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a b s t r a c t

This paper examines the critical role of surface roughness (both nano- and micro-scale) on the processes
of colloid retention and release in porous media under steady-state and transient chemical conditions.
Nanoscale surface roughness (NSR) in the order of a few nanometers, which is common on natural solid
surfaces, was incorporated into extended-DLVO calculations to quantify the magnitudes of interaction
energy parameters (e.g. the energy barrier to attachment, DFa , and detachment, DFd , from a primary
minimum). This information was subsequently used to explain the behavior of colloid retention and
release in column and batch experiments under different ionic strength (IS) and pH conditions. Results
demonstrated that the density and height of NSR significantly influenced the interaction energy pa-
rameters and consequently the extent and kinetics of colloid retention and release. In particular, values of
DFa and DFd significantly decreased in the presence of NSR. Therefore, consistent with findings of
column experiments, colloid retention in the primary minimum was predicted to occur at some specific
locations on the sand surface, even at low IS conditions. However, NSR yielded a much weaker primary
minimum interaction compared with that of smooth surfaces. Colloid release from primary minima upon
decreasing IS and increasing pH was attributed to the impact of NSR on the values of DFd . Pronounced
differences in the amount of colloid retention in batch and column experiments indicated that primary
minimum interactions were weak even at high IS conditions. Negligible colloid retention in batch ex-
periments was attributed to hydrodynamic torques overcoming adhesive torques, whereas significant
colloid retention in column experiments was attributed to nano- and micro-scale roughness which
would dramatically alter the lever arms associated with hydrodynamic and adhesive torques.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The processes of colloid (e.g., microbes, clays, and engineered
nanoparticles) retention and release in porous media are of great
importance in many environmental and industrial applications. For
example, release and transport of in-situ clay particles during
manage aquifer recharge and enhanced oil recovery may adversely
affect the permeability of the near-well formation (Khilar and
Fogler, 1998; Torkzaban et al., 2015). Surface water and waste-
water treatment processes such as riverbank filtration, infiltration
ponds and galleries, and sand filtration rely on the rate of retention
and release of bio-colloids (viruses, bacteria, and protozoan para-
sites) during passage through porous media (Foppen and Schijven,
zaban).
2006; Tufenkji et al., 2004; Knappett et al., 2008; Bradford et al.,
2014). Therefore, a comprehensive understanding of factors that
influence colloid retention to and release from solid surfaces is
needed for the efficient design and successful operation of a wide
variety of environmental and engineering processes.

Interaction energies between colloids and solid surfaces are
commonly described as the sum of electrostatic double layer (EDL)
and van der Waals (vdW) interactions using DLVO theory
(Derjaguin and Landau, 1941; Verwey and Overbeek, 1948). Con-
ditions are expected to be unfavorable for retention when the
colloid and collector surfaces are like-charged and there exists a
considerable repulsive energy barrier against the primary mini-
mum interaction. However, onemay create favorable conditions for
retention in a primary or secondary energy minimum by altering
the solution chemistry (e.g. lowering the pH or increasing the ionic
strength) (Kuznar and Elimelech, 2007; Emelko, 2003; Jaisi and
Elimelech, 2009; Liu et al., 2009). Classical DLVO theory predicts a
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primary minimum of infinite depth, implying that the colloid
would be in physical contact with the collector surface and there-
fore the likelihood of detachment by alteration of chemical condi-
tions will be zero. However, the depth of the primary minimum is
finite when DLVO theory is extended, commonly referred to as
extended-DLVO, to include short-range repulsive interactions such
as Born, Lewis acidebase, hydration, and steric interactions
(Bergendahl and Grasso, 1999).

Numerous studies have pointed out the inadequacy of classical-
and extended-DLVO calculations in explaining colloid retention and
release in porous media (Bradford and Torkzaban, 2012; Tong et al.,
2008; Tufenkji and Elimelech, 2005). For example, DLVO calcula-
tions predict the absence of a repulsive energy barrier and there-
fore primary minimum interaction when the solution ionic
strength (IS) is high (e.g., >100 mM at a neutral pH). Under these
conditions, the entire collector surface is expected to contribute (be
available) to colloid retention. However, experimental evidence
suggests that only a small fraction of the surface of porous media
contributes to colloid retention under these “so-called” favorable
conditions (Argent et al., 2015; Sasidharan et al., 2014; Magal et al.,
2011; Treumann et al., 2014). Furthermore, mean-field DLVO the-
ory, based on homogeneous surfaces of the colloid and collector,
predicts when the IS is lowered to a few mM, the secondary min-
imum is completely eliminated and, as such, all of the colloids
initially retained in the secondary minimum should be released.
However, several studies have shown that only a fraction of the
retained colloids was released when the secondary minimum was
completely eliminated (Shen et al., 2012; Torkzaban et al., 2008,
2010). These findings suggest that a considerable fraction of col-
loids should have been retained in the primary minimum, even
though the DLVO calculations predicted a high energy barrier
against primary minimum attachment at the initial chemical
conditions.

Extended-DLVO theory typically predicts the existence of a
significant energy barrier against detachment from a primary
minimum (e.g., >10 kT, where k is the Boltzmann constant and T is
the absolute temperature), when the IS decreases to zero or the pH
increases to alkaline conditions (Ryan and Elimelech, 1996).
Brownian forces are therefore expected to produce negligible
detachment due to the considerable energy barrier against
detachment (Shen et al., 2012; Bradford and Torkzaban, 2013). In
contrast, a substantial increase in the rate and extent of colloid
release from the primary minimum has been experimentally
observed when the IS and pH of the eluting solution was decreased
and increased, respectively (e.g. Ryan and Gschwend, 1994;
Bradford et al., 2015a, b). To explain this apparent contradiction,
Ryan and Gschwend (1994) had to increase the Born collision
parameter from 0.5 to 2 nm in their extended-DLVO calculations so
that the energy profiles for retained colloids were repulsive. In
another study, Bergendahl and Grasso (1999) studied the release of
latex colloids from primaryminima by increasing the solution pH in
packed-bed columns. A portion of the retained colloids was found
to release with each stepwise increase in pH. In contrast, extended-
DLVO theory predicted complete colloid detachment when the pH
increased above a threshold value.

ConventionalDLVOcalculations consider that interacting surfaces
are perfectly smooth. However, natural solid surfaces (e.g., sand
grains) always contain some degree of surface roughness (Darbha
et al., 2012; Morales et al., 2009). For example, atomic force micro-
scopy (AFM) analysis of glass bead and sand surfaces showed awide
range of roughness varying from a few nanometers up to several
hundredsofmicrometers (ShellenbergerandLogan,2002; Shenetal.,
2011; Konopinski et al., 2012). The impact of nanoscale surface
roughness (NSR) on interaction energy profiles has been investigated
in several studies (SureshandWalz,1996;BenderskyandDavis, 2011;
Hoek and Agarwal, 2006; Bhattacharjee et al., 1998; Huang et al.,
2010; Shen et al., 2011). NSR has been shown to reduce the magni-
tude of the secondary minimum and may locally reduce and/or
eliminate the energy barrier to the primary minimum under
macroscopically unfavorable conditions (Huang et al., 2010; Shen
et al., 2011). In addition, extended-DLVO calculations have indicated
that the depth of the primary minimumwas considerably shallower
on rough than on smooth surfaces (Bradford and Torkzaban, 2013;
Shen et al., 2012). NSR may therefore provide a plausible explana-
tion for observed hydrodynamic removal of colloids in batch systems
under favorable conditions (Treumann et al., 2014), but no studies
have yet been conducted to rigorously test this hypothesis. The sit-
uation is more complex in column studies because nano- andmicro-
scale roughnessmayalso dramatically alter the lever arms associated
with the applied hydrodynamic and resisting adhesive torques
(Bradford et al., 2013). Indeed, enhanced colloid retention has been
observed to occur at locations associated with microscale roughness
and grainegrain contacts under unfavorable attachment conditions
(Darbha et al., 2012; Torkzaban et al., 2008). This behavior has
commonly been attributed to secondary minimum retention
(Torkzaban et al., 2008), even though incomplete recovery of colloids
in the presence of deionized water suggests that primary minimum
retentionplayed an important role. To date, no systematic theoretical
andexperimental studies havebeenconducted to investigate the role
of NSR on colloid retention to and release from a primary energy
minimum in column and batch systems.

The overall objective of this study was to reveal the critical role of
surface roughness (both nano- and micro-scale) on the processes of
colloid retention and release inporousmedia under steady-state and
transient chemical conditions. This aim was achieved by first theo-
retically investigating the effects of NSR on interaction energy pa-
rameters, namely, secondary and primary minima, and the energy
barrier to attachment and detachment from a primary minimum.
We then present results of a series of batch and column experiments
that were conducted by employing ultrapure quartz sand and two
colloid sizes (0.5 and 2 mm) at various solution IS and pH conditions.
Batch experiments were conducted to minimize the effect of surface
roughness (especially microscale asperities) on effective lever arms
and corresponding hydrodynamic and adhesive torques and to
experimentally demonstrate the influence of NSR on the interaction
energies and colloid retention process. We employed ultrapure
quartz sand and carboxylate-modified latex particles as models for
porous media and colloids, respectively, in order to minimize the
effect of chemical heterogeneities on our results.

2. Materials and methods

2.1. Colloids, sand, and electrolyte solutions

Two different sizes (0.5 and 2 mm) of carboxylate-modified latex
(CML) particles (Invitrogen, Inc.) were used as model colloids in
batch and column experiments. Ultrapure quartz sand (Unimin
Corp. NC) was employed as the porous medium in the experiments.
Further details on the colloids, analysis, concentrations, and sand
properties are given in the Supporting materials (SM) Section S1.
Electrolyte solutions were prepared using Milli-Q water (pH ¼ 5.8)
and NaCl with the IS ranging from 0 to 800mM.When required, the
pH of the solutionwas increased to 10 by addition of NaOH (1 mM).

2.2. Colloid size and zeta potentials measurements

The hydrodynamic diameter of the colloids in various electro-
lyte solutions was assessed using a Zetasizer (Malvern Instruments,
USA). Themanufacturer reported that the CML colloids are stable in
concentrations of electrolyte up to 1 M univalent salt. We also
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confirmed that the colloid suspension was stable over the time
span of batch and column experiments and did not observe any
aggregation, even at the highest tested IS of 0.8 M. The zeta po-
tential of the colloids and crushed quartz sand in various experi-
mental solutions was determined from measured electrophoretic
mobilities using the Zetasizer and the Smoluchowski equation. The
measurements were repeated five times for each colloid suspen-
sion. A summary of the zeta potential measurements is presented
in Table S1.

2.3. Interaction energy on homogeneous surfaces

Extended-DLVO theory was used to calculate the total inter-
action energy (F) of colloids upon close approach to a perfectly
smooth and chemically homogeneous sand surface in various
experimental solutions. In these calculations, retarded London-
van der Waals (vdW) attractive interaction was determined
from the expression of Gregory (Gregory, 1981) utilizing a value of
1.0 � 10�20 J for the Hamaker constant to represent the
latexewaterequartz system (Elimelech and O'Melia, 1990). Elec-
trostatic double layer (EDL) interaction was quantified using the
expression of Hogg et al. (1966), with zeta potentials in place of
surface potentials. Short-range repulsive interactions dominate F
at very short separation distances. Ruckenstein and Prieve (1976)
used the repulsive term of the interatomic Lennard-Jones m-n
potential to derive an expression for the Born repulsion that was
used in this study. The collision diameter was set equal to 0.26 nm
to achieve a primary minimum depth at 0.157 nm, a commonly
accepted distance of closest approach (van Oss, 1994). Other
short-range repulsive interactions (e.g., steric, hydrophobic, sol-
vation, hydrogen bonding, and Lewis acidebase forces) were not
considered in our analysis because their origins and relevant pa-
rameters are still poorly understood. For completeness, the
equations used in the extended-DLVO calculations are given in the
SM Section S2.

2.4. Interaction energy on nanoscale rough surfaces

Natural solid surfaces (e.g., glass beads and sand grains) always
exhibit wide distributions of roughness height, shape, and size
(Shellenberger and Logan, 2002; Shen et al., 2011; Konopinski
et al., 2012). For example, Shen et al. (2011) using AFM analysis
showed that the average and maximum roughness for sand was
293 and 2418 nm, respectively. These values were 80 and 627 nm,
respectively, even for smooth glass bead surfaces (Shellenberger
and Logan, 2002). Experimental determination of these rough-
ness parameters on the natural surfaces (e.g., via AFM) is a
daunting task, and generation of spatial maps of explicit rough-
ness properties is not practical, so simplified random represen-
tations are typically considered. Similar to Bendersky and Davis
(2011), NSR is represented in this work as nanoscale pillars with
given height (hr) and density that are randomly distributed on
over the collector (sand) surface. It is further assumed that the
cross sectional area of each pillar is much smaller than the size of
the zone of electrostatic influence (Az) and that the nanoscale
roughness is directly below the colloid (Bendersky and Davis,
2011). In this case, the mean value of the total interaction en-
ergy can be determined by a linear combination of the interaction
energy associated with the asperity tops and the underlying
smooth surface as (Bendersky and Davis, 2011; Bradford and
Torkzaban, 2013):

FðhÞ ¼ ð1� f ÞFðhþ hrÞ þ fFðhÞ [1]

where h is the distance of closest approach between the colloid and
the asperity top, and f is the roughness density in Az having a fixed
roughness height of hr. In an attempt to represent wide distribu-
tions of roughness height and density on sand surfaces, we
assumed that values of hr and f range from 0 to 50 nm and 0.5e10%,
respectively. Note that Eq. [1] is consistent with results from surface
integration techniques reported in the literature (Huang et al.,
2010; Shen et al., 2012). Specifically, Huang et al. (2010) demon-
strated through surface element integration technique that Eq. [1]
can be used to assess the influence of NSR on F over a wide
range of roughness morphologies, provided the colloid radius is
considerably larger than the roughness size. This condition is
obviously satisfied in our study in which the ratio of colloid radius
to roughness height was always greater than 5. The applicability of
this simple equation to examine the influence of NSR, when the
Born repulsion was included in the interaction energy calculations,
was recently confirmed by comparison of results from grid surface
integration simulations (Bradford and Torkzaban, 2013).

2.5. Batch experiments

A series of batch experiments was conducted by placing 31 g of
sand and 31 mL of a colloid suspension into 42 mL glass tubes. To
provide complete mixing, the tubes were rotated on a 90� angle
with a tube rotator at a speed of 10 rpm. Various solution IS were
considered in the experiments, as indicated in Table S1. The tubes
were agitated for another 2 h during which the aqueous colloid
concentration was measured at several intervals. This cycle was
continued until little decrease (<5%) in the colloid concentration
was observed over the course of 2 h. Following the completion of
the batch experiments, scanning electron microscopy (SEM) was
performed on several sand grains to visualize the distribution of
attached colloids on sand surfaces. Details of the batch experiments
and SEM imaging are given in the SM Sections S3 and S4,
respectively.

The decrease in the aqueous colloid concentration with time
was attributed to net irreversible attachment to the sand surfaces,
as was demonstrated in our previous study (Treumann et al., 2014).
The difference in the final and initial colloid concentration in each
cycle of the batch experiment was summed and used to calculate
the maximum colloid concentration on the sand surface (Smax) at
any given IS. The maximum fraction of the sand surface that
contributed to colloid retention (Sf) at any given IS was determined
using the following equation (Bradford et al., 2012):

Sf ¼
AcrbSmax

ð1� gÞAs
[2]

where Ac [L2 Nc
�1] is the cross section area per colloid, As [L�1] is the

solid surface (sand) area per unit volume, rb[ML�3] is the sand bulk
density, and g [-] is the porosity of a monolayer packing of colloids
on the solid surface. The value of g was set equal to 0.5 based on
information presented by Johnson and Elimelech (1995). Eq. [2]is
valid for monolayer coverage of colloids on the collector surface.
This assumption was confirmed by visual inspection of the SEM
images, presented in the SM (Fig. S1).

2.6. Torque balance analysis of batch experiments

A torque balance analysis was conducted to examine the
mechanism of colloid attachment to sand surfaces in the batch
experiments. Relevant adhesive and hydrodynamic forces, lever
arms, and torques which act on a colloid adjacent to the sand
surface were calculated. Colloid retention on a solid surface is
controlled by the balance of applied hydrodynamic (TA) and
resisting adhesive torques (TH), when the strength of the
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interaction energy (primary or secondaryminimum) is greater than
the colloid thermal energy (e.g., a few kT) (Bradford et al., 2013). In
this case, attachment occurs when TA � TH. Full details of the torque
balance calculations are given in the SM Section S5.

2.7. Column experiments

Column experiments were performed using acrylic columns
with a length of 11 cm and a radius of 1 cm. The columns were wet
packed with the ultrapure quartz sand. The porosity was calculated
gravimetrically to be about 0.4, and the volume associated with one
pore volume (PV) was 13.8 cm3. A syringe pump was used to pump
the solutions into the column at a constant average pore water
velocity (v) of 5m/d. The flow directionwas vertically upward. Note
that the potential effect of gravity force on the kinetics of colloid
retention and release was not considered in the present study. This
effect has been shown to be important for colloid transport, espe-
cially for larger and denser particles (Chrysikopoulos and
Syngouna, 2014). A fraction collector was used to continuously
collect the effluent samples. Colloid retention was assessed by in-
jection of a pulse of colloid suspension (at various IS and pH ¼ 5.8)
into the column for several PVs (phase 1), followed by a colloid-free
solution of the same chemistry for several additional PVs (phase 2).
Colloid release and the reversibility of colloid retention was
investigated with a step reduction of solution IS to that of DI water
at pH 5.8 (phase 3), followed by injection of several PVs of DI water
at pH 10 (phase 4). Following the completion of column experi-
ments, the sand was excavated from the column and placed in a
container containing excess amounts of DI water at pH adjusted to
10. The container was slowly shaken for several minutes to inves-
tigate the release of any remaining retained colloids. The colloid
concentration in the excess water was measured and the volume of
water and mass of dry sand was determined.

Colloid transport experiments were conducted in duplicate at
each solution IS. The colloid mass recovery (%) was calculated as the
ratio of the mass of released colloids during each release phase to
the mass of retained colloids during phase 1 and 2. Table S2 pro-
vides a summary of parameters and mass balance information of
the column experiments.

3. Results and discussion

3.1. Interaction energy on smooth surfaces

Table S1 lists the values of zeta potentials of the CML colloids
and quartz sands over a wide range of solution chemistries. We
observe that the colloids and sand surfaces become less negatively
charged with increasing IS. In addition, an increase in pH from 5.8
to 10 caused the surfaces of colloids and quartz to become more
negatively changed, indicating further deprotonation of the sur-
faces. We used these measured zeta potentials to calculate inter-
action energy parameters, namely, the depth of secondary energy
minimum (F20min), the energy barrier height (Fmax), the depth of
primary energy minimum (F10min), the energy barrier to attach-
ment in the primary minimum ( DFa ¼ Fmax � F20min), and the
energy barrier to detachment from the primary minimum
(DFd ¼ Fmax � F10min) for the colloid-quartz systems. Values of
these parameters at the different solution chemistries are listed in
Table S1. As expected, the extended-DLVO calculations, by treating
the sand surface as being perfectly smooth, revealed very small
values of F20min when IS < 30 mM. Hence, we expect negligible
colloid retention in the secondary minimum when IS < 30 mM. In
contrast, we note that the magnitude of F20min increased with IS
and colloid size; for example 2.9 kT for the 0.5 mm colloid and 10 kT
for the 2 mm colloid at 30 mM. Thus, we speculate that colloid
retention on the sand surface would occur via the secondary
minimum when the IS � 30 mM, provided that TA � TH (Bradford
et al., 2013). However, a complete and rapid release of the col-
loids should occur upon lowering the IS to ca. 10 mM, since the
value of F20min becomes negligible when the IS approaches to zero
(see Table S1).

In Table S1, we observe very high values of DFa for both colloids
when IS � 50 mM (>106 kT for 2 mm colloid and >22 kT for 0.5 mm
colloid). Therefore, it is unlikely to have colloid attachment in the
primary minimum under these conditions, that is, smooth surfaces
and IS � 50 mM. Conversely, the value of DFa became zero and a
very high value of F10min (i.e. a very deep primary energy mini-
mum)was calculated for the colloids when IS� 100mM. Therefore,
the colloids are expected to strongly attach onto the sand surface, if
it was indeed perfectly smooth, in a primary energy minimum
when IS � 100 mM. Thus, the entire sand surface should be avail-
able for colloid retention (i.e. Sf ¼ 1). Furthermore, when colloids
are attached into the primary minimum at these conditions, their
release (detachment) is very unlikely even if the IS is lowered to
0.1 mM. This is because the values of DFd remained very high
(>3000 kT for 2 mm and >700 kT for 0.5 mm at IS of 0.1 mM).
Similarly, negligible release for colloids initially attached in the
primary minimum at IS > 100 mM is expected upon increasing the
pH to 10. This result is indeed expected, since DLVO calculations
indicate that the vdW attraction dominates the repulsive in-
teractions as separation distances associated with the primary
minimum.

3.2. Interaction energy on nanoscale rough surfaces

3.2.1. Influence of NSR on secondary energy minimum
Fig. 1 presents magnitudes of F20min as a function of hr and f for

the 2 and 0.5 mm colloids when the IS was 30 and 50 mM NaCl. We
note that an increase in hr significantly decreased the magnitude of
F20min at a given value of f and IS. For example, the value of F20min
for the 2 mm colloid at IS of 50 mM decreased from 22 kT for a
perfectly smooth collector surface to less than 5 kT when
hr � 20 nm (Fig. 1c). This decrease of F20min is attributed to the
reduced contribution of the vdW attraction in the presence of
roughness. Thus, we expect that secondary minimum retention of
colloids on rough surfaces is more vulnerable to detachment by
Brownian and hydrodynamic forces than that of smooth surfaces.
Hence, NSR is predicted to considerably reduce the amount of
colloid retention on solid surfaces via a secondary energy mini-
mum. This finding is in agreement with previous theoretical and
experimental studies that have demonstrated that NSR greatly re-
duces the magnitude of F20min (Huang et al., 2010; Bhattacharjee
et al., 1998). In comparison to hr, we found that nanoscale rough-
ness density (the value of f) had little effect on the value of F20min
over the examined parameter ranges (see Fig. 1).

3.2.2. Influence of NSR on the energy barrier to attachment in the
primary minimum

Fig. 2 shows that NSR significantly reduced the magnitudes of
DFa in comparison to a smooth surface (hr ¼ 0) when IS ¼ 10 and
50 mM. For example, the value of DFa for the 2 mm colloid at IS of
10 mM decreased from 680 kT on a smooth surface to less than
10 kT when hr > 15 nm and f<3%. The reduction in DFa was even
more pronounced for the 0.5 mmcolloid. The influence of hr and f on
DFa was greater when the IS was increased from 10 mM to 50 mM
(see Fig. 2c and d). When the IS ¼ 50 mM, the value of DFa
completely disappeared at some locations associated with certain
combinations of f and hr. Fig. 2c and d shows that the value of DFa
increased with further increase of hr at a given value of f. This is due
to different relationships for EDL and vdW interactions with



Fig. 1. Calculated values of the secondary minimum depth (F20min) as a function of roughness height (hr) for various roughness densities, f, (1, 3, 5, and 10%) at IS ¼ 30 mM in (a & b)
and 50 mM in (c & d). The colloid size was 2 mm in (a & c) and 0.5 mm in (b & d). The zeta potential values used in the calculations are given in Table S1. Note the change in scale of
the y axis in the graphs.
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separation distance. The Maxwellian kinetic energy model predicts
a rapid increase in the probability of colloids to overcome an energy
barrier as the value of DFa decreases to less than 10 kT (Simoni
et al., 1998; Bradford et al., 2012). Therefore, these results indicate
that primary minimum attachment is plausible at some locations
on the sand surface associated with a specific combination of f and
hr. This effect of NSR on DFa is consistent with the findings of
previous studies reported in the literature (Hoek and Agarwal,
2006; Henry et al., 2011; Chen et al., 2010).

3.2.3. Influence of NSR on primary energy minimum
Fig. 3 shows that the presence of NSR significantly reduced the

magnitude of F10min in comparison to a smooth surface when
IS¼ 100mM, 300mM (for the 0.5 mm colloid), and 500mM (for the
2 mm colloid). The maximum depth of F10min occurred on a smooth
surface (hr ¼ 0). Increasing hr and decreasing f significantly
decreased the value of F10min due to the reduced contribution of
the attractive vdW interaction in the presence of NSR. For example,
values of F10min were reduced to smaller than 20 kT for the 0.5 mm
colloid when hr > 5 nm and f<5%. The strength of colloid retention
in the primary minimum should therefore be much weaker at
rough compared to smooth surfaces. These results are in agreement
with the AFMmeasurements reported in the literature (Bowen and
Doneva, 2000; Katainen et al., 2006) and with theoretical
calculations (Shen et al., 2012; Argent et al., 2015). Consequently,
primaryminimum attachment of colloids at a rough location on the
sand surface is expected to behave in many ways like those in the
secondary minimum. We can speculate that colloid retention in a
shallowF10min is vulnerable to detachment by hydrodynamic shear
forces.

3.2.4. Influence of NSR on the energy barrier against detachment
from the primary minimum (DFd)

Fig. 4 presents values of DFd as a function of hr and f for the 0.5
and 2 mm colloids when IS ¼ 0.1 mM and pH ¼ 5.8 and 10. For a
given value of f, values of DFd initially decreased dramatically with
increasing hr due to the reduced contribution of vdW interaction.
However, further increases in hr resulted in an increase in the value
of DFd due to the different dependencies of the vdW and EDL in-
teractions on hr that yielded a greater reduction in the repulsive
EDL interaction. Nevertheless, the value of DFd was still consider-
ably lower on a rough than a smooth surface. For example, the value
of DFd for 2 mm colloids decreased from 3502 kT for a perfectly
smooth surface to less than 10 kT when f � 1% and hr > 7 nm
(Fig. 4a), and completely disappeared when f � 0.5% and hr > 7 nm.
These same general trends were observed for the 0.5 mm colloid in
Fig. 4b, but DFd was reduced or eliminated over a greater range of f
and hr in comparison with 2 mm colloids. Hence, colloid release



Fig. 2. Calculated values of the energy barrier to attachment in the primary energy minimum ( DFa ¼ Fmax � F20min) as a function of roughness height (hr) for various roughness
densities, f, (0.5, 1, 2, 3, 5, and 10%) at IS ¼ 10 mM in (a & b) and 50 mM in (c & d). The colloid size was 2 mm in (a & c) and 0.5 mm in (b & d). Note the change in scale of the y axis in
the graphs.
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from primary minimummay occur upon reducing the IS to 0.1 mM
if they were located atop specific rough spots (e.g. f ¼ 1% and
hr~15 nm); whereas some would still remain attached depending
on the roughness properties of their Az (e.g. f >3%). Furthermore,
Fig. 4c and d reveal that DFd was further reduced over a wider
range of f and hr when pH increased from 5.8 to 10, suggesting that
an additional amount of colloid release from the primary minimum
may occur with an increase in pH.

It is worthwhile mentioning that the above values of DFd and
also F10min should be regarded as semi-qualitative because of the
various assumptions used in the interaction energy calculations.
Nevertheless, our results clearly demonstrate enormous changes in
the interaction energy parameters in the presence of NSR. Thus, we
tend to believe that the correct trends were captured by our
simplified description of surface roughness.

3.3. Batch experiments

Fig. 5 presents representative plots of the normalized colloid
concentrations (C/Ci; where Ci is the initial colloid concentration) as
a function of time in the batch experiments for various solution IS.
Negligible colloid attachment to the sand surfaces was observed for
the 2 and 0.5 mmcolloids when the IS was less than 100 and 20mM,
respectively (data not shown). These findings confirmed the
absence of significant amounts of chemical heterogeneities such as
micro- or macro-scale positively-charged metal oxides on the
quartz surfaces. Indeed, we chose to conduct the laboratory
experiment using ultra-pure quartz sand in order to minimize the
effect of chemical heterogeneities on our results. We observed that
when IS � 100 mM for the 2 mm colloids and �30 mM for the
0.5 mm colloids, the value of C/Ci began to decrease with time,
indicating colloid attachment onto the sand surfaces. In order to
determine the maximum attainable colloid concentration on the
sand surface (Smax), we replaced the excess colloid suspension after
the 2 h of mixingwith a newcolloid suspension and the batch tubes
were agitated for another 2 h. This cycle was continued until the
aqueous colloid concentration decreased very little (<5%) over the
course of 2 h of agitation. We therefore confirmed that all of the
attachment sites on the sand surfaces were filled with the colloids.
It should be noted that the colloid suspension over the range of
solution IS (up to 0.8 M) was confirmed to be stable using the
Zetasizer and controlled tubes containing no sand. We also
confirmed that colloid attachment to the sand surfaces was irre-
versible (see Section 2.5) in agreement with our previous study
(Treumann et al., 2014). Furthermore, SEM images, shown in Fig. S1,
also confirmed the presence of monolayer colloid attachment on
the sand surfaces, ruling out any potential effect of aggregation and
ripening in our experiments even at the highest tested IS (0.8 M).

Values of Sf for each colloid size and solution IS were calculated
using Eq. [2] based on the measured values of Smax obtained after
several cycles of the batch experiments.We found the values of Sf to
be very small (<1%), even when the IS was as high as 800 and
300 mM for the 2 and 0.5 mm colloids, respectively (see Table S3).
These findings revealed that only a very small fraction of the sand
surface contributed to colloid retention in the batch experiments.
Note that extended-DLVO calculations for a smooth collector sur-
face predicted the presence of a very deep primary energy mini-
mum when IS � 100 mM (see Table S1), suggesting that the entire
sand surface should have been available for attachment (i.e.
Sf ¼ 100%). In contrast, the small Sf values clearly demonstrate that
the strength of primary energy minimum over the majority of the
sand surfaces was not strong enough to produce attachment, even



Fig. 3. Calculated values of the primary minimum depth (F10min) as a function of roughness height (hr) for various roughness densities, f, (0.5, 1, 2, 3, 5, and 10%) at IS ¼ 100 mM in
(a & b) and 500 mM in (c) and 300 mM in (d). The colloid size was 2 mm in (a & c) and 0.5 mm in (b & d).
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at the IS of 800mM. It is obvious that the gentle agitation (note that
the speed the tube rotator was set at the minimum of 10 rpm)
during the batch experiments produced hydrodynamic shear forces
that were sufficient to prevent colloid attachment over themajority
of the sand surfaces.
3.4. Torque balance calculations for batch experiments

The flow regime was found to be laminar in the batch tubes as
the Reynolds number was determined to be very small (Re<<1),
and the shear ratewas estimated (Eq. [S5]) to be 35 s�1. The value of
hydrodynamic applied torque acting on the colloid adjacent to the
sand surface was calculated (Eq. [S8]) to be 1.6 � 10�18 and
2.5 � 10�20 (N m�1) for the 2 and 0.5 mm colloids, respectively.
Based on the values of F10min for a smooth surface at 100 mM (see
Table S1) and using the JKR adhesion model, values of adhesive
torque for the 2 and 0.5 mm were estimated (Eqs. [S9]-[S10]) to be
5.0� 10�16 and 5.38� 10�17 (N m�1), respectively. We observe that
the values of TA were always larger than those of TH (by several
orders of magnitudes) for both colloids when the IS was �100 mM.
Hence, colloid attachment should have occurred over the entire
surface (i.e. Sf ¼ 1) when IS > 100 mM if the sand surface was
perfectly smooth. The torque balance analysis, however, did not
consider the potential influence of NSR on the adhesive interaction
energies and the lever arms associated with TA and TH. We already
observed in Fig. 3 that NSR may significantly reduce the value of
F1min. Thus, we concluded that NSR and hydrodynamic shear forces
provide a viable explanation for the observed very small amount of
colloid attachment in the batch experiments. It should be
mentioned that SEM images visually confirmed the small number
of attached colloids (see Fig. S1). In addition, we observed that
colloid attachment mainly occurred on microscale rough locations
composed of ridges and valleys because of the negligible hydro-
dynamic forces associated with these regions (Treumann et al.,
2014).
3.5. Column experiments

Fig. 6 presents representative normalized breakthrough con-
centrations (BTCs) of the 2 and 0.5 mm colloids for various IS values.
In this case, C/C0 (where C0 is the influent colloid concentration)
values were plotted as a function of pore volumes. We observed
that colloid retention increased dramatically with increasing IS.
Notably, more than 90% of the injected colloids were retained in the
column when the IS was 100 mM. We found negligible colloid
retention when the IS was 0.1 mM during phases 1 and 2 (data not
shown). Thus, we concluded that physical entrapment of the col-
loids in small pore throats or wedges did not occur in our column
experiments. These results are consistent with previous column
studies for various colloids and porous media (Syngouna and
Chrysikopoulos, 2011; Tosco et al., 2009; Shang et al., 2013).

We believe the significant difference between our column and
batch results can be explained by torque balance considerations.
Micro- and nano-scale surface roughness is known to greatly in-
fluence the lever arms that are associated with TA and TH (Bradford
et al., 2013). In particular, when a colloid rests against a vertical
protrusion, the lever arm for TH and TA is dramatically decreased
and increased, respectively. For example, a simple trigonometry
calculation indicates that even a 10 nm asperity can provide an
effective lever arm for TA that is orders of magnitude greater than
the corresponding lever arm estimated for a smooth surface
(Bradford et al., 2013). Colloid retention is therefore expected to



Fig. 4. Calculated values of the energy barrier to detachment from the primary minimum (DFd ¼ Fmax � F10min) as a function of roughness height (hr) for various roughness
densities, f, (0.5, 1, 2, 3, 5, and 10%) at IS ¼ 0.1 mM and pH ¼ 5.8 in (a & b) and pH 10 (c & d). The colloid size was 2 mm in (a& c) and 0.5 mm in (b & d)). Note the change in scale of the
y axis in the graphs.
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predominantly occur at locations associated with large scale
roughness and ridges and valleys on sand grains when TA is greater
than TH. In batch experiments, the direction and magnitude of TH
and TA at a particular location on the grain surface are continuously
altered with time. Thus, the torque balance criterion is not satisfied
in a batch system. In contrast, the direction and magnitude of TH
and TA are constant at a particular location on the sand surface in
the static column system under steady-state conditions. Conse-
quently, the negligible colloid attachment in our batch experiments
and the significant retention in the column experiments under
tested IS conditions demonstrate the importance of microscale
surface roughness on colloid retention in porous media.

Fig. 6 also shows colloid release behavior when the IS was
reduced to that of DI water at pH 5.8 (phase 3) and when the pH
was increased to 10 (phase 4). The mass recovery in each phase is
given in Table S2 for each colloid size and solution chemistry. The
step decrease in IS to that of DI water resulted in a sudden and
pulse-like release of retained colloids within the first and second
PVs which gradually decreased with time. Another considerable
fraction of the remaining colloids was released when the pH was
increased to 10 (phase 4). Mass balance calculations revealed that a
fraction of the retained colloids (3e80% and 20e40% for the 2 and
0.5 mm colloids, respectively) was not recovered even after flushing
the column with DI water at pH 10. However, all of the remaining
colloids were recovered when the sand was excavated from the
column and placed in a container containing DI water at pH 10 and
gently shaken for a few minutes (Table S2). In general, the 2 mm
colloids were more reversibly retained than the 0.5 mm colloids
when the IS of the retention phase (phase 1) was low, whereas the
opposite trend was observed when IS was higher. It is worth
mentioning that one might be tempted to attribute the colloid
release in phase 4 to the presence of nanoscale chemical
heterogeneities (NCH) on the sand surface. This is motivated by the
fact that the charge of most metal oxides reverses from a positive to
a negative value as the pH is increased to 10. However, in the
absence of NSR, charge reversal of chemical heterogeneities would
be unlikely to result in colloid release from a primary minimum
during phase 4, since vdW attraction exceeds EDL repulsion at
separation distance associated with the primary minimum in the
absence of NSR. Indeed, Shen et al. (2013) theoretically demon-
strated that colloid retention on chemical heterogeneity is irre-
versible upon perturbations in solution chemistry.

The observed extent and rate of colloid retention and release in
the column experiments are not consistent with predictions of
extended-DLVO theory on smooth surfaces. We observed that only
a fraction of retained colloids was released following DI water
elution during phase 3. This finding indicates that a substantial
amount, if not all, of the retained colloids was interacting in the
primary minimum even at the low IS of 10 mM. Similar to the batch
experiments, the complete recovery of the colloids following sand
excavation imply that the strength of primaryminimum interaction
was not large enough to overcome the hydrodynamic shear forces.
These observations suggest that the retained colloids were held in
shallow primary minima that was susceptible to hydrodynamic
removal when the lever arms were altered.

NSR provides a viable explanation for the observed behavior of
colloid retention and release in the column experiments. In
particular, incorporating NSR into the extended-DLVO calculations
demonstrated that primary-minimum colloid attachment is plau-
sible even at low values of IS. NSR is ubiquitous on all natural solid
surfaces. Hence, we conclude that NSR plays a key role in facili-
tating significant colloid retention under “so-called” unfavorable
conditions which have been commonly observed (Tufenkji et al.,
2004; Torkzaban et al., 2010). Interestingly, NSR can also provide



Fig. 5. Normalized colloid concentrations (C/Ci: where Ci is the initial colloid con-
centration) as a function of time for various values of IS in the batch experiments. Note
the colloid suspension in the batch tube was replaced with a new solution of the same
Ci at the end of each cycle. The colloid size was 2 mm in (a) and 0.5 mm in (b).
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Fig. 6. Normalized effluent colloid concentrations (C/C0: where C0 is the influent
colloid concentration) as a function of pore volume for various column experiments
when the average pore water velocity was 5 m/day. The colloid size was 2 mm in (a)
and 0.5 mm in (b). The sequence of the experiments was as follow: Phase 1: deposition
of colloids in the column at various IS indicated in the legend; Phase 2: elutionwith the
colloid-free solution of the same IS; Phase 3: elution with DI water; Phase 4: elusion
with DI water at pH 10. Note the pH of the solutions in phase 1 to 3 was 5.8. Other
experimental conditions are summarized in Table S2.
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a sound explanation for the fractional colloid release upon pertur-
bations in solution chemistry (Fig. 6). NSR may reduce or eliminate
DFd to levels that colloids may overcome the energy barrier via
their thermal energies. Furthermore, the fraction of the solid sur-
face area associated with given values of hr and f that will
contribute to colloid detachment from the primary minimum in-
creases with increasing pH and a reduction in IS (Fig. 4). These
findings are consistent with a number of column studies that have
indicated reversible primary minimum retention with alteration of
solution chemistry (e.g. Bradford et al., 2015a, b; Torkzaban et al.,
2013).

4. Conclusions

This study elucidated the importance of including NSR into
colloid interaction energy and microscale surface roughness into
torque balance calculations to explain processes of colloid retention
and release in porous media. In particular, we showed that NSR
would reduce the depth of primary and secondary minima, the
energy barrier to attachment in the primary minimum, and the
energy barrier to detachment from the primary minimum. These
findings suggest that NSR is expected to reduce colloid retention in
secondary minima, and instead enhance colloid retention in pri-
mary minima. However, colloid retention in primary minima on
locations containing nanoscale rough is expected to be weak and
susceptible to removal via hydrodynamic shear and/or diffusion,
especially when the solution IS and pH is reduced or increased,
respectively. Consequently, only a fraction of the solid surfaces in
porous media may contribute to colloid retention even under
favorable chemical conditions. Contrary to NSR, microscale
roughness was found to play a key role in enhancing colloid
retention through reducing the lever arm associated with the
applied hydrodynamic torque and increasing the lever arm for the
resisting adhesive torque. Consequently, significant amounts of
colloid retention are expected to occur in porous media when the
applied hydrodynamic and resisting adhesive torques are not
altered with time such as in column studies. In contrast, little
colloid retention is expected in this same porous media when the
direction and magnitude of the lever arms are constantly changing
such as in batch systems. This information is needed to better un-
derstand and predict colloid interactions, retention, and release in
natural and engineering applications.
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Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.watres.2015.10.022.

The supporting material contains details pertaining to: (i)
properties of colloids and porous medium (S1); (ii) extended-DLVO
calculations (S2); (iii) batch experiments (S3); (iv) SEM imaging
(S4); and (v) torque balance calculations for batch experiments
(S5). Table S1 contains zeta potential and interaction energy pa-
rameters for homogeneous colloids and sands. Table S2 presents
detailed mass balance information for the column experiments.
Table S3 presents calculated values of Smax and Sf in the batch ex-
periments. Fig. S1 presents representative SEM images of colloid
retention following the batch experiments.
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