we applied 

the correction factor (f = 0.0078, unitless) calculated from the previous work to estimate 

field-scale decay rates (Table 2). The correction factor was calculated based on the U.S. 

national waste composition data and the calculation is given in Table S1 of SI. Because of 

the small fraction of branches in discarded MSW, this correction factor would not likely 

change significantly if the published algorithm were modified to incorporate the composition 

of the various branch species and sizes. The estimated field-scale decay rates range from 

0.022 to 0.103 yr-1, which are higher than the rate of 0.012 yr-1 for Eleazer et al.’ mixed 

branches. The differences here may be attributed to the differences in the wood species tested. 

Solids Decomposition and Mass Balance 

The mass of cellulose (MC), hemicellulose (MH) and lignin (ML) that remained after 

decomposition as a fraction of the initial mass is presented in Table 3. These ratios are 
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inversely correlated to the loss of their corresponding components and a value of one would 

indicate no solids loss and perfect recovery. As expected, HW branches exhibited 

considerably more cellulose and hemicellulose loss compared with SW branches, which 

agrees with the trend in methane generation. Similarly, the elevated MC and MH values of 

both SW bough samples are consistent with their zero to low methane yields. The MC and 

MH values above one for SW boughs are not physically possible but rather are indicative of 

errors due to imperfect solids sampling and analytical variability. 

The ML for lignin is expected to be one as lignin has long been considered recalcitrant 

under anaerobic conditions (Colberg and Young, 1985; De la Cruz et al., 2014; Odier and 

Monties, 1983; Tong et al., 1990; Young and Frazer, 1987). The ML values of most samples 

range from 0.82 to 0.99 except for HW 2 twig and bough samples with 0.76 and 0.64, 

respectively. Two factors likely contribute to the deviation from one. First, is variability as 

discussed for MC and MH. Second, in the lignin analysis, samples are first washed with a 

toluene/ethanol solution as described in the Methods. This wash is considerably less rigorous 

than the Soxhlet extraction used to quantify total extractives. In fact, the weight loss 

associated with the toluene/ethanol wash was only different from zero in one of the 8 

samples characterized. As such, the Klason lignin analysis is likely counting some lipophilic 

material as lignin. If this material were washed out during reactor operation, then the 

analytical methods employed would suggest a loss of lignin and ML values less than one.
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Table 3. Mass Balance on Cellulose, Hemicellulose, Lignin, Organic Carbon and CSFs of 
Test Materials in Reactorsa 

Sample ID MCb MHb MLb Carbon 
Recoveryc 

Carbon 
Conversiond 

CSFe 

    (%) (%) (g C dry g-1 
material) 

HW 1-twig 0.50 0.57 0.82 90.1 24.5 0.28 
 (0.07) (0.05) (0.06) (1.6) (1.8) (0.00) 

HW 1-bough 0.38 0.54 0.86 86.3 28.5 0.25 
 (0.11) (0.16) (0.01) (4.0) (5.6) (0.01) 

HW 2-twig 0.81 0.85 0.76 92.5 17.1 0.36 
 (0.06) (0.04) (0.04) (0.5) (2.7) (0.01) 

HW 2-bough 0.56 0.59 0.64 90.4 22.5 0.32 
 (0.08) (0.09) (0.01) (3.9) (0.4) (0.02) 

SW 1-twig 0.94 0.91 0.95 101.0 4.5 0.45 
 (0.08) (0.07) (0.01) (1.0) (0.4) (0.01) 

SW 1-bough 1.16 1.12 0.99 113.5 -0.4 0.49 
 (0.12) (0.11) (0.05) (10.9) (0.4) (0.04) 

SW 2-twig 0.91 0.95 0.98 100.7 9.5 0.45 
 (0.03) (0.13) (0.04) (2.4) (1.1) (0.02) 

SW 2-bough 1.10 0.99 0.89 116.4 4.5 0.49 
 (0.06) (0.09) (0.03) (7.2) (1.9) (0.01) 

a. Data represent the average for each reactor set with standard deviations presented 
parenthetically. 

b. The ratio of the mass of cellulose (MC), hemicellulose (MH) and lignin (ML) 
recovered from a reactor divided by the initial mass. 

c. Carbon recovery includes the mass of carbon removed from a reactor, the carbon 
recovered as measured CH4-C multiplied by two, and carbon attributed to reactor 
leachate, divided by the mass of the organic carbon added initially. 

d. Carbon conversion (DOCf in IPCC terminology) represents carbon recovered as CH4 
and CO2 divided by the mass of the organic carbon added initially to reactors, 
assuming that one mole of CO2 was produced per mole of CH4 as is characteristic of 
carbohydrates. A negative value indicates that the sample produced less methane 
relative to the inoculum only control. 

e. Carbon storage factor (CSF) represents the mass of biogenic carbon stored per dry 
mass of test material.
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Carbon Recovery, Conversion, and Storage 

Carbon recovery is defined as the mass of carbon recovered from residual solids, gas and 

leachate, divided by the mass of the carbon added initially (Table 3). The mass of carbon 

converted to gas was calculated assuming that one mole of CO2 was produced per mole of 

CH4 as is characteristic of carbohydrates. The average carbon recovery was 89.8% with a 

range of 86.3 to 92.5% for HW and 107.9% with a range of 100.7 to 116.4% for SW. The 

fact that all of the HW recoveries are below 100% and all of the SW recoveries are above 

100% suggests that analytical variability and random variation are not the explanation. The 

difference between the HW and SW reactors is that there was considerably more methane 

generation in the HW reactors. This would suggest that uncertainty in measured methane 

yields contributes to the uncertainty in carbon recoveries. Given an assumed 20% increase in 

the methane yield measurements, the carbon recoveries for HWs would increase to 92.0 to 

95.9%; in contrast, the recoveries for SWs would not increase by more than 2% due to the 

lower measured methane. Nonetheless, the reported carbon recoveries for all reactor sets 

range from 86.3 to 116.4%, suggesting the carbon balances performed here have reasonable 

accuracy. 

The extent of carbon conversion was calculated as the mass of carbon converted to gas 

divided by the mass of carbon present initially. The carbon conversions range from zero to 

9.5% for SWs and 17.1 to 28.5% for HWs (Table 3). The trend that HWs exhibited higher 

carbon conversions than SWs is consistent with the trends in their respective methane yields 

and solids loss. The carbon conversions in HW branches here are also significantly higher 

than 9 additional industry relevant HW species with a range of 2.8 to 10.1% measured in 
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BMP tests (Table S2). 

The carbon conversion reported here is equivalent to the DOCf (fraction of the degradable 

organic carbon that decomposes under anaerobic conditions) as used by the 

Intergovernmental Panel on Climate Change (IPCC). All the carbon conversions are 

considerably lower than the DOCf of 50% recommended by the IPCC for waste that includes 

both the fast and slowly degradable components (IPCC, 2006). 

The carbon storage factor (CSF) represents the amount of biogenic carbon that is not 

converted to gas after decomposition based on the dry mass of initial substrate (Table 3). The 

stored carbon comes from the undecomposed cellulose and hemicellulose and presumably all 

of the lignin. More carbon was stored for the SW samples relative to the HW samples due to 

the lower carbon conversion. 

Conclusions 

The focus of this research was on the biodegradability of tree branches, an important 

component of yard waste, under simulated landfill conditions. The laboratory-scale methane 

yields and decay rates here represent an upper limit on what would be expected to occur in a 

landfill. Similarly, the CSFs represent a lower limit due to the less favorable conditions for 

carbon conversion in landfills. 

The results show that there is variability in the extent of decomposition between HWs and 

SWs as well as between and within species. The observed variability could not be explained 

using any single parameter measured here and is likely a result of the combined effects of 

different lignin content and composition between HW and SW, and the presence of 

extractives as toxicity was only observed on boughs/twigs of some species. 
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Although the wood type/species influences the extent of branch decomposition, it is 

generally impractical to consider the type/species disposed in a landfill. Therefore, average 

values should be used for branches to develop national inventories of methane production 

and carbon storage in landfills. As described in the Introduction, Eleazer et al.’s branch data 

have been widely used for many applications. Eleazer et al.’s mixed branches contained 

32.6% lignin and exhibited a methane yield of 62.6 mL g-1 dry material, a 13.6% carbon 

conversion, and a stored carbon of 0.38 g carbon g-1 dry material. In comparison, the average 

across all samples measured here is 31.7% lignin, a methane yield of 59.4 mL g-1 dry 

material, a 13.9% carbon conversion, and stored carbon of 0.39 g carbon g-1 dry material. 

Ideally, a weighted average of the values measured in this study would be applied but the 

relative weights of oak and pine as well as twigs and boughs are unknown, though one could 

infer that the weight of boughs is likely greater than twigs in yard trimmings. Given that 

Eleazer et al.’s results are for mixed branches and highly consistent with the average data 

shown above, it is recommended to continue using the Eleazer et al.'s branch data for 

reporting methane emissions and carbon storage of landfilled branches when the wood 

type/species data are unavailable as in most applications. 
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Supporting Information 

Figures S1 to S2 present the NH3-N and PO4-P concentrations in reactor leachate. The 

observed and calculated methane yields for each reactor are presented in Figures S3 to S9. 

The calculation of the correction factor for decay rate transformation is given in Table S1. 

The chemical composition, BMPs, and carbon conversions for 9 industry relevant HW 

species are presented in Table S2.
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Figure S1. Average NH3-N concentrations in reactor leachate during the decomposition of 
HW and SW branches. 
 
 

Figure S2. Average PO4-P concentrations in reactor leachate during the decomposition of 
HW and SW branches. 
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Figure S3-S9. Observed and calculated methane production in triplicate reactors designated 
by R1 to R3 for each branch sample. The results for SW 1-bough were not reported because 
no methane was produced. 
Figure S3. HW 1-twig (above). 
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Figure S4. HW 1-bough. 
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Figure S5. SW 1-twig. 
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Figure S6. HW 2-twig. 
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Figure S7. HW 2-bough. 
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Figure S8. SW 2-twig. 
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Figure S9. SW 2-bough. 
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Table S1. Summary of Laboratory- and Field- Scale Decay Rates for Major Biodegradable 
Waste Components 

Material Laboratory-Scale 
k (yr-1)a 

Field-Scale k 
(yr-1)b 

Office paper 3.08 0.024 
Grass 31.13 0.244 

Branches 1.56 0.012 
Newspaper 3.45 0.027 
Corrugated 
containers 

2.05 0.016 

Food 15.02 0.118 
Leaves 17.82 0.140 

Coated paper 12.68 0.100 
Correction factor, f = 0.0078c 

a. Adopted from De la Cruz and Barlaz (2010). 
b. Adopted from De la Cruz and Barlaz (2010) based on 2005 U.S. national average 

waste composition data for traditional landfill scenario (k = 0.04 yr-1). 
c. Calculated by dividing the field-scale rates by the corresponding laboratory-scale 

rates. 
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Table S2. Chemical Characterization, BMPs, and Carbon Conversion of 9 Additional HW Samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a. Nine hardwood species relevant to the wood and paper industry were kindly provided by the Department of Forest 
Biomaterials, North Carolina State University, United States. 

b. % of dry weight. Reported values are the average of replicates and the relative standard deviations (RSD) were below 10%.  
c. The ratio of cellulose plus hemicellulose to lignin. 
d. The fraction of the cellulose, hemicellulose and lignin accounted for as volatile solids. 
e. Reported values are the average of triplicates in 60-day BMP tests and the relative standard deviations (RSD) were below 10%.  
f. Calculated fraction of organic carbon recovered as CH4 and assuming one mole of CO2 is produced per one mole of CH4 as is 

the characteristic of the anaerobic decomposition of cellulose and hemicellulose. 

Samplea Celluloseb Hemi- 
Celluloseb Ligninb Organic 

carbonb 
Volatile 
solidsb CH/Lc CHL

/VSd BMPe C 
conversionf 

 (%) (%) (%) (%) (%)  (%) (mL CH4 
dry g-1) (%) 

Acacia 
mangium 42.5 13.4 27.0 45.4 99.4 2.1 83.4 16.7 3.9 

Acer rubrum 38.3 18.3 24.5 44.9 99.6 2.3 81.4 30.5 7.3 
Alnus rubra 39.0 17.0 26.7 45.6 99.6 2.1 83.0 19.8 4.6 
Eucalyptus 
globulus 45.6 14.7 21.2 45.2 99.5 2.8 81.9 25.3 6.0 

Eucalyptus 
grandis 32.1 14.3 27.4 46.3 99.8 1.7 73.9 12.0 2.8 

Eucalyptus 
nitens 43.4 16.7 22.0 45.1 99.7 2.7 82.3 23.3 5.5 

Eucalyptus 
urograndis 47.5 11.3 26.4 46.3 99.8 2.2 85.4 12.2 2.8 

Populus 
trichocarpa 43.5 16.5 23.3 45.1 99.3 2.6 83.9 42.7 10.1 

Quercus rubra 44.5 14.3 25.8 45.4 99.2 2.3 85.3 26.4 6.2 
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CHAPTER 5 DECOMPOSITION OF FOREST PRODUCTS BURIED IN 

LANDFILLS 

 

This chapter was previously published in Waste Management. 

 
Wang, X., Padgett, J.M., Powell, J.S., and Barlaz, M.A. (2013). Decomposition of forest 

products buried in landfills. Waste Manag. 33, 2267–2276. 

Abstract 

The objective of this study was to investigate the decomposition of selected wood and 

paper products in landfills. The decomposition of these products under anaerobic landfill 

conditions results in the generation of biogenic carbon dioxide and methane, while the un-

decomposed portion represents a biogenic carbon sink. Information on the decomposition of 

these municipal waste components is used to estimate national methane emissions 

inventories, for attribution of carbon storage credits, and to assess the life-cycle greenhouse 

gas impacts of wood and paper products. Hardwood (HW), softwood (SW), plywood (PW), 

oriented strand board (OSB), particleboard (PB), medium-density fiberboard (MDF), 

newsprint (NP), corrugated container (CC) and copy paper (CP) were buried in landfills 

operated with leachate recirculation, and were excavated after approximately 1.5 and 2.5 

years. Samples were analyzed for cellulose (C), hemicellulose (H), lignin (L), volatile solids 

(VS), and organic carbon (OC). A holocellulose decomposition index (HOD) and carbon 

storage factor (CSF) were calculated to evaluate the extent of solids decomposition and 

carbon storage. Samples of OSB made from HW exhibited cellulose plus hemicellulose 
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(C+H) loss of up to 38%, while loss for the other wood types was 0 - 10% in most samples. 

The C+H loss was up to 81, 95 and 96% for NP, CP and CC, respectively. The CSFs for 

wood and paper samples ranged from 0.34 to 0.47 and 0.02 to 0.27 g OC g-1 dry material, 

respectively. These results, in general, correlated well with an earlier laboratory-scale study, 

though NP and CC decomposition measured in this study were higher than previously 

reported. 

Key words: landfills; municipal solid waste; forest products; anaerobic decomposition; 

biogenic carbon storage. 

Introduction 

Approximately 24.3 million Mg (1 Mg = 1000 kg) of paper and paperboard, and 12.3 

million Mg of wood were discarded in the U.S. municipal solid waste (MSW) stream in 2010, 

and most of these materials were managed in landfills (U.S. EPA, 2011). In addition, 

construction and demolition (C&D) waste is often disposed in MSW landfills, and contains 

as much as 40% wood (Staley and Barlaz, 2009). The disposal of large quantities of these 

forest products in landfills also occurs in other countries that rely on landfills as a disposal 

option for municipal waste. For example, it was reported that approximately 2.3 million Mg 

of wood products and 2.0 million Mg of paper products are disposed in Australian landfills 

annually (Ximenes et al., 2008). 

The decomposition of forest products under anaerobic conditions in landfills results in the 

generation of approximately equal volumes of biogenic carbon dioxide and methane (Barlaz, 

2006). Some of the methane is released as a fugitive emission due to incomplete landfill gas 

capture and incomplete oxidation in landfill cover soils. However, a significant portion of 
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biogenic carbon in wood and some paper products (e.g., newsprint) does not decompose, and 

therefore represents a biogenic carbon sink. Wang et al. (2011) estimated that approximately 

10 million Mg of carbon are sequestered in U.S. landfills annually due to wood discards, 

while Skog and Nicholson (1998) estimated approximately 61 million Mg of annual carbon 

storage attributable to wood and paper discards in U.S. landfills. Documentation of carbon 

storage in landfills is important, as recent analyses have shown it to be a significant factor in 

an overall landfill life-cycle analysis, accounting for offsets of 141 to 261 kg CO2 equivalent 

(CO2-e) per Mg of waste disposed in a landfill (Christensen et al., 2009). 

Cellulose (C), hemicellulose (H) and lignin (L), closely associated with each other as 

lignocellulose, are the major polymeric components that comprise forest products. Cellulose 

and hemicellulose are microbially converted to methane and carbon dioxide under anaerobic 

conditions (Micales and Skog, 1997; Barlaz, 2006), while lignin is considered to be 

recalcitrant (Colberg, 1988). As such, the complete conversion of cellulose and hemicellulose 

in landfills would not be expected due to the presence of lignin that reduces holocellulose 

(cellulose and hemicellulose) bioavailability. Lignin acts as both a physical and chemical 

barrier to microbial degradation of holocellulose (Colberg, 1988; Tong et al., 1990; Stinson 

and Ham, 1995). 

The ultimate biodegradability of selected wood and paper products under laboratory-scale 

landfill conditions has been reported (Eleazer et al., 1997; Wang et al., 2011). Size-reduced 

and homogenized substrates were incubated under optimal conditions (moisture, pH, 

nutrients, and temperature) to maximize both the rate and extent of decomposition. In 

contrast to the laboratory, field-scale studies have the advantage of examining decomposition 
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under real-world conditions. However, they have associated difficulties including 

heterogeneous particle size, low moisture content, poor mixing, sample contamination, a lack 

of baseline values, and difficulty in sample recovery (Baldwin et al., 1998; Ximenes et al., 

2008). 

The first attempt to quantify the decomposition of specific waste components in landfills 

was reported by Baldwin et al. (1998). Selected lignocellulosic materials were buried and 

retrieved periodically over six years from three U.S. landfills. Materials were selected to 

cover a range of biodegradabilities, including filter paper, pasta and lima beans (readily 

degradable); broccoli and peanuts (moderately degradable); and newspaper and sunflower 

seeds (slowly degradable). Newspapers (~25% lignin) exhibited 13 to 31% holocellulose loss 

at three sites over the monitoring period. In contrast, no filter paper (negligible lignin content 

in fresh materials) was recovered, which might suggest its complete biodegradation. These 

results show that more lignified materials exhibit less anaerobic biodegradation. 

The decomposition of wood products in three Australian landfills was determined by 

comparing the composition of excavated samples with their fresh controls (Ximenes et al., 

2008). Limited decomposition of wood products was observed after 19 and 29 years, 

respectively. However, up to 18% loss of the organic carbon (OC) in hardwoods and 

softwoods was measured in waste buried for 46 years, although some aerobic decomposition 

may have been occurred in these samples. 

The objective of this study was to measure the extent of decomposition of various wood 

and paper products buried in full-scale landfills. Samples were buried in landfill areas 

operated with leachate recirculation and excavated after approximately 1.5 and 2.5 years. 
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Results are compared to decomposition measured in laboratory reactors designed to measure 

the ultimate rate and extent of decomposition (Eleazer et al., 1997; Wang et al., 2011). 

Materials and Methods 

The field experiment involved burial of selected wood and paper samples at two 

commercial landfills, Uwharrie Environmental Landfill in Troy, North Carolina, U.S. 

(Uwharrie LF) and Maplewood Landfill in Amelia, Virginia, U.S. (Maplewood LF). Samples 

were buried in landfill areas operated with leachate circulation, so that these samples were 

exposed to leachate from mixed refuse. 

Materials 

Wood products selected included hardwood (HW), softwood (SW), and four engineered 

woods: plywood (PW), oriented strand board (OSB), particleboard (PB) and medium-density 

fiberboard (MDF). Paper products included newsprint (NP), corrugated container (CC) and 

copy paper (CP). These materials were chosen to represent major types of wood and paper 

products present in U.S. MSW. All the woods were obtained from a commercial lumberyard. 

NP was obtained from the Raleigh News and Observer; CC was purchased at a local store; 

and CP was collected from a recycle bin at North Carolina State University. Wood samples 

were cut to a length of ~30 cm. The width and thickness of each wood type depended on the 

original dimensions of collected lumbers, which ranged from 10 - 15 cm wide by 1 - 5 cm 

thick. The NPs and CPs were not subjected to any size reduction, while the CCs were cut to 

sheets that were about 30 cm length by 15 cm width. 

Materials buried in Uwharrie LF included a hardwood (HW-White Oak), a softwood (SW-

Pine), PW, OSB made from hardwood (OSB-HW), PB, MDF, NP, CC and CP. The samples 
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were wrapped in polypropylene mesh bags (McMaster Carr 9883T65, Robbinsville, NJ, U.S.) 

to facilitate moisture infiltration and sample retrieval. All woods were loaded into one bag 

while three additional bags were used for NP, CC and CP, respectively. These four bags were 

tied together with a polypropylene rope to comprise a sample set. 

Materials buried in Maplewood LF were a hardwood (HW-Red Oak), a softwood (SW-

Spruce), PW, OSB-HW, PB, MDF, CP, NP and CC. Based on the experience with the 

polypropylene bags, metal cages were used to facilitate moisture infiltration and sample 

recovery. The cages were made from angle iron and included multiple compartments to 

separately store each material (Fig. 1). 

  

Figure 1. Schematic of sample cage buried in Maplewood LF (not to scale). Selected wood 
and paper samples were stored separately in each compartment as illustrated. 
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Site Description and Sample Placement 

The sample sets described above were buried in Uwharrie and Maplewood LFs in June 

2007 and May 2009, respectively. These sites were selected based on the opportunity to 

access samples several years after burial, and the use of leachate recirculation to accelerate 

solids decomposition. 

At Uwharrie LF, trench excavation and sample burial took place on June 4 and 5, 2007. 

Samples were buried in a landfill section that was operated to accelerate refuse 

decomposition through leachate recirculation. Three sub-trenches (C, D, and E) were 

excavated to place sample sets at various distances between two leachate injection trenches 

(A and B) (Fig. 2). Four, 8 and 12 sample sets were placed in trenches C, D and E, 

respectively, with the intention that samples would be excavated over time. The depths of 

sample burial ranged from 3.5 to 5.5 m, and the distances of trenches C, D, and E away from 

the leachate injection point in trench A ranged from 4.0 to 19.0 m. The sample burial area 

was backfilled with excavated refuse and a layer of soil. Leachate injection was initiated two 

days after sample burial. 

Sample placement varied slightly at Maplewood LF. Samples were buried in four boreholes 

on May 14, 2009 at various distances between leachate injection trenches. Duplicate sample 

cages were buried in 3-m deep boreholes, and excavated refuse was placed back over the 

sample cages and re-compacted. The location of each borehole was surveyed, and steel 

cables were laid over the top of each sample cage to mark its position. The sample burial area 

was covered with soil and seeded with grass after the burial. 
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Figure 2. Schematic of leachate recirculation trenches at Uwharrie LF (not to scale). Four, 8 
and 12 sample sets were placed in trenches C, D and E at various distances between leachate 
injection trenches A and B. 
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During the sample burial at both sites, approximately 10 - 15 kg of excavated refuse was 

collected from each trench or borehole, and analyzed for moisture content and solids 

composition to provide information on the local environment and extent of refuse 

decomposition in the area where samples were buried. 

Sample Recovery and Preparation 

Sample Recovery 

Two batches of samples were retrieved from Uwharrie LF approximately 1.5 years 

(October 2008) and 2.5 years (October 2009) after burial. Only one excavation was 

performed to recover samples from Maplewood LF (September 2010), approximately 1.5 

years after sample placement. At all excavation events, approximately 10 kg of refuse was 

collected from each trench or borehole to characterize decomposition of the bulk MSW. 

Once retrieved, samples were wrapped in plastic bags to minimize the moisture change, 

transported to the laboratory, and stored at 4 °C prior to analysis. 

Sample Preparation 

For wood samples, excavated materials were carefully washed to remove contamination, 

oven-dried at 75 °C, and visually inspected for evidence of decomposition, such as pitted 

corners, split edges or surface pits. Where there was visual evidence of biodegradation, solids 

composition was measured separately for the area exhibiting decomposition and the area that 

appeared as the fresh sample. This is exemplified by a PB sample recovered from Uwharrie 

LF where solids composition was measured separately on the pitted corner of the board and 

also on the remaining piece of the board (Fig. 3).
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Figure 3. Excavated PB with visual evidence of degradation at the corner. Solids composition 
was measured separately on the pitted corner of the board and also on the remaining piece of 
the board. 
 
 
Analytical Methods 

The methods used for solids composition analyses have been presented previously (Wang 

et al., 2011), and are briefly summarized. After washing to remove contamination, samples 

were dried to constant weight at 75 °C, ground through a 1-mm screen in a Wiley mill, re-

dried at 75 °C, and stored in sealed Mason jars at room temperature. Cellulose and 

hemicellulose were measured by converting them to their monomeric sugars using a two-

stage sulfuric acid hydrolysis. The monomeric sugars were then analyzed by HPLC equipped 

with an electrochemical detector using a CarboPac PA1 column (4x250 mm). The eluents 

were water and a solution containing 200 mM NaOH and 60 mM sodium acetate. Klason 

lignin was determined by loss on ignition (2 hr, 550 °C) of the solids remaining after acid 

hydrolysis. In the Klason lignin method, any organic material that is not soluble in the initial 

toluene/ethanol wash (lipophilic extractives), and does not dissolve in sulfuric acid, will be 

measured as lignin. Total organic carbon (TOC) was measured with a CHN analyzer (Perkin-

Elmer PE 2400 Elemental Analyzer). In this analysis, organic compounds are converted to 
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CO2, which is then quantified using a thermal conductivity detector. All samples were acid 

washed (1 N HCl) to eliminate inorganic carbon prior to analyses (Ryba and Burgess, 2002). 

This is particularly important for paper samples, because paper products like CP contain 

inorganic fillers (e.g., CaCO3) to improve printability. The volatile solids (VS) were 

determined as weight loss on ignition at 550 °C for 2 hr. 

Data Analysis 

The extent of solids decomposition was quantified using the ratio of cellulose plus 

hemicellulose to lignin or (C+H)/L. This indicator of decomposition decreases as materials 

degrade due to the biodegradation of cellulose and hemicellulose and the recalcitrance of 

lignin under anaerobic conditions. This ratio is particularly useful in the analysis of samples 

excavated from landfills because it eliminates the influence of extraneous materials (e.g., soil) 

present in samples. 

A holocellulose decomposition (HOD) index was computed with respect to the ratio of 

(C+H)/L in initial and final states, and increases with increasing degradation (eqn. 1). This 

index quantifies the overall extent of decomposition of cellulose and hemicellulose. In theory, 

HOD will be zero if no degradation occurs and 1.0 if all cellulose and hemicellulose degrade. 

initial final

initial

X X
L L

HOD
X
L

    −    
    =

 
 
  , (1) 

Where X represents the cellulose plus hemicellulose content (%), L represents the lignin 

content (%), and (X/L)initial or final represents the ratio of cellulose plus hemicellulose to lignin 

in the initial or final excavated sample. 
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Rearrangement of eqn. 1 yields eqn. 2, which shows that the HOD ratio is equivalent to the 

fraction of initial holocellulose that is degraded. Equation 2 is based on the assumption that 

lignin is recalcitrant under anaerobic conditions, thus the amount of lignin is constant over 

time, i.e., Minitial Linitial = Mfinal Lfinal. The advantage of using the relative change of (C+H)/L 

ratios to represent holocellulose decomposition is that it eliminates reliance on the measured 

weight of excavated samples, which can be difficult to measure precisely due to sample 

contamination. Equations 1 and 2 also apply to cellulose or hemicellulose individually to 

calculate the fraction of initial mass of either cellulose or hemicellulose that is degraded, 

when X represents the content of cellulose or hemicellulose alone. 

( )
finalinitial

initial finalinitial final initial initial final final

initial initial initial

initialinitial

MM X X
M L M L M X M X

HOD
M X M X
M L

    × − ×     × −     = =
 × 
  , (2)

 

Where Minitial is the initial weight of a fresh sample, and Mfinal is the final weight of an 

excavated sample. 

A carbon storage factor (CSF) was calculated to represent the mass of carbon that was not 

degraded per initial dry mass of material. To develop an estimate of carbon storage in 

excavated samples, estimates of cellulose decomposition (CD) and hemicellulose 

decomposition (HD) are required. As described above, CD or HD can be calculated by using 

eqn. 1. A CSF was then calculated by subtracting the carbon in degraded cellulose and 

hemicellulose from the initial OC content in a fresh sample, on a unit dry weight basis (eqn. 

3). This factor will remain equivalent to the OC content of a fresh sample if no degradation 

occurs, and will decrease as cellulose and/or hemicellulose degrade. 
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( ) ( ) ( )% % 44.4% % 45.5%

100
initial initial initial

carbon cellulose CD hemicellulose HD
CSF

  −  × × −  × × = , (3) 

Where CSF is the mass of carbon that was not degraded per initial dry mass of material, g C 

g-1 dry material; (carbon %)initial, (cellulose %)initial, and (hemicellulose %)initial represent the 

initial OC, C and H content of a fresh sample, %; CD and HD represent fractions of initial 

mass of cellulose and hemicellulose that were degraded, respectively. The values of 44.4 and 

45.4% are the fractions of carbon in cellulose and hemicellulose, respectively. 

Solids degradation was also characterized by using the lignin to volatile solids ratio (L/VS). 

In samples that degraded, the L/VS ratio would be expected to increase, because lignin is 

enriched as cellulose and hemicellulose degrade. Similar to the (C+H)/L ratio, the use of 

L/VS eliminates the influence of inorganics on measurements of lignin and VS. 

Results  

Characteristics of Excavated MSW from Uwharrie and Maplewood LFs 

The solid waste surrounding buried samples was characterized at the time of sample burial 

and at sample excavation to determine whether the local environment in areas of sample 

placement was suitable for solids decomposition. The results are presented in Table 1. Due to 

incomplete sample recovery, samples excavated from three trenches at Uwharrie were not 

differentiated. The mean moisture contents for refuse excavated at the burial of Uwharrie and 

Maplewood LFs show that there was sufficient moisture to support biodegradation. There 

was not an increase in moisture over time, even though samples were buried in areas 

operated with leachate recirculation. This is likely because the MSW was already at or close 

to field capacity. 
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The sharp decrease in (C+H)/L and increase in L/VS of MSW at Uwharrie indicate that 

significant MSW decomposition occurred during the time that samples were buried. Changes 

in (C+H)/L and L/VS of MSW excavated from Maplewood LF were relatively small. The 

refuse excavated from Maplewood LF initially had a relatively low holocellulose content and 

(C+H)/L ratio compared with refuse excavated from Uwharrie LF. Thus, there was less 

opportunity for a significant decrease in this ratio at Maplewood LF. Nonetheless, the 

disappearance of CP and CC, as described below, shows that the Maplewood sample area 

was also biologically active.
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Table 1. Moisture content and solids composition of MSW from Uwharrie and Maplewood Landfillsa 

Site Description Sample 
number 

Moisture
b 

(%) 

Cellulose
c 

(%) 

Hemi- 
cellulosec 

(%) 

Ligninc 
(%) 

Volatile 
solidsc 

(%) 

Organic 
carbonc 

(%) 

(C+H+
L)/VSd 

(%) 
L/VSe (C+H)/

Lf 

Uwharrie Initial 5 45.0  
(5.7) 

48.8  
(6.2) 

9.5 
(1.0) 

16.5 
(3.0) 

81.8 
(3.0) 

38.0 
(1.6) 

91.5 
(2.4) 

0.20 
(0.04) 

3.7 
(0.9) 

 
Excavated 

(1.5 yr) 2 38.5  
(4.8) 

3.3 
 (0.6) 

1.0  
(0.3) 

12.8 
(7.0) 

20.6 
(8.0) 

15.0 
(8.1) 

81.1 
(6.8) 

0.60 
(0.10) 

0.4 
(0.1) 

 
Excavated 

(2.5 yr) 2 47.2  
(1.5) 

6.8  
(5.7) 

2.8  
(2.2) 

19.2 
(2.8) 

35.3 
(8.2) 

25.3 
(2.8) 

80.6 
(11.4) 

0.55 
(0.05) 

0.5 
(0.3) 

Maplewood Initial 4 44.7  
(5.7) 

9.5  
(5.8) 

2.9  
(1.3) 

21.1 
(9.2) 

41.7 
(15.7) 

18.5 
(9.0) 

78.8 
(5.8) 

0.50 
(0.07) 

0.6 
(0.3) 

 
Excavated 

(1.5 yr) 4 41.4  
(9.9) 

2.6  
(1.7) 

1.1  
(0.7) 

12.0 
(6.9) 

21.6 
(10.4) 

9.0  
(6.6) 

69.6 
(10.5) 

0.54 
(0.09) 

0.3 
(0.1) 

a. Data represent the values for several measurements at each excavation. Standard deviations (SD) are presented 
parenthetically. 

b. % of wet weight. 
c. % of dry weight. Reported values for chemical composition are the average of duplicates and the relative standard 

deviations (RSD) were below 10%. 
d. The percent of the cellulose, hemicellulose and lignin accounted for as volatile solids. 
e. The ratio of lignin to volatile solids. 
f. The ratio of cellulose plus hemicellulose to lignin. 
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General Characteristics of Excavated Samples from Uwharrie and Maplewood LFs 

The moisture content of excavated wood and paper samples was not measured because 

efforts focused on removing foreign particles with water. However, wood and paper samples 

recovered at both sites were generally either damp or dripping (Figs. 4a and b). Combined 

with the moisture content of the surrounding MSW, this suggests that the decomposition of 

buried samples was not limited by moisture. 

 

      

a. Newsprint                                           b. A sample cage 

Figure 4. (a) Newsprint excavated from Uwharrie LF; (b) a sample cage excavated from 
Maplewood LF. 

 

The ratio of measured organic components (cellulose, hemicelluloses, and lignin) divided 

by volatile solids, i.e., (C+H+L)/VS, reflects the extent to which the measured organic 

components represent the organic matter content. As presented in Tables 2 and 3, values 

were between 78.8 and 117.9%, except for several CC samples excavated from Uwharrie LF 

with relatively low ratios (49.1 to 77.5%). These findings suggest that most of the organic 

matter can be accounted for by cellulose, hemicellulose and lignin. This ratio was greater 
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than 100% in four of the 81 samples analyzed, which suggests analytical errors in the solids 

analyses. Nevertheless, the general range of these ratios suggests that there were no major, 

consistent errors in solids analyses. Given the low cellulose, hemicellulose, and lignin 

content in excavated CC samples, small sampling or analytical errors would significantly 

affect the calculated ratios.
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Table 2. Solids composition and decomposition of wood and paper samples from Uwharrie Landfilla 
Material 

type Description Celluloseb Hemi-
celluloseb Ligninb,c Volatile 

solidsb 
Organic 
carbonb 

(C+H+
L)/VSd L/VSe (C+H)

/Lf HODg CSFh 

  (%) (%) (%) (%) (%) (%)    (g C g-1) 

Hardwood 
(white oak) 

Fresh 36.7 19.2 24.7 99.2 44.4 81.2 0.25 2.3 0.00 0.44 
HW-1 corner 

(2.5 yr) 36.3 16.1 28.6 97.9 42.9 82.8 0.29 1.8 0.19 0.40 

HW-1 bulk 
(2.5 yr) 41.0 15.4 27.0 99.1 44.1 84.2 0.27 2.1 0.08 0.42 

Softwood 
(pine) 

Fresh 37.3 19.6 30.9 99.4 44.9 88.4 0.31 1.8 0.00 0.45 
SW-1 (2.5 yr) 34.1 22.6 31.6 99.2 49.4 89.1 0.32 1.8 0.02 0.43 
SW-2 (2.5 yr) 38.2 19.7 28.2 98.4 45.2 87.5 0.29 2.1 -0.12 0.45 

Oriented 
strand 
board 

(hardwood) 

Fresh 41.6 16.8 22.7 99.1 44.2 81.9 0.23 2.6 0.00 0.44 
OSB-1 edge 

(1.5 yr) 32.1 14.1 26.8 87.8 36.8 83.1 0.31 1.7 0.33 0.36 

OSB-1 bulk 
(1.5 yr) 41.1 16.4 24.3 95.6 41.1 85.5 0.25 2.4 0.08 0.42 

OSB-2 edge 
(2.5 yr) 30.6 13.6 28.4 84.2 36.9 86.2 0.34 1.6 0.39 0.34 

OSB-2 bulk 
(2.5 yr) 40.7 17.1 24.5 96.8 41.9 85.1 0.25 2.4 0.08 0.42 

OSB-3  
(2.5 yr) 37.2 15.9 27.9 98.1 46.2 82.7 0.28 1.9 0.26 0.37 

OSB-4  
(2.5 yr) 36.1 15.8 28.4 97.0 45.8 82.8 0.29 1.8 0.29 0.37 

OSB-5  
(2.5 yr) 37.6 16.4 27.3 97.4 44.0 83.6 0.28 2.0 0.23 0.38 

Plywood 

Fresh 40.7 17.6 29.5 97.5 44.7 90.1 0.30 2.0 0.00 0.45 
PW-1 corner 

(2.5 yr) 37.3 16.5 33.5 98.3 45.2 88.8 0.34 1.6 0.19 0.40 

PW-1 bulk 
(2.5 yr) 38.6 16.8 32.8 99.0 45.7 89.1 0.33 1.7 0.15 0.41 
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Table 2 (continued) 

Particle 
board 

Fresh 37.7 19.0 30.2 99.1 43.1 87.6 0.30 1.9 0.00 0.43 
PB-1 corner 

(1.5 yr) 36.7 15.7 28.9 94.1 39.8 86.4 0.31 1.8 0.03 0.42 

PB-1 bulk 
(1.5 yr) 39.6 16.4 29.4 97.2 42.4 87.9 0.30 1.9 -0.01 0.42 

PB-2 surface 
(2.5 yr) 29.9 12.7 24.7 57.0 24.7 117.9 0.43 1.7 0.08 0.41 

PB-2 bulk 
(2.5 yr) 39.1 15.9 31.8 94.3 43.3 92.1 0.34 1.7 0.08 0.41 

PB-3 (2.5 yr) 38.8 15.5 31.9 95.8 43.5 90.0 0.33 1.7 0.09 0.41 
PB-4 corner 

(2.5 yr) 36.1 16.6 31.6 97.9 45.2 86.1 0.32 1.7 0.11 0.40 

PB-4 bulk 
(2.5 yr) 37.2 16.9 31.6 99.0 44.9 86.6 0.32 1.7 0.09 0.41 

PB-5 corner 
(2.5 yr) 34.8 15.9 31.3 N.M. 45.9 N.A. N.A. 1.6 0.14 0.40 

PB-5 bulk 
(2.5 yr) 36.7 16.5 31.2 98.9 43.3 85.4 0.32 1.7 0.09 0.41 

Medium-
density 

fiberboard 

Fresh 39.0 18.4 31.8 99.5 43.6 89.6 0.32 1.8 0.00 0.44 
MDF-1 
surface 
(1.5 yr) 

39.5 15.8 29.8 N.M. 37.0 N.A. N.A. 1.9 -0.03 0.43 

MDF-1 bulk 
(1.5 yr) 39.4 15.6 29.4 93.5 40.7 90.3 0.31 1.9 -0.04 0.43 

MDF-2  
(2.5 yr) 32.5 14.2 31.4 96.5 46.6 80.9 0.33 1.5 0.19 0.39 

MDF-3  
(2.5 yr) 40.3 16.5 31.4 98.5 48.4 89.5 0.32 1.8 0.00 0.43 

Newsprint 
Fresh 54.7 17.5 16.1 91.0 35.7 97.1 0.18 4.5 0.00 0.36 

NP-1 (1.5 yr) 22.1 9.1 22.8 52.7 25.6 102.3 0.43 1.4 0.69 0.13 
NP-2 (1.5 yr) 31.0 10.8 22.8 73.2 32.8 88.3 0.31 1.8 0.59 0.17 
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                                                                       Table 2 (continued) 
NP-3 (1.5 yr) 20.3 8.9 23.3 62.0 29.6 84.7 0.38 1.3 0.72 0.12 
NP-4 (2.5 yr) 19.8 7.9 22.6 55.0 27.4 91.6 0.41 1.2 0.73 0.12 
NP-5 (2.5 yr) 9.3 4.3 16.5 31.1 20.4 97.0 0.53 0.8 0.81 0.09 
NP-6 (2.5 yr) 18.7 7.2 19.9 55.1 25.5 83.1 0.36 1.3 0.71 0.13 

Copy paper 

Fresh 72.4 14.2 0.6 88.1 39.1 99.0 0.01 144.3 0.00 0.39 
CP-1 (1.5 yr) 52.4 8.1 2.3 N.M. 23.4 N.A. N.A. 26.3 0.82 0.08 
CP-2 (1.5 yr) 48.3 7.1 2.9 62.8 25.3 92.6 0.05 19.1 0.87 0.06 
CP-3 (1.5 yr) 61.8 9.8 1.7 78.5 30.9 93.5 0.02 42.1 0.71 0.12 
CP-4 (2.5 yr) 11.3 1.8 2.0 15.5 8.0 97.7 0.13 6.6 0.95 0.02 
CP-5 (2.5 yr) 35.5 5.3 3.5 41.0 18.4 107.9 0.09 11.7 0.92 0.04 

Corrugated 
container 

Fresh 61.8 14.6 15.4 96.9 50.8 94.6 0.16 5.0 0.00 0.51 
CC-1 (1.5 yr) 0.8 0.3 3.8 10.1 5.1 49.1 0.38 0.3 0.94 0.19 
CC-2 (1.5 yr) 0.5 0.2 3.6 7.0 2.5 60.5 0.51 0.2 0.96 0.18 
CC-3 (1.5 yr) 34.4 7.3 28.0 65.2 32.7 107.0 0.43 1.5 0.70 0.27 
CC-4 (2.5 yr) 0.5 0.2 3.7 5.7 2.6 77.5 0.65 0.2 0.96 0.18 
CC-5 (2.5 yr) 2.3 1.3 7.1 16.1 8.3 66.4 0.44 0.5 0.90 0.20 

a. Data represent all the analyses performed on 1.5 yr and 2.5 yr samples. In the case of HW, OSB-HW, PW, PB and MDF, 
there were samples that had sections with visual evidence of decomposition and those sections were analyzed separately as 
described in the text. 

b. % of dry weight. Reported values for chemical composition are the average of duplicates and the relative standard 
deviations (RSD) were below 10%. 

c. The lignin content of PW and OSB was not corrected for the phenol formaldehyde resin. As described in Wang et al. 
(2011), the phenol formaldehyde resin used in PW and OSB is measured as lignin using the Klason lignin method, 
and thus the reported lignin values likely include about 3% resin. 

d. The percent of cellulose, hemicellulose and lignin accounted for as volatile solids. 
e. The ratio of lignin to volatile solids. 
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Table 2 (continued) 
f. The ratio of cellulose plus hemicellulose to lignin. 
g. HOD = Holocellulose Decomposition as defined in eqn. 1. Occasionally, negative values are reported, which 

indicates that there was some analytical variability. 
h. CSF = Carbon Storage Factor as defined in eqn. 3. 
i. N.M. = Not measured due to the limited sample size; N.A. = Not applicable. 
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Table 3. Solids composition and decomposition of wood and paper samples from Maplewood Landfilla 
Material 

type Description Celluloseb Hemi-
celluloseb Ligninb,c Volatile 

solidsb 
Organic 
carbonb 

(C+H+L)/
VSd L/VSe (C+H

)/Lf HODg CSFh 

  (%) (%) (%) (%) (%) (%)    (g C g-1 
dry) 

Hardwood 
(red oak) 

Fresh 40.5 19.6 23.5 99.6 44.6 83.9 0.24 2.6 0.00 0.45 
HW-1 37.1 18.7 22.4 99.0 41.9 78.9 0.23 2.5 0.02 0.44 

Softwood 
(spruce) 

Fresh 42.0 20.3 27.4 98.5 44.7 91.0 0.28 2.3 0.00 0.45 
SW-1 38.2 18.0 27.9 99.3 43.2 84.6 0.28 2.0 0.12 0.41 

Oriented 
strand 
board 
(HW) 

Fresh 42.1 16.8 22.5 99.0 45.6 82.2 0.23 2.6 0.00 0.46 
OSB-1 32.9 15.1 29.5 98.3 43.3 78.8 0.30 1.6 0.38 0.36 
OSB-2 
edge 36.6 15.7 26.0 96.6 38.4 81.1 0.27 2.0 0.23 0.40 

OSB-2 bulk 35.7 15.7 25.3 94.5 40.3 81.2 0.27 2.0 0.22 0.40 
OSB-3 
corner 38.5 15.6 24.5 95.2 40.2 82.5 0.26 2.2 0.16 0.41 

OSB-3 bulk 39.9 16.3 23.4 97.7 41.2 81.5 0.24 2.4 0.08 0.43 

Plywood 

Fresh 38.8 17.0 31.4 96.4 46.9 90.4 0.33 1.8 0.00 0.47 
PW-1 35.7 16.2 31.9 98.7 45.1 84.9 0.32 1.6 0.08 0.45 
PW-2 
corner 36.3 16.8 30.4 94.0 40.2 88.7 0.32 1.7 0.02 0.46 

PW-2 bulk 37.5 17.5 30.8 98.6 45.5 87.0 0.31 1.8 0.00 0.47 

Particle 
board 

Fresh 37.3 16.3 28.2 98.9 45.1 82.6 0.29 1.9 0.00 0.45 
PB-1 35.3 15.5 32.7 98.9 43.7 84.3 0.33 1.6 0.18 0.41 

PB-2 corner 37.3 15.9 27.6 94.9 40.8 85.2 0.29 1.9 -0.01 0.45 
PB-2 bulk 38.2 16.4 28.2 98.7 43.9 83.9 0.29 1.9 -0.02 0.45 

PB-3 corner 34.2 15.2 28.2 97.2 41.8 79.8 0.29 1.7 0.08 0.43 
PB-3 bulk 36.7 16.3 28.3 98.4 44.2 82.6 0.29 1.9 0.01 0.45 



 

 150 

Table 3 (continued) 

Medium-
density 

fiberboard 

Fresh 34.8 15.2 29.5 98.6 43.9 80.6 0.30 1.7 0.00 0.44 
MDF-1 37.5 16.6 29.1 98.7 43.4 84.3 0.30 1.9 -0.10 0.44 
MDF-2 
corner 33.0 13.0 32.9 95.9 42.4 82.3 0.34 1.4 0.18 0.40 

MDF-2 
bulk 30.9 13.6 33.4 98.4 41.6 79.2 0.34 1.3 0.21 0.39 

MDF-3 
corner 33.0 13.7 31.3 93.6 41.6 83.3 0.33 1.5 0.12 0.41 

MDF-3 
bulk 36.0 15.3 32.7 97.4 43.4 86.2 0.34 1.6 0.07 0.42 

Newsprint 

Fresh 52.8 15.3 14.4 93.2 42.6 88.5 0.15 4.7 0.00 0.43 
NP-1 24.0 10.4 27.4 69.9 31.6 88.4 0.39 1.3 0.73 0.20 
NP-2 15.9 6.4 25.0 50.9 21.3 92.9 0.49 0.9 0.81 0.18 
NP-3 17.2 7.1 22.2 53.1 26.8 87.6 0.42 1.1 0.77 0.19 
NP-4 17.6 6.2 16.3 47.7 17.9 84.1 0.34 1.5 0.69 0.22 

Copy paper Fresh 70.3 13.8 1.0 88.5 38.6 96.2 0.01 85.8 N.A. N.A. 
Corrugated 
container Fresh 62.1 15.1 13.7 96.7 43.5 94.0 0.14 5.7 N.A. N.A. 

a. Data represent all the analyses performed on 1.5 yr samples. In the case of OSB-HW, PW, PB and MDF, there were samples 
that had sections of either corners, edges or top surface that appeared to have decomposed and those sections were analyzed 
separately as described in the text. 

b. % of dry weight. Reported values for chemical composition are the average of duplicates and the relative standard 
deviations (RSD) were below 10%. 

c. The lignin content of the PW and OSB was not corrected for the phenol formaldehyde resin. As described in the study 
of Wang et al. (2011), the phenol formaldehyde resin used in PW and OSB is measured as lignin using the Klason 
lignin method, and thus the reported lignin values likely include about 3% resin. 

d. The percent of cellulose, hemicellulose and lignin accounted for as volatile solids. 
e. The ratio of lignin to volatile solids. 
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Table 3 (continued) 
f. The ratio of cellulose plus hemicellulose to lignin. 
g. HOD = Holocellulose Decomposition as defined in eqn. 1. Occasionally, negative values were reported, which 

indicate that there was some analytical variability. 
h. CSF = Carbon Storage Factor as defined in eqn. 3. 

N.A. = Not applicable, as no CP and CC samples were recovered from Maplewood LF. 
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Chemical Composition and Decomposition of Samples Excavated from Uwharrie LF 

The chemical composition and extent of decomposition of wood and paper samples 

excavated from Uwharrie are presented in Table 2 and Fig. 5. The number of samples 

analyzed per wood type varied based on the visual inspection. As described above, when 

there was visual evidence of decomposition at a sample corner or edge, the area that appeared 

to be affected by decomposition was measured separately from the remaining bulk sample. 

Of the samples excavated after 1.5 years, this finding applied to OSB, PB and MDF. Of the 

samples excavated after 2.5 years, sections of HW, OSB, PW and PB had visual evidence of 

degradation. 

OSB samples exhibited the most holocellulose loss among the woods tested, with HODs 

ranging from 0.23 to 0.39 in most samples. The decrease in carbohydrate contents and 

increase in lignin contents of two pitted-edge samples (OSB-1 edge and OSB-2 edge) 

indicate greater decomposition, while the chemical composition of the remaining bulk 

samples (OSB-1 bulk and OSB-2 bulk), which did not exhibit visual evidence of degradation, 

was similar to the fresh OSB. In addition to the samples exhibiting signs of degradation, 

three additional OSB samples that did not exhibit visual signs of degradation were analyzed 

(OSB-3, 4 and 5). OSB-3, 4 and 5 all showed increased L/VS and decreased (C+H)/L relative 

to the fresh sample. Thus, visual signs of degradation alone are not a reliable indicator of 

solids decomposition. 

The HODs for corner sections of HW-White Oak and PW that exhibited visual signs of 

biodegradation were greater than those of the remaining bulk samples, which also exhibited 

biodegradation relative to the fresh material. In the case of PW, there was chemical evidence 
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of decomposition even though there was no visual decomposition in the bulk material. 

The 2.5 yr PB samples showed mild degradation (HODs = ~0.1) while SW and MDF did 

not show appreciable degradation (HODs = ~zero), except in one MDF sample (MDF-2, 

HOD = 0.19). The insignificant increase in L/VS of MDF-2 is not consistent with the 

relatively high HOD, which makes this sample somewhat suspect. While there are not 

sufficient data for formal statistical analyses, the occasional negative values in HOD as 

reported in Table 2 indicate the range of sample and analytical variability. Thus, HODs that 

are below perhaps 0.05 are likely not significant. 

All paper samples excavated from Uwharrie LF, NP, CP, and CC, showed significant 

degradation of cellulose and hemicellulose at each excavation (Table 2). The HODs for 

various paper samples ranged from 0.59 to 0.96. As expected, the samples excavated after 

2.5 years were more degraded than samples excavated after 1.5 years. All paper samples 

were contaminated by debris, even after washing to remove dirt. The debris contamination, in 

part, can explain why VS contents of the papers were lower than fresh samples. This 

highlights the advantage of using ratios of (C+H)/L and L/VS to determine decomposition. 

Among paper types, CP exhibited more degradation than NP. This finding can be explained 

by the higher degree of lignification in NP as measured by (C+H)/L in fresh samples and is 

consistent with previous studies (Stinson and Ham, 1995; Eleazer et al., 1997). Interestingly, 

the CC with similar C+H content and (C+H)/L ratio as NP, exhibited an extent of 

decomposition similar to CP.
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Figure 5. Holocellulose decomposition indices (HODs) and carbon storage factors (CSFs) of fresh and excavated samples from 
Uwharrie LF. Fresh = fresh sample. Samples with the same number indicate different sections of the same piece of material. For 
instance, S1 corner (2.5 yr) and S1 bulk (2.5 yr) represent the corner and bulk section of sample 1, respectively, excavated after 2.5 
years. The occasional negative values of HOD in Table 2 are reported as zero in this figure.
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Chemical Composition and Decomposition of Samples Excavated from Maplewood LF 

The chemical composition and extent of decomposition of wood and paper samples 

recovered from Maplewood LF are presented in Table 3 and Fig. 6. No samples of CP or CC 

were recognizable so only NP data are reported. 

The holocellulose loss in OSB-HW was the highest among the woods tested as measured 

by HOD, which is consistent with the samples excavated from Uwharrie. One whole sample 

(OSB-1) exhibited more decomposition than two samples that showed signs of degradation 

(OSB-2 edge and OSB-3 corner). Note that the whole, corner and edge samples did not come 

from the same piece of wood, which may explain some of the variability. Several samples of 

MDF exhibited evidence of decomposition, which contrasts with the Uwharrie data. 

Surprisingly, one MDF bulk sample (MDF-2 bulk) was more degraded than its 

corresponding corner (MDF-2 corner) with visual signs of degradation. There is no apparent 

explanation for this finding. There was no consistent biodegradation in the PW and PB 

samples though one whole PB sample showed considerable decomposition (PB-1, HOD = 

0.18), which contrasts with the results from Uwharrie. 

In the case of both SW and HW samples, there were no signs of degradation on the 

recovered samples. Thus, one sample of each type was analyzed to chemically confirm this 

observation. While the HOD of SW suggests some biodegradation, this is not corroborated 

by the L/VS.
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Figure 6. Holocellulose decomposition indices (HODs) and carbon storage factors (CSFs) of 
fresh and excavated samples from Maplewood LF. Fresh = fresh sample. Samples with the 
same number indicate different sections of the same piece of material. The occasional 
negative values of HOD in Table 3 are reported as zero in this figure. 
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NP was recovered from all boreholes and remained readable. As for Uwharrie, all NP 

samples were contaminated by debris, which explains the low VS contents. Nonetheless, the 

HODs suggested 69 - 81% holocellulose loss which is supported by the substantial(C+H)/L 

decrease and L/VS increase. In contrast, no CC and CP samples were recognized in the 

recovered sample cages, and thus no quantification of degradation was performed. However, 

the disappearance of CCs and CPs is evidence of their biodegradability as they were adjacent 

to the NP that was recovered. 

Carbon Storage of Samples Excavated from Uwharrie and Maplewood LFs  

Carbon storage factors of wood and paper samples recovered from Uwharrie and 

Maplewood LFs are presented in Tables 2 and 3, and Figs. 5 and 6, respectively. As expected, 

the CSF decreased as the extent of decomposition (i.e., HOD) increased. The CSFs range 

from 0.34 to 0.47 g C g-1 dry material for wood samples at both sites. With the exception of 

OSB-HW, these values are essentially the same as the initial OC content of fresh wood, 

indicating no significant degradation of various woods. The CSFs of paper samples are 

between 0.02 and 0.27 g C g-1 dry material and correlate well with their high HODs. It is 

recognized that the reported CSFs represent the remaining carbon per initial dry mass of 

samples at each excavation, and are not the ultimate values that can be achieved in landfills. 

This is because further carbon conversion would likely occur with longer burial time. The 

reported CSFs nonetheless, show consistency with the laboratory measurements reported 

previously (Wang et al., 2011). 

Discussion 

This study focused on the decomposition of forest products under full-scale landfill 
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conditions where rates are slower than can be achieved under optimal conditions in the 

laboratory. In parallel, a laboratory-scale study was conducted to measure the ultimate rate 

and extent of decomposition of selected wood products under optimal conditions (Wang et al., 

2011). Due to the well-controlled nature of laboratory-scale experiments, it is reasonable to 

consider the decomposition that occurred in the laboratory as the upper limit of 

decomposition. 

In the laboratory study, OSB-HW and HW-Red Oak exhibited the most decomposition 

with HODs of 0.50 and 0.19, respectively (Table 4). The HODs of SW-Spruce, PB, PW, and 

MDF were 0.05, 0.02, zero and zero, respectively, suggesting almost no decomposition. The 

trends in wood decomposition measured in the laboratory were generally consistent with the 

field tests, where OSB-HW and HW-White Oak exhibited the highest HODs. This finding is 

also supported by the high CSFs of wood samples tested. There were nonetheless occasional 

outliers such as the decomposition of MDF at Maplewood. Whether the MDF decomposition 

observed at Maplewood is due to a unique property of the wood tested cannot be determined 

from the available data though it was from the same batch as that tested in the laboratory. 

All of the paper products tested exhibited biodegradation. For both NP and CC, greater 

biodegradation and less carbon storage were measured here than in an earlier laboratory 

study (Eleazer et al., 1997) (Table 5). For both NP and CC, the C+H content was higher and 

the L content was lower in samples used here relative to those used in Eleazer et al. (1997). 

Both the higher C+ H and lower L would contribute to increased biodegradation so the 

higher HODs and lower CSFs measured here are not surprising. This result suggests that 

more work to characterize the biodegradability of various paper types is warranted. While 
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speculative, the higher C and H in NP and CC used here may be due to a higher content of 

recycled fiber relative to Eleazer et al.’s mid-1990s samples. Copy paper exhibited high 

degradation in both studies, which is consistent with the negligible lignin content. The lower 

C and H is due to dilution with inorganic fillers as evidenced by the VS of the CP used here 

(88.1%) vs. Eleazer et al. (98.6%). 

The indicators of decomposition used in this study included HOD, (C+H)/L and L/VS. The 

HOD and L/VS were particularly sensitive in quantifying small amounts of biodegradation 

and highlighting the enrichment of lignin in a sample as holocellulose decomposes. Also 

noteworthy is that there was chemical evidence of decomposition in some samples that did 

not show visual evidence, including holocellulose loss in readable NP samples, thus 

highlighting the importance of chemical characterization.
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Table 4. Comparison of chemical composition, extent of decomposition, and carbon storage in wood samples measured in this 
study and Wang et al. (2011)a 

 Hardwood (HW) Softwood (SW) Oriented strand 
board (OSB) Plywood (PW) Particleboard (PB) Medium-density 

fiberboard (MDF) 

 F L F L F L F L F L F L 
Cellulose 

(%)b 36.7/40.5 40.5 37.3/42.0 42.0 41.6/42.1 42.1 40.7/38.8 38.8 37.7/37.3 37.3 39.0/34.8 34.8 

Hemi- 
cellulose 

(%)b 
19.2/19.6 19.6 19.6/20.3 20.3 16.8/16.8 16.8 17.6/17.0 17.0 19.0/16.3 16.3 18.4/15.2 15.2 

Lignin (%)b 24.7/23.5 23.6 30.9/27.4 27.4 22.7/22.5 22.5 29.5/31.4 31.4 30.2/28.2 28.2 31.8/29.5 29.5 
Organic 

carbon (%)b 44.4/44.6 44.6 44.9/44.7 44.7 44.2/45.6 45.6 44.7/46.9 46.9 43.1/45.1 45.1 43.6/43.9 43.9 

HODc 0.19-
0.08/0.02 0.19 0.02-

0.00/0.12 0.05 0.39-0.08/ 
0.38-0.08 0.50 0.19-0.15/ 

0.08-0.00 0.00 0.14-0.00/ 
0.18-0.00 0.02 0.19-0.00/ 

0.21-0.00 0.00 

CSF (g C g-1 
dry 

material)d 

0.40-
0.42/0.44 0.41 0.43-

0.45/0.41 0.41 0.34-0.42/ 
0.36-0.43 0.27 0.40-0.41/ 

0.45-0.47 0.46 0.40-0.42/ 
0.41-0.45 0.38 0.39-0.43/ 

0.39-0.44 0.37 

a. F - current field study; L - previous laboratory study by Wang et al (2011). For the current field study, the first and second 
sets of values are for samples buried at Uwharrie and Maplewood, respectively. Either a range or single value is given 
depending on the number of samples analyzed. For Wang et al.’s study, results of selected wood products are presented to 
correspond with the samples buried at Maplewood. Thus, their chemical compositions (i.e., C, H, L and OC) are identical. 

b. % of dry weight. Reported values for chemical composition are the average of duplicates and the relative standard deviations 
(RSD) were below 10%. 

c. HOD = Holocellulose Decomposition as defined in eqn. 1. The occasional negative values of HOD in Table 2 are reported as 
zero in this table. For Wang et al.’s study, HOD values were calculated from the published data except HW-red oak and 
OSB-HW, in which cases ultimate decomposition was complete recently and final results were used for the calculation. 

d. CSF = Carbon Storage Factor as defined in eqn. 3. For Wang et al.’s study, CSF values were adopted from the published data 
except HW-red oak and OSB-HW, in which cases CSF values were obtained recently.
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Table 5. Comparison of chemical composition, extent of decomposition, and carbon storage in newsprint, corrugated containers, 
and copy paper measured in this study and Eleazer et al. (1997)a 

 Newsprint (NP) Corrugated containers (CC) Copy paper (CP) 
 F L F L F L 

Cellulose (%)b 54.7/52.8 48.5 61.8/62.1 57.3 72.4/70.3 87.4 
Hemicellulose (%)b 17.5/15.3 9.0 14.6/15.1 9.9 14.2/13.8 8.4 

Lignin (%)b 16.1/14.4 23.9 15.4/13.7 20.8 0.6/1.0 2.3 
Organic carbon (%)b 35.7/42.6 49.2 50.8/43.5 46.9 39.1/38.6 40.3 

HODc 0.59 - 0.81/0.69 - 0.81 0.31 0.70 - 0.96/N.A. 0.64 0.71 - 0.95/N.A. 0.97 
CSF (g C g-1 dry material)d 0.09 - 0.17/0.18 - 0.22 0.42 0.18 - 0.27/N.A. 0.26 0.02 - 0.12/N.A. 0.05 

a. F - current field study; L - previous laboratory study by Eleazer et al (1997). For the current field study, the first and second 
sets of values are for samples buried at Uwharrie and Maplewood, respectively. Either a range or single value was given 
depending on the number of samples analyzed. 

b. % of dry weight. Reported values for chemical composition are the average of duplicates and the relative standard deviations 
(RSD) were below 10%. 

c. HOD = Holocellulose Decomposition as defined in eqn. 1. For Eleazer et al.’s study, HOD values were calculated 
from the published data. 

d. CSF = Carbon Storage Factor as defined in eqn. 3. For Eleazer et al.’s study, CSF values were adopted from Staley 
and Barlaz (2009). 

e. N.A. = Not applicable, as no CP and CC samples were recovered from Maplewood LF.
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Conclusions 

This is one of a few studies to have tracked chemical changes of selected forest products as 

they decompose in landfills. Although variability in the decomposition of wood products was 

observed between two landfills, the field results show limited decomposition in most woods 

tested. The field results, combined with the ultimate biodegradability of selected wood 

products measured in the laboratory, confirm that the carbon conversion of wood products 

under landfill conditions is well below the 50% of degradable organic carbon (DOC) 

recommended by the Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2006). 

This has implications for reporting of national greenhouse gas emissions for countries using 

landfills, because the IPCC allows the use of country-specific factors, provided they are 

based on well-documented research (IPCC, 2006). 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

This dissertation characterized the biodegradability of forest materials that are commonly 

present in MSW under both laboratory- and field- scale landfill conditions. The major 

conclusions of this work are as follows. 

 Methane generation potentials, decay rates, carbon conversions and storage factors are 

summarized in Table 1 for hardwood (HW) and softwood (SW) lumber, engineered 

wood products, HW and SW branches of different diameters, as well as various papers. 

 As shown in Table 1, the carbon conversions (%, equivalent to DOCf in IPCC 

terminology) of the test materials vary widely, which highlights the limitation of the 

uniform assumption of 50% DOCf by the IPCC for degradable materials discarded in 

landfills. These findings have implications for reporting national GHG emissions, since 

the IPCC allows the use of country-specific DOCf values in a country’s GHG emissions 

inventory, provided the values are based on well documented research. 

 The results show that the type of pulp/wood, even the species of wood present in a 

given forest product influences the extent of decomposition. While it is likely 

impractical to consider the type of pulp and the species of wood disposed in a landfill 

for most applications, this information nonetheless contributes to our understanding of 

biodegradability. In the absence of highly disaggregated waste composition data, 

average values should be used to develop national inventories of methane production 

and carbon storage of forest products in landfills. 
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Table 1. Summary of Anaerobic Biodegradability Results for Test Materials 

Material Methane 
yielda 

Decay 
rateb 

Carbon 
conversionc 

Carbon storage 
factord 

 
(mL CH4 g-1 
dry material) (yr-1) (%) (g C g-1 dry 

material) 
Lumber     HW - Red oak 33.3 2.1 8.0 0.41 

HW - Eucalyptus 0.0 n.a.f 0.0 0.45 
SW - Spruce 7.5 1.8 1.8 0.41 

SW - Radiata pine 0.5 21.5 0.1 0.44 
     

Branches     HW - White oak - Bough 118.3 4.1 28.5 0.25 
HW - White oak - Twig 99.2 2.8 24.5 0.28 

HW - Willow oak - Bough 98.1 5.0 22.5 0.32 
HW - Willow oak - Twig 76.3 4.8 17.1 0.36 

SW - Loblolly pine - Bough 0.0 n.a.f 0.0 0.48 
SW - Loblolly pine - Twig 19.5 13.2 4.5 0.45 
SW - White pine - Bough 19.7 9.1 4.5 0.49 
SW - White pine - Twig 44.4 4.4 9.5 0.45 

     
Engineered Wood 

Products     
OSB – HW 88.8 0.9 20.9 0.27 
OSB – SW 0.0 n.a.f 0.0 0.44 

Plywood (PW) 6.3 4.5 1.4 0.46 
Particleboard (PB) 5.6 1.7 1.3 0.38 

Medium density fiberboard 
(MDF) 4.6 6.7 1.1 0.37 

     
Paper Productse     NP 1 101.7e n.a.g 26.2 0.31 

NP 2 97.4e n.a. 24.9 0.31 
Newsprint average 99.6e n.a. 25.6 0.31 

CP 1 277.7e n.a. 92.6 0.02 
CP 2 285.0e n.a. 95.7 0.01 

Copy paper average 281.4e n.a. 94.2 0.02 
MG 1 160.6e n.a. 81.5 0.04 
MG 2 75.6e n.a. 27.7 0.21 

Magazine average 118.1e n.a. 54.6 0.13 
Diaper 23.9e n.a. 5.3 n.a.h 
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Table 1 (continued) 

a. Average of triplicate reactors, mL CH4 per dry gm which is equivalent to m3 CH4 per 
dry Mg (metric ton). 

b. The decay rates were estimated using a first order decay model to fit the measured 
methane production curves. 

c. Carbon conversion (DOCf in IPCC terminology) represents carbon recovered as CH4 
and CO2 divided by the mass of the organic carbon added to a reactor initially. 

d. CSF represents the mass of biogenic carbon stored per dry mass of test material. For 
OSB, PW, PB and MDF, the CSFs were adjusted to account for fossil OC associated 
with the resins. 

e. The yields for paper products were calculated based on carbon loss due to the 
uncertainty in gas measurements. 

f. No decay was measured for HW-Eucalyptus, SW-Loblolly pine-Bough and OSB-SW. 
g. Not calculated due to the uncertainty in gas measurement. 
h. Not calculated as the diaper contains some fossil carbon. 
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 The biodegradability of cellulose and hemicellulose in paper products is largely 

controlled by the amount of associated lignin. The methane yields, carbon storage 

factors and the extent of cellulose and hemicellulose decomposition all consistently 

show that papers made from mechanical pulps are less degradable than those made 

from chemical pulps where essentially all lignin is chemically removed. The CH/L 

ratio, frequently used as a measure of the anaerobic degradability for bulk waste, 

worked well to highlight differences in the extent of biodegradation between chemical 

and mechanical pulps. The diaper, which is made from chemical pulps but also contains 

some gel and plastics, exhibited limited biodegradability. 

 A copy paper made from eucalyptus fiber exhibited inhibited decomposition. Although 

eucalyptus has been reported to exhibit toxicity, it is more likely that the inhibited 

decomposition of the paper made from eucalyptus is due to chemicals added to make 

paper rather than due to compounds from the original wood. BMP tests conducted at 

relatively high S/L ratio indicate that the inhibitory compounds were partially removed 

by hot water extraction, which resulted in the recovery of methane generation. In 

contrast, the organic solvent extraction did not eliminate inhibition. 

 The CH/L ratio was not a good predictor of the extent of biodegradability of wood 

lumber. Even though in general HWs containing less lignin exhibited higher 

biodegradability than SWs, more than 10 HW species tested here exhibited less than 

10% carbon conversion. One HW eucalyptus species exhibited no carbon conversion in 

reactor tests while four other species had carbon conversions in BMP tests that were 
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comparable to other hardwoods, ranging from 2.8 to 6.0%. In the one sample tested, the 

inhibitory substance(s) were not eliminated by Soxhlet extraction with organic solvents. 

 HW and SW branches exhibited varied biodegradability not only between wood types 

and species, but also within a species. While HW branches degraded more than SW 

branches, there was no trend between large and small diameter samples in either HWs 

or SWs that can be explained by the chemical characterization. The removal of 

lipophilic materials prior to both standard and high S/L BMP tests did not have a 

consistent effect on methane production. 

 The decomposition indicators developed in the field study successfully tracked solids 

decomposition of selected wood and paper products as they degraded in landfills. The 

field results show high biodegradation of papers relative to limited decomposition in 

most woods. In general, the field results correlated well with the laboratory 

measurements. 

Recommendations 

This work has contributed to the improved understanding of the anaerobic biodegradability 

of landfilled forest products, and also resulted in some questions worthy of further 

investigation. 

 Evaluate whether assays which release monosaccharides by enzymatic hydrolysis are 

good predictors of the extent of biodegradability as measured in reactor and BMP 

assays. An enzymatic assay takes significantly less time relative to the latter two 

incubation-based methods. 
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 Measure the biodegradability of transgenic woody plants with different levels of lignin 

content and composition so that we may be able to separately evaluate the effects of 

lignin content and lignin composition on biodegradability. 

 The work described here shows that the presence of extractives can negatively impact 

the decomposition of certain wood and paper materials. However, because of the 

complexity in characterizing the extractives composition, information on the inhibitory 

compounds in toxic extractives was not identified. Chemical analyses of extractives 

would allow us to better understand the nature of the observed inhibition. 

 Explore the extent to which the presence of inorganic matter influences the 

biodegradation of paper products by testing the same paper stock with and without 

inorganic additives. Work could also be conducted to determine the relative importance 

of calcium carbonate as a filler as it may serve to maintain a neutral pH which would 

stimulate biodegradation. 

 The use of methane generation potentials and decay rates for individual waste 

components implies that their degradation is independent of waste composition. 

However, experiments should be performed to evaluate the validity of this assumption 

as current scientific knowledge is not conclusive on this aspect. 
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Appendices A and B present additional work that was done as part of my Ph.D. program to 

estimate landfill gas decay rates based on field-scale data. This work represents an attempt to 

consider the landfill gas collection efficiency in evaluating gas collection data from landfills. 

Appendix A presents a manuscript entitled 'Using Observed Data to Improve Estimated 

Methane Collection from Select U.S. Landfills' that has been published in Environmental 

Science and Technology in which point estimates of gas collection efficiency were used to 

estimate the best fit decay rate. 

Appendix B presents a manuscript entitled 'Characterization of Uncertainty in Estimation 

of Methane Collection from Select U.S. Landfills' in which the effect of uncertainty on 

estimates of collection efficiency is considered. This work has been submitted for publication. 

The abstracts for both manuscripts are included as follows.
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Appendix A 

Wang, X.; Nagpure, A. S.; DeCarolis, J. F.; Barlaz, M. A. Using Observed Data To Improve 

Estimated Methane Collection from Select U.S. Landfills. Environ. Sci. Technol. 2013, 47, 

3251–3257. 

Abstract 

The anaerobic decomposition of solid waste in a landfill produces methane, a potent 

greenhouse gas, and if recovered, a valuable energy commodity. Methane generation from 

U.S. landfills is usually estimated using the U.S. EPA’s Landfill Gas Emissions Model 

(LandGEM). Default values for the two key parameters within LandGEM, the first order 

decay rate (k) and the methane production potential (L0) are based on data collected in the 

1990s. In this study, observed methane collection data from 11 U.S. landfills and estimates of 

gas collection efficiencies developed from site-specific gas well installation data were 

included in a reformulated LandGEM equation. Formal search techniques were employed to 

optimize k for each landfill to find the minimum sum of squared errors (SSE) between the 

LandGEM prediction and the observed collection data. Across nearly all landfills, the 

optimal k was found to be higher than the default AP-42 of 0.04 yr-1 and the weighted 

average decay for the 11 landfills was 0.09 – 0.12 yr-1. The results suggest that the default k 

value assumed in LandGEM is likely too low, which implies that more methane is produced 

in the early years following waste burial when gas collection efficiencies tend to be lower. 

Keywords: landfills, landfill gas, methane, green energy, LandGEM
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Appendix B 

Characterization of Uncertainty in Estimation of Methane Collection from  

Select U.S. Landfills 

Xiaoming Wang1,*, Ajay S. Nagpure1,2, Joseph F. DeCarolis1, and Morton A. Barlaz1 

1 Department of Civil, Construction, and Environmental Engineering, Campus Box 7908, 

North Carolina State University, Raleigh, North Carolina 27695-7908 

2 Current Address: Center for Science, Technology and Public Policy, Humphrey School of 

Public Affairs, University of Minnesota, Minneapolis, Minnesota 55455 
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Abstract 

Methane is a potent greenhouse gas generated from the anaerobic decomposition of waste 

in landfills. If captured, methane can be beneficially used to generate electricity. To 

inventory emissions and assist the landfill industry with energy recovery projects, the U.S. 

EPA developed the Landfill Gas Emissions Model (LandGEM) that includes two key 

parameters: the first order decay rate (k) and methane production potential (L0). Using data 

from 11 U.S. landfills, Monte Carlo simulations were performed to quantify the effect of 

uncertainty in gas collection efficiency and MSW fraction on optimal k values and 

collectable methane. A dual phase model (DPM) and associated parameters were also 

developed to evaluate its performance relative to a single phase model (SPM) similar to 

LandGEM. The SPM is shown to give lower error in estimating methane collection, with 

site-specific best-fit k values. Most of the optimal k values are notably greater than the U.S. 

EPA’s default of 0.04 yr-1, which implies that the gas generation will decrease more rapidly 

than predicted at the current default. We translated the uncertainty in collectable methane 

into uncertainty in engine requirements and potential economic losses to demonstrate the 

practical significance to landfill operators. The results indicate that landfills operators could 

overpay for engine capacity by $30,000 – 780,000 based on overestimates of collectable 

methane. 

Keywords: landfills, landfill gas, methane, gas collection efficiency, LandGEM 
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