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AbstractIn an effort to protect surface and groundwater supplies from contamination, to assess the risk of micro-
bial groundwater contamination and for the purpose of soil bioremediation, considerable efforts have been made to
investigate biocolloid transport and retention in porous media. The current work provides an introductory overview of
biocolloid transport and deposition in porous media so as to have a better understanding of the environmental behav-
ior of biocolloids. In this review, biocolloid transport and deposition in porous media are discussed with an emphasis
on transport and deposition mechanisms, numerical modeling and influencing factors. Moreover, major findings with
respect to the forces acting on biocolloid transport and deposition are addressed, and research methods used to study
biocolloid transport and deposition in porous media are also presented. Finally, based on the reported results, future
research perspectives considering the microscopic pore scale study for biocolloid transport and deposition in porous
media are also suggested.
Keywords: Biocolloid, Particle Transport, Porous Media, Retention

INTRODUCTION

In subsurface environments, various inorganic and organic mate-
rials, such as mineral precipitates, rock and mineral fragments, weath-
ering products and macromolecular components of dissolved organic
carbon) exist as colloids [1]. Colloids are often defined as particles
with characteristic diameters ranging from 1 nm to 10m [2]. Con-
sidering the size, microbial pathogens such as bacteria, viruses,
spores and protists are referred to as biocolloids [3]. Generally, the
sizes of biocolloid range from about 200 nm to 5m, which corre-
spond to the pore size of coarse clay to fine silt (Fig. S1). There-
fore, biocolloid can easily move through porous media in the sub-
surface environment. Based on the air and water content in soil
subsurface, three zones are commonly divided as follows: (i) The
zone from the ground surface to an aquifer water table refers to
“water unsaturated zone or vadose zone”. In this zone, pore spaces
are mostly occupied by the air with some adsorbed and capillary-
held water contained in soils; (ii) The zone from the top of water
table to bedrock refers to the “saturated zone”, which contains mostly
water in the pore spaces; (iii) The transition region between the
vadose and saturated zones refers to the “capillary zone”.

Most of the biocolloids released to the subsurface environment
originate from human and animal sewage from nearby municipal
wastewater discharges, septic tanks, sanitary landfills and agricul-
tural practices [4]. These can travel through the vadose zone fur-
ther down the subsurface. The presence of these biocolloids in
drinking water can result in the serious outbreaks of waterborne

disease [5-8]. One such tragic event occurred in May 2000 in Walk-
erton, when bacterial contamination of drinking water resulted in
medical attention required by 2300 people, 7 of whom died [9].
The tragic incident happened despite the city following best man-
agement practices for waste disposal. Many researchers have inves-
tigated this event and reported that biocolloids released into the
soil through sewage irrigation and tank effluent travelled rather
long distances in soils, especially following heavy rainfall [10]. Thus,
it is very critical to understand biocolloid transport patterns, which
has great practical importance with respect to the planning, design
and management of biological wastewater treatment units. More-
over, a better understanding of the mechanisms governing biocol-
loid transport and retention in porous media is necessary for a wide
variety of applications, including water treatment [11,12], microbi-
ally enhanced oil recovery [13], bioremediation and bioaugmenta-
tion [14-16], and assessing and mitigating the risk of pathogen
contamination [15-17].

Considerable amounts of research have been directed to this topic
[18-25], and several good review articles focusing on specific topics
of different processes or behaviors of biocolloids in porous media
and the environment have been published [26-34]. The objective
of this work was to be an introductory overview on the relevant
research concerning biocolloid (focusing on the bacteria and viruses)
transport and retention in porous media. Because biocolloids are
living organisms, their transport in the subsurface is more com-
plex than is the case for abiotic colloids [6]. Not only are they sub-
ject to the same physicochemical phenomena as are colloids, but
there are also many strictly biological processes that affect their
transport, for example: temporal changes in surface properties due
to changes in metabolic state, and predation by other subsurface
organisms [6]. Therefore, in this review, we focus on the basic sci-
ence of physical, chemical and biological processes involved in the
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transport of biocolloid (e.g., bacteria and viruses) in porous media.
Transport of other microorganisms (e.g., spores) is often treated by
considering similar approaches, but will not be considered in detail
in this work. Modeling of biocolloid transport and deposition is
explained along with the factors influencing the biocolloid trans-
port and deposition, and research methods at different scales are
reviewed. The information presented in this review is intended to
be illustrative and is not exhaustive.

BIOCOLLOID TRANSPORT AND RETENTION
IN POROUS MEDIA

Biocolloids possess a high sorption capacity of contaminants
owing to their high surface area per unit mass [35]. In groundwa-
ter, biocolloids are formed because of the gradient in geochemical
parameters such as pH and ionic composition that induce super-
saturation and precipitation of solid particles. These biocolloids can
also be formed when the concentration of ionic metal species is
higher than their solubility limit [36]. Suspended biocolloids are
subject to aggregation, filtration and settling. However, these pro-
cesses are strongly dependent on the density, size and surface chem-
istry of the biocolloids [3,37]. The stability of biocolloids is controlled
by both electrostatic repulsive forces and van der Waals attractive
forces. Under electrostatic repulsion, especially at low ionic strength,
biocolloids are present in a dispersed state and thus are stabilized
[3]. On the other hand, when van der Waals attractive forces are
dominant, coagulation is observed. Coagulation (aggregation) occurs
due to the destabilization of biocolloidal particles and is dependent
on the concentration and size of the particles, which can affect the
extent of their collisions. Thus, it is essential to coat biocolloidal parti-
cles with a chemical sticky layer, which can allow them to agglom-
erate (flocculate) and settle down within a reasonable time period.
However, the destabilized biocolloids (aggregates) can still be trans-
ported through subsurface layers if the aggregates are sufficiently
small compared to the void space between solid surfaces [3].
1. Mechanisms Responsible for Biocolloid Transport and Reten-
tion in Porous Media
1-1. Biocolloid Transport Mechanisms to the Porous Media Surface

Several processes, such as advection, diffusion and dispersion,
that influence the solute transport in porous media can also affect
biocolloid transport. Advection is the movement of colloids along
the fluid’s streamline trajectory. Under this movement the biocol-
loids move within the pore water, and the velocity profile is nearly
parabolic (Fig. S2). Faster streamline movements occur in the cen-
ter of the pore throat, while slower streamline movement occurs
along the air-water interfaces (AWI) and/or solid-water interfaces
(SWI) [38]. Therefore, colloids are transported faster near the cen-
ter of the streamline as compared to their movement along the
SWI and AWI. However, the tortuosity of the path through the
porous media and the heterogeneity of the fluid velocity might result
in the dispersion of biocolloids [39]. In addition, colloid diffusion
can occur due to random interactions among particles leading to
Brownian movements [26].

Three dominant transport mechanisms of suspended colloid
(including biocolloid) transport towards a collector surface are shown
in Fig. 1. The theoretical framework of these transport mecha-

nisms was proposed by Yao et al. [40] and Rajagopalan and Tien
[41], and has been improved by others, particularly by Rajago-
palan et al. [42] and Ryan and Elimelech [43].

Gravitational sedimentation (case A in Fig. 1) occurs if colloid
density is much higher than that of water. This results in the col-
loids following a different trajectory than the streamline flow due
to the force of gravity. The colloids, thus, are settled out of the sus-
pension and deposit on the porous media surface. Interception
(case B in Fig. 1) can occur when the distance between the stream-
line path and collector surface is smaller than the radius of the col-
loid. Diffusion (case C in Fig. 1) is a process by which a colloid in
suspension is transported to the collector surface because of Brown-
ian diffusion.
1-1-1. Size Exclusion

Size exclusion occurs when the colloids are transported faster
than the conservative tracer in the porous media, owing to the dif-
ference in their respective sizes [6]. When colloids are excluded
from the small pore spaces between the solid surfaces, it leads to
faster colloid transport than that of the conservative tracer [44].

Fig. 2 illustrates the flow of water and transport of colloids under
saturated and unsaturated conditions. As seen in Fig. 2(b), flow and

Fig. 1. Mechanism of colloid transport towards a collector surface
(adapted from Yao et al. [40]).

Fig. 2. Illustration of colloid (green circle) transport processes in
saturated (a) and unsaturated (b) porous media (adapted
from Kretzschmar and Schäfer [45]).
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colloid transport in the unsaturated condition is more complex
than in saturated condition (Fig. 2(a)), due to the presence of the
air and flow discontinuities.
1-2. Biocolloid Deposition Mechanisms through Porous Media

Some of the biocolloids might be retained on the surface when
they pass through the porous media. Three main mechanisms of
biocolloid deposition, including mechanical (surface) filtration, strain-
ing and attachment (physicochemical filtration) [35], in saturated
porous media are shown in Fig. 3.
1-2-1. Mechanical Filtration

When the size of the suspended particles is larger than the size
of the pore channels in the porous media, a surface cake or filter
mat is formed at the inlet end of the pore throat. As the accumula-
tion of particles increases, the thickness of the surface cake also
increases, resulting in a decrease in the permeability of the porous
medium-filter cake system [46].
1-2-2. Straining

Straining occurs when the colloids are small enough to enter
the porous media and cannot be mechanically removed in down-
gradient pore throats. The reason is that the colloids cannot get
through the crevices formed by grain-to-grain contacts of the porous
media[47] (see Fig. S3).

Herzig et al. [48] reported straining from a geometric stand-
point and observed that when the ratio of the diameter of the col-
loid particle to the median grain diameter of the porous media was
higher than 0.05, straining was significant. However, a recent work
reported that straining can be considered even when the ratio of
the diameter of colloid particle to the median grain diameter of
the porous media is as low as 0.0017 [44,49-51]. It is suggested
that straining is depth-dependent, with large amount of straining
observed at the textural interfaces of porous media with decreas-
ing grain size [44,52,53]. This observation has also been confirmed
by a micro-model on a pore scale, by using bacteria and latex micro-
spheres [54-57]. Note that the oversimplification of the size and
shape distribution of the complex nature of pores and colloids might
result in a discrepancy between the experimental data and numer-
ical simulations and geometric calculations [58]. The shape of bac-
teria can range from rod to ellipsoidal and to spiral, and due to the
wide range of grain sizes and surface roughness, the pore size of
porous media can span over several orders of magnitude [58]. There-
fore, careful consideration of this fact is necessary during any experi-
mental analysis of the phenomenon.

1-2-3. Clogging
Clogging may be due to the accumulation of stable solid mate-

rials between the porous media [32]. The process of clogging may
be caused by an improper balance of the intricate microorganism
population within the filter, excretion of extracellular polymeric
substances (EPS) by some bacteria, and accumulation of biomass
from growth of the microorganisms [32]. Filtration of wastewater
involves the development of pore clogging, mainly at the infiltra-
tion surface, but also deeper in the filtration media [32]. Building up
of biofilm may restrict pore sizes and thus enhances the effect of
straining. There is much experimental evidence that particle removal
is more efficient in clogged porous media [59-61].
1-2-4. Attachment at Solid-water Interfaces (SWI)

Very small colloid particles relative to the pore size of the porous
media results in the attachment of the colloids at SWI due to the
physicochemical and biological interactions between the porous
media and colloids (Fig. S4) [35]. Filtration theory can predict the
efficiency of biocolloid attachment by considering Derlaguin-Lan-
dau-Verwey-Overbeek (DLVO) forces between biocolloids and
porous media, which describes the interactions between colloids
and SWI with van der Waals and electrical double layer forces.
The attractive van der Waals force is related to the colloid and col-
lector surface properties, while electrical double layer force can be
attractive or repulsive depending on the relative charges of the col-
loid and collector.

Attachment of biocolloids on SWI has been widely reported by
column flow experiments [62-65]. And it was suggested that bio-
colloid removal efficiency attachment on SWI is dependent on
many factors, such as solution chemistry, surface properties of bio-
colloids and grains, which will be discussed in detail in Section 2.3.

Studies have suggested that biocolloid attachment on SWI not
only occurs in saturated porous media, but also in unsaturated
conditions [49,66-69]. In unsaturated porous media, water flow is
restricted to the smaller regions of the pore space through capil-
lary forces [58]. Thus, in addition to the retention mechanism
observed in saturated porous media, including attachment onto
SWI and straining, in unsaturated porous media colloid deposi-
tion can be influenced by attachment at air-water interfaces (AWI)
[70,71], by film straining in water films enveloping the solid phase
[72,73] as well as by attachment at air-water-solid interfaces (AWS)
[74-77].
1-2-5. Attachment at Air-water Interfaces

The AWI can serve as the collector of colloids under unsatu-
rated conditions (Fig. S5). Based on the study by Wan and Wilson
[70], the interaction between colloids and AWI has been consid-
ered as the dominant colloid retention process [70]. They found
the attachment of bacteria on AWI in a glass micromodel under
epifluorescence microscope and observed that hydrophobic parti-
cles displaying strongest affinity to both the AWI and the glass was
due to lower charge density on the hydrophobic surface. Positively
charged particles displayed a stronger affinity to the AWI compared
to negatively charged particles. To study retention at the AWI,
numerous studies have been conducted using etched-glass micro-
models for visualization. In these micro-model tests, a wide vari-
ety of colloids, such as clay particles, hydrophilic and hydrophobic
latex microspheres, as well as bacteria have been used.

Fig. 3. Three main mechanisms of biocolloid deposition (adapted
from McDowell-Boyer et al. [35]).
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1-2-6. Film Straining
In unsaturated porous media, water flow is observed in narrow,

water-filled pores and in pendular rings or water films retained
owing to the capillarity in the grain-grain interfaces [26,73,78]. A
pendular ring refers to the water held by surface tension near the
adjacent grains in contact [73]. Wan and Tokunaga introduced the
concept of film straining (Fig. 4), which is considered as an another
mechanism of colloid deposition under unsaturated conditions [73].

According to Wan and Tokunaga [73], film straining is depen-
dent on the probability of pendular ring discontinuity as well as on
the ratio of the size of colloid to the thickness of the film. With the
decrease in capillary pressure, such as during the draining of porous
medium, the discontinuity probability of pendular ring increases
from 0 to 1. As pendular rings disconnect and increased proportion
of water flow occurs, colloid transport is relegated to the adsorbed

films of water that envelop the grains [73]. Water films of the order
20-40 nm were observed and it was suggested that film straining
can occur when water film thickness is smaller than the colloid
diameter (Fig. 5) [73].
1-2-7. Attachment at Air-water-solid Interfaces

In unsaturated porous media, colloids can be retained at the area
of contact of AWI and SWI, referred to as AWS or AWmS attach-
ment [74-77]. Zevi et al. proposed the term “air-water meniscus-
solid (AWmS)” [76], which is the region where the water menis-
cus diminishes into a thin water film on the grain surfaces (Fig.
S6). It has been reported that hydrophilic colloids tend to retain at
the AWI in unsaturated silica sand flow chambers [74,75].
2. Biocolloid Transport and Deposition Modeling

When a sorbing porous medium is considered, the total amount
of the contaminant M in the soil can be represented in the follow-
ing form, based on the mass conservation law:

M=bs+C (1)

where, b is the bulk density of porous medium [M·L3], s is the
solid phase concentration on the porous medium [Nc·M1, where
Nc is biocolloid counts], and C is the concentration in the liquid
phase [Nc·L3].

When the concentration of the contaminant on the porous me-
dium is included in the advection-dispersion equation (ADE), the
general transport equation for contaminant, commonly account-
ing for microorganism transport and fate, can be written as fol-
lows [58]:

(2)

where, C is the microbe concentration in the aqueous phase [NL3],
S is the microbe concentration retained on the SWI [NM1],  is
the microbe concentration retained on the AWI [NL2], c is the
volumetric water content accessible to microbes [L3L3], D is the
hydrodynamic dispersion coefficient for microbes [L2T1], b is the
bulk density [ML3], Aaw is the air-water interfacial area per unit
volume [L2L3], qc is the volumetric water flux density for colloids

cC
t

-----------    b
S
t
-----  

Aaw

t
---------------   


z
----- cD

C
z
-------

 
    

qcC
z

-----------  Bw

Fig. 4. Conceptual diagram of unsaturated straining: (a) Pendular rings are at the verge of disconnecting, and (b) Pendular rings discon-
nected (connected only by thin films) and colloids are retained in the pendular rings and in water films (taken from Wan and Tokun-
aga [73]).

Fig. 5. Conceptual diagram of a close-up view of the thin water film
region in Fig. 4(b). (a) When the diameter of the colloid par-
ticle, d, is smaller than the thickness of the water film (wf),
film straining is not efficient; (b) when d is larger than wf, film
straining occurs (adapted from Wan and Tokunaga [73]).
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[LT1], Bw represents growth/death of the microbes in the water
phase [NL3T1], z is the distance in the vertical direction [L], and
t is the time [T].

Biocolloid removal from the liquid to solid phase can be mod-
eled as equilibrium or kinetic processes that are irreversible or revers-
ible. According to Bradford et al. [58], exchange of microbes with
the SWI and AWI can be divided into equilibrium sorption, attach-
ment and straining mechanisms as:

(3)

(4)

where the subscripts of eq, att and str denote microbe concentra-
tions retained by equilibrium sorption, attachment and straining,
respectively, Bs and Ba are the microbes growth/death on the solid
phase and at the air-water interface, respectively [NL3T1].

A general nonlinear equilibrium expression (describing interac-
tions between solid phases and solutes as well as the biocolloid
retention) for biocolloid sorption, which can be incorporated into
Eq. (3) is shown as [79]:

(5)

where , Kd and ' are empirical coefficients. And a similar expres-
sion to Eq. (5) can be used to account for sorption on the AWI by
replacing S with .

Biocolloid mass transfer between the aqueous and SWI and AWI
due to attachment and detachment can be modeled as follows [80]:

(6)

(7)

where kasw and kdsw are the first-order colloid attachment and detach-
ment coefficient to the SWI, respectively [T1]; kaaw and kdaw are
the first-order colloid attachment and detachment coefficient to
the AWI, respectively [T1]. sw and aw are a dimensionless col-
loid retention function on the SWI and AWI to account for block-
ing or ripening.

Classical colloid filtration theory (CFT) is commonly employed
to evaluate the colloid attachment rate in saturated porous media
as [15,17,40]:

(8)

where, dm is the median grain diameter [L], s is the total sticking
efficiency [-], and 0 is the single collector contact efficiency [-].
However, the classical colloid filtration theory was originally devel-
oped to describe colloid behavior under favorable attachment con-
ditions and in this case s equals to 1 [27].

Colloid filtration theory predicts that the deposition profile of
retained bacteria with transport distance is an exponential distri-
bution [40,81]. However, many researchers observed a hyper-expo-
nential distribution rather than an exponential distribution for

deposition profile in porous media under unfavorable attachment
conditions (existence of energy barrier). A variety of hypotheses
have been reported to explain these experimental observations.
Some of the explanations have been attributed to soil surface rough-
ness [82], hydrodynamic drag [83], charge variability of porous
media [84] or heterogeneity of the colloid surface charge [85]. Other
researchers have suggested that these discrepancies exist because
colloid filtration theory does not account for straining, which is
based on pore structure.

Several researchers have divided the sites of colloidal sorption
into two fractions and assumed that at each sorption site, different
rates or processes can occur [49,86]. Mass transfer, described by
the conventional attachment and detachment model using site 1
and site 2, was employed to describe the straining processes (depth-
dependent) of bacterial deposition behavior [49,87].

Thus, the mass transfer rate of colloids (bio-colloids) between
aqueous phase and solid phase can be represented as [44]:

(9)

(10)

where, kstr is the first-order coefficient for straining [T1]; str

accounts for depth-dependent deposition, which are dimension-
less retention functions; dm is grain median diameter [L]; H(zz0)
is the Heaviside function, z0 is the coordinate of the location where
the straining process starts;  is the maximum solid phase con-
centration of strained colloids, and  is an empirical factor which
controls the retention profile shape [-].

Wan and Tokunaga [73] proposed a kinetic formulation to sim-
ulate film straining behavior in unsaturated porous media as:

(11)

with

(12)

where str is the film straining rate coefficient [T1], Pd is the prob-
ability of pendular ring discontinuity [-], db is the microbe diame-
ter [L], df is the thickness of the water films, and  [-] and i [T1]
are empirical parameters.

Incorporation of biological factors into predictive mathematical
models for the transport and fate of biocolloids is still a challenge,
and the net rate of pathogen growth, death and inactivation in the
water, solid and air phases can be presented as [58]:

(13)

(14)

(15)

where subscripts w, s, a denote the water, solid and air phases,
respectively. X is the coefficient of death/inactivation [T1],  is the
microbe growth coefficient [NL3T1].

The inactivation coefficient may be given as (the Weibull model)

b
S
t
-----  b

Seq

t
---------   b

Satt

t
----------   b

Sstr

t
----------   Bs

Aaw

t
---------------   

Aaweq

t
-------------------  

Aawatt

t
--------------------  

Aawstr

t
-------------------   Ba

Seq  
KdC

1 'C
-----------------

b
Satt

t
----------   cswkaswC  bkdswSatt

Aawatt

t
--------------------    cawkaawC   Aawkdawatt

kasw  
3 1   

2dm
---------------------s0

b
Satt

t
----------   cswkaswC  bkdswSatt   cstrkstrC

str   H z   z0  1 
Sstr

Sstr
max
---------

 
  dm  z   z0

dm
-----------------------

 
 



Sstr
max

 Aawstr 
t

------------------------   c strC

str    iPd
db

df
-----

 
 



Bw   w w   Xw C

Bs  b s  Xs S

Ba  Aaw a   Xa 



Biocolloid transport and deposition in porous media: A review 43

Korean J. Chem. Eng.(Vol. 39, No. 1)

[88]:

(16)

where bw [T] and m [-] are empirical parameters.
The growth/survival coefficient can be given as [58]:

(17)

where 0 is the growth rate in the absence of competition [T1],
and Cmax is the maximum concentration that is associated with the
upper limit of population growth.

Analytical biocolloid transport models, although limited by many
assumptions, are important tools for preliminary estimation of bio-
colloid transport, examination of possible boundary conditions,
validation of numerical solutions and determination of biocolloid
transport parameters from experiments [89]. Chrysikopoulos and
colleagues developed several one-dimensional and three-dimen-
sional mathematical models for biocolloid transport in homoge-
neous saturated porous media and heterogeneous porous formations,
which also accounts for virus sorption and inactivation of liquid
phase and adsorbed viruses with different time dependent rate co-
efficients [89-94]. And they reported that multidimensional con-
taminant transport models have several advantages over one-dimen-
sional models. For example, multidimensional models can account
for concentration gradients and contaminant transport in direc-
tions perpendicular to the groundwater flow [89].
3. Factors Affecting Biocolloid Transport and Retention

Several important factors controlling the transport and reten-
tion processes of biocolloids in porous media have been explored
by many theoretical and experimental investigations, recently. These
factors include porous medium characteristics such as grain and
pore size; soil type and structure; the presence of surface coatings;
chemical factors (solution chemistry) like ionic strength, valence
and pH; hydrodynamic properties such as water content and pore
water velocity; and various biological properties such as cell size
and shape, motility, growth phase, hydrophobicity, surface charge
and biofilm.
3-1. Factors Linked to Porous Medium Characteristics
3-1-1. Grain Size and Pore Size as Well as their Distribution

Among the various physical factors that influence colloidal trans-
port and retention in porous media, including that of bacteria, the
media grain size and pore size as well as their distribution are con-
sidered as critical parameters. Median grain size and uniformity
coefficient are often used to describe granular media in subsur-
face and engineered filtration systems. Grain size can be described
by the median (dm) or effective (d10) size of granular media used
in filtration applications, which represent the grain diameter at
which 50 or 10 percent of the media by mass are smaller, respec-
tively [95]. The uniformity coefficient of the media is described by
d60/d10 which indicates the heterogeneity of the media grain sizes
[95]. The lower the value of the uniformity coefficient, the more
uniform is the material [95]. The angularity and roughness of
media grains also substantially affect the pore size between media
grains and impact the contact opportunities between microorgan-
isms and porous media surfaces [96,97]. In the existing literature,
it has widely been reported that grain or pore size of porous media
can influence bacterial transport. Gargiulo et al. [98] observed that

bacterial retention increased when the size of sand particles de-
creased, with most of the bacteria retained at the inlet side of the
column. Chrysikopoulos and Aravantinou [69] reported the role
of three different sand grain sizes on virus attachment (X174
and MS2), and in most of the cases considered, bacteriophage
attachment was shown to decrease with increasing quartz sand
size. However, Bolster et al. [85] claimed the influence of grain size
on bacterial retention to be insignificant. It is to be noted that
most of the previous studies have focused on bacterial transport
and retention in homogeneous porous media [99,100]; however,
much information is also available on heterogeneous porous media
with different pore size geometry [19,101]. Different grain sizes
imply different pore sizes, which can affect the colloidal transport.
Recent studies have reported that pore size as well as their distri-
bution can influence biocolloid transport and retention in porous
media [102-105]. Even though the effect of pore size has been
extensively investigated, a limited number of studies reported the
effect of pore size distribution in the porous media on the trans-
port and retention of colloids (including bio-colloids) [19]. Prefer-
ential transport of colloids (bacteria) through macropores has been
observed in heterogeneous porous media, which is constituted of
macropores added into the homogeneous sand matrix [106,107].
Colloidal transport and deposition in real soils, which has a com-
plex geometry, has been reported by other researchers [19,108].
However, in complicated real porous systems controlled by the
hydrodynamic conditions, it was difficult to reach conclusive results
concerning colloidal/biocolloidal transport. Leij and Bradford [109]
investigated the transport of latex microspheres in porous media
which constituted a mixture of different grain size sands under labo-
ratory scale conditions. However, definitive conclusions with respect
to the colloidal transport parameters could not be drawn from the
study because of the complex flow pattern in the porous media
and the relatively small size of samples. Thus, the effect of differ-
ent grain sizes or pore size distributions is more apparent at lower
loading rates and in groundwater environments, which requires
further investigation [110].
3-1-2. Soil Type and Structure

One study reported the use of ten different soil samples from
New Zealand for the leaching experiments to elucidate the param-
eters determining microbial (Salmonella typhimurium 28B) trans-
port and attenuation [111]. It was concluded that with the increase
in leaching vulnerability, the general pattern of mobile water con-
tent was increased, which suggested that the structure of soil plays
an important role in microbial transport. Jiang et al. [112] exam-
ined the ability of six undisturbed soil samples, through lysimeter,
to remove bacteria under field conditions, and examined the
dynamic changes of the soil structure. It was observed that the soils
with higher topsoil clay content had a high risk of bacteria leach-
ing in the soils through preferential flow paths. The effect of soil
texture on Escherichia coli NAR and bromide transport through
the columns packed with two-texturally different soils (clay loam
and sandy loamy) was studied by Safadoust et al. [113]. In this case,
a higher attachment coefficient of bacteria in the fine textured clay
soil was observed. Also, increased clay content was reported to
enhance both pore network formation and soil structure, result-
ing in enhanced transport of biocolloids in structured clayey soils,

Xw t    mbmtm1

w C    0 1  C/Cmax 
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which was more than that observed with the sandy soils.
3-1-3. Fractured/Macroporous Media

Subsurface formations are not uniform and homogeneous porous
media, several formations are fractured, which can result in prefer-
ential flow. There are two porosity-permeability systems for frac-
tured media: one makes up the pore space between the grains,
which exhibits lower permeability (accounting for the largest void
space fraction); the other makes up the pore space of the fractures
and fissures (macropores), which exhibit higher permeability (ac-
counting for the smallest void space fraction) [114]. The presence
of preferential flow paths generally reduces biocolloid removal due
to faster transport [115]. Brennan et al. [116] investigated bacteria
(E. coli IND1) as related to flow patterns visualized by the tracer
(brilliant blue) in grassland soils, and they concluded that vertical
bacterial transport mainly occurs in preferential flow paths.
3-1-4. The Presence of Surface Coating

Bolster et al. [85] reported that the metal-oxyhydroxide coated
aquifer sediments could result in positively charged surfaces of
sediment, and this could increase the colloid deposition rates be-
cause bacteria are negatively charged at typical groundwater pH
values. Kim et al. [117] reported a decrease in bacterial mass recov-
ery when the content of Al-/Fe-coated sand increased. On the
other hand, Dong et al. [118] concluded that the attenuation of the
bacteria Comamonas sp. was mainly influenced by the grain size
of porous media rather than by the presence of iron and alumi-
num hydroxide coatings.
3-1-5. The Effect of Heterogeneity

Natural aquifers may have different types of heterogeneities across
different scales [119-122]. And these heterogeneities may com-
monly be classified into mainly four groups: (a) nano- and micro-
scale heterogeneities, arising from variations in the porous media
surface roughness which can affect particle deposition [123,124];
(b) chemical heterogeneity originating from diversity in the porous
media surface charge and it can also affect particle deposition [125,
126]; (c) pore-to continuum heterogeneity emanating from varia-
tions in skeletons and pore dimensions, such heterogeneity may
result in preferential flow pathways at the pore scale [127,128]; (d)
stratigraphic heterogeneity, commonly found in geological forma-
tions, results from variation in the grain type from one layer to
another [129,130]. Mahmoudi et al. [131] investigated the impact
of stratigraphic heterogeneity and release pathway on the bacteria
transport in porous media, and they observed that within single-
layer systems, resembling stratigraphically homogeneous natural
porous media but with two types of natural heterogeneities (tex-
tural and pore to continuum heterogeneities), E. coli tends to trans-
fer faster than tracer solute. Moreover, mono-pulse breakthrough
curves in both single-layer and multi-layer systems generally exhib-
ited multiple peaks, attributed to preferential flow pathways, poly-
dispersity and aggregation in the population of E. coli. Bradford et
al. [123] reported a comparison of types and amounts of nanoscale
heterogeneity on bacteria retention, and their observation demon-
strated that chemical heterogeneity and nanoscale roughness play
a critical role in controlling irreversible bacteria retention. In par-
ticular, spatial variations in metal oxide coatings, and especially
nanoscale roughness, have important roles in determining bacteria
retention on natural surfaces. The relative importance of the various

heterogeneity types was found to change with the solution ionic
strength and specific ranges in considered heterogeneity parameters.
3-2. Factors Linked to Solution Chemistry
3-2-1. Solution Ionic Strength, Valence and pH

It has been reported that the ionic strength of a solution can
affect bacterial retention in porous media. With the increase in ionic
strength from 10-100 mmol/L at a pH of 5.6-5.8, bacterial deposi-
tion has been observed to increase [132]. Another research reported
an increase in bacterial deposition with increasing ionic strength at
pH=5.8, which decreased at a pH of 8.4 and 9.2 [133]. Similar ob-
servations were also reported by other authors who found that
increasing ionic strength can result in higher bacterial attachment
at a pH of 5.8-7.2 [134-137]. However, Haznedaroglu et al. reported
that bacterial deposition was not influenced by ionic strength
ranging from 1 to 100 mmol/L [138]. It was reported that divalent
cations such as Ca2+ can act as a bridge, interacting with charged
functional groups on cell surface, resulting in greater bacterial de-
position in porous media [132]. Janjaroen et al. observed that the
attachment of oocysts on a Suwannee river natural organic matter-
coated surface was lower in the Mg2+ solution than that in the
Ca2+ solution, while oocysts deposition on the surface of quartz
sand was the same with both Mg2+ and Ca2+ solutions [139]. Another
study reported a series of experiments with different valences (KCl
and CaCl2) to analyze the effect of solution chemistry on bacterial
deposition, and observed that higher valence results in higher bac-
terial deposition [132]. Bacterial deposition can be also affected by
the pH of the solution, with increased bacterial retention reported
with reduced pH [140]. However, it is also reported that bacterial
deposition is not affected within the range of pH from 5.5 to 7.0
and from 4.0 to 9.0, as observed by Jewett et al. [141] and Sten-
ström [142]. Therefore, since the groundwater pH is near neutral
and the ionic strength of groundwater is less than 10 mmol/L, the
variations in ionic strength and pH are insignificant for bacterial
retention under typical environmental conditions [28].
3-3. Factors Linked to Hydrodynamic Properties
3-3-1. Water Saturation

Most of the experimental and theoretical studies of particle trans-
port are focused on saturated porous media. Less is understood
about transport in unsaturated porous media due to the system-
atic complexity that arises with the presence of an air phase [58].
The transport and deposition of colloids depends significantly on
the water saturation in porous media. For a given pressure gradi-
ent, the rate of water flow is higher in saturated porous media
than that under unsaturated conditions. In fact, at lower satura-
tion, the effective (water-filled) porosity is decreased and the chan-
nel conducting water is reduced.

Various studies have suggested that water saturation plays a key
role in biocolloid retention in vadose zone, with a decrease in water
saturation resulting in an increase in biocolloid retention. Sim and
Chrysikopoulos [143,144] investigated the effects of soil moisture
variation on virus sorption at the liquid-solid as well as air-liquid
interfaces, and they found that at low soil moisture, virus removal
is significantly enhanced due to the irreversible adsorption of viruses
onto the air-liquid interface. Anders and Chrysikopoulos [145]
reported that saturation levels can affect virus transport through
porous media, and the liquid to liquid-solid and liquid to air-liq-
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uid interface mass transfer rate coefficients were shown to increase
for both bacteriophage as saturation levels were reduced. This can
be explained by following reasons: 1) With lower saturation, the
diffusive length is reduced, resulting in an increased attachment to
SWI [146]. According to Ginn et al. [6], colloid tends to travel
shorter distance in lower saturated soils than under higher satu-
rated conditions; 2) At lower saturation, the area of air-water inter-
face is enlarged, resulting in more colloid attachment to this interface
[70,147]; 3) The trapping of colloids in the thin water films because
of film straining is increased at lower water saturation [73,78].
3-3-2. Pore Water Velocity

It has been reported that colloid transport and deposition is
related to water velocity, with deposition efficiency and detachment
rate of colloids changing by the hydrodynamic forces exerted on
the colloids [83,148-150]. Increased pore water velocity can result
in decreased colloid deposition. Johnson et al. [151] found that
increasing pore water velocity can lead to decreased colloid depo-
sition. Similar results were also observed by Keller et al. [149] and
Elimelech et al. [152]. These authors reported that increasing pore
water velocity could result in an increase of hydrodynamic drag,
which can decrease colloid deposition. The main reason for this
observation has been attributed to the increase in hydrodynamic
drag with increase in pore velocity, which can decrease colloid
deposition. Kokkinos et al. [153] evaluated the effect of pore water
velocity on human adenovirus transport in water-saturated col-
umns, and they concluded that although the virus mass recovery
and degree of velocity enhancement were affected by the intersti-
tial water velocity, no clear trends could be determined.
3-4. Factors Linked to Biological Properties
3-4-1. Cell Size and Shape

Bacteria constitute a vast domain of prokaryote microorgan-
isms varying widely in shape and size. Typically, bacteria with an
average width of around 0.25-2.0m and length of 1-10m, dis-
play three basic shapes: rod (bacilli), round (cocci) and spiral (spi-
rilla). It is reported that the size and shape of bacteria can affect
bacterial transport and deposition in porous media. The cell sur-
face properties of 19 bacterial strains were also reported to influ-
ence bacterial transport through loam soil [154]. It was observed
that cells smaller than 1m in length were more effectively trans-
ported than those longer than 1m. Another research reported that
bacteria with larger sizes were retained in porous media [155]. To
examine the influence of cell shape on bacterial transport, Weiss et
al. [156] conducted transport tests with 14 strains and observed
that spherical shape was more liable to transport in porous media.
3-4-2. Motility

Motility is recognized as a significant biological character of cer-
tain bacteria and there are a variety of ways used for the determi-
nation of bacterial motility [157]. Two of the most commonly used
methods are the slide method and soft agar stabbing (tube method).
In the slide method, one droplet of bacterial culture is suspended
from a glass coverslip over a microscope slide and then observed
with a light microscope. If the bacterial cells are observed to be
actively moving and tumbling, they are considered as motile, while
those showing only Brownian movement are considered as non-
motile cells [158].

Motile bacteria have specialized structures called flagella, which

helps in their motility [159]. The flagellum is usually 10-20 nm in
width and 15-20m in length [34]. Mobile bacteria have a better
chance to overcome electrostatic repulsive forces through their
kinetic energy and thus are more prone to contact a possible adhe-
sive surface. However, non-motile bacteria rely on water flow or
Brownian motion to move towards the surface of porous media
[160]. Although cell wall type and shape have been reported to have
minor effects on bacterial transport [161], motility tends to aug-
ment the rate of adsorption and to diminish the rate of desorption.
3-4-3. Growth Phase

Batch culture is a commonly used method for the laboratory
growth of bacteria. In this case, the bacteria are incubated in a
closed vessel with a given volume of nutrients under specific growth
conditions. Four distinctive growth phases, including lag phase,
exponential phase, stationary phase as well as death phase are ob-
served in batch cultures (Fig. S7). The newly inoculated bacteria
require time to adapt to the growing medium and hence show slow
multiplication rate. This is called the lag phase. In the exponential
phase, cells grow rapidly and are most active in genetic replica-
tion. After some time, however, due to limited nutrient supply and
accumulation of secreted waste products, cellular growth is inhib-
ited and the cells enter a stationary phase. Here the rate of bacte-
rial growth decreases and no change in cell numbers is observed
in such phase. In the death phase, bacteria begin to perish due to
starvation or intolerable accumulation of toxic waste products.

Gargiulo et al. [162] examined the influence of bacterial growth
phase on the transport and deposition of Deinococcus radiodurans
in porous media. These cells were harvested during the exponen-
tial phase and stationary phase, and it was observed that the cells
were metabolically more active and exhibited greater deposition in
exponential phase than in the stationary phase. However, another
study reported contrasting results, where higher bacterial reten-
tion was observed in the stationary phase than in the exponential
phase [163]. This was attributed to the fact that high degree of
local charge heterogeneity on the outer membranes of bacteria exists
in the stationary phase.
3-4-4. Hydrophobicity of Cell Surface

Hydrophobicity of cell surface is an important physicochemical
property of the bacteria [164]. Bacteria can adhere to host tissue
cells or inert surfaces via hydrophobic effect if the surface has suf-
ficient density of apolar areas [165]. The surface hydrophobicity of
bacteria is contributed by certain proteins bonded to their cell wall
and membrane. The presence of lipoteichoic acid in the cell wall
of Staph. aureus is believed to be responsible for its surface hydro-
phobicity [165]. Various protein constituents on the surface of coagu-
lase-negative staphylococci are also reported to affect their hydro-
phobicity [166].

Two commonly used methods to quantify the hydrophobicity
of bacterial cell surface include Microbial adhesion to hydrocarbon
test and Contact angle method. Microbial adhesion to hydrocarbon
test was put forward by Rosenberg et al. [167] and later refined by
Geertsema et al. [168]. In this method, a suspension of bacteria is
mixed with hydrocarbons such as hexadecane and toluene, and
the hydrophobicity of cells is determined owing to the fact that the
higher number of hydrophobic cells are bound to the hydrocar-
bons. On the other hand, Contact angle method is more suitable to
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determine the bacterial cell surface hydrophobicity. One drop of a
solvent, such as water, is placed on a smooth lawn of dried cells
and the dissipation of the droplet depends on the cell surface hy-
drophobic properties [169]. Compared to Contact angle method,
Microbial adhesion to hydrocarbon test has the following limitations
[170]: 1) Microbial adhesion to hydrocarbon test is not standard-
ized and thus the results from different laboratories might show
some deviation; 2) The formation of small hydrocarbon droplets
can be stabilized by bacteria and they do not leave the water
phase, which may influence the measurement; 3) Quantification
of hydrophobicity may be affected by the extraction of cell surface
components by hydrocarbon liquids.

The influence of hydrophobicity of two bacterial species on their
movement through three different granular porous media with
different surfaces was investigated [171]. In Fe-coated sandy col-
umns, higher recovery of hydrophilic bacterium with low negative
charge was observed, as compared to those with a high negative
surface charge. However, in uncoated quartz sand columns, the
hydrophobic bacterium with a high negative surface charge showed
higher recovery. Gargiulo et al. [49] carried out transport experi-
ments with two bacterial species which were similar in shape, size
and surface charge, but different in hydrophobicity of cell surface.
It was observed that bacterial deposition increased with the increase
in the bacterial surface hydrophobicity.
3-4-5. Surface Charge of Cell

Cell wall components such as phosphates, proteins and amino
groups can contribute to the net charge of the bacterial cell surface
[172]. It has been reported that at physiological pH, most bacteria
have a negative surface charge, which can be due to cell membrane
phospholipid bilayer and the presence of polysaccharides within
the wall and due to cell membrane macromolecules such as phos-
pholipids [173]. The charge of cell surface can be determined based
on electrical potential (zeta potential) of the interfacial region be-
tween aqueous and cellular surface. Jacobs et al. [174] studied the
effect of cell properties on bacterial attachment to sand. It was
concluded that lower negative zeta potential can result in electro-
static repulsions that delay bacterial adhesion, resulting in an en-
hanced bacterial transport.
3-4-6. Gram Stain Types

Bacterial cell surface is covered with large number of macro-
molecules (Fig. S8). According to cell wall structure, bacteria are
divided into gram-positive and gram-negative cells. Gram-positive
cell walls possess a relatively simple structure primarily composed
of linear polymers of peptidoglycan [175]. The peptidoglycan poly-
mers are covalently linked together to form a giant molecule (25
nm thick), imparting strength and structure to the cell wall. The
peptidoglycan consists of repeated dimers of N-acetylglucosamine
and N-acetylmuramic acids and is rich in carboxyl functional
groups [175]. Secondary polymers (teichoic and teichuronic acids)
are also present within the peptidoglycan framework and provide
additional carboxyl and phosphate functional groups. The cell wall
is separated from the protoplast by a lipid/protein bilayer called
the plasma membrane. On the other hand, the structure of Gram-
negative cell wall is more complex with a thin peptidoglycan layer
(~7.5 nm), but devoid of secondary polymers [175]. The peptido-
glycan layer is located between plasma membrane and an outer

membrane (lipid/protein bilayers). The outer membrane is located
above the peptidoglycan, is essentially composed of lipopolysac-
charides (LPS) which are rich in carboxyl groups, and has func-
tional groups interacting with dissolved substances in the media
[176].

The effect of gram stain type on bacterial transport and deposi-
tion was studied by Chen and Walker [177], who concluded that
the outer membrane of gram-negative E. coli, which primarily con-
tains LPS, can enhance bacterial deposition at low ionic strength.
This was because such polymers of cell surface cause “bridging”
between bacteria and porous media surface. Another study reported
that the length of LPS molecules as well as the characteristic of
their charge are not directly related to the kinetics of bacterial de-
position [178]. This suggested that the adhesive characteristics of
bacteria are controlled by the complex combination of LPS com-
position and charge heterogeneity of cell surface.
3-4-7. Biofilm and Extracellular Polymeric Substances (EPS)

When bacteria are adsorbed to the surface of porous media for
enough time, they can excrete polymers (EPS) which can form a
bridge, connecting the cells to the porous media surface and result-
ing in the formation of biofilm [34]. EPS are a complex mixture of
macromolecular polyelectrolytes, consisting of nucleic acids, pro-
teins and polysaccharides [179]. These can serve to anchor bacte-
ria to surfaces through interfacial processes, such as hydrophobic
association, covalent or ionic bonding, steric interactions, and dipole
interactions [179]. Free EPS that is no longer attached to the bac-
teria can adsorb to the surface of porous media and create a “con-
ditioning film” before cell attachment. Such conditioning films can
change the surface characteristics of porous media and improve
porous media’s ability to retain bacteria. The growth of biofilm
from the surface of porous media into the pore channels can result
in the decreased size of pore throat, facilitating straining of bacte-
ria. Dai et al. [180] investigated the effect of biofilm on Cryptospo-
ridium parvum oocysts transport and deposition in porous media,
and they observed that the biofilm can result in an increase in the
hydrophobicity of the porous media. This can result in decreased
attachment of the relatively hydrophilic oocysts on the porous media.
3-5. Factors Linked to Coexist with other Colloids

Georgopoulou et al. [181] investigated the influence of graphene
oxide nanoparticles (GO NPs) on the cotransport of biocolloids in
the saturated porous media, and they found that the presence of
GO NPs decreased bacteria mass recovery rates more during their
transport than cotransport, suggesting that bacterial coexistence
hindered inactivation and deposition processes. Syngouna and
Chrysikopoulos [182-184] studied the cotransport of clay colloids
and viruses through water-saturated and partially columns packed
with glass beads, and they observed that gravity affected viruses
and clay colloid cotransport; besides, colloids can facilitate the trans-
port of viruses in saturated porous media. However, under unsatu-
rated conditions, clay colloids facilitated the transport of X174
while hindered the MS2 transport. Katzourakis and Chrysikopou-
los [185] developed a 3D mathematical model for virus-colloid
cotransport, and experimental data of bacteriophage-clay cotrans-
port were satisfactorily fitted. Syngouna et al. [63] investigated the
effect of flow velocity on the cotransport of human adenoviruses
with clay colloids and TiO2 nanoparticles in saturated porous media.
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They observed that adenovirus retention by packed columns was
highest in the presence of TiO2 nanoparticles, and no distinct rela-
tionship between adenovirus retention and flow rate was estab-
lished. Bellou et al. [186] reported the interaction of human ad-
enoviruses and coliphages with two different phyllosilicate clays
(kaolinite and bentonite) in the packed columns; they concluded
that temperature played a significant role in virus adsorption onto
clay, and for most cases considered, human adenovirus adsorption
is higher at the highest ionic strength.

DIFFERENT FORCES ACTING ON BACTERIA 
TRANSPORT AND DEPOSITION

Colloid retention is affected by different interactions between
colloids and collector surfaces. The Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory, which describes the interaction energy
as a sum of electrostatic and van der Waals interactions, has been
widely employed to describe the interactions between colloids
(including bio-colloids) and collector surfaces. However, this the-
ory poorly characterizes short-range “non-DLVO” forces (includ-
ing hydrophobic [71,187], capillary [73,184], hydrodynamic [83],
steric and structural forces), many of which are still incompletely
understood.
1. DLVO and Extended DLVO (XDLVO) Interactions

The interaction forces between colloids and collectors are believed
to be the dominant forces responsible for colloid deposition in
porous media. The total interaction energy tot, typically employed
to characterize the colloidal deposition include van der Waals forces
VDW, and electrostatic double layer interactions EL, and was
described by the classic DLVO theory.

The tot was determined by modeling the microbial cell-porous
media system as a sphere-plate interaction [188]. The VDW was
determined by the following equation [189]:

(9)

where, Hamaker constant A=6.5×1021 J and 1.05×1020 J used
for bacteria-water-porous media system [188] and bacteria-water-
air system [177], respectively; ap is the particle radius (m); h is the
separation distance (m).

The DL can be represented by the following expression:

(10)

The  value is calculated by taking the inverse of Debye length:

(11)

where, r and 0 are the relative dielectric permittivity of water at
25 oC (78.55) and under vacuum (8.854×1012 C/(Vm)), respec-
tively; T is the absolute temperature (K); k is Boltzmann constant
(1.38×1023 J/K); e is the electron charge (1.602×1019 C); e is the
valence of the electrolyte; i is the zeta potential of bacteria/porous
media/air bubbles (V), NA is the Avogadro constant (6.022×1023);
1/ is Debye length; I is the ionic strength of the electrolyte (mol/L).

An energy profile of DLVO interaction is constructed by tot as

a function of the separation distance between collector surface and
colloid (Fig. S9). When the interactive surfaces are like-charged,
the double layer force is repulsive and a typical DLVO energy pro-
file is characterized by the primary minimum, min1 (deep energy
“well” located close to the collector surface), the primary maxi-
mum, max1 (energy barrier to attachment and detachment) and
the secondary minimum, min2 (shallow energy “well” located some
distance away from the collector surface). In environmental sys-
tems, both colloids and soils typically have a negatively charged
surface and thus there is an energy barrier to deposition of colloid
[83]. If repulsive interactions are present, it is regarded as “unfa-
vorable” for colloid deposition [190]. Retention in min1 at the col-
lector surface is considered to be irreversible due to the huge energy
barrier to overcome, while retention on secondary minima is
reversible under constant chemical conditions [188].

The actual adhesion energy variation as a function of separa-
tion distance between the interacting surfaces has been widely cal-
culated by the classic DLVO theory [163,188]. However, the ap-
plicable condition of the theory is that both the colloidal particle
surfaces and the collector should be chemically inert. Van Oss
[191] extended DLVO theory (XDLVO) by accounting for the inter-
actions of Lewis acid-base (AB), which are essential for describ-
ing the interfacial interactions of polar media (electron acceptor/
electron donor interactions). It has been reported that the XDLVO
theory might be a promising approach to explain the experimen-
tal results of bacteria deposition because it combines both DLVO
theory and the thermodynamic approach [192]. The XDLVO the-
ory considers retarded van der Waals interaction energy VDW

[189], electrostatic double layer interaction energy EL [193] and
Lewis acid/base interaction energy AB, for a particle (1), and a flat
plate sediment grain or air bubble (2) in the water medium (3).
These interaction energies can be calculated as follows:

(12)

The VDW, EL and AB can be evaluated as follows:

(13)

(14)

(15)

(16)

(17)

where, h is the surface to surface distance (m); h0 is the distance of
closest approach (m) and equals to 0.157 nm at which Born repul-
sion is observed [194], w is the characteristic wavelength (m),
assumed to be 42.5 nm [195]; ap is the radius of the bacterial cells
(m); r is the relative dielectric permittivity of water; 0 is the rela-
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tive dielectric permittivity of vacuum; AB is the decay length of
water (m), taken as 0.2nm; A132 (J) is the combined Hamaker con-
stant for surfaces 1 and 2, which represents bacteria and porous
media/air bubble, respectively, suspended in medium 3 (water);
01 and 02 are the surface potentials of bacteria and the porous
media or air bubble (V), respectively, which can be evaluated as
follows:

(18)

where,  is the zeta potential at the shear plane (V); z is the dis-
tance from bacteria or porous media surface to the shear plane
(m), taken to be 5 Å; ri is the radius of bacteria or porous media
(m);  is the Debye-Huckel parameter.

The classic DLVO and XDLVO predictions for bacteria deposi-
tion have been previously studied by many researchers. The inter-
action energies for varied membrane-colloid combinations have
been investigated, and it was observed that the XDLVO model pre-
dicts considerably different short-range interaction energies (sepa-
ration distance is smaller than 10 nm) as compared to the classic
DLVO model, especially for hydrophilic membrane-colloid com-
bination [196]. Another study determined bacterial adhesion on
various substrate surfaces and concluded that XDLVO theory can
be more accurate in predicting bacterial adhesion than DLVO
approach for a hydrophobic substratum surface [197].

The calculation of interaction energies by classic DLVO and
XDLVO theory has also been done to describe bacterial adhesion
in unsaturated porous media. In this case, it was observed that the
VDW is attractive towards both the air and the grain, and the AB

is attractive towards AWI and repulsive towards the grain [198].
2. Hydrophobic Interaction

The classical DLVO theory cannot describe hydrophobic inter-
action [199], owing to the thermodynamically unfavorable inter-
actions of hydrophobic substances with water molecules [200].
Yoon et al. [187] proposed an alternative model based on empiri-
cal measurements to calculate hydrophobic interactions. On the
basis of respective contact angles, hydrophobic interaction between
two surfaces can be calculated [71,187].

The hydrophobic interaction between a colloid and a flat sur-
face can be represented by the following expression:

(19)

where, ap is the radius of colloid; K123 is the hydrophobic force con-
stant which can be predicted by the empirical expression as fol-
lows [71,187]:

(20)

where, 1 is the contact angle on a colloid surface; 2 is the con-
tact angle on a second surface (solid-water interface or air-water
interface). Here, 2 at the air surface is taken as 180o [71]. The
terms a and b are system-specific constants, where a=5 and b=
20, were used for a system of air interface [71] and a=6 and
b=22 were used for a system of solid surfaces [74].

Bradford and Torkzaban [27] reported that when the ionic

strength of suspension was 10 mmol/L, the particles with contact
angle smaller than 30o had a positive interaction energy near AWI.
This indicated that particles would not be attached to air phase.
However, Chen [198] calculated the interactions of van der Waals
and Lewis acid-base, and observed that in the de-ionized water,
the sum of all energies was negative at the biocolloid-AWI. There-
fore, it was argued that the attachment of AWI had occurred. It
can be concluded from these observations that the significance of
hydrophobic interaction for hydrophilic colloids attachment to air
remains unresolved [201].
3. Steric Interaction

Polymers have been employed to prevent the aggregation of
colloids to control their stability in environmental systems [31],
which is termed as steric stabilization. It has been reported that
polymeric macromolecules and surfactants can be adsorbed on
the suspended particles in solution, which can form layers with a
thickness of 10-20 nm [31]. The adsorbed polymers may rearrange
their positions and orientations because they are thermally mobile
and can extend out from the surface into solution. Interactions be-
tween two layers can occur when the separation distance between
the polymer coated surfaces is less than twice the adsorbed layer
thickness. Steric interactions caused by the adsorbed chains and
chain elements protruding from the adsorbed layer can be repul-
sive or attractive. The physical basis of steric interaction is the
combination of osmotic effect and the volume restriction effect
[31]. The osmotic effect is observed when the two surfaces with
adsorbed polymers approach each other at a relatively high con-
centration, while volume restriction effect can occur when the pos-
sible configurations between the two surfaces with adsorbed poly-
mers decrease [31].

According to de Gennes [202], two forces could contribute to
the steric interactions between the two surfaces (Fig. 6): a) The
elastic restoring forces which tend to thin out the brush, and b)
The osmotic pressure inside each brush. The repulsive steric force
per unit area (P) between the two parallel surfaces has been char-
acterized by the following equation by de Gennes:

(21)
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Fig. 6. Illustration of two parallel surfaces coated by macromolecules.
The “anchor” precipitates against the wall while the “buoy”
protrudes toward the solution (adapted from de Gennes [202]).
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where, h is the separation distance between both surfaces; l0 is the
brush layer thickness; and s0 is the mean distance between anchor-
ing sites. The values of l0 and s0 were taken as 30 nm and 2.2 nm,
respectively [177,203]. The first and second term in the bracket
represents the osmotic and the elastic term, respectively.

If one plate is bare and the other one has the brush, h will be
substituted with 2h and the pressure will be divided by 2 [204]:

(22)

One can get the expression of steric force by using the integration
of Derjaguin’s approximation for a plate-sphere system [203,205]:

(23)

The integration of Fsteric gives the steric interaction energy (steric)
using the following equation [203]:

(24)

Pedersen and Bergstrom [206] studied the steric forces between
a sphere-plate surface coated by zirconia that was immersed into
the poly(acrylic acid) solution, and observed that the steric interac-
tions predominated at an ionic strength of 0.01 mol/L when com-
pared with the electrostatic contribution. The steric interactions
between colloids (bacterial cells) and porous media were studied
by a research group and it was reported that the cell surface poly-
mers can interact directly with the surface of porous media to pro-
duce a steric repulsion [177]. However, for different microbial
strains, the thickness of the macromolecular layer coated on the
cell surface was different, which is an important parameter to gov-
ern the steric forces [177]. Therefore, the quantification of these
characteristics for different microbial strains is needed to better
understand the interactions of microbes of interest with their sur-
rounding environments [207,208].

4. Hydrodynamic and Resisting Torques
Hydrodynamic conditions of the system may moderate the mag-

nitude of DLVO, hydrophobic, steric and capillary forces. The effect
of hydrodynamic conditions is more prominent for physicochemi-
cal attachment under unfavorable conditions [209,210]. The bal-
ance of hydrodynamic forces and torques on the colloids in a
moving fluid particle, results in the detachment of colloids adher-
ing to the porous medium surfaces [209,211].

The torque on the colloid adhering to a flat surface includes: (a)
A drag force (FD) which acts tangentially to the surface; (b) An
adhesive force (FA) that operates normal to the surface of porous
media; and (c) A lift force (FL), resulting due to the unsteady nature
of viscous sub layer in the turbulent boundary layer [212], which
operates normal to the surface (Fig. 7). The FA binds the colloid to
porous medium surface, while the other two forces (FD and FL)
attempt to mobilize the colloid [212]. In most of the cases, the flow
of water is laminar, and FL is negligible compared to the opposing
FA which is thus omitted from the balance of the torques [213].

If the net FA overcomes the hydrodynamic forces and the applied
torques acting on colloids near to an interface, colloid attachment
is observed [27]. The Derjaguin and Langbein approximations
were used to obtain the adhesive force (FA), the value of which was
estimated as min2/hs. Here, min2 is the secondary minimum inter-
action energy (Nm), and hs is the separation distance between
solid surface and colloids (m). The resisting or adhesive torque
(Tadhesive, Nm) for colloids attached in the DLVO secondary mini-
mum is estimated as follows [210]:

(25)

where, FA is DLVO force of colloid adhesion in the secondary
minimum (N), and a0 is the radius of the colloid-surface contact
area [215]. The corresponding contact radius a0 (m) can be esti-
mated as follows [83]:

(26)

where, ap is the colloid radius (m) and Ki is the constant of elastic
interaction (N/m2). The value of Ki=4.014×109 N/m2, estimated for
glass beads and colloids by Bergendahl and Grasso [216].

Hydrodynamic forces can also act on colloids near to SWI or
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Fig. 7. A schematic representation of the hydrodynamic forces and torques that act on colloids attached on the porous media (adapted from
Torkzaban et al. [214]).
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AWI based on the water flow [27]. When the flow of water is lam-
inar, FL is negligible [217] and FD (along the surface causing the
colloid removal [212]) is significant and it can be calculated as fol-
lows [218]:

(27)

where, ap is the radius of colloid (m); w is the viscosity of water
(Pa·s); v/r is the velocity shear rate acting on attached colloids
(1/s); r is the radial direction from the surface of porous media
(m); and v is the vector of pore scale velocity (m/s).

The applied hydrodynamic torque (Tapplied) acting on the colloid
is determined as [218]:

(28)

The pore geometry in the porous media can be simplified by con-
sidering it as a bundle of capillary tubes with different sizes (Fig.
S10). Thereafter, in a given capillary tube, the velocity shear rate can
be deduced from Poiseuille’s Law as follows [210]:

(29)

where, Rct is the capillary tube radius (m); P is the pressure dif-
ference across the capillary tube (N/m2); Lct is the length of capil-
lary tube (m); and P/Lct is the pressure gradient (N/m3). From
Eq. (29), the shear rate is proportional to the pressure gradient and
radius of the capillary tube. For a given Darcy velocity and con-
ductivity in a porous media, P/Lct can be determined by Darcy’s
Law as follows:

(30)

where, q is Darcy velocity (m/s), and k represents the intrinsic
permeability of porous media (m2).

A colloid that collides with the surface of porous media may
not always succeed in attachment and may detach from the inter-
face [27]. The balance between Tapplied and Tadhesive determines if the
colloids can remain immobilized on the interface. According to
Bradford et al., colloid attachment can occur if the Tapplied<Tadhesive

[210].
Various studies have examined the influence of hydrodynamics

acting near the surfaces of porous media on the attachment of col-
loids. It was observed that when the Tapplied arising from hydrody-
namic drag was one or more order of magnitude lower than the
Tadhesive, the Tapplied was not enough to drive re-entrainment of col-
loid [83]. Torkzaban et al. [214] reported that if the Tadhesive is larger
than the Tapplied, attachment can occur. Similar results were also
reported by Bradford et al [210].
5. Capillary Forces

Capillary forces result from the capillary bridges of liquid-in-gas
or gas-in-liquid, which bring about interactions between particle
and wall of collectors [219]. Detailed information on the capillary
forces is provided by Gao et al. [220] and Syngouna and Chry-
sikopoulos [184]. Briefly, the capillary force, Fc (kg·m/s2), acting on
a colloid trapped in a thin water film developed around the porous

grain, includes two forces: a force Fpc, parallel to the porous media
surface and a vertical force Fvc, perpendicular to the porous media
surface (Fig. 8).

Consequently, the total force Fv-tot with which the spherical bac-
teria with radius ap (m), trapped within a water film with height hf

(m), is held against the surface of porous media can be represented
as follows [184,220]:

(31)

The interaction of the capillary force over its path in the direc-
tion of the force through the water film gives the capillary potential
energy, c (J), for a colloid that protrudes out a distance, df, of either
AWS interface or a film [184,220]. The capillary potential energy
can be represented as follows:

(32)

where, aw is the air-water surface tension (0.0718 N/m at 25 oC),
and  is the contact angle between water and colloid (o).

Wan and Tokunaga [73] developed an equation to predict the
thickness of a water film, wf (m):

(33)

where, r and 0 are the relative dielectric permittivity of water
(78.55 at 25 oC), and the relative dielectric permittivity of a vac-
uum, respectively; k is Boltzmann’s constant; T is the absolute tem-
perature (K); v is the ionic charge; e is the electron charge; aw is
the air-water surface tension; dm is the median grain diameter (m);
and  is the matric potential that represents the saturation-depen-
dent component of the chemical potential of water (Pa) [73].
Under critical saturation conditions (when pendular rings become
discontinuous) and under close packing (rhombohedral) of uni-
form spherical grains with diameter dm, the critical matric poten-
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Fig. 8. Schematic representation of capillary forces (Fc) acting on
bacteria trapped in a thin water film with thickness hf (adapted
from Syngouna and Chrysikopoulos [184]).
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tial is given by the following equation [73,221]:

(34)

If the water film thickness is smaller than the colloid diameters,
film straining can occur [221,222].

It has been reported that the capillary forces can contribute to
bacterial retention [220]. These forces act within the water films or
at AWS interfaces. Capillary forces are also observed to result in
colloid straining at air-water meniscus-solid (AWmS) interface [223].
Gao et al. [220] reported that the capillary energy potential for
film straining of colloids was several orders higher than the DLVO
energy potential. Similar results were also reported by Syngouna
and Chrysikopoulos [184].

RESEARCH METHODS OF BIOCOLLOID 
TRANSPORT AND DEPOSITION IN POROUS MEDIA

1. Field-scale Experiments
Investigations on biocolloid transport through subsurface media

are important to assess the risk of water contamination, to estimate
the setback distance of receiving water and disposal field, and to
select a proper site for water reclamation [224]. Many field studies
have been carried out to determine the potential of pathogenic
organism transport from their sources to drinking water supply
wells. In the last few decades, local scale controlled injection and
recovery tests have been performed to investigate the bacterial trans-
port mechanisms at the field-scale [225-230].

Bales et al. [230] carried out the experiments which mainly
focused on the effect of pH on the remobilization and attenuation
of a virus, and observed bacterial breakthrough at a distance of
11 m. Sinton et al. [228] investigated the transport velocities of three
microbial species through 16.8 m deep vadose zone at a sewage
treatment plant, and observed them to be between 15.7 m/h and
39.2 m/h. It was also observed that the microbial mass could still
reach the groundwater through macropores, which was beneath
the effluent irrigation schemes [228]. Weaver et al. [229] injected
bacteria and virus into coastal sand aquifers and observed the
breakthrough at three monitoring wells at 5 m, 2.5 m and 1 m dis-
tances from the injection well. Large amounts of MS2 phage and
E. coli J6-2 were observed to be removed due to the low levels of
contamination, which can increase their attachment to aquifer.
Anders and Chrysikopoulos [231] performed a field-scale experi-
ment of the viruses (MS2 and PRD1) fate and transport during
artificial recharge with recycled water, and observed virus concen-
trations were fitted using a mathematical model accounting for
virus sorption, virus inactivation and time-dependent source con-
centration. The corresponding time-dependent collision efficien-
cies for both bacteriophage asymptotically reached similar values
at the various sampling locations. Masciopinto et al. [232] investi-
gated the fate and transport of pathogens in a fractured aquifer in
the Salento area, Italy. They suggested that for the municipal waste-
water injected into the Nardὸ aquifer the required most conserva-
tive setback distance for drinking wells should be over 8,000 m.
Field-scale transport tests can provide valuable information about
biocolloid transport through soil in nature, but it is difficult to

obtain a high degree of control over the experimental conditions.
Moreover, these tests are not easy to conduct and repeat compared
to the laboratory column-scale experiments.
2. Laboratory Experiments at Macroscopic Column Scale

Laboratory column experiments are traditional methods to study
colloid behavior in porous media. A colloid suspension is injected
via peristaltic pump into columns packed with porous media, and
the colloids collected from the effluent are analyzed with a UV/
visible spectrophotometer, or any other method, to produce break-
through curves (BTCs) of the colloids. The BTCs provide useful
information to characterize the transport of colloids into the col-
umn. After the completion of transport experiment, the packed
column can be disassembled and the porous media can be care-
fully excavated and recovered into small vials. Colloids retained in
the porous media are eluted using excess solution and their con-
centration is measured by different analytic methods. Column dis-
section provides information regarding the colloid retention profiles.
Moreover, by fitting a transport model to the observed breakthrough
curve and retention profile data points, some mechanistic inter-
pretations of the colloid-grain interactions can be made. A sum-
mary of the representative studies on the colloid transport and de-
position using laboratory column experiments is presented in Table
S1. Thus, both laboratory column studies and field experiments
can provide useful information on the mechanisms involved in
the transport and deposition of colloids at macroscopic scale, but
they cannot provide direct observations at pore scale, particularly
about the colloid interactions with different interfaces.
3. Laboratory Experiments at Microscopic Pore Scale

Based on the direct observation of colloid interactions with the
interface, microscopic pore scale experiment can complement the
breakthrough measurements by investigating colloid interactions
with water, as well as with air and solid interfaces. They can also
investigate colloid locations relative to medium grains or various
interfaces at pore scale. Pore scale experiments can be employed to
determine the relative importance of colloid transport and reten-
tion mechanisms, and to verify the presumed mechanisms. A micro-
model system consists of a pump used to inject a colloid suspen-
sion into the medium, a porous network, and an imaging system,
which commonly consists of a camera or confocal microscope cou-
pled with a device for capturing video images.

Sirivithayapakorn and Keller [233] investigated the attachment
of colloids with different sizes on AWI using epifluorescence mi-
croscopy and observed that when the distance between colloids
and AWI was small enough, the collision caused the final attach-
ment of colloids onto the interface. Although these studies have
shown preferential partitioning of colloids at AWI, most recent
studies reported SWI to play a key role in some cases such as ionic
strength, chemically heterogeneous porous media, etc. [234]. Saiers
and Lenhart [234] developed a relationship between water satura-
tion degree and the capacity of colloid retention at SWI/AWI, and
reported that colloid deposition on SWI rapidly increased as the
ionic strength increased. When the ionic strength increases over a
critical value (0.1-0.2 mol/L), SWI deposition becomes a domi-
nant mechanism compared to AWI affinity. Bradford et al. [55]
examined the deposition behavior of bacteria through a fine sand
in a specially designed micro-model and observed the bacteria to
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be deposited in small pores, grain junctions or pore constrictions
because of straining. Another study used a pore-scale visualization
method to study colloid retention in sandy porous media and ob-
served the colloids to be retained near the AWS [75]. The Crypto-
sporidium parvum oocyst retention mechanism in the quartz sand
was also investigated using micro-model methods [235]. It was
concluded that the majority of oocysts were retained in low veloc-
ity regions. The colloid straining at pore space constrictions was
also observed, along with a few colloids deposited in the center of
the sand grains, away from the grain-grain contacts, suggesting
physicochemical deposition was limited by strong repulsive forces
between sand and colloids [52].

CONCLUSIONS AND FUTURE PERSPECTIVES

This review summarizes the current understanding of biocol-
loid transport and deposition mechanisms in porous media and
the main influencing chemicals, as well as the influencing physico-
chemical, physical and biological factors, to provide a better insight
into the environmental behavior of biocolloids. Biocolloid trans-
port and deposition depend on many factors, including porous
media characteristics, solution chemistry, hydrodynamic conditions
as well as biology of the cells. However, studies that have investi-
gated such factors are not always in agreement, possibly due to the
many variables involved. Generally, the effect of biological proper-
ties, such as motility, hydrophobicity of cell surface, and cell zeta
potential on transport and retention through homogeneous or
fine-sand media has been widely studied. However, the respective
studies using physically heterogeneous or aggregated porous media
are less documented. Also, studies performed under saturated con-
ditions are more common than those under unsaturated condi-
tions. Developing an understanding of the interaction between
biocolloids and SWI/AWI/SWA interfaces in a heterogeneous or
aggregated media is necessary to understand the complex process
in groundwater ecosystems. In the existing literature, many experi-
mental and theoretical studies have investigated various interac-
tion potential energies. The determination of both DLVO and
non-DLVO interactions, such as hydrodynamic forces, steric inter-
actions, hydrophobic interactions and capillary potential energies,
shows that biocolloid deposition in saturated and unsaturated porous
media is influenced by both kinds of interactions. However, under
unfavorable conditions for chemical attachment, the capillary forces
may be several orders of magnitude stronger than the other forces
under unsaturated conditions, and might be the dominant forces
responsible for bacterial deposition via film straining. Therefore, to
have a good understanding of biocolloid interactions with porous
media, especially under unfavorable conditions for physicochemi-
cal attachment and under unsaturated flow conditions, there is
a need for a global theory including DLVO and non-DLVO inter-
actions.

Field-scale transport experiments do provide valuable informa-
tion on biocolloid transport through the soil in nature, but it is not
easy due to the complexity of physical and/or chemical conditions
and their dynamic evolution, compared to the well-controlled con-
ditions in laboratory column-scale experiments. Laboratory column
and field experiments only show a combined effect of all relevant

mechanisms, but cannot give direct information about colloid inter-
actions with SWI, AWI and AWS. Microscopic pore scale experi-
ments can complement the breakthrough measurements. Although
microscopic pore scale study can improve our understanding of
the movement of microbial pathogens in the geologic and engi-
neered systems, developing quantitative and qualitative relation-
ships for micro-scale attachment and detachment rate coefficients
is needed and might be the target for future research.

To be noted is that the results in the published literature are
obtained from studies performed with only one bacterial strain or
virus. Thus, the conclusions obtained should not be generalized
and might not be applicable to more complex and field condi-
tions. Moreover, additional studies to investigate processes involved
in different biocolloid interactions on sorption sites and their influ-
ence in natural communities on the migration dynamics in ground-
water systems, need to have a more realistic understanding of bio-
colloid transport and deposition mechanisms.
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LIST OF ABBREVIATIONS AND SYMBOLS

Abbreviations
AWI : air-water interface
AWS : air-water-solid interface
AWmS : air-water meniscus-solid
CFT : colloid filtration theory
DLVO : Derjaguin-Landau-Verwey-Overbeek
EPS : extracellular polymeric substances
GO NPs : graphene oxide nanoparticles
LPS : lipopolysaccharides
SWI : solid-water interface
XDLVO : extended Derjaguin-Landau-Verwey-Overbeek

Symbols
Aaw : air-water interfacial area per unit volume [L2L3]
A : hamaker constant [M·L2·T2]
a : system-specific hydrophobic constant [-]
a0 : colloid radius [L]
A132 : combined hamaker constant for two surfaces [M·L2·T2]
ap : radius of colloid/bacteria [L]
Ba : growth/death of the microbes at air-water interface [NL3T1]
Bs : growth/death of the microbes on the solid phase [NL3T1]
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Bw : growth/death of the microbes in the water phase [NL3T1]
b : system-specific hydrophobic constant [-]
bw : empirical parameters [T]
C : concentration in the liquid phase [M·L3]
Cmax : maximum concentration associated with the upper limit of

population growth [M·L3].
D : dispersion coefficient [L2·T1]
d10 : grain diameter at which 10% of porous media by mass are

smaller [L]
d60 : grain diameter at which 60% of porous media by mass are

smaller [L]
db : microbe diameter [L]
df : distance for a bacteria protruding out of a film [L]
dm : median grain diameter [L]
dp : median pore diameter of porous media [L]
e : electron charge, 1.602×1019 C
FA : adhesive force [M·L·T2]
Fc : capillary force [M·L·T2]
FD : drag force [M·L·T2]
FL : lift force [M·L·T2]
Fpc : parallel capillary force [M·L·T2]
Fsteric : steric force [M·L·T2]
Fvc : vertical/perpendicular capillary force [M·L·T2]
Fv-tot : total vertical capillary force [M·L·T2]
G : free energy of interaction [M·T2]
h : distance of separation [L]
H(zz0) : heaviside function
h0 : distance of closest approach [L]
hf : thickness of the bacteria trapped in a thin water film [L]
hs : separation distance between colloid and solid surface [L]
I : ionic strength [M·L3]
k : Boltzmann’s constant, 1.3805×1023 J/K
k : intrinsic permeability of a porous medium [L2]
K123 : hydrophobic force constant [-]
kaaw : attachment coefficient to the AWI [T1]
kdaw : detachment coefficient to the AWI [T1]
kasw : attachment coefficient to the SWI [T1]
kdsw : detachment coefficient to the SWI [T1]
Ki : elastic interaction constant, 4.014×109 N/m2

kstr : straining coefficient [T1]
l0 : thickness of the brush layer [L]
Lct : capillary tube length [L]
m : empirical coefficient [-]
M : total amount of the contaminant in the soil [M]
NA : avogadro constant, 6.022×1023

Nc : counts of biocolloid [-]
P : pressure [M·L1·T2]
P : steric force per unit area [M·L1·T2]
Pd : probability of pendular ring discontinuity [-]
q : darcy velocity [L·T1]
qc : volumetric water flux density for colloids [LT1]
r : radial direction from the solid surface [L]
Rct : radius of a given capillary tube [L]
ri : radius of bacteria or porous media [-]
s : solid phase concentration on the porous medium [Nc·M1]
s0 : distance between anchoring sites [L]

T : absolute temperature [K]
t : time [T]
Tadhesive : resisting or adhesive torque [M·L2·T2]
Tapplied : applied hydrodynamic torque [M·L2·T2]
v : ionic charge [-]
wf : water film [L]
X : coefficient of death/inactivation [T1]
z : vertical coordinate [L]
z0 : coordinate of the location where the straining process starts

[L]

Greek Symbols
s : total sticking efficiency [-]
 : microbe concentration retained on the AWI [NL2]
+ : electron-acceptor parameter [M·T2]
 : electron-donor parameter [M·T2]
 LW : Lifshitz-van der Waals component of surface tension [M·T2]
0 : permittivity under vacuum, 8.854×1012 C/(Vm)
r : relative dielectric permittivity of water, 78.55 for water at 25 oC
 : empirical parameters [T1]
0 : single collector contact efficiency [-]
 : volumetric moisture content [L3·L3]
1 : contact angle on a colloid surface
2 : contact angle on SWI or AWI
c : volumetric water content accessible to microbes [L3·L3]
 : Debye-Huckel parameter
 : microbe growth coefficient [NL3T1]
0 : growth rate in the absence of competition [T1]
AB : decay length of water [L]
w : characteristic wavelength [L]
w : water viscosity [M·L1·T1]
e : valence of the electrolyte
 : zeta potential [V]
' : empirical coefficient
b : bulk density [M·L3]
aw : air-water surface tension, 0.0718 N/m at 25 oC
AB : lewis acid/base interaction energy [M·L2·T2]
c : capillary potential energy [M·L2·T2]
EL : electrostatic double layer interactions [M·L2·T2]
min1 : primary maximum [M·L2·T2]
min2 : secondary minimum [M·L2·T2]
steric : steric interaction energy [M·L2·T2]
tot : total interaction energy [M·L2·T2]
VDW : van der Waals forces [M·L2·T2]
 : matric potential [M·L1·T2]
c : critical matric potential [M·L1·T2]
0 : surface potential [V]
01 : surface potential of bacteria [V]
02 : surface potential of porous media/air bubble [V]
aw : dimensionless function on the AWI [-]
sw : dimensionless function on the SWI [-]
str : depth-dependent deposition coefficient [-]
 : empirical factor controlling the shape of the retention pro-

file [-]
i : empirical parameters [T1]
str : film straining rate coefficient [T1]
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SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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Fig. S1. Size ranges of microorganisms and colloids present in ground-
water and effective pore diameters of various porous media
(adapted from Chrysikopoulos and Sim [1]).

Fig. S2. Sketch of pore water velocity profile of colloid (red circle) in
a pore throat (modified from Sirivithayapakorn and Keller
[2]).

Fig. S3. Conceptual drawing of straining of colloid in the pore throat
and grain-to-grain crevice of porous media.

Fig. S4. Conceptual drawing of colloid attachment at a solid-water
interface.

Fig. S5. Conceptual drawing of colloid attachment at the air-water
interface.
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Fig. S6. Conceptual diagram of air-water meniscus-solid (AWmS)
interfaces on two porous media, and colloids retained at the
AWmS interfaces (modified from Zevi et al. [3]).

Fig. S7. Illustration of typical bacterial growth curve in a nutrient
liquid batch culture.

Fig. S8. Schematic illustration of the two types of bacteria cell wall. (a) Structure of peptidoglycan (NAG: N-acetylglucosamine acid and
NAM: N-acetylmuramic acid), (b) cell wall of the gram-positive bacteria and (c) cell wall of the gram-negative bacteria (modified
from Tortora et al. [4]).

Fig. S9. Illustration of DLVO potential energy as a function of sep-
aration distance between colloid and collector (redrawn from
[5]).

Fig. S10. Idealization of the soil pore space as cylindrical capillaries
(adapted from Or and Wraith [6]).
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