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Abstract: The transport of proteinate-capped silver nanoparticles (AgNPs) was evaluated in well-defined water-saturated Ottawa sand over a
range of water chemistry conditions and sand particle sizes. AgNP retention in the columns increased with solution ionic strength and
reductions in mean sand particle diameter, with the influence from ionic strength having the more significant effect on AgNP retention.
Increased retention of AgNPs in the porous media with increasing ionic strength appears to be caused by increased nanoparticle–sand
interaction rather than increased aggregation of nanoparticles with a resulting increase in physical filtration. Effluent AgNP concentrations
over time were effectively simulated using the transient, one-dimensional advection–dispersion equation with maximum attachment capacity
(Smax) and attachment/detachment coefficients (katt and kdet). In almost all cases, significant amounts of AgNPs exited the columns, sug-
gesting that AgNPs are relatively mobile in sand. At ionic strengths typical of natural groundwater (e.g., 10 mM), only 30–50% of the AgNPs
were retained. DOI: 10.1061/(ASCE)EE.1943-7870.0000684. © 2013 American Society of Civil Engineers.
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Introduction

Silver nanoparticles (AgNPs) are fine particles of metallic (zero-
valent) silver, which have at least one dimension less than 100 nm.
Because of their strong antibacterial properties, AgNPs are used in
a variety of biomedical and environmental applications, such as
the treatment of wounds and burns (Chen and Schluesener 2008;
Furno et al. 2004; Maneerung et al. 2008) and water disinfection
(Jain and Pradeep 2005; Kallman et al. 2011; LePape et al. 2002;
Oyanedel-Craver and Smith 2008; Zhang et al. 2012). As noted
in several recent publications (Badawy et al. 2010; Benn and
Westerhoff 2008; Choi and Hu 2008, 2009), AgNPs used in com-
mercial products likely enter conventional liquid- and solid-waste
streams (e.g., wastewater treatment plants and sanitary landfills).

A small number of recent studies have investigated the fate and
transport of nanoparticles (e.g., carbon nanotubes, latex nanopar-
ticles, silver nanoparticles, zinc oxide, and fullerenes) in saturated
porous media (Jaisi and Elimelech 2009; Kanel and Al-Abed 2011;
Li et al. 2008; Pelley and Tufenkji 2008; Tian et al. 2010; Wang
et al. 2008). To the authors’ knowledge, only two studies have
explicitly addressed transport of AgNPs. Tian et al. (2010) studied
AgNP transport through two sands with similar particle-size distri-
butions but having different surface zeta potentials. The AgNP
breakthrough was significant and nearly identical for both sands,
indicating that the surface zeta potential of the sand particles did
not have a significant effect on AgNP transport. However, these

researchers added an anionic surfactant to their inflow solution
to improve AgNP stability. This likely enhanced particle transport
relative to what would be expected under natural conditions when
no surfactant is present. Thio et al. (2012) investigated the mobility
of silver nanoparticles with two different coatings [citrate and
polyvinylpyrrolidone (PVP)] under different water chemistry con-
ditions, including seawater. They concluded that AgNPs could be
very mobile in environmentally relevant conditions. Neither study
identified the primary mechanism for AgNP retention in porous
media (e.g., physical straining or attachment to mineral surfaces).
Neither study considered AgNPs capped with proteinate, a
common commercial nanoparticle with a macromolecular capping
agent composed of bovine serum albumin.

For the work presented in this paper, the effects of porous media
particle size and water chemistry on AgNP transport are investi-
gated by batch experiments and sand column experiments. A
well-characterized commercially available AgNP that uses protein-
ate as its capping agent is used in this study. This is the first study
to examine the transport of silver proteinate nanoparticles in a
porous media. Silver proteinate is commonly used in ceramic water
filters (Oyanedel-Craver and Smith 2008) and other commercial
applications including as an antiseptic in eye drops and as an anti-
microbial agent in plastics, textiles, cosmetics, and paints. The pro-
teinate capping agent improves the particle stability in aquatic
systems and may therefore improve its mobility when released
to the environment.

In this paper, the transport behavior is experimentally studied
using Ottawa sands having three distinct mean particle sizes and
under three different solution electrolyte concentrations. The sorp-
tion of AgNPs to the sands is also quantified separately at different
solution ionic strengths using a batch equilibrium sorption meth-
odology. These data are combined to study the relative effects
of particle aggregation/filtration and nanoparticle–sand–surface in-
teractions on nanoparticle retention in the porous media. Column
experiments are quantitatively analyzed using a mathematical
model that incorporates nanoparticle attachment/detachment ki-
netics and maximum retention capacities. Nanoparticle transport
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is further analyzed in the context of the Derjaguin, Landau, Verwey,
and Overbeek (DLVO) theory.

Materials and Methods

Materials

Proteinate-capped AgNPs were obtained from Argenol Laborato-
ries (Spain) and used as received. The proteinate capping agent is a
bovine serum albumin composed of a single polypeptide chain of
583 amino acid residues (Elechiguerra et al. 2005; Peters 1996).
Reagent-grade electrolytes (MgSO4 and KNO3) from Sigma-
Aldrich (St Louis) were used to prepare divalent and monovalent
electrolyte stock solutions. They were mixed with silver nanopar-
ticle solutions to achieve different ionic strengths. US Silica Inc.
(Berkeley, WV) provided three kinds of Ottawa sand with the
following median grain diameters (d50): 0.55, 0.34, and 0.18 mm
(referred to as coarse, medium, and fine sand throughout this pa-
per). Prior to experiments, the sand samples were washed with tap
water, a 10% nitric acid solution, and deionized water to remove
surface impurities (such as iron hydroxide and organic coatings)
that could affect deposition of AgNPs during transport experi-
ments. After purifying the sand, it was dried at 105°C for 24 h,
and then stored in a capped sterile bottle for later use.

Quantification and Characterization of AgNPs

The concentration of AgNPs in suspension was determined using
a calibrated ultraviolet and visible (UV-vis) spectrophotometer.
Samples were also cross checked with an AAnalyst 200 atomic
adsorption spectrometer (AAS) (Perkin-Elmer, Waltham, MA) for
quality assurance. Morphological characteristics were examined
using transmission electron microscopy (TEM) (Model JEOL
2000FX, Tokyo) and dynamic light scattering (DLS) (NiComp
380 DLS, Port Richey, FL). Aqueous AgNPs suspensions were
sonicated for 5 min before DLS measurement to ensure the nano-
particles were monodispersed. The zeta potential (ζ) of AgNPs was
measured by filling liquid samples into the folded capillary cell
(DTS 1060, Malvern Instruments, Worcestershire, UK) and quan-
tified with a ZetaSizer Nano Z zeta potential instrument (Malvern
Instruments, Worcestershire, UK). Time-resolved hydrodynamic
diameter and zeta potential charge were monitored closely under
either monovalent or divalent electrolyte solutions over 12 h.
All measurements were performed at room temperature (24� 1°C).

Batch Sorption

Batch sorption experiments were performed to quantify the sorp-
tion of AgNPs from water to sand as a function of ionic strength.
By performing these batch experiments, important insight is gained
on AgNP–sand interactions independent of physical filtration
(straining) processes. For these tests, 10 g of sand and 10 mL
of an AgNP suspension at initial silver concentrations ranging from
0 to 50 mg=L were mixed in 15-mL disposable glass centrifuge
tubes with Teflon-lined caps. Ionic strength was adjusted with a
1 M MgSO4 solution. The contents were mixed on a mechanical
shaker for 2 h (the time predetermined to reach equilibrium). The
tubes were then centrifuged at 2; 000g for 30 min. The concentra-
tion of AgNPs in the supernatant was quantified and the sorbed
concentration was calculated by difference. For quality assurance,
suspensions of known concentrations of AgNPs but without sand
particles were centrifuged and the supernatant was analyzed. In all
cases, the recovery of AgNPs was greater than 95%, indicating that
centrifugation did not remove AgNPs from solution. Because

AgNP recoveries were consistently greater than 95%, sorption data
were not adjusted for average losses. Samples containing water
and sand (but no AgNPs) were also included to insure there
was no silver contamination in the water, glassware, and sand used
in the experiments. In all cases, no silver was detected in these
samples.

Packed-Bed Column Tests

A borosilicate glass column (15 × 1 cm inner diameter) with
Teflon end fittings (Kontes, Vineland, NJ) was used for porous me-
dia transport experiments. Two stainless-steel mesh screens were
placed inside the column at both ends to prevent elution of sand
particles. Each column was dry packed in small increments while
the column was vibrated to maximize dry density. Porosity was
determined gravimetrically and ranged from 0.23 to 0.31. The con-
sistency of packing for different columns was later verified by
[3H − H2O] tracer tests.

Deaired, deionized, organic-free water was pumped through
the column for 3 h (approximately 18 pore volumes) at a rate of
0.6 mL=min using an Acuflow series IV high-performance liquid
chromatography (HPLC) pump (Fisher Scientific, Pittsburgh) to
saturate the column. A pulse injection of ½3H� − H2O, a conser-
vative tracer, was injected to quantify dispersivity and hydraulic
conductivity of the porous media. Concentrations of the tracer in
effluent samples were quantified with a calibrated Packard 1900CA
liquid scintillation analyzer.

For AgNP transport experiments, a two-step procedure was
followed. First, a 50-mg=L AgNP suspension at a selected ionic
strength was pumped through the column at a constant flow rate
(0.6 mL=min). Second, an AgNP-free background solution with
the same ionic strength as used in previous steps was reintroduced
to rinse the column. Effluent samples were collected over time us-
ing a fraction collector into 10-mL (nominal volume) glass tubes.
The pH of influent and effluent samples was periodically measured
and was 6.7� 0.3. Samples were then analyzed for AgNP concen-
tration using a calibrated spectrophotometer at a wavelength of
396 nm. A subset of samples was split, acidified with a10%
HNO3 solution, and analyzed using an AAnalyst 200 (AAS) with
a silver lamp.

Theoretical Development

The following one-dimensional advection–dispersion equation
was used to describe the transport of AgNPs in the packed columns
(Tufenkji et al. 2003):

∂C
∂t þ

ρb
θw

∂S
∂t ¼ D

∂2C
∂x2 − q

∂C
∂x ð1Þ

ρ
θw

∂S
∂t ¼ kattψC − kdetρS ð2Þ

where C (ML−3) = concentration of AgNPs; ρb (ML−3) = soil bulk
density; θw (-) = volumetric water content; t (T) = time; q (LT−1) =
linear velocity of the water; S (MM−1) = solid-phase concentration
of AgNPs; D (L2T−1) = hydrodynamic dispersion coefficient;
x = longitudinal distance; katt (T−1) = attachment coefficient;
kdet (T−1) = detachment coefficient; and ψ (-) = dimensionless
blocking coefficient. Adamczyk et al. (1992) gave the relation
between ψ and S as follows:

ψ ¼ 1 − S
Smax

ð3Þ
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where Smax = maximum retention capability parameter (MM−1).
The modified attachment coefficient is katt ψ. This coefficient ac-
counts for the reduced attachment rate when more AgNPs take
up active sites for deposition. When the available sorption sites
reach saturation (S=Smax close to 1), this modified attachment
coefficient is close to zero. A public domain software package
(Hydrus-1D) was used to fit the breakthrough curves of
conservative tracer and the AgNPs by optimizing D and q for the
former case, and katt, kdet, and Smax for the latter case, respectively
(Simunek and van Genuchten 2008).

The surface interaction energy between nanoparticles and col-
lector surface is assumed to be the interaction between the particle
and an infinite plate due to the large ratio of collector diameter to
particle diameter. A nanoparticle must overcome the energy barrier
to deposit on the collector surface. This energy barrier, which is the
combined force of van der Waals (VDW) attraction and electro-
static double-layer repulsion (EDL), is calculated by classical
DLVO theory as described by Bhattacharjee and Elimelech
(1997) and Redman and Walker (2004). The electrosteric repulsion
as a result of the proteinate capping agent was neglected in the
DLVO calculations for simplicity.

Results

Silver Nanoparticle Characterization

The particle-size distributions of aqueous AgNP suspensions were
examined by DLS and the morphology was obtained through TEM,
which is included in the inset in Fig. 1(a). The nanoparticles are
mostly spherical. The mean hydrodynamic diameter of AgNPs
from DLS measurements is approximately 49.80� 3.12 nm, and
the diameter from TEM is 14.61� 6.44 nm. Time-resolved DLS
measurements are presented in Fig. 1(b) as a function of time
for deionized water solutions and for 10 mM KNO3 and
MgSO4 solutions.

Fig. 2 shows the zeta potential of AgNPs in deionized water, a
10-mM MgSO4 solution, and a 50-mM MgSO4 solution as a func-
tion of time. At time zero, the zeta potentials for 0-, 10-, and
50-mM AgNP suspensions were −57.1, −28.4, and −22.8 mV,
respectively.

Retention of AgNPs in Sand Columns

Particle-size distribution curves for the Ottawa sands used in this
investigation are shown in Fig. 3. Breakthrough curves of AgNPs
for sand columns packed with three sands and for different ionic-
strength solutions are presented in Fig. 4, together with model fits.
The concentrations of AgNPs in effluent samples are normalized to
the influent concentration, C0, and plotted as a function of pore
volumes. Table 1 summarizes the properties of all performed col-
umn studies as well as fitted parameters for both tracer tests and
transport tests. The percentage of injected AgNPs retained in the
column is also given in Table 1.

AgNPs Batch Sorption to Ottawa Sand

AgNP sorption to Ottawa sand was independently quantified
by batch sorption tests. These experiments were performed to quan-
tify nanoparticle–sand interactions exclusive of the influence of
pore structure on retention of AgNPs in sand columns. The upper
and lower limits of sand sizes and ionic strengths were investigated
and results are reported in Fig. 5. Sorption isotherm data are
well described by a Freundlich sorption model (R2 > 0.98). At the
highest equilibrium aqueous AgNP concentration (50 mg=L),

the equilibrium sorbed AgNP concentration for the 0-mM
solution is less than 4 μg=g. The addition of electrolyte at a
50-mM concentration results in significantly greater AgNP uptake
(>35 μg=g).

Fig. 1. (a) Particle-size distribution of proteinate-capped silver nano-
particles in organic-free deionized water as determined by DLS;
the inset is a typical transmission electron microscopy image;
(b) time-resolved hydrodynamic diameter measurement (by DLS) as
a function of time for particles suspended in water and 50-mM
KNO3 and MgSO4 solutions

Fig. 2. Zeta potential of silver nanoparticle suspensions in 0-, 10-, and
50-mM MgSO4 solutions as a function of time
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Discussion

Properties of Proteinate-Capped AgNPs

Previous studies have shown that the capping agent influences
the fate and transport of AgNP in conditions simulating natural envi-
ronments (Badawy et al. 2010; Foldbjerg et al. 2009; Huynh and
Chen 2011; Zeng et al. 2010). These studies have examined both
citrate and PVP capping agents, but to date, no study has investi-
gated the environmental transport AgNPs capped with proteinate.

The mass percentage of silver in commercial silver proteinate is
7.66% by weight as determined by atomic absorption spectroscopy
and confirmed by the manufacturer’s specifications. The remainder
is the proteinate capping agent (>90%). When dispersed in water,
the proteinate coating likely exists as a macromolecular diffuse
hydrated layer on the external AgNP surface. This is confirmed
by the relatively large difference in the mean particle diameter
as measured by DLS (49 nm) and TEM (15 nm). DLS measures
the hydrated particle radius, whereas TEM only detects the metallic
particle itself (MacCuspie et al. 2011). Similar observations have
been reported for AgNPs with PVP coatings (another macromo-
lecular capping agent). Foldbjerg et al. (2009) reported a 69-nm
particle diameter for PVP-coated AgNPs measured by TEM com-
pared to 118 nm by DLS in deionized water. By contrast, particle
diameters measured by DLS and TEM for citrate-capped AgNPs
are typically similar (Huynh and Chen 2011; Jiang et al. 2009;
Wang and Keller 2009; Zhang et al. 2011a; Zhuang et al.
2005). This observation is consistent with the relatively small
molecular weight of citrate relative to proteinate and PVP. In this
paper, the hydrodynamic diameter as determined by DLS is refer-
enced for the size of the proteinate-capped AgNPs (Bilberg et al.
2010; Powers et al. 2011; Zhang et al. 2011b).

The silver proteinate nanoparticles are negatively charged
(Fig. 2), and electrostatic double-layer repulsion between AgNPs
stabilizes the suspension for a short period of time, as shown by
both the hydrodynamic diameters in Fig 1(b) and zeta potentials
in Fig. 2 measured as a function of time. It is also confirmed by
the UV-vis scan presented in Fig. 6. No significant change was ob-
served in the absorbance scan between 0 and 120 min for AgNP
suspensions in deionized water. Over time, the proteinate capping
agent is gradually released into solution. This destabilizes the par-
ticles and leads to particle aggregation and larger mean particle
diameters in electrolyte solutions [Fig. 1(b)], as shown as a blue
shift of the absorbance peak from approximately 390 to 430 nm
(dashed line in Fig. 6). In deionized water, the mean particle size

decreases. In this case, aggregation is less pronounced in the ab-
sence of counterions and dissolution of the proteinate capping
agent results in a net reduction in hydrodynamic particle diameter.
Overall, the stabilization effect caused by the proteinate coating
appears to be longer lasting than a citrate coating. Huynh (2011)
reported rapid aggregation of citrate-coated AgNPs. The particles
grew from 60 to 100 nm in 30 min. In the present study, the
proteinate-capped AgNPs took almost 12 h to increase in size from
49 to 100 nm.

At 50-mM ionic strength, AgNP aggregation was observed over
12 h (Fig. 2), as evidenced by the increasing hydrodynamic diam-
eters. Under the same ionic strength, Mg2þ as a divalent electrolyte
is more effective in inducing aggregation than Kþ as a monovalent
electrolyte. This is consistent with the fact that divalent electrolytes
compress the electrostatic double layer more effectively than mono-
valent electrolytes (Elimelech 1995; Jaisi and Elimelech 2009). It is
also possible that divalent cation bridging is contributing to particle
aggregation for the MgSO4 solution. Only MgSO4 was used in the
transport experiments to adjust the ionic strength.

Fig. 2 shows the zeta potential for AgNP suspensions with
the same electrolyte but at different ionic strengths (0 to 50 mM).

Fig. 3. Particle-size distributions for the three types of sand used in
column experiments

Fig. 4. Normalized AgNP breakthrough curves and model fits for
(a) three sand grain sizes (0.18 to 0.55 mm) and one ionic strength
(50 mM) and (b) three different ionic strengths (0 to 50 mM) with
one sand grain size (0.55 mm); arrows indicate the time point at which
the feed of the aqueous AgNP suspension was replaced by an AgNP-
free solution
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The proteinate-capped AgNPs were negatively charged over the
examined range of ionic strengths (0 to 50 mM). This observation
is similar to results reported previously for AgNPs capped with cit-
rate (Badawy et al. 2010). In general, the absolute value of the zeta

potential decreases with increasing ionic strength, which is a direct
result of compression of the diffuse double layer by the electrolyte.

As solution ionic strength increases, AgNP retention increases.
As the mean sand particle size is reduced, increased attenuation of
AgNPs was observed.

AgNP Transport: Effect of Ionic Strength

The percentage of AgNPs retained in the sand porous media in the
column experiments range from 24 to 100% (Table 1). Solution
ionic strength has a strong effect on AgNP transport through the
sand porous media. As solution ionic strength increases, AgNP re-
tention increases, which is evident by inspection of the effluent
breakthrough curves in Fig. 3. The attachment coefficients (katt)
listed in Table 1 show a positive dependence on ionic strength
for a given sand sample. Conversely, detachment coefficients
(kdet) decrease with increasing ionic strength. Smax has a positive
correlation with ionic strength for a given particle size. This is a
result of more available sorption sites because the energy barriers
are reduced due to the increased ionic strength of the solution. This
transport behavior is comparable to previous observations for other
types of nanoparticles and colloids (Petosa et al. 2010; Torkzaban
et al. 2008; Wang et al. 2008).

Two contributing mechanisms may account for the effect of
solution ionic strength. First, increasing ionic strength likely com-
presses the diffuse double layer surrounding the AgNPs. This in
turn allows for enhanced particle–particle interaction resulting in
aggregation. Aggregated particles can be more effectively removed
from the flow field by sedimentation and physical filtration (strain-
ing). Second, by reducing the thickness of the diffuse double layer
surrounding the AgNPs, sorption of the nanoparticles to the sand
particles is expected to increase.

Consideration of the batch sorption data in combination with
the DLS data [Fig. 1(b)] indicates that increased particle–sand in-
teractions are the primary reason for increased AgNP retention in
the porous media with increasing ionic strength. Increased particle
aggregation followed by sedimentation and straining has compara-
tively little significance in reducing particle transport.

This conclusion is supported by the time-resolved DLS mea-
surements [Fig. 1(b)]. These data show little aggregation of the
AgNPs over the time of a typical column experiment (2 h). This
is at least partly caused by the proteinate capping agent, which ap-
pears to produce good particle stability even at 50-mM ionic
strengths. This conclusion is also supported by the batch sorption
data in Fig. 5. As the ionic strength is increased from 0 to 50 mM,
there is approximately a 10-fold increase in AgNP sorption to the
sand particles. Finally, comparison of UV-vis full-spectrum scans

Table 1. Percent Retention of AgNPs in Column Experiments and Associated Simulation Parameters

Column

Ionic
strength
(mM)

Median
grain size
(mm) Porosity

Hydraulic
conductivitya

(cm=min)
Retention

(%)
Smax

b

(μg=g)
katt

b

(min−1)
kdet

b

(min−1) R2

1 0 0.55 0.312 0.866 24.32 9.2 3.16E-02 3.93E-01 0.89778
2 10 0.55 0.305 0.533 35.94 11.9 4.26E-01 2.49E-01 0.88655
3 50 0.55 0.301 0.563 65.03 29.27 6.80E-01 7.45E-04 0.97705
4 10 0.34 0.289 0.594 38.93 22.36 3.02E-01 1.14E-01 0.92702
5 50 0.34 0.276 0.618 90.05 43.19 1.05Eþ 00 1.60E-05 0.94698
6 0 0.18 0.239 0.589 34.49 0.43667 4.30E-02 1.08E-01 0.87383
7 10 0.18 0.247 0.652 49.47 39.1 3.34E-01 2.74E-05 0.93731
8 50 0.18 0.259 0.639 100 NAc NA NA NA

Note: Smax = maximum attachment capacity; katt = attachment coefficient; kdet = detachment coefficient.
aHydraulic conductivities were obtained from simulation of tracer data.
bSmax, katt, and kdet were obtained from simulation of AgNP breakthrough curves.
cNA = not applicable because there were no detectable AgNPs in effluent, so simulations were not performed.

Fig. 5. Sorption isotherms and Freundlich model fits for AgNP
sorption to two Ottawa sands (0.18 and 0.55 mm) at two electrolyte
concentrations (0 and 50 mM)

Fig. 6. UV-vis scan of AgNP suspensions in deionized water at 30 and
120 min after preparation and with MgSO4 (ionic strength 10 mM)
3 days after preparation
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of influent and effluent AgNP suspensions used in column experi-
ments show that the peak never shifted more than 3 nm. If signifi-
cant aggregation was occurring and these aggregates were exiting
the column, a much larger peak shift between influent and effluent
solutions would be expected. Therefore, as ionic strength increases,
particle retention in the sand porous media also increases, and this
is mostly caused by nanoparticle sand interactions rather than by
particle aggregation and physical straining.

AgNPs and the sand particles both have negatively charged
surfaces for the entire range of ionic strengths investigated in this
study (Fig. 2). Therefore, the deposition of AgNPs onto the collec-
tor (sand) surface needs to overcome the primary energy barrier
between the two surfaces. This energy barrier, calculated from
DLVO theory and presented in Fig. 7, shows a significant decrease
from more than 25 kbT to less than 0.4 kbT as the ionic strength
increases from 1 to 50 mM. The reduction of the energy barrier
effectively changes the conditions to be more favorable for particle
deposition onto sand surfaces, and thereby results in higher reten-
tion rates of AgNPs. For this analysis, steric stabilization effects
have not been included (Chen and Elimelech 2006; Saleh et al.
2008). The polymeric nature of the proteinate coating on the
AgNPs used in this investigation likely enhances particle stability,
even at 50-mM ionic strength.

AgNP Transport: Role of Sand Grain Size

For the ranges of ionic strength and median grain sizes included in
this investigation, the impact of sand grain size on retention of
AgNPs is small relative to the effect of ionic strength. For example,
the retention data in Table 1 show that for a 0-mM solution, AgNP
retention only increased from 24 to 34% as the median grain size
decreased from 0.55 to 0.18 mm. By contrast, as the ionic strength
increased from 0 to 50 mM for the 0.18 mm diameter sand, the
percent AgNP retention increased from 34 to 100%. Although in-
teractions between AgNPs and the sand mineral surfaces are likely
the primary cause for particle retention at higher ionic strengths as
discussed previously, the general trend of increasing retention with
decreasing particle size suggests that physical filtration (straining)
is also occurring to a limited extent. The model simulation param-
eters (Table 1) also support these observations. Smax generally has a
negative correlation with grain size, suggesting stronger sorption to
smaller particle sizes (and higher specific surface areas). At 0- and
10-mM ionic strengths, both attachment and detachment coeffi-
cients are relatively insensitive to sand particle size.

Physical filtration, or straining, is the trapping of particles in
pores that are too small to allow particle passage. Straining may
also occur at grain–grain contacts and at surface roughness loca-
tions comparable in size to the colloid (Bradford and Torkzaban
2008). Although classical colloid transport theory predicts that
straining occurs when the ratio of particle to collector diameter
is greater than 0.05, at least one study suggests it could occur even
when the ratio is as low as 0.003 (Bradford et al. 2007). More
recently, straining has been observed for nanoparticles, where
the ratio is as low as 0.0008 for single-wall nanotubes (Jaisi and
Elimelech 2009). In this case, the ratio of AgNP size to sand grain
size is 0.0003, 0.0002, and 0.0001 for fine, medium, and coarse
sands, which are on the same order of magnitude as the ratio
reported by Jaisi and Elimelech (2009).

The Ottawa sands used in this investigation are less uniform
than the sands used in other studies, most of which used sand with
a relatively narrow particle-size distribution (Fig. 3). The uniform-
ity coefficients for these sands are 1.8, 2.2, and 1.3 for the fine,
medium, and coarse sand, respectively. Less-uniform sands help
create smaller pores, reduce the percentage of large pores, and
increase particle straining.

Implications of Transport Behavior

Understanding the mobility of AgNPs is a key step towards per-
forming risk analysis. This study presents results quantifying the
mobility of AgNPs under a series of environmentally relevant con-
ditions. The results show that AgNPs can be relatively mobile in
saturated sand systems. The proteinate capping agent results is rel-
atively good particle stability under natural ionic strength condi-
tions. Therefore, there is little particle aggregation and straining.
AgNP retention at low ionic strength is relatively small. At higher
ionic strengths, particle retention is caused primarily by AgNP
sorption to sand surfaces.

For ionic strengths close to natural groundwater (10 mM), the
maximum travel distance of AgNPs in sand porous media can be
calculated using filtration theory. The calculated distances are 7.44,
6.37, and 4.92 m for Ottawa sands with diameters of 0.55, 0.34, and
0.18 mm, respectively (Jaisi and Elimelech 2009). Travel distances
are sensitive to AgNP retention profiles, which were not measured
in this study. However, the particle-transport model in this paper
describes the effluent AgNP concentration data well, and both
the model and these calculated travel distances are based on the
assumption of exponential retention profiles. Furthermore, the
transport of AgNPs may be even greater due to the complexity
of natural soil systems. Heterogeneities, including macropores in
consolidated sediments, could further facilitate the transport of
commercial AgNPs discharged into the subsurface environment.
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