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Bacterial deposition�transportation via a porous medium can be quanti¯ed by a dimensionless
Tabor's parameter, �, which accounts for the deformation of an elastic sphere in the presence of
intersurface forces based on the classical Derjaguin�Landau�Verwey�Overbeek (DLVO) the-
ory. A concentrated solution of model spheres or bacterial strains passing through a packed sand
column leads to water ¯ltration, where the e±ciency is measured by the e®lux concentration,
C=C0, of particles. Experimental data of model latex spheres with ranges of size, ionic concen-
tration and pH obtained by Elimelech, and our measurements of six di®erent bacterial strains are
analyzed. A strong correlation between C=C0 and � is found and can be used to predict depos-
ition�transportation once the microscopic properties are known.
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1. Introduction

Bacterial deposition�transportation via porous
media is of practical interest in many applications, for
instances, chromatographic separation,1 granular
(deep-bed) ¯ltration in water and wastewater treat-
ment,2 transport and fate of colloids and colloid-
associated pollutants in the subsurface environment,3

and natural ¯ltration of microorganisms such as
bacteria, viruses and protozoa.4 However, their ap-
plication is hampered due to the lack of a compre-
hensive understanding of the underlying interplay of
physics�chemistry�mechanics. The e®ectiveness of

¯ltrating colloids by porous medium of sand depends
on a number of parameters such as soil type, nature
of colloids, ionic strength of the transport medium,
temperature, °ow rate, etc.

In a \clean-bed" ¯ltration experiment, bacterial
strains suspended in a liquid at a desirable ionic
strength pass through a column packed with sand
grains, and the bacterial concentration is measured
as a function of time, displacement from the
entrance and at e®lux. The classical colloidal ¯l-
tration theory (CFT) is a well-established model
discussing the removal of particles by a ¯rst-order
kinetics5�7 and successfully describes the general
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behavior of colloidal retention. In a series of elab-
orate experiments, Elimelech showed CFT to con-
siderably overestimate the particle deposition rates,
and argued that the full intersurface potential at the
particle-collector interface according to Derjaguin�
Landau�Verwey�Overbeek (DLVO) theory should
be considered.8�12 The coupled van der Waals
(vdW) attraction and electrostatic double layer
(EDL) repulsion giving rise to a repulsive energy
barrier and a long-range secondary minimum of
attraction is expected to lead to the transition of
favorable�unfavorable deposition (to be explained
in a later section). Since the ionic strength of the
electrolytic medium controls the energy barrier
height, it becomes the critical factor in in°uencing
deposition�transportation. The qualitative model is
physically sound and describes reasonably well the
behavior of model \cells". To verify the theory, latex
spheres with well-de¯ned materials and surface
properties provide an ideal model. In this paper, the
latex sphere data obtained by Elimelech are reana-
lyzed using a dimensionless Tabor's parameter, �.

Recently we adopted atomic force microscopy
(AFM) to characterize the mechanical, surface and
adhesion properties of a range of single bacterial
cells. The measurements are then combined into a
dimensionless � to collectively describe the micro-
scopic mechanical deformation. A strong linear
correlation with macroscopic aggregation index
(AI), or the aggregative ability of some seven
unrelated bacterial strains, was found.13 In this
paper, we will derive a theoretical � based on the
particle-collector potential according to DLVO
theory and will establish a correlation with the
column test of latex spheres characterized by
Elimelech.14 Column test will be performed for the
six bacterial strains studied in our previous work,13

and the measurements will be analyzed using �.

2. Experimental

2.1. Model latex spheres

Details of the experimental setup and materials of
model latex spheres can be found in Elimelech's
paper.14 Only a brief summary of the relevant par-
ameters is given here. Surfactant-free °uorescent
polystyrene latex colloids with carboxyl-modi¯ed
functional groups with diameter 2R � 63 nm,
320 nm, and 3�m are used as model particles to
simulate bacterial cells. Potassium chloride (KCl)
with ionic strength in the range of 3�300mM serve
as electrolytes maintained at pH ¼ 8 and pH ¼ 11.
Experiments are conducted by pumping a suspen-
sion of latex particles through a glass chromatog-
raphy column of diameter 1.6 cm and height 12.6 cm
packed with clean soda-lime glass beads with di-
ameter dc ¼ 0:33mm � 2R. The normalized mi-
crobial e®luent concentration, C=C0, is obtained
from each packed column breakthrough curve,
where C0 is the initial in°uent concentration. Zeta
(�) potential of the colloidal particles and sands are
measured by micro-electrophoresis.

2.2. Intersurface forces and
adhesion�deposition

DLVO theory is used to calculate the total inter-
action energy as a single particle approaches with
the collector surface. The total interaction energy,
the sum of attractive vdW and repulsive EDL in-
teractions, is calculated by modeling the particle-
sand system as a sphere�plate interaction. Colloidal
particles are taken to be uniform spheres interacting
with planar rigid substrate of collector. In the pre-
sence of an electrolyte, interaction of two surfaces
with EDLs gives rise to a total energy, �, as a
function of intersurface separation, h, given by the
DLVO theory in typical forms15,16:

�ðhÞ ¼� AHR
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Electrostatic Repulsion

; ð1Þ

where "0 ¼ 8:85� 10�12 C.V�1.m�1 is the dielectric
permittivity in vacuum, "r ¼ 80:1 is the relative
dielectric permittivity of water, � is the inverse
Debye length (nm�1) and ��1 ¼ 0:304=

ffiffiffiffiffi
IS

p
with IS

the ionic strength of background electrolyte (M),
h is the separation distance between the particle
and the collector surface,  p and  c are the surface

potentials of the colloidal particle and collector, re-
spectively, AH ¼ 10�20 J is the Hamaker constant
for particle�electrolyte�sand, and � � 100 nm is
the characteristic wavelength of the dielectric. The
¯rst term in Eq. (1) denotes the vdW attraction,
and the second term typical EDL repulsion. Figure 1
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shows both �ðhÞ and F ðhÞ ¼ �d�=dh. Two stable
equilibrium con¯gurations with F ¼ 0 coined pri-
mary (1�min) at a short range h1, and secondary
(2�min) at a longer range h2, are separated by an
intermediate energy barrier. At small h � h1, vdW
attraction is dominant and the interaction of 1�min
is strongly attractive. Repulsion due to EDL
becomes more prevalent further out that leads to a
barrier. Beyond the Debye's screening length (��1),
the electrostatic repulsion signi¯cantly diminishes
and vdW again resumes giving rise to a long range
but weak attraction of 2�min. In plain water, elec-
trostatic repulsion is strong and ��1 is long, the
particles are repelled from the collectors, and ¯l-
tration is ine®ective. As IS increases, ��1 is signi¯-
cantly reduced, leading to a reduced energy barrier
and deeper 2�min. At a critical IS�, the barrier
merges with 2�min, leaving 1�min as the only stable
con¯guration.

Particle approaching the collector surface ¯rst
encounters the long-range attractive force and

compels to the substrate. Those unable to overcome
the energy barrier remain associated with the
2�min, though the stability could be transitory
depending on temperature and the thermal energy
acquired by the particle. Elimelech coined such
behavior \unfavorable deposition" because of the
temporary nature of particle adhesion to the col-
lector. Increase in ionic strength of the electrolyte
reduces the energy barrier according to Eq. (1), thus
facilitating particles to overcome the repulsion and
fall into 1�min. Here the deep energy minimum
signi¯cantly reduces the chance of particle escape
and thus retains the particle on a more permanent
basis known as \favorable deposition". In reality,
both favorable and unfavorable depositions occur
concurrently. Another relevant parameter is the
elastic modulus of the particle. A compliant particle
is subject to large deformation and becomes more
streamlined to the liquid °ow. The reduced drag
force further retains the particle and reinforces
favorable deposition. The transition from unfavor-
able to favorable deposition is by and large deter-
mined by the ionic concentration at a ¯xed
temperature.

2.3. Dimensionless tabor's parameter

As alluded earlier, the Tabor's parameter, �, is a
dimensionless quantity in classical colloidal science
and adhesion mechanics to gauge the deformability
of an elastic sphere subjected to intersurface forces.
A large � refers to a large and soft particle with a
small elastic modulus, E, adhering to a rigid sub-
strate with large interfacial adhesion energy, �, and
small force range, Z0. In the present context, � is
expected to be large for small e®lux concentration,
C=C0, or a more e±cient ¯lter. The classical
mathematical expression for � is given by

� ¼ R� 2ð1� � 2Þ2
E 2Z 3

0

" #
1=3

: ð2aÞ

Since the latex spheres are relatively sti® with a
large E � 3:25GPa with Poisson's ratio, v � 0:5, it
is di±cult, if at all possible, to directly measure the
contact radius a at the particle-collector interface.
As a ¯rst approximation, we assume a / R and the
contact area A/ R2. Without loss of generality, we
set � / �ad=R

2 (in J.m�2) where �ad is the poten-
tial energy associated with the stable equilibrium
of the particle either in 1�min or 2�min, or the

Fig. 1. (a) Surface potential at the particle-collector interface
with pH ¼ 11 as a function of separation distance based on
DLVO theory, showing the stable equilibrium con¯gurations of
1�min and 2�min, and unstable energy barrier. Since the Pauli's
exclusion repulsion is not included in Eq. (1), 1�min is just an
estimation. (b) Corresponding mechanical force as a function of
separation distance, showing F ¼ 0 at 1�min, 2�min and energy
barrier. At a critical ionic strength of the electrolyte, IS�, the
repulsive energy barrier vanishes and the particles fall into the
1�min where vdW attraction is dominant.
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mechanical energy necessary to pull the particle out
of contact. Since Eq. (1) does not include the Pauli's
exclusion repulsion at small h, we set Z0 ¼ h2.
Equation (2a) yields

� ¼ 1

R

�2
adð1� � 2Þ2
E 2h3

2

" #
1=3

: ð2bÞ

Figure 2 shows the correlation between the exper-
imental data of C=C0 and the theoretical parameter
�. The crossed symbols denote the 1�min being used
in the calculation, while all open symbols refer to
2�min. Data for pH ¼ 8 fall on a linear curve quite
consistently despite the drastic change in particle
size and ionic concentration. Data for pH ¼ 11
behave in the same manner but with a signi¯cantly
smaller scattering. A phenomenological equation to
¯t the data can be written as

log10 � ¼ a1 þ a2ðC=C0Þ; ð3Þ
with the numerical constants a1 ¼ �5:18 and a2 ¼
�1:5 for pH ¼ 8 with R2 ¼ 0:62, and a1 ¼ �4:47
and a2 ¼ �1:5 for pH ¼ 11 with R2 ¼ 0.91. The
horizontal shift from pH ¼ 8 to 11 is likely the result
of the uncertainty in Z0. The reasonably good

correlation is not too surprising because all latex
spheres possess the same elastic modulus and �
essentially gauges only the particle size and ad-
hesion energy. To further con¯rm the usefulness of
the Tabor's parameter, a range of bacterial strains
spanning a range of E, �, h2 and R are investigated
next.

2.4. Six bacterial strains

Six virtually unrelated strains are identi¯ed by
Department of Energy were grown in the lab as in
our previous studies. Silica sand GRANUSIL 4095
(UNIMIN corporation, LeSueur, MN) with nominal
diameter of 0.289mm was utilized as collector in the
column test, which was pre-cleaned with 1M NaOH
for 24 h, rinsed with DI water, dried in an oven at
103�C for 24 h followed by further drying at 550�C
oven for 1 h before use. Approximately 100mL of
cells were centrifuged at 6000� g for 5min and
resuspended in 100mL of the electrolytic solution at
3mM KCl. Suspension of bacteria at 22�C was
pumped through a 60 cc sterile syringe with inner
diameter of 2.67 cm packed with clean silica sand to
a height of 10.7 cm. Standard gravimetric methods
were used to determine the silica sand density
(2.65 g.cm�3) and a column packing porosity of 0.40.
Prior to each deposition measurement, the packed
column was equilibrated by pumping 20 pore
volumes of DI water, followed by 10 pore volumes of
the background electrolyte through the column at
constant °ow rate of 5mL.min�1, i.e., a super¯cial
velocity U ¼ 0:015 cm.s�1. A suspension of bacteria
in the same background electrolyte was pumped for
3�4 pore volumes, followed by pumping � 3 pore
volumes bacteria-free background electrolyte at the
same rate. A constant in°uent particle concen-
tration,C0 (� 2� 107 cells/mL), was maintained by
including a miniature magnetic stir bar in the bac-
teria solution tank and the in°uent cell concen-
tration at the column inlet was measured every 1/2
of a pore volume in 3mL glass vials. The optical
density of bacteria at the column outlet was real-
time monitored at � ¼ 500 nm in 1 cm °ow-through
cell by a UV-visible spectrophotometer (Model UV
Mini 1240 Shimadzu, Kyoto, Japan). Tests were
repeated three times. To determine cell dimension,
the cells were stained with 1mg/mL 4 0,6-Diamidino-
2-phenylindole (DAPI) for 10min, and then
observed in situ by °uorescent microscopy (Zeiss,
Axio Imager M1-1). Cell geometry was determined

Fig. 2. Correlation between Tabor's parameter � and nor-
malized e®lux concentration C=C0 for (a) pH ¼ 8 and (b) pH ¼
11. The solid lines are the curve-¯t according to Eq. (3), and the
dashed lines are the other ¯t for comparison purposes. Open
symbols correspond to 2�min and the crossed ones to 1�min.
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with the analytical software AxioVision Rel4.8
based on measurements of at least 20 cells for each
strain. Here R was taken to be the minor axis of the
mostly cigar shape cells. The adhesion energy �ad

was measured using atomic force microscopy (AFM)
and is here de¯ned to be the mechanical energy to
pull the AFM tip from the cell surface as discussed in
our earlier work.

Table 1 shows the relevant variables to calculate
� based on Eq. (2). It is worthwhile to note upfront
that these cells are more compliant that latex and
possess a wide range of adhesion energies. Figure 3
shows the correlation C=C0 as a function of �, and
Eq. (3) yields a1 ¼ �0:208 and a2 ¼ �1:64. Despite
the reasonably good mathematical curve ¯ts shown
in Figs. 2 and 3, a number of signi¯cant distinctions
are found. It is noted that �latex ¼ 10�7 to 10�5 but

�bacteria ¼ 0:01 to 1 as a result of the contrasting
adhesion, geometry and mechanical properties. The
adhesion energy �latex � 10�22 to 10�18 J is deduced
by the DLVO model or Eq. (1), while �bacteria �
10�16 to 10�15 J is measured using AFM which
depends on the tip radius. The latex spheres with
Elatex � 3:25GPa are orders of magnitude sti®er
than bacterial strains with Ebacteria � 100 kPa to
600 kPa.

3. Discussion and Conclusion

The straight forward correlation of � with (C=C0) is
a good indication that by ¯nding � by either cal-
culation using Eq. (1) or direct measurement of �ad,
R, E and h2 using AFM, it is possible to predict the
macroscopic colloidal deposition�transportation of
bacterial strains in general, similar to what we
demonstrated earlier in aggregation index. A cau-
tion is that Eq. (3) is merely phenomenological to
¯t the data rather than a rigorous derivation from
¯rst principles. This work also presents an import-
ant preliminary step to incorporate fundamental
surface science and solid mechanics into the subject
of colloidal adhesion�aggregation�transportation,
improving the conventional empirically driven
approach for predicting microbial attachment and
transport in porous medium.

It is worthwhile to discuss the theoretical model
in the context of disjoining pressure, pðyÞ, de¯ned as
the intersurface force between two parallel surfaces
with a separation y. The total mechanical force
acting on a sphere with distance h from a rigid
substrate is therefore

F ðhÞ ¼
Z R

0

pðyÞ2�r dr ¼
Z 1

h

pðyÞ2�R dy;

Fig. 3. Correlation between Tabor's parameter � and nor-
malized e®lux concentration C=C0 for six di®erent bacterial
strains. The solid line is curve ¯t according to Eq. (3). Color
codes are available in the online version.

Table 1. Properties of model latex spheres and six di®erent bacterial strains. The abbreviated nomenclature is according
to Department of Energy: (i) Des: Desulfovibrio vulgaris, (ii) SH2: S. putrefaciens CN32, (iii) A: Raoultella ornithinolytica, (iv) SH1:
S. oneidensis MR-1, (v) Q: Aeromonas punctata and (vi) H: Bacillus cereus.

Strain
Elastic modulus

E (kPa)
Force Range

h2 (nm)

Adhesion energy

�ad (10�18 J)
Particle size
2R (nm)

Tabor's parameter
�

E®luent concentration
C=C0

Latex sphere 3:25� 106 55 10�4 � 1:0 63 320 3000 10�7 � 10�5 0� 1

Des 102 � 14 515 � 92 110 � 68 594 � 101 0.057 � 0.021 0.854 � 0.058
SH2 499 � 30 184 � 43 127 � 29 420 � 70 0.086 � 0.009 0.781 � 0.054
A 153 � 18 294 � 101 211 � 105 800 � 99 0.087 � 0.020 0.616 � 0.071
SH1 249 � 31 243 � 55 536 � 29 510 � 70 0.222 � 0.008 0.541 � 0.032
Q 105 � 30 265 � 52 281 � 72 780 � 146 0.154 � 0.048 0.467 � 0.061
H 211 � 88 103 � 45 964 � 213 730 � 99 0.605 � 0.086 0.281 � 0.047
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as y � r2=2R and r is the radial distance from the
approach axis r ¼ 0. It can be shown that

pðhÞ ¼ � 1

2�R

dF

dh

� �
¼ 1

2�R

d2�

dh2

� �
:

Using such a pðhÞ in deriving the adhesion mech-
anics and � leads to the same result, provided the
elastic particle is rigid. In case of a compliant sphere
like bacterial strains and protozoa, the alternate
attractive�repulsive�attractive surface forces give
rise to di®erential deformation as a function of the
radial distance from the approach axis. In fact, if
such pðhÞ is used and large deformation is allowed,
both F ðhÞ and �ðhÞ will shift resulting in modi¯-
cation of the 1�min and 2�min, similar to the
adhesion�detachment mechanics of an elastic
cylindrical shell. The mathematical details and
physical manifestation lie beyond the scope of the
present work.

Our analysis shows that the Tabor's parameter is
an essential factor in determining the deposition�
transportation of colloidal particles, among the
other variables such as Peclet number, dimension
ratio of particle and collector dimension, viscosity,
etc. discussed in literature.
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