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The main objective of this study was to evaluate the combined effects of grain size and pore
water velocity on the transport in water saturated porous media of three waterborne fecal in-
dicator organisms (Escherichia coli, MS2, and ΦX174) in laboratory-scale columns packed with
clean quartz sand. Three different grain sizes and three pore water velocities were examined
and the attachment behavior of Escherichia coli, MS2, and ΦX174 onto quartz sand was evalu-
ated. The mass recoveries of the biocolloids examined were shown to be highest for Escherichia
coli and lowest for MS2. However, no obvious relationships between mass recoveries and
water velocity or grain size could be established from the experimental results. The observed
mean dispersivity values for each sand grain size were smaller for bacteria than coliphages, but
higher for MS2 than ΦX174. The single collector removal and collision efficiencies were quan-
tified using the classical colloid filtration theory. Furthermore, theoretical collision efficiencies
were estimated only for E. coli by the Interaction-Force-Boundary-Layer, and Maxwell approx-
imations. Better agreement between the experimental and Maxwell theoretical collision effi-
ciencies were observed.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Groundwater may be accidentally contaminated with infec-
tive human enteric viruses from human and animal sewage
through wastewater discharges, sanitary landfills, septic tanks,
and agricultural practices (Sim and Chrysikopoulos, 2000) or
by artificial groundwater recharge,which is oftenused to reverse
the rapid depletion of aquifers (Anders and Chrysikopoulos,
2005; Chrysikopoulos et al., 2010; Masciopinto et al., 2008). To
predict the presence of pathogens in water and wastewater, mi-
croorganisms known as indicator organisms (e.g. bacteria
Escherichia coli, and coliphages MS2 and ΦX174), which are
commonly associated with fecal contamination, are monitored.

Many studies examining the interaction of microorgan-
isms with soil, sand, gravel or other model granular materials
have been conducted using laboratory-scale columns under
hyd.2011.09.007,

x: +30 2610 996573.
los).

ll rights reserved.
well-controlled environmental conditions (Hijnen et al.,
2005; Jin et al., 1997; Keller et al., 2004; Ryan et al., 1999).
Theoretical and experimental studies have examined the ef-
fect of pore water solution chemistry (Bolster et al., 2001;
Sadeghi et al., 2011), fluid velocity (Chrysikopoulos and
Sim, 1996; Hendry et al., 1999), matrix structure, moisture
content, temperature, grain size (Anders and Chrysikopoulos,
2006, 2009; Bolster et al., 2001; Sim and Chrysikopoulos,
2000; Torkzaban et al., 2008; Vasiliadou et al., 2011), and
presence of surface coatings (Bolster et al., 2001; Ryan et
al., 1999) on microbial transport and retention in porous
media. Quartz sand, either clean or coated, as well as glass
beads have all been employed as model granular materials
in such studies. Some researchers have also investigated the
transport of microorganisms through columns packed with
excavated soils or undisturbed soil cores, and provided valu-
able information regarding the influence of soil chemistry
and matrix structure on microbial transport and retention
(Banks et al., 2003; Walshe et al., 2010). Although a large
number of studies focusing on various factors that affect mi-
crobial transport have been published over the past two

http://dx.doi.org/10.1016/j.jconhyd.2012.01.010
mailto:gios@upatras.gr
http://dx.doi.org/10.1016/j.jconhyd.2012.01.010
http://www.sciencedirect.com/science/journal/01697722
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decades, it is not fully understood yet how these factors con-
currently affect biocolloid transport in porous media.

Grain size and water velocity are known to impact colloid
transport in porous media; however to our knowledge, their
combined and synergistic effects on biocolloid transport and
retention in porous media has not been previously explored.
This study improves our understanding of how various combi-
nations of grain sizes and pore water velocities impact the
transport and attenuation of E. coli, MS2, andΦX174 in labora-
tory columns packed with ‘clean’ saturated quartz sand. The
collision efficiencies of the three biocolloids examinedwere es-
timated theoretically and experimentally using relatively low
specific discharge velocity (0.16≤q≤0.51 cm/min), and the
factors that control biocolloid deposition were discussed.

2. Materials and methods

2.1. Bacterial and coliphage suspensions

Although there exists a large variety of Escherichia (E.) coli
bacterial strains with large diversity in cell properties and
transport behavior, in this study, the bacterial strain E. coli
CN-13 (ATCC 700609), a well-characterized, Gram-negative,
typical representative of the coliform bacteria, was used. E.
coli cells are motile rod shaped with approximate dimensions
of 0.6 μm in width and 2 μm in length (Maki et al., 2000), or
with an equivalent spherical diameter of 1.21 μm. To provide
a uniform inoculum for each experiment, a stock culture was
cultivated in 50 mL of tryptic soy broth medium for 6 h to
early stationary phase, harvested by centrifugation for
10 min at 5000×g and washed twice with sterile phosphate
buffered saline (PBS) solution (1.2 mM NaCl, 0.027 mM KCl,
and 0.10 mM Na2HPO4) to remove nutrients. Finally, the pel-
let was suspended in PBS solution in a manner similar to that
described by Foppen and Schijven (2005) and stored at 4 °C
until application. Aliquots were taken to count the bacteria.
Bacteria were suspended and diluted in PBS solution at
pH=7 to concentrations of 1.94±0.06×108 colony-forming
units per milliter (CFU/mL). The E. coli concentration was de-
termined using optical density measurements (at 410 nm)
with a UV-visible spectrophotometer (UV-1100, Hitachi).
The bacterial cell concentrations (plate colonies) were deter-
mined using a standard spectrophotometer calibration curve.

Coliphages MS2 and ΦΧ174 were chosen because of their
structural resemblance to many human enteric viruses and be-
cause they have been studied as surrogates for human enteric
viruses in numerous investigations. The coliphage MS2 is a F-
specific, single-stranded RNA phage with 31% nucleic acid con-
tent, whose host bacterium is E. coli (ATTC 15597-B1); whereas,
the coliphage ΦΧ174 is an icosahedral, single-stranded DNA
phage with 26% nucleic acid content, whose host bacterium is
E. coli (ATTC 13706-B1). The MS2 particle diameter ranges
from24 to 26 nm;whereas, theΦΧ174 particle diameter ranges
from 25 to 27 nm. The protein coat of MS2 is relatively hydro-
phobic and sensitive to interfacial forces that appear to cause
its inactivation; whereas, ΦΧ174 has hydrophilic protein coat
(Shields, 1986). Both coliphages were assayed by the double-
layer overlay method (Adams, 1959), where 0.1 mL of the ap-
propriate host bacterium and 0.1 mL of a diluted virus sample
solutionweremixed in a centrifuge tube. Themixturewas com-
bined with molten soft-agar medium (4.5 mL) maintained at
45 °C in a tube and poured onto a petri dish containing solid
agarmedium. The plateswere solidified for 10 min and incubat-
ed overnight at 37 °C. Viable virus concentrations were deter-
mined by counting the number of plaques in each host lawn
and reported as plaque-forming units per milliter (PFU/mL).
With the exception of the first few early and late breakthrough
samples, for all samples collected, only dilutions that resulted
in the range of 20–300 plaques per plate were accepted for
quantification. All virus concentrations reported represent the
average of two replicate plates. Coliphages, MS2 and ΦΧ174,
were suspended and diluted in PBS solution at pH=7 to concen-
trations of 103–106 PFU/mL. Furthermore, batch inactivation ex-
periments were conducted in the presence of sand to determine
the inactivation rate coefficient for MS2 4.2×10−5 min−1 and
ΦX174 2.0×10−5 min−1.

2.2. Chloride analysis

Chloride, in the form of potassium chloride, was chosen as
the nonreactive tracer for the transport column experiments.
The nonreactive tracer solution was prepared with 0.01 M KCl
in PBS solution. It should be noted that alkali halides are the
most commonly used salts for subsurface fluid tracing owing to
a minimal effect on solution ionic strength (IS) (Chrysikopoulos,
1993). Chloride concentrations were measured using ion chro-
matography (ICS-1500, Dionex Corp., Sunnyvale, CA).

2.3. Column packing material

Quartz sand of various sizeswas used as packingmaterial in
the experimental columns. The sand was purchased directly
from the manufacturer (Filcom Filterzand & Grind) and sieved
into various size distributions. In this study three size distribu-
tions were used: (a) coarse (1.18–1.7 mm or sieve No 16), (b)
medium (0.425–0.600 mm or sieve No 40), and (c) fine
(0.150–0.212 mm or sieve No 100). The various uniformity co-
efficients, Cu=d60/d10, were estimated to be Cu=1.19, 1.21,
1.2 for fine, medium, coarse sand, respectively. The chemical
composition of the sand reported by the manufacturer was:
96.2% SiO2, 0.15% Na2O, 0.11% CaO, 0.02% MgO, 1.75% Al2O3,
0.78% K2O, 0.06% SO3 and 0.46% Fe2O3, 0.03% P2O5, 0.02% BaO,
and 0.01% Mn3O4. The total organic carbon (% TOC) content,
measured by the Walkley–Black method (i.e., chemical oxida-
tion of the organic fraction) (Black, 1965), was found equal to
0.08±0.04% for the coarse, and 0.1±0.1% for both medium
and fine sand fractions. Prior to the experiments, the sand frac-
tions were cleaned with 0.1 M HNO3 (70%) for a 3 h time peri-
od to remove surface impurities (e.g., iron hydroxide and
organic coatings) that could promote physicochemical deposi-
tion of the biocolloids, rinsed with deionized water, then
soaked in 0.1 M NaOH for a 3 h time period, and rinsed again
with deionized water. After the cleaning steps, the sand was
dried in an oven at 105 °C, and then stored in screw cap sterile
beakers until use in the column experiments.

2.4. Column experiments (PBS experiments)

The glass columns (2.5 cmdiameter and 30 cm length)were
packedwet with sand under vibration tominimize any layering
or air entrapment. The porosity of the sand column was deter-
mined by standard procedures. Prior to each experiment, the
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packed column was equilibrated by pumping 10 pore volumes
of the background PBS solution through the column at a con-
stant volumetric discharge rate of Q=2.5, 1.5 and 0.8 mL/min,
corresponding to specific discharge or approach velocities of
q=0.51, 0.31 and 0.16 cm/min, respectively. It should be
noted that the specific discharge velocities employed in this
work are quite low and thus representative of slow sand filter
and field conditions. A suspension of each biocolloid of the
same background PBS solution was pumped for 3 pore volumes
at the same Q followed by 5 pore volumes of biocolloid-free PBS
solution. The apparatus used for the biocolloid transport exper-
iments are shown in Fig. 1.

3. Theoretical developments

3.1. Transport modeling

One-dimensional biocolloid transport in homogeneous,
water saturated porous media with first-order attachment
(or filtration) and inactivation is governed by the following
partial differential equation (Sim and Chrysikopoulos, 1995):

∂C t; xð Þ
∂t þ ρ

θ
∂C� t;xð Þ

∂t
¼ D

∂2C t;xð Þ
∂x2

−U
∂C t; xð Þ

∂x −λC t;xð Þ−λ� ρ
θ
C� t; xð Þ ð1Þ

where C is the concentration of biocolloids in suspension; C*
is the concentration of biocolloids attached on the solid ma-
trix; D is the hydrodynamic dispersion coefficient (Bear,
1979):

D ¼ αLUþ De ð2Þ

where αL is the longitudinal dispersivity,De=D/τ* is the effec-
tive molecular diffusion coefficient (τ*≥1 is the tortuosity co-
efficient, and D is the molecular diffusion coefficient); U is the
interstitial velocity; ρ is the bulk density of the solid matrix; λ
is the transformation rate constant of biocolloids in solution
(e.g., inactivation of suspended viruses); λ* is the transforma-
tion rate constant of attached biocolloids; θ is the porosity of
the porousmedium; and t is time. The rate of biocolloid attach-
ment onto the solid matrix is described by the following first-
order equation (Sim and Chrysikopoulos, 1998, 1999):

ρ
θ
∂C� t; xð Þ

∂t ¼ kcC t;xð Þ−kr
ρ
θ
C� t;xð Þ−λ� ρ

θ
C� t;xð Þ ð3Þ

where kc is the attachment rate constant, and kr is the detach-
ment rate constant.

For a semi-infinite one-dimensional porous medium in
the presence of a continuous source of biocolloids, the appro-
priate initial and boundary conditions are:

C 0;xð Þ ¼ 0 ð4Þ

−D
∂C t;0ð Þ

∂x þ UC t;0ð Þ ¼ UC0 0bt≤tp
0 tNtp

�
ð5Þ

∂C t;∞ð Þ
∂x ¼ 0 ð6Þ
where C0 is the source concentration and tp is the duration of
the solute pulse. Condition (4) establishes that there is no ini-
tial biocolloid concentration within the one-dimensional po-
rous medium. The constant flux boundary condition (5)
implies a biocolloid concentration discontinuity at the inlet.
The downstream boundary condition (6) preserves concen-
tration continuity for a semi-infinite system. The analytical
solution to the governing biocolloid transport Eq. (1) in con-
junction with relationship (3), subject to conditions (4)–(6)
has been derived by Sim and Chrysikopoulos (1995) as fol-
lows:

C t;xð Þ ¼
Ω t; xð Þ 0 b t≤ tp
Ω t;xð Þ−Ω t−tp; x

� �
t N tp

(
ð7Þ

where

Ω t; xð Þ ¼ C0U
D1=2 exp

Ux
2D

� �(
∫
t

0

∫
τ

0
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⋅
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1
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ξ

" #

− U
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Ux
2D
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dξdτ
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D
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" #)

dξ

)
:

ð8Þ

where A=kc+λ, B=kckrθ/ρ, H=(kcθ/ρ)+λ* (Sim and
Chrysikopoulos, 1998, p.92), J0 is the Bessel function of the
first kind of zeroth order, and ξ and τ are dummy integration
variables. Note that the various model parameters can be es-
timated by fitting the analytical solution Eq. (7) to the exper-
imental data with the nonlinear least squares regression
program COLLOIDFIT (Sim and Chrysikopoulos, 1995).

3.2. Moments

The biocolloid concentration breakthrough data obtained
at location x=L were analyzed by the absolute temporal mo-
ments:

mn xð Þ¼∫∞
0 t

nCi x; tð Þdt ð9Þ

where the subscript n=0, 1, 2, … indicates the order of the
moment, and subscript i indicates E. coli, MS2, and ΦΧ174.
The zeroth absolute temporal moment, m0, quantifies the
total mass in the concentration breakthrough curve; the
first absolute moment, m1, describes the mean residence
time; and second absolute temporal moment, m2, describes



Fig. 1. Schematic illustration of the experimental apparatus.
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the degree of spreading of the concentration breakthrough
curve. Also, the normalized temporal moments are defined
as (James and Chrysikopoulos, 2011):

Mn xð Þ¼mn xð Þ
m0 xð Þ ¼

∫∞
0 t

nCi x; tð Þdt
∫∞
0 Ci x; tð Þdt

ð10Þ

The first normalized temporal moment, M1, characterizes
the center of mass of the concentration breakthrough curve
and defines the mean breakthrough time or average velocity.
The second normalized temporal moment, M2, characterizes
the spreading of the breakthrough curve. Worthy to note is
that the ratio M1(i)/M1(t) indicates the degree of velocity en-
hancement of biocolloid i relative to the conservative tracer.
If this ratio is less than one, there exists velocity enhance-
ment of biocolloid transport. If this ratio is greater than one
there exists biocolloid retardation. Furthermore, the mass re-
covery, Mr, of the tracer or the suspended particles is quanti-
fied by the following expression:

Mr Lð Þ¼m0 Lð Þ
Ci0 tp

¼ ∫∞
0 Ci L; tð Þdt

∫tp
0 Ci 0; tð Þdt

ð11Þ

where L is the porous medium length.

3.3. Colloid filtration theory

Classical colloid filtration theory (CFT) was used to quan-
titatively compare the microbial and viral attachment onto
quartz sand. CFT assumes that the removal of particles is de-
scribed by first-order kinetics with a spatially and temporally
constant rate of particle deposition, and the concentrations of
retained particles decrease log-linearly with distance. How-
ever, recent studies (Tong and Johnson, 2007; Tufenkji and
Elimelech, 2004) have suggested that colloid retention de-
creased hyper-exponentially with distance, suggesting that
the attachment rate coefficient is not constant. In the absence
of straining, which is defined as the trapping of particles in
pores that are too small to pass through, this hyper-exponen-
tial deviation from CFT could be attributed to the concurrent
existence of both favorable and unfavorable colloidal interac-
tions with collector surfaces (Tufenkji and Elimelech, 2004).
Particle deposition is termed favorable in the absence of re-
pulsive interaction energies, whereas unfavorable deposition
refers to the case where repulsive colloidal interactions
predominate.

The dimensionless collision efficiency, α (the ratio of the
collisions resulting in attachment to the total number of col-
lisions between particles and collector grains), was calculated
from each biocolloid breakthrough curve by the Rajagopalan
and Tien (1976) model:

α ¼ −2dc ln 1�RBð Þ
3 1−θð Þη0L

ð12Þ

where dc is the average collector grain diameter, η0 is the di-
mensionless single-collector removal efficiency for favorable
deposition (in the absence of double layer interaction ener-
gy), and RB is the ratio of the biocolloid mass recovery, Mr(i),
in the outflow relative to that of the tracer, Mr(t):

RB ¼ MrðiÞ
MrðtÞ

ð13Þ

It should be noted that CFT is valid for clean-bed filtration
where it is assumed that deposited biocolloids do not influ-
ence subsequent deposition of biocolloids. The relation be-
tween kc and dc was defined as (Anders and Chrysikopoulos,
2005; Harvey and Garabedian, 1991)

kc
α

¼ 3 1−θð Þ
2dc

Uη0 ð14Þ

where the interstitial velocity is defined as

U ¼ q
θ

ð15Þ

The single-collector removal efficiency for favorable de-
position is obtained from the following correlation (Tufenkji
and Elimelech, 2004):

η0 ¼ 2:4As
1=3NR

−0:081NPe
−0:715NvdW

0:052

þ0:55AsNR
1:675NA

0:125 þ 0:22NR
−0:24NG

1:11NvdW
0:053 ð16Þ

where As is a porosity-dependent flow parameter defined as

AS ¼
2 1−ε5θ
� �

2−3εθ þ 3ε5θ−2ε6θ
ð17Þ



ig. 2. Definition sketch of the total intersurface energy,Φtot, versus particle-
llector separation distance, showing the primary minimum, Φmin1 (deep

nergy “well” located close to the collector surface), the primary maximum,
max1 (energy barrier to attachment and detachment), and the secondary
inimum, Φmin2 (shallow energy “well” located some distance away from
e collector surface).
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where εθ=(1−θ)1/3, NR is the relative size number:

NR ¼ dp

dc
ð18Þ

NPe is the Peclet number:

NPe ¼
dcq
D

ð19Þ

NvdW is the van der Waals number:

NvdW ¼ A123

kBT
ð20Þ

NA is the attraction number:

NA ¼ Nvdw

NRNPe
ð21Þ

NG is the gravity number:

NG ¼
dp

2 ρp−ρf
� �

g

18μwq
ð22Þ

where the bulk diffusion coefficient is described by the
Stokes–Einstein equation as

D ¼ kBT
3πμwdp

ð23Þ

A123=7.5×10−21 (kg·m2/s2) is the complex Hamaker con-
stant of the interactive media (biocolloid-water-sand)
(Murray and Parks, 1978), kB=1.38×10−23 (kg·m2)/(s2·K)
is the Boltzman constant, T=298 K is the fluid absolute tem-
perature, dp is the particle diameter (2.5×10−8 m for MS2,
2.6×10−8 m for ΦX174 and 1.2×10−6 m for E. coli), ρp is
the particle density (1420 kg/m3 for MS2 (Walshe et al.,
2010), 1600 kg/m3 for ΦX174 (Feng et al., 2006), and
1080 kg/m3 for E. coli (Klaus et al., 1997)), ρf=999.7 kg/m3

is the fluid density, μw=8.91×10−4 kg/(m·s) is the absolute
fluid viscosity, and g=9.81 m/s2 is the acceleration due to
gravity.

3.4. Theoretical collision efficiency

Two approaches are available for the estimation of the
theoretical collision efficiency, αth. The first method is using
the interaction-force boundary-layer (IFBL) approximation,
which assumes that biocolloids are attached to the primary
minimum, Φmin1, and that αth depends upon the probability
of biocolloids crossing the primary maximum, Φmax1, of the
intersurface potential energy, Φtot (see Fig. 2) (Spielman
and Friedlander, 1974):

αth ¼ β
βþ 1

� �
S βð Þ ð24Þ

where S(β) is a slightly varying monotonic dimensionless
function that describes the collection of Brownian particles
onto a spherical collector (a tabulation of S(β) is given by
Spielman and Friedlander (1974)), and β is a dimensionless
sticking parameter given by

β ¼ 1
3

2ð Þ1=3Γ 1
3

� �
AS

−1=3 D
qrp

 !1=3 λβrp
D

� �
ð25Þ

where Γ is the gamma function, rp is the particle radius, and
λβ is the surface reaction rate coefficient describing adhesion
and is given by the ratio of the diffusive rate of transfer of
particles onto the collector surface to the overall rate of adhe-
sion taking into account biocolloid mobility reduction due to
hydrodynamic interactions (Dahneke, 1975):

λβ ¼ D

∫∞
0

1þ rp
h

� �
eΦtot=kBT−1

h i
dh

ð26Þ

where h is particle-collector separation distance. Note that at
the limit β→∞, the value of the surface reaction rate coeffi-
cient vanishes, S(β)→1.

For a particle with radius rp and a flat plate (collector with
radius rc and rpbrc) separated by a distance h the required
variable Φtot is the sum of the van der Waals, ΦvdW, double
layer, Φdl, and Born, ΦBorn, potential energies (Loveland et
al., 1996):

Φtot hð Þ ¼ ΦvdW hð Þ þΦdl hð Þ þΦBorn hð Þ ð27Þ

The ΦvdW for sphere-plate interactions was calculated
with the following expression (Gregory, 1981):

Φvdw hð Þ ¼ −
A123rp
6h

1þ 14h
λw

� �� �−1
ð28Þ

where λw≈10−7 m is the characteristic wavelength of the
sphere-plate interaction. This expression is quite accurate
for short distances (up to 20% of the particle radius). The
Φdl for sphere-plate geometry was calculated with the ex-
pression (Hogg et al., 1966)

Φdl hð Þ ¼ πεrε0rp 2ΨpΨcln
1þ e−κh

1−e−κh

 !
þ Ψ2

p þΨ2
c

� �
ln 1−e−2κh
� �" #

ð29Þ
F
co
e
Φ
m
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Fig. 3. Tracer breakthrough data (symbols) and fitted mathematical mode
predictions (solid curves) for specific discharge velocities of (a) 0.16, (b)
0.31, and (c) 0.51 cm/min in water-saturated columns packed with coarse
sand.
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where εr=ε/ε0 is the dimensionless relative dielectric con-
stant of the suspending liquid, ε is the dielectric constant of
the suspending liquid, ε0 is the permittivity of free space, Ψp

is the surface potential of the particle, and Ψc is the surface
potential of the collector (sand) and κ is inverse of the diffuse
layer thickness, known as the Debye–Huckel parameter:

κ ¼ 2IsAN1000e
2

εrε0kBT

" #1=2
ð30Þ

where Is is the ionic strength, NA=6.02×1023 1/mol is Avoga-
dro's number, and e=1.602×10−19C is the elementary
charge. Sometimes the electrokinetic zeta potentials (ζ) are
used instead of the surface potentials for the calculation of
Φdl in Eq. (29). The ΦBorn was estimated by the relationship
(Ruckenstein and Prieve, 1976)

ΦBorn hð Þ ¼ A123σ
6

7560
8rp þ h

2rp þ h
� �7 þ 6rp−h

h7

2
64

3
75 ð31Þ

where σ (m) is the Born collision parameter. Note that ΦBorn

can easily be neglected if hN1 nm.
The second method for the calculation of αth is based on

the assumption that biocolloids are deposited in the second-
ary minimum, Φmin2 (note that the energy in the secondary
minimum is negative, see Fig. 2), and can move back into
the bulk liquid if their thermal energy (Brownian motion) is
sufficiently high (Hahn and O'Melia, 2004). Assuming that
the velocities of small biocolloids in a liquid at thermal equi-
librium follow a Maxwell distribution, αth is directly related
to the Maxwell–Boltzmann distribution of the kinetic ener-
gies as follows (Simoni et al., 1998)

αthðmin2Þ ¼ 1−∫∞
−Φ

min2
f Ekð ÞdEk

¼ ∫−Φmin2

0
f Ekð ÞdEk

ð32Þ

where Ek is the kinetic energy of a biocolloid:

Ek ¼ 1
2
mpv

2
p ð33Þ

where mp is the mass of a biocolloid particle, vp is the velocity
of a biocolloid in the secondary minimum, and the Maxwell–
Boltzmann distribution function is just a transformation of
the Maxwell speed distribution function that describes how
particles are distributed in regard to their kinetic energies
(Bueche, 1975):

f Ekð ÞdEk ¼ 2
Ek

π kBTð Þ3
" #1=2

exp − Ek
kBT

� �
dEk ð34Þ

Shen et al. (2007) assumed that colloids in the secondary
minimum with kinetic energies larger than the total energy
barrier (Φmax1-Φmin2) can also be deposited in the primary
minimum, Φmin1 (see Fig. 2), and expressed αth by consider-
ing both primary and secondary minimum deposition:

αth¼αthðmin1Þþαthðmin2Þ
¼∫∞

Φmax1−Φmin2
f Ekð ÞdEkþ∫−Φmin2

0 f Ekð ÞdEk
¼ 1−∫Φmax1−Φmin2

−Φmin2
f Ekð ÞdEk

ð35Þ

Hereafter, the αth estimation by Eqs. (32) and (35) will be
referred to as MA1 and MA2, respectively.

4. Results

4.1. Transport experiments

The normalized chloride breakthrough data for the coarse
sand and three different specific discharge velocities are pre-
sented in Fig. 3. Similar results were observed (not shown)
for the medium and fine sand. The dispersion coefficient
was estimated for each sand column by fitting the analytical
solution Eq. (7) with kc=kr=λ=λ*=0 to the experimental
breakthrough chloride concentrations. The fitted dispersion
coefficients and the corresponding longitudinal dispersivities
calculated according to Eq. (2), using D=1×10−9 m2/s for
chloride ions at 25 °C (Robinson and Stokes, 1959), are listed
in Table 1.

The normalized E. coli breakthrough data are presented in
Fig. 4 together with the fittedmodel predictions. In order to sat-
isfactory match the breakthrough data collected in this study
with simulated concentration histories requires knowledge of
l

image of Fig.�3


Table 1
Calculated parameter values.

q
(cm/min)

pH effluent dc (μm) C0 PFU/mL (viruses) CFU/mL
(bacteria) mmol/mL (tracer)

ρb
(g/cm3)

θ U
(cm/min)

D
(cm2/min)

αL

(cm)
M1(i)/M1(t) Mr

(%)
η0 α

ΦΧ174
0.51 7.20 1118–1700 4.4×103 1.69 0.43 1.17 0.51 0.44 0.83 100 0.046 0.0001
0.51 7.20 425–600 3.4×103 1.69 0.42 1.21 0.29 0.24 0.92 100 0.089 0.0000
0.51 7.20 150–212 4.1×103 1.69 0.39 1.31 0.53 0.51 0.87 82.7 0.172 0.0007
0.31 7.02 1118–1700 2.6×106 1.72 0.41 0.76 0.30 0.42 0.96 100 0.053 0.0001
0.31 6.90 425–600 1.8×106 1.72 0.4 0.78 0.16 0.21 0.84 88.2 0.103 0.0023
0.31 7.07 150–212 1.7×106 1.69 0.41 0.76 0.08 0.11 0.93 100 0.196 0.0000
0.16 7.43 1118–1700 2.4×103 1.72 0.43 0.39 0.11 0.26 0.82 95.4 0.082 0.0032
0.16 7.00 425–600 2.8×103 1.72 0.4 0.4 0.03 0.08 0.86 100 0.166 0.0000
0.16 6.99 150–212 2.2×103 1.69 0.41 0.39 0.34 0.79 0.83 100 0.314 0.0000
MS2
0.51 7.19 1118–1700 4.2×105 1.69 0.4 1.3 1.33 1.29 0.88 88.9 0.049 0.0107
0.51 7.08 425–600 4.7×105 1.72 0.42 1.21 1.06 1.01 0.98 71.6 0.096 0.0056
0.51 7.22 150–212 2.95×105 1.65 0.36 1.41 1.17 0.93 0.86 100 0.165 0.0000
0.31 7.06 1118–1700 7.3×103 1.72 0.41 0.76 0.49 0.83 1.05 87.0 0.055 0.0135
0.31 6.89 425–600 7.3×103 1.72 0.39 0.79 0.30 0.40 0.87 96.5 0.109 0.0006
0.31 7.23 150–212 7.3×103 1.68 0.43 0.72 0.21 0.30 0.94 91.9 0.194 0.0003
0.16 7.18 1118–1700 7.3×103 1.72 0.4 0.4 0.71 1.48 0.81 70.2 0.090 0.0205
0.16 7.40 425–600 2×104 1.72 0.42 0.38 0.67 1.89 0.98 65.4 0.164 0.0051
0.16 6.99 150–212 3.25×103 1.69 0.4 0.4 0.50 1.46 0.92 43.5 0.331 0.0017
E. coli
0.51 7.08 1118–1700 1.9×108 1.71 0.39 1.31 0.67 0.56 0.93 100 0.003 0.0216
0.51 7.21 425–600 1.94×108 1.77 0.39 1.31 0.42 0.32 0.93 95.3 0.005 0.0149
0.51 7.19 150–212 1.88×108 1.72 0.41 1.24 0.44 0.36 0.89 100 0.009 0.0001
0.31 6.99 1118–1700 1.88×108 1.7 0.39 0.79 0.18 0.23 0.93 100 0.004 0.0015
0.31 7.15 425–600 1.97×108 1.72 0.43 0.72 0.07 0.09 0.86 100 0.006 0.0004
0.31 7.23 150–212 2×108 1.69 0.44 0.71 0.04 0.06 0.88 100 0.011 0.0001
0.16 7.32 1118–1700 1.98×108 1.73 0.39 0.41 0.09 0.22 0.85 95.9 0.006 0.0357
0.16 7.24 425–600 2×108 1.76 0.39 0.41 0.03 0.08 0.91 94.5 0.010 0.0103
0.16 7.19 150–212 1.88×108 1.71 0.39 0.41 0.12 0.29 0.88 96.2 0.020 0.0013
Tracer Cl−

0.51 7.02 1118–1700 0.01 1.76 0.42 1.21 0.20 0.167 99.7
0.51 6.81 425–600 0.01 1.72 0.43 1.20 0.21 0.173 100
0.51 6.76 150–212 0.01 1.72 0.39 1.31 0.24 0.180 99.7
0.31 7.08 1118–1700 0.01 1.76 0.42 0.74 0.16 0.209 100
0.31 6.94 425–600 0.01 1.72 0.43 0.72 0.15 0.211 100
0.31 6.81 150–212 0.01 1.72 0.39 0.79 0.15 0.190 100
0.16 6.89 1118–1700 0.01 1.76 0.42 0.38 0.08 0.197 99.5
0.16 7.13 425–600 0.01 1.72 0.43 0.37 0.06 0.169 99.8
0.16 6.76 150–212 0.01 1.72 0.39 0.41 0.08 0.193 100
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the various kc values, which were calculated by using Eq. (14)
and previously calculated η0 and α values. The parameters D,
and kr, were estimated by fitting the analytical solution Eq. (7)
to the experimental E. coli breakthrough concentrations using
the values of ρ θ U, kc listed in Table 1, and assuming that
λ=λ*=0. The fitted kr values were negligible and the fitted D
values are listed in Table 1. The first normalized temporal mo-
ment (average velocity), M1(i), was calculated using Eq. (10)
for each breakthrough curve. Furthermore, the ratio of the first
normalized temporal moment of E. coli to that of Cl− was com-
puted for each breakthrough curve and the results are listed in
Table 1. For all cases considered the ratioM1(i)/M1(t)was smaller
than one, which indicated that the velocity of E. coli is enhanced
by 7%–15%. Early breakthrough of colloids has been reported in
numerous theoretical and experimental studies (Abdel-Salam
and Chrysikopoulos, 1995; Keller et al., 2004; Sinton et al.,
2000; Vasiliadou and Chrysikopoulos, 2011). The Mr values,
listed in Table 1, were calculated using Eq. (11) and indicate
that there was no significant E. coli retention by the packed col-
umn. Slight attachment of E. coli onto the quartz sand was ob-
served at the lowest q. However, no distinct relationships
between Mr or M1(i)/M1(t) and q or dc could be established
from the data listed in Table 1.

The parameters D, kr, λ, and λ* were estimated by fitting
the analytical solution Eq. (7) to the experimental E. coli
breakthrough concentrations using the values of ρ θ U, and
kc listed in Table 1. Furthermore, it was assumed that
λ*=λ/2 (Sim and Chrysikopoulos, 1996) so that the number
of fitted parameters is reduced to three, because fitting more
than three parameters does not lead to reliable and unique
estimates.

Fig. 5 presents the normalized MS2 breakthrough data to-
gether with the fitted model predictions. The parameters D,
kr, λ, and λ* were estimated by fitting the analytical solution
Eq. (7) to the experimental MS2 breakthrough concentrations
using the values of ρ θ U, and kc listed in Table 1. Furthermore,
it was assumed that λ*=λ/2 (Sim and Chrysikopoulos, 1996)
so that the number of fitted parameters is reduced to three, be-
cause fitting more than three parameters does not lead to reli-
able and unique estimates. The fitted kr values were negligible,
the fitted λ ranged between 0.0000 and 0.0004 min−1, and the
fitted D values are listed in Table 1. With the exception of the
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case of fine sand at q=0.51 cm/min, all estimated Mr values
listed in Table 1 were quite low. Certainly, MS2 attachment
and inactivation could have contributed to the observed
low Mr values. For the slowest specific discharge velocity
(q=0.16 cm/min) Mr decreased with decreasing sand size;
however, for the other two velocities employed there was no
clear trend. Hence, the observed increase inMS2 retention can-
not be attributed to dc variations, but to possible sand grain
physicochemical heterogeneities (near-neutrally charged hy-
drophobic regions, metal oxide impurities (e.g., Al2O3 and
Fe2O3) and surface bound contaminants (e.g. organic mole-
cules)). With the exception of the case of medium sand with
q=0.31 cm/min, where slight retardation was observed
(M1(i)/M1(t)=1.05N1), all calculated M1(i)/M1(t) ratios were
smaller than one (see Table 1), suggesting that the velocity of
MS2 is enhanced by 2%–19% compared to the tracer.

Fig. 6 shows the normalizedΦX174 breakthrough data to-
gether with the fitted model predictions. The parameters D,
kr, and λ*=λ/2 were estimated by fitting the analytical solu-
tion Eq. (7) to the experimental ΦX174 breakthrough con-
centrations using the values of ρ θ U, and kc listed in
Table 1. The fitted kr values were negligible, the fitted
λ=2λ* ranged between 0.0000 and 0.0013 min−1, and the
fitted D values are listed in Table 1. The calculated Mr values
listed in Table 1 indicated that there was no significant
ΦX174 retention in the packed column. Furthermore, all cal-
culated M1(i)/M1(t) ratios were smaller than one (see
Table 1), suggesting that the velocity of ΦX174 is enhanced
by 4%–18% compared to the tracer. However, it should be
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Fig. 6. Experimental ΦΧ174 breakthrough data (symbols) and fitted mathematica
(open symbols), 0.31 cm/min (filed symbols), and 0.51 cm/min (solid symbols) in
and fine (squares) sand.
noted that no clear trends between Mr or M1(i)/M1(t) and q
or dc could be determined from the data listed in Table 1. Al-
though the inactivation rates for coliphages used are relative-
ly small, MS2 inactivation is more than two times larger than
that of ΦX174. Therefore, the difference in inactivation rate
coefficients contributes to less MS2 breakthrough than
ΦX174.

The mean αL values for each sand grain size listed in
Table 1 were smaller for bacteria (E. coli) than coliphages
(MS2,ΦX174), but higher for MS2 thanΦX174. The observed
differences between the mean αL values of MS2 and ΦX174
are attributed mainly to the different protein coats (hydro-
phobic for MS2 and hydrophilic for ΦX174). Furthermore,
the observed differences between the mean αL values of bac-
teria and coliphages are attributed to the size difference (the
dp of E. coli is approximately two orders of magnitude larger
than that of MS2 and ΦX174). The dispersivity of colloids is
known to decrease with increasing particle size (Keller et
al., 2004; Vasiliadou and Chrysikopoulos, 2011). Worthy to
note is that the Mr of ΦX174 was higher than that of MS2
for all cases examined in this study. MS2 generally exhibits
poorer attachment to solid surfaces (Jin et al., 1997), and
ΦX174 is less negatively charged thanMS2 at the experimen-
tal conditions of this study. Therefore, ΦX174 is expected to
attach more than MS2. Instead, a greater amount of MS2
was retained than ΦX174.

The higher attachment observed for MS2 compared to
ΦX174 is also attributed to protein coat differences (the pro-
tein coat of MS2 is hydrophobic and the protein coat of
d
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Table 2
Parameter values used for η0, α, and kc calculations.

Parameter Value (units)

Column length 0.3 (m)
Column diameter 0.025 (m)
Sand diameter (dc)

Coarse 1.41 (mm)
Medium 0.513 (mm)
Fine 0.181 (mm)

Particle diameter (dp)
MS2 0.025 (μm)
ΦΧ174 0.026 (μm)
E. coli 1.21 (μm)

Particle density (ρp)
MS2 1420 (kg/m3)
ΦΧ174 1600 (kg/m3)
E. coli 1080 (kg/m3)

Fluid absolute temperature (T) 298 (K)
Fluid density (ρf) 999.7 (kg/m3)
Fluid viscosity (μ) 8.91×10−4 (kg/(m⋅s))
Complex Hamaker constant (A123) 7.5×10−21(J)
Boltzman constant (kB) 1.38×10−23 (kg m2)/(s2 K)
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Fig. 7. Experimental collision efficiencies as a function of sand grain size and
specific discharge velocity for (a) MS2, (b) ΦΧ174, and (c) E. coli.
ΦX174 is hydrophilic (Shields, 1986)). Furthermore, the re-
tention of coliphages was greater than that of bacteria, sug-
gesting that deposition is smaller for larger particles, which
is in agreement with the results reported by other investiga-
tors (Gupta et al., 2009; Harvey and Garabedian, 1991). How-
ever, for certain experimental conditions greater removal
of bacteria than viruses has been reported in the literature
(Hijnen et al., 2005; van der Wielen et al., 2008). Straining
(particle trapping in pore throats that are too small to allow
particle passage) and wedging (particle attachment onto sur-
faces of two or more collector grains in contact) are not con-
sidered important mechanisms of mass loss in the packed
columns examined in this study because the biocolloid to col-
lector diameter ratios (dp/dc) were well below the suggested
threshold of 0.004 (Johnson et al., 2010) or 0.003 (Bradford
and Bettahar, 2006) for all cases examined except the case
of E. coli with fine sand where dp/dc=0.0067. However,
other factors (e.g. collector surface heterogeneity and angu-
larity) may have contributed to the observed biocolloid
retention.

4.2. Calculation of parameter values

According to the colloid filtration theory, particle attach-
ment is governed by the collision efficiency, α (Rajagopalan
and Tien, 1976; Tufenkji and Elimelech, 2004). Fig. 7 presents
the collision efficiencies, α, for MS2, ΦX174 and E. coli for the
experimental conditions of this study, as predicted by
Eq. (12) using the previously calculated η0 values and param-
eter values listed in Table 2. The calculated α values (see
Table 1) exhibit some variability because they depend on a
variety of parameters including the nature of the grain sur-
face (Mills et al., 1994), the ionic strength of the solution
(Jewett et al., 1995), the presence of natural organic matter
(Johnson and Logan, 1996), and biocolloid surface properties
(Jin et al., 1997). Furthermore, the α values calculated in this
study (see Table 1) are similar to values reported in the liter-
ature for MS2 (based on field studies: α=0.004 (Deborde
et al., 1999), 0.0027 and 0.0046 (Anders and Chrysikopoulos,
2005), 0.00027-0.0014 (Schijven et al., 1999), and a column
study: α=0.00045-0.0422 (Chu et al., 2003)), for ΦX174
(based on a column study: α=0.00077–0.0162 (Chu et al.,
2003)), and for E. coli (based on column studies: α=0.008-
0.875 (Foppen et al., 2007), 0.026-0.937 (Foppen and Schijven,
2005)). Fig. 7 suggests that more favorable attachment
conditions existed for MS2 than for ΦΧ174. Although this ob-
servation is biased because the MS2 inactivation is approxi-
mately twice that of ΦΧ174, it is an expected result because
the protein coat of MS2 is hydrophobic whereas the protein
coat of ΦX174 is hydrophilic (Shields, 1986). Clearly, Fig. 7
shows that there is a dependence of the biocolloid collision ef-
ficiency on dc, suggesting that greater amounts of biocolloids
are attached onto larger than smaller sand grains. This observa-
tion is in agreement with the work by Torkzaban et al. (2007)
who have reported that larger collectors have greater amounts
of attachment than smaller collectors under chemically unfa-
vorable conditions, because the drag force acting on the col-
loids along the collector surface decreases with increasing
collector size.Worthy to note is that contradictory observations
of smaller collectors associatedwith greater amounts of colloid
retention have also been reported in the literature (Bradford et
al., 2007). Although detachment rate constants and inactiva-
tion of coliphages in the laboratory-scale column experiments
of this study were found to be relatively negligible due to
short residence time, certainly this may not be the case for bio-
colloid transport at the field-scale where the detachment rate
and inactivation constants of suspended and attached viruses
could be significant.

The calculation of the theoretical collision efficiencies, αth,
required appropriate values for Φmax1 andΦmin2, which were
obtained directly from the total intersurface potential energy
curves, Φtot, estimated according to the Derjaguin–Landau–
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Verwey–Overbeek (DLVO) theory of colloid stability using
Eqs. (27)–(31). The estimated Φtot profiles for MS2, ΦX174
and E. coli particles approaching various sand grains (coarse,
medium and fine) are shown in Fig. 8. Note that when E. coli
cells approach sand grains face an energy barrier of several
100 kBT, while lower energy barriers of several 10 kBT are en-
countered by coliphages (see Fig. 8). The estimated Φmax1

andΦmin2 values are listed in Table 3 together with the corre-
sponding zeta potentials. In this study, biocolloids were con-
sidered to follow the principles of colloid chemistry, despite
the fact that they are more complex than abiotic colloids
(van Loosdrecht et al., 1989). For the Φdl calculations, the
electrokinetic zeta potentials were used instead of the sur-
face potentials. The zeta potentials of the various biocolloid
particles and sand grains suspended in PBS solution were
measured with a Zetameter (Malvern Instruments) following
the procedure outlined by Syngouna and Chrysikopoulos
(2010), and they are listed in Table 3. Note that the E. coli
bacteria cells were treated as spherical biocolloids because
Table 3
Measured zeta potentials in PBS solution (pH=7, IS=2 mM), and calculated Φmax1

Zeta potential
(mV)

Coarse sand (ζ=−53.03
±2.13 mV)

Φmax1 (kBT) Φmin2 (kBT)

MS2 −33.5±1.8 25.06 −0.00349
ΦΧ174 −31.15±0.25 23.13 −0.00368
E. coli −18.46±3.66 395.55 −0.19217
electrophoretic mobilities (Delgado and Gonzalez-Caballero,
1998) and zeta potential values (Salerno et al., 2006) are
not affected by colloid particle shape. Moreover, Liu et al.
(2010) demonstrated that the electrophoretic mobility
values for spheroidal colloids are quite similar to the values
determined by using the Hückel approximation for spherical
colloids.

Note that for the experimental conditions of this study the
previously discussed approaches for the estimation of the theo-
retical collision efficiency can be applied only for E. coli because,
based on the results of Fig. 8, MS2 and ΦX174 do not exhibit
Φmin1 and very small Φmin2 depths (smaller than the average
Brownian kinetic energy of 1.5 kBT). Consequently, Fig. 9 pre-
sents the log(α/αth) values only for E. coli for three different q
and dc values in an attempt to provide an illustrative compari-
son of αth estimated by IFBL (Eq. (24)), MA1 (Maxwell approx-
imation, Eq. (32)) and MA2 (Maxwell approximation, Eq. (35))
with the experimental collision efficiencies. Clearly, the experi-
mental collision efficiencies measured for E. coli are in relatively
good agreementwith bothMA1 andMA2predictions (within 0-
2 orders ofmagnitude) but notwith IFBL predictions. Discrepan-
cies between α and αth within 1–1.5 orders of magnitude have
also been reported in the literature by other investigators
(Shen et al., 2007). Note that the αth calculations presented
here assume that the sand and biocolloid surfaces are uniformly
charged.However, it is highly probable that both the sand grains
and the biocolloids exhibit some surface charge heterogeneity
(Camesano and Abu-Lail, 2002; Song et al., 1994; Walker et al.,
2004). The presence of hetero-domains of attractive surface
charge is known to enhance colloid retention in the presence
of energy barriers (Auset and Keller, 2006; Elimelech and
O'Melia, 1990).

5. Summary and conclusions

A large number of column experiments were carried out in
order to investigate the effects of water velocity and sand grain
size on biocolloid transport. The results of this study indicated
that although the biocolloidmass recovery and degree of veloc-
ity enhancement were affected by the interstitial water veloci-
ty and sand grain size, no clear trends could be determined. It
was found that the dispersivity values for MS2 were higher
than those obtained for ΦX174, which could be attributed to
the higher charge repulsion between MS2 and sand grains
(higher energy barriers) and to the hydrophobic protein coat
of MS2. Moreover, as it was expected, the dispersivity values
for the smaller coliphages were found to be greater than that
of the larger bacteria. The single collector removal efficiency
under favorable deposition conditions was shown to be affect-
ed by the sand grain size and water velocity. In general, the ex-
perimental results indicated that η0 values increased with
and Φmin2 values.

Medium sand (ζ=−62.25
±3.45 mV)

Fine sand (ζ=−64.72
±3.12 mV)

Φmax1 (kBT) Φmin2 (kBT) Φmax1 (kBT) Φmin2 (kBT)

28.09 −0.00334 27.97 −0.00335
25.83 −0.00353 25.63 −0.00353
412.82 −0.18341 428.47 −0.00194
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Fig. 9. Comparison between experimental and theoretical collision efficien-
cies for E. coli predicted with (a) IFBL, (b) MA1, and (c) MA2.
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decreasing water velocity and sand grain size for all biocolloids
examined. The experimental collision efficiencies suggested
that more favorable attachment conditions existed for coli-
phage MS2 than for ΦΧ174. However no significant effect of
sand grain size and interstitial velocity on the collision efficien-
cywas observed. It is possible that factors as grain surface area,
angularity and roughness may have contributed to physico-
chemical filtration and biocolloid retention. Theoretical colli-
sion efficiencies were calculated only for E. coli using both the
IFBL andMaxwell approximations. For the IFBL approximation,
the disagreement between observations and theory was more
pronounced. To minimize the observed discrepancies, esti-
mates of αth should also account for surface heterogeneities,
surface roughness, and hydrodynamic forces.

Nomenclature
A123 Complex Hamaker constant for biocolloid-water-

sand, (M L2)/t2.
AN Avogadro's number, 1/mol.
As Porosity-dependent flow parameter, defined in

Eq. (17).
C Concentration of biocolloids in suspension, M/L3.
C* Concentration of biocolloids attached on the solid

matrix, M/L3.
C0 Source concentration of biocolloid in suspension,

M/L3.
dc Average collector diameter, L.
dp Biocolloidal particle diameter, L.
D Hydrodynamic dispersion coefficient, L2/t.
D Molecular diffusion coefficient, L2/t.
De Effective molecular diffusion coefficient, L2/t.
e Elementary charge, C.
Ek Kinetic energy, J.
erfc[⋅] Complimentary error function.
g Acceleration due to gravity, L/t2.
h Particle-collector separation distance.
i Subscript indicates E. coli, MS2, and ΦΧ174
Is Ionic strength, mol/L.
J0 Bessel function of the first kind of zeroth order
kB Boltzman's constant, (M⋅L2)/(t2K).
kc Attachment rate constant, t−1.
kr Detachment rate constant, t−1.
L Length of the porous medium, L.
mn nth absolute temporalmoment, defined in Eq. (9), tn.
Mn nth normalized temporalmoment, defined in Eq. (10),

tn.
mp Mass of a particle, M.
Mr Mass recovery, defined in Eq. (11).
n Subscript indicating the order of the moment.
NA Attraction number, defined in Eq. (21).
NG Gravity number, defined in Eq. (22).
NPe Peclet number, defined in Eq. (19).
NR Relative size number, defined in Eq. (18).
NvdW Van der Waals number, defined in Eq. (20).
q Specific discharge or approach velocity, L/t.
Q Volumetric discharge rate, L3/t.
rc Average collector radius, L.
rp Average biocolloidal particle diameter, L.
RB Normalized mass recovery, defined in Eq. (13)
S(β) Function describing the collection of Brownian par-

ticles onto a collector, (–).
t Time, t.
tp Duration of the solute pulse, t.
T Temperature, Kelvin.
U Interstitial (pore water flow) velocity, L/t.
vp Particle velocity in the secondary minimum, L/t.
x Spatial coordinate in the horizontal direction, L.
α Collision efficiency, (–).
αth Theoretical collision efficiency, (–).
αL Longitudinal dispersivity, L/t.
β Dimensionless sticking parameter, defined in Eq. (25).
Γ Gamma function
ε Dielectric constant of the suspending liquid, C2/(J⋅m).
εr Relative dielectric constant of the suspending liq-

uid, (–).
ε0 Permittivity of free space, C2/(J⋅m).
εθ Equal to (1−θ)1/3

ζ Electrokinetic zeta potentials of the particles and
sand grains, V.

η0 Single-collector removal efficiency for favorable
deposition, (–).

θ Porosity of soil (liquid volume/porous medium vol-
ume), L3/L3.

κ Debye–Huckel parameter, 1/L.
λ Transformation rate constant of biocolloids in solu-

tion, t−1.
λ* Transformation rate constant of attached biocol-

loids, t−1.
λβ Surface reaction rate coefficient describing adhe-

sion, defined in Eq. (26).
λw Characteristic wavelength of the sphere-plate in-

teraction, L.
μw Water viscosity, M/(L⋅t).
ξ Dummy integration variable.
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ρ Bulk density of the solid matrix (solids mass/aquifer
volume), M/L3.

ρf Density of the fluid, M/L3.
ρp Biocolloidal particle density, M/L3.
σ Born collision parameter, L.
τ Dummy integration variable.
τ* Tortuosity (–).
ΦBorn Born potential energy, J.
Φdl Double layer potential energy, J.
Φmax1 Primary maximum of Φtot, J.
Φmin1 Primary minimum of Φtot, J.
Φmin2, Secondary minimum of Φtot, J.
Φtot Total intersurface potential energy, J.
ΦvdW Van der Waals potential energy, J.
Ψc Surface potential of the collector (sand), V.
Ψp Surface potential of the particle, V.
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