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The goal of this research was to mathematically simulate the ability of

bioaugmented microorganisms to aerobically cometabolize a mixture of chlorinated

aliphatic hydrocarbon (CAll) compounds during in-situ treatment. Parameter values

measured from laboratory experiments were applied to the transport model with

biotransformation processes included. In laboratory microcosm studies, a butane-

grown, enriched culture was inoculated in soil and groundwater microcosms and

exposed to butane and several repeated additions of 1,1,1 -trichioroethane (TCA), 1,1

dichioroethylene (DCE), and 1,1 -dichloroethane (DCA) at aqueous concentrations of

200 ig/L, 100 tg/L, and 200 tg/L, respectively. Microcosms containing the

bioaugmented culture showed 1,1 -DCE to be rapidly transformed, followed by slower

transformation of 1,1 -DCA and 1,1,1 -TCA. After most of the butane had been

consumed, transformation of these latter CAHs increased, indicating strong inhibition

by butane. With repeat biostimulations, butane utilization and CAH transformation

accelerated, showing the increase in cell mass. These trends occurred in two sets of

microcosm triplicates. No stimulation was observed in controls containing only the

microorganisms indigenous to Moffett Field, confirming that activity seen in the

bioaugmented microcosms was a result of the introduced culture's activity.

Batch reactor results were simulated using differential equations accounting for

Michaelis-Menten kinetics, transformation product toxicity, substrate inhibition, butane

utilization, and CAH transformation. The equations were solved simultaneously by
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Runge-Kutta numerical integration with parameter values adjusted to match the

microcosm data.

Having defined the parameter values from laboratory studies, the

biotransformation model was combined with 1 -D advective-dispersive transport to

simulate behavior of the culture and the substrates within an aquifer. The model was

used to simulate the results of field studies where the butane-utilizing culture was

injected into a 7 m subsurface test site and exposed to alternating pulses of oxygen and

butane, along with the contaminant mixture studied in the microcosms. Monitoring

wells spaced at 1 m, 2.2 m, and 4 m from the injection well allowed temporal and

spatial changes in substrate concentrations to be determined. Model simulations of the

field demonstration were performed to determine how well the biotransformation/solute

transport model predicted actual field observations.

To model the influences of solute transport, simulations were run and compared

to breakthrough test data (prior to bioaugmentation) to determine the values for

advection, dispersion, and sorption. The simulations showed that flow ranged from 1.0

to 1.5 m3/day (average linear velocity of 2.0 rn/day). Dispersion was estimated as 0.31

m2/day. Sediment sorption partitioning coefficients for 1,1-DCE, 1,1,-DCA, and 1,1,1,-

TCA were determined to be approximately 0.69, 0.50, and 0.50 L/kg, respectively. It

was more difficult to determine an appropriate value of the mass transfer rate

coefficient for non-equilibrium sorption, so simulations were run to compare

equilibrium and non-equilibrium cases. Results indicated that non-equilibrium (with

mass transfer rate coefficient of approximately 0.2 day) better simulated the field data.

Using these transport parameters and the biotransformation values determined

from the laboratory experiments, simulations of the field data showed that the model

was capable of simulating the effects of transformation rates, butane inhibition, and

1,1 -DCE product toxicity. Simulations for varying pulsing cycles and durations

provided possible improvements for future field demonstrations.

Overall, this work proved that there is good potential in extrapolating laboratory

based kinetics to simulate biotransformation at a field scale. Although the complexity

of such systems makes modeling difficult, such simulations are useful in understanding

and interpreting field data.
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Modeling CometaboJic Transformation of a CAH Mixture by a
Butane Utilizing Culture

CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 OVERVIEW

Complex mechanisms such as solute transport and biodegradation may be

simulated by mathematically assigning selective processes to approximate system

performance. Modeling enhances design and application of systems such as those

developed to treat sites contaminated with chlorinated aliphatic hydrocarbons (CAHs).

CAHs are of great concern due to the potential health hazards they pose, combined with

their wide-spread use in industry. Recent studies have shown butane to be an effective

growth substrate for biodegrading CAH mixtures by inducing aerobic cometabolism

(Hamamura et al., 1997; Kim et aT., 1997, Jitnuyanont et al., 2000; Kim et al., 2000,

2002, in press; Rungkamol, 2001). The success of these studies was the inspiration for

this thesis.

This study used butane as the primary growth substrate for aerobic

cometabolism of the CAH mixture 1,1 -dichioroethane (1,1 -DCA), 1,1 -dichioroethylene

(1,l-DCE), and 1,1,1-trichioroethane (1,l,1-TCA), extrapolating a model developed

from laboratory experiments to field-scale application. The model simulated

biodegradation and solute transport of the CAH mixture within a groundwater aquifer.

The work included growing a pure culture in the laboratory and testing its

degradation ability in growth media and soil/groundwater microcosm experiments. A

biotransformation model adapted from Kim et al. (2002, in press) was used to simulate

media and microcosm tests and define kinetic parameters specific to our culture and the

compounds of interest. Having defined the biotransformation parameters, the model

was expanded to include contaminant transport with non-equilibrium sorption. This



combined model was run to simulate a field test during which the bioaugmented culture

was inoculated into a groundwater aquifer containing the same compounds studied in

the laboratory experiments. Model output of concentration profiles over time was then

compared with actual field data.

1.2 WHY CAHS ARE OF CONCERN

Many CAHs are defined as possible human carcinogens by the United States

Environmental Protection Agency (USEPA, IRIS, 2001). Material Safety Data Sheets

(MSDS) list potential health hazards from CAl-I exposure such as dizziness, fatigue,

skin and eye irritation, gastrointestinal problems, liver damage, respiratory and nervous

system depression, unconsciousness, and even death (MSDS, 2001).

These compounds are frequently present in groundwater and soil systems due to

their widespread use in factory processing, as fumigants and pesticides, and as

degreasing agents and solvents (Fetter, 1993, pg. 309). They may enter the

environment through accidental spills and leaks or illegal dumping.

Our study focused on a CAH mixture consisting of 1,1 -dichioroethane (DCA),

1,1 -dichioroethylene (DCE), and 1,1,1 -trichloroethane (TCA), as these three

compounds are often found together at contaminated sites. In a groundwater survey of

158 sites, Westrick et al. (1984) found that 1,l-DCA, l,l-DCE, and l,1,l-TCA existed

in 1.8, 6.3, and 16.5% of their samples, respectively. Squillace et al. (2002) ranked

these CAHs among the top 14 compounds that contributed to greater than 95% of the

detections in the 402 most common mixtures identified in their survey.

Their relatively high solubility in water and low affinity for sediment sorption

make CAHs easily transported through soils and groundwater. Table 1.1 presents the

physical and chemical properties of the CAHs investigated in this study as well as the

maximum contaminant levels (MCLs) defined by the US EPA.



Table 1.1 Physical and chemical nronerties of Li-BCA. 1i-DCE. and 1.1.1-TCA.
CAH Mo!.

Wt.

(g/mol)

Specific

Gravitya

Water

Solubility b

(mg/L)

Vapor

Pressure b

(mm Hg@ 20°C)

MCL C

(tg/L)

l,1-DCA 98.96 1.174 5500 182

1,1-DCE 96.94 1.218 2250 600 7

1,1,1-TCA 133.4 1.35 1500 123 200
a. Fetter (1993)

b. US EPA (1990)

c. US EPA (2001)

1.3 AEROBIC COMETABOLISM OF CAHS BY MICROORGANISMS

Aerobic cometabolism has been shown to be an effective treatment method in

reducing CAH contamination (Hopkins and McCarty, 1995; McCarty et al., 1998).

Cometabolic transformation results from nonspecific enzymes fortuitously catalyzing

reactions. Because these reactions do not provide energy or carbon, a primary growth

substrate must be (at least) intermittently available to maintain a viable microbial

population. In oxidative cometabolism, the enzymes use the primary growth substrate

as an electron donor and oxygen as an electron acceptor.

The performance of several cultures capable of cometabolic oxidative

dechlorination has been studied for a variety of contaminants and primary growth

substrates. Trichioroethylene (TCE) transformation was studied by Hopkins et al.

(1993), Chang and Criddle (1997), and Lee et al. (2000) by phenol-oxidizers,

methanotrophs, and phenol-oxidizers, respectively. Chang and Alvarez-Cohen (1996)

measured and modeled aerobic degradation of CAH mixtures (including TCE, 1,1 -

DCE, 1,2-DCA, 1,1,1-TCA, cis-DCE, trans-DCE, chloroform, etc.) by methane
oxidizing cultures. Mixtures of TCE, 1,1-DCE, cis-DCE, trans-DCE, and vinyl

chloride were degraded by a toluene-induced enzyme introduced by Shim et al. (2001).



Butane utilizers capable of aerobically degrading chloroform (CF) were observed by

Kim et al. (1997) and Hamamura et al. (1997).

Biodegradation is influenced by the specific growth and non-growth substrates

present. Our study built upon past research using butane as the electron donor for

inducing 1,1 -DCA, 1,1 -DCE, and 1,1,1 -TCA aerobic cometabolism.

1.3.1 Butane as an Electron Donor/Primary Growth Substrate

Kim et al. (1997) reported that butane had great potential for dechlorination of

methanes, ethanes, and ethenes. This growth substrate proved to be one of the best

(compared to propane, methane, ammonia, phenol, etc.) for transforming chloroform

(CF) and 1,1,1 -TCA. In concurrence with transformation, they observed utilization of

butane and oxygen and reasoned that a monooxygenase enzyme likely initiated

degradation. From their work, they concluded that organisms using butane as the

primary growth substrate may be advantageous over methanotrophs in transforming

1,1-DCA, 1,1-DCE, and 1,1,1-TCA.

Other studies showed butane to be an effective growth substrate for

transforming some of the most recalcitrant chlorinated compounds. Hamamura et aL

(1997) first reported the success of CF degradation by butane-utilizing bacteria. Work

done by Jitnuyanont et al. (2000) suggested that in-situ bioremediation by butane

utilizing cultures is effective for 1,1,1-TCA removal. Kim et al. (2000) looked at a

butane-utilizing culture's ability to aerobically degrade a range of chlorinated

compounds, noting 86-100% oxidative transformation of chloro-ethane, VC, and cis-

DCE. Rungkamol (2001) presented a kinetic analysis of a butane-grown culture which

successfully degraded 1,1,1 -TCA.
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1.3.2 Transformation of 1,1-DCA, 1,1-DCE and 1,1,1-TCA

Although most chlorinated contamination consists of CAH mixtures, few

studies have been conducted on such compositions (Shim et al., 2001). Modeling a

more realistic occurrence (i.e. a combination of CAUs) improves remediation design

because the presence of one compound may inhibit or inactivate biotransformation of

others (Alvarez-Cohen and Speitel, 2001; Strand et al., 1990; Kindred and Celia, 1989;

Chang and Alvarez-Cohen, 1995 and 1996). Studies focusing on merely one

contaminant may therefore lack any influences the presence of other contaminants

cause and ultimately be incomplete or incorrect.

Our study investigated the transformation of 1,1 -DCA, 1,1 -DCE and 1,1,1 -

TCA, three CAHs that are frequently found together due to biotic and abiotic

transformation of the latter into the former two, respectively. Vogel and McCarty

(1987) provided a detailed report of the transformation processes. A schematic of the

breakdown mechanisms is show in Figure 1.1.

- Ci H

CI H CI He/CI/CCç-H

Z1

I 1,1 -dichioroethen

1
(1,1-DCE)

Cl H

1,1,1-TCA CU3COOH + 3H + +3 Cl

C I H

ClCCEH I 1,1-dichioroethane
H H (1,1-DCA)

Figure 1.1 Fate of 1,1,1-TCA. Vogel and McCarty, 1987



The schematic shows that 1,1,1 -TCA is abiotically transformed into 1,1 -DCE

and acetic acid. The pseudo-first order rate constant for transformation to 1,1 -DCE was

reported as 0.04 yf1. 1,1-DCA can simultaneously be produced through reductive

dehalogenation.

1.4 PROCESSES INFLUENCING COMETABOLISM AND BIOREMEDIATION

Cometabolic biotransformation models most often stem from Michaelis-Menten

and Monod enzyme kinetics. These expressions have been expanded to include

processes such as substrate inhibition (Kindred and Celia, 1989; Brohoim et al., 1992;

Keenan et al., 1994; Ely et al., 1995; and Kim et aL, 2002), product toxicity (Chang and

Criddle, 1997; Alvarez-Cohen and McCarty, 1991; Kim et al., 2000), and reducing

energy limitations (Chang and Alvarez-Cohen, 1995; Sipkema et al., 2000). Alvarez-

Cohen and Speitel (2001) provided a review and discussion of these processes and the

models representing them. For in situ bioremediation, contaminant transport models

have been incorporated as well.

The models used in this study incorporated product toxicity, substrate

inhibition, and contaminant transport with Michaelis-Menten/Monod kinetics.

1.4.1 Product Toxicity

During transformation reactions, products may develop that pose toxic threats to

cells or enzymes, thereby inactivating them. This phenomenon is termed product

toxicity and may be assigned one of several parameters to account for cell/enzyme

death in mathematical models. Transformation capacity (Ta) represents one such

parameter, defined as the quantity of a compound that a specific mass of
microorganisms can degrade before they are destroyed by toxicity from transformation
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products. Units of transformation capacity are typically mass of degrading substrate

per mass of cells. (Rittman and McCarty, 2001)

Various assumptions are made in using such parameters to simulate product

toxicity. Alvarez-Cohen and Speitel (2001) reviewed interpretations for approximating

inactivation, separating them into two classes. One class represents loss of full cellular

function, while the other class assumes the loss of specific enzyme activity. The first

class is the most commonly used in modeling biodegradation and was incorporated in

our study.

1.4.2 Substrate Inhibition

Substrate inhibition describes the hindrance of substrate transformation or

utilization due to competition for or alteration of degradative enzymes. There are

several types of inhibition, including self-inhibition, competitive, noncompetitive, and

mixed. Self-inhibition, or Haldane inhibition, may result when the growth substrate

itself is inhibitory at high concentrations. When an enzyme lacks specificity,

competitive inhibition may occur in which another substrate binds to the catalytic site

of the enzyme, thus preventing another substrate from reacting. A substrate may also

bind to a non-reactive site on the enzyme, altering its conformation and creating

noncompetitive inhibition which reduces the utilization of another substrate.

Competitive and noncompetitive inhibition may occur simultaneously, causing a

condition termed mixed inhibition. (Rittman and McCarty, 2001). Competitive

inhibition is the most frequent form of inhibition addressed in mathematically modeling

cometabolic biotransformation (Brohoim et al., 1992; Chang and Alvarez-Cohen, 1995;

Chang and Criddle, 1997; Lee et al., 2000).

The competitive inhibition constant (Section 2.1.2) has often been approximated

using a value equal to that of the competing substrate's half-saturation constant. Kim et

al. (2002, in press), however, noted various studies where this appeared to be an
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incorrect assumption and, in response, presented a method for determining inhibition

type and respective constants. As with our study, Kim et al. (in press) focused on

butane utilization by a mixed culture with cometabolic transformation of 1,1 -DCE, 1,1

DCA, and 1,1,1-TCA, and, using techniques presented in earlier reports (Kim et al.,

2002), observed that competitive and mixed inhibition occurred. CAHs competitively

inhibited the other CAHs and butane, while butane showed mixed inhibitory effects

toward the CAHs. Since Kim's culture was a parent of our culture, we assumed that

these inhibition types were appropriate in our modeling work.

1.4.3 Solute Transport

When a chemical enters the subsurface, the compound may sorb to particle

surfaces and/or be transported via advective and dispersive forces. Advective transport

results from the flow of water in which mass is dissolved. Advection is therefore

dependent on groundwater velocity and direction of flow. Dispersive transport results

from a mixing process which creates an interface between two fluids of differing

compositions.

Sorption is the process in which compounds adhere to soil particles, causing

transport of the compound mass to be temporarily detained. Sorption is dependent on a

soil's bulk density and porosity. Equilibrium sorption refers to a constant rate of equal

masses adhering to and being released from particle surfaces. Non-equilibrium

sorption refers to an inconsistent rate of sorption onto and release from sediments.

Modeling non-equilibrium sorption includes a mass transfer rate and partitioning
coefficient. Thorough reviews of contaminant transport are available by Freeze and

Cherry (1979), Domenico and Schwartz (1990), and Fetter (1993). Our model

incorporates mathematics describing advection, dispersion, and non-equilibrium

sorption that will be presented in Chapter 2.



1.5 COMBINED BIOTRANSFORMATION AND TRANSPORT MODELS

There have been many publications of work done to model the phenomena of

solute transport with biotransformation. Most models are based on Michaelis-

Menten/Monod kinetics and advectionldispersion as described above, with variations as

to inhibition, sorption, spatial dimensions, microbial profiles, boundary conditions,

iterative solutions, etc. (Borden and Bedient, 1986; MacQuarrie et al., 1990; Shafer et

al., 1998; Unice and Logan, 2000; Kaluarachchi et al., 2000; Clement et al., 2000). A

trend toward improving these models as predictive sources is to include mixed

inhibition, aerobic and anaerobic transformation, multi-substrate tracking, and/or

growth and transport of microbes (Waddill and Widdowson, 1998; Kindred and Celia,

1989). Kindred and Celia (1989) introduced a model capable of simulating aerobic and

anaerobic metabolism, aerobic cometabolism, and competitive and noncompetitive

inhibition. Their work demonstrated "the feasibility of modeling biological systems

involving complex interactions between a variety of nutrients and substrates." (p.

1157). Sun et al. (1998) introduced a model following dual-substrate Monod kinetics,

accounting for microbial growth and migration and found that non-instantaneous

reactions and microbial transport were key mechanisms in field scale biodegradation.

The United States Geological Survey (USGS, 1998) provided a solute-transport and

biodegradation model capable of tracking multi-species in two dimensions and included

noncompetitive, competitive, and Haldane inhibition. It is primarily used for
simulating the metabolism of petroleum hydrocarbons.

Semprini and McCarty (1991, 1992) presented a two part series of a combined,

non-steady state biotransformation-transport model for cometabolism. In Part 1 they

defined the basic features of the model with regards to biostimulation, including

differential equations tracking concentrations of electron acceptor, electron donor, and

biomass, as well as non-equilibrium sorption influences. In their model, the
mathematics of the Michaelis-MentenlMonod kinetics were expanded, assuming that

the rate of microbial growth depends on both electron donor (primary growth substrate)
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and electron acceptor. Part 2 introduced the cometabolism of two contaminants

including effects of competitive inhibition. CAH transformation was approximated

using the ratio of half-saturation constants to estimate inhibition parameters.

Semprini and McCarty' s model was expanded upon in our study to include

more influential mechanisms such as mixed inhibition and product toxicity,

extrapolating from biotransformation experiments and models reported by Kim et al.

(2002, in press). Because Kim's culture was the parent culture of the one used in our

study, the parameter values reported by Kim were deemed as appropriate starting

estimates for mathematically modeling CAH transformation by our culture. Some

parameters were adjusted during simulation of batch laboratory results from the

enrichment culture used in our studies.

1.6 OBJECTIVES OF THIS THESIS

As described above, this thesis built upon past studies involving cometabolic

transformation of CAll mixtures and application of a combined biotransformation-

transport model. The objectives of this thesis were:

1) to evaluate in batch reactors the transformation of CAH mixtures consisting

of 1,1 -DCA, 1,1 -DCE, and 1,1,1 -TCA, by a butane enrichment culture in

growth media.

2) to evaluate in batch soil/groundwater microcosms the culture's ability to

transform the CAH mixtures and utilize butane upon bioaugmentation to the

microcosm.

3) to mathematically simulate the biotransformation seen in both the media and

microcosm experiments by using the cometabolic transformation and inhibition
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parameter values reported by Kim et al. (2002, in press) and adjusting a few

values as appropriate.

4) to modify the existing biotransformation-transport model of Semprini and

McCarty (1991, 1992) by incorporating the competitive and mixed inhibition

model reported by Kim et al. (2002, in press), and including transformation

capacity for each of the CAHs.

5) to compare the model output (using the parameter values identified from

microcosm tests) to actual data collected from field experiments in which the

culture was bioaugmented and then biostimulated.
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CHAPTER 2
MODEL PRESENTATION

Building upon the theories and concepts discussed in Chapter 1, our study

focused on recreating the phenomena of aerobic cometabolism, mixed inhibition,

product toxicity, etc., and developing a mathematical model to simulate observed

laboratory and field performance. Two models were used to do this. Laboratory data

were simulated using the biotransformation model developed by Kim et al. (in press).

The model is presented in Appendix B with nomenclature and units provided in

Appendix C. The model was operated using Stella ® software (High Performance

System, Inc., Hanover, NH) with Runge-Kutta integration. It is referred to as the Stella

model throughout this thesis. The field data were simulated using a modified form of

the combined biotransformationitransport model presented by Semprini and McCarty

(1991, 1992), with nomenclature and units in Appendix A. This model is referred to as

the Fortran or combined model throughout this thesis. The features of the combined

model used in our study are presented in Table 2.1. The biotransformation features

listed in Table 2.1 are also relevant to the model created by Kim.
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Table 2.1: Features of the contaminant transport/biotransformation model
Monod/Michaelis-Menten Kinetics

Competitive Inhibition of CAHs on CAH Transformation

Competitive Inhibition of CAHs on Butane Utilization

Mixed Inhibition of Butane on CAH Trans formation*

Transformation Product Toxicity

1 -D Advective/Dispersive Transport

Equilibrium and Non-Equilibrium Sorption

Cyclic Pulsing of Electron Donor and Electron Acceptor at Boundaries

*The transport model also allowed for mixed inhibition of butane and CAHs by CAHs. However, Kim et

al. (in press) only butane mixed inhibition on 1, 1-DCE to be relevant, so mixed inhibition of butane on

1, 1-DCA and 1,1, 1-TCA was omittedfrom our study.

2.1 MODELING BIOTRANSFORMATION

Biotransformation for both models used in our studies followed that introduced

by Kim et al. (2002, in press). The combined biotransformationitransport model

expanded upon Kim's mathematics to include the influence of an electron acceptor.

The model presented below describes the expanded version. The Stella model used for

simulating laboratory results (Appendix B) omits parameters and equations relevant to

the electron acceptor.

2.1.1 Monod/Michaelis-Menten Kinetics

Michaelis-MentenlMonod kinetics provide the backbone mathematics for

modeling biotransformation. The differential equations representing substrate

utilization and microbial growth are:
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(2.1) 4=_ k1S
(2.2)

dt dt dt K+S

where: S = substrate aqueous concentration (mg/L)

X = microbial concentration (mg/L)

km = maximum utilization rate of substrate (mg substrate/mg cells/day)

Y = yield coefficient (mg cells/mg growth substrate)

K = half-saturation constant of substrate (mg/L)

b = decay coefficient (day ')

Semprini and McCarty (1991) found that for aerobic cometabolism, the rate of

microbial growth depends on both electron donor (primary growth substrate) and

electron acceptor, and, therefore, provided dual Monod terms to equation 2.1 to

describe this. The resulting equation is:

CD bX1' CA
=[m

I
K D + CD) ] KSA + CA

where: CD = aqueous concentration of electron donor (ED) (mg/L)

CA aqueous concentration of electron acceptor (EA) (mg/L)

kmD maximum utilization rate of ED (mg ED/mg cells/day)

KSD half-saturation constant of ED (mg ED/L)

= half-saturation constant of EA (mg/L)

(2.3)

In their model, utilization of the electron donor (primary growth substrate) and

electron acceptor were also represented by expanding equation 2.2 for dual Monod
kinetics:
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dCDk ('
CD Y CA

dt mD LKSD +CD JLKSA +CA J
(2.4)

CD '( CAdCA
=kmDFaX

+CDJLKSA +CA
(2.5)

dcfdbX[__
CA

KSA+CAJ

where: Fa = stochiometric ratio of electron acceptor per electron donor utilized for cell

synthesis (mg EAImg ED)

d = cell decay oxygen demand (mg 021 mg cells)

fd = fraction of biodegradable cells

2.1.2 Modeling Substrate Inhibition

Kim et al. (2002) presented the following mathematics for modeling

competitive, noncompetitive, and mixed inhibition. Competitive inhibition is the most

frequent inhibition type included in mathematical simulations. Incorporating this into

substrate utilization mathematics, equation 2.2 becomes:

dS
(2.6)

K(1+4)+S

where: I = aqueous concentration of inhibitor (mgIL)

= const. for competitive inhibition (mg inhibitor/L)

Note that in competitive inhibition, the half-saturation portion of the equation

becomes as function of the inhibitor concentration.
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Noncompetitive inhibition more specifically influences the maximum utilization

rate, and equation 2.2 may be transformed to:

X'm (' s

dti+1/ K5+SJ
(2.7)

K1

where: I = aqueous concentration of noncompetitive inhibitor (mg/L)

= constant for noncompetitive inhibition (mg inhibitor/L)

For the case of mixed inhibition, the mathematics have a combined form of

equations 2.6 and 2.7, resulting in:

EZ S
dt

1+'/KJ
K

i+'/ )+sJ

(2.8)

1+I://

K1

K1

Competitive and noncompetitive inhibition may or may not be caused by the

same inhibitor. Terms for competitive and noncompetitive inhibition are additive, and

equation 2.8 may be extended to include several inhibitors. For example,

transformation of 1,1,1 -TCA may be inhibited by the presence of 1,1 -DCE, butane, and

1,1 ..DCA through competitive, mixed, and competitive fashions, respectively.

Expansion of the transformation equation would be:
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dCTCA =1 mTCA CA *
(2.9)

dt

L1+ CB/
J

KS + CA J

/ KJUBTCA

KSTCA

/ KJUBTCA

1+ CB/ + CDCE/ + CDCA / +
/KkBTCA /K1 DCE,TCA /KJCDCATCA J

where: C = aqueous concentration of substrate (mg/L)

km = maximum utilization rate of 1,1,1 -TCA (mg TCA!mg cells/day)

KSTCA half-saturation constant of 1,1,1 -TCA (mg TCA/L)

KIU,S,TCA = constant for noncompetitive inhibition of 1,1,1 -TCA by inhibitor "S"

(mg inhibitor/L)

KiC,S,TCA = constant for competitive inhibition of 1,1,1 -TCA by inhibitor "S"

(mg inhibitor/L)

2.1.3 Modeling Product Toxicity

The model in this study incorporates transformation capacity (Ta) into the

differential term for cell growth (equation 2.3) to account for product toxicity.

Competitive inhibition of butane by CAHs in the form of equation 2.6 is included also:



JTkmDr CD 1bX'Sl*
dt

[
KSDl+4 +CD ]s dt

IC

I
CA

KsA +CA

where: Ts transformation capacity of non-growth substrate "S"

(mg substrate! mg cells)

(2.10)
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T is specific for any parent compound and the culture exposed to it. Product

toxicity from several non-growth substrates may be incorporated by adding a T term

for each compound (Alvarez-Cohen and McCarty, 1991).

2.2 MODELING CONTAMINANT TRANSPORT

Non-equilibrium sorption for one dimensional transport was defined in our

model as a first-order rate process:

dS 32S
(2.11)dt3x2 AØdX 0

(2.12)

where: S = sorbed-phase concentration of substrate (mg substrate/kg soil)

S = aqueous concentration of substrate (mg/L)

Fk = rate coeff. for mass transfer between aqueous and sorbed phases (day')

Dh = hydrodynamic dispersion coefficient (m2/day)
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Q = average groundwater flow (m3/day)

A = cross-sectional area of aquifer, width x thickness (m2)

Pb = bulk density of the aquifer solids (kg/L)

kd = partition coefficient of sorbed substrate (L/kg)

4) = aquifer porosity

This form was chosen to provide a simple, non-equilibrium sorption process.

Equilibrium sorption conditions may be simulated by assigning the mass transfer rate

coefficient (Fk) a very high value.

2.3 COMBINED BIOTRANSFORMATION AND TRANSPORT MODEL

The biotransformation and contaminant transport models presented above were

combined to create separate equations for tracking the aqueous concentrations of the

electron donor (butane), electron acceptor (oxygen), and CAHs (l,1-DCE, 1,l-DCA,

and 1,l,1-TCA). Equation 2.11 was added to equations 2.4, 2.5, and 2.8 to represent

utilization/transformation and transport of each compound. The latter term of equation

2.11 was omitted from the combined equations for the electron donor and acceptor

because of limited sorption capacity for butane and oxygen.

A Haldane constant was incorporated into the electron donor utilization

equation, as some substrates can pose inhibition on themselves. For substrates such as

butane for which this is not the case, a large value input for the 1-laldane constant can

cancel out the effect of this parameter.
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The combined biotransformation-transport equation for butane and oxygen

utilization are presented below (equations 2.13 and 2.14, respectively).

dCBUT (_____
(2.13)

dt mBUTK+C)

I CBUT
,- 2/

KsBU(1 +
CDCE / + CDCA / + + UBUT / + CBUT/KJC DCE BUT /KJC,DCA,BUT //KIc,TCA,BUT /KHAL

+D 82CBUT Q (dCBUT
h 2

dx

( c02
FaXkmBUT (2.14)

di'

CBUT

KSBUTI1+CBUT/ +CDCE/ +CDCA/ +CTCA/ )+CBUT/KHAL /KJC DCE BUT /KJ DCA BUT /KJC TCA BUT)

dcfdbX[___

CO2 2C Q (dc0,/
Kso2+Co2J+

02

ox
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Transformation of 1,1 -DCE, 1,1 -DCA, and 1,1,1 -TCA including mixed

inhibition by butane and competitive inhibition by CAHs are:

dC1 I
kmi V 02

= -xl
dt

Li B(/K
BUT!

JLKSO2 02

(2.15)

(

K1 /

1+CBU/
+

/K12,
+ + Cl

lu,BUT,l J

Q (dc1 Pb

ax
---1l(kdlc, _c1*)

where: Ci = aqueous concentration of transforming CAH (mg/L)

Ci = sorbed phase concentration of transforming CAH (mg CAH/kg soil)

C2 aqueous concentration of second CAH (mg/L)

C3 = aqueous concentration of third CAH (mg/L)

= uncompetitive inhibition constant of transforming CAH by butane

(mg butane/L)

KIC,BUT,1 = competitive inhibition constant of transforming CAll by butane

(mg butane/L)

competitive inhibition constant of transforming CAH by second CAll

(mg CAH#2/L)

= competitive inhibition constant of transforming CAM by third CAM

(mg CAH#3/L)

kdl = partition coefficient of transforming CAH (L/kg)

Fkl = rate coefficient for mass transfer between aqueous and solids (day')



The microbial culture was assumed to be an immobile, distributed mass.

Therefore transport (equation 2.11) was not included in defining microbial

concentration profiles. Equation 2.10 was used alone, with expanded terms for product

toxicity of all three CAHs studied. The resulting mathematical equation for microbial

growth with competitive inhibition by CAHs is:

( Co2
= +Coj (2.16)

I CBUT

KsBU1+CDCE/
+CDCA/ +CTCA +CBUTJ

/KJC DUE BUT /KJC,DGA,BUT / Ic,TGA,BUT)

-bXI
Co2

K +CO2

(dCDCE 1 dCDCA 1 dCTCA 1 c02-
dt TCDCE dt TDCA dt TCTCA K2 + CO2

where: TCDCE = transformation capacity of 1,1,1-DCE (mg DCE/mg cells)

TCDCA = transformation capacity of 1,1,1 -DCA (mg DCA/mg cells)

TCTCA = transformation capacity of 1,1,1 -TCA (mg TCA/mg cells)

KIC,DCE,BUT = competitive inhibition constant of by 1,1 -DCE

(mg DCE!L)

KIC,DCA,BUT = competitive inhibition constant of butane by 1,1 -DCA

(mg DCA/L)

KIC,TCA,BUT = competitive inhibition constant of butane by 1,1,1 -TCA

(mg TCAJL)



23

dCTCA/dt = Overall 1,1,1 -TCA transformation rate for biotransformation only,

as defined in equation 2.15 and omitting terms for transport and sorption

(mg/L/day)

dCDCA/dt = Overall 1,1 -DCA transformation rate for biotransformation only

as defined in equation 2.15 and omitting terms for transport and sorption

(mg/L/day)

dCDCE/dt = Overall 1,1 -DCE transformation rate for biotransformation only

as defined in equation 2.15 and omitting terms for transport and sorption

(mg/L/day)

Equations 2.13 through 2.16 were solved simultaneously using Runge-Kutta

numerical integration as described by Semprini and McCarty (199 1,1992). Input for

various parameters were a conglomeration of values obtained from field tests,

laboratory experiments, and literature. The combined model allows for cyclic additions

of electron donor and acceptor at varying concentrations and duration periods.

2.4 VERIFICATION OF MODEL PERFORMANCE

To ensure that our combined biodegradation/transport model was performing

appropriately, simulations were run and the output was compared to that from other

models. Comparisons included simulations for contaminant transport without

biodegradation and biodegradation in batch systems.
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2.4.1 Comparison of Model Output for Contaminant Transport

The transport portion of our model was tested for adequate description of

advection, dispersion, and sorption by comparing output from our model to the Ogatta-

Banks (OB) approximation (Domenico and Schwartz, 1990. pg 375). The OB

approximation defines solute transport with linear sorption as:

dC d2C dC=D
dt Rfdx2 Rf dx (2.17)

R1 1

[1
/]Pbkd (2.18)

where: C = aqueous-phase concentration (mg/L)

v, average pore-water velocity (rn/day)

vxQ/((I)*A)

Q = average flow within aquifer (m3/day)

A = cross sectional area of aquifer, width * thickness (m2)

Dh = hydrodynamic dispersion coefficient (m2/day)

Pb bulk density of solid matrix (kg/L)

Rf = retardation coefficient for linear sorption

kd = partitioning coefficient from aqueous phase to solids phase (L/kg)

= porosity

For solute transport with no sorption, Rf is set equal to 1. Solving for

concentration as a function of time and distance, the Ogatta-Banks approximation

becomes:



C_c°erfc[__

R1xvt
2(advXtRf)h/2]

where: C0 initial aqueous concentration (mg/L)

= dispersivity (m)

erfc = complementary error function

(2.19)
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Simulations were run using our model (equations 2.13 through 2.16) and the

Ogatta-Banks approximation (equation 2.19) for advective and dispersive transport of

butane, oxygen, and 1,1,1 -TCA. For our model, the transformation rate of 1,1,1 -TCA

(kmTCA) was set to zero, thus shutting off biotransformation. Equilibrium sorption of

1,1,1 -TCA was assumed by setting the solids' mass transfer rate coefficient (Fk) to a

very high value (200 day-i), thus forcing equilibrium conditions. It was assumed that

butane and oxygen would not be retarded. For the OB model, retardation was omitted

by setting Rf to 1 for these substrates. Our model excludes sorption for the electron

donor and acceptor, so no adaptation was necessary.

The input values are presented in Table 2.2 and represent approximate

conditions at the Moffett Field Test Facility.

Table 2.2: Innut values for transnort comnarison
Bulk 1,1,1-TCA 1,1,1-TCA

Average Aquifer Porosity, Dispersivity,
Density, Partitioning Retardation

flow*, Q Thickness, b 'Yd

Pb CoefL, kd Factor, Rf
(rn/day) (m) (-) (kg/L) (m) (L/kg) (-)

2.16 1.5 0.333 1.6 .31 .2 1.96

*Based on this flow average linear velocity, v, of 4.32 m/aay was input into the Ogatta Banks Approx.
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In running the simulation, concentrations/masses were recorded at distances

1.17 m, 2.3 m, and 3.5 m from the injection well with 1 hour time increments. The

results are presented in Figure 2.1.

The plots show aqueous concentrations of butane, oxygen, and 1,1,1 -TCA over

time for simulations by both the Ogatta-Banks approximation and our model. Note that

there is excellent comparison for transport of all three substrates at all three locations.

The minor shifts between the curves may be attributed to omitting a second term of the

Ogatta-Banks approximation and the differences in boundary conditions between the

two models. The close comparison confirmed that the transport portion of our model

was performing adequately.
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Figure 2.1 Comparison of model output for solute transport.
OB Approx refers to Ogatta-Banks approximations output.
Fortran Code refers to our model's output.



2.4.2 Comparison of Model Output for Biotransformation in Batch Reactors

The biotransformation portion of our combined code was evaluated by shutting

down transport and comparing the biotransformation results to that of the cometabolism

model introduced by Kim et al. (2002, in press). Simulations were run by each model

for biotransformation of 1,1 -DCE and 1,1,1 -TCA with butane as the electron donor.

Simulations were run for a 49.5 L volume of liquid (no gas phase present). This

volume was based on an aquifer 2.4 m long, 1 m wide, and 1.5 m thick with porosity of

0.333. These characteristics represented settings for the Moffett Field Test Facility site

where actual field experiments of transport with biodegradation were to be modeled

(Chapter 5). A batch system in which only biodegradation occurred (no transport) was

approximated in our model by setting flow, dispersion, and sorption values to zero.

The voids surrounding the solids therefore provided an all liquid "batch" reactor.

Kinetic input values as defined by Kim et al. (in press) were assumed and are

presented in Tables 2.3 and 2.4. These tables list input for the Stella model and the

Fortran model. Specific details on chosen values are discussed in Section 4.1.
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Table 2.3 Stella input values for biotransformation comnarison
Parameter Units Value Parameter Units Value

KCDCEBUT tmo1/L 8.7 KmaxBUT imol 1mg! hr 2.5

KICDCETCA .tmol /L 1.1 KmaxDCE tmo1 /mg/ hr 2.8

KmaxTCA tmo1 /mg/ hr 0.2

KIUBUTDCE jimol /L 6.9

KIUBUTTCA tmo1 /L 0.5 KsBUT j.tmol IL 19.2

KsDCE imo1 /L 1.48

KICTCABUT .tmo1 /L 313 KsTCA tmo1 /L 12.2

KCTCADCE jtmo1 /L 17

TcDCE .tmoI /mg 0.52

KICBUTDCE imo1 /L 0.33 TcTCA imoJ /mg 0.82*

X0 mg/L 12 HccBUT - 38

Y mg/imo1 0.046 HccDCE - 0.86

b hr-I .0042 HccTCA 0.55

VL L 49.5 VG L 0

Nomenclature is provided in Appendix C. * The value given was input for the shown in Figure 2.2.
TCTCA = 0.08 was input for simulation of the comparison shown in Figure 2.3.
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Table 2.4 Fortran innut values for biotransformation comnarison
Parameter Units Value Parameter Units Value

KICDCEBUT mg/L 0.84 kmaxBUT mg/mg/d 3.48

KCDCETCA mg/L 0.11 KmaxDCE mg/mg/d 6.51

KmaxTCA mg/mg/d 0.64

K1UBUTDCE mg/L 0.40

KIUBUTTCA mg/L 0.03 KsBUT mg/L 1.11

KsDCE mg/L 0.14

KiCTCABUT mg/L 41.75 KsTCA mg/L 1.63

KICTCADCE mg/L 2.27

TcDCE* mg/mg 19.8

KICBUTDCE mg/L 0.02 TcTCA* mg/mg 9.1

X0 mg/L 12 fd - 0.8

Y mg/mg 0.79 Fa g EA/g ED 4.0

B d-1 0.10 d g EA/ g cells 1.42

VL L 49.5 VG L 0

Nomenclature is provided in Appendix A. *Input values for transformation capacity are the inverse of
the convention used; units here are in mg cells per mg substrate. The value given was input for
simulation of the comparison shown in Figure 2.2. TCTCA = 91.0 was input for simulation of the
comparison shown in Figure 2.3.

To assure that the simulated batch bioreactor was uniform throughout the

aquifer zone, output from our model was recorded at distances of I m, 1.5 m, and 2 m

from the injection well. Results from all three locations were exactly the same.

Figure 2.2 compares output from both the Stella simulation and the Fortran

model's simulation as total substrate mass and cell concentration remaining over time.

Overall there is good comparison between the two models, indicating that the transport

code adequately simulates biotransformation.
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To stress the model, product toxicity of 1,1,1 -TCA was assumed to be high

(TCTCA = 91.0 mg cells/ imol TCA = 0.08 j.imol TCA/ mg cells). This TCTCA value

compares to an order of magnitude difference in that used for laboratory and field data

modeling (Chapters 4 and 5; TcTCA =9.10 mg cells4imol TCA = 0.082tmol TCA/mg
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cells). Figure 2.3 shows similar comparisons for these simulations as those presented

in Figure 2.2. (TCTCA = 9.1 mg ce11s/imol/ TCA = 0.82 tmol TCA!mg cells). Thus the

model appeared to be simulating the transformation capacity term well.

8-

7

_.. 6
0)

(0
(0

0-

0

40

E
C.)

C
0
C-)

C-) 10

04
0

5 10 15

Time (hrs)

+-- DCE Stella Output

a-- DCE Fortran Output

o-- TCA Fortran Output

---- TA Stella Output

*-- BUT Stella Output

9--- BUT Fortran Output

20

---CeIl Conc Stefla Output
-Cell Conc Fortran Output

10 15 20

Time (hrs)

2000

1500

E

Co

1000

a)
C

-500

25

25

Figure 2.3 Comparison of model output for biotransformation with high 1,1,1-
TCA product toxicity.
Fortran Output refers to our model results.
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CHAPTER 3
LABORATORY METHODS FOR MEDIA AND MICROCOSM

EXPERIMENTS

This chapter presents the material and methods used in performing laboratory

studies. Experiments included bioaugmentation of the culture using butane as the

growth substrate, biotransformation kinetic tests of butane, 1,1 -DCE, 1,1 -DCA, and

1,1,1 -TCA in media and soil/groundwater batches, gaseous/aqueous phase butane mass

transfer limitation studies, and 1,1 -DCE product toxicity tests.

3.1 CHEMICAL SOURCES

Chemicals used in all laboratory experiments included butane, 1,1

dichioroethylene (1,1 -DCE), 1,1 -dichioroethane (1,1 -DCA), and 1,1,1 -trichlo:coethane

(1,1,1-TCA). N-Butane (Grade CP) was obtained from Airgas Co. (Corvallis, OR).

1,1,1-TCA (99.5%), 1,1-DCE (99%) and 1,1-DCA (>99%) were all purchased from

Aldrich Chemical Co. (Milwaukee, WI).

Concentrations of 1,1-DCE, 1,1,-DCA, and 1,l,1-TCA were added during

experiments using a saturated solution of each CAH. These solutions were made by

injecting the stock solutions listed above into 27 mL vials containing approximately 25

mL of deionized water. Volumes of each CAH stock solution were added so that total

mass in the saturated solution volume exceeded the solubility limit (Table 1.1) of each

CAH. This created dissolved CAH saturation solution in the deionized water. Each

saturated solution was lightly shaken by hand 5 minutes before injecting a sample of

the aqueous phase into a reactor.
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3.2 GROWTH OF THE BUTANE CULTURE FOR BIOAUGMENTATION

The culture used in this study was grown in batch and stored frozen for use as

inoculum in laboratory experiments (Section 3.4) and the field tests. Growth occurred

in several batches.

The butane-utilizing culture used in this study was isolated from a mixture of

samples obtained from the Hanford DOE site, WA, and Moffett Federal Airfield, CA.

The mixed culture was inoculated onto agar plates containing mineral salts media and

incubated in a chamber with a 3% butane-in-air headspace. Individual colonies were

serially streaked through 4 generations before being re-introduced to liquid media and

grown for harvesting and storage in liquid nitrogen. The bioaugmentation culture

consisted of an isolate with a terminal restriction fragment length of 183 base pairs

when digested with restriction enzyme MnlI. Microscopic observation of a DAPI-

stained sample of the culture showed a single morphology consisting of small rods

approximately 1 micron wide by 1.5 microns long often grouped in pairs. Culture

characterization is on-going.

The bioaugmentation culture was then inoculated in 707 mL clear glass bottles

containing growth media and capped with gray butyl rubber septa (Wheaton Glass Co.,

Miliville, NJ). Composition of the growth media followed that used by Rungkamol

(2001) and is presented in Table 3.1. Before inoculation the bottles and media were

autoclaved. Growth media was checked for neutral pH (7.0-7.2). After inoculation,

15-30 mL of headspace (air) was removed and replaced with an equivalent volume of

butane. Bottles were incubated at 20°C and shaken at approximately 200 rpm. All
growth reactors were periodically fed oxygen to maintain atmospheric pressure within,

and to ensure that oxygen limitation would not occur. Butane concentrations and

optical densities (600 nm) were read periodically from representative bottles using gas

chromatography (Section 3.5) and spectroscopy, respectively.
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Table 3.1: Growth media composition.
Stock Solution Compound Concentration

K2HPO4*3H20 2030.9 (mg/L)
Phosphate Buffer

NaH2PO4*H20 739.0 (mg/L)

Sulfate Solution MgSO4 60.2 (mg/L)

Chloride Solution CaCl2 111 (mgIL)

Nitrate Solution NaNO3 153.0 (mg/L)

FeSO4*7H20 6283.0 (jig/L)

MnCl2*4H20 300.8 (igIL)

ZnSO4*7H20 146.6 (tg/L)

H3B03 61.8 (jtgIL)
Trace Element Solution

Na2MoO4*2H20 108.9 (p.gIL)

NiC12*6H20 23.8 (tg/L)

CuCl2*2F120 17.0 (gfL)

C0C12*6H20 23.8 (tg!L)

Source: Rungkamol et al., 2001

When most of the butane had been utilized and optical density at 600 nm

reached approximately 1.0, the cells were harvested. The aqueous cell mixture was

centrifuged at 8000 rpm (Du pont Sorvall RC-5B) for 30 minutes. Supernatant was

decanted and the concentrated cells were transferred into a 50 mL beaker. Glycerol

was stirred in with the harvested cells at approximately 15% by volume to prevent cell

damage during freezing. The cells/glycerol mixture was stored in cryogenic vials in a

dewar filled with liquid nitrogen. Prior to freezing, a dry weight test was performed

using a 1 mL sample of the harvested, condensed cells to determine approximate cell

concentration. Four batches were grown with final, harvested concentrations ranging

from 11 to39g/L.
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3.3 BATCH TRANSFORMATION KINETIC TESTS IN MEDIA

The culture's ability to degrade 1,1,1-TCA, 1,1-DCE, and 1,1-DCA while

utilizing butane as a carbon/energy source was measured in growth media (Table 3.1).

27 mL vials containing 10 mL of bioaugmented cells in growth media, 17 mL of air,

and concentrations of 1,1 -DCE, 1,1 -DCA, 1,1,1 -TCA, and butane served as the media

reactors. Degradation of the substrates over time was recorded to develop

transformation profiles.

From each of 8 reactors representing the first bioaugmented batch, 10 mL of

bioaugmented cells were collected directly from the first growth batch (Section 3.2)

and placed into the 27 mL vials with a sepia cap. Volumes of 1,1-DCE (1 pL), 1,1-

DCA (0.5 iL), and 1,1,1 -TCA (2.4 tL) were injected to obtain approximate aqueous

concentrations of 100, 200, and 200 jtg/L, respectively. Approximate cell

concentrations ranged 170 to 200 mgIL. Butane (0.7 mL) was injected to obtain

approximately 4% volume headspace. The vials were shaken on a table at 200 rpm.

Gas samples were taken periodically using a 100 tL gas-tight syringe, and compound

masses were measured by gas chromatography (Section 3.5).

3.4 BATCH TRANSFORMATION KINETIC TESTS IN MICROCOSMS

Butane utilization and transformation of the CAH mixture were studied in

microcosms to better analyze the culture's behavior in an aquifer environment.

Microcosms consisted of 707 mL clear-glass bottles containing soil, groundwater, air,

the bioaugmented culture, and aqueous and gaseous concentrations of butane, 1,1 -DCE,

1,1-DCA, and l,1,l-TCA. A mass-remaining-over-time profile was developed for each

microcosm by headspace analysis (Section 3.5).

This section provides the preparation and composition of the microcosms and

the biotransformation experiments of butane and the CAH mixture. The latter
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experiments include laboratory tests for butane mass transfer limitation between the

aqueous and gaseous phases (Section 3.4.3) and 1,1 -DCE product toxicity experiments

(Section 3.4.4).

3.4.1 Preparation

Microcosm solids were obtained by mixing several core soil samples from

Moffett Field Test Facility, CA (Appendix D). Large gravel was removed, and the soil

was stirred to obtain a fairly homogenous material consisting of pea-sized gravel, sand,

and silt. Fifteen 707 mL clear-glass bottles were autoclaved, cooled, and filled with

approximately 100 mL of soil mixture, with approximate weight of 120 g.

Groundwater (400 mL) taken from Moffett Field was added, and the bottles were

capped with (autoclaved) gray butyl rubber septa. Headspace volume was
approximately 267 mL.

Reactors were divided in to five groups of triplicates, described in Table 3.2.

Group Ml represented the organisms indigenous to Moffett Field, provided by the

site's groundwater and core sediment samples. Groups M2, M3, M4, and M5

contained the bioaugmented culture. All five groups were exposed to butane, but only

groups M2, M3, and M4 were injected with the CAH mixture. M3 is distinguished

from M2 and M4 by a 12 hour lag time between butane and CAH injections. This was

done to study the effect of the butane pre-exposure on the thawed cells. Group M4

served as a mercury killed control set. M5 provided data on cell growth when fed only

butane. Table 3.2 also notes which microcosms were involved in each laboratory

experiment. Details for each experiment are provided in the following sections of this

chapter.
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Table 3.2: Microcosm descrintions.

Microcosm

Group
Cultur?

Compound included Experiment

BUT 1,1-BCE 1,1-B CA 1,1,1-TCA
___________________________

BioT' MTLC TcDCL'

Ml I x x x x x

M2 B x x x x x x x

M3 B x x x x x x x

M4e B x x x x x

M5 B x - x

a. I represents the indigenous culture. B represents the bioaugmentation culture.

b. Biotransformation Experiment (Section 3.4.2)

c. Mass Transfer Limitation Experiment (Section 3.4.3)

d. 1, 1-DCE Product Toxicity Experiment (Section 3.4.4)

e. Mercury killed control

The bioaugmented culture was inoculated into microcosm groups M2, M3, M4,

and M5 using a resuspended solution of previously frozen, concentrated cells (Section

3.2). A cryogenic vial containing the frozen cells was removed from liquid nitrogen

and allowed to thaw to room temperature for about 1 hour. 2.5 mL of the thawed cells

were transferred into eppendorf aliquots and spun at 14,000 rpm for 3 minutes in an

Eppendorf 5415C centrifuge. Supernatant was decanted and replaced with autoclaved

growth media (Table 3.1). The centrifuging and washing were repeated 2 times. The

rinsed seed culture was diluted in 100 mL of growth media (Table 3.1). A 1 mL

sample of this solution was injected into each microcosm. Dilution and dry weight

analysis of the frozen culture indicated cell concentration within the reactors was

approximately 1.5 mgIL.
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3.4.2 Biotransformation Analysis

This section describes the methods used to add compounds into the microcosms.

For microcosm groups Ml through M4, saturated solution (Section 3.1) volumes of

1,1-DCE (20 p,L), 1,1-DCA (16 p1), and 1,1,1-TCA (65 p1) were injected using glass

syringes to achieve aqueous concentrations of 100, 200, and 200 tg/L, respectively.

These concentrations were in the range used in later field experiments. Four mL of

butane (9.6 mg total mass, 0.91 mg/L aqueous concentration at equilibrium) was

injected with a plastic syringe into all microcosm reactors. Table 3.3 provides a

summary of total mass injected into each microcosm.

Table 3.3: Biotransformation exneriment descrintions.

Microcosm

Group
Culture____________

Mass Injected (,i.tg)

____________
Butane

____________
1,1-DCE

____________
1,1-DCA 1,1,1-TCA

M1* indigenous 9600 58 105 91

M2** bioaugmented 9600 58 105 91

M3** bioaugmented 9600 58 105 91

M4*** bioaugmented 9600 58 105 91

M5* bioaugmented 9600 -

* MI and M5 were shaken at 100 rpm until the time of the 4fl compound addition to microcosms M2 and M3. At this

time Ml and M5 were shaken at 150 rpm. * *During transformation of 10, & 3rd compound addition, M2 and M3

were shaken at 100rpm. See Table 3.4 for shaker speeds during transformation of 4hhl compound addition. Afier 5th

compound addition these microcosms were shaken at 150 rpm. "K Mercury killed control. M4 was shaken at 100

rpm until the time of the 4' compound addition to microcosms M2 and M3. At this time M4 was shaken at 150 rpm

Immediately after substrate injection, each bottle was hand shaken for five

minutes, and then sampled to determine compound headspace concentrations using gas

chromatography (Section 3.5). The reactors were incubated at 20°C and stored upright
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on a shaker table at 100 rpm with periodic headspace sampling. Oxygen was added to

the reactors according to stochiometric oxygen demand for butane consumption (4 mol

02: 1 mol butane). This was done by filling a glass syringe with oxygen and allowing

headspace in the reactors to equilibrate to atmospheric pressure. These methods were

followed for five repeat additions of butane and the CAH mixture. The first spike

occurred at time zero. The second, third, fourth, and fifth additions occurred at

approximately 1220, 1485, 1920, and 2210 hours after start-up, respectively.

3.4.3 Mass Transfer Limitation Study

Calculation of a total mass balance from headspace analysis (Section 3.5) may

be inaccurate if incomplete equilibrium partitioning exists between the aqueous and

gaseous phases within a reactor. This may be caused by shaking reactors too slow

during incubation. Such non-equilibrium conditions result in mass transfer limitations,

in which transfer of mass between the phases is limited.

Mass transfer limitations were suspected in our microcosms after the third spike

of compounds because actual laboratory biotransformation rates were slower than those

predicted by our biotransformation model. To examine this, reactors from microcosm

groups M2 and M3 were divided onto three separate shaker tables, each set at differing

speeds, after injecting with a fourth spike of butane and CAHs (1485 hours after start-

up). M2A and M3A were shaken at 100 rpm, M2B and M3B were shaken at 150 rpm,

and M2C and M3C were shaken at 200 rpm. This is summarized in Table 3.4.

Transformation profiles indicated that mass transfer limitations were occurring at the

lower shaking speed; the two higher speeds showed greater transformation rates than

the lower, with no difference between them. For all future tests the reactors were

incubated at 150 rpm. Mass transfer limitations were included in modeling

biotransformation for the first three compound additions. (See Appendix G for model

development.)
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Table 3.4: Mass transfer 1imittions exneriment clecerintions

Microcosm

Group

Shaker Speed

(rpm)

Mass Infected (i')

Butane 1,1-DCE 1,1-DCA 1,1,1-TCA

M2A 100 9600 58 105 91

M2B 150 9600 58 105 91

M2C 200 9600 58 105 91

M3A 100 9600 58 105 91

M3B 150 9600 58 105 91

M3C 200 9600 58 105 91

MIL experiments occurred during the fOurth biotransformation experiment (Section 3.4.2)

3.4.4 1,1-DCE Product Toxicity Experiment

Product toxicity experiments for 1,1 -DCE were performed to determine

transformation capacity (TCDCE). The experiments included adding butane to the

microcosms and running model simulations to determine an approximate cell mass

within the microcosm. An elevated mass of 1,1-DCE was then added to the
microcosms to determine TCDCE, followed by another mass of butane to check that cell

activity had terminated. Further description is provided below.

Product toxicity of 1,1 -DCE was studied after the biotransformation

experiments (Section 3.4.2) in microcosm groups M2 and M3. Because so many

biotransformation experiments had been performed, it was suspected that nutrients

within the reactors may have become limited. To ensure sufficient nutrients were

available, groundwater was exchanged by removing most of the groundwater from each

microcosm and replacing it with an equivalent volume of fresh groundwater.

Microcosms were then set uncapped under a laminar flow hood to equilibrate the

headspace to atmospheric pressure.
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Because the microcosms had been inactive for a long period (approximately

2800 hours since the last biotransformation experiment), butane was injected into the

reactors to stimulate cellular activity. Microcosms M2A, M2B, M3A, and M3B were

first exposed to 4 mL butane (9.6 mg total mass, 0.91 mg/L aqueous concentration at

equilibrium). After butane had been fully utilized, 1 mL of butane (2.4 mg, 0.23 mg/L

aqueous concentration at equilibrium) was injected into the microcosms, followed by

another 0.5 mL of butane (1.2 mg, 0.11 mg/L aqueous concentration at equilibrium).

After each butane addition, the reactors' headspaces were periodically sampled

(Section 3.5). Reactors were incubated at 20°C at 150 rpm.

After determining the required 1,1 -DCE mass to terminate active transformation

(Section 4.2.3), residual butane was purged from the reactors with helium for 30

minutes. Microcosms M2B, M2C, M3B, and M3C were then exposed to 1.5 mg 1,1-

DCE (determined in Section 4.2.3) and 105 tg (200 ig/L) 1,1,1-TCA (saturated

solution, Section 3.1). The mass of 1,1,1 -TCA was the same as in the previous

biotransformation experiments. The microcosms were incubated at 20°C at 150 rpm,

and headspaces were periodically sampled (Section 3.5).

When CAH transformation appeared to have stopped, the microcosms were

purged with helium for 30 to 120 minutes, allowed to equilibrate with ambient air for

30 minutes, and injected with 3 mg butane. This served as a check that the 1,1-DCE

mass previously added did in fact terminate cell activity. Microcosms were incubated

at 20°C at 150 rpm. Butane mass was checked periodically using headspace analysis

(Section 3.5).
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3.5 HEAD SPACE GAS ANALYSIS

Partitioning between gaseous and aqueous phases within the media and
microcosm reactors allowed compound masses to be determined. Gaseous

concentrations within the reactors were measured based on gas chromatography

analysis using calibration curves from external standards. Mass balances incorporating

these gaseous concentrations, published Henry's constants (Mackay and Shiu, 1981;

Gossett, 1987), and solution volumes were used to determine mass remaining in the

bottle (Appendix E). This method is further described by Kim (2000) and Rungkamol

(2001).

To determine gaseous concentrations, 100 pL headspace samples were taken

from reactors and injected into gas chromatographs. Butane and 1,1-DCA gaseous

concentrations were determined using a flame ionization detector (FID) from a Hewlett

Packard (Wilmington, DE) 6890 gas chromatograph. The FID was connected in series

to a photo ionization detector (PID), The PID allowed determination of 1,1 -DCE

gaseous concentration. Separation was obtained through a GS-Q 30m x 0.53mm PLOT

column (J&W Scientific, Folsom, CA). The column temperature was ramped after 1.5

minutes at 145°C to 205°C at an increasing rate of 40°C/mm. Carrier gas was helium

at a flow rate of 15 mL/min.

1,1,1-TCA was measured using a Hewlett Packard (Wilmington, DE) 5890 gas

chromatograph equipped with a 63Ni electron capture detector (ECD).

Chromatographic separation was achieved using a HP-624 capillary, 30m x 0.25mm x

1.4mm film thickness. This column was operated isothermally at 100°C. The carrier

gas was helium at a flow rate of 1.5 mL/min with an argonlmethane mixture (95%:5%)

make-up gas.



CHAPTER 4
RESULTS OF MEDIA AND MICROCOSM EXPERIMENTS AND MODEL

SIMULATIONS

This chapter discusses the results of laboratory experiments including

biotransformation in growth media and microcosms, 1,1 -DCE product toxicity, and

mass transfer limitations. Model simulations of the experimental results are also

presented. Mass profiles of the CAHs and butane over time were simulated using the

model described in Appendix B.

4.1 COMPARISON OF LABORATORY DATA AND MODEL SIMULATION
FROM MEDIA EXPERIMENTS

Media experiments showed that the bioaugmented culture was capable of

butane utilization and biotransformation of the CAH mixture. Figure 4.1 presents

laboratory data for one of the reactors. The plot shows the total mass of each

compound within the reactor versus time. Total mass was determined by measuring the

headspace concentrations and assuming equilibrium partitioning between the aqueous

and gaseous phases (Section 3.5). 1,1-DCE was quickly transformed, followed by

butane, 1,1-DCA, and 1,1,1-TCA. The slower transformation of 1,1-DCA and 1,1,1-

TCA may be attributed to inhibition by butane, with faster transformation of these

CAHs occurring once about half the butane had been utilized.

All other reactors produced similar results, as seen in Figure 4.2. Note that

there is good reproducibility in these trends. For example, the reactors which showed

slower butane utilization (183G-1A and B) also had slower transformation of all three

CAHs
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Figure 4.1 Media biotransformation experiment data
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The Stella model presented in Appendix B (Kim et al., in press) was used to

simulate biotransformation observed in the media reactors. Since Kim's culture was a

parent to our culture, the kinetic parameters defined by Kim were assumed as starting

values for our model simulations (Table 4.1). Some values (the decayconstant "b", the

transformation capacity of 1,1,1 -TCA "TTcA", and the constant for noncompetitive

inhibition of 1,1 -DCA by butane "KIUBUTDcA") were adjusted to achieve a better fit of

the experimental data. The adaptations are reasonable due to variations in our culture

verses that used by Kim. The initial cell concentration was based on dry weight

analysis (Xo = 85 mg/L).

Results of model simulations for Kim's input values and the adjusted values are

presented in Figures 4.3a and 4.3b. The good match between model output and test

data for butane, 1,l-DCE and 1,1,1-TCA is shown in Figure 4.3a. The figure also

shows that the model overestimated transformation of 1,1 -DCA. This was corrected by

increasing the noncompetitive inhibition of 1,1-DCA by butane., as shown in Figure

4.3.b. For this latter simulation (KiUBUTDCA = 0.4 jimol/L) there is a good match

between model output and test data for all four compounds.

Figure 4.3.b shows that 1,l-DCE is rapidly transformed, while 1,l-DCA and

1,1,1 -TCA transformation are deterred by butane inhibition and their own slower

kinetic rates. The relatively high km value for 1,l-DCE (2.8 mol/mg/br) influences

fast transformation of this compound as opposed to the lower km values for 1,1 -DCA,

1,1,1 -TCA (0.49 and 0.205 tmol/mg/hr, respectively). Butane as a growth substrate is

present at a much higher mass than the three CAHs. Its rapid transformation also

results from its high kmax value (2.5 mo1/mgIhr). The lower noncompetitive inhibition

constants of butane on l,1-DCA and 1,l,l-TCA (0.4 and 0.5 tmol/L) result in the

inhibition of their transformation.. As butane is consumed and concentrations lower,

transformation of 1,1 -DCA and 1,1,1 -TCA increase. All these trends produced by the

model simulation closely matched that achieved in the reactors.



Table 4.1: Input parameters for modeling biotransformation in media.
Parameter Units Value Parameter Units Value

KICDCABUT .tmol IL 39.87* X0 mgIL 85

KCDCADCE imo1 IL 18* Y mg/ jtmol 0.046*

KCDCATCA tmo1 IL 16* b hr-i .0016*

0035**

KLCDCEBUT jimol /L 8.7*

KICDCEDCA imol IL 3.6* VL L .017

KICDCETCA p.mol /L 1.1* V0 L .010

KCTCABUT mo1 /L 313* kmaxBUT imoI 1mg/hr 2.5*

KICTCADCA j.mo1 IL 9.8* kmaxDCA tmoI 1mg/hr 049*

KICTCADCE imol IL 17* kmaxDCE imol 1mg/hr 2.8*

kmaxTCA tmo1 1mg/hr 0.20*

KBUTDCA tmo1 /L 35*

0.4** KsBUT tmo1/L 19.2*

K11BUTDCE imolIL 6.9* KsDCA pmo1 IL 19.2*

KBUTTCA imoilL Q5* KsDCE tmo1 IL 1.48*

KsTCA imo1 /L 12.2*

KICBUTDCE pmol IL 403

TcDCA mo1 /mg 199*

HCCDCA - 0.18 TcDCE tmo1Img 0.52*

HCCDCE 0.86 0.175**

HCCTCA - 0.55 TcTCA imol/mg 0.52*

HCCBUT - 38 0.82**

Nomenclature provided in Appendix C

*Input value per Kim et al (in press)

**Input value adjusted to better fit media reactor data

Overall, these reactors provided good indication of the culture's biodegradation

ability. The simulations suggested that the model performs well in predicting the
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culture's behavior. The input values defined in the media experiments were therefore

used to simulate the microcosm experiments.
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Figure 4.3a Media experiment data and model output using Kim's (in press) data.
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4.2 COMPARISON OF LABORATORY DATA AND MODEL SIMULATION
FROM MICROCOSM EXPERIMENTS

Soil and groundwater microcosm reactors were also used to measure

biotransformation of butane and the CAH mixture by the culture. Behavior within the

microcosms was simulated using the Stella model (Appendix B). This section presents

the results of all microcosm experiments and the model simulations. For a review of

the microcosm descriptions, refer to Figure 3.2 (Chapter 3).

4.2.1 Results from Microcosms with Indigenous Microorganisms (Ml) and Mercury
Killed Controls (M4)

To serve as controls, the culture indigenous to Moffett Field (microcosm group

Ml) and the bioaugmented culture killed with mercury (microcosm group M4) were

studied for biotransformation activity. Data for Ml and M4 are presented in Figures

4.4 and 4.5, respectively. The total mass of each compound within triplicate reactors

over time is shown. Due to mass transfer limitations (Section 3.4.3), butane is

represented as mass in the gaseous phase, while the CAHs are represented by total mass

within the reactors. Microcosms Ml showed that for a period of 100 days, the

indigenous organisms did not utilize butane or transform any of the CAHs. The

mercury killed control microcosms (M4) showed negligible losses over time. Note the

reproducibility of the data. These results indicated that transformation of the

compounds seen in the other microcosms (M2, M3, and M5) were primarily due to the

behavior of the bio augmented culture - not transformation by the indigenous organisms

or seepage losses from the reactors.
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4.2.2 Laboratory Data from Bioaugmented Culture Exposed to Butane and CAHs
(M2, M3)

Biodegradation of butane and the CAH mixture by the bioaugmented culture

was studied in microcosms M2 and M3. The two groups differed in that the CAHs

were added to the M3 group approximately 12 hours after butane, while butane and the

CAHs were added simultaneously to the M2 group. This was done to study the effect

of the butane pre-exposure on the thawed cells. All microcosms were exposed to 5

repeat additions of the compounds. Transformation over time was measured for each

reactor using headspace analysis (Section 3.5).

These microcosm experiments indicated that the bioaugmented culture was

capable of butane utilization and biotransformation of the CAH mixture. Data from

these microcosms and the control microcosms (Ml and M4), in which no butane

utilization or CAH transformation was observed, supported this conclusion. The total

mass remaining in each microcosm over time was determined based on equilibrium

partitioning between phases. Results for one test reactor (M2B) are presented in Figure

4.6. Due to mass transfer limitations between the gaseous and aqueous phases within

the microcosms (Section 3.4.3), butane is reported as mass in the gaseous phase. As

seen in the media experiments, microcosm data showed that 1,1 -DCE is quickly

degraded. Butane strongly inhibited the transformation of 1,1 -DCA and 1,1,1 -TCA.

The decreased time for complete removal of all compounds as seen throughout repeat

compound additions is indicative of the growing cell population. Reactors M2A, M2C,

M3A, M3B, and M3C showed similar data, despite the time lag (Section 3.4.3) of CAH

injection to the M3 set.

A comparison of mass profiles for all reactors is presented in Figure 4.7. Note

that there is good reproducibility of trends. For example, in microcosm M3A, slower

CAH transformation occurred with a lag in butane. This trend is repeated in later

additions as well, and may be attributed to a lower cell mass within this reactor. During

bioaugmentation of the fifth substrate addition, transformation and utilization in
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microcosm M2C was lost. This was most likely due to nutrient limitations within the

reactor.
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4.2.3 1,l-DCE Transformation Capacity Experiments in Microcosm

After five additions of butane and the CAll mixture had been degraded and

transformed, preliminary model simulations indicated that the product toxicity of 1,1 -

DCE (Section 1.4.1) for our culture was much greater than that reported by Kim et al.

(2000). Kim reported a 1,1-DCE transformation capacity (TCDCE) value of 0.52 mol

DCE/mg cells (0.05 mg/mg), while our simulations showed that a value of 0.175 j.imol

DCE/mg cells (0.0 17 mg/mg) more adequately fit our laboratory data.

A new set of laboratory experiments was run on four of the bioaugmented

microcosms (M2A, M2B, M3A, and M3B) to measure the actual transformation

capacity of 1,1 -DCE of the culture. This was done by determining the approximate cell

mass present in the reactors based on butane utilization simulations, assuming a TCDCE

value of 0.52 tmol/mg, and calculating an approximate mass of 1,1-DCE required to

eradicate all the cells.

To determine the required 1,1 -DCE amount, repeat additions of butane were

injected into the microcosms to stimulate the cells (which had been resting for several

weeks) and develop utilization profiles (Section 3.4.4). These profiles were simulated

using the Stella model (Appendix B) to determine approximate cell mass within the

reactors. Laboratory data and model output for the latter two butane additions prior to

product toxicity experiments are shown in Figure 4.8. The models represent butane

utilization for various initial cell concentrations. Microcosm M2A was treated as an

outlier and eliminated from further toxicity experiments. It is important to note,

however, that the model provides a good fit of data from all four reactors.

Based on the three other microcosms (M2B, M3A, and M3B), 123 mg/L was
assumed for the cell concentration at the start of the 1,1 -DCE product toxicity tests,
which corresponded to a cell mass of 41.2 mg within the reactors (aqueous volume =
0.40 L).
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Figure 4.8 Simulation of butane utilization prior to 1,1-DCE transformation
capacity experiments.
Model fits to the microcosm data were used to estimate cell mass.

Previous simulations of the CAR mixture's transformation in microcosms

indicated that a TCDCE value of 0.175 .tmo1 DCEImg cells (0.017 mg/mg) better fits

transformation data from our culture. Assuming TCDCE = 0.0 17 mg DCE/mg cells, the

required amount of 1,1-DCE to kill 41.2mg cells is 717 g 1,1-DCE:

MDCE =Tc5*X=O.O2*41.2=7171ugof1,1_DCE

where: MDCE = total mass of 1,1 -DCE within the microcosm (tg)

TCDCE = transformation capacity of 1,1 -DCE (tg DCE/mg cells)

X = cell mass (mgIL)

The three microcosms (M2B, M3A, and M3B) were then exposed to this

elevated 1,1 -DCE mass and transformation over time was measured. Approximately
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1200 tg 1,1-DCE and 110 tg l,1,1-TCA were added to the microcosm, which were

then incubated at 150 rpm so that no mass transfer limitations would occur.

Figure 4.9 displays the laboratory data for the reactors and model output from

simulations, including both TCDCE values. Input values for the simulations are provided

in Table 4.2. The plots show the mass of 1,1,1-TCA and 1,1-DCE remaining in the

microcosms during the transformation test. The data are very reproducible. 1,1-DCE

was rapidly transformed during the first 5 to 6 hours of these experiments, after which

transformation ceased. 1,1,1 -TCA transformation was never observed. This may be

due to the time lag for 1,1,1-TCA transformation as opposed to 1,1-DCE. 1,1-DCE

effectively eradicated all cells, preventing 1,1,1 -TCA from ever being transformed.

This, along with the model output, indicates that a lower TCDCE value (0.175 tmol/mg =

0.017 mg/mg) better describes product toxicity for our culture. This lower TCDCE value

was therefore used in future model simulations. Note that at the lower TCDCE value, the

model also predicted that no 1,1,1 -TCA transformation would occur.
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Table 4.2 Input parameters for modelingl,1-DCE product toxicity.

Parameter Units Value Parameter Units Value

KICDCABUT tmo1IL 403 X0 mgIL 123*

KDCADCE .tmo1 IL 18

KiCDCATCA mo1 /L 16 Y mg/p.mol .046

b hr' 0.0035

KICDCEBUT tmo1 /L 8.7

KCDCEDCA imol IL 3.6 VL L .400

K1DCETCA smo1 IL 1.1 V0 L .267

KICTCABUT .tmol IL 313 kmaxBUT tmo1 /mglhr 2.5

KiCTCADCA j.mo1 IL 9.8 kmaxDCA imo1 /mg/hr 0.49

KICTCADCE imo1 IL 17 kmaxDCE .tmo1 1mg/hr 2.8

kmaxTCA p.mol 1mg/hr 0.2

KIUBUTDCA .tmo1 IL 4.0

KIUBUTDCE .tmo1 IL 6.9 KsBUT imo1 IL 19.2

KIUBUTTCA tmo1 IL 0.5 KsDCA .tmol IL 19.2

KsDCE .tmo1 IL 1.48

KICBUTDCE imo1 IL 0.33 KsTCA tmo1 IL 12.2

HCCDCA - 0.18 TcDCA tmo1Img 1.99

HCCDCE - 0.86 TcDCE .tmol 1mg 0.52

HCCTCA - 0.55 0.175

HCCBUT 38 TcTCA .tmo1 1mg 0.82

Nomenclature provided in Appendix C
*Initial cell concentration for 1, l-DCE toxicity experiments only. Initial cell concentrations for butane
utilization models prior to toxicity experiment as noted in the legend of Figure 4.8.
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As seen in Figure 4.9, the model predicts that 1,1-DCE transformation should

have occurred much faster than that shown by actual data. This indicated that the 1,1 -

DCE maximum transformation rate was less than that used as an input value in the

model (kmDCE = 2.8 pmol/mg/hr). Therefore, simulations were run at lower kmDCE

values (0.28 and 0.10 tmol/mg/hr) in attempt to better fit this observation. Figure 4.10

shows 1,1 -DCE and 1,1,1 -TCA transformation simulated with various kmDCE values

and compares the output to the actual data measured in the reactors. All other input

values followed those listed in Table 4.2.

Comparison of the model outputs indicated that a kmDCE value an order of

magnitude less than that defined by Kim et al. (in press) more accurately describes the

laboratory data. Note that even at varying utilization rates, the effect of product

toxicity remains constant; there is no degradation after 5 hours. It is difficult to

determine what factors result in the possible lower kmDCE needed to match the

laboratory data. It may have been that enzyme activity was lower than in resting cell

tests OfkmDCE (Section 4.2.2), or the culture actually has lower k1DCE values than Kim's

culture. Later microcosm tests evaluated the sensitivity to the kmDCE value (Section

4.2.6).
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4.2.4 Results of the Mass Transfer Limitation Studies

Substrate utilization and transformation may be hindered by mass transfer

limitations (MTL) due to incomplete partitioning between the reactor's aqueous and

gaseous volumes (Section 3.4.3). Because slow transformation was observed during

transformation of the first three compound additions in our microcosm tests, we

suspected MTL had occurred. Also, because the size of the microcosms was quite large

(400 mL groundwater and 267 mL headspace), MTL would have had a significant

effect on transformation. If that was the case, non-equilibrium partitioning would need

to be incorporated into the model simulations. A laboratory experiment was therefore

performed to determine if MTL were likely occurring.

The active microcosms containing the bioaugmented culture (M2 and M3) were

separated into three groups after injecting a fourth addition of compounds. M2A and

M3B maintained incubation at the shaking speed of the previous three transformation

tests (100 rpm). M2B and M3B were set at a shaker speed of 150 rpm, while M2C and

M3C were shaken at 200 rpm. Headspace analysis (Section 3.5) was used to create

transformation profiles over time.

Figure 4.11 illustrates the influence of MTL on our data by comparing

biodegradation in the M2 microcosms at the various shaker speeds. Transformation

and utilization in microcosms set at the lower speed (100 rpm) were hindered in

contrast to those shaken at higher speeds (150, and 200 rpm). M3 microcosms showed

similar behavior, and the data are presented in Appendix F. These results indicated

that, when shaken at the slower speed, MTL were occurring in the reactors.

Note that butane mass is reported as mass in the gaseous phase within the

reactors. This was done because, while headspace analysis allowed mass measurement

of the gaseous phase, MTL restricted the calculation of total mass within the reactor.

Since the Henry's coefficient of butane (38) is two orders of magnitude greater than

those of the CAHs (1,1-DCE, 0.86; 1,1-DCA 0.86; 1,1,1-TCA 0.55), it would have had

the greatest MTL of the compounds tested.
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Kim et al. (2000) acknowledged the influence such limitations may have had on

their transformation studies and therefore ran experiments with 1,1 -DCE to determine

mass transfer rate coefficients (KLa and KGa,). The equations provided in Appendix G

were derived to define each value.

The Stella biotransformation model (Appendix B) was run including the MTL

mathematics described in Appendix G to simulate the microcosms and define a KGa

value. To do this, KGa was varied while keeping all other input values constant.

Microcosms MS were chosen to simplify the KGa determination because they contained

only butane and had been exposed to the same incubating conditions as the first three

biotransformation experiments for the M2 and M3 reactors. Results of the MTL

simulations for M5 and the
KGa value are presented in Section 4.2.5.
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Figure 4.11 Mass transfer limitation study results for microcosm M2
*Butane Mass is reported as mass in the gaseous phase.



4.2.5 Results and Modeling of Butane in the Absence of CAlls (M5)

For the MS microcosms, butane utilization was studied in the absence of CAlls.

Butane mass remaining in the gaseous phase within the reactors was measured using

headspace analysis (Section 3.5). The mass in the gas phase is presented since it can be

computed based on the headspace analysis even if mass transfer limitations (MTL)

were occurring (Section 4.2.4). MTL were suspected for the first 3 butane additions in

the MS microcosms, because these reactors were the same size and incubated at the

same speed as the M2 and M3 microcosms (Table 3.4), for which MTL had been tested

and confirmed (Section 4.2.3). The slow shaking speed (100 rpm) and the reactors'

large sizes would have caused significant MTL. Figure 4.12 displays the headspace

butane mass after each of four butane spikes. Note that there is good reproducibility.
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Figure 4.12 Butane utilization within microcosms MS.

During transformation of the first three additions ofcompounds, all the reactors

had been shaken too slowly (100 rpm) to create equilibrium partitioning between the



reactor's gaseous and aqueous phases (Section 3.4.3). Results of MTL experiments

performed on microcosms M2 and M3 for various shaking speeds (100, 150, and 200

rpm) confirmed this (Section 4.2.4). Using the Stella biotransformation model

(Appendix B) combined with mathematics accounting for MTL (Appendix G),

simulations were performed on the M5 microcosm data to define a mass transfer rate

coefficient, KGa.

The simulation input values are provided in Table 4.3, with the exception of

initial cell concentration (X0) and KGa. X0 and KGa values for each MTL simulation of

M5A are listed in Table 4.4. KGa values were varied to determine the best fits to the

MTL experimental data. For simulating utilization of the first butane addition, X0 was

assigned a value of 3.8 mgIL. This value compares to the estimated initial cell mass of

1.5 mg/L (Section 3.4.1). This first simulation was allowed to run until the time of the

second addition of butane (about 380 hours). The model predicted a cell concentration

at this time that was used as the initial cell concentration for simulation of butane

utilization of the second addition, The same procedure was used for the remaining

simulations.



Table 4.3: Input Values for Simulating MTL during Different Spikes
Parameter Units Value Parameter Units Value

KICDCABUT .tmo1IL 403 X0 mg/L varies*

KCDCADCE .tmo1 IL 18 Y mg/imo1 .046

KICDCATCA .tmo1 !L 16 b hf' 0.0035

KCDCEBUT tmoI IL 8.7
KGa hr varies*

KCDCEDCA .tmol IL 3.6

KICDCETCA tmo1 /L 1.1 VL L .400

VG L .267

KLCTCABUT .tmol IL 313

KICTCADCA .tmo1 IL 9.8 kmaxBUT p.mol /mglhr 2.5

KICTCADCE imo1 IL 17 kmaxDCA tmoI /mglhr 0.49

kmaxDCE imoI Imglhr 2.8

KIUBUTDCA .tmol /L 4.0 kmaxTCA imo1 Imglhr 0.2

KIUBUTDCE p.mol IL 6.9

KIUBUTTCA imo1 IL 0.5 KsBUT tmol /L 19.2

KsDCA imo1 /L 19.2

KICBUTDCE p.mol IL 0.33 KsDCE .tmo1 IL 1.48

KsTCA imo1 IL 12.2

HCCDCA - 0.18

HCCDCE - 0.86 TcDCA tmo1 /mg 1.99

HCCTCA - 0.55 TcDCE imo1/mg 0.175

I-ICCBUT - 38 TcTCA .tmo1 /mg 0.82

Nomenclature provided in Appenaix C

*Initial cell concentration and K0 varied for each simulation. See Table 4.4
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Table 4.4: Initial cell concentration and Ka used in simulating MTL.

Spike # Approx Time

since Last Spike

(hrs)

X() (mg/L)"

MTLb No MTLC

KGaO,1O K0a=O.03 KGaO.Ol

SI 0 3.8 3.8 3.8 3.8

S2 380 6.3 6.8 7.6 6.1

S3 790 1.2 1.3 1.7 1.2

S4 142.3 17.3 16.4 12.4 17.1

a. X0 = Initial Cell Concentration at beginning of each simulation

b. MTL = Simulations including mass transfer limitations

c. no MTL = Simulations not including mass transfer limitations

Figure 4.13 displays a comparison of the MSA data (shown in Figure 4.12) and model

output with and without MTL. MTL simulations include those for K0a values of 0.01,

0.03, and 0.10 hr4. Mass from the gaseous phase was recorded instead of total mass

due to MTL occurring between fluid phases. Cell concentrations are also presented to

show differences between growth and decay according to utilization. Note that during

the growth stage, for greater MTL (higher KGa values), there is slower butane

utilization in conjunction with less cell growth. However, because more butane is

available, there is less cell decay during the later period of utilization.

The MTL model with a KGa value of 0.03 hr' most closely fit the butane

utilization data for all repeat additions. This value was therefore used in modeling

transformation of the first three compound additions for M2, M3, and MS microcosms

(and the fourth for M2A and M3A).
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4.2.6 Model Simulations for Biotransformation in Microcosm M2B

The Stella biotransformation model presented in Appendix B was used to

simulate the laboratory data of microcosm M2B, The input values for the model are

listed in Table 4.5, and were based on those defined by Kim et al. (in press), with the

exception of those noted previously in this chapter (TCTCA, TCDCE, KGa).

Initial cell masses for simulating biotransformation of each compound addition

are listed in Table 4.6. For simulating utilization of the first butane addition, X0 was

assigned a value of 4.1 mg/L. This value compares to the estimated initial cell mass of

1.5 mg/L (Section 3.4.1). The first simulation (Si) was allowed to run until the time of

the second addition of butane (about 1200 hours). The cell concentration remaining

when butane was completely utilized (approximately 500 hrs) was input as the initial

cell concentration for simulation of utilization of the second butane addition (S2). This

pattern was followed for the remaining simulations. Initial cell concentrations were

assigned this way because it was assumed that the decay term for the model is not

appropriate for long periods when the cells are not exposed to the primary growth

substrate. This lower cell decay is still hard to explain unless product toxicities were

actually less that those assumed.

As experiments indicated (Section 4.2.4), non-equilibrium partitioning between

the gaseous and aqueous phases occurred in the reactors during biotransformation of

the first three compound additions (Si through S3). Therefore, mass transfer

limitations (MTL) were included in these model simulations as done with the
simulations of microcosms MS (Section 4.2.5). A mass transfer coefficient (Ka 0.03

hr') determined in Section 4.2.5 was used.
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Table 4.5. Input values for simulating biotransformation in M2 and M3.
Parameter Units Value Parameter Units Value

KCDCABUT p.molIL 403 X0 mg/L varies*

KODCADCE jsmol IL 18 Y mg/jimol .046

KCDCATCA .tmo1 IL 16 b hf1 0.0035**

KICDCEBUT moI IL 8.7
KGa hf' 0.03***

KICDCEDCA smo1 IL 3.6

KICDCETCA .tmo1 IL 1.1 VL L .400

VG L .267

KTCABUT mo1 IL 313

KICTCADCA imo1 IL 9.8 kmaxBUT smo1 1mg/hr 2.5

KLCTCADCE l.tmol IL 17 kmaxDCA smol 1mg/hr 0.49

kmaxDCE l.tmol /mg/hr 2.8

KIUBUTDCA j.mo1 IL 4Q** kmaxTCA p.mol 1mg/hr 0.2

K1BUTDCE .tmo1 /L 6.9

KIUBUTTCA tmo1 /L 0.5 KsBUT i.Lmol /L 19.2

KsDCA jsmol /L 19.2

KBUTDCE .tmo1 /L 0.33 KsDCE smo1 /L 1.48

KsTCA limo! /L 12.2

HCCDCA 0.18

HCCDCE 0.86 TcDCA mo1 /mg 1.99

HCCTCA 0.55 TcDCE moI /mg 0.175**

HCCBUT 38 TcTCA mol /mg 0.82**

Nomenclature provided in Appendix C

*Jnitial cell concentration varied for each simulation. See Table 4.6

**Values adjusted to better fit microcosm data.

* * *Mass Transfer Limitation was assumed for simulations Si, S2, and S3 only.
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Table 4.6 Initial cell concentration for simulating biotransformation in

M2 and M3.

Spike # Approx Time

since Last Spike

(hrs)

MTL included in

Simulation?

X0

(mg/L)

SI - Y 4.1

S2 1200 Y 7.0

S3 270 Y 9.2

S4 430 N 12.7

S5 92 N 17.7

Figure 4.14 displays the modeling and microcosms results, showing the total

mass within the microcosm over time for five additions of butane and the CAHs.

Butane mass from the gaseous phase was recorded instead of total mass due to MTL

occurring between fluid phases (Section 4.2.4). Of interest here is the model's ability

to mimick transformation orders and inhibition influences of each compound. Note

that as the laboratory studies showed, the model predicted 1,1 -DCE to be quickly

degraded, followed by 1,1 -DCA and 1,1,1 -TCA transformation. Butane showed very

strong inhibitory affects on 1,1 -DCA and 1,1,1 -TCA, with faster transformation of

these CAHs occurring after butane concentrations were decreased by greater than 50%.

The decrease in time for complete biotransformation of all compounds for consecutive

substrate additions was indicative of the growing cell mass within the reactors, as seen

in Figure 4.14c.

The sharp peaks at hours 1220, 1485, 1920, and 2210 represented the adjusted

cell concentrations input into the model to best fit the data. (See first paragraph of this

Section.) The sharp decline after each of these peaks resulted from the extreme product

toxicity of 1,1-DCE.
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Biotransformation simulations were also run for M2B at the lower 1,1 -DCE

transformation rate (kmDCE = 0.1 tmol/mg/hr), which more closely fit the product

toxicity experimental data (Section 4.2.3). This value was an order of magnitude lower

than the kmDCE value (2.8 imol/mg.day) defined by Kim et al. (in press). Initial cell

concentration was adjusted to most appropriately fit the 1,1 -DCE transformation data.

The model results are compared to the laboratory data for the first two substrate

additions in Figure 4.15. Other parameter values were the same as those presented in

Table 4.5 with the exception of kmDCE and the noncompetitive inhibition constant of

butane on 1,1-DCA (KIUBUTDCA). This latter parameter was assigned a value of 0.4

imol/mg which was used to fit transformation data from the media experiments

(Section 4.1). This value was required for the model to simulate the order of CAH

transformation observed: 1,1 -DCE transformed first, followed by 1,1 -DCA and 1,1,1-

TCA. (Using the value from previous M2B simulations, KIUBUTDCA = 4.0 mol/mg, the

model resulted in 1,1 -DCA transformation occurring before that of 1,1 -DCE.)

In observing Figure 4.15, even though the transformation orders are correct,

using the lower kmDCE value resulted in more rapid butane utilization and 1,1 -DCE and

1,1,1 -TCA transformation. Varying initial cell concentrations did not improve the

model fit. Higher initial cell concentrations resulted in butane consumption occurring

even faster than 1,1 -DCE transformation. Lower initial cell concentrations did not

improve the fit of the data; running the model with an initial cell concentration of 0.02

mg/L, an unreasonably small amount, resulted in overestimation of the transformation

times (results not shown).

These contrasts illustrate the complexity of the system and the sensitivity and

limitations of the model. It is reasonable to suspect that because the culture used in this

study was different from that used by Kim et al. (2002, in press), other parameter

values may also be different from those assumed from Kim. What would have been

more useful for modeling these simulations is to have had previously defined values

specific for this study's culture.
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4.3 SUMMARY OF LABORATORY EXPERIMENTS AND SIMULATIONS

Laboratory experiments in both growth media and microcosms showed that the

culture is capable of cometabolic biotransformation of 1,1 -DCE, 1,1 -DCA, and 1,1,1 -

TCA with butane as the primary growth substrate (electron donor). The media reactors

and the bioaugmented microcosms (M2 and M3) showed rapid transformation of 1,1-

DCE, followed by slower transformation of 1,1-DCA and l,1,1-TCA. This slower

transformation is attributed to butane inhibition. These trends are very reproducible as

noted by the similarity within all the reactors. The lack of biotransformation in the

control microcosms (Ml and M4) confirmed that transformation is due to cometabolic

reactions by this culture; transformation is not due to seepage losses from the reactors

or to any species indigenous to Moffett Field.

Modeling of the activity seen in the media reactors indicated that Kim et al.' s

(in press) parameter values proved to be good initial estimates for the kinetics of our

culture. It was only necessary to adjust the noncompetitive inhibition constant of

butane on 1,1 -DCA (KIUBUTDC4, the transformation capacities of 1,1 -DCE and 1,1,1

TCA (TCDCE, TCTCA), and the decay constant (b) to better fit the transformation data.

Laboratory tests that were run to better define the TCDCE value specific to our

culture indicated that 1,1 -DCE product toxicity was greater than that reported by Kim

et al. (in press). Simulations of butane utilization in the absence of the CAHs and prior

to the product toxicity tests showed a good fit to the laboratory data. This verified that

the Stella model's input values for butane utilization values were adequate. The

product toxicity simulations showed that a TCDCE value of 0.175 tmol DCE/mg cells

more appropriately described our culture's product toxicity. However, comparison of

the model output to the data suggested that the transformation rate of 1,1 -DCE (kmDCE)

was much slower than that initially assumed (2.8 tmo1/mg/hr). A kmDCE value one

order of magnitude lower more closely described the data (0.1 tmol/mg/hr), although it

is difficult to know what caused the requirement of a lower kmDCE.

Laboratory experiments confirmed that mass transfer limitations (MTL) were

occurring during transformation of the first three substrate additions. Incorporating a



82

mass transfer coefficient (KGa) for butane into the Stella model allowed an improved

match between model output and laboratory data for both butane utilization in

microcosms M5 and butane utilization and CAll transformation in microcosms M2 and

M3. A
KGa value of 0.03 hr' was required.

Using the kinetic, inhibition, and product toxicity values defined by Kim et al.

(2000, in press) and the adjusted values noted above, model simulations showed a

fairly good match for the trends of biotransformation observed in microcosms M2 and

M3. The similarities included the order of transformation (1,1 -DCE transformed first,

followed by 1,1 -DCA and then 1,1,1 -TCA), the strong inhibition of butane on 1,1 -DCA

and 1,1,1 -TCA (resulting in the delayed transformation), and the extreme product

toxicity of l,1-DCE (seen by a sharp decline in cell concentration after l,1-DCE

transformation).

The overall importance of these laboratory experiments and the model

simulations was demonstrating the model's ability to mimic such trends using
laboratory values defined from independent experiments. The values were then carried

over to simulate field experiments (Chapter 5).



CHAPTER 5
RESULTS OF MODELING FIELD DATA

The overall goal of the biotransformation/transport model presented in Chapter

2 was to simulate cometabolic biotransformation by a specific culture in an actual

aquifer environment. This chapter presents the modeling results of field scale

experiments conducted at Moffett Field Test Facility in California.

The culture grown in the laboratory (Section 3.2) was inoculated in a confined

aquifer and exposed to alternating pulses of butane and oxygen and constant sources of

1,1-DCE, l,1,-DCA, and 1,l,1-TCA. Monitoring wells spaced at various distances

from the injection well allowed substrate concentrations to be measured over time.

The biotransformation/transport code was used to simulate the biostimulation of

the butane culture and the transformation of the CAH mixture from the field
experiment. Specific values for utilization rates, saturation constants, inhibition

constants, transformation capacities, etc. defined from laboratory experiments (Chapter

4) were used as input values for the biotransformation kinetics of the combined model.

Tracer tests prior to bioaugmentation allowed determination of aquifer characteristics

and the model's advection, dispersion, and sorption parameter values.

This chapter discusses the simulations and output for determining transport

parameters via tracer tests and for evaluating the model's ability to simulate

cometabolic transformation, inhibition, and product toxicity by comparing model

output to actual field observations.

5.1 FIELD EXPERIMENT

Field experiments took place in a shallow aquifer at Moffett Field Test Facility

in California. The test zone was confined to a 1.5 m thickness of alluvial sands and

gravels between siltyclay aquitards. Details of the Moffett subsurface have been



previously described by Roberts et al. (1990). Flow gradients were induced by

injection and extraction wells spaced 7 meters apart. This also allowed for maintaining

hydraulic controls at the site and approximating one dimensional flow (Roberts et al.,

1990). Three monitoring wells, Si, S2, and S3, were spaced 1 m, 2.2 m, and 4 m from

the injection well, respectively, to provide sampling access. A schematic of the field

test zone is presented in Figure 5.1.

Aquifer hydraulic characteristics (Table 5.1) were defined from previous

experiments (Semprini and McCarty, 1991,1992) and from model simulations of recent

tracer tests (Section 5.2). Since 1-D model simulations were performed, the

groundwater velocity and a dispersion coefficient were obtained from bromide tracer

tests performed on the test leg.



4.5 m

l.5m

Injection well

1

Monitoring wells
@lm,2.2m,&4m

Si S2 S3 rExtraction
well

85

Figure 5.1 Conceptual model of Moffett Field Test Aquifer. Not to scale.

Table 5.1 Aquifer hydraulic characteristics.

Bulk
Average Aquifer Porosity, Dispersion

Density,
flow*, Q Thickness, b Coeff., Dh

Pb

(m3lday) (m) (-) (kg/L) (m2/day)

1.0-1.5 1.5 0.33 1.6 0.31

*Definedfrom Bromide tracer tests (Section 5,2), based on test zone with
1.5 m thickness and I m width.



The injection system allowed for alternating, pulsed additions of butane and

oxygen and continuous additions of 1,1 -DCE, 1,1 -DCA, 1,1,1 -TCA. During the

bioremediation experiment, concentrations and pulsing durations of butane and oxygen

were varied periodically in attempt to improve bioremediation. Injection

concentrations of the CAHs were held approximately constant. Specific details on

injection concentrations and pulsing durations are provided in Section 5.4.

5.2 DETERMINATION OF FLOW

Bromide tracer tests were conducted in the test zone before bioaugmentation to

determine flow and dispersion characteristics of the test zone. Bromide (150 mg/L)

was injected into the site, and breakthrough concentrations were monitored from the

monitoring wells 51, S2, and S3. Figure 5.2 presents the monitoring and injection

wells' concentration histories. Times to 50% breakthrough of the bromide tracer

observed for Si, S2, and S3 were 0.44, 1.12, and 1.42 days, respectively.
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The tracer test was simulated using the transport model presented in Chapter 2,

with no transformation. This was done by setting utilization rates (km) to 0. Flow input

values were varied and compared to the monitoring data at the first and third sampling

wells (Si im and S3 4m). Transport values for the simulations are provided in

Table 5.1. Specific input for the model are provided in Appendix H.

Comparison plots of the tracer data and model output for a 1.0 m3/day

volumetric flow (2.0 rn/day average groundwater velocity) at Si and 1.5 m3/day flow

(3.0 rn/day average groundwater velocity) at S3 are presented in Figure 5.3. Note that

there is a good match during the breakthrough period for each well, although different

flow inputs were required to achieve this fit. Data from SI showed some perturbations

in bromide injection, resulting in high concentrations (days 1.3 to 2.6). The different

flows may be explained by aquifer heterogeneities and the monitoring wells being

partially penetrating. Similar observations were made by Semprini and McCarty

(1991) for bromide tracer tests conducted on another test leg at the site. The combined

model was run to simulate biotransformation seen at monitoring well Si (1 m from the

injection well) using the flow rate determined at this location (1.0 m3/day).
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5.3 DETERMINATION OF SORPTION PARAMETER VALUES

Before bioaugmentation, the three CAHs studied in the laboratory were injected

into the aquifer to develop breakthrough curves of each compound. Injection

concentrations of i,1-DCE, 1,1-DCA, and 1,1,1-TCA were approximately 45 jig/L, 130

jig/L, and 140 g/L, respectively. Background 1,1-DCE in the aquifer was 5 tg/L.

Concentrations over time were measured from the three monitoring wells, Si, S2, and

S3. Breakthrough curves for the CAHs at the injection well, Si, and S3 are presented

in Figure 5.4.

Compared to the bromide tracer data (Figure 5.3), the CAHs showed retarded

breakthrough, indicating sorption was taking place. 1,1 -DCA was sorbed with 50%

breakthrough times (65 ig/L) at Si and S3 of 1.5 and 3.1 days, respectively. Half of

the 1,1,1 -TCA injected concentration (70 jig/L)appeared at Si and S3 at 1.5 and 3.2

days, respectively. Finally, 1,i-DCE showed the most sorption characteristics, with

50% of the injection concentrations (22.5 g/L) appearing at Si and S3 at i.9 and 3.2

days, respectively. Retardation factors based on these breakthrough times are presented

in Table 5.2 (discussed below).
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The breakthrough curves were used to determine initial estimates of sediment

sorption coefficients (Kd) and the first order mass transfer rate coefficients (Fk). This

was done by calculating a retardation value (R) for each CAH. The retardation value

was defined as the time to 50% breakthrough of the CAH normalized to the time to

50% breakthrough of bromide.

R_TCA4 (5.1)

where: R = retardation factor

Tcju-j time for 50% of CAH injection concentration to reach well

TBR time for 50% of Bromide injection concentration to reach well

Approximate breakthrough times, 50% injection concentrations, and retardation

factors at wells Si and S3 are presented in Table 5.2. Partitioning coefficients (Kd)

were then calculated by rearranging the relationship between R and Kd:

where:

R=l+°' (5.2) (5.3)
q'i Pb

kd = solids partitioning coefficient (L/kg)

Pb = bulk density (kgIL)

= porosity

Porosity (ç) and bulk density (Pb) listed in Table 5.1 (0.33 and 1.6 kg/L,

respectively) were used with the retardation factors tabulated in Table 5.2 to calculate

kd. The k values determined from these calculations are also presented in Table 5.2.

Note that there are differences between the retardation factors and sorption coefficients

for each CAH at the two different wells. Like the variations seen in flow velocities
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(Section 5.2), these differences may be attributed to non-homogenous conditions within

the aquifer test zone.

Table 5.2 Retardation factors and solids partition coefficients.

Bromide 1giDCE i,1-DCA igigiTCA

50% Inj. Conc. (j.tg/L) 75 22.5 65 70

Breakthrough time to Si
0.44 1.9 1.5 1.5

(days)

Breakthrough time to S3
1.42 3.2 3.1 3.2

(days)

Retardation Factor, R@ Si 4.3 3.4 3.4

Retardation Factor, R @ S3 2.3 2.2 2.3

Partition Coeff. , K @ Si
0.69 0.50 0.50

(LIkg)

Partition Coeff. , Kd@ S3
- 0.27 0.25 0.27

(LIkg)

Mass transfer rate coefficients (Fk) were determined by simulating the CAH

breakthrough curves using the flows and sorption coefficients determined above

(Section 5.2 and 5.3, respectively). Specific inputs for the model are tabulated in

Appendix J. Figure 5.5 presents comparison plots of the Si breakthrough data and two

simulations with Fk values of 0.2 and 2.0 day' representing equilibrium and non-

equilibrium cases, respectively. These values were assumed for all three CAHs.

Simulations were also run for Fk values of 20.0 and 200 day1, with exactly the same

results obtained with the 2.0 day' simulations.

With the quality of the data from the field demonstrations, it was difficult to

determine if non-equilibrium (lower Fk) with higher partitioning (higher Kd) was



occurring, or if equilibrium (higher Fk) with lower partitioning (Kd) was occurring. A

value of 2.0 day-i was used for all future field modeling for simplification. However,

as seen in Figure 5.5, the Fk value of 0.2 day' gave a general "best fit" to the
breakthrough data. Also, the work done by Harmon et al. (1992) would indicate that

rate limited sorption was occurring under Moffett Field test zone conditions.

Simulations were therefore run to study the sensitivity of equilibrium versus non-

equilibrium conditions (Section 5.5.4).
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5.4 INTERPRETATION OF BIOTRANSFORMATION/TRANSPORT FIELD DATA

The breakthrough tests discussed in Section 5.3 were carried out for 9 days.

The culture (Section 3.2) was then introduced to the aquifer test zone, with continued

injection of 1,1-DCE, 1,1-DCA, and 1,1,1-TCA and alternating injections of butane and

oxygen. (Introduction of the electron donor and electron acceptor were actually begun

12 hrs prior to bioaugmentation.) The culture was added to the site by diluting 4 g of

the harvested cells (Section 3.2) in 25 L of Moffett groundwater and dispensing it via

the injection well over a 4-hour period. The injected cell concentration was

approximately 12 mg/L and the injection flow was approximately 1.35 L/min. Upon

inoculation, it was assumed that the biomass was non-uniformly distributed throughout

the test zone, with higher concentrations closest to the injection well.

After bioaugmentation, concentrations of dissolved butane and oxygen and the

three CAHs were measured in the injection and monitoring wells. Because of the

random sampling times and varied pulse intervals, it was difficult to know specific

quantities and pulse durations of the substrate injections being delivered into the

aquifer. Estimated concentrations and pulse cycles for butane and oxygen injections

are presented in Table 5.3. Table 5.4 lists approximate CAH concentrations

continuously delivered to the aquifer during the breakthrough tests (days 0-9) and

bioaugmentation (days 9-70).
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Table 5.3 Butane and oxygen injection pulsing durations and concentrations.

Days 9-20: 15/45 mm BUT/02 Days 9-20: 35/25 mg/L BUT/02

Days 20-30: 2/22 hr BUT/02 Days 20-23: 3 5/25 mg/L BUT/02

Days 30-40: 1/23 hr BUTIO2 Days 23-30: 35/5 mglL BUTIO2

Days 40-75: 15/45 mm BUT/02 Days 30-40: 35/18 mg/L BUT/02

Days 40-75: 20/25 mg/L BUT/02

Pulsing durations are read as from day 9 to day 20, butane was injected for 15 minutes, followed by 45

minutes of oxygen. Pulsing concentrations are read as from day 9 to day 20, butane was injected at 35

mg/L and oxygen was injected at 25 mg/L.

Table 5.4 1,1-DCE, 1,1-DCA, & 1,1,1-TCA injection concentrations.

1,1 -D CE Injection

Days 0-9: 45 ig/L

Days 9-75: 65 tg/L

L1-DCA Injection

Days 0-9: 130 tg/L

Days 9-20: 200 ig/L

Days 20-35: 100 tg/L

Days 35-60: 175 tg/L

1,1,1-TCA Injection

Days 0-9: 140 jg/L

Days 9-30: 140 tg/L

Days 30-75: 175 tg/L

Days 60-75: 150 pgIL

Injections are read as from day 0 to day 9, approximately 45 pg/L 1, 1-DCE, 130 pg/L, I, J-DCA, and

140 pg/L 1,1, 1-TCA was delivered into the aquifer.

These injection estimates were based on concentrations read from the injection

well, as shown in Figure 5.6 (days 0-20), Figure 5.7 (days 0-40) and Figure 5.8 (days 0-

70). The plots also display the measured substrate concentrations from monitoring

wells Si and S3. Note that injections during the breakthrough tests (Section 5.3) are

included as days 0 to 9 in the figures.

The oscillations observed in Figures 5.6 through 5.8 result from the alternating,

pulsed injections of butane and oxygen. In general, the plots of the field data show that



butane utilization was reduced in conjunction with longer pulsing durations (days 20-

40) and limited oxygen availability (days 23-30). Oxygen utilization occurred with

butane consumption and when adequate quantities of oxygen were delivered to the test

zone. CAH transformation occurred early on (days 9-20), but was lost when butane

and oxygen pulsing cycles were elongated (days 20-40). Transformation returned when

pulsing was shortened again (days 40-75). Discussion of these observations are

provided below.

Immediately after bioaugmentation (days 9 to 17), when adequate quantities of

butane and oxygen had been delivered to the text zone, there was good transformation

of 1,1-DCE, as seen in Figure 5.6b. 1,1-DCA and i,i,i-TCA were also transformed

during this period, although there was a time lag of approximately 6 days. This lag

may be indicative of butane's inhibitory effects on these two CAHs; transformation did

not occur until butane was well consumed. These observations are consistent with that

seen in laboratory experiments (Chapter 4).

Note from Figure 5.6 that soon after bioaugmentation (days 9-20), peak

concentrations of butane at Si were higher than at S3. This implies that not as much

butane was delivered to the farther well. Also, there is better transformation of all three

CAHs at Si. These phenomena suggest that the microbial mass was predominately

located within the first meter of the injection well.

In an attempt to distribute the microbial mass farther away, the pulsing cycle of

butane and oxygen was set to longer durations (Table 5.3). At day 20, the pulse

durations were extended from 15 mm of butane followed by 45 mm of oxygen, to 2 hrs

of butane followed by 22 hrs of oxygen. During this period, CAH and butane

concentrations gradually increased as measured from Si and S3 (Figure 5.7). This

indicated biotransformation and utilization had ceased, most likely due to the infrequent

availability of butane. This would have increased cell decay, resulting in a reduced

microbial population.

To restore biotransformation, the system was reset on day 40 to the shorter

pulsing cycle (15 mm butane followed by 45 mm oxygen). Observations at Si (figure



5.8) showed that at close proximity to the injection well (where most activity was

assumed to occur) this change restored the transformation of 1,1 -DCE. 1,1 -DCA and

1,1,1 -TCA transformation were never revived. Loss of degradation may possibly be

explained by extreme product toxicity of 1,1 -DCE transformation, effectively

inactivating cellular function. This was also observed in laboratory experiments

(Chapter 4). At day 70 the injection system was shut off



C)

4

30

cv,

Cl)

C)

10

0

8 10 12 14 16 18

Time, days

40

30

20 - C)

10r

60 -
C)

45

a,

30

15

-

6 8 10 12 14 16 18 20

Time, days

Figure 5.6a Butane and oxygen concentrations measured at Si (im), S3 (4m), and injection well during the first twenty
days of the field experiments. The bioaugmented culture was introduced on day 9.



Ii

J
0)

.60
C.)

o 400
w
0 20

2
'0

200

150
C.)

C
0
0 100

0
.50

0

0 2 4 6 8 10 12 14 16 18 20

Time (days)

-- lnj Well -*--- Si -h-- S3 ...........................

0 2 4 6 8 10 12 14 16 18 20

Time (days)

Figure 5.6b i,i-DCE and i,1,i-TCA concentrations measured at Si (im), S3 (4m), and the injection well during the
first twenty days of the field experiments. The bioaugmented culture was introduced on day 9.



250 G--Inj Well *S1 *S3
J
0)

0
C.)

< 100
C.)

50

0 2 4 6 8 10 12 14 16 18 20

Time (days)

Figure 5.6c 1,1-DCA concentrations measured at Si (im), S3 (4m), and the injection well during the first twenty days
of the field experiments. The bioaugmented culture was introduced on day 9.



C)

30

C)
Cl)

10

0

410 15 20 25 30 35

Time, days

40

30

-i_I
20

10

60
-J
a)

45

a,
30

15

5 10 15 20 25 30 35 40

Time, days

Figure 5.7a Butane and oxygen concentrations measured at Si (im), S3 (4m), and the injection well during the first
forty days of the field experiments. The bioaugmented culture was introduced on day 9.

L)



80
-J

60

U

o
0
w
0 20

2
0

0 5 10 15 20 25 30 35 40

Time (days)

0 5 10 15 20 25 30 35 40

Time (days)

Figure 5.7b i,i-DCE and i,i,1-TCA concentrations measured at Si (im), S3 (4m), and the injection well during the
first forty days of the field experiments. The bioaugmented Culture was introduced on day 9.



250

0
C.,

< 100
C.)

50

[!1

0 5 10 15 20 25 30 35 40

Time (days)

Figure 5.7c i,i-DCA concentrations measured at Si (mi), S3 (4ni), and the injection well during the first forty days of
the field experiments. The bioaugmented culture was introduced on day 9.



-J

0)

U)

0

30

(I)

0)
0
0)

10

0

10 20 30 40

Time, days

-*- Si s--- lnj Welt 40

30

-iJ
20

10

0

50 60 70 80

01 - I..

60

a)

30 @Y

a)

i5

0 10 20 30 40 50 60 70 80

Time, days

Figure 5.8a Butane and oxygen concentrations measured at Si (im) and the injection well during the field experiments
(days 0-75). The bioaugmented culture was introduced on day 9.

-I



_*S1-Inj Well

60

Jiup,
0 10 20 30 40

Time (days)

r
I1h11

F

F

50 60 70 80

0 10 20 30 40 50 60 70 80

Time (days)

Figure 5.8b i,i-DCE and 1,i,i-TCA concentrations measured at Si (im) and the injection well during the field
experiments (days 0-75). The bioaugmented culture was introduced on day 9.



__ 300J
C)

. 200
C
0

C.)

100

2
0

0 10

S1 9----Jnj Well

20 30 40 50 60 70 80

Time (days)

Figure 5.8c i,i-DCA concentrations measured at Si (im) and the injection well during the field experiments (days 0-
75).
The bioaugmented culture was introduced on day 9.

00



109

5.5 MODELING OF BIOTRANSFORMATION/TRANSPORT FIELD DATA

Using the biotransformation parameter values determined from the laboratory

experiments (Chapter 4) and the aquifer characteristics defined above (Sections 5.1-

5.3), the tests (Section 5.4) were simulated with the model presented in Chapter 2. A

summary of the biotransformation input values is listed in Table 5.5, while transport

input is provided in Table 5.6. Kim et al.'s (2002) inhibition, rate, and half-saturation

constant values were used. As with the microcosm experiments, cell decay was

increased to a value of 0.1 day' which more accurately describes aerobes (Semprini

and McCarty, 1991). Oxygen utilization parameters (fd, and d) were used according to

published values (Semprini and McCarty, 1991) and stoichiometry between butane and

oxygen. Transformation capacity of 1,1 -DCA (TCDCA) as defined by Kim was

incorporated along with that for 1,1,1 -TCA (TCTCA) used in modeling microcosm data.

The lower transformation capacity of 1,1 -DCE (TCDCE) defined from laboratory

experiments was also used. Microbial mass was assumed to be non-uniformly

distributed, with most of the microbes existing within the first meter of the test zone.

Injection concentrations and pulsing durations were input as listed in Tables 5.3 and

5.4. Actual data input including microbial distribution, pulsing durations, and model

nomenclature are tabulated in Appendices J, K, and L.
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Table 5.5 Biotransformation values for simulating field data.

Parameter Units Value Parameter Units Value

KCDCABUT mg IL 39.88 X0 mg/L *

KICDCADCE mg/L 1.78 Y mg/mg 0.79

KCDCATCA mg/L 1.58 b day' 0.1

Fa - 0.8

KCDCEBUT mg /L 0.84

KICDCEDCA mg /L 0.35 kmaxBUT mg 7mg/day 3.48

KICDCETCA mg/L 0.11 kmaxDCA mg/mg/day 1.16

kmaxDCE mg 7mg/day 6.50

KICTCABUT mg/L 41.79 kmaxTCA mg/mg/day 0.64

KICTCADCA mg /L 1.31

KCTCADCE mg IL 2.27 KsBUT mg /L 1.11

KsDCA mg IL 1.90

KIUBUTDCA mg /L 0.23 KsDCE mg IL 0.14

KIUBUTDCE mg /L 0.40 KsTCA mg IL 1.63

KIUBUTTCA mg IL 0.03 Ks02 mg /L 1

KLCBUTDCE mg /L 0.02 TcDCA mg 7mg 0.20

TcDCE mg/mg 0.017

fd mg/mg 4 TcTCA mg 7mg 0.11

d mg/mg 1.42

Nomenclature provided in Appendii A

*Microbial mass was assumed non-unformly distributed (Appendix L)
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Figure 5.6 Transport parameter values for simulating field data.

Aquifer Aquifer Bulk
Average Dispersion

Thickness, Width, Porosity, 'P Density,
flow*, Q Coeff., Dh

thick width

(m3/day) (kgIL) (m2lday)

1.0 1.5 1.0 0,33 1.6 0.31

Sorption Coefficient**, Mass Transfer Rate Coefficient**,

k4 (L/kg) Fk (day')
1,1-DCE 1,1-DCA 1,1,1-TCA 1,1-DCE 1,i-DCA 1,1,1-TCA

0.69 0.50 0.50 2.0 2.0 2.0

*Definedfrom Bromide tracer tests (Section 5.2)

* *Definedfrom CAH breakthrough tests (Section 5.3)

Because the model was limited to simulate only two CAHs, double simulations

were run to create biotransformationitransport profiles of each of the 3 CAHs. The first

simulations included the analysis of 1,1 -DCE and 1,1,1 -TCA. The second simulations

evaluated 1,1 -DCE with 1,1 -DCA. These combinations were chosen because 1,1 -DCE

was the most toxic and most quickly transformed. It was therefore assumed that 1,1 -

DCE had the most influence on the 1,1 -DCA and 1,1,1 -TCA transformation, while

these latter CAHs have minimal influences on one another.

To confirm this assumption, two additional runs were performed using the

Stella model to simulate behavior of the laboratory microcosms in the absence of one

CAH. One simulation included 1,1 -DCE and 1,1,1 -TCA in the absence of 1,1 -DCA,

while, the other included 1,1 -DCE and 1,1 -DCA in the absence of 1,1,1 -TCA (results

not shown). Both sets of output showed similar results to those from the laboratory

simulations (Section 4.2.6), indicating that the presence/absence of l,1-DCA or 1,1,1-

TCA has minimal influence on CAH transformation and butane utilization.
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5.5.1 Simulation of Field Bioaugmentation Data

The model was run to simulate the Si monitoring data described in Section 5.4,

using biotransformation values and transport values listed in Tables 5.5 and 5,6. The

injection boundary conditions followed pulsing schedules listed in Tables 5.3 and 5.4.

Actual model inputs for the simulations are tabulated in Appendix J. Model simulation

output is compared to field data in Figure 5.9. Plots of the cell concentration at the end

of the simulation (day 75) and the microbial spatial distribution, as calculated from the

model are included. As all models have limitations, the focus of this study was to

capture trends interpreted from the field data. Overall, these trends were well

simulated, particularly during the first 60 days of the experiments. Butane utilization

decreased during longer pulsing durations (days 20-40) and limited oxygen availability

(days 23-30). Oxygen was consumed with butane and when adequate quantities of

oxygen were delivered to the test zone. During initial bioaugmentation (days 9-20)

there was good transformation of 1,1-DCE, 1,1-DCA, and 1,1,1-TCA, with the latter

two lagging behind until significant butane had been consumed and reduced to low

concentrations. This follows the observations from the laboratory experiments, where

1,1 -DCE was quickly transformed (due to its high transformation rate) and 1,1 -DCA

and 1,1,1 -TCA were inhibited by butane. Transformation of all three CAHs was lost

when butane and oxygen pulsing cycles were elongated (days 20-40). 1,1 -DCE

transformation returned when pulsing was shortened again (days 40-75). Using

equilibrium sorption (Fk = 2.0 day'1) compared to lower first order mass transfer

kinetics (Fk 0.2 day) likely resulted in a dampening of pulses due to competitive

inhibition in the model (Section 5.5.5).

The model predicted significantly more 1,1 -DCA transformation for the latter

period of the simulations (days 60-75) than was indicated by field data. It also

predicted that slightly more 1,1,I-TCA should have been degraded. These contrasts

were possibly due to a change in the microbial community within the test zone. It was

speculated that an indigenous population was eventually stimulated and the
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bioaugmented population diminished. This was supported by data observed from a

non-bioaugmented control test leg which had been treated in the same manner as the

augmented leg. In the control leg, butane utilization was observed and 1,1 -DCE was

transformed at a later time, while 1,1,1 -TCA and 1,1 -DCA were not transformed.

Based on this information, the modeling results would suggest that the indigenous

microorganisms predominated at the later time.

There were other discrepancies between the model output and field data,

indicating a number of possible complications. These may have been attributed to

perturbations in field control, such as substrate delivery to the aquifer and fluctuations

in hydraulics.

The cell concentration profiles (Figure 5.9d) provide additional understanding

and interpretation of the model and field data. The upper plot depicts cell growth and

decay during the entire simulation period, while the lower plot provides a blown-up

scale for the first 40 days. Biomass peaked at the Si well location when large amounts

of butane were utilized (days 25-30 and 45-52). Cell death occurred after large

amounts of 1,1 -DCE were transformed and when butane consumption was limited

(days 30-35 and 52-65). This is indicative of high i,l-DCE product toxicity (as seen in

the laboratory experiments, Chapter 4) and cell decay in the absence of a primary

growth substrate. There was a greater magnitude of cell grown during the latter period.

This was due to the greater amount of butane consumed and a lower mass of 1,1 -DCE

transformed. The lower transformation caused less cell inactivation. The spatial

distribution plot for cell concentrations recorded at 20 days and 75 days (Figure 5. 9e)

both show that most cell mass exists within the first meter of the test zone.

Overall, the field transformation trends were well simulated by the
biotransformationitransport model. This indicates the ability to successfully apply

laboratory derived parameters to larger scale experiments.
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5.5.2 Simulations to Predict Activity after Bioaugmentation

Two simulations were run to predict activity within the test zone at Si (im from

the injection well) after initial bioaugmentation ceased (day 75). This was done by

expanding the simulation time to 90 days, with the first 75 days modeled for
breakthrough and bioaugmentation seen in the field (Section 5.5.1). After this period

(days 75-90), the model was manipulated to simulate delivery of (1) oxygen alone and

(2) elevated butane and oxygen concentrations. The simulations were run to observe

transformation of only 2 of the 3 CAl-Is. 1,1-DCE was chosen to study because of its

fast transformation ability and highly toxic effects on the culture. 1,1,1 -TCA was

chosen because it is the most recalcitrant of the three CAHs.

The first simulation included an oxygen injection concentration of 25 mg/L

during days 75-90. This was pulsed every hour into the aquifer for 45 mm durations.

Results of the simulation are presented in Figure 5.10. Utilization and transformation

during the first 75 days follow that seen in the simulations discussed in Section 5.5.1.

After day 75 there is rapid but short utilization of butane and transformation of 1,1-

DCE and 1,1,1 -TCA, followed by a rise in butane, oxygen, and CAH concentrations.

This indicates that a large quantity of cells were inactivated during biotransformation of

the highly toxic 1,1 -DCE, leaving a nonviable population. The remaining (if any?)

cells were unable to transform the CAHs in the absence of butane.

The second simulation included butane and oxygen injection concentrations of

50 mg/L between days 75 and 90. This would represent much higher values with

butane near its solubility limit. These were alternately pulsed into the aquifer, with

butane being injected for 15 minutes followed by 45 minutes of oxygen. This shorter

cycling time was chosen because the best transformation was observed in the field at

this duration. Results of this simulation are presented in Figure 5.11. Utilization and

transformation during the first 75 days follow that seen in the simulations from Section

5.5.1. After day 75 there is rapid utilization and transformation, with particularly good

degradation of 1,1,1-TCA due to 1,1-DCE having been reduced to low concentrations.
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This indicates that there is enough of a viable cell population at day 75 to restore

transformation, once I, 1 -DCE toxicity was eliminated. The results suggested that the

addition of more butane and oxygen (through peroxide injection, H202) would be

beneficial.



25

20

15

(J

10

0-
0

160

120

1 80

40

20 40

Time, days

1,1-DCE Model Output
1,1,1-TCA Model Output

20 40

Time, days

60

Butane Model Output
Oxygen Model Output

80

100

200

150

100

100

Figure 5.10 Model output for simulating utilization and transformation at Si (im) if 25 mgIL oxygen is injected
between days 75 and 90.



30

25

15

10

5

0-
0

160

120

80

40

0-!-
0

20 40

Butane Model Output
Oxygen Model Output

Time, days

ii
1,1,1-TCA Model Output----------------------------

20 40

-n--

60

80

-r
80 100

200

i150I

100

100

Time, days

Figure 5.11 Model output for simulating utilization and transformation at Si (im) if 50 mgfL butane and 50 mg/L
oxygen are injected between days 75 and 90.



123

5.5.3 Sensitivity Analysis of l,1-DCE Product Toxicity

As done with the laboratory data (Section 4.2.2), the field data were simulated

using various 1,1 -DCE transformation capacity values (TCDCE) to evaluate the effect of

product toxicity on the system's activity. Pulsing concentrations and durations (Tables

5.3 and 5.4), and biotransformation and transport values (Tables 5.5 and 5.6) were

maintained from the simulation of Section 5.5.1, with the exception of TCDCE. This

parameter was varied to represent three different product toxicities: 0.0167 (1.7%),

0.025 (2.5%), and 0.05 (5%) mg 1,1-DCE/mg cells. Note that the two extremes of this

range are those studied in the laboratory modeling (Section 4.2.2). Actual input for

these simulations are listed in Appendix J, Table J. 1, with additional values of TCDCE

tabulated in Appendix M.

Simulation results recorded at monitoring well Si (1m from the injection well)

are compared in Figure 5.12. The lower product toxicity (greater TCDCE value, 0.05 mg

DCE/mg cells) resulted in the most utilization and transformation. This observation is

as expected, as lower product toxicity would inactivate less cells, allowing the

microbial population to flourish. This phenomena is depicted in Figure 5.12c., where

the distributed biomass from lower product toxicity shows higher concentrations close

to the injection well.
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5.5.4 Sensitivity of 1,1-DCE Transformation Rate

Field simulations were also run using the lower 1,1 -DCE transformation rate

(kmDCE = 0.1 mol/mg/hr = 0.23 mg/mg/day) which had more closely fit the product

toxicity laboratory data (Section 4.2.3). This value was an order of magnitude lower

than the kmDCE value (2.8 pmol/mg./hr = 6.5 mg/mg/day) defined by Kim et al. (in

press). The model results are compared for both values of kmDCE. in Figure 5.13. Other

parameter values were the same as those presented in Tables 5.5 and 5.6.

The model output for transport and biotransformation is consistent with that

from the Stella model. At the lower kmDCE value, butane utilization and 1,1,1 -TCA

transformation became faster during the short butane and oxygen pulsing cycles (days 9

-20). During the later period (after day 20), 1,1 -DCE transformation increased using

the lower kmDCE value (0.23 mg/mg/day). This may have been caused by an increase in

the microbial population at this location or inhibition by butane. Also note that the

oscillations in CAH concentrations became more apparent. This observation suggested

that the pulsing effect on CAH transformation was dampened using the higher kmDCE...

As with the simulations of the laboratory data for varying kmDCE, the contrasts

illustrate the complexity of the system and the sensitivity and limitations of the model.

It is reasonable to suspect that because the culture used in this study was different from

that used by Kim et al. (2002, in press), other parameter values may also be different.

A more useful approach in extrapolating model parameters from laboratory

experiments to field experiments would have been to independently define the

parameter values specific for our culture.
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5.5.5 Sensitivity of First Order Mass Transfer Rate and Pulsing Cycles

Since sorption parameters were difficult to ascertain from simulating

breakthrough data (Section 5.3), a sensitivity analysis was run for variations in the first

order mass transfer rate coefficient (Fk). The analysis included a variation in pulse

durations, while maintaining the same butane to oxygen ratio. This was done because

previous simulations for elongating pulsing durations included a decrease in the ratio of

butane to oxygen that was being injected (15 mm butane; 45 mm oxygen at a 1:3 ratio,

followed by 2 hrs butane; 22 hrs oxygen at a 1:10 ratio). It was suspected that, for

actual field demonstrations and the previous simulations (Figure 5.9), it was not the

longer pulse duration that caused transformation to cease (after day 20), but the

reduction in the butane to oxygen delivery ratio, which made butane less available,

resulted in transformation ceasing.

Simulations were therefore run to study the differences at monitoring well Si

between equilibrium and non-equilibrium sorption, with butane and oxygen pulsing

durations elongated. The Fk value used in the previous simulations (2.0 day')

represented the case of equilibrium partitioning between the solid and liquid phases. A

lower Fk value (0.2 day') was incorporated to create a non-equilibrium case. All other

biotransformation and transport parameters were maintained from the original 75 day

simulations (Tables 5.5 and 5.6 and Appendix L). For these simulations, butane and

oxygen were initially pulsed (days 9-3 0) at a 1:3 butane to oxygen ratio for short

durations (15 mm butane;45 mm oxygen). Later in the simulations, the pulse durations

were elongated (3 hours butane; 9 hours oxygen), while maintaining the 1:3 butane to

oxygen ratio. This allowed the same amount of butane to be delivered for both short

and long pulse stages. This simulation included only the study of 1,1-DCE and 1,1,1-

TCA transformation. Actual input for the simulation is tabulated in Appendix N.

Figure 5.14 provides comparison plots of butane and oxygen utilization and

CAH transformation for the variation in pulsing durations and the two different first

order mass transfer rates. There are two main points resulting from these simulations.
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The first is the influence of elongating the butane and oxygen pulsing durations (days

3 0-70). As seen in Figure 5. 14a, when the duration was increased (3 hrs butane to 9 hrs

oxygen ) while maintaining the same oxygen to butane ratio (1:3) as the shorter cycle

(15 mm butane to 45 mm oxygen), oscillations in the concentrations became more

apparent. As oxygen became more available, transformation of 1,1 -DCE (Figure

5.1 4c) and 1,1,1 -TCA (Figure 5.1 4d) was maintained. This contrasted with the

previous simulations in which both the butane to oxygen pulse durations and ratios

changed (Figure 5.9) after day 40, making less butane available and stopping CAH

transformation. From these simulations we can conclude that, had the butane to oxygen

ratio been maintained during the field demonstration, CAH transformation may have

continued.

The second point of understanding comes from observing the comparison plots

of the equilibrium (2.0 day') and non-equilibrium (0.2 day') simulations. As seen in

Figures 5.14c and 5.14d, when non-equilibrium was included during the longer pulsing

cycles (days 30 to7O), the oscillations in CAH concentrations became more
exaggerated. This indicated the effect of equilibrium conditions dampening out the

effects of competitive inhibition by butane. As the rate of CAH mass being sorbed onto

and off of aquifer solids varied, less mass was exchanged between the liquid and sorbed

phases over short time periods, causing greater variations in aqueous concentrations.

This indicated that, based on the CAH oscillations observed during the field

demonstration (Figure 5.9), non-equilibrium sorption was most likely occurring.
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5.6 SUMMARY OF FIELD MODELING

Simulations for flow and sorption using the transport model showed a good

match to the field breakthrough data. The transport values determined from these

simulations were incorporated into the combined model to simulate biotransformation

and transport of the field data.

Bioaugmentation in the field showed similar results to the laboratory data when

adequate butane and oxygen were delivered to the test zone. 1,1 -DCE was quickly

degraded with 1,1 -DCA and 1,1,1 -TCA lagging behind. The lag in transformation

follows the phenomena of strong butane inhibition on these CAHs. When butane and

oxygen pulsing was elongated, not enough growth substrate was available to maintain

an effective cometabolic population, and transformation ceased. Upon the

reintroduction of shorter pulsing cycles, 1,1 -DCE transformation was restored, although

transformation of 1,1 -DCA and 1,1,1 -TCA never returned. This was most likely due to

either a change in the microbial profile of the culture within the test zone, or an extreme

product toxicity of 1,1 ,-DCE. 1,1 -DCE transformation likely resulted from increased

butane addition upon return to the shorter pulsing.

The model simulations reproduced many of these trends. During shorter

injection pulsing of butane and oxygen, 1,1-DCE was quickly transformed. 1,1-DCA

and 1,1,1 -TCA were inhibited by butane, as transformation of these CAHs did not

occur until a good portion of butane had been utilized. Elongating the butane and

oxygen pulsing durations in the model reduced the amount of butane available to the

organisms, and transformation ceased. However, the model predicted that upon

restoring the shorter pulsing cycles, 1,1 -DCA and slight 1,1,1 -TCA transformation

should have occurred. This discrepancy from the actual field data suggests that there

was a shift in the microbial community with time.

Other inaccurate matches between the field data and model output were due to

perturbations in the field system, such as inconsistent delivery of butane and oxygen to

the site and heterogeneities within the test zone. Also, the bioaugmented culture was an
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enrichment from that used by Kim et al. (in press) from which many of the parameter

values were taken. As the laboratory tests and modeling showed, there may be

variations in other parameters not studied here that would affect the simulations.

From these model simulations, improvements can be made for future

bioremediation projects. Simulations indicated that maintaining short pulsing cycles of

butane and oxygen were required in order to maintain CAH transformation and butane

utilization. A less drastic elongation in cycling durations may have allowed further

distribution of the microbes from the injection well without losing transformation.

Column studies could be performed in advance to better determine sorption parameters

and the microbial distribution within an aquifer setting.

The importance of this model, despite such complexities, is that trends observed

in the field were well simulated, and the model permitted an analysis of the complex

interaction of transport, biostimulation, and the transformation kinetics of

cometabolism. This permitted us to determine what may have happened when changes

were made in the pulsing duration, or the effect of different 1,1 -DCE transformation

capacities.



138

CHAPTER 6
CONCLUSIONS

The overall goal of this study was to model results of a field demonstration

where a butane-utilizing culture was bioaugmented and then biostimulated in-situ to

promote the cometabolism of a CAH mixture of l,1-DCE, 1,l-DCA, and l,l,l-TCA.

The model used kinetic parameter values defined from laboratory experiments. An
existing transport model was modified to include inhibition and product toxicity

influences on biotransformation.

The most significant contributions of this work included incorporation of

inhibition kinetics into the biotransformationitransport model and demonstration of the

sensitivity of the model parameters. Overall, comparison to laboratory and field data

indicated that there is potential in using this strategy to predict and improve

bioremediation strategies. There were, however, many complications that are difficult

to explain, and thus continued efforts are needed to provide better model and field

demonstrations.

General conclusions of this study are that:

1) the enrichment culture was successfully bioaugmented into aquifer

groundwater/solid microcosms, showing that it was capable of cometabolically

transforming 1,1 -DCE, 1,1 -DCA, and 1,1,1 -TCA with butane as the primary

growth substrate.

2) the bioaugmented culture in both media and microcosm experiments

quickly transformed 1,1 -DCE, while 1,1 -DCA and 1,1,1 -TCA were more

slowly transformed. The rates of these latter CAHs increased when butane

concentrations were reduced, indicating strong inhibitory effects by butane as

shown by Kim et al. (in press).

3) transformation in microcosms was maintained for up to five cycles of

butane and CAH additions over a period of almost 100 days.
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4) the trends were very reproducible, as observed in dual sets of triplicate

bioaugmented microcosms and eight media reactors.

5) microcosms that were not bioaugmented (those containing stimulated

indigenous microorganisms) showed no ability to transform the CAHs when fed

butane, indicating that it was the bioaugmented culture which provided this

transformation.

6) the biotransformation model could simulate the order of CAH
transformation and butane utilization that was observed in laboratory

experiments.

7) bioaugmentation in the field resulted in successful biotransformation of

the CAH mixture when adequate butane and oxygen were delivered to the site.

The results were similar to the laboratory observations.

8) the combined biotransformationitransport model did a fairly good job in

simulating field breakthrough experiments, allowing approximation of flow,

dispersion, and sorption occurring within the test zone.

9) the combined biotransformation/transport model successfully simulated

CAH transformation observed in the field, when adequate butane and oxygen

were available.

10) when longer butane/oxygen pulsing durations occurred and less butane

was injected, the combined model showed that transformation would cease.

This is consistent with the field data.

11) the combined model showed that returning the injection system to

shorter butane/oxygen cycles (allowing more butane being delivered to the site)

should have restored transformation of all three CAHs. These results differed

from actual field data, in which only 1,1 -DCE transformation was restored.

12) most likely a change in the microbial profile within the test zone or an

extreme 1,1 -DCE product toxicity caused the transformation of 1,1 -DCA and

1,1,1-TCA not to return.
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13) inaccuracies of both the Stella and transport models demonstrated the

complexity in understanding and simulating combined mechanisms which

influence biotransformation.

14) the ability of both the Stella and transport models to simulate butane

inhibition and the order of CAH transformation suggests that there is great

potential in using laboratory studies to understand and improve in situ

bioremediation.

Modeling biotransformation observed in the laboratory proved complicated,

especially since the initial parameter values used were defined specifically for the

culture studied by Kim et al. (in press). Although our culture was enriched from this

culture, laboratory experiments (such as 1,1 -DCE transformation capacity) and

necessary model adjustments (such as decay and 1,1,1 -TCA transformation capacity)

indicated that at least some of these values differed between the cultures. Because of

the complexity of the system, it is difficult to know exactly which parameters differed.

The interpretation of the data in this study would be simplified had the culture for

which independent parameter values had been determined (i.e. Kim's culture) been the

same as that studied for cometabolic biotransformation of the CAH mixture.

A major finding, was that a sensitivity analysis using the Stella model allowed

simulation of the appropriate order and approximate rate for which transformation and

utilization occurred. It is difficult to know why cell mass existing within the reactors at

the beginning of each bioaugmentation period appeared to be greater than that predicted

by decay within the model. It may have been that decay during the absence of

significant butane was in fact less than that expected. It is also possible that other

model parameters may have been inaccurate. For example, the transformation capacity

may have been set too low, leaving too little biomass remaining.

It is the reproduction of the rates and order that suggests that the model has

potential in predicting actual biotransformation data of a CAH mixture. Clearly,

though, individual experiments specific to the culture of interest are required to better
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define parameter values. Nevertheless, manipulation of the Stella model suggested that

using independently defined parameter values to model a complex system is a viable

option in predicting and understanding microbial cometabolic behavior.

Similar comments can be said regarding the combined biotransformation and

transport model in predicting field experiments. Using the parameter values assigned

from the laboratory experiments, the model accurately simulated the trends in
transformation and butane and oxygen utilization observed in the field. These results

followed those observed within the laboratory reactors, notably rapid transformation of

1,1 -DCE followed by butane inhibited transformation of 1,1 -DCA and 1,1,1 -TCA. 1,1 -

DCE transformation in the absence of butane quickly inactivated transformation of

these latter two CAHs, verifying the extreme product toxicity of 1,1 ,-DCE.

Complications for modeling the field biotransformation and transport data likely

arose from heterogeneity within the aquifer test zone, a change in microbial community

during prolonged biostimulation, and perturbations in delivering growth substrate and

oxygen. Further complexities for modeling field data exist due to the additional

influences of flow and sorption. Such additional intricacies can make trouble-shooting

and determining mechanistic behavior quite complicated. Therefore, the use of

laboratory data to define parameter input in simulating such mechanisms is a
reasonable approach. The successful results in mimicking trends shown in this study

support the potential for such extrapolation and call for continued research of this kind.
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APPENDIX A
NOMENCLATURE AND UNITS FOR

BIOTRANSFORMATION/TRANSPORT MODEL

A.1 MASSES AND CONCENTRATIONS

ED = electron donor (butane)

EA = electron acceptor (oxygen)

CD = aqueous concentrations of butane; mg IL

CA = aqueous concentration of oxygen; mg IL

CDCE aqueous concentration of 1,1 -DCE; mg /L
CDCE* = sorbed phase concentration of 1,1 -DCE; mg DCEIkg soil

CDCA = aqueous concentration of 1,1 -DCA; mg IL

CDCA* = sorbed phase concentration of 1,1 -DCA; mg DCAIkg soil

CTCA = aqueous concentration of 1,1,1 -TCA; mg IL
CTCA* = sorbed phase concentration of 1,1,1 -TCA; mg TCA/kg soil

X = aqueous concentration of cells; mg/L

Xo = initial aqueous concentration of cells; mg/L

A.2 OXYGEN CONSUMPTION PARAMETERS

Fa = stochiometric ratio of electron acceptor per electron donor utilized for cell

synthesis; mg EA/mg ED

= cell decay oxygen demand; mg O2/mg cells

fd = fraction of biodegradable cells

A.3 KINETIC PARAMETERS

Y = cell yield; mg cells/mg butane

b = cell decay coefficient; day1

kmD = maximum utilization rate of butane; mg butane/mg cells/day
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APPENDIX A,CONTINUED
NOMENCLATURE AND UNITS FOR

BIOTRANSFORMATION/TRANSPORT MODEL

KD = half-saturation constant of butane; mg butane/L

= half-saturation constant of oxygen; mg O2/L

kmDCE = maximum utilization rate of 1,1-DCE; mg DCE/mg cells/day

KSDCE = half-saturation constant of l,l-DCE; mg DCE/L

kmDCA = maximum utilization rate of 1,1 -DCA; mg DCA/mg cells/day

KSDCA half-saturation constant of 1,1 -DCA; mg DCA/L

kmTCA = maximum utilization rate of 1,1,1 -TCA; mg TCA/mg cells/day

KSTCA = half-saturation constant of 1,1,1 -TCA; mg TCA/L

A.4 INHIBITION CONSTANTS

KIU,BUT,DCE = constant for noncompetitive inhibition of 1,1 -DCE by butane;

mg butane/L

KIC,BUT,DCE = constant for competitive inhibition of 1,1 -DCE by butane;

mg butane/L

KIC,DCA,DCE = constant for competitive inhibition of 1,1 -DCE by 1,1 -DCA;

mg DCA/L

KIC,TCA,DCE = constant for competitive inhibition of 1,1 -DCE by 1,1,1 -TCA;

mg TCA/L

KIU,BUT,DCA = constant for noncompetitive inhibition of 1,1 -DCA by butane;

mg butane/L

KIC,DCEDCA = constant for competitive inhibition of l,l-DCA by 1,l-DCE;

mg DCE/L

KIC,DCEDCA = constant for competitive inhibition of 1,1 -DCA by 1,1,1 -TCA;

mg TCA/L
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APPENDIX A, CONTINUED
NOMENCLATURE AND UNITS FOR

BIOTRANSFORMATION/TRANSPORT MODEL

KIU,BUTDCA = constant for noncompetitive inhibition of 1,1,1 -TCA by

butane; mg butane/L

KIC,DCA,TCA = constant for noncompetitive inhibition of 1,1,1 -TCA by 1,1 -

DCA; mg DCA!L

KIC,DCETCA = constant for competitive inhibition of 1,1,1 -TCA by 1,1 -DCE;

mg DCE/L

KIC,DCE BUT = constant for competitive inhibition of butane by 1,1-DCE;

mg DCE/L

KIC,DCA,BUT = constant for competitive inhibition of butane by 1,1 -DCA;

mg DCA/L

KIC,TCA,BUT = constant for competitive inhibition of butane by 1,1,1 -TCA;

mg TCA/L

A.5 PRODUCT TOXICITY PARAMETERS

TCDCE = transformation capacity of 1,1 -DCE; mg DCE/mg cells

TCDCA = transformation capacity of 1,1 -DCA; mg DCAJmg cells

TcTCA = transformation capacity of 1,1 -TCA; mg TCA/mg cells

A.6 TRANSPORT PARAMETERS

Q = average groundwater flow; m3/day

Dh = hydrodynamic dispersion coefficient; m2/day

4' aquifer porosity

Pb = bulk density of the aquifer solids; kg/L

kdDcE = 1,1 -DCE partition coeff. between aq. and sorbed phases; L/kg

kdDcA = 1,1 -DCA partition coeff. between aq. and sorbed phases; L/kg
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APPENDIX A, CONTINUED
NOMENCLATURE AND UNITS FOR

BIOTRANSFORMATION/TRANSPORT MODEL

kdTcA 1,1,1 -TCA partition coefficient between aq. and sorbed phases;

L/kg

FkDCE 1,1-DCE rate coeff for mass transfer between aq. and sorbed phases;

day'

FkDCA = 1,1 -DCA rate coeff. for mass transfer between aq. and sorbed phases;

day'

FkTCA = 1,1,1 -TCA rate coeff for mass transfer between aq. and sorbed phases;

day'
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APPENDIX B
STELLA BIOTRANSFORMATION MODEL FOR BATCH REACTORS

The model introduced by Kim et al. (in press) allowed for simulation of

cometabolic biotransformation within a reactor. Butane, the three CAHs, and microbial

mass were tracked over time in a liquid/headspace batch reactor system. Because mass

transfer of a compound may occur between the liquid and gas within a batch system,

mass balances between the phases must be included to calculate total mass consumed

for any time period. The following equations, therefore, take on a similar form to those

presented in Chapter 2, with masses being determined rather than aqueous

concentrations.

Another difference between the Stella biotransformation model and the

transport code defined in Chapter 2 includes the omission of mixed inhibition of CAHs

on butane and other CAHs in the Stella code. The Stella model also assumes that

oxygen is adequately available. Nomenclature and units are provided in Appendix C.

The equations are solved simultaneously for a specified time interval to determine mass

of each compound and cell concentration within the reactor at any time.
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APPENDIX B, CONTINUED
STELLA BIOTRANSFORMATION MODEL FOR BATCH REACTORS

B.1 BUTANE UTILIZATION

The primary growth substrate for this model follows that presented in equation

2.13 (Section 2.3), omitting the influence of the electron acceptor and transport.

Butane utilization is calculated assuming that biotic reactions occur only in the aqueous

phase. The rate of butane mass utilized is defined as:

dMBUT
= 'mBUT'L

*

di'

I

KSBUT(1 +
CDCE / + CDCA/

/KJC DCE BUT / KJDcA BUT

(B.1)

+CTC/KJ + CBUT]

Total mass of any compound is related to the aqueous concentration by a mass

balance between the gaseous and aqueous phases (Appendix C):

CL = M/ (HCCVG + VL) (B.2)
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APPENDIX B, CONTINUED
STELLA BIOTRANSFORMATION MODEL FOR BATCH REACTORS

Rearranging equation B.2 and substituting in a term for the Henry's constant

and volumes, the aqueous concentration can be calculated:

CL=Ma (B.3)

where: a = (VL + VGHCC) (B.4)

Equation B.3 is substituted into equation B. 1 to determine butane utilization.

Total mass is converted from pmol to mg using the molecular weight of each

compound (Table 1.1, Section 1.2) for comparing model output to laboratory data.

B.2 TRANSFORMATION OF CAHs

Transformation of 1,1 -DCE, 1,1 ,-DCA, and 1,1,1 -TCA are calculated similar to

that described for butane utilization. The mass consumed over time follows equation

2.15 (Section 2.3), omitting the terms for transport and oxygen utilization. Partitioning

between the aqueous and gaseous phases is included in determining mass lost over a

specific time interval. All transformation is assumed to occur in the liquid within the

reactor:
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APPENDIX B, CONTINUED
STELLA BIOTRANSFORMATION MODEL FOR BATCH REACTORS

dM1 kmi
(B.5)

dt
L1+CBUT/

I

/KJUBUTI)

C'

Ki
Ii

CBUT / C2/ C3/
+ 1

1 +
CBUT / /KJC,BUT,1 / Ki,2,i / Ki3,i

/KJU,BUT I

where: M1 = mass of compound being transformed (pjg)

other parameters as defined for equation 2.15 (Section 2.3)

Equation B.3 is substituted into equation B.5 to account for partitioning.

B.3 MiCROBIAL GROWTH AND DECAY

The concentration of cells grown and lost over a specific time interval is a

function of cell yield, decay, and product toxicity. All reactions are assumed to occur

in the aqueous phase.

dX dMBUTl bXlI 1 dMDCE dMDCA 1 dMTcA'

dt dt VL VL DCE dt DCA dt TcTCA dt J
(B.6)
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APPENDIX C
NOMENCLATURE AND UNITS FOR

STELLA BIOTRANSFORMATION MODEL

C.l MASSES AND CONCENTRATIONS
MBUT total mass of butane; pmol

MDCE total mass of 1,1 -DCE; tmol

MDCA total mass of 1,1 -DCA; tmo1

MTCA total mass of 1,1,1 -TCA; tmol

CD = aqueous concentrations of butane; tmol /L

CDCE aqueous concentration of 1,1-DCE; tmo1 IL

CDCA aqueous concentration of 1,1 -DCA; imol /L

CTCA aqueous concentration of 1,1,1 -TCA; pmo1 IL

X = aqueous concentration of cells; mg/L

initial aqueous concentration of cells; mg/L

C.2 KINETIC PARAMETERS
Y = cell yield; mg cellsImol butane

b = cell decay coefficient; hf'

kmD = maximum utilization rate of butane; tmol butane/mg cells/hr

K8D = half-saturation constant of butane; tmol butane/L

kmDCE = maximum utilization rate of l,l-DCE; tmol DCEImg cells/hr

KSDCE half-saturation constant of l,l-DCE; tmol DCEIL

kmDCA = maximum utilization rate of 1,1 -DCA; .imol DCA/mg cells/hr

KSDCA = half-saturation constant of 1,1 -DCA; tmol DCAIL

kmTCA = maximum utilization rate of 1,1,1 -TCA; pmo1 TCA/mg cells/hr

KSTCA = half-saturation constant of 1,1,1 -TCA; tmo1 TCA/L
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APPENDIX C, CONTINUED
NOMENCLATURE AND UNITS FOR

STELLA BIOTRANSFORMATION MODEL

C.3 INHIBITION CONSTANTS
KIU,BUT,DCE = constant for noncompetitive inhibition of 1,1 -DCE by butane;

pmo1 butane/L

KIC,BUT,DCE = constant for competitive inhibition of 1,1 -DCE by butane;

tmo1 butane/L

KIC,DCADCE = constant for competitive inhibition of 1,1 -DCE by 1,1 -DCA;

tmo1 DCAIL

KIC,TCA,DCE = constant for competitive inhibition of 1,1 -DCE by 1,1,1 -TCA;

tmo1 TCA/L

KIU,BUT,DCA = constant for noncompetitive inhibition of 1,1 -DCA by butane;

tmo1 butane/L

KIC,DCEDCA = constant for competitive inhibition of 1,1 -DCA by 1,1 -DCE;

mo1 DCE/L

KIC,TCADCA = constant for competitive inhibition of 1,1 -DCA by 1,1,1 -TCA;

tmo! TCA/L

KIU,BUT,TCA = constant for noncompetitive inhibition of 1,1,1 -TCA by

butane; pmo1 butane/L

KIC,DCE,TCA = constant for competitive inhibition of 1,1,1 -TCA by 1,1 -DCE;

mo1 DCE!L

KJC,DCATCA constant for competitive inhibition of 1,1,1 -TCA by 1,1 -DCA;

jtmo1 DCA/L

KIC,DCE BUT = constant for competitive inhibition of butane by 1,1 -DCE;

iimol DCE/L



158

APPENDIX C, CONTINUED
NOMENCLATURE AND UNITS FOR

STELLA BIOTRANSFORMATION MODEL

KIC,DCA,BUT = constant for competitive inhibition of butane by 1,1 -DCA;

imol DCA/L

KIC,TCA,BUT constant for competitive inhibition of butane by 1,1,1 -TCA;

j.imol TCA/L

C.4 PRODUCT TOXICITY PARAMETERS
TCDCE = transformation capacity of 1,1 -DCE; .imol DCE/mg cells

TCDCA = transformation capacity of 1,1 -DCA; tmol DCA/mg cells

TCTCA transformation capacity of 1,1 -TCA; pmol TCAImg cells

C.5 MASS TRANSFER PARAMETERS FOR AQUEOUS TO GASEOUS PHASES
= volume of liquid in reactor; L

VG = volume of gas in reactor; L

HCcBUT = dimensionless Henry's constant for partitioning of butane

between aqueous and gaseous phases

HCcDCE = dimensionless Henry's constant for partitioning of 1,1 -DCE

between aqueous and gaseous phases

HCCDCA = dimensionless Henry's constant for partitioning of 1,1 -DCA

between aqueous and gaseous phases

HCCTCA = dimensionless Henry's constant for partitioning of 1,1 -TCA

between aqueous and gaseous phases
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APPENDIX D
MOFFETT FIELD SOIL CORES USED FOR MICROCOSMS

Core material was taken from Moffett Field Test Facility, CA and refrigerated

until used. Table D.1 provides the specific locations from which the samples were

obtained.

Table D.1 Core Material used in Microcosins

Location Depth (ft)

SU39-PP2 15.5-16

SU39-PP5 16-16.5

SU39-PP6 15-15.5

SU39-FP2 15.5-16

SU39-FP3 14.5-15

SU39-FP3 16-16.5

SU39-17 15.5-16

SU39-17 17.5-18
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APPENDIX E
DERIVATION OF MASS TRANSFER OF VOLATIVE COMPOUNDS IN A

BATCH REACTOR

In a batch reactor, volatile compounds will partition between aqueous and

gaseous phases. At equilibrium conditions, the mass balance for both phases

representing total mass in the reactor are defined by:

MCGVG+CLVL (E.l)

where: M = total mass in reactor

= concentration in gaseous phase

VG = gaseous volume in reactor

CL Concentration in liquid phase

VL = liquid volume in reactor

Gaseous and aqueous concentrations are related by Henry's constant, Hcc:

H _CG/
cc /CL CG = HCCCL CL // (E.2)

Substituting this relationship into equation C. 1, the mass balance becomes:

M = CL(HCCVG + VL) (E.3) M = CG(VG
V/) (E.4)

The relationships allowed for comparison of laboratory data and simulation

output. Simulations using Kim et al.'s (2000) model made use of equations E.3 and E.4

to track total mass with partitioning. Laboratory data was converted from gaseous

concentrations to total mass using equation E.4.
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APPENDIX F
MASS TRASNFER LIMIATION IN M3 MICROCOSMS

1 20000 --M3-A @100 rpm,

l5000J /'\ ii:,
5000

1880 1930 1980 2030 2080

Time (hrs)

150

ioo

r:' 1880 1930 1980

Time (hrs)

1.50E02

1.00E+02

< 5.00E+01

0.00E+00
1880 1930 1980

1.50E±02

1 .00E02

5.00E01

0.00E+00
1880

Time (hrs)

.--M3-A @ 100 rpm]

eM3-B @150 rpm
9---M3-C @200rpm

2030 2080

----M3-A 100 rpm

e--M3-B @ 150 rpm

s---- M3-C @ 200 rpm

2030 2080

---M3-A @ 100 rpm

.e__M3-B@l5orprfl
s--- M3-C @ 200 rpm

1930 1980 2030 2080

uime (flS)

*Butane is reported as mass in the gaseous phase of the reactor.
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APPENDIX G
MASS TRASNFER LIMITATION MODEL

Kim et al. (2000) derived the following equations to describe mass transfer

limitation between the aqueous and gaseous phases of a compound within a reactor:

K[S6_MS+SGVGVL

H VL VL
(GA)

cc

dSLKIHS SJVV
VG VG )i

(G.2)

where: SG gaseous conc. of substrate (tmol IL)

SL = aqueous conc. of substrate (j.imol IL)

M = total mass of substrate in aqueous and gaseous phases (pmo1)

VL = aqueous volume (L)

V gaseous volume (L)

KLa = mass transfer rate coeff. from gaseous to liquid phase (11)

KGa = mass transfer rate coeff. from liquid to gaseous phase (1)

= dimensionless Henry's constant of substrate

Equation G.2 was incorporated into equation B. 1 (Appendix B) for early

simulations of our culture's biotransformation behavior. The resulting equation for

butane utilization with mass transfer limitation is:
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APPENDIX G, CONTINUED
MASS TRASNFER LIMITATION MODEL

dMBUT
= ICmBUTVL *

dt

CBUT

[KSBUT(1 +
CDC

+
//KJC,DCA,BUT

CDCA /

KGa HCCBUTCBUT + CuV
VG VG JVL

(G.3)

+ C TC/ + CBUT

where: KGa mass transfer rate coeff. for gaseous to liquid phase (hf')

other parameters as defined in Appendix C

As with equation B.1, a mass balance is incorporated into equation G.3 to relate

total mass between the aqueous and gaseous phases of the reactor to the aqueous

concentration. The relationship is:

CL =Ma

where: a=(VL +VGHCC)

(G.4)

(G.5)

Equation G.4 is substituted into equation G.3 to determine butane utilization on

a total mass basis. Total mass is converted from tmol to mg using the molecular

weight of each compound (Table 1.1, Section 1.2) for comparing model output to

laboratory data.













APPENDIX K
PARAMETER DESCRIPTIONS FOR BIOTRANSFORMATION/TRANSPORT

MODEL*
*Para,neter in parentheses denote that presented in Appendix A

B (b) Cell Decay Coefficient (day1)

BI Enzyme Decay Coeff. (day'); set to 0 for ED continually present

CDOD (do) Cell Decay Oxygen Demand (g EA/g cells)

CPD2-5 Injected Concentration of ED at Various Pulsing Times (mg/L)

CPSA1 1st Injection Concentration of EA Substrate (mg/L)

CPSA2 2nd
Injection Concentration of EA Substrate (mg/L)

CPSD1 1st
Injection Concentration of ED Substrate (mg/L)

CPSD2 2nd
Injection Concentration of ED Substrate (mg/L)

CS22PI Initial Aq. Conc, of CAH#2 within Aquifer (mg/L)

CS22PIO 1st Injection Cone. of CAH/2 (mg/L)

CS22P1-3 2nd 3rd & 4th Injection Cone. of CAH#2 (mg/L)

CS2I Initial Aq. Cone. of CAH #1 within Aquifer (mgIL)
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APPENDIX K, CONTINUED
PARAMETER DESCRIPTIONS FOR TRANSPORT MODEL

CS2PI 2nd Injection Concentration of CAH #1 (mg/L)

CS2PIO 1st Injection Conc. of CAH #1 (mg/L)

CS2PI2 3Id Injection Cone. of CAH #1 (mg/L)

CS2PI3 4th Injection Conc. of CAl-i #1 (mg/L)

CS2PI4 5th Injection Cone. of CAH #1 (mg/L)

CSAPIO Initial Aq. Cone. of EA within Aquifer (mg/L)

CSDPIO Initial Aq. Cone. of ED within Aquifer (mg/L)

CXAI (X0) Initial Uniform Distributed Biomass (mg/L)

D (Fa) EAIED Utilization for Biomass Synthesis (g EA/g ED)

DENB (Pb) Density of Solids for Retardation Calculation (kg/L)

DHI (Dh) Dispersion Coeff. (input parameter) (m2/day)

FD (fd) Fraction of Degrading Cells (0.8 per literature)

FK (Fkl) Mass Transfer Rate Sorption Parameter for CAFI#1 (day')
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APPENDIX K, CONTINUED
PARAMETER DESCRIPTIONS FOR TRANSPORT MODEL

FK2 (Fk2) Mass Transfer Rate Sorption Parameter for CAH#2 (day')

HT Time Step for Calculating Values (days/iteration)

(Time Step = NT*IIT)

(Total Simulation Time NSTOP*HT)

ICXAI Whether or Not There is Initially Distributed Biomass (yes 1)

IDBRK Location (Node) for which Data is Recorded/Printed

IMAX No. of Spatial Nodes within Test Zone, spacing = (IMAX-1)/XMAX

IPRINT Whether or not to Print (yes = 1)

IRAD Determines whether Radial Coords. are Used (yes 1)

K (k1D) Maximum Utilization Rate of ED (mg/mg/d)

K2 (k111) Maximum Utilization Rate of CAHl (mg/mg/d)

K22 (km2) Maximum Utilization Rate of CAH/2 (mg/mg/d)

KD (kdl) Sorption Coeff of CAW/1 (L/kg)

KD2 (kd2) Sorption Coeff of CAH#2 (L/kg)
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APPENDIX K, CONTINUED
PARAMETER DESCRIPTIONS FOR TRANSPORT MODEL

KHAL (KHAL) Haldane's Constant (a measure of ED's toxicity, high # > low tox.)

KIC1D(KIç1D) Competitive Inhibition Constant of CAH#1 on ED (mg/L)

KIC2D (KI2D) Competitive Inhibition Constant of CAH#2 on ED (mglL)

KIU1D(KJUID) Noncompetitive Inhibition Constant of CAH#1 on ED (mg/L)

KIU2D(KIU2D) Noncompetitive Inhibition Constant of CAH#2 on ED (mg/L)

KICD1(KIDl) Competitive Inhibition Constant of ED on CAH11 (mg/L)

KIC21(K1021) Competitive Inhibition Constant of CAH2 on CAH#1 (mg/L)

KIUD 1 (K11) Noncompetitive Inhibition Constant of ED on CAH# I (mgIL)

KIU21 (K11121) Noncompetitive Inhibition Constant of CAH#2on CAH#1

KICD2(KICD2) Competitive Inhibition Constant of ED on CAH#2 (mg/L)

KIC 12 (K112) Competitive Inhibition Constant of CAH# 1 on CAH#2 (mg/L)

KIUD2(K1112) Noncompetitive Inhibition Constant of ED on CAH#2 (mg/L)

KIU12 (Kj12) Noncompetitive Inhibition Constant of CAH#1 on CAH#2 (mg/L)
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APPENDIX K, CONTINUED
PARAMETER DESCRIPTIONS FOR TRANSPORT MODEL

KS2 (Ki) Half-Saturation Coeff for CAH#1 (mg/L)

KS22 (K2) Half-Saturation Coeff. of CAI-I#2 (mglL)

KSA (KSA) Half-Saturation Coeff for EA (mg/L)

KSD (KSD) Half-Saturation Coeff for ED (mgIL)

NSTOP Total # of Iterations

NT Iteration Step at which to Record/Print values

(Time Step NT*HT)

PORI (p) Porosity (input parameter)

PS 1-5 Time @ which Inj. (boundary) Conc. changes for CAH#1 (days)

PS21-3 Time @ which Inj. (boundary) Conc. changes for CAH#2 (days)

PTO-3 Time @ which ED Injection (boundary) Conc. & pulse duration change

(days)

PULSE 1-6 Pulsing Duration for injecting ED, odd #s (days)

Pulsing Duration for injecting ED and EA (total cycle!), even #s (days)

QLI (Q) Volumetric Flow Rate (m3/day)
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APPENDIX K, CONTINUED
PARAMETER DESCRTPTIONS FOR TRANSPORT MODEL

TC (T1) Transformation Capacity of CAH#1 (mg cells/mg CAH#1)

Yes! This is inverse of standard TC (mg substrate/mg cells)

TC2 (T2) Transformation Capacity of CAH2 (mg cells/mg CAH2)

Yes! This is inverse of standard TC (mg substrate/mg cells)

THICK Aquifer Thickness (m)

WIDTH Aquifer Width (m)

XMAX Total Simulation Distance (m)

Y Cell Yield (mg cells/mg ED)

YE ec/ed Yield for Oxygen Consumption
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APPENDIX L
INITIAL MICROBIAL DISTRIB UTION ASSUMED WITHIN AQUIFER FOR

BIOAUGMENTATION MODELING*

Table Li. Initial Microbial Distribution for Biotransformation Simulations.

Dist (m) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Cone (mgIL) 12.0 6 3 2 1 .5 .25 .125 .06

Dist(m) 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Cone (mgIL) .03 .02 .01 .01 .01 .005 .0025 .001 .0005

Dist(m) 1.8 1.9 2.0 2.1 2.2 2.3 2.4

Cone (mgIL) .0005 .0005 .0005 .0005 .0005 .0005 .0005

*usedfor modeling in Section 5.5.
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APPENDIX M
1,1-DCE TRANSFORMATION CAPACITY (TCDCE) INPUT VALUES FOR

SENSITIVITY ANALYSIS OF BIOTRANSFORMATION/TRANSPORT MODEL

Table M.1 TCDCE Input Values for Sensitivity Analysis.

mg 1,1-DCE/ mg cells*

0.0167

0.025

0.05

pjg cells/mg 1,1_DCE**

60

20

*Conventjonal units used for transformation capacity
**Un its used for input with biotransformation/transport model






