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a  b  s  t r  a  c  t

This  study  aims  to  systematically  explore  the coupled  effects  of  hydrodynamic  and  solution  chemistry
conditions  on  the  long-term  transport  and  deposition  kinetics  of nanoparticles  (NPs)  in saturated  porous
media.  Column  transport  experiments  were  carried  out  at various  solution  ionic  strengths  (IS),  ionic
composition,  and  flow  velocities  utilizing  negatively  charged  carboxyl-modified  latex  NPs  of  two  different
sizes  (50  and  100  nm).  These  experiments  were  designed  to  obtain  the long-term  breakthrough  curves
(BTCs)  in  order  to  unambiguously  determine  the  full  deposition  kinetics  and  the  fraction  of  the  solid
surface  area  (Sf) that was available  for NP  deposition.  The  BTCs  exhibited  a bimodal  shape  with  increasing
solution  IS;  i.e., BTCs  were  initially  delayed,  next  they  rapidly  increased,  and  then  they  slowly approached
the  influent  particle  concentration.  NP deposition  was  much  more  pronounced  in the  presence  of Ca2+

than  Na+ at  any  given  solution  IS. Deposition  kinetic  of  NPs  was  successfully  simulated  using  a two-
site  kinetic  model  that accounted  for  irreversible  deposition  and  blocking  on each  site,  i.e., a decreasing
deposition  rate as  the  site  filled.  Results  showed  that  Sf values  were  controlled  by the coupled  effects  of
flow  velocity,  solution  chemistry,  and  particle  size.  Data  analyses  further  demonstrated  that  only  a  small
fraction of  sand  surface  area  contributed  in  NP deposition  even  at the  highest  IS (60  mM)  and  lowest

flow  velocity  (1 m/day)  tested.  Consistent  with  previous  studies,  our  results  imply  that  NP  deposition
is  controlled  by  physicochemical  interactions  between  the  NPs  and  nanoscale  physical  and/or  chemical
heterogeneities  on the  sand  surfaces  that produce  localized  nanoscale  favorable  sites  for  deposition.

Furthermore,  our results  sugge
with  increasing  contact  time.
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. Introduction

An understanding of nanoparticle (NP) transport and deposi-
ion in porous media is important in a range of processes in natural
nd engineered systems. These processes may  include the trans-
ort and fate of pathogenic viruses and engineered NPs in soils
nd aquifers [1–4], and deep bed filtration in water and waste-
ater treatment systems [5,6]. Most experimental studies of NP
eposition in porous media have focused on the initial, clean-
ed, deposition behavior when the collector surfaces are devoid
r only contain small amounts of deposited particles [4,7,8]. In
his case, the deposition rate is constant and a first-order kinetic

odel is commonly employed to describe the deposition behavior
9,10]. However, as NP deposition on collector surfaces proceeds,

 decrease in the deposition rate occurs due to blocking (fill-
ng) of the available sites [3,11–14]. This blocking phenomenon
sually occurs when a considerable net-repulsive energy bar-
ier exists between the NPs and collector surfaces. Therefore,
n most natural systems only a small fraction of the solid sur-
ace contributes to NP deposition because of the prevalence of
et-repulsive electrostatic conditions [3,15–18]. Consequently, it

s imperative that theoretical models are able to describe the
ntire dynamics of deposition from the initial to later stages
hen a decline in deposition rates occurs. An understanding of

he dynamics of NP deposition is especially important because
P deposition is essentially irreversible (insignificant detach-
ent) during steady-state chemical and hydrodynamic conditions

3,19–22].
Two different blocking models have been developed to describe

he declining rate of deposition during the filling process, namely:
he Langmuirian model [23,24] and the random sequential adsorp-
ion (RSA) model [25,26]. The Langmuirian and RSA models assume

 linear and a nonlinear decrease in the deposition rate during
lling of deposition sites, respectively. The Langmuirian approach

s commonly employed in short-term colloid deposition model-
ng studies [2,22]. However, the RSA model provides a superior
escription of deposition dynamics when the coverage of collec-
or surfaces approaches the maximum attainable coverage (∼54%),
ften referred to as the hard sphere jamming limit [24,27–29]. Both
angmuirian and RSA models assume that deposited NPs eventu-
lly achieve monolayer coverage on the fraction of the solid surface
rea that is favorable for deposition (Sf).

Previous studies have reported that Sf is influenced by a range of
hysicochemical factors such as particle size, the amount and size of
hysical and/or chemical heterogeneities, solution chemistry, and
ow rate [11,30–32]. In particular, Sf has been reported to increase
ith increasing ionic strength (IS) under net-repulsive electrostatic

onditions, suggesting that deposition locations on the collec-
or surfaces are largely determined by nano-scale heterogeneities
nd/or increasing the depth of the secondary energy minimum
33–36]. Furthermore, increasing the flow velocity and/or particle
ize has been shown to decrease Sf, suggesting that hydrodynamic
onditions are also important in determining deposition kinetics
nd blocking [2,37,38]. Several explanations have been proposed
n the literature to explain the role of flow velocity or particle
ize on the deposition behavior. Some researchers have attributed
he decrease in Sf at higher velocities to the “shadow effect” [37],
.g., the excluded region created down gradient of micro-scale
urface roughness or deposited particles. More recently, the influ-
nce of hydrodynamic conditions on Sf has been explained by the
alance of applied hydrodynamic and resisting adhesive torques
39–43]. Only limited experimental information is available in

he literature on the dependence of Sf on physicochemical and
ydrodynamic factors, especially for NPs. In this paper, we will sys-
ematically explore the coupled effects of these factors on the value
f Sf. This information is required to better deduce the underlying
icochem. Eng. Aspects 457 (2014) 169–179

mechanisms and theoretical description of NP deposition kinetics
under net-unfavorable conditions.

The overall deposition rate of NPs in porous media depends not
only on Sf, but also on the mass transfer of NPs to favorable sites on
the solid surfaces where deposition can occur. Mass transfer of NPs
to favorable sites occurs by two  means: (1) aqueous phase mass
transfer from the bulk aqueous phase to the solid surface [44,45]
and (2) solid phase mass transfer on unfavorable regions of the solid
surface to favorable sites [30,33,46]. Aqueous phase mass transfer
of NPs to the solid surface has been the subject of much research
[10] and colloid filtration theory [47] is commonly used to quantify
this process. Conversely, the role of solid phase mass transfer has
received less research attention [30]. It has been shown that par-
ticles colliding with unfavorable regions of the solid surface may
become weakly associated with the solid surface via a shallow sec-
ondary energy minimum. These particles can be translated along
the collector surface by tangential hydrodynamic forces to favor-
able deposition sites [48]. It is expected that nano- and micro-scale
surface roughness and the pore-space topography should influence
the solid phase mass transfer of the NPs. Furthermore, the amount
of colloid transfer on the solid surface is expected to increase with
increasing IS and decreasing flow velocity [33,35]. The solid phase
mass transfer rate of NPs is likely to decrease during the filling
processes, but little research has been conducted to address this
issue.

The objective of this study is to develop a more thorough under-
standing of the combined effects of hydrodynamics and solution
chemistry on the long-term kinetics of NP deposition in saturated
porous media. Specifically, a series of laboratory experiments was
carried out in saturated sand columns to investigate the coupled
effects of solution IS, cation type, particle size, and flow velocity
on the deposition rate constants and the fraction of the sold sur-
face area available for NP deposition. A two-site kinetic model was
found to satisfactorily simulate and describe the long-term dynam-
ics of the deposition process. Fitted values of Sf and deposition
rate constants over a wide range of physicochemical conditions
increased our understanding of the dynamics of long-term NP
deposition in porous media. This information is needed to improve
our theoretical description of these processes and to improve con-
tinuum scale models for predicting the long-term fate and mobility
of NPs in the subsurface environment.

2. Materials and methods

2.1. NPs

Carboxylate-modified latex (CML) microspheres have often
been used as model NPs in transport studies due to their spher-
ical shape, well-defined size and surface charge, and ease in
detection at low concentration [2]. Two sizes (50 and 100 nm) of
Fluoresbrite®Yellow-Green CML  microspheres (Polysciences, Inc),
that have an excitation wavelength at 441 nm and an emission
wavelength at 486 nm,  were used in this research. Stock solutions
of CML  NPs were diluted in selected electrolyte solutions to achieve
a desired initial concentration (C0). All solutions were prepared
using analytical graded reagents and Milli-Q water with its unad-
justed pH 5.8. A near neutral pH and negatively charged NPs were
chosen in order to understand the NP transport mechanism under
most unfavorable condition. The initial concentration for 50 and
100 nm CML  NPs was typically 4.55 × 1010 mL−1. NP aqueous phase
concentrations were determined using a fluorescence spectropho-

tometer (Synergy HT, BioTek Instruments, Inc., Winooski, VT, USA)
and a calibration curve. The CML  NPs have carboxylate groups on
their surfaces that are highly negatively charged. The zeta potential
and size uniformity of the CML  microspheres in various electrolyte
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Table  1
The average of zeta potentials of NPs and sand as well as calculated DLVO interaction parameters in the indicated solution chemistries.

NP size (nm) Solution chemistry IS (mM) Zeta potential
(NP) (mV)

Zeta potential
(sand) (mV)

Energy barrier
height (kT)

Secondary minimum
depth (kT)

50 10 mM NaCl 10 −51 −29 57 ∼0
50  20 mM NaCl 20 −48 −30 52 ∼0
50  50 mM NaCl 50 −31 −26 24 −0.08
50  0.5 mM CaCl2 1.5 −43 −21 28 ∼0
50  2 mM CaCl2 6 −32 −19 16 ∼0
100  40 mM NaCl 40 −41 −15 47 −0.2
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100  60 mM NaCl 60 −30 

100  2 mM CaCl2 6 −35 

100  3 mM CaCl2 9 −27 

nd pH solutions were determined using a Malvern, Zetasizer
ano Series, Nano-ZS. It was confirmed that the CML  suspension at

he highest tested concentrations of 60 mM NaCl and 3 mM CaCl2
as stable and did not show any aggregation. The manufacturer

eported that the CML  NPs had a density of 1.05 g cm−3.

.2. Porous media

Natural graded river sand (River sand pty Ltd) was used as the
ranular porous media for the transport experiments. The aver-
ge grain diameter of the sand was 255 �m,  and the grain size
anged between 106 and 300 �m.  The sand was cleaned prior
o use to remove the impurities from the sand surface and to
educe the surface heterogeneity. Sieved sand was soaked in 37%
Cl for three days to remove dissolved organic matter and metal
xides. After discarding the excess acid, the sand was  alterna-
ively rinsed with 0.1 M NaOH and deionized (DI) water until the
H reached 7. The sand was subsequently soaked in boiling 1 M
aCl for 3 h, and then washed with boiling DI water for 3 h. These
rocesses (boiling alternatively in 1 M NaCl and DI water) were
epeated eight times to remove the clay particles on the sand sur-
ace by the combined influence of cation exchange and expansion
f the double layer. Finally the sand was rinsed with DI water sev-
ral times until the effluent turbidity and UV–visible absorbance
as virtually zero. Scanning electron microscopy (SEM) (Quanta

50, Adelaide microscopy, The University of Adelaide, Australia) of
he sand before and after cleaning demonstrated that this proce-
ure removed most of the surface impurities and clays from the
and.

.3. Electrokinetic characterization and DLVO calculations

The electrophoretic mobility of the colloids and crushed sand
rains was measured in various NaCl electrolyte solutions at
H 5.8 using a Zetasizer. The Smoluchowski equation [49] was
sed to convert the measured electrophoretic mobility values
o zeta potentials. The measurements were repeated five times
or each colloid suspension and the average values are reported
n Table 1. Classical DLVO theory [50,51] was  used to calculate
he total interaction energy, that is, the sum of the London–van
er Waals attraction and the electrostatic double-layer repulsion,
or the colloids upon close approach to quartz surfaces (assum-
ng sphere–plate interactions) for the various solution IS used in
ur experiments. The retarded London–van der Waals interaction
orce was determined from the expression of Gregory [52] uti-
izing a value of 4.04 × 10−21 J for the Hamaker constant [53] to
epresent the latex–water–quartz system. In these calculations,

onstant-potential electrostatic double layer interactions were
uantified using the linear superposition approximation model
iven in Gregory [54], with zeta potentials in place of surface
otentials.
−15 19 −0.3
−19 34 ∼0
−17 20 −0.22

2.4. Column studies

Column experiments were conducted using 11 cm long poly-
carbonate chromatography columns with a 1.9 cm internal
diameter and a total inner volume of 31.19 cm2. Tubing to and from
the columns, fittings, and column O-rings were composed of chem-
ically inert material such as Teflon and viton. The columns were
set-up vertically and wet  packed with the cleaned river sand, using
vibration to minimize air entrapment and to ensure the uniformity
of packing. A sodium nitrate (NaNO3) tracer test was conducted
to obtain the parameter values for the transport modeling. Each
column was packed with ∼50 g of sand and the porosity was cal-
culated gravimetrically to be 0.40. One pore volume (PV), which is
the amount of solution required to fill in the void space of the sand
in the column was determined to be 14 mL.  The packed columns
were flushed with several pore volumes of a selected electrolyte
solution to equilibrate the system before injecting a NP suspension
at a constant velocity with a syringe pump (Harvard apparatus 22).
Effluent samples (every 3 mL)  were continuously collected using
a Spectra/Chrom® CF-1 Fraction Collector. In order to calculate
the amount of surface area that contributed in NP deposition, the
injection of the NPs was  continued until the effluent concentra-
tion (C) approached C0 or a stable concentration level. The columns
were then flushed with several PV of the same electrolyte solution,
but without NPs. Table 1 summarizes the experimental conditions.
Table 2 contains the number of injected PV at which the influent
was switched to the NP-free electrolyte solution.

A few sand grains were collected carefully from the column after
the deposition phase. The samples were analyzed using SEM to
observe the distribution of NPs on the sand surfaces. Sand grains
were placed on the top of a carbon tape mounted on a stub, with a
3 nm thickness platinum coating and imaged at 10 kV using Quanta
450 SEM. It was visually confirmed that the platinum coating force
and the vacuum in the SEM chamber were not enough to detach
the deposited NPs.

2.5. Modeling

Major processes controlling the transport and deposition of NPs
in porous media are advection, dispersion, and attachment caused
by particle interactions with the collector surfaces. The detachment
process is often negligible under steady-state chemical and hydro-
dynamic conditions [2] and will be neglected in this work. The
advection–dispersion equation (ADE) with irreversible attachment
is given for uniform and one-dimensional flow as

∂C

∂t
= �v

∂2C

∂z2
− v
∂C

∂z
− ratt (1)
where t (T) is time, z (L) is the direction of mean water flow, C (NL−3)
is the number of NPs per unit volume of the aqueous phase, � is the
dispersivity (L), v is the average pore water velocity (LT−1), and ratt

is the NP attachment rate to the solid surfaces (NL−3 T−1). The mean
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pore-water velocity and dispersivity used in NP simulations were
obtained by fitting to the tracer (NaNO3) BTCs.

Typically, the BTCs could be simulated reasonably well dur-
ing the first few PV using Eq. (1) in conjunction with a one-site,
irreversible attachment model that included a Langmurian block-
ing function. However, as it will be discussed later, this model does
not provide an adequate description of the deposition dynamics
at later times. To investigate whether multiple kinetic deposition
sites could account for this discrepancy, a two-site kinetic model
was used for analyzing the BTCs. In this case, the value of ratt is
given as

ratt = �b
∂(S1 + S2)

∂t
= �k1 1C + �k2 2C (2)

where �b is the soil bulk density (ML−3), � is the water content, S1 is
the solid phase NP concentration on site 1(NM−1), k1 is the attach-
ment rate coefficient for site 1 (T−1), and �1 is a dimensionless
Langmuirian blocking function for site 1 that is given as [23]

�1 =
(

1 − S1

Smax 1

)
(3)

Here Smax1 (NM−1) is the maximum solid phase concentration of
attached NPs on site 1. Corresponding values of S2, Smax2, k2, and
�2 are defined for site 2. When the value of Smax1 and Smax2 are
large, the blocking function approaches a value of 1 and time-
dependent deposition behavior becomes irrelevant. A modified
version of HYDRUS-1D [55] was used to solve Eqs. (1)–(3).

The fraction of the solid surface area that is available for deposi-
tion (Sf) may  be determined from the sum of fitted values of Smax1
and Smax2 using the following equation [56]:

Sf = Ac�bSmax

(1 − �)As
(4)

where Ac (L2 N−1) is the cross section area per colloid, As (L−1) is the
solid surface area per unit volume, Smax (NM−1) is the maximum
solid phase concentration of attached NPs on both sites, and � is
the porosity of a monolayer packing of colloids on the solid surface.
In this work we assume a value of � = 0.5 in all simulations based
on information presented by Johnson and Elimelech [25]. For those
experiments where C/C0 reached unity during the deposition phase,
the value of Sf can also be estimated from the effluent BTCs based
on the following mass balance equation [37]:

Sf =
�r2p rcqw(CoTpulse

∫ Ttotal
0

C dt)

3L(1 − n)
(5)

where rp (L) is the radius of the NP, rc (L) is the radius of the sand
grain, qw (L T−1) is the Darcy velocity, Tpulse (T) is the injection time,
and Ttotal (T) is the entire time of the experiment, L (L) is the length
of the packed column and n is the porosity of the porous media. As
it will be shown later in the paper, Eqs. (4) and (5) were found to
yield comparable values of Sf.

3. Results and discussion

3.1. Surface charge of NPs and sand grains

Zeta potentials of the NPs and colloidal particles collected from
crushed sand grains over the range of solution chemistries used
in the column experiments are presented in Table 1. As expected,
the absolute value of the zeta potential of the NPs and sand grains
decreased with increasing the concentration of Na+ and Ca2+ due

to compression of the electrostatic double layer [49]. Increasing
the Ca2+ concentration was  more effective in decreasing the
magnitude of zeta potential than similar changes in Na+ due to the
combined effects of charge screening of the divalent cations and
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elocity  of 1 m/day at various NaCl concentrations. Table 2 provides summary infor

he adsorption (binding) of cationic Ca2+ to anionic COO− groups
n the NPs and SiO2 sites on the collectors [57].

Calculated DLVO interaction energies presented in Table 1 indi-
ate a negligible secondary energy minimum in all solutions for
oth of the particle sizes. Therefore, the NPs are expected to expe-
ience negligible deposition or aggregation due to the secondary
nergy minimum. DLVO calculations show high energy barriers

16–52 kT) between the NPs and sand surfaces at all of the consid-
red solution chemistries. The height of energy barriers decreased
ith IS and decreasing NP size. The Maxwellian kinetic energy
odel [21,58] predicts that it is unlikely for the NPs to diffuse
 (b) modified latex nano-particles obtained from column experiments at pore water
n on the model parameters.

over these energy barriers into the primary energy minimum.
Higher energy barriers and negligible secondary minima suggest
that net repulsive interactions should have existed between the
NPs and sand grains. However, it should be noted that these inter-
action energies only reflect mean values of interaction energies
between the NPs and sand surfaces and do not account for the
potential influence of nano-scale chemical and physical hetero-

geneities which always exist on natural mineral surfaces [59,15]. It
has been demonstrated that nano-scale roughness on collector and
colloid surfaces tends to reduce the magnitude of the interaction
energies [15,20].
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.2. Deposition kinetics of NPs

In contrast with most previous studies on NP deposition,
eviews of which may  be found in [4], long-term injections of the
Ps were carried out in order to determine the full dynamics of
eposition and the associated blocking model parameters. Fig. 1
resents measured and simulated BTCs for 100 (Fig. 1a) and 50 nm
Fig. 1b) NPs in various concentrations of NaCl solutions when the
ore-water velocity was 1 m/day. Fig. 2 presents similar BTC infor-
ation for different concentrations of CaCl2 solutions and the two
P sizes at 1 m/day pore water velocity. Fig. 3 shows measured
nd simulated BTCs for the two NP sizes at various flow velocities
anging from 1 to 20 m/day when the IS was 50 mM NaCl. Fig. 4
resents similar BTC information for the two NP sizes at different
elocities, but for 2 mM  CaCl2. The BTCs are plotted herein as nor-
alized effluent concentrations (C/C0) versus the number of pore

olumes that passed through the column. Table 2 summarizes the
tted model parameters, along with their 95% confidence intervals.
he fitted deposition parameters were found to be unique, as the
nal fitted values were not affected by the initial guess.

In general, the BTCs were initially delayed (arriving after 1
ore volume), next they rapidly increased, and then they slowly

pproached the influent particle concentration. These trends can be
xplained by considering the simulated kinetics of the deposition
rocess using Eqs. (1)–(3). The one-site kinetic model incorporat-

ng the Langmurian or RSA blocking function failed to fit the entire
and  50 nm (b) modified latex nano-particles obtained from column experiments
at  50 mM NaCl and various flow velocities. Table 2 provides summary information
on  the model parameters.

BTC obtained at various chemical and physical conditions (data not
shown). Conversely, the two-site kinetic model with a Langmurian
blocking function for each site provided an excellent description
for all the BTCs shown in Figs. 1–4 (R2 > 94%). In general, the value
of k1 was around one order of magnitude greater than k2, and Smax1
was much smaller than Smax2. The time delay of the breakthrough
curve was mainly determined by the values of k1 and Smax1. A high
value of k1 results in complete deposition until the solid phase con-
centration of NPs in site 1 approaches Smax1. Consequently, more
delay is expected for higher values of k1 and Smax1. Other stud-
ies on NP transport in porous media have observed a similar delay
in their BTCs (e.g., [3,22,32]). After the BTCs begin their sharp rise
due to filling of site 1, the shape of the BTCs is mainly controlled
by site 2. In particular, the skewness of the rising portions of the
BTCs is strongly affected by the values of k2 and Smax2. Neglecting
detachment in the model is justified by the negligible tailing in the
BTCs.

Two-site kinetic models have previously been employed in
colloid and NP transport studies [60–62]. There are a variety of
potential explanations for the need to a multiple deposition site
model. Macro-scale patch-wise charge heterogeneities have been
demonstrated to cause two types of kinetic rates [63]. Primary and
secondary minimum interactions may  also produce irreversible
and reversible deposition sites, respectively [63]. Nanoscale physi-
cal and chemical heterogeneity may  affect the amount and strength
of these primary and secondary minimum interactions [34,64–66].

Differences in the rate and extent of deposition can also occur on
flat surfaces, at surface roughness locations, and grain-grain con-
tacts due to changes in the adhesive and hydrodynamics torques
[35]. Fig. 5 presents typical SEM images of the NP deposition on
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he sand surfaces. SEM images reveal significant surface roughness
nd irregularities, with depressions and grooves having dimensions
uch larger in scale than the NPs used in the experiments. Greater

mount of NP deposition occurred on microscopically rough than
mooth regions on the sand grains in further support of our two-site
odeling approach.
Variations of mass transfer rates of NPs to deposition sites on

and grains may  also contribute to the need for a model with mul-
iple deposition sites. Colloid filtration theory (CFT) predicts that
queous phase mass transfer of colloidal particles to the collector
urface occurs by Brownian diffusion, interception, and sedimen-
ation [47]. In general, the mass transfer rate varies with distance
ver the collector surface [67]. Brownian diffusion is predicted by
FT to be the dominant process of the aqueous phase mass transfer
or the NPs, and it is more uniformly distributed over the collector
urface than sedimentation or interception. In addition, variations
n the sand surface topography affect the rates of mass transfer to
pecific locations on a sand grain [35,67]. These spatial variations
n mass transfer have less of an influence on the overall deposition
ate under clean-bed conditions than when the selected sites are
lled.

In addition, CFT does not account for the potential contribution

f solid phase mass transfer and the shadow effect on NP depo-
ition kinetics. Experimental and theoretical results indicate that
olloids that are weakly associated with the solid surface via a
hallow secondary minimum may  translate over the solid surface
icochem. Eng. Aspects 457 (2014) 169–179 175

by hydrodynamic forces to regions where deposition is favor-
able [11,48]; e.g., regions with greater adhesive forces (chemical
heterogeneity) or lower hydrodynamic forces (large scale sur-
face roughness or grain–grain contact). Malysa et al. [68] and Ko
and Elimelech [37] reported that micro-scale surface roughness or
deposited particles can create excluded zones for colloid deposition
immediately behind physical barriers. Indeed, Meinders et al. [69]
and Van de Ven et al. [70] microscopically studied colloid attach-
ment on glass surfaces in a parallel flow chamber and observed
that particle deposition was  less probable on areas down gradi-
ent of already deposited particles. It is important to recognize that
shadow regions can only be filled up by diffusive transport of NPs
from the bulk solution, and not by rolling or translating colloids
on unfavorable regions of the collector surface. Fig. 6 schematically
illustrates a shadow region created down gradient of a surface pro-
trusion due to the combined effects of weak interaction energies
on the up-gradient unfavorable regions and hydrodynamic shear
forces. It is therefore logical to anticipate that solid phase NP trans-
port will contribute to higher values of k1 than k2, and that k2 will
be impacted by the shadow effect.

3.3. The effect of solution chemistry

Inspection of Fig. 1 reveals that the deposition behavior is highly
dependent on the NP size and IS. In particular, greater amounts of
deposition occurred at a higher IS and for the smaller NP (at a given
IS). The BTCs were delayed longer and the rising limb approached
unity much slower at a higher IS and for the smaller NP size (50 nm).
Consistent with this blocking behavior, Table 2 indicates that Sf
increased in a linear manner with IS, and that larger values of Sf
were associated with the smaller NP. It is interesting to note that
only a small fraction of the solid surface contributed to NP deposi-
tion even at the highest IS (60 mM).

These results are in agreement with experimental and theoreti-
cal findings that indicate that colloid deposition is highly dependent
on the size and amount of nanoscale heterogeneity [64,71,72].
Kozlova and Santore [64] experimentally demonstrated that
0.5 �m silica particles attached to net-negative and net-repulsive
substrates on which nano-textured positive patches (11 nm)  were
randomly distributed. Transport experiments and simulations
revealed that negative colloids (500–2000 nm)  attached to posi-
tive patches on negative surfaces at high IS, but not at low IS [72].
Theoretical calculations further demonstrated that the nano-scale
physical and/or chemical heterogeneities exerted a greater effect
on interaction energies at higher IS and for smaller colloid sizes, and
that the energy barrier can be completely eliminated to produce
finite primary minimum interactions depending on the relative size
of heterogeneity to the NP, density of heterogeneity, and solution
IS [15,66,71,73]. The aforementioned results indicate that the size
and density of nanoscale heterogeneity plays a critical role on the
amount and rate of NP deposition. It should be noted that neg-
ligible deposition of NPs was  observed when the solution IS was
1 mM NaCl (data not shown), ruling out the importance of micro-
and macro-scale positively charged heterogeneities (e.g., patches of
metal oxides on the sand surfaces) on the NP deposition at higher
IS.

Fig. 2 exhibits similar trends to Fig. 1 with regard to the effects of
IS and NP size. In contrast, greater amounts of deposition occurred
in the presence of Ca2+ (Fig. 2) than Na+ (Fig. 1) at a smaller solution
IS. This also produced correspondingly higher values of Sf pre-
sented in Table 2. The higher deposition in the presence of Ca2+
can be explained by the formation of divalent cation (Ca2+) bridg-
ing as described by previous studies [3,74,75]. These studies have
reported that complexation of Ca2+ ions to the silanol groups on the
mineral surfaces and carboxylic acid groups on the surface of the
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Fig. 5. SEM images showing significant surface roughness and irregularities, with depressions and grooves having dimensions much larger in scale than the NPs. Greater
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mount  of NP (100 nm)  deposition occurred on depression and groove regions. SEM
aCl  and flow velocity of 1 m/day following the completion of the deposition experi

hat  all the deposition sites were filled up.

Ps produces localized nano-scale chemical heterogeneities that
re favorable for deposition.

.4. The effect of flow velocity

Figs. 3 and 4 demonstrate that the delay in the BTCs becomes
horter and NP deposition decreased with increasing flow velocity.
onsistent with our observations, CFT predicts that NP deposition
ecreases with increasing velocity [5]. Table 2 indicates that values
f Sf are sensitive to the flow velocity. In particular, higher values of
f occurred at a lower velocity and for a smaller NP size. These trends
ay  partially be explained by torque balance considerations. In par-

icular, a smaller hydrodynamic torque/force acts on NPs adjacent
o the solid surface as the flow velocity decreases and for smaller NP
ize [40]. To further explore the underlying mechanisms, the flow
ate was increased to yield a flow velocity of 100 m/day following
he completion of transport experiments at 1 m/day. If the torque
alance was the only factor determining Sf, there should be some NP
elease when the flow velocity was increased to 100 m/day because

he higher drag force should be sufficient to overcome the resist-
ng adhesive torque leading to NP release. However, the effluent
reakthrough concentrations did not show any NP release when
he velocity was increased to 100 m/day. This result indicates the
s were performed for a few sand grains randomly taken from the column at 50 mM
in which the effluent NP concentration reached the influent concentration implying

presence of a sizable adhesive torque and/or negligible hydro-
dynamic torque acting on the deposited NP. Several other explana-
tions have been proposed in the literature for the effect of velocity
on NP deposition. These explanations are briefly examined below.

Ko and Elimilech [37] observed that increasing flow velocity
decreased Sf at a given IS in packed column experiments. They
attributed this observation to larger shadow areas down gradient
of deposited particles and protrusions on sand grains. It was pos-
tulated that these shadow regions were not accessible for particle
deposition at higher velocities. However, diffusive transport is very
high for our NPs and particle deposition on regions down gradient
of protrusions (shadow areas) should be accessible as quantified
by k2. Therefore, we postulate that the shadow effect or depletion
zone only influenced the deposition rates of the NPs and does not
affect the values of Sf. Alternatively, assuming that the adhesion
strength increases with the residence time can provide a viable
explanation for higher Sf values at lower velocities (higher resi-
dence time). The adhesion strength of latex particles and bacteria
to glass surfaces has been observed to increase with the residence

time of the particle on the substrate [76–79]. For example, Xu et al.
[78], using colloid probe atomic force microscopy (AFM) observed
that the adhesion force between a latex microsphere and glass sur-
faces increased with residence time over a range of 0.001–50 s. This
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Fig. 6. Schematic of the NP attachment process on a sand grain illustrating the process of mass transfer of NPs over the unfavorable regions and NP attachment on the
favorable regions (red area); and a favorable site for attachment located in the “shadow region” down gradient of a surface protrusion. Note that the NPs transferred from the
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bservation has been ascribed to progressive removal of interfa-
ial water and/or rearrangement of the functional groups on the
urface of latex particles to bridge and then bind to the oppos-
ng surface until all bonds reach the lowest energy state. Aging
f the bond between adhering microorganisms and solid surfaces
as been documented [80,81], and attributed to possible collapse
f surface appendages, biosurfactant release, and the metabolic
ctivity of the organisms.

. Conclusions

Spatial and temporal variations in the rate of NP deposition may
ccur in porous media for a variety of reasons, including: differ-
nt strengths of interaction energy; enhanced retention in specific
ocations; spatial variations in NP mass transfer rates to reten-
ion locations; and the shadow effect. The influence of multiple
ates of deposition may  not be apparent on NP BTCs under clean-
ed conditions because the retention locations are far from being
lled. Conversely, as retention locations are filled, the influence
f multiple deposition rates becomes more apparent. Long-term
TCs (25–85 pore volumes) were therefore obtained for (50 and
00 nm)  NPs in order to determine their full deposition kinetics
nder various physicochemical conditions.

The long-term BTCs exhibited a bimodal shape that was  success-
ully simulated using a two-site kinetic model that accounted for
rreversible deposition and blocking on each site. Results showed
hat Sf values (related to the maximum solid concentration of the
Ps) were small (<9%) in an acid-washed sand and controlled by

he coupled effects of flow velocity, solution chemistry, and particle

ize; e.g., increasing with decreasing particle size and flow velocity,
nd increasing IS. NP deposition was much more pronounced in the
resence of Ca2+ than Na+, implying that NP deposition occurred
ecause of physicochemical interactions between the negatively
ay  only occur due to direct diffusion from the bulk solution. (For interpretation of
e article.)

charged COOH groups on the NPs and nanoscale heterogeneities on
the sand surface. Our results suggest these NP interactions tended
to strengthen with increasing contact time.
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