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ABSTRACT: Quantum dots (QDs) are one example of
engineered nanoparticles (ENPs) with demonstrated toxic
effects. Yet, little is known about the behavior of QDs in the
natural environment. This study assessed the transport of two
commercial carboxylated QDs (CdTe and CdSe) and
carboxylated polystyrene latex (nPL) as a model nanoparticle
using saturated laboratory-scale columns. The influence of
solution ionic strength (IS) and cation type (K+ or Ca2+) on
the transport potential of these ENPs was examined in two
granular matrices − quartz sand and loamy sand. The
retention of all three particles was generally low in the quartz
sand columns within the range of studied IS (0.1−100 mM)
for the monovalent salt (KCl). In contrast, the retention of the three ENPs in the quartz sand was significant in the presence of
10 mM Ca2+. Moreover, ENP attachment efficiencies (α) were enhanced by at least 1 order of magnitude in columns packed
with loamy sand (for IS between 0.1−10 mM KCl). Although all three ENPs used here are carboxylated, they differ in the type of
surface coating (e.g., choice of polymers or polyelectrolytes). Regardless of the surface coatings, the three ENPs exhibit
comparable mobility in the quartz sand. However, the ENPs demonstrate variable transport potential in loamy sand suggesting
that differences in the binding affinities of surface-modified ENPs for specific soil constituents can play a key role in the fate of
ENPs in soils.

■ INTRODUCTION
It is expected that by the year 2020, the equivalent of six trillion
U.S. dollars in consumer products will incorporate nanoma-
terials.1 Many economic and societal benefits are expected from
nanotechnology, but there are likely risks to human and
ecosystem health because engineered nanoparticles (ENPs) are
generally more reactive and potentially more persistent than
bulk materials with similar chemical composition.2,3

Quantum dots (QDs) are one example of ENPs that exhibit
distinctive optical and electrical characteristics4,5 due to their
composition and small size (typical diameters are between 2
and 100 nm). Because QDs have excellent fluorescent
properties and narrow emission spectra compared to other
fluorophores, they are particularly useful in the development of
transistors, solar cells, lasers, medical imaging, and computing
systems.6−8 Typically, QDs are composed of a binary alloy of
semiconducting metals (e.g., CdTe, CdSe, InAs, InP) protected
by a shell (ZnS, CdS), which is coated with polymers or
polyelectrolytes to make them dispersible in aqueous media.4,9

Although some promising silicon-based QDs are under
development,10,11 current commercial QDs contain toxic
heavy metals, and several studies demonstrate their cytotoxic
effects on living organisms.12−14 QDs may be introduced into
the natural environment via waste streams from industries that
synthesize or use them and via clinical and research facilities.
After their release into aquatic or soil ecosystems or wastewater

treatment facilities, the potential toxicological risks of QDs will
be directly related to their mobility and transformation within
these environments.15−17

The transport and fate of a wide range of ENPs in systems
representative of natural subsurface environments or engi-
neered (deep-bed) granular filtration processes have been
examined in a number of laboratory investigations.18 In general,
studies conducted with various surface-modified or coated
ENPs suggest they possess greater mobility in water-saturated
granular matrices than their bare counterparts.19−24 For
instance, several researchers have examined the transport
potential of surface-modified zero-valent iron nanoparticles
(nZVI) in model subsurface environments, demonstrating the
effective electrosteric stabilizing efficiency of various polyelec-
trolytes or organic coatings.19,22−24 However, the variability in
the experimental approach and conditions used in each study
complicates the generalization of such findings to a broader
range of ENPs. Moreover, only a limited number of
studies25−27 have addressed the transport potential of QDs in
subsurface environments. For instance, Torkzaban et al.26

studied the retention of a carboxylated CdTe QD in water
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saturated sand packed columns as a function of solution IS (in
NaCl solution). They observed little deposition of this QD in
ultrapure quartz sand, but the retention was greatly enhanced in
the presence of impurities on the sand surface and in columns
packed with goethite-coated sand. Uyusur et al.27 examined the
influence of solution chemistry (IS and the presence of
surfactant) and the impact of air−liquid and solid−liquid
interfaces on the mobility of a CdSe QD in columns packed
with sand. These researchers concluded that the mobility of the
CdSe QD under unsaturated conditions is mainly controlled by
capillary forces. Uyusur et al.27 suggested that QDs may be
highly mobile in dynamic and heterogeneous natural subsurface
environments. We also noted in a previous study25 that the
retention of a commercial CdTe QD on a model sand surface
was very low at neutral pH.
The few studies aimed at investigating the transport behavior

of QDs in granular environments have utilized quartz (clean or
coated) as the collector surface of interest.25−27 There is one
study in the literature reporting on the mobility of QDs in
soil;28 however, our understanding of ENP transport potential
in this more complex medium is limited. The composition of
soil (e.g., mineral content and organic matter content) can
differ considerably from one location to another and different
ENPs will likely exhibit varying affinity for different soil
fractions.17 This inherent geographical and constitutional
heterogeneity of natural soils presents considerable challenges
to the development of functional relationships linking ENP
physicochemical properties and their transport potential.
Nevertheless, well-controlled laboratory studies are needed to
identify potential links between measurable ENP and soil
properties and the mobility of ENPs in saturated granular
environments.
The purpose of this work is to systematically evaluate and

compare the transport potential of two carboxyl-terminated
commercial QDs and a model nanosized carboxylated
polystyrene latex (nPL) particle in the following water-
saturated granular environments: (i) a clean quartz sand
commonly used in ENP transport studies and (ii) loamy sand
obtained from a farm near Queb́ec City, QC, Canada. Well-
controlled laboratory-scale packed column experiments are
performed to study the mobility of the three ENPs in the
different granular media over a broad range of environmentally
relevant solution IS, examining the influence of both
monovalent (K+) and divalent cations (Ca2+). This study
provides a starting point for the comparison of the transport
behavior of ENPs in pure quartz sand versus soil matrices
(loamy sand), where greater retention may be observed.

■ MATERIALS AND METHODS
Nanoparticle Suspensions. Two types of carboxyl-

terminated QDs − a CdTe/CdS QD (Vive Nano, Catalog
No. 18010 L, stabilized by a poly acrylic acid derivative and
suspended in water) and a CdSe/ZnS QD (Ocean Nano-
technologies, Catalog No. QSH530-04, coated with a
monolayer of octadecylamine and a monolayer of undisclosed
amphiphilic polymer and suspended in water) − with reported
nominal sizes of 10 and 14 nm, respectively, were used in this
study. In addition, carboxylated nPL (24 nm nominal size,
Invitrogen, Catalog No. F8787) was used as a model ENP.
ENP suspensions were prepared by diluting stock samples in
electrolyte of varying IS (1−100 mM KCl or 1−10 mM CaCl2)
in deionized water (Biolab) at an adjusted pH of 7 (using HCl
or KOH). The nanoparticle suspensions (at concentrations of

1012 particles/mL for the CdTe QD and nPL and 5 × 1012

particles/mL for the CdSe QD) were vortexed at high speed for
30 s and then left for 2 h at 9 °C and finally at room
temperature for 30 min prior to each experiment.

Nanoparticle Characterization. The electrophoretic
mobility (EPM) of the ENPs was assessed using a Zetasizer
Nano ZS (Malvern Instruments, UK). Each measurement was
performed in triplicate using disposable capillary cells with an
adjusted electrical field (E) between 5 and 10 ± 0.1 V/m. To
adequately characterize ENPs in aqueous suspension, we
reported in a previous study the necessity of using
complementary characterization techniques.29 Accordingly,
the hydrodynamic diameter of the particles was obtained by
dynamic light scattering (DLS) (ZetaSizer Nano, Malvern), and
under selected conditions the particle size was assessed by
transmission electron microscopy (TEM). For DLS, nano-
particle suspensions were prepared in an electrolyte solution
(either KCl or CaCl2), and sizing measurements were repeated
with at least three different samples. TEM specimens were
prepared following the procedure recommended by Mavro-
cordatos et al.30 A small droplet (20 μL) of the nanoparticle
suspension was placed onto a Formvar carbon-sputtered copper
grid (SPI Supplies) followed by air drying overnight prior to
analysis. Images were captured with a Philips CM200 TEM
equipped with a 2k × 2k CCD camera (Advanced Microscopy
Techniques Corp., MA, USA) operating at 200 kV. The mean
sizes of the ENPs were determined from the analysis of at least
40 particles per frame, in at least three randomly selected
images recorded at high magnification.

Column Transport Experiments. ENP transport experi-
ments were conducted using glass chromatography columns
(10/20, Amersham Biosciences, Piscataway, NJ) with a 1 cm
internal diameter and packed with either quartz sand or loamy
sand to a packed bed depth of 10 ± 0.5 cm. Details regarding
the porous media characteristics are provided in the Supporting
Information (Table S1 and Figure S1). In the case of the quartz
sand columns, 13.5 g of dry sand was soaked overnight in
electrolyte and then packed into the column and equilibrated
with 10 pore volumes (PVs) of the background electrolyte at a
constant approach velocity of 1.06 × 10−4 m/s (equivalent to a
flow rate of 0.5 mL/min). In the case of the loamy sand
columns, the packed bed was prepared as described by Jaisi and
Elimelech.31 The dry packing of 11.84 g of loamy sand into the
glass column was performed using gentle vibration. The packed
column was purged with CO2 in an upward flow direction for
20 min to improve water saturation as suggested by Kretzchmar
et al.32 Next, a solution of 20 mM CaCl2 was injected into the
column for 25 PVs, and finally, 100 PVs of the electrolyte of
interest were injected into the column (downward flow
direction) at an approach velocity of 1.06 × 10−4 m/s prior
to injection of the ENP suspensions.
In both series of column experiments, 12.5 mL of each ENP

suspension (equivalent to 3.7 or 3.3 PVs for quartz sand and
loamy sand columns, respectively) were injected into the
packed column, and the effluent ENP concentration (C) was
monitored in real-time with a spectrofluorometer (Fluoromax-
4, Jobin-Yvon Horiba) equipped with a flow-through cell. The
EX/EM settings for the different ENPs were as follows: 350/
538 for the CdTe QD, 350/550 for the CdSe QD, and 505/550
for the nPL. The concentration of the influent ENP
suspensions (C0) was the same as that used for ENP
characterization. ENP transport experiments were conducted
over a wide range of solution IS, using both monovalent and
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divalent background electrolyte solutions. Each column experi-
ment was conducted at least twice, and the breakthrough
behavior of an inert tracer − the fluorescent dye sodium
naphtionate (Fluka Chemika) − was verified prior to injecting
the ENP suspensions.
Interpretation of ENP Transport Experiments. To

quantitatively compare the ENP transport behavior under
different experimental conditions, the particle attachment
efficiency (α) was calculated using colloid filtration theory
(CFT), as follows33

η
α = −

‐ε

⎛
⎝⎜

⎞
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d
L

C
C

2
3 (1 )

ln50

0 0 (1)

where d50 is the average diameter of the sand grains, ε is the bed
porosity, and L is the packed-bed length. The value of C/C0 in
eq 1 represents the normalized column effluent particle
concentration for each experiment which was evaluated by
numerical integration of the breakthrough curves. Values of η0
for each experimental condition were determined using the
correlation developed by Tufenkji and Elimelech.33

■ RESULTS AND DISCUSSION

Electrophoretic Mobility (EPM) of the ENPs. The EPM
of the three studied ENPs was assessed prior to each transport
experiment in the presence of monovalent (KCl) and divalent
(CaCl2) salts (Table 1). The three ENPs are negatively charged
under the conditions used in this study (pH 7, range of solution
IS). The negative surface potential is attributed to the presence
of carboxyl groups in the surface coatings of the ENPs.
In general, when the ENPs are suspended in the monovalent

salt KCl, they become less negative as the IS increases due to
compression of the electrical double layer (Table 1). Although
this decrease in the absolute EPM is quite dramatic for the nPL
and CdSe QD when the salt concentration is increased from 0.1
to 100 mM KCl, the effect is not as significant for the CdTe
QD (EPM changes only from −2.1 to −2.0 μm·cm/V·s). The
variation in EPM with IS for the nPL is consistent with soft
particle theory; namely, the EPM becomes less negative with
increasing IS but stabilizes at a nonzero value.34,35 The EPM of
the poly acrylic acid (PAA) coated CdTe QD also stabilizes at a
nonzero value but barely changes over the wide range of IS. At
low IS, the nPL is significantly more negative than the QDs
(EPM = −4.5 μm·cm/V·s, whereas the EPM for the CdSe QD
and the CdTe QD is on the order of −1.9 and −2.1 μm·cm/
V·s, respectively). This result is consistent with the information

Table 1. Summary of the Electrophoretic Mobility and Particle Size of the ENPs Used in This Study As a Function of Solution
IS in KCl or CaCl2 at pH 7

electrolyte ionic strength (mM) particle electrophoretic mobility (μm·cm/V·s) DLS diameter (nm) TEM diameter (nm)

KCl 0.1 CdTe QD −2.1 ± 0.5 72 ± 1 5 ± 2
1 −2.3 ± 0.4 71 ± 1
3 −2.2 ± 0.2 78 ± 14
10 −2.1 ± 0.1 83 ± 5
30 −1.9 ± 0.7 68 ± 12
100 −2.0 ± 0.2 114 ± 11 9 ± 4

KCl 0.1 CdSe QD −1.9 ± 0.4 76 ± 28 5 ± 2
1 −2.5 ± 0.2 144 ± 62
10 −1.0 ± 0.5 194 ± 24
100 −0.4 ± 0.1 175 ± 54 42 ± 24

KCl 0.1 nPL −4.5 ± 0.2 59 ± 1
1 −3.9 ± 0.3 60 ± 1
3 −4.2 ± 0.2 69 ± 4
10 −3.3 ± 0.3 67 ± 2
30 −2.9 ± 0.7 75 ± 2
100 −1.7 ± 0.3 86 ± 5

CaCl2 0.1 CdTe QD −2.4 ± 0.5 59 ± 2
1 −1.5 ± 0.2 59 ± 1
2.5 −1.8 ± 0.1 139 ± 3
5 −1.9 ± 0.0 593 ± 35
10 −0.2 ± 0.1 447 ± 351

CaCl2 0.1 CdSe QD −1.4 ± 0.3 257 ± 67
1 −1.2 ± 0.1 208 ± 4
2.5 −1.3 ± 0.0 551 ± 58 74 ± 30
10 −0.2 ± 0.1 674 ± 146

CaCl2 0.1 nPL −1.4 ± 0.2 97 ± 1
1 −1.2 ± 0.2 91 ± 4
2.5 −1.2 ± 0.2 201 ± 318
5 −1.5 ± 0.1 515 ± 142
10 −1.5 ± 0.0 2355 ± 816
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provided by the ENP vendors: the amount of carboxylate
groups on the nPL is on the order of 3 × 103 per particle
(Invitrogen), 1.2 × 102 for each CdSe QD (Ocean Nano), and
a similar order of magnitude for the CdTe QD (although
specific details were undisclosed by Vive Nano).
The nPL is significantly less negative when suspended in

CaCl2, and the EPM is stable over the range of IS examined
(Table 1). The variation in the measured EPM over the range
of IS is much more important for the two QDs. The EPM
changes from −2.4 to −0.2 μm·cm/V·s for the CdTe QD and
from −1.4 to −0.2 μm·cm/V·s for the CdSe QD when the IS
increases from 0.1 to 10 mM CaCl2. Both QDs nearly reach
their point of zero charge (PZC) at an IS of 10 mM CaCl2.
These EPM measurements are in general agreement with

other published studies examining functionalized QDs.26,27,36

When converted to zeta potentials using the Henry equation37

and the expression for the retardation effect of “hard spherical”
particles proposed by Ohshima38 (Table S2), our results are
comparable to those reported by Torkzaban et al.26 for a
carboxylated CdTe QD. These researchers reported zeta
potentials on the order of −45 to −35 mV in NaCl (pH
7.8), and Zhang et al. reported values between −30 to −20 mV
in KCl (pH 7)36 for a thioglycolate functionalized CdTe QD in

a range of IS from 1 to 100 mM. Likewise, Uyusur et al.27

reported values of −41 and 0 mV for a polymer coated
(octylamine with modified poly acrylic-acid) CdSe QD in 0.5
mM and 500 mM NaCl (pH 6.5), respectively. As indicated
above, the ENPs studied here each have different surface
coatings, but for each ENP, the terminal functional group is
carboxylate.

Size Analysis of the ENPs. Nanoparticle size is an
important parameter in the interpretation of nanoparticle
transport and fate studies in granular aquatic environments.18

However, sizing suspended ENPs can be challenging given the
limitations of available experimental techniques.29

DLS enables rapid analysis and is one of the most widely
used methods of assessing particle size in aqueous samples.
DLS measurements of the QD suspensions used in this study
are presented based on intensity based distributions (z-average)
and generally exhibit an overall increase in hydrodynamic
diameter (dh) with increasing KCl or CaCl2 concentration
(Table 1). The hydrodynamic diameter increases from 72 to
114 nm for the CdTe QD, between 76 to 175 nm for the CdSe
QD, and from 59 to 86 nm for the model particle nPL over the
studied range of IS (0.1 to 100 mM) in monovalent salt
solution. All of the particles exhibit significant aggregation when

Figure 1. Attachment efficiencies (α) calculated using eq 1 for the (□) CdTe QDs, (○) CdSe QDs, and (◊) nPL particles suspended in electrolyte
over a wide range of solution ionic strengths (pH 7). Experiments were conducted using columns packed with clean quartz sand, and particles were
suspended in (a) KCl or (b) CaCl2. Dashed lines are included as eye guides, and error bars represent 95% confidence intervals. (c) Calculated ENP
attachment efficiencies (α) evaluated for different ENPs in columns packed with quartz sand plotted as a function of the dimensionless parameter
NDLVO. Attachment efficiencies were calculated using eq 1 and the correlation developed by Tufenkji and Elimelech.33 Open symbols represent the
ENPs used in the present study, and solid symbols represent experimental data adapted from other studies.21,26,27.
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suspended in a divalent salt solution at the studied range of IS
(0.1 to 10 mM CaCl2). At an IS of 2.5 mM CaCl2, the dh
increases significantly for all three ENPs (from 59 to 139 nm
for CdTe QD, from 208 to 551 nm for CdSe QD and from 91
to 201 nm for nPL) (Table 1). The marked aggregation
behavior for carboxylated QDs in the presence of multivalent
cations (e.g., Mg2+ or Ca2+) has been previously reported by
Zhang et al.36

The use of DLS has been criticized because the scattering
intensity varies strongly with the particle diameter (i.e., to the
sixth power), which biases the interpretation of particle size
(dh) toward larger particles. Hence, DLS should not be
employed as the sole characterization method. As a
complementary characterization tool, TEM was employed to
image the QDs under selected conditions. Although the use of
TEM is not ideal due to the drying procedure used to prepare
samples for imaging,29 this technique can be useful for
evaluating the extent of aggregation of nanoparticle suspen-
sions. The samples analyzed by TEM were prepared in the
same manner as those used for the column experiments, with
an additional step needed for sample drying. At low IS (0.1 mM
KCl, pH 7), the studied nanoparticles are generally well
dispersed in the aqueous medium, and large aggregates are not
observed (Figure S2a, b, d, e). Using the image analysis
software Image J, the nominal particle sizes were determined by
measuring individual particles in a series of TEM images (Table
1). At this low IS (0.1 mM KCl), the QDs are slightly smaller
than the nominal particle size reported by the manufacturer (on
the order of 5 ± 2 nm for the CdTe QD and 9 ± 4 nm for the
CdSe QD). When the IS is increased to 100 mM KCl, the
nominal size of the CdTe QD is on the same order of
magnitude (9 ± 4 nm), while the CdSe QD experienced some
aggregation (42 ± 24 nm). In the presence of 2 mM IS CaCl2,
the aggregation is more significant for both QDs (Figure S2c
and f). The particles in Figure S2f seem to be adhered to one
another as opposed to forming aggregates. This may be an
artifact of the sample preparation procedure or a result of
particle dissolution. However, measurements of changes in the
free [Cd2+] during the time scale of the column experiments
reveal little dissolution of both types of QDs at the
experimental conditions of this study (on the order of 0.3%
in KCl and on the order of 2% in CaCl2) (Table S3).

■ NANOPARTICLE TRANSPORT IN QUARTZ SAND
AND LOAMY SAND

Transport and Deposition of Three ENPs in Saturated
Quartz Sand. Figure S3 shows representative particle
breakthrough curves for experiments conducted with the 3
ENPs suspended in KCl solution where the normalized particle
concentration at the column effluent (C/C0) is plotted as a
function of PVs (dimensionless time). The data show that an
increase in concentration of KCl does not have a major
influence on the breakthrough QD concentration at the column
effluent. Although we generally observe increased retention of
QDs with increasing salt concentration, the effect is not
dramatic. Overall, the three ENPs are highly mobile in the
quartz sand in the presence of a monovalent salt (KCl).
Numerical integration of the area under each breakthrough
curve reveals that only 24% of the CdTe QDs are retained in
the packed sand column at the highest IS examined (Table S2).
Likewise, only 17% and 33% of the CdSe QD and nPL
particles, respectively, are retained in the experiments
conducted at 100 mM KCl. In the case of the model particle

(nPL), the breakthrough curves at higher salt concentrations
(above 10 mM) show the distinctive shape characteristic of
“blocking”.39,40 Under certain conditions, particles deposited on
the collector (sand grain) surface can “block” the deposition of
suspended particles, resulting in a characteristic elution profile
with rapidly increasing particle concentration with time.39

Figure 1 summarizes the calculated α values for the three
ENPs when suspended in the monovalent electrolyte (KCl,
Figure 1a) or the divalent electrolyte (CaCl2, Figure 1b). In
KCl, the nanoparticle attachment efficiency is relatively low
(below 0.1) over the entire range of IS examined. The
calculated α values increase with IS (e.g., from 0.004 to 0.026
for the CdTe QD; 0.001 to 0.057 for the CdSe QD; and from
0.002 to 0.032 for nPL); however, α does not reach the
theoretical mass-transfer limited maximum value of unity even
at 100 mM KCl. The ENP characterization data presented
previously (Table 1) shows that the EPM (or surface potential)
generally becomes less negative with increasing salt concen-
tration. Hence, for each individual ENP, the particle attachment
behavior observed in the presence of a monovalent electrolyte
is generally in qualitative agreement with the DLVO theory of
colloidal stability whereby the extent of physicochemical
attachment increases with decreasing absolute surface poten-
tial.41,42

Other studies examining the transport and deposition of
polymer-coated QDs have also reported relatively low particle
deposition rates on sand or model silica surfaces.25−27 Using
laboratory-scale packed column experiments, Torkzaban et al.26

showed that the deposition of a CdTe QD was low at salt
concentrations up to 100 mM NaCl (buffered to pH 7.8 with
NaHCO3). Likewise, Uyusur et al.27 reported 9% and 4%
retention of a CdSe QD in columns packed with quartz sand
when the nanoparticles were suspended in 5 and 50 mM NaCl,
respectively. Using a quartz crystal microbalance,25 we
previously reported that the deposition of a different
carboxylated CdTe QD onto silica is negligible even at high
IS (>100 mM KCl, pH 7). We have also observed20 low α
values (0.01 < α < 0.2) for deposition of 50 nm sulfate-
functionalized nPL onto quartz sand over a wide range of KCl
concentrations (1−100 mM KCl) at pH 5.5. Hence, the results
we report here are in qualitative agreement with other studies
of QD and nPL deposition on quartz.
Figure 1b shows the attachment efficiencies of the three

ENPs when suspended in the divalent electrolyte (CaCl2) at
pH 7. A more significant change in α is noted as the IS of CaCl2
increases from 0.1 to 10 mM (versus that observed for the
monovalent salt), and for all three ENPs, α reaches the
theoretical maximum (∼1) at the highest IS. Also, above 1 mM
IS, the ENP deposition rates are greater in CaCl2 than in KCl.
This observation is attributable to the ability of divalent cations
(such as Ca2+) to screen particle charge but also to complex
with negatively charged groups on the ENP surfaces, effectively
decreasing the surface potential and the stability of the particle
suspension (see Table 1).36

Overall, the data reported here for the transport of the two
different QDs in quartz sand points to a mechanism of
electrosteric stabilization resulting from the presence of the
polymer and polyelectrolyte coatings on the ENP surfa-
ces.22,43,44 Namely, we observe relatively low retention of the
QDs over a very broad range of KCl concentrations. This
stabilization effect is less apparent at high concentrations of the
divalent salt CaCl2, likely due to charge screening and
compression of the macromolecules on the particle surfaces.
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Interestingly, comparable low extents of deposition are
observed with the unmodified nPL particle, although such
particles are generally not considered to be electrosterically
stabilized. The limited retention of the nPL particle in the
presence of the monovalent electrolyte is likely governed by
electrostatic stabilization due to its significant surface potential
(Table 1).
As mentioned above, there are limited studies examining the

transport and deposition of QDs in saturated granular systems.
Figure 1c presents a comparison of data from column transport
studies conducted with QDs and selected other surface-
modified nanomaterials in different laboratories.21,26,27 Data
included in Figure 1c include those for experiments in saturated
quartz sand with a CdTe QD26 and CdSe QD27 as well as metal
oxide nanoparticles (nTiO2 and nZnO)21 coated with the same
PAA derivative as that used for the CdTe QD used in this
study. In this figure, the particle attachment efficiency is plotted
as a function of the dimensionless parameter NDLVO,

45 which
takes into account the key experimental conditions used in each
study (eq 2)

κ
ε ε ψ ψ

=N
A

DLVO
0 r c p (2)

Here, κ is the inverse Debye length, A is the Hamaker constant
for the ENP-water-collector systems18 used in each study, ψc is
the surface (zeta) potential for the collector surface, ψp is the
surface (zeta) potential for each ENP, ε0 is the dielectric
permittivity in vacuum, and εr is the relative dielectric
permittivity of water. It should be noted that the dimensionless
parameter NDLVO does not consider the potential steric
contributions of the particle surface coatings which may vary
for the different ENPs examined.
Inspection of Figure 1c reveals that all of the studied ENPs

(with the exception of nTiO2) exhibit decreased mobility with
increasing values of NDLVO in water-saturated quartz sand. In
many cases, the values of α fall within the same region of the
plot (except for the CdSe QD data from ref 27 and for the
nZnO data from ref 21). Values of the attachment efficiency
determined from the data reported by Torkzaban et al.26 (for
the same CdTe QD as that used in this study) are comparable
to our results at moderate IS (NDLVO < 5) but approximately 1
order of magnitude larger at the highest IS examined (NDLVO ≈
20). Conversely, the results reported by Uyusur et al.27 for a
polymer-coated CdSe QD (under saturated conditions) result
in lower α values than those measured here within a large range
of solution IS (0.5 < NDLVO < 300). Likewise, Petosa et al.21

reported very low retention for a PAA-coated ZnO nanoparticle
when NDLVO < 20. The significant mobility of the ZnO
nanoparticle is surprising given that it is prepared by the same
manufacturer and with the same polymeric coating as the CdTe
QD used in this study (open squares in Figure 1c). The
transport behavior of the ZnO nanoparticle was examined in
the same quartz sand used in the present study.21 However, the
hydrodynamic diameter of the ZnO particles (measured by
DLS) was significantly lower (on the order of 10 nm at 10−100
mM NaNO3) than the size of the CdTe QD used in this study
(on the order of 114 nm at 100 mM KCl). In all the cases
reported in Figure 1c, the maximum α value for ENP
deposition onto quartz sand is far from the theoretical
maximum (α = 1) even at high NDLVO values. Thus, the
limited data available to date on the mobility of QDs suggest
that the transport potential of this ENP in water-saturated

quartz sand can be significant in the absence (or at low
concentrations) of divalent salts.

Transport and Deposition of QDs and nPL in Loamy
Sand. An additional series of ENP transport experiments was
carried out using columns packed with loamy sand obtained
from a farm in St-Augustin-de-Desmaures, QC. Although the
loamy sand columns were not extracted as undisturbed cores,
the comparison of ENP transport and deposition in quartz sand
to loamy sand is useful for evaluating the influence of collector
grain properties on the filtration process. The collector media
differ with respect to surface chemistry, grain size distribution,
and geochemical heterogeneity.
The grain size distributions of the quartz and loamy sand

obtained by sieve analysis are shown in Figure S1. The mean
grain size (d50) of the two granular materials is comparable
(0.256 mm for the quartz sand versus 0.225 mm for the loamy
sand); however, the size distribution of the quartz sand is more
uniform (coefficient of uniformity, d60/d10 = 1.4) than that of
the loamy sand (d60/d10 = 2.1).
Figure 2 illustrates representative BTCs for transport

experiments conducted with the three ENPs using columns
packed with the loamy sand over a wide range of solution IS

Figure 2. Representative breakthrough curves for (a) CdTe QDs, (b)
CdSe QDs, and (c) nPL in columns packed with loamy sand at
selected KCl concentrations. The breakthrough behavior of a
conservative fluorescent tracer (sodium naphthionate) is also shown
(solid line).
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(0.1−10 mM KCl). As the concentration of KCl increases, the
extent of particle retention increases for all three ENPs.
However, it is interesting to note that the rate of change in the
nanoparticle deposition rate with respect to IS is quite different
for each ENP. For example, ∼80% of the CdTe QDs are
retained in the loamy sand column at 0.1 mM IS (Figure 2a),
and the extent of retention increases to 90% at 10 mM. The
retention of the CdSe QD (Figure 2b) ranges from 29% to 43%
in the same range of IS. In contrast, the nPL particle exhibits a
faster change in the particle deposition rate with IS; namely, the
extent of retention increases from 5% to 93% when the IS is
changed from 0.1 to 10 mM (Figure 2c). As noted above for
the experiments conducted with columns packed with quartz
sand (Figure S2c), inspection of Figure 2c reveals that the
BTCs for the nPL particle again exhibit the characteristic
“blocking” profile at 1 and 10 mM IS.39,46 At the lower IS
examined (0.1 mM), the effluent nPL particle concentration
stabilizes at approximately 2 PVs; hence, the breakthrough
curve is generally flat after this time point. For the higher IS
displayed in Figure 2c, the breakthrough concentrations of the
nPL particle do not reach a steady value but rather continue to
increase with time. This observed increase in effluent particle
concentration with time is attributed to the reduced availability
of deposition sites on the collector grains as deposited particles
exclude the local surrounding collector surface area from
deposition of incoming particles.40

For the sake of quantitatively comparing the results obtained
from the loamy sand packed columns with the data from the
quartz sand experiments (Figure S3 and Table S2), ENP
attachment efficiencies were evaluated from each BTC and are
presented in Figure 3. For the PAA-coated CdTe QD, α values

are approximately an order of magnitude greater in the loamy
sand (Figure 3) when compared to the quartz sand (Figure 1a).
The CdSe QD also exhibits higher α values in the loamy sand
matrix, but the extent of retention is generally lower than that
measured for the CdTe QD. In these loamy sand column
experiments, the nPL particle exhibits the greatest change in α
with increasing IS; namely, α increases from 0.003 to 0.18 when
the salt concentration increases from 0.1 to 10 mM KCl. The
nPL particle is also considerably less mobile in the loamy sand
than in the quartz sand.

This is the first study comparing the transport behavior of
QDs in quartz sand and loamy sand in water-saturated
conditions. The loamy sand characterized by nitrogen BET
adsorption isotherms has considerably larger surface area and
porosity than the quartz sand (Table S1). Characterization of
the loamy sand indicates that it is mainly composed of quartz
(88.2%), but it also contains clay-sized particles (7.6%) and
organic matter (0.44%). EDS analysis reveals the heteroge-
neous composition of the loamy sand (mainly Si, Al, Fe) is in
qualitative agreement with the mineralogical composition of the
medium: silicon dioxide, feldspars (albite and orthoclase), and
amorphous clay (allophane). The mineralogy of the granular
collectors and the solution chemistry of the pore fluid will affect
the mechanisms of ENP retention. For instance, allophane
(present in the clay fraction) can present positively charged
sites (PZC∼7.8) where negatively charged ENPs can
“favorably” deposit, whereas albite (PZC∼5.9) and orthoclase
(PZC∼1) present unfavorable conditions for retention of these
ENPs.47

This study was conducted at neutral pH; however, natural
variations in pore water pH are expected to affect the fate of
QDs in natural subsurface environments.17,25,36 Zhang et al.36

reported on the stability of a polymer coated CdTe QD in
monovalent electrolyte at different pHs. Good colloidal stability
(i.e., no aggregation) was observed at pHs between 5 and 12,
due to electrostatic repulsion exerted by the anionic polymer
coating. At lower pHs (3 and 2), these researchers observed the
presence of important QD instability with the formation of
aggregates on the order of a few micrometers in size. Navarro et
al.17 investigated the effect of pH on the interaction between a
CdSe QD and humic substances. Here, the interaction between
the humics and the QD was greatly enhanced under acidic
conditions (pH 3), compared with more alkaline conditions
(pH 7 and pH 9). In an earlier study,25 we also reported the
effect of pH on the deposition behavior of a CdTe QD onto a
model sand surface; namely, the deposition rate of the CdTe
QD was higher at lower pH (5 versus 7). Because pH
influences critical particle and collector surface and physical
properties (e.g., particle aggregate size, particle surface
potential, collector surface potential, etc.), future studies should
be aimed at clarifying the role that pH plays in QD transport
and deposition in natural soil systems.

Environmental Implications. A myriad of new ENPs are
being introduced onto the commercial market each year, yet
the environmental fate and potential risks linked with these
materials are not properly understood. Moreover, the variability
in the composition of the core and surface coatings of
commercial ENPs renders predictions of their transport
potential and associated contamination risks very challenging.
Well-controlled laboratory column experiments conducted with
two representative QDs show that these nanoparticles can
exhibit quite similar deposition behavior onto a clean quartz
sand collector over a broad range of solution conditions (Figure
1). Furthermore, the selected nPL particle appears to be a good
model material for determining conservative estimates of the
transport potential of these two QDs in the quartz sand matrix.
However, the transport potential of the two QDs is different in
the loamy sand system, whereby the CdTe QD exhibits greater
retention than the CdSe QD (Figure 3). This divergence in the
transport behavior of the two QDs in the loamy sand matrix is
likely linked to differences in the chemistry of the polymeric
coatings on the ENP surfaces. The chemical composition of
polymers used to functionalize ENP surfaces will influence the

Figure 3. Calculated attachment efficiencies (α) for the three ENPs in
loamy sand suspended in KCl at pH 7. The experimental conditions
are as follows: approach velocity (U) 1.06 × 10−4 m/s, porosity (ε)
0.47, mean grain diameter (d50) 0.225 mm, and temperature 20−22
°C. Error bars represent 95% confidence intervals.
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polymer affinity (and hence ENP affinity) for clay surfaces.23,26

For instance, Zaman et al.48 found a strong bridging interaction
between PAA molecules and alumina-like charged sites on the
edges of clay particles. The nature of the coating molecules on
ENP surfaces will also control the potential for degradation of
the coatings and the likelihood for ligand exchange, which will
influence the aqueous dispersibility, mobility and stability of the
particles in aquatic subsurface environments.28 Because of the
common practice of using polymeric coatings for stabilization
of ENPs, additional studies aimed at understanding the role of
such coatings in ENP transport, aggregation, and environ-
mental fate is of particular importance.
The inherent heterogeneity of natural granular materials

found in subsurface environments remains another major
challenge for the development of functional relationships
between soil properties and ENP transport potential. Although
the two granular matrices used in this study have comparable
mean grain diameters, the retention of the 3 ENPs is generally
higher in the loamy sand versus the quartz sand. Thus, further
research is needed to extend this work to a wider range of
environmentally relevant granular matrices and water chem-
istries.
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