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ABSTRACT: Understanding the fate and transport of engineered nanoparticles (ENPs)
in subsurface environments is required for developing the best strategy for waste
management and disposal of these materials. In this study, the deposition and release of
quantum dot (QD) nanoparticles were studied in saturated sand columns. The QDs | .|
were first deposited in columns using 100 mM NaCl or 2 mM CaCl, solutions. -
Deposited QDs were then contacted with deionized (DI) water and/or varying Na* |<
concentrations to induce release. QDs deposited in 100 mM Na* were easily reversible
when the column was rinsed with DI water. Conversely, QDs deposited in the presence
of Ca®" exhibited resistance to release with DI water. However, significant release
occurred when the columns were flushed with NaCl solutions. This release behavior was
explained by cation exchange (Ca® in exchange sites were replaced by Na*) which o . N
resulted in the breakdown of calcium bridging. We also studied the effect of aging time 0 s © ol 12 s
on the QD release. As the aging time increased, smaller amounts of QDs were released e

following cation exchange. However, deposited QDs were subsequently released when

the column was flushed with DI water. The release behavior was modeled using a single first-order kinetic release process and
changes in the maximum solid phase concentration of deposited QDs with transition in solution chemistry. The results of this
study demonstrate that the presence of carboxyl groups on ENPs and divalent ions in the solution plays a key role in controlling
ENP mobility in the subsurface environment.

2 100 mM NaCl|
a1 2mM CaCly

B INTRODUCTION

The increasing use of nanotechnology in a wide range of
applications and products will inevitably result in the
dissemination of engineered nanoparticles (ENPs) into the
environment." ENPs can partition to and from solid surfaces
during subsurface transport. The process of ENP attachment or
deposition from the solution to the solid surface has been
extensively examined in a number of laboratory investiga-
tions.”™® In contrast, the reverse process of detachment or

release rate of ENPs is very small during steady-state flow and
chemistry conditions.®'° Conversely, rapid particle release has
been observed during transient chemical conditions due to
changes in ENP-solid interaction energies.lz’15 Derjaguin,
Landau, Verwey, and Overbeek (DLVO) theory*>*' is
commonly employed to determine the interaction energy
and/or force between colloids and solid surfaces for different
solution chemistry conditions. DLVO theory considers
interactions arising from electrostatics and van der Waals

release of deposited ENPs from the solid surface to solution has
received much less attention.”'”'" The release of deposited
ENPs is an important step to initiate migration, and a
comprehensive understanding of this process is therefore
needed to predict ENP transport and fate in subsurface
environments and for developing the best strategy for waste
management and disposal of these materials.

The release of deposited ENPs is expected to be controlled
by the hydrodynamics of the flow field, diffusion, and the
strength of interactions between the particles and solid
surface.’*™"” However, it has been noted that the influence of
hydrodynamics forces on particle release is typically negligible
for submicrometer particles."®'® Furthermore, laboratory
column studies have demonstrated that the diffusion-controlled
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forces, but may be extended (XDLVO) to account for other
interactions arising from Born repulsion, steric interactions,
hydrophobic interactions, and/or hydration forces.”"**

It is relatively easy to release ENPs that are deposited in the
presence of monovalent ions by rinsing the porous medium
with a low ionic strength (IS) solution.'®"" This release was
attributed to a reduction in the depth of the secondary energy
minimum.” Secondary energy minima of the DLVO energy
profile are small for nanosized particles in natural waters under
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typical IS conditions, and they may be eliminated by reducing
the IS."” In contrast to monovalent ions, ENPs deposited in the
presence of divalent cations (such as Ca®") are reported to be
highly resistant to release with a decreases in IS."*""'>** These
findings have been generally attributed to deposition in a
primary minimum because it was assumed that no energy
barrier existed in the presence of Ca®* and a large energy barrier
was created after lowering the 1S."

Cation exchange has also been demonstrated to have an
important influence on microsized particle release.'>**™2 In
particular, deposited particles can be released when divalent
cations on the exchanger phase are replaced by monovalent
cations.”>*” However, our understanding on the influence of
cation exchange on particle release is still incomplete, especially
for ENPs."® For example, particle release sometimes does not
occur with cation exchange, but rather depends on the
combination of cation exchange followed by IS reduction.”*
In addition, in some cases an aging effect has been shown to be
important in the kinetics of particle release.”**® The likelihood
of particle release became smaller the longer the particle was
attached to the surface.”® Furthermore, the release behavior is
expected to depend on the nature of ENP-solid interaction.
Surface modified ENPs have been demonstrated to interact
with divalent ions by cation bridging which is not considered in
classical DLVO calculations.” The influence of surface charge
heterogeneity (such as adsorbed multivalent cations) on
interaction energies is also known to be a function of the
particle size, with smaller particles experiencing strong
interactions.’>*' To the best of our knowledge, the effects of
cation exchange and aging time on the release behavior of
ENPs have not yet been systematically examined.

A number of modeling efforts has examined microsized
particle release in porous media with reductions in solution
1S,'73*73¢ whereas relatively few modeling studies have
considered the influence of cation exchange.*® The mobilization
of colloids has usually been modeled as a first-order kinetic
attachment and detachment process in which parameters values
are empirical functions of the solution chemistry. However,
there is abundant experimental evidence indicating that the
release of particles is a highly nonexponential process which is
inconsistent with first-order kinetics.””*® To account for such
deviations, multiple attachment and/or detachment sites have
been employed in models to account for the effects of
heterogeneity in the particle population on release.** >
Alternatively, particle release can be modeled using a single
detachment coeflicient and changes in the fraction of the
surface area that contributes to particle immobilization and
release with transients in solution chemistry.'” Systematic
modeling studies on ENP release with transients in cation
exchange, IS, and aging time have not yet been reported.

Quantum dots (QD) are one example of ENPs with
diameters in the 2—100 nm size range that may be used for
applications such as solar energy conversion, medical
diagnostics, drug delivery, and light-emitting diodes.*” QDs
consist of a metalloid crystalline core (e.g, CdTe, CdSe) and
often a protective shell (e.g, ZnS, CdS). The nanoparticles can
then be made water-soluble by encapsulation in hydrophilic
polymers containing carboxylic acid groups.*® In this study, we
examined and modeled the release behavior of QDs as a
representative for surface-modified ENPs. A series of saturated
packed-column experiments was conducted with the QDs
suspended in two types of background electrolyte solutions
(100 mM NaCl and 2 mM CaCl,) buffered at pH 8. Deposited

QDs were subsequently contacted with different electrolyte
solutions such as deionized (DI) water and varying Na*
electrolyte concentrations to induce release via expansion of
the double layer thickness and cation exchange, respectively. In
addition, we studied the effect of aging time (i.e., the time that
deposited QDs were allowed to stay on the solid surface in the
presence of Ca”* before altering the solution chemistry) on the
QD release. A calibrated model provided a satisfactory
description of the observed release behavior, and parameter
values gave valuable insight on mechanisms of particle release.

B MATERIAL AND METHODS

Preparation and Characterization of the Nanopar-
ticles. Water-soluble poly(acrylic acid) capped CdTe QDs with
diameters between 1 and 10 nm were supplied from Vive Nano
Inc.,, Canada. Analytical reagent-grade NaCl and CaCl, (Fisher
Scientific) and DI water were used to prepare electrolyte
solutions of varying concentration (2 mM Ca*" and 1—100 mM
Na*) buffered at pH 8 with 0.1 mM NaHCO; (Fisher
Scientific). The QD stock with a CdTe suspension concen-
tration of 18 mM (determined by ICP-MS) was diluted by a
factor of 1000 in the various electrolyte solutions. The QD
concentration in the electrolyte solutions was estimated to be
about 2 X 10" particles per ml based on the QD aggregate size
of 90 nm and the CdTe density of 5.85 g/cm’.

Zeta potentials of the QDs in 100 mM NaCl and 2 mM
CaCl, solutions were measured to be about —30 mV.** Zeta
potentials of the silica sand in 100 mM NaCl and 2 mM CaCl,
solutions were estimated to be —15 and —30 mV,
respectively.”” The average aggregate diameters of QDs in
100 mM NaCl and 2 mM CaCl, solutions assessed using
dynamic light scattering were stable over the time span of 350
min and were about 55 and 90 nm, respectively.” Different
aggregation diameters could be attributed to the nonuniform
coating of QD particles with poly(acrylic acid) ligands, and the
surrounding electrical double layer.29 We, therefore, concluded
that the effect of QD aggregation in the transport experiments
was minimal for our solution chemistry conditions.

Porous Media. Sand from Unimin Corporation (Le Sueur,
MN) was used as the porous media for transport experiments.
The average grain diameter of the sand was 270 pm, and the
grain size ranged from 250 to 300 ym. The following cleaning
protocol was employed to clean and remove impurities from
the sand. The sand was soaked in 70% HNO; for 16 h and
rinsed with DI water until the pH was equilibrated.” The sand
was then immersed in 0.5 M NaCl solution for 1 h in a
sonication bath, rinsed with DI water, and then sonicate in DI
water for 1 h. These steps (i.e., soaking in 0.5 M NaCl solution,
rinsing with DI water, and sonication) were repeated three
times. Scanning electron microscopy (Zeiss Gemini, Ultra-S5)
images demonstrated that the surfaces of the sand grains were
largely emptied of the clay particles by this cleaning treatment.

Deposition and Release Experiments. Experiments were
conducted using a 10 cm acrylic column with a 2.5 cm inner
diameter. The columns were wet-packed and the porosity was
determined to be about 0.41 from analysis of the breakthrough
concentrations (BTCs) of a conservative tracer (NaNOj).
Different electrolyte solutions discussed below were flushed
through the vertically oriented columns at a constant average
pore-water velocity of 7 m/day using a syringe pump. This
value of water velocity was selected to represent a typical water
velocity found in coarse textured porous media. The columns
were flushed with S pore volumes (PVs) of electrolyte solution
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of interest before initiating the experiments. One PV
corresponds to a column residence time of 20.5 min.

QDs suspended in either 100 mM Na* (~ 4 PVs) or 2 mM
Ca®" (~9 PVs) were introduced into the columns during phase
1 (deposition phase), followed by elution with QD-free
electrolyte solution as used during phase 1 (phase 2). Different
pulse durations of QDs were applied for the injection of QDs in
Na* and Ca’* electrolytes in order to investigate their
deposition behavior on the sand surfaces. Systematic studies
on the deposition behavior of QDs in the presence of
monovalent and divalent cations over a wide range of solution
IS have been reported elsewhere.””’ Phase 3 consisted of
flushing a few PVs of DI water buffered to pH 8 (with 0.1 mM
NaHCO,) into the column in an effort to release the deposited
QDs.

A set of experiments was conducted to examine the influence
of cation exchange on the release of deposited QDs. The QD
deposition in these experiments was conducted using 2 mM
CaCl, as the background electrolyte. Following phase 3 in
which the column was flushed with DI water at pH 8, several
pore volumes of NaCl solutions with various concentrations
(20, 30, 50, and 100 mM) was introduced into the column
(phase 4). In an effort to understand the effect of aging on the
release behavior of the QDs, a similar series of deposition (in
the presence of 2 mM Ca**) and cation exchange release
experiments were conducted in which the flow was halted (i.e.,
no flow conditions) for about 16 and 48 h at the end of phase
2. Following the flow interruption, the flow was resumed by
eluting the column with DI water (phase 3), cation exchange
phase (phase 4), and finally another round of flush with DI
water buffered at pH 8 (phase S). The pulse duration of each
phase in the column experiments in terms of the number of
pore volumes is provided in Supporting Information (SI) Table
S1.

Column effluent during the experiments was collected using
a fraction collector and analyzed for the QD concentration by
either UV/vis spectrometer or ICP-MS (Perkin-Elmer DRC 1I)
by measuring the Cd concentration of the samples. The
concentration of calcium in some of the effluent samples was
measured with the ICP-MS. It is worthwhile to mention that
most of the transport experiments presented in this work were
conducted at least in duplicate and exhibited good reproduci-
bility.

Mathematical Model. The transport, deposition, and
release of the QDs in the packed column experiments were
simulated using the one-dimensional form of the advection—
dispersion equation (ADE) that includes first-order kinetic
terms for attachment and detachment. The aqueous and solid
phase mass balance equations for QDs during phases 1 and 2
are given as follows:

o000 o
o o MhaC W
op,S)
o - WkaeC @)

where @ [—] is the volumetric water content, t [T; T denotes
units of time] is time, and z [L; L denotes units of length] is the
depth, p, [M L*; where M is the units of mass of sand] is the
solid phase bulk density, C [M4 L™ M4 denotes the cadmium
concentration] is the concentration of QDs in the aqueous
phase, J [M4 L™ T~'] is the flux (sum of the advection and
dispersion flux) of QDs, S [M M™'] is the concentration of

QDs on the solid phase, and kg, [T™'] is the QD deposition
rate coeflicient from the aqueous to the solid phase. The
parameter Y [—] accounts for time and concentration
dependent blocking using a Langmuirian approach as

_ S
Simax €©)

where S... [My M™'] is the maximum solid phase
concentration of deposited QDs.

QD detachment was not considered during phases 1 and 2
because tailing of the BTCs was negligible under steady-state
chemical conditions. In contrast, significant amounts of QDs
were released during phases 3—5 with transients in solution
chemistry. In this case, the release process needs to be coupled
with the solution chemistry. Chemical changes (e.g, IS, pH,
and cation exchange) take place within chromatographic fronts
traveling through the porous medium.*® In natural soils with
substantial clay contents, the resulting travel velocities of these
fronts are retarded in comparison to that of a conservative
tracer. However, the travel velocity of a chromatographic front
approaches that of a conservative tracer in sands with a very low
cation exchange capacity (CEC) under equilibrium conditions.
The treated sand employed in this study contained a negligible
amount of clay, and a very low CEC. An initial approximation
of the chromatographic front for Ca**and Na* in this study was
therefore determined from the solution of the mass balance
equation for a conservative tracer.

aec) 9
ot 0z (4)
where C, [M, L73 M, denotes the mass] is the ion
concentration in the aqueous phase, and J, [M, L™ T™'] is
the ion flux (sum of the advection and dispersion flux). The

transport and release of QDs during phase 3, 4, and 5 was
subsequently simulated as

y=1
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where S; [M4 M™'] is the value of S at the end of the phase 2
and before a change in solution chemistry (e.g, ion type), fu
[—] is the fraction of deposited QDs that are not released upon
a change in chemical composition (ie, DI water or cation
exchange), and k. [T'] is the QD release rate coefficient from
the solid phase to the aqueous phase. The parameters f,, and
k., are functions of C, that will be described below. QD
redeposition was considered to be negligible during the release
phase because it was assumed that the conditions were
unfavorable for deposition.

The fraction of QDs released with transients in solution
chemistry, f, = (1 — f,,), is directly related to changes in the
balance of resisting adhesive torque and the applied hydro-
dynamic torque.***" Bradford et al.'” demonstrated that the
value of ;. can be determined as

f _ Smax _ Seq
™ Simax Si (7)
where S, [Mcg M™'] is the value of S, during phases 1 and

2,and S [M4 M™] is the equilibrium value of S at the end of
the chemical perturbation. The value of S, was determined by
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conducting a mass balance calculation for each step in chemical
perturbation (release phases 3—5), and f,, and S, were
calculated from this information using eq 7. Consequently, f, .
can be determined by fitting the obtained BTCs during release
phases 3—5 to the solution of the outlined equations.
Alternatively, values of f,, can be estimated from the fraction
of the solid surface area that contributes to colloid
immobilization by conducting a balance of applied hydro-
dynamic and resisting adhesive torques over the surface of the
porous medium.*'

The value of k, is controlled by interactions between the
QDs and the solid surface that change with solution chemistry.
This should theoretically be a very rapid response, as has been
confirmed in literature.'”** The value of k,, was determined

17
as

krel = ksto(S “Jar Si)Ho(Cs - 05C51) (8)
where k., [T™'] is the mass transfer coefficient from the solid
to the bulk aqueous phase, H,(S—f,S;) is the Heaviside
function that is equal to 1 when S>f_.S; and 0 when S < f,..S,
and H,(C, — 0.5C) is the Heaviside function that is equal to 1
when C; > 0.5C;; and 0 when C; < 0.5C; Cj; is the input Na*
concentration.

The code developed by Massoudieh and Ginn** was used to
model the one-dimensional transport of conservative ions
(Na*) and QDs. The parameters were estimated using a hybrid
genetic algorithm*® and simplex optimization.**** The
parameters kg, and S, were determined by optimization to
BTCs of QDs during phases 1 and 2. Values of k, were
obtained by optimization to the QD release data during DI
water and Na* injection phases (phases 3—5). The dispersivity
A was estimated to be 0.1 cm based on the results of tracer data.
All simulations employed a third type boundary condition (e.g,,
a time dependent colloid flux) at the column inlet to ensure
conservation of mass at the boundary. The dispersive flux was
set to zero at the column outlet.

B RESULTS AND DISCUSSION

QD Deposition and Release with DI water. Figure 1
shows observed and simulated BTCs of the QDs during phases
1—3 when the QDs during phase 1 (deposition phase) were
suspended in 100 mM Na" or 2 mM Ca*" solutions. In this
figure and elsewhere the effluent concentrations (C) are
normalized by the input concentration (C,) and plotted versus
the number of PVs passed through the column. To
quantitatively compare the experiments, the BTCs of phases
1 and 2 were simulated with eqs 1—3 using fitted values of k4,
and S,,/C, which are given in SI Table S1. The release
behavior during phases 3—5 was subsequently simulated with
eqs 4—8 using fitted values of k,,, and calculated values of S,/
C, (eq 7). Parameter values (k,, f,, and S,,../C,) of the release
phases are given in Table 1, along with the coefficient of linear
regression (R*). It is observed that the deposition, blocking, and
release model accurately described the BTCs and release
behavior of QDs during phases 1-3 (R* > 0.95).

QDs suspended in 100 mM Na' reached the influent
concentration after about 2 PVs during phase 1. In a remarkable
contrast, QDs suspended in 2 mM Ca®" only reached a peak
value of C/C, = 0.06 after 9 PVs during phase 1 and ~94% of
the injected QDs were deposited in the sand. In an attempt to
explain these observations, the DLVO energy profiles for the
QDs and sand were calculated (SI Figure S1). Because our QDs

o 100 mM NaClf
0 2mM CaClp

0.8 —

C/Co

04 —

pore volume

11531

Figure 1. Observed effluent concentration and corresponding model
fits for representative effluent concentrations of QDs for experiments
conducted in the presence of 100 mM Na* and 2 mM Ca*. QDs
deposited in the presence of Na* were easily released (~100%) by
rinsing the column with DI water. When QDs were deposited in the
presence of Ca**, very small amount of release occurred by rinsing the
column with DI water.

Table 1. Calculated and Fitted Model Parameters for the
Release Experiments

b

release deposition fi= 9' Sma,é/ Cq
solution solution kg, min~ far) am’g! R*%
DI Water
(Phase 3)
100 mM 0.27 + 0.02 0.99 0.035 98
NaCl
2 mM 0.036 + 0.005 0.014 3.47 98
CaCl2
Phase 4
20 mM NaCl 2 mM 0.026 + 0.06 0.83 0.59 97
30mMNacl  CaCl 0.03 + 0004 095 0.17 98
50 mM NaCl 0.07 + 0.002 0.8 0.70 97
100 mM 0.10 + 0.03 0.75 0.88 96
NaCl

“Determined by fitting the obtained BTCs during the release phases to
the solution of eqs 1—8. “Determined from a mass balance calculation
of the BTCs and using eq 7.

were functionalized with poly(acrylic acid) , we assumed a value
of 4.04 X 102! J for the Hamaker constant which is consistent
with the reported value for carboxylate-modified polystyrene
latex particles.** DLVO calculations predicted the presence of a
repulsive energy barrier of ~12 kT and a shallow secondary
energy minimum between QDs and sand in 100 mM NaCl. A
very small amount of QD deposition in the presence of 100
mM Na" may occur due to the presence of this shallow
secondary minimum and/or nanoscale heterogeneity on the
sand surface.® DLVO calculations suggested an even higher
energy barrier against deposition in the presence of 2 mM Ca**
(SI Figure S1). Conversely, the BTC data (Figure 1) showed
significant deposition in the presence of Ca®". It is evident that
the observed deposition behavior for QDs in the presence of 2
mM Ca®* cannot be explained by standard DLVO calculations

dx.doi.org/10.1021/es402075f | Environ. Sci. Technol. 2013, 47, 11528—11536


http://pubs.acs.org/action/showImage?doi=10.1021/es402075f&iName=master.img-001.png&w=239&h=226

Environmental Science & Technology

on homogeneous surfaces. However, attachment of the
negatively charged QDs on negatively charged sand surfaces
can be explained by the formation of divalent cation (Ca®")
bridging as previously described by Torkzaban et al.* Such
ion—ion correlation forces cannot be explained on the basis of
the Poisson—Boltzmann model on homogeneous surfaces.*”*
However, Bradford and Torkzaban®®®' demonstrated that
localized chemical and physical heterogeneities on the colloid
and/or mineral solid surfaces may enhance particle attachment
under unfavorable (repulsive) attachment conditions. These
results qualitatively demonstrate the effects of chemical
heterogeneities in which complexation of Ca®*" ions to the
silanol groups on the mineral surfaces and carboxylic acid
groups on the surface of QDs produced localized favorable sites
for deposition.

Values of kg, were higher when the solution contained 100
mM Na* (3.1 min™') than 2 mM Ca** (0.18 min™').
Conversely, the fitted values of S,,./C, were much lower in
the presence of 100 mM Na* (0.2 cm® g™') than in the
presence of 2 mM Ca®" (3.47 cm® g7'). The causes for these
differences in k4, and S,/ C, were discussed in detail in our
previous publications.é’29 In brief, the higher value of ky,, in the
presence of 100 mM Na* was likely due to a deeper secondary
energy minimum in 100 mM Na* than in 2 mM Ca®* resulting
in higher solid phase migration of particles.*” The larger value
of S/ Coin the presence of 2 mM Ca** was due to larger
localized favorable sites, produced by cation bridging, for
deposition. Very few QDs were released during phase 2
(negligible tailing) when the columns were flushed with either
100 mM Na" or 2 mM Ca®" solutions. We, therefore,
considered a zero detachment rate coeflicient during phases 1
and 2. However, when DI water was flushed through the
column containing QDs deposited in 100 mM Na* solution, a
large peak of QDs occurred during phase 3. Calculations of QD
mass balance in the column effluent revealed that more than
99% of the deposited QDs were eluted with the DI water.
Furthermore, the value of k,, was very high (0.27 min™"),
indicating that the release occurred rapidly and was not
diffusion controlled. Similarly, S /C, significantly decreased
by about 1 order of magnitude from 0.2 cm® g~' (phases 1 and
2) to 0.035 cm® ¢! (phase 3) with a reduction in IS.

Figure 1 shows that only a very small amount of the QDs
deposited in the presence of 2 mM Ca’* (phase 1) were
released upon introduction of DI water (phase 3). The value of
kg, was therefore very low (0.036 min™") and S,,,./C, did not
change much (3.52—3.47 cm® g™'). It has been reported that
microsized particles that are deposited in the presence of
divalent ions (e.g, Ca®") are resistant to release upon a
reduction in the solution IS.***° This resistance to release at
low IS is consistent with cation bridging complexation being
the underlying mechanism for deposition. The small release of
microsized particles has been explained by the selectivity of
most natural mineral surfaces for divalent over monovalent
cations.*® Removal of divalent ions from the exchanger phase of
charged colloidal particles and mineral surfaces occurs very
gradually with a reduction in solution IS.*>*' Consequently, we
believe that the strength of the QD-sand interaction arising
from cation bridging was not much influenced by a reduction in
solution IS to DI water, and therefore resulted in little QD
release.

QD Release Induced by Cation Exchange. A series of
release experiments was conducted in which the QDs
suspended in 2 mM Ca®* were eluted with DI water (phase

3) and then flushed with varying concentrations of Na*
electrolytes (20, 30, SO, and 100 mM NaCl solutions). Figure
2 presents representative observed and simulated BTCs for

‘1@

o 20 mM NaCl
O 30 mM NaCl

I

pore volume

|
4 o 50 mM NaCl
O 100 mM NaCl

pore volume

Figure 2. Observed effluent concentration and corresponding model
fits for release of QDs deposited in the presence of 2 mM Ca*" (~9
PV injection) after the columns were flushed with DI water followed
by various concentrations of NaCl electrolytes: (a) 20 and 30 mM
NaCl, (b) 50 and 100 mM NaCl.

QDs during phases 1—4 as a function of PVs. Similar to Figure
1, very little QD release occurred with DI water during phase 3
in all experiments. In contrast, a substantial amount of
deposited QDs were released when the column was flushed
with NaCl electrolyte during phase 4. The mass balance
calculations revealed that the maximum release occurred with
30 mM NaCl solution (95%) and decreased with further
increase of Na* concentrations (Table 1). However, the peak
concentration of the BTCs increased with the Na* concen-
tration, indicating that the release rate increased with the Na*
concentration.

Table 1 provides a summary of fitted (k,,) and calculated
(Smax/ Co) model parameters. The optimized model provided an
excellent description of the QD release. Higher values of kg,
were required to accurately capture the observed release
behavior with increasing Na* concentration. High values of ki,
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Figure 3. Observed effluent concentration and corresponding model fits showing the effect of flow interruption on QD release: (a) 16 h flow
interruption; (b) 48 h flow interruption. Compare these observations with those of Figure 2b (50 mM NaCl, no flow interruption). Note that the
longer the deposited QDs were in the presence of Ca?*, the less release occurred upon introduction of NaCl electrolyte. A complete recovery of
deposited QDs was obtained after the injection of DI water at the end of the experiments.

are not consistent with a slow diffusion-controlled process as is provides a partial explanation for the observed release behavior
commonly assumed,”” but are rather controlled by system of the QDs during phase 4. It has been demonstrated that when
hydrodynamics and changes in the torque and force balances mineral surfaces exhibit a selectivity for a particular cation, the
with transients in solution chemistry.>® Cation exchange exchange of that cation for a lower selectivity cation will occur
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only when the less selective ion is present at high
concentrations.”>*" To confirm the occurrence of cation
exchange of Ca®" for Na*, SI Figure S2 presents the effluent
concentrations of QDs and Ca®" in the cation exchange release
experiment during phases 3 (DI water) and 4 (50 mM NaCl).
The adsorbed Ca** on the sand surface was not released with
DI water during phase 3. However, a simultaneous release of
QDs and Ca** occurred when the column was flushed with 50
mM NaCl as a result of cation exchange.

The effect of cation exchange on the QD release process
shown in Figure 2 can therefore be explained as follows. When
DI water was introduced to the column where QDs were in
equilibrium with 2 mM Ca*', a negligible amount of Ca®* enters
the aqueous phase from the solid phase and very low amounts
of QDs were released. However, when a solution with Na* was
injected into a column during phase 4, Ca®* was removed from
the exchanger phase to a greater extent by Na* than with DI
water. This cation exchange sequence (Na* for Ca’") reduces
the amount of cation bridging, and thereby promotes QD
release. Higher peak concentrations of QDs occurred with
increasing Na® due to greater amounts of cation exchange.
However, mass balance calculations showed that the greatest
total amount of release occurred at 30 mM Na* concentration
(95%), and that further increase of the NaCl concentration
(i.e., 50 and 100 mM) resulted in a decrease in the amount of
QD release. These observations may be explained by the fact
that when the Ca®" was replaced by Na', increases in the Na*
concentration with higher IS may cause more QDs to deposit
in a deeper secondary minimum or nanoscale chemical
heterogeneities.6 Values of S, depend on both the amount
of cation bridging and secondary minimum interactions, and
consequently follow similar trends to the overall mass balance.
Indeed, it was observed that when the column was finally
flushed with DI water during phase S, removing the Na* from
the sand surface by DI water, the remaining deposited QDs
were released and a mass balance ranging from 96 to 105% was
achieved.

Aging Effect. Additional experiments were conducted to
understand the effect of aging time on the release behavior of
QDs initially deposited in 2 mM Ca?* solution. To this end, the
flow was halted for about 16 and 48 h after completion of phase
2 before initiating the release with DI water (phase 3), SO mM
Na" (phase 4), and DI water (phase 5). Observed and
simulated results from these flow interruption experiments are
shown in Figure 3. The simulations provided a good
description of the QD release for the various aging times.
Table 2 provides a summary of fitted values of kg, and
calculated values of S,,,/C, for these aging experiments.

In dramatic contrast to the uninterrupted flow experiments
shown in Figure 2, very small amounts of QDs were released in
the aging experiments with 50 mM Na* solution during phase
4. As the flow interruption time increased, a smaller amount of
QDs was released following the cation exchange process (phase
4). Increasing the aging time to 48 h did not influence k, or
Sma/ C, in the presence of DI water (phase 3), but produced
about 7-fold decrease in kg, and a greater than 4 fold increase in
Sma/Co in the presence of SO mM Na* (phase 4). These
observations indicate that the QD deposition aging time had a
significant effect on their subsequent release. For example,
when the deposited QDs were left on the sand surface for about
48 h, elution with 50 mM Na* caused release of only around
5%. In contrast, 80% of the deposited QDs were recovered with
50 mM Na* when the flow was uninterrupted (aging time of 0).

Table 2. Calculated and Fitted Model Parameters for the
Aging Experiments

' interruption . = (bl— Smaﬁ/ Cgb
release solution time w  min fm) cm’ g L
DI water (phase 0 0.037 + 0.005  0.013 347
3) 16 0035 + 0002 0014 347
48 0.034 + 0.004  0.011 348
50 mM NaCl 0 007 + 0.004 08 0.7
(phase 4) 16 0.0096 + 0.001 0.4 2.1
48 0.0095 + 0.001  0.05 33
DI water (phase 0 0.078 + 0.003 1 0
5) 16 0.108 + 0.005 1 0
48 0.096 + 0002 1 0

“Determined by fitting the obtained BTCs during the release phases to
the solution of eqs 1-8. “Determined from a mass balance calculation
of the BTCs and using eq 7.

It was observed that the remaining deposited QDs were
subsequently released by flushing the column with DI water
(phase S), suggesting that release was dependent on both
cation exchange and expansion of the double layer thickness.
These observations indicate that the strength of the QD-solid
interaction increased with the deposition aging time. We
postulate this occurred because greater numbers of calcium ions
interacted with QDs during phase 2 as the aging time increased,
and this influenced the kinetics and/or extent of binding
between the QDs and mineral surface during phase 4. The
amount and rate of cation exchange has been observed to
change with the release of kaolinite particles.”* The
combination of cation exchange (phase 4) and expansion of
the double layer thickness (phase S) was therefore required to
release the deposited QDs as the aging time increased.

B ENVIRONMENTAL IMPLICATIONS

Most of the reported studies on surface-modified ENPs
transport and deposition have been conducted using a
monovalent ion as a background electrolyte.'” It is reported
that surface-modified ENPs exhibit high stability and mobility
in porous media raising concerns about potential adverse effects
of these materials on the subsurface environment. However,
our results suggest that deposition of surface-modified ENPs
containing carboxylic groups may be profoundly enhanced in
the presence of divalent ions due to formation of cation
bridging. Moreover, it is expected that deposition of ENPs in
the presence of divalent cations caused by cation bridging is
resistant to release with a reduction to IS. However, the release
may be induced when divalent cations in the bridging
complexation are exchanged with monovalent ions. It was
demonstrated that the strength of cation bridging interaction
increased as the deposition time increased. This resulted in a
small amount of release during the cation exchange process.
Consequently, QD release was dependent on both cation
exchange and expansion of the double layer thickness. Many
natural environments experience changes in solution chemistry
as a result of infiltration of different water qualities and
compositions, evapotranspiration, mineral dissolution, ground-
water recharge, and surface-groundwater interactions. Our
results suggest that such transients in solution chemistry are
likely to promote the episodic release and migration of ENPs in
the subsurface environment.
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The following Supporting Information is available: The pulse
duration of each phase in the column experiments and fitted
values of kg, and S,,,,,/C, (Table S1); a brief description and
discussion of the DLVO calculations and results (Figure S1);
the effluent concentrations of QDs and Ca?' in the cation
exchange release experiment during phases 3 (DI water) and 4
(50 mM NaCl) (Figure S2). This material is available free of
charge via the Internet at http://pubs.acs.org.
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