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Abstract Monod expressions are preferred over
zero- and first-order decay expressions in modeling
contaminants biotransformation in groundwater
because they better represent complex conditions.
However, the wide-range of values reported for Monod
parameters suggests each case-study is unique. Such
uniqueness restricts the usefulness of modeling, com-
plicates an interpretation of natural attenuation and
limits the utility of a bioattenuation assessment to a
small number of similar cases. In this paper, four
Monod-based dimensionless parameters are devel-
oped that summarize the effects of microbial growth
and inhibition on groundwater contaminants. The
four parameters represent the normalized effective
microbial growth rate (1), the normalized critical
contaminant/substrate concentration (S¥*), the critical
contaminant/substrate inhibition factor (N), and the
bioremediation efficacy (1*). These parameters enable
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contaminated site managers to assess natural attenua-
tion or augmented bioremediation at multiple sites and
then draw comparisons between disparate remediation
activities, sites and target contaminants. Simulations
results are presented that reveal the sensitivity of these
dimensionless parameters to Monod parameters and
varying electron donor/acceptor loads. These simula-
tions also show the efficacy of attenuation (#*) varying
over space and time. Results suggest electron donor/
acceptor amendments maintained at relative concen-
trations S* between 0.5 and 1.5 produce the highest
remediation efficiencies. Implementation of the devel-
oped parameters in a case study proves their usefulness.

Keywords Modeling - Bioremediation - Monod
kinetics - Inhibition - Dimensionless - Groundwater

Introduction

Modeling contaminant biodegradation is an essential
element of subsurface bioremediation design and risk
assessment. Several models that simulate subsurface
contaminant attenuation have been developed varying
from those with first-order decay coefficients to
others using Monod expressions (e.g. Tomson and
Jackson 2000; Murphy and Ginn 2000; Murphy et al.
1997; Brun and Engesgaard 2002; Prommer et al.
2002). Alvarez-Cohen and Speitel (2001) reviewed
the cometabolism kinetics for chlorinated solvents.
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Murphy and Ginn (2000) presented an overview of
approaches used to represent physicochemical and
biological processes in porous media. They catego-
rized the processes that control subsurface contam-
inants biodegradation into physicochemical and
biological processes. The physicochemical processes
include advection, diffusion, dispersion, exclusion,
straining, and physical filtration. The physicochem-
ical processes are primarily based on the structure
and properties of the groundwater flow system and
porous media. Consequently, most reactive transport
models incorporate some of the major physical
processes, and these processes have been the focus
of numerous experimental and numerical modeling
studies on colloid and bio-colloid research.

Molz et al. (1986) separate biological process
modeling into three distinct conceptual approaches.
The first assumes unconsolidated solid aquifer mate-
rials are uniformly covered by a thin biofilm (e.g.
Rittmann et al. 1980; Bouwer and McCarty 1984;
Bouwer and Cobb 1987; Champagne et al. 1999;
Langmark et al. 2004; Kim et al. 2004; Iliuta and
Larachi 2005; Liang and Chiang 2007; Liang et al.
2007; Simpson 2008; Buchanan et al. 2008). In a
second approach, bacteria are assumed to grow and
attenuate contaminants within small discrete colonies
(or ‘micro-colonies’) attached to surfaces of aquifer
materials (e.g. Watson and Gardner 1986; Yoshida
et al. 2006). Both biofilm and micro-colony assume
substrate (i.e. contaminant) reaction Kkinetics are
either first-order, instantaneous reaction, or multi-
term Monod (Monod 1949). Other investigators (e.g.
Bazin et al. 1976; Corapcioglu and Haridas 1984,
1985; Borden and Bedient 1986; Celia and Kindred
1987; Champagne et al. 1999; Langmark et al. 2004,
Kim et al. 2004; Iliuta and Larachi 2005; Mohamed
et al. 2006; Bauer et al. 2008) adopted a third
approach which assumes partitioning between free
flowing and adsorbed microorganisms (Corapcioglu
and Haridas 1984, 1985) but their distribution and
interaction play no role in depicting the growth
dynamics (Baveye and Valocchi 1989). Monod
expressions are typically assumed for most applica-
tions of this approach, because knowledge of the
microorganism population distribution within the
pore space is not required (Odencrantz et al. 1990).
Regardless of the modeling approach taken, one of
the challenges is obtaining reliable kinetic parameters
to simulate in situ biotransformations.
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Few studies (e.g. Clement et al. 2000; Schirmer et al.
2000) have used reactive transport models to evaluate
how biodegradation processes and rates change from
the laboratory to the field, which is critical information
for field-scale remediation design. Clement et al.
(2000) used multispecies reactive transport modeling
to understand processes and rates that control natural
attenuation at the Dover Air Force Base site in
Delaware. Their calibrated two-dimensional model
predicted the observed distributions of TCE, PCE,
DCE, vinyl chloride (VC), and chloride plumes. The
field-scale decay rates were within the range of values
that were estimated based on laboratory-scale micro-
cosm and field-scale transect analyses. Phanikumar
et al. (2005) developed a three-dimensional reactive
transport model of carbon tetrachloride (CT) bioreme-
diation at the Schoolcraft site in western Michigan. The
model simulates the transport and reactions of aqueous
and sorbed phase CT, acetate, and electron acceptor
(nitrate). The model was used to predict solute
concentrations across the site using laboratory-based
reaction parameters. A reasonable agreement was
found between predicted and observed acetate and
nitrate concentrations. Schirmer et al. (1999) used the
numerical model BIOBATCH to determine Monod
kinetic parameters for laboratory batch experiments.
They indicated that measurements of several initial
substrate concentrations were crucial to overcome the
problem of non-uniqueness of the fitted Monod
parameters. Their calculated Monod parameters for
the batch degradation experiments were reasonable and
comparable to other literature values. Schirmer et al.
(2000) used the numerical model BIO3D and applied
laboratory-derived Monod kinetic degradation param-
eters to simulate dissolved gasoline transport and
degradation at the Canadian Forces Base site, Borden.
Tebes-Stevens and Valocchi (2000) developed
approaches to compute reaction parameter sensitivity
coefficients to gain insight into the relative significance
of parameters and to rank them in terms of their
importance. Schafer (2001) applied the 3-D numerical
reactive transport model TBC to understand contam-
inant spread and pump and treat remediation of xylene
at an abandoned refinery site in Germany. Mayer et al.
(2001) used multicomponent reactive transport mod-
eling to evaluate the potential for natural attenuation of
a plume containing phenolic compounds at a site in
West Midlands, UK. Phanikumar et al. (2002) devel-
oped a seven-component reactive transport model to
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describe microbially mediated CT degradation. It was
found that the CT degradation rate in the columns was
lower than values obtained from batch studies, and
processes in addition to the growth and decay of strain
KC cells (due to native flora) are necessary to describe
the observed nitrate consumption. Phanikumar and
Hyndman (2003) showed that considerations of bio-
availability have a profound effect on degradation.
Bioattenuation involving organic substrates and redox-
sensitive species has also been the focus of several
studies (e.g. Prommer et al. 1998; Brooks et al. 1999;
Saiers et al. 2000; Vainshtein et al. 2003; Curtis 2003;
Khan and Husain 2003; Guha 2004; Yu et al. 2007,
Bauer et al. 2008). To model these systems, it is critical
to capture the biogeochemistry.

Many of the early models simulated contaminant
decay assuming zero order, first order, and instanta-
neous reaction kinetics. For zero-order reactions, the
rate of substrate transformation is assumed independent
of concentration (Sims et al. 1989). Zero-order decay is
simple and easy to use; however, the fact that it does not
consider changes in the substrate concentration limits
its applicability in subsurface modeling. First-order
reactions are linearly dependent on substrate concen-
trations. However, it is difficult to estimate field-scale
first-order parameters from laboratory and field data,
and it is a poor assumption that first-order parameters
estimated for one field site are transferable to another
(Chapelle and Lovely 1990; Schirmer et al. 1999;
Goudar and Strevett 2000). Furthermore, first-order
reaction models cannot distinguish between aerobic
and anaerobic conditions, nor can they include coupled
reaction constraints imposed by ancillary electron
donor/acceptors reactions and microbial growth.
Instantaneous reactions between electron acceptor/
donor and contaminant are employed when microbial
growth rates are relatively high compared to the
groundwater velocities (Borden et al. 1984; Koussis
etal. 2003; Atteia and Guillot 2007). This is not always
the case in subsurface environments as some contam-
inants may be easily degraded while others are
recalcitrant. Instantaneous reaction kinetics cannot
account for cases of varying degradation rates which
limits their utility to highly degradable contaminants.
Thus, model simulations of natural attenuation predi-
cated on instantaneous reaction kinetics can under
predict concentration distributions.

A multiple-term Monod expression is commonly
used when it is unknown which species is rate-limiting

(Mohamed and Hatfield 2005; Bauer et al. 2008). An
important advantage of Monod reaction terms is their
ability to simulate zero-, first-, and mixed-order
reaction rates. Models based on the Monod terms are
favorable over first-order growth and decay terms
primarily because the later predict unbounded growth
(or decay) and these are not found in nature. In general,
Monod reaction terms describe nonlinear contaminant
attenuation processes which are coupled to microbial
growth and in turn spatial and temporal variations in
microbial biomass (MacQuarrie et al. 1990). Bedient
et al. (1994) showed Monod model simulations were
more accurate than those derived from instantaneous
reactions and first-order kinetics. Bekins et al. (1997)
compared results from zero- and first-order models to a
Monod model and found that the first-order model
invalid for substrate concentrations above the half-
saturation constant. Dette et al. (2003) demonstrated
theoretically that the application of optimal design
theory in Monod model is an efficient method for both
parameter value identification and economic use of
experimental resources. More recently, Strigula et al.
(2009) presented the optimal design method as a
computational tool for the efficient design of experi-
ments in the Monod model.

Monod expressions uniquely take into consider-
ation both microbial population and substrate levels, as
interactions between these levels greatly affect the
pattern of contaminant degradation (Simkins and
Alexander 1984). However, the dependency of degra-
dation rates on numerous parameters that take on a
broad range of values complicates efforts to use
Monod expressions to characterize biodegradation at
any given site much less compare results between sites.
Previous investigators developed simplified and mod-
ified Monod expressions (e.g. Bell and Binning 2002;
Ribes et al. 2004; Strigula et al. 2009; McCuen and
Surbeck 2008) in order to describe laboratory and field
results. Others developed dimensionless parameters to
facilitate interpretations and applications of Monod
reactions in batch reactors (e.g. Lai and Shieh 1997,
Tanyola and Tuncel 1993; Muslu 2000). In this paper,
four dimensionless parameters are derived from
Monod expressions to facilitate the application,
description, and interpretation of Monod-based con-
taminant biodegradation in groundwater as influenced
by microbial growth and inhibition. The dimensionless
nature of these parameters enables one to compare
contaminant attenuation conditions between sites.
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Governing equations

In this paper, the term substrate is used interchange-
ably with contaminant; although, it is possible an
inhibiting substrate is not a contaminant, but an
amendment (i.e. a critical electron donor/acceptor)
required to bring about contaminant degradation or
transformation (e.g. reduction or oxidation). For a
heterogeneous porous medium, the time-dependent
reaction—advection—dispersion equation of a contam-
inant (k) (and/or electron donor/acceptor) whose
spatial concentration distribution is denoted by C(x;,
t) is given by:

oC 0 (.0C\ Ck e
Riae axi<D axi> Ve T (1)

where Xx; is the distance in i direction (i = 1,2,3 or
X; = X, ¥, z) [L], the local pore water velocity is V
[L T~'1; D [L? T~ is the tensor of the hydrodynamic
dispersion coefficient, and R is the retardation factor
[dimensionless]. These equations are coupled through
contaminant source/sink terms Q [ML_3 T_l] as
follows:

—Myy
; @)

where M is the microbial biomass concentration
[ML_S], 0 is the aquifer porosity [dimensionless], and
«x 1s the utilization rate of substrate k by the bacterial
species (or effective consortium) [T~']. Utilization of
each substrate k by a bacterial species can be written
as:

k=5 (3)

QEiO —

where Yy is the yield coefficient [dimensionless]
representing the mass of bacterial species produced
per unit mass of substrate k utilized. The specific
growth rate of the microbial species utilizing sub-
strate k is described by the Haldane model as follows
(Andrews 1968):

k=NS S,
N = Umax H ﬁ
k=1 \ K§+ Sk + Kkk
where .« is the microbial maximum specific growth
rate constant [T~!], Klé is the half saturation coeffi-
cient for substrate k [ML_3], and Kf is the inhibition

(4)
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coefficient representing the concentration of substrate
k that exerts toxic effect on the microbial species
[ML>]. From Eq. 4, it evident u is always less than
Lmax as long as substrate inhibition exists.

Different schemes of including inhibition in the
growth kinetics model exist in the literature (e.g.
Edwards 1970; Luong 1987; Ohtake et al. 1990;
Yamamoto et al. 1993; Christ and Abriola 2007; Jia
et al. 2007). Andrews’ (1968) equation (4) is the most
commonly used form of growth kinetic model that
includes inhibition (e.g. Jackson and Edwards 1972;
Shen and Wang 1994; Sheintuch et al. 1995; Chen and
Hao 1996; Surmacz-Gorska et al. 1996; Lopez-Fiuza
et al. 2002; Carrera et al. 2004; Papagianni et al.
2007). The mass balance equation for growth and
decay of the microbial population can be written as:
dM
G =M~ B) (5)
where B is the first order decay rate constant which
accounts for cell decay.

Dimensionless parameters

Equations 1-5 show that the biodegradation/transfor-
mation of a contaminant or of a substrate k depends
on many parameters including ftax, K]C‘, K%‘, B as well
as its concentration Sy. A comparison of natural
attenuation or augmented bioremediation from dif-
ferent sites and for different contaminants requires
dimensionless Monod-based parameters. The first
dimensionless parameter presented represents the
ratio of net microbial growth rate at any time and
location to a hypothetical maximum microbial
growth rate assuming substrate inhibition and cell
death are absent.

kﬁs Sk B u-B

}’I = —_ =

k=1 ch( + Sk + Is(_}zi\ Hinax Mmax
1 aM ' ©)
Mty dt

n is the normalized effective microbial growth rate
(N = Waed Omax); Where Opax = Ut/ YV repre-
sents, for a unit flow distance (), the ratio of the
convective transport timescale #/V to the time-
scale required to degrade/transform a unit mass of
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contaminant per unit mass of microbes (Yc¢/ ) in
the absence of substrate inhibition and microbial cell
death (Mohamed et al. 2006); w,; = (u — B)¢/Y.V is
the ratio of the convective transport timescale to the
timescale required to degrade/transform a unit mass of
contaminant per net unit mass of microbes (Y¢ /#tmax)
in presence of substrate inhibition and microbial cell
death. Both w, and wn.x are equivalent to a
DamKohler number of first kind (Rifai and Bedient
1990; Rashid and Kaluarachchi 1999). For w,. < 1,
contaminant attenuation may be sensitive to local
variations in groundwater velocity. This sensitivity
may arises because the characteristic maximum spe-
cific growth rate for the microbial population, fi,y is
small; the normalized effective microbial growth rate,
n is small due to low substrate concentrations or small
because of substrate inhibition; the yield coefficient,
Y is large, or groundwater velocities are sufficiently
high that time require for attenuation is significantly
greater than the average groundwater hydraulic resi-
dence time. Because 1 incorporates multiple Monod
kinetic parameters including K. and K; as well as
solutes’ concentrations, it can be used to characterize
net effect of contaminant attenuation, microbial
growth and inhibition over spatial and temporal scales.

The second dimensionless parameter of interest is
S.; or the critical substrate concentration. This vari-
able was defined previously in the wastewater treat-
ment literature for bacterial inhibition in batch
reactors as the concentration at which p peaks (e.g.
Grady et al. 1999). As indicate above, the maximum
feasible value of y under substrate inhibition is always
less than p.x (Eq. 4) in the presence of substrate
inhibition. As u approaches a maximum in the
presences of substrate inhibition, it is also the case
that n — .. Again, in the presence of substrate
inhibition and cell death 7,4 is always <1; however,
it represents the maximum feasible normalized micro-
bial growth rate. The critical contaminant/substrate
concentration or the critical concentration S, for any
substrate m (one of the k substrates defined earlier),
can be obtained by taking the derivative of 1 (Eq. 6)
with respect to this concentration S;:

Sa = VKIK® (7)
After substituting the definition of critical concen-
tration back into Eq. 6, one obtains the function for

’/ImaX:

Sm k=NS-1 Sk B

’7max - Sm + 2Km

2
=1 ch( + Sy + % Hmax
(3)

where Sgt and K" are the respective critical concen-
tration and half-saturation coefficient for substrate m.
Linking S¢; to contaminant transport, means compar-
ing spatial and temporal variations in S, (contaminant
concentration here substrate m) to Sgp. To facilitate
this comparison, a second dimensionless parameter
can be defined to express normalized critical contam-
inant or substrate concentrations:

S
S = 9
5 ©)
Substituting this definition back in Eq. 6 gives:
S :lN-[
n(S*N) = S u(I1sY)
ST HR(I+87) i KE+ S+ 2%
Ki
B
- (10)
:leaX
where
K™
N=/oh (11)
I<C

N is yet another dimensionless parameter representing
the inhibition factor for contaminant/substrate m.
Grady et al. (1999) used the inverse of N to indicate
that inhibition in batch reactors is not solely explained
by K;. The appearance of Nin Eq. 10 assures inhibition
is considered through the relative value of Ki/K..
Clearly, as N increases or K{" increases with respect to
K", and inhibition becomes less important. N will vary
between sites and between contaminants; however, the
interpretation and the utility of N remain fixed. Thus,
S* varies over space and time as contaminant concen-
trations vary due to advection, dispersion, and micro-
bial biodegradation/transformation; the latter which
can be characterized in terms of dimensionless param-
eters n, N and S,.

Itis generally assumed microbial growth (and in turn
contaminant attenuation) is limited by one substrate at
any point in time (Grady et al. 1999). Assuming
contaminant attenuation and microbial growth are
coupled to multiple auxiliary electron donors/acceptors
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and nutrients, then inhibition will vary in space and
time. These variations are not just due to single
substrate concentration variations, it also possible the
cause of inhibition transitions between different con-
trolling substrates. However, if inhibition from a single
substrate is considered, a family of # curves can be
derived for given values of N and B/u,,.x. Values of B
are typically much smaller than p,.. (e.g. Schafer
2001; Brusseau et al. 1999) such that B is ignored or
assumed zero (e.g. Salvage and Yeh 1997; Wang and
Shen 1997; Schirmer et al. 1999, 2000). The same
assumption is made here, and the term B/pu.. is
dropped in Eq. 10. This simplification produces
Fig. 1a, a contour plot (on a Log-scale) of  with
respect to S* and N. This figure depicts the symmetric
behavior of bioremediation potential with respect to
Log S*. Similar figures can be generated for values of
B/tmax > 0. These figures would look similar to
Fig. la except with different values reflecting the
effect of higher decay rate. Figure la suggests the
maximum normalized effective microbial growth rate,
Nmax occurs when Log S* is zero (i.e. S, = S&p);
however, closer examination of Eq. 10 also indicates
n— 1 if Log S* approaches zero and Log N
approaches oo (the case where inhibition is negligible
or nonexistent). Thus, 7.« is generally <1, unless the
inhibition coefficient K; is much larger than the half
saturation coefficient K. For a large range of S* and N
values, Fig. la can be used to estimate values of 5
within a plume regardless of location or contaminant
type. However, for small changes in S*, Fig. 1bmay be
more suitable, as it presents a family of n—S* curves for
different values of N. In contrast with Fig. 1a, Fig. 1b
depicts a non-symmetric behavior of 7 with respect to
S*. That is, 1 increases with S* and arrives at the
maximum feasible value (#,,,x) for S* equal to 1.0
(S, = S&p), and then it decreases at a rate dependent on
the value of N. Together the contaminant, auxiliary
electron acceptors/donors, and the microbial consor-
tium define the value of N and in turn the upper limit on
the remediation potential #,,x-

Using the definition of N in Eq. 8, the following
expression can be derived for the maximum feasible
normalized microbial growth rate:

N keNsol Sy
Nmax = N+2 H o S (12)
k=1 | K§ 4 Sk + fkk

i
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The asymmetric curve in Fig. 2 represents the behav-
ior of nn,.x with a change in Log N. This curve is
asymmetric around Log N = 0.301 which is equiva-
lent to N = 2 and where n,,x = 0.5. At this point, the
slope of this curve has a maximum value of 0.576. The
asymmetry indicates, for any constant increment of
ALog N =P about the axis of asymmetry, the
following equation is pertinent

lolog 2+P
10Qlog 2+P +2

lolog 2—P
1(Qlog 2—P +2 =

1 (13)

Because Figs. la, b, and 2 are dimensionless, they
can be used with a variety of microorganisms or
consortia and for different electron acceptors/donors.
They can be used in remediation system design or
remediation system evaluation. In the case of system
design, #max is determined first. Conditions maxi-
mizing N will yield the largest feasible # but also
guarantee the highest degradation rate over a widest
distribution of S* (essentially over the greatest spatial
extent of plume). Different combinations of available
electron acceptors/donors and microorganisms (ende-
mic or introduced) will yield different estimates of
Nmax- Using identified values of K; and K, values of
N and S} can be calculated from which desired levels
of applied auxiliary substrate concentrations S,
(electron donor/acceptors added to achieve contam-
inant remediation) can be determined. It would be
impractical to design a system that would maintain
the maximum remediation potential #,,,x everywhere
in the plume at all times. A more practical target,
however, is to design a remediation system with S* in
the range of (1.0-1.5) (see Fig. 1b). This would
guarantee a spatial distribution of microbial growth
near the maximum feasible rate #,,,x at most
locations in the plume.

For the purpose of remediation system evaluation,
K; and K. must be known or determined first. From
these parameters, N, S& and 7., are respectively
determined from Egs. 7, 11, and 12. Field measured
values of S, and S, can be used to calculate S* and 5
(using Egs. 9 and 10 or Fig. 1a) at all monitoring
locations within the plume to compare against the
calculated value of #,,,x. When local values of y are
close to #ax remediation rates are close to optimal.
However, at this juncture, it may be more effective to
introduce a fourth dimensionless parameter, the “bio-
remediation efficacy” (#*) or the ratio of the normal-
ized effective microbial growth rate to the maximum
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feasible microbial growth rate. From Eqgs. 10 and 12,
n* is defined as follows.

e e (14)

Nmax N+S"+1/S

The bioremediation efficacy is metric for characteriz-
ing bioremediation efficiency. Unlike other previously
dimensionless parameters used for bioremediation
assessment, 77* is linked to microbial growth, decay
and inhibition coefficients (such as pyax, B, K¢, and K;)
as well as availability of both electron donors and

S*

acceptors as reflected in S* and S.,. Therefore, this
parameter provides a unique description of the actual
bioremediation status of an aquifer. Other parameters
use traditional mass loss ratios to indicate bioremedi-
ation efficiency (such as Phanikumar and Hyndman
2003; Mohamed et al. 2006, 2010a, b, ¢). This method
uses the ratio of biodegraded contaminant mass to the
total contaminate mass; whereas 7* (in the same sense)
reflects the biodegraded contaminant mass to the
total biodegradable contaminant mass. This, in our
opinion, presents more accurate estimation of the
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Fig. 2 Change of
maximum normalized
effective microbial growth
rate with Log N

axis of asymmetry

0.9 -
M max
08 -

07 +

06

™~

point of maximum slope

bioremediation potential of the aquifer. For example,
n* = 0.4 simply states microbial growth and in turn
contaminant remediation is occurring at 40% of the
feasible maximum and not 40% of <. Additionally,
the use of bioremediation efficacy is not only useful in
the evaluation of natural attenuation or historical
remediation activities of contaminated sites, but also
helps in the design of feasible bioremediation systems
including proper selection of added electron acceptors
types and rates. Bioremediation efficacy is particularly
valuable, because its determination enables one to
assess natural attenuation or augmented bioremedia-
tion at any sites and then draw comparisons between
disparate remediation activities, sites and target con-
taminants. Furthermore, the linkage of n* to the
microbial parameters enables one to view 7* in the
context of up-scale formulas useful for linking labo-
ratory investigations to field studies.

Figure 3a shows contours of #* with respect to S*
and N on a Log scale. This figure clearly indicates
that estimations of x#* is not only site specific, but
substrate specific as well. In other words, for the same
site, contours of n* could be developed for each
substrate present in the site. This is of particular
importance in the cases of cometabolism and com-
petitive inhibition. For example, in the case of
cometabolism (Eq. 9 in Table 2, Murphy and Ginn
2000), which involves the transformation of a com-
pound by a microorganism that is incapable of using
the compound as a source of energy for growth (e.g.
Chang et al. 1993; Criddle 1993; Smith and McCarty
1997), changes in n* will be solely due to changes in
concentrations and not microbial growth. In the case
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Log N

of competitive inhibition (Eq. 8 in Table 2, Murphy
and Ginn 2000), when two or microbial species
compete for the same nutrients (e.g. Bailey and Ollis
1986; Semprini et al. 1991), estimation of the
inhibition constant (K;), the inhibitor maximum
concentration (C;) and the inhibitor half saturation
coefficient (K.) would be of great importance. These
constants are incorporated in the dimensionless
parameters N and S* defined in this paper.

Another case that shows the uniqueness of the
developed parameters is the case when the biomass M
in Eq. 2 is partitioned into attached (M;,,) and free-
swimming (M,,) compartments. In this case Eq. 5
describes the growth of both compartments and can
be separated into two equations for M;, and M,
(similar to Eqs. 3 and 4 in Table 2, Murphy and Ginn
2000); however, another equation will be needed to
describe the transport of the free-swimming micro-
organisms (M,,) that includes mechanisms of micro-
bial attachment and detachments. Consequently, the
concentration of each compartment can be estimated
at any time. The values of 5 (Eq. 6), and thus #*, can
be calculated for each compartment separately or for
the total biomass M. This indicates that calculations
of n* could be flexible enough to reflect overall
biodegradation or that mediated by each microbial
compartment. Thus, the above discussion suggests
that contours of #* are not only substrate specific as
indicated above, but also species specific. Even for
the same microbial species, #* is compartment
(attached or free-swimming) specific.

Figure 3a shows the relation #*-Log S* is sym-
metric (similar to Fig. la); and that the axis of
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symmetry is at Log S* =0 (i.e. S* =1). The
importance of designing a remediation system or
inducing remediation conditions that maximize N is
evident in Fig. 3a. n* contours are shown extending
away from the axis of symmetry as the value of N
increases, which suggests the highest remediation
efficacy can be maintained with less dependence on

substrate variations for S* near 1.0. Thus, higher
remediation efficacies can be achieved over more of
the contaminant plume. For example, if it is assumed
that —2 < Log S* < 2 and Log N = 2, the minimum
value of #* obtained is 0.5; this is considerably larger
than a value of 0.03 obtained when Log N approaches
zero (i.e. K, = K)).
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Figure 3b shows a family of #*-S* curves for
different values of N assuming a range of potential
contaminants. While this figure is similar to Fig. 1b,
it must be the case that #* = 1 (i.e. # = Nmax) When
S* =1 (ie. S, =3S.) meaning remediation has
achieved maximum efficacy. Figure 3a also demon-
strates that in order to obtain the highest efficacy (for
the same range of S*), larger values of N are
required. For example, increasing N by an order of
magnitude (from 1 to 10) increases #* from 0.8 to
0.95 for S* equals 2.3. Again a well design remedi-
ation system would maximize N and in turn generate
the greatest spatial distribution of elevated values of
n* within the plume.

Numerical simulations and testing
Problem description

To demonstrate the utility of the above dimensionless
parameters, a numerical model METABIOTRANS
(Mohamed et al. 2006; Mohamed and Hatfield 2007)
was used to conduct simulations of a two-dimensional
homogeneous horizontal aquifer with dimensions
50 m x 25 m (Fig. 4) using a mesh of 31,250 rectan-
gular elements (250 x 125) and 31,626 nodes. The
uniform pore water velocity in the x-direction (V,) was
0.5 m/d and the respective longitudinal and transverse
dispersivities were 0.1 and 0.05 m. The aquifer
porosity was assumed to be 0.3. It was assumed that
the aquifer was fully contaminated with a hydrocarbon
which serves as an electron donor for microorganisms
requiring an electron acceptor for the redox reaction to
occur. Normally, contaminant biodegradation would
occur at the highest rates at the fringes of the
contaminant or electron donor (ED) plume where a
sufficient supply of an electron acceptor (EA) exists,
whereas the lowest rates of bioattenuation occur within

20.00 4
I 1500 oI
B I - i — - g —
AN e , :
50m 0.5 m/day
5.00 4 3

0.00 1000  20.00 3000 4000 50.00
X (m)

Fig. 4 Problem layout and boundary conditions
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Table 1 Input parameters for the different scenarios

Scenario So K; Ser So* N Nmax
1 25 200 31.62 0.79 6.32 0.76
2 50 200 31.62 1.58 6.32 0.76
3 100 200 31.62 3.16 6.32 0.76
4 200 200 31.62 6.32 6.32 0.76
5 100 100 22.36 4.47 4.47 0.69
6 100 50 15.81 6.32 3.16 0.61
7 100 25 11.18 8.94 2.24 0.53

the plume interior or where the supply of requisite EA
has been exhausted. The addition of an EA, therefore,
is essential to enhance hydrocarbon (ED) bioattenua-
tion within the interior regions of the plume. An
electron acceptor such as dissolved nitrate with initial
concentration of S, is supplied to enhance bioremedi-
ation as shown in Fig. 4. Table 1 lists assumed values
for Monod parameters K;, and K. pn.x and Y. are
assumed 0.2 day ™' and 0.01, respectively. They kept
unchanged in all simulations of this study; and
consequently, the value of  is maintained constant.
Therefore, simulated changes in 7 are due to changes in
W, Only. Mohamed et al. (2006) studied the influence
of changing @ on contaminants biodegradation in a
stochastic framework.

Results and discussion

Several scenarios are simulated to study the spatial
and temporal sensitivity of #, #* and S* to Monod
parameters and the concentration of electron acceptor
So* introduced into the contaminant plume (see
Table 1). Results generated using different Monod
parameters can be view as results from different
contaminants or the same contaminant attenuated
under different microbial or site conditions. Simula-
tions and calculated dimensionless parameters are
based on representative values for Monod parameter
reported in the literature (see Table 2). The first four
scenarios examine the sensitivity of #, #* and S* to
So*. Constant values are assumed for K. and K;
which produce fixed values for N and S, (see
Table 1). Scenarios 3, 5, 6, and 7 are used to study
the effects of substrate inhibition on spatial and
temporal distributions of S* and n* within the plume.

Figure 5a and b respectively show model simu-
lated remediation potentials # and efficacies #* along
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fTOarbsl;je f)‘;tf}f:tggglgzlilgls Reference Parameter Value/range galcula'ted
parameters ‘“?ens“’;’le“
variables
Papagianni et al. (2007) Hmax 0.23-0.65 h™! N = 1-7.32
K 0.021-28 mg/l Ser = 5.6-200
K; 0-1500 mg/1 Nmax = 0.33-0.79
Vavilin and Lokshina (1996) Lmax 0.1-0.585 day71 N = 1-3.87
K, 20-200 mg/1 Ser = 20-245
K; 20-300 mg/1 Nmax = 0.33-0.66
Carrera et al. (2004) Hmax 0.132-0.46 min " N = 7.56-26
K, 1.7-37 mg/l Ser = 30.8-107.7
K; 559-2908 mg/1 Nmax = 0.8-0.93
Schafer (2001) Lmax 0.1 day™! N = 3.8-70.7
K, 0.2-70 mg/l S = 14.1-264.6
Nmax = 0.66-0.97
Brusseau et al. (1999) Imax 0.1 dayfl N = 18.3-44.7
K 0.5-3 mg/l Ser = 22.3-54.8
Nmax = 0.9-0.96
Salvage and Yeh (1997) Hmax 0.9288-32.4 day_1 N=11.5
K 7.5 mg/l S = 86.6
Nmax = 0.85
Wang and Shen (1997) Lmax 0.6588-1.5443 day ™! N = 0-13.57
K, 5.43-8.64 mg/l S = 0-93
Nmax = 0-0.89
a Calculated based on Schirmer et al. (1999) Hmax 4.128-4.5 dayf1 N =0-14.6
K; = 0-1000 mg/l if not K 0.79—4.7 mg/1 Ser = 28-68.6

given in the corresponding
literature

Himax = 0.33-0.79

section I-I (see Fig. 4) assuming different initial
normalized substrate concentrations (scenarios 1-4).
From these figures both 1 and n* increase with S,*
which suggests greater augmented microbial growth
and contaminant attenuation occurring over greater
portions of the aquifer. S, is 31.62 mg/l in scenarios
1 through 4; which means maximum microbial
growth and bioremediation is achieved when EA
concentrations are maintained near 31.62 mg/l. In
scenario 3, initial EA concentrations were sufficiently
high after 20 days that microbial growth achieved the
maximum feasible normalized rate of 7y, = 0.76
over much the interior regions of the introduced EA
plume. However, when S,* is further increased to
6.4, as in scenario 4, it is evident that after 20 days
microbial growth is less than #,,,x near the centroid of
the EA plume, because elevated EA concentrations
are inducing significant inhibition. In fact, because
dispersion decreases electron acceptor concentrations

between the interior and the fringe regions of the EA
plume, remediation potential is seen to rebound and
transition through #,,,x on both the leading and
trailing sections of the EA plume.

An effective remediation strategy minimizes off-
site risks. To achieve this, strategic use of auxiliary
substrates (i.e. electron donors/acceptors) is desirable,
and the above dimensionless parameters can be used
with an available bioremediation simulation model to
achieve this goal. Consider again, scenarios 1-4
where at r = 20 days a value of S,* = 3.2 (scenario
3) creates the largest zone of favorable remediation
conditions (i.e. maximum remediation potential).
Under this scenario, much of the remediation occurs
near the source area which reduces risks to receptors
close to source area. Using greater concentrations of
auxiliary substrates, as in scenario 4, produces
residual remediation that is greater than all the other
scenarios at 60 days. This strategy may be appropriate
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Fig. 5 Effect of changing
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where significant residual remediation is needed over
greater spatial scales, but off-site risks are low
because potential receptors are far from the contam-
inant source.

Figure 6a illustrates how # varies with respect to
N from scenarios 3, 5, 6, and 7. The inhibition factor
(N), along with the critical concentration S, define
the level at which a toxic effects are manifested on
microorganisms. As N decreases microorganisms are
more vulnerable to inhibition. For example, mani-
festations of growth inhibition and contaminant
attenuation appear less under Scenario 3, because
the assumed N is largest. The inhibition factor can
portent the likelihood of inhibition; however, the
normalized concentration S* provides confirmation.

@ Springer

Consider again the third scenario, S* is everywhere
less than one after 20 days, and # remains near #,x-
For smaller values for N, as in scenarios 5, 6 and 7,
inhibition is more prevalent; consequently, substrate
inhibition constrains microbial growth which in turn
produces a trough in the longitudinal spatial profile
of n. It follows that smaller values of N produce
smaller values of 7.« (Fig. 2). This leads to larger
zones of constrained microbial growth and contam-
inant degradation/transformation within the electron
acceptor plume as shown in Fig. 6a. In addition,
decreasing the inhibition factor gives the appearance
that EA transport is retarded. Indeed, the EA plume is
migrating at a velocity equal to that of ground-
water. A reasonable explanation for this ‘apparent
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retardation’ is that inhibition is limiting EA con-
sumption to the leading edge of the EA plume, which
in turn produces an up-gradient shift in the plume
centroid (see results for day 60 in Fig. 6a or b). This
is happening because inhibition increases rapidly
from the leading edge (where EA concentrations are
less-than-or-equal to critical, $* < 1) to the interior
regions of the EA plume (where EA concentrations
are much greater than critical, S* > 1). The devel-
oped dimensionless parameters indicate microbial
growth and in turn contaminant attenuation are
occurring at a maximum rate in regions where the
normalized concentration (S*) is equal to one.
Figure 6b presents longitudinal profiles of the
bioremediation efficacy for scenarios 3, 5, 6, and 7.
Efficacy is seen to achieve a maximum value of 1

50

somewhere within the longitudinal #* profile of each
scenario at t = 20 days. However, because intro-
duced EA concentrations were too high in scenarios
5, 6, and 7, contaminant attenuation is depressed
within the interior regions of the EA plume as
evidenced by efficacies well below 1 and S* > 1.
This ‘doughnut effect’ is clearly illustrated in Fig. 7
for n and n* and is not evident from contours of S.
Areas of significant inhibition are identifiable wher-
ever S* > 1. Predicted contours of bioremediation
efficacy (n*) like those shown in Fig. 7d, can be used
to assess the strengths and weaknesses of a proposed
remediation designs. The discussion of the following
case study shows the implementation of these
dimensionless parameters to assess bioremediation
in a contaminated site.
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Case study: bioremediation of benzene
in the contaminated Liwa aquifer, UAE

Dissolved benzene was detected in the shallow
unconfined Liwa aquifer, located 150 km southwest
of UAE capital Abu Dhabi (Fig. 8). The unconfined
Liwa aquifer is the main water supply for irrigation,
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recreation, and washing for the nearby camp area
(Fig. 8) and bottled water is used for drinking. After
benzene contamination was discovered in 2000, soil
investigations at the site were performed through 142
organic vapor analysis (OVA) readings from 27 test
pits field measurements and hydrocarbons were
detected in the soil. It was found that contaminated
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Fig. 8 Site location of Bu Hasa Liquid Recovery Plant, including site plan, water table elevations, and model domain

soil had higher concentrations than background OVA
measurements. A monitoring wells network was
installed to investigate the extent of hydrocarbon
plume from the source zone (Fig. 8). The presence of
free phase hydrocarbons floating on the water table
was confirmed. The location of the non-aqueous
phase liquid (NAPL) measured in the soil is consis-
tent with observations of the dissolved hydrocarbons
(Forrest and Arnell 2001). This suggests that the pure
NAPL in the soil migrated downward in the unsat-
urated zone and, being lighter than water, formed a
body floating near the water table. For an ideal NAPL
mixture in contact with water, the aqueous phase
concentration of a component in NAPL can be
calculated using the aqueous analog of Raoult’s law
as the product of its pure aqueous solubility and its
mole fraction. Benzene constitutes the highest dis-
solved concentration of NAPL constituents at the site.
Partial dissolution of benzene in the surrounding
groundwater results in the formation of a dissolved
plume. This dissolved benzene plume migrates by
advection and dispersion processes. McNab et al.

(1997) assumed that the mole fraction of benzene is
equal to 0.5% of its weight fraction, the pure benzene
solubility is equal to 1770 mg/l; therefore the aque-
ous phase concentration of the benzene in NAPL
mixture is 8.85 mg/l. However, Johnson et al. (2000)
reported that the equilibrium concentration of BETX
resulted from typical gasoline mixture in contact with
water has a benzene concentration of 18 mg/l.
Assuming ideal NAPL mixture, the aqueous phase
benzene concentration for this site is estimated to be
8.5 mg/l.

Groundwater elevation data (Woodward 1996)
indicate that the regional groundwater flow direction
in Liwa aquifer is to the northwest. The hydraulic
gradient of the groundwater in the site is variable.
The gradient increases towards the pumping wells;
therefore, the groundwater velocity also increases in
the same area. The hydraulic gradient between the
contamination source zone and the supply water wells
is 0.25%. Water depths were recorded in November
2000 using the monitoring network and used to
calculate groundwater table elevations. Contour map
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of groundwater elevation is produced in Fig. 8, based
on the records of groundwater levels, and used to
estimate groundwater flow direction and horizontal
hydraulic gradient. The groundwater flow direction is
found to be in agreement with the direction of the
regional groundwater flow in Liwa aquifer. Field
estimated values for effective porosity of 0.3 and
hydraulic conductivity of 1 x 10™* m/s were used to
estimate the average linear groundwater velocity of
25 m/year. It was found that the contamination
source is located directly up-gradient of the supply
wells; which puts these wells at potential risk of
being contaminated.

Simulation of benzene transport in Liwa aquifer is
conducted using METABIOTRANS. The simulated
model domain covers an area of approximately
292,250 m?>. It was oriented so that it includes the
contamination source zone in the southeast corner and
the nearest supply wells RWI-RW3 (Fig. 8) repre-
senting potential receptors in the northwest corner,
directly downstream of the contamination. The domain

extends 350 m in x-direction and 850 m in y-direction.
A two dimensional finite element grid of 11,900
elements was used for spatial discretization of the
study area. Limited measurements were available to
determine input parameters for the transport of the
dissolved benzene. Values of longitudinal and trans-
verse dispersivities were estimated through model
calibration. Model calibration was performed using the
observed benzene concentrations at the location of the
monitoring well 00-8. Benzene concentration of
0.03 mg/l was observed in this well in July 2000
(Forrest and Arnell 2001). Values of longitudinal and
transverse dispersivities were estimated to be 2.3 and
0.23 m, respectively. These values are average for this
type of aquifers (e.g. Weaver and Charbeneau 2000).

The calibrated model is used to simulate the
transport and fate of the dissolved benzene plume in
Liwa aquifer. The slow-release oxygen source (SOS)
in situ remediation technique is used in these simu-
lations. This techniques is developed by researchers
from the United States Environmental Protection
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Fig. 9 Evolution of the a benzene and oxygen plumes and b biodegradation efficacy contours in the aquifer of Bu Hasa field
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Agency (US-EPA) in which a constant and controlled
release of oxygen through the treatment zone is
introduced (Hoover 2007). The technique is based on
earlier work of using solid oxygen sources to intro-
duce oxygen in contaminated sites (Vesper et al.
1994). An SOS, located at X =210 m and Y =
200 m of the domain, is used to enhance bioremedi-
ation of the benzene plume. Values of the biological
parameters are selected based on values reported in
similar studies (e.g. Vavilin and Lokshina 1996;
Table 2). The K, and K; values are selected to be 125
and 300 mg/l, respectively. Based on these values S,
is calculated to be 194 mg/l and N equals 1.55.
Figure 9a shows the two simulated plumes of benzene
and oxygen at different times. Using an SOS enhanced
remediation in the core of the benzene plume.
However, some of the dissolved benzene escaped
remediation as depicted by the leading edge of the
benzene plume downstream of the injection point.
This occurred probably because oxygen concentra-
tions needed time to increase and stimulate bacterial
growth and also because microorganisms grow only
when the benzene plume encounter the remediation
zone. That is why the leading edge of the plume will
always encounter lower microbial concentration than
the trailing edge, and therefore will continuously
experience less bioremediation. Figure 9b shows the
evolution of simulated #* contours. This figure
facilitates the assessment of biodegradation efficacy
and clearly shows regions of enhanced bioremediation
in the aquifer at different times. Simulated concen-
trations of the oxygen were higher at earlier times (10
and 15 years) than later times which depicts higher
values of #* (near maximum) at earlier times. At later
times, because oxygen concentration as well as
benzene concentrations decrease due to dispersion
and biodegradation, values of n* decrease as well.
However, maximum bioremediation still occurs near
the center of the oxygen plume.

Summary and conclusions

This paper presented four dimensionless parameters
that enable the evaluation of natural attenuation and
augmented bioremediation across different contami-
nants and sites. These parameters were the normalized
effective microbial growth rate (1), the bioremediation
efficacy (n*), the contaminant/substrate inhibition

factor (N) and the normalized critical contaminant/
substrate concentration (S*). Simulations revealed the
sensitivity of these dimensionless parameters to
Monod parameters and to varying electron donor/
acceptor loads. These simulations also showed the
efficacy of attenuation (1#*) varied over space and time.
The contaminant/substrate inhibition factor (N) could
be used to alert site managers that substrate inhibition
could interfere with microbial growth and contaminant
attenuation. Whereas the normalized critical contam-
inant/substrate concentration (S*) would be the most
appropriate for confirming the existence and potential
whereabouts of inhibition with respect to microbial
growth and contaminant attenuations in contaminated
aquifers. Results suggested electron donor/acceptor
amendments maintained at relative concentrations S*
between 0.5 and 1.5 produce the highest remediation
efficiencies.

Microorganisms and electron acceptors/donors
added to augment remediation should be selected
whenever possible to generate a highest substrate
inhibition factor (N). This would not only result in
higher remediation efficiencies, but would also guar-
antee higher rates sustained over a wider range of
normalized substrate concentrations. Finally, contour
maps of bioremediation efficacy (#*) could be used to
provide site-wide characterization of remediation
efficiency. The implementation of such contour maps
is proven to be useful through the design of a
remediation system for a contaminated site using a
slow-release oxygen source.
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