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A B S T R A C T

Theory developed by Derjaguin, Landau, Verwey, and Overbeek (DLVO) is commonly used to interpret and
predict the deposition of particles, but it was originally simplified for spherical particles. Many types of bacteria
and particles in nature are not spherical. Previous literature has experimentally shown that particle shape has an
effect on drug delivery, retention in porous media, self-assembly, and flotation, but the quantitative inter-
pretation of these results has been hindered by experimental (e.g., uniform rod shaped particles and flow fields at
controlled chemistries) and theoretical (e.g., consideration of rod shape particles with different surface or-
ientations) challenges. For example, the deposition of ellipsoidal polystyrene particles has been investigated in
the presence of non-DLVO interactions, due to residual poly(vinyl) alcohol, hindering the effect of shape. In our
study, bare spherical and bullet-like silica particles of well-defined surface chemistry were used for deposition
tests on bare silica surfaces using a Quartz Crystal Microbalance with Dissipation (QCM–D) over six ionic
strengths (IS). At the same time, the DLVO theory was modified to consider particle shape and orientation of
deposition. We found that particle shape had an effect on deposition at intermediate IS. A modified DLVO
approach was able to interpret the deposition of bullet-like silica particles. Specifically, bullet-like silica particles
of certain aspect ratio may find angles that minimize repulsive energies and overcome energy barriers so that
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deposition on the silica surfaces is energetically favorable. Therefore, there are conditions of water chemistry
where particle shape and orientation cannot be ignored and their deposition must be systematically investigated.

1. Introduction

The Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory is
commonly used in colloid science to calculate interaction energies be-
tween colloidal particles and planar surfaces. It can be used to interpret
or predict colloidal phenomena such as deposition, aggregation, or
heterocoagulation from a physicochemical perspective at the micro-and
nano-scales. Mathematically, the DLVO theory consists of equations for
the sum of attractive van der Waals (VDW) and repulsive electrostatic
double layer (EDL) interactions. Conventional DLVO theory is based on
the Derjaguin approximation (DA) technique that assumes all particles
are spherical for simplicity, even though many particles are known to
be non-spherical. For example, natural and engineered particles are of a
myriad of complex geometrical shapes. In most cases, they can be ap-
proximated using basic regular or irregular geometries including
spheres, cylinders, hollow cylinders, ellipsoids, plates, or prisms. The
DA has other limitations such as, to mention one, the distance of in-
teraction is shorter than the radii of curvature of the particle [1,2].
Nevertheless, the DA is extensively used to interpret colloidal phe-
nomena, even for non-spherical particles. Simplified equations for cy-
linders based on the DA are available in the literature [3] but are
limited to that shape and preferential orientations. Some studies [4,5]
have implemented have implemented the effective radius according to
preferential particle orientations (only 0 and π/2 rad) in the DA to in-
terpret colloidal phenomena of rod-like particles. However, the accu-
rate consideration of particle curvature for non-spherical particles
(explicit geometry) and the different orientations during interaction is a
complex task using the DA. Thus, systematic investigation of particle
shape and orientation using the DA is not available in the literature.

It is important to advance experimental knowledge on the effect of
particle shape to obtain accurate data to evaluate interaction energy
predictions. Substantial number of studies have experimentally de-
monstrated that particle shape influences colloidal phenomena at nano-
and micro-scales. These studies comprise fields and applications such as
environmental and geological research (e.g., fate, transport and reten-
tion of colloids [5–9]), self-assembly [10], medical science (e.g., deli-
vering of antibody-coated nanoparticles to lung and brain endothelium
[11]), catalysis and energy storage [12], porous composites [13], ma-
terial science [14], and flotation (e.g., only at low or no collector
concentration [15–17]). Furthermore, it has been reported that ellip-
soidal colloids and bacteria can lead to different degrees of transport
and retention [5,7,8,18], aggregation, and deposition [19], and that
colloid shape affects the detachment by a moving air-water interface
[20]. It has to be noticed that particle attachment onto a surface
(particle, organ, etc.) is an important step to fulfill the objective of some
of the mentioned applications. However, most of these studies were
conducted in systems that substantially hampered the quantitative de-
termination of the sole influence of particle shape; e.g., spatial varia-
tions in hydrodynamics, the presence of air-water interfaces, particles
that were coated with polymers, and/or particles that contained surface
impurities. For example, ellipsoid polystyrene colloids have been em-
ployed in studies [8,21] as surrogates for bacterial cells and elongated
minerals. However, surface heterogeneities occur on ellipsoidal poly-
styrene colloids from residual polyvinyl alcohol (PVA) that remains
embedded and on the surface after fabrication [8,22–24].

It was stated in previous literature [5,8] that residual PVA on el-
lipsoidal polystyrene particles should not be ignored because it can
have a considerable effect on the particle surface chemistry. For ex-
ample, residual PVA on ellipsoidal polystyrene particles was reported
[22,23] to create an approximately 10 nm thick layer. One study [24]

fabricated spherical polystyrene particles with PVA as a steric stabilizer
in organic media and characterized them using Fourier Transform In-
frared Spectroscopy (FT–IR) measurements. Results showed that PVA
tends to locate at the surface of the spherical polystyrene during fab-
rication. Furthermore, works [5,8,20,21,23] in the literature used the
novel method of Ho et al. [22] to fabricate ellipsoidal polystyrene and
conducted deposition experiments. Ho et al. [22] pointed out that re-
sidual PVA remains on the surface after fabrication. PVA can enhance
particle-particle interactions of ellipsoidal polystyrene particles by al-
tering the electrophoretic mobility and possibly the hydrophobicity
[8,20]. Thus, it is presently unclear whether differences in observed
colloidal phenomena were caused by particle shape or residual PVA.
More systematic research in systems with simple hydrodynamics and
chemistries is therefore needed to clearly identify the effect of particle
shape.

The surface element integration (SEI) [2] method extends DLVO
equations to allow consideration of particle shape and orientation. Only
a small number of experimental studies [6,8,21] have used the SEI
method to interpret the deposition or aggregation of ellipsoidal parti-
cles. However, those studies have only considered two angles of or-
ientation (e.g., parallel and perpendicular to the surface). The interac-
tion energy between ellipsoidal particles and surfaces has been
theoretically shown to depend on the particle orientation and the so-
lution ionic strength (IS) [2,25]. Similarly, the significant influence of
orientation of cylindrical particles with various aspect ratios on inter-
action energies has been demonstrated [26]. However, experimental
verification of these theoretical results remains incomplete due to dif-
ficulties in preparing colloids of well-controlled size, shape, and or-
ientation with surfaces, as well as surface chemistry.

The goal of this research is to precisely determine the influence of
particle shape on deposition inside a system with well-defined hydro-
dynamics at several different IS. To this end, we prepared spherical and
bullet-like silica (cylinders of low aspect ratio) particles of comparable
diameter, well-defined surface chemistry, and high purity. It was not
simple to fabricate large amounts (> 10mg/batch or 105 particles/mL
of stock solution) of bullet-like silica particles. We therefore worked
with small number of batches for the sake of consistency. These silica
particles overcame previous experimental limitations of rod or ellip-
soidal polystyrene particles that have a non-uniform surface chemistry
due to residual PVA, and allowed us to accurately determine the in-
fluence of particle shape on deposition. We measured the deposition of
the silica particles on a silica surface using a Quartz Crystal
Microbalance with Dissipation (QCM–D) that had a uniform flow field.
Deposition results were interpreted using the SEI approach that allows
consideration of particle shape and orientation, and results demonstrate
that both factors were important for some IS conditions. Therefore, the
novelty of our study is the fabrication of non-spherical colloids with
well-defined surface chemistry, which is important for avoiding any
impact from chemical heterogeneity or non-DLVO interactions. The use
of these colloids in a well-controlled and simplified system allowed the
accurate comparison between experiments and interaction energy cal-
culations to unambiguously determine the influence of particle shape
and orientation on deposition.

2. Materials and methods

2.1. Fabrication and characterization of silica particles

Spherical silica particles were fabricated using the Stöber method
[27]. In brief, 60mL of absolute ethanol (> 99.5%, Sigma-Aldrich) and
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7mL of ammonia (25 mass percent in water, Merck Chemicals) were
mixed and stirred in a plastic bottle. Next, 1.90mL of tetraethyl or-
thosilicate (TEOS 98%, Sigma-Aldrich) was added to the bottle. The
mixture was allowed to react for 4 h in a sonication bath, then it was
centrifuged at 3500 g for 30min. The supernatant was discarded, and
the spheres were re-dispersed in 35mL of ethanol. The spheres were
centrifuged again at 1000 g for 1 h, and the supernatant was discarded.
The washing was conducted in three steps. First, the spheres were
washed five times with centrifugation at 1500 g for 15min and re-
dispersing in 35mL of ethanol (rinses 1, 2, and 5) or ultrapure water
(three-stage Millipore Milli-Q plus 185, Billerica, MA) (rinses 3 and 4).
Second, the spheres were washed three time with 30mL of ethanol and
centrifugation at 700 g for 15min. Third, the spheres were washed
seven times with 30mL of ultrapure water and centrifugation at 700 g
for 15min. Finally, a stock suspension of spheres was obtained by
adding 40mL of ultrapure water to the precipitate.

Bullet-like silica particles were fabricated using the one-pot method
[12,28]. In a plastic bottle, 50mL of 1-pentanol (99%, Sigma Aldrich)
and 5 g of polyvinylpyrrolidone (PVP, molecular weight 40,000, Sigma
Aldrich) were added and completely dissolved by sonication for 2 h.
Next, 5 mL of absolute ethanol, 1.4mL of ultrapure water and 0.5 mL of
0.18M sodium citrate dihydrate (SCD 99%, Sigma Aldrich) were added
and mixed by 1min of agitation by hand. This resulted in an emulsion
of water droplets in pentanol stabilized by SCD and PVP. Next, 0.85mL
of ammonia were added followed by 1min of agitation by hand. After
this, 0.25mL of TEOS were slowly added and the bottle was gently
agitated for 30 s. The bottle was left to rest, and the reaction was al-
lowed to proceed for 17 h at 20 °C. The bullet-like particles were col-
lected and washed following the same steps of the spheres. Finally, a

stock suspension of bullet-like particles was made by adding 40mL of
ultrapure water to the precipitate.

Detailed procedures to characterize the spherical and bullet-like
silica particles are provided in the Supplementary Information (SI).
Characterization included FT–IR, N2−adsorption for the BET surface
area and porosity, Scanning Electron Microscopy (SEM), Energy
Disperse X-ray Spectroscopy (EDS), Dynamic Light Scattering (DLS) for
the size, and zeta potential measurements.

2.2. Particle deposition kinetics

A QCM–D system (Q–Sense Explorer, Biolin Scientific AB, Sweden)
was utilized to evaluate the deposition kinetics of spherical and bullet-
like silica particles on a 5MHz AT–cut quartz sensor crystal with a si-
lica-coated surface (QSX 303, Batch 0801110-3, Biolin Scientific AB,
Sweden). Sensor cleaning was conducted according to the protocol in
the user’s guide from the manufacturer. A peristaltic pump (REGLO
Digital ISM 596, ISMATEC, Switzerland) was utilized to inject the par-
ticle suspension in the flow chamber at a flow rate of 0.1mL/min and
the temperature within the chamber was maintained at 25 °C. This flow
rate was selected to be consistent with previous literature [29]. Com-
putational fluid dynamics (CFD) simulations of the QCM–D experiment
were conducted to assess the flow field and transport behavior of silica
colloids. The hydrodynamics inside the QCM–D flow chamber were
simulated in three dimensions using multiphase flow equations, and
transport was simulated using particle tracking that took into account
drag, lift, gravity and electrophoretic forces. Details of these CFD si-
mulations are shown in the SI.

Deposition experiments were conducted in NaCl electrolyte (Sigma-

Fig. 1. Representative scanning electron microscope images of diluted samples of (a, c) spherical and (b, d) bullet−like silica particles.
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Aldrich) solutions at low (100.0 and 100.5 mM), intermediate (101.0 and
101.5 mM), and high (102.0 and 102.5 mM) IS with an unadjusted pH
(5.4–5.7). Monovalent electrolyte was chosen to avoid non-DLVO in-
teractions; e.g., cation bridging in the presence of multi-valent cations.
Deionized water was injected until a stable baseline in the third over-
tone (f3) was obtained; e.g., ± 0.2 Hz drift over 20min. Next, the
system was equilibrated by injection of particle-free electrolyte solution
at a selected IS for 20min. A particle suspension with a concentration of
100 ppm at the same IS was then injected for 20min. Finally, particle-
free electrolyte solution at the same IS was injected for another 20min.
Additional details pertaining to the QCM–D measurements are given in
the SI. The deposition rate (rd) of silica particles was determined from
the slope of the f(3) of QCM–D readings by linear regression analysis.

3. DLVO prediction

In this work we compare four interaction energy models and ex-
perimentally verified them to investigate the concept that particle
shape does or does not affect deposition. Classical DLVO theory for a

particle-plate configuration was utilized to model the deposition of si-
lica particles on a silica surface (QCM–D sensor). It is called classical
because total interaction energies between a particle and the surface
were quantified as the arithmetic sum of VDW and EDL interactions as a
function of separation distance. The four DLVO models that were con-
sidered in this work were: (i) the DA method [30,31] which assumes a
spherical particle (denoted as DA model); (ii) the SEI [1] method for an
equivalent spherical particle (denoted as SEI equivalent sphere); (iii)
the SEI approach for an equivalent ellipsoidal particle [2] (denoted as
SEI equivalent ellipsoid); and (iv) the SEI approach for an equivalent
cylinder or rod particle [25] (denoted as SEI equivalent rod). In contrast
to the equivalent sphere approaches, the SEI equivalent ellipsoid and
rod models take into account the particle shape and orientation with
the surface.

Details pertaining to the DLVO models are provided in the SI. The
DA model is used to obtain expressions for the interaction energies
through integrations that consist of assumptions about the particle
curvature. The consideration of particle shape requires complicated
procedures, so it is a common practice to use the DA model to assume

Fig. 2. Representative QCM–D data for deposition experiments with spherical and bullet−like silica particles at unadjusted pH (5.4−5.7) when the IS= 100.0, 100.5,
101.0, 101.5, 102.0, and 102.5 mM NaCl. The frequency reported is from the 3rd overtone.
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an equivalent sphere. The SEI models consist of integrals that were
numerically solved using expressions for non-retarded VDW interaction
and the constant surface potential EDL interaction between two flat
plates that were given by Hamaker [3,32,33] and Hogg et al. [3,34],
respectively. A schematic representing the coordinates for the equiva-
lent rod and ellipsoid models is shown in Figure S1. More details and
references for the DA and SEI models are available in the SI.

4. Results and discussion

4.1. Characterization of silica particles

Fig. 1 shows representative SEM images of spherical (Fig. 1a, c) and
bullet-like (Fig. 1b, d) silica particles. Particle diameters (D) that were
determined from analysis of SEM images were very similar; e.g., D was
equal to 214 ± 49 nm and 254 ± 63 nm for spherical and bullet-like
particles, respectively. The length (L) and aspect ratio (L/D) for the
bullet-like particle were determined from these images to be equal to
1110 ± 182 nm and 5 ± 0.6, respectively. Measurements of the hy-
drodynamic diameter for spherical and bullet-like silica particles are
given in Figure S2a when the IS ranged from 100.0 to 102.5 mM NaCl.
Similar to Fig. 1, hydrodynamics diameters for spherical and bullet-like
silica particles equalled 216 ± 5 nm and 1027 ± 71 nm at 100.0 mM
NaCl, respectively. The hydrodynamic diameters did not change much
with the solution IS (Figure S2a), and this indicates that the suspensions

were initially stable at different IS.
The chemical composition of the surface of the silica particles were

assessed through FT–IR (Figure S3), EDS (Table S1), and zeta potential
(Figs. S4 and S5) measurements. The FT–IR peaks at ∼1494 and
1425 cm−1 correspond [35] to trace impurities from PVP. These peaks
in Figure S3 were negligible, and this indicates that our particles do not
contain significant PVP on the surface. EDS analysis showed no che-
mical impurities, and the weight percentages of Si and O of the sphe-
rical and bullet-like particles were similar (Table S1). Zeta potentials for
spherical and bullet-like silica particles at different pH values were si-
milar and became more negative at higher pH due to formation of si-
licate ion (H3SiO4−) after adsorption of OH− ions (Figure S4) [36]. The
point of zero charge for both particles in Figure S4 is that known for
silica. Zeta potentials for spherical and bullet-like silica particles in-
creased (became less negative) with increasing IS due to compression of
the double layer (Figure S5). Their values were nearly identical at the
lowest and highest IS, but bullet-like particles tended to have higher
zeta potentials than spherical particle at intermediate IS (Figure S5).
These differences in zeta potential were explicitly included in DLVO
calculations discussed in the following sections. It has been reported
[37–41] that electrophoretic mobility of a particle can be affected by its
shape and orientation, and that shape does not have an influence in the
mobility at certain IS conditions. Nevertheless, more discussion on this
current knowledge is beyond the scope of our research. Collectively, the
above analysis of the chemical composition demonstrated that our silica

Fig. 3. Deposition rates (rd) of the silica particles on a silica sensor at unadjusted pH (5.4–5.7) as a function of IS (n≥3). Rates within drift of the QCM–D frequency
reading indicated no conclusive deposition.
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particles have a well-defined surface chemistry, are of high purity, and
are monodispersed. A detailed information on physicochemical prop-
erties of both silica particles can be found in SI.

4.2. QCM−D Experiments

Results of CFD simulations of the QCM–D experiment are shown in
Figs. S6−S9. Simulations demonstrated that flow inside the flow
chamber was laminar (low Re number) and that the transport of par-
ticles was dominated by convection (high Pe number). Diffusive
transport (low Pe number) appeared only at close distances from the
walls. In addition, an interesting result from the simulations is that
particles do not touch the sensor surface. Thus, if particles do not touch
the sensor surface by influence of hydrodynamics, the deposition can be
attributed to particles overcoming an energy barrier at close distances
from the sensor surface and falling into an attractive energy state next
to the sensor surface that can resist the applied hydrodynamic forces
and torques.

Fig. 2 presents representative QCM–D data for deposition experi-
ments using spherical and bullet-like silica particles at unadjusted pH
(5.4–5.7) when the IS= 100.0, 100.5, 101.0, 101.5, 102.0, and 102.5 mM
NaCl. The corresponding values of rd for these experiments are given in
Fig. 3. The rd of spherical and bullet-like silica particles increased with
IS due to compression of the electrical double layer thickness. However,
significant rd only occurred when IS≥102.0 mM for spherical particles
and when IS≥101.0 mM for bullet-like particles. Consequently, de-
position occurred over a wider range of IS for bullet-like than spherical
particles. The rd for spherical and bullet-like particles were only similar
at the low (100.0 and 100.5 mM) and high (102.0 and 102.5 mM) IS. This
information unequivocally confirms that particle shape plays an im-
portant role in deposition, especially at intermediate IS conditions
(101.0 and 101.5 mM).

It should be mentioned that the hydrodynamic diameter of the
bullet-like particles in the QCM–D influent slightly increased during
deposition experiments when the IS≥101.0 mM (Figure S2b). This
suggests slight aggregation of silica particle suspension being injected
and it will be discussed briefly later in the manuscript.

4.3. Interaction energies for spherical particles

The total interaction energy profiles between spherical particles and
the QCM–D sensor surface were calculated as a function of separation
distance using the DA and SEI equivalent sphere models (Table 1 and
Fig S10). Deposition of the spherical particles was considered to occur
only in a strong primary minimum because the depth of the secondary
energy minimum (Table S2 (−0.03 to −3 kT)) was small relative to
diffusive and hydrodynamic forces. The QCM–D rd was therefore re-
lated to the calculated energy barriers (EB) for the various DLVO
models. In particular, the probability for particles to diffuse over the EB
into a primary minimum rapidly increases from 0 to 1 as the EB de-
creases from around 10 to 0 kT, respectively [42] (where k and T de-
note the Boltzmann constant and the absolute temperature, respec-
tively). Table 1 provides the EB for the spherical silica particles. Both
the DA and SEI equivalent sphere models predict a large EB (conditions
unfavorable for deposition) at low and intermediate IS due to electro-
static repulsion. These predictions are consistent with experimental
observations in Fig. 3 that show no deposition of spherical silica par-
ticles. At high IS the DA and SEI equivalent sphere models predict low
or no EB (conditions favorable for deposition) due to compression of the
double layer which increases the relative importance of attractive VDW
interactions. These predictions are consistent with the experimental
results in Fig. 3 that show significant deposition of spherical silica
particles.

It has been theoretically reported in the literature [43–45] that the
DA model overestimates the interaction energies for small particles
(tens of nanometers) at low IS. We did not see considerable differences

in the EB height between the DA and SEI equivalent sphere models
because the silica spheres in our study are bigger than some tens of
nanometers.

4.4. Interaction energies for bullet-like particles

The total interaction energy profiles between bullet-like particles
and the QCM–D sensor surface were calculated as a function of se-
paration distance using the DA, SEI equivalent sphere, SEI equivalent
ellipsoid, and SEI equivalent rod models. Interaction energy profiles for
SEI equivalent rod model at angles of orientation (φ) equal to 0, π/6, π/
4, and π/2 rad are given in Figure S11 (e.g., φ is the angle that the
larger axis of the particles makes with the element normal to the sur-
face). The figure also shows results from DA and SEI equivalent sphere
models. Information on the EB heights for these models are given in
Tables 1–3. A summary of the calculated values of the secondary
minima for these models is given in Tables S2−S4 (equivalent sphere
models: −0.5 to −8 kT, equivalent ellipsoid: −0.04 to −4 kT,
equivalent rod: −0.05 to −16 kT). The depths of the secondary energy
minimum were small relative to diffusive and hydrodynamic forces,
and deposition of the bullet-like silica particles was therefore only
considered to occur in a strong primary minimum when the EB was less
than around 10 kT [42]. Consistent with experimental observations in
Fig. 3, all of the interaction energy models predict an EB > 10 kT and
no deposition at low (100.0 and 100.5 mM) IS, and no EB and favorable
deposition at high (102.0 and 102.5 mM) IS. Consideration of particle
shape and orientation was therefore not needed to correctly interpret
experimental observations at low and high IS. Conversely, at inter-
mediate (101.0 and 101.5 mM) IS the interaction energy models predict
differences in the EB height and deposition with the particle shape and
orientation. Consistent with experimental observations in Fig. 3, the SEI
equivalent ellipsoid and rod models predict that deposition may occur
for some particle orientations (e.g., φ=0, π/6 and/or π/4 rad) that
produce an EB < 10 kT. On the other hand, deposition is not predicted
when using the DA and SEI equivalent sphere models. An explanation
for differences in model predictions at intermediate IS is given below.

The interaction energy depends on the projected surface area of the
particle on the QCM–D sensor surface and the separation distance of
local surface elements. The DA and SEI equivalent sphere models do not
accurately account for the projected surface area and the separation
distance of local surface elements when the bullet−like particles are at
various φ, and therefore do not correctly describe observed trends in
deposition at intermediate IS. The SEI equivalent ellipsoid and rod
models predict changes in EB with changes in φ (Tables 2 and 3, re-
spectively). In detail, the SEI equivalent ellipsoid model predicts EB
heights in the order 0<π/6<π/4< <π/2 rad (Table 2) while the
SEI equivalent rod model in the order π/4<π/6< <0<π/2 rad

Table 1
Interaction energy barriers between a silica particle and an isotropic planar
silica surface (QCM–D sensor) with the ionic strength of NaCl at unadjusted pH
(5.4–5.7). The interaction energy was calculated as the sum of van der Waals
and electrostatic interactions for a sphere−plate configuration.

Ionic strength
(mM)

Energy barrier according to the equivalent sphere models (kT)

Derjaguin approximation
DLVO

Surface element integration
DLVO

Sphere Bullet−like Sphere Bullet−like

100.0 191.7 916.5 170.6 895.7
100.5 154.4 640.5 145.2 633.0
101.0 119.9 199.3 115.9 190.3
101.5 37.5 29.3 37.3 27.0
102.0 7.2 NEBa 7.7 NEBa

102.5 NEBa NEBa NEBa NEBa

a NEB means no energy barrier.
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(Table 3). Differences in the geometry of ellipsoid and rod models
(projected area and separation distances for local surface elements)
cause variations in predicted EBs. In addition, the EB can be slightly
smaller due to real fluctuations in particle energy, particle diffusion,
employed surface charge boundary and/or numerical integration
method. Accordingly, the SEI equivalent ellipsoid model predicts that
deposition can occur when φ=0, π/6, π/4 rad at intermediate (101.0

and 101.5 mM) IS and the SEI equivalent rod model predicts deposition
when φ=π/6 and π/4 rad. In the case of the rod model, the same trend
has been previously reported for solid rods having low aspect ratios
(2 < aspect ratio < 25) [26]. The contribution of the circular end of
the rod that is closest to the sensor surface is larger than that from the
side surface when 0≤φ≤π/4 rad. An increase in φ and/or the local
element separation distance decreases the interaction area of the end
surface resulting in a net reduction on the interaction energy [26].
Previous research has reported that the EB for a hollow cylinder gra-
dually increased when φincreased from 0 to π/2 rad [25]. However,
that research considered a different geometry with very high aspect
ratios (e.g., non−modified and surface−modified single walled hollow
carbon nanotubes), a hollow interior, and different surface chemistry.

The value of φ manipulates the separation distance between local
elements on the surface of the bullet−like silica particles and the sensor
surface. Consequently, this changes the strength of both VDW and EDL
interactions. The EBs in Tables 2 and 3(SEI equivalent ellipsoid and rod
model, respectively) reflect changes in the relative importance of EDL
repulsion and VDW attraction with IS. There is no EB at high IS for all φ
because the reduction in the EDL repulsion causes the VDW attraction
to be dominant. At low IS, the SEI equivalent ellipsoid and rod models

predicted that changes in the EB height with φ are not sufficient to
allow deposition. That also indicates the prescence of strong EDL re-
pulsions. At intermediate IS the two models differently predicted the EB
allowing bullet−like silica particle deposition. The SEI equivalent el-
lipsoid model predicts deposition with changes in φ at intermediate IS
(Table 2). Nevertheless, the EB is high when φ=π/2 rad indicating the
presence of strong EDL repulsions, and thus, this angle is not en-
ergetically favorable for particle deposition. The SEI equivalent rod
model (Table 3) predicts high EBs at intermediate IS when φ=0 and π/
2 rad, indicating the presence of strong EDL repulsions. High EBs pre-
dict that the bullet−like silica particles will not deposit on the sensor
suface. However, deposition can occur when φ=π/6 and π/4 rad.

Therefore, the predictions from the SEI equivalent ellipsoid and rod
models are consistent with experimental observations for bullet−like
particles in Fig. 3 at low, high, and intermediate IS. At intermediate IS,
the observed deposition of bullet−like particles suggests that these
particles likely find orientations (e.g., φ=0―π/4 rad or π/6―π/4 rad
depending on geometry) that minimize the repulsive interactions and
overcome the EB; this is represented in a diagram in Fig. 4. According to
Tables 2 and 3, values of the EB at intermediate (101.0 and 101.5 mM) IS
are small and relatively close (0.4–12 kT) when φ=0, π/6 and π/4 rad
for ellipsoid, and π/6 and π/4 rad for rod. Accordingly, the SEI
equivalent ellipsoid and rod models can successful interpret the de-
position rates in Fig. 3 for bullet−like silica particles at intermediate IS.
A graphical summary of all the predicted trends of EB as a function of φ
and solution IS is shown in Fig. 5 for the SEI equivalent ellipsoid and
rod models.

It should be mentioned that the hydrodynamic diameter of the
bullet−like silica particles slightly increased during injection with in-
creasing IS (Figure S2). This implies that the bullet–like particles ex-
hibited minor aggregation during injection. The above deposition re-
sults (Fig. 3–5) for SEI DLVO ellipsoid and rod models suggest that
aggregation will likely be influenced by particle shape and orientation.
A previous study [4] has also reported an effect of particle shape on
aggregation of silica particles. Nevertheless, minor aggregation of the
bullet−like silica particles did not have an apparent influence on rd in
Fig. 2, and these results could be successfully interpreted using pre-
dicted EBs from SEI DLVO equivalent ellipsoid and rod models (Tables
2 and 3). More research on aggregation and deposition of non−-
spherical particles/aggregates is warranted, but that is beyond the
scope of this study.

McNew et al. [21] reported that the deposition of spherical poly-
styrene particles on humic acid (HA) coated silica surfaces was higher
than that of ellipsoidal polystyrene particles when the IS was lower than
102.0 mM NaCl, whereas the deposition of both particles was practically
the same on alginate coated surfaces. An agreement between DLVO
predictions and experiments was only found for the deposition of el-
lipsoidal polystyrene on HA coated surfaces and for both spherical and
ellipsoidal polystyrene on alginate coated surfaces. The enhanced de-
position of spherical polystyrene particles on HA coated surfaces was
attributed to higher surface roughness or steric (entanglement) effects.
In contrast, other studies suggest that HA should cause electrosteric
repulsion that inhibits deposition [46,47]. Consequently, a fundamental
understanding of the influence of particle shape and orientation on
deposition has previously been hindered by confounding effects from
non−DLVO interactions. Our study clearly identified the effect of
particle shape and orientation at intermediate IS because we eliminated
the interference from non−DLVO interactions. In addition, Liu et al.
[5] conducted column experiments to investigate the effect of shape on
the transport of polystyrene particles in porous media. A comparison
between their work and our work is not straightforward because they
used a system causing many possible mechanisms (attachment,
straining, etc.) for particle retention in porous media. Also, they did not
consider the exact particle geometry in DLVO calculations based on the
DA. Nevertheless, they concluded that questions remain on the particle
orientations relative to the collector, and our study addressed that

Table 2
Interaction energy barriers between a bullet−like silica particle and an iso-
tropic planar silica surface (QCM–D sensor) with the ionic strength of NaCl at
unadjusted pH (5.4–5.7), and at four angles of interaction during deposition.
The interaction energy was calculated as the sum of van der Waals and elec-
trostatic interactions for an ellipsoid−plate configuration.

Ionic strength
(mM)

Energy barrier according to the surface element integration
DLVO equivalent ellipsoid (kT)

φb= 0 π/6 π/4 π/2

100.0 52.7 53.8 56.1 512.1
100.5 34.6 35.2 36.5 405.8
101.0 10.7 10.8 11.2 147.4
101.5 1.4 1.5 1.5 27.9
102.0 NEBa NEBa NEBa NEBa

102.5 NEBa NEBa NEBa NEBa

a NEB means no energy barrier.
b Angle of interaction is in radians.

Table 3
Interaction energy barriers between a bullet−like silica particle and an iso-
tropic planar silica surface (QCM–D sensor) with the ionic strength of NaCl at
unadjusted pH (5.4–5.7), and at four angles of interaction during deposition.
The interaction energy was calculated as the sum of van der Waals and elec-
trostatic interactions for a rod−plate configuration.

Ionic strength
(mM)

Energy barrier according to the surface element integration
DLVO equivalent rod (kT)

φb= 0 π/6 π/4 π/2

100.0 926.3 89.1 66.3 2231.7
100.5 1050.1 46.7 34.3 1947.8
101.0 567.5 11.9 8.6 820.2
101.5 190.5 0.7 0.4 206.2
102.0 NEBa NEBa NEBa NEBa

102.5 NEBa NEBa NEBa NEBa

a NEB means no energy barrier.
b Angle of interaction is in radians.
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question by considering several orientations of bare rod−like silica
particles in DLVO calculations.

5. Conclusions

The DA and SEI equivalent sphere models predicted the deposition
behavior of spherical silica particles on a QCM–D silica sensor when the
IS= 100.0, 100.5, 101.0, 101.5, 102.0, and 102.5 mM NaCl during laminar
flow and convective transport. Similarly, the DA, SEI equivalent sphere,
and SEI equivalent ellipsoid and rod models were able to correctly
predict the deposition behavior of bullet−like silica particles at low IS
(100.0 and 100.5 mM) or high (102.0 and 102.5 mM) IS of NaCl when the
EB clearly predicted unfavorable and favorable conditions for deposi-
tion, respectively. This suggests that the bullet−like silica particles can
be treated either as equivalent spheres, ellipsoids or rods at low and
high IS. Conversely, the DA and SEI equivalent sphere models were not
able to predict the deposition behavior of bullet−like silica particles
under intermediate IS (101.0 and 101.5 mM) conditions. This failure
suggests that the use of these models in this range of IS can lead to
incorrect predictions.

Only the SEI equivalent ellipsoid and rod models successfully pre-
dicted the deposition behavior of bullet−like silica particles under all
(low, intermediate, and high) IS conditions. In particular, these models
predicted that the bullet−like silica particles can deposit on a “smooth”
silica surface under intermediate IS conditions when the angle of in-
teraction ranged from 0 to π/4 rad (φ=0, π/6 and π/4 rad for ellip-
soid, and π/6 and π/4 rad for rod). These angles were able to reduce the
EB sufficiently to create conditions that were energetically favorable for
deposition. The bullet−like silica particles apparently move to less
convective regions as they approach the silica surface and diffusion
changes the angle of interaction until an energetically favorable angle for
deposition is achieved. In fact, dynamic rotation and translation of
rod−like silica particles due to diffusion have been measured using a
holographic microscopy [48]. The use of the SEI equivalent ellipsoid
and rod models is therefore enthusiastically encouraged to predict the
interaction energies of bullet−like silica particles.

Until now, the effect of shape was reported in the presence of
non−DLVO interactions due to residual PVA on polystyrene particles.
Our study was the first to systematically examine the deposition of
bullet−like silica particles with a well−defined surface chemistry

Fig. 4. Diagram of the estimated angles of deposition at intermediate IS according to the SEI DLVO equivalent (a) ellipsoid and (b) rod models.
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under various IS conditions in a system with a uniform flow field. These
results were interpreted using interaction energy calculations that
considered various particle shapes and orientations. It has been ex-
perimentally shown that the shape of silica particles had an effect on
deposition on smooth silica surfaces at intermediate IS of 101.0 and
101.5 mM NaCl. In these cases, particle shape and orientation must be
accurately considered in the interaction energy calculations to correctly
predict observed deposition behavior. Interestengly, these two identi-
fied IS are frequently observed in many applications such as human
blood [49–51], animal blood [51], or transport of bacteria [52] or
colloids [53].
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