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[1] This study is focused on Pseudomonas putida bacteria transport in porous media in the
presence of suspended kaolinite clay particles. Experiments were performed with bacteria
and kaolinite particles separately to determine their individual transport characteristics in
water-saturated columns packed with glass beads. The results indicated that the mass
recovery of bacteria and clay particles decreased as the pore water velocity decreased.
Batch experiments were carried out to investigate the attachment of Pseudomonas putida
onto kaolinite particles. The attachment process was adequately described by a Langmuir
isotherm. Finally, bacteria and kaolinite particles were injected simultaneously into a
packed column in order to investigate their cotransport behavior. The experimental data
suggested that the presence of clay particles significantly inhibited the transport of bacteria
in water-saturated porous media. The observed reduction of Pseudomonas putida recovery
in the column outflow was attributed to bacteria attachment onto kaolinite particles, which
were retained onto the solid matrix of the column. A mathematical model was developed to
describe the transport of bacteria in the presence of suspended clay particles in one-
dimensional water-saturated porous media. Model simulations were in good agreement with
the experimental results.
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1. Introduction
[2] Numerous contaminants, including biocolloids (e.g.,

bacteria and viruses), are frequently present in the subsurface
and are not only dissolved or suspended in the aqueous phase
but also attached onto other mobile colloid particles (e.g.,
clays, humic substances, and metal oxides). Experimental as
well as theoretical studies suggest that colloid-facilitated
contaminant transport in porous media may contribute to
contaminant migration over greater distances than contami-
nant transport in the absence of colloids [Newman et al.,
1993; Abdel-Salam and Chrysikopoulos, 1995a, 1995b;
Saiers and Hornberger, 1996; Artinger et al., 2002; Mibus
et al., 2007]. Consequently, failure to account for colloid-
facilitated contaminant transport in porous media may lead
to significantly erroneous predictions [Tatalovich et al.,
2000; Bekhit and Hassan, 2007].

[3] Bacteria transport in porous media is affected by
physical factors, such as water velocity and cell concentra-
tion [Tan et al., 1994; Camesano et al., 1999; Hendry et
al., 1999; Stevik et al., 2004]; physiological characteristics,
such as cell size and motility [Camper et al., 1993; Came-
sano and Logan, 1998; Becker et al., 2004]; and cell
surface properties, such as lipopolysaccharides and hydro-
phobicity [Gannon et al., 1991; Simoni et al., 1998; Bol-
ster et al., 2009]. The attachment of bacteria onto the solid

matrix is affected by the nature of bacterial and mineral
surfaces as well as by the chemistry of the fluid phase
[Jewett et al., 1995; Powelson and Mills, 2001; Choi et al.,
2007; Kim et al., 2008]. A decrease in ionic strength results
in electrical double-layer expansion, and an increase in pH
enlarges the negative charge on colloid surfaces. These so-
lution chemistry changes increase the repulsive forces
between suspended particles and collector surfaces and,
consequently, may enhance the release of deposited par-
ticles [Tong et al., 2005; Shiratori et al., 2007].

[4] Colloids generally range in size from 1 nm to 10 �m
[Chrysikopoulos and Sim, 1996] and may be introduced or
formed in the subsurface, for instance, as a result of well
drilling, leaching from the vadose zone, and dissolution of
inorganic cementing agents that bind colloid-size materials
to solid surfaces [James and Chrysikopoulos, 1999; Com-
pere et al., 2001]. Clay minerals are the finest inorganic
components in soils and sediments and possess a very high
surface area to volume ratio and great affinity for bacteria
[Rong et al., 2010].

[5] Jiang et al. [2007] have reported that the attachment
of Pseudomonas (P.) putida onto kaolinite, goethite, and
montmorillonite decreased gradually in the pH range 3–10.
Foppen and Schijven [2005] and Kim et al. [2008] have
shown with column experiments that Escherichia (E.) coli
attachment onto goethite-coated sand increased with increas-
ing coated sand content. Leon-Morales et al. [2004] investi-
gated the transport of laponite in porous media and its
effects on biofilm stability and observed that the presence of
laponite influences the detachment of P. aeruginosa SG81
biofilm from quartz sand.
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[6] Colloid-facilitated contaminant transport in porous
media has been experimentally and theoretically investi-
gated for radionuclides [Kersting et al., 1999; Artinger
et al., 2002; Mibus et al., 2007; Severino et al., 2007; Tien
and Jen, 2007], heavy metals [Barton and Karathanasis,
2003], pesticides [Lindqvist and Enfield, 1992; Villholth et
al., 2000], and other chemicals [Ouyang et al., 1996; de
Jonge et al., 2004; James et al., 2005]. However, the role
that colloids play in the transport of biocolloids (viruses
and bacteria) in porous media is not fully understood. Very
few studies investigate the combined effects of temperature
and agitation on bacteriophage MS2 and �X174 attach-
ment onto kaolinite and bentonite clay particles [Syngouna
and Chrysikopoulos, 2010] and show that mineral col-
loids, depending on the physicochemical conditions, can
enhance or hinder the migration of MS2 in columns packed
with aquifer material [Walshe et al., 2010]. Furthermore,
bacterial transport [Fontes et al., 1991; Jewett et al., 1995;
Auset et al., 2005; Dong et al., 2006; Maxwell et al., 2007;
Chrysikopoulos et al., 2010] and bacterial-facilitated con-
taminant transport [Corapcioglu and Kim, 1995; Pang
et al., 2005; Pang and Simunek, 2006] have received con-
siderable attention. Although biocolloids are often released
into the subsurface either accidentally from septic tanks,
broken sewer lines, improperly constructed landfills, and
open dumps or intentionally during artificial recharge with
treated municipal wastewater [Yates et al., 1985; Anders
and Chrysikopoulos, 2005; Masciopinto et al., 2008], their
transport in the presence of other mobile colloids is not
well understood.

[7] The present study aims to investigate the cotransport
of bacteria and clay particles in water-saturated columns
packed with glass beads. Batch experiments were con-
ducted to characterize the attachment of P. putida onto kao-
linite. Flow-through experiments were performed to
investigate the interactions between P. putida and kaolinite
particles during their simultaneous transport in a packed
column.

2. Materials and Methods
2.1. Bacteria and Culture Preparation

[8] The P. putida (ATCC17453) cells were initially cul-
tured in 10 mL of nutrient broth (Laury Pepto Bios Broth
35.6 g/L, Biolife) over a period of 20 h and incubated at a
30�C temperature in a 140 rpm orbital shaker until an opti-
cal density at 600 nm (OD600) of 0.5 absorbance units (AU)
was reached. Subsequently, 5 mL of culture were trans-
ferred to 250 mL of the same medium and incubated at
30�C for 20 h.

[9] Cells in the late exponential growth phase (OD600 ¼
0.9 AU) were harvested (by centrifugation for 10 min at
3000g) and washed three times with distilled deionized
water (ddH2O). Harvesting at the end of the logarithmic
phase minimizes the potential for cell numbers to increase
during the transport experiments. After the washing proce-
dure, bacteria were diluted to ddH2O to the desired experi-
mental concentration in colony-forming units (CFU) of
approximately 1.35 � 107 to 1.26 � 108 CFU/mL with an
optical density at 410 nm of OD410 ¼ 0.12 –0.79 AU (22–
150 mg of total cells/L), respectively. The optical density
of bacteria in ddH2O was analyzed at a wavelength of 410

nm [Rong et al., 2008] by a UV-VIS spectrophotometer
(UV-1100, Hitachi), and the concentration of bacterial cells
was calibrated using a standard curve of bacterial optical
density on the basis of dry weights.

[10] Removing cells from growth media and resuspend-
ing them into distilled deionized water may have affected
their motility and even altered their swimming speed. How-
ever, microscope examination verified that the cells were
motile and still capable of growth as determined by plate
counts on agar plates [Liu and Papadopoulos, 1995];
Camesano and Logan, 1998].

[11] The zeta potential of the bacterial suspension at pH 7
in ddH2O, which was measured by a zeta potential analyzer
(ZetaSizer, Malvern Instruments Corporation), was esti-
mated to be �44.2 6 1.6 mV. The P. putida employed in
this work was a rod-shaped bacterium with an average
length of 2.4 6 0.9 �m and an average diameter of 0.9 6
0.1 �m, as determined from 50 scanning electron micros-
copy (SEM) images of cells, and equivalent spherical diame-
ter of 2.2 6 0.4 �m, as estimated by a ZetaSizer analyzer
(Malvern Instruments).

2.2. Minerals
[12] Fifty grams of kaolinite from Washington County,

Georgia (Clay Minerals Society), were mixed with 100 mL
of ddH2O in a 2 L beaker. Hydrogen peroxide (30% solu-
tion) was added to the suspension to oxidize organic matter,
while the pH was adjusted to 10 with 0.1 M NaOH. The
suspension was diluted to 2 L and the <2 �m colloid frac-
tion was separated by sedimentation for a time period of
1 h. The size of the colloids was confirmed using a Zeta-
Sizer analyzer. The separated colloid suspension was floc-
culated by adding a 0.5 M CaCl2 solution. The colloid
particles were washed with ddH2O and ethanol and dried at
60�C [Rong et al., 2008].

[13] The zeta potential of the kaolinite suspension at
pH 7 in ddH2O was estimated to be �22.5 6 2.1 mV. The
optical density of kaolinite particles was analyzed at a
wavelength of 280 nm by a UV-VIS spectrophotometer,
and the concentration of kaolinite was calibrated with a
standard curve of kaolinite optical density on the basis of
dry weights [Akbour et al., 2002].

2.3. Batch Experiments
[14] A mixture of 10 mg kaolinite mineral and 20 mL

P. putida solution of ddH2O containing bacteria concentra-
tion from 26 to 220 mg bacteria/L was prepared. The mix-
ture was adjusted to pH ¼ 7 by adding appropriate amounts
of 0.1 M NaOH and 0.1 M HNO3 solution, and it was
gently shaken (100 rpm) at 26�C 6 1�C for 120 min. Pre-
liminary experiments showed that maximum attachment of
P. putida onto minerals occurred within 80 min, and subse-
quently, no significant increase in attachment was
observed. Therefore, the time duration of 120 min was con-
sidered sufficient for reaching equilibrium. Then, 3 mL of
Histodenz solution (60% by weight, Sigma D2158) were
injected into the suspension, as suggested by Jiang et al.
[2007], and the mixture was centrifuged at 2500g for
4 min. Histodenz was used as density gradient separation
reagent in order to separate the suspended bacteria from
those attached onto kaolinite particles because the size of
bacteria and kaolinite particles was of the same order.
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[15] Two sets of preliminary control experiments were
conducted in centrifuge tubes to determine the most appro-
priate conditions for the separation of suspended bacteria
from bacteria attached onto kaolinite particles. In the first
set, only kaolinite was placed in centrifuge tubes mixed
with a cell-free solution of ddH2O and 3 mL of Histodenz
solution. In the second set, only aliquots of cell cultures
were transferred in centrifuge tubes mixed with a kaolinite-
free solution of ddH2O and 3 mL of Histodenz solution.
Initial bacteria and kaolinite concentrations were measured
for each control experiment. The mixtures in tubes were
centrifuged at different speeds (g) for various time periods.
It was observed that centrifugation at 2500g for 4 min was
optimal because for these conditions the supernatant con-
tained all of the initial bacteria concentration and none of
the kaolinite particles.

[16] The suspension of unattached bacteria in the super-
natant was pipetted out and measured directly by spectro-
photometry at 410 nm. The percentage of attached bacteria
was determined by subtracting the mass of bacteria that
remained in suspension from the initial mass of bacteria
[Rong et al., 2008].

[17] Histodenz is a nonionic iodinated gradient medium,
which readily dissolves in water to give nontoxic, autoclav-
able solutions. Histodenz should be avoided if the analysis
involves spectrophotometric measurements in the ultraviolet
range because the attachment spectrum shows a maximum
at 244 nm [Rickwood et al., 1982]. To assess whether Histo-
denz interfered with the bacteria measurements of the pres-
ent study, the absorbance of standard samples was measured
at the appropriate wavelength, and it was found that the line-
arity of the standard curve was not affected. To our knowl-
edge, Histodenz has never been reported in the literature to
affect the surface properties of bacteria or their attachment
onto solid surfaces. Also, it should be noted that the batch
experiments presented in this work were conducted accord-
ing to the methods and procedures employed by Jiang et al.
[2007] and Rong et al. [2008], who have performed very
similar experiments but with a different strain of P. putida
and kaolinite of slightly different chemical composition.

2.4. Column Experiments
[18] Flow-through experiments were conducted using a

glass column with a diameter of 2.5 cm and a length of

30 cm, packed with spherical glass beads with 2 mm diame-
ter. The column was packed with glass beads under standing
ddH2O to minimize air entrapment. Screens at the inlet and
outlet ends of the column held the glass beads in place and
distributed the inflow evenly. The estimated dry bulk den-
sity was 1.61 g/cm3, and the porosity was 0.42. The pore
volume (PV) of the column was estimated to be 61.5 mL.
The entire packed column, as well as all of the glassware
and materials used for the experiments, was sterilized in an
autoclave at 121�C for 20 min. The column was placed hor-
izontally. A fresh column was packed for each experiment.
Also, 3 PV of ddH2O were passed through the column prior
to each flow-through experiment. A schematic diagram of
the experimental apparatus employed in this work is shown
in Figure 1.

[19] Following the procedure outlined by Tong et al.
[2005], the glass beads were first rinsed sequentially with ac-
etone and hexane and then soaked in concentrated HCl for
about 12 h. Next, the beads were rinsed with ddH2O until
the water conductivity, as determined by a conductivity me-
ter, was negligible. Subsequently, the glass beads were
soaked in 0.1 M NaOH for 12 h and rinsed repeatedly with
ddH2O until the ionic strength (IS) of water was negligible.
Finally, the glass beads were dried in an oven at 105�C.

[20] Sterile ddH2O purified to a specific conductance of
0.05 �S/cm with a Milli-Q UV plus water purification system
containing a UV sterilization lamp (Millipore Corp., Massa-
chusetts) was transferred from a flask into the column with a
peristaltic pump. The water flow rates employed were 2, 3,
and 4 mL/min, which correspond to interstitial water veloc-
ities of U ¼ q=� ¼ 0:98; 1:46, and 1.95 cm/min, respec-
tively, where q is the Darcian flux and � is the porosity.
Throughout the experiments, the pH was maintained at 7,
and the temperature was maintained at 26�C 6 1�C.

[21] Chloride, in the form of potassium chloride, was
chosen as the nonreactive tracer for the characterization of
the packed column. The nonreactive tracer solution (4 mS/
cm) was prepared with 0.1 M KCl (12 mS/cm) in ddH2O.
Preliminary experiments showed that for the relatively high
flow rates used in this work, no significant gravity effects
occurred in the packed column.

[22] The tracer breakthrough experiments were per-
formed by injecting into the column 123 mL (2 PV) of
1524 mg/L Cl� solution, followed by 3 PV of ddH2O.

Figure 1. Schematic drawing of the experimental apparatus.
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Effluent samples were collected into borosilicate test tubes.
Chloride concentrations were measured using ion chroma-
tography (DIONEX500, Sunnyvale, California). A set of
flow-through experiments were performed with bacteria
and kaolinite alone to understand their individual transport
characteristics. For the bacterial and kaolinite transport
experiments, 2 PV of colloid suspension was injected into
the packed column, followed by 3 PV of ddH2O. Each
experiment was performed three times to ensure reproduci-
bility. Bacteria and kaolinite concentrations in the effluent
samples were measured by spectrophotometry.

[23] The glass beads were too large for direct measure-
ment of their zeta potential by the zeta potential analyzer.
Therefore, a few glass beads were crushed into a fine pow-
der and then mixed with ddH2O to form a sufficiently sta-
ble suspension that could be used for zeta potential
measurement [Stephan and Chase, 2001]. The zeta poten-
tial of glass beads stored in ddH2O at pH 7 was determined
to be �54.6 6 2.4 mV. Subsequently, Derjaguin-Landau-
Verwey-Overbeek (DLVO) interaction energies between P.
putida and glass beads and between kaolinite and glass
beads were calculated for the experimental conditions by
using the measured zeta potentials, following the methodol-
ogy outlined by Syngouna and Chrysikopoulos [2010].
Energy profiles for interaction between both P. putida and
kaolinite with glass beads were constructed and are shown
in Figure 2. High repulsive potentials exist between both P.
putida and kaolinite. However, both P. putida and kaolinite
exhibit a secondary energy minimum (see inset in Figure
2). Secondary energy minima for similar cases have also
been reported in the literature [Redman et al., 2004]. There-
fore, although P. putida, kaolinite, and glass beads all have
negative surface charge under experimental conditions,

P. putida and kaolinite are expected to attach onto glass
beads at the secondary energy minima.

2.5. Determination of Bacteria Attached Onto
Kaolinite

[24] For the separation of bacteria attached onto kaolinite
from bacteria suspended in the liquid phase, 3 mL of the
column effluent were placed into 5 mL centrifuge tubes to-
gether with 0.45 mL of Histodenz solution. The mixture
was centrifuged at 2500g for 4 min. The supernatant was
used to determine, by spectrophotometry (410 nm), the
bacteria in the liquid phase. The pellet containing the kao-
linite with the attached bacteria was diluted to 3 mL as the
initial volume of the sample. An aliquot (100 �L) of the
above sample was used to enumerate the bacteria attached
onto kaolinite by plate counts on nutrient agar using dilu-
tion series. The total bacteria concentration in each effluent
sample was estimated by adding the bacteria attached onto
the kaolinite and the bacteria suspended in the aqueous
phase. In addition, aliquots (100 �L) of the effluent samples
collected were analyzed for total bacteria concentration
(suspended and attached) by plate counts on nutrient agar
using dilution series. Effluent samples were passed through
preweighed membrane filters (0.45 �m pore size) in order
to estimate the total dry weight (bacteria and kaolinite).
The concentration of kaolinite was determined by subtract-
ing the mass of bacteria (suspended and attached) from the
total mass in the effluent sample.

2.6. SEM Images
[25] After the completion of the transport and cotransport

flow-through experiments, the glass beads in the column
were checked for deposited colloid particles by SEM analy-
sis (JSM 6300, JEOL Scanning Microscope, at 20 kV). The
beads were gently washed (without shaking) with few drops
of ddH2O and air-dried under a fume hood [Choi et al.,
2007]. Note that gentle washing of the glass beads does not
affect the attached colloid particles, which remained on the
surfaces of the glass beads even after flushing the packed
column with 3 PV of ddH2O at the end of each flow-through
experiment. The beads were mounted on aluminum stubs
with carbon tape and then coated using a gold ion sputter
coater (JEOL, JFC1100 Fine Coat). SEM micrographs were
taken at a magnification of 6000–11,000X.

3. Mathematical Modeling
3.1. Transport

[26] The transport of the tracer, bacteria, and clay in ho-
mogeneous, water-saturated porous media, assuming negli-
gible growth and decay, is governed by the following partial
differential equation [Sim and Chrysikopoulos, 1995]:

@Ci

@t
þ �m

�

@C�
i

@t
¼ Di

@2Ci

@x2
� U

@Ci

@x
ð1Þ

�m

�

@C�i
@t
¼ ri�i�Ci �

�m

�
ri��iC

�
i ð2Þ

where the subscript i is t (tracer), b (bacteria), or c (clay),
Ci (mg of i/cm3) is the concentration of species i dissolved
or suspended in the aqueous phase, C�i (mg of i/mg solids)

Figure 2. Calculated total interaction energy profiles for
P. putida and kaolinite with glass beads as a function of
separation distance for the experimental conditions. The
inset highlights the corresponding secondary energy min-
ima. Here �tot (J) is the total intersurface potential energy
and equals the sum of the van der Waals, double-layer, and
Born potential energies, kB is Boltzmann’s constant (J/K),
and T (K) is temperature.

W02543 VASILIADOU AND CHRYSIKOPOULOS: COTRANSPORT OF P. PUTIDA AND KAOLINITE W02543

4 of 14



is the concentration of species i attached onto the solid
phase, U is the interstitial velocity (cm/min), �m (mg
solids/cm3 solid matrix) is the bulk density of the solid ma-
trix, � (cm3 voids/cm3 solid matrix) is the porosity of the
column material, t (min) is time, ri�i� (1/min) is the attach-
ment (deposition) rate coefficient of species i onto glass
beads, ri��i (1/min) is the detachment rate coefficient of
species i from glass beads, and Di (cm2/min) is the hydro-
dynamic dispersion coefficient defined as [Bear, 1979]

Di¼�LUþDei ; ð3Þ

where �L (cm) is the longitudinal dispersivity and Dei

(cm2/min) is the effective diffusion coefficient of species i.
For the experimental conditions of the present study, the
appropriate initial and boundary conditions are

Cið0; xÞ ¼ 0 ð4Þ

Ciðt; 0Þ ¼
Ci0 t � tp

0 t > tp

�
ð5Þ

@Ciðt;LÞ
@x

¼ 0; ð6Þ

where tp (min) is the injection time period, Ci0 (mg of i/cm3)
is the initial aqueous phase concentration of species i, and L
(cm) is the column length. The condition (4) establishes that
there is no initial bacteria concentration within the one-
dimensional porous medium. The first-type boundary condi-
tion (5) implies constant concentration at the inlet over the
injection time period. The downstream boundary condition
(6) preserves the concentration continuity at the outlet of
the column.

3.2. Cotransport
[27] It is assumed that clay particles partition between the

aqueous phase and the solid matrix, while bacteria partition
onto clay surfaces and the solid matrix. Thus, clay particles
can be suspended in the aqueous phase or attached onto the
solid matrix. Bacteria can be suspended in the aqueous phase,
directly attached onto the solid matrix, attached onto sus-
pended clay surfaces, and attached onto clay particles that are
already attached onto the solid matrix. Furthermore, assum-
ing negligible bacteria chemotaxis, growth, and decay, the
governing cotransport equations for one-dimensional, homo-
geneous, water-saturated porous media are given by equation
(1) and (2) for the transport of clay particles together with the
following mass balance equation for bacteria suspended in
the aqueous phase [Abdel-Salam and Chrysikopoulos, 1995a,
1995b] (accumulation ¼ dispersion � advection):

@

@t
Cbþ

�m

�
C�b þCcCbcþ

�m

�
C�c C�bc

h i
¼ Db

@2Cb

@x2
þDbc

@2

@x2
CcCbc½ �

�U
@

@x
CbþCcCbc½ �;

ð7Þ

where Cbc (mg bacteria/mg clay) is the concentration of
bacteria attached onto suspended clay particles, or ‘‘sus-

pended bacteria-clay particles’’ ; C�bc (mg bacteria/mg clay)
is the concentration of bacteria attached onto clay particles
already attached onto glass beads, or ‘‘attached bacteria-
clay particles’’; and Dbc (cm2/min) is the hydrodynamic
dispersion coefficient for suspended bacteria-clay particles.
The second mass accumulation rate on the left side of equa-
tion (7) is given by equation (2), and the third rate is
expressed as [Bekhit et al., 2009]

@ CcCbcð Þ
@t

¼�b�bc��bc�bþ�b�c��bc��bc�b�c� ; ð8Þ

where �b�bc (mg bacteria/(cm3min)) is the mass accumu-
lation rate due to attachment of suspended bacteria onto
suspended clay particles, expressed by the following
pseudo-second-order rate law:

�b�bc ¼ rb�bc Cbceq �Cbc
� �2

Cc; ð9Þ

where rb�bc (mg clay/(mg bacteria min)) is the attachment
rate coefficient of suspended bacteria onto suspended clay
particles and Cbceq (mg bacteria/mg clay) is the concentration
of bacteria attached onto suspended clay particles at equilib-
rium. �bc�b (mg bacteria/(cm3 min)) is the mass accumula-
tion rate due to bacteria detachment from suspended clay
particles, expressed by the following relationship:

�bc�b ¼ rbc�b CcCbcð Þ; ð10Þ

where rbc�b (1/min) is the rate coefficient for bacteria
detachment from suspended clay particles. �bc�b�c� (mg
bacteria/(cm3 min)) is the mass accumulation rate due to
attachment of suspended bacteria-clay particles (bacteria
attached onto suspended clay particles) onto glass beads,
expressed as

�bc�b�c� ¼ rbc�b�c� CcCbcð Þ; ð11Þ

where rbc�b�c� (1/min) is the attachment rate coefficient of
suspended bacteria-clay particles onto glass beads. �b�c��bc
(mg bacteria/(cm3 min)) is the mass accumulation rate due
to detachment of attached bacteria-clay particles (bacteria
attached onto clay particles already attached onto glass
beads) from glass beads, expressed by the following rela-
tionship:

�b�c��bc ¼
�m

�
rb�c��bc C�c C�bc

� �
; ð12Þ

where rb�c��bc (1/min) is the detachment rate coefficient of
bacteria-clay particles from glass beads.

[28] The fourth mass accumulation rate on the left side
of equation (7) is expressed as [Bekhit et al., 2009]

�m

�

@ C�c C�bc

� �
@t

¼ �b�b�c� � �b�c��b þ �bc�b�c� � �b�c��bc; ð13Þ

where �b�b�c� (mg bacteria/(cm3 min)) is the mass accumu-
lation rate due to attachment of suspended bacteria onto
clay particles already attached onto glass beads, expressed
by the following pseudo-second-order rate law:
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�b�b�c� ¼
�m

�
rb�b�c� C�bceq

� C�bc

� �2
C�c ; ð14Þ

where rb�b�c� (mg clay/(mg bacteria min)) is the attachment
rate coefficient of suspended bacteria onto clay particles
already attached onto glass beads and C�bceq

(mg bacteria/
mg clay) is the concentration of bacteria attached onto clay
particles already attached onto glass beads at equilibrium.
�b�c��b (mg bacteria/(cm3 min)) is the mass accumulation
rate due to detachment of bacteria from clay particles attached
onto glass beads, expressed by the following relationship:

�b�c��b ¼
�m

�
rb�c��b C�c C�bc

� �
; ð15Þ

where rb�c��b (1/min) is the rate coefficient of bacteria
detachment from clay particles attached onto glass beads.
The numerical solution of the model partial differential
equations and the fitting of the model to the various break-
through data sets were obtained with the commercial num-
erical code Aquasim (version 2.1d), which uses a fully
implicit finite difference spatial discretization scheme
[Gear, 1971] in conjunction with the algorithm DASSL
[Petzold, 1983].

3.3. Moment Analysis
[29] The concentration breakthrough curves of concen-

tration C(x,t) obtained at location x ¼ L were analyzed by
the normalized absolute moments, which are defined as

Mn xð Þ¼
R1

0 tnCiðx; tÞdtR1
0 Ciðx; tÞdt

: ð16Þ

[30] The first normalized temporal moment, M1, charac-
terizes the center of mass of the concentration breakthrough
curve and defines the mean breakthrough time or average
velocity. The second normalized temporal moment, M2,
characterizes the spreading of the breakthrough curve. Fur-
thermore, the mass recovery, Mr, of the tracer or suspended
particles is quantified by the following expression:

MrðLÞ ¼
m0 Lð Þ
Ci0 tp

¼
R1

0 CiðL; tÞdtR tp
0 Ci 0; tð Þdt

; ð17Þ

where m0 is the zeroth absolute moment and quantifies the
total mass in the concentration breakthrough curve.

4. Results
4.1. Batch Experiments

[31] The data from the batch equilibrium experiments of
P. putida attachment onto kaolinite are shown in Figure 3,
and they were fitted with a Langmuir type isotherm:

Cbceq ¼
Q��1Cbeq

1þ �1Cbeq

; ð18Þ

where Q� ¼ 94.6 (mg bacteria/g clay) is the fitted maxi-
mum amount of bacteria that may be attached onto kaolin-
ite, �1 ¼ 0:0095 (L/mg bacteria) is a fitted constant related
to the attachment energy, and Cbeq (mg bacteria/L) is the

liquid phase concentration of bacteria at equilibrium, which
ranged from 20 to 195 mg/L. Similar attachment behavior
has been observed by Jiang et al. [2007] for attachment of
P. putida onto kaolinite, goethite, and montmorillonite.
Furthermore, to investigate the kinetics of P. putida attach-
ment onto kaolinite, additional batch experiments were
conducted, and the data are shown in Figure 4. The kinetic
experimental data indicate that equilibrium was reached at
approximately 80 min. Furthermore, the kinetic data were
adequately fitted by the following pseudo-second-order rate
law [Ho et al., 2001; Upadhyayula et al., 2009]:

dCbc

dt
¼ rb�bc Cbceq � Cbc

� �2
: ð19Þ

[32] The fitted parameters ðrb�bc; CbceqÞ for the three ini-
tial P. putida concentrations examined and the liquid phase

Figure 3. Equilibrium attachment data of P. putida onto
kaolinite (circles) and fitted Langmuir isotherm (curve).

Figure 4. Attachment kinetics of P. putida onto kaolinite
for three different initial bacteria concentrations (symbols)
and fitted pseudo-second-order model (curves).
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bacteria concentrations at equilibrium ðCbeqÞ for the sorp-
tion kinetic experiments are listed in Table 1. Note that
rb�bc and Cbceq increased with increasing initial P. putida
concentration Cbo .

4.2. Transport Experiments
[33] The normalized chloride breakthrough data together

with the P. putida data are presented in Figures 5a –5c,
and the kaolinite data are presented in Figures 5d –5f for
three different interstitial velocities and various initial con-
centrations. The corresponding Mr values are calculated
using equation (17) and are listed in Table 2. The break-

through data for Cl� and P. putida have similar shapes
without any tailing effects, indicating that there was no sig-
nificant retention by the packed column. This observation
is consistent with the Mr estimated for both Cl� and
P. putida, except for P. putida for U ¼ 0.98 cm/min, which
yielded Mr ¼ 99.4% (see Table 2). The slight attachment of
P. putida onto glass beads was also verified by SEM analy-
sis (see Figure 6a), and it was attributed to the low U. Note
that U ¼ 0.98 cm/min was the lowest velocity used. Tailing
was observed in the kaolinite transport experiments, and
the associated Mr values indicated that kaolinite mass
retention decreased with increasing U and initial kaolinite

Table 1. Fitted Parameters Obtained From P. putida Attachment Kinetic Experiments

Initial P. putida
Concentration (mg/L)

Cbceq

(mg bacteria/g clay)
Cbeq Experimental
(mg bacteria/L)

rb�bc

(�10�2 g clay/mg bacteria min)

32.8 18.8 6 1.7 25.1 6 0.3 0.24 6 0.08
76.2 37.8 6 1.4 59.6 6 0.4 0.25 6 0.05
128.9 47.8 6 1.4 106.2 6 0.3 0.30 6 0.05

Figure 5. Experimental data (symbols) and fitted model simulations (curves) for transport of chloride
and bacteria with U equal to (a) 0.98, (b) 1.46, and (c) 1.95 cm/min and transport of kaolinite with U
equal to (d) 0.98, (e) 1.46, and (f) 1.95 cm/min.
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concentration Cc0 . As shown in the SEM image of Figure
6b, it is evident that kaolinite particles were attached onto
glass beads.

[34] The transport model was fitted to the chloride, P.
putida, and kaolinite experimental data. For the chloride
data, only one parameter (Dt) was fitted. For the P. putida
data, there were three fitted parameters (Db, rb�b�, and
rb��b). Also, there were three fitted parameters (Dc, rc�c�,

and rc��c) for the kaolinite data. All fitted parameters are
listed in Table 2. The fitted model simulations were plotted
together with the corresponding experimental data in Fig-
ure 5. All model simulations were in very good agreement
with the experimental data.

[35] Assuming that the effective diffusion coefficient De

(cm2/min) was negligible compared to the product �LU ;
equation (3) was employed to estimate the various

Table 2. Mass Recoveries and Model Parameters for Chloride, P. putida, and Kaolinite Transport Experiments

Initial
Concentration
(mg/L)

U
(cm/min) Mr (%) Di (cm2/min) �L (cm)

rb�b�

(�10�31/min)
rb��b

(�10�31/min)
rc�c�

(�10�31/min)
rc��c

(�10�31/min) M1(i)/M1(t)

Cl� ðCt0 Þ
1524 0.98 101.1 6 0.3 0.25 6 0.01 0.26 6 0.01 1.00
1524 1.46 101.3 6 0.6 0.37 6 0.01 0.25 6 0.01 1.00
1524 1.95 102.5 6 0.3 0.42 6 0.04 0.22 6 0.03 1.00

P. putida ðCb0 Þ
52.6 0.98 99.4 6 1.0 0.44 6 0.02 0.45 6 0.03 0.16 6 0.08 0.19 6 0.01 1.00
23.9 1.46 101.1 6 0.5 0.68 6 0.02 0.47 6 0.02 0.32 6 0.09 0.92 6 0.02 0.98
50.5 1.46 101.0 6 0.6 0.67 6 0.05 0.46 6 0.05 0.35 6 0.06 1.14 6 0.05 0.96
149.3 1.46 102.7 6 1.0 0.68 6 0.07 0.47 6 0.07 0.40 6 0.01 1.09 6 0.17 0.98
22.5 1.95 103.2 6 1.0 0.79 6 0.08 0.41 6 0.06 0.52 6 0.01 3.83 6 0.13 0.98
50.3 1.95 102.3 6 0.4 0.79 6 0.12 0.41 6 0.09 0.55 6 0.02 3.92 6 0.07 0.98
148.5 1.95 102.5 6 0.8 0.80 6 0.15 0.41 6 0.11 0.54 6 0.09 3.89 6 0.05 0.98

Kaolinite ðCc0 Þ
139.0 0.98 81.4 6 0.9 1.01 6 0.06 1.03 6 0.09 9.41 6 0.11 4.54 6 0.92 1.11
55.5 1.46 83.1 6 0.5 1.59 6 0.12 1.09 6 0.11 12.89 6 0.24 7.41 6 0.25 1.06
145.9 1.46 83.0 6 0.5 1.57 6 0.13 1.07 6 0.12 12.69 6 0.41 6.53 6 0.11 1.07
206.6 1.46 85.2 6 0.5 1.61 6 0.11 1.10 6 0.11 12.13 6 0.45 7.06 6 0.92 1.08
55.5 1.95 84.8 6 0.5 2.38 6 0.28 1.22 6 0.20 18.77 6 0.70 17.03 6 1.02 1.10
139.9 1.95 88.2 6 1.5 2.35 6 0.26 1.20 6 0.19 17.68 6 0.83 17.80 6 0.52 1.07
212.9 1.95 87.8 6 0.4 2.24 6 0.20 1.15 6 0.15 18.06 6 0.72 18.90 6 1.20 1.11

Figure 6. Scanning electron microscopy images of (a) P. putida deposited on a glass bead of the
packed column for the transport experiment with U ¼ 0.98 cm/min, (b) kaolinite particles deposited on a
glass bead for the transport experiment with U ¼ 1.95 cm/min, (c) P. putida –kaolinite particles attached
onto a glass bead, and (d) P. putida –kaolinite particles attached onto a glass bead and P. putida probably
attached onto kaolinite previously attached onto a glass bead (see top right corner) during cotransport at
U ¼ 1.95 cm/min.
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dispersivities, which are listed in Table 2. The very small
variability in the estimated �L values observed for each set
of transport experiments conducted with Cl�, P. putida,
and kaolinite verified that the columns were consistently
uniformly packed. The estimated �L values were higher for
kaolinite than for P. putida. Although the mean kaolinite
diameter varied, it was smaller than the equivalent diameter
of P. putida. Therefore, it was evident that �L for sus-
pended colloid particles is not just a property of the porous
medium but also depends on colloid size and decreases
with increasing particle size. Similar results are reported by
Keller et al. [2004].

[36] The fitted attachment and detachment rate coeffi-
cients for both P. putida and kaolinite are listed in Table 2,
and they increase with increasing U. Note that consistently
rb�b� < rb��b and rc�c� � rc��c. Higher attachment and
detachment rate coefficients have also been observed for E.
coli transport in porous media because of the existence of a
secondary energy minimum [Smith et al. 2008]. It is worth
noting that as the attachment and detachment rate coeffi-
cients increased with increasing flow rate, the ratio of
attachment to detachment rate coefficients decreased with
increasing flow rate. For both P. putida and kaolinite, the
attachment and detachment rate coefficients increased with
increasing flow rate, but the ratio of attachment to detach-
ment rate coefficients decreased with increasing flow rate.
A possible explanation for this is that because of the exis-
tence of a secondary energy minimum, hydrodynamics had
greater influence on the detachment than the attachment
process. However, additional work is needed to verify this.
Straining cannot be considered an important mechanism of
mass loss in the physical system examined in this study
because the average size of the bacteria cells (2.16 6
0.44 �m) and kaolinite particles (<2 �m) were approxi-
mately 	0.1% of the average diameter of glass beads
(2 mm), which were much smaller than the 5% limit rec-
ommended by Hendry et al. [1999] and Choi et al. [2007]
or the 0.5% limit recommended by Bradford et al. [2004].

[37] The first moment (average velocity) was calculated
with equation (16) for each breakthrough curve. Also, for
each U employed, the first normalized temporal moment
M1(i) ratio of the two colloids (P. putida and kaolinite) to
M1(t) for the tracer Cl� was computed and is listed in Table 2.
A ratio M1(i)/M1(t) > 1 denotes that colloid velocity is
retarded, whereas a ratio smaller than 1 denotes that the
colloid velocity is enhanced. The results from Table 2 indi-
cated that the mean velocity of P. putida was very slightly
enhanced (0% –4%) and the mean velocity of kaolinite was
significantly retarded (6% –11%) compared to the Cl�

movement.

4.3. Cotransport Experiments
[38] The normalized P. putida and kaolinite cotransport

breakthrough data are presented in Figure 7 for two differ-
ent interstitial velocities. Two different initial concentra-
tions for P. putida and kaolinite were employed. The
suspended P. putida breakthrough concentrations were la-
beled as Cb, the total P. putida concentrations (suspended
plus attached onto kaolinite) were labeled as Cb þ Cbc, and
the total P. putida concentrations measured by plate counts
on nutrient agar were labeled as CTotal�b. The Cb, Cb þ
Cbc, and CTotal�b breakthrough data for the four cotransport

experiments conducted are presented in Figures 7a, 7c, 7e,
and 7g. The suspended kaolinite breakthrough concentra-
tions were labeled as Cc, and the concentrations of P.
putida attached onto suspended kaolinite were labeled as
Cbc. The Cc and Cbc data for the four cotransport experi-
ments conducted are presented in Figures 7b, 7d, 7f, and
7h. The corresponding Mr values were calculated using
(17), and they are listed in Table 3.

[39] The experimental data show that kaolinite affected
the transport of P. putida through the glass bead packs. The
Mr of total P. putida was reduced in the presence of kaolin-
ite particles (see Table 3) compared to the case of P. putida
transport in the absence of kaolinite (see Table 2).

[40] The observed reduction in Cb was attributed to (1)
attachment of suspended bacteria onto suspended kaolinite
particles to form suspended bacteria-kaolinite particles
(Cbc), which in turn could be retained by the solid matrix,
and (2) attachment of suspended bacteria onto kaolinite al-
ready attached onto the glass beads. Figures 6c and 6d
show various bacteria-kaolinite particles attached onto
glass bead surfaces. It is worth noting the upper right corner
of Figure 6d, where a bacterium cell is lying onto kaolinite
particles, which appear to have been attached onto the glass
bead prior to the adhesion of the bacterium. Also, it should
be noted that for the experimental conditions of the SEM
images in Figures 6c and 6d (U ¼ 1.95 cm/min), no P.
putida attachment onto glass beads was observed in the ab-
sence of kaolinite and Mr was estimated to be 100%
(see Table 2).

[41] The data from the cotransport experiments shown in
Figure 7 together with the parameter values listed in Table
3 indicate that the Mr of P. putida decreased with increas-
ing the initial kaolinite concentration Cc0 (mg/L) because
of increased kaolinite attachment onto the solid matrix,
which in turn led to additional favorable positions for sus-
pended P. putida to attach. Decreasing the initial bacteria
concentration Cb0 (mg/L) resulted in higher Cbc and lower
Cb effluent concentrations. Lowering U resulted in reduced
Mr of P. putida because of the increased retention time,
which in turn led to enhanced attachment of suspended P.
putida onto suspended and attached kaolinite particles.
Also, the presence of P. putida affected kaolinite transport
because the Mr of kaolinite was substantially reduced in the
presence of P. putida (see Table 3) compared to the case of
kaolinite transport in the absence of P. putida (see Table
2). Furthermore, the various ratios M1(i)/M1(t) listed in
Table 3 indicate that mean velocity of P. putida was very
slightly enhanced (0% –3%) and the mean velocity of kao-
linite was significantly retarded (3% – 11%) compared to
the Cl� movement.

[42] The dispersion coefficients for bacteria and kaolinite
particles have the same values as those obtained from the
individual flow-through experiments (see Table 2). Assuming
that Cbc and Cc exhibited identical fate and transport charac-
teristics (Dbc ¼ Dc, rbc�b�c� ¼ rc�c�, and rb�c��bc ¼ rc��c),
the various fitted attachment and detachment rate coefficients
for the cotransport experiments are listed in Table 3. It was
observed that rbc�b increased with increasing Cb0=Cc0 ratio
and U. Increasing rbc�b enhanced the Mr of Cb. The fitted
model simulations are plotted together with the correspond-
ing experimental data in Figure 7. Good agreement between
the experimental data and the model predictions is observed.
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5. Discussion
[43] The observed increase in P. putida and kaolinite

retention with decreasing U is in agreement with the colloid
filtration theory and with previous studies [Camper et al.,
1993; Compere et al., 2001; Akbour et al., 2002; Choi
et al., 2007]. A decrease in U led to an increasing number
of collisions between suspended particles and collectors and
enhancement of particle retention. At low U, motile bacteria
do not follow the colloid filtration theory because swim-
ming cells may avoid sticking onto soil grains [Camesano

and Logan, 1998]. At the relatively high U used in this
study, P. putida attachment was not affected by bacteria
motility. Other investigators have also reported in the litera-
ture that peak aqueous phase bacteria concentrations were
not affected by bacteria motility at high U [Camper et al.,
1993; Choi et al., 2007]. However, for low U, bacteria mo-
tility could lead to early breakthrough [Camper et al., 1993;
Camesano and Logan, 1998].

[44] P. putida retention within the packed column was
not affected by Cb0 , but kaolinite retention decreased with

Figure 7. Experimental data for P. putida and kaolinite cotransport (symbols) and fitted models (solid
curves) for various initial P. putida and kaolinite concentrations and interstitial velocity of (a – f) U ¼
1.95 cm/min and (g, h) U ¼ 1.46 cm/min.
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increasing Cc0 . Although the clean bed filtration theory
does not account for suspended particle concentration
[Dabros and van de Ven, 1982], high colloid concentrations
are known to affect colloid retention in porous media [Rij-
naarts et al., 1996; Liu et al., 1995]. The lower Mr of kao-
linite compared to that of P. putida (see Table 2) was
attributed to the higher zeta potential of kaolinite particles
(�22.5 mV) compared to P. putida (�44.2 mV) because
the repulsive forces between negatively charged suspended
particles and negatively charged glass bead surfaces
increased with increasing negative charge of suspended
particles. Furthermore, P. putida and kaolinite colloids
were observed to travel faster than the conservative tracer
because the sizes of P. putida and kaolinite particles were
of similar size.

[45] Large colloids are often excluded from small pores.
Consequently, size exclusion may influence the transport
behavior of colloids by limiting their transport to the larger
pores [Camper et al., 1993; Kretzschmar and Sticher,
1997; Chrysikopoulos and Abdel-Salam, 1997; Akbour et
al., 2002]. In addition, if the electrostatic forces between
colloids and porous media are repulsive, then colloids may
be excluded from locations adjacent to solid surfaces
because of charge exclusion. If the colloids are excluded
from pore spaces, they are likely to sample the more con-
ductive ranges of the U distribution, and hence, they are
transported faster than a conservative tracer [Harter et al.,
2000; James and Chrysikopoulos, 2003]. The �L for kao-
linite was greater than that of P. putida because smaller
colloids have a more diverse path flow through columns
packed with glass beads.

[46] For P. putida and kaolinite cotransport in a porous
medium, the interactions among the two different colloids
resulted in increased Mr for both colloids compared to the
Mr for transport of each colloid separately. As Cc0 increased,
Cb decreased because more kaolinite particles attached onto
the glass beads and offered more attachment positions for
suspended P. putida. Increasing Cc0 led to a greater Cbc. In
contrast, increasing Cb0 while maintaining constant Cc0

resulted in lower retention of suspended P. putida, suggest-
ing that P. putida cells deposited onto attached kaolinite pro-
vided a less favorable collector surface.

[47] In conclusion, the experimental results presented
herein suggest that the presence of kaolinite significantly
inhibited the transport of P. putida in water-saturated col-
umns packed with glass beads because P. putida could be
attached onto kaolinite particles, which in turn could be
retained by the solid matrix. The attachment of P. putida
onto kaolinite was represented by a Langmuir-type isotherm.
For both P. putida and kaolinite, the attachment and detach-
ment rate coefficients increased with increasing flow rate, but
the ratio of attachment to detachment rate coefficients
decreased with increasing flow rate. The mathematical mod-
els presented satisfactorily simulated the P. putida and kao-
linite data for all the transport and cotransport experiments.

Notation

Cbeq liquid phase concentration of bacteria at equilib-
rium, (M bacteria)/L3.

Cbc concentration of bacteria attached onto sus-
pended clay particles, (M bacteria)/(M clay).T
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C�bc concentration of bacteria attached onto clay
particles already attached onto glass beads, (M
bacteria)/(M clay).

Cbceq concentration of bacteria attached onto sus-
pended clay particles at equilibrium, (M bacte-
ria)/(M clay).

C�bceq
concentration of bacteria attached onto clay
particles already attached onto glass beads at
equilibrium, (M bacteria)/(M clay).

Ci concentration of species i dissolved or sus-
pended in the aqueous phase, M/L3.

C�i concentration of species i attached onto the solid
phase, (M of i)/(M solids).

Ci0 initial aqueous phase concentration of species i,
M/L3.

CTotal�b total P. putida concentrations measured by plate
counts on nutrient agar, (M bacteria)/L3.

Dei effective diffusion coefficient of species i, L2/t.
Di hydrodynamic dispersion coefficient of species

i, L2/t.
i t (tracer), b (bacteria), or c (clay).

kB Boltzmann’s constant, (M L2)/(t2 T).
L column length, L.

m0 zeroth absolute moment (M).
Mn nth normalized temporal moment, defined in (16).
Mr mass recovery, defined in (17).

n order of the moment.
Q� maximum amount of bacteria that may be

attached, (M bacteria)/(M clay).
ri�i� attachment (deposition) rate coefficient of spe-

cies i onto glass beads, 1/t.
ri��i detachment rate coefficient of species i from

glass beads, 1/t.
rb�bc attachment rate coefficient of suspended bacte-

ria onto suspended clay particles, (M clay)/
(M bacteria t).

rb�b�c� attachment rate coefficient of suspended bacte-
ria onto clay particles already attached onto
glass beads, (M clay)/(M bacteria t).

rbc�b rate coefficient for bacteria detachment from
suspended clay particles, 1/t.

rb�c��b rate coefficient of bacteria detachment from
clay particles attached onto glass beads, 1/t.

rbc�b�c� attachment rate coefficient of suspended bacteria-
clay particles onto glass beads, 1/t.

r b�c��bc detachment rate coefficient of bacteria-clay
particles from glass beads, 1/t.

t time, t.
tp injection time period, t.
T temperature (K), T.
U interstitial velocity, L/t.
x Cartesian coordinate, L.
�L longitudinal dispersivity, L.
�1 constant related to the attachment energy, L3/

(M bacteria).
� porosity of the column material, (L3 voids)/

(L3 solid matrix).
�m bulk density of the solid matrix, M/L3.

�b�bc mass accumulation rate due to attachment of
suspended bacteria onto suspended clay par-
ticles, (M bacteria)/(L3 t).

�b�b�c� mass accumulation rate due to attachment of
suspended bacteria onto clay particles already
attached onto glass beads, (M bacteria)/(L3 t).

�bc�b mass accumulation rate due to bacteria detach-
ment from suspended clay particles, (M bacte-
ria)/(L3 t).

�b�c��b mass accumulation rate due to detachment of
bacteria from clay particles attached onto glass
beads, (M bacteria)/(L3 t).

�bc�b�c� mass accumulation rate due to attachment of
suspended bacteria-clay particles onto glass
beads, (M bacteria)/(L3 t).

�b�c��bc mass accumulation rate due to detachment of
attached bacteria-clay particles from glass
beads, (M bacteria)/(L3 t).

�tot total intersurface potential energy (J), (M L2)/t2.

[48] Acknowledgments. The authors are thankful to M. Kornaros,
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