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ABSTRACT

A variety of industrial chemicals are thought to be highly recalcitrant to
biodegradation by a single group of either aerobic or anaerobic bacteria. The coupling of
these two groups of microorganisms has become increasingly useful for the biodegradation
of some of these organic compounds including tetrachloroethylene and carbon
tetrachloride. One method of coupling these reactions is to immobilize microorganisms in
Ca-alginate spheres where both aerobic and anaerobic zones exist due to mass transfer
limitations and the biological utilization of oxygen. Aerobic bacteria can then thrive near
tfhe exterior where oxygen is abundant, while the anaerobes flourish in the interior oxygen-

Tee zone.

A model is created to describe the biodegradation of two model compounds by a
mixed culture immobilized in Ca-alginate spheres of 3 mm diameter. Two scenarios
examine tetrachloroethylene biodegradation using different substrates in a mixed culture.
In the third scenario the degradation of 4-chloro-2-nitrophenol using an immobilized pure
culture with glucose as the anaerobic substrate is modeled. A computer program is used to
solve the model and generate data describing effluent concentration from a bioreactor over
time. The model is an explicit, finite-difference scheme using a time step of 0.1 seconds,
with each bead discretized into ten hollow spheres. Fick's Law is used to describe the
diffusion of chemicals into the spheres where the biodegradation is modeled using Monod
kinetics.

This first two scenarios predict significant degradation of tetrachloroethylene (PCE)
under aerobic conditions. In the first scenario the PCE concentration is reduced by 2
orders of magnitude after 140 hours, while in second scenario this occurred after only 24
‘hours. The DCE peak concentration for these two scenarios also occurred at these times.
Steady state was not achieved in the first scenario after the 240 hour simulation, but
scenario 2 achieved steady state after only 70 hours. The simulated data of Scenario 3
compares well to experimental data from Beunink and Rehm (1990) which shows complete
degradation of CNP to CAP after 30 hours, and the subsequent mineralization of CAP.
The concentration profiles of the contaminants, oxygen, and substrates within the beads of
each scenario are also examined. The oxygen profile compares well to experimental data
by Beunink et al. (1989) and the profile data for the substrates and contaminants are
consistent with expectations.
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LITERATURE REVIEW

INTRODUCTION

Biological processes have been used to remediate many different contaminants
produced by man. Secondary (biological) treatment is widely used today to reduce the
organic content in the billions of gallons of sewage produced daily in this country.

A more recent development in the use of microorganisms involves bacterial
degradation of xenobiotic compounds produced for use in agriculture, as industrial
solvents, lubricants, and for a host of other applications. 'Unfortunately, during both the
production and use of these chemicals, accidents and spills are inevitable. Once these
compounds are released into the environment, they are immediately subject to attack by a
host of microorganisms. In many cases, the microorganisms suited to the degradation of
a particular compound are already present in the environment, however, the
environmental conditions may not be suitable for the successful degradation of a
particular chemical. For example, highly chlorinated PCBs typically only degrade under
anaerobic conditions (Brown et al., 1987). If chemicals such as these are released into an
aerobic environment, they can persist for decades. This is illustrated by the persistence of
PCB contamination in the Hudson River, Lake Michigan, and many other areas
(Harkness et al., 1993; Rapaport, 1988; Smith et al., 1990).

Persistent chemical contamination in the environment has been aggressively
pursued by government regulators in the past decade through legislation such as
Superfund, CERCLA, and RCRA. Much of the treatment at contaminated sites uses
nonbiological processes, including incineration, immobilization, and landfilling.
Bioremediation is increasing in popularity due to its low price relative to other options
and the fact that contaminants are often completely mineralized into their innocuous
inorganic constituents. Many of these biological processes must be applied ex situ as

bacteria often require special culture conditions which are not easily reproduced in situ.
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Ex situ biological treatment can usually be well controlled because microorganisms can
be cultured for special degradation processes and contained in a bioreactor. The
bioreactor controls many of the critical variables necessary for microorganisms to
flourish, such as nutrient availability, oxygen supply, and pH.

An alternate and often less expensive method for using bacteria to carry out
biological processes is in situ treatment. This type of treatment has the benefit that
considerable expense can be saved not having to remove the contaminated material to
facilitate treatment. Many studies have been conducted studying in situ treatment in an
attempt to stimulate the indigenous microflora to degrade certain compounds. The
studies usually describe the addition of supplemental minerals and growth substrates
(MacDonald and Rittman, 1993). However, this type of treatment does not lend itself to
rigorous control. Uncertainties often make interpretation of the results quite difficult
These uncertainties are due to differences in microbial population, nonuniform
distribution of supplements, migration of microbial populations, and the general
heterogeneity and anisotropy commonly occurring in many subsurface environments.

Even given the complex conditions under which in situ bioremediation programs
are conducted, techniques exist to effectively degrade many organic compounds. Land
farming, bioventing, and biosparging are all techniques for stimulating microbial
degradation of hydrocarbons and, in many cases, chlorinated aromatics in situ. These
processes often involve supplying oxygen and nutrients to indigenous microflora that
generally are naturally rate limited by either oxygen supply or nutrient availability. The
contaminant is then degraded in a reaction where it becomes the electron donor and
carbon source for microorganisms. Inorganic nutrients such as ammonium nitrate and an
oxygen source such as air or hydrogen peroxide are commonly used to supplement

microorganisms in these processes (Fredrickson et al., 1993).
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CELL IMMOBILIZATION

A process that has potential uses for both ex situ and in situ bioremediation is the
immobilization of microorganisms within a polymer matrix. This type of immobilization
has been pursued during the past decade (Cheetham, 1980; Birnbaum et al., 1982). There
is significant value in understanding the usefulness of preserving the viability of cells by
entrapping them whole and undamaged. A process such as this was described by Nilsson
et al. (1983). Immobilized bacteria have been shown to be effective in degrading many
types of contaminants including chlorinated phenols (O'Reilly and Crawford, 1989;
Portier and Fujisaki, 1986). There are both advantages and disadvantages to this type of
technique. The use of immobilized cells permits the operation of bioreactors at flow rates
that are independent of the growth rate of the microorganisms employed (Nunez and
Lema, 1987). It could also allow in situ applications without allowing migration of the
organisms. However, when microorganisms are immobilized in a matrix, a mass transfer
problem is commonly encountered. This is due to the barrier that exists in the matrix
itself. Common ways to immobilize cells include the use of a polymer matrix of
polyurethane, Ca-alginate, or agar (Gosmann and Rehm, 1988; O'Reilly and Crawford,
1989; Nilsson et al., 1983). These matrices are normally formed into spheres of up to 5
mm in diameter containing a generally homogeneous concentration of cells (Beunink et
al., 1989). Spherical particles also help facilitate column and reactor packing (Nilsson et
al,, 1983).

MASS TRANSFER LIMITATIONS

Mass transfer limitations become evident when one is concerned about the
transport of substrates and nutrients into polymer matrices used to immobilize
microorganisms. Since the matrix forms a semi-solid sphere, diffusion is the primary
method of mass transfer. Of high importance is the diffusion of oxygen into the spheres.

Beunink et al. (1989) studied the oxygen gradients in spherical Ca-alginate beads
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containing entrapped whole cells of Enterobacter cloacae and found a steep oxygen
gradient near the surface of the beads. This resulted in an anaerobic zone in the interior
of the beads. The work of Chang and Moo-Young (1988) centered around estimating the
oxygen penetration depth in Ca-alginate beads. Formulae were developed based on mass
transfer resistances which were tailored according to specific parameters of the
bioreactor, bead shape, and several other variables. From the data presented, it is
apparent that mass transfer limitations, especially for oxygen, are of utmost importance in
maintaining viable aerobes immobilized in a polymer matrix.

In order to properly design and engineer systems containing entrapped
microorganisms in polymer matrices, the mass transfer limitations created by the matrix
need to be understood. The phenomenon of mass transfer resistance in gels entrapping
cells has been extensively studied (Sun et al., 1989; Korgel et al., 1992; Mehmetoglu,
1990; Longo et al., 1992). Most researchers center their attentions on describing the
change in the diffusion coefficient of various chemicals based on the type of gel used and
the cell concentration. Muhr and Blanshard (1982) give a comprehensive review of
diffusion in gels including the governing equations and theory. However, when limiting
the topic of diffusion in gels to that of biological importance and relevance, one can look
to other sources of information such as the review presented by Westrin and Axelsson
(1991). In this review, the theory behind diffusion in gels is developed and the
corresponding equations are derived to obtain final formulae for the prediction of
diffusion coefficients in gels entrapping microorganisms.

There are several variations in theory that lead to different equations governing

diffusion in gels. All of the theories describe diffusion with Fick's law:
-p 3G
F=-D 1)

where F is the mass flux, D is the diffusion coefficient in pure gel, Cg is the solute

concentration in the gel phase, and x is distance in the direction of diffusion. Another
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-equation can be written in terms of De, or the effective diffusion coefficient in gel

containing microbial cells:

F=-Det @

where F and x refer to the gel and C, is the amount of solute per unit volume of the liquid
void phase within the gel. Various theories attempt to obtain D, from D and other
parameters such as the polymer volume fraction within the bead, and the effective
diffusion coefficient within each cell. (Chang and Moo-Young, 1988; Sun et al., 1989;
Mehmetoglu, 1990). The effective diffusion coefficient in a polymer gel is less than the
corresponding aqueous diffusion coefficient (D or Dag). This is for two reasons. First,
the polymer reduces the available volume (or area) to some fraction of the total; called
the exclusion effect. Second, the obstruction effect is created when impermeable polymer
molecules increase the path length which has to be traveled by a diffusing molecule.
Using the above definitions of diffusion coefficients, formulae are developed to
predict the variance of diffusion coefficients with gel type and cell concentration. This
can take two approaches: one is to address the cells as impermeable particles of a finite
size that must be circumvented in a diffusion path, and the other is to allow the cells
themselves to have a small diffusion coefficient unique to themselves which allows some
diffusion to take place directly through the cells. Yan et al. (1989) develop a model that
assumes the cells to be impermeable boundaries. The predictions made by their
equations match their experimental data fairly well. However, there are many different
equations developed by different researchers that fit certain data relatively well (e.g.
Westrin and Axelsson 1991). In all the predictions however, the deviation between the
aqueous diffusion coefficient and that in gels is less that one order of magnitude, and with
cell volume fractions less than 0.3, the effective diffusion coefficient in gel containing
microorganisms is nearly 75% of that in pure gel alone. This leads to the conclusion that

the difference in diffusion coefficients between aqueous solutions and gel beads
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containing entrapped cells is also less than one order of magnitude. In a study by Sun et
al. (1989) which investigated the effect of cell density on the oxygen diffusion coefficient
in calcium-alginate gel, the effective diffusion coefficients ranged from 86% (0 g dry
cell/liter of gel) to 55% (170 g dry cells/liter gel) of the aqueous diffusion coefficient.
The interest in diffusion coefficients in gels is a result of the efforts of some
researchers to create microenvironments in the form of gel beads for the existence and
growth of microorganisms. In order for microorganisms to survive and flourish, there
must be a constant supply of substrate and nutrients. The effective diffusion coefficients
shed some light onto the availability of substrates, etc. to microorganisms entrapped in a
polymer matrix. These matrices then become the habitat for microorganisms that carry

out a certain biological degradation reaction of interest to the researcher.

COUPLED REACTION SYSTEMS

Research has also been conducted that exploits these mass transfer limitations by
utilizing the anaerobic zone created by the depletion of oxygen in the inner radii of each
bead. Beunink and Rehm (1988) studied the possibility of using the aerobic and
anaerobic zones to carry out synchronous aerobic and anacrobic degradation. A model
compound selected by these researchers was 1, 1, 1 - trichloro- 2, 2-bis(4-chlorophenyl)
ethane (DDT). This compound was chosen due to its slow degradation in the
environment and its accumulation in the food chain (Woodwell et al., 1971). The
complete mineralization of this chemical by sequential cometabolic reactions is possible
(Focht, 1972; Focht and Alexander 1970, 1971; Pfaender and Alexander, 1972, 1973).
The cometabolic reactions necessary for the degradation of DDT are both reductive and
oxidative (Guenzi and Beard, 1968). Beunink and Rehm showed that by generating both
aerobic and anaerobic zones inside Ca-alginate beads containing entrapped viable cells,
this sequential reaction could occur and the mineralization of DDT was possible. In their

experiment 40% of the DDT added to their medium was degraded.
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Another study by Beunink and Rehm (1990) investigated the use of this type of
coupled aerobic and anaerobic system in the degradation of 4-chloro-2-nitrophenol. Ca-
alginate was again used as the immobilization material. By co-immobilizing two strains
of bacteria (Enterobacter cloacae and Alcaligenes sp.) and using glucose as the anaerobic
substrate, they were able to show that the coupled reaction did occur with the resultant
mineralization of 93% of the 4-chloro-2-nitrophenol in the culture. Thus, the mass
transfer limitations that would otherwise hamper an oxidative process make possible a
combined oxidative and reductive system that would normally require two separate
bioreactors or two completely different environments.

Karube et al. (1980) were able to show methanogenesis under aerobic condition
utilizing the mass transfer limitations caused by immobilizing cells in agar gel,
polyacrylamide-gel, and collagen, with agar providing the highest rate of methane
production. Using cells immobilized in agar and aerobically incubated at 37°C, methane
production plateaued after 25 days and continued at steady-state throughout the 90 day
experiment. Similarly, Kokufuta et al. (1988) showed both nitrification (an oxidative
process) and denitrification (a reductive process) using cells immobilized in a
polyelectrolyte complex. A co-immobolized culture of Nitrosomonas europaea and
Paracoccus denitrificans was able to completely remove nitrogen (in the form of
ammonia) from the experimental system in 150 hours under continuous aerobic

conditions.

MODELLING

The above studies utilized the diffusion restrictions caused by immobilization
material to create coupled aerobic and anaerobic reactions. However, in addition to
equations governing the diffusion of materials into and out of the matrix, insight is
needed into the extent to which biological transformations occur inside the matrix with

respect to a certain chemical system. Semprini and McCarty (1991) present a nonsteady-
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state model for estimating the growth of an indigenous microbial population in saturated
porous media, resulting from the addition of an electron donor (primary substrate) and an
electron acceptor. Their model presentation is similar to that given by Molz et al. (1986)
and Borden and Bedient (1986), and includes basic microbial and physical processes that
govern transport of chemicals in saturated porous media. Biological parameters include
microbial growth and utilization of electron donor and acceptor.

The rates of microbial growth and decay are assumed to be functions of both
electron donor and acceptor (Kissel et al., 1984; Molz et al., 1986; Borden and Bedient,
1986):

X _ xar] —Co Co | px| - 3
ot Ky +Cp A\ Ky, +C, K, +C,
where:
X = cell concentration (mg/l)
k = maximum donor utilization rate (g donor/g cells d)
Y = Yyield coefficient (g cells/g donor)
Ko = donor half-saturation constant (mg donor/l)
Ka = acceptor half-saturation constant (mg acceptor/l)
b = cell decay coefficient (day)
C. = concentration of electron acceptor (mg/l)
Cp, = concentration of electron donor (mg/1)

and the rates of utilization of the electron donor and acceptor are given by equations (4)

and (5), respectively:
ac, Cp C, -
o __ 4
ot kX[KSD+CD)(KSA+CJ @
aC, Cp C, Cy
—A = _kFX -d f,b. 5
ot KE. (KSD+CDJ[KSA+CA) fa X(KM+CA ©)
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where:

F = stoichiometric ratio of electron acceptor to electron
donor utilization for biomass synthesis
(g acceptor/g donor)
d. = cell decay oxygen demand (g O2/g cells)
fs = fraction of cells that is biodegradable

The above equations are further developed in Semprini and McCarty (1992) to
include cometabolic transformation kinetics where an enzyme such as methane
monooxygenase whose production is stimulated by a certain chemical (e.g.; methane)
fortuitously degrades other compounds present (€.g.; DCE) as well as the stimulating
chemical. This results in equation (6) using a dual Monod expression reflecting the
competition likely between the growth substrate and the non-growth substrate for the
active site of the methane monooxygenase (MMO) enzyme which can influence the rate
of biotransformation of the non-growth compound. As the concentration of the electron

donor increases, there is a proportional decrease in the amount of non-growth substrate

transformed.
aC, C C
— 2 FGRZ 2 [ A ] (6)
ot Ks2+C2+K82CD K, +C,
SD
where:
C, = contaminant concentration (mg/1)
X = concentration of bacteria active toward cometabolic

transformation of contaminant (mg/1)

k, = maximum utilization rate of cometabolism
(mg contaminant/mg cell d)
Ks; = contaminant half-saturation coefficient (mg contaminant/l)
C. = concentration of electron acceptor (mg/1)
Cp = concentration of electron donor (mg/1)
Kg = donor half-saturation constant (mg donor/l)
Ksa = acceptor half-saturation constant (mg acceptor/l)
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F, in Equation (6) is used to describe the activation-deactivation of the

cometabolic process. If the population is growing on the electron donor, that is, if:

% >0 then F.=1;
but, if
% <0 then F, decreases with time according to
d:;“ =-b,F, @)
where

by = rate constant for a first-order deactivation process

Equation (6) is a dual Monod expression reflecting the competition likely between
the electron donor and the non-growth substrate for the active site of the methane
monooxygenase (MMOQO) enzyme which can influence the rate of biotransformation of the
non-growth compound. As the concentration of the electron donor increases, there is a
proportional decrease in the amount of non-growth substrate transformed. There is also a

term for oxygen (the electron acceptor) since it also is required for aerobic. cometabolism.
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INTRODUCTION

Organic solvents with varying degrees of chlorination have many industrial uses.
Tetrachloroethylene (also known as perchloroethylene, PCE) is a solvent commonly used
in dry cleaning. It has been estimated that 6.4E9 kg of PCE were synthesized and
distributed in the United States over the period from 1945 to 1984 (~164 tons/year), with
a significant fraction of this entering the ground because of improper handling and
storage (Abelson, 1990). Due to such widespread contamination, remediation
technology concerning chlorinated solvents is becoming increasingly important. One
promising method of remediation involves the use of microorganisms to degrade, and
ultimately mineralize, organic pollutants.

One type of bioremediation effective in degrading chlorinated compounds
involves the use of coupled aerobic-anaerobic systems. In addition to effectively
removing nitrogen and phosphorus from wastewater, coupled systems are also useful for
degrading toxic chemicals such as PCE, hexachlorobenzene, and carbon tetrachloride
which are recalcitrant under normal, aerobic conditions (Zitomer and Speece, 1993).

Another type of bioremediation involves immobilizing relevant microbial
communities in gel beads that could then be placed into a contaminated area or
maintained in a bioreactor. The immobilization material must be permeable to allow the
immobilized cells access to oxygen, nutrients, and substrates, yet rigid enough to
maintain cell immobilization. This can be accomplished by entrapping cells in a polymer
matrix of agar, Ca-alginate, or some other gel media (Nilsson et al., 1983). The medium
is then formed into spheres of up to 5 mm in diameter which contain a relatively uniform
concentration of immobilized microorganisms.

Entrapping cells in polymer beads creates mass transfer limitations due to the
presence of the polymer matrix. Diffusion becomes the main process by which oxygen,
nutrients, and substrates are transported into the bead (Beunink, et al., 1989). Oxygen

transport limitations often lead to an anaerobic zone within each polymer bead. This
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anaerobic zone can be exploited to carry out synchronous aerobic and anaerobic
degradation that often require two different bioreactors with completely different
operating environments. Beunink and Rehm (1988) were able to show that by using the
mass transfer limitations inherent in Ca-alginate entrapped whole cells, they were able to
effectively (40% degradation) couple aerobic and anaerobic reactions to degrade DDT.
Similarly, Beunink and Rehm (1990) where able to show mineralization of 4-chloro 2-
nitrophenol by coupling reductive and oxidative reactions in a co-immobilized, mixed
culture system.

It is the purpose of this study to develop a predictive model which describes the
biological processes taking place within Ca-alginate beads entrapping whole, viable cells.
We will then show that the mass transfer limitations for oxygen can be exploited to create
a coupled reaction system with an aerobic reaction occurring near the oxygen rich surface
of the beads, while the interior anaerobic zone allows anaerobic processes to occur. This
technique could then be used to predict the effectiveness of a coupled aerobic-anaerobic
reaction for the degradation of a particular chlorinated chemical. The transport of
nutrients, substrates, and oxygen to cells immobilized in the beads will be addressed. The
model will also account for microbial growth which allows for an increased rate of
biodegradation over time. The processes for an individual bead will then be expanded to
describe three bioreactor systems in which the influent stream is contaminated with
tetrachloroethylene (Scenarios 1 and 2) or 4-chloro-2-nitrophenol (CNP) (Scenario 3). In
the first two scenarios PCE is reductively dechlorinated with a substrate (acetate in
Scenario 1 and phenol in Scenario 2) in the absence of oxygen to yield carbon dioxide,
dichloroethylene (DCE), and hydrochloric acid (Scholz-Muramatsu et al., 1989; Vogel
and McCarty, 1985; Krumholz, 1993; Barik et al., 1985). The DCE is then
cometabolized with a substrate (methane in Scenario 1 and phenol in Scenario 2) in the
presence of oxygen to form carbon dioxide and hydrochloric acid (Hopkins et al., 1993).

In Scenario 3 CNP is reduced with glucose as the electron donor to form 4-chloro-2-
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aminophenol (CAP), carbon dioxide, and water (Beunink and Rehm, 1990). The CAP
further degrades aerobically to yield carbon dioxide, ammonia, hydrochloric acid, and

water.

METHODS
SCENARIO DESCRIPTION

All three scenarios follow the same general principles and similar model
equations. It is proposed that due to mass transfer limitations created by the gel, oxygen
diffusion into the gel beads will be limited to a certain radius. This will create distinctly
different environments within the same gel bead for survival of microorganisms. Near
the outer radius of each bead where oxygen is present, an aerobic environment will exist.
However, as oxygen diffuses into the bead, microorganisms living near the outer radii
consume the oxygen faster than it can diffuse into the interior of the bead. This creates a
high oxygen gradient near the surface of the bead, and an anaerobic zone in the interior of
the bead. The creation of this type of coupled aerobic and anaerobic environment has
been demonstrated by Gosmann and Rehm (1988) and Beunink et al. (1989).

The three scenarios presented here differ in the type of contaminant being
degraded, as well as the substrates provided for the microorganisms. In addition, the first

two scenarios use mixed cultures, while the third scenario uses only pure cultures.

Scenario 1

In the first scenario tetrachloroethylene is the contaminant with acetate and
methane being provided as electron donors of the anaerobes and aerobes, respectively. It
is proposed that tetrachloroethylene diffuses into the interior of the bead where it is
anaerobically metabolized to cis-dichloroethylene (Vogel and McCarty, 1985). The cis-

dichloroethylene is then cometabolized in the presence of methane under aerobic
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conditions in the outer, aerobic zone to carbon dioxide and hydrochloric acid. The

contaminant transformations are as follows:
anaerobic (Vogel and McCarty, 1985);

CHO, +2C,Cl, +2H,0 = 2C0,+2CH,CL, +4HCI (E1)
acetate + tetrachloroethylene + water =

carbon dioxide + cis-dichloroethylene + hydrochloric acid
aerobic (Hopkins et al., 1993);

C,H,Cl, +20, = 2CO0,+2HC! (E2)
cis-dichloroethylene + oxygen = carbon dioxide + hydrochloric acid

Other reactions are also occurring in the bead, including the oxidation of methane and
acetate by aerobes in the aerobic zone of the beads. These reactions are shown in

equations (E3) and (I*i4):

aerobic;

CH,+20, = CO,+2H,0 (E3)

methane + oxygen = carbon dioxide + water

C,H,0,+20, = 2CO,+2H,0 (EA4)

acetate + oxygen = carbon dioxide + water

Equations (E1), (E3), and (E4) are the equations representing reactions used by the

microorganisms for energy and growth. Equation (E2) is a cometabolic reaction utilizing
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the methane monooxygenase enzyme and yields no energy to the microorganisms.

Figure 1 shows a schematic of the bead processes in this scenario.

dichloroethylene + oxygen ﬁl;t:: tetrachloroethylene
carbon dioxide + carbon dioxi@e + <'1ichloroethy1ene
hydrochloric acid + hydrochloric acid

carbon dioxide + water carbon dioxide + water

acetatate + oxygen methane + oxygen

Figure 1: Transformations occurring in beads of Scenario 1.

Scenario 2

The second scenario is similar to the first with the exception that phenol is
supplied as the common substrate to be utilized by both the acrobes and anaerobes. This
simplifies the process by only having to follow the concentration of one substrate as
opposed to both the acetate and methane above. The contaminant transformations

occurring in the beads in this scenario are:

anaerobic (Barik et al., 1985);
CH,O+5H,0 = 3C,HO,+2H, (ES)
phenol + water = acetate + hydrogen
and (DiStefano, et al. 1992);
3C,H,0,+2H,+7CCl, +6H,0 = 7C,H,CL, +14HCI +6CO, (E6)

acetate + hydrogen + tetrachloroethylene + water =
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dichloroethylene + hydrochloric acid + carbon dioxide
aerobic (Hopkins et al., 1993);

G,H,CL, +20, = 2CO0,+2HCI (E7)

dichloroethylene + oxygen = carbon dioxide + hydrochloric acid

Another reaction occurring in this system is the growth on phenol by the aerobic bacteria:

CHO0+70, = 6CO,+3H,0 (E8)

phenol + oxygen = carbon dioxide + water

Equations (E6) and (E7) are the contaminant degradation reactions, but (E6) is also the
reaction representing anaerobic growth. Similar to (E2), (E7) is a cometabolic reaction.

Figure 2 shows a schematic of the bead processes in this scenario.

carbon dioxide + dichloroethylene

dichloroethylene+ oxygen + hydrochloric acid
carbon dioxide + phenol + tetrachioroethylene
hydrochloric acid + water

carbon dioxide + water

phenol + oxygen

Figure 2: Transformations occurring in beads of Scenario 2.
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Scenario 3

The third scenario has different substrates and contaminants than Scenarios 1 and
2. It involves the anaerobic transformation of 4-chloro-2-nitrophenol (CNP) to 4-chloro-
2-aminophenol (CAP) using glucose as the anaerobic substrate. This model is taken from
an experiment performed by Beunink and Rehm (1990). The reactions occurring in this

system are as follows:

anaerobic;
4C,H,O,NCl+CH,,0, = 4C,H,ONCI+6CO, +2H,0 (E9)

CNP + glucose = CAP + carbon dioxide + water

aerobic;
C:H,ONCl+60, = 6CO,+NH,+HCl+H,0 (E10)

CAP + oxygen => carbon dioxide + ammonia + hydrochloric acid + water

C,H,0,+60, = 6CO,+6H,0 (E11)

glucose + oxygen => carbon dioxide + water
Equations (E9) and (E10) are the growth reactions as well as the degradation reactions.

Equation (E11) represents the aerobes growing on the anaerobic substrate, also yielding

aerobic biomass. Figure 3 shows a schematic of the bead processes in this scenario.
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CAP+ oxygen CNP + glucose

carbon dioxide + ammonia +
hydrochloric acid + water

CAP + carbon dioxide + water

carbon dioxide + water

glucose + oxygen

Figure 3: Transformations occurring in beads of Scenario 3.

MODEL DEVELOPMENT

Of critical importance to a system utilizing microorganisms entrapped in a
polymer matrix are the mass transfer limitations caused by the matrix itself. In this
simulation, the polymer immobilization matrix consists of Ca-alginate spheres with a
diameter of 3.0 mm. These spheres are treated as semi-solid with molecular diffusion
being the primary process involved in the transport of substrates, nutrients, oxygen, and
contaminants into the spheres.

All three previously mentioned scenarios will be addressed. In each scenario,
contaminated wastewater will be pumped through a theoretical bioreactor containing Ca-
alginate beads with a co-immobilized mixed culture of both aerobic and anaerobic
bacteria, carrying out a coupled aerobic-anaerobic reaction. This type of system has been
reported experimentally in two studies by Beunink and Rehm (1988, 1990) where DDT
and 4-chloro-2-nitrophenol were mineralized using a co-immobilized mixed culture in an
aerobic environment. In another study (Kokufuta et al. 1988) both nitrification and
denitrification were shown to occur under aerobic conditions. All three of these

processes require both oxidative and reductive reactions.
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Each scenario also builds upon the same model equations with slight variations
with the assumption that the process responsible for transport of materials into each cell
is molecular diffusion. To reflect this, the model transport equation will be the standard

equation for diffusion into a sphere:

oC 149, JC)
—=——| r‘D— 1
ot r ar(' or ()
where
C = concentration in the bead (moles/m3)
t = time (sec)
rD radius (m)

= molecular diffusion coefficient of a
chemical in Ca-alginate gel (m?2/sec)
Equation (1) describes the diffusion of a chemical with molecular diffusion
coefficient, D, into each bead with respect to time. Another term (B) will be added to
equation (1) to reflect the utilization of different chemicals by immobilized

microorganisms:

‘ x, }——(FDQC—) +B Q)

where

B = term describing biological utilization
within gel beads (moles/m? sec)

The biological utilization term for all three scenarios is also similar. Common to

two of the three is a form reflecting cometabolism. Only the third involves the direct

aerobic degradation of the contaminant by microorganisms. The contaminants in the first
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two scenarios are broken down through an aerobic cometabolic process yielding no
energy to the microorganisms.

The expression for B in equation (2) is developed below:

%‘- =uX  from Brock and Madigan (1991) )

where

X = microbial biomass (cells)
B = growth rate (sec!)

and from Molz et al. (1986);

C, C, .
= fi 4
L=l [Ko " CD][KA " CA] or normal metabolism 4)

or, for metabolism with non-competitive inhibition caused by an electron donor such as

phenol or toluene (Mathews and van Holde, 1990):

(X, +c,,)(1 +% K, +C,

1

p=p_ Co ] [ Ca ] for inhibited normal metabolism (5)

or, for cometabolism of both the electron donor and the non-energy yielding

contaminant, after Semprini and McCarty (1992):

Cc C,
6
H = Hras cho [KA+CA] ©
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or, combining these equations in a form for non-competitively inhibited cometabolism:

C C
=y < [ 4 ] @)
(Kc+Cc+ KCCDJ(I-FEQ-) KA+CA
KD KI

where
Umx = maximum growth rate (sec!)

Cp = concentration of the electron donor
(moles/m?)

Kp = electron donor half-saturation constant
(moles/m?)

Ca = concentration of electron acceptor
(moles/m3)

K. = electron acceptor half-saturation constant
(moles/m3)

Cc = concentration of the contaminant being
cometabolized (moles/m?)

K¢ = contaminant half-saturation constant
(moles/m?3)

K; = inhibition coefficient (moles/m3)

Since the microbial growth is dependent on the electron donor, and assuming the
only sink for the electron donor is utilization by microorganisms, it follows that the rate
of growth of the biomass will be proportional to the rate of disappearance of the electron

donor. This is shown mathematically in equation (8):

X __ M,

@®

dt dt

where

microbial yield on the electron donor (cells/mole)
mass of electron donor (moles)
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Also, in a cometabolic reaction, the rate of degradation of the contaminant is

proportional to the rate of degradation of the electron donor. This is shown in equation

9):

dMn= dM,

dt dt ®

where

a = proportionality constant representing the ratio of
contaminant transformed relative to electron donor
transformed (dimensionless)

M. = mass of the contaminant (moles)

Now, combining equations (3) and (8):

dM,,=_yX

a oy (10)

combining equations (9) and (10):

dM,
dt

=__£‘_}_ (11)
ay

Substituting equation (6) into equation (11), and dividing by volume:

X C C
B. =_&M‘7_ _—Q_W- A (12)
@V | K, +C,+—2

D
where
bead volume of interest (m?3)

contaminant biological utilization
term (moles/m? sec)

P <
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Finally, combining equations (2) and (12) yields an expression for the change in

concentration of a contaminant undergoing cometabolism in a bead with respect to time:

—C =— | r*Dp.—€ _M___LT Gy
ot r r(r ¢ ar) ayV K:Cp || K, +C, (13

K. +C.+

D

where

D¢ = diffusion coefficient of contaminant in gel
(m?/sec)

Similar expressions can be written using equations (4), (5), and (7) for the
concentration of the electron donor with respect to time in the cases of normal
metabolism, hetabolism inhibited by the electron donor, and cometabolism inhibited by

the electron donor;

19(, ac) u x[ ¢ c .
=2\ p2p. Lo |_ D 4 rmal metaboli 14
a(' 2o )W | Ky+C, || K+, | ROl metabolism - (14)

for inhibited metabolism;
s e ] LA B
rer rsoo (K,,+C,,)(1 D) atta
1

for inhibited cometabolism;

ac, 1&?(2 ac,,) B X C, [ C, ]

—L2=—=—|r'D,—/2 |- B (16)

ot r’or or Va4 (KD+CD+KCCD}(;+_C£) K,+C,

KD 1

where
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Dy = diffusion coefficient of electron donor
in gel (m2/sec)
Equations (13)-(16) are examples of the types of equations that form the basis for
the model in all three scenarios. Likewise, equations of the same form can be written to
describe all chemicals of interest (oxygen, nutrients, etc.) in the biological system; each

having its own slightly different form and parameters.

NUMERICAL STRATEGY AND MODEL PARAMETERS

The differential equations shown above describe the processes occurring in one
bead. These processes will now be extended to a finite number of beads (n) present in a
bioreactor of volume V,, with influent flow Q,, of concentration C;,. The only sink
mechanism from the frame of reference of the bioreactor will be diffusion into the gel
beads. The one-dimensional diffusion across the surface toward the center of each bead
is given by Fick's Law:
aC

F=-DZ
D= (17)

where
F = flux of chemical across a boundary (moles/s m?)
D = molecular diffusion coefficient in gel (m?2/s)

C = concentration of the chemical (moles/m?3)
r = radius of the bead (m)

A mass balance for the mass of a particular chemical in a well mixed bioreactor takes the

following form:
%%l-=Q,.,,C,., -0,.C,.. —FA (18)
where
M = mass of the chemical in the reactor (moles)
A = boundary area over which diffusion

is taking place (m2)
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and

0, =0,

Substituting equation (17) into equation (18), taking A as the surface area of n
spherical gel beads of average radius, R, and dividing by the reactor volume yields
equation (19) which is a differential equation representing the change in concentration of
a chemical in the bioreactor with respect to time. The term dC/dr on the right side of the

equation refers to the chemical concentration gradient at the surface of the gel beads.

v,

T“' =;,Q—(c,.,, ~C,)- 4""’R2 D%%L (19)

In order to implement equation (19), a value needs to be determined for the
surface bead concentration gradient. This is different for each of the scenarios described
above. Making use of equations (13)-(16), the concentration of a particular chemical
(substrate, contaminant, or oxygen) can be determined at a particular radius of each gel
bead. The difference in concentration between the reactor and the outermost radius of
each bead determines the gradient necessary for equation (19).

In each scenario, the behavior of each chemical in a bead can be described by an
equation of the form (13)-(16). However, the concentration of the chemical must be
determined at different radii within each bead in order to account for diffusive transport
and biological utilization. To solve these differential equations, an explicit finite-

difference numerical scheme was used. Using this method, equation (19) can be written:

Courint 0 4nR’ Ciz = Ciry
——-———-" ==(C..-C. .)- D— J 2
" - (Coi=Cond) == . 20)
where
i = time
= radius
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and the values for C,zand C;,, are determined from equations of the form (13)-(16). An
example of equation (16) written using finite difference and solving for C,,,;is shown in

equation (21):

Cc, -2C, +C, C, -C,
CDm.j = At{D D[ et 2 Dzt :|+ E__D_p[___D,d Dy,j-1 ]._

(Ar)2 r; Ar
umaxVXi.i KCD'E c [K C-‘:’CJ,' :l +CD:,,' (21)
[ e o G
\J KD Kl

Using a program written in C, the concentration of a chemical was calculated at
each time step at 10 different radii in one bead that was considered the average of all the
beads. At each radius, the number of bacterial cells was also calculated. Thus at each
time step there was a new chemical concentration and bacterial number. Each scenario
required the calculation of substrate concentration, contaminant concentration, oxygen
concentration, aerobic cell number, anaerobic cell number, and in Scenario 1, a second
substrate concentration. The initial condition for the calculation was that the
‘concentration of all chemicals at time t=0 was zero and the initial cell concentrations
were a finite value. The two boundary conditions were at r=0 (the center of the bead), the
gradient of each chemical was zero, and that the surface of the bead was equal to the
concentration of the surrounding bulk reactor phase liquid concentration. The parameters

used in the program were as follows:
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Parameter Value Description Source*
Scenario
1 2 3
DO2 (cnvs) 1.5x105 1.5x10° 1.5x10° _ Oxygen diffusion coef. in gel t
DDCE (cm/s)  8.4x10% 8.4x10 - DCE diffusion coef. in gel i
DPCE (cm/s)  6.58x105  6.58x10° - PCE diffusion coef. in gel 1
DPHE (cm/s) - 6.75x10° - Phenol diffusion coef. in gel t
DSUB (cmys) 1x10° - - Acetate diffusion coef. in gel 1
* DCH4 (cm/s)  2.1x10° - - Methane diffusion coef. in gel i
('DCNP (cmis) . : 55x10°_CNP diffusion coef. in gel _ T
I DCAP (cn/s) - - 5.7x105 __CAP diffusion coef. in gel t
I DGLU (cnvs) - - 5.4x10% __ Glucose diffusion coef. in gel 1
| KO2 (molar)  3.13x105  3.13x10° 3.4x104 Monod half-saturation constant 30, 30, 11
for oxygen
KDCE 1.03x10°  1.03x10° - Monod half-saturation constant 29
(molar) for DCE
KPCE (molar)  5x107 5x107 - Monod half-saturation constant 15 1]
for PCE
KPHE - 1.59x10° - Aerobic Monod half-saturation 19 H
(molar) constant for phenol
KPHEA - 5x104 - Anaerobic Monod half- 12
(molar) saturation constant for phenol
KSUB 6x104 - - Anaerobic Monod half- ]I
(molar) saturation constant for acetate
KSUBA 1.6x10% - - Aerobic Monod half-saturation t II
(molar) constant for acetate
KCH4 1.25x104 - - Monod half-saturation constant 30
(molar) for methane
KGLU - - 1.33x104  Aerobic Monod half-saturation +
(molar) constant for glucose
KGLUA - - 1.33x104 Anaerobic Monod half- 4
(molar) saturation constant for glucose
KCNP - - 2.5x105  Monod half-saturation constant t+
(molar) for CNP
KCAP - - 2x104  Monod half-saturation constant +t
(molar) for CAP
KIO (molar) 1x107 1x107 8x10°  Aerobic inhibition constant 34
KIP (molar) - 5.32x103 - Aerobic phenol inhib. constant 19
KIPA (molar) - 1.86x10 - Anaerobic phenol inhib. const. 12
Il Ya(cellsimol) 6.25x10'!  3.00x10  2.1x104  Anaerobic yield }, 1,6
'Y (cells/mol) 8x1012 489x101®  2.1x10  Aerobic yield 30, 19 1t
CAPyield - - 4.89x1013  Yield of CAP-oxygen reaction
(cells/mol)
DCEmur (1/5)  8.68x107 _ 1.45x10° - DCE maximum utilization rate 29,18 |
I CAPumax - - 9.6x10¢  CAP maximum utilization rate tt
(1/s)
1x10°5 1.25 %104 7x10°  Maximum aerobic growth rate 30,19, 11
4x10° 3.09x106  2.1x10° Max. anaerobic growth rate t1,3,6
1x1012 1x1012 1x10?2  numb. of cells per gram dry wt tt
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1 taken as 70% of the aqueous diffusion coefficient which was calculated using the size of the molecule in
an expression from Othmer and Thakar (1953) with coefficients modified by Hayduk and Laudie (1974)

11 estimate

% personal calculations comparing AG's of metabolic reactions for anaerobic yield with aerobic yield from
literature

* if more than one reference is given, the order corresponds to the value given for Scenario 1, Scenario 2,
and Scenario 3, respectively

The value of KIO in Table 1 refers to a term of the form:

-1
(1+Eﬁ’ﬂiJ (22)
10
that was used in modeling anaerobic response to oxygen concentration. This form is that
used in non-competitive inhibition of enzymatic reactions. It was added as a
multiplicative term to anaerobic biological terms (B) of equations of form (2). KIO
represents the oxygen concentration at which anaerobic activity becomes severely limited
(Zehnder, 1988). Thus, with increasing oxygen concentration, anaerobic bacterial

activity represented in B rapidly decreases.

RESULTS

A computer program was written in C to solve the equations shown above for
each of the different scenarios. Scenarios 1 and 2 shared the same physical parameters
while Scenario 3, since it was modeled after an experiment by Beunink and Rehm (1990)
had physical parameters unique to itself. Table 2 shows the values of these parameters
used in each simulation. Figure 4 is a schematic describing the setup of each simulation.
It is important to note that the bead volume, number of beads, and cell densities used in

Scenario 3 were only estimates since these parameters were not documented in the study.



Table 2:= Parameters Descril-)-T—ng the Physical
Characteristics of the Reactor Setup in Each
Scenario
Scenario
1 2 3
Total Volume (1) 0.500 0.500
Liquid Volume (1) 0.401 0.401
Bead Volume (1) 0.099 0.099
Number of beads 7000
Bead Radius (mm) 1.5 1.5 1.5
Init. Aerobic Cell 1E8 1E8 SE8
Density (cells/ml)
Init. Anaerobic Cell 1E8 1E8 2E8
Density (cells/ml)
Iiyd. Ret. Time (d) 2 2 -
* estimate
Scenarios 1 and 2 Scenario 3
C... oy C L [ Y
flow mm,l :- . effluent f .. * .
. ——l @ @ . N PY . [ BN J . °
Cin ®e o ° Cout e o °
LA IS * e %le
...' oy 5000 beads —-’lc.: ¢
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Figure 4: Schematics for computer simulations. Scenarios 1 and 2
consist of a continuous-flow bioreactor with influent
concentration Cy,, initial concentration Ci;ia;, and effluent
concentration Co,. Scenario 3 was a batch test with
concentration in the reactor at a given time C,.
Simulations

The following two figures show the effluent over time as predicted by the model.
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Figure 5: Piot of PCE and DCE concentration vs. time for Scenario 1. This

scenario used methane and acetate as the electron donors for the aerobes
and anaerobes, respectively. The initial concentration of
tetrachloroethylene (PCE) in the reactor was 4.86x10- M (8 ppm) and
the influent PCE concentration was 6.03 %105 M (10 ppm). The
dichloroethylene (DCE) concentration in the reactor initially and in the
influent were both zero. The ratio of bulk liquid to gel bead volume in
this simulation was 4:1. The figure shows the effluent concentration vs.
time for this scenario using the additional input parameters shown in
Table 1. For more information on the program used to create the
simulation, see Appendix A.
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Figure 6. Plot of PCE and DCE concentration vs. time for Scenario 2.

Scenario 2 used phenol as the co-substrate to be utilized by both
the aerobes and anaerobes. The contaminant conditions were the
same as in Scenario 1. The liquid to bead volume was the same
as in Scenario 1, 4:1. This figure shows the effluent
concentration vs. time for Scenario 2 using the additional input
parameters shown in Table 1. For more information on the
program written to create this simulation, see Appendix B.

Scenario 3

This scenario was different from the first two in that the simulation was not
entirely theoretical. The goal of this scenario was to simulate an experiment conducted
by Beunink and Rehm (1990). In this experiment, 4-chloro-2-nitrophenol (CNP) was
added to a batch reactor with glucose as the anaerobic substrate. Using beads (as
discussed in the first two scenarios) containing an aerobe, Alcaligenes sp. TK-2, and a
facultative anaerobe Enterobacter cloacae, they were able to completely mineralize CNP.

They showed that the only way this could happen was through a coupled aerobic and
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anaerobic reaction whereby the CNP was anaerobically reduced to 4-chloro-2-
aminophenol (CAP) which was then mineralized by the aerobes.

Although their experiments yielded some kinetic data regarding CNP reduction,
very little data was presented dealing with CAP degradation. As a result, many of the
parameters listed in Table 1 are only estimates. Another critical factor that was not
specified was the ratio of bulk fluid volume to bead volume. The rate of the reactions

vary directly with the number of beads in the reactor. Again, this parameter was

estimated.
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Figure 7: Plot of PCE and DCE concentration and experimental data vs. time for
Scenario 3. The concentration of oxygen in the reactor was assumed to be
1.56E-4 M (~S ppm). The experiment by Beunink and Rehm (1990)involved
a 48 hour incubation of the co-immobilized bacteria in a batch reactor with
0.265 mM initial CNP concentration, no CAP, and 25 mM glucose as the
substrate for both the aerobes and anaerobes with an additional 25 mM
glucose added at t=23 h. During the 48 hours of incubation, 93% of the CNP
was reduced. This figure shows the simulation results along with the
experimental data. For more information on the program written to create
this simulation, see Appendix C.



Model Validation

After each of the first two simulations was completed, an additional simulation
was run as a check for the numerical code. In both cases this additional simulation had
no aerobic activity. By not allowing aerobic activity to take place, the second simulation
becomes a mass balance check for the computer code. The contaminant initially present
in the reactor along with the subsequent contaminant inflow can only be transformed to
its product in a 1:1 ratio with no mineralization taking place. In this case, the
tetrachloroethylene initially present in the reactor in addition to that carried in the inflow
can only be transformed to dichloroethylene, with no subsequent mineralization. Thus,
the basic ethylene molecules are conserved.

The mass balance graph in each of the first two scenarios shows the concentration
of the effluent in the validation (no aerobic degradation, and thus, no mass loss)
simulations. The sum of the tetrachloroethylene and dichloroethylene concentrations is
compared to the analytical solution of effluent from a reactor with a given initial
concentration, C,; influent concentration, C,,; effluent concentration, C,,; volume, V;
and flow, Q:

Cou = G +(Cintias = Cm)e—% (23)
This equation is valid for a well-mixed reactor of homogeneous concentration. The
presence of the beads adds some uncertainty to the applicability of this equation to the
present scenarios, due to the non-homogeneous concentration gradient that exists in each
bead.

The following derivation will show that the above equation is a very close
approximation of the solution for the present systems. The four equations below
represent mass balances for chemical 1 in the bulk phase, chemical 2 in the bulk phase,

chemical 1 in the beads, and chemical 2 in the beads, respectively.
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aC,
Vot '_(;f"”‘" = Q(Cl.m - Cx.buu:) - P;é(cl.m = Cl,bd) (24)

ac
Vs =22 = 0(C,. = Cyvun) = {Co = Cae) eD)

ac, DA
Vw—a-‘t'l"-’=-kVMCw —T(C,M, -Cira) (26)

aC. DA
aibd = kadCZ,bd -T(CZ'M - CZ.M) (27)

Via

where

volume of the bulk free liquid (1)

total volume of gel beads (1)

concentration of chemical 1 in the bulk phase (moles/m?)
concentration of chemical 2 in the bulk phase (moles/m?)
concentration of chemical 1 in the influent (moles/m?3)
concentration of chemical 2 in the influent (moles/m?)
concentration of chemical 1 in the gel beads (moles/m?)
concentration of chemical 2 in the gel beads (moles/m?)
the common diffusion coefficient of both chemical

1 and 2 (m?2/sec)

average radius of a bead (m)

total surface area of all gel beads (m?)

flow through the reactor (m3/s)

(OF 2o
nnon

Equations (24)-(25) consist of an advection term and a sink term (diffusion into
the beads from the bulk phase), while equations (26)-(27) consist of a reaction term and a
source term (also, diffusion into the beads from the bulk phase). For the purposes of this
derivation, the diffusion coefficients for chemicals 1 and 2 will be taken as the same
value. Also, it is only through the biological reaction of chemical 1 that chemical 2 is
formed, thus the equal and opposite reaction terms. Adding equations (24) and (25):

oC D
Vo ;M = Q(Cl.in - Cr,m) - —ré_(cr,m - CT.M) 28)

where



Crin

“bd

total bulk concentration, or, Cpu +C o
total bead concentration, or, C, 4 +C;pq

Now, adding equations (26) and (27):

aC DA
Vou ;t'bd = '_r"(cr.buu = Cr.bd) (29)

Taking that the total mass of chemicals in the system, My, as V 4 Crput VeeCrpa:

dM, dC; . dC; .4
= : V. 2 30
dt g Ve g 30)

Substituting equations (28) and (29) into (30):

d:, = 0(Cran ~ Croa) a1

and writing an expression for the average total concentration, C;:

MT
= ==L 32
v, | (32)

Now, taking the derivative with respect to time of equation (32) and substituting equation
(31) yields:

. - o = —(CT.x'n - CT,bulk) (33)

If equation (33) is integrated and a solution found if the initial reactor

concentration of chemical 1 is Ci,q,, and chemical 2 is zero, the result is equation (23)
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written in terms of the average total concentration. Also, if the influent concentration of

chemical 2 is zero, then, Cu=C,,=C,, and:
C; =Cp +(Coasa —Ca)e (34)

There is one important difference between equations (23) and (34). Equation (23)
is an expression giving the effluent concentration represented by the concentration of the
free liquid, C,.y, while equation (34) expresses the effluent concentration as the average
concentration of the bulk liquid and beads. Therefore, if there is a significant difference
in the total concentration of chemicals 1 and 2 in the beads and in the bulk liquid,
equation (34) and not (23) would have to be used to determine the effluent concentration
from the reactor in the simulations. In order for the use of equation (23) to be valid in the
simulations, C,,, must very nearly approximate C,, which requires Crq be equal to

‘Crpu. Using the data generated from the simulations, it was shown that Crpq and Crpu
differed by less that one percent, thus providing the first verification of the applicability
of equation (23) to these simulations.

The quantity Crpu-Crpe=ACr can also be shown to be small on the condition that
the hydraulic retention time is much greater than the time for a chemical to diffuse to the

center of a bead. Subtracting equation (29) from (28):

"(Cr.m - CT.bd) = .g(cin - CT.bull') - r—z(cr.m - CT.M) @35

Now, substituting AC; and dividing by 2D/r2:

VQ(CM - CT.bulk) AC
=L

A e

r2 r2
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Upon examination of equation (36) it can be determined that ACr is small. The
derivative term on the right side of the equation will be taken as negligible since the
gradient can only change as fast as the bulk concentration changes, which is slow
compared to diffusion. The hydraulic retention time for the first two simulations is 2
days, while the time for diffusion to occur into the center of each bead, given by r2/D is
on the order of 40 minutes. Therefore, diffusion is rapid compared to the change in the
bulk concentration in the reactor even considering biological use of the chemicals. For
this same reasoning, the first term in the equation is also small. Assuming that the
concentration difference is small (<1M) the first term becomes the ratio of the inverses of
the hydraulic detention time and the diffusion time. Since the value of this term is small
(<2%) it shows qualitatively how AC; should also be a small value, with a maximum on
the order of a few percent. Due to this small error, equation (23) does not exactly
describe the effluent from the reactor in the simulations, however, it is a very close
approximation that will be used for the verification of the computer program written to

solve the numerical scheme.

Determination of Mass Conservation

Figure 6 shows the mass balance check for the program used in Scenario 1. In this
case, PCE was transformed to DCE, but any further reaction was prevented. This allows
the PCE to DCE reaction with a subsequent accumulation of DCE. The curves for PCE
and DCE effluent are added together to form a curve for total concentration (Total). This
total concentration is then compared to concentration data points calculated from

equation (23) (Analytical).

49



710° ——

r T T T T T T T T ™ T T T ™)
610° [ S R Y — =
_— E : ]
g 510° < wmsmen PCE (molar)
= - / DCE (molar)
S 410° — — -Total (molar)
® . / e  Analytical (M)
- 5
[ 310
¥ F [Acetate}= 5SE-4 M ]
g 210° C [Methane)= 1.135E-4 M
o r \. [Oxygen]& 1.56E-4 M
110° | N :
: . ]
0 - L1 eepajeems .
0 150 200
Time (hrs)

Figure 8: Scenario 1 mass balance comparing simulated data with an analytical

solution. This graph shows the effluent concentration of the validation
experiment for Scenario 1. The initial and influent concentrations of
PCE, DCE, and substrates are all identical to those used in Scenario 1.
However, in this case, there is no aerobic degradation, so DCE
accumulates as it is produced from the degradation of PCE.
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Figure 9: Scenario 2 mass balance comparing simulated data with an analytical
solution. This graph shows the effluent concentration of the validation
experiment for Scenario 2. The initial and influent concentrations of
PCE, DCE, and phenol are all identical to those used in Scenario 2.
However, in this case, there is no aerobic degradation, so DCE
accumulates as it is produced from the degradation of PCE.

Chemical Gradients

More insight into these simulations can be gained by examining the chemical
concentration gradients within the gel beads. Perhaps the most important concentration
gradient is that of oxygen. The ability for an anaerobic process to take place on the
interior of the bead requires that the majority of the oxygen be used near the outer radii of

the beads. The oxygen concentration gradients for Scenarios 1, 2, and 3 are shown in

Figure 10.
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Figure 10: Oxygen concentration gradients within beads of
Scenarios 1 and 2 after 150 hours of incubation,
and Scenario 3 after 48 hours of incubation.

It is useful to compare the simulated oxygen gradients within each bead to that in
beads that have been used in an experiment. Beunink et al. (1989) measured the oxygen
gradients within 3 mm Ca-alginate beads using an oxygen microelectrode. The beads had
an initial cell concentration of 2x10¢ cells/ml gel bead, and were suspended in aqueous
medium containing glucose as a substrate, and a constant acration rate of 1.7 vvin. The
medium to bead ratio was 2:1. Figure 11 shows the concentration of oxygen in the beads
at different radii.
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Figure 11: Oxygen concentration in the bead at different radii
as measured by an oxygen microelectrode. The
beads were incubated in a glucose medium with
constant aeration (o-bead concentration after 6 hour
incubation, + - oxygen concentration at time zero).

The fitted curve for Scenario 1 in Figure 10 and the curves in Figure 11 are
exponentials. Due to an extremely high gradient near the surface of bead in Scenarios 2
and 3, an exponential does not well describe the shape. However, there are significant
qualitative similarities between the simulated data of Scenario 1 and the experimental
data presented by Beunink et al. (1989) shown in Figure 11.

The PCE concentration gradients in Scenarios 1 and 2 are shown in Figure 12.
Since the PCE is degraded near the interior of the bead, the shapes displayed by the
curves are reasonable. Near the outer radii of the beads the concentration is nearly equal

to that in the bulk phase, but as the interior of the bead is approached, and oxygen
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concentration becomes limited (as shown by Figure 10), the PCE concentration begins to

decline exponentially.
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Figure 12: PCE concentration gradients in beads of
Scenarios 1 and 2 after 150 hours of incubation.

The DCE concentration gradient, however, is not nearly as high as the PCE
gradient, and in the opposite direction. This is because the DCE is being produced near
the center of the bead where the anaerobic reaction is taking place. As the DCE diffuses
outward in the bead it moves toward areas of higher oxygen concentration where it is
mineralized. However, not all the DCE is degraded before it diffuses into the bulk phase.
These DCE molecules are then mixed into the bulk liquid and are free to diffuse into the
surface of any bead where they are degraded. Figure 13 shows the DCE concentration

gradients in beads of Scenarios 1 and 2.
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DCE Concentration (M)

In the first two scenarios the concentrations of the substrates within the beads
remains relatively constant (see Figure 14) due to the fact that these concentrations are
held constant in the bulk phase at levels much higher than the concentrations of the
contaminants. The change in concentration of the substrates is insignificant compared to
the concentration of the contaminant. The substrate concentration gradients for Scenario 1

after 150 hours of incubation are shown in Figure 14. In Scenario 2 the substrate
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Figure 13: DCE concentration gradient in beads of

Scenarios 1 and 2 after 150 hours of incubation.

concentration was 2.5x10# M throughout the bead after 150 hours.
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Figure 14: Methane and acetate concentrations plotted as a
function of depth in beads of Scenario 1 after 150
hours of incubation.

The concentration gradients of Scenario 3 are less enlightening due to the fact that
it was a batch test. The CNP and CAP gradients in the beads of this scenario were quite
small and consisted of concentrations nearly ten orders of magnitude less than those

shown in the previous two scenarios.

DISCUSSION

This study was undertaken in an attempt to show and predict the existence of an
anaerobic zone in the interior of Ca-alginate gel beads immobilizing a mixed culture of
microorganisms, and that this anaerobic zone could be exploited to couple oxidative and
reductive reactions that are necessary for the biodegradation of certain chlorinated

organic compounds. The results from the simulations predicts the existence of an
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anaerobic zone within the gel beads. A model was developed which can be used once the
appropriate parameters are determined. This model can be used to optimize a
biodegradation study prior to actually carrying out the bioreactor experiment.

Figures 5 and 6 showing results for Scenarios 1 and 2, respectively, predict that it
is possible to gain a significant reduction in the concentration of tetrachloroethylene
which requires both an anaerobic and aerobic process for mineralization. Figure 6 shows
that at near t=70 hrs in Scenario 2, steady state is approached. At steady state, however,
there is still a significant amount of DCE that remains without further degradation by the
aerobes. This is because of the inhibitive effects of phenol which has been modeled as a
non-competitive inhibitor. Since the expression for the degradation of DCE depends on
both the DCE concentration and the phenol concentration, as the DCE concentration gets
small, the phenol, and hence the inhibitory effects of phenol begin to dominate the
equation. The DCE concentration is not constant, rather the degradation slows
considerably to the point where the decrease in concentration over time is too small to be
clearly seen on the graph. The parameters governing the function of these simulations
(e.g.; retention time, bulk oxygen concentration, number of beads, etc.) could be adjusted
to optimize the mineralization of PCE.

Scenario 3 was created to test the prediction of the model with experimental data
‘generated by Beunink and Rehm (1990). The results of this scenario in Figure 7 show
that there is acceptable agreement between the simulation data and the experimental data.
The CNP effluent concentration fits well, while the CAP concentrations remain lower and
peak earlier than those shown by the experimental data. However, in light of the fact that
many of the parameters had to be estimated, the agreement is acceptable.

The concentration gradients shown in Figures 10-14 are consistent with what is to
be expected. The oxygen gradient in Scenario 1 shown in Figure 10 approaches an
exponential with a high gradient near the surface. This is consistent with experimental

data generated by Beunink et al. (1989); also shown in Figure 10. The predicted oxygen
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concentration in Scenario 2 decreased much more rapidly than in Scenario 1 most likely
due to the value of y,, for phenol being higher than acetate.

The PCE concentration gradients shown in Figure 12 are also intuitive due to the
consumption of PCE and production of DCE in the anaerobic zone of the beads which
creates opposing gradients with the highest concentration of PCE near the surface of the
bead and the highest concentration of DCE at the center of the bead. The DCE
concentration gradients shown in Figure 13 approaches horizontal with very little change
in concentration over the radius of the bead, although the simulated data for Scenario 1

shows a decreased concentration toward the outside of the bead, which is consistent with

expectations.

Cometabolism

It is important to note here an important factor governing the cometabolic
reactions in the first two scenarios. Since cometabolism depends on the presence of a
growth substrate (electron donor) for the stimulation of production of the enzymes that
can fortuitously degrade DCE and many other compounds, the concentration of the
electron donor must always be significant compared to the concentration of the
contaminant. As discussed previously, Semprini and McCarty (1992) used an expression
that determined whether the microorganisms were increasing in number from growth on
the electron donor to determine the cometabolic activity. If there was enough electron
donor present that the net number of cells was increasing, the cometabolic process
continued unimpeded. This reasoning requires one to assume a death rate. Death rate
being constant, when the electron donor decreases in concentration to the point where the
‘death rate exceeds the growth rate, and the bacterial population on whole begins to
decrease in number, all cometabolic processes drop off rapidly.

This phenomenon is supported by field studies (Semprini, et al., 1990, 1991) and
laboratory experience (Alvarez-Cohen and McCarty, 1991; Henry and Grbic-Galic,

1991). These studies observed that in the case of methane, as in Scenario 1, when the
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growth substrate was removed, the methane monooxygenase enzyme was deactivated and
all cometabolic reactions rapidly ceased. In this simulation, we chose not to use the death
rate activation-deactivation of cometabolic activity because we believed that cell death at
a constant rate was not likely to occur in our simulations. For the purposes of these
simulations, cometabolic activity took place only if the electron donor concentration was
greater than the contaminant concentration. If this was not the case, no cometabolism
would take place. It did not impact these simulations since the electron donor was always

far in excess of the contaminant.

Parameter Variation

Although a change in any parameter changes the output of the simulation, some
parameters are more critical than others. The Monod half-saturation constants that appear
in the denominator of equations of form (13)-(16) have only a relatively small influence
on the shape of the effluent curve while parameters such as the maximum growth rate,
microbial yield, and initial biomass have a greater effect on the simulation output. As
either the maximum growth rate or initial biomass increases, the biodegradation becomes
faster and peaks in the effluent graphs are attenuated. However, if the cell yield is
increased, biodegradation slows peaks in the effluent graphs are accentuated. The bulk
oxygen concentration also plays an important role in determining the resultant
degradation reactions. More oxygen in the system leads to more aerobic degradation and
less anaerobic degradation. Perhaps the most important parameter is KIO. Even one
order of magnitude change in this parameter produces a large variation in the simulation.
A higher value of KIO results in less anaerobic activity due to the inability of the
anaerobes to function at the oxygen concentration given by KIO. This produces an
effluent graph that nears horizontal, or shows no degradation until farther out in time. If
KIO is decreased the anaerobic reaction moves very quickly and much of the contaminant

is degraded in a very short time.
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