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Reactive transport simulations are a common approach for
the quantitative assessment of contaminant biodegradation

in the subsurface. To use knowledge on microbial kinetics for
the simulation of in situ biodegradation, the mass transfer
processes controlling the bioavailability of the contaminants
need to be described appropriately. A common approach to
account for this problem is using a linear exchange model
controlling the link between bulk and bioavailable concentration.
Assuming that the subsequent degradation is controlled by
the hioavailable concentration, only, these two steps can be
combined to an analytical expression for the overall reaction rate
know as the Best-Equation. In our work, we evaluate this
approach for its ability to describe biodegradation kinetics limited
by pore-scale mass transfer. Results from explicit numerical
and analytical simulations of mass transport and reactive
consumption at the pore scale are used to test the accuracy
of results obtained using the Best-Equation. Our analysis shows
that strictly spoken the Best-Equation is not valid. However,

a good approximation can be achieved with errors of less than
6% in cases of moderate bioavailability and much lower
errors in cases of either low or high bioavailability. These
results support the description of mass transfer processes used
in many reactive transport models. Furthermore, we present

a method to obtain an accurate estimate of the unknown rate
parameter controlling the diffusive mass transfer processes

at the pore scale.

Introduction

In the last years, in situ bioremediation has become a
common remediation strategy for sites contaminated by
organic carbon species (1). Itis obvious that the effectiveness
of such an approach is mainly dependent on the ability of
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groundwater microorganisms to metabolize the respective
contaminant. Measured degradation rates in the field,
however, have been shown to be often much lower than
those under idealized laboratory conditions (2, 3). This
observed discrepancy hasled to the concept of bioavailability,
i.e. the contaminant may not be fully available to be degraded
by the microorganisms. No single definition of bioavailability
exists (4, 5). Due to the complex structure of the subsurface
and the variety of processes controlling the fate of reactive
species, factors influencing the bioavailability range from
the physical and chemical state of the species to mass transfer
limitations taking place at different scales or across the cell
membrane (6—9).

In this study, we focus on pore-scale mass fluxes. The
relevance of these processes for biodegradation is still under
discussion, while some have argued in favor (10—12), and
some against it (13). Nonetheless, different concepts have
been proposed to account for these pore-scale mass fluxes.
Many of these studies assume that macroscopic degradation
kinetics follow the same type of rate law as at the pore scale.
Commonly these models use a first-order reaction rate
(14— 16), but recently more advanced studies with Monod
respectively Michaelis—Menten kinetics have been presented
(12, 17, 18). However, these models showed problems, when
trying to give a rigorous mathematical justification for the
effective parameters. As an alternative, approaches relying
on a two-step scheme for the pore-scale mass transfer have
been shown to describe bioavailability at the pore scale with
good accuracy (19, 20). In these models, a distinct separation
between the macroscopically measured or bulk concentration
and the microscopically bioavailable concentration is as-
sumed. Since only the latter is subject to biodegradation, the
microbial degradation activity is linked to the bioavailable
concentration by Monod respectively Michaelis—Menten
kinetics. The mass flux between these two concentrations is
described by a linear exchange term. Under steady state
conditions, it can be combined with the reaction kinetics
into a single analytical expression for the macroscopic reactive
flux. This expression is known as the Best-Equation (21). An
intrinsic problem when using a linear exchange term is the
assumption of the mass exchange taking place between two
distinct compartments or reservoirs of the subsurface (e.g.,
pore water with bulk concentration and a biophase with
bioavailable concentration). A clear separation of both
however, is not possible for porous media with laminar flow
fields.

In this work, we use a simple representation of a single
pore to simulate transport and biodegradation of a chemical
species at the pore scale. The degradation reaction at the
surface of the pore is assumed to follow Michaelis—Menten
kinetics. A subsequent averaging over the pore will yield an
effective description of the degradation process. These
averaged results will serve as references for descriptions of
the macroscopic degradation rate using the Best-Equation.
With this approach we aim to verify (i) whether the effective
reaction kinetics can be described by the Best-Equation and
thus whether the linear exchange model provides an adequate
description of pore-scale mass transfer processes, (ii) how
the mass transfer coefficient to be used in the linear exchange
model can be estimated for a given scenario, (iii) how the
accuracy and applicability of this method is compared to
macroscopic Michaelis—Menten kinetics, and (iv) under
which circumstances pore-scale mass fluxes must be con-
sidered. The results from this study will therefore assess the
applicability of the linear exchange model for the quantitative
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FIGURE 1. (top) Selected examples showing simulated concentration distributions for the full problem for two different scenarios.
(bottom) Comparison of averaged numerical simulations (—) of the full problem to solutions of eq 16 using the Best-Equation with a
fitted ji (x) and using Michaelis—Menten kinetics with local reaction rate parameters (- - -).

description of pore-scale mass transfer limitations on
bioavailability.

Theory
Biodegradation at the Pore Scale. In this study, it is assumed
that in porous media microorganisms are bound to the
surface of the solid matrix and thus biodegradation of
dissolved chemical species can only take place at the interface
between the fluid phase carrying the dissolved species and
the solid matrix phase of the medium. In contrast to the
continuum approach used to describe processes at the
macroscale, pore-scale descriptions allow for a clear separa-
tion between the fluid and the solid phase. Assuming that
microorganisms are homogeneously covering the fluid—solid
interface at no growth conditions, the fate of biodegradable
species is given by the pore-scale solution of the advection—
diffusion—reaction equation:

ac

T =V:(vc) + DAc + R e8]

Here, v describes the water flow velocity and c the species
concentration, both subject to pore-scale variations. Dis the
molecular diffusion coefficient. The reaction rate Rdescribes
the biodegradation taking place at the fluid—solid interface,
only:

0 in the fluid phase
k= _avqmaxl(m;_}_c at the fluid—solid interface
2)

Here, gmax is the maximum surface reaction capacity (given
inmass per surface area and time, determined by the density
and degradation capability of the microorganisms covering
the surface), ay is the specific reactive surface, and K, is the
Michaelis constant. This allows us to express the maximum
reaction rate as
Kinax = @yGmax 3)
Note that under the constraint of a homogeneous steady-
state biomass coverage of the surface, the Michaelis—Menten
kinetics given by eq 2 is structurally identical to the Monod
expression.

Pore-scale Geometry. The domain used for the calcula-
tions is a semi-infinite two-dimensional channel with
diameter 2L, and the fluid—solid interface presented by the
(reactive) wall of the channel (see Figure 1 top and the
Supporting Information for more details). For a realistic
porous medium, this domain could be applied in a network
model consisting of capillary tubes (22, 23). Although the
features of interest for this study are comprised in the used
domain, effects like tortuosity, pore connectivity, and a
modulated pore diameter are not considered here. However,
simplified pore geometries like the one used herein have
been shown to yield insight into the dependency of geometry,
transport, and reaction in general (24) as well as reactive
transport at the pore scale (16, 25, 26).

Mass Transfer Described by a Linear Exchange Term.
As an alternative to calculating biodegradation rates by
solving eqgs 1 and 2 explicitly at the pore-scale, introducing
a linear exchange term allows for a simplification of the
problem. The general concept is to distinguish between two
individual concentrations (representing two individual res-
ervoirs): (i) the bulk concentration C (interpreted as the
weighted average of the concentration along the width of
the pore) which is affected by transport and (ii) the
bioavailable concentration cy;, (interpreted as the concen-
tration at the pore wall) which determines the rate of
biodegradation. Both concentrations are coupled using a
linear exchange term Ry, to describe the mass exchange rate

Ry = aju(C — Gy @)

Here, ji; is the mass flux coefficient allowing to define the
mass transfer rate coefficient k; as

ky = aj, 5)

This approach is also known as the linear driving force model
first proposed by Glueckauf and Coates (27) for adsorption
chromatography (28), which has been used from then on in
the field of reactive transport, too (29, 30). Since in a channel
geometry this mass exchange takes place in a direction
transversal to the water flow and is driven by diffusion, one
might anticipate that
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Despite its simplicity, the predictive capacity of the
approach given by eq 4 is limited due to the difficulties when
trying to establish a connection between ki and real physical
features of the porous medium (see e.g. the work of Dykaar
and Kitanidis (15) for a detailed discussion). Therefore, we
cannot infer further properties of this parameter at this point
of the study.

Using eq 4, eqs 1 and 2 can be rewritten as

88— —v,vC+ DgAC- R, @
and
aCbio _ Chio
ar w kmame + Coio ®

with Deg as effective diffusion coefficient and Vi as the
effective transport velocity along the length of the pore
channel. For the calculation of these quantities, we refer to
the work of Balakotaiah and Chang (14) and Hefe et al. (18).
Note that V. is equal to the average pore velocity Vfor high
bioavailability and increases by a maximum factor of
approximately 1.4 for very low bioavailability (18). Relaxation
times at the pore scale can be considered short compared
to macro-scale fluctuations of flow velocities and species
concentrations, which justifies the assumption of steady state
conditions. Using this assumption, eqs 7 and 8 can be further
simplified to a single equation describing the change of the
bulk concentration along the pore channel:

aC _

ar ~VetVC + DegAC — Ry = 0 ©)
with
Knktr( C kmax )
Ryges = ——1+ == + X
et 2 Kn o Kok
4.C Ko
Kmek[l'
1- - (10)
(1 +E 4 k‘“‘“)
Kn Knktr

The latter is the so-called Best-Equation Best (21) derived by
inserting eq 4 into eq 8 and rearraging under steady state
conditions (i.e., Ry = Rpes, d¢/ 3t = 0; see, e.g., the works of
Simoni et al. (2) or Bosma et al. (19) for a more detailed
discussion). Note that in eqs 8 and 10, knax and ki, are given
by egs 3 and 5, respectively. The Best-Equation provides a
closed expression for the biodegradation rate with respect
to the macroscopic or bulk concentration C. This macroscopic
reaction rate is the result of two consecutive microscopic
processes: the diffusive mass transfer and a local reactive
consumption (the consumption at the microscopic location
of the microorganisms, i.e. the solid water interface).
Depending on the prevalence of these processes, the
macroscopic rate will be either diffusion- or reaction-limited,
or a combination of both.

Dimensionless Description. In order to obtain generaliz-
able results and to make use of mathematical concepts
derived previously by Hepe et al. (18), the above variables
and equations are transferred into dimensionless descrip-
tions. For this purpose, reference lengths, Ly s and Ly, as
well as a reference concentration ¢ are used. For Ly e, we
choose half the width of the pore (see the schematic in the
Supporting Information), and Ly, is a characteristic length
scale of the contaminant along flow paths, which is certainly
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much longer than Ly t. As ¢, the concentration at the pore
inlet is chosen. Using these references, allows for the
definitions of the Péclet number, and the Thiele modulus,
as dimensionless numbers or scaling units. The Péclet
number

VL, of

Pe= = (11)
D Lx,ref

is a measure for the relevance of advective versus diffusive

mass fluxes. The Thiele modulus (31) is defined as

2 _ kmaxLy,ref 12)

- aDK,

and is a measure to assess whether the macroscopic reaction
rate is controlled by the local reaction rate or by diffusive
fluxes.

Applying these above reference values allows to transfer
all system variables into a dimensionless form

A D C’Kn A Lyref @ . Ly,ref
G Kn - Crof v Ymax Imax Dcref, Ju Je D’
£=-2and y=-4 (3
Lx,ref y Ly,ref

Description of the Full Problem. By assuming the constraint
Lyref? < Lyref?, justified above, we can neglect the longitudinal
diffusion (18, 25, 26). Furthermore, we can state that the
velocity field has only a component in the direction of the
flow path (see the figure in the Supporting Information).
Using this assumption and the definitions above, eqs 1 and
2 can be converted into the following dimensionless steady-
state expressions for the investigated pore channel:

_Y\ o,
Pe(l I 2 C= é (14)

in the fluid phase, and

[}

Vén = —@*———— (15)
1+ ¢k,

at the fluid—solid interface. The velocity distribution in eq
14 is defined as a parabolic function and n is the outer unit
normal.

Note that, unless stated otherwise, we will use only
dimensionless variables in the remainder of the manuscript.
For the sake of simplicity, we will thus drop the circumflex
accent above the symbols.

Effective Problem Description. Applying the above di-
mensionless variables to eqs 9 and 10 also allows expressing
the effective solution for the pore-space geometry in di-
mensionless form:

Vor 9 o _ Der &

_ — .l
2T C=a (16)

D ¢ “Pe

with Q as the dimensionless form of the Best-Equation:
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For the derivation and the calculation of the effective
transport parameters in eq 16, we refer again to the work of
Balakotaiah and Chang (14) or Hefe et al. (18) (valid for Pe
< 10).

For comparison, an alternative expression was considered
for Qin eq 16 using effective Michaelis—Menten kinetics in
analogy to previous studies (17, 18) (denominated as Monod
kinetics therein):

q)effz C

Q=17 ClI Ky ot

(18)

with the effective reaction parameters @i and K, ¢ being
linked to the local values for ®? and K, either using a single
scaling parameter 7eqy With @e? = 7eqv®? and Kegr = 1eqvkm
(17, 18) or using two independent scaling parameters 7 eqy
and 12,eqv with (DeffZ = 771,eqv(1)2 and I<eff = 772,equm (]8)

General Approach. To evaluate the applicability of the
linear exchange model, numerical solutions of the full
problem description given by eqs 14 and 15 are compared
to solutions of the effective problem description given by eq
16.

Numerical solutions of the full problem were obtained
using a finite element solver (for further details see the work
of Radu et al. (32)). A parabolic profile was considered as
velocity distribution along the width of the pore channel,
and at the inflow of the pore channel, a fixed concentration
¢ was used as a boundary condition.

The resulting two-dimensional concentration distribution
is subsequently averaged over the transversal axis to obtain
a one-dimensional concentration profile along the longitu-
dinal flow path. This concentration profile was used as a
reference for the results of the effective problem descriptions.
Due to physically unrealistic boundary conditions at the inlet,
we avoided artifacts by excluding regions close to the inlet
from the fitting procedure. In order to make all following
analysis compareable, we chose as criteria the point, where
the cross section of the concentration distribution is well-
approximated by a single cosine function (see also refs 14,
16, or 18for further details). Solutions of the effective problem
were obtained applying a Runge—Kutta solver. Values for
the unknown mass flux coefficient ji, in eq 17 and the scaling
factor(s) #7-eqvin eq 18 were determined by fitting, i.e. minizing
the square sum error between the analytically derived one-
dimensional concentration profile (Best-Equation) and the
one obtained by numerical simulation. Furthermore, values
for j,, were estimated analytically making use of results from
Hepe et al. (18) (see the Supporting Information for a detailed
description).

Results and Discussion

To demonstrate the general approach and to indicate the
relevance of using an appropriate effective description, results
are first shown for two arbitrary examples: one representing
areaction-limited regime (Figure 1a), where the macroscopic
degradation rate is mainly controlled by the local reaction
rate, and one representing a diffusion-limited regime (Figure
1b), where mainly transversal diffusive fluxes are controlling
the macroscopic degradation rate. Numerical simulation
results (steady state) of the full problem show that for the
reaction-limited regime concentration gradients along the
width of the pore channel are rather smooth (Figure 1a top).
This results in the average bulk concentration C being
representative for the concentration at the pore wall ¢,;o. As
a consequence, the bulk concentration profile along the
length of the pore obtained by averaging the numerical results
along the width of the pore channel can be reasonably well
predicted using an effective description with Michaelis—Menten
kinetics and the local parameters (i.e., using eq 16 with Q as

ineq 18 and #1,eqy = 2,eqv = 1) (Figure 1a bottom). In contrast,
for the diffusion-limited regime, strong concentration gra-
dients can be observed along the width of the pore, and the
bulk concentration C differs from the concentration at the
pore wall ¢, (Figure 1b top). In this case, predicting the
longitudinal bulk concentration profile usingMichaelis—Menten
kinetics with local parameters leads to an overestimation of
the macroscopic reaction rate and thus to an underestimation
of the bulk concentration (Figure 1b bottom). For both
regimes, using an effective description based on the linear
exchange model, i.e. using the Best-Equation as the effective
reaction rate Qin eq 16, allows for a very good reproduction
of the longitudinal bulk concentration profile (Figure 1
bottom) indicating the general applicability of the approach.

General Behavior of the Mass Flux Coefficient ji.. In order
to assess the general behavior and the accuracy of the linear
exchange model, the above comparison of results from
numerical simulations of the full problem and from the
effective solution using the Best-Equation was performed
for a broad range of possible scenarios characterized by
different values of the Thiele modulus ®* and the ratio
between the maximum concentration and the Michaelis
constant ¢/ K. While ®? is a good inverse measure for the
relative importance of reactive vs diffusive processes, the
ratio ¢y/ Ky, indicates if the reaction rate is (initially) following
(i) an effective zeroth-order regime (¢,/ Ky, > 1), (ii) an effective
first-order regime (cy/ K << 1), or (iii) a transition between
both (¢y/ Ky ~ 1).

Optimum fit results obtained for j, show a dependency
of this parameter on the local reaction rate parameters (i.e.,
®?and ¢/ Ky,) (Figure 2a). With respect to @2, different regimes
can be identified: for low values of ®?, j, shows a strong
dependency on ¢/ K, with higher values of ¢,/ K, associated
with higher values of j, resulting in a variation of j, over
several orders of magnitude (Figure 2a, left part), which have
beenreported before by Young and Ball (33) for similar setups.
In contrast, for sufficiently high values of ®? optimum fit
values approach a constant value of j, ~ 2.4—2.5 independent
of ¢y/ K, (Figure 2a right part). The transition between these
two extremes is characterized by j,, increasing with ®? toward
a maximum value before decreasing toward the constant
value for large ®2. The larger ¢/ Ky, the larger the value of
®? at which maximum values of j, are reached and at which
subsequently the constant value is approached.

The residual errors obtained when comparing one-
dimensional concentration profiles determined by fitting ji.
to solutions of the full problem show that for both, very high
or very low values of ®?, the Best-Equation provides a very
good estimate of the concentration along a pore-scale flow
path with negligible errors (Figure 2b). For values of ®? ~
10°-10?, larger errors can be observed, the value of which
depend on ¢/ Ky, For high values of ¢/ K, errors of up to
2.5% can be found, with decreasing maximum values with
decreasing ¢y/ K. Also values of ®? at which highest errors
were found depend on ¢,/ K, with higher ¢,/ K, shifting the
peak of the residual error toward higher values of ®2.

Given that a value of ¢/K;, = 0.1 represents the first-
order range of Michaelis—Menten kinetics, the Best-Equation
appears to be most accurate for this type of reaction regime.
However, as maximum errors remain below 3% for all
combinations of ¢,/ K, and ®?, the Best-Equation provides
a good effective description also for the zeroth-order range
of Michaelis—Menten kinetics and the transition between
these extremes. This indicates that in general the linear
exchange model is an adequate effective description of bio-
availability limited biodegradation at the pore-scale. However,
for low @2, values of j, obtained by fitting varied over several
orders of magnitude depending on both, ®? and ¢,/ Ky,,. This
would certainly challenge the prediction of j, and the ap-
plicability of the linear exchange model for practical use.
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FIGURE 2. Behavior and accuracy of the mass flux coefficient j, from eq 17 with respect to ®2. The value of j, was determined by
fitting an effective solution using eq 16 to averaged numerical solutions of the full problem for several ®? and cy/K, (a, b).

Using a Constant Estimate for ji,. As discussed in the
above section, j; showed strong variations with respect to
the parameters of the local reaction rate, i.e. ®* and ¢,/ Ky,
(Figure 2a). For high values of ®? and/or low values of ¢;/ Ky,
however, the mass flux coefficient j; appeared to be relatively
constant. In addition, sensitivity analysis showed that for
high ¢/K.,, results are rather insensitive even to large
variations of j, (data not shown). These observations are
consistent with the fact that for high ¢/ K, a zeroth-order
reaction regime is prevailing with the reaction rate hardly
depending on concentration. Thus, j, controlling the link
between bulk and bioavailable concentration is not supposed
to have a major impact on the overall reaction rate, which
explains the low sensitivity. In contrast, for low c¢y/Ky
representing a first-order reaction regime, the concentration
is considered to be a crucial factor for the overall degradation
rate and consequently the sensitivity toward j, is higher. As
a consequence, any value for j, which might be used to
represent the entire range of ®? and ¢/ K, values should be
at first a good estimate for the first-order regime.

A reanalysis of the results from Hegfe et al. (18) allows for
low values of ¢,/ Ky, to derive an analytical estimate of

o= 714 =~ 2.47 (19)
(see the Supporting Information for a detailed derivation).
This value is identical to results of Haggerty and Gorelick
(34) reported for the case of layered diffusion, and is also
nearly identical to the optimum fit values found for large ®2.
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In order to assess the applicability of this constant estimate
for the entire range of ®? and ¢/ Ky, an error analysis was
done in analogy to the above section (Figure 2b).

Results of this error analysis for a constant value of j, =
7?14 show again a good accuracy with small errors in the
cases of either low or high values of ®? (Figure 2c). Higher
errors are again observed in the transition regime with values
showing a dependency on ®?and ¢,/ K;,, compareable to above
results. The maximum of this error, however, does not exceed
6% regardless of the value of ¢y/K,, which is still in an
acceptable range compared to experimental accuracies (35).
These findings support the extrapolation of the analytically
determined first-order regime value of j; to the entire range
of reaction regimes. Thus, the simplicity of obtaining an
estimate while keeping the estimation errors in an acceptable
range suggests the analytically derived value of j to be the
more efficient approach compared to the more accurate
fitting procedure.

Comparison with Macroscopic Michaelis—Menten Ki-
netics. To compare the accuracy of the linear exchange model
with effective Michaelis—Menten kinetics suggested in the
literature as effective degradation rates (17, 18), residual errors
of these different approaches were determined assuming
¢/ K, = 10 as for this value large errors were found (see
Figure 2b and c). Results of this comparison indicate that the
highest accuracy is obtained by using effective Michaelis—
Menten kinetics with two independent effective parameters
(Figure 3). This observation can be attributed to the additional
degree of freedom in this fitting approach compared to the
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FIGURE 3. Residual errors made by using different effective
rate expressions: the Best-Equation with a constant j, = 7%/4
(dashed line) and with fitted values for j, (solid line) and
Michaelis—Menten kinetics with one (dotted line) and two
(dashed—dotted line) degrees of freedom (DoF), i.e.
independently fitted scaling parameter(s). Results were
obtained assuming a value of cy/K,, = 10.

expressions using a single fitting parameter. Of those
approaches using one parameter only, the Best-Equation
with a fitted j, is the most accurate. The analytically derived
value of j,, = 72/4 leads to slightly less accurate estimates as
shown above. Compared to these two estimates using the
Best-Equation, effective Michaelis—Menten kinetics with only
one scaling factor leads to the highest estimation errors.

Relevance of Pore-scale Bioavailability Restrictions. In
order to assess the necessity of the application of an effective
description for pore-scale mass fluxes, one has to evaluate
the bioavailability with respect to the local reaction rate
parameters ®? and K;,. To quantify bioavailability Bosma et
al. (19) introduced the bioavailability number Brn as the ratio
between the mass transfer rate coefficient k; and the
microbial specific affinity given by kiax/ K. Combining this
with eqgs 5, 12, and 19 allows to express Bn as

ktr .7[2
B 40* e
This relation supports the idea that the Thiele modulus can
serve as a measure for species bioavailability (36). However,
as discussed above, the relevance of such mass transfer
limitations also depends on the concentration of the reactive
species, an effect already reported previously (20, 37). For
these reasons, Kampara et al. (20) introduced the effective
bioavailability B.g as the ratio between the effective degrada-
tion rate given by the Best-Equation (eq 17 using the constant
estimate for j,) and the potential degradation rate in the
absence of any bioavailability restrictions given by Michaelis—
Menten kinetics (eq 18 using local values for ®? and K,,; see
the Supporting Information for more details). Expressing Bes
as function of ®? and C/ K, (Figure 4) allows the determination
of parameter combinations for which bioavailability effects
need to be considered at the pore scale.

Results of this analysis show that for low concentrations
(C/ Ky = 1), bioavailability restrictions become relevant at
values of ®? ~ 1 with higher ® resulting in severe bioavail-
ability limitations of the degradation rate (Figure 4). For higher
concentrations, i.e. (C/K, = 1), values of ®?, for which
bioavailability effects have to be expected, increase. As a
result, a reduced bioavailability is confined to relatively fast
reactions (high ®2), only. These findings are also in general
agreement with the results for surface catalyzed abiotic
reactions reported recently by Li et al. (13) who observed
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FIGURE 4. Effective bioavailability B.; with respect to the local
reaction rate parameters ®? and C/K,. The values were
calculated as the ratio of the reactive flux given by the
Best-Equation using eq 17 compared to the reactive flux given
by Michaelis—Menten kinetics using eq 18 with local
parameters.

only negligible limitations of mineral dissolution rates at for
®? < 1 (estimate based on data given therein).

Comparison to Experimental Data. In order to illustrate
the application of the concept outlined above for the
interpretation of experimental data, we here use results from
a column experiment on the biodegradation of 3-chloro-
dibenzofuran taken from the work of Harms and Zehnder
(38) as an example. Detailed information on the setup and
the experimentally determined parameters are provided in
the Supporting Information, where we furthermore show
how dimensionless and dimensional parameters are trans-
ferred into each other to exemplify the application of our
results to real world problems.

For this experimental setup, a Thiele modulus ®? = 1.6
and a mass transfer rate coefficient of k, = 0.23 s~! were
calculated. Measured substrate concentrations decrease from
1.55 uM at the inlet to 0.37 uM at the outlet of the column
which corresponds to values for C/K,, to vary between 6.7
and 1.6. Referring to the scheme given in Figure 4, this
corresponds to a scenario with mildly limited bioavailability.
According to Hefe et al. (18), these values furthermore yield
an effective transport velocity veg~1.2 larger than the average
flow velocity V. Using the given parameter values (see the
Supporting Information), the column experiment was simu-
lated using the Biogeochemical Reaction Network Simulator
(BRNS) (39, 40). The simulation of biodegradation of the
substrate using Michaelis—Menten kinetics with the given
local parameters and no correction to the flow velocity
resulted in an outflow concentration of Cy, = 0.048 M. This
is a massive underestimation of the measured outlet con-
centration of G,y = 0.37 uM, which indicates a limited
bioavailability of the substrate in the column. When using
the Best-Equation, i.e. eq 10 with the above k, and given
parameter values, the simulated outlet concentration clearly
increased to C,, = 0.185 uM but still underestimated the
measured value. However, when deriving the hydraulic radius
not from the specific surface of the glass bead packing (riyq
= 0.016 cm; see the Supporting Information), but arbitrarily
assuming it to be equal to the (upper range) of the reported
glass bead size (1, = 0.050 cm), the Thiele modulus increases
to @ = 4.8 and the mass transfer coefficient deceases to ki,
=0.073 s~'. With these values, an outlet concentration of ¢,y
=0.35 uM was simulated, which is in close agreement to the
measured value while the results using the local parameter
Michaelis—Menten rate expression were not affected by the
change of hydraulic radius. Apparently, some limitation of
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bioavailability can be attributed to the diffusive mass transfer
at the pore scale, but other factors (e.g., heterogeneities of
the flow field, distribution of the bacteria, etc.) may have
limited the bioavailability in this experiment as well.

Future research (e.g., comparing porous media packings
with different bead sizes) must show if these effects can be
confirmed by experimental data.

Implications for Practical Applications. The pore-scale
mass transfer limitations investigated in the present study
represent an intrinsic upper limit of mass transfer influenced
bioavailabilty to be found in porous media. Any additional
mass transfer limitation at a larger scale would lead to a
reduction of the mass transfer rate coefficient. The need to
consider pore-scale mass transfer limitations in practical
applications is linked to the Thiele modulus ®2 and the ratio
of C/ K, as shown above. The determination of the mass flux
coefficient using a fitting routine requires however a suitable
reference especially with regard to its strong dependency on
the parameters of the local reaction kinetics. To avoid this
limitation, a constant estimate of j, = 7%/4 can be used as
an alternative with only slightly less accuracy.

Alternative approaches using Michaelis—Menten kinetics
as the effective degradation rate are also challenged by the
effective parameters (i) showing a distinct dependency on
thelocal rate parameters and (ii) requiring a fitting or complex
upscaling procedure for their derivation (17, 18). Further-
more, an improvement of the accuracy achieved by the Best-
Equation can only be obtained when using two independently
scaling effective parameters. Considering that an experi-
mental determination of biodegradable organic chemicals
in the environment is typically done with an error of 10% or
more (35), the Best-Equation with a constant value of j, =
7°/4 is the most suitable compromise between providing an
accurate prediction and the effort needed to determine the
relevant effective parameter. Although the Best-Equation
considers only one reactant, more reactive species could be
modeled by means of explicit two-step schemes, i.e. an
individual transport step for each species according to the
linear exchange model with a subsequent combined deg-
radation step. To predict values for the ultimately needed
mass transfer rate coefficient ki, from the constant mass flux
coefficient j,, only knowledge of the porous matrix geometry
(hydraulic radius, specific surface) and the diffusion coef-
ficient of the degraded substrate is needed.
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