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ABSTRACT 

A model for the transformation of methane or vinyl chloride by 

methanotrophic bacteria in unsaturated sand columns was proposed. The 

model was based on Michaelis-Menten kinetics. The columns were 

successful in transforming methane and vinyl chloride at a remarkably high 

rate. Vinyl chloride was transformed only in the obligate presence of 

methane, as the two are in competition for the enzyme responsible for 

transformation. The model was highly sensitive to estimated methanotrophic 

biomass concentration. Water content was not inhibitory between 0.04 and 

0.39 volumetric water content. Interphase mass transport limitation was not 

apparent at influent methane concentrations >> K,. 



CHAPTER 1 

13 

1.0 Introduction 

1.1 Motivations 

Halogenated volatile organic chemicals have become common 

environmental contaminants through their widespread use. From their 

introduction in the 1940s through the late 1960s, there was little awareness 

of the need for proper disposal. During this period, these compounds were 

disposed of in steel drums, which were placed in open pits or landfills. 

As a result, many soils and aquifers were contaminated. 

The danger of many of these compounds is well documented (Tabak, 

1981). In order to reduce the associated risks to public health, they must 

be removed in some way from the environment, immobilized, or transformed 

into compounds presenting less risk. The methods of choice have usually 

been physical or chemical in nature. These have included excavation of 

contaminated soil followed by either burial in an approved landfill, or 

enhanced volatilization to the atmosphere. Incineration has been used in 

highly contaminated soils. Pumping of groundwater followed by air 

stripping and possibly adsorption on granular activated carbon is one of 

the most common removal methods. All of these processes can be effective 

in reducing the health risks associated with exposure, however they are 

becoming prohibitively expensive, and those that do not destroy or 

mineralize the compounds merely transfer the problem to another matrix, 

while not reducing the liability of the original user for future problems. 

Biological degradation of halogenated volatile organic compounds is an 
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emerging technology that may become a low-cost solution to the problem. 

It is especially desirable because it does not merely transfer the probleir. 

to another matrix, but transforms the compounds to eliminate or lessen the 

associated risks. 

Biological transformation of halogenated VOC's has already been 

observed in the environment (Little, 1988). Transformations can take place 

under aerobic or anaerobic conditions. Unfortunately, transformations in 

natural systems can be slow and difficult to predict. Another unfortunate 

occurrence in the natural environment is the biotransformation of 

trichloroethene (TCE) and dichloroethenes (DCE) under anaerobic conditions 

to vinyl chloride (Little, 1988). Vinyl chloride (VC) is more toxic and 

carcinogenic than the more chlorinated ethenes (Little, 1988), and it is 

much more mobile in the subsurface due to a low boiling point of -13.4 °C, 

and a high Henry's constant of 0.27 (ug/l:ug/l). This problem is 

particularly evident in landfills, where halogenated ethenes were purposely 

or inadvertently disposed. Conditions are often methanogenic in the 

deeper regions of landfills, and VC can be emitted along with methane and 

other VOC's into the surrounding air. 

This problem was noted in conversation with personnel from the Los 

Angeles County Sanitation District (LACSD). The LACSD operates a large 

landfill in Whittier, CA, which employs a soil-gas vacuum extraction system. 

This system serves a twofold purpose. It reduces the amounts of methane 

and VC released into the LA County air, which is tightly regulated and 

monitored. It also allows the generation of electricity from the combustion 



of the methane, which was responsible for the generation of 50 kWH in 

1990. 

It has been documented repeatedly that methane-oxidizing bacteria are 

capable of transforming TCE, DCE, and VC to metabolizable products under 

aerobic conditions when methane is also present. It was suspected that 

methanotrophs were present in the cover material of the Whittier landfill 

and were responsible for reducing the amount of VC being released from 

the landfill. Methanotrophs were found ranging in concentration from 10! 

to 10* organisms per gram of dry soil. 

The information with which to design for or simply predict the 

removal of VOC's in unsaturated soils under methanotrophic conditions does 

not exist. At the same time, there has been interest in biofiltering gases 

that contain VC and other similar compounds. This would take place in an 

engineered system such as an unsaturated column in order to maximize 

mass transfer of the compound to the organisms. 

1.2 Objectives 

The goal of this research is to propose a model of methanotrophic 

activity in unsaturated porous media. Independent variables investigated 

included moisture content, methane and VC concentrations, and the steady 

numbers of methanotrophic bacteria. The model will be useful for the 

prediction of vinyl chloride transformation under similar conditions. 

1.3 Experimental Plan 

The laboratory experiments necessary to attain the goals mentioned 

previously lie in three areas: (1) determination of the moisture retention 

characteristics of the soil; (2) deterirdnation of the biomass present on the 
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column material; (3) determination of mass transfer characteristics of the 

column, which can be hypothesized by comparing pure culture kinetic data 

with actual behavior of the column biomass; (4) determination of kinetic 

parameters for methane and VC; and (5) measurement of methane and VC 

removal across the column. 
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CHAPTER 2 

2.0 Background Material 

2.1 Physical Parameters of Soils 

2.1.1 Saturated Hydraulic Conductivity 

Hydraulic conductivity is a measure of the amount of water which will 

flow through a porous material past a given point in a given time under 

a specified hydraulic gradient (Todd, 1980). Saturated hydraulic 

conductivity is measured when all of the pore space in the material is 

filled with water. Under steady-state flow-velocity conditions at constant 

temperature, these parameters are related according to the following 

equation known as Darcy's Law: 

Q=-K— (2.1) 
A dl 

where Q is the volumetric water flowrate, A is the total cross-sectional area 

normal to the direction of flow, K is the saturated hydraulic conductivity, 

and dh/dl is the gradient in hydraulic head in the direction 1. Q/A is also 

known as the specific discharge or flux of water. While the columns in 

this research were not saturated, this parameter (K) provides a useful 

description of the material and is familiar to hydrologists. 

Unsaturated liquid flow is similar, however hydraulic conductivity is 

a function of water content. None of the column studies involved liquid 

flow, so this parameter was not estimated. 

2.1.2 Air Entry / Pore Size 

It is well known that water will rise above its free level when it 

enters a small pore, such as a capillary tube. When a capillary tube is 



removed from the larger body of water, a force greater than gravity is 

required to expel the water from the tube. This phenomenon arises from 

the adhesive and cohesive forces among water molecules and interactions 

between the water and solid surface (Koorevaar, et al, 1983). 

For the same reason, when a porous medium such as a soil is wetted, 

it does not immediately thereafter drain to dryness. The extent to which 

water is retained depends primarily on the physical characteristics, such 

as pore size of the porous medium (Koorevaar, et al, 1983). The height to 

which water will rise above the water table (where it is at zero matric 

potential), is called capillary rise. The air entry value is the pressure 

equivalent of the matric potential at which the material begins to 

desaturate on the drainage cycle. Matvic potential will be defined in the 

following section. The matric potential, h, is a function of grain size, and 

thus, pore size in the soil. 

The average pore size can be approximated from the capillary rise and 

air entry values according to the following: 

where Ze is the height of capillary rise in meters, o is the air-water 

interfacial energy per area (J/mJ), also known as surface tension, Pi is the 

liquid density, g is the gravitational acceleration constant, and r is the 

effective pore radius. Similarly, 

AEV=pl gZc (2.3) 

where AEV is the air entry value or pressure equivalent of the capillary 

rise. This equation is only applicable to matric potentials less than 10 m. 



When the matric potential of a material exceeds the air entry value, water 

will begin to drain from the pores. 

Pore radius can be estimated from the above relationship if the air 

entry value is known. A well-sorted soil by definition has a uniform grain 

size, and therefore a uniform pore size. The pore size can be estimated 

fairly accurately because most of the pores will drain at a single matric 

potential. In a heterogeneous soil, the pore size distribution should be 

calculated on a statistical basis. That is, the air entry value is not the 

same for all of the pores, so a calculation of the percent of total water 

drained as a function of matric potential is necessary for a detailed soil 

description. 

2.1.3 Moisture Retention 

In an unsaturated media it is important to know the moisture content. 

Microbial activity and hydraulic conductivity depend on the moisture 

content. In this research, the reaction takes place in the liquid phase, so 

the water content, in a sense, determines the reactor volume. It is most 

accurately determined by difference after weighing a moist and then dried 

sample of column material. Because such measurements were infeasible 

during column operation, measurement of the matric potential provided a 

surrogate estimate of water content. Matric potential is the difference in 

potential energy between the water of a particular system, and that of free 

water (SSSA, 1980). It is an energy/mass, but can be represented in units 

of pressure or length. It usually measured with a tensiometer. These 

devices have many possible configurations, but the basic physical principle 

employed is that the tensiometer is produced from a very fine porous 



material such as ceramic or stainless steel that has a higher air entry 

value than the material to be monitored. The porous material of the 

tensiometer is saturated with de-gassed water so that cavitation will not 

occur under negative pressure. The tensiometer is connected by tubing 

to a device capable of measuring negative pressures. The tubing can also 

be hung vertically, as is done for piezometers, except that the free level 

in the tube must be permitted to fall below the level of the ceramic. As 

negative pressures develop during draining of the soil, water is drawn 

from the tensiometer until the amount of force exerted by the water 

seeking its original elevation becomes equal to the amount of force exerted 

by the soil. 

Provided that an accurate correlation between moisture content and 

matric potential is obtained at various matric potentials for each material 

tested, it is possible to determine the moisture content from the matric 

potential. This correlation is developed using a device known as a hanging 

column which is discussed in section 3.1.6. The same physical principles 

apply. 

2.2 Chemical Parameters 

2.2.1 Chemical Equilibrium of Gaseous Compounds 

Methane and vinyl chloride (VC) are both highly volatile compounds. 

Methane has a boiling point of -164 °C, and VC boils at -13.4 °C (MacKay, 

1981). It is therefore necessary to understand how these compounds 

partition between the gaseous and liquid phases. Henry's Law states that 

the solubility of a gas into a liquid is directly proportional to its partial 

pressure in the gas phase over the solution. The constant of 



proportionality is known as the Henry's constant (H). Depending on the 

units of measure of the gaseous and liquid concentrations chosen, the H 

has different values. The most widely used units of measure for the two 

phases are weight/volume or mol fraction. In either case, H is unitless; its 

value is highly dependent on the selection between these concentration 

units. The former is usually expressed in mg/1 or ug/1 in environmental 

applications. Mole fraction is defined as the number of moles of the 

compound of interest divided by the total number of moles of all 

compounds in an equal volume of that phase. The values reported for H 

for VC vary widely in the literature, so it was decided to determine the 

constant experimentally for the conditions encountered in this research. 

Henry's constants are reported for VC by MacKay, and Gosett. At 25°C, 

MacKay reports the H to be 0.96 (mg/1 to mg/1), but he mentions that no 

value is recommended for use due to the many discrepancies (MacKay, 

1981). Gossett reports a value of 1.15 (mg/1 to mg/1) at 24.8°C (Gossett, 

1987). The value reported for methane of 52,000 (mol fraction/mol fraction) 

at 20° C (Thibodeaux, 1979) was accepted and adjusted to 60,000 for the 

experiments at 30 °C. 

2.2.2 Sorption of Organic Compounds 

As organic compounds travel through soils, they can be adsorbed onto 

the solid phase. This will retard the compound so that it will not travel 

as fast as the phase in which it is contained. This sorption is highly 

dependent on the amount of organic material in the soil, or porous medium. 

Garbarini (1986) found that the sorption was best correlated to the material 

carbon and oxygen contents. This finding is important for three reasons. 
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First, if material is sorbed to the solid phase, it can become unavailable to 

microorganisms for biodegradation, especially if it is not allowed to travel 

to the zone of microbial growth. Second, mass balances would be difficult 

to close if there were a large amount of the compound of interest being 

retarded. Third, control data would be absolutely necessary, at least until 

the sorptive capacity of the medium was exceeded. 

With regard to sorption on to column materials, Siegrist and McCarty 

noted no difference between Teflon and rubber stoppers with respect to 

the amount of organic compound sorbed. This was noted in semi-

continuous column operation, in which the fluid was only exchanged on the 

order of days to weeks (Siegrist and McCarty, 1987). 

2.3 Microbial Parameters 

2.3.1 Methanotroph Physiology 

Methanotrophic bacteria are aerobic, Gram-negative organisms that (by 

definition) use methane as their primary source of carbon. Most of those 

referred to in the literature are obligate methanotrophs (Little, 1988). 

Methanotrophs are generally divided into Type I and Type II. Type I 

methanotrophs are characterized by internal membranes which are discs 

perpendicular to the outer membrane. They use the hexulose phosphate 

cycle for carbon assimilation (Little, 1988 and Stanier, 1986). Type II 

methanotrophs are characterized by paired membranes parallel to the outer 

membrane. They use the serine pathway for assimilation of carbon into 

organic material. The serine pathway permits the assimilation of COj, but 

the hexulose phosphate cycle does not. 



The enzyme responsible for the insertion of an oxygen atom into 

methane to initiate catabolism is methane monooxygenase (MMO). NADH 

serves as an electron donor for this process (Stanier, 1986). Type II 

methanotrophs are capable of expressing two kinds of MMO. One is known 

as particulate MMO (pMMO), and the other as soluble MMO (sMMO). The 

soluble enzyme is not found in Type I methanotrophs, and is expressed 

only under conditions of copper limitation in the Type II organisms 

(Stanley, 1983 and Oldenhuis, 1989). In most research where the two 

enzymes were differentiated, the concentration of copper at which the 

change occurred was not reported. Oldenhuis et al. (1989) grew 

Methylosinus trdchosporium OB3b in the complete absence of copper to 

obtain sMMO, and in 4.8 uM copper to obtain pMMO. Stanley et al. grew 

Methylococcus capsulatus (Bath) in 0.74 yM copper to obtain sMMO, and in 

4.5 y.M copper to obtain pMMO. However, in the low-copper medium he did 

not measure sMMO activity until the biomass concentration reached 0.8 g 

dry weight /l. A condition recognized as full sMMO expression was not 

achieved until the cell dry weight reached 1.6 g dry weight /I. In the 

high copper medium, no sMMO activity was observed until the biomass 

concentration reached 1.4 g dry weight /l, and pMMO was still detectable 

when the experiment was terminated at cell dry weight equal to 2.4 g/1. 

In a similar experiment in which 0; limited growth, Stanley observed that 

100% sMMO activity was obtained at 1.3 g dry weight /I in the low copper 

medium. Research in this University has estimated the critical mass of 

copper for selection of pMMO vs. sMMO expression at approximately 0.25 ug 

Cu / mg cell dry weight. 



Methanotrophs are found in many natural environments. Their ability 

to survive unfavorable conditions results from their capacity to form 

resting stages. Type I and some Type II organisms both form cysts 

(Stanier, 1986). In this process, the whole cell becomes encapsulated with 

additional cell walls. Type II organisms of the genera Methylosinus and 

Methylobacterium form exospores. In this case, a bud forms at one end of 

the cell. The bud has a complex wall and fibrous capsule. These stages 

can survive long periods of adverse moisture, temperature, or methane 

conditions. 

Methanotrophs also have mechanisms for dealing with short-term 

methane deficiencies. When substrate is present in excess of growth 

requirements, Type II methanotrophs can use the serine pathway to form 

poly-|3-hydroxybutyrate (PHB). This polymer can form up to 70% of total 

cell dry weight under nitrogen-limited conditions (Asenjo, 1986). PHB 

subsequently serves as an endogenous substrate, to continue cell function 

or biodegrade environmental contaminants (Henry, 1991). This mechanism 

was held responsible for the ability of cells to oxidize TCE in the absence 

of methane for 15 hours. Strand (1990) reported that a mixed 

methanotrophic consortium retained the ability to degrade TCE and TCA for 

65 hours in the absence of methane, but did not discuss the source of 

reductant. 

2.3.2 Cometabolism 

Cometabolism is defined as the transformation of a non-growth 

substrate in the obligate presence of a growth substrate. Halogenated 

organics are transformed by a fortuitous reaction catalyzed by sMMO or 



pMMO. Little, et al. (1988) reported that TCE was transformed by a pure 

culture of a Type I methanotroph. They concluded that this process was 

cometabolic, as a growth substrate was necessary for TCE biodegradation. 

This transformation actually yields no direct benefit to the cell, and results 

in its eventual inactivation when TCE is involved (Alvarez-Cohen, 1991b). 

Oxygen insertion by the monooxygenases can proceed to complete 

mineralization in mixed cultures, as demonstrated with 14C-labelled TCE 

(Mayer, 1988). In those experiments, Mayer used a natural aquifer material 

packed in a saturated column. The column was fed methane, and 20 per

cent of the 14C-labelled TCE was transformed to 14CO:. 

Although other organisms such as propane-oxidizers and Pseudomonas 

cepacia, have been shown to degrade TCE, methanotrophs have been shown 

to be the most capable TCE-degrading microorganisms (Oldenhuis, 1991). 

The soluble enzyme is considerably less specific than the particulate 

(Burrows, 1984), and is capable of cometabolizing a greater variety of 

compounds, including TCE. One of the most widely studied methanotrophs 

is Methylosinus trichosporium OB3b primarily because of its ability to 

generate an sMMO with very low substrate specificity. 

2.3.3 Enzyme Kinetics 

Kinetic parameters must be estimated in order to predict the rate of 

transformation of a compound by an enzyme. These parameters are used 

in the mathematical expressions developed by Michaelis and Menten, and 

Monod, which describe enzyme-catalyzed transformations (Grady and Lim, 

1980). The equation is as follows: 
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V c 
V=-=S*- (2.4) 

Km+C 

where v is the rate or velocity of reaction (rate of disappearance of 

substrate), VIU is the maximum rate of reaction, C is the concentration of 

substrate, and Kt is the Michaelis constant, or half-saturation constant. 

When the concentration of substrate is equal to K,, the reaction will 

proceed at half of the maximum rate. When a substrate is at a 

concentration much less than K,, the reaction is first-order with respect 

to the substrate concentration. The first-order rate constant is then 

When a substrate concentration is much higher than K,, the 

reaction is zero-order and proceeds at the maximum rate, independent of 

the substrate concentration. In other cases, simplification is not 

warranted, and the parameters Kj and V,,, must be estimated independently. 

In most studies of cometabolism, both the growth substrate and the 

non-growth compound are present. Since they compete for access to the 

enzyme active site (mutual exclusion), the expression that is used to model 

the rate of disappearance of substrate in the presence of a compound that 

is cometabolized is as follows: 

v= 
Km 1 (2.5) 

1+—(1+—) 
c k; 

(Wood, 1981). Here v is the rate of reaction of the substrate, V„, is the 

maximum rate of reaction of the substrate, K, is the half saturation 

constant for the substrate, S is the concentration of the substrate, I is the 



concentration of the inhibitor, and Kj is the dissociation constant for the 

enzyme-inhibitor (cometabolic substrate) complex. 

Kinetic parameters for various methanotrophs in pure and mixed 

culture have been reported. Many of these are reported as k.Jt and K,, 

where k„t is the Michaelis VIU divided by the biomass concentration. 

In an extensive study of the purified sMMO of Methylococcus 

capsulatus (Bath), Green (1986) found that with methane as the substrate, 

K, was 3uM CH4. This value was much lower than that estimated in a 

previous study of the same organism by Colby, et al (1977). Green also 

reported a k;i. of 0.19 s"1, expressed as turnover relative to 1 molecule of 

Protein A, a component of sMMO. The measured K, for 02 was 16.8jiM. 

Strand (1990) conducted experiments in a batch reactor with a mixed 

methanotrophic consortium and reported a k.j; of 47.2 ug CH</mg VSS/h, 

and a K. of 42 viM CHt. He also reported that TCE and TCA degradation 

were approximately first order until toxic effects were apparent. He 

measured first-order rate constants of 3.7 X 10'4 1/mg VSS/h for TCE and 

8.8 x 10"5 1/mg VSS/h for TCA. In studies with mixed methane-utilizing 

cultures in sealed bottles, Fogel (1986) obtained a degradation rate for TCE 

of 0.26 ug TCE/mg protein/h. It should be noted that these values appear 

higher than others, because protein mass is less than total cell mass. She 

did not report a kCIt value because the initial concentration was only 4.6 

jiM. She also reported the following rates in jig/mg protein/h : vinyl 

chloride (live culture), 2.0; vinyl chloride (killed culture), 0.5 ; 1,1-DCE 

(live), 0.68; 1-1,DCE (killed), 0.29; cis-l,2-DCE (live), 1.07; trans-l,2-DCE 

(live), 1.07. The rate for TCE was reported above. In the killed culture 
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experiments with TCE and PCE, and in the live culture PCE experiment, the 

final concentrations were slightly above the initial concentrations. All 

initial concentrations were approximately 600 ug/1. 

Alvarez-Cohen (1991a) measured TCE transformation by methanotrophic 

mixed cultures, noting the effects of reductant addition in the absence of 

methane. In those experiments, methane was removed to eliminate 

competitive inhibition and yield the highest possible transformation rate of 

TCE. Resting cells had a k;s; of 0.025 mg TCE/mg cells/h, but the addition 

of formate to a final concentration of 20 mM stimulated a much higher k;i; 

of 0.088 mg TCE/mg cells/h. 

Kinetic parameters for the sMMO of Methylosinus trichosporium OB3b 

have been reported by several authors, including Oldenhuis (1991). The 

kinetic parameters reported by Oldenhuis (1991) for Methylosinus 

trichosporium OB3b expressing sMMO are shown below in Table 1. Kinetic 

data for purified sMMO from OB3b are provided in Table 2 (Fox, 1990): 



Table 1 - Kinetic parameters for the sHMO of Methylosinus trichospcrium 

0B3b (Oldenhuis, 1991) 

Substrate K, (uM) kCil (nmol/min/mg 

cells) 

Methane 92 ± 30 363 ± 50 

Dichloromethane 4 ± 1 33 ± 1 

Chloroform 34 ± 6 548 ± 45 

1,2-Dichloroethane 77 + 9 65 ± 6 

1,1,1-Trichloroethane 214 ± 18 24 + 1 

1,1-Dichloroethene 5 + 2 6 ± 1 

t-l,2-Dichloroethene 148 ± 61 331 ± 89 

c-l,2-Dichloroethene 30 ± 10 182 ± 29 

Trichloroethene 145 ± 61 290 ± 99 



Table 2 - Kinetic parameters for purified sHMO from 

Methylosinus trichosporium 0B3b, (Fox, 1990) 
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Substrate K, K„t (nmol/min/mg enzyme) 

ethene 32 858 

vinyl chloride 33 748 

c-l,2-dichloroethene 28 935 

t-l,2-dichloroethene 38 888 

1,1-dichloroethene 18 648 

trichloroethene 38 682 

It should be noted that the k;jl values in Table 2 are normalized to 

mg of enzyme, and in Table 1 to mg cells. Since the amount of enzyme is 

much less than the total cell weight, the values are higher. The k;i; for 

purified enzyme might also be higher than that of whole cells due to 

transport steps involved in internalization of substrate. 

Burrows (1984) studied Methylosinus trichosporium OB3b in continuous 

culture and reported a kCJt of 52 nmol CHt/mg total protein/min for sMMO 

and a k.Jt of 62.5 nmol CH4/mg total protein/min for pMMO. Tsien (1989) 

conducted studies of the same organism by sampling a continuous culture 

from a fermentor, removing residual methane, and placing the culture in 

a sealed serum bottle. Using initial concentrations of 20jaM, he reported 

a maximum degradation rate of 1.2 mmol TCE/g cells/h when copper levels 
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in the original medium were below 0.25|iM. When copper levels were above 

that level, TCE degradation rates decreased significantly, indicating that 

the sMMO was not expressed. He did not report the addition of formate to 

the bottles. I was unable to find kinetic parameters for vinyl chloride 

(VC) for whole cells. 

2.3.4 Enzyme Assays 

The conversion of propene to propene oxide is a measure of total MMO 

activity, as both enzymes are capable of catalyzing this transformation 

(Burrows, 1984 and Oldenhuis, 1989). The assay is carried out in a 

buffered formate solution (10 mM), in which formate provides the necessary 

reducing power. 

The transformation of cyclohexane to cyclohexanol is catalyzed only 

by sMMO (Burrows, 1984 and Oldenhuis, 1989). While the latter is an 

indication of sMMO activity, both assays must be performed to measure 

pMMO activity (as propene oxidation in the absence of cyclohexane 

transformation). 

Another assay specific to sMMO is the conversion of naphthalene to 

naphthol (Brusseau, 1989). Naphthol is detected by reaction with 

tetrazotized-o-dianisidine. The reaction produces a deep red color, the 

formation of which can be measured spectrophotometrically at 528 nm. This 

assay can also be used to screen colonies on plates for sMMO activity. 

2.3.5 Enumeration of Organisms 

Numerous methods are reported for estimating the number of 

organisms in soils. The most common methods are direct counts via 

microscopy, culture techniques, and ATP measurement. Direct counts are 



usually done using a staining agent such as acridine orange (AO), following 

steps designed to separate attached cells from soil material. 

Acridine orange is an intercolating agent that inserts itself into 

nucleic acids (Paul and Clark, 1989). When a stained cell is illuminated 

with ultraviolet (UV) light, the AO fluoresces and appears either orange or 

green. It was suggested by Paul and Clark that living cells appear green 

and dead cells, lacking an intact cytoplasmic membrane, still adsorb dye 

but appear red or orange. Color can also be affected, however by the 

concentration of dye used, the nature of the cell wall, and the P.N A to DNA 

ratio. This technique does not distinguish between different types of 

bacteria, nor between living and non-reproducing cells. 

Techniques for counting methanotrophs involve growing these bacteria 

on plates or in liquid with methane as the sole source of carbon. 

2.3.6 Column Studies 

Column studies using methanotrophs have been conducted primarily 

in saturated columns (Mayer, 198S) and expanded bed reactors (Phelps, 

1990). These systems were successful in degrading various halogenated 

organics. Most of the literature describes columns with methanotrophir 

consortia. This is probably due to the interest in stimulating native 

populations of methanotrophs present in contaminated sites. 

Phelps, et al. (1990) obtained a 95 percent removal of TCE after 5 

days with continuous recycle in an expanded bed reactor. Their initial 

feed concentration was 20 mg/1 TCE. Mayer, et al. (1988) reported 20 per 

cent conversion of :tC-labelled TCE to CO: in a saturated column of natural 



aquifer material when the influent TCE concentration was 50 ug/1, but did 

not examine the biomass or column material for transformation products. 

Strandberg (1989) used a fixed-film packed-bed reactor containing a 

methanotrophic consortium. This reactor was fed a mineral salts solution 

containing both TCE and DCE. Methane (4%) and air were fed concurrently. 

At influent TCE and DCE concentrations of 1 mg/1 each, and a detention 

time of approximately 50 minutes, >50% of the TCE and >90% of the DCE 

were degraded in one pass through the reactor. 

A study of methanotrophic activity in unsaturated columns was 

conducted by the Environmental Protection Agency (Wilson and Wilson, 

1985). Their column was packed with sandy soil and fed with natural gas 

at 0.6 %. They demonstrated an order-of-magnitude reduction in TCE after 

a two day residence time. The water content and grain size of the material 

used were not described. 

2.3.7 Microbial Response to Unsaturated Conditions 

Several authors have investigated low moisture content as a limiting 

condition in unsaturated soils. Microbes grow in water films on the 

surface of particles, and therefore, they are primarily affected by matric 

potential (Stolp, 1988). Osmotic potential results from dissolved salts in the 

soil water. It is calculated by a modification of the van't Hoff equation: 

^n=^cRT (2.6) 

(SSSA, 1980), where is the osmotic potential, <|> is the osmotic coefficient 

(usually between 0.6 and 1.4), y is the number of osmotically active 

particles per molecule of solute (2 for NaCl), c is the concentration of 

solute (moles/kg), R is the gas constant (0.0831 bar kg mol1 K'\ and T is 
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the temperature in degrees Kelvin. Osmotic potential is independent of 

matric potential, but the two in combination comprise the major portion of 

total water potential in unsaturated soils. Unless a soil is exceptionally 

saline, osmotic potential does not play a major role as a determinant of 

microbial activity. Papendick and Campbell report that microbial activity 

is affected much more by a decrease in matric potential than a decrease 

in osmotic potential (SSSA, 1980). 

Gram negative bacteria can grow at water potentials as low as -56 to 

-85 bar (Stolp, 1988) depending on the species. Paul and Clark (1989) 

state that optimal water potential for microbial activity in general is -0.01 

MPa, (0.1 bar), which corresponds to a 1.0 m suction. They caution that 

this is only a general guide, and that various types of microbes have 

different responses to water stress. 



CHAPTER 3 

3.0 Methods and Materials 

3.1 Physical Properties of soils 

3.1.1 Column Materials 

The soils used for this research were sandy and very low in organic 

content. The initial column studies were performed using a #20 sand 

purchased from a sand and gravel dealer (Pantano Materials, Tucson, AZ). 

Later work used sediment from the Rillito River in Tucson, AZ. River 

sediment was sieved, with the fraction passing a #20 sieve and retained on 

a #80 sieve being saved. The river sediment was chosen because it was 

expected to have very little clay or organic matter. Both soils were 

washed in order to remove any clay particles. 

3.1.2. Porosity and Dry Bulk Density 

Porosity is the measure of the volume fraction of the material not 

occupied by solids. It is calculated by dividing the volume of unoccupied 

space by the total volume of material. Porosity was determined by 

calculation using the dry bulk density and an assumed granular density 

of 2.65 g/cmJ. Dry bulk density was determined by weighing an accurately 

measured volume of material that had been dried for 18 hours at 105°C. 

The mass of the dry material divided by the total volume is the dry bulk 

density. Assuming a granular density for both materials of 2.65 g/cmJ, the 

volume fraction of solid material was calculated from the following 

equation:(Koorevaar, 1983) 

(31) 
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where p'd is the dry bulk density, <|>( is the volume fraction of the solid 

phase, p, is the density of the solid phase, and the other terms are for 

the gas phase. There is no liquid phase to account for, since the material 

was oven dried. Because the density of air is three orders of magnitude 

less than that of the solid phase, it can be neglected. The volume fraction 

of solid, <|>e/ is then solved for, and the volume fraction of gas, or porosity 

is 1-^. 

3.1.3. Grain size 

Grain diameter was determined from the sieving process used to 

obtain each material. The #20 sieve has an opening of 0.84 mm, and the 

#80 sieve has an opening of 0.17 mm. The #20 material was previously 

sorted by the commercial vendor so that the grains were all approximately 

0.84 mm in diameter. The Rillito river sediment used was that retained 

between the two sieve sizes mentioned above. A detailed analysis of grain 

size distribution was not deemed necessary, and it was assumed that there 

was a linear distribution between the two sizes so that the mean grain size 

was about 0.50 mm. 

3.1.4 Surface Area 

Surface area can be estimated from the grain size by: 

(3.2) 

where S is the specific surface area (mJ/kg), p, is the granular density 

(usually 2.65 g/cm5), and d is the grain diameter. The equation assumes 

that the grains are spheres. 



3.1.5 Saturated Hydraulic Conductivity 

The saturated hydraulic conductivity was determined using a falling 

head permeameter (Todd, 1980). This consisted of a polycarbonate tube 9.5 

cm in diameter that had 5 cm of gravel at the bottom to keep the material 

from exiting the tube. Approximately 20 cm of sand (uniform, purchased 

or Rillito river sediment) was added to the tube. The material was then 

saturated by adding water through the bottom so that air would not be 

entrapped in the process. The column was then filled with water such that 

the free surface was about 40 cm above the sediment. The bottom of the 

tube was sealed with a one-hole stopper, into which was inserted a glass 

tube. Tygon tubing was then attached to the glass tube with the other 

end immersed in a 250 ml erlenmeyer flask filled with water. When the 

tubing was undamped, water could flow through the tube and out of the 

flask with only the sediment contributing significant resistance. 

The falling head permeameter is a transient method, and its solution 

can be derived from Darcy's Law, which is a steady-state expression. At 

any instant, the flow into the media is equal to the flow out of the media 

(continuity principle). Using this principle, the solution is: 

A—=-KA— (3.3) 
dt L 

where A is the cross-sectional area of the column, H is the average 

hydraulic head acting across the sand during time t, L is the length of the 

sand flowed through, and K is the hydraulic conductivity. After 

separating variables, dividing through by A, and integrating: 
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H, -Hn 

K= -—2- (3.4) 
t2-tx 

3.1.6 Moisture Retention 

A correlation between moisture content and matric potential was 

obtained for each of the two materials used (Figures 1 and 2). These 

correlations were developed using the hanging column method (Koorevaar, 

1983). The soil was placed in an inverted glass funnel with a fritted 

bottom capable of holding greater than 60 cm of water suction. The 

inverted funnel was placed on another fritted glass funnel with the two 

fritted surfaces in contact. Tygon tubing was connected to the outlet of 

the bottom funnel and run in a U-fashion to the outlet tip of a buret. The 

buret had a shutoff valve that was closed when the top funnel was 

removed for weighing. The dry weight of the soil and funnel was 

measured. Then the soil was carefully saturated to avoid air entrapment. 

The top of the inverted funnel containing the material was covered with 

paraffin that had two pinholes in order to minimize evaporative losses. 

The amount of water drained from the material in response to an imposed 

vacuum could then be found by weighing the top funnel after the buret 

was lowered, and water drained from the soil. After lowering the buret, 

the stopcock was opened for as long as was required for the material to 

drain and reach equilibrium (2 to 24 hours). Finer soils retain more 

water, and require more time for attainment of equilibrium. The #20 sand 

required 2 days for the entire experiment, and the Rillito river sediment 

required 4 days. 



3.1.7 Air Entry Value and Pore Size 

Air entry occurred when the water content of the material decreased 

during the hanging column test. An air entry value was determined from 

the moisture retention curves shown in Figs 1 and 2 in Section 4.1.1. 

3.2 Reactor Design 

The columns were constructed from 3.2 mm walled cylinders of 

polycarbonate, 10.2 cm in diameter. The height was 60 cm, however the 

columns were usually not filled to capacity. The available internal volume 

was 4.3 liters, of which 4.0 liters were filled with soil. The top of the 

column was sealed with a #15 rubber stopper, and the bottom was either 

sealed with the same, or covered with an extremely fine stainless steel 

screen to allow unobstructed gas and liquid flow. 

Gas flow was usually from the bottom up when experiments were in 

progress. Gas flow direction was reversed occasionally to facilitate drying. 

When the columns were operated in the upflow mode, the influent gas 

flowed through a sparger submerged in an erlenmeyer flask of sterile 

demineralized water to minimize the possibility of drying due to the 

introduction of moisture-free bottled gases. The gas then entered the 

column completely saturated with water. This was not necessary for the 

upflow operation of columns under higher moisture conditions. 

The gases used were compressed air, commercial grade methane, and 

10 ppm VC in air (Union Carbide). Control of flowrate and mixture was 

accomplished by stainless steel needle valves in the earlier parts of the 

experimental program. A mass flow controller (Sierra Instruments) was 
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used in the later experiments. In all of the experiments, the combined flow 

of gases was approximately 15 cmVmin. 

At three points 6 inches apart on the side of the column, tensiometer 

ports were installed. The drilled hole was reinforced with 1 inch thick 

polycarbonate cemented to the wall of the column. The tensiometers used 

in this research were porous ceramic, with a pore size such that the air 

entry value was 1 bar, or 10 meters of water. They were in the form of 

cylindrical tubes 9.5 mm in diameter, cut to length so that they extended 

to the opposite wall of the column. The ceramic wall thickness was 3.2 mm. 

A polypropylene tubing connector was placed in the wall of the column, 

with the tensiometer inserted in one end, and Tygon tubing connected to 

the other. The external tubing was filled with water, and hung in a D-

shape to permit estimation of matric potential from the downward 

displacement of the water level. 

3.2.1 Control Column 

A column of #20 sand was assembled exactly as others in this 

research, but it was kept as free of bacterial colonization as possible, and 

was not inoculated with methanotrophic organisms. Water content was 

monitored, and gas flows were applied as in other columns. Methane and 

VC were applied both separately and simultaneously. Both compounds were 

monitored by the gas chromatographic methods noted below. The #20 sand 

purchased for this research was primarily silica, and has little carbon. 

The Rillito River sediment was also essentially inorganic. 



3.3 Chemical Methods 

3.3.1 Henry's Constants and Gas Chromatography 

The apparatus used for estimation of Henry's constants was a 165-ml 

glass serum bottle sealed with a teflon faced stopper and an aluminum 

crimp top. The liquid volume was 20 ml, the same volume used for kinetics 

experiments described later. If the amount of compound added to the 

bottle is known, an accurate measure of the gas-phase concentration 

permits calculation of the liquid concentration and estimation of the Henry's 

constant. 

Fortunately, both of the compounds of interest partition primarily to 

the gas phase. The gas-phase measurements are much more reliable with 

a gas chromatograph than liquid phase. The chromatographic system 

employed for this purpose, and all other GC analyses, was a Hewlett-

Packard 5890A equipped with a flame ionization detector. A 30 m x 0.53 mm 

id capillary column was used for the separation (GSQ, J&W Scientific). This 

column has a porous polymer phase which is ideal for compounds that are 

gases at room temperature. Inlet pressure was set at 20 psig of 99.995% 

pure helium. Methane was analyzed isothermally at 50 °C, and VC was 

analyzed isothermally at 110 °C. Commercially prepared gaseous standards 

were used for calibration of both compounds in addition to pure mixtures. 

Commercial grade methane (> 97 %) was diluted with air in closed vessels 

for calibration standards. Pure VC was obtained as a liquid under 

pressure (Fluka Chemical) for the higher concentrations, and a 1000 ppm 

mixture (Scott) in air was used for the lower concentrations. Linear 



regression was performed on the calibration standards to complete the 

development of a standard curve. 

Gas sampling in the columns was done through ports installed at six 

inch intervals along the wall of the columns 90° from the tensiometer ports. 

These ports consisted of 1.3 cm diameter polycarbonate tubes 5 cm in 

length. The outer end of the tube was threaded, and a nut sealed with 

a silicone septum was screwed over the end. A tee with a similar nut and 

septum was installed in the inlet tubing three feet before the entrance 

point to the column. The outlet tube was secured in place in a fume hood. 

Glass and teflon gas-tight syringes (Precision Scientific) were used 

for sampling the gas phase. These syringes had locking valves at the tip, 

enabling the gas sample to be retained intact long enough to transport it 

to the gas chromatograph. Gas samples were either 100 or 250 yl, and 

were analyzed for methane or VC. 

3.3.2 Copper Analysis 

Copper levels were determined for the growth medium and liquid 

phase in the columns. A Perkin-Elmer 303 atomic absorption 

spectrophotometer with an HGA-400 graphite furnace was used. The lamp 

used was a single-element lamp for copper with an emission wavelength of 

324.7 nm. The furnace was equipped with L'vov platform graphite tubes. 

Deuterium background correction was not deemed necessary, as duplicate 

analyses showed no bias. Standards were made from solid CuNOj which was 

oven-dried and dissolved in demineralized water with 0.1% HNO}. A linear 

response was obtained from the detection limit of approximately 2 ug/1 up 
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to 50 ug/1. For determinations outside this range, modifications of the 20 

pi injection volume were made. 

To determine the amount of copper available to the microorganisms, 

an extraction of the sand was performed. A 50 uM solution of EDTA in 

demineralized water was used as the extraction fluid. An extraction was 

also done using demineralized water for comparison. 1.0 g wet weight of 

column material at 0.0033 water content was placed into a 55 ml screw cap 

tube with a teflon-faced septum, and 10 ml of extracting fluid was added. 

The tubes were placed on a rotary shaker table at 150 rpm in a horizontal 

position for 24 hours. Dissolved copper levels were determined by 

withdrawing 1 ml of the mix and centrifuging at 14000 g for 10 minutes. 

The centrate was assumed to contain only dissolved copper. 

3.4 Microbial Parameters 

3.4.1 Culture Growth Conditions 

Methylosinus trichosporium OB3b was originally obtained in pure 

culture from American Type Culture Collection. Cultures grown on plates 

were grown on noble agar and a mineral salts (Higgins) medium described 

in Appendix A. Plates were placed in airtight jars under a 30 % methane 

atmosphere. This was obtained by drawing a vacuum on the flask to the 

desired level and backfilling with commercial grade methane. The jar was 

placed in a 30 °C environmental chamber. The jar was vented and regassed 

every two or three days. 

Liquid cultures were grown in the mineral salts medium mentioned 

previously, or in Higgins medium, also described in Appendix A. The 

necessary methane atmosphere was provided by using a two-hole rubber 
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stopper on an erlenmeyer flask. One hole had a glass tube with a small 

section of Tygon tubing placed over it, which was, in turn, plugged with 

a sealed 1-ml tuberculin syringe barrel. The other hole was plugged with 

an open-bottomed screw top test tube that was closed with an open-top 

phenolic cap and teflon-faced silicone septum. This arrangement facilitated 

headspace renewal in reactors containing methanotrophs (not the columns) 

by alternatively drawing a vacuum and backfilling the flask with methane. 

The septum accommodated sterile sampling of liquid cultures via syringe 

without allowing methane to escape. Once inoculated and gassed, the flasks 

were placed in a 30 °C environmental chamber on a shaker table and rotated 

at 100 to 150 rpm. 

Cell density in liquid cultures was measured via optical density at 600 

nM. This is an accepted method of determining biomass for non-

aggregating types of bacteria. A comparison of cell dry weight 

measurements with optical density yielded a linear relationship. This 

correlation is: (Al0. X 479) - 5.6 = mg cell dry weight/1. Another 

correlation was used to find the number of cells per ml of liquid as a 

function of Aii:: (Ak». X 105) r 0.074 = # cells/ml (David Graham, personal 

communication). 

3.4.2 Enzyme Kinetics 

Michaelis-Menten kinetic parameters were estimated using much the 

same equipment as the determinations of the Henry's law constant for VC. 

165 ml serum bottles with teflon-faced septa contained 20 ml of 

methanotroph culture. Using the H for VC previously determined, and the 

value of 60,000 (mol fraction/mol fraction) (Thibodeaux, 1979) for methane, 



substrates were dispensed to yield liquid-phase concentrations in the 

range desired. For methane, the range was 3 to 100 yM. For VC, the 

range was 80 to 6000 uM. 

For the measurements of Michaelis parameters, 500-ml cultures were 

grown and partitioned in order to ensure uniformity of metabolic activity. 

For both compounds it was necessary to remove residual methane before 

placing the culture in the serum bottles. This was accomplished by 

agitating the flask with the stopper removed for at least thirty seconds 

under a laminar-flow hood. For the methane assays, 20 ml of culture in 

log growth was then added to the serum bottle, which was then sealed. 

Optical densities ranged from 0.25 to 0.60. For the VC assays, 20 ml of 

culture in log growth was centrifuged at 6000 g for 10 minutes at 4°C, 

then resuspended in 10 mM formate buffered to pH 7.0. The absence of 

residual methane was verified by GC analysis of the headspace. 

The compounds of interest were added to each of five or six bottles 

at approximately three-minute intervals. Additions were staggered so that 

samples could be analyzed from each bottle at the same elapsed time. The 

procedure ensured that one bottle did not go unanalyzed for a long period 

of time. After the addition of the compound, the bottle was shaken 

vigorously and warmed from room temperature to near 30 'C by covering 

the bottle with both hands. Each was then placed on a shaker table in a 

30° C environmental chamber, and agitated at approximately 150 rpm to 

facilitate mass transfer. 

Periodic analysis of headspace gas concentrations were carried out for 

at least 90 minutes. The total amount of compound remaining in the bottle 
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was calculated and plotted versus time, and the rate of compound 

transformation was determined for each concentration from the slopes of 

the concentration vs. time curves. This rate was normalized for total 

biomass present in the bottle. A plot of normalized transformation rate 

versus liquid-phase concentration was developed on this basis. 

There are several linearized transformations of the Michaelis-Menten 

equation to facilitate determination of Michaelis parameters from kinetic 

data. The Lineweaver-Burk transformation has the following form: 

1=-L+ K
" (3.5) 

v  ̂ V Ŝ 

Thus, a plot of 1/v versus 1/S (double-reciprocal plot) yields a straight 

line with a y-intercept of 1/Vi4l and a slope of K,/VMl. Another useful 

transformation is the Hanes linearization, which is obtained by multiplying 

both sides of the Lineweaver-Burk equation by S to yield: 

S=_S__+J^_ (3.6) 
V 

If Michaelis kinetics apply, a plot of S/v versus S should yield a straight 

line with a slope of 1/V(i, and a y-intercept of Ks/VtJl. The x-intercept is 

-K,. 

The disadvantage of the Lineweaver-Burk method is that those points 

nearest V„,, which in many cases are the most accurately known, will 

cluster near the origin, while those with the largest per cent error will 

have the greatest influence on the slope of the line (Grady and Lim, 1980). 

It should be noted, however, that in this research the analyses at the 



lower substrate concentrations had the lower per cent errors, while those 

at the higher end had larger variations. 

The Hanes method has the advantage of spreading out the points near 

VHI, which allows for a more accurate determination of the true slope. The 

only disadvantage is that the x-intercept is frequently close to the origin, 

making an accurate determination of K, difficult. Michaelis parameters were 

estimated from Lineweaver-Burk and Hanes plots using least-squares 

procedures. 

3.4.3 Enzyme Assays 

Because there are two distinct enzymes involved in the metabolism of 

methane and cometabolism of other substrates (pMMO and sMMO), it was 

sometimes necessary to determine which enzyme was expressed. Prior to 

the kinetics experiments described above, assays were performed on each 

culture to determine whether sMMO or pMMO was responsible for observed 

transformations. Kinetic parameters were determined for both enzymes. 

The measurement of total MMO activity was accomplished by the 

propene oxidation assay. 2 ml or more of culture in log growth was 

centrifuged at 6000 g for 10 min at 4°C. the pellet was resuspended in 

2 to 4 ml of 10 mM formate buffer, and 1.0 ml was placed in a 6-ml screw 

cap vial sealed with a teflon faced silicone septum. Another aliquot was 

used for measurement of optical density at 600 nM to determine the amount 

of cells present. 1 ml of gaseous propene was injected into the headspace 

by syringe, after which the vial was agitated on a rotator at 30 rpm at 

30°C. The gas chromatographic system previously mentioned was employed 

to analyze for propene oxide. The column used for the separation was a 



30 m x 0.53 mm id (DB-Wax, J&W Scientific). l.Svtl liquid injections were 

used. Oven temperature was 70°C for 2 minutes, then ramped 10°C/ min 

and held at 130°C for 1 min. A calibration standard made from 99.9% pure 

propene oxide was used for comparison. 

The determination of sMMO activity was accomplished by the 

conversion of cyclohexane to cyclohexanol as described earlier. This assay 

was carried out in approximately the same way as the propene assay. 1.3 

jil of liquid cyclohexane was added to the vial instead of propene. 

Chromatographic procedures were also the same, except that the oven 

temperature was held at 130°C for the whole analysis. The presence of 

pMMO was indicated by propene conversion in the absence of cyclohexane 

conversion. 

The expression of sMMO among methanotrophs on solid media was 

indicated by the naphthalene to naphthol transformation. When colonies on 

plates were grown to the desired size (large enough to see color 

formation), the plate was inverted with the agar on top. Crystalline 

naphthalene (approximately 0.5 g) was placed in the plate cover, now on 

the bottom. The plate was then placed in a 30"C environmental chamber. 

Gaseous methane need not be added for the conversion to take place. 

Following a period of 15 minutes for naphthalene conversion, plates were 

sprayed with a fine mist of tetrazotized-o-dianisidine (10 mg per ml H;0) 

from a thin layer chromatography atomizer. Colonies expressing sMMO 

would turn red almost instantly, indicating the presence of naphthol. 
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3.4.4 Inoculation of Column Media 

The sand was prepared by washing several times with faucet water, 

followed by distilled water, to float off any fine material. The sand was 

then saturated with Higgins medium and autoclaved for at least one hour, 

then allowed to cool overnight. A large volume (500 ml) of a pure culture 

of Methylosinus trichosporium OB3b was grown to an optical density of 

approximately 0.3 cm"1 and mixed with the saturated sand. The culture was 

then mixed with the sand on a shaker table for approximately 15 minutes, 

in order to get a homogeneous distribution of microorganisms. This was 

accomplished in sealed flasks with a 30% methane headspace. 

The inoculated sand was then poured into the column in six-inch deep 

increments. This was necessary to allow for the insertion of the 

tensiometers. Faucet water was de-gassed by boiling, then each 

tensiometer was filled by drawing a slight vacuum on the attached Tygon 

tubing. Excess liquid was allowed to drain through the bottom stopper, 

which had two holes drilled through. One hole was used for the gas 

introduction, and the other was available as a drain. Sand was prevented 

from draining with the water by clamping the attached Tygon tubing tight 

enough to only allow liquid through. Once the column was filled to the 

desired level, liquid was drawn out through the bottom by a vacuum pump. 

This allowed the column to be dried to the desired moisture content 

rapidly. 

3.4.5 Enumeration of Organisms 

The numbers of both methanotrophs and total heterotrophs were 

estimated in the following manner. Initially, solid material was withdrawn 



from the column using a thin-walled steel tube inserted into either the top 

of the column, or through the gas sampling ports. Material extracted was 

vortexed with a 1% solution of sterile pyrophosphate buffer (pH 7.0), then 

serial diluted and spread plated on noble agar with mineral salts medium 

and 1 or 10 iiM copper. The copper was added to permit the growth of 

methanotrophs that cannot grow in the absence of copper. Total 

heterotrophs were estimated by a similar extraction procedure. Standard 

Plate Count (SPC) agar was used for growth. 

Direct microscopy of extracted microorganisms via phase contrast and 

epifluorescence microscopy was done. Phase contrast techniques were 

applicable when the moisture content was high enough to allow for 

sampling the interstitial water with a syringe. It could also be used when 

a solid sample was vortexed in a phosphate buffer to suspend the cells. 

Many microorganisms would be difficult to identify due to the many fine 

particles still present in solution, numbers of strains present, etc. 

However, Methylosinus trichosporium OB3b has a distinctive vibrio shape, 

and a very distinctive swimming motion. Therefore it was sometimes 

possible to visually determine whether or not OB3b was the predominant 

organism in the column. 

When epifluorescence microscopy was used, a 1.0-g (wet weight) 

sample of column material was placed in a test tube with 10 ml of sterile 

pyrophosphate buffer and vortexed for 1 minute to suspend microbes. 

Countable quantities were obtained by serial dilution of the first tube. In 

the tubes to be counted, 0.5 ml of an appropriate dilution was mixed with 

1 ml of demineralized water and 200 yl of AO solution, and allowed to react 
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for 2 minutes. The solution was then passed through a black 0.45 um 

polycarbonate membrane filter. The membrane was placed on a glass 

microscope slide, and a drop of immersion oil was placed directly on the 

filter. A cover slip was placed over the oil, and another drop of oil was 

placed on the cover slip. The number of red and green fluorescent 

bacteria were counted in 10 random fields. Using a previously determined 

conversion of 9510 fields (at lOOOx) per 22 mm membrane, the number of 

bacteria, on the filter was estimated. 

The number of Uethylosinus trichosporium OB3b colonies on copper-

free noble agar was estimated by performing the naphthalene to naphthol 

assay for sMMO activity. Dilutions of the column material were grown on 

noble agar in the absence of copper prior to initiation of the naphthalene 

test. 

Microbial activity was estimated via dissolved oxygen utilization rate. 

A biological oxygen monitor (Yellow Springs Instruments, Inc. model 570C) 

was used. This instrument consists of a constant-temperature chamber, 

and a polarographic dissolved oxygen probe. The chamber has a sample 

capacity of 10 ml, but was usually filled to 8 ml. Water from a constant-

temperature shaker bath was pumped through the jacket surrounding the 

chamber, and measurements were carried out at 30°C. 

The polarographic probe works via the diffusion of dissolved oxygen 

across a thin membrane, and subsequent reaction with a silver and gold 

cathode and anode. The chamber must be continuously stirred to provide 

molecular oxygen to the probe (where it is consumed to provide the 

measurement). 
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The polarographic method allowed an estimate of both methanotrophic 

and total heterotrophic activity. This was accomplished by repeating the 

analysis with and without the addition of methane, and observing the 

difference in oxygen utilization rate between the two analyses. No 

additional source of electrons was added, since the objective was to 

determine the oxygen demand in the presence and absence of methane, 

under conditions similar to those of the column. The number of active 

methanotrophs was estimated from the rate of methane-dependent oxygen 

depletion and kinetic parameters developed elsewhere. In growing 

methanotrophic cultures, the oxidation of one mole of methane requires the 

reduction of approximately 1.5 moles of oxygen (Asenjo, 1986). The kinetic 

parameters obtained for methane utilization can then be applied. 

Total biomass was also estimated via determination of volatile solids 

in column material (Standard Methods 209D, APHA, 1985). 
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CHAPTER 4 

4.0 Results 

4.1 Physical Parameters 

4.1.1 General 

The dry bulk density and porosity were measured using the 

gravimetric method (Section 3.1.2.). Grain size was known from the screen 

sizes used in sieving the materials. Specific surface area was calculated 

from the equation in Section 3.1.4. Saturated hydraulic conductivity was 

measured using the apparatus referred to in Section 3.1.5. AEV was 

determined from the hanging column apparatus. The air entry values are 

estimated from the matric potentials where drainage began. Values for the 

two materials are summarized in Table 3. 

Table 3 - Soil Characteristics 

Parameter #20 sand Rillito River sed. 

dry bulk density 1.47 g/cm3 1.49 g/cnv 

porosity 0.43 0.44 

hydraulic conductivity 0.29 cm/sec 0.24 cm/sec 

grain size 0.84 mm 0.18-0.84 mm 

specific surface area 2.7 m2/kg 4.4 mVkg 

air entry value 5 cm 20 cm 
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4.1.2 Moisture Retention 

The hanging column apparatus described in Section 3.1.6 was used to 

develop a moisture retention characteristic curve for each of the two 

materials. The results are shown in Figs. 1 and 2. 
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Figure 1. Hanging column apparatus used. Air-entry value 
is denoted by arrow. 



55 

45-

~ 40-
e 
u 35-
V/ 

x,30" 

2 25-n  
u 20-

t 15-
w  
6  1 0 -

Moisture Retention 
of Rillito River sediment 

t 
0.1 0.2 0.3 0.4 

volumetric uater content 

Figure 2. Hanging column apparatus used. Air-entry value 
is denoted by arrow. 

4.2 Chemical Parameters 

4.2.1 Henry's Law Determination 

As noted previously, a value of 60,000 was selected as the H for 

methane (mol fraction/mol fraction). Expressed on a mg/l:mg/l basis, it is 

40.64. The value for VC was determined experimentally. Using the 

procedure described in Section 3.2.1, a value for H of 404 (mol fraction/mol 

fraction), or H = 0.27 (ug/1 / ug/1) was estimated for vinyl chloride at 

30'C. 

4.2.2 Control Column (abiotic losses) 

The control column of #20 sand was run for 24 days. Flow averaged 

15 ml/min. Methane was introduced at approximately 8% v/v, and there was 

no decrease across the column throughout the experiment. The first 
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measurements were taken after 18 hours. Vinyl chloride was introduced 

after 18 days in the presence of methane. The influent concentration of 

VC was below detectable levels for the first 4 days. After increasing the 

VC concentration in the influent and allowing for the reestablishment of 

steady conditions, no loss of VC was detected across the column at a 

concentration of 4.7 ppm v/v. Figure 3 shows the data for both methane 

and VC removal across the column. 

1.25-

o 0-75" 
o \ 
° 0.5-

0.25-

Control Column 
Removals of CH4 and VC 

10 15 20 25 30 
days after startup 

• Methane + VC 

Figure 3. Abiotic losses of CH< and VC in #20 sand. Average 
flow was 15 ml/min. Water content was 0.04. Average methane 
concentration was 8% v/v. Average VC concentration was 5 
ppm v/v. T=22°C. Detention time averaged 90 minutes. 
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4.2.3 Copper Analysis 

The extractable copper level was determined using a 1-gram (wet 

weight) sample from the top of the column, which was at a water content 

2of 0.0033. Copper was extracted with 50uM EDTA. Extractable copper was 

0.16 ug Cu/g sand after 1 hour, and 0.53 ug/g after 24 hours. The sample 

extracted with only demineralized water contained 0.079 ug/g after 1 hour, 

and 0.051 vg/g after 24 hours. Although the sand was not oven dried 

prior to weighing, it was from the region of the column that had a 0.0033 

volumetric water content; the water fraction was thus neglected in 

calculations. 

4.3 Microbial Parameters 

4.3.1 Enzyme Kinetics 

Methane utilization kinetics were established using the methods 

described previously. The first experiment supported the estimation of 

kinetic parameters for sMMO on methane. The presence and activity of 

sMMO were confirmed using the cyclohexane transformation assay. Initial 

cell density was 0.700 cm'1. A large cyclohexanol signal (area count 

102,000) was observed within 25 minutes. The culture was then purged of 

residual methane and divided into four serum bottles. The four serum 

bottles were sealed and analyzed for methane. None of the bottles 

contained detectable residuals. Various amounts of methane were then 

injected into the headspace so that the liquid concentrations would be 

approximately 5, 10, 40, and 80 uM. The initial optical density was 0.325, 

and optical density was measured on each bottle 80 minutes following the 

reinjection of methane. Headspace analyses of the bottles were conducted 



for 130 minutes, until it was clear that a rate of CHt disappearance could 

be determined from the time-dependent data. The analyses from each of 

the serum bottles sure summarized in Figures 4 through 7. Regression lines 

are shown on each graph. The lines were chosen with the following 

considerations in mind: 1) the maximum rate of decrease will probably not 

be reached instantly upon initiation of the experiment; and 2) the rate 

would probably not decrease significantly over the short duration of these 

experiments. 

The slope of each of the regression lines in Figures 4 through 7 

yielded the rate of methane degradation. Each value was normalized by 

dividing the rate by the amount of biomass present in each bottle. The 

liquid-phase substrate concentration for use in the determination of kinetic 

parameters was determined using the average headspace concentration over 

the interval covered by the regression line using Henry's law. A plot of 

the normalized rate versus CH« concentration is shown in Figure 8. A 

visual inspection of this plot allows for the estimation of V,„, and K,. More 

accurate estimates were obtained by performing the Lineweaver-Burk and 

Hanes transformations, as mentioned previously. These plots are shown in 

Figures 9 and 10. The Hanes plot appears to best fit the data. The 

kinetic parameters from the Hanes plot are as follows: kcll = 162 

nMol/min/mg cells, and K, = 12.5 jiM, with rJ = .987. 
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Figure 4. CH< use in a pure batch culture of Methylosinus 
trichosporium OB3b expressing sMMO. Bottle volume 165 ml. 
Culture volume 20 ml. Y-axis shows total amount of methane 
in bottle. T=30"C. 
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Figure 5. CH4 use in a pure batch culture of Methylosinus 
trichosporium OB3b expressing sMMO. Bottle volume 165 ml. 
Culture volume 20 ml. Y-axis shows total amount of methane 
in bottle. T=30°C. 
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Figure 6. CH< use by a pure batch culture of Methylosinus 
trichosporium OB3b expressing sMMO. Bottle volume 165 ml. 
Culture volume 20 ml. Y-axis shows total amount of methane 
in bottle. T=30°C. 
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Figure 7. CH4 use by a pure batch culture of Methylosinus 
trichosporium OB3b expressing sMMO. Bottle volume 165 ml. 
Culture volume 20 ml. Y-axis shows toted amount of methane 
in bottle. T=30°C. 
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Figure 8. Kinetic data for a pure batch culture of 
Methylosinus trichosporium OB3b expressing sMMO. Rate is in 
units of nMoles/min/mg dry weight. 
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Figure 9. Kinetic data from a pure batch culture of 
Methylosinus trichosporium OB3b expressing sMMO. Rate is in 
units of nMoles/min/mg dry weight. kCIt is in the same units. 
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Figure 10. Kinetic data from pure batch culture of 
Methylosinus trichosporium OB3b. Rate is in units of 
nMoles/min/mg dry weight. kclt is in the same units. 

The determination of kinetic parameters for pMMO was carried out in 

the same manner as that for sMMO. However, the culture was grown in the 

presence of 1 uM copper. Propene and cyclohexane assays were performed 

just prior to the kinetic assays. Culture density for these assays was 

0.770 cm"1. A strong signal for propene oxide was apparent after 14 

minutes, and no cyclohexanol formation was noted after 55 minutes. The 

cell mass was approximately double that of sMMO tests in order to 

accelerate methane consumption in the batch tests. Initial Aite was 0.600 

cm'1, and subsequent readings were made after 90 minutes. Results of 

these assays are illustrated in Figs. 11 through 15. The Michaelis-Menten, 

Lineweaver-Burk, and Hanes plots for pMMO are provided as Figs. 16-18. 



pMMO CH4 rate 
3.33 uM aqueous conc 

»k>p«=0.113 

eontents=5.6 mg csis 

* 

-H-

0 20 40 60 80 100 120 140 
time (min) 

Figure 11. Methane use by a pure batch culture of 
Methylosinus trichosporium 0B3b expressing pMMO. Bottle 
volume 165 ml. Culture volume 20 ml. Y-axis shows the total 
amount of methane in bottle. T=30°C. 
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Figure 12. Methane use by a pure batch culture of 
Methylosinus trichosporium OB3b expressing pMMO. Bottle 
volume 165 ml. Culture volume 20 ml. Y-axis shows the total 
amount of methane in bottle. T=30°C. 
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Figure 13. Methane use by a pure batch culture of 
Methylosinus trichosporium OB3b expressing pMMO. Bottle 
volume 165 ml. Culture volume 29 ml. Y-axis shows the total 
amount of methane in bottle. T=30°C. 
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Figure 14. Methane use by a pure batch culture of 
Methylosinus trichosporium OB3b expressing pMMO. Bottle 
volume 165 ml. Culture volume 20 ml. Y-axis shows the total 
amount of methane in bottle. T=30°C. 
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Figure 15. Methane use by a pure batch culture of 
Methylosinus trichosporium OB3b expressing pMMO. Bottle 
volume 165 ml. Culture volume 20 ml. Y-axis shows the total 
amount of methane in bottle. T=30"C. 
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Figure 16. Kinetic data from a pure batch culture of 
Methylosinus trichosporium OB3b expressing pMMO. Y-axis 
shows rate of total methane disappearance in bottle in units 
of nMoles/min/mg dry weight. T=30°C. 
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Figure 17. Kinetic data from a pure batch culture of 
Methylosinus trichosporium OB3b expressing pMMO. Rate is in 
units of nMoles/min/mg dry weight. kett is in the same units. 

pMMO CH4 kinetics 
Lineweaver Burk plot 

0.05 

0.04 

0.03 

Km=25 

y-int=0.006; lccat=179 

0.01 

0.05 0.15 0 0.1 0.2 0.25 0.3 0.35 
1 /average liquid phase cone (uM) 

Figure 18. Kinetic data from a pure batch culture of 
Methylosinus trichosporium OB3b expressing pMMO. Rate is in 
units of nMoles/min/mg dry weight. k(lt is in the same units. 
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The kinetic parameters for pMMO with methane as the substrate were 

estimated at kcit= 175 nMol/min/mg cells, and K,= 24uM. The kinetic 

parameters for sMMO were estimated at kclt= 170 nMol/min/mg cells, and K,= 

18 »M. 

Prior to the sMMO assay for VC degradation and estimation of kinetic 

parameters, a cyclohexane assay was performed to confirm the presence of 

the enzyme. At0# values were approximately 0.6 cm"1, a value that was 

assumed to remain constant throughout the assay since VC is a non-growth 

substrate. Relatively high VC concentrations were selected since prior 

assays failed to deviate from first order kinetics. Because the cells became 

much less active after approximately 20 minutes, each rate was derived on 

the basis of the initial 20 minutes of degradation. 

Prior to the pMMO assay for VC degradation, both the propene and 

cyclohexane assays were carried out. A strong positive result was 

obtained in the propene assay after 15 minutes, while no cyclohexane was 

transformed after 1 hour. Ai00 values were approximately 0.25 cm'1. Under 

these conditions, VC was transformed at a steady rate for at least 80 

minutes; rate data were derived from successive VC measurements over that 

time period. The Michaelis-Menten plots for VC sore shown in Figures 19 

and 20. 
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Figure 19. Kinetic data from Metbylosinus trichosporium OB3b 
expressing sMMO. Rate is in units of nMoles/min/mg dry 
weight. Slope is k^/K,, in (mg/1)'1 sec"1. T=30°C. 
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Figure 20. Kinetic data from Methylosin us trichosporium OB3b 
expressing pMMO. Rate is in nMoles/min/mg dry weight. 
Slope is keit/Km, in (mg/1)'1 sec"1. T=30°C. 
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The y- axis for these figures is in units of nMoles/min/mg cells. The 

slope is therefore in units of (mg cells/1)'1 min"1. Transformations of the 

Michaelis-Menten equation were not done, as it can be seen that the 

kinetics are first-order for the entire range of concentrations measured. 

A summary of the kinetic parameters measured is presented in Table 4. 

Table 4. Kinetic Parameters for Methane and Vinyl Chloride 

kCJt nmols/min/mg K, uM k^/K, (mg /l)1 min 1 

Methane-pMMO 175 24 

Methane-sMMO 170 18 

VC-pMMO 0.022 

VC-sMMO 0.062 

4.3.2 Enumeration of Organisms 

The first count for methanotrophs was done on the seeded column 

containing #20 sand. Methane was passed through the column for 14 days 

prior to sampling, and methane loss across the column was observed within 

several days. After 14 days, methane removal across the column was 

steady. The sand samples were washed to remove attached microbes, the 

barren sand was removed via settling, and the supernatant was serial 

diluted and plated on noble agar according to the method referenced in 

Section 3.3.5. The counts per gram of dry sand corresponding to the 

upper sampling port, middle port, and lower port were: 3.4x10*, 3.2x10', and 



1.3x10* respectively. Most of the colonies were white and similar in 

appearance to colonies of 0B3b, grown and observed previously. Several 

colonies were sampled and observed under phase contrast at 400 x. Some 

of the organisms used a swimming motion characteristic of OB3b, which is 

a spiral type of motion. Water content at the time of sampling was 0.04. 

The next count was to determine total organisms. The same 

supernatant was used from the previous count. The procedure followed 

was as before, with the exception that SPC agar was used instead of noble 

agar. The plates were incubated in the presence of methane to permit 

methanotrophic growth. Several different morphologies were observed on 

the plates. Samples were plated from the top of the column, the top port, 

middle port, and the bottom port. The counts were: 1.3x10', 6.9x10*, 8.9x10', 

and 1.3x10* organisms per gram of dry sand. Water content was also 0.04, 

as the same samples were used. 

Oxygen utilization rate was measured polarographically on a sample 

from the top of a column packed with #20 sand. The column had been fed 

methane for a total of 30 days. The water content was 0.04. In the first 

run, 0.94 g wet weight soil was placed into 10 ml of Higgins medium, and 

shaken vigorously to free attached organisms and saturate the solution 

with oxygen. 7 ml of supernatant was placed into the stirred chamber, 

which was then sealed with the dissolved oxygen probe. The chamber was 

maintained at 30 "C. In 25 minutes, the dissolved oxygen decreased from 

90.7% saturation to 82.2%. 

A 1.2 g wet weight sample was obtained at the same time and treated 

similarly, with the exception that during the agitation for microbe/sand 
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separation the headspace contained 20% methane. 7 ml of this solution was 

quickly poured into the chamber and sealed with the probe, to minimize the 

loss of methane from solution. This suspension lowered the liquid-phase 

oxygen concentration from 74.6% saturation to 56.0% in the same 25 minutes. 

Normalizing these assays for soil weight, the solution with no methane 

demanded oxygen at a rate of 2.7x10"' g02/min/g dry weight, and the 

solution with methane exhibited a rate of 4.27x10' g02/min/g dry weight. 

The r-squared values for both data sets were 0.991. 

Subtracting the oxygen demand in the absence of methane from the 

demand with methane, the result is 1.57x10"' g02/min/g sand. Converting to 

moles, it becomes 4.91x10"' moles 02/min/g sand. Using the correlation of 

1.5 moles of oxygen demand for each mole of methane consumed, the result 

is 3.27x10"' moles CH4/min/g sand. Because the solution in the chamber was 

in equilibrium with a 20% methane headspace, the liquid concentration was 

probably well above K,, and the cells were transforming methane at the 

maximum rate, kclt. Dividing the observed rate of methane disappearance 

by k„t, 175 nmoles/min/mg cells, the estimated methanotrophic biomass per 

liter of interstitial water is 693 mg methanotrophic cells/1. 

Volatile solids were determined for column material at 0.04 water 

content after a total of 30 days of column exposure to methane. The 

amount of volatile solids from the top and lower ports was compared to a 

control sample of the original #20 sand. The control contained 1.25 mg 

VS/g, the top port contained 1.59 mg VS/g, and the bottom port contained 

3.40 mg VS/g. Subtracting the amount from the control, the resulting 

values are 0.34 mg VS/g for the top, and 2.15 mg VS/g for the bottom. 
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Direct counts were done on samples from a column packed with Rillito 

River sediment that had been fed methane for 15 days. Phase contrast 

microscopy indicated that Methylosinus trichosporium OB3b was present in 

high numbers, as evidenced by its distinct swimming motion. However, 

many other types of organisms were noted as well. A large number of 

small rods were apparent, as well as several larger organisms that 

appeared to be eukaryotic grazers. AO counts of organisms per gram of 

dry soil from the top of the column, top port, middle port, and lower port 

were: 3.1x10', 1.4x10', 6.8xl0!, and 4.3x10' respectively. Water content at 

this time was 0.39 throughout the column. All columns to this point were 

fed gases in an upflow mode. 

After enumerating organisms at a 0.39 water content, the gas feed was 

changed to downflow to dry the column. Direct counts were done again on 

the Rillito sediment 27 days after the column flow had been reversed. The 

column had been far below the previous water content for at least 14 days, 

and was drying so slowly that its water content was essentially steady. 

However, water content was not constant throughout the column, as 

evidenced by a visible wetting front. Because the front was stationary, 

each region was considered to be at steady state. The water contents at 

the tensiometers (from the top to bottom) were: 0.0033, 0.0036, and 0.098 

respectively. The AO direct counts in organisms per gram of dry sand 

v.'.; 5.1x10', 2.8x10', and 1.5x10' from top to bottom. 

As the river sediment column was disassembled, 500-ml sterile amber 

jars were filled with column material from the top, middle, and bottom. 

Water content was approximately the same at the time of disassembly as it 



was for the previous sampling and enumeration. The samples were stored 

at 4°C. After 22 days of storage, cells were again counted to establish a 

correlation between colony-forming methanotrophs, and AO direct counts. 

Samples were again serial diluted, and the same dilution tubes were 

used for plating and staining. The AO direct counts in organisms per 

gram of dry sand from top to bottom were: 1.3x10', 2.4x10', and 7.6x10'. 

Plates of noble agar and Higgins medium showed 5.3x10', 6.0x10', and 1.7x10' 

colony forming units per gram of dry sand from top to bottom. Results of 

all counts are summarized in Table 5. 

Comparisons of the number of organisms per gram of sand and per 

ml of interstitial water as a function of water content are shown in Figs. 

21 and 22. It should be noted that the dry bulk densities of the two 

materials (#20 sand and river sediment) differed by less than 2%. Because 

of the presumed similarity of the purchased sand and collected material, 

data corresponding to the two media were not differentiated in 

constructing the figures. 



Table 5. Bacterial Counts 

Section/Mat. Water AODC Noble SPC 

bottom-#20 0.04 1.3x10* 1.3x10' 

middle-# 20 0.04 3.2x10' 8.9x10' 

upper-#20 0.04 3.4x10' 6.9x10* 

top-#20 0.04 1.3x10' 

bottom-Ril. 0.39 4.3xl07 

middle-Ril. 0.39 6.8x10' 

upper-Ril. 0.39 1.4x10' 

top-Ril. 0.39 3.1x10' 

bottom-Ril. 0.098 1.5x10* 

middle-Ril. 0.0036 2.8x10* 

upper-Ril. 0.0033 5.1x10* 

bottom-Ril. 0.098 7.6x10' 1.7x10' 

middle-Ril. 0.0036 2.4x10' 6.0xl0? 

upper-Ril. 0.0033 1.3x10' 5.3x10' 
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Figure 21. Counts were from all sampling ports. All types of 
organisms were represented. Data corresponding to both the 
commercial and RiHito River sands are included. 
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4.3.3 Compound Removal 

Methane consumption in the column packed with Rillito River sediment 

at a water content of 0.39 was greater on a percentage basis when the 

influent concentration was lower. This is shown in Figure 23. The results 

suggest that saturation, or Michaelis, kinetics characterized methane 

utilization, at least at high influent methane concentrations. 
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Figure 23. Column data from river sediment. Water content 
was 0.39. Influent concentration was in units of % v/v. (10 
% v/v = 60.1 mg/1 gas phase). HK, = 2.6 %. 

Figures 24 and 25 illustrate aspects of the interaction between methane 

and VC transformation. Both figures contain data from a column packed 

with #20 sand at a water content of 0.04. Total column flow was 20 ml/min 

with a standard deviation of 2.4. 
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Figure 24. Column was packed with #20 sand. Water content 
was 0.04. VC influent concentration averaged 2 ppm v/v. 
Total gas flow averaged 20 ml/min. 
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Figure 25. Column was packed with #20 sand. Average VC 
influent concentration was 3 ppm v/v. Methane was shut off 
on day 85. Influent methane decreased to 0.002 % v/v by day 
91. 
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When the column was required to transform VC in the virtual absence 

of methane, VC disappearance across the reactor diminished gradually over 

a 5-day period (Figure 25). When VC and methane were applied 

simultaneously, VC removal efficiency was inversely related to the influent 

methane concentration (Figure 24). 
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CHAPTER 5 

5.0 Discussion 

5.1 Physical Parameters 

The 15 cm'/min gas flowrate yielded a column detention time of 

between 10 and 100 minutes, depending on the volumetric water content. 

Steady methane removals were usually reestablished overnight after 

changes to the gas flowrate or composition. Sterile mineral salts medium 

was introduced to the column at various times in order to increase the 

volumetric water content. However, liquid was not introduced during any 

of the experimental runs. Redistribution of fluid may have occurred 

during the course of the experiments, but liquid did not exit the column. 

As water content at each measuring point was essentially constant for the 

duration of each experimental run, the liquid phase is considered 

stationary. Modest fluid redistribution should not affect model results or 

column performance in any case. 

Most of the column runs were conducted in the upflow mode. The 

driest runs in the upflow mode were at a constant water content of 0.04. 

When the column operated in the downflow mode, the intention was to 

dry the column as much as possible. The gas was allowed to enter the 

column without prior saturation. Under these conditions low water 

contents were observed in the upper regions of the column, and a wetting 

front was visible. This wetting front was stationary for the duration of 

the experiments, and water content in the lower region, as measured by 

the tensiometer, remained constant. Moisture content in the upper region 



was below the effective range of the tensiometers, but was assumed to be 

constant. 

5.2 Chemical Parameters 

5.2.1 Henry's Constants 

The Henry's constant for methane chosen from the literature was 

52,000 (Thibodeaux, 1979). This value was representative for air-water 

interfaces in the environment, but does not reference a specific 

temperature. This value was adjusted to 60,000 (mol fraction/mol fraction) 

for the kinetic experiments at 30°C. This value converts to 40.64 when 

expressed on a mg/1 to mg/1 basis, which is in reasonable agreement with 

the value calculated by MacKay of 27.6 (mg/1 to mg/1) at 25°C (MacKay, 

1981). 

Henry's constants are reported for VC by both MacKay and Gossett. 

At 25°C, MacKay reports the H to be 0.96 (mg/1 to mg/1). This value was 

calculated, not experimentally estimated. He mentions that no value is 

recommended for use due to the many discrepancies (MacKay, 1981). The 

reason given for not recommending a value is due specifically to variation 

in solubility data, which would factor into a. calculation of the Henry's 

constant. Gossett reports a value of 1.15 (mg/1 to mg/1) at 24.8 °C (Gossett, 

1987). The value of 0.27 (mg/1 to mg/1) measured in this research was 

accepted because of the similarity of equipment used for the determination 

of the Henry's constant and kinetic parameters, and the probability that 

method bias would be the same for the two determinations. 



81 

5.2.2 Control Column 

The control column data show that abiotic removal of methane and VC 

were not significant within this context. Biological columns were fed 

methane for at least one week in order to establish steady conditions 

before collecting data. 

5.2.3 Copper Analysis 

Extractable copper concentrations were measured in column material 

in order to establish the probable identity of bacterial HMO. The best way 

of determining this is to estimate the amount of copper available to the 

organisms. This is probably not equivalent to either the interstitial copper 

concentration or the bulk copper content of the solids. Because the 

affinity of the pMMO for copper is at least as great as the affinity of EDTA 

for copper (personal communication, David Graham), EDTA extraction was 

selected as an appropriate means for determining the available copper in 

the column. 

Copper was initially measured as mg/1 in the extracting fluid. 

Expressing extractable copper in terms of the volumetric water content 

yielded a more appropriate measure of the environment experienced by the 

microorganisms. Table 6 shows the copper concentrations measured in the 

extracting fluid, and normalized on the basis of the several column water 

contents observed. 
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Table 6. Copper concentrations 

Extr. fluid conc. 0.0033 water 0.39 water 

demineralized HjO 7.9 |ig/l 570 uM 4.7 jiM 

EDTA 16 ug/1 1100 uM 9.6 uM 

All of the above copper levels are high enough to repress sMHO in 

the methanotrophs referred to in the literature, including Methylosinus 

trichosporium OB3b. However, biomass concentrations (also normalized to 

water content) were occasionally very high in this research. Furthermore, 

repression of sMMO is probably not a function of the absolute copper 

concentration, but a function of the ratio of the mass of copper to biomass. 

As mentioned previously, experiments at this university indicated that the 

ratio above which sMMO is repressed in Methylosin us trichosporium OB3b 

is 0.25 ug Cu / mg cells. Corresponding ratios applicable to the sand 

columns sure tabulated below in Table 7. 

Table 7. Copper to biomass ratios for the sand columns. 

0.0033 water 0.39 water 

demineralized H20 0.044 ug Cu/mg cells 0.10 ug Cu/mg cells 

EDTA 0.089 ug Cu/mg cells 0.20 ug Cu/mg cells 

It shovild be noted that the ratios shown are based on the total cell 

dry weight, of which methanotrophs may comprise only a minor fraction. 

Ratios based on methanotroph biomass would be significantly higher, 

probably above the critical ratio. It should also be noted that the critical 

copper concentrations were estimated for liquid cultures, at relatively low 
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biomass concentrations, in pure cultures of methanotrophs. Even though 

it is not clear exactly how the repression of sMMO is affected by the 

conditions in this research, including the presence of other organisms, it 

is reasonable to assume that pMMO was the predominant enzyme functioning 

in the columns. 

Enzyme assays were conducted on a sample of column material, 

however the results were inconclusive, due to the difficulty in obtaining 

significant biomass following cell separation procedures. 

5.3 Microbial Parameters 

5.3.1 Enzyme Kinetics 

Table 8 compares the kinetic parameters for methane utilization, as 

measured in this research, with the values reported in the literature. 

Table 8. Comparison of Kinetic Parameters for Methylosinus trichosporium 

OB3b for Methane Utilization 

VClt 

Oldenhuis (1991) (sMMO) 363 ± 50 nmol/min/mg cells 92 ± 30 uM 

Burrows (1984) (sMMO) 52 nmol/min/mg protein 

Burrows (1984) (pMMO) 62.5 nmol/min/mg protein 

This research (pMMO) 

This research (sMMO) 

175 nmol/min/mg cells 

170 nmol/min/mg cells 

24 »M 

18 uM 
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There are relatively few published estimates of Michaelis parameters 

for methane utilization by Methylosinus trichosporium 0B3b. The authors 

cited above are the most frequently referenced. The parameters reported 

by Oldenhuis (1991) are for whole cell assays. The values from Burrows 

(1984) are for assays corresponding to the soluble and particulate cell 

fractions. The sMMO values were from the soluble fraction of cells grown 

in a low copper (1 uM) medium, then ruptured. The pMMO values were 

from the particulate fraction of cells grown in a high copper (5 uM) 

medium, then burst. The values were normalized to cell mass in the 

Oldenhuis article, and to total protein in the appropriate extract in the 

Burrows article. The values reported here are reasonable by comparison. 

Only a minor fraction of cell dry weight is comprised of protein. 

When kclt is normalized to protein mass it should be much higher than 

values normalized to total cell dry weight. The values reported by 

Burrows are lower than those from Oldenhuis most probably due to the 

difficulty in retaining active enzyme after cell partitioning. 

Vinyl chloride reacted with both sMMO and pMMO in a first order 

fashion up to concentrations of 6 mM. This differs from the Fox (1990) 

article, in which VC assays with purified sMMO obeyed Michaelis-Menten 

kinetics. Once again, it is possible that whole-cell and pure enzyme 

results might be considerably different. Potential differences are not 

critical in this context because the highest concentration of VC used here 

was 6 ppm v/v in the gas phase. This corresponds to a liquid-phase 

concentration of 0.82 uM (H=0.27 mg/1 to mg/1). The K, values for most of 

the other halogenated ethenes are around 30 uM (Oldenhuis, 1991 and Fox, 
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1990). It is apparent that the concentrations used here should be in the 

first order range (C«K,). 

5.3.2 Enumeration of Organisms 

Counting and identifying methanotrophs in the sand columns was 

tenuous. The heterogeneous nature of soil samples is well documented in 

soil microbiology texts (Paul and Clark, 1989). Every effort was made to 

ensure homogeneity, however even in a column of constant composition, 

there will be differences from sample to sample. It is evident from these 

results (and expected) that growth under conditions favoring 

methanotrophs still allows for the proliferation of other types of organisms. 

In order to refine estimates of methanotrophic and total heterotrophic 

cell numbers, it would be necessary to exhaustively sample the column. 

Colonies growing on noble agar could have been restreaked or grown in 

liquid medium, and reexamined for methane use. This was not considered 

feasible, and the estimates provided in this research are adequate. 

Cell counts provide some important insights. In most of the samples 

total heterotrophs numbered between 101 and 10* per gram of dry sand; 

methanotrophs did not comprise the majority of organisms. Even after 

autoclaving the sand for at least one hour, and providing only methane 

and the small fraction of soil organic material as carbon sources, non-

methanotrophic heterotrophs were able to colonize the sand in large 

numbers. Possible sources of other organisms are: 1) organisms surviving 

autoclaving, some of the colonies growing on plates were pink in color and 

similar in appearance to Methylomonas sp.; the most likely source for other 

methanotrophs is in the original sand. 2) initial culture contaminants. The 



culture used for inoculation of the sand was from batch reactors that may 

have contained a few other organisms that subsequently proliferated in the 

column. 3) contamination from the laboratory. The columns could not be 

packed in a sterile "clean room", and airborne microbes had ample 

opportunities to invade the columns during preparation. Even though the 

columns were packed as quickly as possible, it was not done under sterile 

conditions. The water used to fill the tensiometers was boiled to remove 

dissolved gases, but may not have been sterilized. Tensiometer tubing was 

never plugged with sterile cotton, offering additional (though somewhat 

tortuous) opportunities for contamination with airborne laboratory microbes. 

The various methods of enumeration were consistent with each other. 

Observations by phase-contrast microscopy of interstitial water showed that 

Methylosinus trichosporium OB3b was in the minority. The two types of 

plate counts (noble and SPC), and direct counts by AODC confirmed this. 

The counts on noble agar were lower than either the SPC or AODC counts 

by one or two orders of magnitude. The polarographic method showed that 

only 37% of the total oxygen demand was associated with methane use. 

Because there was no addition of an external carbon source, cells other 

than methanotrophs were probably not demanding oxygen near their 

maximum possible rate. Therefore, the 37% methanotrophic oxygen demand 

would be consistent with the biomass containing less than 10% 

methanotrophs. 

The polarograph-based estimates of biomass and the noble agar counts 

from the same area of the 0.04 water content column are very similar. As 

stated previously, the polarographic method estimated methanotrophic 



biomass at 693 mg cells per liter of interstitial water. A noble agar count 

of the same region estimated 3.4x10* organisms/g sand. Converting this 

value to mg cells per ml of interstitial water yields an estimate of 441 mg 

cells/1. It is evident that the washing procedure provides a reasonably 

effective method for cell separation. 

5.3.3. Microbial Activity 

Most of the columns were operated at matric potentials less than 

-100 cm, which is equivalent to -0.1 bar. It is uncertain what the matric 

potential was for the sand at 0.0033 water content, as this is below the 

operating range for the tensiometer. The concentration of salts in the 

interstitial water would not cause a potential of less than -0.00002 bar, 

based on the solute concentration of the original growth medium and the 

thermodynamic expression for estimating osmotic potential in Section 2.3.7. 

It is therefore unlikely that the microbes would have been severely limited 

under the conditions imposed during this research, except perhaps at the 

lowest water contents encountered. 

The fraction of total biomass comprised of methanotrophs is most 

likely between 20 % and 1% based on comparative enumeration techniques. 

This fraction was different in each of the columns. While it was not clear 

how much of the toted population was methanotrophs, it was evident that 

water content influenced the number of organisms per gram of sand. 

Figures 21 and 22 illustrate the influence of water content on cell number. 

The density of organisms per mass of sand did not change significantly as 

the water content decreased. The number of organisms per mass of sand 

was lowest in the 0.39 water content column material. 



A more distinct trend is illustrated in Figure 22. There were three 

orders of magnitude difference in cell numbers per ml of interstitial water. 

The greatest density of biomass per ml of interstitial water was in the 

driest column material. However, because these counts were conducted by 

AODC, it is uncertain whether the numbers represent active cells. 

From an engineer's perspective, it is potentially important to ascertain 

the water content that yields the maximum activity per mass of column 

material. Figure 26 illustrates the activity (rate of CHt utilization) per unit 

mass of column material as a function of column water contents and 

influent methane concentration. While much of the data were generated at 

influent methane concentrations near the equivalent liquid K,, (15.6 mg/1 

gas concentration yields a liquid concentration of 24 uM), there is little 

variation in the unit column activity between the 0.39 and 0.04 water 

contents. Water content above 0.04 is therefore not a critical determinant 

(in that range) of the activity per mass of column material. It should be 

2noted however, that the material at 0.0033 water content did not show 

significant removal of methane; it is likely that the cells were inactive, 

although still countable, under that condition.. 

Figure 27 illustrates the relationship between unit cellular activity 

(methane oxidation) and the independent variables influent methane 

concentration and column water content. The column material at 0.04 water 

content had the highest activity per mg of biomass. It should be noted, 

however, that noble agar cell counts were used for all of the data, except 

for the 0.39 water content data. SPC agar counts were used for the 0.39 

water content data. 
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Figure 26. Y-axis shows rate of methane consumption. 
Biomass estimate for 0.39 water content is from SPC count, all 
others from noble agar counts. 

Unit cell activity 
vs. influent conc. and wafer content 

1.0E-11 t 

C 
£ 
\ 

\1.0E-12: 
* 
£ o 

1.0E-13 
50 100 150 200 250 

influent concentration (mg/l gas) 

wot«r 
content 

a 

EP n 

D 

t 
m 
m 

m 
• -

0.39 
+ 

0.051 
M 

0.098 
• 

0.04 

300 
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As shown previously, SPC counts were always significantly higher 

than noble agar counts, as they afforded other heterotrophs opportunity 

for growth, and could easily account for the supposed difference in unit 

cell activity. It cannot be concluded therefore, in the range of 0.04 to 

0.39, that water content had a significant influence on unit cell activity. 

Another important feature of Figure 27 is that activity decreased at 

low concentration and reached a maximum above about 50 mg/1 influent gas 

8concentration. It would appear that unit cell activity was roughly 

independent of methane concentration above that level. The gas 

concentration necessary to establish an equilibrium liquid-phase 

concentration at K, (24 uM) is 15.6 mg/1. When the gas-phase concentration 

is much above this, the cells should be operating at kCIt (175 nmols/min/mg 

cells). From the correlations presented in Section 3.4.1, the sand at 0.04 

water content contained 0.043 mg methanotrophic cells/ g sand. Combining 

this estimate of biomass with the observed methane utilization rate of 10"4 

mg CHt/g dry sand/min yields a specific methane removal rate of 145 

nmols/min/mg cells, which is very close to the estimated k„t for suspended 

Methylosinus trichosporium OB3b. Recall that HK, is equal to a gas-phase 

concentration of 15.6 mg/1 for the particulate MMO. Thus the majority of 

data summarized in Figure 27 represent situations in which the influent 

methane concentration » K,. Unless the overall rate were transport 

limited, observed removal rates should have been zero-order. Figure 27 

indicates that kinetics were in fact zero-order, suggesting that rate 

limitations arose from bacterial enzyme-substrate kinetics as opposed to 

mass-transfer limitations. 



Figure 28 shows the sands with the highest unit activities plotted on 

an arithmetic scale in order to emphasize that CHt conversion was, in fact, 

zero-order. Even if the cell number estimates and derivative correlations 

are not entirely accurate, mass transfer limitation is probably not a 

determinant of reaction kinetics. 

The exception to this may be the material at 0.0033 water content, the 

lowest tested. There was no significant removal of methane observed. 

Loss of activity may have been due to water stress or mass transfer 

limitation. Since residual water was probably confined to very small areas 

where the grains were nearly touching, the biomass was probably present 

in dense aggregates, setting up possibilities for mass transfer limitations. 

Although the air-water interfacial area cannot be calculated exactly, 

qualitative statements are possible. 

The air-water interface can be no greater in extent than the granular 

surface area. As the column approaches dryness, the ratio of areas (air-

water interface to total granular area) probably decreases precipitously. 

That is, the interfacial area would go to zero at both medium saturation 

and complete dryness. There must be an optimum value from the 

standpoint of gas transfer. 

It is possible to estimate the flux of methane across an air-water 

interface, and therefore the critical surface area at which mass transfer 

limitation is predicted to occur. The column packed with #20 sand had a 

surface area of 18.1 m1, and the Rillito River sediment had a total surface 

area of 29.5 m!. 
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Figure 28. Y-axis shows rate of methane consumption. 

Mass transfer across an air-water interface with a fast, first-order 

reaction in the water phase can be described by: 

na-cym <5-i) 

(Thibodeaux, 1979) where N4 is the flux of component A in units of mass 

per area per time, C*^ is the equilibrium concentration of component A in 

the liquid phase, K is the reaction rate constant, and D is the liquid-phase 

diffusion coefficient. 

Mass transfer limitation would be most probable at a high water 

content, and low gas-phase methane concentration. The column at a water 

content of 0.39 and influent methane concentration of 3.06 % or 18.4 mg/l 

is most representative of these conditions. Although the methane 

concentration is slightly above K,, to a first approximation, the reaction is 



first order in methane with a rate constant that is equal to Xkeit/K,, or 

0.33 sec'1 for the biomass concentration during that run (see Table 5). The 

diffusion coefficient of methane in water is approximately 10"5 cm}/sec 

(Thibodeaux, 1979). The average gas-phase concentration across the 

column was 2.27 %. The equilibrium concentration of methane in the liquid 

phase is 3.35 X 10"' g CH4/cmJ when the gas phase concentration is 2.27 %. 

Based on these values, N4 is 6.1 X 10'u g/cm'/s. if the observed removal 

per unit surface area were much less than the calculated maximum N4, mass 

transfer limitation would be unlikely. If however, the actual removal were 

close to this value, mass transfer limitation would be more likely, although 

not certain. 

The observed (average) removal for the case in point was 4.35 X 10"' 

g CH,/sec. Unfortunately, the area of the air-water interfacial area is 

unknown. The "critical" area that would permit a transfer of methane that 

matched to the observed removal rate can be calculated from the predicted 

(maximum) flux and measured rate of methane disappearance. This critical 

surface area so calculated is 0.71 m1. The question to be resolved is 

whether the air-water interfacial area in the column was close to this 

value. 

For this column packed with Rillito River sediment at 0.39 volumetric 

water content, the gas phase occupied a volumetric fraction of 0.05 or 5% 

of the total column volume. The gas phase also occupies 11% of the pore 

space. Since the granular surface area is 29.5 mJ, the critical surface area 

would be 2.4% of the maximum. Unfortunately, there is no obvious 

relationship between the area of air-water interface and the fractional 
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water volume of the column. Consequently, no definite conclusion can be 

reached relative to the magnitude of the interfacial area in relation to the 

calculated critical area. It is reasonable to conclude, however, that the 

column was near the point where mass transfer limitation would occur. 

Residual questions must be approached by analyzing the performance of 

the column as a function of the influent methane concentration. 

Associated with the apparent zero-order methane transformation rate 

above K, is the possibility of oxygen limitation. This possibility can be 

evaluated in the same manner as the previous calculation of maximum 

possible methane flux across an air-water interface by 

n^c'jjkd (5-2) 
Using the previous expression, it is possible to calculate the methane 

concentration at which oxygen limitation will occur. Using the case of a 

gas-phase methane concentration of 25 mg/1 and the Henry's constant of 

40.64 (mg/1 basis), c'42 is 0.615 mg/1 H20. C*42 for 02 is approximately 8 

mg/1. DCJ4 is 10 s cm2/sec, and D02 is 1000 urn'/sec (or 10 s cm2/,„.) (Logan, 

et al, 1990). The reaction rate constants are in a 1 : 4 , CH4 : 02 ratio on 

a mass basis, because of the 1 : 2 ratio of metabolic requirements (molar 

basis). Using these parameters, the ratio of fluxes is: 

N (5.3) 
8 v2 °i 

which reduces to: 

Nch= 26.0 (5.4) 

on a mass basis. Since the mass demand for 02 is 4 times the demand for 

methane, this suggests that there is a 6.5-fold factor of "safety". The 



conclusion is that 02 should not be limiting until the methane concentration 

is above 160 mg/1 in the gas-phase. Because the maximum rate of methane 

transformation was reached at a lower concentration, the conclusion is that 

the rate limitation was due to methane kinetics, and not oxygen limitation. 

5.3.4 Compound Removal 

Figure 23 showed that removal of methane was a function of the 

influent methane concentration at low methane levels. The gas-phase 

equivalent K, (or HK,) is 2.6 % CH4 v/v, and most of the column operations 

were above this concentration. Methane removal reached a limit of 

approximately 40 mg/1, expressed as C, - C in the gas phase. This 

suggests that the columns usually operated near kclt, and were not mass-

transfer limited. Were the organisms not functioning at their maximum 

rate, methane removals would have continued to increase with increasing 

influent methane concentrations. They did not, at least when the influent 

concentration was greater than 100 mg/1 (gas phase). 

If the system were mass-transfer limited, the liquid-phase methane 

concentration would have been considerably lower than that predicted by 

Henry's Law. Consequently, the maximum removal rate would not have been 

reached until the gas phase concentration was much higher than 15.6 mg/1 

gas phase concentration. Figure 35 also undermines a transport-limited 

hypothesis. Activity per weight of sand reached a maximum whenever the 

influent concentration of methane was significantly greater than HK„. 

It is clear from the kinetic parameters established earlier for VC that 

the reaction of VC with either soluble or particulate MMO is first order at 

all concentrations measured. In the absence of competition from methane, 
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fractional removal of VC would be constant over a fixed length of column 

for all concentrations. Because VC removal did not continue for more than 

a few days in the absence of supplemental methane, presumably due to the 

loss of cell activity in the absence of a growth substrate, it is difficult to 

confirm this (constant fractional removal) with column data. 

Figure 24 summarizes the fractional removal of VC at different 

methane concentrations. As methane concentration increased, the per cent 

removal of VC decreased, indicating that methane and VC compete for 

access to the enzyme active site. 

The column run depicted in Figure 25 served both as a control, and 

as a measure of the longevity of VC degradation when methane is not 

available. For this experiment, the influent VC concentration was again 

constant. It is apparent that VC transformation stopped completely 6 days 

after the methane was shut off. 

Under extremely adverse conditions bacteria usually become inactive 

in an exponential fashion. The resulting decrease in VC activity would be 

logarithmic, and the curve in Figure 25 would be expected to follow an 

equation like y = log (x). The actual curve is s-shaped, suggesting this 

was not the case. One possibility is that inactivation did. not start 

immediately because there was actually a slower decrease in methane 

concentration. The tubing from each tank of gas was approximately 6 feet 

long before entering a glass union. After the glass union, there was 

approximately 20 feet of Tygon tubing so that the gases would be 

completely mixed before entering the column. There was ample opportunity 

for residual methane to bleed slowly into the column after the valve was 
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closed. Biologically produced storage products and/or sorbed methane 

would also have accounted for the (initially) slow decline in cell activity. 

5.4 Column Modeling 

A kinetic model of the processes in a soil column is helpful in 

interpreting substrate removal data as a function of experimental variables. 

The model used in this research is based on a mass balance, in which the 

accumulation of substrate is equal to the rate at which substrate enters 

the control volume minus the rate of transport out of the control volume 

minus the rate of reaction via biochemical transformation. 

The mass balance is done on a differential slice of the reactor normal 

to the direction of flow. The general one-dimensional transport equation 

for gaseous flow through the reactor with microbial transformation 

occurring in a stationary liquid phase is: 

i4^"0)̂ i="<?^L"i4'(4,"0)D^+M'e (5'5) 

where the left side of the equation is the accumulation of substrate in the 

gas-phase over time. Observations in these experiments were made under 

steady state conditions. Therefore, the accumulation of material in the 

control volume was zero The next term represents the differential 

transport of substrate in the gas-phase due to advective flow. Q is the 

volume rate of gas flow, and C; is the mass concentration of substrate in 

the gas-phase. 

X (<J>-0)D 1 (5.6; 
dz2 
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represents the net flowrate due to axial dispersion. This term was 

assumed to be negligible compared to advective transport. The 

concentration gradient in the direction of flow (z) was gradual through the 

column, providing little driving force for dispersive transport. The gas 

flowed at interpore velocities of 3.7 cm/min to 0.4 cm/min, suggesting that 

advective transport should dominate. 

The last term is the rate of reaction (r) in the liquid phase multiplied 

by the volume of liquid in the control volume. A, is the cross sectional 

area of the column, 0 is the volume fraction of water, <|> is the porosity, 

and dz is the differential height. 

The rate of reaction is described by the Michaelis-Menten expressions 

referred to earlier in Section 2.3.3. Microbial mass was assumed constant 

during each experimental run. It was also assumed that substrate 

disappearance was not limited by transport from the gas to liquid-phase. 

Under those circumstances, the liquid phase concentration (C2) may be 

represented by Cj^/H, where H is the Henry's Law constant. Substituting 

for C,, the transport equation reduces to: 

After separating variables and integrating over the length of reactor, the 

expression is: 

n&qdz 

h 

(5.7) 

kmqhh^)+q(c0 -q = -xk^ztfqz (5.8) 
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The subscripts 1 and 2 can be dropped because all concentrations are now 

gas-phase values. C, the effluent concentration must be solved implicitly 

from equation 5.9. 

K.QMnC+QC^QHInCsQC^K^TzrZQz (5-9) 

C represents the gas-phase concentration of methane or VC. 

In cases where either K, is very high, or the substrate concentration 

is very low, a first order approximation of the Michaelis-Menten expression 

can be used to predict the effluent concentration. If K, is too high to be 

measured due to toxicity effects, performance predictions are possible only 

where the first-order approximation is valid. The rate expression in this 

case becomes: 

r=^5 (5.10) 

When placed into the model and integrated, the resultant equation for 

column effluent concentration becomes: 

-XJtit/i2z0 /C11, 
C=C0exp £2 (5.11) 

° »QKm 

When both substrates (VC and methane) are present, solution 

techniques are unchanged. However, the appropriate reaction term comes 

from the competitive inhibition expression referred to in Section 2.3.3. 

This case was not modelled here due to both the associated mathematical 

difficulty and shortage of data with which to evaluate model performance. 

Recalling the implicit solution to the column model referred to earlier: 

kohhic+qc^kohbic+qc-kjcitriez 
(5.9) 
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This expression was solved using an iterative approach from Quattro Pro 

version 3.0 (Borland, Inc.). 

When only methane and air were introduced into the column, the 

integrated form of the single-substrate Michaelis-Menten equation was 

applied. The kinetic parameters for pMMO were used, although selection 

was not critical to the outcome because the two enzymes were similar. The 

data and calculations presented in Figs. 29 and 30 are combined from the 

columns packed with #20 sand and river sediment. Figure 30 is an 

expansion of the lower left portion of Figure 29, and details model 

predictions and column response at low influent methane concentrations. 

The water contents varied from 0.39 to 0.0033 in the experiments 

represented. It is plain that model predictions of methane removal are 

significantly greater than observed transformations. Cell counts obtained 

via SPC and noble agar plating were used to obtain the model predictions 

shown. Figures 31 - 35 are subsets of Figures 29 and 30. 
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Figure 29. Both types of column media were used. Water 
contents ranged from 0.0033 to 0.39. SPC and noble agar 
counts were used. See Figs. 31-35 for determination of which 
data correspond to SPC and noble agar counts. 
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Figure 30. Columns packed with both types of media are 
shown. Water contents ranged from 0.0033 to 0.39. SPC and 
noble agar counts were used. 



20 

16 

1" 3 
S 8 

4 

0 
10 

Michaelis-Menten Model 
for Methane at 0.0033 water content 

HKm= 15.6 mg/l 

1? 14 16 16 
influent concentration (mg/l gas) 

a predicted • measured 

20 

102 

Figure 31. Noble agar count used for biomass concentration. 
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Figure 32. Noble agar count used for biomass concentration. 
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Figure 33. Noble agar count used for biomass concentration. 
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Figure 34. Noble agar count used for biomass concentration. 
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Michaelis-Menten Model 
for Methane at 0.39 water content 
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Figure 35. SPC plate count used for bio mass concentration. 

With the parameters available from experimental data, the model 

overestimates the removal of methane in most cases. Per Figure 29, 

removals were greatly overestimated at most of the higher methane levels. 

Figure 35 showed that most of the overestimates corresponded to a column 

run at 0.39 water content. The lone exception in Figure 29 is the point 

corresponding to a 168 mg/l influent methane concentration. This point 

was from a column at 0.04 water content. The bio mass concentration used 

for the 0.04 water-content calculations arose from plate counts using noble 

agar, with methane as the only carbon source. The biomass concentration 

for the 0.39 column was estimated from SPC agar plate counts in the 

presence of methane, which correlated well with the Acridine Orange direct 

counts. It is probable that the difference in cell mass input to the model 
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was the determining factor that led to overestimated performance when 

biomass was estimated using SPC results. 

Figure 30 shows that model calculations also overestimated methane 

removals at the lower influent methane concentrations. The degree of 

inaccuracy is not as great for the data between influent concentrations of 

24 and 40 mg/1. The two points corresponding to 18 and 19 mg/1 influent 

appear to be predicted well. However, the actual effluent concentrations 

in these cases were 1.0 and 1.1 mg/1 and the model predicted 10'" mg/1, 

or essentially zero. All of the data between 24 and 40 mg/1 were from the 

column at 0.04 water content. Only the column at 0.39 water content was 

modeled using biomass concentrations from SPC counts; all of the other 

columns were modeled using noble agar plate counts. The agreement 

between model predictions and measurements was always considerably 

better when the biomass estimate arose from cell counts on noble agar, as 

opposed to SPC agar, or AODC. Per figure 32, predictions corresponding 

to the 0.04 water content agreed fairly well with measured removals. 

Figure 36 shows vinyl chloride data and model calculations 

corresponding to a column packed with #20 sand at a constant water 

content of 0.04. The first-order rate constant for VC of 0.022 (mg/1)"1 min'1 

for pMMO was used. Biomass concentration was from noble agar plate 

counts. Only VC and air were introduced. Methane was shut off just 

prior to day 0, and influent methane had decreased to 0.82% v/v by day 

0. By day 1, influent methane had decreased to 0.035 % v/v. Effluent 

methane concentrations were: 0.34%, 0.16%, 0.008%, 0.01%, 0.002%, and less 

than 0.001% on days 1 through 6, respectively. 
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Figure 36. Predicted and observed effluent VC concentrations 
for a #20 sand column. Water content was 0.04. First order 
model was used. See text for methane input. Average VC 
influent concentration was 3 ppm v/v. 

In a general sense, there are two possible reasons for model 

overestimation of microbial activity. One type of reason is that some 

aspect of the model is inappropriate for describing the activity in the 

column. The other type of reason is that estimates of model parameters 

were inaccurate. 

The only possible reason that the model could be inappropriate for 

describing the situation in the column is that mass transfer was not 

included. That is, it was assumed that there were no mass transfer 

limitations. If this were not the case, overestimation of removal would 

result. As discussed previously, transport limitation could have occurred 



107 

due to the rather limited extent of air-water interfacial area. Such 

limitations are most probable at very low and very high water contents. 

The calculation of critical surface area indicated that this possibility exists. 

However, constant removal kinetics at various methane influent 

concentrations (zero-order kinetics at high influent methane concentrations) 

suggests that interphase mass transport was not rate limiting in those 

columns. 

5.4.1 Sensitivity Analysis 

Input parameters for the model include: water content, column volume, 

gas flow, influent concentration, Henry's constant, kinetic parameters, and 

cell concentration. The first four are known with a reasonable degree of 

accuracy. The estimated Henry's constant is certainly within a factor of 

2 of the true value. The kinetic parameters are in reasonable agreement 

with the literature values. The least certain, and perhaps most critical 

input is the cell concentration. 

Estimates of kclt and Cell Number 

Sensitivity analysis can be used to illustrate the degree of influence 

each parameter has on the predicted effluent concentration. For instance, 

overestimation of removal at high concentrations is due to either an error 

in kclt or biomass concentration. Figures 37 and 38 show the result of 

decreasing kcll by a factor of 2. The resultant value represents a lower 

limit of sorts, since the measured value (175 nmols/min/mg cells, Table 4) 

is considered accurate. 
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Figure 37. Michaelis-Menten model using 2 times lower kclt. 
Other parameters input are the same as Figure 26. Effluent 
concentration is in units of mg/l gas phase. 
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Figure 38. Close-up of Figure 37. Effluent concentration is 
in units of mg/l gas phase. 
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It is apparent that a reduction in the maximum rate of conversion, 

kclt, by a factor of 2 does not have a great deal influence on the predicted 

effluent concentration at the highest and lowest methane concentrations 

(see Figs. 37 and 38). Per Figures 37 and 38, it is not possible to 

rationalize differences between observed and measured methane reaction 

rates based on the estimated value of kclt. It is very unlikely that the 

estimated kcit, generated from batch experiments (see Table 4) is more than 

2 times greater than the actual kclt. 

Because cell number was the least certain of the parameters estimated 

for inclusion in the methane removed model, a sensitivity analysis was done 

on biomass concentration. Figures 39 and 40 show the influence of a 

reduction in cell number input to the model. Effluent methane predictions 

based on the lower biomass concentration are far closer to measured values 

at all influent methane concentrations. Notice that predicted removals are 

now too low for the data from the 0.04 water content column (168 mg/1 and 

25 to 40 mg/1 influent concentrations). However predictions for the other 

columns are closer to observed removals, even at the lowest methane 

concentrations utilized. 



Michaelis-Menten Model 
for Methane using lOx less biomass 

300-

250-

200 -

j 150-

«  100 -

50-

gflro rumovol line 

HKm= 15.6 mg/l 

50 100 150 200 250 
influent concentration (mg/l gas) 

300 

a predicted * measured 

Figure 39. Michaelis-Menten model using 10 x less biomass from 
original estimates. Original biomass estimates were from SPC 
agar. All data are from a column at 0.39 water content 
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Figure 40. Close-up of Figure 39. Original biomass 
concentrations were from SPC agar plate counts. Data are 
from a column at 0.39 water content. 
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It is certain that not all of the organisms in the column were 

Methylosinus trichosporium OB3b. Other types of organisms were evident 

even on noble agar under conditions favoring methanotrophic growth. A 

fungus was observed on the top stopper, even though it was not in 

contact with the column material. It is suspected that other methanotrophs 

were in the column, due to the variety of colony morphologies that were 

apparent on noble agar. The other organisms were not identified. 

If the exact number of Methylosinus trichosporium OB3b were input 

to the model, and removals were underestimated, it would support the idea 

that other methanotrophs were present. It is also likely that VC would be 

transformed by methanotrophs other than Methylosinus trichosporium OB3b, 

as it is the most easily transformed halogenated ethene under aerobic 

conditions (Vogel, 1987). It is reasonable to conclude that column biomass 

was overestimated, not kCIt. 

Estimation of K, 

Per Figure 32, the biomass estimate used in the column at 0.04 water 

content appears the most accurate, however removals were overestimated, 

particularly at low influent methane concentrations, even in that column. 

In the 0.04 water content column, the better predictions were at the higher 

concentrations. The two likely reasons are first, that mass transfer could 

be more limiting in the lower concentrations due to the lesser gradient 

between the two phases. Second, the half-saturation constant K, affects 

the rate predicted at lower concentrations, but not at the higher 

concentrations. Mass transfer limitation was not investigated directly. 

Although the measured value of 24 iiM liquid phase concentration agrees 
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with Vcdues from the literature, the highest value reported was 92 uM, by 

Oldenhuis (1991). Figures 41 and 42 show the model predictions adjusted 

to K, values of 75 and 92 uM (liquid-phase concentrations). For 

comparison, Figure 43 shows the same range of concentrations using the 

K, = 24 uM originally estimated. These would be in equilibrium with 1.2 

and 1.47 mg/1 gas-phase concentrations, respectively. 
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Figure 41. Michaelis-Menten model using K, = 75 jiM. Column 
was packed with #20 sand at 0.04 volumetric water content. 
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Figure 42. Michaelis-Menten model using K, = 92 jiM. Column 
was packed with #20 sand at 0.04 volumetric water content. 
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Figure 43. Michaelis-Menten model of column packed with #20 
sand at 0.04 water content. K, used is original 24 uM liquid 
phase concentration 
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It is evident from Figures 41-43 that adjustment of the pMMO K, value 

to 75-92 uM results in a much more accurate prediction of trans-column 

methane removals at the lower influent methane concentrations. It is 

possible (though unlikely) that the 24 uM value measured during this 

research is inaccurate to that extent. 

Figure 36 showed the model predictions for the cases when methane 

was close to 0 mg/1, and VC was essentially the only substrate for MMO. 

The model underestimated removal of VC for the first two days, and 

overestimated removed for the last three days. The prediction was accurate 

on the third day only. It is apparent that cometabolic activity had ceased 

after 6 days. Due to the physical limitation of the column apparatus, it 

was difficult to set up an experiment in which fully active cells were 

exposed to VC alone. 

Although model predictions and observed removals could not be 

reconciled, in part due to a lack of data, results suggest that the maximum 

total removal would occur by alternating methane and VC in the reactor 

feed stream. That would allow active cells to experience periods in which 

VC was the primary substrate for MMO. The sole-substrate model for VC 

may provide a close estimate of the removed to be expected, but should be 

applied only when cells are active and uninhibited by competitive 

substrates. 

Figure 24 demonstrated that there was competition between methane 

and VC for MMO. The modification of the Michaelis-Menten equation for 

competitive inhibition was described earlier, but the solution to the one-

dimensioned mass transport equation with reaction for this case is complex, 
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requiring a numerical solution, and was not undertaken as a part of this 

research. Because the kinetics for VC transformation were first-order over 

the entire range of VC concentrations tested, it would have been difficult 

to estimate Kclt and the half-saturation constant (K,) independently for 

vinyl chloride. 
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CHAPTER 6 

6.0 Conclusions 

The following conclusions are supported by this research: 

The methanotrophic columns used here were useful in removing 

methane and vinyl chloride from an influent gas stream. 

The model proposed for the removal of methane or vinyl chloride is 

applicable to the unsaturated column colonized with Methylosinus 

trichosporium OB3b. The model is most sensitive to estimate of 

methanotrophic biomass concentration, which should be determined with a 

high degree of certainty. Mass transfer limitation is not apparent at 

methane concentrations above K,, but cannot be conclusively ruled out at 

lower concentrations. 

Vinyl chloride was transformed by methanotrophic bacteria at a 

remarkably high rate in all cases where methane was available as the 

obligate growth substrate. 

Methane is required for long-term vinyl chloride transformation. In 

the context of the columns tested, VC transformation ceased within 6 days 

after discontinuation of methane feed. 

Methane and VC were shown to compete for access to the MMO 

responsible for the transformation of either compound. 

Kinetic parameters for methane and VC transformation by Methylosinus 

trichosporium OB3b are described in Table 4. Little difference was noted 

between the two enzymes for methane transformation. Vinyl chloride 

transformation was first order up to 6 mM liquid-phase concentration. 
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Cell activity is not adversely affected by water contents as low as 0.04. 

Unit activity of column material is constant between water contents of 0.39 

and 0.04, but decreases during the driest conditions. 

There was no significant increase in column activity when surface 

area was increased by using a finer grained material. 



APPENDIX A - GROWTH MEDIA 

Hiaains Medium 

Salts Solution g/i 

NaNo, 85 
k,so4 17 
MgS04-7H20 3.7 

CaCl2-2H20 0.7 

Phosphate Buffer 
KHjPO, 53 
NajHPO, 86 
Adjust to pH 7.0 

Trace Metals 
ZnS04*7H20 0.287 
MnS04-7H20 0.223 
HjBOj 0.062 
NaMo04-2H20 0.048 
CoC12-6H20 0.048 
KI 0.083 
h2so4 1 ml 

Iron Solution 
FeS04-7H20 11.2 
1 mM H2S04 50 ml 

per liter 
10 ml salts 
10 ml phosphate buffer 
2 ml trace metals 
1 ml iron 



APPENDIX A (CONTINUED) 

Nitrate Mineral Salts Medium 

Autoclaved: g/1 
KNOj 1.0 
CaClj *2HjO 0.2 
MgS0t-7H20 1.0 
Trace elements solution (same 
as Higgins) 1.0 ml 

Sterile Filtered: 
NajHPO, 36 
KHjP04 14 
(add 16 ml per 1000 ml) 

FeSO< *7HjO 2 ml 
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