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Abstract
Silver nanoparticles (nAg) are widely used as antimicrobial agents in medical and
consumer products and represent a potential threat to natural environments. This
research was designed to assess the effect of solution chemistry on the fate and
transport of nAg in groundwater systems. The effects of pH, ionic strength and
dissolved oxygen (DO) on nAg transport, retention and dissolution kinetics in
water-saturated sands were evaluated through a series of batch, one-dimensional
column and two-dimensional aquifer cell studies. The mobility and dissolution of
nAg in sand columns were found to be a strong function of solution chemistry;
deposition increased with decreasing pH, increasing ionic strength and increasing
DO. In batch and column studies, dissolution was enhanced at lower pH values
and higher DO concentrations. Results from column and aquifer cell studies
indicate that nAg retained in porous media can serve as long term sources of
silver ion.
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Background and Literature Review
Silver nanoparticles (nAg) are widely used in industrial, healthcare and
commercial applications for their broad-spectrum antimicrobial properties.
Biocidal nAg has been incorporated into a variety of products including paint,
food packaging, cosmetics, medical devices, water filters and socks. The
manufacture and use of these products is expected to increase in the future,
resulting in greater potential for nAg release into the environment (Verner et al.
2010). An estimated 500 metric tons per year of nAg are produced worldwide
(Mueller and Nowak, 2008), which raises significant concerns related to
environmental fate, transport and toxicity.
Microbial toxicity studies have shown that nAg that enters wastewater treatment
plants or natural ecosystems can potentially disrupt beneficial bacteria (Choi et al.
2008; Gajjar et al. 2009; Fabrega et al. 2009a, 2009b). Several studies have also
demonstrated adverse effects in soil and aquatic organisms following exposure to
nAg (Lee et al. 2009; AshaRani et al. 2008; Navarro et al. 2008; Shoults-Wilson
et al. 2011; Roh et al. 2009). For example, nAg has been shown to cause dosedependent toxicity at several developmental stages in zebra fish embryos (Lee et
al. 2009; AshaRani et al. 2008), and inhibits photosynthesis in the alga
Chlamydomonas reinhardtii (Navarro et al. 2008). There is also evidence that
indiscriminate use of biocidal silver in medical and consumer products, and the
release of nAg into the environment, may increase bacterial resistance to both
silver and antibiotics (Silver 2003; Bruins et al. 2000; Percival et al. 2005).
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Despite the recognition of its potential toxicity, nAg fate and transport in the
environment remains poorly understood. Both the particulate (nAg) and dissolved
ion (Ag+) have been shown to cause adverse effects, necessitating a thorough
understanding of both nAg behavior and dissolution kinetics. This work seeks to
examine the solution properties (e.g. pH, ionic strength, dissolved oxygen) that
influence the transport, retention and dissolution of silver nanoparticles in
subsurface environments. A series of batch, one-dimensional column and twodimensional aquifer cell experiments will be conducted to explore nAg transport
and dissolution kinetics in porous media. The following sections provide a
review of the relevant literature concerning the effects of solution chemistry on
nAg suspension stability, dissolution kinetics and transport in porous media.
The Effect of pH and Ionic Strength on Particle Aggregation and Stability
The mobility, bioavailbility and toxicity of nanoparticles in the environmental are
largely determined by suspension stability, which is a function of solution
chemistry (e.g. pH, ionic strength). In general, nanoparticle stability tends to
decrease as the solution pH approaches the point of zero charge (PZC) of the
particle. At the PZC, repulsive forces between nanoparticles are at a minimum
and aggregation/sedimentation occurs (Hiemenz and Rajagopalan 1997). For
example, 8.1 nm titanium dioxide (TiO2) nanoparticles have a PZC of 6.2
(Guzman et al. 2006). Increased ionic strength also acts to minimize repulsive
forces between particles and cause instability. Several studies have evaluated the
effects of solution chemistry on nAg aggregation kinetics, surface charge and
suspension stability (Li et al 2010; El Badawy et al. 2010; Elzey et al. 2010;
2

Huynh et al. 2011). In one such study, El Badawy et al. (2010) investigated the
effects of pH and ionic strength on particle diameter and surface charge (zeta
potential) in suspensions of citrate-coated silver nanoparticles (Figure 1). As pH
was decreased from 10 to 2, zeta potential values tended to become less negative
and particle diameter increased. A PZC was not observed even at low pH values,
likely due to the electrostatic stabilization provided by the negative citrate
coating. Increasing the ionic strength from 10mM to 100mM NaNO3 also
resulted in a several fold increase in particle size.

Figure 1. The effect of pH and ionic strength on the zeta potential and
hydrodynamic diameter (HDD) of citrate-coated nAg (El Badawy et al. 2010).
The electrostatic forces that control nAg aggregation and deposition behavior can
be described by the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory
(Derjaguin and Landau, 1941; Verwey and Overbeek, 1948). In DLVO theory,
3

colloidal stability is determined by the balance between attractive van der Waals
forces and repulsive electrostatic forces. One of the key assumptions made by the
DLVO theory is that the electrical double layer and van der Waals forces are
treated independently and assumed to be additive. In its classical form the theory
also neglects so-called “non-DLVO” forces, such as hydrophobic interactions
between particles due to polymers coatings (Ninham 1999). Despite these
simplifying assumptions, DLVO theory is often used to support nanoparticle
aggregation and deposition behavior observed experimentally (e.g. Huynh et al.
2011; Guzman et al. 2006).
The principal equations governing both nanoparticle-nanoparticle and
nanoparticle-sand interactions will now be presented. The total interaction energy
(Etotal) for either type of interaction is calculated from the sum of the electrical
double-layer repulsion energy (Eedl) and van der Waals attraction energy (Ev)
(Guzman et al. 2006):

The electrical double layer repulsive energy between two nanoparticles, Edl-NN,
can be calculated using Equation 2 (Gregory 1975),

(

)

where n is the number of cations in solution, k is the Boltzmann constant, T is the
absolute temperature, a is the particle radius, κ is the Debye-Huckel reciprocal
length parameter, z is the charge number, e is the electron charge, ψp is the surface
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potential of the particle, and d is the surface to surface distance between particles.
At low ionic strengths, the surface potential of the particle can be approximated
by the zeta potential, which is determined from electrophoretic mobility
measurements. The Debye-Huckel reciprocal length parameter, κ, is calculated
using Equation 3 (Wang et al. 2008),
(

)

where ε0 is the permittivity of a vacuum, εr is the relative dielectric constant of
water, NA is Avogadro’s number, and IC is the ionic strength. The electrical
double layer repulsive energy between a nanoparticle and a grain of sand (Eedl-NS)
can be calculated using Equation 4 (Bhattacharjee and Elimelech 1997; Guzman
et al., 2006):
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The van der Waals attraction energy between two nanoparticles, Ev-NN, can be
calculated using Equation 5,

[

(

)]

where A is the Hamaker constant for nAg-water-nAg with a value of 38.5 x 10-20 J
(Butt et al. 2005), b is a constant with a value of 5.32, and λ is the characteristic
wavelength. The van der Waals attraction energy between a nanoparticle and a
grain of sand, Ev-NS, can be calculated using Equation 6 (Bhattacharjee and
Elimelech 1997),

[

(

)]

where ANS is the Hamaker constant for nAg-water-silica interactions. The
Hamaker constant for the nAg-silica-water system was calculated to be 2.02 x 1020

J (Butt et al. 2005; Bergstrom 1997).

The sum of the two energy terms (Eedl and Ev) provide a net energy, Etotal, which
can be used to generate an interaction energy profile of net interaction energy
versus particle-particle distance or particle-sand grain distance. Negative values
indicate a net attractive energy, while positive values indicate a net repulsive
energy. Solution chemistry plays a significant role in DLVO interactions and
influences deposition of nanoparticles in porous media (Elimelech et al. 1995).
Interaction energy profiles can be used to predict whether conditions are favorable
for nanoparticle deposition on sand. For example, in a nano-CeO2–sand system,
the energy barrier decreases as electrolyte concentration increases due to greater
6

compression of the electrical double layer (Figure 2). As the net interaction
energy decreases, nanoparticle deposition on sand is expected to become more
favorable due to lower repulsive forces between particle and sand surface.

Figure 2. Nanoparticle-sand grain interaction energy profiles for nano-CeO2 as a
function of ionic strength (Li et al. 2011)
Deposition also becomes more favorable at certain pH ranges, depending on the
PZC of nanoparticles. For example, nano-TiO2-sand interaction profiles
computed for a range of pH values (Figure 3) show that the lowest energy barriers
occur at pH 3 and 7 (PZC = 6.2). As the pH is increased or decreased on either
side of the PZC, positive interaction energy (net repulsion) is observed.
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Figure 3. Nanoparticle-sand grain interaction energy profiles for nano-TiO2 as a
function of pH (Guzman et al. 2006).
Effect of pH and Ionic Strength on Nanoparticle Transport and Retention in
Porous Media
While there are a number of published studies concerning the mobility of some
nanoparticles in porous media (e.g. Wiesner et al. 2006; Wang et al. 2008; Li et
al. 2008; Guzman et al. 2006), there has been very limited research concerning
nAg transport and retention in water-saturated porous media. Two nAg transport
studies were identified in the current literature. In the first study, Tian et al.
(2010) evaluated the transport of anionic-surfactant dispersed-nAg in quartz sand
with and without metal oxide impurities. They found that surfactant-stabilized
nAg were highly mobile in porous media and that deposition decreased by 10% in
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metal oxide-free sand. In the second study, Sagee et al. (2012) investigated the
effects of grain size, humic acid content and flow rate on transport in a natural
soil, and observed decreased mobility in finer soils, in the presence of humic acids
and at lower flow rates. Figure 4 shows the effect of grain size and flow rate on
nAg transport in quartz sands.

A

B

Figure 4. (a) Breakthrough curves for nAg in soils of different grain sizes at a
Darcy velocity of 0.66 cm/min and (b) at Darcy velocities of 0.66 cm/min and
0.17 cm/min (Sagee et al. 2012)
9

The effects of variable solution chemistry (e.g. pH, ionic strength) on nAg
transport and retention in porous media have not yet been examined.
Transport studies with a variety of nanoparticles, including fullerene, titania and
single-walled carbon nanotubes, have shown that nanoparticle transport behavior
in water-saturated sands is highly sensitive to changes in pH and ionic strength
(e.g. Wang et al. 2008; Torkzaban et al. 2012; Lecoanet et al. 2004; Jaisi et al.
2008; Chen et al. 2011; Guzman et al. 2006). For example, Torkzaban et al.
(2012) showed that increasing ionic strength resulted in increased deposition of
CdSe quantum dots and Guzman et al. (2006) demonstrated that deposition of
nano-TiO2 increases at pH values close to the point of zero charge of 6.2.
Despite the importance of deposition mechanisms in nanoparticle transport, very
few nanoparticle transport studies (e.g. Wang et al. 2008; Chen et al. 2011) report
the solid-phase concentrations along the length of the column or provide a
retention (deposition) profile. The combination of an effluent breakthrough curve
and retention profile provides a more complete picture of transport and deposition
mechanisms than a breakthrough curve alone.
Modeling Nanoparticle Transport
Nanoparticle transport in porous media has been successfully modeled using
classical clean bed filtration theory (CFT) and modified filtration theory (MFT)
(Yao et al. 1971; Li et al. 2008). These models have been used to capture the
transport and retention behavior of nanoparticles such as C60 aggregates (Wang et
al. 2008; Li et al. 2008) and CdSe quantum dots (Torkzaban et al. 2010) in water-
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saturated sands. Mass transfer to the solid-water interface occurs via three
mechanisms: sedimentation, interception along the streamlines and random
motion due to Brownian diffusion (Yao et al. 1971). The equations governing
CFT are derived from the advection-dispersion equation for one-dimensional
transport in porous media.
C  b S
 2C
C

 Dh 2  v p
t  t
x
x

(7)

where C is the aqueous phase concentration (mg/L), ρB is bulk density of the
porous media, θ is water content, S is the solid-phase concentration (µg/g), Dh is
the hydrodynamic dispersion (m), vp is the pore water velocity (m/d) and x is
distance (m).
In CFT, the rate of particle attachment (katt, h-1) to the collector surface is
described by a first order attachment term and there is an unlimited capacity for
attachment.

b S
 k attC
 t

(8)

3(1   )v
0
2d c

(9)

katt 

where ε is porosity, dc is the diameter of the collector, α is the collision efficiency
(i.e. the number of particles attached per number of collisions) and η is the single
collector efficiency (rate at which particles strike collector per rate at which
particles flow toward collector). The product, αη, is the probability of attachment.
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In MFT, both particle attachment and detachment are considered and the
attachment term is modified by a Ψ term, which considers a finite number of sites
for attachment.

b S

 katt C  kdet b S
 t


(10)

b S
 katt C
 t

(11)

S max  S
S max

(12)



where Smax is the maximum solid-phase capacity (µg/g), S is solid-phase
concentration (µg/g). Model fits to experimental data and fitted parameter values
can be used to evaluate the sensitivity of nanoparticle transport and deposition to
system conditions.
nAg Dissolution Kinetics in Batch and Dynamic Systems
In the case of dissolvable nanoparticles such as nAg, it is important to understand
the behavior of both the particulate and dissolved fractions. The degree of
dissolution of various metallic nanoparticles (e.g. nAg, nano-ZnO, quantum dots)
is often directly correlated with observed toxicity to aquatic organisms and
bacteria (Hardman 2006; Xia et al. 2008; Song et al. 2010; Choi et al. 2008). In
the silver oxidation equation, protons and dissolved oxygen are required for
dissolution to occur.
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The basic dissolution reaction can also be complicated by particle aging that
results from the formation of a silver oxide coating (Ag2O3), which then dissolves
to slowly to release Ag+ over time (Li et al. 2012; Chen et al. 2006; Schmidt et al.
2003). Li et al. (2012) provide a schematic representation of the
oxidation/dissolution process (Figure 5).

Figure 5. Schematic representation of surface oxidation of nAg and dissolution
of oxide layer (Li et al. 2012)
Recent research relating to nAg has focused on assessing dissolution kinetics as a
function of solution chemistry in batch systems (Zhang et al. 2011; Li et al. 2010;
Kittler et al. 2010; Liu and Hurt 2010). These studies demonstrated that nAg
dissolution rates are dependent on pH, temperature, ionic strength, coating type,
initial concentration, initial particle size, electrolyte type and humic/fulvic acid
13

content. For example, Liu and Hurt (2010) observed an increase in Ag+ release
with decreasing pH (Figure 6), consistent with the overall silver oxidation
reaction (Eq. 13).

Figure 6. One day release of Ag+ as a function of pH into buffered, air-saturated
solutions at 20°C (initial concentration = 2 mg/L) (Liu and Hurt 2010)
Liu and Hurt (2010) also reported that reducing the level of oxygen in solutions
(DO < 0.1 mg/L) inhibited nAg dissolution (see Figure 4); however, no studies to
date have examined nAg dissolution under hypoxic conditions (e.g. 1 or 2 mg/L),
which can be common in subsurface environments (Malard and Hervant 1999).
In previous nAg dissolution studies, a modified first order rate model has been
used to describe nAg dissolution (Liu and Hurt 2010; Kittler et al. 2011; Li et al.
2012).

14

where y(t) is the concentration of silver ions in time,

(mg/L) is the final

concentration of released silver ions and k is the dissolution rate constant (1/h).
Values for

and k are generated using a non-linear least squares fitting

routine. Although more mechanistic kinetic models of nAg dissolution are
preferred, this approach allows for a quick estimation of the effect of different
factors on dissolution rates. Model fits (using Eq. 16) to time release data
obtained from citrate-coated nAg solutions at two different initial concentrations
are shown in Figure 7 (Kittler et al. 2010).

Figure 7. Time release of Ag+ from citrate-coated nAg at two different initial
concentrations. Modified first order model predictions are shown and provide rate
constants of 0.0021 h-1 and 0.0017 h-1 for 0.32 and 0.14 g/L initial nAg content,
respectively (Kittler et al. 2010).
The above nAg dissolution studies were conducted in batch reactors; no previous
research has examined nAg dissolution in dynamic systems or in porous media. In
15

addition, no prior transport studies have monitored both metallic nanoparticle
transport and simultaneous release of Ag+ from retained particles in watersaturated porous media.
Problem Statement and Technical Approach
This master’s research sought to address several gaps in the literature regarding
silver nanoparticle transport behavior and dissolution kinetics in porous media. In
particular, it is critical to identify environmental conditions that influence nAg
deposition in subsurface environments and to identify the factors that promote
dissolution in both batch and dynamic systems. The specific objectives of the
research were to (1) determine the effects of solution chemistry (pH, ionic
strength) on the transport, retention and dissolution of nAg in quartz sands; (2)
evaluate the effect of DO concentration on nAg dissolution kinetics in batch
systems; (3) evaluate the effect of DO concentration on the dissolution kinetics of
nAg retained in quartz sands; (4) utilize particle/solute transport models
developed by the Abriola group to better understand nAg transport and
dissolution mechanisms and to evaluate sensitivity to system conditions.
The research was structured around four tasks, which were completed through a
combination of batch, one-dimensional column and two-dimensional aquifer cell
studies.
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Task 1: Effects of pH and ionic strength on nAg transport and retention in watersaturated quartz sands
A series of one-dimensional column transport experiments was conducted to
evaluate the effect of pH and ionic strength on nAg transport behavior.
Hypothesis: (1) Based on prior nanoparticle transport studies and DLVO
calculations, the amount of retained silver mass will increase with ionic
strength and decrease with pH
Task 2: Effect of dissolved oxygen content on nAg dissolution kinetics in batch
reactors
Dissolved oxygen is a required reactant in the dissolution of silver
nanoparticles (Liu and Hurt 2010); however, no prior studies to date have
examined the effect of variable DO concentration on dissolution. Hypothesis:
Based on the stoichiometry of the silver oxidation reaction (Eq. 7), the rate
and extent of nAg dissolution in batch reactors will increase with dissolved
oxygen (DO) content.
Task 3: Effect of pH and dissolved oxygen content on the dissolution kinetics of
retained nAg
There have been no previous transport studies addressing the dissolution of
nAg or any metallic nanoparticles in porous media. Hypotheses: Based on
prior batch studies and the role of DO in the silver oxidation reaction, the
dissolution of silver nanoparticles retained in columns packed with watersaturated sand will increase with DO concentration and at lower pH values.
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Release of Ag+ from retained particles is expected to decrease gradually
overtime due to formation of an oxide layer on the particle surface.
Task 4: Assessment of nAg transport, retention and dissolution kinetics in a multidimensional aquifer cell
Prior nanoparticle transport studies in water-saturated porous media have been
conducted in one-dimensional column systems. An aquifer cell experiment
will be designed to evaluate nAg behavior in the subsurface under more
realistic flow conditions. Hypothesis: Silver nanoparticles retained in the
aquifer cell will serve as long term sources of silver ion, particularly nAg
retained in lower permeability regions.
Experimental Approach and Methods
Nanoparticle Preparation and Characterization
Nanoparticles suspensions were prepared based on the method of Liu and Hurt
(2010) using sodium borohydride as the reducing agent and silver nitrate as the
precursor. Briefly, a solution containing 6mM trisodium citrate and 2mM sodium
borohydride was prepared in ice-cold deionized (DI) water (Millipore, 18.2
mΩ·cm). Using a syringe pump, a 15 mM AgNO3 solution was added drop wise
at a flow rate of 0.3 mL/min under stirring at 700 rpm. The resulting nAg
suspension was allowed to stir overnight after which time reaction byproducts
(citrate, NaBH4 and silver ion) were removed by 3 cycles of ultrafiltration and DI
water addition using a centrifugal filtration unit.
Analytical Methods
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Size distribution and surface potential of prepared nAg solutions were obtained by
dynamic light scattering and zeta potential measurements, respectively. Silver ion
was separated from the nanoparticle form by centrifugation at 2900xg for 20
minutes in ultrafiltration units. The sodium borohydride reduction method
produced a ca. 16 mg/L solution of nAg of size 11 ± 2 nm containing nondetectable levels of silver ion. The pH and zeta potential of the nAg stock as
prepared were ca. 8.2 and -50 mV, respectively.
Aqueous silver concentrations were quantified by inductively coupled plasmaoptical emission spectrometry (ICP-OES). The detection limit of silver by ICPOES is 0.01 mg/L (Hubaux and Vos 1970). Solid phase extraction was achieved
through an acid digestion procedure. Column sections were homogenized in
centrifuge tubes by vortexing with DI water, after which approximately 6 g of
sample was transferred to a 35 ml acid digestion vial. After oven drying at 95 C,
10 ml of concentrated nitric acid was added to solid samples and digestion was
performed in a microwave acid digestion instrument at 190 C for 10 minutes. The
resulting solution was diluted four-fold and then analyzed for total silver content
by ICP-OES. The solid phase detection limit by this method is 0.1 µg silver/g
sand.
Column Transport Experiments
As part of Task 1, a total of eight column experiments were performed to evaluate
the effects of ionic strength and pH on the transport, dissolution and retention of
nAg in water-saturated quartz sand. All experiments were performed under air-
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saturated conditions (DO~ 8.9 mg/L) in washed 40-50 mesh Ottawa sand. Sand
was washed by a sequence of acid washing, ultrasonication, DI water rinses and
oven drying (205°C) (Wang et al. 2008). All experiments were conducted at a
pore water velocity (vp) of ca. 7.6 m/d.
Table 1. Matrix of column experiments conducted as part of Task 1
pH
4 (in duplicate)
5.5
7 (in duplicate)
7
7
7

Ionic Strength (as NaNO3)
10
10
10
12
20
30

Column experiments were conducted in borosilicate glass columns (12.5 cm
length x 2.5 cm inside diameter) packed with 40-50 mesh Ottawa sand (d50 = 360
µm) and saturated with background electrolyte solution following the methods of
Wang et al. (2008). Silver nanoparticle solutions were prepared in the following
order: electrolyte addition, nAg stock addition and pH adjustment using dilute
nitric acid or sodium hydroxide. Prior to nAg introduction, a non-reactive tracer
test (bromide) was conducted for each column experiment. Three pore volumes
of NaBr were introduced (at the same ionic strength as background electrolyte in
transport experiment), followed by 3 pore volumes of background electrolyte.
Effluent samples were collected using a fraction collector and analyzed for
bromide concentration. CXTFIT (Toride et al. 1995) was used to determine the
hydrodynamic dispersion and pore volume for each column tracer test.
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Following the tracer test, a three pore volume pulse of nAg suspension (ca. 3
mg/L) was introduced into each column, followed by 3 pore volumes of
nanoparticle-free solution (identical chemical conditions to the injection
suspension). A peristaltic pump was used to deliver both the nAg solution and
background electrolyte to the column in upflow mode at a flow rate of 1 mL/min.
This flow rate corresponded to a pore-water velocity of ca. 7.6 m/d, and provided
a column residence time of ca. 25.5 minutes. The influent solution was sampled
at the beginning and conclusion of the nAg pulse injection and analyzed for total
and dissolved phase silver, size and zeta potential. Effluent samples were
collected continuously at a resolution of 5 samples per pore volume and analyzed
for total silver and dissolved silver to generate effluent breakthrough curves (C/C0
vs. dimensionless pore volume). At the conclusion of each column experiment,
the columns were dissected into 1.25 cm increments and analyzed to quantify
solid-phase concentrations along the length (retention profile).
Batch Dissolution Experiments
For Task 2, a total of nine 48-hour batch experiments were conducted to assess
the dissolution kinetics of nAg as a function of pH and dissolved oxygen
concentration. The ionic strength in all experiments was 10mM sodium nitrate.
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Table 2. Matrix of column experiments conducted as part of Task 2
pH
4 (in duplicate)
4 (in duplicate)
4
5.5
7
7
7

Dissolved Oxygen (mg/L)
9
2
<0.2
9
9
2
<0.2

Batch studies were performed in glass bottles under stirring at 700 rpm at 22 °C
with a total silver concentration of 3 mg/L. Solutions were prepared in the
following order: electrolyte addition (10 mM NaNO3), nAg stock addition and pH
adjustment using dilute nitric acid or sodium hydroxide. In order to achieve DO
concentrations of 2 mg/L and <0.2 mg/L, experiments (including solution
preparation) were conducted in sealed glove bags under a nitrogen/oxygen (5%
oxygen/95% nitrogen) or ultra-pure nitrogen atmosphere, respectively. DO was
monitored using an oxygen-specific probe. Electrolyte and nAg stock solutions
were allowed to equilibrate at the appropriate DO level for at least 8 hours prior to
batch solution preparation. Samples were collected for 48 hours, with higher
sampling resolution during the first 2 hours of batch experiments in order to
capture nAg dissolution kinetics on a time scale relevant to the 25 minute
residence time of columns used in subsequent transport studies. At each time
point, samples were analyzed for total silver and dissolved silver, mean particle
size and zeta potential.

22

Column Dissolution Experiments
Task 3 was comprised of seven column experiments and used to assess the
dissolution kinetics of nAg retained in water-saturated sand as a function of pH
and dissolved oxygen concentration. All experiments were conducted with a
background electrolyte of 10 mM NaNO3 at vp = 7.6 m/d in washed 40-50 mesh
Ottawa sand.
Table 3. Matrix of column experiments to be conducted as part of Task 3
pH
4 (in duplicate)
4
4
7
7
7

Dissolved Oxygen (mg/L)
9
2
<0.2
9
2
<0.2

Column dissolution experiments consisted of a particle deposition phase designed
to assess nAg mobility, followed by a dissolution phase to evaluate the longer
term release of Ag+ from the retained nanoparticles. For experiments at lower
oxygen levels, column studies, including solution preparation, were conducted in
a large glove bag maintained under either a pure nitrogen (DO<0.2 mg/L) or
air/nitrogen atmosphere (DO=2 mg/L). Three pore volumes of nAg (ca. 3 mg/L)
were introduced, followed by 25 pore volumes of nanoparticle-free background
electrolyte under the same chemical conditions (identical pH and DO). Tracer
tests, nAg solution preparation and effluent sampling were conducted as described
previously. The percent of mass retained during the deposition phase that eluted
from the column as Ag+ during the dissolution phase was calculated.
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Aquifer Cell Experiments
As part of Task 4, two preliminary column experiments, a series of aquifer cell
tracer tests and a nanoparticle injection/dissolution experiment were conducted.
These experiments are outlined in Table 4.
Table 4. Matrix of column experiments to be conducted as part of Task 4
Experiment

Chemical Conditions

Experimental approach
3PV of 3mg/L nAg at pH 7 → 3 PV
of pH 7 NaNO3 → 10PV of pH 4
NaNO3

40-50 column
experiment

3 mg/L nAg, pH 7
5mM NaNO3

80-100 column
experiment

3 mg/L nAg, pH 7
5mM NaNO3

Aquifer cell
influent screen
tracer test
Aquifer cell
injection tracer
tests

5mM NaBr + 10
mg/L sodium
fluorescein
5mM NaBr + 10
mg/L sodium
fluorescein

nAg injection into
aquifer cell

3 mg/L nAg solution
(pH 7 5mM NaNO3)

Dissolution of
retained particles
in aquifer cell

pH 4 5mM NaNO3

Switch background solution to pH 4

Aquifer cell
dissection

N/A

Dissect aquifer cell and measure
solid phase concentrations

3PV of 3mg/L nAg at pH 7→ 3 PV
of pH 7 NaNO3 → 10PV of pH 4
NaNO3
1/2 PV tracer solution through
fully screened influent chamber
200mL of tracer solution into each
injection port simultaneously (flow
rates TBD)
200mL of tracer solution into each
injection port simultaneously (flow
rate TBD)

Aquifer cell design:
Two-dimensional transport and dissolution experiments were performed in an
aquifer cell (60 cm length x 40 cm height x 1.4 cm thickness). The front panel of
the aquifer cell was outfitted with four evenly spaced transects of side ports to
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allow for sampling of the aqueous phase through PTFE/rubber septa using a 22
gauge needle. Two ports in the transect closest to the influent chamber were used
as injection ports; injection of nanoparticle suspension occurred perpendicular to
the direction of flow through 60 mesh stainless steel wells that spanned the
thickness of the cell. The aquifer cell was packed under water-saturated
conditions and contained a background of 40-50 mesh Ottawa sand, a rectangular
low-permeability lens (80-100 mesh Ottawa sand) directly down gradient of an
injection port and a 2.5 cm-high low-permeability layer (F-75 Ottawa sand) along
the bottom of the cell. All sands were unwashed. Flow through the aquifer cell
was maintained by adjusting the height of two constant-head reservoirs at the
influent and effluent chambers, which consist of two perforated rectangular
screens. All aquifer cell experiments were conducted under air-saturated
conditions (DO ~8.9 mg/L) at a pore-water velocity of 2 m/d. The pore volume
and residence time of the aquifer cell were 1317 mL and 8.2 hours, respectively.
A diagram of the aquifer cell with locations of sideports (injection ports circled) is
provided in Figure 8.
Tracer Tests:
Several tracer tests were performed to characterize the flow field in the aquifer
cell. The tracer solution was composed of sodium bromide and sodium
fluorescein. Sodium fluorescein is a conservative tracer dye that fluoresces under
blue light and allows visualization of flow through the cell. In the first tracer test,
a ½ pore volume pulse of tracer solution was introduced through the fully screen
influent chamber. Samples were continuously collected from the fully screened
25

effluent chamber using a fraction collector and collected in 30-40 minute intervals
from ports in transects A and B (0.5 mL sample volume/port). Samples were
analyzed for bromide concentration to generate tracer breakthrough curves for the
effluent and for each sideport. Several tracer tests at different flow rates were
conducted through the two injection ports (200 mL/port) to assess flow patterns
and determine an appropriate injection flow rate.
Nanoparticle Injections:
After completion of tracer tests, silver nanoparticle solution was introduced to the
aquifer cell, followed by a low pH flush to promote dissolution of particles
retained during the injection phase. A 200 mL pulse of nAg solution prepared in
same manner as in column experiments was introduced through each injection
port (injections conducted simultaneously). To ensure that any non-attached
particles had sufficient time to reach the effluent chamber, 2 pore volumes of
background solution were allowed to pass through the aquifer cell at the
conclusion of the injection. Two pore volumes of low pH background solution
were then be introduced through the fully screened influent chamber. Effluent
and sideport samples were collected throughout the experiment as described
previously and analyzed for total and dissolved silver content.
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A

B

C

D

Figure 8. Design and dimensions of aquifer cell. Injection ports are circled and vertical transects of sampling ports are labeled A-D.
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Aquifer Cell Dissection:
At the conclusion of the nanoparticle injection and dissolution phases, the aquifer
cell was dissected and solid-phase concentrations of silver were quantified. The
aquifer cell was divided into 225 sections and each section was analyzed for silver
content through the acid digestion procedure described previously.
Results and Discussion
nAg Suspension Characterization
The effects of pH, ionic strength and dissolved oxygen content on size and zeta
potential of nAg suspensions are illustrated in Figures 9-13. The particle size
distribution for citrate-stabilized nAg prepared via the borohydride reduction
method is shown in Figure 9. Suspensions display a narrow size distribution, with
a mean value (number based) of 12 nm.
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Figure 9. Number-based particle size distribution for as-prepared nAg
suspensions (pH 8.2, oxygen-saturated conditions).
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Suspensions were prepared at pH values of 4, 5.5 and 7, ionic strengths of 10, 12,
20 and 30 mM NaNO3 and dissolved oxygen concentrations of 9, 2 and <0.2
mg/L. Particle diameter remained stable at 12 ± 2 nm over the range of
conditions tested. A change in pH had a significant effect on zeta potential
(Figure 10); when pH was increased from 4 to 7, zeta potential increased by ca.
15 mV. Zeta potential measurements indicated that nAg would likely exhibit
higher mobility in porous media at higher pH values.

Figure 10. Effect of pH on zeta potential of nAg suspensions (oxygen-saturated
conditions, 10 mM NaNO3). Error bars represent standard error from triplicate
measurements.
Although particle size remained constant over the pH range studied, ionic strength
had a significant effect on nAg diameter. Normalized diameter (D/D0) is plotted
against time in Figure 11 for pH 7 nAg suspensions at various ionic strengths.
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Aggregation was observed to occur at ionic strengths above 40 mM NaNO3.
Transport experiments were designed to avoid aggregation in influent solutions.
At ionic strengths below 40 mM NaNO3, particle size remains constant for several
days.

Figure 11. nAg aggregation behavior in NaNO3 (pH 7, oxygen-saturated
conditions)
Ionic strength also produced an effect on zeta potential. As ionic strength of pH 7
nAg solutions was increased from 10mM to 100 mM NaNO3, zeta potential
increased from -44 mV to -28 mV.
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Figure 12. Effect of ionic strength on zeta potential (pH 7, oxygen-saturated
conditions)
Dissolved oxygen concentration also produced a significant effect on the zeta
potential of nAg suspensions at three different pH values (Figure 13). For
example, zeta potential increased from -44 mV to -30 mV when DO was
increased from <0.2 to 8.9 mg/L in pH 4 solutions. Based on zeta potential
measurements, nAg transport in porous media was expected to be hindered at
higher DO values. The potential impact of solution chemistry on nAg mobility
was explored further through DLVO calculations.
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Figure 13. Effect of dissolved oxygen on zeta potential at pH 7, 4 and 5.5
(oxygen-saturated conditions, 10mM NaNO3)
DLVO Interaction Energy Profiles
Prior to conducting column transport experiments, interaction energy profiles
were computed using the DLVO theory to assess the potential nAg deposition
behavior as a function of pH, ionic strength and DO level. Calculation of
interaction energy parameters were based on the method of Guzman et al. (2006).
The surface potential of the sand was estimated to be -30 mV, -25 mV and -19
mV at pH 7, 5.5 and 4, respectively (Sharma et al. 1986; Kaya and Yukselan
2005). The surface potential of the particles was approximated from zeta
potential measurements. A Hamaker constant of 2.02 x 10-20 J was calculated for
the nAg-silica-water system (Butt et al. 2005; Bergstrom 1997).
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Figure 14 displays the effect of pH on interaction energy profiles for the nAgsilica-water system. The zeta potential, maximum value of the energy barrier
(Φmax), value of the secondary energy minimum (Φ2-min) and the location of the
secondary energy minimum (dmin) are provided in Table 5. Based on the DLVO
interaction energy profiles, a theoretical collision efficiency factor (α) can be
(Shen et al. 2007).

∫

⁄

As anticipated from electrical double layer theory, measured zeta potentials were
significantly less negative at lower pH values, due to screening of the electrical
double layer surrounding electrostatically-stabilized nAg by increased proton
concentrations (Hiemenz and Rajagopalan 1997). The nAg-silica-water system
demonstrates energy barriers to deposition at pH 7 and 5.5 and small secondary
energy minima of -0.045 and -0.170 kT, respectively. At pH 4, there is no energy
barrier to deposition and a net attraction (negative interaction energy) between
nAg and the sand surface is observed.

33

Figure 14. Interaction energy profiles calculated from DLVO theory for the nAgsilica-water system at different pH values (ionic strength of 10mM NaNO3 and
oxygen-saturated conditions).
Table 5. Zeta potential and DLVO interaction energy parameters for nAg-silicawater systems at different pH
pH

Zeta Potential
(mV)

Φmax
(J)

Φ2-min
(J)

dsec
(nm)

αDLVO

7
5.5
4

-45.0
-35.4
-29.8

0.899
0.170
NA

-0.045
-0.170
NA

17.8
7.4
NA

0.603
0.926
NA

The effect of ionic strength on DLVO interaction energy profiles is shown in
Figure 15, and zeta potential and interaction energy parameters are shown in
Table 6. At pH 7, zeta potentials of nAg suspensions become gradually less
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negative as ionic strength was increased from 10 to 30 mM NaNO3. This
behavior is consistent with increased compression of the electrical double layer at
higher ionic strengths. The value of the primary energy minimum does not
decrease appreciably as ionic strength is increased; however, the depth of the
secondary energy minimum increases three fold when ionic strength is increased
from 10 to 30 mM.

Figure 15. Interaction energy profiles calculated from DLVO theory for the nAgsilica-water system at different ionic strengths (pH 7 and oxygen-saturated
conditions).
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Table 6. Zeta potential and DLVO interaction energy parameters for nAg-silicawater systems at different ionic strengths
Ionic Strength
(mM)
10
12
20
30

Zeta Potential
(mV)
-43.7
-42.8
-38.8
-36.6

Φmax
(J)
0.899
0.951
1.01
0.955

Φ2-min
(J)
-0.0455
-0.0549
-0.0928
-0.140

dsec
(nm)
17.8
15.9
11.5
8.8

αDLVO
0.603
0.579
0.550
0.570

Figure 16 shows the effect of dissolved oxygen on DLVO interaction energy
profiles at pH 7 and 4. Zeta potential and interaction parameter values are
provided in Table 7. At pH 7, zeta potential was not dependent on DO
concentration, with values of ca. -44.4 ± 0.7 mV obtained for DO concentration of
8.9 mg/L, 2 mg/L and <0.2 mg/L. Interaction energy profiles display energy
barrier to deposition of similar magnitude (0.85 - 0.88 kT) and also contain small
secondary energy minima (-0.05 kT) at a distance of 18 nm from the grain
surface. At pH 4, measured zeta potentials were less negative at higher DO
levels. For example, zeta potential increased from -44.0 to -30.0 mV when DO
was increased from <0.2 to 8.9 mg/L. The less negative values are presumably
linked to increased dissolution and higher concentrations of Ag+ in vicinity of the
particles, which can bind to citrate and counteract the stability afforded by the
negatively-charged coating. Under oxygen-saturated conditions (DO=8.9 mg/L)
at pH 4, a net attractive energy between nAg and sand surface is predicted and no
energy barrier to deposition exists. As DO is decreased from 8.9 mg/L to 0.2
mg/L at pH 4, a small energy barrier to deposition (0.18 kT) and a secondary
energy minimum (-0.06 kT) occur.
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Figure 16. Interaction energy profiles calculated from DLVO theory for the nAgsilica-water system at DO concentrations at pH 7 and 4 (ionic strength of 10mM
NaNO3 and oxygen-saturated conditions).
Table 7. Zeta potential and DLVO interaction energy parameters for nAg-silicawater systems at different DO concentrations at pH 7 and 4

pH 7

pH 4

DO
(mg/L)
9
2
0.2
9
2
0.2

Zeta Potential
(mV)
-45.0
-43.7
-44.5
-29.8
-41.5
-44.0

Φmax
(J)
0.899
0.855
0.882
NA
0.147
0.181

Φ2-min
(J)
-0.0455
-0.0460
-0.0457
NA
-0.0586
-0.0568

dsec
(nm)
17.7
17.8
17.8
NA
14.5
14.7

αDLVO
0.603
0.622
0.61
NA
0.948
0.934

DLVO calculations indicate that nAg have the potential for transport in watersaturated sand at pH 7 regardless of DO concentration, and that nAg will be
significantly less mobile at pH 4, with decreased mobility at DO=8.9 mg/L.
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Interaction energy profiles at various ionic strengths also indicate that nAg
deposition will increase as ionic strength is increased, primarily due to greater
likelihood of deposition in the secondary energy minimum.
Effect of pH on nAg Transport and Retention in Porous Media
Normalized nAg concentration (C/C0) is plotted against dimensionless time (pore
volume) to generate effluent breakthrough curves for column experiments. Figure
17 shows breakthrough curves and retention profiles for experiments conducted at
three different pH values. Concentrations of Ag+ in effluent samples are shown in
Figure 18. The percentage retained, mass balance and fitted modified filtration
theory (MFT) model parameters for each experiment are provided in Table 8. The
MFT model was fit to the breakthrough data only (retention profiles are
predictions).
In column studies, nAg breakthrough began after ca. 1 pore volume, gradually
climbed to a peak C/C0 value, and then decreased sharply following introduction
of nanoparticle-free background electrolyte. The amount of nAg retained in the
sand increased with decreasing pH. For example, the percentage of retained mass
increased from 14.5 to 92.2% when pH was decreased from 7 to 4. The observed
relationship between pH and transport in porous media is consistent with prior
findings from nanoparticle transport studies (e.g. Chen et al. 2011) and with
predictions DLVO theory calculations shown previously.
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Figure 17. (a) Nanoparticle breakthrough curves and (b) retention profiles for
nAg transport experiments conducted at pH 4, 5.5 and 7 with 10mM NaNO3 and
under oxygen-saturated conditions. Model fits from modified filtration theory are
shown.
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The concentrations of Ag+ that eluted from the columns also increased when pH
was decreased, with peak values of 0.18, 0.05 and 0.01 mg/L Ag+ recorded at pH
7, 5.5 and 4, respectively. The effect of pH on nAg dissolution is consistent with
the stoichiometry of the silver oxidation reaction (Eq. 13) and with behavior
observed in previous batch studies (e.g. El Badawy et al. 2010).

Figure 18. Dissolved silver (Ag+) breakthrough during nAg transport
experiments conducted at pH 4, 5.5 and 7.
Table 8. Percent of retained mass, mass balance and fitted MFT model
parameters for column studies at different pH values
pH
% Retained
Mass Balance
katt (h-1)
Smax (ug/g)

7
14.5
96.5
0.71
0.46

5.5
20.6
93.9
1.31
0.77

4
92.2
104.3
10.3
3.74
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4-dup
89.2
96.5
8.44
2.43

Retention profiles were exponential to hyper-exponential retention, with the
highest amounts of deposition measured at the column inlet. Asymmetrical
breakthrough curves indicate that a limited capacity exists on washed Ottawa sand
for nAg attachment and that an MFT model (Eqns 10-12) may be used to describe
the transport and retention behavior. The MFT model captures the shape of the
breakthrough curves; however, the model is unable to represent the exponential
behavior observed in retention profiles. A classical clean-bed filtration theory
model (Eqns 7-9) is also unable to represent the breakthrough and retention data.
Examples of CFT fits are shown in the Appendix.
Physical straining of colloids in porous media has been suggested as a cause of
hyper-exponential retention behavior. (Bradford et al. 2007; Xu et al. 2006).
Experiments conducted by Xu et al. (2006) suggest that straining can be observed
at particle diameter to sand grain diameter ratios as low as 8 x 10-3. The ratio of
diameters of nAg (11 nm) to 40-50 mesh Ottawa sand (355 µm) is 3 x 10-5, which
is more than two orders of magnitude smaller than the proposed threshold value
for straining. SEM images of nAg retained in 40-50 mesh Ottawa sand (Figure
21) show that the sand surface is sparsely covered with attached particles. A
theoretical surface coverage of 483 µg/g was calculated based on complete
monolayer coverage of a spherical 40-50 mesh sand grain by 11 nm diameter
spherical nAg.
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B

Figure 21. Scanning electron microscopy (SEM) images of retained nAg near the
column inlet. Image A provides primarily topographical information, while image
B shows a combination of topography and composition for the same sample. The
sample was collected following a 3 pore volume injection of nAg suspension in
40-50 mesh Ottawa sand with an input concentration of 30 mg/L. The scale bars
on both images are 100 nm.
When compared with the column experiment that resulted in the highest amount
of deposition (pH 4), this value is two orders of magnitude higher than the fitted
42

Smax value of 4.41 µg/g and corresponds to only 0.91% of the available surface
area occupied by nAg. Particle diameter to grain size ratios, SEM images and
surface coverage calculations indicate that straining does not play a significant
role in nAg deposition. Hyper-exponential retention profiles occurred in both
washed and unwashed Ottawa sands, indicating that clay or silt particles or other
impurities (e.g. metal oxides) present in natural sands was not the primary cause
of higher retention at the inlet. Other possible causes of the hyper-exponential
retention behavior include sand surface charge or roughness heterogeneity (Li et
al. 2006; Song and Johnson 2004) and particle population heterogeneity (Tong
and Johnson 2006). It is possible that a fraction of the nAg population has a
higher affinity for the porous media and quickly attaches at the column inlet. The
potential contribution of a heterogeneous attachment rate to hyper-exponential
behavior is currently being explored through experiments consisting of two sand
columns in series. Particles that attach more quickly will presumably be filtered
out in the first column. Since the size of nAg in influent and effluent samples
remains constant during column experiments, any population heterogeneity can be
attributed to differences in particle surface chemistry.
Effect of Ionic Strength on nAg Transport and Retention
The effect of ionic strength on nAg transport and retention behavior in columns
packed with washed 40-50 mesh Ottawa sand is shown in Figure 19.
Experimental conditions and fitted model parameters are provided in Table 9. In
accordance with the DLVO theory, the percentage of retained mass increased as
ionic strength was increased from 10mM to 20mM (i.e. from 14.5% to 26.6%).
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Figure 19. (a) Nanoparticle breakthrough curves and (b) retention profiles from
nAg transport experiments conducted at 10mM and 20 mM NaNO3 (at pH 7
under oxygen-saturated conditions). Model fits from modified filtration theory are
shown.
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The MFT model adequately captured the breakthrough behavior at both 10 mM
and 20 mM NaNO3; however, the model was unable to represent the hyperexponential retention profiles.
Table 9. Percent of retained mass, mass balance and fitted MFT model
parameters for column studies at 10mM and 20 mM NaNO3 in washed sand
Ionic Strength
%Retained
Mass Balance
katt (h-1)
Smax (µg/g)

10mM
14.5%
96.5%
0.71
0.46

20mM
26.6%
96.2%
2.50
0.64

The effect of ionic strength on nAg transport and retention behavior in unwashed
40-50 mesh Ottawa sand was also explored (Figure 20). Experimental and
modeling parameters are provided in Table 10. As in column experiments with
washed sand, the percentage of retained mass also increased as ionic strength was
increased in unwashed sand. For example, the percentage of retained mass tripled
when ionic strength was increased from 10mM to 12mM, demonstrating that nAg
transport in unwashed sand was highly sensitive to relatively small changes in
ionic strength. The percentage of retained mass in unwashed sand columns was
higher than in washed columns at the same ionic strengths. This finding is
consistent with findings from prior studies, which attributed increased deposition
in unwashed sand (no acid or heat treatment) to higher levels of positively
charged metal oxide impurities (e.g. He et al. 2009, Tian et al. 2010). At ionic
strengths above 10mM in unwashed sand, effluent concentrations prematurely
reach a plateau C/C0 value, instead of continuing to climb towards a C/C0 value of
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1, as predicted by MFT. As observed in previous column studies, retention
profiles display higher-than-predicted retention at column inlets.

Figure 20. (a) Nanoparticle breakthrough curves and (b) retention profiles from
nAg transport experiments conducted at ionic strengths of 10, 12, 20 and 30 mM
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NaNO3 at pH 7 under oxygen-saturated conditions. Model fits from modified
filtration theory are shown.
Table 10. Percent of retained mass, mass balance and fitted MFT model
parameters for column studies at different ionic strengths in unwashed sand.
Ionic Strength
% Retained
Mass Balance
Katt (h-1)
Smax (µg/g)

10mM
11.7%
100.2%
1.572
0.292

12mM
33.9%
103.4%
4.582
0.546

20mM
76.0%
93.4%
6.68
2.41

30mM
97.7%
98.3%
15.077
5.05

Effect of DO on nAg Dissolution in Batch Reactors
The 48 hour time release of Ag+ from nAg suspensions at pH 7, 5.5 and 4 are
shown in Figure 22 and early time data (up to 2.5 hours) for experiments
conducted at pH 4 and 7 are detailed in Figure 23. Ag+ release increased with DO
at pH 4, 5.5 and 7 over the course of the 48-hour batch experiments, with higher
degrees (1.5 – 2 fold) of dissolution observed at lower pH values. The decrease in
Ag+ release observed after approximately one hour in pH 7 batches (Figure 23)
may be due to complexation of Ag+ released from particles with the citrate
capping agent (Liu and Hurt 2010).
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Figure 22. Time release of Ag+ from nAg solutions (initial nAg = 3 mg/L) at
three DO concentrations over 48 hours at (a) pH 7, (b) pH 5.5 and (c) pH 4.
Modified first order model fits are shown
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Figure 23. Early time (first 2.5 hours) dissolution data for nAg solutions at (a) pH
7 and (b) pH 4. Modified first order model predictions are shown at pH 4.
In order to estimate the effect of DO concentration on dissolution rate, a modified
first order model was implemented to capture the dissolution behavior in batch
experiments. Due to the gradual reduction in nAg dissolution rates over the twoday studies, a previously reported approach was used to describe the particle
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aging effect on Ag+ release kinetics based on the assumption of passivation of
surface dissolution sites. Li et al. (2010) employed the following mathematical
form for modeling nAg batch dissolution data,
(

where

)

(18)

(mg/L) is a maximum dissolvable concentration of Ag+ and

(1/s)

is the dissolution rate constant. Assuming that nAg provides the only source of
Ag+, the following expression can be derived from Eq. 10, which expresses nAg
concentration as a function of time (i.e. age of a particle),
(19)
where

is the initial concentration of nAg in the batch reactor (mg/L). The

modified first order model assumes that only a limited amount of silver, CAg+,f, is
available for dissolution during a given time frame. Values for kd were generated
using a non-linear least-squares regression (SigmaPlot v11, Systat Software). The
model accurately captures early-time nAg dissolution (up to 2.5 hours) at pH 4,
providing rate constants (h-1) that increase with DO content (1.25, 1.46 and 1.63
for DO concentrations of 0.2, 2 and 9 mg/L, respectively). The model was also
able to capture the general shape of the entire 48-hour data set at all three pH
values (Figure 22). The model generates a rate constant of 0.088 h-1 for the 48
hour pH 4 air-saturated batch data, which is in the same order of magnitude as
values reported by previous studies (Liu et al. 2010; Kittler et al. 2010).
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The declining rate of release in the 48-hour batch data indicates that particle aging
may result from the formation of a silver oxide coating (Ag2O3), which then
dissolves to slowly to release Ag+ over time following Eq. 8 and 9 (Li et al. 2010;
Schmidt et al. 2003). Following the methods of prior studies, the presence and
growth of oxide layers on the surface of nAg were detected using UV-vis
spectrometry (Chen et al. 2006; Henglein 1998; Mulvaney 1991). UV spectra
measured during pH 4 oxygen-saturated batches are shown in Figure 24.

Figure 24. UV-vis spectra obtained from pH 4 oxygen-saturated (DO ~ 9mg/L)
batch dissolution experiment. The peak for silver nanoparticles occurs at ca. 400
nm, while the Ag+ peak presents at ca. 300 nm. Particle size remained constant
during the experiment at 11 ± 2 nm.
No significant changes in particle size due to aggregation or dissolution occurred
during the batch experiments; therefore, observed changes in nAg UV spectra
were attributed to changes in particle surface chemistry. Surface oxidation was
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observed to cause slight red shifts, decreases in nAg peak maximum and
broadening of the spectra over time, consistent with previous findings (Henglein
1998).
Overall, the results of the batch studies indicate that nAg dissolution is a multistep process consisting of rapid release of silver ion in the first few hours after
exposure to an electrolyte or a change in pH, followed by a gradually declining
rate of Ag+ release due to oxidation of the particle surface.
Effect of DO on nAg Mobility
Results from column dissolution experiments are displayed in Figures 25 and 26.
Figures 25a and 26a show nanoparticle breakthrough curves and demonstrate the
effect of dissolved oxygen on nAg mobility in quartz sands at pH 7 and 4,
respectively. The size and zeta potential of the nAg injection solution did not
change significantly during the 3 pore volume pulse (ca. 75 minutes in duration)
and measurements of effluent samples collected during the deposition phase (first
6 pore volumes) in pH 4 and 7 experiments indicate that size and zeta potential of
nanoparticles remained constant.
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Figure 25. Effect of dissolved oxygen concentration in pH 7 column experiments
on (a) Nanoparticle breakthrough and (b) Ag+ breakthrough. HELP-1D model
results are only shown for the DO=9mg/L data set for simplicity. Inset shows
total silver breakthrough during first 6 pore volumes (minimal Ag+ was detected
in the effluent, so nAg breakthrough is nearly identical to total silver
breakthrough).

53

Figure 26. Effect of dissolved oxygen concentration in pH 4 column experiments
on (a) Nanoparticle breakthrough and (b) Ag+ breakthrough. HELP-ID fits to nAg
and Ag+ breakthrough data are shown. Inset shows nAg breakthrough during first
6 pore volumes in greater detail.
In pH 7 column experiments (Figure 25), the percentage of injected mass retained
ranged from 23-29%, indicating that nAg mobility was not sensitive to DO
concentration. This finding is consistent with DLVO theory calculations for the
nAg-silica-water system at different DO levels. A decrease in pH from 7 to 4
significantly affected the transport behavior of nAg, with 2-3 times greater
deposition observed in pH 4 experiments. In pH 4 column studies (Figure 26), the
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percentage of nAg mass retained by sand increased with increasing DO. For
example, the percentage retained increased from ca. 75% to 90% when DO
concentration increased from <0.2 to 8.9 mg/L. The 10-15 mV difference in zeta
potential measurements between the DO=8.9 mg/L and lower DO concentration
input solutions at pH 4 is consistent with the observed increase in nAg mobility.
As observed in previously described column studies, nAg breakthrough was
asymmetrical, suggesting that 40-50 mesh Ottawa sand has a limited capacity for
nAg, consistent with the behavior of an MFT model (Li et al. 2008).
MFT model parameters were calculated for each column experiment and used in a
random-walk particle transport simulator (model details available in Taghavy et
al. 2013). The hybrid Eulerian-Lagrangian model simultaneously tracks
nanoparticle and dissolved phase transport. Simulation results for nAg transport
at pH 4 and 7 are shown in Figures 25a and 26a, respectively, and fitted model
parameters are provided in Table 5. MFT model fits were in close agreement
with pH 7 breakthrough curves, and accurately captured nAg breakthrough curves
at pH 4.
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Table 11. Column conditions and fitted transport and dissolution parameters
DO
(mg/L)

Size
(nm)

ζ Potential
(mV)

%Retained
(first 6pv)

Smax
(ug/g)

a

α

%Dissolved
during Flush

fa

Column
kd
(1/hr)
0.084
0.084
0.058
0.032

12.9
-30.0
89.2
21.6
9-A
4.41 0.0767
0.377
12.1
-29.8
91.9
20.3
9-B
3.68 0.0716
0.394
11.2
-41.5
73.2
13.5
pH 4
2
2.26 0.0424
0.394
13.5
-44.0
78.3
11.3
0.2
2.05 0.0441
0.394
11.8
-45.0
24.3
0.6
9
2.37 0.0044
10.7
-43.7
24.4
0.1
pH 7
n/a
2
3.35 0.0059
11.5
-44.5
29.2
1.3
0.2
0.78 0.0106
a. Attachment efficiency calculated from katt parameter based on method of Tufenkji and Elimelech (2004)
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Effect of DO on Dissolution of Retained nAg
Ag+ release from nAg retained in sand columns is shown in Figures 25b and 26b
for column studies at pH 7 and 4, respectively. During the dissolution phase of
column experiments, no nanoparticles were detected in effluent samples,
indicating that retained particles were slowly dissolving and with no measurable
particle detachment. At pH 7, there was very minimal dissolution of retained nAg
during the extended flush phase, and therefore no discernible effect of DO
concentration on the dissolution of retained particles (Figure 25b). Although less
than 1.5% of retained mass was detected as Ag+ in effluent samples during the
extended flush phase of the pH 7 transport experiments, it is possible that low
levels of Ag+ released from retained particles formed complexes with the citrate
stabilizer or were captured by sites on sand grains down gradient from the release
site. The later hypothesis is supported by batch and column sorption experiments
with silver ions only (no nanoparticles), which show that washed Ottawa sand has
a limited adsorption capacity (ca. 0.6 ug/g in batch experiments) for the silver ion.
A Freudlich isotherm was able to represent the batch sorption data (R2 = 0.93)
(data in Appendix).
At pH 4, the percent of retained nAg mass that eluted from the column as Ag+
over the course of the 25 pore volume background electrolyte flush increased
with DO, with 11.3, 13.5 and 20.3 percent of retained mass dissolving at DO
concentrations of 8.9 mg/L, 2 mg/L and <0.2 mg/L, respectively. Maximum Ag+
concentrations of 0.21, 0.15 and 0.11 mg/L occurred ca. 0.5 pore volumes after
particle breakthrough ceased, indicating that Ag+ release and transport lagged
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slightly behind particle transport. The decreasing rate of dissolution at pH 4,
indicated by the decreasing concentrations of Ag+ detected in the column effluent
over time, is consistent with the dissolution behavior observed in batch reactors,
and supports the hypothesis that aging of the retained nAg surfaces reduces the
rate of dissolution over longer time periods. Previous studies have also reported
aging of nAg particles (physical or chemical transformation) linked to a reduction
in dissolution (Scheckel et al., 2010; Coutris et al., 2012).
A particle surface passivation model was used to describe the dissolution behavior
observed in column studies. A previously developed random-walk
nanoparticle/solute transport simulator (Taghavy et al. 2013) was modified by
Amir Taghavy and the Abriola Group at Tufts University to account for particle
aging. Equation 20 is used to compute the change in the number of moles of nAg
due to dissolution within each time step calculation in the model,

[

where

[mol] and

(

)]

(20)

[s] denote the number of moles of Ag and age of particle

residing in grid-block , respectively, and

is the fraction of nAg

particles available for dissolution. The rate constant, kd, is representative of how
quickly the particle aging process occurs. A rate-constant of 8.4×10-2 /hr and
of 0.39 provided the best fit to experimental observations for the oxygen-saturated
system (DO = 8.9 mg/L). In order to account for DO-dependent dissolution, a
reaction order of 0.25 with respect to DO-concentration was incorporated in the
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dissolution rate expression, which corresponds to reaction stoichiometry (Eq. 7) in
which one mole of DO is consumed for every four moles of silver ion released.
Equation 21 was derived to estimate dissolution constants for the DO= 2 and
DO<0.2 mg/L column studies based on the rate constant computed for oxygensaturated column;
(

where

and

)

(21)

[mg/L] are dissolved oxygen concentrations at saturation

and at a lower level, x, respectively. Simulation results for pH 4 Ag+ column
effluent data are shown in Figure 26b. Model predictions of Ag+ release based on
the best fit to DO = 8.9 mg/L data closely agree with effluent data for column
studies at DO = 2 mg/L and <0.2 mg/L.
Preliminary Column Experiments for Aquifer Cell
Prior to conducting the aquifer cell experiment, preliminary column experiments
were conducted to quantify nAg transport and retention under similar chemical
and physical conditions. Experiments were conducted in unwashed 40-50 mesh
and 80-100 mesh Ottawa sand at a pore water velocity of 2 m/d, and included a
pH 7 injection phase followed by a pH 4 flush phase. Figures 27 and 28 show
breakthrough and retention data from duplicate column experiments conducted in
unwashed 40-50 mesh Ottawa sand conditioned with pH 7 5mM NaNO3.
Column conditions are provided in Table 11. Breakthrough of nAg began after 1
pore volume and gradually climbed to maximum C/C0 value of ca. 0.85. High
amounts of nanoparticle breakthrough occurred during the first 6 pore volumes of
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the experiments (ca. 70% of injected mass eluted from the columns). No
nanoparticles were detected in the effluent after ca. 5 pore volumes. Release of
Ag+ reached peak values of 0.22 and 0.19 mg/L after 4.5 pore volumes and then
sharply decreased to non-detectable levels after 8 pore volumes. No spike in Ag+
was observed after the decrease in background pH from 7 to 4. Silver ion was
detected again in effluent samples beginning around 12 pore volumes, suggesting
retained particles require extended conditioning with low pH solution before Ag+
release occurs or that Ag+ sorption is occurring in the sand column. The cation
exchange capacity of unwashed Ottawa sand is ca. 0.6 meq/100 g, corresponding
to an exchange capacity of 647 µg/g Ag+ (if Ag+ comprises the entire
exchangeable fraction).

Figure 27. Breakthrough curves for nAg (right axis) and Ag+ (left axis) from 4050 mesh column experiment at vp = 2m/d (pH 7 5mM NaNO3)
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Silver ion effluent concentrations climbed to a maximum value of 0.08 mg/L and
slowly decreasing for the duration of the flush period. As with other nAg column
experiments, hyper-exponential retention profiles indicate high amounts of
retained mass near column inlets.

Figure 28. Retention profiles for 40-50 mesh duplicate columns.
Table 12. Column conditions for 40-50 mesh duplicate experiments.
Col 1 Col 2 (dup)
% Retaineda
22.7
23.2
b
% Dissolved
15.0
15.6
Mass Balance
97.8
99.2
a. Percent retained during first 6 pore volumes
b.Percentage of retained mass dissolved during pH 4 flush (ca. 6 - 19 pore
volumes)
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Figures 26 and 27 show results from a column experiment in unwashed 80-100
mesh Ottawa sand. The percentage of input mass retained and the percentage of
retained mass dissolved during flush 46.0 and 2.5, respectively. The overall mass
balance was 101.6%. The percentage of retained mass was nearly double in 80100 mesh sand, compared with 40-50 mesh, consistent with the greater surface
area available for nanoparticle attachment in finer-grained sands. Ag+ release
reached a maximum value of 0.09 mg/L after 4.8 pore volumes and then began to
quickly decrease. A small spike in Ag+ levels in the effluent was observed 1 pore
volume after the pH decrease, after which concentrations continued to decrease to
near-zero levels after ca. 12 pore volumes. High retention was again measured
near the inlet of the column.

Figure 26. Breakthrough curves for nAg and Ag+ from 80-100 mesh column
experiment at vp = 2m/d (pH 7 5mM NaNO3)
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Figure 27. Retention profile for 80-100 mesh column. Percentage of retained
mass was 46.0 and mass balance was 101.6%.
Aquifer Cell Tracer Tests
Prior to introducing nAg into the aquifer cell, several tracer tests were used to
characterize the flow field in the aquifer cell. Figures 28 and 29 display effluent
and port breakthrough curves, respectively, from a tracer test conducted through
the fully screened influent chamber (1/2 pore volume). The pore volume and
residence time of the aquifer cell were 1317 mL and 8.4 hours (500 minutes).
The bromide concentration in effluent samples climbed to a normalized
concentration (C/C0) of 1 after ca. 1 pore volume and decreased to a C/C0 value of
zero as the pulse passed through the cell. The small amount of tailing observed is
mostly attributed to the slower movement of the tracer solution through the low
permeability lens. Breakthrough curves generated from port samples indicate that
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the flow front moved through the box evenly and reached the ports in each
transect at nearly identical times. A C/C0 value of 1 is achieved in breakthrough
curves for all ports. Figure 30 displays pictures taken at different times during the
tracer test (10 mg/L sodium fluoresecein is used as a fluorescent dye). Pictures
also show a fairly even flow front.

Figure 28. Breakthrough of bromide in effluent samples during tracer test through
fully screened influent chamber.
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Figure 29. Breakthrough of bromide in samples collected from the first two
transects of ports (A and B).
Injection well tracer tests (200 mL/port) were conducted at flow rates of 0.5, 0.8
and 1.2 mL/min. Figure 31 shows pictures taken at the end of the injection for
tracer tests at different flow rates. A flow rate of 0.5 mL/min did not produce
sufficient dispersion and the tracer did not fully contact sampling ports
downstream of the injection sites. A flow rate of 1.2 mL/min did reach all
sampling ports; however, the flow fields from the simultaneous injections came
into very close contact with each other and the tracer solutions back-flowed into
the influent screen. A flow rate of 0.8 mL/min allowed for full contact with
sampling ports downgradient and did not produce backflow into the influent
screen.

65

Time 0

60 min

135 min

200 min

340 min

440 min

540 min

720 min

830 min

Figure 30. Pictures taken during tracer test through influent screen
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Figure 31. Effect of injection flow rate on tracer flow field characteristics
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Figures 32 and 33 display effluent and port breakthrough curves, respectively,
from the injection well tracer tests at 0.8 mL/min (200 mL/port). Concentrations
of bromide in effluent samples reached a maximum value (C/C0) of 0.5.
Breakthrough curves generated from port samples indicate that the tracer solution
fully contacted the first transect of ports (B1-B4) and maintained a C/C0 value for
equal durations of time. While, port C4 breakthrough behavior is similar to ports
B1-B4, the influence of the lens on the flow field is observed in the C2
breakthrough curve. The C2 tracer reaches a maximum C/C0 plateau of 0.9 and
displays some tailing. Pictures taken during the injection tracer tests are shown in
Figure 34 and indicate that the flow field is fairly symmetrical around the 80-100
mesh lens and the 40-50 mesh injection sites. The flow fields of the two
simultaneous injections do not converge as the tracer progresses through the
aquifer cell. Tailing from the 80-100 lens continues for several hours after the
main flow front has passed the effluent screen.

68

Figure 32. Breakthrough of bromide in effluent during tracer tests through
injection wells.

Figure 33. Concentrations of bromide at ports B1-B4, C2 and C4 during tracer
tests through injection wells
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Figure 34. Progression of tracer solution (10 mg/L NaFlu) through aquifer cell during tracer tests through injection
wells at 0.8 mL/min
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Nanoparticle Injection into Aquifer Cell
Nanoparticle injections were conducted a flow rate of 0.8 mL/min and in volumes
of 200 mL/port. Breakthrough curves generated from effluent samples collected
during the pH 7 nAg injection phase are shown in Figure 35. Silver concentrations
in the effluent reached a maximum concentration of 0.26 mg/L (C/C0 value of
0.26), with no Ag+ detected in effluent samples. Nanoparticle breakthrough
began ca. 0.3 pore volumes later than tracer breakthrough, indicating that nAg
transport lagged considerably behind the non-conservative tracer solution.

Figure 35. Breakthrough of nAg in effluent during nanoparticle injection.
Bromide breakthrough from injection well tracer test is also shown.
Breakthrough curves (normalized total silver concentration vs. pore volume) from
ports B1-B4, C2 and C4 are shown in Figure 36. Concentrations at ports B1, B3
and B4 reach maximum C/C0 values of 0.7 - 0.8 (2.3 – 2.6 mg/L total silver).
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High breakthrough was also measured at port C4 (maximum C/C0 of 0.55).
Contrary to the symmetrical flow field and even flow front observed in tracer
tests, no breakthrough was detected at port B2. There was also minimal
breakthrough detected at port C2 (maximum C/C0 value of 0.06), indicating that
high amounts of nAg were likely retained within and downgradient of the lowpermeability lens.

Figure 36. Concentrations of total Ag (dissolved + nAg) at ports B1-B4, C2 and
C4 during nanoparticle injection. Tracers are shown for B and C ports.
Dissolution of Retained nAg
Analysis of samples collected during the pH 4 dissolution phase of aquifer cell
experiments requires a lower detection limit than that afforded by the ICP (0.01
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mg/L). Graphite furnace-adsorption spectroscopy (GF-AA) will be used to
measure dissolved phase samples, and is expected to provide a detection limit that
is an order of magnitude lower than the ICP. Dissolved phase samples will be
measured following installation of a new GF-AA system in our lab (currently
underway).
Solid-Phase Retention in Aquifer Cell
A grid detailing the solid samples collected during dissection of the aquifer cell is
shown in Figure 38. Finer grid sizing was using around the injection sites to
provide higher resolution in areas with the highest anticipated retention.
Retention profiles of solid-phase silver concentrations along horizontal transects
near the 80-100 and 40-50 injection sites are shown in Figure 39 and 40,
respectively. Solid-phase silver concentrations throughout the entire aquifer cell
are displayed in Figure 41. The 80-100 injection sites was divided into two 1.25
cm high segments along the length of the lens and 1.5 cm high segments directly
above and below the lens. The highest solid-phase retention (7.27 µg/g) was
measured in the lower half of the injection site. High concentrations were also
measured two centimeters directly above and directly below the injection site and
throughout the low-permeability lens. Solid-phase concentrations begin to
decrease sharply 15 cm from the injection site (near the down gradient boundary
of the lens) and reach non-detectable levels in all horizontal transects 25-35 cm
from the injection site. In horizontal transects 6 -7 cm above the injection site,
silver was detected in the sand along nearly the entire length of the aquifer cell
(see Figure 39). The lack of breakthrough at port B2 is attributed to the high
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localized retention of silver in the lower half of the injection site (7.27 µg/g) and
fairly high amounts of retention in the lower half of the 80-100 mesh lens. Ports
that saw very little to no breakthrough of silver during the injection phase (B2 and
C4) also had very low levels of solid-phase retention in the vicinity of the port.

Figure 39. Solid-phase retention profiles for horizontal transects near 80-100
injection site. The location of the lens is indicated by dotted vertical line. The
detection limit was 0.1 µg-Ag/g.
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Figure 38. Dissection grid for aquifer cell. The low-permeability lens is outlined and dots mark locations of injection ports
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Retention profiles along horizontal transects near the 40-50 injection site are
shown in Figure 40. The area around the injection site was divided into three2cm high segments: a segment containing the injection well and segments directly
above and below the injection well. The highest solid-phase concentrations were
measured at the injection well and directly below the injection well.
Concentrations gradually decrease to non-detectable levels 50 – 55 cm from the
injection site. Silver was deposited along the entire length of the box during the
40-50 injection.

Figure 40. Solid-phase retention profiles for horizontal transects near 40-50
injection site. The location of the lens is indicated by dotted vertical line. The
detection limit was 0.1 µg-Ag/g.
The total amount of mass introduced through each injection port was 986 ug.
Following the dissolution phase, the amount mass retained from the 80-100 and
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40-50 injections was 523.4 ug and 463.5 ug, respectively. The silver mass
retained directly around the injection sites was 81.0 ug and 88.3 ug, for the 80100 and 40-50 mesh injection sites respectively, or 15.5% and 19.0% of the total
mass retained from the respective injections. The silver mass retained in a
segment 6 cm in height by 18 cm in length directly around the 80-100 injection
site (including the lens) and the 40-50 injection site was 181.3 µg and 183.5 µg,
respectively, or 34.6% and 39.6% of the overall mass retained from the 80-100
and 40-50 injections, respectively. These values reflect the higher accumulation of
nAg in the low permeability lens, as expected from corresponding column studies.
The sum of total silver detected in effluent samples during the pH 7 injection and
silver measured in solid sample produces a mass balance of 76.5%.
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Figure 41. NAg solid-phase retention in aquifer cell. Sampling port locations are noted and injection wells are marked with an ‘X.’
The low permeability lens is indicated by dashed lines.
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Conclusions
Results from column studies indicate that nAg transport and deposition in watersaturated quartz sand are a strong function of pH and also highly sensitive to
relatively small changes in ionic strength. The percentage of input mass retained
in sand columns increased with increasing ionic strength and decreasing pH.
Dissolved oxygen also affected the mobility of nAg, with higher deposition
observed at higher DO concentrations. Solid-phase retention profiles were
exponential to hyper-exponential in shape, with higher-than-expected deposition
observed at the column inlet. A modified filtration theory model accurately
predicted breakthrough data for most column experiments, but was unable to
represent the retention behavior.
Deposition behavior observed in column studies is in general agreement with
predictions from DLVO interaction energy calculations. As pH decreases and
ionic strength increases, the height of the energy barrier decreases and higher
amounts of retention are observed in sand columns. A closer inspection of the
relationship between the fitted attachment parameters (katt from MFT) and the
DLVO parameters (Φmax and Φ2°min) reveals that changes in katt with ionic
strength and pH do not correlate directly with either the height of the energy
barrier or depth of the secondary energy minimum. For example, as pH is
decreased from 7 to 5.5, katt increases 2 fold and the height of the energy barrier
(Φmax) decreases 5 fold. Ionic strength had very little effect on the height of the
energy barrier, but did affect the value of Φ2°min. When ionic strength is increased
from 10 mM to 30 mM NaNO3, the depth of the secondary energy minimum
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increased 3 fold, while katt increased by nearly 10 fold. These differences are
likely the result of either the inability of the MFT model to capture the hyperexponential retention behavior or deviations of nAg-sand grain interactions from
classical DLVO theory.
The dissolution kinetics of nAg were also affected by solution chemistry, namely
pH and DO concentration. In batch and column studies, the rate and extent of
dissolution were observed to increase with decreasing pH and with increasing DO
level, consistent with the stoichiometry of the silver oxidation reaction. For
example, the peak value of Ag+ release measured in both batch reactors and
column effluent samples increased 2 to 3 fold when DO was increased from 8.9
mg/L to <0.2 mg/L. Surface oxidation of nAg was identified as the cause of
gradually decreasing rates of Ag+ release.
In column studies, a considerable amount of dissolution (> 0.1 mg/L) was
observed even at the lowest DO concentrations (< 0.2 mg/L), indicating that silver
nanoparticles have the potential to serve as sources of the silver ion in hypoxic
environments, such as the subsurface. Based on previous toxicology studies (e.g.
Choi et al. 2008), the levels of silver ion (i.e. 0.02 - 0.2 mg/L) released from
retained nAg in long-term dissolution experiments are sufficient to cause toxic
effects in aquatic organisms and soil microorganisms. HELP-1D model
simulations demonstrated that Ag+ release from retained particles closely agreed
with the stoichiometric relationship in the silver oxidation equation.
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Aquifer cell experiments also demonstrate the high mobility of nAg at neutral pH
values. During the nanoparticle injection at pH 7, deposition of nAg occurred
along the entire length of the 60 cm aquifer cell, with high amounts of nAg
accumulation in the low permeability lens. Similar to behavior observed in
column studies, high amounts of retention were measured directly around the
injection sites (2 – 7 µg/g) following the pH 4 dissolution phase. The amount of
mass retained near the column inlet in corresponding column experiments (first 3
cm of column) can be compared to the amount of silver mass retained directly
around the injection sites. The percentage of retained mass located near the
column inlets were 33.0% and 36.3% for the 40-50 and 80-100 mesh Ottawa sand
column experiments, respectively, while the percentage of retained mass
concentrated around the respective injection sites in the aquifer cell was 15.5%
and 19.0%. In the background injection, solid-phase concentrations were 0.4 –
0.6 ug/g at distances of 5 – 40 cm from the injection site and then started to
decrease in the last 10-15 cm of the aquifer cell length. This behavior is
consistent with retention behavior in the corresponding 40-50 mesh column
experiment in which ca. 0.4 ug/g of retention was measured along the length of
the column (except for higher amounts near the column inlet). Analysis of
samples collected during the pH 4 dissolution phase are currently underway and
will provide a better understanding of the nAg deposition and dissolution patterns
in the aquifer cell.
The experimental and modeling results presented demonstrate the importance of
accounting for both the particulate and dissolved forms of metallic nanoparticles.
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A similar approach may prove useful in quantifying the behavior of other metallic
nanoparticles prone to dissolution in aqueous environments, such as ZnO and
CdSe quantum dots.
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Appendix
Ag+ Sorption Experiments
Batch and column experiments were conducted to determine if washed 40-50
mesh Ottawa sand had a capacity for silver ion. In batch sorption experiments, 10
ml of AgNO3 solution was added to 10 g of sand in 40 ml glass vials sealed with
Teflon-lined caps. Initial aqueous concentrations ranged from 0.02 mg/L to 10
mg/L Ag+. Vials were placed on an inversion shaker for 24 hours and analyzed
for silver content by ICP-OES. Results are plotted as solid phase concentration
vs. equilibrium concentration. A Freundlich isotherm was fit to the data.
⁄

where q is solid phase concentration (µg/g), C is the equilibrium concentration
(mg/L) and K and n are system-specific constants. Fitted values of the isotherm
constants, K and n, are 0.35 and 3.45, respectively.
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Figure A1. Batch sorption experiment (t = 24hr) with Ag+ in washed 40-50 mesh
Ottawa sand and background electrolyte of pH 7 10mM NaNO3.
A column experiment with 0.1 mg/L Ag+ input solution was conducted in a 13.5
cm glass column packed with washed 40-50 mesh Ottawa sand. After
conditioning the column with 10 pore volumes of pH 7 10mM NaNO3, a tracer
test was performed to assess the flow conditions. Three pore volumes of 10mM
NaBr were introduced to the column in upflow mode at 1 ml/min (7.6 m/d),
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Figure A2. Column experiment with 0.1 mg/L Ag+ (no nanoparticles) in washed
40-50 mesh Ottawa sand conditioned with pH 7 10mM NaNO3. Percent of input
mass retained was 28.2%.
Classical Filtration Theory Model Fits
A comparison of classical filtration theory (CFT) and modified filtration theory
(MFT) model fits to breakthrough and retention data (from pH 4 oxygen-saturated
10mM NaNO3 column experiment) is shown in Figure A3. Fitted model
parameters are shown in Table A1. This particular experiment produced a nearly
exponential retention profile (most retention profiles were hyper-exponential).
The MFT model provides an adequate fit to the breakthrough data, but is unable
to predict the retention profile. The CFT model cannot fit the assymetrical
breakthrough data, but provides a more accurate fit to the exponential retention
profile.
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Figure A3. Comparison of CFT and MFT fits to pH 4 nAg breakthrough and
retention data.
Table A1. Model parameters for CFT and MFT fits to pH 4 column data
Parameter

MFT

CFT

Units

katt
Smax

9.307
3.906

6.79
inf

1/h
µg/g

kdet

0

N/A

1/h
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