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• The velocity dependency of cell reten-
tion and release parameters were in-
vestigated under different IS conditions.

• The sticking efficiency, retention capac-
ity, and irreversible cell retention in-
creased with ionic strength and
decreasing water velocity.

• The probability for cells to diffuse over
the energy barrier depends on the resi-
dence time on heterogeneous surfaces.

• The adhesive strength increased with
the residence time and decreasing wa-
ter velocity.

• Torque balance consideration explained
the negligible cell removal with large
increases in velocity, and large amounts
of cell release following sand excava-
tion.
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Escherichia coli transport and release experiments were conducted to investigate the pore-water velocity (v) de-
pendency of the sticking efficiency (α), the fraction of the solid surface area that contributed to retention (Sf), the
percentage of injected cells that were irreversibly retained (Mirr), and cell release under different (10–300 mM)
ionic strength (IS) conditions. Values of α, Sf, and Mirr increased with increasing IS and decreasing v, but the de-
pendency on v was greatest at intermediate IS (30 and 50 mM). Following the retention phase, successive in-
creases in v up to 100 or 150 m day−1 and flow interruption of 24 h produced negligible amounts of cell
release. However, excavation of the sand from the columns in excess electrolyte solution resulted in the release
of N80% of the retained bacteria. These observations were explained by: (i) extended interaction energy calcula-
tions on a heterogeneous sand collector; (ii) an increase in adhesive strength with the residence time; and (iii)
torque balance consideration on rough surfaces. In particular,α, Sf, andMirr increasedwith IS due to lower energy
barriers and stronger primary minima. The values of α, Sf, andMirr also increased with decreasing v because the
Keywords:
Bacteria
Flow velocity
Residence time
Sticking efficiency
urves.
ory, Riverside, CA 92507, United States.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2017.06.091&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2017.06.091
mailto:salinis@ucr.edu
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2017.06.091
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv
kailey.harahan
Typewritten Text
2568



407S. Sasidharan et al. / Science of the Total Environment 603–604 (2017) 406–415
adhesive strength increasedwith the residence time (e.g., an increased probability to diffuse over the energy bar-
rier) and lower hydrodynamic forces diminished cell removal. The controlling influence of lever arms at micro-
scopic roughness locations and grain-grain contacts were used to explain negligible cell removal with large
increases in v and large amounts of cell recovery following sand excavation. Results reveal the underlying causes
(interaction energy, torque balance, and residence time) of the velocity dependency of E. coli retention and re-
lease parameters (ksw, α, and Sf) that are not accounted for in colloid filtration theory.

© 2017 Elsevier B.V. All rights reserved.
Retention
Surface roughness
1. Introduction

An improved understanding of processes that control the transport,
retention, and release of bacteria in porous media is needed for many
environmental and industrial applications such as bioremediation of
contaminated soils and aquifers, and filtration of pathogenic microor-
ganisms in groundwater or engineered water treatment systems (Liu
et al., 2007; Redman et al., 2004). A number of physical, chemical, and
biological factors control the retention of bacteria in porous media, in-
cluding: soil texture (Morales et al., 2015), temperature (McCaulou
et al., 1995; Morales et al., 2015), water velocity (Hendry et al., 1999;
Meinders et al., 1995), bacterial surface properties (Bolster et al.,
2000; Liu et al., 2007; Vandevivere and Baveye, 1992), bacterialmotility
(de Kerchove and Elimelech, 2008; Huysman and Verstraete, 1993;
Massoudieh et al., 2013), solution chemistry (Gannon et al., 1991;
Massoudieh et al., 2013; Redman et al., 2004; Simoni et al., 2000; Tong
et al., 2005), solid surface roughness (Shellenberger and Logan, 2002),
and chemical heterogeneities (Schulze-Makuch et al., 2003; Yee et al.,
2000). Although the influence of water velocity on bacteria retention
has been studied for many years (Hendry et al., 1999; Meinders et al.,
1995), there still are important gaps in knowledge.

Colloid filtration theory (Tufenkji and Elimelech, 2004a; Yao et al.,
1971) has been commonly used to explain the transport and retention
of bacteria in porous media under saturated conditions. According to
colloid filtration theory, the retention rate coefficient (ksw) is a function
of the single-collector efficiency (η), the sticking efficiency (α), and the
pore-water velocity (v). In particular, ksw is dependent on the mass
transfer of colloids from the bulk solution to the collector (sand grain)
surface via Brownian diffusion, interception, and sedimentation which
is quantified by η (Schijven and Hassanizadeh, 2000; Tufenkji and
Elimelech, 2005). Correlation equations have been established from
pore-scale simulations of colloid transport to predict η as a function of
water velocity, diffusion coefficient, colloid size and density, and collec-
tor (grain) diameter and porosity (Ma et al., 2013; Messina et al., 2015;
Nelson and Ginn, 2011; Rajagopalan and Tien, 1976; Tufenkji and
Elimelech, 2004a; Yao et al., 1971). Colloid filtration theory predicts
that differences in the rates of colloidmass transfer cause a nonlinear in-
crease in ksw with v for a given value of α (Tufenkji and Elimelech,
2004b). The fraction of colloid collisions with the collector surface that
produces retention (e.g., immobilization) is quantified by the parameter
α which changes with the solution and solid phase chemistries
(Schijven and Hassanizadeh, 2000; Tufenkji and Elimelech, 2004a). Col-
loid filtration theory assumed that α only depends on the irreversible
adhesive interaction between the colloid and collector surface, but
was independent of the water velocity (Elimelech et al., 1998;
Elimelech and O'Melia, 1990). In contrast, measured and theoretical
values of α and the maximum concentration of colloids on the solid
phase (Smax) have been shown to depend on solution chemistry and
water velocity (Bradford et al., 2012; Johnson et al., 2007; Li and
Johnson, 2005; Sasidharan et al., 2014; Shen et al., 2010; Tong et al.,
2005; Torkzaban et al., 2007). The value of Smax is proportional to the
fraction of the solid surface area that contributed to the retention (Sf)
(Bradford et al., 2011a; Bradford et al., 2011b; Kim et al., 2009a;
Sasidharan et al., 2014). In addition, only a fraction of immobilized col-
loids is irreversibly retained (Torkzaban and Bradford, 2016; Torkzaban
et al., 2010). However, the coupled role of solution chemistry andwater
velocity on α, Sf, and the reversibility of colloid retention have not yet
been completely studied and explained.

Bacteria retention and release depend on the balance of forces and/
or torques that act on cells adjacent to the solid-water interface
(Bergendahl and Grasso, 2000; Bradford et al., 2009; Bradford et al.,
2011b; Li et al., 2005; Torkzaban et al., 2007; Torkzaban et al., 2008).
For neutrally buoyant bacteria, these forces and/or torques arise from
adhesive interactions, random Brownian diffusion, and system hydro-
dynamics (Ahmadi et al., 2007; Bergendahl and Grasso, 2000;
Bradford et al., 2009; Cushing and Lawler, 1998; Goldman et al., 1967;
Johnson et al., 1971; O'Neill, 1968; Sharma et al., 1992; Soltani and
Ahmadi, 1994; Torkzaban et al., 2007; Torkzaban et al., 2008). Conse-
quently, colloid filtration theory assumes that adhesive interactions al-
ways dominant over Brownian diffusion and hydrodynamic forces and
torques. In reality, the strength of the adhesive force and torque de-
pends on the solution and solid phase chemistries, colloid size and
shape, nanoscale roughness and chemical heterogeneity, deformation,
and grain topography (Bayoudh et al., 2009; Bolster et al., 2001;
Bradford and Torkzaban, 2012; Bradford and Torkzaban, 2013;
Bradford and Torkzaban, 2015; Bradford et al., 2011b; Elimelech,
1994; Kim et al., 2009b; Shen et al., 2013; Shen et al., 2012; Suresh
and Walz, 1996; Torkzaban and Bradford, 2016; Torkzaban et al.,
2007; Torkzaban et al., 2008; Walker et al., 2005). The hydrodynamic
force and torque depend on the average pore-water velocity, the grain
size distribution, microscopic roughness, porosity, and colloid size
(Bradford et al., 2011b; Burdick et al., 2001; Kuznar and Elimelech,
2007; O'Neill, 1968; Saffman, 2006; Torkzaban et al., 2007; Torkzaban
et al., 2008). In many instances, the strength of the adhesive interaction
is weak, and a fraction of retained colloids are susceptible to diffusive
and/or hydrodynamic removal (Torkzaban et al., 2007; Wang et al.,
2016). This result has been used to explain the velocity dependency of
α and Sf (Torkzaban et al., 2007).

Not all factors that influence adhesive and hydrodynamic forces and
torques have been considered in previous studies that examined the ve-
locity dependency of α and Sf. For example, some researchers have also
reported that the adhesive interaction increaseswith the residence time
(Hemmerle et al., 1999; Meinders et al., 1994; Meinders et al., 1995;
Mondon et al., 2003; Stuart and Hlady, 1995; Torkzaban et al., 2013;
Vadillo-Rodriguez et al., 2004; Xu and Logan, 2006; Xu et al., 2005).
This finding has typically been related to the formation of chemical
bonds (Vadillo-Rodriguez et al., 2004; Xu and Logan, 2006), but may
also be explained by an increase in the probability that random
Brownian motion will produce a kinetic energy of sufficient strength
to overcome an energy barrier to achieve a deeper minimum in the in-
teraction energy (Bradford and Torkzaban, 2015; Sasidharan et al.,
2017; Torkzaban and Bradford, 2016). An increase in the adhesive inter-
actionwith the residence time has important implications for the veloc-
ity dependency of α and Sf that have not yet been explained. In
particular, the residence time is inversely related to the advective trans-
port velocity. This implies that lowerwater velocities and flow interrup-
tions with larger residence times may produce greater bacteria
retention and less release because of the greater adhesive strength. Fur-
thermore, initially weakly associated colloids that are temporally
immobilized in low velocity regions, microscopic roughness locations,
and/or grain-grain contacts can experience less diffusive and/or hydro-
dynamic release with increasing residence time because of an increase
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in the adhesive interaction. Consequently, temporal immobilization at
such locationsmay be an importance precursor tomore permanent col-
loid retention.

The primary objective of this study was to experimentally and theo-
retically investigate the causes (e.g., interaction energy on heteroge-
neous surface, residence time, and torque balance) of the velocity
dependency of retention and release parameters (ksw, α, Smax, and Sf)
for Escherichia coli in saturated porous media. The transport and reten-
tion of E. coli was systematically studied under various ionic strength
(IS) and water velocity conditions. Values of ksw and Smax were then ob-
tained by fitting to observed breakthrough curves (BTCs), and the veloc-
ity dependency of calculated α and Sf was determined. Cell release was
then investigated with step increases in the water velocity, a 24-h flow
interruption, and following excavation of the sand into an excess vol-
ume of the electrolyte solution of the same solution chemistry. Addi-
tionally, the interaction energy between a chemically and physically
heterogeneous collector (sand grain) and a homogeneous colloid (bac-
teria) was calculated. Results from this work improve our understand-
ing of the roles of residence time and nanoscale and microscopic
roughness in determining the dependency of α and Sf on velocity and
solution chemistry.

2. Materials and method

2.1. Porous media and electrolyte solutions

Natural graded river sand (River sand Pty Ltd.) with a particle size
distribution between 125 and 300 μm was employed in column trans-
port experiments. This sand was cleaned using an acid washing and
boiling procedure described by Sasidharan et al. (2014). Electrolyte so-
lutions of 10, 30, 50, and 300 mMwere prepared using analytical grade
NaCl andMilli-Qwater at unadjusted pH=5.5–5.8 as inmany previous
studies (Walker et al., 2004; Zhang et al., 2010).

2.2. Bacteria preparation

A non-pathogenic strain of Escherichia coli ATCC 13706 was
employed in transport studies. The bacteria were prepared by growing
overnight, pelleting, and washing using a procedure explained in
Sasidharan et al. (2017). The bacterial pellet was then diluted into the
desired electrolyte solution to achieve a final absorbance of 0.45 at a
wavelength of 460nm,which corresponds to an initial bacterial influent
concentration (C0) of ~108 cells mL−1. Samples from column experi-
ments were analyzed by measuring the absorbance at 460 nm by UV–
vis spectrophotometry (SpectraMax Plus 384, US).

2.3. Zeta potential and size measurements

The electrophoretic mobilities of bacteria and crushed sand (b2 μm)
suspended in electrolyte solutions weremeasured at room temperature
using a Zetasizer (Malvern, Zetasizer Nano Series, Nano-ZS). The
Smoluchowski equation (Elimelech et al., 1994) was used to convert
the measured electrophoretic mobilities values to zeta potentials. Dy-
namic light scattering (DLS) in the Zetasizer was used to determine hy-
drodynamic radii of these bacteria suspensions. (Malvern Instruments
Ltd., 2004).

2.4. Column preparation and transport experiments

Column experiments were conducted in sterilized polycarbonate
columns (11 cm height and 1.9 cm internal diameter). The columns
were wet packed using clean sand while vibrating the column to liber-
ate entrapped air. After packing, the columns were preconditioned
with N6 pore volumes of a selected electrolyte solution using a syringe
pump (Model 22, Harvard Apparatus) at a pore-water velocity (v) of
5 m day1.
The bacteria suspension at selected IS (10, 30, 50, and 300mMNa+)
was introduced into the columnusing a syringe pump at an average v of
1, 5, and 50 m day−1 (Darcy velocity of 0.4, 2, and 20 m day−1, respec-
tively) for 10 pore volumes (Phase I). The corresponding residence time
is equal to 158.4, 31.7, and 3.2 min when v= 1, 5, and 50 m day−1, re-
spectively. This phasewas followed by injection of several pore volumes
of bacteria-free-electrolyte solution at the same IS and pore water ve-
locity (Phase II). The release of retained bacteria was investigated dur-
ing Phase III by step increases of v from 10 to 150 m day−1

(depending on the hydrodynamic conditions during Phases I and II).
The effect of residence time on bacteria release was further investigated
by employing a 24 h flow interruption and resuming the flow at v =
5 m day−1 (Phase IV). The column effluent samples were collected
using a Spectra/Chrom® CF-1 Fraction Collector and the concentration
of bacteria was quantified using the method explained in Section 2.2.
The reproducibility of column experiments was verified by conducting
replicates under selected experimental conditions.

Following the completion of bacteria retention and release phases
(Phase I to IV), the column was dissected in 1 cm segments (11 layers)
during Phase V. The sand from each segment was placed in a vial con-
taining 20 mL of the same electrolyte solution used in Phase I. The
vials were shaken on a tube rotator for 30min and the recovered bacte-
ria concentration was measured using the method explained in
Section 2.2. The sand was dried and the water and sand mass in each
segment were determined. Some of the collected sand grains were ex-
amined using a scanning electron microscope (SEM Quanta 450, Ade-
laide Microscopy) for roughness features and irreversibly retained
bacteria.

A mass balancewas conducted for the bacteria in the column exper-
iments using information on injected and recovered cells during Phases
I–V. The percentage of injected cells that was recovered during Phases I,
II, III, IV, and Vwas denoted asMI,MII,MIII,MIV, andMV, respectively. The
percentage of bacteriamass retained on the solid phase (Ms) was deter-
mined as the difference in themass of injected cells andmass of cells re-
covered in the effluent breakthrough curve (MBTC = MI + MII) during
Phases I and II. The percentage of injected cells that were irreversibly
retained (Mirr) was determined as 100-MBTC-MIII-MIV-MV.

3. Theoretical analysis

3.1. BTC simulations

The experimental BTCs for bacteria were simulated using the
HYDRUS-1D model (Simunek JvG and Sejna, 2005). The HYDRUS-1D
program numerically solves the Richards' equation for variably saturat-
ed water flow and Fickian-based advection-dispersion equations for
heat and solute transport. The governing continuum-scale flow and
transport equations are solved numerically using Galerkin-type linear
finite element schemes (Simunek JvG and Sejna, 2005). The following
aqueous and solid phase mass balance equations were considered in
this model.

∂C
∂t

¼ λv
∂2C
∂z2

−v
∂C
∂z

−rsw ð1Þ

rsw ¼ ρb

θ
∂ S1 þ S2ð Þ

∂t
¼ ksw1ψ1C þ ksw2ψ2C ð2Þ

where t (T; T denotes unit of time) is time, z (L; L denotes units of
length) is the direction ofmeanwater flow, C (NL−3; N denotes the bac-
teria number) is the aqueous phase bacteria concentration, λ (L) is the
dispersivity, v (LT−1) is the average pore water velocity, rsw
(NL−3 T−1) is the bacteria retention rate, ρb (ML−3; M denotes the
unit of mass) is the bulk density, θ is the water content, S1 and S2
(NM−1) are the solid phase concentrations of bacteria on site 1 and
site 2, respectively, and ksw1 and ksw2 (T−1) are the retention rate
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coefficients for site 1 and site 2, respectively. The parameters ψ1 and ψ2

are dimensionless Langmuirian blocking functions for sites 1 and 2, re-
spectively, that are given as (Adamczyk et al., 1994)

ψ1 ¼ 1−
S1

S max1

� �
and ψ2 ¼ 1−

S2
S max2

� �
ð3Þ

where Smax1 and Smax2 (NM−1) are the maximum solid phase concen-
trations of retained bacteria on site 1 and site 2, respectively. Justifica-
tion for neglecting bacteria release in the model will be provided later.
Bacteria death was negligible over the relatively short duration of
these transport experiments, and was therefore not considered in the
model.

As will be demonstrated, the number of retention sites that was
needed to accurately describe the bacteria BTCs was found to depend
on the solution IS. Two retention sites were needed to accurately de-
scribe the BTCs when IS b 50 mM, whereas only one site was needed
when the IS ≥ 50 mM. The Akaike Information Criterion (AIC) (Akaike,
1974) was also calculated for the BTC data when using the one site
and two site retention models. Retention parameters were obtained
by fitting to the bacteria BTCs using the nonlinear least squares optimi-
zation routine in HYDRUS 1D. Similarly, the value of λwas estimated to
be 0.1 cm by fitting HYDRUS-1D output to the BTC of a conservative
NaNO3 tracer in the sand packed column.

The fraction of the solid surface area that is available for retention
(Sf) was calculated from Smax = Smax1 + Smax2 as (Kim et al., 2009a;
Sasidharan et al., 2014):

Sf ¼
AcρbSmax

1−γð ÞAs
ð4Þ

where Ac (L2 N−1) is the cross sectional area of a cell, As (L−1) is the solid
surface area per unit volume, and γ is the porosity of a monolayer pack-
ing of cells on the solid surface that was taken from the literature to be
0.5 (Johnson and Elimelech, 1995).

The value of the sticking efficiency (α) was determined from ksw =
ksw1 + ksw2 and filtration theory as (Schijven and Hassanizadeh, 2000;
Yao et al., 1971):

α ¼ 2dcksw
3 1−nð Þvη ð5Þ

where n is the porosity (0.4) and dc (L) is the collector (median grain)
diameter. The value of the single collector-efficiency, η, was calculated
using the correlation equation presented by (Tufenkji and Elimelech,
2004a).

3.2. Interaction energy calculations

The total interaction energy between a bacteria and homogeneous
collector surface as a function of separation distance (h) was deter-
mined as:

ΦTotal hð Þ ¼ ΦvdW hð Þ þΦEDL hð Þ þΦBR hð Þ ð6Þ

whereΦTotal (ML2T−2) is the total interaction energy,ΦvdW (ML2T−2) is
the van derWaals interaction,ΦEDL (ML2T−2) is the electrostatic double
layer interaction, andΦBR (ML2T−2) is the interaction due to Born repul-
sion. The value ofΦvdWwas determined from the expression of Gregory
(Gregory, 1981). A combined Hamaker constant value of 4.04 × 10−21

for the bacteria-water-sand system was employed in this study. The
value of ΦEDL was calculated using the Hogg-Healy-Fuerstenau expres-
sion (Hogg et al., 1966) by employing the measured zeta potentials
values in place of surface potentials. The value of ΦBR was calculated
using an expression from Ruckenstein and Prieve (1976) by setting
the collision diameter at 0.21 nm to achieve a primary minimum
depth at 0.157 nm (Van Oss et al., 1988).
Natural solid surfaces like sand grains always contain a wide distri-
bution of physical or chemical surface heterogeneities (Bradford and
Torkzaban, 2015; Torkzaban and Bradford, 2016). Bacteria also fre-
quently contain physical (pili or fimbriae) or chemical (protein and
lipid membrane) heterogeneity (Huysman and Verstraete, 1993;
Walker et al., 2005). However, interaction energy models to account
for the full heterogeneity on both the bacteria and the solid-water inter-
face have not yet beenpublished. In this study, the bacteriumwas there-
fore considered as homogeneous. Previous researchers have taken this
same approach by considering a homogeneous bacterium interacting
with a homogeneous sand surface during the Derjaguin-Landau-
Verwey-Overbeek interaction energy calculation (Bai et al. 2017;
Bayoudh et al., 2009; Dong et al., 2002; Redman et al., 2004).

Bradford and Torkzaban (2015) presented an approach to determine
the interaction energy between a homogeneous colloid and a heteroge-
neous sand grain. This approachwas used as a first approximation of the
influence of nanoscale heterogeneities on the interaction energy for the
bacteria with the grain surface, and employed the same expressions for
ΦvdW ,ΦEDL,andΦBR as for the homogeneous collector. In contrast to the
homogeneous case, the zoneof electrostatic influence (Az) on the collec-
tor surface was now assumed to contain nanoscale roughness and
chemical heterogeneity as follows (Bendersky and Davis, 2011).

ϕ hð Þ ¼ 1− f rð Þϕs hþ hnr
� �þ f rϕs hð Þ ð7Þ

The dimensionless interaction energy associated with a smooth,
nanoscale chemically heterogeneous surface (ϕs) is given as
(Bendersky and Davis, 2011).

ϕs hð Þ ¼ 1− fþ
� �

ϕ− hð Þ þ fþϕþ hð Þ ð8Þ

where h (L) is the separation distance from the center of Az at a height hrn

to a leading face of the colloid center, fris the nanoscale roughness frac-
tion with a height equal to hr

n, and f+ is the fraction with a positive zeta
potential ζ+. The complementary fractions (1− fr) and (1− f+) corre-
spond to a smooth surface and a negative zeta potential ζ−, respectively.
All of the above interaction energies assumed a sphere-plate geometry.
A detailed description of the implementation of these equations is given
in the literature (Bradford and Torkzaban, 2015).

Specific heterogeneity parameter values used in these calculations
included: fr = 0.01; hrn=33 nm; f+ = 0.1; and ζ+ = 1 mV. Note that
the value of hrn was adapted from Han et al. (2016), whereas other het-
erogeneity parameterswere taken fromhypothetical ranges in the liter-
ature (Bradford and Torkzaban, 2015).

4. Results and discussion

4.1. Colloid characterization and interaction energy

Table 1 presents the measured zeta potential values of the bacteria
and sand grain for the various IS conditions. Zeta potentials of both bac-
teria and sand surface were negatively charged at the pH of the experi-
ments (5.5–5.8) and as expected, become less negative with increasing
IS (−40 to−12mV for sand and−48 to−8mV for bacteria). The bac-
teria cells had an average size of 1231± 142 nm in the various solution
chemistries, and this confirms the absence of cell aggregation under our
experimental conditions. This informationwas used in interaction ener-
gy calculations discussed below.

Table 1 presents calculated interaction energy parameters for a ho-
mogeneous bacteria and sand collector under various IS (10, 30, 50,
and 300mMNaCl) and collector heterogeneity conditions. In particular,
this table presents values of: (i) the depth of the primary minimum
(Φ1min); (ii) the depth of the secondary minimum (Φ2min); (iii) the en-
ergy barrier to attachment in the primary minimum (ΔΦa = Φmax /
Φ2min, where Φmax is the height of the energy barrier); and (iv) the en-
ergy barrier to detachment from the primary minimum (ΔФd =



Table 1
Measured values of zeta potential for Escherichia coli bacteria (ζ−E. coli) and sand (ζ−Sand) in various experimental solution chemistries. Calculated values of interaction energy parameters
(the energy barrier to attachment in the primaryminimum,ΔФa; the energy barrier to detachment from the primaryminimum,ΔФd; primaryminimumdepth,Ф1min; and secondarymin-
imum depth, Ф2min) between a bacterium and a homogeneous or heterogeneous collector surface, respectively.

IS
[mM]

ζ−Sand

[mV]
ζ−E. coli

[mV]
Interaction energy between homogeneous colloid and collector
surface

Interaction energy between homogeneous colloid and
heterogeneous collector surface§

Ф1min

[−]
ΔФa

[−]
ΔФd

[−]
Ф2min

[−]
Ф1min

[−]
ΔФa

[−]
ΔФd

[−]
Ф2min

[−]

10 −40 ± 4 −48 ± 2 1108 ± 0.2 1380 ± 0.3 271 ± 0.6 −0.51 ± 0.2 3.4 ± 0.4 8.7 ± 0.8 5.1 ± 0.2 −0.21 ± 0.01
30 −37 ± 5 −37 ± 4 627 ± 0.8 851 ± 0.5 221 ± 0.8 −1.8 ± 0.3 1.0 ± 0.4 5.3 ± 0.3 3.8 ± 0.8 −0.33 ± 0.03
50 −25 ± 3 −25 ± 2 −38 ± 0.9 267 ± 0.9 302 ± 0.9 −3.9 ± 0.7 −3.1 ± 0.1 1.4 ± 0.2 4.1 ± 0.2 −0.42 ± 0.02
300 −12 ± 2 −8 ± 3 −511 ± 0.6 0.1 ± 0 511 ± 0.6 −9.3 ± 0.6 −6.0 ± 0.3 0.1 ± 0 6.0 ± 0.3 −0.49 ± 0.05

§ The zone of influence (Az)was assumed to contain nanoscale roughness fraction (fr)=0.01,with a height (hr)=33nm, a positive zeta potential fraction (f+)=0.1with a positive zeta
potential ζ+ = 1 mV. Interaction energy parameters have been made dimensionless by dividing by the product of the Boltzmann constant and the absolute temperature.
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Фmax –Ф1min). Conditions are predicted to be highly unfavorable for bac-
teria to interact in the primary minimum on a homogeneous collector
when the IS ≤50 mM; e.g., ΔΦa ranges from 267 to 1380 kT. However,
the bacteria may still interact in a shallow Φ2min (N–4 kT) under these
conditions. Conversely, bacteria attachment in the primary minimum
is predicted to be favorable (absence of ΔΦa) at an IS = 300 mM on a
homogeneous collector. In this case, the value of ΔФd is very large
(511 kT) and bacteria interacting in the primary minimum (−511 kT)
should be irreversibly retained.

Natural sand grains always exhibit some degree of physical (rough-
ness) and chemical heterogeneity (e.g., metal oxides). For example,
scanning electronmicroscope images shown in Fig. S1 demonstrate sig-
nificant amounts of roughness on our sand grains. Similarly, Han et al.
(2016) reported that AFM analysis of a sand grain demonstrated the
presence of an average roughness of ~33 nm. Previous studies have
demonstrated that the nanoscale heterogeneity parameters (e.g., fr, hr.,
f+, and ζ+) at a particular location on the collector surface can have a
large influence on the magnitudes of Φ1min, Φ2min, ΔΦa, and ΔΦd

(Bradford and Torkzaban, 2013; Torkzaban and Bradford, 2016). Conse-
quently, interaction energy calculations in Table 1 that assume a homo-
geneous sand collector and bacteria are highly idealized, and are not
likely to be representative of realistic interaction energies.

Additional interaction energy calculationswere therefore conducted
to determine hypothetical values ofΦ1min,Φ2min, ΔΦa, and ΔΦd for ho-
mogeneous bacteria interacting with a physically and chemically het-
erogeneous sand surface for all the experimental IS conditions.
Selected physical and chemical heterogeneity parameters were taken
from the literature (Bradford and Torkzaban, 2012; Bradford and
Torkzaban, 2013; Han et al., 2016; Torkzaban and Bradford, 2016);
e.g., fr = 0.01, hrn=33 nm, f+ = 0.1, and ζ+ = 1 mV. Table 1 indicates
that nanoscale heterogeneity significantly reduced the magnitudes of
Φ1min, Φ2min, ΔΦa and ΔΦd in comparison with the homogeneous col-
lector surface. For example, the value of ΔΦa decreased with increasing
solution IS and was always b8.7 kT on the heterogeneous collector sur-
face. Interestingly, the value of ΔФd was also rather small (b5.1 kT), es-
pecially at intermediate IS (30 and 50 mM) conditions. TheMaxwellian
kinetic energymodel predicts a rapid increase in the probability of cells
to diffuse into or out of a primary minimum when ΔΦa and ΔΦd are
b10 kT (Bradford and Torkzaban, 2012; Simoni et al., 1998; Torkzaban
and Bradford, 2016; Wang et al., 2016). These relatively low values of
ΔΦa (0.1–8.7 kT) and ΔΦd (5.1–6.0 kT), therefore, indicate that revers-
ible primary minimum interactions are possible under all of the IS
conditions.

4.2. Retention of bacteria

Fig. 1 shows observed and fitted BTCs for the bacteria under the var-
ious IS (10, 30, 50, and 300 mM) and flow velocity (1, 5, and
50 m day−1) conditions. The normalized effluent concentrations C/C0
(where C0 is the influent bacteria concentration and C is the effluent
concentration) were plotted as a function of pore volumes. Table 2
presents experimental mass balance (MBTC, Ms, MIII, MIV, MV, and Mirr)
information and Table 3 presents fitted (ksw1, ksw2, Smax1/C0, and Smax2/
C0) or calculatedmodel parameters (α, η, and Sf), and the Pearson's cor-
relation coefficient (R2) for the goodness ofmodel fit. Values of AIC indi-
cated that the two-site retentionmodelwas justified for the IS=10 and
30mMdata, whereas the one site retentionmodelwas sufficient for the
IS=50 and 300mMdata. This observation likely reflects a non-uniform
distribution of bacteria retention sites when the IS = 10 and 30 mM,
and a more uniform distribution of sites under higher IS conditions
that aremore favorable for retention. However, ksw1 was orders of mag-
nitude higher than ksw2 when the IS = 10 and 30 mM. Simulation re-
sults always provided an acceptable description of the BTCs when IS
≤50mM(R2 N 0.91), and negligible cell release occurred during Phase II.

Fitted parameter values are not presented for the IS = 300 mM and
v = 1 and 5 m day−1 experiments because a unique determination of
retention parameters was not possible due to the very low effluent bac-
teria concentrations and the negligible rising limb of the BTC. Previous
researchers reported the complete retention of biocolloids such as bac-
teria in packed column scale studies at highly favorable solution chem-
istry (i.e., IS N100 mM) and constant flow rate conditions (Kim et al.,
2009a). However, an improved understanding of the velocity depen-
dency of bacteria deposition under such a highly favorable condition is
needed to predict biocolloid transport in wastewater treatment plants,
salt-water intrusion zones, and salt contaminated or brackish ground-
water systems.

Fig. 2a summarizes the BTCs results from Fig. 1 by presenting a plot
of the percentage of bacteria mass retained on the solid phase (Ms =
100-MBTC) as a function of velocity (1, 5 and 50 m day−1) and solution
IS (10, 30, 50, and 100 mM). As expected, bacteria retention and ksw1

(Tables 2 and 3, respectively) dramatically increased with increasing IS
at a givenflowvelocity due to a reduction inΔΦa (Table 1).When the ve-
locitywas increased from 1 to 5 and 50m day−1 the retention of bacteria
at a given IS was reduced. Furthermore, this velocity dependency of Ms

was a function of IS. In particular, velocity had a greater influence on bac-
teria retention at intermediate IS (30 and 50mM), then at lower (10mM)
or higher (300 mM) IS conditions. The primary objective of this research
is to better understand this velocity effect on bacteria retention.

Colloid filtration theory has been developed to predict the value of
ksw under different physicochemical conditions (Yao et al., 1971). This
theory considers that ksw is proportional to the product of η and α that
account for mass transfer and adhesion, respectively. The value of α is
assumed in colloid filtration theory to be constant for different velocities
at a given IS because the interaction energy does not change. Conse-
quently, changes in ksw with velocity at a given IS are predicted to
occur solely due to differences in mass transfer. Consistent with colloid
filtration theory predictions the value of ksw (Table 3) increasedwith in-
creasing fluid velocity at a given IS (Johnson and Tong, 2006). The ob-
served decrease in retention (Ms) with increasing velocity at a given IS
(Fig. 2a) is therefore predicted by colloid filtration theory to be con-
trolled by a decrease in the advection controlled residence time at a
higher velocity.



Fig. 1. Observed effluent concentrations (marker) and correspondingmodel fits (solid line) for representative effluent concentrations of E. coli bacteria for experiments conducted at IS of
(A) 10mM, (B) 30mM, (C) 50mMand (D) 300mM, atflowvelocity=1, 5 and 50mday−1, temperature=20 °C and pH=5.8. Table 3 provides the values of fitted parameters (ksw1, ksw2,
Smax1, and Smax2).
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Table 3 presents values of α that were determined from fitted values
of ksw and colloid filtration theory (Eq. (5)), and values of Sf that were
calculated from fitted values of Smax (Eq. (4)). In contrast to the colloid
filtration theory assumption, values of α and Sf decreased with increas-
ing velocity at a given IS. Indeed, values α and Sf tended to follow the
same trend asMs. in Fig. 2a. In particular, the velocity dependency of α
and Sf are greater at intermediate IS (30 and 50 mM), than at the
lower (10 mM) IS condition. Other researchers have similarly reported
that values of α and Sf decrease or were constant with increasing veloc-
ity at a given IS (Kim and Lee, 2014; Shen et al., 2010; Tong and Johnson,
2006; Torkzaban et al., 2010; Torkzaban et al., 2008; Walker et al.,
2004). However, the coupled role of velocity and IS on α and Sf have
not yet been systematically studied. An explanation for the observed ve-
locity dependency of α and Sf will be given later in this manuscript.

4.3. Release of bacteria

Fig. 3 shows plots of the bacteria concentration in the column efflu-
ent during Phase III when the velocity was systematically increased up
to 100 or 150m day−1 under constant IS (10, 30, 50 and 300 mM) con-
ditions. This figure also shows cell release during Phase IV, which
Table 2
Experimental conditions and mass balance information from the column experiments.
Here MBTC, Ms = 100-MBTC, MIII, MIV, MV, and Mirr = (100-MBTC-MIII-MIV-MV) denote the
percentage of the injection bacteria that was recovered in the breakthrough curve, on
the solid phase, with the increasing velocity release Phase III, following the flow interrup-
tion release Phase IV, after excavation of the sand during Phase V, and irreversibly retained
on the solid following completion of Phases I–V, respectively.

Velocity
[m day−1]

IS
[mM]

MBTC

[%]
Ms

[%]
MIII

[%]
MIV

[%]
MV

[%]
Mirr

[%]

1 10 70 30 2 1 23 4
5 85 15 0.03 3 11 1
50 91 9 0.03 0.002 8 1
1 30 32 68 1 5 52 10
5 72 28 1 5 19 3
50 89 11 0.03 0.02 9 2
1 50 6 94 2 2 74 16
5 38 62 2 4 46 10
50 69 31 1 1 26 3
1 300 0 100 0.4 2 77 21
5 5 95 2 2 75 16
50 12 88 1 4 72 11
included a 24-h flow interruption followed by continued flushing with
the same solution IS at 5 m day−1. Pulses of released bacteria were ob-
servedwith each increase in flow velocity during Phase III, and especial-
ly following the flow interruption during Phase IV. In addition to
velocity, the amount of cell release during Phases III and IV also
depended on the solution IS i.e. intermediate IS (30 and 50 mM) had a
greater influence than low (10 mM) and high (300 mM) ionic strength
(Table 2). Fig. S2 summarizesmass balance information fromPhase III of
the release experiments by plotting the fraction of retained cells that
was not released (fnr) as a function of flow velocity for the various IS
conditions. This figure indicates that fnr = (Ms – MIII) / Ms was N0.93
after completion of Phase III when the velocity was increased up to
100 or 150 m day−1. Greater amounts of cell release occurred during
Phase IV following the 24-h flow interruption. However, the value of
fnr = (Ms – MIII – MIV) / Ms still ranged from 0.78 to 0.97 (Table 2).

Table 2 shows bacteria mass balance information following excava-
tion of the sand in the columns in an excess solution having the same
IS as the transport experiments (MV). The vast majority of the retained
bacteria were recovered during this excavation process (Table 2);
i.e., the value of (MIII +MIV +MV) /Ms ranged from 0.79 to 0.94. How-
ever, a small fraction of the bacteriamasswas unaffected by the excava-
tion step and remained attached to the sand surface (Mirr). Fig. 2b shows
a plot of Mirr = 100 – MBTC – MIII – MIV – MV as a function of velocity
(Phase I) and constant IS conditions. The presence of these irreversibly
retained bacteria on the excavated sand grains is apparent in the scan-
ning electron microscope images shown in Fig. S1b. Interestingly, the
value ofMs in Fig. 2a and the value ofMirr in Fig. 2b follow similar trends
with velocity and IS. In particular, the value ofMirr increases with IS and
decreases with increasing velocity. Velocity has the greatest influence
on the value ofMirr at intermediate IS (30 and 50mM), and less of an in-
fluence at lower (10 mM) and higher (300 mM) IS conditions.

4.4. Role of residence time

The residence time of a bacterium at a particular location on the sand
surface is inversely related to the velocity. An increase in the bacteria res-
idence time at a particular location on the collector surface (e.g., a decrease
in velocity) increases the probability that random Brownian motion will
achieve a sufficient kinetic energy to overcome ΔФa and thereby increase
the adhesive strength. The observed increase in the irreversible bacteria
mass with decreasing velocity and increasing IS (Fig. 2b) is consistent

Image of Fig. 1


Table 3
Experimental conditions and fitted model parameters for column experiments shown in Figs. 1–4.

Velocity
[m day−1]

IS
[mM]

ksw1

[min−1]
ksw2

[min−1]
α η Smax1/C0

[cm3 g−1]
Smax2/C0
[cm3 g−1]

Sf
[%]

R2

[%]

1 10 1.1 × 10−2 4.9 × 10−4 0.097 0.048 0.45 0.52 9.0 98.9
5 1.3 × 10−2 1.1 × 10−2 0.089 0.015 0.02 0.24 2.7 97.5
50 2.4 × 10−2 7.2 × 10−4 0.035 0.004 6.2 × 10−6 0.04 0.9 96.1
1 30 1.6 × 10−2 6.8 × 10−3 0.156 0.048 0.49 2.7 24.3 99.4
5 1.7 × 10−2 9.7 × 10−3 0.101 0.015 0.25 0.46 7.3 96.1
50 3.4 × 10−2 1.5 × 10−2 0.070 0.004 0.03 0.07 1.8 96.0
1 50 2.9 × 10−2 NAa 0.196 0.048 3.9 NAa 39.4 98.4
5 4.9 × 10−2 NAa 0.187 0.015 2.5 NAa 25.5 94.5
50 8.4 × 10−2 NAa 0.123 0.004 0.82 NAa 8.6 91.4
1 300 NDb NDb NDb 0.048 NDb NDb NDb NDb

5 NDb NDb NDb 0.015 NDb NDb NDb NDb

50 3.7 × 10−1 NAa 0.543 0.004 2.6 NAa 26.4 88.2

a NA= Not applicable.
b ND = Not determined.
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with an increasing adhesive strength because the probability to diffuse
over ΔΦa increases with the residence time and ΔΦa is smaller at higher
IS (ΔΦa = 0.1 kT for 300 mM), respectively. The increased sensitivity of
the amount of irreversibly retained bacteria to velocity at intermediate IS
(30 and 50mM) in Fig. 2b is also consistentwith the residence time expla-
nation because the value of ΔΦd is smaller (ΔΦd = 3.8 and 4.1 kT for 30
and 50 mM, respectively) under these conditions and this produces a
greater probability of cell release via diffusion or hydrodynamic removal.
In addition, theminor amounts of cell release following a 24-h flow inter-
ruption (MIV ≤ 5%) suggest the presence of a relative strong primary min-
imum interaction that does not readily allow diffusive cell release.

Other researchers have similarly reported that the adhesive interac-
tion increases with the residence time (Mondon et al., 2003; Stuart and
Hlady, 1995; Vadillo-Rodriguez et al., 2004; Xu and Logan, 2006). For
example, Xu and Logan (2006) reported that the adhesive strength be-
tween a latex colloid and glass surface consistently increased with IS
(1–100 mM) and residence time (1–100 s). Their results also demon-
strated that the presence of various functional groups and protein
(nanoscale chemical heterogeneity) on both collector and colloid
Fig. 2. Plots of the percentage of bacteria mass retained on the solid phase (Ms) (Fig. 2a)
and the percentage of injected cells that were irreversibly retained (Mirr) (Fig. 2b) as a
function of velocity (Phase I) and solution IS.
surface produced a very strong adhesive force via chemical and/or elec-
trostatic bonding at residence time b1 s (Xu and Logan, 2006). Similarly,
Vadillo-Rodriguez et al. (2004) reported that the adhesive force be-
tween a hydrophilic, negatively charged AFM tip and Streptococcus ther-
mophiles bacteria cell surface was strengthened with residence time
(100 s) and observed multiple adhesion events before reaching the
maximum adhesion strength. These observations were attributed to
the reversible attachment of bacteria in the secondary energyminimum
and the subsequent anchoring of their extracellular polymeric sub-
stances to the solid surface that helps to surpass the energy barrier
(Vadillo-Rodriguez et al., 2004). Note that these studies did not relate
their findings to transport velocity and to random Brownian motion.
Thus, the findings from this study reveals that the transport velocity is
inversely related to the residence time, and an increase in the bacteria
residence time at a particular location on the collector surface will in-
crease the probability that random Brownianmotion will achieve a suf-
ficient kinetic energy to overcome the energy barrier to the primary
minimum and thereby increase the adhesive strength. This implies
that greater bacteria retention and less release many occur at lower
water velocities with larger residence times and adhesive strength.

4.5. Role of torque balance

Bacteria retention and release at a particular location depends on
force and torque balances at a particular location. The applied hydrody-
namic (TH) and resisting adhesive (TA) torques are functions of the
water velocity and the adhesive strength, respectively, as well as their
lever arms (Bradford et al., 2011b; Li et al., 2005; Torkzaban et al.,
2007). The lever arm is defined as the perpendicular distance from the
axis of rotation to the line of action of the force (Torkzaban et al.,
2007). Bacteria immobilization occurs when TA ≥ TH, whereas hydrody-
namic removal occurs when TA b TH. The negligible amount of bacteria
release (MIII b 2%) with increasing water velocity during Phase III (Fig.
S2) indicates that TA ≥ TH, even when the velocity was up to 100 or
150 m day−1. This can only occur if the adhesive force is very strong
or if the lever arms for TA and TH are large and small, respectively. Al-
though Fig. 2b indicates that the adhesive strength increased with the
residence time (lower velocity) (e.g.,Mirr increases with decreasing ve-
locity), Table 1 shows thatΦ1min (≤–6 kT) andΦ2min (≤–0.49 kT) are ex-
pected to be shallow on heterogeneous collector surfaces. Conversely,
the lever arms on natural sand surfaces that exhibit significant amounts
of roughness (Fig. S1) are controlled by the grain surface topography in
column systems. In particular, lever arms associated with TA and TH are
large and small, respectively, at microscopic roughness locations and
grain-grain contacts. Consequently, enhanced bacteria and colloid re-
tention has been experimentally observed and theoretically predicted
at these locations, especially at lower IS and higher velocity conditions
(Bradford et al., 2006; Bradford et al., 2013). Note that the TH is equal

Image of Fig. 2


Fig. 3.Observed effluent concentrations of E. coli bacteria during Phase III (successive increase inflowvelocity) and Phase IV (24 h flow interruption and resumed theflowat 5mday−1) at
the indicated solution IS when the pore-water velocity of Phase I and II was (A) 1 m day−1 (B) 5 m day−1, and (C) 50 m day−1. Associated BTCs from Phases I and II are given in Fig. 1.
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to zero when the roughness height is greater than the colloid radius
(Bradford et al., 2013). Consequently, bacteria release is predicted to
be independent of thewater velocity at these locations and this explains
the negligible release of retained bacteria in Phase III and IV. The domi-
nant role of roughness on the torque balance is also consistent with the
fact that N79% of the retained cells were recovered following excavation
into excess solution at the same IS that was continuously mixed such
that the lever arms were not constant (Table 2).

4.6. Velocity and IS dependence of α and Sf

The above information provides an explanation for the observed ve-
locity dependency of α and Sf (Table 3). In particular, increases in veloc-
ity produces a decrease in α and Sf by increasing the applied
hydrodynamic torque on relatively smooth portions of the collector sur-
face and by decreasing the residence time that cells can diffuse into a
primaryminimum. This velocity dependency also is a function of the so-
lution IS because of its influence onΔФa andΔФd (Table 1) for heteroge-
neous collector surfaces. Values ofα (0.035) and Sf (0.9%)were lowest at
IS = 10mMbecauseΔФa (8.7 kT) and ΔФd (5.1 kT) were highest under
these conditions and this indicates a low probability for cells to diffuse
into or out of the primary minimum. Values of α and Sf increase with
IS becauseΔФa decreases and this increases the probability formore pri-
mary minimum interactions, especially at low velocities with a greater
residence time. The primary minimum interactions are more suscepti-
ble to removal via diffusive and hydrodynamic forces at intermediate
IS conditions because of their low value of ΔФd (3.8 and 4.1 kT). Conse-
quently, the velocity dependency of α and Sf was greater under these
conditions. The values of α (≤0.196) and Sf (≤39.4%) were always
much less than unity, even when the IS = 300 mM, because nanoscale
roughness produces shallow primary minimum interactions that were
susceptible to diffusive and hydrodynamic removal unless the lever
arms were controlled by microscopic roughness locations.

5. Conclusions

Bacteria transport and retention studies are typically interpreted in
terms of colloid filtration theory, which assumes that immobilization

Image of Fig. 3
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parameters are independent of v. A number of publications have previ-
ously indicated that this assumption can be violated, but have not yet
considered all relevant factors that contribute to the velocity dependen-
cy of retention and release parameters. This study was therefore de-
signed to investigate the causes and complexities associated with the
velocity dependency of E. coli retention and release parameters under
different IS conditions.

Themain observations and conclusions from this study are that α, Sf,
andMirr increased with increasing IS and decreasing v, and the velocity
dependency was greatest at intermediate IS. The increase in α, Sf, and
Mirr with increasing IS occurs due to a reduction or elimination of the
energy barrier and stronger primary minimum interactions. The in-
crease in α, Sf, andMirr with a decrease in vwas explained by lower hy-
drodynamic forces that satisfy the torque balance on more regions of
the grain surface. In addition, a decrease in v also increases the residence
time for the cells and thereby increases the probability that cells can dif-
fuse over the energy barrier into a deeper minimum in the interaction
energy. Consequently, an increase in the residence time produced stron-
ger adhesive interactions, and larger values of Mirr. The velocity depen-
dency of retention parameters was greatest at intermediate IS
conditions because there was a greater probability to diffuse over their
small energy barriers with increasing residence time (lower velocities).
Findings from this study therefore provide an explanation for the ob-
served velocity dependency of α and Sf that is not allowed in colloid fil-
tration theory.

Large variations in v from 1 to 150 m day−1 had a negligible influ-
ence on cell release, whereas the vast majority (N79%) of retained
cells could be recovered after excavation of the sand. The negligible
amount of bacteria release with increasing v indicates that TA ≥ TH.
This was attributed to the controlling influence of lever arms in deter-
mining TA and TH at microscopic roughness locations and grain-grain
contacts points because theminima in the interaction energywas calcu-
lated to be shallow on rough grain surfaces. In addition, continuously
changing lever arms in excavated sand can also explain the recovery
of the vast majority of retained cells. This research demonstrates that
the velocity and the resultant residence time have a significant role in
determining the retention parameters but had a negligible effect on
cell release. This finding will help to determine parameters such as in-
jection and recovery pumping velocity for the efficient running of natu-
ral and engineered water recycling applications such as Managed
Aquifer Recharge.
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