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’ INTRODUCTION

Transport of particles in porous media including colloids,1

bacteria,2,3 and virus4 have been studied extensively. These studies
have provided a fundamental understanding of the physicochemical
interactions between particles and collectors, including van der
Waals attraction, electrostatic repulsion, and acid�base interactions.
They have also demonstrated the potential for hydrophobic inter-
actions between particles and collectors.5�7 Recently, the transport
of engineered nanoparticles (ENPs) in porous media has received a
great deal of attention8 because it determines the distribution of
ENPs in environmental media and potential for exposure,9 which
are essential components of risk assessment of ENPs.

ENPs released into the environment are typically coated with
natural or engineered organic materials, which are known to
considerably influence the attachment of ENPs.10�12 Particu-
larly, polymeric organic coatings on ENPs cause steric interac-
tions derived fromosmotic pressure due to overlapping of polymer
segments and elastic repulsions due to deformation of attached
polymeric chains. The range and magnitude of the steric interac-
tions can be modeled if several characteristics of the organic

coatings are known, including molecular weight, surface concen-
tration, layer thickness, and electrokinetic potential.13 Extended
DLVO theory (XDLVO), which extends DLVO theory by the
inclusion of steric interactions, has been used to explain the effect
of steric interactions on transport of ENPs in porous media.14

In addition to steric interactions, polymeric coatings on ENP
surfaces may also lead to hydrophobic interactions between par-
ticles and collectors because polymeric coatings are often am-
phiphilic, i.e., having both hydrophobic and hydrophilic proper-
ties. Hydrophobic interactions have been broadly used to explain
a variety of natural phenomena, including separation of oil/water
mixtures, protein folding, and the aggregation and self-assembly
of hydrophobic entities.15 In bacteria and virus transport studies,
particle surface hydrophobicity has been shown to be an im-
portant factor for their attachment, for both hydrophilic and
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ABSTRACT: A fundamental understanding of attachment of surface-coated
nanoparticles (NPs) is essential to predict the distribution and potential risks of
NPs in the environment. Column deposition studies were used to examine the
effect of surface-coating hydrophobicity on NP attachment to collector surfaces
in mixtures with varying ratios of octadecylichlorosilane (OTS)-coated
(hydrophobic) glass beads and clean silica (hydrophilic) glass beads. Silver
nanoparticles (AgNPs) coated with organic coatings of varying hydrophobicity,
including citrate, polyvinylpyrrolidone (PVP), and gum arabic (GA), were used.
The attachment efficiencies of GA and PVP AgNPs increased by 2- and 4-fold,
respectively, for OTS-coated glass beads compared to clean glass beads. Citrate
AgNPs showed no substantial change in attachment efficiency for hydrophobic
compared to hydrophilic surfaces. The attachment efficiency of PVP-, GA-, and
citrate-coated AgNPs to hydrophobic collector surfaces correlated with the
relative hydrophobicity of the coatings. The differences in the observed attachment efficiencies among AgNPs could not be
explained by classical DLVO, suggesting that hydrophobic interactions between AgNPs and OTS-coated glass beads were
responsible for the increase in attachment of surface-coated AgNPs with greater hydrophobicity. This study indicates that the overall
attachment efficiency of AgNPs will be influenced by the hydrophobicity of the NP coating and the fraction of hydrophobic surfaces
in the environment.
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hydrophobic collectors.3,7 However, the effect of hydrophobicity
of the surface coatings on ENPs on their attachment to hydro-
philic and hydrophobic surfaces has not been reported.

The goal of this study is to investigate the effects of hydro-
phobic organic coatings on ENP attachment, particularly when
the collector surfaces are chemically heterogeneous, i.e., having
both hydrophilic and hydrophobic surfaces. Attachments of silver
nanoparticles (AgNPs) of similar size but with three coatings of
differing hydrophobicity—citrate (anionic), gum arabic (GA, a
complex polysaccharide/glycoproteinmixture, negatively charged at
neutral pH), and polyvinylpyrrolidone (PVP, nonionic)—were
measured in columns packed with the mixture of clean (hydrophilic)
andoctadecylichlorosilane (OTS)-coated (hydrophobic) glass beads.
The study indicates that NP coatings with higher hydrophobicity
have greater attachment to hydrophobic surfaces. This attractive
interaction is not predicted from XDLVO theory that accounts for
electrosteric repulsions afforded by the coatings but ignores hydro-
phobic interactions.

’MATERIALS AND METHODS

Preparation of Surface Modified AgNPs. Three types of
surface-coated AgNPs were synthesized by reduction of silver
nitrate in the presence of citrate, GA, and PVP, respectively. The
detailed synthesis procedure is provided in the Supporting Infor-
mation (SI). Approximately 100 ppm of each coated AgNP in
1 mM NaHCO3 solution was washed before use to remove
excess polymer in dispersion. Particles were ultracentrifuged
(Sorvall Ultracentrifuge OTD65B) at 58 800g for 1 h to separate
the particles from the dispersion. The supernatant was decanted,
and then the particles were resuspended in 1mMNaHCO3. This
process was conducted twice before samples were used.
Preparation of Hydrophobic PorousMedia. Soda lime glass

beads (Potters Industries Inc., Malvern, PA) with a median
diameter of 0.35 mm were thoroughly washed by rinsing with
hexane, methanol, hydrochloric acid, and DI water to remove
impurities. To produce hydrophobic glass beads, they were
coated with uncharged octadecylichlorosilane (OTS) (Mw =
388, Sigma) following the procedure of Kumar et al.:16 50 g of
washed glass beads were immersed in a 2 mM OTS solution in
hexadecane�chloroform (90:10 by volume) and rotated on an
end-over-end rotator at 30 rpm for 30 min. The excess OTS was
removed from the glass bead surfaces by rinsing with chloroform.
OTS-covered glass beads were rinsed again with methanol, 1 M
HCl, and DI water sequentially until the rinsewater reached
neutral pH. The glass beads were then dried at 110 �C for 24 h.
Characterization of AgNPs. Particle size distributions were

measured by dynamic light scattering (DLS) (Malvern Zetasizer,
Southborough, MA) and transition electron microscopy (TEM)
(Philips, Eindhoven, Netherlands). The DLS size measurements
were conducted in triplicate using backscatter (173�) detection
on samples containing 50 mg/L AgNPs after 10 min of sonica-
tion (550 Sonic Dismembrator, Fisher Scientific). Intensity-
weighted hydrodynamic particle size distributions were calcu-
lated from the intensity-autocorrelation functions using the
CONTIN algorithm, assuming the Stokes�Einstein equation
for spherical particles. The intensity size distributions were con-
verted to volume-weighted size distributions using the refractive
index of 0.135 for silver17 (Figure S1 in SI). The TEM sizes of at
least 100 particles were measured for each of three AgNPs with a
Philips 301 TEM operated at 80 kV (Figure S2 in SI).

We performed electrophoretic mobility (EPM) measurements
for bare AgNPs (Nanoamor, Houston, TX) as well as citrate-,
GA-, and PVP-coated AgNPs in 30 mg/L using a Malvern
Zetasizer (Figure S3 in SI). The samples were ultrasonicated
for 5 min before each EPM measurement. Duplicate measure-
ments were made in NaNO3 solutions with concentration
ranging from 5 to 80 mM at pH 8.1 ( 0.1. Smoluchowski’s
model was used to estimate the ζ-potential for uncoated and
citrate AgNPs. Ohshima’s soft particle theory18 was used to
estimate the layer thickness and surface potential of the adsorbed
polymer layer. The details for the method used to estimate
adsorbed polymer layer thickness and surface potential are
described in the SI.
Thermal gravity analysis (TGA) (SDT Q600, TA Instruments,

New Castle, DE) was used to measure the surface concentrations
of organic coatings (citrate, GA, and PVP) on AgNPs. For sample
preparation, the surface-coated AgNPs as well as bare AgNPs
were washed using an ultracentrifuge as described above and
freeze-dried at 23 �C to a dry powder. Approximately 5�10 mg
of each sample was used: bare AgNPs, surface-modified AgNPs
(citrate-, GA-, and PVP-coated AgNPs), and organic coatings
alone (citrate, GA, and PVP). A heat ramp of 5 �C/min up to
700 �C in air was set up to measure the weight change before and
after heating. Details of the TGA results are provided in Figure S4
and Table S1 in the SI.
Characterization of Collector Surfaces. The relative hydro-

phobicity of clean and OTS-coated collector surfaces was
examined by the modified sessile drop method introduced by
Bachmann et al.19 A smooth and flat plastic slide was covered
with double-sided adhesive tape (3M, St. Paul, MN). Dry glass
beads were attached to the tape by pressing with a 100 g weight
for 5 s. The board was then shaken carefully to remove surplus
glass beads. A water droplet with 5 μm diameter was pipetted
onto the monolayer of glass beads on the tape. Contact angles
were measured 10 times for each sample at 23 �C using a
goniometer (Rame-Hart, Netcong, NJ) (Figure S5 in the SI).
The streaming potentials for the clean and OTS-coated glass

beads were measured in 20 mM NaNO3 with 1 mM NaHCO3

solution at pH 8.1 using an electrokinetic analyzer (SurPass,
Anton Paar, Ashland, VA). A cylindrical cell (1.3 cm diameter by
1 cm length) was filled with either clean glass beads or OTS-
coated glass beads. The cell was immersed in an ultrasonic bath
for 3 min to obtain a uniform packing density. The streaming
potential was converted to ζ-potentials using the Fairbrother�
Mastin approach.
Column Deposition Experiments. Deposition experiments

were performed in glass columns (C 10/10, GE Healthcare,
Waukesha, WI) with a diameter of 1 cm and a length of 10 cm.
Columns were packed with approximately 15 g of mixtures of
clean and OTS-coated glass beads in an ultrasonic bath (Branson
5200, Danbury, CT) to ensure consistent packing density and
column effective porosity. The average porosity of the packed
column was determined gravimetrically to be 0.36. An indifferent
electrolyte (NaNO3) at an ionic strength of 20 mM and pH 8.1
was used, as this provided breakthrough values of at least 10% but
less than 90% for each particle type using the column length and
solution conditions described above. A pore water velocity of
0.02 cm/s was used to provide negligible longitudinal dispersion
of particles in the column, which is a specified constraint of the
attachment efficiency equation. Ten pore volumes of 20 mM
NaNO3 plus 1mMofNaHCO3 solution (pH= 8.1) were flushed
through the packed column to eliminate background turbidity
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before AgNPs injection; 50 ppm of AgNP dispersions in 1mMof
NaHCO3 was ultrasonicated for 5 min to break agglomerates
formed during storage and then injected into the column in an
up-flow configuration. Three pore volumes of nanoparticles were
injected by a peristaltic pump. After particle injection, the column
was flushed by three additional pore volumes of the ionic solution
to obtain a particle breakthrough curve. Effluent samples were
collected every 2min. Influent and effluent AgNP concentrations
were analyzed by UV�vis spectroscopy (Varian, Palo Alto, CA)
at 405 nm. Deposition experiments for three surface-coated
AgNPs were performed at 23 �C in duplicate. In a second series
of deposition experiments, OTS-coated glass beads were first
flushed with 3 pore volume of 1 mM sodium dodecyl sulfate
(SDS) (Fisher) plus the ionic solution prior to AgNP injection to
mask the surface hydrophobicity of the OTS-coated glass beads.
Prior to introducing AgNPs, the column was flushed with one
pore volume of the background electrolyte to remove any
desorbed SDS. The electrolyte solution pH was adjusted by
1 mM of NaOH and HNO3 solution as needed.
Determination of Attachment Efficiency.The deposition of

particles in a porous media was quantified in terms of experi-
mental attachment efficiency, Rexp:

1,20

Rexp ¼ � ln
C
C0

� �
4ac

3ð1� εÞη0L
ð1Þ

where ac is the radius of glass beads, ε is the packed bed porosity,
η0 is the predicted single-collector contact efficiency in the
absence of repulsive interaction, L is the length of the column,
and C0 and C are the influent and effluent particle concentra-
tions, respectively. The normalized column effluent concentra-
tion (C/C0) was obtained from particle breakthrough curves
generated by column experiments (Figure S6 in the SI). Within
the context of a convective-diffusion system, η0 is given as

η0 ¼ 2:4As
1=3NR

�0:081NPe
�0:715Nvdw

0:052

þ 0:55AsNR
1:675NA

0:125 þ 0:22NR
�0:24NG

1:11Nvdw
0:053

ð2Þ
where As is a porosity-dependent parameter, NR is the aspect
ratio, NPe is the Peclet number, NvdW is the van der Waals
number, NA is the attraction number, and NG is the gravity
number.20

Hydrophobicity of AgNPs and Organic Coatings. To
measure the relative hydrophobicity of the organic coatings
alone, precipitation experiments were performed by adding
ammonium sulfate to sodium citrate, GA, and PVP following
Andrews et al.21 Briefly, sodium citrate, GA, or PVP was added to
50mL of sodium phosphate buffer (0.05M, pH 8), as specified in
the method used for determining the relative hydrophobicity of
macromolecules and proteins.22 Solid ammonium sulfate was

added into the polymer or citrate solutions until the material
precipitated (i.e., the cloud point). The solution was then equil-
ibrated on an end-over-end rotator for 5 days at 23 �C. After
reaching equilibrium, the turbidity of solutions was measured
using a turbidimeter (HACH, Loveland, CO) to determine
where precipitation begins. Earlier onset of precipitation indi-
cates greater hydrophobicity of the coating materials.
The surface hydrophobicity of citrate-, GA-, and PVP-coated

AgNPs was also measured by adsorption of the hydrophobic dye
Rose Bengal (Alfa Aesar, Ward Hill, MA) following Muller
et al.;23 18 mg/L of Rose Bengal was added to AgNP dispersions
with different concentrations covering the range from 5 to 150
mg/L. After 3 h incubation in 0.1 M phosphate buffer, NPs were
separated from the supernatant by centrifugation at 185 000g,
and the mass of free Rose Bengal in the supernatant was
measured by UV�vis spectroscopy at λ = 542.7 nm. The ratio
of adsorbed mass of Rose Bengal on NP surfaces vs that in
solution was plotted as a function of particle concentration.

’RESULTS AND DISCUSSION

Characterization of AgNPs. The measured properties of the
three coated AgNPs are provided in Table 1. The intensity-
weighted hydrodynamic sizes measured by DLS (DLS intensity
sizes) for citrate-, GA-, and PVP-coated AgNPs ranged from 70
to 77 nm. The volume-weighted DLS sizes (DLS volume sizes)
ranged from 5.0 to 9.6 nm, consistent with the primary particle
sizes observed by TEM (TEM sizes) of 5.5�10.8 nm. This
difference between the DLS intensity-weighted and volume-
weighted sizes is a result of the weighting in the algorithm used
to calculate size; particles are weighted to the sixth power of the
particle radius for intensity-weighted size according to Rayleigh’s
equation and to the third power of the particle radius for DLS
volume size. The DLS intensity-weighted sizes determined for
each particle type were used to calculate the attachment effi-
ciency and DLVO interaction energy profiles because these data
are the least manipulated. It should be noted that the choice
of particle size did not significantly affect the calculated attach-
ment efficiency, calculations of the energy barrier to attach-
ment discussed later, or the conclusion of this study as all three
sizes are dominated by Brownian motion (Figures S7 and S8
in the SI).
The adsorbed mass of each organic coating was determined

from TGA: 0.65, 8.4, and 4.2 wt % for citrate, GA, and PVP
AgNPs, respectively (Figure S4 in the SI). Surface concentration
in Table 1 was calculated from the adsorbed mass of each coating
with the assumption that each AgNP is spherical and has a surface
area in the range of 5�15 m2/g, which is consistent with expec-
tations for smooth spherical NPs with a primary particle diameter
less than 30 nm.24,25

Table 1. Properties of Coatings and AgNPs

coating molecular

weight (g/mol)

DLS intensity

size (nm)

DLS volume

size (nm)

TEM size

(nm)

surface concentrationa

(mg/m2)

layer thicknessb

(nm)

electrokinetic

potentialc (mV)

citrate AgNPs 294 77( 9 9.3 ( 5 10.8 ( 10 0.4�1.3 negligible �46 ( 0.9

GA AgNPs 250 000 70( 6 5.0 ( 4 5.5 ( 2 5.6�17 17 ( 4 �4.7 ( 1

PVP AgNPs 10 000 73( 6 9.6 ( 4 7.9 ( 4 2.8�8.4 2.6 ( 1 �14 ( 9
aComputed from TGA results (Figure S4 in the SI). bEstimated from electrophoretic mobility measurements using Ohshima’s model (Figure S3 in the SI).
cElectrokinetic potentials indicate the ζ-potential of citrate AgNPs and the surface potentials of PVP and GA AgNPs. These potentials were calculated using
Smoluchowski’s model for citrate AgNPs and Ohshima’s model for PVP and GA AgNPs (Figure S9 in the SI).
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GA- and PVP-coated AgNPs have a relatively thick coating of
high molecular weight polymer. As such, they are classified as
“soft particles” and comprise an inner hard sphere of AgNPs
covered with concentric layers of polymers. Conversely, citrate is
a small organic acid molecule without any significant spatial
extent and therefore a citrate AgNP is considered a hard sphere.
The surface potentials of GA- and PVP-coated AgNPs were

significantly smaller than the ζ-potential of citrate AgNPs since
their potentials are located at the boundary between the end of the
adsorbed polymer layer and surrounding solution, rather than at
the slip plane in the diffuse double layers as in Smoluchowski’s
model (Figure S9 in the SI). These small surface potentials of GA-
and PVP-coated AgNPs imply that steric or electrosteric repul-
sions are the dominant repulsive interaction between the polymer-
coated AgNPs and collector surfaces. In contrast to GA- and PVP-
coated AgNPs, the repulsive interaction of citrate AgNPs with
collector surfaces consists of only electrostatic repulsion derived
from its high ζ-potential. The calculated ζ-potential of citrate
AgNPs and surface potentials of PVP and GA AgNPs were used
later to calculate DLVO interaction energy profiles for their
attachment onto clean and OTS-coated glass beads.
Characterization of Collector Surfaces.The contact angle of

water dropped on OTS-coated glass beads was 121� ( 7.5�,
significantly higher than for glass beads that were not coated with
OTS (33� ( 3.2�) (Figure S5 in the SI). It is important to note
that surface roughness and heterogeneity may affect the absolute
value of these measured contact angles, but the difference
between the OTS-coated and uncoated glass beads is significant,
indicating that the OTS-coated glass beads were indeed hydro-
phobic. The measured ζ-potentials of the clean and OTS glass
beads at pH 8.1 were �48.64 ( 0.07 and �35.15 ( 0.36 mV,
respectively. The decrease in the magnitude of charge for OTS-
coated glass beads compared to uncoated ones also indicates
OTS coverage of the glass beads. The difference of 13 mV
between OTS-coated and uncoated glass beads is accounted for
in the interaction energy calculated using DLVO.
Nanoparticle Transport through Clean and OTS-Coated

Glass Beads. To investigate the role of hydrophobic surface on
NP attachment, deposition experiments were conducted for the
three AgNPs in columns containing varying amounts of clean
and OTS-coated glass beads (Figure 1).
The attachment efficiency of the surface-modified AgNPs

increased with increasing portions of hydrophobic OTS-coated
glass beads in the column (Figure 1). In the cases of PVP- and
GA-coated AgNPs, the attachment efficiency increased by a
factor of approximately 4 and 2.5, respectively, as the portion
of OTS-coated glass beads changes from 0% to 100%. The
differences between the slopes of the lines for each AgNP types
are statistically significant according to Student's t-tests on the
pairs of AgNPs (see Student’s t test in the SI). Attachment
efficiencies are low overall due to the repulsive interactions
between AgNPs and glass beads, both of which have a net
negative surface potential.
The attachment efficiency Roverall of a polymer-coated nano-

particle in the presence of hydrophobic surfaces can be modeled
by a linear combination of two surfaces in the column (clean glass
beads andOTS-coated glass beads) using eq 3. A similar equation
was used to describe attachment of colloids to “patchwise”
heterogeneous media containing positively and negatively
charged collectors.26

Roverall ¼ θRhydrophobic surface þ ð1� θÞRclean surf ace ð3Þ

In eq 3, θ is the ratio of hydrophobic media to the total volume of
media, and Rhydrophobic surface and Rclean surface represent the
attachment efficiencies for the OTS-coated and clean glass
surfaces, respectively. This model suggests that the overall
attachment efficiency of a polymer-coated nanoparticle will be
influenced by the fraction of hydrophobic surfaces in the
environment. Moreover, the different slopes of the lines suggest
that the type of surface coating will also affect the value of the
overall attachment efficiency. However, in addition tomaking the
glass bead surface hydrophobic, the OTS coating also reduced
the overall charge on the glass beads.
Total InteractionModeling for Attachment of AgNPs. The

total interaction energy based on classical DLVO and steric
interactions was calculated to support the conclusion that the
observed differences in slope between coatings is indeed due to
the different coating types rather than due to differences in
electrostatic repulsions. In all cases the (polymer-coated) particle�
collector interaction is calculated by assuming a sphere�plate
interaction. The DLVO energy is defined as the sum of attractive
van der Waals and repulsive electrical double layer interactions. The
van der Waals interaction (VvdW) is computed as

27,28

VvdW ¼ � Aap

6h 1þ 14h
λ

� � ð4Þ

where A is the Hamaker constant of the interacting media
(AgNP�water�soda lime glass beads), ap is the intensity-weighted
size of AgNPs measured by DLS, h is the distance between the
nanoparticle and the collector, and λ is the characteristic wavelength
of the dielectric (assumed to be 100 nm) . The Hamaker constant
was calculated as

A ¼ ðA11
1=2 � A33

1=2ÞðA22
1=2 � A33

1=2Þ ð5Þ

Figure 1. Attachment efficiency of three coated AgNPs as a function of
the portion of OTS-coated (hydrophobic) surfaces in the column. The
experimental attachment efficiencies (Rexp) were computed from eq 1.
The single-collector contact efficiencies (η0 = 0.024, 0.024, and 0.023 for
GA, PVP, and citrate AgNPs, respectively) were calculated using eq 2
with the following parameter values: collector diameter = 350 μm,
approach velocity = 2� 10�4 m/s, Hamaker constant = 2.25� 10�20 J,
T = 298 K, Ag density = 1050 kg/m3, water density = 1 � 103 kg/m3,
viscosity = 1 � 10�3 kg/ms, and porosity = 0.36. The trend lines were
generated using a least-squares fit. The slopes of the lines are reported in
parentheses. Attachment efficiency values calculated using the DLS
volume-averaged and TEM sizes were not significantly different and are
reported in the SI (Figure S7).
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whereA11 = 3.85� 10�19 J for Ag,29A22 = 6� 10�20 J for soda lime,
andA33 = 3.7� 10�20 J for water. The calculated Hamaker constant
between AgNPs and glass beads in aqueous media is 2.25� 10�20 J.
Electrical double layer interaction (VEDL) is calculated using

Eq 630

EEDL ¼ πε0εrap 2ϕcϕp ln
1þ expð � khÞ
1� expð � khÞ

� ��

þ ðϕc2 þ ϕp
2Þ ln½1� expð � 2khÞ�

�
ð6Þ

where ε0 is the dielectric permittivity in a vacuum, εr is the
relative dielectric permittivity of water at 25 �C, k is the inverse
Debye length, and ϕc and ϕp are the ζ-potentials of the collectors
and the electrokinetic potentials for three coated AgNPs.
With adsorbed polymer layers, such as GA and PVP, steric

repulsion also needs to be considered. Steric interaction is
defined as the sum of osmotic and elastic repulsive energies.
Upon the approach of a spherical particle coatedwith a polymeric
layer to a uncoated flat surface (we assume that OTS surface has
no influential polymeric layer), osmotic and elastic repulsion
energies are defined in the range of 0 < h e d,31 where h is the
distance between a particle and a flat surface, and d is the layer
thickness. The osmotic energy (Vosm) is given as31�33

Vosm ¼ 2πapΦp
2NA

V

1
2
� χ

� �
ðd� hÞ2 ð7Þ

whereΦp is the volume fraction of the polymer, NA is Avogadro’s
number,V is themolar volumeof thewater,χ is the Flory�Huggins
solvency parameter (assumed to be 0.45 for PVP, 0.47 for GA).34

The volume fraction of adsorbed polymer was estimated as

Φp ¼ 3
Γmaxap2

Fp½ðdþ apÞ3 � ap3�
ð8Þ

where Fp is the polymer density, which is set to be 1.29 and
1.35 g/cm3 for PVP andGA, respectively, andΓmax is the maximum
surface concentration. The calculatedΦp values for PVP andGA are
0.48 and 0.08, respectively.
The elastic repulsion energy (Velas) is calculated using eq 9

32,35

Velas ¼
2πapNAΦpd2Fp

Mw

2
3
� 1
6

h
d

� �3

� h
2d

� �
þ h

d

� �
ln

h
d

� �" #

ð9Þ
where Mw is molecular weight of the polymer.
Total Interaction Profiles To Interpret Attachment of

Nanoparticles. Figure 2 shows the total interaction energy profiles
for citrate AgNPs (Vtot = VvdW þ VEDL) as well as GA- and PVP-
coated AgNPs (Vtot = VvdW þ VEDL þ Vosm þ Velas) computed
from eqs 4�9. It is worth mentioning that all the interactions were
assumed to be linear and additive in calculating the total interaction
energy36 as is conventionally done, although steric and electrostatic
repulsions are not completely independent.34

The DLVO interaction energy profiles indicated substantial
repulsive energy barriers to (Φmax) the primary minimum for
both clean and 100% OTS glass beads: 53kBT and 31kBT for
citrate AgNPs, 918kBT and 904kBT for GA AgNPs, 714kBT and
700kBT for PVPAgNPs, respectively, and are significantly greater
than the thermal energy at 23 �C (∼0.5kBT). Nanoparticles may
deposit in the secondary energy minimum (Φ2�min); however,

due to the shallow secondary minima for clean and 100% OTS
glass beads (�0.5kBT and �0.6kBT for citrate AgNPs, �0.6kBT
and �0.6kBT for GA AgNPs, �0.9kBT and �1.0kBT for PVP
AgNPs), particles are unlikely to attach to collector surfaces,
which is consistent with the low attachment efficiencies of the
AgNPs on the clean glass beads, as shown in Figure 1.
The total energy profiles based on DLVO and steric interac-

tions, as is commonly used tomodel attachment of coated NPs to
surfaces, indicate that the effect of hydrophobicity of the glass
beads on attachment efficiencies of GA and PVP AgNPs should
be similar to that of citrate AgNPs because the differences among
the secondary energy minima of GA, PVP, and citrate AgNPs are
trivial. This was not the case (Figure 1). One reason for the
observed increase in deposition of GA and PVP AgNPs onto OTS-
coated glass beads compared to citrate AgNPs is the hydrophobic
attraction between the coatings of the AgNPs and the OTS surface.
To test this hypothesis, the relative degree of hydrophobicity of the
organic coatings wasmeasured from their solubility; it is known that
the aqueous solubility of a polymer increases as the hydrophobicity

Figure 2. Total interaction energy profiles between AgNPs and OTS-
coated glass beads: citrate AgNPs (top) and PVP AgNPs (bottom). The
interaction profile for GA AgNPs is similar to that of PVP AgNPs and is
not shown for clarity. DLVO interaction energy profiles calculated using
the DLS volume-averaged size and TEM size give similar results and
identical trends (Figure S8 in the SI).
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of the polymer decreases. In addition, the relative hydrophobicity of
AgNPs with different coatings were measured on the basis of
partitioning of a hydrophobic dye between NP surfaces and water.
Hydrophobicity of AgNPs and Organic Coatings. To

obtain the relative solubility among the organic coatings, we
added ammonium sulfate (salt) into organic coating in buffer
solution as previously described and measured the salt concen-
tration at which polymer begins to precipitate (Figure 3A). As
ammonium sulfate was added to each of organic coating solution,
PVP precipitates at the lowest ammonium sulfate concentration,
followed by GA and then citrate. This indicates that the most
hydrophobic coating is PVP, followed by GA and then citrate.
This is consistent with the chemical structures of each coating.
PVP is uncharged with an amide group that favors dissolution.
However, the polymer backbone has significant hydrophobic
moieties (six carbons per monomer unit) that are hydrophobic,
resulting in precipitation as the salt concentration increases. Gum
arabic generally consists of high molecular weight polymers of
polysaccharides (90%) and glycoprotein (10%) that are more
hydrophilic than PVP. Citrate is a small molecular weight
carboxylic acid that is very hydrophilic and miscible in water.
The relative hydrophobicity of the coated AgNPs rather than

just the coating was also measured (Figure 3B). The slope of the
curves in Figure 3B represents the linear adsorption coefficient
for Rose Bengal (RB), a hydrophobic dye, onto the AgNPs
(eq 10). These values were calculated to be 0.009 for PVP
AgNPs, 0.007 for GA AgNPs, and 0.001 for citrate AgNPs and
are statistically significant based on a Student’s t test to each pair
of AgNPs; p-values are 0.004 for PVP vs GA AgNPs and less than
0.001 for GA vs citrate AgNPs, and PVP vs citrate AgNPs.

slope ¼
mg of RB on NP
mg of RB in water

mg of NP
L of water

¼ CRBðsÞ
CRBðwÞ

¼ KRB ðL=mg NPÞ

ð10Þ
A greater slope indicates greater particle hydrophobicity, mean-
ing that hydrophobicity of the PVP AgNPs was greatest, followed
by GA AgNPs and the citrate AgNPs. This is consistent with
measurements of the coatings alone and suggests that the surface
hydrophobicity of AgNPs largely depends on the hydrophobicity
of organic coatings.
The sensitivity of the coated AgNPs to increasing amounts of

hydrophobic surface (OTS-coated glass) followed the order of
hydrophobicity of organic coatings; it was greatest for the most
hydrophobic PVP, followed by GA and then citrate. Nonpolar
organic materials with low aqueous solubility can have strong
attractions to hydrophobic surfaces in aqueous environments
through hydrophobic interaction.15,37,38 Hydrophobic interac-
tion is a consequence of the arrangement of water molecules in
the vicinity of hydrophobic surfaces. When AgNPs coated with a
hydrophobic polymer approach the hydrophobic (OTS-coated)
surfaces, water molecules in contact with hydrophobic moieties
tend to be displaced into the bulk solution to reduce the total free
energy of the system, leading to favorable interaction between
hydrophobic moieties, the polymer coating, and the hydrophobic
OTS-coated surface.39,40 Despite many studies on hydrophobic
interactions, a general quantitative expression for the magnitude
of hydrophobic attraction in aqueous solution remains elusive.15

Even though the hydrophobic attraction energy cannot be calcu-
lated, the fact that deposition onto hydrophobic surfaces increased

with increasing hydrophobicity of the AgNPs suggests that hydro-
phobic interactions are responsible for the higher attachment of
PVP and GA AgNPs onto OTS-covered surfaces compared to
citrate AgNPs.
To further confirm the influence of hydrophobic interaction on

the attachment of the surface-coated AgNPs, a second series of
column experiment was performed as described in the method
section. SDS, an anionic surfactant, adsorbs onto and masks
hydrophobic surfaces of OTS glass beads, preventing hydrophobic
interaction between the AgNPs and the OTS glass beads. In these
columns, the attachment efficiencies of PVP and GA AgNPs were
reduced to be close to the attachment efficiency of citrate AgNPs
(Figure 1), indicating that the hydrophobic interaction between the
AgNPs and the hydrophobic surfaces indeed controls deposition in
the columns. It should be noted that the addition of SDS is known to
have little impact on the surface charge of glass beads.41,42
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bS Supporting Information. Surface-modified AgNPs Syn-
thesis; Figures S1 and S2 show the NP size distributions as
observed by DLS and TEM, respectively; Ohshima’s soft particle
analysis to estimate adsorbed layer properties on nanoparticles;
Figure S3 shows the electrophoretic mobility of the three coated
NPs as a function of ionic solution concentration; Figure S4
shows the TGA results for AgNPs and organic coatings; Figure

Figure 3. (A) Relative hydrophobicity of organic coatings alone
determined using the “cloud point” precipitation method. (B) Relative
hydrophobicity of surface-coated AgNPs determined by measuring
partitioning of the hydrophobic dye Rose Bengal between AgNP
surfaces and water.
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S5 shows the relative hydrophobicity of OTS-covered glass
beads; Figure S6 shows the breakthrough curves generated from
column experiments; Figure S7 shows attachment efficiency of
each coated AgNP calculated using DLS volume-averaged size
andTEM size; Figure S8 showsDLVO interaction energy profiles
for citrate and PVP AgNPs based on TEM size; Figure S9 shows
schematic images for the ζ-potential in Smoluchowski’s model
and the surface potential in Ohshima’s model; Student’s t test to
compare linear regression. This material is available free of charge
via the Internet at http://pubs.acs.org.
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