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Abstract: The effects of time lag and maximum microbial growth on biodegradation in contaminant transport are discussed. A mathematical model is formulated that accounts for these effects, and a numerical case study is presented
that demonstrates how lag influences biodegradation.
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Introduction

The contamination of groundwater supplies by possibly toxic compounds has
become a problem of great concern in recent years. Under normal soil conditions, substantial amounts of organic compounds can be removed by natural
biodegradation when sufficient nutrients are present [1, 2]. Furthermore, natural biodegradation can be enhanced by the introduction of dissolved oxygen
and other nutrients into nutrient-depleted areas. This process, called in-situ
biorestoration, has shown tremendous potential as a cost-effective remediation
technology in recent field and laboratory studies (e.g., [3]).
Several mathematical models of in-situ biodegradation have been proposed
that describe the transport and interaction of substrates, nutrients, and microorganisms in the subsurface (e.g., [4, 5, 6]). In these models, transport is assumed
to be linear; however, different biodegradation models are assumed. Recently,
the first author studied the effects of microbial lag and maximum growth on
biodegradation, and has proposed a new mathematical model for describing the
reaction kinetics that generalizes the Monod kinetic equations.
In order to quantify the effects of time lag and maximum growth, the kinetics
model has been incorporated into a simulator developed by the last author and
Mary F. Wheeler. In this paper, we describe the mathematical model including
lag and maximum growth and present some preliminary results which demonstrate the effects on biodegradation. A more intensive numerical study of these
effects, and comparison to laboratory experiments, will be presented in a later
paper.
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Figure 1: Hypothetical growth curve for microorganisms
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Description of kinetics

Over the last few years a variety of models have been proposed to describe the
growth of microorganisms in porous media that have addressed both the proper
microbial kinetics to be employed for a variety of situations [4, 5, 7, 8], as well as
issues concerning the effects of the physical distribution of the microorganisms [6,
9, 10]. Despite these developments, there are still many phenomena pertaining
to microbial growth in porous media that are not adequately accounted for. One
such phenomenon is the "lag phase" (or "lag period"), defined as a period of
time during which no microbial metabolism of a newly encountered substrate
occurs because of metabolic limitations.
Figure 1 shows a hypothetical growth curve for microorganisms in porous
media [11]. Although this curve is similar to a conventional batch growth curve,
it has been assumed by modelers to apply to growth in "open" porous media
systems (e.g., [4, 5, 7]), and has been observed in laboratory column experiments.
For the purposes of analysis, the growth curve can be divided into separate stages
that need to be included in the expression of the microbial kinetics. These stages
are 1) the lag phase, 2) the acceleration phase, 3) the exponential phase, and 4)
the maximum/ declining stage.
The occurrence of a lag phase is usually attributed to the need for the microorganism to produce the enzymes necessary for metabolism of the new substrate, but can also be a result of cell damage (other than enzymatic) or stress,
the need to reduce components toxic to the cell in the environment, and a host
of other environmental and cellular factors [12]. Because contaminants can often
be refractory, it is not unusual for microorganisms to exhibit lag times of months

or more for some of these compounds [13]; thus, accounting for microbial lag
times may be particularly important for simulating bioremediation of exogenous
substances. The acceleration phase is a transition between the lag phase and exponential growth. During this period the metabolic pathways needed to degrade
a given substrate increase to their full capacity, at which point the organisms
are in the exponential growth phase. The microbial population will eventually
reach a plateau for one of two reasons. First, growth may become substrateor electron acceptor-limited; this has generally been accounted for in numerical models by using a Monad-type description of substrate uptake. The second
possibility is that microbial mass may become so dense that the production of
metabolic exotoxins or spatial limitations inhibit further growth. In this case,
the microbial mass still removes substrate from the system for maintenance energy purposes; i.e., a certain amount of substrate is required to provide the cell
with energy even where there is no growth. This mechanism has generally not
been considered in previous bioremediation models. Limiting the total microbial mass, however, may be important in bioremediation modeling; in models
that do not limit the total microbial mass, the concentration of microorganisms
may reach unrealistically high values where substrate and electron acceptors are
abundant.
The approach taken here is one that assumes that a macroscopic description
of microbial growth is valid [10, 14]. In order to account for the processes listed
above that may affect microbial growth in porous media, the following set of
equations are suggested for the growth of a single, non-transported microbial
species (X) with the availability of one substrate (S) and one electron acceptor
(0) (X, S, and 0 in units of [M/L 3 ]):
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Variables not previously described in the text are defined as follows: µ=the
maximum specific growth rate [1/T]; Ks=the half-saturation constant for the
substrate [M/ L3]; Ko=the half-saturation constant for the electron acceptor;
b=maintenance energy /microbial decay coefficient [1/T]; Y =yield coefficient

for microbial growth; X m =maximum limiting microbial concentration [M / L 3 ];
tL=the lag time (starting from the time at which initial contact with substrate
is made); tE=the time when exponential growth begins (starting from the time
at which initial contact with substrate is made); f =mass of electron acceptor
used per unit mass of substrate degraded.
In the model, we assume there is no transport of microorganisms, although
this poses no difficulty for the numerical algorithm. This is a reasonable assumption for many subsurface systems because a large fraction of the subsurface
organisms present in both native and contaminated sites are attached to solid
surfaces [15, 16].
The expression for A above is essentially the combination of the logistic
growth model which has been used for some time to describe microbial growth
where maximum concentration limitations occur [17], and the acceleration phase
model proposed in [18]. During the initial period of contact with a substrate
(assuming that the microbial concentration is small compared to Xm) the first
term in brackets in (2) dominates the expression. At times greater than tE, this
term is equal to unity; if the concentration of microorganisms is also much less
than Xm, then (1) reduces to a strictly Monad-kinetics dominated model. If the
concentration of microorganisms gets large enough, the second term in brackets
in (2) dominates the expression, and microbial growth is limited even in the
presence of excess substrate and electron acceptor.
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Numerical method

The transport of substrate component is described by

as

</>Rs8t - v' · (Dv'S- uS)

= </>RsBs(X,S,0).

(5)

= </>Bo(X, S, 0).

(6)

For dissolved oxygen,
80
</>8t - v' · (Dv'0 - u0)

In these equations, </> is porosity, Rs is the retardation factor due to adsorption
of substrate, and Dis the hydrodynamic diffusion/dispersion tensor. Note that
we have assumed a linear Freundlich model for adsorption. The function u
represents the Darcy velocity, which satisfies
u

= -Kv'h,
v' · u

= 0,

(7)
(8)

where K represents hydraulic conductivity and h hydraulic head.
In our numerical simulator we first approximate the Darcy velocity u and
hydraulic head h using a mixed finite element method applied to (7) and (8).

To solve the system of transport and biodegradation equations, given by (1),
(5), and (6), we employ a time-splitting technique. At each time step, we first
approximate transport using a finite element-modified method of characteristics
to solve (5) and (6) with right-hand sides set to zero. The approximations
generated from this step are used as initial data for the system of ordinary
differential equations given by (1), (5), and (6) with D and u set to zero. Here
we use a second-order, explicit Runge-Kutta method and take small time steps,
depending on the stiffness of the system.
This time-splitting approach is described in more detail and analyzed in (19].
Numerical studies of in-situ biorestoration under the effects of variable hydraulic
conducitivity and variable adsorption can be found in (20]. The analysis of this
method shows that for sufficiently smooth solutions, the L 2 norm of the error
at any time level is O(h 2 + ~t).
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Experimental results

To demonstrate the effects of lag on biodegradation, we considered flow through
a homogeneous medium with dimensions 100 meters by 10 meters. A constant
x-velocity of 0.25 meters/day was assumed, with y-velocity zero. We assumed
an initial microbe concentration ( X 0 ) of 0.0015 mg/1. We also assumed an initial
concentration of dissolved oxygen of 10 mg/1. At the inflow boundary we placed
a substrate pulse of width 5 meters. We assumed inflow of oxygen behind the
pulse. The longitudinal mixing length was 0.25 meters, and porosity was 0.3.
220 uniform grid blocks in the x-direction were used in the simulation, with
a transport time step of .2 days, and a reactive time step of 0.001 days. The
kinetic parameters were determined from laboratory experiments. The values
used wereµ= 0.582, f = 1.5, Y = 0.388, Ks= 0.1, Ko= 0.01, and b = 0. In
the definition of A, tE = tL + 1.5 days, and Xm = 50 mg/1.
If Figure 2, we plot normalized substrate concentrations along the line y = 5
meters at 80 days for various lag times. The lag times used were 0, 20, and
30 days. We compare these results to a non-reactive solution. The amount
of biodegradation which can occur depends on the ratio of the lag time to the
"residence time" of the subtrate; i.e., the amount of time substrate is present in
any given location. This quantity is plotted in Figure 3 for tL = 30 days. As
demonstrated by Figure 2, the effects of lag on the amount of substrate in the
system can be substantial. For lag times close to the maximum residence time,
little biodegradation has occurred.

5

Conclusions and future work

Based on experimental data and numerical simulations, the effects of lag and
maximum microbial growth in biodegradation appear to have substantial influence on the efficiency of the bioremediation process. We are currently in the
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Figure 2: Normalized substrate concentrations vs. normalized distance for different lag times
process of incorporating more general reaction kinetics into our model, including multiple substrates with multiple lag times. The results of this research will
be reported in a later paper.
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