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Abstract

A model was developed to predict substrate concentrations for bacterial
growth in a groundwater system. The model coupled substrate transport and
oxidation by cells with bacterial growth. A reactor was designed that could test the
model’s ability to correctly predict the biological and physical phenomena governing
the reactor setup. In order to design the reactor, I needed a methanotroph strain
capable of attaching well to sand contained in the reactor. Ifound that
Methylomicrobium albus BGS8 cells attached strongly to the pretreated Ottawa sand
used for the reactor solid phase. I also analyzed the effect of copper on methane
utilization kinetics for this strain because prior evidence suggested copper may
influence kinetic parameters. I found that copper did not have a statistically significant
effect on methane utilization kinetics under the experimental conditions used. Ialso
found that the mathematical model worked well to predict methane concentrations
throughout the reactor over time. Model input parameters were then analyzed for
their influence on model predictions. I found that the Michaelis-Menten maximum rate
of methane utilization and Monod maximum specific growth rate had the largest effect
on model predictions. Ialso found that mass transfer from the bulk liquid to bacteria
attached to particles could have a large impact on model predictions. The mass
transfer effect was greatest when the substrate concentration was less than or equal to
the Michaelis-Menten affinity coefficient and Monod half-maximum growth rate

constant.
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Chapter 1

Introduction
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1.1 Groundwater Contamination

Several studies have demonstrated the vast nature of hazardous waste
contamination of the nation’s groundwater supply (Westrick et al., 1984). The main
pollutants found in groundwater are volatile organic carbon compounds, generally
chlorinated hydrocarbons. In addition, several semi-volatile organic carbon
compounds such as polynuclear aromatic hydrocarbons are widely distributed in
groundwater systems. Enhanced methods of remediation are needed for hazardous
waste containment and decontamination of the groundwater supply because currently
accepted methods do not remove the bulk of the contamination. Until the last decade,
technological advancements in the treatment of groundwater contamination were not
achieved. However, recent political pressure has caused government to emphasize
new technological developments in remediation. This has come about due to
recognition of the amount of expenditures put into studying groundwater

contamination rather than remediating polluted sites.

1.2 Forms of Remediation

The main method of remediation currently under use for contaminated
groundwater is a process called “pump and treat” (Travis and Doty, 1990). This
involves pumping clean water into a contaminated aquifer and pumping contaminated
groundwater out of the system through a well downstream from the input water. The
water pumped out is treated above ground and then either returned to the aquifer as
clean water or used for other approved purposes. The above ground treatment takes

many forms, including, but not limited to bioremediation, chemical treatment such as
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ozonation, and physical treatment such as contaminant volatilization. While the “pump
and treat” method can work well to prevent contaminants from spreading beyond the
original site of contamination, the method does not adequately remove the bulk of the
contamination from the system (Travis, 1992). This is due to the strong adsorption of
many contaminants to the solids fraction of the aquifer as well as the presence of non-
aqueous phase liquids (NAPLs), which have a tendency to remain stagnant.

Several solutions to this problem exist. One possibility is adding compounds to
the aquifer to increase the desorption of contaminants from the solids or NAPLs into
the liquid phase coupled with pumping clean water through the water column.

Another strategy is using in situ bioremediation. The research presented in this thesis

focuses on predicting the best strategies for this area.

1.3 Bioremediation

Bioremediation is defined in this thesis as the use of microorganisms for
degrading hazardous wastes to less hazardous wastes, or, preferably, to inert
compounds such as carbon dioxide, chloride ions and water. Two types of
bioremediation may take place. These are intrinsic and enhanced bioremediation.
Intrinsic bioremediation occurs naturally, without the addition of compounds that may
enhance the ability for bacteria to break down contaminants. This type of
bioremediation has been given more attention recently because it is becoming more
widely recognized and it is less expensive than the alternative form. Enhanced

bioremediation, as its name suggests, is bioremediation done in a way which enhances
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the bioremediation that would take place without the addition of any compounds to a

contaminated site.

Many options exist for enhancing in situ bioremediation. These include:

e adding a combination of nutrients, carbon sources, cometabolic substrates, and/or
terminal electron acceptors to a site to promote the growth of bacteria naturally
present in the system capable of degrading the contaminant of concern,

e adding microorganisms known to degrade specific wastes to a contaminated site,
and

¢ adding microorganisms that have been genetically engineered to degrade the
contaminants of concern to a site.

The research presented herein focuses on the first of these three alternatives.
Nutrients are an essential component for cellular growth. Often they are at limiting
quantities in natural environments. The terminal electron acceptor for aerobic
processes, oxygen, is usually limiting and is often added to systems undergoing
enhanced bioremediation. Carbon sources are needed only if the contaminants cannot
serve as a carbon source and a natural carbon source for the desired bacteria is not
present in sufficient quantity to support the bioremediation treatment. Cometabolic
substrates are needed when the contaminant does not serve as a carbon or energy
source. Addition of the cometabolic substrate enables growth of bacteria capable of
degrading the contaminant. Upon growing, the cells produce an enzyme that can
oxidize or reduce the contaminant.

This work focuses on the problem of bioremediation of trichloroethylene

(TCE) by methanotrophs, bacteria that grow on methane as a carbon and energy
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source. These cells produce methane monooxygenase (MMO), an enzyme that
oxidizes methane to methanol. Two forms of this enzyme may be made by
methanotrophs. These are soluble MMO (sMMO), which is present in the cytoplasm,
and particulate MMO (pMMO), which resides in cell membranes. Soluble MMO has a
broad substrate range while pMMO has a much narrower substrate range (Burrows et
al., 1984). The particulate form of the MMO is believed to oxidize TCE to TCE-
epoxide. Soluble MMO oxidizes TCE to TCE-epoxide or to chloral (Fox et al.,
1990). TCE-epoxide undergoes a number of different chemical reactions to form less
toxic intermediates. These intermediates and chloral can be oxidized by other
ubiquitous bacteria to form chloride, water, and carbon dioxide.

Site remediators add methane to TCE-contaminated sites in order to enhance
the growth of methanotrophs naturally present. This process is known as
cometabolism because TCE does not support growth. The addition of methane, a
cometabolic substrate, does enable methanotrophs to grow and then degrade TCE
present in the system.

In order to optimize in situ bioremediation site evaluators need predictive
models to understand the fate and transport of contaminant(s) of concern and nutrients
and substrates needed for cell growth. In addition, laboratory scale reactors
representing simplified aquifer systems are needed for testing predictive models. After
the initial fate and transport questions are answered these reactors can be made more

complex to address additional questions.
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1.4 Modeling Bioremediation

In a real groundwater system many fates exist for chemicals, including
chemical and biological reactions and different types of physical placement in the
system. One important factor is sorption, which can cause a large fraction of the
contaminants to remain attached to the aquifer’s solid phase. Recent evidence
suggests that a certain fraction of specific contaminants is sorbed strongly to inner
portions of soil aggregates. The desorption time for these species is much larger than
for recently sorbed molecules. Another important factor is whether the contaminants
have the same density as water. If not, the contaminants may form non-aqueous phase
liquid contaminant fractions (NAPLs). These can exist throughout the contaminated
area, ranging in size from small, millimeter diameter NAPLs, to large pools of NAPLs
floating on the surface of the aquifer (gasoline, for example), or sinking to an
impermeable zone (dense liquids such as TCE).

The fate and transport characteristics of all added nutrients, substrates, and
terminal electron acceptors are also key factors for modeling bioremediation.
Depending on the aquatic chemistry of the system, these added components may
adsorb to aquifer solids. This would decrease the distribution of these species
throughout the aquifer.

Cells present in the system may be attached to solid surfaces or floating freely
in the water phase. Past evidence suggests that most of the cell mass in natural
systems will be attached to the solid phase of the aquifer (van Loosdrecht et al.,

1990). The contaminant degradation time will be dependent upon whether cells are
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moving with the water in the system or remaining in one point in space as the water
moves past the biomass.

Kinetic parameters for cell growth, substrate utilization, and contaminant
breakdown by bacteria also strongly affect the time needed for bioremediation. If
cometabolic substrates are added, specific strains of cells capable of degrading
contaminants will likely outcompete other strains. Different conditions such as fixed
nitrogen limitation, phosphate limitation, carbon or energy limitation and contaminant
bioavailability will all affect the bioremediation potential.

Modeling in situ bioremediation is a complex task due to the number of
different parameters affecting this process. Past modeling attempts have succeeded in
predicting liquid phase contaminant concentrations (Semprini et al., 1992). However,
the kinetic parameters described above are generally fit for the models and much
leeway exists for fitting data.

The work presented herein describes a method to test predictive models
without the need for fitting parameters. A reactor representing a simplified
groundwater system was developed to address and answer specific questions regarding
contaminant fate and transport in a bioremediation scheme. The system can be used to
break down the larger fate and transport questions into smaller, more approachable
questions. Once the initial questions are answered, the system can be modified to

include additional chemical fates in order to address further fate and transport issues.
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Chapter 2

Modeling Transport Coupled with Substrate Oxidation
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2.1 Abstract

A theoretical model representing the fate and transport of a substrate capable
of supporting methanotroph growth in a groundwater system is described. The fate
considered is bacterial metabolism of the substrate coupled with microbial growth.
Previously published models related to this field are reviewed. The model presented
herein includes characteristics from several different published models and a different
method for describing substrate oxidation. This oxidation is modeled by Michaelis-
Menten kinetics. Modified Monod kinetics are used to describe methanotroph growth.

It is assumed that the bacteria attached to particles form a monolayer, i.e., substrate
diffusion through a biofilm is not considered. A numerical method for solving the
arising coupled set of partial differential equations is presented. Analytical solutions
for simplified model cases are compared to numerical simulations to show the validity

of the numerical solution.
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2.2 Introduction

Transport of chemicals in porous media coupled with non-linear reaction and
absorption to solids is a complex process. Many researchers have attempted to model
the fate of biodegradable compounds in porous media systems such as groundwater
(Semprini et al., 1991, 1992; Schafer et al., 1992; Taylor et al., 1991; Wu et al., 1990;
Dhawan et al., 1991, 1993; Angley et al., 1992; Molz et al., 1986; Widdowson et al.,
1988). Only a few of these models were compared to real systems (Semprini et al.,
1991, 1992; Angley et al., 1992). The models that were compared to physical systems
were fairly successful in correctly predicting experimental data. However, researchers
fit many model parameter values to force the model to correctly predict data; not all
parameters were defined before running a simulation. This thesis presents a model that
includes non-fitted parameters. Each model parameter is determined by direct
measurement or by empirical equations rather than being fit to force simulations to
correctly predict data obtained in column experiments.

The model described in this chapter is a simplified one-dimensional transport
model. Itis based on the advection-dispersion equation, which is modified to include
substrate oxidation by bacteria. This oxidation is modeled by Michaelis-Menten
kinetics. Cell growth over time is modeled by Monod kinetics. A full description of

these kinetic models is contained in Section 2.4.

2.3 Review of Models Previously Published

Several models in the literature discuss transport coupled with substrate and/or

contaminant oxidation by bacteria in groundwater (Semprini et al., 1991, 1992;
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Schafer et al., 1992; Taylor et al., 1991; Wu et al., 1990; Dhawan et al., 1991, 1993;
Angley et al., 1992; Molz, et al., 1986; Widdowson et al., 1988). There are several
common features to most models and some differences. All models utilize the
advection-dispersion equation for transport and incorporate a sink term for microbial
metabolism of substrates, electron acceptors and/or contaminants. The equations for
metabolism are generally consistent, using modified forms of Monod kinetics to
represent both cellular growth and metabolite oxidation. One model does not include
bacterial growth and simplifies the kinetics of uptake to a first-order model (Angley et
al., 1992). This was probably done because the researchers were looking at effects of
non-equilibrium metabolite sorption to solids in addition to microbial metabolism.
Most models include a retardation factor to represent equilibrium sorption of
compounds to aquifer solids. It is not common for these models to contain non-
equilibrium sorption, though as described above, an exception does exist (Angley et
al., 1992). Also uncommon is to include mass transfer resistance to metabolite
utilization by bacteria attached to particle surfaces (Semprini et al., 1991; Schafer et
al., 1992; Taylor et al., 1991; Wu et al., 1990; Dhawan ef al., 1993). Only one group
consistently incorporates mass transfer resistances (Molz et al., 1986; Widdowson et
al., 1988). A short discussion of the importance of including the boundary layer is

found in one of these papers (Widdowson et al., 1988).



2-5
2.4 Overview of Michaelis-Menten and Monod Kinetics
Michaelis-Menten substrate utilization kinetics and Monod growth kinetics
display similar mathematical characteristics. The Michaelis-Menten equation has the
form (Lehninger, 1982):

Vmax S

V= 2-1
K,+S @-1)
where:
. . ms 3
A% = velocity of reaction (I—;t—j (m, is the mass of substrate)
. m
S = substrate concentration (—l—a—)
- . . mS
Vmax = maximum velocity of reaction [ﬁ)
Kn = affinity coefficient, or substrate concentration at half the maximum
m
velocity of reaction -l—;-
The Monod equation for growth kinetics has the form (Monod, 1949):
umaxS
= maxd 2-2
H o +5 (2-2)
where:
1) = specific growth rate of cells (1/1)
Hmax = maximum specific growth rate (1/¢)
K Suorotg substrate concentration at half the maximum growth rate (%)

The Michaelis-Menten model is based on theoretical assumptions about

enzymatic processes while the Monod growth equation is empirical. The assumptions
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and theoretical basis for the Michaelis-Menten equation are described in Section 2.4.1.
Modified Monod equations used in the literature for both substrate utilization and cell
growth are presented in Section 2.4.2. A description of the equations used for

modeling substrate utilization and cell growth in this thesis is contained in Section 2.5.

2.4.1 Derivation of Michaelis-Menten Kinetics

The Michaelis-Menten model assumes that an enzyme and substrate form an
enzyme-substrate complex, which either forms a product and regenerates an enzyme

molecule or reforms the original enzyme and substrate molecules. The reactions are:

E+Set— > ES (2-3)
ES—2E+P (2-4)
where:

E = enzyme

S = substrate

P = breakdown product

If we assume pseudo-steady-state conditions, where the concentration of the enzyme
substrate complex is approximately constant, then the breakdown and formation of ES

are equal. Thus,

k([E,]-[ES))(S) = k_,[ES] + k, [ ES] 2-5)
where [Et] is the total enzyme including free enzyme and enzyme containing the
substrate. The pseudo-steady-state assumption holds if the total number of enzyme

molecules is much less than the total number of substrate molecules. This is true for

most enzymatic reactions. Rearranging the equation, one obtains:
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kl

The velocity of reaction, V, is equal to k2*[ES]. Thus,

AN k,|E,|[S]
Ly ‘%‘ @7

[§]+——2
kl

Setting Ky, = (ky+ka)/ky, and Vua = ko *[E], equation 2-1 is derived:
v = VS 51

K, +S @D

In whole cell experiments, as opposed to pure enzyme experiments, the
maximum rate of consumption depends on the cell concentration, assuming that each
cell has the same number of active enzymes. The equation is then written:

— VmaxS
T K +S

(2-8)

where V. now represents the maximum velocity found with whole cells and K is the
substrate concentration at half the maximum velocity in whole cell experiments.

Here, Vmax is normalized to the total amount of liquid in the reactor. Itis
common in the literature to report values of Vmax as the maximum rate of substrate
utilization normalized to total cell mass, rather than to liquid volume. In this case, the
equation is:

Vmax ' S

T K +S -9

The units for V and Vmax' in this equation are:
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£y

m
rate of substrate utilization per unit cell mass (t
m

<.
I

c

) (m, represents

substrate mass, m, represents cell mass)

Vinax

) m
maximum rate of substrate utilization per unit cell mass(t - ]
mt‘

Note that with these units, V' does not equal -dS/dt. V' must be multiplied by the cell

concentration to obtain -dS/dt.

2.4.2 Modified Monod Kinetic Equations Used in Published Models

The environmental engineering literature most commonly uses modified
Monod kinetics to model both cell growth and substrate utilization (Widdowson et al.,
1988). Substrate utilization is linked to cell growth via a yield coefficient (mass cells
produced per mass substrate oxidized). Cell growth and substrate utilization are
considered functions of both electron donor (substrate) and electron acceptor
(oxygen) concentrations. The typical equations follow (Semprini et al., 1991;

McCarty, 1975):

8—X— S 0 X X (2-10)
or Fek, 45K, +0 M ”
—ai—i 8—X+ X 2-11

at - Y at .udec ( - )

90 _FIoX  xlvafux—2 (2-12)

8t - Y at udec cfd ludec KSMGMO +O -
where:

. mc
X = cell mass concentration (1—3)
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. [(m
substrate concentration (—Fx)

. m
substrate half saturation constant (1—3)

) m
Oxygen concentration (1—;)

m
oxygen half saturation constant (—l—;)

specific decay rate of cells (1/f)

m
cell yield coefficient (-—”J
m

5

stoichiometric ratio of substrate to oxygen utilization for cell growth
(moxygen J
msubstmte

moxygen
cell decay oxygen demand (—)
m

cell

biodegradable fraction of cells (-)

Several key assumptions are inherent in these equations. These include:

1y
2)

3)

Cell yield is not a function of substrate or oxygen concentrations.

The stoichiometric ratio of substrate to oxygen utilization, F, is constant.

Oxygen is consumed only by cells utilizing the substrate or dead cells for

carbon and energy.

Assumption 1 is contradicted by literature data. Researchers have shown that

as the methane:oxygen ratio was decreased from 2 to 1 in the feed to a chemostat

grown methanotrophic culture, the yield coefficient increased by a factor of 2
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(Morinaga et al., 1979). In addition, F increased by a factor of 2 when the cells were
switched from oxygen limitation to methane limitation. Finally, in natural systems, a
wide variety of bacteria are present. Many naturally occurring bacteria would be
capable of aerobically oxidizing carbon matter present in the system. This would
negate assumption 3.

It also appears that several papers have confused the concept of cell
maintenance energy with cell decay. In the Semprini model (1991) the equations
above are used. However, the references in the paper for the value of [z, are cell
maintenance energy coefficients (Heijnen et al., 1981). In papers by Molz et al.
(1986) and Widdowson et al. (1988), the authors use equations similar to 2-10
through 2-12 above. However, they describe fiz.. as a maintenance energy term, and

then in the paper define the variable as a decay term.

2.5 Proposed Model for Substrate Utilization and Bacterial Growth

There are many difficulties involved in modeling substrate utilization and cell
growth, as described in Section 2.4.2. While the models presented in the literature are
widely accepted, they generally do not incorporate information about microbial
physiology. However, these models are a good first approximation. In order to
directly test the applicability of the model I have presented herein, I simplified the
physical system in my column experiments. First, I ensured that the oxygen
concentration in the liquid phase was much greater than the enzyme affinity coefficient

for oxygen (i.e., [02] >> K, ). Thisis described more thoroughly in Chapter 5.

By using oxygen concentrations at this level, I can set:
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(0]
=1
+0

SManodo
Substrate utilization is modeled by Michaelis-Menten kinetics:

IS V.. 'XS
ot K +S

(2-13)

(2-14)

Cell growth is modeled by the Monod equation with maintenance energy (Pirt, 1965;

Heijnen et al., 1981):

X
W=(#—G)X foru>a

—=0 foru<a

specific growth rate (1/t)

=
Il

specific maintenance energy rate (1/t)

N
Il

and u is defined by equation 2-2:

Koo S
Ke +8§

Monod g

”:

Cell decay is not considered in this model.

2.6 Transport

(2-15)

(2-16)

(2-2)

One-dimensional transport of a contaminant in groundwater, without

degradation or surface adsorption, can be represented by the advection-dispersion

equation:

ac, _ aC, _acC,
dt =D, dx’ ~U dx

(2-17)
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where:
m

Cs = substrate concentration in the bulk fluid phase (—1-3—)
t = time (f)

12
Do = longitudinal dispersion coefficient ry
X = distance (/)
U = average linear groundwater velocity (—t—)

2.7 Modeling Transport Combined with Degradation

The model developed herein considers a monolayer of bacteria attached to
particle surfaces. Substrate or contaminant diffusion through the biofilm is not
considered. Under these conditions, substrate or contaminant molecules moving
through a uniform sandy aquifer containing grains coated uniformly with bacteria can:

1) diffuse to the grain/bacterial surface and react with bacterial enzymes; 2) diffuse
toward and adhere to the surface; 3) diffuse toward and away from the grain surfaces;
or 4) continue moving along the direction of flow. For large grain Peclet numbers,
particles' diffusion boundary layers do not cross one another. This should be the case
for my laboratory column system, where mean particle diameters are 0.6 - 0.8 mm.
Under these conditions, the mass transfer to a particle at a fixed position can be
approximated by:

N =2(C8 -C,) (2-18)

substrate 5
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where:
Nubstrate = flux of substrate from the bulk fluid to a particle surface [{%)

12
D = substrate diffusion coefficient (T
) = particle diffusion boundary layer thickness (/)

. [m
Go = bulk concentration (1—3)
: ) m

G = substrate concentration near the surface of particles (1—3)

The diffusion boundary layer thickness is not easily defined. Therefore, a mass
transfer coefficient k. is often employed to represent the quantity D/3. This coefficient
has the units of length/time. For column experiments done in Chapter 5, empirical
relationships are used to estimate k..

The substrate flux to particles must equal the amount of substrate oxidized by
bacteria attached to particles if no surface absorption is occurring. This is the case for
methane. A single-particle-scale can be used to calculate a macroscopic-scale flux in
order to identify concentration changes in the bulk liquid due to biological metabolism.

The equation follows:

dC, #sand grains  SA 1
. = _N substrate s (2-19)
ot bacterial V, sand grain €
where:

#sand grains

1
% = total number of sand grains per total volume (1—3*)
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SA

W = surface area of cells exposed to fluid per sand grain (/%)

€ = fluid volume/total volume, also known as the porosity (-)

Equation 2-19, can be simplified to:

0 . =-a X N gussirare = —C X kc(CB - CS) (2-20)
b o
where:
X 11 trat 7
= n ——————————
cell mass concentration | = Tuid
2
o = surface area of cells exposed to fluid per unit mass of cells | —
mC

I approximate o using the following assumptions:

. a single cell is a sphere 1 um in diameter,
. one-half the surface of each cell is exposed to fluid,
. a single cell weighs approximately 3 x 10™ g (based on the weight of an

E.Coli cell) (Neidhardt et al., 1990).
Bacterial metabolism is modeled by Michaelis-Menten substrate uptake kinetics

coupled to Monod growth kinetics. The Michaelis-Menten substrate oxidation

kinetics are:
aC, Vo XC, 901
at bact:gity‘l - K.\'+Cs ( - )

Substrate does not accumulate or dissipate over time except by cellular

oxidation. Therefore, the change in the bulk substrate concentration must balance the
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change in the substrate concentration near the surface of sand grains. Combining
equations 2-20 and 2-21, I obtain:

Vmax l XCS

2-22
K+ Cs @22

axk,(Cy - Cy) =

This equation can be solved for the surface concentration in terms of the bulk substrate

concentration:

Vmax' Vmax 2
—(K; + ok -Cp)+ (Ks+a———CB) +4K,C,
= (2-23)

c

C. =
s 2

By incorporating equation 2-20 into the advection-dispersion equation, 2-17, 1
obtain the following overall equation for transport coupled with substrate oxidation by
bacteria:

aC, 9°C,  9C,
> =D U — Xk, (C, —Cy) (2-24)

where Cs is defined by equation 2-23.

The concentration of cells, X, is a function of time and distance. As described
in Section 2.5, Monod kinetics with cell maintenance energy are used to define X(x,t).
The rate of growth of cells is:

a X umax X CS

—87=(,u—a)X=K +Cs—aX (2-25)

SMom,s
Equations 2-24 and 2-25 are the governing equations for one-dimensional
transport of non-adsorbing substrate molecules coupled with oxidation by growing
cells attached to the solid phase of a sandy groundwater system. This set of coupled
partial differential equations is solved numerically by the method described in Section

2.8.
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The boundary and initial conditions are:

Cz(0,t) = f(t) forallt
dC,
= 0 forallt
ox L
Ca(x,0) = 0 forx>0
X(x,0) = g(x) for all x

2.8 Numerical Simulation Method

The first step in solving equations 2-23, 2-24 and 2-25 is to break up the space

dimension into a set of equi-distant nodes. The initial bulk substrate concentration and

cell density are known at all nodes. The next procedure is to move forward one time
step and solve for the new bulk substrate concentration at each node. The QUICK

(Quadratic Upstream Interpolation for Convective Kinematics) method is used to

calculate the first and second derivatives of bulk concentration with respect to distance

(Leonard, 1979). This is a fully explicit method; calculations for all concentrations
determined at t+At are based on the concentrations at time t. The advection term
utilizes a four node difference equation, while central differencing is used for the

dispersion term. The difference equations are:

t

2*C Cpl. —2C, +C,'
Bl _ B x+1 Bx Bx-1 (2-26)

(3x)2 |x (Ax?)

9CB It _ %CB;_g _%CB;_l +%CBL +%CB;+1 (2 27)
x| Ax

X
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The substrate concentration near the surface of particles is calculated using equation

2-22. Cq! is calculated using C,’ and X . The new bulk substrate concentration is:

C,' ., —2C, +C;' 3C_,—3C_ +3C, +3iC -
c,,’,“:(DL ey e e e o (€, - G ) 4Gy (2-28)

After calculating the substrate concentrations at each node at time t+At, the

substrate concentration near particle surfaces and the cell concentration are determined

t+1
. °

for each node. Equation 2-23 is used to calculate C;
The concentration of cells at each point in space is determined using equation
2-25. A fourth-order Runge-Kutta method is used for the simulation. Linear

interpolation is used to identify the substrate concentration near sand surfaces at times

between t and t+At. The equations are:

141 t kl k2 k3 k4
X=X i (2-29)
where:
X; maxC t
k, = At'Ku—_FCSX,‘ (230
S Morod Sx
k 1
AI{X; + _jjumax CS ::T
i, = - (2-31)
KSManod + Csx *
k .
Ar(X; + fjpm Csy?
= — (2-32)
KSMonad + Csx ’
AX ]+ k) 11,0, Cs ' 2-33)
) KSMomxi + CS;:.I



2-18
The computer program written to solve the numerical equations is contained in

Appendix 1.

2.9 Testing the Simulation

In order to test whether the numerical simulation worked properly, it was
compared to analytical solutions of simplified model cases. Under certain conditions,
the kinetic term for contaminant removal simplifies to either 0 or first order kinetics.
These conditions are:

1) The substrate concentration of the oxidizable compound near particle surfaces is
much larger than Ks. The enzymatic capabilities of the bacteria are saturated and
the bacteria degrade the contaminant at a constant rate: Ve X.

2) The substrate concentration is much less than Ks. The term Cs/(Ks+Cs)

approaches Cs/Ks. Equation 2-22 becomes:

Vmax ' XCS

K, (2-34)

anc(CB - Cs) =

Solving this for Cs, and incorporating Cs back into the flux term, the rate of

substrate removal is:

ef |1

Ot |bacieris | 1 K, > (2-35)

metabolism +

Xk, V_'X

If I consider time scales much smaller than the minimum doubling time for
cells, In(2)/Umax, then X remains approximately constant. For this short time scale with

respect to cell doubling time, the macroscopic balance for the first case above is:
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aCy 9*C, _ 9C, ,
=D UV, X (2-36)

For case 2, the balance 1s:

e |1 |

oC, . 9%C,
5 - Pr e Uy IL K, JbB (2-37)

—+
ok, V. 'X

If T assume the concentration of cells, X, is constant and I set the inlet
concentration equal to a constant, C,, I can solve the steady-state solutions for 2-36

and 2-37. These are:

Case 1:

vV 'xx (Dv. 'xY % &L
C,(x)=C, - m*‘;] —( LL’;;‘ Ie Pog P (2-38)
Case 2:

U—~v (U+v)x~2vL
C e(2DLx]_U_ve 2DL
0 U+v
Cg(x) =

v (2-39)
1— U-v D—LL
U+v
where:
1 }
RS L
Xk, VX
v=U\|1+ U (2-40)

Another simplified case is considered: the non-steady case including growth
with the substrate concentration much greater than the affinity coefficients for

substrate utilization and growth. The maintenance energy coefficient is set to 0. The
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dispersion coefficient is also set to 0 in order to solve the coupled set of differential

equations. These are:

0C, 0C,
= -V _'X 2-41
By U e (2-41)
and
dX
—= X 2-42
dt l“l“max ( )

The initial condition is different for this case than for the model in order to uphold the

assumption that C, >> K St and Cp, >> K. The boundary and initial conditions

are:

Ce(x,0) = Co for all x
Cs(0,1) = C, forallt
X(x,0) = Xo for all x

Solving 2-42 and incorporating the resulting equation for X into 2-41, I obtain:

9c,  ac,
ot ox

_Vmax ' Xae Hma! (2_43)

The solution to this PDE is:

Vmax I XO t 'x

C,=C, - (et —1) for t <— (2-44)
VX -

Cp = C, — === gt — gt ) for ¢ > % (2-45)

max

In order to test numerical dispersion in the numerical simulations, one final
case is considered: the advection-dispersion equation with no bacterial metabolism of
substrate. By setting X, to 0, the bacterial sink term reduces to 0. In order to uphold

the fourth boundary condition listed below only times shorter than the time it takes for
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the inlet flow to reach the outlet are considered for this case. The boundary conditions

are:

Ce(x,0) = 0 x>0
Cr(0,t) = C, forallt
X(x,t) = 0 for all x,t
aaCxB _ = 0 forallt

The solution to the advection-dispersion equation for this case is:

Clx.1) :%[e { %} P erf] 22U B (2-45)

JAD, 1
2.10 Results

Analytical solutions are compared to numerical simulations in Figures 2.1
through 2.4. Table 2.1 contains parameter values used for numerical simulations.
Figure 2.1 shows Cases 1 and 2 (steady-state solutions for Cg much smaller and much
larger than the affinity coefficients for substrate utilization). Figures 2.2 and 2.3 show
Case 3 ( non-steady with Cp much larger than the affinity coefficients for substrate
utilization and growth) for times longer and shorter than the time it takes for the
entering fluid to reach the column outlet. Figure 2.4 shows Case 4 (the advection-
dispersion equation with no bacterial metabolism of substrate).

The results for the numerical simulations directly follow the analytical solutions
in all the figures. This shows that the program I designed for the numerical simulation
is correctly predicting solutions to limiting cases of the main partial differential

equations, equations 2-24 and 2-25. Analytical solutions for a range of limiting cases
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were analyzed. Therefore, I can conclude that the program will correctly predict the
solution for the entire substrate concentration range. In addition, data in Figure 2.4
show that numerical dispersion for the simulation is negligible compared to physical

dispersion.

2.11 Conclusions

The literature is filled with an array of models for coupling oxidation of
substrates by bacteria with transport of the substrate in porous media. An attempt was
made to decipher the different published models. A new model is defined based on
physical characteristics of the natural system. Michaelis-Menten rather than Monod
kinetics are used to describe substrate oxidation by bacteria because the Michaelis-
Menten equation has a theoretical basis. The Monod equation is empirical. The
program written to numerically solve the arising partial differential equations gives
results that closely follow analytical solutions to simplified model cases. This program
can be utilized to test the theoretical model’s predictive capabilities. Comparisons of
model predictions to column experiments are presented in Chapter 5. Parameter

analyses and model predictions for natural systems are presented in Chapter 6.
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