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Abstract

Soil column experiments were conducted to study bacterial growth and transport in porous
media under denitrifying conditions. The study used a denitrifying microbial consortium isolated
from aquifer sediments sampled at the U.S. Department of Energy’s Hanford site. One-dimen-
sional, packed-column transport studies were conducted under two substrate loading conditions. A
detailed numerical model was developed to predict the measured effluent cell and substrate
concentration profiles. First-order attachment and detachment models described the interphase
exchange processes between suspended and attached biomass. Insignificantly different detachment
coefficient values of 0.32 and 0.43 day“, respectively, were estimated for the high and low
nitrate loading conditions (48 and 5 mg 1~' NO,, respectively). Comparison of these values with
those calculated from published data for aerobically growing organisms shows that the denitri-
fying consortium had lower detachment rate coefficients. This suggests that, similar to detachment
rates in reactor-grown biofilms, detachment in porous media may increase with microbial growth
rate. However, available literature data are not sufficient to confirm a specific analytical model for
predicting this growth dependence.
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1. Introduction

Indigenous subsurface microbes have the capacity to remediate contaminated soils
and associated groundwater (Barker et al., 1987; Maclntyre et al., 1993; Borden, 1994).
Additionally, active in situ bioremediation can accelerate microbially-mediated natural
clean-up processes (Semprini et al., 1991; USNRC, 1992). However, developing an
effective design for an in situ bioremediation system is difficult. One reason is a lack of
understanding of biologically-mediated transport processes in porous media. These
processes can have a large effect on in situ bioremediation because, parameters such as
contaminant transformation rates, and the location and size of the bioactive region,
depend on bacterial concentration and the spatial distribution of active biomass.

Investigators have used theoretical modeling and laboratory scale experiments to
identify the principal processes that affect microbial transport in porous media
(Corapcioglu and Haridas, 1985; Molz et al., 1986; Baveye and Valocchi, 1989; Taylor
and Jaffe, 1990a; Taylor et al., 1990; Hornberger et al., 1992; Cunningham and Wanner,
1993; Tan et al., 1994; Peyton et al., 1995). Those studies show that, in addition to
advection and dispersion, microbial transport is affected by attachment and detachment
processes that exchange bacterial cells between the suspended and attached biomass
phases. Attachment processes include adsorption and physical straining from the ground-
water. The colloid filtration theories of Tien et al. (1979) have been widely used to
describe attachment (Taylor and Jaffeé, 1990b; Martin et al.,, 1992; Hornberger et al.,
1992). Detachment is the removal of attached-phase biomass and subsequent re-entrain-
ment in the groundwater. Detachment processes in porous media include removal by
erosion or sloughing. Erosion is the continuous removal of small particles of biomass
and is presumed to be the result of shear forces exerted by the moving fluid in contact
with the biomass surface. By contrast, sloughing is the detachment of large portions of
biomass and is an apparently random and discrete process. Sloughing often occurs in
older thicker biofilms or when environmental conditions change rapidly. No simple
analytical expressions have been found to accurately model the underlying phenomena
that cause detachment; hence, it is difficult to compute detachment rates a priori. Factors
that have been suggested in various combinations to affect detachment rates include
shear stress, growth rate, substrate loading rate, biofilm thickness, and biofilm density
(Peyton and Characklis, 1993).

Few experimental studies of biofilm detachment have been performed in porous
media systems. However, several investigations have provided some understanding of
detachment processes in porous media. Fontes et al. (1991) and Hornberger et al. (1992)
determined detachment rates for two Gram-negative strains. Tan et al. (1994) examined
the effects of changes in flow velocities, cell concentrations, and ionic strengths on
microbial transport. In these studies, a pulse of bacteria was fed into porous media
columns under non-growth and non-decay conditions. The detachment coefficient was
determined by calibrating an advection—dispersion model to describe bacterial concen-
tration breakthrough data. All three studies indicate that detachment will occur at a
baseline level even under nongrowth conditions and that detachment expressions which
are strictly proportional to growth rate may not be appropriate.

Under growth conditions, which are more representative of active bioremediation
scenarios, Taylor and Jaffé (1990a) studied transport and growth of an aerobic culture in
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soil columns fed with different nutrient concentrations. They described the attachment
coefficient with a filtration model developed for porous media beds (Corapcioglu and
Haridas, 1985) and estimated the detachment coefficient from empirical models devel-
oped for biofilm reactors and granular activated carbon columns (Rittmann, 1982;
Speitel and DiGiano, 1987). Taylor and Jaffée (1990b) developed useful models that can
account for changes in porous medium properties due to biofilm accumulation. Through
model simulations they demonstrated the importance of modeling attachment and
detachment in porous media; however, their models did not improve the state of
understanding of these processes. In addition, Taylor and Jaffe’s work did not report or
analyze effluent cell concentration data.

Lundman (1992) obtained experimental data from short columns (5 cm long by
3.1-cm diameter) filled with glass beads with an average diameter of 1 mm. He
performed four aerobic experiments at influent glucose concentrations of 26.0, 19.7, 2.9,
and 2.7 mg/1 at a high flow velocity of 7745 cm/day. Peyton et al. (1995) evaluated
detachment coefficients for two of these tests by fitting the model-derived substrate
profiles to experimental data. An attachment coefficient of 43.2 day ' was used in this
work, although short column residence time made the predicted results relatively
insensitive to the attachment rate coefficient. Detachment coefficients were evaluated by
fitting a numerical transport model to measured temporal substrate profiles at the
column effluent. The model accounted for biomass growth, substrate and biomass
transport, and substrate utilization. The conclusion was that simple first-order models in
attached biomass can be used to describe detachment processes in porous media,
although the first-order detachment coefficient was affected by substrate loading rate.

Many in situ bioremediation systems use anaerobic processes (Semprini et al., 1991;
Hooker et al., 1994b), but no one has reported microbial transport data under anoxic
conditions. Most microbial transport studies in the literature were performed under
non-growth conditions, and only a few investigated actively growing populations under
aerobic conditions. Hence, our objective was to investigate bacterial transport with
actively growing bacteria in anoxic porous media. To accomplish this objective, we
studied nutrient and microbial transport in one-dimensional porous media columns under
denitrifying conditions (anoxic). A detailed mathematical model was developed, which
included not only advection and dispersion, but also microbial transport and accumula-
tion phenomena, to describe the experimental observations. The model determined
detachment coefficients by using a nonlinear least-squares procedure to fit the effluent
suspended-cell and substrate concentration profiles. These detachment coefficient values
are compared with other published values corresponding to a variety of nutrient loading
and growth conditions.

2. Materials and methods
2.1. Bacterial culture

The bacterial consortium used in these experiments was grown from a soil sample
that was aseptically removed from a test well at the U.S. Department of Energy’s
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Hanford Site in southeastern Washington state. To help ensure a reproducible inoculum,
separate vials of stock culture are maintained in liquid nitrogen. The consortium contains
Pseudomonas sp. that can grow under denitrifying conditions and the growth Kinetics
were established by Peyton (1994). The biomass used in each experiment was grown by
adding 100 w1 of microbial stock to a sterile 250-ml flask containing 200 ml of
simulated groundwater medium amended with 1500 mg /1 nitrate and 2000 mg /1 acetate
(Jennings, 1994). This culture was incubated aerobically at 27°C on a 125-rpm orbital
shaker for 3 days. Aerobic conditions were used to quickly generate biomass for sand
column experiments because the microbial species of interest are facultative (Skeen et
al., 1994).

2.2. Sand column experiments

A schematic diagram of the experimental setup is shown in Fig. 1. The columns used
in these tests were 50-cm-long 316-stainless-steel HPLC columns (Alltech Associates,
Inc., Deerfield, Illinois, U.S.A.) with an inside diameter of 2.1 cm. A flow distributer
with a stainless-steel frit at the entrance and exit of each column minimized channeling.
High pressure precision metering pumps (Model # A-30-S, Eldex Labs, Napa, Califor-
nia, U.S.A.) fed sterile acetate and nitrate from separate 10-1 carboys. Acetate and nitrate
discharge tubing was routed from the metering pumps to a mixing tee, through a
0-6500-KPa pressure gauge, to the inlet of the packed columns. The mixed solutions
remained in the tubing < 5 s before entering the column. All connections were made
with 0.16-cm pressure fittings. Other details of the column and porous medium
properties are summarized in Table 1.

Nutrient Feed Carboys
Acetate Nitrate
Effluent
—>
S— 0.45 Pm Fllter &3 r—-_l

— Metering Pump -
Soil Column
———..--Check Valve - _

—--—100 PSI Pressure - — - -
Regulator

Fig. 1. Experimental setup.
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Table 1

Summary of column and porous media properties

Length of column 50 cm
Inside diameter 2.10cm
Porosity, n 0.44
Average grain size, d, 200 pm
Dry bulk density, p, 1.56 X 10® mg /1
Dispersivity, « 1.0 cm
Darcy flux, g 832 cm /day
Average size of cells 2 pm
Attachment coefficient, K, 288.0 day ™!

Before use, solutions of acetate and nitrate were adjusted to pH 7.0 and sparged with
helium gas for ~ 30 min to remove any dissolved oxygen. In these experiments, two
substrate loading rates were tested in triplicate columns. The high substrate loading
condition used nominal influent concentrations of 58 mg /1 acetate and 48 mg /1 nitrate;
the low substrate loading rate used 5.5 mg/1 acetate and 5 mg /1 nitrate. These influent
concentrations resulted in nitrate-limited conditions in both cases.

2.3. Experimental set-up

The column, tubing, filters, and pressure gauges were steam sterilized before column
inoculation. Metering pumps were sterilized by pumping a 75% ethanol solution through
the liquid cylinder head for 30 min, followed by a 5-min rinse with sterile dejonized
water. The apparatus was aseptically assembled. Silicate sand of 200-pm average
particle diameter was prepared for column loading according to the cleaning procedure
outlined in Vandevivere and Kirchman (1993). Before inoculation, the sand was steam
sterilized to eliminate previous microbial contamination. To inoculate the columns, 500
ml of culture containing ~ 6 X 10® cells/ml were mixed with 900 g of sterilized sand,
and the resulting slurry was aseptically poured into the columns. The packed porosity
was 0.44. The inoculated sand columns were incubated under no-flow conditions for 24
h before the flow of nutrients was started. Each of two pumps was set to deliver a
constant flow of 1 ml/min nutrient solution for a combined flow rate of 2 ml/min.
Volumetric flow rates were monitored daily.

2.4. Sampling and analytical methods

Nutrient samples from the column feed and effluent solutions were passed through a
0.2-p.m filter (Millipore, Bedford, Massachusetts, U.S.A.) to prevent further metabolism
of nutrients. These samples were analyzed daily for acetate, nitrate, and nitrite on a
Dionex 4000i ion chromatograph (Dionex, Sunnyvale, California, U.S.A.) equipped with
a conductivity detector and a cation suppressor. An eluant containing 100 m M NaOH
was fed at 1 ml/min to a Dionex AS-11 anion-exchange column. All measurements of
anion concentrations were accurate to +1 mg/1 at the tested dilution.
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The number of colony forming units (CFU) in the liquid effluent was measured daily
to quantify the amount of biomass leaving the columns. CFU determination consisted of
serial dilutions that were subsequently plated on sterile tryptic soy agar spread plates
(Gerhardt, 1981). Colonies formed on the agar were counted after two days. Effluent cell
concentrations in CFU were converted to mg/1 units using an experimentally deter-
mined conversion factor for the microbial consortium (6.2 X 10° CFU /mg biomass).

3. Model development
3.1. Modeling flow and transport in porous media

In a one-dimensional soil column with constant flow, the mass balance equation for a
transported species is written as:

] a dc d
(1) = - @ | = 52 (a0) + 5 (1)
where c¢ is the aqueous-phase macroscopic averaged concentration of the transported
species [M L™°]; n is the porosity; « is the dispersivity [L]; g is the Darcy flux [M
T~']; and R is the reaction rate that describes the mass of the species reacted per unit
bulk volume per unit time [M L™° T~']. Assuming constant porosity and dispersivity
values, Eq. (1) can be rewritten as:

dc 3%c dc

a—[=Da—Zz—Ua+r (2)
where v =g¢/n is the pore-liquid velocity [L T™']; D=ag/n is the dispersion
coefficient [L> T™']; and r is the reaction rate that describes the mass of the species
reacted per unit liquid volume per unit time [M L™ T !]. Variations in porosity values
are ignored in this work because numerical simulations which used a variable porosity
model presented by Clement et al. (1995a) of column data reported by Zysset et al.
(1994) indicated that accounting for porosity changes had little effect on nutrient and
biomass profiles in one-dimensional constant flow systems. The simulation experiments
of Taylor and Jaffe (1990b) also show similar results, especially under low substrate
loading conditions.

In this study, since nitrite accumulation was experimentally measured to be negligi-
ble, we were interested only in modeling the transport of primary electron donor
(acetate) and acceptor (nitrate). Transport equations with appropriate rate expressions for
nitrate and acetate are written as:

3Cy FPCy  Cy P X, Py
o P Tra AT )
ac, ?c,  aC, P X, py
T Pog v TS T (4)

where Cy is nitrate concentration [M L™3]; C, is acetate concentration [M L™3]; 7 is
the specific utilization rate of nitrate (amount of nitrate consumed per unit biomass per
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day [My M3' T™']); 7, is the specific utilization rate of acetate [M, M3' T™']; X, is
the concentration of biomass in the aqueous phase [M L], X is the mass of microbial
cells per unit mass of porous medium solids [M M™']; and p, is the bulk density of the
porous medium [M L73].

In addition to nutrient concentrations, we are also interested in predicting the growth
and accumulation of biomass in the columns. Mass-balance expressions that describe
growth and transport of aqueous-phase biomass, and growth and accumulation of
solid-phase biomass are expressed as:

X, ¥X, X, Faet P
at =Daz2 _UTZ——FrXXa_ran_F (5)
dX, nr,,

=ix X, = gt —
k

dr (6)
where 7y is the specific growth rate, assumed to be the same for both suspended and
attached cells [T™']; r,, is the rate at which suspended cells attach to the solid phase
(mass of attached cells per unit liquid volume per unit time [M L™° T~']); and r,,, is
the rate at which cells detach from the solid phase (mass of detached cells per unit bulk
mass of porous medium solids per unit time [M M~ T~ ']).

Transport model Eqs. (3)-(6) assume a macroscopic approach for modeling biomass
in porous media (Corapcioglu and Haridas, 1985; ‘‘option A’ of Baveye and Valocchi,
1989). This approach is consistent with the macroscopic Darcy-scale analysis used for
modeling solute transport in porous media. Moreover, macroscopic estimates of biomass
can be experimentally determined; other biomass models, such as the microcolony
(Molz et al., 1986) and biofilm approaches (Taylor and Jaffé, 1990b; Cunningham et al.,
1991), require microscale data that are difficult to measure accurately. The present
model formulation also assumes that the concentration of nutrients in the solid-phase
biomass is equal to the aqueous-phase nutrient concentration. This is equivalent to the
fully penetrated biofilm assumption, which ignores mass transfer limitations across
attached biomass. Other researchers have found this to be a reasonable approximation
for porous media (Taylor and Jaffe, 1990b; Rittmann, 1993).

3.2. Modeling attachment and detachment processes in porous media

Attachment and detachment processes that exchange biomass between solid and
aqueous phases can be modeled by first-order rate expressions (Peyton et al., 1995):

Taw = Ky X, (7)

att “ta
Fder = Kdeth (8)

where K, is the attachment coefficient [T ']; and K, is the detachment coefficient
[T™']. In this study, the value of the detachment coefficient was estimated through a
model-calibration process, as described in Section 3.4.

Attachment coefficients were computed in accordance with the filtration theory for
deep bed filters proposed by Tien et al. (1979). Homberger et al. (1992) and Martin et
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al. (1992) found this model to be a reasonable approximation for describing bacterial
attachment processes in porous media. Thus, an expression for the attachment coeffi-
cient can be written as (Hornberger et al., 1992; Tien et al., 1979):

3(1—n)qm
Katt Y (9)
2d,

where g is the Darcy velocity [L T™!]; n is the porosity; d, is the porous medium grain
diameter [L]; and 7 is the collector efficiency. For the soil columns used in this study, a
value of 0.008 for n was computed from the analytical expression given in Tien et al.
(1979); the density difference between bacteria and water was neglected. At the derived
7, the calculated value of the attachment coefficient from Eq. (9) is 288.0 day ~'.

3.3. Modeling microbial growth kinetics

The kinetics of growth and denitrification by the microbial consortium used in these
tests were previously determined (Peyton, 1994). The specific rate of nitrate utilization
is described by a Monod-type kinetic relationship:

Cy Ca
Ky+Cy || Ka+Cy

(10)

A A
'N = Qmax

where §,,,, is the maximum specific nitrate utilization rate [M My' T™']; K is the
half saturation constant for nitrate [M L™3]; and K » 1s the half saturation constant for
acetate [M L™3]. The specific rate of acetate utilization and the specific rate of biomass
production are described as:

YA/N?N (“)

?X:—YX/N?N—Kd (12)

A

Ta

where Y, , is the yield coefficient for acetate; Yy ,y is the yield coefficient for cells;
and K, is cell decay rate [T~!]. The reaction rates and yield coefficients for the
denitrifying consortium are summarized in Table 2. These coefficients were estimated
by Hooker et al. (1994a) and Peyton (1994) from batch kinetic data, and the values are
consistent the with other reported values (Odencrantz et al., 1990; Semprini et al., 1991;
USEPA, 1993).

3.4. Numerical solution procedure

Transport equations (3)-(5) were solved by a fully-implicit, finite-difference proce-
dure. The nonlinear terms in the reaction equations were linearized by the Picard
iteration procedure, similar to methods reported in Molz et al. (1986) and Widdowson et
al. (1988). The resulting tridiagonal system of linear equations was solved by the
Thomas algorithm (Press et al., 1992). At each iteration level, the differential equation
for attached biomass (Eq. (6)) was solved explicitly by the fourth-order Runge—Kutta
method (Press et al., 1992). The nonlinear iterations between the four equations (Egs.
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(3)-(6)) were repeated until, at every node, all the computed concentrations converged
within one percent of the previous concentration value. The algorithm typically con-
verged within 3—4 iterations. The accuracy of the solution procedure was tested against
an analytical solution and against the results of a reactive transport problem presented in
Zysset et al. (1994). The validation procedure was similar to that presented in Clement
et al. (1995b). In addition, mass-balance checks for the transported species were
performed at every time step to verify the internal consistency of the model results.

During the model calibration process, model simulations were performed for various
detachment coefficient and initial biomass values. Calibrated model results were accom-
plished by first fitting the nitrate profile by adjusting the initial biomass level, and later
fitting the effluent breakthrough cell profile by adjusting the detachment coefficient. The
procedure was repeated until best-fit concentration profiles were attained. This sequen-
tial, iterative, fitting procedure worked efficiently because the predicted nitrate profiles
were not so sensitive to changes in detachment values explored in this study. Model
fitting was accomplished by reducing the relative error between calculated and observed
profiles using a nonlinear least-squares program NL2SOL (Dennis et al., 1981). All the
simulations used constant spatial and temporal steps of 0.5 cm and 0.0001 day,
respectively. Selection of these grid sizes was based on Péclet and Courant number
constraints (Widdowson et al., 1988). Computations were also done with twice as fine
discretization (both space and time) to ensure the influence of discretization on the fitted
profiles was negligible.

4. Results and discussions

As shown in Table 2, the estimated value of initial attached biomass concentration
was 3 X 1077 mg/mg soil (corresponding to 1.9 X 10° CFU /g soil). This fitted
estimate was based on the observed lag period in the effluent nutrient profiles and
represents an initial attached biomass concentration of ~ 0.5% of the total inoculated
cells. Experimental data and model calculations of effluent cell concentration profiles
were used to evaluate detachment coefficients for both substrate loading conditions. The
nonlinear optimization procedure gave detachment coefficients of 0.32 and 0.43 day '
for the high and low substrate loading cases, respectively.

4.1. High substrate loading columns

The model profiles for both detachment coefficients are compared in Fig. 2 with
experimentally measured influent and effluent nitrate concentrations from the three high
substrate loading tests. It can be seen from this figure that the model fits the effluent
data equally well with either detachment coefficient. Both the model and the data show
low nitrate consumption during an initial ‘‘lag’’ period of 5-6 days, after which enough
biomass has accumulated in the column to consume measurable amounts of nutrients.
Fig. 3 shows the calculated spatial nitrate profiles in the column for the high substrate
loading case. Shortly after the initial lag period, nitrate is predicted to be fully consumed
within the column as biomass accumulating near the column entrance consumes all
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Table 2
Summary of kinetic parameters, and initial and boundary conditions

Reaction constants:

Maximum specific nitrate utilization rate, g, 7.21 mg nitrate /mg biomass-day
Half saturation coefficient for acetate, K, 1.20 mg/1

Half saturation coefficient for nitrate, Ky 0.66 mg /1

Yield coefficient for acetate, ¥}, 0.84 mg acetate /mg NO4

Yield coefficient for cells, Yy, 0.13 mg biomass /mg NO;
Specific cell decay rate, K, 0.06 day !

Initial conditions:

Nitrate concentration, Cy 0.0 mg/I1

Acetate concentration, C, 0.0 mg/I
Aqueous-phase biomass, X, 107" mg/1
Solid-phase biomass, X 3x 1077 mg/mg

Entrance boundary conditions:

High Low
Nitrate concentration, Cyy 48.0 mg/1 5.0 mg/1
Acetate concentration, C, 58.0mg/1 5.5mg/1
Aqueous phase biomass, X, 0Omg/1 0O mg/]

nutrients within a short distance from the column entrance. No experimental measure-
ments of spatial nutrient profiles were made; however, the characteristics of these
modeled profiles are consistent with the observations reported in similar column
transport studies (Taylor and Jaffé, 1990b; Zysset et al., 1994).
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Fig. 2. Influent and effluent nitrate concentrations under high substrate loading conditions.
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Fig. 4 compares the measured effluent biomass concentrations under high substrate
loading conditions with both model profiles. Modeled cell concentrations show a
log-linear increase at the beginning of the test and then level off toward a steady-state
value. Experimental data given in Fig. 4 show a cell concentration in the effluent
reaches a plateau from ~ 10 to ~ 15 days and then declines through the remainder of
the experiment. This trend was not observed in the lower substrate concentration
experiments. A possible explanation for the decline in effluent biomass is that as more
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Fig. 4. Effluent cell concentrations under high substrate loading conditions.






