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ABSTRACT: The ability to fundamentally describe nanoparticle (NP) transport in
the subsurface underpins environmental risk assessment and successful material
applications, including advanced remediation and sensing technologies. Despite
considerable progress, our understanding of NP deposition behavior remains
incomplete as there are conflicting reports regarding the effect of fluid flow velocity
on attachment efficiency. To directly address this and more accurately describe NP
attachment behavior, we have developed a novel protocol using a quartz crystal
microbalance with dissipation monitoring (QCM-D) to separate and individually
observe deposition mechanisms (diffusion and sedimentation), providing in situ, real-
time information about particle diffusion (from the bulk liquid to solid surface).
Through this technique, we have verified that the approaching velocity of NPs via
diffusion increases (0.8−6.7 μm/s) with increasing flow velocity (6.1−106.0 μm/s), leading to an increased NP kinetic energy, thus
affecting deposition processes. Further, in the presence of a secondary energy minimum associated with organic surface coatings,
secondary minimum deposition decreases and primary minimum deposition increases with the flow velocity. NPs deposited at the
primary minimum are relatively more resistant to hydrodynamic energies (including detachment associated energies), resulting in an
increase of observed attachment efficiencies. Taken together, this work not only describes a novel method to delineate and quantify
physical processes underpinning particle behavior but also provides direct measurements regarding key factors defining the
relationship(s) of flow velocity and particle attachment. Such insight is valuable for next-generation fate and transport model
accuracy, especially under unfavorable attachment regimes, which is a current and critical need for subsurface material applications
and implication paradigms.

■ INTRODUCTION
Fundamentally observing and describing the behavior of both
ubiquitous colloidal particles, including viruses, humic
substances, clays, and engineered nanoparticles (NPs), is of
broad research interest. With regard to subsurface fate and
transport, NP deposition processes are critical for accurate
modeling while being a challenge to directly measure.1−4

Particle transport to the surface of solid media, which often
referred to as the collector in colloid filtration theory (CFT), is
governed by three distinct deposition (approaching) mecha-
nisms: Brownian diffusion, interception, and sedimentation.5,6

Once in contact with the collector surface, the stability of
particle attachment can be described by the collective force
and energy balances for the particle, collector surface, and fluid
dynamics of the system.6−8

When approaching particle deposit under favorable con-
ditions, meaning that the probability of the particle reaching a
typically oppositely charged surface, making contact, and
effectively staying attached is high (i.e., the absence of effective
electrostatic double layer (EDL)),8,9 transport and attachment
trends can be predicted by colloid filtration theory (CFT). The
CFT model was first developed by Yao et al.5 for under-
standing traditional filtration unit operation. This derivation is
based on the assumption that all particles in contact with the

collector (termed as perfect sink) are removed from the
suspension. Additionally, the collector (e.g., grains of sand,
etc.) is considered to be an ideal, uniform shape (e.g.,
spherical) with a clean surface. To improve the initial CFT
model, Rajagopalan and Tien adapted pore space geometry,
termed as Happel’s sphere-in-cell model.10 Further, Tufenkji
and Elimelech considered additional interactive energies,
including thermal energy and interfacial van der Waals forces.6

More recently, Long and Hilpert developed a correlation for
diffusion-dominated particle transport by adapting lattice-
Boltzmann simulations for randomly packed spheres.11 Ma et
al. explored CFT considering trajectory analysis, with a focus
on particle rotation due to hydrodynamic retardation.12,13

Nelson and Ginn have provided additional insight via a
nonlinear regression of numerical data generated by
Lagrangian simulations conducted with Happel’s sphere-in-
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cell porous media.14 Ma et al. also developed a modified CFT
model based on classic mass transfer relationships, which
resulted in better prediction of collector efficiencies under low
fluid velocity conditions.15 While these models are well suited
to describe favorable deposition conditions, predicting the
behavior in unfavorable conditions (attachment efficiencies
well below 1), which comprise a large fraction of environ-
mental regimes, remains a challenge.16

In the presence of electrostatic repulsion forces between
particles and collectors, attachment efficiency becomes the
governing factor for determining particle deposition and
transport.1,17 Attachment efficiency is affected by both
chemical (pH, ionic strength, and type) and physical factors
(flow velocity, particle, and collector).16 Regarding chemical
aspects, there have been insightful studies focused on
developing theoretical quantitative expressions based on
Derjaguin−Landau−Verwey−Overbeek (DLVO) interac-
tions.1,18,19 While there is still room for quantitative improve-
ment, governing theoretical expressions is qualitatively clear.
For example, it is well known that high ionic strength
suppresses the EDL of charged particles, resulting in increasing
attachment efficiency.1 In addition, divalent counterions
significantly increase attachment efficiency through additional
interactions, including bridging and cross-linking.1,18

Modeling the role of fluid flow parameters, and in particular
flow velocity, as it relates to NP attachment efficiency, remains
a challenge. Intuitively, attachment efficiency can be expected
to be negligible (constant) or even decrease with increasing
flow velocity as hydrodynamics can hinder attachment.1,7,20,21

Computationally, Bai and Tien proposed a predictive frame-
work for attachment efficiency in terms of flow velocity.20,21 In
their model, the hydrodynamic torque (from lift and drag
forces) releases the deposited particles, resulting in decreasing
attachment efficiency. Supporting this, several previous studies
yielded results that were consistent with Bai and Tien’s
predictions of decreasing attachment efficiency with respect to
the flow.22−25 However, there have been a number of
conflicting observations recently reported.17,26−35 An empirical
attachment efficiency model (correlating 80 data sets),
developed by Phenrat et al., implies that the attachment
efficiency increases as a function of the flow velocity,27

contrary to the model of Bai and Tien.20,21 For the Phenrat
empirical model, only NPs that were surface-encapsulated with
organic coatings were considered. Based on this work, the role
of organic coating material(s) seems significant but is not
specifically delineated. Without organic surface coatings
(natural organic matter and/or artificial organic coating),
increasing attachment efficiency trends have been also reported
by others.17,26,28,30,32,33,35

Other system parameters, including surface heterogeneity,
residual polymers/surfactants, and aggregation dynamics, have
also been proposed as potentially sensitive variables when
discerning unexpected attachment efficiency behav-
ior(s).1,2,29,36,37 In particular, physical heterogeneity, including
nano- and microscale roughness, can influence particle
retention and release.38,39 For example, Rasmuson et al.
verified that collector roughness increases the number of
particle collisions under unfavorable conditions, observing a
modest decrease in attachment.40,9 Trauscht et al. also showed
that nano- and microscale surface heterogeneities can enhance
attachment.41 Johnson et al. reported that, in certain cases, a
poor prediction performance of CFT and attachment
efficiencies can be attributed to wedging, in grain-to-grain

contact geometries, and retention within secondary energy
minima.42 Wang et al. postulated that a free polymer (or free
organic coating) competed with particles to attach the solid
surface (especially near a column inlet), affecting particle
attachmeant.36 Further, organics adsorbed on collector surfaces
may increase surface heterogeneities.43 Additionally, the
change of aggregate (bulk) density could lead to altered
attachment efficiencies as decreased aggregate density results
in poor estimations of collision number in terms of flow
velocity.1,2 To address such uncertainties, a reductionist
approach evaluating ideal deposition systems with highly
monodisperse particles, which can be monitored in situ and in
real time, is needed.
The objective of this study is to elucidate the attachment

efficiency relationship with respect to the flow velocity. For
this, we have developed a microbalance-based methodology to
delineate and quantify deposition processes. Properly em-
ployed, modern quartz crystal microbalance instrumentation is
a powerful tool to elucidate deposition mechanisms as it allows
for nanogram sensitivity under highly controlled conditions in
addition to tunable surfaces (e.g., minimizing surface
heterogeneities).44 As model NPs, we chose two different
sized (20 and 200 nm) monodisperse silica NPs with or
without a surface coating ((3-aminopropyl)triethoxysilane,
APTES). Detailed information regarding approaching particles,
including velocity (via diffusion) along with the travel distance
and time from the bulk (liquid phase) to the collector, is key
for fundamentally describing attachment. By applying this new
method, via operation of QCM-D in an inverted geometry, we
directly calculated the particle velocity, distance, and time via
diffusion (from the bulk (liquid phase) to the collector (solid
phase)). Such empirical measurements have not been
previously reported. Here, we quantitatively observe that the
approaching diffusion velocity of NPs via diffusion increases as
flow velocity is increased. For systems with significant
secondary energy minima (as observed for NPs with organic
surface coatings), a flow velocity increase can reduce secondary
minimum deposition and enhance NPs’ primary minimum
deposition via increasing kinetic energy. We observe that such
enhancement underpins an increasing attachment efficiency
phenomenon previously observed in prior studies.17,26−35

■ MATERIALS AND METHODS

Silica Nanoparticles (NPs). Bare (hydroxylated) and
coated ((3-aminopropyl)triethoxysilane (C9H23NO3Si),
APTES) 20 and 200 nm diameter silica NPs were purchased
from nanoComposix. The average size and distribution of NPs
were measured using transmission electron microscopy (TEM;
Tecnai G2 Spirit, FEI) images with an Image Pro Plus 6.0
(Media Cybernetics, USA) by counting over 1000 NPs.45 The
hydrodynamic diameter (DH) and zeta potential of the NPs
were measured by dynamic light scattering (Malvern, Zetasizer
Nano ZS, ZEN3600) in 1 mM NaCl at pH 7.2 and 22 °C. The
number concentration of NPs was measured by considering
the diameter of silica (measured by TEM) and silicon
concentration, which was measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES; Perkin Elmer
Optima 7300DV) with a 251.607 nm wavelength and radial
view (detection limit: 0.9 μg/L). The organic coating loading
mass per NP (also termed grafting density) was measured
using a total organic carbon analyzer (TOC; Shimadzu
Scientific Instrument).
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Quartz Crystal Microbalance with Dissipation (QCM-
D). The deposition of NPs was monitored using QCM-D (Q-
sense E4, Biolin Scientific) with a Q-sensor (5 MHz silica-
coated QCM-D crystal, QSX-202, Q-sense). The flow velocity
was controlled by a peristaltic pump (ISM935, ISMATEC,
0.0004−11 mL/min with 0.1% rpm resolution) and
determined by considering the effective cross-sectional area
of the measurement chamber (Q-chamber).
Measuring the Collector Efficiency. The deposition

experiments were conducted in duplicate with four different
NP concentrations in 1 mM NaCl at pH 7.2 and 22 °C under
favorable conditions. Deposition of coated (positively charged)
silica NPs was evaluated using negatively charged quartz Q-
sensors (5 MHz AT-cut). For negatively charged, bare silica
NPs, positively charged poly-L-lysine (PLL; Sigma Aldrich)-
coated quartz sensors were used.16 A QCM-D is a sensitive,
frequency-based mass balance in the range of nanoscale (below
2 ng/cm2).46 Sauerbrey demonstrated a linear relationship
between the deposited mass on the crystal (deposition on the
sensor of QCM-D) and frequency shift; Δm = C·Δ Fn/n,
whereby m is the deposited mass per unit area, C is the mass
sensitivity constant (17.7 ng/cm2 for a 5 MHz AT-cut quartz
Q-sensor), Fn is the resonance frequency, and n is the
resonance number (1, 3, 5, 7, 11, and 13).47 By measuring the
deposited mass per time, we can derive the collector efficiency
by dividing the flux of NPs to the Q-chamber (CNPs·Q), where
CNPs is the mass concentration of NPs and Q is the flow rate
(eq 1). We monitored all overtones (n) and selected the third
n due to its stability.

=
·Δ
·Δ

×
·

= Δ
Δ

×
·

=

C F
n t C Q

m
t C Q

collector efficiency
1

1 deposited mass/time
mass /time

n

NPs

NPs in (1)

As presented in Figures S1 and S2, each collector efficiency
data point presented was obtained by linear regression of four
different deposition signals (with experimental duplicates) as a
function of NP concentration (total of eight sets of deposition
tests). Corresponding regression statistics and analysis of
variance (ANOVA) are presented in Table S1.
Measuring the Attachment Efficiency. The attachment

efficiency (α) of NPs on quartz Q-sensors was evaluated by
dividing the time-dependent frequency shift of the unfavorable
condition to that of the favorable condition (eq 2).48

α =
Δ Δ
Δ Δ
F t
F t

( / )
( / )

3 unfavorable

3 favorable (2)

Unfavorable deposition of coated (positively charged) silica
NPs was evaluated using positively charged PLL-coated quartz
Q-sensors. For bare silica NPs (negatively charged), negatively
charged quartz Q-sensors were used. All tests were conducted
in duplicate with four different NP concentrations in varying
ionic concentrations (0.2 M NaCl for 20 nm NPs, 0.1 M for
200 nm bare NPs, and 0.25 M NaCl for 200 nm coated NPs in
pH 7.2) to get a clear frequency signal. All deposition
experiments measuring attachment efficiency used the same Q-
sensor (including coatings). As presented in Figures S3 and S4,
each attachment efficiency data point was obtained by linear
regression of four different deposition signals (with exper-
imental duplicates) as a function of NP concentration (total of

eight sets of deposition tests). For each, regression statistics
and ANOVA are presented in Table S2.

Protocol for Poly-L-lysine (PLL) Coating. Positively
charged Q-sensors were evaluated by coating a Q-sensor with
PLL. First, we rinsed the quartz sensors in 10 mM HEPES
buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
and 100 mM NaCl for 10 min. Then, we coated the quartz
sensors using 0.1 g/L PLL in 10 mM HEPES buffer and 100
mM NaCl solution. After the signal stabilized, we rinsed the
quartz sensor again for 10 min using 10 mM HEPES buffer in
100 mM NaCl solution (Figure S5).16 The PLL coating
thickness was calculated based on a viscoelastic model within
QTools software (Q-Sense AB, Vastra Frolunda, Sweden), as
described by others.49

Velocity via Diffusion (Vd) and Sedimentation (Vg).
NP Vd was calculated using the following relationship50,51

∫
∫

θ θ

θ θ

+

−

=

π

π

V V d

V V d

sin

sin

collector efficiency(inverted mode)
collector efficiency(normal mode)

0

2
d g

0

2
d g

(3)

Based on calculated Vd, time over a distance (x, thickness of
diffusion boundary layer) can be obtained by eqs 4 and 5, as
derived from the Stokes−Einstein relationship50

πμ
=D

k T
d3

B

(4)

where D is the bulk diffusion coefficient, kB is the Boltzmann
constant, and T is the absolute temperature.

= =V
x
t

D
x
2

d (5)

The settling velocity (Vg) can be obtained by Stoke’s
equation (eq 6)51

ρ ρ

μ
=

−
V

g d( )

18g
p w

2

(6)

Here, g is the acceleration caused by gravity, ρp is the density of
NP, ρw is the density of water, d is the diameter of the NP, and
μ is the viscosity of the solution.

Derjaguin, Landau, Verwey, and Overbeek (DLVO)
Interaction Energies. The classical DLVO theory was used
to calculate the interaction energies between silica and the Q-
sensor for all deposition experimental conditions.2 Details are
described in the Supporting Information.

Torque Applied to Deposited NP. Torque energy
applied to deposited NP was calculated using experimental
velocity conditions.43,52 Details are described in the Supporting
Information.

■ RESULTS AND DISCUSSION
Effect of Flow Velocity on Attachment Efficiency.

Flow velocity is considered to be an important factor for
evaluating the attachment efficiency as deposited NPs can be
resuspended, via flow dynamics, under the unfavorable
conditions.53 Before exploring the flow velocity effects under
the unfavorable conditions, we investigated favorable deposi-
tion with varied flow velocities. Two different sized (20 and
200 nm) silica NPs, with or without a surface coating
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(APTES), were evaluated in five different flow velocity
conditions (6.1, 13.2, 26.5, 52.9, and 106.0 μm/s), which
cover a range of typical subsurface environmental relevant flow
velocities (5.2−31.3 μm/s).54 Ionic strength and pH were held
constant for all experiments, at 1 mM NaCl and pH 7.2,
respectively. A schematic diagram of bare and coated NPs is
presented in Figure S6. The point of zero charge (PZC) of
bare silica NPs is 1.5−3.7 (negatively charged above this pH)
due to hydroxyl functionality.55 The surface of the coated silica
NPs is the covered amine group (positively charged). Zeta
potentials of 20 and 200 nm bare NPs and 20 and 200 nm
coated NPs were −9.3 and −41.0 mV and 9.1 and 39.6 mV,
respectively. Detailed information for characterization of NPs,
including the TEM image, size histograms, hydrodynamic
diameter (number mean and volume mean), NP mass, mass of
coating (grafting density), and zeta potential, can be found in
the Supporting Information (Figure S7 and Tables S3 and S4).
Also, favorable depositions conditions were also theoretically
confirmed from DLVO energy profiles, which show no energy
barrier (Figure S8).
As shown in Figure 1a, the collector efficiency determined

under favorable conditions for 20 nm NPs (regardless of

coating) decreases with increasing flow velocity as the total
number of collisions decreases with the increased flow
velocity.2,6 The collector efficiencies were 0.32, 0.28, 0.20,
0.18, and 0.14 for 20 nm bare NPs in 6.1, 13.2, 26.5, 52.9, and
106.0 μm/s flow rates, respectively. For coated 20 nm NPs, the
collector efficiencies were 0.28, 0.23, 0.19, 0.16, and 0.12 in
6.1, 13.2, 26.5, 52.9, and 106.0 μm/s flow rates, respectively.
Figure 1b presents a collector efficiency of 200 nm NPs as a
function of flow velocity. The collector efficiencies obtained
under favorable conditions for bare NPs were 0.187, 0.133,
0.078, 0.044, and 0.028 with increasing flow velocity, and the
collector efficiencies of coated NPs were 0.180, 0.104, 0.062,

0.035, and 0.020 with increasing flow velocity. Similar to 20
nm NPs, the collector efficiencies of both bare and coated 200
nm NPs decreased with increasing flow velocity due to the
decrease of collisions with the surface via diffusion.2,6 The NP
collector efficiency slope (200 nm), as a function of flow
velocity, is higher than 20 nm NPs, indicating that larger
particles are more sensitive to change in flow conditions. This
is similar to what is observed in a CFT model as a function of
the Peclet number.6

We next explored the deposition of NPs as a function of flow
velocity under unfavorable conditions. For this comparison,
particle attachment must produce a mass change resulting from
a deposition of NPs that is large enough to provide a clearly
detectable frequency signal with the QCM-D. Through an
initial screening, we found that the varying salinity for each NP
provided a sufficient frequency signal without NP aggregation.
Though the zeta potential of NPs decreases in the presence of
increasing ionic strength, NPs remained highly monodisperse,
with no size difference compared to low ionic strength
conditions (Figure S9). Observed particle stability can be
attributed to the charged hydroxyl and amine groups on the
surface of silica. Zeta potentials of 20 and 200 nm bare NPs
and 20 and 200 nm coated NPs were −7.0 and −10.1 mV and
6.8 and 14.8 mV, respectively. For unfavorable conditions,
DLVO energies of each deposition scenario are calculated and
presented in Figure S10. The highest primary maximum values
were observed at 8.3 and 201.6 kBT and 1.4 and 508.7 kBT for
20 and 200 nm bare NPs and 20 and 200 nm coated NPs,
respectively. For deposition of coated NPs under unfavorable
conditions, steric repulsion, effectively in the range of the
molecular size (length) at the surface, should also be
considered.56 Here, we calculated the PLL coating (on the
surface Q-sensor) to be ca. 4.5 nm (Figure S11), which is
similar to other reports.57

As presented in Figure 2, attachment efficiency of bare NPs
decreased for 20 nm while remaining near constant for 200 nm
with increasing flow velocity. These results match well with
previous attachment efficiency model equations developed by
Elimelech1 and Bai and Tien.20,21 While the torque applied to
200 nm NPs is higher than 20 nm particles (Figure S12), the
attachment efficiency of bare 200 nm NPs is less sensitive to
flow velocity. This is due to the fact that the primary energy
barrier (needed to overcome for detachment) is size-
dependent,58 as presented in Figure S10. The attachment
efficiency of surface-coated NPs increases with increasing flow
velocity for the range of flow velocities evaluated (up to 26.5
μm/s for 20 nm NPs and 13.2 μm/s for 200 nm NPs) and
then decreases, though the torque-applied NPs increases with
increasing the flow velocity (Figure S12). Several studies have
reported increasing attachment efficiency with respect to the
flow velocities for NPs coated with organic coatings.27,29

Collector roughness (porous media)59 and aggregation1,2 were
proposed as possible reasons. In this study, excess collector
roughness and aggregation of NPs are negligible as we use
clean, smooth collector surfaces60,61 and highly monodisperse
NPs, which do not aggregate over experimental time frames
and stated conditions.
Here, we hypothesize that unexpected attachment efficiency

observations (i.e., increasing with velocity) result from the
presence of secondary energy minima. According to the
classical Derjaguin−Landau−Verwey−Overbeek (DLVO)
theory, the secondary minimum can play a significant role in
deposition of large colloids (e.g., 1000 nm).2,62 However, with

Figure 1. Collector efficiency of (a) 20 and (b) 200 nm NPs as a
function of flow velocity. The black dashed linear regression line is for
bare NPs, and the purple dashed linear regression line is for coated
NPs. The collector efficiency was evaluated in 1 mM NaCl at pH 7.2
(under favorable deposition conditions).
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organic coating, elastic−steric and osmotic repulsion inter-
action energies can be significant under high ionic strength as
EDL repulsion decreases.63 To better understand this, we have
quantified several particle deposition parameters, including the
velocity, distance, and time of NPs via diffusion, as discussed
below.
Exploring the Attachment Efficiency and Flow

Velocity Relationship. To separate individual deposition
mechanisms (i.e., diffusion, sedimentation, and interception),
the QCM-D was operated in both normal and inverted
configurations at five flow velocities (6.1, 13.2, 26.5, 52.9, and
106.0 μm/s) in 1 mM NaCl at pH 7.2. The QCM-D sensor
(module) geometry provides an undisturbed flow field, which
is essential for theoretical analysis. For undisturbed flow,
inertia (interception) plays no role in deposition (Levich−
Smoluchowski approximation);2 thus, diffusion and sedimen-
tation can be isolated. To separate the individual mechanisms,
we focus on 200 nm NPs as the sedimentation velocity is
readily measurable.
The possible velocity vectors of diffusion (via Brownian

motion) and sedimentation (via gravity) for NPs are presented
in Figure 3a. When the QCM-D is operated in a normal
configuration, gravity acts in the deposition direction, and
when inverted, it acts opposite to the direction of deposition.
The driving forces for NPs deposition in the normal QCM-D
configuration are thus diffusion and sedimentation (diffusion +
sedimentation), but gravity hinders the deposition of NPs in
the inverted QCM-D configuration (diffusion − sedimenta-
tion). The separated collector efficiencies of 200 nm bare and
coated NPs are presented in Figure 3b, whereby diffusion is the
governing mechanism for all conditions explored. Here, for the
first time, the NP velocity, distance, and time traveled (from
bulk (liquid phase) to the collector (solid phase)) were

directly quantified as they relate to individual deposition
mechanisms (e.g., diffusion and sedimentation). This is
contrast to other approaches such as from Cho et al.64 who
calculated the NP velocity, via diffusion (Vd), by assuming a
constant travel distance (e.g., 1 mm). As diffusion acts equally
in all directions via Brownian random motion, and
sedimentation proceeds in only one direction, as it is driven
by gravity (Figure 3a), the two can be separated here. As
shown in Figure 4a, the sum of the Y axes of every velocity
vector via diffusion is Vd · sin θ (0−360°), and the settling
velocity (Vg) acts only downward (−90°). Hence, the total of
the velocity vectors (Y axis) of NPs in the normal QCM-D
configuration is Vd · sin θ + Vg. For an inverted mode, it is Vd ·
sin θ − Vg. The velocity, via diffusion (Vd), can be calculated as
the ratio of the collector efficiency for a normal configuration
to inverted configuration, which is proportional to the ratio of
the positive area (yellow) to the negative area (blue) of Vd · sin
θ + Vg from 0 to 360° (Figure 4a). As presented in Figure 4b,
the Vd of both bare and coated NPs increased with increasing
flow velocity. Conversely, the thickness of the diffusion
boundary layer and time, for both NPs, decreases with
increasing flow velocity (Figure 4c and Figure S13). As particle
kinetic energy is directly related to velocity ((0.5·mNP·V) here,
mNP is the mass of the NP and V is the velocity of the NP),
higher kinetic energies are thus reached at higher flow rates
due to the hydrodynamic stream. A higher kinetic energy will
increase the ratio of NPs deposited on the primary minimum
instead of the secondary minimum, and thus, the probability of
detachment by hydrodynamic forces becomes lower,52,65

resulting in an increasing attachment efficiency with increasing
flow velocity.
Interestingly, we also observed that sedimentation signifi-

cantly affects attachment efficiency (under unfavorable

Figure 2. (a) Attachment efficiency of 20 nm bare (black) and coated
(purple) NPs as a function of the flow velocity under relatively
unfavorable conditions. (b) Attachment efficiency of 200 nm bare
(black) and coated (purple) NPs as a function of flow velocity. The
attachment efficiency was measured in 0.2 M NaCl for 20 nm NPs,
0.1 M for 200 nm bare NPs, and 0.25 M NaCl for 200 nm coated NPs
at pH 7.2 (under unfavorable deposition conditions).

Figure 3. (a) Depiction of NP transport via diffusion and
sedimentation in normal and inverted QCM-D configurations. (b)
Collector efficiency resulting from diffusion and sedimentation for
200 nm bare and coated NPs as a function of flow velocity. Every test
was conducted in 1 mM NaCl at pH 7.2 (under favorable deposition
conditions).
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conditions) under higher flow velocity conditions, even though
diffusion is the dominant transport mechanism for these
systems. Comparing Figures 2b and 4d, the attachment
efficiencies of the normal and inverted configurations were
similar, except for the highest flow velocity conditions. The
attachment efficiency in normal mode was considerably higher
than in the inverted mode at the highest flow velocity
evaluated (106.0 μm/s). This flow velocity is the maximum
flow velocity recommended by the QCM-D manufacturer to
avoid unwanted pressure fluctuations and/or any hydro-
dynamic turbulence. We also experimentally verified system
stability at these flow rates for all configurations (>20 h).66

Recognizing that, as the integrated force balance(s) become(s)
more complex under unfavorable conditions and increasing the
applied torque (via relatively higher flow velocities), it appears
that gravity can have a (potential) role in deposition stability
for these systems. Based on such observations, the diameter
and density of NPs, in addition to flow conditions and
geometries, are critical when considering subsurface transport
processes under unfavorable conditions. Further, when
considering applications with higher flow fields, such as
biomedical applications, diameter and density of NPs will
also be critical to consider as the blood flow velocity is much
higher (3.0 × 10−4 to 4.0 × 10−1 m/s)67,68 than typical
groundwater velocities.
To conclude, using a newly developed QCM protocol, we

measured the Vd of NPs by vector deconvolution in situ and in
real time to directly observe NP Vd increasing with flow
velocity. In the presence of secondary minima, NP deposition
on the primary minimum leads to increased attachment with
increased flow velocity due to increased kinetic energies. These
data highlight that, to describe or predict the transport of
nanoscale particles, the attachment efficiency and flow velocity
relationship need to be carefully considered when a significant
secondary minimum is present, for example, when the
hydrodynamic diameter is large (e.g., above 1 μm) and/or

coated with organic substance(s). Looking forward, using these
and similar techniques, NP attachment behavior under
unfavorable conditions for heterogeneous surfaces and upper
collector geometries at high(er) flow velocities should be
further considered.
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