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ABSTRACT 

An investigation into the effects of oxygen and nitrogen on methane oxidation and 

exopolymeric substance (EPS) formation in compost biofilters was undertaken. The 

investigation comprised of two phases: 1) the investigation of compost laboratory biofilter 

columns; and, 2) the investigation of leaf compost treatments incubated under high and low 

oxygen concentrations, and high methane concentrations. After initially high methane 

oxidation rates, EPS formation in the columns was found to be responsible for the decline to 

lower steady state levels after a period of 150 days. Intermittent mixing events appeared to 

temporarily stimulate performance in the columns. In the incubation studies, high oxygen 

concentrations were found to stimulate EPS formation. Nitrogen did not have a stimulatory 

effect on methane oxidation. Nitrogen limitation was suspected to be the cause for EPS 

formation by Type I methanotrophs. Incubation chamber experiments were found to be 

representative of biofilter columns, but only within the first 100 to 120 days of column 

operation. 
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CHAPTER 1 - INTRODUCTION 

1.1 General 

One of the greatest environmental concerns facing humanity in the 21 s t century is 

global climate change. Anthropogenic emissions of radiatively active gases, such as 

carbon dioxide and methane, are suspected to be major contributors to climate change 

and increases in average global temperature in industrial times (JJPCC, 2001). The 

concentration of methane in the atmosphere has increased by 150% between the years 

1750 and 2000, from a concentration of 1.060 ppb to 1.745 ppb (IPCC, 2001). Over a 

100-year horizon, the global warming potential (GWP) of methane relative to carbon 

dioxide is estimated to be 23, but over a 20-year horizon methane's GWP is 62, which 

means that it's effectiveness in influencing climate is greatest within the first few decades 

of release (IPCC, 2001). This due to the fact that methane's lifetime in the atmosphere is 

relatively short, at 12 years (IPCC, 2001). For this reason, stabilizing methane's 

atmospheric concentration immediately would play a substantial role in mitigating short-

term global warming. Thus, the understanding and optimization of methane 'sinks' for 

the purpose of reducing methane emissions is one attractive method of meeting this goal. 

The oxidation of methane, and concomitant biological fixation of carbon in soil 

by methylotrophy is one of these potentially exploitable sinks. Biological consumption 

of methane in agricultural, forest, and tundra soils, has been reviewed by Hanson and 

Hanson (1996). The potential for biological methane consumption, associated with 

natural gas leaks in soil formations above natural petroleum reservoirs and natural gas 

wells or pipelines, has been reviewed by Stein (2000). 
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It is with respect to anthropogenic sources of methane release, specifically 

landfills and oil exploration activities, that the application and optimization of methane 

consumption by biological mechanisms, such as in biofilters, could be cost effective in 

significantly reducing methane emissions. A technique such as biofiltration, which 

requires little capital inputs and operational functions, could be a potentially inexpensive 

and attractive alternative to reducing methane emissions. This is especially true for 

sources that release chronic amounts of methane contributing significantly to climate 

change over the long term, but that are too low and geographically isolated to warrant 

recovery for economic consumption. 

Biological methane consumption by microorganisms could be exploited in the 

following ways: 

• From optimization in the selection and design of new landfill cover layers, and 

manipulation of existing landfill liner covers to maximize their methane oxidation 

potentials; 

• With biofiltration technologies that control point source emissions of methane, 

otherwise known as methanotrophic biofilters (MBFs). 

While laboratory investigations have demonstrated the potential of the 

phenomenon (Whalen et al, 1990; Kightley et al, 1995; Humer and Lechner, 1999; Stein 

and Hettiaratchi, 2001), some essential questions have yet to be answered before field 

application can be realized. They are: 
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• What is the long-term, maximum methane oxidation rate that can be sustained using 

biofiltration technology with the least amount of capital input? 

• What are some of the key design parameters and requirements that influence 

maximum oxidation rates in MBFs and landfill covers? 

• What are the minimum amount of capital inputs required, if need be, to maintain 

methane oxidation rates capable of rendering the technology economically justifiable 

in the long-term? 

The task of systematically testing and understanding the effects of nitrogen 

fertilization and aeration of MBF media on the optimization of methane oxidation are 

required to help answer parts to these questions. 

1.2 Research Problem and Study Approach 

The research problem being investigated in this thesis is optimizing the steady-

state methane-oxidizing performance of biofilters, previously investigated by Whalen et 

al (1990), Kightley et al (1995), De Visscher et al (1999), Stein and Hettiaratchi (2001). 

It has been suggested that the long-term performance of MBFs, in terms of oxidation 

efficiency and sustainability, may be affected by the formation of microbial exopolymeric 

substances (EPS), that are commonly associated with methanotrophs and biofilms (Hilger 

et al, 1999; Chiemchaisri et al, 2001 ; Stein and Hettiaratchi, 2001). The prevailing 

notion is that oxygen and nitrogen concentrations may be critical factors in controlling 

EPS formation. Studies into the effects of nitrogen fertilization on high-capacity methane 

oxidation in soils are few (Kightley et al, 1995; Boeckx and Van Cleemput, 1996; Hilger 
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et al, 2000b) and the results have been contradictory and speculative. To date, limited 

research has been presented that has systematically investigated the effects of inorganic 

nitrogen and oxygen in attempts to link it with EPS formation in the presence of 

methanotrophy. Varying the sources and concentrations of nitrogen, under the influence 

of aerobic and micraerophilic conditions, should in turn alter the response of 

methanotrophs, and their capacity to degrade methane and produce EPS. 

The approach taken in this study was to investigate the effects of various levels of 

ammonium and nitrate on methane oxidation performance and EPS formation at various 

oxygen concentrations. Methane oxidation in this study is given by the maximum 

methane oxidation rate (Vmax), determined experimentally. It was determined that the 

most efficient method was to incubate compost media within experimental incubation 

chambers, in the presence of steady-state gas concentrations, as opposed to constructing a 

comparatively large number of laboratory biofilter columns. In doing so, more levels of 

independent variables (oxygen and nitrogen) could be investigated and compared 

simultaneously. Conceptual and mathematical models could then be developed that 

allow one to predict the steady-state methane oxidation in a biofilter using nitrogen 

(ammonium and nitrate) and oxygen as variables. The empirical regression models 

derived from this experiment could then be included in a numerical reactive-transport 

model developed by Stein et al (2001), which was intended to predict methane biofilter 

performance using soil bulk density, particle density, moisture content and biological 

kinetics parameters as inputs. 
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1.3 Research Objectives 

The primary objectives of this research project were to: 

• characterize and determine the parameters that influence performance in a number of 

passively aerated laboratory biofilter columns oxidizing methane at steady state. 

• investigate and compare the effects of high and low soil gas oxygen concentrations on 

the maximum rate of methane oxidation (as Vmax) and EPS formation at high 

methane concentrations. 

• investigate and compare the effects of two sources of nitrogen (i.e. nitrate and 

ammonium) on Vmax and EPS formation, at high methane concentrations. 

• determine the respective optimum inorganic nitrogen and oxygen concentration 

required for maximizing steady-state methane oxidizing performance, while 

minimizing EPS accumulation. 

• determine the cause for EPS formation under a given set of environmental conditions, 

such as oxygen and nitrogen availability. 

• assess whether the performance of biofilter media incubated within high methane 

environments is capable of simulating performance of a biofilter over time. 

• develop regression equations that can predict Vmax and EPS as a function of 

variables such as time, oxygen, nitrogen, and moisture. These equations would be of 

value to improving the predictability and utility of a one-dimensional, numerical 

reactive transport model for methane oxidation in soils. 
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CHAPTER 2 - LITERATURE REVIEW 

2.1 Major Sources of Anthropogenic Methane 

2.1.1 Landfills 

Sanitary landfills that accept biodegradable municipal solid waste (BMSW) are 

significant sources of anthropogenic methane. Lack of oxygen in covered landfills, due 

primarily to high biological oxygen demand of the feedstock, and gas diffusion 

limitations of landfill covers, create methanogenic conditions. Subsurface concentrations 

of methane and carbon dioxide in landfills have been found at mixing ratios of 50%/50% 

by volume (Hilger et al, 2000a) to 60%/40% by volume (Kightley et al, 1995). Fluxes of 

methane from landfills have been reported as being 0.0002 to 4000 g m"2 day"1 (De 

Visscher et al, 1999), with a mid-range of 281 g m"2 day"1 (Hilger et al, 2000a). 

Of the estimated global emission rate of 500-700 teragrams (Tg) per year, 10-70 

Tg year"1 or 2-14%, are estimated to come from landfills (De Visscher et al, 1999). 

Nozhevnikova et al (1993) has reported that as much as 20% of the total anthropogenic 

methane emissions may come from landfills. 

However, the previous estimates of methane emissions from landfills do not 

account for the biological oxidation of methane in upper soil layers of landfill covers. 

Laboratory and field studies have indicated that at least 10% of potential methane 

released from landfills to the atmosphere is oxidized within the landfill cover (Czepiel et 

al, 1996). Kightley et al (1995) reported up to 60% methane oxidation in laboratory soil 

columns. Traditionally, landfill covers are designed to encapsulate waste using 

impermeable clay liners (LaGrega et al, 1994). However, it appears that by selecting 
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more permeable material such as loamy topsoil and/or compost, that support 

methanotrophic bacteria, landfill methane emissions could be effectively mitigated. 

2.1.2 Oil exploration 

The exploration, production and use of fossil fuels have been estimated to account 

for 20% of annual global methane emissions (IPCC, 2001). Leakage of methane from 

disruptions in the lithosphère due to oil exploration activities, associated with drilling, is 

a major contributor to this class of methane emissions. In Alberta, areas of soil 

surrounding production casings within a 3 m radius have been found to leak methane 

anywhere from 0.01 to 60 m 3 day"1, which at it's maximum relates to a flux of 1400 g m"2  

day"1 (Emo and Schmitz, 1996). 

Between production and surface casings of wells also exists a surface casing vent 

flow that releases methane. A study done at the University of Calgary found that 854 of 

the 953 wells studied in Alberta were venting production gas. The total emission rate of 

the wells was 3.94*10 m per day, and two-thirds of the wells were shown to vent less 

than 300 m day" (Yang, 1999). Because of well abandonment guidelines set by the 

Alberta Energy and Utilities Board, whereby there is zero-tolerance for any detectable 

gas leakage, many well abandonment programs have been necessarily delayed by lack of 

economically or technically feasible methods to mitigate gas leakage. 

Another source of methane from oil and gas production is from solution gas that 

is flared. During production, oil is reduced to atmospheric pressure and the solution gas 

is liberated from the liquid phase. Most of this gas is conserved and processed, but 

approximately 8% of the solution gas produced in the Province of Alberta is flared for 
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economie reasons (Holford, 1998). Flaring of solution gas has been found to be the 

source of gaseous emissions responsible for potential human health and environmental 

problems (Strosher, 1996), and has thus received much criticism. 

Since the rate of methane emissions from the previous sources render gas 

collection and re-utilization un-economical, biofiltration of these sources either by 

optimizing methanotrophy in existing soil, or designing a biofilter for the purpose of 

methane oxidation, would be an attractive option (Stein, 2000). 

2.2 Biological Methane Oxidation 

The capability of obtaining energy and carbon from methane is reserved to a 

special group of aerobic prokaryotes called methanotrophs. They belong to a larger 

group of prokaryotes and eukaryotes called the Methylotrophs. Methylotrophs utilize CI 

compounds, which possess no carbon-carbon bonds, and that are more reduced than 

carbon dioxide. These compounds include methane, methanol, methylamines and carbon 

monoxide. The genus Methylobacterium is an exception to the rule, in that they are 

facultative methylotrophs, or heterotrophs, meaning that they can consume more complex 

carbon compounds like glucose in addition to methane. Obligate methanotrophs, while 

requiring methane as a substrate, are also obligate aerophiles. However, many are known 

to thrive under relatively low oxygen environments (i.e. 1% O2 v/v) that have very high 

concentrations of methane (Hanson and Hanson, 1996). The aerophily of methanotrophs 

can be explained by the requirement of oxygen by the highly regulated, multi-component 

enzyme, methane monoxygenase (MMO), which is common to methanotrophs. 
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2.2.1 Methanotrophs 

The first methanotrophs were discovered in the early 1900's, but it wasn't until 

1970 that Whittenbury et al isolated over 100 Gram negative bacteria from soils, waters, 

and sediments, that had the capacity to grow using methane as a substrate (Whittenbury 

and Dalton, 1981). They identified five genera of methanotrophs and grouped them 

according to a number of distinctive traits with respect to morphology and physiology. 

They are Methylococcus, Methylomonas, and Methylobacter, which were grouped and 

given the distinction Type I, and Methylosinus and Methylocystis, which were given the 

Type II distinction. These classifications still hold today, with the exception of a new 

genus, Methylomicrobium, belonging to Type I, and the addition of a new group, Type X, 

which contains a mixture of both Type I and II traits. The microbe identified as 

belonging to Type X , Methylococcus capsulatus, is found growing at more extreme 

temperatures, around 45°C (Hanson and Hanson, 1996). 

Type I methanotrophs are usually found as short rods, and may occur as cocci, 

and Type II are found as rods, crescent-shaped rods, and even rosettes. The 

intracytoplasmic membranes of Type I are found as bundles of vesicular disks, while in 

Type II they are found as paired membranes that are aligned with the outer cell 

membrane. It is not clear what significance the membranes play, as well as the difference 

in their orientation, aside from the fact that pMMO is associated with them and that they 

play a role in methane oxidation. Some Type I and Type II strains can form cysts, while 

only some strains of Type II can form exospores. The phospholipid fatty acids (PLFA) of 

the membranes of Type I strains possess mainly 16-carbon fatty acids of the mono-

unsaturated variety, while Type II strains possess mainly 18-carbon fatty acids of the 



monounsaturated variety (White et al, 1979, and White et al, 1997). This characteristic 

has proved to be a reliable and powerful tool in the detection of methanotrophs and the 

study of their population structures in the environment by using PLFA analysis with gas 

chromatography (White et al, 1979; White et al, 1997). 

From a biochemical perspective, the most important distinction between the two 

groups is in the pathways each uses to assimilate carbon. As will be discussed in Section 

2.2.2, formaldehyde is a pivotal intermediate metabolite in the initial stages of methane 

oxidation, for both catabolism and anabolism. Carbon is assimilated in Type I 

methanotrophs using the ribulose monophosphate (RuMP) pathway, while Type II 

methanotrophs use the serine pathway. The pathways will not be discussed in great detail 

here, however it is worth noting that the growth yields on methane are higher in Type I 

methanotrophs than in Type II. This is so because in the RuMP pathway, formaldehyde 

enters the pathway at the same oxidation state as biomass, and thus does not require 

reducing power that is costly to the cell, and secondly, all of the carbon from the 

formaldehyde is incorporated directly into biomass. In the serine pathway, reducing 

power and carbon dioxide are required to convert formaldehyde into biomass, and thus is 

not as efficient a pathway for producing viable biomass. 

The other notable distinction that separates the two types of methanotrophs is 

their ability to fix dinitrogen from the atmosphere (Davis et al, 1964; and DeBont et al, 

1974). Only Type II strains have been known to have the ability to do so, and thus 

contain the nitrogenase enzyme (Hanson and Hanson, 1996). The reducing power 

required for the nitrogenase enzyme to reduce dinitrogen to ammonia is derived from 

MMO. Since the nitrogenase enzyme is inhibited by the presence of oxygen, Type II 
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methanotrophs that need to fix dinitrogen in a nitrogen-depleted environment do so in 

microaerophilic environments. No evidence has been found that suggests otherwise. 

This may have implications in MBF design, and more specifically, EPS formation. 

2.2.2 Biochemical aspects of methane oxidation 

2.2.2.1 Overview of methane oxidation pathways 

The methane oxidation pathway is depicted in Figure 1. Biological methane 

oxidation is principally achieved in nature by the enzyme MMO. MMO is responsible 

for the oxidation of methane to methanol with oxygen and the reductant NADH 

(nicotinamide adenine dinucleotide). In some cases, the reductant used is cytochrome c 

(CytC). The MMO enzyme uses two reducing equivalents to split the O - O bond of 

molecular oxygen, where one oxygen atom is reduced to water and the other is combined 

with methane (CH4) to form methanol (CH3OH). Methanol is then converted to 

formaldehyde (HCHO) by methanol dehydrogenase (MDH) and transfers electrons to 

cytochrome c, which is then recycled by the M M O enzyme (Brock et al, 1994). 
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Figure 1. Overview of pathways for methane oxidation, and carbon assimilation 
and dissimilation. 

Formaldehyde is the pivotal intermediate in the metabolism of methane, where the 

carbon is either oxidized completely to carbon dioxide by dissimilation, so as to generate 

a source of reducing power (NADH + H +) and cellular energy as ATP (adenosine 

triphosphate), or the carbon is assimilated into biomass. To assimilate methane carbon 

into biomass, the formaldehyde intermediate is incorporated via the ribulose 

monophosphate (RuMP) pathway or the Serine pathway. If oxidized completely to 



carbon dioxide, formaldehyde is converted to formate (HCOOH), and then to carbon 

dioxide ( C O 2 ) , each by respective dehydrogenases that generate reducing equivalents 

(four electrons), which are coupled to the electron transfer chain to produce ATP. 

2.2.2.2 The Ribulose Monophosphate (RuMP) pathway 

The RuMP pathway, found in Type I methanotrophs, is the most efficient 

pathway for assimilating carbon from CI compounds because all of the carbon within 

cellular material is synthesized from formaldehyde. The overall reaction is as follows: 

3 H C H O + ATP -» Glyceraldehyde-3-P + ADP 

Three moles of formaldehyde combine with three moles of ribulose-5-phosphate to form 

three moles of hexulose-6-phosphate. With one mole of ATP, hexulose-6-phosphate is 

converted into three moles of fructose-6-phosphate which is converted into 6 molar 

equivalents of a three-carbon compound, glyceraldehyde-3-phosphate 

(P~CH2CH(OH)CHO). One mole of glyceraldehyde-3-phosphate is coupled to 

biosynthesis of cellular material, whose molecular formula is CH1.gO0.5N02 (Roels, 1980) 

and the other five are used to regenerate the original three moles of ribulose-5-phosphate. 

Since formaldehyde enters the biosynthetic pathways at the same oxidation state as 

cellular material, no reducing power is required to incorporate formaldehyde (Brock et al, 

1994). 

2.2.2.3 The Serine pathway 

The Serine pathway, found in Type II methanotrophs, is not as efficient as the 

RuMP pathway because it requires a mole of carbon dioxide to combine with 

formaldehyde and two moles of NADH and three moles of ATP to generate one mole of 

http://CH1.gO0.5N02
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glyceraldehydes-3-phospate, which is incorporated into biomass. The mole of carbon 

dioxide requires reducing power to reach the oxidation state of cellular biomass. This is 

the explanation for better growth yields derived from methanotrophs with the RuMP 

pathway, whereas those that use the Serine pathway have growth yields typically 20% 

less than those using the former pathway (Van Dijken and Harder, 1975). 

The overall reaction for the serine pathway is as follows: 

2HCHO + C 0 2 + 2NADH + 2H + + 3ATP 

-> Glyceraldehyde-3-P + 2NAD + + 3ADP + 3P¡ 

The reactions in the pathway are numerous, and a few variations are seen in literature, but 

the one discussed is adapted from a review by Hanson and Hanson (1996). The pathway 

is named as such because two moles of formaldehyde combine with two moles of the 

amino acid, glycine, to generate two moles of serine. Serine goes through a series of 

reductions and phophorylations to produce one mole of glyceraldehyde-3-P and one mole 

of phosphoenol-pyruvate (PEP). PEP combines with one mole of carbon dioxide and 

eventually leads to the formation of two moles of glyoxylate, from which the original two 

moles of glycine are regenerated. 

2.2.2.4 Theoretical growth yields and growth requirements 

Growth yields for methanotrophs on methane have been reported and range from 

0.6 to 1.1 g dry cells/g methane (Van Dijken and Harder, 1975). The growth yield (Yx/s) 

is defined as the amount of cellular biomass that can be generated from a given amount of 

substrate (expressed as grams of dry biomass per gram of substrate). To calculate a 

theoretical growth yield, one can utilize the free energy of a reaction to estimate the 
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amount of free energy available from a reaction, so as to calculate the amount of ATP 

that can be made. The overall reaction for the complete oxidation and dissimilation of 

methane to carbon dioxide is as follows: 

C H 4 + 0 2 + 2NAD + C 0 2 + 2NADH + 2H + AG° = -192 kJ/mol 

2 N A D H + 2 H + + O z ± 2 N A D + + 2H9O AG" = -440 kJ/mol 

CH 4 + 2 0 2 -> C 0 2 + H 2 0 AG° = -632 kJ/mol 

With the generation of 632 kJ of free energy from one mole of methane, and using the 

assumption that a maximum of 70% of the energy can be biochemically harnessed, if 

each ATP requires +50 kJ/mole to generate then approximately 8.8 moles of ATP can be 

made from 1 mole of methane. However, since only 2 moles of NADH are generated 

from the dissimilation of one mole of methane to carbon dioxide, and the maximum 

moles of ATP that can be made from one mole of NADH is 3, then it seems that 6 moles 

of ATP per mole of methane is more accurate. 

In one mole of methane (16.04 grams) 6 moles of ATP can supply the energy to 

synthesize approximately 63 grams of cellular biomass. This assumes that the Y A tp, 

which is defined as the amount (in grams) of biomass that can be synthesized per mole of 

ATP, is 10.5. This value is the average among heterotrophs, and was initially derived 

from the fermentation of glucose. While CI metabolism may not seem similar to 

heterotrophic metabolism, it still results in the generation of phosphoglycerate as the key 

intermediate by which carbon is assimilated, and it is thus assumed that the amount of 

biomass that can be synthesized from ATP should be similar (Van Dijken and Harder, 

1975). 



The formula for biomass varies, but CH1.8O0.5N0.2 (MW = 24.6) has been 

reported as the average for bacteria (Roels, 1980). If all carbon from the oxidation of one 

mole methane were assimilated into biomass, Yx/s would be 1.5. However, since some 

methane is required to supply the energy for biomass production, the true growth yield 

would be smaller. The amount of methane required to assimilate 84 grams of biomass 

would be 42 grams (= 63 grams / 1.5). Since 16.04 grams of methane is required for 

energy, and 42 grams is required for carbon, a total of 58.04 grams of methane is required 

to synthesize 63 grams of biomass. Thus, the theoretical Yx/s would be approximately 

1.1. Not surprisingly, it falls at the high range of actual measured values previously 

mentioned, as energy conversions in biological systems are not usually as efficient as the 

theoretical free energy of reaction would predict (Van Dijken and Harder, 1975). This 

would be because free energy calculations of this sort assume standard conditions, such 

as a temperature of 25°C, a pressure of 1 arm, and a pH of 7.0. These conditions are 

never perfect, especially in a soil or compost reactor. 

The theoretical yield is still useful in estimating growth requirements, such as for 

that of nitrogen. In 63 grams of biomass (or 2.56 moles), 7.2 grams consists of nitrogen, 

which is a ratio of 0.114 grams N/gram biomass. MPN estimates of actively methane-

oxidizing soil, made by Bender and Conrad (1995), were in the order of 107 

bacteria/(gram of soil), and with common shortcomings of microbial culturing methods 

that underestimate 'actual' methanotrophic populations by as much as 103 (Hanson and 

Hanson, 1996), one can assume that 101 0 bacteria/(gram of soil) can be formed in a 

methanotrophic system. Estimating the mass of one cell as 3 x 10"13 grams (Hilger et al, 

1999), 0.003 grams of biomass can be expected in one gram of soil. Thus, 3.41 x 10"4 
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grams N/gram of soil (or 341 ppm N) would be required to achieve that amount of 

biomass in a biofilm. 

However, in a steady state methanotrophic system (i.e. MBFs), whereby the 

population of methanotrophs is relatively stable (where growth is equivalent to death), 

the reported YX/s of methanotrophs have been reported as 0.207 grams Biomass/grams 

CH4 (Hilger et al, 1999), and 0.21 grams Biomass/grams CH4 (Arcangeli and Arvin, 

1997). If taken as 0.2, the Yx/s is equivalent to 0.13 moles Biomass/moles CH4, or a 

conversion of 13% of oxidized methane to biomass. The nitrogen requirement in an 

MBF during steady state could be satisfied by nutrient recycling within the biofilm and 

media, but would depend highly on the amount of heterotrophic, nitrifying, denitrifying, 

and atmospheric nitrogen-fixing activities within the MBF. Thus, in the long-term, an 

MBF may require larger nitrogen requirements, depending upon the loss of nitrogen from 

the system to the atmosphere or to competition from other organisms. 

2.2.3 Methane monoxygenase (MMO) 

The MMO enzyme has been discovered in two forms, a membrane-bound 

particulate (pMMO) and soluble (sMMO) form. The differences between the two 

enzymes are with regards to oxygen requirements, kinetics, reducing power requirements, 

copper requirements, and substrate specificity. The pMMO enzyme is capable of being 

expressed in all methanotrophs, while sMMO is found in Type II and Type X 

methanotrophs only. sMMO uses NADH for reducing power, which can become growth 

limiting, while pMMO uses cytochrome c for reducing power which makes it more 

energy efficient and thus has a higher affinity for methane. For this reason, 



methanotrophs with this enzyme often have higher growth yields when grown on 

methane (Hanson and Hanson, 1996). Copper is required for the expression of pMMO 

and the formation of extensive intracytoplasmic membranes within methanotrophs. 

Copper is not required for sMMO, which infers a competitive advantage for Type II and 

X methanotrophs under limiting copper concentrations. The substrate specificity of 

sMMO is higher than pMMO, and organisms containing sMMO have proven useful to 

remediation specialists because of their ability to co-metabolize a number of chlorinated 

hydrocarbons such as PCE and TCE (Hanson and Hanson, 1996). 

Generally speaking, the MMO enzyme has rather broad substrate specificity, and 

contains conserved sub-units that have very close homologies to other oxygenases, such 

as ammonia monoxygenase (AMO). AMO is utilized by nitrifying bacteria to obtain 

energy from ammonium oxidation to nitrite. Due to the similarity of the enzymes, and 

the likeness of molecular methane to ammonium, ammonium can be oxidized by MMO, 

just as methane can be oxidized by AMO. However, this gratuitous metabolism has no 

benefit to either methanotrophs or nitrifiers, as their growth will only occur on methane 

and ammonium, respectively. Unfortunately, the lack of substrate specificity means that 

high concentrations of ammonium can inhibit the oxidation of methane by MMO. 

However, it is not yet known what concentration of ammonium in soil or compost media 

would cause this inhibitory effect on methane oxidation in high methane environments. 

The implications of this issue will be discussed in Section 2.2.5.3. 



2.2.4 Methane oxidation in the environment 

Methanotrophs are ubiquitous in the environment. They are found in virtually all 

aquatic and terrestrial environments at or near the interface of aerobic and anaerobic 

environments. The sources and sinks of methane have already been discussed, but a 

thorough discussion of the kinetics of methane oxidation, and factors that affect it, is 

warranted. 

There are generally two types of methane-oxidizing communities found in the 

environment, those that oxidize methane at atmospheric concentrations of 1.7 ppmv, 

which corresponds to the current concentration of methane in the atmosphere, or low 

mixing ratios. The second types are those that oxidize methane at very high mixing ratios 

that are found close to a methane source. 

2.2.4.1 Methane oxidation at low-mixing ratios 

The methanotrophic communities that account for methane oxidation at 

atmospheric concentrations are often found in the upper horizons of sediments (i.e. at 

depths of 0 to 30 cm). They also account for oxidation of methane from sub-surface 

sources that permeate through soil and reach shallow soil horizons close to the interface 

with the atmosphere. These methanotrophs are characterized as having a low methane-

oxidizing capacity, or low Vmax, and a high affinity for methane, or low Km. Km is the 

concentration of methane or substrate when the reactive matrix is oxidizing methane at 

one-half the Vmax. These kinetic relationships closely parallel those that are found in 

studies with the pMMO enzyme (Hanson and Hanson, 1996). Some debate exists on 

whether or not atmospheric methane concentrations can actually sustain a methanotrophic 



community since no pure cultures of methanotrophs have been found that exhibit 

kinetics permitting atmospheric concentrations of methane as a primary substrate 

(Hanson and Hanson, 1996). Studies by Bender and Conrad (1994) have shown that in 

soil columns receiving methane from the subsurface at concentrations greater than 1,000 

ppmv, the kinetic parameters correlated with numbers of cultural methanotrophs. 

However, in soil columns under oxic conditions, with atmospheric methane as the source, 

there was no correlation between kinetics and most probable number (MPN) of 

methanotrophs. Some scientists have even suggested that the oxidation of atmospheric 

methane may be caused by nitrifying bacteria rather than methanotrophs (Hanson and 

Hanson, 1996). 

2.2.4.2 Methane oxidation at high-mixing ratios 

This community of methanotrophs is found in soils that receive, or have received, 

relatively high concentrations of methane. Most often they are seen in soil landfill 

covers, around natural methane seeps from petroleum reservoirs, and tundra soils. They 

are the type that are easily cultured and exhibit kinetics that has a high capacity for 

methane oxidation (i.e. high Vmax) and a low affinity for methane (i.e. high Km). An 

example of these parameters include a Vmax of 998 to 2,342 nmo^hr'^g soil"1, and 

corresponding Km values of 5,589 to 21,873 ppm, reported by Kightley et al (1995). 

These values were obtained in un-amended, coarse sand landfill soil columns, which 

resulted in a high methane oxidation rate of 166 g CH4*m"2*day_1. It would also be 

worthwhile mentioning that these high methane environments are also quite often 

microaerophilic, which may have selective pressures on methanotrophic communities. 
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Because of the high methane oxidizing capacities of this group of methanotrophs, they 

are of the most interest in optimizing the mitigation of methane emissions from 

anthropogenic sources, and thus will be the focal point of discussion throughout. 

2.2.5 Factors affecting methane oxidation and competition between Type I and II 
methanotrophs 

The main factors affecting methane oxidation in soil are the concentrations of 

methane, oxygen, nitrogen, temperature, moisture and soil-physical properties. The 

community structure of a methanotrophic community may also affects it's capacity to 

oxidize methane, and thus the availability of methane, oxygen, and macronutrients. Their 

relative effects on methane oxidation will be discussed, as they are significant selective 

pressures on methanotrophic communities. 

2.2.5.1 Methane concentration 

The oxidation of methane has been found to exhibit Michaelis-Menten enzyme 

kinetics (Czepiel et al, 1996). This is described by equation 1 : 

v - VjBaxJLS (1) 
Km + S 

Where: v= methane oxidation rate (nmol CH^hr" 1 *g d.w."1) 

Vmax = maximum methane oxidation rate (nmol CH4*hr _ 1*g d.w."1) 

Km - half saturation constant (ppmv) 

S = methane concentration (ppmv) 
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The rate of oxidation shows first order kinetics at low or rate-limiting methane 

concentrations, and zero-order kinetics at saturating or non-limiting concentrations of 

methane. 

Fluctuations in methane concentrations have varying effects depending on the 

initial growth conditions. Kightley et al (1995) observed that methanotrophs are quite 

tolerant to intermittent periods of methane limitation, when soil-columns exposed to high 

methane mixing ratios were deprived for a period of 8 days, and regained the ability to 

oxidize methane immediately after its re-introduction. Bender and Conrad (1995) also 

observed that soils exposed only to atmospheric concentrations of methane could be 

induced to relatively high rates of methane oxidation (0.1 to 10 umol CFÍ4*hr"1*g soil"1) 

when incubated under methane concentrations of greater than or equal to 7,000 ppmv, but 

was highest when incubated under methane concentrations of 10,000 to 100,000 ppmv. 

They suggested that the induction of methane oxidation activity, and the size of the 

methanotrophic population, is directly proportional to the concentration of methane at the 

start of incubation. This follows with the observation that the germination of 

methanotrophs in a resting stage (i.e. exospores or cysts) requires significant amounts of 

methane (Hanson and Hanson, 1996). Methanotrophs are well adapted to periods of 

methane deprivation, and this is a fine quality in an organism selected to mitigate 

intermittent fluxes of methane. 

The concentration of methane may also influence the type of methanotrophic 

community (i.e. Type I or II). Because Type I methanotrophs only express the pMMO 

enzyme, which has a high affinity for methane, they may out-compete Type II 

methanotrophs under atmospheric conditions. Although Type II methanotrophs could 
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also compete for methane at low concentrations, their serine-assimilatory pathway is not 

as energy efficient, and Type I would be favored. The expression of pMMO by Type II 

may be a selective advantage as it allows them to survive through periods of intermittent 

methane fluxes. Amarai and Knowles (1995) observed in gel diffusion columns that had 

opposite gradients of methane and oxygen, that microbial zones or bands associated with 

high methane oxidation activity, were formed where the concentration oxygen was high 

(approximately 190,000 ppmv), and methane was low ( « 50 uM or 34,000 ppmv in the 

gas phase). Bands were also formed in microaerophilic zones, where the concentration of 

oxygen in trace amounts (i.e. < 5,000 ppmv) relative to the high concentration of 

methane. DNA hybridization experiments confirmed that the methanotrophs in the low 

methane band and the high methane band were Type I and Type II in origin, respectively. 

In two-organism continuous flow reactors, Graham et al (1993) observed that a Type I 

methanotroph out-competed a Type II methanotroph under methane-limiting conditions. 

These two findings seem to show that Type I methanotrophs are better suited for the low-

methane, high oxygen environments and have high methane oxidation capacities under 

these conditions. Although the Type I methanotroph does not have the inherent capacity 

to degrade methane at a high rate (low Vmax) because it has only pMMO, it has a greater 

growth yield than that of Type II. Thus, zones of soil associated with high oxidation rates 

may expect to have high densities of Type I methanotrophs. 

In summary, it appears as though one can only generalize in associating the 

predominance of Type I or Type II methanotrophs in methane-oxidizing soil to the 

concentration of methane present. However, periodic conditions of nutrient limitation 

(i.e. oxygen, nitrogen, and copper) also greatly influence the community structure of 
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methanotrophic soils, and likely interact with methane in affecting the oxidation 

capacity as well as community structure. 

2.2.5.2 Oxygen concentration 

Methanotrophs are obligate aerobes, and thus methane oxidation does not occur in 

soils and sediments that lack oxygen. As stated previously, two moles of oxygen are 

required for every mole of methane oxidized and thus, methanotrophy places a relatively 

high demand on oxygen. At the same time, it is understood that methanotrophs are 

microaerophiles and prefer low oxygen environments. This is due, in part, to the need of 

Type II methanotrophs to protect the nitrogenase enzyme (discussed later in this section). 

Amarai and Knowles (1995) found that Type I methanotrophs are generally associated 

with areas of methanotrophic activity that have relatively high ratios of oxygen to 

methane, whereas, Type II methanotrophs have been found to favor the opposite. Ren et 

al (1997) also indicated that in the presence of non-limiting methane and inorganic 

nitrogen, oxygen concentrations ranging from 0.45 to 20% could support maximum rates 

of methane oxidation in Type I and II methanotrophs, and furthermore, did not show 

microaerophily. At any case, while it is not clear whether methanotrophs are truly 

microaerophiles, it is clear that Type II methanotrophs are selected in low oxygen 

environments with limiting nitrogen. Graham et al (1993) found that under nitrogen-

limiting conditions, the competitive success of a Type II methanotroph over a Type I 

methanotroph depended on maintaining oxygen concentrations below 6.27%, or 30% 

saturation with air. It has also been suggested that in order to culture methanotrophs that 



depend on the ability to fix nitrogen, oxygen must be kept below 4% (Whittenbury and 

Dalton, 1981). 

Several minimum threshold oxygen concentrations have been observed for the 

maintenance of methanotrophic activity in soil. Bender and Conrad (1994) determined 

that mixing ratios for oxygen less than 1-3% caused a decline in methane oxidation rates 

in several soils and sediments, but anything above 3% did little to increase the oxidation 

rates. K02 is a biological kinetic constant defined as the half saturation constant for 

oxygen consumption. A K02 value of 1.23% has been reported by De Visscher et al 

(1999), which compared well with 3% being the minimum concentration at which the 

oxygen concentration is saturating. Roslev and King (1994) observed that under 

anaerobic conditions, methanotrophs could survive so long as methane was deprived. 

The Type II methanotroph, Methylosinus trichosporium OB3b, survived up to 6 weeks of 

carbon deprivation, provided oxygen was not present, and re-attained methane oxidation 

capability within hours of methane and oxygen reintroduction. 

The characteristics that affect oxygen concentration in soil and sediment, besides 

biological oxygen demand, are the ability of oxygen to permeate and diffuse through the 

soil. Pertinent soil physical characteristics that affect this oxygen diffusion in soil and 

solid media are discussed briefly in Section 2.2.5.7. 

2.2.5.3 Nitrogen 

The most critical nutrient, other than oxygen and carbon that affects the rate of 

oxidation of methane, is nitrogen. No thorough, and consistent knowledge base of the 

types and rates of various nitrogen sources on the growth of methanotrophs, and their 



effects on methane oxidation capacity have been previously reported. Ammonium, 

nitrate, and atmospheric nitrogen are all used as nitrogen sources by various 

methanotrophs. Whittenbury and Dalton (1981) has described three general scenarios 

that occur in isolates of methanotrophs according to the source(s) of nitrogen they prefer: 

• Those that use nitrate as a source of nitrogen; can sometimes use ammonium and fix 

atmospheric nitrogen; 

• Those that fix atmospheric nitrogen at oxygen concentrations less than 4.0% v/v; can 

also utilize nitrate and ammonium; and, 

• Those that use ammonium as a source of nitrogen; sometimes do not use nitrate or fix 

atmospheric nitrogen. 

Thus, all methanotrophs can utilize ammonium as a source of nitrogen. And it is possible 

that the use of nitrate should select for certain methanotrophs, but there is no clear 

evidence for which species. The major selective source of nitrogen is from the 

atmosphere. As previously stated, only Type II methanotrophs are capable of fixing 

nitrogen from the atmosphere, and this would favor them under soil nitrogen-limiting 

conditions. Since the enzyme that is responsible for fixing atmospheric nitrogen is highly 

oxygen sensitive and requires an environment with no greater than 4% oxygen by 

volume, Type II methanotrophs would also appear to be favored at low oxygen and 

nitrogen environments, as observed previously by Graham et al (1993). 

Few studies have been done to assess the rates of ammonium and nitrate 

fertilization and their long-term effects on methane oxidation capacities in soil with high 

methane concentrations. At low methane concentrations, ammonium has been found to 

be inhibitive to methane oxidation (King and Schnell, 1994; King and Schnell, 1998). 



Boeckx and Van Cleemput (1996) found that ammonium, at concentrations of 25, 50, 

75, and 100 mgN/kg soil in 15% moisture, inhibited methane oxidation linearly and 

stimulated nitrification (the degradation of ammonium to nitrite and nitrate) and 

denitrification (the conversion of nitrate to atmospheric nitrogen) linearly in neutral 

landfill cover soil. Nitrate was found to have no effect on the methane oxidation rate. 

They observed that high C/N ratios in organic matter crop residue stimulated N -

immobilization and had no effect on oxidation, but low C/N ratios in organic matter crop 

residue stimulated N-mineralization and inhibited oxidation. They suggested that the 

mode of inhibition was competitive interaction of ammonium with methane for MMO 

enzyme. These results would seem reasonable, since the concentration of methane used 

in the incubations was 10 ppmv, which is relatively low in comparison with soil 

ammonium. 

Several studies have been done to assess the short and long-term effects of 

fertilization at high methane concentrations. Bender and Conrad (1995) assessed the 

induction, or initial methane oxidation capacities of several soils with varying ammonium 

concentrations at a methane concentration of 10% v/v. They found that the ammonium 

concentrations in the soil water phase were optimum at 12 to 61mM (or 216.48 to 

1,100.44 mg/L). The study further indicated that all soils tested showed strong inhibitory 

response to higher concentrations of ammonium, except one soil with low pH, suggesting 

that because of the high pKa value of 9.25 for ammonia, ammonia may be the real 

inhibitor of MMO instead of ammonium. Hilger et al (2000b) ran soil column studies fed 

with 50/50 methane to air mixture for slightly less than three months and found that 

ammonium and nitrate, given at 22 mgN/kg soil (1.57 mM), produced opposite 



responses, so inhibition of methane oxidation activity by ammonium could not be 

attributed to osmotic effects. Ammonium was reported to be stimulatory to methane 

oxidation rates, initially, but had demonstrated long-term inhibitory effects, which agrees 

with findings of Bender and Conrad (1995). Nitrate was found to have stimulated 

methane oxidation but did not inhibit or stimulate in long-term or pre-gassed soil. 

Kightley et al (1995) performed long-term (6 months) soil column experiments purged 

with methane at rates similar to those found in landfills, and found that ammonium 

nitrate, applied at 2000 mgN/kg soil, reduced methane oxidation in a coarse sand soil by 

64% compared to an the un-amended soil. Sewage sludge, applied at 2500 mg/kg soil, 

(equivalent to 100 mg of N/kg soil) increased methane oxidation by 26%, and potassium 

hydrogen orthophosphate, applied at 100 mgP/kg soil, did not affect methane oxidation 

significantly. The inhibitive effect of ammonium nitrate was attributed to osmotic 

effects, which is not surprising due to the high rate of fertilization chosen. Furthermore, 

because ammonium nitrate fertilizer was used, the individual effects of ammonium and 

nitrate could not be distinguished. 

A number of different mechanisms for ammonium inhibition of M M O have been 

suggested (Bedard and Knowles, 1989; Boeckx and Van Cleemput, 1996; and 

Mancinelli, 1995). Competition for the MMO enzyme by ammonia and methane has 

been the most consistent explanation for inhibition of methane oxidation by ammonia, 

especially at low methane concentrations (Boeckx and Van Cleemput, 1996). The lowest 

Km for ammonium oxidation in nitrifiers is 300 times lower than the lowest for 

methanotrophs, confirming that MMO has low affinity for ammonium or ammonia, and 

the competition effects may be minimized at high methane concentrations (Bedard and 



Knowles, 1989, and Mancinelli, 1995). Bedard and Knowles (1989) suggested ammonia 

(NH3), rather than ammonium (NH/), is the inhibitor of MMO, due to the difference in 

inhibitory concentrations of ammonium between low and high pH. Nitrite (NO2") 

produced by nitrification (ammonia-oxidizing, or nitrifying bacteria) has been found to 

cause more permanent inhibition of methane oxidation, and although it's mechanism is 

not clear, it has been reported that it prevents the formation of NADH + H + via formate 

dehydrogenase (Mancinelli, 1995). It has also been suggested that hydroxylamine 

(NH2OH), the intermediate in ammonia oxidation also inhibits MMO reversibly 

(Mancinelli, 1995). 

2.2.5.4 Copper 

The most important micronutrient affecting the oxidation of methane and selection of 

methanotrophs is copper. As previously stated, copper is required for pMMO to function, 

and thus a media short of copper, either due to depletion or chelation by organic matter, 

would select for the sMMO enzyme or Type II methanotrophic activity (Graham et al, 

1993). 

2.2.5.5 Temperature 

Almost all methanotrophs are mesophiles, found growing at temperatures between 10 

and 35°C. Whittenbury and Dalton (1981) observed that a wide variety of methanotrophs 

could be cultured at 30°C. Various optimum temperatures for methanotrophic activity 

have been reported, 25-3 5°C in soils (Bender and Conrad, 1995), and 31-36°C in landfill 

cover soils (Whalen et al, 1990). Some Type I methanotrophic strains have also been 

associated with psycrophilic growth between 3.5 and 10°C, and declining growth above 



the latter temperature (Hanson and Hanson, 1996). The species belonging to the Type X 

group, Methylococcus capsulatus Bath, is the one thermophile among the methanotrophs, 

which is capable of growth at 45, 50, or 55°C (Hanson and Hanson, 1996). 

2.2.5.6 pH 

Generally, all methanotrophs have been found to grow between the pH range of 6 and 

8. Bender and Conrad (1995) have reported that the pH optimum for the induction of 

methanotrophs in selected soils was between 6.7 and 8.1, which is consistent with the pH 

of 6.8, at which most methanotrophs are cultured (Whittenbury and Dalton, 1981). 

Methanotrophic bacteria have not been reported to grow at a pH of less than 5 (Hanson 

and Hanson, 1996). 

2.2.5.7 Soil physical properties 

Soil physical properties such as porosity, particle size, moisture content and surface 

area affect the methane oxidation capacity of a soil by dictating the rate of diffusion of 

substrate (i.e. methane and oxygen) and the reactive capacity or amount of specific 

microbial activity per volume of soil. These factors in soil are analogous to the physical 

parameters that must be optimized in compost MBFs. The particle size of media or soil 

chosen must be fine enough to maximize the surface area for attachment of microbes or 

reactive sites, while not creating gas diffusion limitations consistent with finer particles. 

Bender and Conrad (1994) found the increasing specific methanotrophic activity in 

fractionated soil particles with diameters from 0.05 to 2 mm. These particle sizes are 

consistent with sand and suggest that wider pore spaces enhance diffusion of methane 

and oxygen such that the methanotrophs are not substrate limited. Kightley et al (1995) 
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also observed higher methane oxidation rates in coarse sandy soil, previously gassed, 

than in finer, clay type soils. 

The porosity and particle size of a soil also dictate the water-holding capacity and 

thus the moisture content at which methanotrophic growth and diffusion of substrate will 

be optimal. Because the diffusion constant for methane is 4 times lower in water than in 

air (Whalen et al, 1990) air pore space must be significantly higher than water pore 

space, such that diffusion limitations are not imposed, while maintaining adequate 

moisture for the development of microbial films on the solid particles. Several optimal 

moistures have been observed, 11% in sandy clay (Whalen et al, 1990), 15% in sandy 

soil (Boeckx and Cleemput, 1996), and 15-22% in various soils (Bender and Conrad, 

1994). 

Recently, researchers studying methane oxidation in landfill covers and laboratory 

biofilter columns have discovered potential gas diffusion limitations and concomitant 

reduction of methane oxidation rate at steady-state levels by the production of 

exopolymeric substances (EPS). The production of EPS as capsules is common in 

methanotrophs (Huq et al, 1978; Whittenbury and Dalton, 1981; and Hanson et al, 1992) 

and soils receiving high methane flux (Davis, 1967; and Hilger et al, 2000a), and has 

generally been found concentrated to areas in soil horizons of highest methane oxidation 

capacity (Hilger et al, 2000a), which in turn has affected the gas permeability of soil. A 

better understanding of the physical, chemical, and biological characteristics of EPS and 

its formation could lead to further optimization of methane oxidation capacity in soils 

potentially afflicted by this substance. 
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2.2.6 Exopolymeric substances (EPS) of methanotrophic bacteria 

2.2.6.1 Discovery and characteristics 

It is believed that the first record of EPS found in conjunction with soils exposed 

to methane or natural gas was as a result of oil exploration activities in the early 1900's 

that discovered the surface phenomenon around natural gas seeps from oil reservoirs. 

Petroleum microbiologists coined the term 'paraffin dirt' to describe the substance and 

performed a number of bulk chemical and physical analyses on it (Davis, 1967). The 

waxy deposit they found correlated with high microbial populations yet had little 

hydrocarbon content, proving the name to be a misnomer. It was reported to have the 

odor of peat, the color of art gum, and was elastic when moist and firm as glue when 

dried. The presence of large amounts of reducing sugars found in hydrolysis extracts 

confirmed that polysaccharides were present, as were humic acids extracted from alkali 

extracts. The presence of not only extremely high amounts of organic carbon, but also 

organic nitrogen, and a correspondingly low C/N ratio, relative to the soil around the 

seeps suggested that the microbial activity within the gummy soil was capable of fixing 

nitrogen. Experiments performed by Davis (1967) confirmed the association of paraffin 

dirt with methanotrophic activity when he passed natural gas through soil columns for 18 

months and found that the soil began to form the waxy substance, which primarily 

contained microbes and metabolic byproducts. 

There are many possible causes and functions of EPS occurring in microbial 

communities in the natural environment. It is often referred to as 'slime' and more 

recently has been linked to a larger phenomenon, the 'biofilm'. Costerton et al (1987) 

called it glycocalyx, and reported that it consisted mainly of polysaacharides. In 



methanotrophs, it has been described in pure cultures as either capsules (Whittenbury 

and Dalton, 1981) or slime (Huq et al, 1978). The biofilm has been described as a matrix 

of heterogeneous mixtures of microorganisms at various stages in the growth cycle, 

surrounded by heterogeneous mixtures of polymers that form a barrier between the 

organisms and the environment (Costerton et al, 1994). The root cause of EPS excretion 

in a biofilm has been linked to stress responses to several environmental conditions like 

starvation, temperature, oxygen, and dessication, or as a metabolic wasting mechanism -

or both (Costerton et al, 1995). The many possible functions of EPS are for anchorage, 

nutrient accumulation by increasing cation exchange capacity, regulating flow of 

nutrients and substrate like a circulatory system and molecular sieve, protection from 

toxic components, protection from desiccation, and protection from starvation. 

The nature of EPS varies widely across the microbial community and different 

environmental conditions. Huq et al (1978) characterized the exopolysaccharide from a 

methylotrophic enrichment culture, capable of utilizing methane, and found that the main 

component of the polymer was glucose, whose presence was in the same molar ratio as 

the sum of all the other sugars. Lesser amounts of galactose, mannose, fucose and 

rhamnose were also found. Studying pure cultures of a methylotroph grown on 

methanol, Methylophilus methylotrophus, Southgate and Goodwin (1989) found viscous 

and non-viscous sugar polymers with the latter sugars, including deoxy sugars and 

acetate and pyruvate residues. Linton et al (1986) suggested that differences in the 

component sugars of methylotrophic extracellular polysaccharides were due to 

differences in Ci fixation pathways such as the RuMP and serine pathways. The RuMP 

pathway, being more energetically favourable and less NADH-limited than the serine 
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pathway, produces polysaccharides with lesser amounts of rhamnose, fiicose and uronic 

acids. 

2.2.6.2 Effects of EPS on performance of laboratory biofilter columns 

The possibility that EPS formation causes a decline in methanotrophic activity or 

methane oxidation performance, in landfill covers and laboratory column studies, is a 

relatively new theory. Hilger et al (1999) found that EPS formation could limit gas 

diffusion into and out of cells and through soil pores, and it's presence thereby regulating 

overall methane oxidation in landfill covers. In simulated landfill cover column studies; 

the latter group also localized a highly viscous region, containing relatively high amounts 

of glucose, in upper horizons (0 to 20 cm) of columns. The decline in methane oxidation 

performance of the former columns was associated with EPS formation preventing 

oxygen diffusion into active biofilms (Hilger et al, 2000a). Similar studies by 

Chiemchaisri et al (2001) in landfill soil columns also attributed EPS formation in the 

upper horizons to a decline in methane oxidation performance. They found that higher 

oxidation tensions at the upper horizons of the columns accelerated the EPS production 

by methanotrophs. From this, it was suggested that the secretion of EPS by 

methanotrophs was perhaps a stress response to high concentrations of oxygen. 

Alternatively, the EPS accumulation may have resulted from a high electron-flux 

generated in highly active methanotrophic bacteria allowing EPS synthesis to take place. 

2.2.6.3 Cause of EPS formation in laboratory biofilter columns 

The common hypothesis to the cause of EPS formation in methanotrophic 

systems is that a lack of either nitrogen or oxygen leads to the formation of EPS 



(Wrangstadh et al, 1986, Hilger et al, 2000a). Linton et al (1986) suggested that the 

production of EPS in methylotrophs is a mechanism to prevent the accumulation of the 

toxic metabolic intermediate, formaldehyde, under nitrogen-limited conditions. A 

Methylophilus species, utilizing methanol and possessing the RuMP pathway, was found 

to produce high quantities of low viscosity extracellular polysaccharide under nitrogen 

limitation. Two other species of methanol-utilizing bacteria used, having serine and 

dihydroxyacteone pathways, were found to respond to oxygen limitation by increasing 

methanol oxidation to carbon dioxide. In either case, production of cellular biomass was 

not found, owing to the lack of available nitrogen. The lack of nitrogen necessitated 

complete oxidation of methanol to carbon dioxide, or the production of polymers with 

low nitrogen content. 

Linton et al (1986) suggested that because the RuMP pathway is energetically the 

most favorable, greater extracellular polysaccharide production would prevail in 

organisms using this pathway under nitrogen-limiting conditions. Southgate and 

Goodwin (1989) discovered that Methylophilus methylotrophus, also a utilizer of the 

RuMP pathway, increased polysaacharide production 3 to 4-fold, with methanol 

utilization, under oxygen and nitrogen-limited conditions, respectively, with a 

concomitant increase in the amount of RuMP enzyme activity. 

The above cases would suggest that Type I methanotrophs under nitrogen and/or 

oxygen limitation could produce significant amounts of EPS. Alternatively, Costa et al 

(2000) found that a Type II methanotroph grown under oxygen-limited conditions 

produced acetate, whose residues have also been found in some polymers. Acetate is also 

the building block of poly(P)hydroxybutyrate (PHB), which is usually contained within 



inclusion bodies of methanotrophs, but could conceivably be released upon cell death 

and have the same effect of EPS. 

An alternative mechanism leading to EPS production under nitrogen limitation, 

which may or may not be mutually exclusive to the latter theory, is that Type II 

methanotrophs capable of fixing atmospheric nitrogen, protect the oxygen-sensitivity of 

the nitrogenase enzyme by increasing respiration, and thus decreasing oxygen tension 

around the cell, and/or producing EPS to limit the diffusion of oxygen to cells. Under 

nitrogen-limited conditions, atmospheric nitrogen fixing bacteria would have to employ 

some manner of nitrogenase-protection, or die, and this hypothesis could be used to 

explain the increase in EPS production. However, no evidence supports such 

mechanisms, only that methanotrophic nitrogen fixation is highly oxygen sensitive 

(Robson and Postgate, 1980). Davis (1967) noted the link between 'paraffin dirt', 

nitrogen-fixing capability and correspondingly high organic nitrogen in methanotrophic 

soil horizons, relative to soil surrounding it. The mechanism of increasing respiration to 

consume excess oxygen would have to result in a build-up of carbon in the cell, placing a 

demand on nitrogen within a system and thus causing increases in EPS production. 

In summary, whether a carbon-wasting mechanism is employed simply to avoid 

toxicity due to metabolic intermediates, or whether it is used to respond to unfavorable 

environmental conditions, is not known. However, the commonality in both mechanisms 

seems to be that nitrogen limitation in high oxygen and methane environments is the 

cause for the synthesis of methanotrophic EPS. 



CHAPTER 3 - EXPERIMENTAL INVESTIGATION 

3.1 Overview of Investigation 

In order to meet the set of objectives outlined in Chapter 1, the investigation was 

broken down into two phases: (1) passively aerated laboratory biofilter columns; and, (2) 

incubation chamber experiments. Initial investigative work began on four passively 

aerated laboratory columns built and operated in the Environmental Engineering 

Laboratory at the University of Calgary by Stein (2000). The four columns consisted of 

various compost media. Three of the four filters demonstrated relatively high methane 

oxidation rates in the beginning of the experiments, and then displayed the characteristic 

decline in oxidation rates over time. Of primary interest in the columns, was the 

development of 'bands' of growth in the upper portions of the columns. Based on 

evidence in the literature it was surmised that the thick bands of growth could have 

contributed to the decline in performance by limiting diffusion of substrate through the 

biofilter. The investigative work in this thesis began after 180 days of column operation 

had surpassed. Thus, very little parameters relevant to this thesis were available to 

analyze the development of the bands over time. The purpose of the investigation on the 

columns was to characterize the biofilters at steady state, after the bands had formed, and 

correlate their existence with a number of chemical and microbial parameters, such that a 

profile could be constructed that would examine potential causes and definitive effects of 

methanotrophic EPS accumulation. 

To investigate the effects of various levels of ammonium and nitrate nitrogen on 

methane oxidation performance and EPS formation, at various soil-gas oxygen 

concentrations, it was felt the most efficient method was to incubate solid media in 



chambers with steady-state gas concentrations, as opposed to constructing a 

comparatively large number of biofilter columns. In doing so, a wider range of values of 

the independent variables could be investigated and compared simultaneously. The 

incubation experiment is discussed in Section 3.3. 

3.2 Passively Aerated Laboratory Biofilter Columns 

3.2.1 Laboratory biofilter columns 

Figure 2 is a schematic diagram of the laboratory biofilter columns, designed by 

Stein (2000) that were analysed in this investigation. Methane (99% pure) was fed 

through the bottom of the columns at flow-rates ranging from 4.5 to 7.5 mL/min. These 

flow-rates resulted in methane fluxes similar to those commonly observed in landfill 

2 I 

covers (300 to 400 g*m" *day~ ). Air was passed across the top of each column through 

ports in the head caps at a nominal flow-rate of 300 mL/min. That permitted the 

measurement of the methane flux from the compost surface. 
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Figure 2. Laboratory biofilter column schematic. (Stein, 2000) 

Four lab-scale biofilter columns were constructed from 1 m long clear PVC tubes 

with a 15 cm inner diameter and 0.635 cm thickness. The column ends were capped with 

blind flanges. Gas sample ports were drilled at 5 cm intervals down the core and 

threaded for 0.635 cm (1/4 inch) NPT fittings. The sample ports were fitted with 0.635 



cm Swagelok - 0.635 cm male NPT adapters. The Swagelok end of the adapters was 

fitted with 10mm silicone septa, to allow for gas sampling via syringe. The end caps 

were fastened to the columns with 1.22 m x 0.635 cm threaded rods that ran the length of 

the column. 

The methane flux from the surface of the compost columns was calculated by 

measuring the methane concentration and flow rates of the effluent air streams exiting 

each column. The difference between the methane fed to the base of the column and the 

methane flux from the surface of the column was then calculated. The difference was 

attributed to methane oxidation within the compost. Thus, the percentage of methane 

oxidized was calculated with the following formula: 

%Oxidation = [ ^ / / 4 L *99.9%-feL *[CCH<]J , 
\QCH4L *99.9% 

Where: 

[QcH4]in = flow rate of CH4 entering at the column's base (ml/min) 
[QJout = flow rate of column's effluent (ml/min) 

[CcH4]out = CH4 concentration in column's effluent (volume % in effluent) 

The methane concentration in the column's effluent was measured using a GMI 

Land-surveyor I LEL meter calibrated for methane (+/- 50 ppm accuracy). The carbon 

dioxide concentration was measured with a PP Systems EGM2 Infra-red CO2 meter 

(accuracy = +/- 25 ppm). The methane flow rate at the base of the columns was 

controlled using needle valves and measured with Cole-Parmer 65 mm variable area flow 

rotameters (reproducibility = 0.02 mL/min). Calibration curves for each of the 

rotameters were generated using a Cole-Parmer digital flow meter (accuracy +/- 2%). 



40 
Samples volumes of 2 mLs were taken at each gas sample port and analyzed for 

methane, carbon dioxide, oxygen, and nitrogen, using a Hewlett Packard Micro-Gas 

Chromatograph equipped with a thermal conductivity detector (TCD). Methane, carbon 

dioxide, and air were separated using a Poraplot-Q column (4 m length x 0.32 mm 

internal diameter x 10 urn film thickness). Oxygen and nitrogen were separated using an 

MS-5A molecular sieve (10 m length x 0.32 mm internal diameter x 30 um film 

thickness). The GC settings for both columns were: oven temperature = 60°C for 

methane and carbon dioxide, and 35°C for oxygen and nitrogen, injection time = 100 

msec, and sample time = 10 sec. A low detector-sensitivity was used. Al l peaks were 

quantified with Hewlett Packard EZ-Chrom integration software on a personal computer. 

Gas calibrations were done at a single level, using a mixture of gases, made by Praxair, at 

the following concentrations: methane - 9.84%, carbon dioxide - 15.1%, oxygen -

4.91%, nitrogen - balance. 

3.2.2 Media properties 

Four media types were used in the experiment: 1) Composted leaves (as used in 

the incubation experiment although from a batch made the previous year); 2) Composted 

wood chips; 3) Composted municipal solid waste (MSW); and 4) Garden compost. Some 

of their properties are shown in Table 1. 
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Table 1. Properties of laboratory biofilter column compost media. (Stein, 2000) 

Compost 
Type 

Bulk 
Density 
(S/ml) 

Moisture 
Content 
(% d.w.) 

Organic 
Matter 
% d.w. 

TKN 
(%) 

Carbon: 
Nitrogen 

Ratio 
Leaves 0.641 124 46 2.1 21.9 

Garden n/a 122 77.6 0.28 277.1 

Wood 
chips 0.626 123 34.3 0.18 190.6 

MSW 0.774 123 49.0 2.33 21.0 

The properties of the media were collected by Stein (2000). The composted 

leaves were collected from the Shepard composting facility in Calgary, Alberta. The leaf 

compost was a mixture of municipal green waste (leaves) and animal manure from the 

Calgary Zoo. The sample collected had a moisture content of 122.64% (on a dry weight 

basis) and a volatile matter content of 45.98%, as determined be loss upon ignition at 

400°C. Using a conversion factor of 1.724 as the average ratio of organic matter to 

organic carbon in soil (Nelson and Sommers, 1982b), the % organic matter (OM) 

corresponds to roughly 26.67% total organic carbon (TOC). The woodchip compost was 

collected from a Weyerhauser mill and had a moisture content of 88.65%, volatile matter 

content of 34.33%, and was notably low in organic nitrogen. The municipal solid waste 

(MSW) compost was collected from the MSW composting facility at the Edmonton 

Waste Management Centre, Edmonton, Alberta, and contained a mixture of MSW and 

biosolids from a wastewater treatment facility. It had a moisture content of 52.43% and a 

volatile matter content of 48.98%. The Garden compost was purchased from Home 

Depot. 
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3.2.3 Diagnostic analysis 

After 184 days of operation, gas analysis as a function of depth was done by 

GC/TCD analysis. This was compared to the gas profiles that were previously done after 

8 days of operation by another investigator. 

After 220 days of continuous operation, 5 g samples of biofilter media were 

obtained from each of four sampling ports, originally 10 cm apart, for the batch kinetic 

determinations of Vmax. It was determined later that the columns should be fitted with 

extra sample ports such that samples could be obtained for every 5 cm of depth. Samples 

were then obtained after 242 days of operation, at every 5 cm depth increment, and the 

following parameters were analyzed: total organic carbon (TOC), total Kjeldahl nitrogen 

(TKN), available inorganic nitrogen (ammonium and nitrate), available phosphorus 

(phosphate), pH, total labile polysaccharides (as D-glucose), poly(B)hydroxybutyrate 

(PHB), most probable number (MPN) determinations of total methanotrophs, and fatty 

acid methyl ester (FAME) analysis. 

After 478 and 539 days of operation, the leaf compost column was sampled at 

every 5 cm depth increment for the quantification of Vmax and D-glucose to provide 

comparative data to what was seen after 220 days. Each of these two sampling events 

occurred after mixing events whereby the entire column media was evenly mixed and 

redistributed within the column. 
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3.3 Incubation Chamber Experiment 

3.3.1 Incubation chambers 

The incubation chamber experiments were conducted at Mount Royal College in 

Calgary, Alberta. They were constructed as sealed glove boxes (1 m x 0.75 m x 0.5 m). 

A photograph of the set-up is shown in Figure 3. 

Figure 3. Photograph of glove box design and experiment. 

The glove boxes were designed to maintain internal gas concentrations at 

atmospheric pressure. To minimize the fluctuations in the composition of internal gases 

when transferring tools, bottles and samples in and out of the chamber, a compartment 30 

cm x 25 cm x 20 cm with internal and external locking doors was built into the back wall 

of the boxes. 



Methane and oxygen concentrations within the chambers were maintained at 

relatively constant levels by continuously feeding them with a gas mixture consisting of 

methane, oxygen and nitrogen. For the first set of experiments, the target gas 

concentrations were 35% v/v methane in both chambers, and 1.5% and 10.5% v/v oxygen 

from air, respectively. Based on the findings of Bender and Conrad (1994) and De 

Visscher et al (1999) (as discussed in Section 2.2.5.2), it was assumed that these 

concentrations would represent a near limiting and non-limiting oxygen supply for 

methane oxidation. The actual average concentrations and deviations of the target 

concentrations are shown in Table 2. 

Table 2. Incubation chamber gas concentrations. 

Chamber Methane Oxygen Nitrogen 
1 
2 

38.5 ± 5.8% 
34.5 ± 8.6% 

I. 7 ± 1.0% 
II. 1 ±2.3% 

balance 
balance 

In order to create a homogenized mixture of gases prior to entering the chamber, 

to prevent settling or streaming of the various components, two mixing chambers were 

placed downstream of the flow meters, providing the desired gas mixture of one of the 

two incubation chambers. They were designed of capped 10 cm diameter PVC pipe, 30 

cm long, with inlets at one end, and an outlet at the other. The inlet and outlet ports were 

0.3175 cm NPT threaded male adaptors with 0.635 cm tubing connectors. A l l tubing 

used in the design was 0.635 cm internal diameter Tygon tubing. The flow of gases into 

the mixing chambers were regulated by, and measured with, Cole-Parmer 65 mm variable 

area flow meters (reproducibility = 0.02 mL/min). The flow was calibrated for each gas, 
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with the maximum readable flow of 7.93,4.9, and 5.08 mL/min for methane, 

compressed air, and nitrogen, respectively. Calibration curves for each of the rotameters 

were generated using a Cole-Parmer digital flow meter (accuracy +/- 2%). 

Maintenance of proper gas concentrations in the glove boxes was accomplished 

by measuring the outlet gas concentrations on an almost daily basis. Outlet gas was 

vented in a fume hood through the previously specified Tygon tubing. In the outlet 

tubing, a closed loop was created that allowed the measurement of outlet gas 

concentrations. Gas concentrations were analyzed using a GMI Land-surveyor I LEL 

meter calibrated for methane (+/- 50 ppm accuracy), capable of measuring LEL, % 

methane v/v and % oxygen v/v. The assumption that the outlet gas concentrations were 

indicative of the gas concentrations within the chambers was justified in that the inlet 

flow rates were low with respect to the volume of the chamber, and complete mixing of 

the gases would occur within the chamber prior to exit. This was verified by measuring 

directly the concentrations of the gases in the chambers using the LEL meter, in 

simulations prior to the actual experiment. The gas concentrations inside the chamber, in 

all quarters, were not significantly different from the outlet gas concentrations, and the 

concentrations within the chamber showed only slight settling effects of the gases with 

respect to the y-axis. The methane concentration differed in concentration by 1.5% from 

top to bottom, and the oxygen concentration differed by 0.25% from top to bottom. 

Because oxygen is heavier than methane, the concentration of oxygen was slightly higher 

at the bottom, and vise-versa for methane. 



The incubation chambers did begin to warp slightly after the experiment began, 

but any weak seals that developed as a consequence were sealed with silicone vacuum 

grease. 

The chambers were kept at 100% humidity in order to minimize the loss of 

moisture from compost samples. This was established by mounting the incubation 

chambers on jacks, enabling a magnetic stir-plate to fit snuggly underneath chamber, in 

the middle of the floor. A 500 mL beaker of water was placed inside each chamber 

directly overtop the stir-plate, such that a magnetic stir bar within the beaker could create 

enough turbulence in the water, to maximize the humidity in the chamber (i.e. 100% 

humidity). The humidity was verified with a hand-held, digital sling 

psychrometer/thermo hygrometer, made by Mannix (model# SAM990DW). 

A l l experiments were carried out at a controlled room temperature of 21 ± 1°C. 

The temperature within the chambers remained 0.5 to 1.0°C above room temperature. 

However, humidity alone could not keep moisture-loss from occurring over a period of 

one month in a trial run with compost samples. It was determined that moisture loss 

would not occur i f the lids to the petri-dishes were placed on top of the samples. To 

ensure the gas between the lid and the compost samples were consistent with the gas 

compostion within the chamber, the lid was propped up 0.5 cm on one side with a paper 

clip, such that a 0.5 cm gap between the lid and the plate was made. The chamber gas 

underneath the lid and directly outside the lid was sampled using a 5 mL gas tight 

syringe, and the gas compositions were analyzed. It was determined that lid did not have 

any significant effect on the concentration of gases in between the surface of the media 

and the lid, in comparison with the internal atmosphere of the chamber. Concentration 
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measurements of the sampled gases were carried out using a GC/TCD, as previously 

described in Section 3.2.1. 

3.3.2 Choice of biofilter media 

The leaf compost used was collected from the same source as described in Section 

3.2.2, and was known to support very high methane oxidation rates compared to others. 

The sample was characterized for available nutrients (nitrogen and phosphorus), salinity, 

polysaccharides (D-glucose), and total organic carbon, at the MRC Research Lab. The 

analyzed results are shown in Table 3. 

Table 3. Properties of leaf compost. 

Property Units Amount 

Bulk Density g/mL 0.63 
PH None 8.35 

Electrical conductivity (EC) dS/m 3.9 
Ammonium (NH4-N) ppm 18.4 ± 1.6 

Nitrate (NO3-N) ppm 48.8 ±4.3 
Phosphate (P04) ppm 72.4 ± 2.5 

TOC % dry wt 19.6 ±1.5 
TKN % dry wt 0.63 ±0.11 

D-Glucose % dry wt 5.71 ±0.15 

The compost treatments were placed in standard 100 mm plastic petri-dishes 

within the chambers. 55 g of compost at 120% moisture (dry weight basis), the 

equivalent of 25 g of dry compost, were placed into each dish. Each treatment replicate 

would be defined by a petri-dish. 



3.3.3 Treatment levels of inorganic nitrogen 

The effects of nitrate and arnrnonivim, as the two types of nitrogen sources, were 

tested individually in each media at four concentration levels: 0 mg-N/L (background 

levels as seen in Table 3), 500 mg-N/L (36 mM), 1000 mg-N/L (71 mM), and 1500 mg-

N/L (107 mM). Nitrate was supplied by the addition of calcium nitrate tetrahydrate, and 

ammonium was supplied by the addition of ammonium chloride. Each treatment level 

was duplicated, and one of every eight-treatment level's per media type was replicated 

five times for the purpose of rigorous statistical analysis. This experimental design was 

repeated within each incubation chamber at different gas concentrations. 

3.3.4 Response variables 

The primary response variables in this experiment were the kinetic parameter, 

Vmax, and total labile polysaccharides. The kinetic parameters, most importantly Vmax, 

were used as a measure of methane oxidizing performance, and were determined from 

batch kinetic assays. Total labile polysaccharide was chosen as a measure of EPS 

formation. Labile polysaccharide was chosen, as opposed to just total polysaccharide, to 

account only for those polysaccharide associated with biofilm formation and excreted 

waste-products and not what could be found in the solid matrix itself (i.e. cellulose in a 

compost matrix). Total labile polysaccharide was expressed as the 'glucose-equivalent' 

because the digested sample contained reducing sugars, hydrolyzed from the 

polysaccharides in the sample, and the amount of D-glucose in the digest was quantified. 

The weakness of the method is that not all polysaccharides produced at various oxygen 

and nitrogen concentrations will have equivalent molar amounts of glucose, or for that 



matter resemble a hexose sugar. However, it was felt that this method would still 

adequately describe quantities of EPS in samples, relative to others as a function of 

treatments and time. Although some polysaccharides would be expected in cellular 

biomass, great changes in EPS concentrations were assumed to be due to it's production 

from cells, and not cell growth. In Section 2.2.2.4, it was determined that approximately 

0.3 % of dry weight soil could be biomass in an actively methanotrophic biofilter. 

However, concentrations of D-glucose have been found, in preliminary work to this 

investigation, with much greater amounts (i.e. up to 10%). Thus, the concentrations of 

biomass and EPS were not assumed to be equivalent. 

Also monitored throughout the experiment were organic nitrogen (i.e. TKN), and 

available ammonium and nitrate, in extra replicate treatments of 'background' nitrogen 

levels, such that nitrogen transformations in the compost could be witnessed over time. 

Available ammonium and nitrate were also assessed in every treatment after the six-

month trial, such that nitrogen consumption could be assessed. At pre-selected time 

intervals, phospholipid fatty acid (PLFA) profiles of methanotrophs were analyzed on 

selected samples, to tentatively identify predominant types of methanotrophs present, and 

make inferences as to how oxidation performance and EPS production was related to the 

structure of the methanotrophic population. 

3.3.5 Monitoring frequency 

The sampling events for the analysis of the response variables were done monthly 

throughout the duration of the experiment, from time zero to the proposed termination of 

the experiment. It was expected that approximately four monitoring events would be 



required for the media to reach steady-state methane-oxidizing performance. However, 

although significant amounts of EPS had been formed after four months of continuous 

incubation, Vmax still fluctuated slightly and the experiment was continued. After four 

months of sampling, the amount of compost remaining in each treatment was such that 

only one more monitoring event could be made, thus the last monitoring event was 

extended to the end of the sixth month of incubation. 

3.3.6 Statistical analysis 

Significant differences between treatment means were assessed using T-tests at 

the 95% confidence level, assuming the population deviations were the same, and the 

variance followed a random normal distribution. The calculations were done manually. 

Linear multiple regression analysis was used to describe linear relationships with 

Vmax and D-glucose formation as a function of time, oxygen concentration, nitrogen 

concentration, and moisture. The main effects of all independent variables, including 

quadratic and cubic effects, as well as two- and three-way interactions where 

investigated. Effects and interactions that did not contribute with greater than 95% 

confidence were successively eliminated. Since oxygen was investigated only at two 

levels, 1.5% and 10.5%, and since it is believed the effect of oxygen on Vmax and EPS 

formation is discontinuous, any data point obtained in the 1.5% oxygen environment was 

assigned a value of 0 for the oxygen variable, and those obtained in the 10.5% oxygen 

environments were assigned a value of 1. 

Linear relationships describing Vmax always used data sets that represented 

discrete blocks of time, which are stated in the text. 
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Regression analysis was done using S-Plus, a Microsoft statistical software 

package. Regression curves were fitted at a 95% level of confidence. 

3.4 Analytical Methods 

3.4.1 Quantification of exopolymeric substances (EPS) 

3.4.1.1 Total labile polysaccharides 

Characterization of EPS in the biofilter media included quantification of total 

labile polysaccharides (Lowe, 1993). Since the extraction of total polysaccharides 

includes polysaccharides from cellulose and other natural origins, and because the 

biofilter matrix consisted largely of plant material, a weak acid hydrolysis digestion 

method for labile polysaccharides was chosen. 0.5-tol .0 g of soil was weighed and 

placed into a 250 mL flask, and 100 mL of 0.5M H2SO4 was added. The suspension was 

autoclaved for 1 hour at 103 kPa (15 psi). The suspension was then cooled, filtered into 

250 mL volumetric flasks, and the volume brought to 250 mL with distilled water. When 

necessary, the solution was refrigerated for no longer than 24 hours prior to analysis. 

A standard curve was prepared by making a set of D-glucose standards; 0, 20, 40, 

60, 80, and 100 ug/mL of D-glucose. One mL of each standard and sample were placed 

into 13 mm glass tubes, followed by 1 mL of 5% phenol solution and 5 mL of 

concentrated H 2 S O 4 . The reaction mixture was allowed to stand for 10 minutes, and then 

was cooled in a 25-30°C water bath for 25 minutes. The absorbance of the standards and 

samples were read at a wavelength of 490 nm in a Bausch & Lomb Spectronic 21 

spectrometer (Dubois, 1956). The glucose equivalent of total polysaccharides was 

expressed as the % D-glucose of dry weight of soil. 
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3.4.1.2 Poly(B)hydroxybutyrate (PHB) 

PHB analysis was also done to assess EPS formation because of its association 

with methanotrophic activity. Since PHB formation is often associated with 

methanotrophic activity in stationary phases of growth, and in conjunction with 

methanotrophic nitrogen-fixing activity (Whittenbury and Dalton, 1981), it was thought 

that its contribution to EPS could be significant. 

PHB was extracted by the sodium hypochlorite method (Herrón et al, 1978). 

One to two grams of soil was placed into a glass centrifuge tube with 5 mL of 5.25% 

NaOCl (bleach). The tube was shaken for 30-60 minutes at room temperature. Then the 

polymer was removed with two, 5 mL extractions with chloroform, using shaking and 

centrifugation. The chloroform was transferred to a test tube and evaporated with 

nitrogen gas. Three millilitres of distilled water were added, the tube was shaken 

vigorously, followed by an additional 3 mL of chloroform and vigorous shaking. The 

mixture was centrifuged, and the water was removed. Water was added for a second time, 

and the procedure was repeated. The resulting chloroform phase and putative PHB was 

evaporated with nitrogen gas. The residuals in the centrifuge tube were washed twice 

with 3 mL of 95% ethanol, and twice with 3 mL diethyl ether to purify the PHB. Mixing 

with the latter solvents was done by vortexing, and centrifuging pelleted the insoluble 

PHB. Following centrifugation, the pelleted polymer was dissolved in 10 mL of warm 

chloroform and made ready for spectrophotometric assay (Herrón et al, 1978). 

The addition of heat and concentrated H2SO4 acid converts purified PHB into 

crotonic acid (MW = 186), which has a UV absorption maximum at 235 nm, with a 

molar extinction coefficient of 1.55 x 104 (Law and Slepecky, 1961). One milliliter of 
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the warm chloroform extract was transferred to a glass tube and evaporated, and 10 mL 

of concentrated H2SO4 was added. The tube was capped with a marble and heated for 10 

minutes in a water bath at 100°C. The solution was cooled, transferred to a silica cuvette 

and the absorbance was read at 235 nm against a sulfuric acid blank on a Bausch & Lomb 

spectrometer equipped with a deuterium lamp. A set of PHB standards was made from 0 

to 8 ng/L in concentrated sulfuric acid, using analytical grade PHB, which generated the 

standard curve from which unknown concentrations could be derived. 

3.4.2 Methane oxidation performance as a function of depth 

3.4.2.1 Maximum methane oxidation rate (Vmax) 

Media samples collected from incubation chambers, or from biofilter columns, 

were subjected to time series batch-incubation experiments. The batch experiments were 

performed in duplicate for the laboratory column experiments, as discussed in section 

3.2. Laboratory incubations were performed in 250 mL, airtight glass (amber) bottles 

with teflon+silicone septa caps. For each incubation experiment, approximately 10 g of 

media was placed in the bottle and sealed. A headspace methane concentration of 

approximately 10% was achieved by injecting methane into the bottle with a syringe. A 

methane concentration of 10% was used because investigations by Czepiel et al (1996) 

and Kightley et al (1995) indicated that zero order methane oxidation kinetics would be 

achieved when methane headspace concentrations are greater than 2%. Incubations were 

performed at room temperature (i.e. 22°C). Bottle headspaces were sampled a maximum 

of 4 times during the experiments by removing 2 mL of gas with a 5 mL gas tight 

syringe. Headspace methane concentrations were quantified using the micro-GC. 
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Mixing ratios were determined by comparison to a calibration standard obtained from 

Praxair Gases (described previously in Section 3.2.1). The minimum detectable rate of 

oxidation is 3 nmol CH4* hour"1. Vmax was obtained by measuring the change in 

methane concentration for a determined amount of time such that approximately 1 to 2% 

methane would be consumed. 

The same apparatus was used for the incubation chamber experiment. However, 

the degradation of methane was investigated under varying methane concentrations 

(10%, 5%, 1%, 0.5%, and 0.25%). This was needed to generate Michaelis-Menton 

substrate saturation curves without depleting oxygen. By measuring changes in methane 

concentrations, no less than 0.4% and no greater than 1.0%, oxygen concentrations could 

be maintained close to those found in the respective chambers (i.e. 1.5% in chamber 1, 

and 10% in chamber 2). The gas mixtures were made in tediar bags, and the bottles were 

purged with the mixtures. Initial concentrations were measured on the micro-GC, and 

again after 1 to 2 hours, such that a measurable difference in methane could be measured 

(>0.4%) and that oxygen would not be depleted or differ from the chamber 

concentrations by ± 1.0%. This procedure was repeated using the same sample and bottle 

with the specified gas mixtures. The resulting data was then used to create a Lineweaver-

Burke plot (White, 1995), such that the kinetic parameters, Vmax and Km, could be 

derived. Vmax was expressed as nanomoles of methane per hour, per gram dry weight of 

soil or compost (nmo^hr"1*^1). 
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3.4.2.2 Most probable number estimations of methanotrophs 

Five grams of fresh soil was placed in 15 mL of AMS (Ammonia Mineral Salts 

medium), and shaken for 4 hours in the dark at room temperature. The AMS was made 

of the following inorganic salts: 1.0 g MgS0 4 * 7H 20,270 mg CaCl 2*2H 20, 0.5 g 

NH4C1, 0.5 mL of trace elements solution, 4.0 mg FeCl 2, in 1000 mL of distilled H 2 0 . 

The pH of medium was adjusted to 6.8 before autoclaving and 2 mL of a sterile 

phosphate buffer solution (3.6g of Na 2HP0 4,1.4 g of K H 2 P 0 4 in 100 mL of distilled 

water (pH 6.8)) was added after the medium had cooled. The trace elements solution was 

made of the following ingredients: 5 mL of 37% HC1, 2.0 g FeCl 2*4H 20, 50 mg ZnCl 2 , 

500 mg MnCl 2*4H 20, 50 mg CoCl 2*6H 20, 50 mg H 3 B0 4 , 50 mg CuS0 4*5H 20, 50 mg 

NiCl 2 *6H 20,20 mg NaMo0 4 *2H 2 0 in 1000 mL distilled water. One hundred uL of the 

suspension from the soil extraction was transferred to 8 x 12 well microtiter plates and 

diluted two-fold with 100 uL of AMS. The plates were incubated in an airtight chamber 

with 20% methane and 80% air for 3 weeks in the dark at room temperature. The growth 

at the end of three weeks was indicated by the addition of 50 uL of a 3 g/L solution of 

iodonitrotetrazolium (INT) violet. The latter indicator is reduced in the electron transport 

chain and forms a pink colored formazan deposit (Haines et al, 1996). Pink wells were 

scored as positive growth, since formazan deposit will only form in a bacterium that is 

metabolizing. Methanotrophs were expected to be the predominant bacterium in the 

samples, therefore INT was not expected to score false positives from heterotrophic or 

nitrifying bacteria in very diluted wells. The scores were then correlated with a statistical 

table for most probable number with n = 8 and two-fold dilutions (Rowe et al, 1977). 

The MPN of methanotrophs was expressed as MPN/g dry wt of soil. 



3.4.3 Nutrient analysis 

3.4.3.1 Total organic carbon (TOC) 

Total organic carbon was analyzed using the Walkley-Black procedure (Nelson 

and Sommers, 1982a). The samples were oven-dried at 105°C for 24 hours, and then 

ground with a mortar and pestle. 0.2 to 0.3 grams of sample were weighed on an 

analytical balance and transferred to a 250 mL flask and digested with 10 mL of IN 

potassium dichromate and 20 mL of concentrated H2SO4. After 1 hour, 200 mL of water 

were added to the flasks with 5 mL of concentrated H3PO4. The digests were titrated 

with IN FeSCU and ferroin indicator. Total organic carbon was calculated using the 

difference between the volume of IN FeSCu solution needed to titrate the blank and 

sample, a carbon equivalency factor of 0.003, and the dry weight of sample used in the 

digest. 

3.4.3.2 Total Kjedahl nitrogen (TKN) 

Total Kjeldahl nitrogen (TKN) was measured on 0.5 g of oven-dried sample, 

using 20 mL of 50% hydrogen peroxide and 5 mL of concentrated H 2 S O 4 acid as the 

digesting agent, and Nessler reagent for color development in the presence of ammonia. 

The procedure was adapted from methods in Bremner and Mulvaney (1982). The color 

development was measured on a HACH DR2010 spectrometer. 

3.4.3.3 Available nitrogen and phosphate 

Available nitrate and phosphate, and exchangeable ammonium, were extracted 

from 10 g of wet sample with 100 mL of 2M KC1, and filtered with Whatman (#4) filter 

paper in a Buchner apparatus. Since the yellow color of the extract made colorimetrie 



determination of the nutrients difficult, the extracts were cleaned up using 1 g of 

activated charcoal, by mixing and filtration through a Buchner apparatus. Standards of 

nitrate and ammonium made in 2N KC1 were subjected to the same treatment with 

activated charcoal to ensure that ammonium and nitrate would not be removed. Analysis 

of ammonium was done using the Indophenol Blue method (Keeney and Nelson, 1982) 

with a Bausch & Lomb Spectronic 21D spectrometer. Analysis of nitrate was done using 

the cadmium reduction method, adapted by HACH for use on a HACH DR2010 

spectrometer. Phosphate was analyzed on the HACH DR2010 spectrometer using the 

ascorbic acid method. 

3.4.4 pH, Electrical Conductivity, and Moisture content 

Al l pH and electrical conductivity (EC) measurements were made on saturated 

paste extracts that were filtered using Whatman (4) filter papers in a Buchner apparatus. 

EC was measured with an Oakton, hand-held TDSTestr20 conductivity meter, and pH 

was measured with an Orion pH probe. Moisture analysis was done by drying samples 

for 24 hours at 105°C, and weighing samples on an analytical balance. A l l moisture 

percentages were expressed on a dry-weight basis. 

3.4.5 Phospholipid Fatty Acid (PLFA) Analysis 

The purpose of PLFA analysis was to determine, qualitatively, the distribution of 

Type I and Type II methanotrophs in the biofilter matrix. It has been reported in the 

literature that they contain predominantly CI6:1 and CI8:1 fatty acids, respectively, in 

their cell membranes (Nichols et al, 1985; Nichols et al, 1987; White et al, 1997). Many 

different variations of the C l 6:1 and CI 8:1 moieties exist in each of the two groups, but 



the major purpose of this investigation was not to identify precise moieties, but rather 

provide a gross relative comparison between the two groups at each depth. It is believed 

that since the biofilter, or incubation chamber, media would be enriched with methane, 

methanotrophs would be the predominant prokaryote in the media. The relevance of this 

technique is that it gives greater insight into what type of methanotroph, or further, what 

CI metabolic pathway and nitrogen-fixing capability is present in the media that exhibits 

EPS formation. 

The protocol for PLFA extraction, purification, and extraction was largely 

adapted from White et al (1979). The first step in the PLFA analysis was to extract 

phospholipids from microorganisms within the samples. The samples were taken at 5 cm 

depth intervals within, and slightly above and below the visible EPS layers, and 

immediately frozen at -20°C in a freezer. At the time of extraction, a sub-sample of soil 

(approximately 5 g) was placed into a 50 mL glass tube. 30 mL of a 1:2:1 

chloroform:methanol:phosphate buffer (50 mM, pH 7.4) mixture was added to the tubes, 

and the tubes were shaken for 2 hours in a wrist action shaker at room temperature in the 

dark. The samples were then quantitatively transferred to 50 mL glass centrifuge tubes, 

using 5 mL of chloroform, and were centrifuged at 6000 g for 30 minutes. The 

supernatant was removed into a 250 mL separatory funnel and 15 mL of water and 15 mL 

of chloroform were added. The funnels were stoppered, shaken, and allowed to sit 

overnight. The lower chloroform layer containing phospholipids was collected from the 

funnel. The collected chloroform was removed by evaporation under a stream of 

nitrogen, and the fatty residue stored in a freezer for further purification. The polar 

phospholipids were separated from the lipid mixture by cold-acetone extraction. The 



phospholipids are insoluble in cold-acetone, and can be removed by centrifuging and 

pelleting (Tornabene, 1985). This was repeated twice. After the acetone was removed, 

the pellet, containing the phopholipids, was converted to fatty acid methyl esters (FAME) 

by mild alkaline methanolysis. This was achieved by adding 1 mL of a 1:1 

methanol:toluene mixture, and 1 mL of 0.2N NaOH. The pellet was suspended in the 

latter reaction mixture by vortexing. The tubes were incubated at 37°C for 15 minutes in 

a water bath. The methanolysis reaction was terminated by adding 0.3 mL of 1M acetic 

acid. Four milliliters of chloroform and 4 mL of water were added to each of the tubes, 

and vortexed. The tubes were then allowed to stand until the upper aqueous and lower 

non-polar phases achieved separation. The aqueous phase was removed by suction and 

the non-polar phase consisting of chloroform and FAME was collected for analysis on a 

gas chromatograph (GC)/flame ionization detector (FID). 

The GC/FID analysis of the FAMEs was done on a HP6890 gas chromatograph, 

with a split/splitless inlet on splitless mode. The inlet was set at 240°C, and the FID was 

set at 300°C. The column was a non-polar HP-1, 30 m x 0.32 mm x 0.25 um, with a 

cross-linked methyl siloxane phase. Helium was used as the carrier gas at 6.0 psi, which 

resulted in a flow rate of 1.1 mL/min. The oven program was set at 50°C for 2 minutes, 

10°C/min to 200°C, and 2°C/min to 260°C, which was held for 10 minutes. One ul of 

the FAME retention time standard and the samples were injected with an autoinjector, 

and the resulting peaks in the samples were compared to the retention time of the known 

FAME components in the standard. 

A 37-component FAME mix by Supelco (Cat# 47885-U) was used to match 

retention times in passively aerated laboratory column samples, and single component 
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FAME standards were used for the incubation chamber samples. The single component 

FAME standards were from Supelco and the component names and catalogue numbers 

were: C16:0 FAME (R420165), C16:l FAME (R420525), C18:0 FAME (R420185), and 

CI8:1 FAME (R420555). One sample from the laboratory column investigation (named 

T7, which represented the MSW compost column at the 10 cm depth) and the 37 

component FAME standard were also analyzed on a GC/MS in a third party laboratory 

(Access Analytical Laboratories Inc., Calgary, Alberta) for further peak identification and 

confirmation. These latter results can be found in Appendix C. 

The ratio of Type I to Type II methanotrophs was expressed as the molar ratio of 

C16:1 /C18:1 FAMEs within each chromatogram. 



CHAPTER 4 - RESULTS AND DISCUSSION: PASSIVELY AERATED, 
LABORATORY METHANE BIOFILTER COLUMNS 

Passively aerated laboratory biofilter columns were designed to simulate low-

tech, high-rate biofilter systems. The performance of four compost columns was 

monitored over a period of 220 days to determine the long-term performance, and to 

screen key diagnostic parameters that could lead to improving the predictability of long-

term performance. 

4.1 Long-term Methane Oxidation Performance of Compost Biofilters 

4.1.1 Oxidation performance 

The oxidation rates of four compost biofilter columns as a function of time are 

shown in Figure 4. The chronology of operations and sampling events are shown in Table 

4. A l l columns, excluding the Home Depot garden compost column, demonstrated 

similar trends. Following a relatively quick acclimation time, each column reached peak 

methane oxidation rates and remained there for approximately 100 days. The highest 

sustained methane oxidation rates were seen in the leaf compost, followed by the wood 

chip compost, and the MSW compost, whose performance was most inconsistent. After 

approximately 100 days, a decline in oxidation performance in each column was 

observed, perhaps caused by several potentially limiting factors. This decline was most 

apparent in the leaf compost column. The leaf compost column reached 300 g*m"2*day"1 

methane oxidation after only 5 days, and reached its highest rate of oxidation, 

400 g*m"2*day"1 after only 20 days. It then averaged 360 g*m"2*day"1 for the next 80 days. 

Between 98 and 135 days, the drop in oxidation rate was almost linear, reaching 
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approximately 150 g*m" *day" . The performance of the column declined slowly after 

this point, to steady state levels just over 100 g*m"2*day"1 between 185 and 220 days. 

450 

# of Days 

Figure 4. Methane oxidation vs time in compost laboratory biofilter columns. 

Table 4. Chronology of operations and sampling events in laboratory biofilter columns. 

Day Column Event 
0 Began column experiments 

115 Zones of discoloration appeared in 
Leaf compost 

220 Determined kinetic parameters 
242 Collected samples for analysis of 

(MPN, nutrients, pH, D-glucose, PHB, etc) 
322 Mixed leaf compost column 
466 Mixed leaf compost column 
478 Sampled for kinetic parameters and D-glucose 
539 Sampled for kinetic parameters and D-glucose 
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The wood compost column took longer to acclimate before reaching peak 

methane oxidation performance, reaching 240 g*m"2*day"1 after 65 days. The average 

rate of oxidation in the column, from this point onwards until day 135, was 

approximately 250 g*m"2*day"'. A nearly linear rate of decline in performance was seen 

between day 135 and 180, where the oxidation rate decreased to 140 g*m"2*day_1. At 210 

days, the rate appeared to reach a steady-state oxidation performance very similar to the 

leaf compost column. 

The MSW compost column acclimated very quickly to methane, and reached 

peak oxidation performance of 270 g*m"2*day_1 after just 5 days. The oxidation rate 

between 5 and 60 days averaged approximately 230 g*m"2*day_1. The oxidation rate 

dropped rapidly to 150 g*m"2*day_1 after 80 days, and declined gradually to levels similar 

to the other columns, after 220 days, where it was assumed to have reached a steady state. 

The Home Depot garden compost column did not show substantial methane 

oxidation activity, and may have been attributed to low respiratory activity or low 

microbial content. The compost was probably very mature, and may have even been 

sterilized. Since no apparent growth of methanotrophs had occurred in the column, the 

column was not characterized. The column performance will therefore not be discussed 

any further. For future research, it would be worthwhile to investigate the best 

characteristics of compost, including the degree of maturity, for use in MBFs. 

The most notable trend seen among all three of the columns, demonstrating 

oxidation activity was that the steady-state oxidation rates were very similar, despite the 

differences in media and initial performance. This suggests that the variety of compost 

used as media in a column affects the initial oxidation performance from 0 to 100 days, 



but does not have as significant an impact on the steady-state performance. One might 

expect that the amount of biomass present in each column, during steady state, would be 

similar. 

4.1.2 EPS formation 

After approximately 115 days (midway through the decline in performance), 

zones of discoloration and compaction were observed in the upper horizons of the three 

columns. Further close examination of the media revealed a waxy substance coating the 

media and causing plugging of the biofilter. This was most prevalent in the leaf compost 

column between depths of 10 and 20 cm from the top, and in the wood and MSW 

compost columns between depths of 15 and 25 cm. Following the work of Hilger et al 

(2000a), it was hypothesized that the observed substance could be exopolymeric 

substances (EPS). 

Analysis of the biofilters after 242 days of operation confirmed that the substance 

observed in the upper regions of the biofilters contained a significant amount of 

polysaccharides (see Figure 5). D-glucose, on a dry weight basis, was highest in the 

depths that correlated with visual observation of EPS formation. Bands within the leaf 

compost column had the highest concentration of the three columns, with 15% D-glucose 

at the 10 cm depth. The concentration of D-glucose above the 10 cm depth, in the leaf 

compost column, declined linearly to 5% at the top of the media, and declined linearly 

below the 10 cm depth to 5% at the 20 cm depth. The average concentration of D-

glucose between the 20 and 40 cm depth was approximately 5%, and did not appear to 

vary significantly. 



Figure 5. (a) D-glucose and (b) Poly(P)hydroxybutyrate (PHB), versus depth, after 242 
days of column operation. 
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A maximum of 12% D-Glucose was found in the MSW compost column at the 

15 cm depth, and the concentration declined to 6% and 7.5%, 5 cm above and below the 

point of highest concentration, respectively. A maximum of 12% D-glucose was also 

observed at the 15 cm depth in the wood compost column, and declined to 7.5%, 5 cm 

below this point. The top horizon above the 15 cm depth was not sampled because the 

media had dried considerably, which suggested that the chemical parameters within it 

would be of no relevance. The lack of moisture in the top horizon was most likely due to 

convective heating from below, a lack of humidity in the atmosphere above, and possibly 

a lack of microbial activity, which to some extent may maintain moisture in the media 

due to the production of water from methane oxidation. 

It should be noted that the woodchip and MSW compost columns were sacrificed 

after 242 days. The EPS bands with respect to each filter were thick, dense, and had the 

consistency of glue. Within the center of the EPS band in the MSW compost column, the 

media had pink pigmentation, indicative of a variety of methylotrophic bacteria. 

According to Hilger et al, it is thought that PHB formation may also be a 

contributor to EPS (Hilger et al, 2000), due to its presence in conjunction with 

atmospheric nitrogen fixation in Type II methanotrophs (Whittenbury and Dalton, 1981). 

The concentration profiles are shown in Figure 5b, and they were found at concentrations 

no higher than 1.5 ppm. Relative to the concentration of D-glucose, it was determined 

that PHB was insignificant in terms of contribution, quantitatively and qualitatively to the 

EPS layer. However, of interest was the profile of PHB seen in relation to the D-glucose. 

In all three columns, the PHB was highest in concentration at the depth of highest D-
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glucose concentration, ± 5 cm. This indicated the presence of Type II methanotrophs, 

and putatively, atmospheric nitrogen fixation. 

4.2 EPS as a Cause for Decline in Column Performance 

The cause for rapid decline in oxidation performance in the columns was 

hypothesized to be due to physical limitations imposed by the EPS formations, 

specifically, the reduction of oxygen permeability through a biofilm. A link between the 

declining methane oxidation performance and EPS formation was also suggested by 

Hilger et al (1999). The argument may be substantiated by changes observed in the 

methane and oxygen depth profiles of the leaf compost column over time, as shown in 

Figures 6(a,b). These figures seem to illustrate that an impermeable layer between the 0 

and 10 cm depth, with low gas-permeability, developed between 8 and 184 days that 

restricted the downward migration of oxygen and upward migration of methane. 

However, high microbial activity in the EPS layers could also result in a lack of 

oxygen penetration to greater depths within the biofilter. Due to high methanotrophic 

activity around the 10 cm layer, with a Vmax of 29 mmol CH4*hr"1*g"1, an oxygen 

demand of at least 58 mmol 0 2 * hr'^g"1 would have been seen. As well, heterotrophic 

microbial activity utilizing the EPS as a substrate could have also accounted for a 

significant part of the oxygen demand. 

Methane concentrations in the bottom of the biofilters were not 99% v/v because 

air was present, which diluted the methane. As seen from Figure 7(b), the concentration 

of nitrogen at the bottom of the media was close to 40% v/v. Nitrogen and carbon 

dioxide concentrations after 8 days of operation (Figure 7(a)) were not available. 



Figure 6. Gas concentration profiles in leaf compost column after (a) 8 days (Stein, 
2000), and (b) 184 days. 



It is unlikely that the EPS formation contributed to total blockage of the biofilter, since 

the formation of EPS would be heterogeneous. Furthermore, upwards flow of methane 

through the biofilter was still detected, as was downwards air diffusion, which was 

explained in the previous paragraph. However, the EPS formation around bacteria may 

have reduced the diffusion of oxygen to microbes, and in essence lessened the surface 

area available for contact with the microbes. 

It has been previously suggested by Amarai and Knowles (1995) that bands of 

highest methanotrophic activity occur where the concentration gradients of oxygen and 

methane overlap, when the sources of each are counter-current to one another. Although 

this cannot be verified with Vmax data in the first 8 days of column operation, it can be 

speculated that the zone of highest activity occurred at approximately the 20 cm depth 

After 184 days, it could be argued from Figure 7(b) that an active methanotrophic zone 

was present between the 5 and 10 cm depth. Discussions below find that Vmax and 

microbial activity are highly correlated with EPS formation. This would suggest that the 

EPS layer began to form at the 20 cm layer and migrated upwards with time. This is 

strengthened with the observation that EPS was found concentrated precisely between the 

0 and 20cm depths. It is likely that the upward migration of microbial activity in relation 

to EPS formation was a chemotropic response to maintaining adequate oxygen 

availability. The same could be said for the maintenance of adequate nutrients like 

nitrogen, which would have been depleted faster in zones of highest activity. 



70 
4.3 Conditions that Accompany EPS formation - Diagnostic Analysis 

Vmax of compost samples, taken at 10 cm depths, was measured after 220 days of 

operation, while some alternate samples were taken to allow for selected microbial and 

chemical analyses after 242 days. The purpose of the sampling program was to assess a 

relatively wide array of parameters that demonstrated peculiarities or in-balances in 

association with EPS, which may point towards the cause for its formation. The disparity 

with respect to time between Vmax and other analyses was due to practical reasons. It 

was felt that since the columns had already established steady state at that point, the 

chemical and microbial parameters would not change drastically between those sampling 

events. It was also believed that in order to keep sample integrity, especially for 

microbial counts, the sample was best taken when the analysis could be done. 

4.3.1 Microbial characterization 

The most probable number (as MPN/g dry media) of methanotrophs and Vmax 

was generally found to be highest at the depths in which EPS was most concentrated (see 

Figure 7(a,b)). In the leaf compost biofilter column, the MPN of methanotrophs 

correlated well with Vmax data, as a function of depth. The MPN was higher at the 5 and 

10 cm depths, which had methanotrophs in the order of 105 (1.71 and 2.26, respectively). 

At the top of the media, no methanotrophs were detected, which is likely due to lack of 

moisture at this depth (see Figure 8). In the 15 to 40 cm depths, methanotrophs in the 

order of 104 were found. Vmax was highest in the 10 to 20 cm depths at 30,000 and 

27,500 nmo^hr^g" 1, respectively. The moisture content at these depths at the time of 

analysis was 151 % and 134%, respectively. 



Vmax (nmol CH4*hr ĝ"1) 

(b) 

Figure 7. (a) Vmax and (b) MPN methanotrophs as a function of depth. 
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Vmax decreased rapidly with depth below 20 cm, to 6,000 nmo^hr'^g"1 at 30 

cm. No immediate oxidation of methane was observed from samples at the 40 cm depth 

in the batch kinetic experiments, without allowing a 24-hour acclimation period. This 

suggested that in 'real-time' within the column, no significant methane oxidation was 

occurring. 
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Figure 8. Moisture content as a function of depth. 

The highest population methanotrophs of all the columns was observed in the 

wood chip compost column, with MPNs at the 15 and 20 cm depths of 2.21* 106 and 

7.34* 106, respectively. At all depths below 20 cm, the methanotrophic population was in 

the order of 105. At the 20cm depth, the media had a Vmax of 6,000 nmo^hr'^g"1 at 

200% moisture, followed by 5,000 nmo^hf^g^at the 30 cm depth with 150% moisture. 

The 10 and 40 cm depths had very little capacity for methane oxidation, as their Vmax 

were quite close to zero. Low moisture content, corresponding to 56% after 184 days at 



the 10 cm depth, and high free water content at the 40 cm depth can account for the low 

Vmax. Obvious high free water content of the media was observed upon sampling, and 

would have contributed to a lack of air-filled porosity and reduction in viable surface area 

for contact between substrate and reactive sites. Although the moisture content at 40 cm 

was only 160%, the media at this depth appeared relatively virgin in nature, and thus was 

not as capable of retaining water to the same extent as the depths above it at 20 cm. The 

media at the 20 cm depth was very dense with EPS, and thus had greater water-holding 

capacity with the potential to become very hydrated. This being said, EPS may have a 

role in regulating moisture content, not only by it's potential to become hydrated, but in 

the formation of water molecules from the catabolism of EPS by other heterotrophs. 

The MSW compost column had similar methanotrophic MPN counts from 15 cm 

to 40 cm, with respect to the locale of the EPS bands. Vmax was 15,000 

nmo^hr'^g^at the 20 cm depth, having a moisture content of 161%, and decreased 

linearly to 12,500 imiol*hf'•g'1 at the 40 cm depth, where the moisture was 133%. At 

10cm, Vmax was lowest, 2,000 nmol*hr"'•g'1, owing to a moisture content of only 56%. 

The MPN and Vmax from 20 to 40 cm parallel one another closely as they did not 

deviate substantially with depth. 

At specific points, a peculiarity that was witnessed in comparing the two profiles, 

were the high rates of Vmax corresponding to the location of EPS bands, yet the 

occasional disparity in microbial counts at the corresponding depth. This is most 

prevalent in the leaf compost column, with a high Vmax at 20 cm, yet relatively low 

MPN. This would be less difficult to understand if Type II methanotrophs were 

predominant, as they are capable of much greater oxidation rates at lower growth yields 



in relation to Type I methanotrophs (Hanson and Hanson, 1996). But, as seen in Figure 

9 below, CI6 FAMEs were significantly greater in relation to CI 8 FAMEs, suggesting a 

highly predominant Type I community in the respective depth. It is known that the 'real

time' analysis of microbial activity, as to methane oxidation rates or Vmax, and the 

FAME profile is most indicative of the true microbial population, both qualitatively and 

quantitatively, as the MPN data suffers from the common pitfalls of microbial culturing 

methods (White et al, 1997). The major downfall of culturing methods, especially those 

that require the agitation of cells from solid media (i.e. compost) into liquid suspension, 

is that it results in the transfer of cells from biofilm to eventual planktonic growth 

conditions. In samples within the EPS layers, over-abundance of sugar-polymers may 

have made the cells difficult to suspend and transfer, thus resulting in under-estimates of 

MPN. Alternatively, MPN data seen above that were anomalous in nature, such as 

magnitudes seen in the order of 107, may have resulted from the disturbance of a highly 

concentrated mass of cells surrounded by EPS, and in a dormant phase due to lack of 

substrate penetration, followed by a conversion to planktonic growth in the culture media 

where nutrients were in over-abundance. At any rate, since the MPN data do not, at all 

times, correlate with results from more direct methods of measuring microbial activity, it 

is suggested that it is a weak indication of microbial 'activity' in association with 

attached-growth biological systems. In the future, it is suggested that if total biomass 

estimates are needed, they should be made from the quantification of phosphate liberated 

from PLFAs, as a corollary to performing the more qualitative FAME analysis used in 

this work. 
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As previously mentioned, the FAME profile demonstrated a predominance of 

Type I methanotrophs within the EPS bands, as shown in Figure 9. The reader should be 

advised that the C16/C18 mole fraction does not imply a magnitude of methanotrophs, 

only a comparison between the relative amounts of Type I and Type II. Samples taken 

from the lower horizons were not analyzed for FAMEs due to the lack of activity in those 

depths. 
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Figure 9. Fatty Acid Methyl Ester (FAME) mole ratio depth profiles. 

In the leaf compost column, the 5 and 10 cm depths correspond to the highest 

concentrations of EPS within the bands, in which a predominance of Type I 

methanotrophs was not observed. In fact, Type I and Type II methanotrophs were in 

almost equal proportion. The existence of Type II at those depths corresponds well with 

the observations that the available ammonium concentrations were highest in those 

regions (see Figure 12), and the PHB was most concentrated at the 10 cm depth (see 



Figure 5b). The latter observation suggests that nitrogen-fixing activity was present in 

upper horizons of the biofilter, which is peculiar due to the close proximity those depths 

to high oxygen concentrations. However, as seen in Figure 6b, the depth profile of 

oxygen clearly suggests that depths at 5 cm and below lacking oxygen due to high 

metabolic demand. The coincidence of Type II methanotrophs and nitrogen-fixing 

activity with Type I methanotrophs after the formation of EPS, was also witnessed in the 

incubation chamber experiment, and suggests a mutual relationship between the two 

groups. The presence of organic nitrogen at the 15 and 20 cm depths (see Figure 10), 

with respect to the 5 and 10 cm depths, suggests that nitrogen-fixing activity was 

significant in the lower depths. This strengthens the argument that the location of EPS 

and microbial activity proceeded upward. 

4.3.2 Nutrient analysis 

TOC, TKN, as well as nitrate, ammonium, and phosphate, were analyzed to 

demonstrate possible nutrient limitations in conjunction with EPS formation and 

microbial activity. The 0 and 5 cm depths of the MSW compost biofilter, and the 0, 5, 

and 10 cm depths of the woodchip compost biofilter were not analyzed because they had 

little moisture, and thus little activity, for a majority of the experiment, and it was thought 

that samples from these depths would not have any significant value in interpreting 

biofilter performance. TOC and TKN depth profiles are shown in Figure 10(a,b), and the 

corresponding profile of carbon to nitrogen (C/N) ratios are shown in Figure 11. Nitrate 

and ammonium depth profiles are shown in Figure 12(a,b). 
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Figure 10. (a) %TOC and (b) %TKN as a function of depth. 
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Total organic carbon (see Figure 1 Oa) was characterized to determine C/N ratios, 

which have the potential to show disparities in available nitrogen within regions of high 

EPS concentration, suggesting a nitrogen-limiting condition. TOC virtually mimicked 

the D-glucose profiles that were previously seen in Figure 5a, which is not surprising as 

D-glucose contains approximately 40% carbon. 

The highest concentrations of organic nitrogen (see Figure 10b) were generally 

observed at depths of highest concentrations of EPS. In the leaf compost column, the 

highest concentration of organic nitrogen, 1.35%, was observed in the lower regions of 

the EPS band, at the 15 cm depth. At the 5 cm depth, a small but observable spike in 

TKN was observed, suggesting the establishment of a much younger nitrogen fixing 

population, as speculated previously. In the MSW compost column, TKN was also 

highest at the 15cm depth, with a concentration of 1.35%, corresponding to the area of 

highest D-glucose concentration. At the 10 cm depth, TKN dropped quite significantly to 

0.43%, owing to the very low moisture content, and thus, lack of any microbial or 

nitrogen fixing activity. Below 15 cm, TKN decreased with depth, having concentrations 

no more than 1.0%. In the wood compost column, the concentration of organic nitrogen 

was 0.4% at the 15 cm depth, and decreased linearly to 0.1% at 40 cm. 

By synthesizing the TOC and TKN data into C/N ratios it was easier to detect the 

nitrogen imbalances with respect to the amount of organic carbon (see Figure 11). Hilger 

et al (2000a) noted that high C/N ratios are indicative of EPS because the polysaccharide 

components of EPS do not contain as much nitrogen. 
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Figure 11. Carbon to nitrogen ratios as a function of depth. 

This effect of EPS on C/N ratio is obvious in the leaf compost column, whereby 

the C/N ratio is 50 at the 10 cm depth. Al l other depths in the column had a C/N ratio 

close to 25. The C/N ratio of the wood compost column actually increased with depth, 

due to the decrease of organic nitrogen with depth, which is not surprising as wood 

compost is generally nitrogen-limited (see Figure 10b). 
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Figure 12. (a) Ammonium and (b) nitrate as a function of depth. 
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As mentioned previously, the greatest concentrations of ammonium in the leaf 

compost column were found at the 5 and 10 cm depths, with concentrations of 112 and 

121 ppm, respectively (see Figure 12a). In this column, concentrations of ammonium 

declined to 58 ppm at 15 cm, and further declined to an average concentration of 12 ppm 

between 25 and 40 cm. The leaf compost column, which exhibited the highest methane 

oxidation efficiency of all the media tested (see Figure 4), also had the lowest 

concentrations of ammonium compared to the other two columns (see Figure 12a). On 

the other hand, the MSW compost column, which exhibited the lowest overall methane 

oxidation efficiency, had the highest ammonium concentrations, illustrating the potential 

inhibitory effect of ammonium on methanotrophic bacteria. 

In the leaf compost column, nitrate was lowest at 5 and 10 cm depths, 

corresponding to concentrations of 1.7 and 4.1 ppm mírate, respectively (see Figure 12b). 

The concentration increased drastically at 15 and 20 cm to 68.7 and 80.8 ppm nitrate, 

respectively. The concentration of nitrate remained in that range in the 25 to 40 cm 

depths. The highest concentration of nitrate, 139.0 ppm, was observed within the 1 to 2 

cm depths, which was higher than the original concentration of 48.8 ppm (see Table 3). 

However, the availability of nitrogen at this depth is not surprising as low moisture levels 

here would prevent microbial activity, and thus the utilization of nitrogen for biomass. 

The lack of mirate in the 5 and 10 cm depths could be reflective of the activity at those 

depths, and the obvious nitrogen limitation when considering the high C/N ratios present 

there. The high ammonium concentrations and relatively low TKN concentrations, 

suggest the presence of a nitrogen-fixing community. Alternatively, the high nitrate and 

low ammonium concentrations seen below those horizons would be indicative of a much 
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smaller, yet mature microbial population in stationary phase growth, incapable of 

utilizing high quantities of nitrogen and developing a pool of nitrate through various 

mechanisms including nitrogen cycling and co-metabolic oxidation of ammonium via 

MMO. 

In the MSW compost column, the lowest concentration of available ammonium, 

was 500 ppm at the 15 cm depth, and increased gradually to 1220 ppm at the 40 cm 

depth. This could be explained by the downward migration of water that occurred, as it 

was known that the MSW and woodchip compost media was considerably wetter at the 

lower depths, and collection of leachate was observed throughout the operation. The 

downward movement of water would have concentrated soluble nitrogen towards the 

bottom of the columns. It was also suspected that the original MSW compost was not in 

a cured state, and contained very high concentrations of ammonia, uncharacteristic of 

cured compost. The wood compost media had ammonium concentrations of no greater 

than 500 ppm, and leachate was also collected throughout operation, which would 

explain the higher concentrations of ammonium at relatively lower depths. The nitrate 

concentrations throughout both of the above columns were very comparable and 

consistent with depth, having concentrations of approximately 30 ppm. 

Phosphorus was quantified, but did not appear to be present in growth-limiting 

amounts. Soluble phosphate concentrations ranged from 70 to 300 ppm among all of the 

three columns. No major trend with respect to the concentration of phosphate as a 

function of depth was seen. 
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4.4 Commonalities with EPS Formation in Laboratory Biofilter Columns 

The commonalities and associations that have been made with significant 

accumulations of methanotrophic EPS in columns are the following: 

• The greater the initial oxidation activity of the biofilter columns, the greater and more 

rapid was the subsequent decline, and the greater was the accumulation of EPS. It is 

no coincidence that the greatest accumulation of EPS was witnessed in the leaf 

compost biofilter column, which had the highest oxidation rate, close to 400 

g*m"2*day_1 methane oxidation; averaging close to 350 g*m"2*day_1 between 20 and 

100 days of operation. A correspondingly rapid decay was seen after 100 days. 

Assuming the latter average oxidation rate to be constant over an 80-day period, the 

column would have transformed approximately 323 grams of methane carbon in the 

first 80 days. Assuming that the majority of the microbial activity and carbon 

fixation occurred within the 0 to 20 cm depths with an average TOC value of 6.5% 

above background levels, the accumulated carbon within the 80 day period would 

have been approximately 128 grams. Thus, approximately 40% of the methane 

consumed was utilized as viable biomass and EPS. Thus, the EPS production during 

the period of highest activity (first 80 days) can easily be accounted for by methane 

consumption. 

• EPS formation appears to migrate upward, in order to maintain adequate aerobic 

environments, and towards layers of media with un-depleted nitrogen reserves. 

• Active methanotrophic communities are found within EPS layers, and have a large 

demand for oxygen. 



84 
• The methanotrophic community that dominates within EPS bands is predominantly 

Type I. However, since the sampling was done after EPS was established, it cannot 

be said with complete confidence that Type I methanotrophs were responsible for 

EPS formation. 

• A possible lack of available nitrogen within regions of high methanotrophic activity, 

lends to the presence of Type II methanotrophs associated with nitrogen-fixing 

activity. That this was witnessed in close proximity to highly aerobic and toxic 

environments, where they normally do not compete well with Type I, is indicative of 

a mutual relationship between the two whereby one has a protective role and the other 

in providing a substrate requirement. It is not possible from this study alone, to 

suggest which organism, or both, is directly responsible for EPS formation. 

4.5 Long-term Performance of Leaf Compost Biofilter Column with Mixing 

4.5.1 Oxidation performance 

In an attempt to mitigate the adverse effects of the EPS layer on oxygen mass 

transfer and therefore on methane oxidation, the leaf compost medium was removed from 

after 322 days of operation, mixed and then returned to the column. This allowed the 

breakage and relatively even distribution of the EPS layer throughout the column, in 

efforts to allow oxygen to diffuse to greater depths within the column. The methane 

oxidation rate rebounded rapidly to levels approaching 350 g*m"2*day_1 for 

approximately one month. Unfortunately, the increase was short-lived, and the 

performance declined as quickly between approximately two and three months (see 

Figure 13). 



A mixing event after 466 days resulted in a similar increase in oxidation rate, to 

2 1 

500 g*m" *day" . The latter oxidation rate was influenced, to an extent, by the greater 

methane input of 520 g*m"2*day"'. Thus, although the oxidation rate was higher than 

previously seen in the experiment, the percent oxidation would have been lower. The 

oxidation performance reached peak levels, and then began to decline after two months. 

After the column had reached a steady state, it was terminated. It was observed that the 

distribution and further accumulation of EPS after the 550 days of operation had created a 

substantial backpressure (not measured) on the inlet of the column. 
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Figure 13. Long-term methane oxidation in leaf compost biofilter column. 

4.5.2 Comparison of performance before and after mixing 

It appeared as though intermittent mixing of the biofilter had a temporary, but 

immediate and stimulatory effect on the oxidation performance through redistribution of 

EPS and zones of concentrated methanotrophic activity. This can be seen in Figure 14a, 
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whereby Vmax was generally between 20,000 and 30,000 nmoPhr'^g"1 throughout the 

biofilter after 478 and 539 days, respectively. Vmax seen after 220 days were 

comparable to the latter rates, at the 5 and 15cm depths. The same redistribution effect 

was seen with EPS as the concentration of D-glucose averaged 7.83 ± 1.7% after 478 

days (see Figure 14b). The deviation can be explained by the heterogeneity of the EPS 

after mixing. It is obvious in comparison with the filter after 242 days, that the mixing 

event distributed the EPS uniformly with depth. However, after 539 days, the D-glucose 

profile began to change, increasing in the upper horizons to levels approaching 14%, 

consistent with those seen after 242 days. The formation of EPS in the upper layers, 

concomitant with a decrease in oxidation performance suggests that EPS was again acting 

as a barrier to oxygen diffusion. 
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Figure 14. (a) Vmax and (b) D-glucose as a function of depth in leaf compost column 
when mixed after 478 and 539 days. 
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Figure 15. Moisture content as a function of depth in leaf compost column when mixed 
after 478 and 539 days. 

The moisture content was 75% in the top 10 cm of the column, and between 100 

and 150% in the bottom 15 cm, as seen in Figure 15. However, the observed drying 

effect at the top of the column was not as drastic as what was witnessed after 220 days. 

This can be attributed to the ability of polymers within EPS to retain moisture in the 

media by increasing water-holding capacity and from the production of water by the 

catabolism of EPS by heterotrophic organisms. 

4.5.3 Impact of mixing and suggested strategies for full application 

In summary, it can be stated that the stimulatory effect of mixing the media within 

the biofilter column was temporary. However, it is not known what effect mixing would 

have on preventing the initial formation of EPS. The effect of mixing seemed to last for 

about one month of operation, which suggests that if a mixing regime were employed to 
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mitigate the effects of high quantities EPS formation, mixing would also have to occur 

monthly, at the least. 

The continuous requirement for mixing may be required in order to evenly 

redistribute the media and its microbial communities, and supply the oxygen necessary to 

metabolize biomass and liberate and recycle limiting nutrients, such as nitrogen and 

phosphorus. The polarization of the methanotrophic communities within biofilter media, 

or propensity to concentrate in the most favorable depths of the biofilter, causes rapid 

increases in growth rates and methane oxidation, but also relatively quick onsets of 

maintenance phase growth due to nutrient limitation. The inherent weakness is that the 

methanotrophic community is unable to utilize the nutritional benefits of the entire 

media. Mixing of the media would achieve closer to 'continuous culture' conditions, 

whereby nutrients are always available from recycling of spent biomass. 



CHAPTER 5 - RESULTS AND DISCUSSION: INCUBATION CHAMBER 

EXPERIMENT 

5.1 Effect of Oxygen on Methane Oxidation and EPS Formation 

5.1.1 Effect of oxygen on methane oxidation (Vmax) 

The maximum methane oxidation rates (Vmax) are shown in Figures 16(a to d). 

The corresponding values are shown in Table 5, for reference. Generally, the inorganic 

nitrogen treatments within the chambers themselves did not deviate from each other 

significantly over time, and thus, only the general trends will be discussed for differences 

in Vmax between the two studied oxygen concentrations. After the first month of 

incubation, Vmax was higher under a low oxygen concentration (i.e. 1.5%) in Chamber 1 

than high oxygen concentration (i.e. 10.5%) in Chamber 2, by almost a factor of 10. 

Vmax in chambers 1 and 2, after the first month, were 82,500 ± 57,500 and 9,990 

± 1,980 nmol*hr" *g_ 1 respectively. The corresponding average Km values for Chamber 

1 and 2 after one month were 3.42 ± 4.49 and 0.33 ± 0.19 % CH 4 (v/v), respectively 

(shown in Appendix A). The relatively high oxidation rates and affinities for methane 

observed in either chamber are indicative of methanotrophic populations with high 

oxidation capacities. The disparity in oxidation rates between the chambers cannot be 

explained by moisture content alone, as the average moisture contents in Chamber 1 and 

2 after one month were 121.4 ± 6.9 % and 124.2 ± 8.7 %, respectively, which would not 

account for a difference in activity. 
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Figure 16. Vmax as a function of time among all treatments in (a) Chamber 1, with 
nitrate, (b) Chamber 1 with ammonium, (c) Chamber 2 with nitrate, and (d) Chamber 2 

with ammonium. 



Table 5. Average Vmax values after 1,2, 3,4, and 6 months in Chambers 1 and 2.* 

Month 1 2 3 4 6 
Treatment Chamber Average StOev Average StDev Average StDev Average StDev Average StDev 
T1 bckgmd 1 84726 11078 10869 2360 13723 422 17085 471 9771 1781 
T2 nitrate 1 53168 5213 8879 695 12739 2989 14787 3090 6687 2825 
T3 nitrate 1 205272 112291 9885 4914 8835 2392 13099 1111 7383 710 
T4 nitrate 1 72652 455 7630 481 12533 705 13579 4256 8289 375 

T2 ammonia 1 65848 11560 7283 54 9983 1540 11494 2635 8781 712 
T3 ammonia 1 65053 31250 6839 1322 9633 1483 13611 2889 9589 1631 
T4 ammonia 1 57157 24465 6815 711 9487 1234 15739 1326 10417 1174 
T1 bckgmd 2 13395 2463 9979 1844 17976 3844 7994 2063 6628 1887 
T2 nitrate 2 11780 1607 11647 2222 11936 1792 5954 1918 2212 781 
T3 nitrate 2 11441 312 10734 808 10764 2073 6655 2681 4022 50 
T4 nitrate 2 10232 1506 10702 1628 9511 1353 7256 1946 4117 778 

T2 ammonia 2 10341 1301 9511 3237 10394 388 7712 970 5038 301 
T3 ammonia 2 9834 547 7297 414 8342 256 8380 2503 6689 839 
T4 ammonia 2 8597 1484 6143 400 5850 2522 7482 1611 7127 175 

* Vmax given as nmol CH4*hr"1*g" 



The disparity can only be explained by the difference in oxygen concentrations 

between the chambers. It has been reported that methanotrophs in soil biofilters under 

microaerophilic conditions do oxidize methane more rapidly than when under aerophilic 

conditions (Stein and Hettiaratchi, 2001). This suggests that two slightly different 

methanotrophic populations may have been prevalent within each of the chambers after 

the first month of incubation. Ren et al (1997) found that methanotrophy from oxygen 

percentages between 0.45 and 20 resulted in maximum methane oxidation rates, when 

methane and nitrogen were non-limiting. This would reflect the environments in both 

incubation chambers, in the short-term. However, if a nutrient such as nitrogen became 

limiting near the end of the first month of incubation, the lack of the ability to fix 

nitrogen under aerobic conditions, as for Chamber 1, may explain the lower methane 

oxidation performance. 

With the experimental procedures implemented in this study, whereby microbial 

activity was monitored discretely with respect to time, as opposed to continuously, it may 

also be reasonable to assume that a higher rate of methane oxidation actually occurred in 

Chamber 2, but the opportunity to capture it was missed due to a rigid sampling regime. 

For example, under high oxygen concentrations, the onset of nitrogen limitation may 

have occurred sooner, which would have resulted in stationary phase growth, and a 

reduction in Vmax before the monitoring event. Based on the predominance of Type I 

methanotrophs witnessed in Chamber 2 after one month (see Table 11), it is reasonable to 

assume that nitrogen would be consumed faster, owing to the much greater growth yield 

of Type I methanotrophs and the RuMP assimilative pathway (Linton et al, 1986). 



After two months of incubation, Vmax in Chamber 1 declined to 8,100 ± 2,100 

nmol*hr'•g"1, similar to that of Chamber 2, at 9,700 ± 2,300 nmoPhr'^g"1. The reason 

for the rapid decline in oxidation rate in Chamber 1 is not clear, but lack of one or several 

nutrients could have contributed, which forced methanotrophs or subset of methanotrophs 

originally present, into maintenance metabolism. The shift from cell growth to 

maintenance metabolism in biofilters, has been described by Cherry and Thompson 

(1997), and decline in biofilter performance has been attributed to that shift. The 

microaerophilic conditions may have selected and enriched a population of nitrogen-

fixing methanotrophs. Proof of this is found in Table 6 which tracks nitrogen levels in 

inorganic and organic forms throughout the incubation of compost samples that received 

no initial, inorganic nitrogen. 

Table 6. Nitrogen cycling in compost from time zero to six months of incubation. 

Incubation Time NH4-N (mg/L) NO3-N (mg/L) TKN (%dry wt) 
Chamber (months) Average Std Dev Average Std Dev Average Std Dev 

1 and 2 0 15.3 1.4 40.6 3.6 0.627 0.107 
1 66.6 7.9 43 3 0.776 0.196 
2 62.8 2.9 46.9 6.2 1.053 0.12 

1 3 55.6 5.8 49.8 6.8 1.033 0.21 
4 63 6.9 66.6 5.2 1.098 0.186 
6 62.6 1 58.4 11.1 0.986 0.1 
1 88.8 24.7 40.7 2.6 0.679 0.365 
2 66.1 2.4 16.6 8.8 0.839 0.284 

2 3 39.5 2 51.9 12.3 0.792 0.145 
4 45.5 5 57.7 12.6 0.842 0.062 
6 44.9 6.1 58.7 2.1 0.614 0.228 



In Chamber 1, the increase in %TKN (dry weight) or organic nitrogen from 0.63 

± 0.11% initially, to 0.78 ± 0.2% after one month, and 1.05 ± 0.12 after two months, is 

indirect proof of nitrogen fixing capability within the methanotrophic population of the 

compost. Only Type II methanotrophs are capable of diazotrophy and it has been 

reported in literature that methanotrophs can only fix nitrogen under microaerophilic 

conditions. It has been estimated that to fix 2 moles of ammonium from 1 mole of 

molecular nitrogen (N2), 16 moles of adenosine triphosphate (ATP) and 8 moles of 

electrons and protons (4 moles of NADH) are required (Hill, 1992). The energy and 

reducing power required comes directly from catabolism and at the expense of cell 

growth and maintenance. Assuming 1.5 moles of methane would be required to provide 

the energy and reducing power to reduce 0.25 moles of molecular nitrogen, the 

theoretical growth rate calculated in Chapter 2 (Yx/s = 1-1), would be 0.466 under 

nitrogen limiting conditions. Due to the energy constraints imposed on fixation of 

atmospheric nitrogen, it is thus interesting to note that the increase in %TKN was most 

drastic between the first and second month of incubation, at a time when the 

methanotrophic population was oxidizing methane at a high rate, followed by a rapid 

decline. A significant increase in organic nitrogen is not evidenced after that time, for the 

%TKN remained relatively unchanged after the second month, as did Vmax. The 

concentration of ammonium in Chamber 1 varied little, from 55.6 ± 5.8 mg/L to 66.6 + 

7.9 mg/L, indicative of a population that maintained steady-state nitrogen-fixing activity, 

in parallel with methane oxidation activity. 

Nitrogen fixation was not as evident in Chamber 2, as the %TKN values did not 

differ significantly from one another. This is further evidenced in the gradual decline in 
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ammonium concentration from 88.8 ± 24.7 mg/L after one month, to 44.9 ± 6.1 mg/L 

after six months in Chamber 2. This suggests that the oxidation of methane in the aerobic 

Chamber 2 was due to Type I methanotrophs. 

At any rate, the decline in Vmax is not surprising, as the performance of 

methanotrophs in soil and compost biofilter columns have been reported to decline to 

steady-state levels after three months of operation, as reflected in Chapter 4. When 

comparing the compost incubation experiments to those of laboratory compost biofilter 

column experiments in the literature, it is useful to visualize the compost treatments in 

the incubation chamber as a single, 1.5 cm layer of thickness in a column. Thus, that the 

treatments decline to more sustainable oxidation rates after only one month is still 

comparable to a biofilter that has many more layers and declines in oxidation 

performance after three months. 

Vmax in Chamber 1 increased slightly after three and four months to 10,750 ± 

2,210 and 14,100 ± 2,550 rimol*hr"'•g'1, but leveled off to 8,860 ± 1,730 nmoPhr"1*^1 

after six months. Relative to the first month of incubation, Vmax in the two to six month 

period was relatively stable, however it cannot be said with confidence that the treatments 

reached steady-state within this time period. 
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The average moisture contents throughout the study period are shown in Figures 

17(a to d) and in Table 7. The average moisture contents of the treatments in Chamber 1 

remained relatively steady throughout this time, from 136.7 ± 8.3%, to 138.2 ± 10.7%, 

and to 138.0 ± 21.7%, after three, four, and sixth months, respectively. The increase in 

moisture content can be attributed to the production of water from the oxidation of 

methane. However, the moisture deviation after sixth months was quite large and seemed 

to be a reflection of the type of inorganic nitrogen treatment (see Figure 17). Generally, 

treatments receiving nitrate reduced in moisture content after six months, where 

treatments that received ammonium nitrogen either increased in moisture content or 

stayed the same. 
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Figure 17. Moisture content as a function of time among all treatments in (a) 
Chamber 1, with nitrate, (b) Chamber 1 with ammonium, (c) Chamber 2 with nitrate, and 

(d) Chamber 2 with ammonium. 



Table 7. Average moisture contents after 1,2, 3,4, and 6 months in Chambers 1 and 2* 

Month 1 2 3 4 6 
Treatment Chamber Average StDev Average StDev Average StDev Average StDev Average StDev 
T1 bckgmd 1 131.8 1.3 132.4 24.8 128.1 10.3 142.8 10.0 137.7 13.5 
T2 nitrate 1 120.4 3.5 127.5 1.5 142.7 9.7 132.6 2.6 113.5 24.2 
T3 nitrate 1 125.6 1.6 123.9 12.6 139.2 12.1 140.4 4.5 120.0 0.6 
T4 nitrate 1 120.0 7.0 126.8 3.2 142.9 4.9 132.5 7.6 119.8 7.7 

T2 ammonia 1 116.6 2.6 130.7 2.0 142.4 1.9 120.9 2.4 136.0 14.2 
T3 ammonia 1 118.4 9.0 116.1 10.9 133.1 8.3 140.9 9.3 153.5 17.0 
T4 ammonia 1 121.4 5.0 117.7 10.5 134.4 0.7 153.3 3.1 162.3 21.2 
T1 bckgmd 2 126.3 1.5 145.7 6.3 142.6 18.2 141.1 8.8 119.2 24.1 
T2 nitrate 2 125.9 9.5 130.0 4.0 123.3 7.7 103.0 4.2 92.6 14.3 
T3 nitrate 2 123.8 3.4 121.2 9.8 119.6 3.6 118.5 23.3 101.5 5.0 
T4 nitrate 2 124.6 12.0 133.4 9.5 135.9 15.1 118.2 11.4 103.3 5.8 

T2 ammonia 2 117.4 11.3 126.0 23.1 133.6 20.0 116.3 3.8 106.6 6.5 
T3 ammonia 2 129.5 9.7 128.9 4.3 130.2 7.2 122.2 13.5 119.8 0.7 
T4 ammonia 2 121.0 11.6 121.2 3.6 121.2 6.2 125.0 6.4 122.7 0.8 

* Moisture content given as % of dry weight of compost 
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After three months, Chamber 2 maintained an average Vmax similar to that in 

the first two months, 10,480 + 3,620 nmo^hr'^g"1. However, Vmax declined steadily 

after the fourth and sixth months in Chamber 2 from 7,330 ± 1,740 to 4,940 ± 1,750 

nmol*hr"1*g"1. This can be explained partly by the loss of moisture content within that 

time, from an average of 130.6 ± 13.2% after three months, to 120.2 ± 13.6% and 108.3 ± 

12.8% after four and sixth months, respectively (see Figures 17c,d). Despite the fact that 

the humidity of the chambers was kept at 100%, moisture still would have been drawn 

out of the chambers as a result of gas flow. Thus, moisture maintenance within the 

compost would come from the production of water from catabolism, whereby two moles 

of water would result from the complete oxidation of methane. Assuming an average 

methane oxidation rate of 10,000 rraiol*hf'•g"1, the percentage of dry compost of water 

content produced in one month (without accounting for moisture loss) is calculated to be 

about 26. Thus, a slight decline in methanotrophic activity between the fourth and sixth 

months of incubation would have affected the ability of the compost to maintain constant 

moisture content, creating negative feedback on microbial activity and further amplifying 

the decline in Vmax. As for Chamber 1, it cannot be said that the treatments in Chamber 

2 reached a steady state in methane oxidation performance after sixth months of 

incubation. 

Comparison of overall oxidation rates, or Vmax, between the two chambers was 

made difficult because they did not appear to achieve steady-state performance by the 

end of the incubation period. As opposed to trying to compare 'moving targets', it was 

decided that the performance throughout the entire six months would be averaged in each 

chamber and then compared. However, because the average performance of Chamber 1 
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in the first month demonstrated a large departure from the rest, the data set used for 

comparison was within the two and six month time frame. The average combined Vmax 

in Chambers 1 and 2 between the second and sixth months was 11,260 ±3,160 and 9,210 

± 6,640 rimol*hr ^g" 1 , respectively. The average affinity constants, Km, for Chamber 1 

and 2 within this time period were 0.28 ± 0.12% and 0.36 ± 0.24% CH4 (v/v), 

respectively. The affinity constants are comparable to high methane oxidation-capacity 

methanotrophs. High Km values are generally associated with the sMMO enzyme, which 

is found only in Type II methanotrophs that are generally found in microaerophilic 

environments. 

5.1.2 Effect of oxygen on EPS (D-glucose) formation. 

The EPS formation (expressed as the D-glucose equivalent) in the treatments 

within Chambers 1 and 2 is shown in Figures 18(a to d), and the corresponding values are 

shown in Table 8, for reference. 

The initial D-glucose concentration in the compost was 5.71 ± 0.15% (dry wt). 

After one month of incubation, the average concentrations in Chambers 1 and 2 were 

6.41 ± 0.54% and 6.45 ± 0.77%, respectively. These increased slightly to 8.00 ± 0.85% 

and 7.55 ± 1.33%, respectively, after two months. 
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Figure 18. D-glucose concentrations as a function of time among all treatments 
in (a) Chamber 1, with nitrate, (b) Chamber 1 with ammonium, (c) Chamber 2 with 

nitrate, and (d) Chamber 2 with ammonium. 



Table 8. Average D-glucose concentrations (% dry weight) after 1, 2, 3,4, and 6 months in Chambers 1 and 2.* 

Month 1 2 3 4 6 
Treatment Chamber Average StDev Average StDev Average StDev Average StDev Average StDev 
T1 bckgmd 1 6.45 0.34 6.79 0.75 9.00 0.40 7.43 1.09 8.17 0.62 
T2 nitrate 1 6.76 0.13 7.32 1.03 8.79 0.16 8.82 0.07 8.66 0.46 
T3 nitrate 1 7.04 0.36 7.97 0.63 7.44 2.14 8.17 0.92 6.99 1.64 
T4 nitrate 1 5.65 1.08 8.82 0.22 9.54 0.11 8.61 0.68 6.82 0.71 

T2 ammonia 1 6.19 0.48 8.36 0.58 9.35 0.01 8.49 1.42 8.40 2.11 
T3 ammonia 1 6.26 0.15 8.16 0.42 7.82 1.69 7.98 0.38 6.74 1.21 
T4 ammonia 1 6.74 0.48 8.55 0.94 7.05 0.18 8.44 0.77 8.05 0.80 
T1 bckgmd 2 6.90 0.20 8.76 0.55 10.91 0.44 12.35 0.13 11.12 2.21 
T2 nitrate 2 5.79 0.74 8.32 1.63 10.64 1.75 9.53 0.54 10.49 0.59 
T3 nitrate 2 6.00 0.51 5.91 0.43 11.13 1.19 11.47 1.87 12.23 1.22 
T4 nitrate 2 6.10 0.96 7.54 1.04 10.94 1.15 10.19 0.53 12.03 1.58 

T2 ammonia 2 7.32 0.15 8.00 0.12 11.85 1.56 8.14 0.71 10.75 1.30 
T3 ammonia 2 7.15 0.15 7.62 1.18 9.95 0.81 9.08 0.00 12.30 0.78 
T4 ammonia 2 6.39 0.18 6.96 2.80 8.34 0.01 8.38 2.14 9.59 0.12 

D-glucose concentrations given as % of dry weight of compost 



The gradual increase in D-glucose over the first two months did not appear to be 

significantly different from one chamber to the other, and may be attributed to a general 

increase in biomass that would have occurred due to a high methane oxidation activity. 

However, after the third month of incubation, the average concentration increased to 10.6 

± 1.34% in Chamber 2, an increase in magnitude of D-glucose by 3.05% (dry weight). 

The average D-glucose concentration in Chamber 1 leveled off at 8.32 ± 1.34%, and did 

not reach higher concentrations for the remainder of the six- month incubation period. 

Figure 19 presents the average carbon to biomass ratios over the six-month 

incubation period. The corresponding carbon balance data is presented in Table 9. The 

carbon to biomass ratios were derived from the ratio of the average rate of carbon dioxide 

evolution to the average rate of methane oxidation in the batch kinetic experiments, 

within each sampling period. In this case, it is assumed that 'biomass' constitutes all 

methane-carbon that is not oxidized completely to carbon dioxide, whether it be viable 

biomass or product (i.e. EPS). The carbon to biomass ratio calculated for the compost in 

Chamber 1, after the first month, was 0.37, which corresponds with a Yx/s of 0.57. The 

yield is low in comparison with theoretical growth yields reported in Chapter 2, however, 

it was the highest measured in the experiment. Carbon to biomass ratios were generally 

higher in Chamber 1, than in Chamber 2. The increase in Vmax seen after 3 to 4 months 

in Chamber 1 correlated with the increase in carbon to biomass ratio within the same 

time. The lack of D-glucose formation within this time, in Chamber 1, suggests that all 

treatments were stimulated into growth phase, perhaps by liberation of limiting nutrients. 

The cycling of growth and death in this way is quite common in compost (Haug, 1993). 
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Figure 19. Average carbon-to-biomass mole ratios in Chambers 1 and 2, over the six-
month incubation period. 

Table 9. Carbon mass balance in the incubation experiment. 

Rate of C 0 2 Rate of CU, C 0 2 /CH, Biomass/CFU 
Incubation Time Production Oxidation mole ratio mole ratio 
Chamber (months) (nmol*hr"1*g"!) (nmol*hr" *g_1) (no units) (no units) 

1 51650 82520 0.63 0.37 
2 7490 8050 0.93 0.07 

1 3 10810 10750 1 0 
4 11890 14100 0.84 0.16 
6 7420 8860 0.84 0.16 
1 10220 1070 0.95 0.05 
2 13390 9660 1 0 

2 3 8510 10480 0.81 0.19 
4 6710 7330 0.92 0.08 
6 4870 4940 0.99 0.01 
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The average increase in Vmax seen after 2 to 3 months in Chamber 2 also 

correlated with the increase in carbon to biomass ratio within the same time, from a ratio 

of 0 to 0.19, respectively. However, this also correlated with the greatest increase in EPS 

production in Chamber 2 witnessed within the same time frame, by an average of 30,500 

iig/g D-glucose. In the 30 days between the second and third month, it is possible to 

calculate the percentage of oxidized methane assimilated into D-glucose formed during 

that time period. Using the average Vmax of 10,475 nmol CH^hr' 1 *g_1 measured 

around that time, the average increase in D-glucose, containing approximately 40% by 

weight carbon (based on carbon percentage in glucose), would have required 13% of the 

methane oxidized. Of course, this is only a rough estimate, but it is accounted for in that 

approximately 6% of the calculated 19% of carbon utilized in biomass/product formation 

would be utilized in growth. 

It is not clear why the compost in Chamber 2 produced greater amounts of 

product, and lesser amounts of bacterial growth than in Chamber 1, but nitrogen 

limitation may have played a factor. Since the estimated C:N ratio of EPS is much 

greater than that of viable biomass (Hilger et al, 2000a), negligible amounts of nitrogen 

would be required to provide a sink for carbon that is oxidized from methane. The 

production of EPS, which is reported as being more energetically favorable via the RuMP 

pathway (Linton et al, 1986), suggests that Type I methanotrophs were responsible for 

EPS formation. Since they have no ability to fix atmospheric nitrogen, and compete for 

recycled nitrogen, EPS would serve as the ideal mechanism to cycle carbon. Available 

nitrogen would not be as critical to a microbe that could cycle carbon requiring only a 

fraction of nitrogen needed to produce new bacteria. 
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After the fourth month of incubation, the compost media in Chamber 2 started to 

take on a reddish-brown color, pungent odor. The consistency or texture was very 

heterogeneous and clumpy in comparison to the compost in Chamber 1, which remained 

dark in color and more friable and consistent in texture. This would help to explain the 

large deviation in results for D-glucose concentrations in Chamber 2, between 3 and 6 

months (see Figures 18c,d). Consequently, sampling error would have been much larger 

due to the heterogeneity. The average concentration of D-glucose was 9.93 + 1.58% after 

the fourth month, dropping slightly and probably due to sampling error, and increased 

further from the third month to 11.46 ± 1.44% after the sixth and final month. 

On the assumption that methanotrophic EPS is a cumulative phenomenon, in 

comparing the effect of oxygen on EPS formation, the average D-glucose concentration 

in each chamber were pooled together from the concentrations measured after six months 

of incubation. In the investigations in Chapter 4, no evidence for the dissipation of EPS 

layers, with age, in compost columns were witnessed. It is also known that EPS is not 

consumed as a source of carbon by organisms that synthesized it (Cooksey, 1992). The 

latter statement certainly holds true for obligate methanotrophs that are incapable of 

utilizing complex organic substrates. The average concentration of D-glucose in 

Chamber 1 and 2 after six months was 7.83 ± 1.25% and 11.46 ± 1.44%, respectively, 

which is a significant difference. 

Thus, under aerobic conditions (10.5% oxygen) the accumulation of EPS was 

much greater than under microaerophilic conditions (1.5% oxygen). The differences in 

EPS production between the two chambers, as for Vmax, were due to the effects of 

oxygen. 



5.1.3 Summary 

Several key differences in methane oxidation and EPS formation under low and 

high oxygen environments were observed. Significant observations that can be made 

from the data presented from the section are: 

• The mean Vmax over the long-term was about 22% greater in a 1.5% oxygen 

environment than a 10.5% oxygen environment; 

• EPS was formed under high oxygen concentrations (i.e. 10.5% v/v) and not at low 

oxygen concentrations (i.e. 1.5% v/v); and, 

• The formation of EPS appears to impair methane oxidation performance between one 

and two months after EPS forms. 
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5.2 Effect of Nitrogen on Methane Oxidation and EPS Formation 

The previous discussion demonstrated the effect of oxygen on methane oxidation 

rate (as Vmax) and EPS formation. The current section discusses the effects of inorganic 

nitrogen fertilization on methane oxidation and EPS formation. 

5.2.1 Response after one month of incubation 

5.2.1.1 Methane oxidation rate after one month 

The disparity in Vmax between the chambers, after one month of incubation, can 

be seen in Figures 20(a,b). In Chamber 1, ammonium concentrations seemed to have an 

inhibitory effect on Vmax. Vmax was 84,700 ± 11,100 nmo^hr"1 *g_1 in background 

treatment levels (of 15 mg/L ammonium), whereas it was 57,200 ± 24,500 nmo^hr"1 *g~' 

in treatments having 1,500 mg/L ammonium. 
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Figure 20. Methane oxidation (as Vmax) as a function of inorganic nitrogen 
concentration, after one month of incubation, in (a) Chamber 1 (1.5% O2) and (b) 

Chamber 2 (10.5% 0 2). 
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A good linear relationship could not be obtained from the effect of ammonium 

inhibition after one month of incubation. However, a better relationship was obtained 

using an exponential curve to demonstrate the negative inhibitory effect of ammonium on 

methane oxidation (see Figure 21). 
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Figure 21. Scatter-plot describing ammonium inhibition on methane oxidation 
after one month of incubation in Chamber 1. 

The inhibitory effects of ammonium were not seen in treatments receiving nitrate, 

whose maximum effect appeared to be at 1,000 mg/L nitrate, where Vmax was 205,000 ± 

112,000 nmol*hr *g (see Figure 20a). Although the deviation was high, the rate was 

still significantly higher than the rate seen at background nitrate levels of 40 mg/L. 

Vmax in nitrate levels of 1,500 mg/L was lower than that of background nitrate levels, 

and may have been slightly inhibitory to the system due to non-specific ion effects. A 

nitrate-nitrogen concentration of 1,500 mg/L is comparable to 107 mM, the concentration 
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at which ammonium has been found to be inhibitory on induction of methane oxidation 

(Bender and Conrad, 1995). However, no information on optimum mirate concentrations 

have been found elsewhere. At concentrations of 1,500 mg/L, inhibitory effects of nitrate 

and ammonium were demonstrated, and Vmax in either treatment were not significantly 

different at a 95% confidence interval, which suggested non-specific osmotic effects as 

the inhibition mechanism. The inhibitory effects of ammonium have also been reported to 

be due to inhibition of MMO (Bedard and Knowles, 1989) and thus cannot be discounted. 

The differences between nitrate and ammonium treatments seen in Chamber 1 are 

not seen in Chamber 2 to any significant extent. In Chamber 2, the highest observed 

Vmax, 13,400 ± 2,460 nmol*hr *g", was at background nitrogen levels. Vmax among 

all rates of nitrate fertilization did not differ significantly. However, ammonium 

treatments showed a slight inhibitory on methane oxidation that fit a curve expressed by a 

power function (see Figure 22). 

• Experimental 
Vmax data 

~ ~ Trend 

2000 500 1000 1500 
Ammonium (mg/L) 

Figure 22. Scatter-plot describing ammonium inhibition on methane oxidation 
after one month of incubation in Chamber 2. 
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5.2.1.2 Exopolymeric substance formation after one month 

As stated previously (in Section 5.1), the concentrations of D-glucose in either 

chamber did not appear significantly different from one another after one month of 

incubation. The slight overall increase in concentrations from time zero of the incubation 

period could be accounted for by logarithmic microbial growth within the first month. No 

trends with respect to nitrogen source and concentration were observed. 

5.2.2 Response after two months of incubation. 

5.2.2.1 Methane oxidation rate after two months 

After two months of incubation, Vmax declined significantly in all treatments 

within Chamber 1. Vmax in the background treatment was 10,900 ± 2,360 nmo^h'^g"1, 

and did not differ significantly between all other treatments (see Figures 23a,b). At this 

point, the background levels of inorganic nitrogen, as well as organic nitrogen, increased 

after two months, presumably due to atmospheric nitrogen fixation (see Table 6). 
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Figure 23. Methane oxidation (as Vmax) as a function of inorganic nitrogen 
concentration, after two months of incubation, in (a) Chamber 1 (1.5% O2) and (b) 

Chamber 2 (10.5% 0 2). 

It can only be speculated that the reduction in Vmax after the second month was 

due to nitrogen limitation and quite possibly energy constraints imposed by biological 

pathways of atmospheric nitrogen fixation (as discussed in Section 5.1.1). However, in 

the treatments that received nitrate and ammonium, it must be asked why Vmax also 

stabilized to values similar to that with background levels of nitrogen. It is possible that 

one or more limiting nutrients may have inhibited sustainable microbial populations and 

high rates of methane oxidation. From Table 9, it should be noted that the ratio of 

methane carbon converted into biomass after one month was calculated to be 0.37 and 

declined to 0.07 after two months, where it remained throughout the six-month 

incubation. This suggested a conversion from logarithmic growth after the first month, to 

maintenance growth after the second month and for the remainder of incubation, in all 
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treatments. It was calculated in Chapter 2 that to achieve a biofilm of significant 

microbial population, approximately 341 \i%Jg of nitrogen would be required. It would 

seem that the background treatment would be nitrogen-limited, yet the other treatments 

may have been. However, a conservative accounting of the nitrogen requirement could 

also be obtained by utilizing Vmax and the carbon to biomass ratios obtained 

experimentally. The lowest observed Vmax after one month in Chamber 1 was in the 

treatment that received 1500 mg/L ammonium nitrogen (1,800 jxg/g with 120% 

moisture). It had a Vmax of 57,200 nmol*hr"1*g~1. If 37% carbon were converted to 

biomass within last half of the first month, assuming a two week acclimation phase, then 

the nitrogen requirement required would be close to 20,000 ug/g over two weeks. The 

latter estimate is quite high in that it assumes no nutrient recycling would take place. 

However, the estimate made in Chapter 2 does not assume loss of nitrogen from the 

system due to denitrification, immobilization, and competition from heterotrophic 

bacteria. Thus, it is not unreasonable to assume that nitrogen fed to the samples was 

consumed within one to two months of incubation. 

In Chamber 2, Vmax in the nitrate treatments were not significantly different 

from one another or from the rates seen in the first month. The magnitude of the 

inhibitory effects of ammonium seen in the first month remained relatively unchanged in 

the second month, however, the overall pooled Vmax decreased by approximately 2,500 

iimol*hr'•g"1. Vmax declined from 9,980 ± 1,840 to 6,140 ± 400 nmo^hr^g"1, in 

ammonium treatments of background level to 1500 mg/L, respectively. A relationship 

described the inhibition of methane oxidation by ammonium that was expressed by a 

power function (see Figure 24). 
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Figure 24. Scatter-plot describing ammonium inhibition on methane oxidation after two 
months of incubation in Chamber 2. 

As in Chamber 1, reduction in Vmax within treatments in Chamber 2 may have 

been due to nitrogen limitation, more so because recycling of nitrogen through an 

equilibrium status would have been the only mechanism to maintain adequate nitrogen 

supplies. Vmax seen after two months would have been reflected by the amount of 

viable biomass produced in the first month. This could explain why the rate of oxidation 

was highest in treatments that received less ammonium and suffered less inhibitory 

effects. 

5.2.2.2 Exopolymeric substance formation after two months 

The formation of EPS after one month was not shown because the overall 

concentrations of D-glucose between and within each chamber were not significantly 



different enough from each other and the initial concentrations. As seen in Figures 

25(a,b), the same was generally true after two months of incubation. 
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Figure 25. D-glucose concentrations as a function of nitrogen concentration, after two 
months of incubation, in (a) Chamber 1 (1.5% 0 2 ) and (b) Chamber 2 (10.5% 0 2). 

The concentrations of EPS in Chamber 1 were relatively similar between 

treatments with a maximum concentration of 8.55 ± 0.94% D-glucose (dry wt) in the 

treatment with ammonium concentration of 1500 mg/L, and a minimum of 6.79 ± 0.75% 

in the treatment with background nitrogen levels. In Chamber 2, a maximum 

concentration of 8.76 ± 0.55% was seen in the treatment at background nitrogen levels 

and a minimum of 5.91 ± 0.43 in the treatment with 1000 mg/L nitrate. No major trends 

were apparent in either chamber, although D-glucose concentrations seemed to have had 

an inverse relation with nitrogen concentrations in Chamber 2. This follows what had 

been previously observed in Vmax, whereby the observed inhibition effects of 
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ammonium would have had an effect on the overall growth rate and thus lower biomass 

and D-glucose concentrations. At this point in the incubation experiment, it can be 

inferred that variation in EPS was reflected by the concentration of viable biomass, 

proportional to microbial activity (as Vmax), within the treatments. 

5.2.3 Response after three months of incubation 

5.2.3.1 Methane oxidation rate after three months 

In Chamber 1, an overall increase in Vmax was seen after three months (see 

Figure 26a,b). The highest observed rate was again seen in the treatment with 

background nitrogen levels, at 13,700 ± 420 nmol*hr"1*g"1. Vmax was similar in 

treatments with 500 and 1500 mg/L nitrate, at 12,700 ± 2990 and 12,500 ± 700 

nmol*hr" *g , respectively. Vmax in the treatment with 1000 mg/L nitrate dropped 

significantly to 8,830 ± 2,390 nmol*hr"1*g"1. It is not clear why the performance in the 

latter treatment, after showing the highest cumulative activity in the first two months, 

would decline after the third month. However, it is possible that other critical nutrients, 

like available phosphorus, may have become limiting sooner in that treatment, relative to 

the other treatments. 
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Figure 26. Methane oxidation (as Vmax) as a function of nitrogen concentration, after 
three months of incubation, in (a) Chamber 1 (1.5% 0 2 ) and (b) Chamber 2 (10.5% 0 2). 

Vmax of ammonium treatments in Chamber 1 increased by an average of about 

2,700 nmo^hf^g"1 from the previous month, but the rates between treatments did not 

differ significantly from one another, averaging about 9,700 nmol*hr ^g" 1 . The general 

increase in methane oxidation performance seen after three months in Chamber 1 is 

similar to the type of respiration profiles seen in soil or compost communities that show 

cyclic activity in correlation with assimilation and release of available nutrients within 

the system (Haug, 1993). It should also be noted that C18:l FAMEs, indicative of Type 

II methanotrophs, were beginning to show more predominance in background treatments, 

which indicated that atmospheric nitrogen fixation was also occurring. Increases in 

respiration rates have been shown concomitantly with nitrogen fixation under nitrogen-

limited conditions in other free-living diazotrophs like Azotobacter (Gallon, 1981). 
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In Chamber 2, Vmax in the background treatment increased dramatically to 

18,000 ± 3,840 nmol*hr"1*g"1, an increase of about 8,200 nmol*hr"1*g"1 from the previous 

month. Treatments receiving nitrate did not show dramatic changes in oxidation rates 

from the previous month, however a slight reduction in Vmax, from 11,900 ± 1,790 to 

9,510 ± 1,350 raao\*ial*gl, was seen as a function of nitrate concentrations from 500 to 

1500 mg/L, respectively. The relationship between Vmax and ammonium concentrations 

did not change substantially from the previous month, as the inhibitory effect seen in the 

first two months became more pronounced and demonstrated an exponential relationship 

(see Figure 27). 
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Figure 27. Scatter-plot describing ammonium inhibition on methane oxidation after 
three months of incubation in Chamber 2. 
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Based on the severity of inhibition due to ammonium, in comparison with the 

relative lack of inhibitory effects seen with nitrate, it can be concluded that the 

ammonium inhibition was more likely due to specific toxic effects rather than osmotic 

effects. 

Generally, although the increase in overall activity in Chamber 2 within the third 

month can be attributed to nitrogen cycling within compost matrix, CI8:1 FAMEs were 

found to be nearly equal in proportion to CI6:1 FAMEs (see Table 11, in Section 5.3) in 

the background treatment, suggesting that nitrogen limitation was selecting a Type II, 

nitrogen fixing population. At high oxygen concentrations, this may seem unlikely due 

to the toxicity of oxygen to atmospheric nitrogen fixation, but the dramatic increase in D-

glucose suggests that formation EPS reduced the mass transfer rate of oxygen from the 

gas phase into the microbes due to biofilm formation. The increase in EPS could also 

limit the permeability of oxygen into the center of larger colloidal particles. The increase 

in Vmax could be explained by the respiratory protection mechanism used by some free-

living diazotrophs (e.g. Azotobacter). In response to high oxygen environments, they 

increase the oxidative metabolism of a primary substrate, in attempts to minimize damage 

to the nitrogenase enzyme by oxygen. In this case, increasing the activity of MMO could 

be a viable mechanism to reduce oxygen sensitivity to nitrogenase. 

5.2.3.2 Exopolymeric substance formation after three months 

As stated previously in Section 5.1.2, the effect of oxygen on EPS formation 

became immediately apparent after three months of incubation, whereby there was an 

increase in D-glucose concentrations within Chamber 2. The concentration of D-glucose 



121 
among treatments with background nitrogen and additional nitrate did not differ 

significantly, and the combined average was 10.91%. However, treatments receiving 

ammonium demonstrated an inverse relationship between ammonium concentration and 

D-glucose concentration (see Figure 28a,b). 
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Figure 28. D-glucose concentration as a function of nitrogen concentration, after 
three months of incubation, in (a) Chamber 1 (1.5% 0 2) and (b) Chamber 2 (10.5% O2). 

As seen from Figure 29, a second-order polynomial line equation described best 

the inhibitory relationship of ammonium on the formation of D-glucose. The effect of 

ammonium on EPS production was most likely due to a lack of microbial growth in the 

treatments as a result of ammonium toxicity, which was reflected in Vmax in these 

treatments after three months. Thus, the methanotrophs in those treatments would not 

have been capable of producing the same quantities of EPS as other treatments not 

receiving ammonium. 



122 

14 

12 

•o 
¿ 8 

V 
S 6 u S 
3 4 
I 

Q 
2 

0 

• Experimental 
Data 

— Trend 

y=-2E-06x2 + 0.0013x+ 11.32 
R2 = 0.6097 

500 1000 1500 

Ammonium (mg/L) 
2000 

Figure 29. Scatter-plot describing ammonium inhibition on D-glucose formation after 
three months of incubation in Chamber 2. 

5.2.4 Response after four months of incubation 

5.2.4.1 Methane oxidation rate after four months 

After four months of incubation, Vmax increased in all treatments in Chamber 1 

(see Figure 30a,b). The highest rate seen was 17,100 ± 470 nmol*hr'•g"1 in the 

treatment with background nitrogen levels. Nitrate was generally inhibitive to Vmax 

from concentrations of 500 to 1000 mg/L. Curiously, while Vmax in the treatments 

receiving ammonium did not appear to differ significantly from the previous month of 

incubation, they began to demonstrate a positive relationship with ammonium 

concentration. Vmax was lowest in the treatment with 500 mg/L ammonium at 11,500 ± 

2,630 nmo^hr'^g"1, and increased linearly to 15,700 ± 1,330 nmol *hr"1*g"1 in the 

treatment with 1500 mg/L ammonium. 
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Figure 30. Methane oxidation (as Vmax) as a function of nitrogen concentration, after 
four months of incubation, in (a) Chamber 1 (1.5% 0 2) and (b) Chamber 2 (10.5% 0 2). 

In Chamber 2, a general reduction in Vmax was seen from the previous month. 

Vmax dropped considerably in the treatment with background nitrogen levels by almost 

10,000 nmo^hr'^g"1. A l l other treatments demonstrated reduced Vmax, with the 

exception of the treatment with 1000 mg/L ammonium, which remained the same, and 

the treatment with 1500 mg/L ammonium, which increased by 1,630 nmol*hr ^g" 1.' The 

greatest reductions in Vmax appeared to show a correlation with treatments that had the 

greatest EPS production. Based on this observation, it may be possible to conclude that 

methane and oxygen mass transfer limitations affected Vmax in treatments that formed 

the most EPS. This would explain why Vmax did not decrease in the respective 

treatments of 1000 and 1500 mg/L ammonium. The inhibitory effects of ammonium in 

the respective treatments would have affected the amount of biomass production and rate 

of methane oxidation, directly impacting the quantity of EPS formed. 
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5.2.5 Response after six months of incubation 

5.2.5.1 Methane oxidation rate after six months 

After the sixth and final month of incubation, Vmax in all treatments decreased. 

The trend seen after four months, whereby all treatments with ammonium were starting to 

outperform treatments with nitrate, became much more significant (see Figure 31a,b). 

Furthermore, all low points in oxidation performance appeared to be at the 500 mg/L 

treatment level of inorganic nitrogen and increased with nitrogen concentration. 
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Figure 31. Methane oxidation (as Vmax) as a function of nitrogen concentration, after 
six months of incubation, in (a) Chamber 1 (1.5% O2) and (b) Chamber 2 (10.5% O2). 

In Chamber 1, Vmax in the treatment with background nitrogen decreased to 

9,770 ± 1,780 nmo^hr"1 *g_1 from the fourth month, and only the 1500 mg/L ammonium 

treatment was higher. However, the decrease in Vmax within the treatments receiving 

nitrate was far more dramatic, by an average of 6,350 nmoPhr'^g"1. This coincided with 
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a dramatic decrease in moisture within the latter treatments (see Figures 17a,c, Section 

5.1.1). It is likely that nutrient limitation would have created a negative feedback loop 

between moisture and Vmax. Nitrogen cycling within the compost in these treatments 

may have reached an equilibrium state, such that the amount of mineralized nitrogen was 

not enough to sustain rates of oxidation previously seen. Alternatively, having performed 

at relatively high rates for the first four months of incubation, some other critical 

nutrients, such as available phosphorus, may have become limiting. However, neither of 

these explanations can explain why the background treatment, with no initial inorganic 

nitrogen, remained the most consistent performing of all the treatments throughout the 

experiment. An attempt at answering this question is made in Section 5.3. 

The trend seen in Chamber 1 was also observed in Chamber 2. A dramatic 

decrease in Vmax and moisture was observed in treatments receiving nitrate, relative to 

the treatments that received ammonium. A reason for this trend could be that EPS placed 

limitations on the mass transfer of gaseous substrates. It should be noted that EPS was 

generally greatest in all treatments, except the 1500 mg/L ammonium treatment after 

sixth months, which had the lowest concentration of D-glucose. The findings support the 

evidence presented in Chapter 4 of EPS formation having detrimental effects on methane 

oxidation efficiency in laboratory columns. Alternatively, it should also be noted that the 

treatments having the highest oxidation rates in early stages of incubation also formed the 

most EPS. This is also in agreement with the evidence found in Chapter 4. However, 

whether the effect of EPS formation on methane oxidation is direct, by creating mass 

transfer limitations of gases, or if it is just a result of nutrient limitation, cannot be 

determined. 
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5.2.5.2 Exopolymeric substance formation after six months 

The effect of ammonium on the concentration of D-glucose formed after six 

months was no longer as apparent (see Figure 32a,b). D-glucose concentrations reached 

12% in each of the treatments with nitrate and ammonium at concentrations of 1000 

mg/L. The least amount of D-glucose formed was seen in the treatment with 1500 mg/L 

ammonium, which had a concentration of 9.59 ± 0.12%, up from 8.34 ± 0.01% after three 

months. The latter increase is still significant and demonstrates the effect of ammonium 

and its proportional toxic effects on the regenerative capacity of a methanotrophic 

community. This finding is in agreement with that of Amarai and Knowles (1995) 

regarding the recovery of methanotrophic populations over time, grown in ammonium 

media. The lag time in EPS production demonstrated the effects of ammonium 

inhibition. However, after the consumption of ammonium and the consequent subsiding 

of its inhibitive effects, an increase in EPS production seemed to be indicative of nitrogen 

limitation. 
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Figure 32. D-glucose concentration as a function of nitrogen concentration, after six 
months of incubation, in (a) Chamber 1 (1.5% 0 2 ) and (b) Chamber 2 (10.5% 0 2). 

5.2.6 Nitrogen cycling during the incubation experiment 

To verify the loss of inorganic nitrogen substrate originally present and strengthen 

the argument that limited available nitrogen caused EPS production, nitrate and 

ammonium concentrations after six months were determined. 

As can be seen in Table 10, nitrate and ammonium concentrations declined from 

original levels after six months of incubation. In Chamber 1, compared to background 

nitrogen levels, all treatments with either source of nitrogen had significantly lower 

concentrations of ammonium present after six months. This suggests that nitrogen 

fixation was not as active over the six-month period in the treatments that initially 

received nitrogen. Murrell (1988) investigated the regulation of nitrogenase activity in 

obligate methanotrophs and found that there was a rapid "switch-off mechanism of 
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nitrogenase to externally added sources of ammonium. He reported that the switch-off 

could occur at ammonium concentrations as little as 0.5 to 4.0 mM (7.0 to 56 mg/L, as 

ammonium nitrogen) and was reversible under non-limiting conditions. Theoretically, i f 

nitrogen in the form of ammonium were present at non-limiting concentrations, a 

microbe would not have to waste energy fixing it from the atmosphere. 

Table 10. Nitrogen content in all treatments after six months of incubation. 

Initial Cone. Final NO3-N Final NH4-N 
Incubation (mg/L) (mg/L) (mg/L) 
Chamber NO3-N NH4-N AVE STDEV AVE STDEV 

40 15 58.4 11.1 62.6 1 
500 15 94.4 6.9 47.9 15.4 
1000 15 102 15.6 40.2 1.3 

1 1500 15 104.6 22 40.8 0.4 1 
40 500 108.3 7.8 45.4 0.1 
40 1000 106.8 1.7 30.3 10 
40 1500 117.2 6 37.2 4.4 

Average 101.9 17 42 10 
40 15 58.7 2.1 44.9 6.1 
500 15 81.8 11.4 22.4 1.4 
1000 15 89.7 35.6 26.1 1.5 

7 1500 15 106 16.2 25.7 2 
dm 40 500 89.5 16.5 29.2 0.9 

40 1000 89.9 0.9 30.6 2.9 
40 1500 93.3 3.4 34.9 4.2 

Average 89.2 17.3 29.5 6.4 

In Chamber 1, the background treatment maintained ammonium concentrations 

slightly over 60 mg/L for a majority of the incubation, suggesting that nitrogenase would 

be 'switched off. However, due to the nature and cation exchange capacity of the 
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compost, it is very unlikely that the available ammonium concentration sensed by 

nitrogenase enzymes would have been significant enough to switch-off its activity. 

No reported effects of nitrate on nitrogenase activity were found in literature, 

although it can be argued that since nitrate must be reduced to ammonia before it can be 

incorporated into biomass, high concentrations of nitrate in a medium would likely reflect 

high enough 'physiological' concentrations of ammonia to switch off nitrogenase 

activity. 

The average nitrate and ammonium concentrations in Chamber 1 were 10-tol5 

mg/L higher than in Chamber 2, demonstrating the preference of nitrogen fixation 

systems for low oxygen environments, and suggesting that all the treatments receiving 

nitrogen in Chamber 1 were fixing nitrogen to a degree. This implies that nitrogen must 

have become limited among all treatments in Chamber 1 early enough in the incubation 

period that the microbial community had enough time to adapt to a new strategy for 

obtaining nitrogen. Table 11 (see Section 5.3) demonstrates that while Type I 

methanotrophs were highly predominant within treatments receiving 1500 mg/L nitrate or 

ammonium after the first month, the population was predominantly of Type II after six 

months. This shift was also seen in Chamber 2, however to a lesser extent. It is also 

interesting to note that in comparing the nitrate concentrations between those treatments 

that initially received nitrate and ammonium, within either chamber, no difference is 

seen. That the traces of the original nitrogen source were no longer distinguishable in 

either system after six months of incubation, suggests a similar equilibrium status in 

nitrogen cycling was achieved in each treatment. 
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In Chamber 1, the average Vmax from two to six months of incubation in 

background, nitrate, and ammonium treatments were 12,860 ± 3,240,10,360 ± 3,300, and 

9,960 ± 2,930 nrnol*hr'•g'1, respectively. In Chamber 2, the respective average Vmax 

for the same period were 11,190 ± 4,700, 8,520 ± 3,240, 7,920 ± 1,920 nmo^hr"1*^1. 

Statistical analysis demonstrated a significant difference between Vmax in background 

and ammonium treatments, in either chamber. The treatments with only background 

nitrogen levels (e.g. un-amended compost) were able to maintain the most consistently 

high rates of methane oxidation. This occurred while maintaining a smaller pool of 

inorganic nitrogen for the duration of the experiment, whether by atmospheric nitrogen 

fixation or recycling. It is likely that enough nitrogen was present in the compost to 

establish a large, stable fixed-film of methanotrophs, whereby the oxidation of methane 

and growth became uncoupled and recycling and nitrogen fixation satisfied nitrogen 

requirements. Amarai and Knowles (1995) discovered this type of activity in NMS 

(Nitrate Mineral Salts) columns receiving counter gradients of methane and oxygen. 

They also found that in AMS (Ammonium Mineral Salts) columns, growth and oxidation 

was controlled by a death and regeneration cycle. The cell death was attributed to the 

likelihood of nitrite toxicity. This was certainly evidenced in both incubation chambers 

where ammonium demonstrated clear inhibitory effects on methane oxidation, initially, 

and demonstrated signs of recovery in later stages of the incubation. As for nitrate 

treatments, the only apparent difference in performance with background treatments was 

demonstrated in Chamber 2, especially during the fourth and sixth months of incubation. 

The reason for this is not as apparent. 
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It may be possible that the manifestations of nitrogen fertilization resonate for a 

period of time. These may be as follows: 1) non-specific osmotic effects; 2) non-specific 

inhibition of MMO by ammonium; and, 3) specific inhibition by nitrite, produced from 

either oxidation of ammonium or reduction of nitrate by dissimilatory pathways. 

Whatever the mechanism, the net effects of fertilization on long-term oxidation 

performance may be that the formation of stable and sizeable methanotrophic 

communities in stationary or maintenance phase growth is impeded. 

5.2.7 Inhibitory effect of ammonium on methane oxidation 

The inhibitory effect of ammonium in Chamber 2 (10.5% O2), within the first three 

months of incubation, was the more noticeable trend seen with nitrogen fertilization. 

During the time period, the average Vmax of all treatments fluctuated from month to 

month. After one, two, and three months, the average Vmax were 10,540, 8,230, and 

10,640 nmol*hr" *g", respectively. Pooling all of the data in the three-month period to 

develop a relationship between Vmax and ammonium concentrations was made difficult 

because Vmax was a moving target. However, by normalizing the Vmax data set within 

the second month to reflect the other two months (by a factor of 1.281), a relationship 

could be developed (see Figure 33). An exponential relationship best fit the data set, 

which described the inhibition of methane oxidation (as Vmax) as a function of 

ammonium concentration. 



132 

Figure 33. Scatter-plot describing ammonium inhibition on methane oxidation over the 
initial three months of incubation in Chamber 2. 

5.2.8 Summary 

The following observations were made from the incubation experiments with respect 

to fertilization of biofilter media with inorganic nitrogen: 

• EPS formation may be caused by nitrogen limitation in high oxygen environments 

that do not favor nitrogen fixation. 

• The compost used in this experiment, with no external sources of nitrogen, provided 

the best long-term methane oxidation performance. 

• Ammonium fertilization was inhibitive to methane oxidation, as Vmax, and to EPS 

formation, over the first three months of incubation. 
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5.3 Type I vs Type II Methanotrophs in High Capacity Methane Oxidation 

To expound the theory introduced in Section 5.2 that nitrogen limitation under high 

oxygen environments was responsible for EPS formation in Chamber 2, it is necessary to 

study the population structure of the methanotrophs over time, in both chambers. It was 

suggested previously that the formation of EPS under the conditions of nitrogen 

limitation and high oxygen environments is caused by the following two mechanisms: 

1) reduction of excess cellular formaldehyde, and/or 2) nitrogenase protection. The 

methanotrophs involved in each of these mechanisms can be categorized as Type I and 

Type II, respectively, which makes a discussion regarding the selective pressures on the 

communities valuable to understanding how and why EPS is formed. 

5.3.1 Selective pressures 

As reported in Chapter 2, it has been determined that the selective pressures on a 

methanotrophic community in high methane environments are primarily oxygen, nitrogen 

and copper. Copper was not investigated as a variable in this experiment, thus it will not 

be discussed at any length. However, the results of this experiment and those presented 

by Graham et al (1993), Amarai and Knowles (1995), and Ren et al (1997) demonstrate 

that the selection of the type of methanotrophic community follows a defined order, with 

regards to oxygen and nitrogen. 

5.3.1.1 Selection due to nitrogen 

Generally, no evidence has been found to suggest that a particular source of 

inorganic nitrogen, as ammonium or nitrate, can select for Type I or II methanotrophs. 

Ammonium has an inverse relationship with Vmax, but affects the methanotrophic 
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population as a whole (as seen in Section 5.2.7). It has also been suggested by Amarai 

and Knowles (1995) that methanotrophic populations have distinct life cycles when 

grown in the presence of ammonium or nitrate. PLFA analysis of the treatments 

receiving 1500 mg/L ammonium or nitrate in both incubation chambers, after one month 

of incubation, demonstrates an overwhelming predominance of Type I methanotrophs 

(distinguishedby C16:l FAME). 

Table 11. FAME molar ratios within selected treatments throughout incubation. 

Incubation Nitrogen Time C16:l/C18:l Predominant 
Chamber Treament (month) mol ratio Methanotroph 

Background 1 2.98 Type I 
Background 3 2.69 Type I 
Background 6 0.96 Equal 

1 Nitrate 1 8.03 Type I 
Ammonium 1 8.09 Type I 

Nitrate 6 1.45 Type I 
Ammonium 6 1.48 Type I 
Background 1 7.67 Type I 
Background 3 1.15 Equal 
Background 6 0.58 Type II 

2 Nitrate 1 9.63 Type I 
Ammonium 1 14.21 Type I 

Nitrate 6 1 Equal 
Ammonium 6 1.12 Equal 

Table 11 demonstrates that in non-limiting methane and nitrogen environments, 

regardless of the source of inorganic nitrogen, Type I methanotrophs can out-compete 

Type II methanotrophs. This is likely due to the favorable growth yield for Type I 

methanotrophs that use the RuMP assimilative pathway. The latter predominance of 

Type I was seen in treatments having background nitrogen levels, however, the presence 
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of Type II methanotrophs was greater than what was seen in the nitrogen treatments. 

The greater presence of Type II methanotrophs under relatively low nitrogen 

environments can be explained by their nitrogen-fixing capability. Graham et al (1993) 

demonstrated that nitrogen limitation selected for Type II methanotrophs in oxygen 

environments less than 30% saturation in air (equivalent to 6.27% oxygen). This is in 

agreement with the greater amount of Type II methanotrophs seen in Chamber 1 relative 

to Chamber 2. However, after three and six months of incubation, Type II methanotrophs 

became increasingly predominant, even in Chamber 2, suggesting nitrogen limitation. 

Relatively high quantities of EPS that formed in Chamber 2 may have made nitrogen 

fixation possible under aerobic conditions (as was previously suggested in Section 5.2.3). 

Type I/Type II ratios were likely lower in background treatments because Type II 

methanotrophs established themselves sooner due to earlier nitrogen limitation. No 

apparent difference in selection pressure was seen between nitrate and ammonium. 

5.3.1.2 Selection due to oxygen 

Ren et al (1997) found that maximum methane consumption by Type I and II 

methanotrophs did not differ in the presence of nitrate-nitrogen. They also suggested that 

both types demonstrated a high affinity for oxygen, with 0.45% oxygen as the minimum 

level required for maximum methane consumption. The high affinity for oxygen by 

either type is not surprising, as each is capable of expressing pMMO, which has a lower 

Km for oxygen than sMMO, provided copper is non-limiting. In the latter case, sMMO 

and Type II methanotrophs would be selected. However, oxygen becomes important to 

the selection of methantrophic communities when nitrogen is limited (Graham et al, 
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1993). This was seen in Chamber 1 after one month of incubation, as there were greater 

amounts of Type II methanotrophs in the background treatments, in comparison to what 

was seen in Chamber 2. This agrees, in part, to what Amarai and Knowles (1995) 

observed, where Type I methanotrophs predominated within bands within aerobic zones 

of gel-stabilized NMS columns. 

The observed shift in population from predominantly Type I to an almost equal 

proportion of Type I and II methanotrophs, suggests that some form of symbiosis or 

mutualism existed, wherein each group exploited methane as a substrate and a dynamic 

interdependence between the two ensured survival. In this case, Type I methanotrophs 

protected Type II methanotrophs, such that the latter could fix nitrogen for both, in a 

nitrogen-depleted system. More appropriately, this mutual relationship would be best 

described as being facultative, in that the interdependence was only seen under aerobic 

conditions. 

5.3.1.3 Conceptual model for selection of Type I and II methanotrophs 

The conclusions made from the previous two sub-sections were condensed into 

the conceptual model (shown in Figure 34). The model illustrates the selective process 

for methanotrophs expected in high-capacity MBFs and landfill cover systems. 
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pressures' for Type I and Type II methanotrophs. 
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5.3.2 Effect of selection on EPS formation 

It has been shown previously that Type I methylotrophs are implicated in EPS 

production, especially under nitrogen-limitating conditions, where the production has 

been observed to be 4-fold greater (Southgate and Goodwin, 1989). The mechanism 

responsible occurs via the RuMP pathway, which provides a means of reducing cellular 

concentrations of intermediate compounds formed during methane oxidation. 

Formaldehyde, a pivotal intermediate compound in methane metabolic pathways, can 

accumulate to potentially toxic levels over time and must be recycled. The incubation 

chamber experiment demonstrated the predominance of CI 6:1 FAMEs in high oxygen 

environments prior to excessive EPS formation, suggesting Type I methanotrophy. This 

suggests that Type I methanotrophs were responsible for EPS production under high 

oxygen concentrations via the dissimilation of excess formaldehyde or metabolic 

recycling. 

The PLFA analysis does not completely rule out nitrogenase protection as the 

cause for EPS formation. In fact, the nitrogenase protection scenario is in agreement, to a 

certain extent, with the observations made from the experiment. Type I methanotrophs 

were predominant at the end of the first month, and it was estimated that nitrogen would 

be nearing growth-limiting levels. The EPS appeared at the end of the third month. 

According to the 'formaldehyde dissimilation' theory, Type I methanotrophs would begin 

to uncouple growth from methane oxidation and maintain metabolic flux by converting 

surplus carbon into extracellular polysaccharides. However, CI 8:1 FAMEs were 

observed in almost equivalent molar ratios to CI6:1 FAMEs after the third month in 

background treatments, indicative of a significant Type II population. They could have 
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been selected due to nitrogen limitation sometime between the second and third month, 

produced EPS as protective mechanism, allowing the atmospheric nitrogen fixation to 

take place, albeit to a lesser extent than what was seen in Chamber 1. Thus, the 

nitrogenase-protection theory also stands to reason. 

The following facts and observations lend themselves to supporting the 

'formaldehyde dissimilation' theory: 

• Type II methanotrophs can only fix molecular nitrogen, and persist by doing so in 

microaerophilic environments under nitrogen limitation (Davis et al, 1964; De Bont 

and Mulder, 1974; Dalton, 1980). No evidence to the contrary has been found in 

literature. This suggests that Type II methanotrophs lack the type of protective 

mechanisms seen by other free-living diazotrophs, like Azotobacter. Thus, in the 

conditions of this experiment, it does not seem reasonable that a Type II 

methanotrophic population could have existed in Chamber 2 that was capable of 

yielding D-glucose at a rate of 3,960 ug D-glucose*day~1*g"1. They could only have 

persisted after EPS was formed by another mechanism. 

• In the incubation experiment, evidence of atmospheric nitrogen fixation was very 

weak in background treatments within Chamber 2. This was especially true between 

second and third months, which coincided with the production of EPS; and thereafter, 

where no significant increase in organic nitrogen was observed. 

• In related work, discussed in Chapter 4, Type I methanotrophs were highly 

predominant within EPS bands located in the upper horizons of laboratory biofilter 

columns. 



5.3.2.1 Conceptual model for EPS production by Type I methanotrophs 

The conceptual model (shown in Figure 35) was constructed to illustrate the proposed 

theory for EPS production under the conditions in the incubation experiment, and those 

of the laboratory biofilter columns. 
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CHAPTER 6 - MODELLING OF METHANE OXIDATION 

6.1 Overview of the Numerical Reactive Transport Model for Methane Oxidation 

The reactive transport model used in this investigation was developed by Stein 

(2000) to predict the methane oxidation performance of biofilter columns consisting of 

soils. It is a one-dimensional numerical model that simulates gas transport and biological 

consumption and production. It assumes that four major gases are present within the soil-

gas phase: methane, carbon dioxide, oxygen, and nitrogen. The model inputs include: 

the flux of methane from a source, bulk densities of porous biofilter media (as soil or 

compost), moisture contents of the media, and biological kinetic parameters (i.e. Vmax). 

The model outputs include: concentration profiles of the four gases, methane flux from 

the porous media, and methane oxidation rates. 

In construction of the model, the physical transport of the gases was assumed to 

be governed mainly by diffusion, and to a lesser extent by advection. In the model, the 

biological kinetic parameter for methane consumption, Vmax, was converted to a 

biological reaction term and expressed as a rate of oxidation of methane per unit volume 

of media. The methane reaction term was also a function of the bulk density and 

moisture content of the medium. The reaction term was also converted into biological 

reaction rates for oxygen consumption and carbon dioxide production. Based by work 

done by Hoeks (1972), it was assumed that the oxygen consumption rate was 1.8 times 

that of methane consumption. Based on work done by Hoeks (1972) and Stein (2000), it 

was assumed that the carbon dioxide production rate was 0.8 times that of methane 

consumption. 
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6.2 Incorporation of Vmax Data into Reactive Transport Model 

The objective of the modeling exercise in this investigation was to integrate the 

biological kinetic paramter, Vmax, obtained from the incubation chamber experiments, 

into the reactive transport model. This would determine if soil or compost incubations 

were a reasonable simulation of MBF laboratory column media and overall MBF 

laboratory column performance. The predicted performance of a laboratory biofilter 

column, based on model simulations with Vmax data from the leaf compost incubation 

experiments in Chapter 5, was compared with the actual performance of the leaf compost 

column discussed in Chapter 4. The mean values of Vmax among all treatments in each 

incubation chamber, for every month measured, were inputted into the reactive-transport 

model as sub-routines. In doing so, one could obtain methane oxidation efficiencies 

from model simulations, at discrete time points, to obtain an oxidation efficiency profile 

as a function of time, and compare with the actual performance of laboratory biofilter 

column. 

In order to apply the Vmax values from both incubation chambers, the model 

would have to distinguish between high (10.5%) and low (1.5%) oxygen concentrations. 

It was assumed that the discontinuity in oxygen concentrations with respect to Vmax 

would occur at 4% oxygen, described by Whittenbury and Dalton (1981), as the 

boundary whereby nitrogen fixation will not occur if exceeded. Such a boundary 

condition may describe the deviation between methanotrophic environments consistent 

with those that fix atmospheric nitrogen under microaerophilic conditions (< 4.0% 

oxygen), and those that cannot fix nitrogen (>4.0% oxygen). The simulated oxygen 

concentration with depth, at each node within the model, would then be capable of 



dictating which Vmax value to apply to biological reaction terms within the model. 

Thus, at some point in time, whereby the oxygen concentrations at a specific node were 

less than or equal to 4.0%, Vmax values obtained from Chamber 1 would be used, and 

when oxygen concentrations were greater than 4.0%, Vmax values from Chamber 2 

would be used. In the leaf compost column, the recorded methane fluxes entering and 

exiting the column were averaged over discrete blocks of time, such that an oxidation 

profile could be made that could be compared with the model simulation. The results for 

percent methane oxidation given by the leaf compost column and the model simulation 

are given in Table 12 and depicted in Figure 36. 

Table 12. Percent methane oxidation in leaf compost column and model simulation. 

Day Average % oxidation Average % oxidation 
8 

46 
81 
115 
158 
180 

Leaf Compost 
Column 

97.3 
79.7 
90.5 
89.3 
43.3 
30.1 

Model Simulation 

98.7 
73.9 
83.2 

88.40 
68.9 
68.9 

As seen in Figure 36, over the first 100 to 120 days of the simulation, the 

theoretical methane oxidation efficiency predicted by the model resulted in a similar 

profile to what was witnessed in the leaf compost column. It is evident that, the slight 

stimulation in Vmax witnessed after three to four months in the incubation chamber 

experiment was valuable in describing and replicating the stimulation in oxidation 

efficiency in the leaf compost column over the same time frame. It is not clear why this 
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temporary stimulation in activity occurred between three and four months, but it does 

seem to coincide with EPS formation and a shift in methanotrophic population structure 

from Type I to Type II methanotrophs, as previously discussed in Chapter 5. 
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Figure 36. Comparison of methane oxidation efficiencies as a function of time, given by 
the leaf compost column and model simulation. 

However, after 120 days, the model simulation does not predict the decline of 

oxidation efficiency that was seen in the leaf compost column. This could be explained 

by the inability of the incubation experiments to replicate the physical parameters, such 

as porosity, media bulk density, and biofilm thickness, that likely dominated the leaf 

compost column as EPS formation became prevalent. For instance, during the first 100 

to 120 days of incubation, the latter physical properties of the leaf compost may have 
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been very similar in the incubations and the column. Thus, gas-transport properties and 

biofilm resistance to substrate diffusion would have similarly affected the availability of 

methane and oxygen to the methanotrophs. However, after 120 days, the compost 

incubations would not have been adequate in simulating several aspects of the biofilter 

column, such as, the compaction of the media within the column, the severe reduction in 

porosity due to EPS formation, and biofilm thickness. These differences could be 

attributed to the finite available space within the column. Since the media within the 

incubation chambers were placed in petri-dishes and mixed upon sampling without ever 

being limited by space or subjected to compression, it is not difficult to imagine the affect 

of EPS formation had in creating the disparity between the two experimental systems. 

6.3 Vmax Regression Equations 

It was determined that Vmax data yielded from the incubation chamber 

experiments (see Table 5, Section 5.1.1) could predict the actual performance of 

laboratory biofilter column, with reasonable accuracy. Thus, the creation of a regression 

equation(s) describing Vmax as a function of time, oxygen concentration, nitrogen 

concentration, and moisture, would be valuable to improving predictability of the reactive 

transport model in the future. By adding the Vmax equation as sub-routines, in the place 

of discrete Vmax values, the biological reaction terms would continuously change as a 

function of time, oxygen concentration, nitrogen concentration, and moisture content. As 

previously stated in Section 3.3.6, the two oxygen concentrations, 1.5 and 10.5%, were 

assigned values of 0 and 1, respectively. To describe Vmax as a function of the latter 

variables, all collected data from the incubation chamber experiment was subjected to 
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curve-fitting using linear multiple regression. Because of the large deviation between 

Vmax values obtained in the first month, with those found from two to six months, it was 

decided that an equation describing methane oxidation in the two to six month time 

period would be most useful in describing long-term behaviour of the biofilter column. 

Equation 3 is a multiple linear equation that describes Vmax between two and six 

months of incubation, 

Y = -0.0007X2

3 - O.OOO2X3 + 0.0312X4 - O.OOOIX4 2 - O.OI99X1X2 + 1.7284 (3) 

Where, Y - Log10(Vmax), (nmol CH^hr" 1*^ 1) 
X i = Oxygen concentration as (0,1), 
X2 = Time (months), 
X3 = NH4-N concentration (mg/L) 
X4 = Moisture (as percentage of dry weight) 
R 2 -0.7115 

The equation accounted for only 71.15% of the linear variability with LogioVmax. The 

cubic effect of time seen in Equation 10 can be explained by the curvature in the mean 

Vmax profiles witnessed in the incubation experiments between the three and four month 

time period (see Figure 37). However, this stimulatory effect on Vmax was not strongly 

represented in the equation, as demonstrated by the profiles of the predicted Vmax values 

in the same figure. The profile of the predicted Vmax used Equation 3 with a moisture 

content of 120%, and an ammonium concentration of 60 mg/L where oxygen was equal 

to 0 (1.5% oxygen) and 30 mg/L where oxygen was equal to 1 (10.5% oxygen). 
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Figure 37. Comparison between theoretical and experimental Vmax data as a function 
of time with no predicted stimulatory effects (predicted values were calculated assuming 

a moisture content of 120%, and an ammonium concentration of 60 and 30 mg/L for 
oxygen concentrations of 1.5 and 10.5%, respectively). 

As previously discussed in Section 6.2, the temporary stimulatory effects on 

Vmax within the three-to-four month time frame appeared to be a real phenomenon, and 

important in describing biofilter column behaviour. Since Equation 3 was unable to 

describe that stimulatory effect, it was determined that a data set, consisting of the 

monthly average Vmax values for each incubation chamber, would be used to describe a 

better relationship between Vmax and the previous independent variables. Although the 

data set would be comparatively small to what was used to generate Equation 3, it was 

determined in Section 6.2 that the mean Vmax values were very adequate in describing 

actual biofilter column behavior. The resulting expression for Vmax between two and 

six months is shown as Equation 4. The predicted values of Equation 4 were plotted 

with the actual average Vmax values from incubation chamber 1 and 2 and are shown in 
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Figure 38. The figure demonstrates that Equation 4 is capable of describing the 

temporary increase in methane oxidation rates seen between three and four months of 

incubation. 

Y = (296.23X0 + (2818.98X2) - (457X2

2) - (2750X3) + (11.78X3

2) + 163,775.17; (4) 

Where, Y - Vmax; (nmol CH4*hr"1*g"1) 
X i = Oxygen concentration as (0,1), 
X 2 = Time (months), 
X3 = Moisture (as percentage of dry weight) 
R 2 = 0.9034 

M 

16000 

14000 

12000 

o E 

* 10000 
F 

8000 

6000 S 4000 

2000 

0 
2 4 

Time (months) 

•Predicted Vmax; 1.5% 02 

•Actual Vmax; 1.5% 02 

O - -Predicted Vmax; 10.5% 
02 

- € Actual Vmax; 10.5% 02 

Figure 38. Comparison between theoretical and experimental average Vmax data as a 
function of time with stimulatory effects (predicted values were calculated assuming a 

moisture content of 120%). 

6.4 D-glucose Regression Equation 

To further improve the predictability of the reactive transport model for future 

use, it was believed that EPS formation should be incorporated into the model. This 

could improve the predictability of the model after 100-120 days of biofilter column 
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could improve the predictability of the model after 100-120 days of biofilter column 

operation (as discussed in Section 6.2). Creating an equation for EPS formation using D-

glucose data collected in the incubation chamber experiment would be the first step in 

achieving this. The D-glucose data collected in the incubation chamber experiment was 

subjected to multiple regression analysis using the same iterative process used for the 

predictive Vmax equations. The resulting expression for describing D-glucose formation 

as a function of time and oxygen is seen as Equation 5. 

Y = -(1.0789X0 + (0.5667X2

2) - (0.0871X2

3) + (0.855XiX2) + 5.9683; (5) 

Where, Y = D-glucose (% dry weight) 
X i .= oxygen concentration as (0,1) 
X 2 = time (months) 
R 2 = 0.796 

The predictability of D-glucose as a function of time appeared to be quite 

comparable with actual average values from the incubation experiment, as shown in 

Figure 39. It is possible that the error in D-glucose measurements expected from the 

heterogeneity of the compost, in the later stages of the incubation experiment, accounted 

for a large portion of the linear variability (20%) that could not be accounted for in the 

equation. 
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Figure 39. Theoretical and experimental D-glucose concentration as a function of time. 

Before Equation 5 can be used in the reactive transport model, D-glucose must be 

expressed as EPS, which then must be expressed as a volume fraction in the porosity term 

that is seen in the model. Thus, as EPS increases as a function of time, the air porosity of 

the biofilter column media decreases. Studies will have to be done to characterize the 

following EPS parameters: the percentage of D-glucose in methanotrophic EPS seen in 

biofilter column studies; the specific bulk density of methanotrophic EPS; and the bulk 

density of media and EPS, expressed as a function of time. 

6.5 Summary 

In summary, the Vmax data obtained from the incubation chamber experiment 

was found to be useful in describing and predicting short-term (i.e. 120 days) biofilter 

column operation when implemented into the reactive transport model. A regression 
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equation for describing Vmax as a function of time, oxygen concentration, and moisture, 

was developed from the incubation chamber experiment for the intentions of integrating 

it into the reactive transport model, in continuing research. 

An equation was also developed expressing D-glucose formation as a function of 

time and oxygen concentration. The predictive capabilities of the reactive transport 

model in describing long-term behavior of biofilter columns may be improved by 

integrating the expression for D-glucose formation into the model. However, future 

research would require that some bulk and specific physical characteristics of 

methanotrophic EPS would have to be acquired in order to express D-glucose accurately 

as a volume of EPS. 

However, the effect that EPS formation may have on limiting mass transfer of 

gaseous substrate through biofilms, and thus the actual physiological substrate 

concentrations, should be accounted for. This could be accomplished by repeating the 

incubation chamber experiment under lower methane concentrations (i.e. 5 to 10% v/v 

methane). These incubations could describe, with greater accuracy, the real behavior in 

the shallower depths of passively aerated biofilter columns that are accustomed to lower 

concentrations of methane. 
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CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

The following conclusions can be drawn from this investigation: 

• Long-term performance of passively aerated compost biofilter columns is negatively 

impacted by EPS formation. EPS formation is localized to a thickness of 10 to 15 cm 

within the upper 5 to 25 cm depths of the columns and is also associated with high 

methane oxidation rates (as Vmax). Intermittent mixing and redistribution of the 

media and EPS layer within the columns can temporarily mitigate low steady state 

methane oxidation rates in columns. 

• Methane oxidation rates, given by Vmax, are 22% higher under microaerophilic 

conditions (i.e. 1.5% oxygen) than aerobic conditions (i.e. 10.5% oxygen). High 

oxygen concentrations of 10.5% cause significant EPS formation in leaf compost 

media after two months of incubation under high methane concentrations. 

• Ammonium concentrations are toxic at levels above 500 mgN/L, decreasing Vmax by 

18% for every 500 mgN/L. The inhibition also causes concomitant decrease in EPS 

formation with respect to treatments that do not have high ammonium concentrations. 

Both Vmax and EPS increase over time as the methanotrophic community 

regenerates, due to abatement of ammonium inhibition. Evidence suggests that 

nitrogen consumption may be quite rapid in the first month of incubation during 

logarithmic growth, after which, available nitrogen supplies could either be 

maintained by recycling or nitrogen fixation. 
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No optimum nitrogen concentrations, as nitrate or ammonium, were established. 

However, it can be said that un-fertilized leaf compost can sustain the highest long-

term methane oxidation rates under microaerophilic conditions (given by a Vmax of 

12,860 ± 3,240 nmol CH4*hf'•g.'1). Microaerophilic conditions, given by 1.5% 

oxygen in this experiment, also prevent the formation of EPS. It is suggested that the 

effects of oxygen concentrations on EPS formation will be discontinuous, and that 

some threshold oxygen concentration between 1.5 and 10.5% oxygen will dictate the 

formation of EPS. The practical considerations of this will be more critical to MBFs, 

as opposed to landfill cover soil designs, whereby the oxygen concentration might be 

controlled. 

Tentatively, it is hypothesized that EPS formation is caused by nitrogen-limitation 

under aerobic conditions with non-limiting methane concentrations, where the 

concentration of oxygen is greater than 4% (v/v). The mechanism by which EPS 

forms is putatively by reducing toxic cellular concentrations of formaldehyde in Type 

I methanotrophs. 

Methane oxidation data obtained from incubation chamber experiments are capable of 

simulating the performance of a methane biofilter column over the first 100-120 days 

of operation. After that time period, it is suggested that physical properties of the 

biofilter media in the two investigative methods begin to deviate from one another. 

These physical properties include bulk density, biofilm thickness, and porosity. 

Two relationships were developed that describe Vmax as a function of time, oxygen 

concentration, moisture content. They describe Vmax of leaf compost, in the two to 

six month period of methane oxidation. The equation could be integrated into the 
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numerical reactive transport model for methane oxidation in soil, developed by Stein 

(2000). A linear regression equation describing D-glucose was produced that 

describes D-glucose formation as a function of time and oxygen concentration. It can 

be integrated into the latter numerical model, provided the means to express D-

glucose as a volume of EPS are investigated. 

7.2 Recommendations 

The following recommendations are made: 

• The construction and experimentation of leaf compost biofilter columns should be 

done to assess the effects of controlled, active-aeration on long-term methane 

oxidation performance and EPS formation. 

• Since it is suspected that EPS formation, under nitrogen limitation, is discontinuous 

with respect to oxygen concentrations, further incubation experiments should be done 

to pinpoint the critical, threshold oxygen concentration that must not be breached in 

order to prevent EPS formation. 

• Specific physical characteristics of methanotrophic EPS should be researched such 

that a predictive equation for D-glucose formation could be represented within the 

reactive transport model. 

• Incubation chamber experiments should be repeated under low methane 

concentrations (i.e. 5 to 10% v/v) that are consistent with shallower depths in soil 

covers and passively aerated MBFs. Although 5 to 10% (v/v) methane is 

theoretically within saturation kinetics, the effect of substrate concentration will be 
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more pronounced in situ when the mass transfer rates of gases through biofilms 

become dominant. 

• The relevance of EPS formation in field-scale applications should be assessed in both 

engineered landfill soil covers and MBFs to determine whether or not it has the same 

effect as in laboratory columns. Although EPS formation clearly has a detrimental 

effect on biofilter performance within laboratory columns, and to a lesser extent in the 

biofilter media within the incubation chambers, it is not clear as to what the 

implications of EPS formation will have in landfill covers and MBFs. It is suggested 

that within a MBF, with finite available space for biomass, EPS would have a more 

detrimental effect than in a landfill cover. In a landfill cover, areas of high methane 

migration and flux, with correspondingly high methane oxidation activity that 

become afflicted with EPS formation, would simply be re-routed to more permeable 

zones. Some intrusive sampling of these field applications, followed by routine 

physical, chemical, and biological analysis, would be warranted. 
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APPENDIX A - Data Tables from Investigative Study 



Table A l . Average Km constants (nmol CH4) after 1, 2, 3,4, and 6 months in (a) Chamber 1,1.5% oxygen; and (b) Chamber 2, 
10.5% oxygen. 

Month 1 2 3 4 6 
Treatment Chamber Average Stnd Dev Average Stnd Dev Average Stnd Dev Average Stnd Dev Average Stnd Dev 
T1 bckgmd 1 304336 84757 43136 9696 78279 17198 48078 5362 39874 18866 
T2 nitrate 1 227933 94717 47691 5339 40532 5015 37632 12049 20670 16975 
T3 nitrate 1 1475740 992337 37809 20704 23766 13239 29549 7730 22184 6746 
T4 nitrate 1 388446 93751 41446 14719 44726 1338 27547 13488 34131 2724 

T2 ammonia 1 180107 53916 41647 692 30121 2192 21429 19227 32189 1490 
T3 ammonia 1 211526 217874 34735 21626 45410 17294 33915 10663 31693 7651 
T4 ammonia 1 137166 119769 50044 3595 55340 9292 37051 1066 44209 960 
T1 bckgmd 2 56727 23918 50553 28240 467660 415265 39132 28921 44131 6223 
T2 nitrate 2 44371 8218 41994 10316 288265 308453 31145 19116 -11357 3882 
T3 nitrate 2 38448 8910 30325 2928 83877 40417 31125 17300 21447 7601 
T4 nitrate 2 27438 13367 38662 16799 67769 24891 49477 47201 21399 15676 

T2 ammonia 2 27734 4757 35605 13434 53285 27873 36810 24824 16379 2373 
T3 ammonia 2 24740 3362 27694 6250 18518 4108 43680 22551 26560 5396 
T4 ammonia 2 22199 6451 27227 4528 19747 36809 36049 14411 25695 6904 



Table A2. Leaf compost biofilter column data. 

FAME 
Depth Moisture D-glucose TKN TOC NH4-N N03-N P04 MPN/g Vmax C16/C18 
(cm) (%drywt) <Ug/g) (% dry wt) (% dry wt) (ppm) (ppm) (ppm) MPN/g dry (+/-) error (nmol CH4/hr/g) (mole ratio) 

0 12.62 5.345E+04 0.63 20.65 19.94 138.96 108.25 0.00E+00 0.00E+00 n/a n/a 
5 41.83 1.026E+05 0.80 25.60 112.33 1.73 299.22 9.48E+05 1.71E+05 n/a 1.22 

10 129.76 1.535E+05 0.58 32.92 121.84 4.06 201.20 1.14E+06 2.26E+05 29813.72 6.57 
15 118.02 1.102E+05 1.29 26.69 51.88 68.74 137.04 1.99E+05 5.42E+04 n/a 2.96 
20 130.62 5.571E+04 1.05 22.77 38.92 80.76 301.48 1.48E+05 3.10E+04 27159.75 6.57 
25 136.45 5.176E+04 0.84 24.47 13.34 56.69 195.06 1.33E+05 1.63E+04 n/a 1.22 
30 139.62 4.570E+04 0.49 25.64 11.94 57.73 253.12 1.03E+O5 1.62E+04 6383.70 n/a 
35 140.83 4.157E+04 0.70 22.01 15.10 66.80 258.80 1.78E+05 2.87E+04 n/a n/a 
40 139.91 4.971E+04 0.81 23.45 12.52 83.96 295.41 9.18E+04 1.51E+04 n/a n/a 

Table A3. MSW compost biofilter column data. 

FAME 
Depth Moisture D-glucose TKN TOC NH4-N N03-N ppm P04 MPN/g Vmax C16/C18 
(cm) (% dry wt) (ug/g) (•/odrywt) (% dry wt) (ppm) (ppm) (ppm) MPN/g dry (+/-) error (nmol CH4/hr/g) (mole ratio) 
10 31.21 6.145E+04 0.45 19.85 696.92 35.13 73.61 2.21E+05 4.10E+04 2547.12 3.13 
15 88.33 1.196E+05 1.34 27.58 507.59 28.19 133.30 1.29E+06 2.13E+05 n/a 7.16 
20 131.80 7.887E+04 0.96 26.01 684.93 23.45 119.96 1.40E+06 2.48E+05 15319.22 5.53 
25 116.40 5.194E+04 0.96 25.29 970.62 25.26 126.36 1.25E+06 2.26E+05 n/a 3.04 
30 114.87 5.778E+04 0.98 27.62 848.37 22.56 73.29 1.54E+06 2.48E+05 13852.56 n/a 
35 125.34 4.967E+04 0.71 28.34 1166.92 27.07 70.07 9.27E+05 1.28E+05 n/a n/a 
40 121.32 5.208E+04 0.95 25.25 1208.92 25.14 166.90 7.38E+05 1.22E+05 12789.99 n/a 



Table A4. Woodchip compost biofilter column data. 

FAME 
Depth Moisture D-glucose TKN TOC NH4-N N03-N ppm P04 MPN/g Vmax C16/C18 
(cm) (%drywt) (ug/g) (% dry wt) (% dry wt) (ppm) (ppm) (ppm) MPN/g dry (+/-) error (nmol CH4/hr/g) (mole ratio) 
10 n/a n/a n/a n/a n/a n/a n/a n/a n/a 1392.96 n/a 
15 26.03 U222E+05 0.40 24.35 216.50 18.28 269.25 2.21E+06 3.47E+05 n/a 1.88 
20 206.83 7.386E+04 0.31 18.41 422.83 34.25 304.64 7.34E+06 1.96E+06 7277.18 2.31 
25 183.31 5.362E+04 0.36 17.79 488.96 26.86 215.26 2.86E+04 7.15E+03 n/a 3.19 
30 151.27 3.428E+04 0.23 16.85 484.19 27.80 146.86 1.84E+05 2.89E+04 5815.61 n/a 
35 154.29 7.522E+04 0.18 18.97 365.70 35.15 90.08 5.61E+05 1.15E+05 n/a n/a 
40 159.58 6.236E+04 0.06 15.12 345.23 36.87 92.06 8.70E+05 1.24E+05 386.68 n/a 

On 
ON 
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APPENDIX B - Multiple Regression Analysis Reports 

B . l . Predictive linear regression equation for Vmax, from 2 to 6 months of methane 
oxidation in leaf compost (Equation 10). 

*** L i n e a r Model *** 

C a l l : lm(formula = loglO(Vmax) ~ Time"3 + Ammonium + Moisture + M o i s t u r e A 2 + 
Time:Oxygen + Time : Ammonium, data = SDF4, 

n a . a c t i o n = na.omit) 
Residuals : 

Min 1Q Median 3Q Max 
-0.2635 -0.0472: 3 0.003498 0.0527 0 .3143 

C o e f f i c i e n t s : 
Value Std. E r r o r t value Pr(>1t1 

(Intercept) 1 .7284 0.4009 4 .3117 0. ,0000 
I(Time~3) -0 .0007 0.0001 -4 .3945 0. ,0000 
Ammonium -0 .0002 0.0000 -4 .8355 0, ,0000 
Moisture 0 .0312 0.0060 5 .1829 0, ,0000 

I ( M o i s t u r e ^ ) -0 .0001 0.0000 -4 .4072 0 . ,0000 
Time : Oxygen -0 .0199 0.0048 -4 .1571 0. ,0001 

Time :Ammonium 0 . 0000 0.0000 3 . 9768 0. 0001 

Residual standard e r r o r : 0.09582 on 129 degrees of freedom 
M u l t i p l e R-Squared: 0.7115 
F - s t a t i s t i c : 53.02 on 6 and 129 degrees of freedom, the p-value i s 0 

B.2. Predictive multiple linear regression equation for Vmax, from 2 to 6 months of 
methane oxidation in leaf compost, using averages Vmax values (Equation 11). 

*** L i n e a r Model *** 

C a l l : lm(formula = Vmax - Time + Time~2 + Oxygen + M o i s t u r e + Moisture~2, data 
= SDF15, n a . a c t i o n = na.omit) 
Residuals : 

1 2 3 4 5 6 7 8 
398.3 112.1 -1607 245.8 1398 -377.4 -189.6 19.5 

C o e f f i c i e n t s : 
Value S t d. E r r o r t value Pr(>|t|) 

(Intercept) 163775.1723 159514.5436 1.0267 0.4125 
Time 2818.9806 2754.5377 1.0234 0.4137 

I(Time A2) -456.9365 335.3862 -1.3624 0.3062 
Oxygen 296.2261 1520.2087 0.1949 0.8635 

Moisture -2750.3886 2553.9027 -1.0769 0.3942 
I (Moisture"2) 11.7844 10.2634 1.1482 0.3697 

Res i d u a l standard e r r o r : 1573 on 2 degrees of freedom 
M u l t i p l e R-Squared: 0.9034 
F - s t a t i s t i c : 3.741 on 5 and 2 degrees of freedom, the p-value i s 0.2243 
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B.3. Predictive multiple linear regression equation for D-glucose, from 1 to 6 months of 
methane oxidation in leaf compost (Equation 12). 

*** L i n e a r Model *** 

C a l l : lm(formula = Glucose ~ I(Time A2) + I(Time~3) + Oxygen + Oxygen:Time, data 
= SDF24, n a . a c t i o n = na.omit) 
Res i d u a l s : 

Min 1Q Median 3Q Max 
-2.261 -0.5043 0.03889 0.6764 1.967 

C o e f f i c i e n t s : 
Value Std. E r r o r t value Pr(>|t|) 

(Intercept) 5.9683 0.3381 17.6508 0.0000 
I(Time~2) 0.5667 0.0897 6.3169 0.0000 
I(Time*3) -0.0871 0.0137 -6.3576 0.0000 

Oxygen -1.0789 0.4600 -2.3452 0.0229 
Oxygen:Time 0.8550 0.1301 6.5720 0.0000 

R e s i d u a l standard e r r o r : 0.9112 on 51 degrees of freedom 
M u l t i p l e R-Squared: 0.7 96 
F - s t a t i s t i c : 4 9.76 on 4 and 51 degrees of freedom, the p-value i s 0 
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APPENDIX C - F A M E GC/FID and GC/MS Reports 

FAME STANDARD FOR BIOFILTER COLUMN ANALYSIS, JULY 29,2001 

Injection Date 
Sample Name 
Acq. Operator 

Acq. Method 
Last changed 

7/29/01 12:29:12 A M 
: STND 

1 Seq. Line 
Vial : 101 

: Inj: 1 
Inj Volume : 1 ul 

: C:\HPCHEM\l\METHODS\FAME.M  
7/29/01 12:21:43 A M 

Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:59:14 PM 

(modified after loading) 

External Standard Report 

Signal 1: FID2 B, 

RetTime Type Area Ami/Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

. 1 1 1 1 1„| 
23.171 BV 1395.03137 7.16830e-4 
23.704 W 4163.85791 2.40162e-4 
27.644 BV 2689.69434 3.71789e-4 
27.797 W 3722.83105 2.68613e-4 
27.919 W 1372.45532 7.28621e-4 
28.528 VB 2850.45264 3.50821e-4 

Totals : 6.00000 

1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 

CI 6:1 FAME 
CI 6:0 FAME 
CI8:2 FAME 
CI 8:1 FAME 
CI 8:1 FAME 
CI8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Da ta F i l e name: 
Method name: 
Da ta A c q u i r e d b y : 
I n j e c t i o n Da te : 
Repor t C r e a t i o n Date : 

C8, FAME 
C: \ HPCHEM\1\DATAS JULY20~1\JULY_30-> 
C : \ HPCHEH\ 1\ METHOD S \ FAMEMBF. M 

7 /30 /01 5 :06:17 PH 
11/16/02 

8 
i 

è i 8 i 1 

«ai r t u e 

O 

C18;2 FAMI 
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Name: Jason Wilshusen Workorder: 03266 
Address: do University of Calgary COC: 04390 

Dept of Civil Engineering Project: 
2500 University Dr. N.W. Legal Desc: 
Calgary, ABT2N 1N4 

Contact: Jason Wilshusen Date Received: Sep 06, 2001 
Phone: (403) 850-7923 Date Reported: Sep 10, 2001 

Fax: 

QUALITATIVE ASSESSMENT BY GC/MS 

Preparation Method 

The sample was prepared by the client and provided to Access Labs. The extract was assessed, as received, using 
High Resolution Chromatography (HP-5) and a Hewlett Packard Mass Selective Detector. The resulting spectra were 
cross-matched to a 60,000 compound spectral library and the major components and the tentative identities noted. 
Further confirmation of any the compounds requires its assessment against a certified standard. 

Table 1.0 • Sample 3266-1: (FAME Standard) 

Retention Time Match Q 
Tentative Identity (minutes) (out of 

Methyl ester form of Hexanoic acid (C a) 3.56 91 
Methyl ester form of Octanoic acid 6.83 94 
Methyl ester form of Decanoic acid 9.72 94 
Methyl ester form of Undecanoic acid 11.02 91 
Methyl ester form of Dodecanoic acid 12.26 93 
Methyl ester form of Tridecanoic acid 13.43 96 
Methyl ester form of Octadecenoic acid 14.41 90 
Methyl ester form of Tetradecanoic acid 14.54 94 
Methyl ester form of Pentadecanoic acid 15.60 96 
Methyl ester form of Hexdecenoic acid 16.39 95 
Methyl ester form of Hexadecanoic acid 16.61 98 
Methyl ester form of Heptadecanoic acid 17.61 98 
Octadecadienoic acid form 18.40 99 
Methyl ester form of Octadecenoic acid 18.48 98 
Methyl ester form of Octadecenoic acid 18.57 99 
Methyl ester form of Octadecanoic acid 18.81 98 
Alkyl substituted form of Eicosadienoic acid 21.42 98 
Methyl ester form of Eicosanoic acid 22.02 98 
Methyl ester form of Docosanoic acid 26.36 94 
Methyl ester form of Tetracosanoic acid 31.59 97 

Comment 

Please refer to Figure 1.0 

«3, 2 6 1 6 - 1 6 Street N.E.. Calgary, AB T2E 7)8 • Tefe (403) 291-4682 * fax: (403! 291-4688 « www.accettlabi.ca  

n/r = Not Requested PAGE 1 of 4 

http://www.accettlabi.ca
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Analytical Laboratories Inc. 

Name: Jason Wilshusen Workorder: 03266 
Address: do University of Calgary COC: 04390 

Dept of Civil Engineering Project: 
2500 University Dr. N.W. Legal Desc: 
Calgary, AB T2N 1N4 

Contact: Jason Wilshusen Date Received: Sep 06, 2001 
Phone: (403) 850-7923 Date Reported: Sep 10, 2001 

Fax: 

[ A b u n d a n c e 

80COO; 
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I 
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Figure 1.0 GC/MS Chromatogram of the 
FAME Standard (3266-1) 

Hier: 
5.00 10.00 15.00 20.00 25.CO 30.00 35.00 40.00 45.00 50.00 55.00 60.00 

f T i m e — > 

S3, 2616 - 1 « Street S.E. , Calgary, AB T2E 7)8 • Tel: (403) 291-4682 • Fan (403) 291 •4688 • www.acceislabs.ca  

n/r = Not Requested PAGE 3 of 4 

http://www.acceislabs.ca


Leaf Compost Column, (C8) 5 cm depth, FAME analysis, July 30, 2001 

Injection Date 
Sample Name 
Acq. Operator 

Acq. Method 
Last changed 

7/30/01 5:06:17 PM 
: C8, FAME 

Seq. Line : 1 
Vial : 101 

: Inj: 1 
Inj Volume : 1 ul 

: C:\HPCHEM\l\METHODS\FAME.M  
7/29/01 12:21:43 A M 

Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:45:47 P M 

(modified after loading) 

External Standard Report 
Signal 1:FID2 B, 

RetTime Type Area Amt/Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

23.197 VB 35.35276 7.16830e-4 2.53419e-2 
23.633 VB 10.66273 2.40162e-4 2.56078e-3 
27.665 W 319.04422 3.71789e-4 1.18617e-l 
27.797 - - - C18:1FAME 
28.257 W 17.54527 7.2862le-4 1.27839e-2 
28.424 VB 26.88665 3.50821e-4 9.43241e-3 
Totals : 1.68736e-l 

C16:l FAME 
CI 6:0 FAME 
CI 8:2 F A M E 

C18:l FAME 
CI8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Data F i l e name: 
Method name : 
Data A c q u i r e d b y : 
I n j e c t i o n Date : 
Repor t C r e a t i o n D a t e : 

C8 , FAME 
C : \ HPCHEMN 1\ DATA\ JULY20~1\ JULY_30-> 
C:\HPCHEMN1\HETHODS\FAHEHBF. H 

7 / 3 0 / 0 1 5 :06:17 PH 
11/16/02 



Leaf Compost Column, (C7) 10 cm depth, FAME analysis, July 30, 2001 

Injection Date : 7/30/01 6:14:48 PM Seq. Line : 2 
Sample Name : C7, FAME Vial : 102 
Acq. Operator : Inj : 1 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 7/29/01 12:21:43 A M 
Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:49:10 PM 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amt/Area Amount Gip Name 
[min] [pA*s] [mg/ml] 

23.110 W 271.07639 7.16830e-4 1.94316e-l CI6:1 FAME 
23.718 VB 15.32560 2.40162e-4 3.68063e-3 C16:0FAME 
27.380 PP 7.45832 3.71789e-4 2.77292e-3 C18:2FAME 
27.793 VB 1035.78528 2.68613e-4 2.78225e-l C18:l FAME 
28.351 W 28.53059 7.2862le-4 2.07880e-2 CI8:1 FAME 
28.550 VB 100.65433 3.50821e-4 3.53117e-2 C18:0FAME 

Totals : 5.35094e-l 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M


Sample Name: 
Data F i l e name: 
Method name: 
Da ta A c q u i r e d b y : 
I n j e c t i o n Date : 
Repor t C r e a t i o n Date : 

C 7 , FAME 
C : \ HPCHEH\ 1\ DATA\ JULY20~1\ JULY_30-> 
C : \ HPCHEH\ 1\ METHODSN FAHEHBF. H 

7 /30 /01 6 :14 :48 PH 
11/16/02 



Leaf Compost Column, (C6) 15 cm depth, FAME analysis, July 30, 2001 

Injection Date : 7/30/01 7:23:32 P M Seq. Line : 3 
Sample Name : C6, FAME Vial : 103 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 7/29/01 12:21:43 A M 
Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:49:33 P M 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amt/Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

23.144 V V 1080.72510 7.16830e-4 7.74696e-l C16:l FAME 
23.736 W 52.86100 2.40162e-4 1.26952e-2 C16:0FAME 
27.087 W 10.33810 3.71789e-4 3.84360e-3 C18:2FAME 
27.780 W 742.99799 2.68613e-4 1.99579e-l CI 8:1 FAME 
28.096 VP 7.23518 7.28621e-4 5.27171e-3 CI8:1 FAME 
28.524 V B 51.75613 3.50821 e-4 1.81572e-2 C18:0FAME 

Totals : 1.01424 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Data F i l e name: 
Hethod name : 
Data A c q u i r e d b y : 
I n j e c t i o n Date : 
Report C r e a t i o n Date : 

C6, FAME 
C:\HPCHEH\1\DATAN JULY20~1\JULY_30-> 
C:\HPCHEH\1\HETHODS\FAHEHBF. H 

7 /30 /01 7 :23:32 PH 
11/16/02 

C18:2 F A M E 

F 

's 
- i 

8 

C16:1 FAMI 

C'I8:0 F A M J F 
C18:1 F A M E 

r 



Leaf Compost Column, (C5) 20 cm depth, FAME analysis, July 30, 2001 

Injection Date : 7/30/01 8:32:20 PM Seq. Line : 4 
Sample Name : C5, FAME Vial : 104 
Acq. Operator : Inj : 1 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 7/29/01 12:21:43 A M 
Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:50:48 PM 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area 
[min] [pA*s] 

Amt/Area Amount Grp Name 
[mg/ml] 

23.125 W 652.23108 7.16830e-4 4.67539e-l 
23.720 W 26.80605 2.40162e-4 6.43779e-3 
27.644 - - - CI8:2 FAME 
27.746 W 185.73578 2.68613e-4 4.98910e-2 
28.347 W 18.31938 7.28621e-4 1.33479e-2 
28.504 VB 17.64503 3.50821e-4 6.19025e-3 

Totals : 5.43406e-l 

CI 6:1 FAME 
C16:0FAME 

CI 8:1 FAME 
CI 8:1 FAME 
CI8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d try: 
I n j e c t i o n Date : 
Report C r e a t i o n Date: 

CS, FAME 
C : \ HPCHEHS 1\ DATAN JULY20~ 1\ JULY_30-> 
C:\HPCHEH\1\METHODS'! FAHEHBF. H 

7 /30 /01 8 :32 :20 PH 
11/16/02 



Leaf Compost Column, (C4) 25 cm depth, FAME analysis, July 30,2001 

Injection Date : 7/30/01 10:19:17 PM Seq. Line : 1 
Sample Name : C4, FAME Vial : 101 
Acq. Operator : Inj : 1 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 7/30/01 10:17:56 PM 
Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:51:28 PM 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amt/Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

. 1 1 1 1 1„| 
23.237 W 8.38139 7.16830e-4 6.00803e-3 CI6:1 FAME 
23.523 W 28.69653 2.40162e-4 6.89181e-3 C16:0 FAME 
27.551 PV 8.01936 2.68613e-4 2.15410e-3 CI8:1 FAME 
27.687 VB 17.58623 3.71789e-4 6.53837e-3 C18:2FAME 
27.919 - - - C18:l FAME 
28.296 BV 8.74335 3.50821e-4 3.06735e-3 C18:0FAME 

Totals : 2.46597e-2 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d by: 
I n j e c t i o n Date: 
Report C r e a t i o n Da te : 

C4, FAME 
C:\HPCHEMN1\DATA\JTJLY20~1\JULY_30-> 
C:\HPCHEM\1\METHODS\FAMEMBF. M 

7 / 3 0 / 0 1 10 :19 :17 PM 
11/16 /02 

.C16 :0 F A M E 

t C18:2 F A M E 



MSW Compost Column, (T7) 10 cm depth, FAME analysis, July 30, 2001 

Injection Date 
Sample Name 
Acq. Operator 

Acq. Method 
Last changed 

7/30/01 11:27:57 P M Seq. Line : 2 
: T7, FAME Vial : 102 

: Inj: 1 
Inj Volume : 1 pi 

: C:\HPCHEM\l\METHODS\FAME.M  
7/30/01 10:17:56 PM 

Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:52:41 P M 

(modified after loading) 

External Standard Report 

Signal 1: FID2 B, 

RetTime Type Area Amt/Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

23.108 W 303.42740 7.16830e-4 2.17506e-l 
23.716 W 20.51697 2.40162e-4 4.92739e-3 
27.603 W 23.64143 3.71789e-4 8.78964e-3 
27.748 VP 160.39731 2.68613e-4 4.30848e-2 
28.080 B V 12.74400 7.28621e-4 9.28555e-3 
28.504 V B 20.77628 3.50821 e-4 7.28877e-3 
Totals : 2.90882e-l 

CI 6:1 FAME 
C16:0FAME 
CI 8:2 FAME 
C18:l FAME 
CI 8:1 FAME 
C18:0FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M


Sample Name: 
Data F i l e name: 
Method name : 
Data A c q u i r e d b y : 
I n j e c t i o n Date: 
Report C r e a t i o n Date : 

T7, FAME 
C : \ HPCHEMN 1\ DATA\ JUL Y 2 0 ~ l \ JTJLY_30-> 
C:\HPCHEMN1\METHODS\FAMEMBF. M 

7 /30 /01 11 :27 :57 PM 
11/16/02 

8 
i 

8 i 

C16:1 F A M E 
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Analytical Lahoraioiies Inc. 
Name: Jason Wilshusen Workorder: 03266 

Address: do University of Calgary COC: 04390 
Dept of Civil Engineering Project: 
2500 University Dr. N.W. Legal Desc: 
Calgary, AB T2N 1N4 

Contact: Jason Wilshusen Date Received: Sep 06, 2001 
Phone: (403) 850-7923 Date Reported: Sep 10, 2001 

Fax: 

A b u n d a n c e 

6 5 0 0 0 0 

e o o o o o I 

SSOOOOj 

T I C : 0 3 0 1 0 0 5 . Q 

Figure 2.0 G C / M S Chromatogram of 1-T7 
Extract (03266-2) 

5 .00 1 Ü.OC1 5 .0C20.0C25 0030 .0C35 .0040 .0C45 .0C50 O C 5 5 . 0 C 6 0 . 0 0 

* 3 , 2616 • 16 Street N.E., Calgary, A8 T2t 7J8 • tefe (403) 291-4682 • Fa*: (4031 291-4688 • www.a<:cesslal».ta 

n/r =: Not Requested PAGE 4 o( 4 
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MSW Compost Column, (T6) 15 cm depth, F A M E analysis, July 30,2001 

Injection Date 
Sample Name 
Acq. Operator 

: 7/31/01 12:36:39 A M 
: T6, F A M E 

Inj: 1 
Inj Volume : 1 ul 

Seq. Line : 3 
Vial : 103 

Acq. Method : C: \HPCHEM\l\METHODS\FAME.M  
Last changed : 7/30/01 10:17:56 P M 
Analysis Method : C: \HPCHEM\l \METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:53:12 P M 

(modified after loading) 

Signal 1:FID2 B, 

RetTime Type Area Ami/Area Amount Grp Name 

23.149 W 1312.72900 7.16830e-4 9.41003e-l C16:l FAME 
23.737 W 90.82556 2.40162e-4 2.18128e-2 C16:0FAME 
27.622 W 18.54160 3.71789e-4 6.89357e-3 C18:2FAME 
27.765 W 331.19662 2.68613e-4 8.89636e-2 CI8:1 FAME 
28.090 VP 12.31296 7.28621e-4 8.97149e-3 C18:l FAME 
28.512 V B 39.52080 3.50821e-4 1.38647e-2 C18:0FAME 
Totals: 1.08151 

External Standard Report 

[min] [pA*s] [mg/ml] 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d b y : 
I n j e c t i o n Da te : 
Report C r e a t i o n Date : 

T6, FAME 
C:\HPCHEMN1\DATAN JULY20~1\JULY_30-> 
C : \ HPCHEM\ 1\ METHODS\ F AME MB F . M 

7 /31 /01 12:36:39 AM 
11/16/02 

8_ 

8 

C 1 6 : 1 FAMI 

C18:1 F A M E 



MSW Compost Column, (T5) 20 cm depth, FAME analysis, July 30, 2001 

Injection Date 
Sample Name 
Acq. Operator 

:7/31/01 1:45:20 A M 
: T5, FAME 

Inj: 1 
Inj Volume : 1 pi 

Seq. Line : 4 
Vial : 104 

Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 7/30/01 10:17:56 P M 
Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:54:20 P M 

(modified after loading) 

Signal 1:FID2 B, 

RetTime Type Area Amt/Area Amount Grp Name 

23.138 W 1044.18835 7.16830e-4 7.48505e-l C16:l FAME 
23.733 W 52.90657 2.40162e-4 1.2706le-2 C16:0FAME 
27.378 W 22.92026 3.71789e-4 8.52151e-3 C18:2FAME 
27.759 W 274.59470 2.68613e-4 7.37596e-2 CI8:1 FAME 
28.089 VP 12.57626 7.28621e-4 9.16333e-3 CI8:1 FAME 
28.508 VB 31.23015 3.50821e-4 1.09562e-2 C18:0 FAME 
Totals : 8.63612e-l 

External Standard Report 

[min] [pA*s] [mg/ml] 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Daca F i l e name: 
Method name: 
Data A c q u i r e d b y : 
I n j e c t i o n Date : 
Report C r e a t i o n Da te : 

TS, FAME 
C : \ HPCHEMN 1\ DATAS JTJLY20~1\ JTJLY_30-> 
C : \ HPCHEHS 1\ METHOD S \ F AME MB F . M 

7 /31/01 1:45:20 AM 
11/16/02 



MSW Compost Column, (T4) 25 cm depth, F A M E analysis, July 30, 2001 

Injection Date : 7/31/01 2:54:01 A M Seq. Line : 5 
Sample Name : T4, FAME Vial : 105 
Acq. Operator : Inj : 1 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 7/30/01 10:17:56 P M 
Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:54:44 PM 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amt/Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

23.108 W 120.68913 7.16830e-4 8.65136e-2 C16:l FAME 
23.714 VB 5.07533 2.40162e-4 1.21890e-3 C16:0FAME 
27.383 BP 5.74688 3.71789e-4 2.13663e-3 C18:2FAME 
27.745 BP 70.83211 2.68613e-4 1.90264e-2 CI8:1 FAME 
28.093 BP 9.34853 7.28621e-4 6.81154e-3 C18:l FAME 
28.354 VB 12.59126 3.50821e-4 4.41728e-3 C18:0FAME 
Totals: 1.20124e-l 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Da ta F i l e name: 
Method name : 
Data A c q u i r e d b y : 
I n j e c t i o n Da te : 
Repor t C r e a t i o n Date : 

T4, FAME 
C : \ HPCHEH\ 1\ DATA\ JUL Y2 0~ 1\ JULY_3 0-> 
C : \ HPCHEH\ 1\ METHODS\ F AME MB F . M 

7 /31 /01 2 
11/16/02 

54:01 AM 



Wood-chip compost column, (W6) 15 cm depth, FAME analysis, July 30, 2001 

Injection Date : 7/31/01 4:02:06 A M Seq. Line : 6 
Sample Name : W6, FAME Vial : 106 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 7/30/01 10:17:56 PM 
Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:55:44 PM 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amt/Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

23.110 W 140.26747 7.16830e-4 1.00548e-l C16:l FAME 
23.718 VB 10.84333 2.40162e-4 2.60415e-3 C16:0FAME 
27.379 BP 16.02795 3.71789e-4 5.95902e-3 C18:2FAME 
27.753 VB 158.09798 2.68613e-4 4.24671e-2 CI8:1 FAME 
28.351 PV 23.52983 7.28621e-4 1.71443e-2 C18:l FAME 
28.511 VB 12.79871 3.50821 e-4 4.49006e-3 C18:0FAME 

Totals: 1.73213e-l 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d b y : 
I n j e c t i o n D a t e : 
Repor t C r e a t i o n Da te : 

W6, FAME 
C : \ HPCHEHN 1\ DATAN JULY20~1\ JULY_30-> 
C : \ HPCHEH\ 1\ METHOD S \ FAHEHBF. H 

7 /31 /01 4 :02:06 AH 
11/16/02 

CENIMI l a w C16:1 F A M E 

E¡?T3:U hAMb 

C18:1 F A M E 



Wood-chip compost column, (W5) 20 cm depth, FAME analysis, July 30, 2001 

Injection Date : 7/31 /01 5:10:11 A M Seq. Line : 7 
Sample Name : W5, FAME Vial : 107 
Acq. Operator : Inj : 1 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 7/30/01 10:17:56 PM 
Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:56:09 PM 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area 
[min] [pA*s] 

Amt/Area Amount Grp Name 
[mg/ml] 

23.106 W 95.54319 7.16830e-4 6.84882e-2 
23.716 VB 24.88306 2.40162e-4 5.97596e-3 
27.377 BP 11.70157 3.71789e-4 4.35052e-3 
27.748 VP 90.64812 2.68613e-4 2.43492e-2 
28.352 PV 18.49113 7.28621e-4 1.34730e-2 
28.511 VB 13.64388 3.50821e-4 4.78657e-3 

Totals : 1.21424e-l 

CI 6:1 FAME 
CI 6:0 FAME 
C18:2FAME 
C18:l FAME 
CI 8:1 FAME 
CI8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M


1 

Sample Name: 
Data F i l e name: 
Method name: 
Da ta A c q u i r e d Toy: 
I n j e c t i o n Da te : 
Repor t C r e a t i o n Da te : 

W5, FAME 
C:\HPCHEMN1\DATA\JULY20~1\JULY_30-> 
C:\HPCHEMN1\METHODS\FAMEMBF. M 

7 / 3 1 / 0 1 5 :10 :11 AM 
11/16/02 



Wood-chip compost column, (W4) 25 cm depth, FAME analysis, July 30, 2001 

Injection Date : 7/31/01 6:18:50 A M Seq. Line : 8 
Sample Name : W4, FAME Vial : 108 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 7/30/01 10:17:56 PM 
Analysis Method : C:\HPCHEM\l\METHODS\FAMEMBF.M  
Last changed : 11/16/02 4:57:13 PM 

(modified after loading) 

External Standard Report 

Signal 1 : FID2 B, 

RetTime Type Area Amt/Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

23.111 W 268.96982 7.16830e-4 1.92806e-l 
23.719 W 25.21721 2.40162e-4 6.05621e-3 
27.374 VP 14.20725 3.71789e-4 5.2821 le-3 
27.749 VP 180.36467 2.68613e-4 4.84483e-2 
28.351 PV 17.64421 7.28621e-4 1.28559e-2 
28.511 VB 17.99432 3.50821e-4 6.31279e-3 

Totals : 2.71761e-l 

C16:l FAME 
CI 6:0 FAME 
CI8:2 FAME 
CI 8:1 FAME 

CI 8:1 FAME 
CI 8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAMEMBF.M
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Sample Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d b y : 
I n j e c t i o n Date : 
Repor t C r e a t i o n D a t e : 

W4, FAME 
C: \HPCHEMN1\DATA\JULY20~1\JULY_30-
C:\HPCHEM\1\METHODS\FAMEMBF. M 

7 /31 /01 6 :18 :50 AM 
11/16/02 



Cl6:0, FAME Standard for Incubation Chamber Analysis, Sept 17, 2002 

Injection Date : 9/17/02 2:45:54 PM Seq. Line : 1 
Sample Name : C16:0 Vial : 101 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/17/02 2:35:49 PM 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 PM 

(modified after loading) 

External Standard Report 

Signal 1: FID2 B, 

RetTime Type Area 
[min] [pA*s] 

17.534 
17.758 
19.303 
19.562 

Totals : 

Amount Grp Name 
[mg/ml] 

B V 12.65634 0.00000 CI 6:1 FAME 
VB 4743.38281 0.00000 C16:0FAME 

C18:1FAME 
C18:0FAME 

0.00000 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M
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Sample Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d b y : 
I n j e c t i o n Date : 
Report C r e a t i o n Date : 

C16:0 
C:\HPCHEM\ 1\DATASSEPT_17A\101F010-> 
C : \ HPCHEM\ 1\ METHODS\ F AME MB F . M 

9 /17 /02 2 : 4 5 : 5 4 PM 
11/15/02 

_ i , i • • i _ 

C18:1 F A M E 
C16:0 FAMI 
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C16:l, FAME STND FOR INCUBATION CHAMBER ANALYSIS, SEPT 17, 2002 

Injection Date 
Sample Name 
Acq. Operator 

Acq. Method 
Last changed 

9/17/02 3:22:38 PM Seq. Line : 2 
:C16:1 Vial :102 

: Inj: 1 
Inj Volume : 1 ul 

: C:\HPCHEM\l\METHODS\FAME.M  
: 9/17/02 2:35:49 PM 

Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 P M 

(modified after loading) 

External Standard Report 

Sorted By : Signal 
Calib. Data Modified : 9/18/02 5:16:40 PM 
Multiplier : 1.0000 
Dilution : 1.0000 

Signal 1:FID2 B, 

Type RetTime 
[min] 

17.575 
17.758 
19.237 
19.562 

Totals : 

BB 

BP 

Area Amount 
[pA*s] [mg/ml] 

3173.03809 0.00000 

10.66303 0.00000 

0.00000 

Gip Name 

C16:l FAME 
CI 6:0 FAME 
C18:l FAME 
CI 8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M
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Semipié Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d b y : 
I n j e c t i o n Date: 
Report C r e a t i o n Date : 

C16:1 
C: \HPCHEM\1\DATA\SEPT_17A\102F020-> 
C:\HPCHEMN1\METHODS\ FAMEMBF . M 

9 /17 /02 3 :22 :38 PM 
11/15/02 

8 

8 H 

C10:1 F A M E 

C18:1 F A M E 
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C l 8:0, FAME STND FOR INCUBATION CHAMBER ANALYSIS, SEPT 17, 2002 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/17/02 2:35:49 P M 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 PM 

(modified after loading) 

Injection Date 
Sample Name 
Acq. Operator 

: 9/17/02 3:58:55 PM 
:C18:0 

Seq. Line : 3 
Vial : 103 

Inj: 1 

External Standard Report 

Signal 1:FID2 B, 

RetTime 
[min] 

Type Area 
[pA*s] 

Amount 
[mg/ml] 

Gip Name 

17.575 
17.758 
19.303 
19.562 

Totals : 
BB 5269.65967 0.00000 

0.00000 

C16:l FAME 
C16:0 FAME 
CI 8:1 FAME 
CI 8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M
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Sample Name: 
Da ta F i l e name: 
Method name: 
Da ta A c q u i r e d b y : 
I n j e c t i o n Date : 
Repor t C r e a t i o n Date : 

C18 :0 
C: \HPCHEM\1\DATA\SEPT_17A\103F030-> 
C: \ HPCHEM\1\METHODS\FAMEMBF. M 

9 /17 /02 3 
11 /15 /02 

58:55 PM 

C18:0 FAMI 
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C18:l, FAME STND FOR INCUBATION CHAMBER ANALYSIS, SEPT 17, 2002 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/17/02 2:35:49 PM 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 P M 

(modified after loading) 

Injection Date : 9/17/02 4:35:40 PM 
Sample Name : CI8:1 
Acq. Operator : 

Seq. Line : 4 
Vial : 104 

Inj: 1 

External Standard Report 

Signal 1: FID2 B, 

RetTime 
[min] 

Type Area 
[pA*s] 

Amount 
[mg/ml] 

Grp Name 

17.575 
17.699 
19.302 
19.562 

Totals : 

BP 
B V 

5.52972 
3784.82031 

0.00000 

0.00000 
0.00000 

C16:l FAME 
CI 6:0 FAME 
CI 8:1 FAME 
CI 8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M


206 

Sample Name: 
Da ta F i l e name: 
Method name: 
Da ta A c q u i r e d b y : 
I n j e c t i o n Date : 
Repor t C r e a t i o n Date : 

C 1 8 : l 
C:\HPCHEMN1\DATAN SEPT_17A\104F040-
C:\HPCHEHN1\HETHODS\FAHEHBF. H 

9 /17/02 4 : 3 5 : 4 0 PH 
11/15/02 

C1B:0 F A M E 

C18:1 F A M E 

3 
5L. 



Chamber 1, 1.5%02, Background treatment, 1 month of incubation, sampled Feb 18, 
2002 

Injection Date : 9/18/02 2:15:04 P M Seq. Line : 1 
Sample Name : chi, 1 month Vial : 101 
Acq. Operator : Inj : 1 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/17/02 2:35:49 P M 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 P M 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

17.524 W 28.18514 0.00000 CI 6:1 FAME 
17.689 w 8.50298 0.00000 CI 6:0 FAME 
19.276 BB 12.47374 0.00000 CI 8:1 FAME 
19.562 - - - CI 8:0 FAME 

Totals : 0.00000 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M


208 



Chamber 1, 1.5%02, Background treatment, 3 months of incubation, sampled April 15, 
2002 

Injection Date 
Sample Name 
Acq. Operator 

: 9/18/02 10:25:20 A M 
: chi, 3month 

Inj: 1 

Seq. Line : 3 
Vial : 103 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/17/02 2:35:49 P M 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 P M 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime 
[min] 

Type Area 
[pA*s] 

Amount 
[mg/ml] 

Grp Name 

17.520 
17.767 
19.268 
19.562 

Totals : 

BV 
V B 
BP 

39.21860 
4.83001 
19.23895 

0.00000 

0.00000 
0.00000 
0.00000 

C16:l FAME 
CI 6:0 FAME 
CI 8:1 FAME 
CI 8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M
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211 
Chamber 1, 1.5%02, Background treatment, 6 months of incubation, sampled July 18, 
2002 

Injection Date : 9/18/02 11:38:01 A M 
Sample Name : chi, ómonth 
Acq. Operator : Inj: 1 

Seq. Line : 5 
Vial : 105 

Inj Volume : 1 pi 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/17/02 2:35:49 P M 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 P M 

(modified after loading) 

External Standard Report 

Signal 1:FID2 B, 

RetTime 
[min] 

Type Area 
[pA*s] 

Amount 
[mg/ml] 

Grp Name 

17.529 
17.776 
19.271 
19.559 

Totals : 

BV 
W 
VP 
BB 

48.53043 
5.42042 
66.66466 
11.52226 

0.00000 
0.00000 
0.00000 
0.00000 
0.00000 

CI 6:1 FAME 
CI 6:0 FAME 
CI 8:1 FAME 
CI 8:0 FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M
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Chamber 1,1.5%02, 1500mg/L Nitrate, 1 month of incubation, sampled Feb 18, 2002 

Injection Date : 9/22/02 2:14:15 PM Seq. Line : 5 
Sample Name : chi, Nit, 1 month Vial : 105 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Sequence File : C:\HPCHEM\l\SEQUENCE\JASON.S  
Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:33:05 PM 

External Standard Report 

Signal 1: FID2 B, 

RetTime Type Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

17.528 W 125.51189 0.00000 C16:l FAME 
17.774 w 16.33100 0.00000 CI 6:0 FAME 
19.275 BB 26.50330 0.00000 CI 8:1 FAME 
19.554 BB 10.16770 0.00000 CI 8:0 FAME 

Totals : 0.00000 

file://C:/HPCHEM/l/SEQUENCE/JASON.S
file://C:/HPCHEM/l/METHODS/FAME.M


Sample Name: 
Da ta F i l e name: 
Method name : 
Da ta A c q u i r e d b y : 
I n j e c t i o n Da te : 
Repor t C r e a t i o n Da te : 

c h i , N i t , lmonth 
C:\HPCHEM\ 1\DATAN SEPT_22\ 105F0501.D 
C : \ HPCHEM\ 1\ METHODS\ F AME MB F . M 

9 /22 /02 2 :14 :15 PH 
11/15/02 

C18:1 F A M E 

C16:1 F A M E 



215 
Chamber 1, 1.5%02,1500mg/L Ammonium, 1 month of incubation, sampled Feb 18, 
2002 

Injection Date : 9/22/02 2:50:43 PM Seq. Line : 6 
Sample Name : chi, Amm, lmonth Vial : 106 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Sequence File : C:\HPCHEM\l\SEQUENCE\JASON.S  
Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:33:05 PM 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

17.525 W 53.04192 0.00000 C16:l FAME 
17.772 w 11.58088 0.00000 C16:0FAME 
19.269 BV 8.63637 0.00000 CI 8:1 FAME 
19.562 - - - CI8:0 FAME 

Totals : 0.00000 

file://C:/HPCHEM/l/SEQUENCE/JASON.S
file://C:/HPCHEM/l/METHODS/FAME.M
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1 



217 
Chamber 1,1.5%02, 1500mg/L Nitrate, 6 months of incubation, sampled Feb 18, 2002 

Injection Date : 9/22/02 11:48:46 A M Seq. Line : 1 
Sample Name : chi, Nit, 6month Vial :101 
Acq. Operator : Inj : 1 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:33:05 PM 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/22/02 4:18:26 PM 

(modified after loading) 

External Standard Report 

Signal 1: FID2 B, 

RetTime Type Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

17.439 W 96.41568 0.00000 CI 6:1 FAME 
17.685 W 11.01601 0.00000 CI 6:0 F A M E 
19.170 BV 87.53191 0.00000 CI 8:1 F A M E 
19.452 VB 7.71130 0.00000 CI 8:0 F A M E 

Totals : 0.00000 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M


218 

Sample Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d b y : 
I n j e c t i o n Da te : 
Report C r e a t i o n Da te : 

c h i . N i t , 6month 
C:\HPCHEM\1\DATAN SEPT_22\101F0101.D 
C : \ HPCHEH\ 1\ METHOD S \ F AME MB F . M 

9 /22 /02 11 :48 :46 AH 
11/15/02 



219 
Chamber 1, 1.5%02, 1500mg/L Ammonium, 6 months of incubation, sampled Feb 18, 
2002 

Injection Date : 9/22/02 12:24:46 PM Seq. Line : 2 
Sample Name : chi, Amm, 6month Vial : 102 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Sequence File : C:\HPCHEM\l\SEQUENCE\JASON.S  
Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:33:05 PM 

External Standard Report 

Signal 1: FID2 B, 

RetTime Type Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

17.499 W 103.21545 0.00000 C16:l FAME 
17.748 W 9.78985 0.00000 C16 :0 FAME 
19.243 BB 91.78113 0.00000 CI 8:1 FAME 
19.525 VB 8.09758 0.00000 CI 8:0 FAME 

Totals : 0.00000 

file://C:/HPCHEM/l/SEQUENCE/JASON.S
file://C:/HPCHEM/l/METHODS/FAME.M


220 

Sample Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d b y : 
I n j e c t i o n Date : 
Repor t C r e a t i o n Da te : 

c h i , Amm, 6month 
C: \HPCHEH\1\DATA\SEPT_22\102F0201 .D 
C:\HPCHEMN1\HETH0DS\ FAHEHBF. H 

9 /22 /02 12 :24 :46 PM 
11/15/02 

C16:1 F A M E 

_C18:1 F A M E 



221 
Chamber 2, 10.5%O2, Background treatment, 1 month of incubation, sampled Feb 18, 

Inj Volume : 1 ul 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/17/02 2:35:49 PM 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 PM 

(modified after loading) 

2002 

Injection Date : 9/18/02 9:48:47 A M 
Sample Name : ch2, 1 month 
Acq. Operator : Inj: 1 

Seq. Line : 2 
Vial : 102 

External Standard Report 

Signal 1:FID2 B, 

RetTime 
[min] 

Type Area 
[pA*s] 

Amount 
[mg/ml] 

Grp Name 

17.496 
17.661 
19.243 
19.562 

Totals : 

B V 
W 
PB 

29.50571 
4.93608 
5.06518 

0.00000 
0.00000 
0.00000 

0.00000 

C16:l FAME 
CI 6:0 FAME 
CI 8:1 FAME 
C18:0FAME 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M
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Sample Name: 
Data F i l e name: 
Method name : 
Data A c q u i r e d b y : 
I n j e c t i o n Da te : 
Report C r e a t i o n Date: 

ch2 , lmonth 
C: \HPCHEM\1\DATA\SEPT_18A\102F020-> 
C:\HPCHEM\1\METHODS\ FAMEMBF. M 

9 /18 /02 9 :48 :47 AM 
11/15 /02 



Chamber 2, 10.5%O2, Background treatment, 3 months of incubation, sampled Feb 
2002 

Injection Date : 9/18/02 11:01:53 A M Seq. Line : 4 
Sample Name : ch2, 3month Vial : 104 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/17/02 2:35:49 PM 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 PM 

(modified after loading) 
External Standard Report 

Signal 1: FID2 B, 

RetTime Type Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

17.529 W 49.35654 0.00000 C16:l FAME 
17.778 W 7.31895 0.00000 C16:0 FAME 
19.281 BP 56.41100 0.00000 CI 8:1 FAME 
19.568 BB 8.45216 0.00000 CI 8:0 FAME 

Totals : 0.00000 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M
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225 
Chamber 2, 10.5%O2, Background treatment, 6 months of incubation, sampled July 18, 
2002 

Injection Date : 9/18/02 12:14:40 P M Seq. Line : 6 
Sample Name : ch2, ómonth Vial : 106 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Acq. Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/17/02 2:35:49 P M 
Analysis Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:18:36 P M 

(modified after loading) 

External Standard Report 

Signal 1: FID2 B, 

RetTime Type Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

17.531 BV 27.18195 0.00000 CI 6:1 FAME 
17.699 W 8.59556 0.00000 C16:0FAME 
19.286 BP 61.32312 0.00000 C18:l FAME 
19.570 BP 10.40227 0.00000 CI 8:0 FAME 

Totals : 0.00000 

file://C:/HPCHEM/l/METHODS/FAME.M
file://C:/HPCHEM/l/METHODS/FAME.M
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227 
Chamber 2, 10.5%O2, 1500mg/L Nitrate, 1 month of incubation, sampled Feb 18, 2002 

Injection Date : 9/22/02 3:27:13 PM Seq. Line : 7 
Sample Name : ch2, Nit, 1 month Vial : 107 
Acq. Operator : Inj : 1 

Inj Volume : 1 ul 
Sequence File : C:\HPCHEM\l\SEQUENCE\JASON.S  
Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:33:05 PM 

External Standard Report 

Signal 1: FID2 B, 

RetTime Type Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

17.522 BV 39.02171 0.00000 CI 6:1 FAME 
17.768 V B 6.80749 0.00000 CI 6:0 FAME 
19.269 PP 5.33785 0.00000 CI 8:1 FAME 
19.562 - - - CI 8:0 FAME 

Totals : 0.00000 

file://C:/HPCHEM/l/SEQUENCE/JASON.S
file://C:/HPCHEM/l/METHODS/FAME.M


228 

Sample Name: 
Data F i l e name: 
Method name: 
Data A c q u i r e d b y : 
I n j e c t i o n Date : 
Repor t C r e a t i o n Date : 

ch2. N i t , lmonth 
C: \HPCHEM\1\DATA\SEPT_22\107F0701 . D 
C : \ HPCHEM\ 1\ METHOD S \ F AME MB F . M 

9/22/02 3 :27:13 PM 
11/15/02 



Chamber 2, 10.5%O2, 15OOmg/L Ammonium, 1 month of incubation, sampled Feb 18, 
2002 

Injection Date 
Sample Name 
Acq. Operator 

Sequence File 
Method : 
Last changed 

:9/22/02 4:03:42 PM Seq. Line : 8 
: ch2, Amm, 1 month Vial : 108 

: Inj: 1 
Inj Volume : 1 pi 

: C:\HPCHEM\l\SEQUENCE\JASON.S  
C:\HPCHEM\l\METHODS\FAME.M  
:9/18/02 5:33:05 PM 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amount 
[min] [pA*s] [mg/ml] 

17.517 B V 70.80345 0.00000 
17.766 W 12.16850 0.00000 
19.260 BB 6.56622 0.00000 
19.562 - - -

Totals : 0.00000 

Grp Name 

CI 6:1 FAME 
CI 6:0 FAME 
CI 8:1 FAME 
CI8:0 FAME 

file://C:/HPCHEM/l/SEQUENCE/JASON.S
file://C:/HPCHEM/l/METHODS/FAME.M


230 

Sample Name: 
Data F i l e name: 
Method name : 
Data A c q u i r e d b y : 
I n j e c t i o n Da te : 
Report C r e a t i o n Da te : 

ch2 , Amm, lmonth 
C:\HPCHEM\1\DATAS SEPT_22\108F0801.D 
C:\HPCHEM\1\METHODSS FAMEMBF. M 

9 /22/02 4 :03:42 PM 
11/15/02 



231 
Chamber 2, 10.5%O2, 1500mg/L Nitrate, 6 months of incubation, sampled Feb 18,2002 

Injection Date : 9/22/02 1:01:11 PM Seq. Line : 3 
Sample Name : ch2, Nit, ómonth Vial : 103 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Sequence File : C:\HPCHEM\l\SEQUENCE\JASON.S  
Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:33:05 PM 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amount Gip Name 
[min] [pA*s] [mg/ml] 

17.523 W 98.92783 0.00000 CI 6:1 FAME 
17.769 w 12.34787 0.00000 C16:0FAME 
19.274 BP 130.69768 0.00000 CI 8:1 FAME 
19.560 VB 11.89421 0.00000 CI 8:0 FAME 

Totals : 0.00000 

file://C:/HPCHEM/l/SEQUENCE/JASON.S
file://C:/HPCHEM/l/METHODS/FAME.M


232 

Sample Name: 
Daca F i l e name: 
Method name: 
Da ta A c q u i r e d b y : 
I n j e c t i o n Date : 
Repor t C r e a t i o n Date : 

ch2 , N i t , 6month 
C:\HPCHEM\1\DATASSEPT_22\103F0301.D 
C:\HPCHEMN1\METHODS \FAHEHBF. H 

9 /22/02 1: 
11/15/02 

01:11 PM 



233 
Chamber 2,10.5%O2, 1500mg/L Ammonium, 6 months of incubation, sampled Feb 18, 
2002 

Injection Date : 9/22/02 1:37:40 PM Seq. Line : 4 
Sample Name : ch2, Amm, 6month Vial : 104 
Acq. Operator : Inj : 1 

Inj Volume : 1 pi 
Sequence File : C:\HPCHEM\l\SEQUENCE\JASON.S  
Method : C:\HPCHEM\l\METHODS\FAME.M  
Last changed : 9/18/02 5:33:05 PM 

External Standard Report 

Signal 1:FID2 B, 

RetTime Type Area Amount Grp Name 
[min] [pA*s] [mg/ml] 

17.529 W 85.90267 0.00000 C16:l FAME 
17.775 W 10.42933 0.00000 CI 6:0 FAME 
19.280 VP 101.37132 0.00000 CI 8:1 FAME 
19.565 VB 11.06433 0.00000 CI8:0 FAME 

Totals : 0.00000 

file://C:/HPCHEM/l/SEQUENCE/JASON.S
file://C:/HPCHEM/l/METHODS/FAME.M
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