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Abstract This study is focused on the transport of Pseudomonas (P.) putida bacterial cells
in a 3-D model aquifer. The pilot-scale aquifer consisted of a rectangular glass tank with
internal dimensions: 120 cm length, 48 cm width, and 50 cm height, carefully packed with
well-characterized quartz sand. The P. putida decay was adequately represented by a first-
order model. Transport experiments with a conservative tracer and P. putida were conducted
to characterize the aquifer and to investigate the bacterial behavior during transport in water
saturated porous media. A 3-D, finite-difference numerical model for bacterial transport in
saturated, homogeneous porous media was developed and was used to successfully fit the
experimental data. Furthermore, theoretical interaction energy calculations suggested that
the extended-DLVO theory seems to predict bacteria attachment onto the aquifer sand better
than the classical DLVO theory.

Keywords Bacteria · Bench scale aquifer · Mathematical modeling · Attachment ·
Colloid stability · Extended DLVO

List of symbols
A123 Hamaker constant (J) (M L2)/t2

C Dissolved or suspended aqueous phase concentration (M species)/L3

C* Concentration attached onto the solid phase (M species)/(M solids)
Ceq Dissolved or suspended aqueous phase concentration at equilibrium (M species)/L3

C∗
eq Concentration attached onto the solid phase at equilibrium (M species)/(M solids)

dc Sand grain diameter (L)
dp Particle diameter (L)
DAB Molecular diffusion coefficient (L2/t)
De Effective diffusion coefficient (L2/t)
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618 C. V. Chrysikopoulos et al.

Dx Longitudinal hydrodynamic dispersion coefficient of species (L2/t)
Dy Lateral hydrodynamic dispersion coefficient of species (L2/t)
Dz Vertical hydrodynamic dispersion coefficient of species (L2/t)
e Charge of an electron (C)
F General form of the source configuration (M/(L3 t))
h Separation distance between two approaching surfaces (L)
ho Minimum separation distance between two approaching surfaces (L)
Is Ionic strength (mol/L3)
kB Boltzmann’s constant, (M L2)/(t2 T) or (J/T)
kc Attachment (deposition) rate coefficient of species onto quartz sand (t−1)
kr Detachment rate coefficient of species from quartz sand (t−1)
Kd Distribution coefficient L3/(M solids)
K123 Hydrophobic force constant (J) (M L2/t2)
Lx Aquifer length in the x-direction (L)
L y Aquifer length in the y-direction (L)
Lz Aquifer length in the z-direction (L)
mn nth Absolute temporal moment, defined in (14) (tn)
Mn nth Normalized temporal moment, defined in (15) (tn)
mwB Molecular weight of solute B (M/mol)
n Subscript indicating the order of the moment (−)
nx Number of discretization unit cells in the x-direction (−)
ny Number of discretization unit cells in the y-direction (−)
nz Number of discretization unit cells in the z-direction (−)
NA Avogadro’s number (mol−1)
NCr Courant number (−)
Pe Peclet number (−)
rb Radius of the bacterial cell (L)
t Time (t)
T Temperature (K) T
U Interstitial velocity (L/t)
VA Molar volume equal to mwA/ρA(L3/mol)
x Longitudinal spatial coordinate (L)
y Lateral spatial coordinate (L)
z Vertical spatial coordinate (L)
z Distance between the charged particle surface and its slipping plane (L)

Greek letters
α Bruggeman exponent (−)
αL Longitudinal dispersivity (L)
αT y Lateral dispersivity (L)
αT z Vertical dispersivity (L)
βi Contact angle of material i (◦)
ε Dielectric constant of the suspending liquid (C2/(J L))
ε0 Permittivity of free space (C2/(J L))
εr Relative dielectric constant of the suspending liquid
ζ Measured zeta potential of species and quartz grains (V)
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θ Porosity of the column material ((L3 voids)/(L3 solid matrix))
κ Inverse Debye-Hückel length (L−1)
μ Dynamic viscosity (M/(L t))
λ Decay rate of species suspended in the liquid phase (t−1)
λ* Decay rate of species sorbed or attached onto the solid matrix (t−1)
λAB Decay (Debye) length of water (L)
λw Characteristic wavelength of the sphere–plate interactions (L)
ρA Density of A (M/L3)
ρb Bulk density of the solid matrix (M/L3)
σBorn Born collision parameter (L)
τ* Tortuosity (−)
�AB Lewis acid-base potential energy (J) (M L2/t2)
�AB(ho) Lewis acid-base free energy of interaction at h = ho(J/m2)(M/t2)
�max1 Primary maximum of �tot (J) (M L2/t2)
�min1 Primary minimum of �tot (J) (M L2/t2)
�min2 Secondary minimum of �tot (J) (M L2/t2)
�tot Total intersurface potential energy (J) (M L2)/t2

�vdW Van der Waals potential energy (J) (M L2)/t2

�dl Double layer potential energy (J) (M L2)/t2

�Born Born potential energy (J) (M L2)/t2

ψ Surface potential (volts) (M L2)/(t3A)

ψB Wilke–Chang parameter for solvent B (−)
ω Number of time steps (−)

Abbreviations
AU Absorbance units
CFU Colony-forming units
DLVO Derjaguin–Landau–Verwey–Overbeek
OD Optical density
sdH2O Sterile distilled water
SL Sampling location
sp Sphere-plate
ss Sphere–sphere
XDLVO Extended DLVO

1 Introduction

The widespread contamination of groundwater with pathogens has resulted in an increased
attention focused on the complex and coupled factors that control biocolloid (virus, pro-
tozoa, and bacteria) transport in fractured and porous media (Corapcioglu and Kim 1995;
Sim and Chrysikopoulos 1995; Chrysikopoulos et al. 2000; Chrysikopoulos and Sim 1996;
Stevik et al. 2004; Auset and Keller 2005; Anders and Chrysikopoulos 2005, 2009; Bradford
et al. 2006; Brown and Abramson 2006; Maxwell et al. 2007; Masciopinto et al. 2008;
Redman et al. 2004; Torkzaban et al. 2008; Kim et al. 2009; Syngouna and Chrysikopoulos
2010; Vasiliadou et al. 2011). Knowledge of the fundamental processes that control biocol-
loid transport is essential because it can aid to the development of appropriate groundwater
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620 C. V. Chrysikopoulos et al.

protection strategies and successful groundwater bioremediation technologies (Ginn et al.
2002; Tufenkji 2007).

The attachment of bacteria onto the solid matrix of subsurface formations is affected by
the nature of bacterial as well as by the mineral surfaces (Powelson and Mills 2001; Becker
et al. 2004; Foppen and Schijven 2005; Kim et al. 2008; Bolster et al. 2009; Vasiliadou
and Chrysikopoulos 2011). However, the effects of interstitial fluid chemistry (Li and Logan
1999; Rogers and Logan 2000), pH and ionic strength (Fontes et al. 1991; Jewett et al. 1995;
Choi et al. 2007; Kim et al. 2008, 2009) on biocolloid transport in porous media have been
reported in the literature. Furthermore, previous studies have shown that the rate of bacte-
ria attachment onto porous media can be enhanced (Camesano and Logan 1998; Camesano
et al. 1999; Vasiliadou and Chrysikopoulos 2011) or hindered (Haznedaroglu et al. 2009;
Torkzaban et al. 2010) by previously attached colloids.

Traditionally, the stability of colloids in natural environments is predicted by the Derja-
guin–Landau–Verwey–Overbeek (DLVO) theory (Derjaguin and Landau 1941; Verwey and
Overbeek 1948). Despite the fact that in subsurface formations both bacteria and the solid
matrix are often negatively charged and thus the classical DLVO theory predicts the presence
of a repulsive force between bacteria and solid surfaces, bacteria often attach onto the solid
matrix. To resolve this discrepancy, numerous investigators have modified the DLVO the-
ory to include factors not accounted for in the classical DLVO model. The extended-DLVO
(XDLVO) theory includes the magnitude of the Lewis acid–base interaction (van Oss 1993;
Yoon et al. 1997).

Most of the work to date on biocolloid transport in porous media has been aimed to
examine biocolloid transport and interaction with granular materials (glass beads, soil, sand,
and gravel) at the laboratory scale using columns (Gannon et al. 1991; Simoni et al. 1998;
Camesano and Logan 1998; Hendry et al. 1999; Powelson and Mills 2001; Becker et al.
2004; Keller et al. 2004; Tong et al. 2005; Choi et al. 2007; Kim et al. 2008; Gargiulo et al.
2008; Harvey et al. 2010; Schinner et al. 2010; Syngouna and Chrysikopoulos 2011; Stumpp
et al. 2011; Vasiliadou and Chrysikopoulos 2011). Relatively fewer biocolloid transport stud-
ies have been conducted at the field-scale (Harvey and Garabedian 1991; Duba et al. 1996;
Harvey et al. 1993; Hubbard et al. 2001; Johnson et al. 2001; Zhang et al. 2001; Mailloux
et al. 2003; Maxwell et al. 2007; Pavelic et al. 2007; Foppen et al. 2008) and just a few in
3-D pilot-scale model aquifers (Bales et al. 1995; Chrysikopoulos et al. 2010; Harvey and
Garabedian 1991; Silliman et al. 2001).

In this study, the transport and attachment behavior of P. putida bacterial cells in a 3-D,
water saturated, pilot-scale experimental aquifer packed with quartz sand was investigated.
Emphasis was placed on whether the extended-DLVO approach can explain the observed
attachment of P. putida onto quartz sand and on the simulation of bacteria transport in the
3-D pilot-scale aquifer, where field conditions are simulated much better than in packed
columns.

2 Materials and Methods

2.1 Bacteria and Culture Preparation

The P. putida (ATCC17453) bacterial cells were cultured in 10 mL of nutrient broth (Laury
Pepto Bios Broth 35.6 g/L, Biolife) over a period of 20 h and incubated at 30 ◦C in an orbital
shaker (140 rpm) until an optical density at 600 nm (OD600) of 0.5 Absorbance Units (AU)
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Transport of P. putida 621

was reached. Subsequently, 5 mL of culture were transferred to 250 mL of the same medium
and incubated at 30 ◦C for 20 h (Choi et al. 2007; Kim et al. 2008; Rong et al. 2008; Vasiliadou
and Chrysikopoulos 2011).

Bacterial cells in the late exponential growth phase (OD600 = 0.9) were harvested by cen-
trifugation (10 min at 3,000×g) and washed three times with sterile distilled water (sdH2O)
(Hendry et al. 1999; Choi et al. 2007; Vasiliadou and Chrysikopoulos 2011). Harvesting at
the end of the logarithmic phase minimizes the potential for cell numbers increase during
the transport experiments (Mills et al. 1994; Vasiliadou and Chrysikopoulos 2011). After the
washing procedure, the bacteria were diluted in sdH2O to obtain the desired experimental
concentration of 1.8 × 106 − 5.8 × 108 colony-forming units per milliter (CFU/mL), with
a dry biomass concentration in the range of 10–658 mg of total cells/L. Following the work
by Rong et al. (2008), the optical density of bacteria in sdH2O was analyzed at a wavelength
of 410 nm by a UV–Vis spectrophotometer (UV-1100, Hitachi). The absorbance of standard
bacterial samples was measured at a wavelength of 410 nm, and the concentration of bacterial
cells was calibrated using a standard curve of bacterial optical density based on dry weights.
The standard curve (dry weights in mg/L versus bacterial optical density) was fitted with
a linear type equation (y = 189.11x) with a correlation coefficient of R2 = 0.999. This
procedure was repeated three times to insure reproducibility.

Removing bacterial cells from growth media and resuspending them into sdH2O could
affect their motility, even alter their swimming speed. However, microscope examination
verified that the bacterial cells were motile and still capable of growth as determined by plate
counts on agar plates (Camesano and Logan 1998).

The zeta potential of the bacterial suspension at pH 7 in sdH2O, measured by a zeta
potential analyzer (ZetaSizer, Malvern Instruments Corporation), was estimated to be−44.2±
1.6 mV. The P. putida employed in this study was a rod-shaped bacterium with average length
of 2.4 ± 0.9 μm, average diameter of 0.9 ± 0.1 μm, as determined from 50 SEM images of
cells, and equivalent spherical diameter of 2.2±0.4 μm, as estimated by a ZetaSizer analyzer.

2.2 Quartz Sand

For this study, quartz sand (Filcom Filterzand & Grind) that passed the #20 sieve (850 μm)
and retained on the #30 sieve (600 μm) was employed. Following the procedure outlined by
Loveland et al. (1996) the surfaces of the quartz grains were prepared by washing 450 g of
sand in 1,200 mL 0.1 M HNO3 for 3 h in a 140 rpm orbital shaker. Next, the grains were rinsed
three times with sdH2O. Subsequently, the quartz grains were soaked in 0.1 M NaOH for 3 h,
and rinsed repeatedly with sdH2O until the pH reached the value of 7. The quartz grains were
then dried in an oven at 105 ◦C. Finally, the sand as well as all of the glassware and materials
used for this experimental study were sterilized in an autoclave at 121 ◦C for 20 min.

The quartz grains were too large for direct measurement of their zeta potential by the
zeta potential analyzer. Therefore, a few quartz grains were crushed into a fine powder and
then mixed with sdH2O to form a sufficiently stable suspension that could be used for zeta
potential measurement (Stephan and Chase 2001). The zeta potential of quartz grains stored
in sdH2O at pH 7 was determined to be −62.3 ± 3.5 mV.

2.3 Batch Experiments

Batch experiments were performed in order to measure the attachment of P. putida onto
quartz grains as a function of bacterial concentration. Ten grams (10 g) of quartz sand were
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622 C. V. Chrysikopoulos et al.

mixed with 10 mL P. putida suspension in sdH2O at pH 7 adjusted by adding appropriate
amounts of 0.1 M NaOH and 0.1 M HNO3 solution. The concentrations of the bacteria used
were in the range of 10–658 mg of P. putida/L. Each mixture was gently shaken at 26 ± 1 ◦C
for 100 min. Subsequently, the mixture was centrifuged at 2,000×g for 2 min.

Two sets of preliminary control experiments were conducted in centrifuge tubes in order
to determine the most appropriate conditions for the separation of suspended bacteria from
bacteria attached onto quartz grains. In the first set, only sand was placed in centrifuge tubes
containing a cell-free solution of sdH2O. In the second set, only aliquots of cell cultures were
transferred in centrifuge tubes containing a sand-free solution of sdH2O. The initial bacteria
concentrations were measured for each control experiment. The tubes were centrifuged at
different speeds for various time periods. It was observed that centrifugation at 2,000×g for
2 min was optimal, because for these conditions the supernatant contained all of the initial
bacteria concentration and none of the sand particles.

The suspension of unattached bacteria in the supernatant was pipetted out and measured
directly by spectrophotometry at 410 nm. The percentage of attached bacteria was deter-
mined by subtracting the mass of bacteria that remained in suspension from the initial mass
of bacteria. The experimental data indicated that equilibrium was reached at approximately
60–80 min. Therefore, a contact time of 100 min was chosen for the equilibrium experiments,
which were performed in triplicates to insure reproducibility.

2.4 Decay Rate of Suspended Bacteria

Batch experiments were designed to determine the decay rate of P. putida suspended in the
aqueous phase, as a function of bacterial concentration and time. Three experiments were
performed in 2 L closed flasks with different initial bacterial concentrations. The initial sus-
pension concentrations were 56.1, 73.4, and 84.3 mg of P. putida/L sdH2O at pH 7. Each
bacterial suspension was continuously stirred at a constant rate of 500 rpm during all runs at
26 ± 1 ◦C. Samples were taken at preselected time intervals and analyzed immediately by
spectrophotometry. All batch experiments were performed in triplicates.

2.5 Experimental Setup and Aquifer Characteristics

The experimental setup was designed following the study presented by Chrysikopoulos et al.
(2000), Lee and Chrysikopoulos (2002, 2006), and Dela Barre et al. (2002). A schematic
diagram of the 3-D, pilot-scale model aquifer used in this study is shown in Fig. 1, and a
detailed sketch of the sampling plate is shown in Fig. 2. The model aquifer was contained
within a rectangular glass tank with internal dimensions 120 cm length, 48 cm width, and
50 cm height. The glass thickness was 0.5 cm. The experimental aquifer was packed with
99.5 kg of quartz sand. The sand was packed into the model aquifer in 1–2 cm lifts to a total
depth of about 14 cm, according to the procedure proposed by Chrysikopoulos et al. (2000).
Each lift of sand was packed under a 5 cm water head. The dry bulk density of the sand and
the aquifer porosity were determined to be ρb = 1.63 kg/L and θ = 0.38, respectively. After
the aquifer packing was completed, a steady sdH2O flow was maintained through the model
aquifer.

The aquifer sand was separated from the upstream and downstream clear wells by spe-
cially designed screens (Chrysikopoulos et al. 2000). Glass marbles with 1.9 cm diameter
were added into the influent and effluent clear wells to balance the sand pressure exerted on
the screens. A glass tube with 0.7 cm inner diameter was inserted in the center of each clear
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Transport of P. putida 623

Fig. 1 Schematic diagram of the pilot-scale model aquifer

Fig. 2 Sampling plate and locations of the stainless steel sampling needles. The bold number in the upper
left side of each sampling port indicates the needle placement depth in cm from the top of the aquifer (z = 0)

well to approximately 5.5 cm above the bottom of the aquifer. A peristaltic pump was used to
pump sdH2O from a flask through the glass tube into the influent clear well, while maintain-
ing a constant head at the effluent clear well. The water elevation within the model aquifer
was adjusted to a desired level of 11 cm by controlling the water elevation in the influent and
effluent clear wells. Accurate determination of the volumetric flow rate through the model
aquifer was obtained by a flowmeter attached onto the outlet tube, connecting the effluent
clear well and the constant head reservoir. The water flow rate employed was 10 mL/min,
which corresponded to an interstitial water velocity of U = q/θ = 3.1 cm/h, where q is
the Darcian flux. During each transport experiment, the pH of the influent and effluent were
monitored, and the pH of the influent was maintained at pH 7 by adding appropriate amounts
of 0.1 M NaOH. The pilot-scale model aquifer was placed in a room maintained at 26±1 ◦C.

A sampling plate (see Fig. 2) was constructed from a 90 × 47 × 0.5 cm Plexiglas sheet
to allow precise positioning of sampling needles within the 3-D model aquifer. Two steel
frames were placed on top of the glass tank to support the sampling plate (see Fig. 1). The
sampling nodes consisted of nine columns by nine rows of 0.1 cm diameter holes (sampling
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624 C. V. Chrysikopoulos et al.

locations) positioned on a regular 10.1 × 5.1 cm2 grid. Aqueous samples were collected
from the experimental aquifer using 20 gauge, stainless steel luer hub needles (Hamilton,
Reno, Nevada). It should be noted that a total of eleven needles were vertically inserted into
the aquifer and their locations were indicated on the sampling plate. The designation of each
sampling location (SL) was specified with a number located to the right of each SL, whereas
the needle placement depth measured in centimeters from the top of the aquifer (z = 0) was
indicated by a bold number at the left side of each SL (see Fig. 2).

2.6 Transport Experiments

A tracer experiment was conducted under steady flow conditions to characterize the 3-D
model aquifer. Chloride, in the form of potassium chloride (mwKCl = 74.551 g/mol, ρKCl =
1.984 g/cm3), was chosen as the non-reactive tracer. It should be noted that alkali halides
are the most commonly used salts for subsurface fluid tracing (Chrysikopoulos 1993). The
non-reactive tracer solution (2 mS/cm) was prepared with 0.1 M KCl (12 mS/cm) in sdH2O.
After passing through the model aquifer 3 PV (1 PV ≈ 19.8 L ≈ 33 h) of sdH2O, a source
solution containing 850 mg/L Cl− was injected into the model aquifer via a peristaltic pump
through a needle located at the pre-selected SL 5 (see Fig. 2). Note that the injected tracer
source concentration should be low enough to avoid any density effects and gravity seg-
regation, yet high enough to insure tracer detection by the analytical technique of choice.
Preliminary experiments showed that for the relatively low tracer concentration used in this
study no significant gravity effects occurred in the model aquifer, while tracer detection was
insured. The tracer (1,152 mL) was injected into the model aquifer with a constant and rel-
atively slow injection rate (0.4 mL/min) over a pulse period of 48 h, so that the flow field
within the model aquifer was not disturbed. As soon as all tracer samples were collected,
sdH2O was pumped into the influent clear well to completely remove the tracer from the
experimental aquifer.

Following the tracer experiment, a bacterial suspension of 75 mg of total cells/L were
injected into the model aquifer through the SL 5 at an injection rate of 0.4 mL/min over a
time period of 48 h. Throughout the injection period, the bacterial suspension in the storage
flask was maintained at 75 mg of total cells/L by replacing the bacterial suspension with
new as needed. After the bacterial injection was completed, sdH2O was pumped into the
influent clear well of the aquifer until the bacterial concentration in the samples collected
was completely diminished. Periodically, 0.4 mL of the interstitial liquid was collected from
several sampling locations. Because the fluid within the sampling needles does not equil-
ibrate fast enough with the local solution within the model aquifer, 0.1 mL of interstitial
fluid was purged and discarded from the sampling needle just before each sample collection
(Chrysikopoulos et al. 2000). All samples were collected into borosilicate test tubes. Chloride
concentrations were measured using ion chromatography (DIONEX500, Sunnyvale, CA) and
bacterial concentrations using UV–vis spectrophotometry (UV-1100, Hitachi).

3 Mathematical Modeling

The transport of dissolved/suspended species in saturated, homogeneous porous media,
accounting for 3-D hydrodynamic dispersion in a uniform flow field, nonequilibrium sorp-
tion/attachment, and first-order decay of liquid phase and sorbed species with different decay
rates, is governed by the following partial differential equation (Sim and Chrysikopoulos
1998, 1999):
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Transport of P. putida 625

∂C(t, x, y, z)

∂t
+ ρb

θ

∂C∗(t, x, y, z)

∂t
− Dx

∂2C(t, x, y, z)

∂x2

− Dy
∂2C(t, x, y, z)

∂y2 − Dz
∂2C(t, x, y, z)

∂z2

+ U
∂C(t, x, y, z)

∂x
+ λC(t, x, y, z) + λ∗ ρb

θ
C∗(t, x, y, z) = F(t, x, y, z) (1)

where C is the concentration of species dissolved/suspended in the aqueous phase; C* is the
concentration of species attached onto the solid phase; U is the average interstitial velocity;
Dx , Dy , and Dz are the longitudinal, lateral, and vertical hydrodynamic dispersion coef-
ficients, respectively; t is time; x , y, and z are the spatial coordinates in the longitudinal,
lateral, and vertical directions respectively; ρb is the bulk density of the solid matrix; θ is the
porosity of the porous medium; λ is the decay rate of liquid-phase species; λ∗ is the decay
rate of species sorbed or attached onto the solid matrix; and F is a general form of the source
configuration.

The dispersion coefficients are defined as (Bear and Verruijt 1987):

Dx = αLU + De (2)

Dy = αT yU + De (3)

Dz = αT zU + De (4)

where αL, αT y , and αT z are the dispersivities in the longitudinal, lateral, and vertical direc-
tions, and De = DAB/τ ∗ is the effective molecular diffusion coefficient (τ ∗ ≥ 1 is the
tortuosity coefficient, and DAB is the molecular diffusion coefficient).

The accumulation of bacterial cells onto the solid matrix of the aquifer (quartz sand) is
described by the nonequilibrium equation (Sim and Chrysikopoulos 1998, 1999):

ρb

θ

∂C∗(t, x, y, z)

∂t
= kcC(t, x, y, z) − kr

ρb

θ
C∗(t, x, y, z) − λ∗ ρb

θ
C∗(t, x, y, z) (5)

where kc is the attachment rate coefficient of species onto quartz sand, and kr is the detach-
ment rate coefficient of species from quartz sand.

The initial condition and the appropriate boundary conditions for the aquifer model em-
ployed in this study are as follows:

C(0, x, y, z) = 0 (6)

C(t, 0, y, z) = 0 (7)
∂C(t, Lx , y, z)

∂x
= 0 (8)

∂C(t, x, 0, z)

∂y
= ∂C(t, x, Ly, z)

∂y
= 0 (9)

∂C(t, x, y, 0)

∂z
= ∂C(t, x, y, Lz)

∂z
= 0 (10)

where Lx , L y , and Lz are the dimensions of the porous medium in the x-, y-, and z-direction,
respectively. Condition (6) establishes that there is no initial solute concentration within the
3-D porous medium. The zero-concentration condition (7) implies that no solutes or biocol-
loids are entering the porous medium from the influent clear well. The downstream boundary
condition (8) preserves concentration continuity at the effluent clear well. Conditions (9) and
(10) imply that there is no solute or biocolloid flux across the lateral and vertical boundaries
of the 3-D porous medium.
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The molecular diffusion coefficient of a solute can be estimated (in units of cm2/s), using
the Wilke–Chang relationship (Wilke and Chang 1955):

DAB = 7.4 × 10−8

(
ψB mwB

)1/2
T

μBV 0.6
A

(11)

where A is the solute; B is the solvent (water); ψB = ψH2O = 2.6 is an association parameter
for solvent B (Bird et al. 2002); μB = μw = 0.890 × 10−3(N s)/m2 = 0.89 cp is the water
viscosity at 25 ◦C in units of centipoises (1 cp=0.001 (N s)/m2), mwB = 18 g/mol is the
molecular weight of water, T = 298 K is the absolute temperature of the interstitial fluid, and
VA = mwA/ ρA is the molar volume of solute A measured in cm3/mol. Also, for suspended
particles of finite size (i.e., biocolloids) the molecular diffusion coefficient is specified by the
Stokes–Einstein diffusion equation (Russel et al. 1989):

DAB = kBT

3πμBdp
(12)

where dp is the particle diameter, and kB = 1.38 × 10−23 J/K is the Boltzmann constant.
Several tortuosity models based on molecular diffusivity and electrical resistivity are avail-

able in the literature (Garrouch et al. 2001). In this study, the tortuosity model introduced by
Bruggeman (1935) is employed:

τ ∗ = θ1−α ≈ 1√
θ

(13)

where α is the dimensionless Bruggeman exponent, which frequently is employed with the
value of α ≈ 1.5 (Pisani 2011).

The numerical solution to Eqs. (1) through (10) was obtained by the fully implicit finite-
difference method, which is known to be stable for any spatial (�x, �y, �z) and temporal
steps (�t). The advection term was approximated with the central difference scheme, which
is free from numerical dispersion. To avoid artificial oscillations, which could occur in the
presence of sharp concentration fronts, the Peclet number (Pe = U �x/Dx ) was kept
smaller than 2 (Huyakorn and Pinder 1983). Furthermore, to avoid numerical dispersion,
which can artificially be created by the approximation of the time derivative, the dimension-
less Courant number, (NCr = U �t/�x) was restricted to be lower than one (Zheng and
Bennet 1995). The numerical solution was tested against the analytical solution provided by
Sim and Chrysikopoulos (1999) for the case of a 3-D porous medium with finite thickness.
Note that the singularity associated with the source cell concentration was also included in
the comparison. Figure 3 shows very good agreement between the numerical and analytical
solution everywhere except at the source location. The discrepancy at the source point occurs
because the analytical solution assumes a point source, whereas for the numerical solution
the source is the volume of a discretization unit cell (�x × �y × �z), and the existence
of a sharp concentration front. This discrepancy can be reduced by increasing the number
of discretization unit cells nx , ny , and nz in the x-, y-, and z-direction, respectively. All
model simulations presented in this work were conducted for Lx = 90 cm, L y = 47 cm,
Lz = 11 cm, nx = 151, ny = 85, nz = 19, and �t = 0.125 h. Furthermore, all fittings of the
transport model to the experimental data were obtained by a model-independent parameter
estimation software PEST (2010), which employs the Gauss–Marquardt–Levenberg algo-
rithm to determine the optimal set of model parameters.

123



Transport of P. putida 627

1.5x10
-4

1.0

0.5

0.0

C
 (

m
g/

m
L)

100806040200
z (cm)

Fig. 3 Comparison between analytical and numerical solutions at a specific line (x, y, z) = (200, 250 cm, z)
and t = 5 d within a 3-D aquifer with finite thickness H = 100 cm for a point source located at x = 200 cm,
y = 250 cm, z = 50 cm. Here, F = 4 g/(cm3 d), Dx = 1, 950 cm2/d, Dy = Dz = 1, 450 cm2/d, U =
15 cm/d, λ = λ∗ = 0 d−1 kc = 0.72 d−1, kr = 0.4 d−1, θ = 0.25, Lx = L y = 500 cm, Lz = H = 100 cm,
nx = ny = 71, nz = 33, and �t = 0.25 d

4 Moment Analysis

The tracer and bacteria concentrations obtained at various sampling locations were analyzed
by the absolute temporal moments:

mn (x) =
∞∫

0

tnC (x, t) dt (14)

where the subscript n = 0, 1, 2, . . . indicates the order of the moment. The zeroth absolute
temporal moment, m0, quantifies the total mass in the concentration distribution curve; the
first absolute moment, m1, describes the mean residence time; and second absolute temporal
moment, m2, describes the degree of spreading of the concentration distribution curve. Also,
the normalized temporal moments are defined as (James and Chrysikopoulos 2011):

Mn (x) = mn (x)

m0 (x)
=

∫ ∞
0 tnC (x, t) dt
∫ ∞

0 C (x, t) dt
(15)

The first normalized temporal moment, M1, characterizes the center of mass of the concen-
tration distribution curve and defines the average velocity. The second normalized temporal
moment, M2, characterizes the spreading of the concentration distribution curve. Worthy
to note is that the ratio M1(b)/M1(t) indicates the degree of velocity enhancement of bac-
teria relative to the conservative tracer. If this ratio is less than one, there exists veloc-
ity enhancement of bacteria transport. If this ratio is >1 there exists bacteria retardation.
One frequently employed method for normalized temporal-moment estimation of exper-
imental or distinct data applies the unbiased trapezoidal integration scheme as follows
(Haas 1996):

Mn (x) =
∑ω

j=2
1
2

(
tn

j C j + tn
j−1C j−1

) (
t j − t j−1

)

∑ω
j=2

1
2

(
C j + C j−1

) (
t j − t j−1

) (16)
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where C j = C(x, t j ) is the solute or bacterial concentration at time t = t j , and ω is the
number of time steps.

5 Bacteria–Quartz Sand Interactions

Based on the classical DLVO theory, the total interaction energy between two surfaces is
determined by the van der Waals, �vdW, double layer, �dl, and Born, �Born, potential ener-
gies (Loveland et al. 1996):

�DLVO (h) = �vdW (h) + �dl (h) + �Born (h) (17)

where h is the separation distance between the approaching surfaces. For the case of two
approaching surfaces, one with spherical and the other with planar geometries (sp for sphere–
plate), the �vdW−sp interactions were calculated with the following expression (Gregory
1981):

�vdW−sp (h) = − A123rp

6h

[
1 +

(
14h

λw

)]−1

(18)

where A123 is the combined Hamaker constant for microscopic bodies of composition “1”
and “3” in medium “2”, λw ≈ 10−7 m is the characteristic wavelength of the sphere–plate
interactions, and rp is the radius of the bacterial cell. The �dl−sp for sphere–plate interactions
were calculated with the expression (Hogg et al. 1966)

�dl−sp (h) = πεrε0rp

[
2�p�sln

(
1 + e−κh

1 − e−κh

)
+

(
�2

p + �2
s

)
ln

(
1 − e−2κh

)]
(19)

where εr = ε/ε0 is the dimensionless relative dielectric constant of the suspending liquid,
ε is the dielectric constant of the suspending liquid, ε0 is the permittivity of free space, ψp
is the surface potential of the biocolloid particle, ψs is the surface potential of the collector
surface (plate), and κ is the inverse of the diffuse layer thickness, known as the Debye–Huckel
parameter:

κ =
[

2Is NA1,000e2

εrε0kBT

]1/2

(20)

where Is is the ionic strength, NA = 6.02 × 1023 molecules/mole is Avogadro’s number,
and e = −1.602 × 10−19 C is the charge of an electron. In this study, the measured zeta
potentials, ζ , are used instead of the surface potentials (Chrysikopoulos and Syngouna 2012).
The �Born−sp for sphere–plate was estimated by the relationship (Ruckenstein and Prieve
1976)

�Born−sp (h) = A123 σ 6
Born

7560

[
8rp + h

(
2rp + h

)7 + 6rp − h

h7

]

(21)

where σBorn is the Born collision parameter. For the commonly used value of σBorn = 5 Å
(Ruckenstein and Prieve 1976), the resulting acceptable minimum separation distance, at
h = ho, i.e., at “contact”, is estimated to be ho ≈ 2.5 Å = 0.25 nm.
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For the case of sphere–sphere (ss) particle geometries, the �vdW−ss interactions were
calculated with the following expression (Feke et al. 1984; Ryan and Gschwend 1994)

�vdW−ss (h) = − A123

12

{
Rp

ξ2 + ξ Rp + ξ
+ Rp

ξ2 + ξ Rp + ξ + Rp
+ 2ln

[
ξ2 + ξ Rp + ξ

ξ2 + ξ Rp + ξ + Rp

]}

(22)

where

Rp = rp2

rp1
(23)

ξ = h

rp1
(24)

rp1 is the radius of the spherical colloid particle 1, and rp2 is the radius of the spherical colloid
particle 2 (usually rp1 ≤ rp2). The �dl−ss for sphere–sphere interactions were calculated with
the expression (Hogg et al. 1966)

�dl−ss (h) = πεr ε0
rp1rp2(

rp1 + rp2
)

[
2�p1�p2ln

(
1 + e−κh

1 − e−κh

)
+

(
�2

p1 + �2
p2

)
ln

(
1 − e−2κh

)]

(25)

where ψp1 is the surface potential of the colloid, and ψp2 is the surface potential of the sec-
ond sphere. The �Born−ss for sphere–sphere interactions were estimated with the relationship
(Feke et al. 1984; Ryan and Gschwend 1994):

�Born−ss (h) = A123

7560ξ

(
σBorn

rp1

)2
⎡

⎣
−4ξ2 − 14

(
Rp − 1

)
ξ − 6

(
R2

p − 7Rp + 1
)

(
2ξ − 1 + Rp

)7

+
−4ξ2 + 14

(
Rp − 1

)
ξ − 6

(
R2

p − 7Rp + 1
)

(
2ξ + 1 − Rp

)7

+
4ξ2 + 14

(
Rp − 1

)
ξ + 6

(
R2

p + 7Rp + 1
)

(
2ξ + 1 + Rp

)7

+
4ξ2 − 14

(
Rp − 1

)
ξ + 6

(
R2

p + 7Rp + 1
)

(
2ξ − 1 − Rp

)7

⎤

⎦ (26)

In this study, the combined Hamaker constant A123 = 6.5×10−21 J reported by Redman et al.
(2004) for E.coli K12 strain and ultrapure quartz sand interactions was used for the system
bacteria cells–water–quartz sand, and the value of A121 = 7.5×10−20 J reported by Kim et al.
(2010) for E.coli O157:H7/pGFP strain 72 was used for the system bacteria-water-bacteria.

Discrepancies between experimental data and DLVO theory frequently occur due to addi-
tional energies, namely hydration pressure, hydrogen bonding forces, hydrophobic effects,
disjoining pressure, structural forces, and Lewis acid–base forces (Israelachvili 1992; van Oss
1994; Swanton 1995; Bergendahl and Grasso 1999). These forces are attractive or repulsive
and they are known to be sensitive to adsorption of ions or molecules at the interface. The non-
DLVO short-range repulsive forces have been termed hydration forces, while longer-range
attractive forces between hydrophobic bodies have been considered hydrophobic interactions.
van Oss (1993) calculated the non-DLVO forces that arise from Lewis acid–base electron
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donor–acceptor interactions between surfaces, adsorbed species, and the solvent. The incor-
poration of additional energies of interaction into the simple DLVO model is currently known
as the extended-DLVO or XDLVO theory, which is considered as the sum of the classical
DLVO, �DLVO, and Lewis acid–base, �AB, interaction energy over a separation distance, h,
between two approaching surfaces (Bergendahl and Grasso 1999):

�XDLVO (h) = �DLVO (h) + �AB (h) (27)

The Lewis acid–base interaction energy, �AB, decays exponentially with distance (van Oss
1994). In the case of sphere–plate �AB−sp interactions were calculated with the following
relation (van Oss 1994; van Oss and Giese 2004):

�AB−sp(h) = 2πrpλAB�AB(h=ho)exp

[
h0 − h

λAB

]
(28)

and for the case of sphere–sphere �AB−ss interactions with the following relation

�AB−ss(h) = 2π
rp1rp2

rp1 + rp2
λAB�AB(h=ho)exp

[
h0 − h

λAB

]
(29)

where �AB(h=ho) is the Lewis acid–base free energy of interaction between two surfaces at
h = ho (i.e., at “contact”), λAB is the decay (Debye) length of water. For this work, it was
assumed that λAB = 1 nm (van Oss et al. 1990), and ho = 0.25 nm. Currently, there are two
approaches for the estimation of �AB(h=ho). The first approach is theoretical, developed by
van Oss (1994) and it is based on the surface tension electron-acceptor and -donor parameters
of the individual materials; whereas, the second approach is empirical, developed by Yoon
et al. (1997) and it is based on the determination of the degree of hydrophobicity using water
contact angles. Bergendahl and Grasso (1999) compared the two methods and found that
they lead to quite similar results. In this study, the �AB(h=ho) is estimated by the empirical
approach developed by Yoon et al. (1997):

�AB(h=ho) = − K123

2πh0λAB
(30)

where K123 is the hydrophobic force constant, which can be predicted by the following
empirical relationship

logK123 = −7.0

(
cosβ1 + cosβ3

2

)
− 18.0 (31)

where β1 and β3 are the water contact angles of materials “1” and “3”, respectively. Contact
angles are used to determine the hydrophobicity of bacteria and quartz sand surfaces. Note
that different P. putida bacterial strains display considerable diversity in cell surface proper-
ties (van der Mei et al. 1998), and thus contact angles published in the literature should be
employed with caution. The contact angles used in this study are: β = 49 ± 2◦ for P. putida,
based on a model P. putida strain with identical growth and purification procedures to the
strain employed here (Aronov et al. 2008), and β = 70.8 ± 0.5◦ for clean quartz sand, based
on measurements of purified silica sand under very similar experimental conditions (Chen
and Zhu 2005).
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Fig. 4 Kinetics of P. putida
decay in the aqueous phase for
three different initial bacterial
concentrations (symbols) and
fitted first-order model (curves)
(here R2 = 0.981)
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6 Results and Discussion

The P. putida decay data shown in Fig. 4 were adequately fitted by the following first-order
relationship (Chrysikopoulos and Vogler 2004):

dC (t)

dt
= −λC (t) (32)

where λ = 0.0109 h−1 is the fitted decay coefficient for P. putida suspended in the aqueous
phase. The attachment of P. putida onto the sand was fitted with a linear isotherm.

Theoretically, as illustrated in Fig. 5, a DLVO interaction energy profile is characterized by
a deep energy “well”, which appears at relatively small separation distances and it is known
as the primary minimum, �min1, the energy barrier to attachment and detachment known
as the primary maximum, �max1, and a shallow energy “well” at relatively large separation
distances known as the secondary minimum, �min2. The interaction energy profile between
P. putida and quartz sand was calculated using the classical DLVO theory as applied to the
sphere–plate model for the experimental conditions of this study (pH 7, Is = 10−4M) and
it is shown in Fig. 6. The �dl−sp values were calculated with Eq. (19) using electrokinetic
zeta potentials instead of surface potentials. Figure 6 suggests that the experimental condi-
tions of this study are highly unfavorable for irreversible bacteria attachment in the primary
minimum �min1. Note that the height of the energy barrier, �max1, is 3,693 kBT , and the
secondary energy minimum, �min2, is −0.01 kBT , which is much smaller than the average
Brownian kinetic energy of 1.5 kBT and appears at the relatively long separation distance of
h ≈ 450 nm. Under these unfavorable conditions, P. putida cells approaching quartz sand
grains experience an attractive force due to the �min2 energy well before encountering the
repulsive �max1. Therefore, attachment of P. putida at �min2 is possible if the sum of the
particle Brownian kinetic energy and the fluid drag force are small enough to keep a particle
in the energy well. Worthy to note is that taking into account particle deposition at �min2,
significantly improves the agreement between theory and experimental data (Redman et al.
2004). Moreover, for the experimental conditions of this study, reversible P. putida attachment
onto quartz sand could occur due to polymer bridging (Jucker et al. 1998; Liu et al. 2007)
and surface roughness of the quartz sand, which may provide hydrodynamically favorable
attachment sites (Redman et al. 2001; Tufenkji et al. 2004; Bradford et al. 2007; Torkzaban
et al. 2008).

The �DLVO−sp, �AB−sp, and �XDLVO−sp predicted profiles for P. putida and quartz sand,
as applied to the sphere–plate model, are shown in Fig. 7 for the experimental conditions of
this study (pH 7, Is = 10−4 M) in order to evaluate the relative contribution of the Lewis
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Fig. 5 Definition sketch of the interaction energy between two approaching surfaces versus their separation
distance, showing the primary minimum, �min1 (deep energy “well”), the primary maximum, �max1 (energy
barrier to attachment and detachment), and the secondary minimum, �min2 (shallow energy “well”), and the
minimum separation distance ho

Fig. 6 Predicted DLVO
interaction energy profile for
P. putida with quartz sand as a
function of separation distance
for the experimental conditions,
using sphere-plate
approximation. The figure inset
highlights the corresponding
secondary energy minimum,
�min2
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acid–base interaction energy to the XDLVO. The various �max1, �min1, and �min2 calculated
values are listed in Table 1. In order to quantify the affinity of P. putida to quartz sand, the
Lewis acid–base free energy of interaction was evaluated at h0 = 0.25 nm with the empirical
relationship (28) and it was found to be negative and equal to �AB(h=ho) = −141.5 mJ/m2,
demonstrating relatively strong adhesion potential of P. putida onto quartz sand. Clearly,
the �AB−sp hydrophobic interaction energy profile significantly influences the �XDLVO−sp

profile. Worthy to note is that the �AB−sp component of the XDLVO theory describes attrac-
tive hydrophobic interactions and repulsive hydration effects, which are at least an order of
magnitude stronger than van der Waals interactions (van Oss 1989). It is evident from Fig. 7
that the acid–base interactions are only affecting the energy curve at small separation distances
near the primary minimum, but not at the secondary minimum. Therefore, the acid–base
interactions were involved in the attachment of P. putida at the primary minimum. Because
P. putida cells and quartz sand were both negatively charged, they were subjected to repul-
sive electrostatic interactions at separation distances of several tens of nanometers. However,
local charge heterogeneities and surface asperities of the quartz sand that induce attractive
interactions with P. putida could form localized reduction of the total repulsive interaction
energy. Consequently, P. putida cells attached at �min2 could transit more easily between
�min2 and �min1 (Kuznar and Elimelech 2007). When P. putida cells overcome the repulsive
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Fig. 7 Predicted sphere–plate
�DLVO−sp, �AB−sp, and
�XDLVO−sp interaction energy
profiles for P. putida and quartz
sand, as a function of separation
distance, for the experimental
conditions
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Table 1 Calculated parameters defining the interaction energy between P. putida and quartz sand using both
DLVO and XDLVO theories for the experimental conditions (pH 7, Is = 10−4 M)

Colloid stability theory Interaction between P. putida and quartz sand

h (nm) �min1(kBT ) h (nm) �max1(kBT ) h (nm) �min2(kBT )

DLVO naa naa 3 3693 474 −0.01

XDLVO 0.25 −231457 8 3326 474 −0.01

a There is no primary minimum depth, �min1 can not be calculated

Fig. 8 Predicted sphere–sphere
�DLVO−ss, and �XDLVO−ss
interaction energy profiles for
P. putida–P. putida cells as a
function of separation distance,
for the experimental conditions
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barrier and get closer to quartz sand, van der Waals and Lewis acid–base interactions begin
to dominate. At the equilibrium distance of h0 = 0.25 nm where physical contacts occur,
electrostatic interactions can be ignored because van der Waals and Lewis acid–base interac-
tions provide the driving force for P. putida attachment onto the quartz sand (van Oss 1994).
The XDLVO theory qualitatively predicts better the experimental P. putida attachment results
than the classical DLVO theory, but the information gained should be used with caution in
complex subsurface environments.

The �DLVO−ss and �XDLVO−ss predicted profiles for P. putida–P. putida interactions, as
applied to the sphere–sphere model, are shown in Fig. 8 for the experimental conditions of
this study (pH 7, Is = 10−4 M) in order to evaluate the possibility of bacterial aggrega-
tion. Clearly, both the classical DLVO and the XDLVO theory suggest that, no coagulation
between like particles is expected to occur under the experimental conditions.

In view of Eq. (11), the molecular diffusion of the tracer is estimated to be DAB(KCl) =
1.924 × 10−5 cm2/s, and from Eq. (12) the molecular diffusion of the bacteria is estimated
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Fig. 9 Experimental data (symbols) and fitted model simulations (curves) for transport of the chloride tracer
(squares) and P. putida bacteria (circles) as a function of time at several sampling locations within the 3-D
bench scale experimental aquifer

to be DAB(P. putida) = 2.228 × 10−9 cm2/s. Also, in view of Eq. (13), the tortuosity is
estimated to be τ ∗ = 1.6. Therefore, the effective molecular diffusion for the tracer is
De(KCl) = 1.203 × 10−5cm2/s, and for the bacteria is De(P.putida) = 1.393 × 10−9 cm2/s.

The normalized chloride concentrations as a function of time, at various locations within
the 3-D bench scale experimental aquifer, are presented in Fig. 9. The tracer data were fitted
with the transport model (1–10), assuming that the parameters kc, kr , λ, λ∗ are equal to zero,
the unknown hydrodynamic dispersion coefficients Dx , Dy = Dz , and the interstitial veloc-
ity U were estimated. The assumed relationships for the transverse and vertical dispersion
coefficients were imposed by the need to reduce the number of unknown parameters to be
fitted. It is worthy to note that having to fit more than three parameters simultaneously leads to
non-unique set of estimated parameters. All fitted and experimentally determined parameter
values are listed in Table 2. The desired model aquifer dispersivities were determined to be:
αL = 8.46 cm, αT y = αT z = 0.45 cm. Figure 10 shows the tracer concentrations observed at
sampling locations 14, 24, and 26, in appropriate vertical y − z planes at two different times
together with the corresponding concentration contours predicted by the numerical transport
model using the best-fitted Dx , Dy, Dz and U values. Similarly, Fig. 11 shows the tracer
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Table 2 Model parameters values for tracer and bacteria transport experiments

Parameter Status KCl Status P. putida

Dx Fitted 26.3 ± 10 cm2/h Fitted 14.1 ± 7.91 cm2/h

Dy = Dz Fitted 1.46 ± 0.84 cm2/h Fitted 0.97 ± 0.37 cm2/h

αx Estimated 8.46 cm Estimated 4.54 cm

αT y = αT z Estimated 0.45 cm Estimated 0.31 cm

F Fixed 20.4 mg/(h cm3) Fixed 1.8 mg/(h cm3)

kc Fixed 0 1/h Fixed 0.78 1/h

kr Fixed 0 1/h Fitted 0.26 ± 0.14 1/h

U Fitted 3.1 ± 1.94 cm/h Fixed 3.1 cm/h

θ Fixed 0.38 Fixed 0.38

λ Fixed 0 1/h Fixed 0.0109 1/h

λ* Fixed 0 1/h Fixed 0.00545 1/h

ρb Fixed 1.63 kg/L Fixed 1.63 kg/L

concentrations observed at sampling locations 14, 24, 35, and 78, in appropriate vertical
x − y planes at two different times. It should be noted that the solid circles in Figs. 10 and 11
represent sampling locations and the bold number next to each sampling location represents
the corresponding chloride concentration. Figures 10 and 11 show relatively good agreement
between the observed chloride concentrations and the numerical solution.

The normalized P. putida concentrations as a function of time, at various locations within
the 3-D bench scale experimental aquifer, are presented in Fig. 9. The P. putida data were
fitted with the transport model (1–10), using the known parameter values kc = 0.78 h−1, λ =
0.0109 h−1, and λ∗ = λ/2 = 0.0055 h−1, and U as fitted from the tracer data to estimate
the unknown parameters Dx , Dy = Dz , and kr . The assumed relationships for the two decay
rates were imposed by the need to reduce the number of unknown parameters to be fitted. All
fitted and experimentally determined parameter values are listed in Table 2. The desired model
aquifer dispersivities were determined to be: αL = 4.54 cm, and αT y = αT z = 0.31 cm.
Fig. 12 shows the P. putida concentrations observed at sampling locations 14, 24, 26, and
56, in appropriate vertical y − z planes at two different times together with the correspond-
ing concentration contours predicted by the numerical transport model using the best-fitted
parameter values. Similarly, Fig. 13 shows the P. putida concentrations observed at sampling
locations 14, 26, 35, 43, 47, 56, and 82, in appropriate vertical x − y planes at two different
times. Figures 12 and 13 show relatively good agreement between the observed P. putida
concentrations and the numerical solution.

The first and second normalized temporal moments were calculated from the experimental
data collected at the various sampling locations shown in Fig. 9 for the tracer as well as for
P. putida. The calculated ratios M1(b)/M1(t), and M2(b)/M2(t) are listed in Table 3. Clearly,
the transport of P. putida is significantly retarded (M1(b)/M1(t) > 1) and spread more in the
pilot-scale aquifer (M2(b)/M2(t) > 1) compared to chloride due to the attachment/detach-
ment of P. putida onto quartz sand. Note that retarded breakthrough of bacteria compared to
a conservative tracer has also been observed in other laboratory (Chen and Strevett 2002) and
field-scale studies (Bales et al. 1995). This observed retardation can be attributed to attach-
ment of bacteria onto the solid matrix (Harvey and Garabedian 1991; Silliman et al. 2001).
For the experimental conditions of this study, straining cannot be considered an important
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Fig. 10 Chloride concentration contour plots in mg/L, in various vertical y − z planes of the bench scale aqui-
fer and observed chloride concentrations at sampling locations indicated by the solid circles for a t = 26 h,
x = 23.9 cm, showing SL 24 and SL 26, b t = 26 h, x = 13.75 cm, showing SL 14, and c t = 48 h,
x = 13.75 cm, showing SL 14

Fig. 11 Chloride concentration
contour plots in mg/L, in various
horizontal x − y planes of the
bench scale aquifer and observed
chloride concentrations at
sampling locations indicated by
the solid circles for a t = 26 h,
z = 5 cm, showing SL 24 and SL
78, b t = 26 h, z = 6 cm,
showing SL 14 and SL 35, and
c t = 48 h, z = 6 cm, showing
SL 14 and SL 35
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Fig. 12 P. putida concentration contour plots in mg/L, in various vertical y − z planes of the bench scale aqui-
fer and observed P. putida concentrations at sampling locations indicated by the solid circles for a t = 48 h,
x = 13.75 cm, showing SL 14, b t = 48 h, x = 23.9 cm, showing SL 24 and SL 26, and c t = 22 h, x = 54.35
cm, showing SL 56

Fig. 13 P. putida concentration
contour plots in mg/L, in various
horizontal x − y planes of the
bench scale aquifer and observed
P. putida concentrations at
sampling locations indicated by
the solid circles for a t = 33.5 h,
z = 4 cm, showing SL 43 and 56,
b t = 48 h, z = 6 cm, showing
SL 14 and SL 35, and c t = 48 h,
z = 7 cm, showing SL 26, SL 47,
and SL 82
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Table 3 Calculated moment
ratios at the various sampling
locations

Sampling location M1(b)/M1(t) M2(b)/M2(t)

SL14 1.8 3.1

SL24 1.9 3.7

SL35 1.7 3.0

SL43 1.7 2.9

SL56 1.5 2.5

SL65 1.5 2.3

mechanism of mass loss because the average size of the bacteria cells (2.16 μm) was approx-
imately ∼ 0.3 % of the median grain diameter of sand, dc, which was considerably smaller
than the 5 % limit recommended by Hendry et al. (1999) and Choi et al. (2007). In contrast,
experimental observations suggest that straining may occur for much lower values of dc/d50.
Li et al. (2004) observed straining for dc/d50 = 0.002. Also, Tufenkji et al. (2004) reported
that irregularity of the sand grain shape significantly contributes to the straining potential of
porous media.

Worthy to note is that the tracer dispersivities (αL = 8.46 cm, αT y = αT z = 0.45 cm)
were grater than those for P. putida (αL = 4.54 cm, and αT y = αT z = 0.31 cm), suggesting
that the dispersivity is decreasing with particle size. This result is in perfect agreement with
previous colloid and biocolloid transport studies published in the literature (Keller et al. 2004;
Vasiliadou and Chrysikopoulos 2011; Syngouna and Chrysikopoulos 2011; Chrysikopoulos
and Syngouna 2012).

7 Summary and Conclusions

The transport of P. putida bacterial cells in a 3-D, water saturated model aquifer, packed
with quartz sand was investigated. The experimental data were adequately fitted with a 3-D
finite-difference numerical model. The results of this study are of particular interest, as the
transport of bacteria in water saturated bench scale 3-D model aquifer has not been extensively
examined previously.

Pseudomonas putida cells are negatively charged due to cell wall constituents (phosphate
and carboxyl groups, proteins). Because, quartz sand grains in aqueous media are also neg-
atively charged, interactions between the surfaces of P. putida cells and sand grains should
have been repulsive and thus unfavorable to adhesion. Therefore, if solely electrostatic inter-
actions were involved, adhesion should not take place. Despite these predictions, our results
showed that bacteria and quartz sand have a strong electron-donor character, and suggested
the importance of Lewis acid–base interactions in adhesion of the P. putida to quartz sand. The
XDLVO theory qualitatively predicted adhesion results better than the classical DLVO theory.
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