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ABSTRACT: Fouling on glass surfaces reduces the solar panel
efficiency and increases water consumption for cleaning. Super-
hydrophobic coatings on glass enable self-cleaning by allowing water
droplets to carry away dirt particles. Observing the interaction
between charged particles and surfaces provides insights into effective
cleaning. Using a high-speed camera and a long-distance objective, we
analyzed the in situ deposition of variously functionalized and charged
silica dust microparticles on chemically treated glass. The ambient
charges for the control, hydrophobic, and positively charged particles
were approximately −0.5, −0.13, and +0.5 nC, respectively. We found
that a positively charged particle of 2.3 ± 1.2 μm diameter adhered to
hydroxylated glass in ∼0.054 s, compared to 0.40 and 0.45 s for
quaternary ammonium- and fluorosilane-functionalized hydrophobic
glass. Experiments suggest that quaternary ammonium-functionalized glass surfaces are about 77.8% more resistant to soiling than
bare surfaces.

■ INTRODUCTION
Dust buildup on photovoltaic (PV) panels and façades is a
severe problem since it negatively impacts light transmission
and performance, including energy conversion efficiency. Also,
large volumes of water are used in cleaning these surfaces. Dust
travels long distances ranging from a few meters to thousands
of kilometers, impacting the local environment and human
health.1 According to Elminir et al., dust deposited on
horizontally installed PV panels in arid environments was
∼15.84 g m−2, resulting in a 52.5% decrease in light
transmission.2 Panat and Varanasi observed that with 50 g
m−2 dust deposition, there was ∼50% loss in a solar panel’s
power output at a lab scale, under simulated harsh soiling.3 A
global economic loss of between 3.3 and 5.5 billion USD is
caused by an average power loss of 3 to 4%.4 A 1 MW solar
farm requires close to 24,000 L of water or roughly 3−4 L per
solar panel of ∼400 W for cleaning. Moon et al. showed that
even the most effective robotic cleaning system requires ∼570
L of water to clean an area of 3000 m2 (amounting to 5221 W)
in an hour.5 Dust deposition on PV panels is dynamic, and it
depends on the location. Such particles could be natural or
anthropogenic in origin.6,7 These particles affect the quality of
air8,9 and consequently impact the local environment.

Inspired by nature, glass surfaces have been treated with
transparent superhydrophobic coatings such as fluorosi-
lane10−13 and nonfluorinated silane14−16 to remove dust
particles passively. Recently, Dhar et al. reported a transparent
superhydrophobic coating using dipentaerythritol penta-
acrylate reacted with branched polyethylenimine which was

spray-coated on glass to impart hydrophobicity.17 Due to this
superhydrophobic coating, a water flow removed the deposited
model dust particles.17 Zhang and Seegar fabricated a new
group of nanostructures based on silicone nanofilaments.18

These filaments were grown on glass and immersed in a
toluene solution, and their growth was controlled by regulating
water concentration during the condensation of trichlorosilane.
These filaments were treated with O2 plasma and modified
with 1H, 1H, 2H, and 2H-perfluoro-decyl trichlorosilane. This
transformed it into a superhydrophobic surface with excellent
transparency. Ganesh et al. fabricated a superhydrophobic
coating on glass using electrospinning to remove dirt without
compromising transparency.19−21 Active cleaning methods are
being investigated to curb excessive water use and to transition
to sustainable cleaning systems.22 Some of the useful
techniques include superhydrophobic coatings on glass
surfaces, electrostatic cleaning, straightforward brushing, and
ultrasonic cleaning. With the assistance of hydrophilic curved
rings on a hydrophobic backdrop, Sun and Böhringer
produced an active self-cleaning system capable of eliminating
all types of dust particles from the surface. Here, mechanical
vibrations were utilized to remove dust particles in the
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presence of water as they trickled down the surface.23 Vagra
and Wiesner utilized a centrifugal force of ∼65.9 nN to
dislodge silica particles in the size range of ∼15 to 30 μm from
a glass surface.24 Recently, Kawamoto and co-workers installed
parallel electrodes on the surface of PV panels connected to a
high-voltage AC supply. When the panel was tilted and the
electrodes were switched between positive and negative
potentials alternatively at regular intervals, the resulting
electrostatic forces made the dust particles fall, cleaning the
surface without water.25 A similar approach was followed by
Panat and Varanasi, where they observed high removal
efficiency even using a DC voltage and successfully recovered
∼95% of the lost power after cleaning.3 Wang et al. fabricated a
superhydrophobic antireflective coating on the PV module,
which self-cleaned under artificial rain, providing a new
approach to clean large-scale PV farms due to its cost-
effectiveness and scalability.26 The methods mentioned above
remove particles with a size >30 μm, but the removal efficiency
decreases for fine and ultrafine particles. Upon adhesion, these
particles will further aggregate and degrade the overall
performance of the solar panels. Therefore, avoiding particle
adherence as well as removing them early is important from
multiple perspectives.

Superhydrophobic surfaces have varied applications includ-
ing oil/water separation,27 eco-friendly clothing, etc. For
example, a cotton fabric was coated with appropriate molecular
coatings for hydrophobicity.28 This fabric28 was super-
hydrophobic and superoleophilic with an oil/water separation
efficiency of 98.49% even after 18 cycles. A multifunctional
fabric which is superhydrophobic with properties such as
thermal stability even at 180 °C, pH stability, resistance to
organic solvents, and abrasion resistance was fabricated using a
polyethylene terephthalate (PET) fabric with hierarchical
structures by in situ polymerization of pyrrole over it.29

Further treatment of this fabric with pentaerythritol
tetraacrylate, 3-aminopropyltriethoxysilane, and octadecyl
acrylate imparted multifunctionality to this fabric. Super-
hydrophobic fabrics also help build wearable sensors, especially
for monitoring sweat rate and its composition.30,31 Recently,
Liu et al. fabricated a sweat sensor based on polyacrylate
sodium/MXene which was further sandwiched between two
superhydrophobic textile layers for monitoring sweat vapor
with high sensitivity and rapid response time.32 The super-
hydrophobic fabric enabled excellent breathability for the
permeation of water vapor and prevented the sensor from
external water droplets and internal sensible sweat.

In this paper, we present a study of the interaction between
microscopic model dust particles and functionalized glass
surfaces in real time. The particles were tracked using the
image sequence obtained from a high-speed camera, and we
found that hydrophobic glass foul less than the hydrophilic
ones. Particles tend to deposit faster on hydrophilic glass than
on hydrophobic or amine-functionalized glass. Surface energy
and charge could increase the time needed for particle
adhesion. The methodology presented could help evaluate
dust adhesion on glass and help in assessing the ease of
cleaning for a specific type of glass. To the best of our
knowledge, there has been no report on such time-resolved
observations of particle adhesion on surfaces.

■ MATERIALS AND METHODS
Materials. Ethanol (absolute AR) and hexane were purchased

from Fisher Scientific UK, and sulfuric acid (AR) (H2SO4) was

purchased from RANKEM, India. 1H, 1H, 2H, 2H- perfluorooctyl-
triethoxysilane (98%) (PTFS) and hydrogen peroxide (H2O2) were
purchased from Sigma-Aldrich, India. N-Trimethoxysilylpropyl-N,-N,-
N-trimethylammonium chloride (TMA) was purchased from TCL
Chemicals India Pvt. Ltd. Microscopic glass slides (75 × 25 × 1.3)
mm2 were from BLUE STAR, India, and spherical silica particles (SS-
T-2.5, 1−5 μm) were from Sinoenergy Corporation, China. Millipore-
produced deionized (DI) water was used throughout the experiments,
and all the reagents were used without further purification.
Methods. Functionalization of Glass. The glass slides were

cleaned before further surface functionalization. A three-step process
was followed for cleaning these glass slides; initially, the glass slides
were cut to dimensions of 28 × 25 mm2 using a diamond cutter. The
cut-glass slides were sonicated for 15 min in soap solution. After
washing, they were sonicated in ethanol for another 15 min. Finally,
they were immersed in piranha solution [1:4 (v/v) 30% H2O2 and
30% H2SO4] for 2 h. Following this, glass slides were rinsed with DI
water and finally dried by using dry nitrogen (N2) gas. To transform
these hydrophilic glass slides into hydrophobic ones, the glass slides
were immersed in 1 mM PTFS hexane solution for 12 h. These slides
were rinsed with hexane to remove any unbound PTFS and the
hydrophobic glass slides so formed were dried under N2 gas. To
impart positive charges on the glass, the hydrophilic glass slides were
immersed in a 1 mM ethanol solution of TMA for 12 h. Slides were
rinsed with ethanol to remove any unbound TMA and dried using N2
gas.

Functionalization of Particles. About 10 g of silica particles was
added to a soap solution and sonicated for 15 min, following which,
they were vacuum-filtered and washed twice with DI water. These
particles were further added to an ethanol solution, sonicated for 15
min, and vacuum-filtered. The filtered particles were transferred to a
piranha solution for 2 h. Finally, the particles were rinsed with DI
water, vacuum-filtered one more time, and dried in an oven at 75 °C
overnight. From these dried particles, about 3 g was later transferred
to 1 mM PTFS in hexane and kept for 12 h to impart hydrophobicity.
They were vacuum-filtered, dried overnight, and transferred to
polypropylene (PP) bottles for later use. Similarly, another 3 g of the
dried particles was transferred to 1 mM TMA ethanol solution for 12
h to impart the amine functionality.33 These particles were washed
with ethanol, dried, and transferred to a PP bottle. The remaining
hydrophilic silica particles were transferred to a PP bottle for further
use.

Ambient Dust Deposition. To visualize the ambient dust deposited
on different glasses, functionalized glasses were vertically placed at the
top of a ∼20 m high building within the academic zone of the Indian
Institute of Technology (IIT) Madras, Chennai, India. The glass
slides were placed during the summer months, and at the end of each
day, the slides were visualized under an optical microscope to note the
ambient particle deposition.

Model Dust Deposition. For investigating the model dust
deposition on functionalized glass, the experiment was conducted in
an acrylic chamber. The silica particles were fluidized by using a
medical-grade nebulizer operating at a fixed flow rate of 0.4 mL min−1.
The flow of these particles was stopped after 5 s, following which the
glass slides were removed and the particle distribution on the surface
was plotted.

Feret Diameter Measurement. To measure the diameter of the
particle and calculate the size distribution, the Feret diameter was
measured by using a custom MATLAB function. Briefly, the image of
interest was chosen from which a specific region was selected by
cropping the unwanted parts. The color image was then transformed
into a binary image, and “fill holes” functionality was used to fill any
gaps. Then the Feret diameter was measured using the “Feret
diameter” function in MATLAB. Then each diameter was multiplied
with a scale of 0.7 μm pixel−1 and the distribution was plotted as a
histogram. The corresponding code is presented as Annexure-1.

In Situ Particle−Surface Interactions. To investigate particle−
surface interactions, a glass slide was placed vertically inside a
transparent acrylic chamber of dimensions 10 × 10 × 10 cm3, having
an inlet and outlet for the flow of silica particles. The glass was placed
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vertically at the center of the acrylic chamber. This acrylic chamber
was placed on a Labjack (Holmarc), which was further placed on an
optical rail (Thorlabs). These were then placed on an optical table
with vibration isolation. A schematic of the acrylic chamber hosting
the glass slide and particles is shown in Figure 1. Silica particles were
fluidized using precleaned compressed air obtained from a medical-
grade nebulizer with a flow rate of 0.4 mL min−1. A gas trap with a flat
base was used to contain the silica particles. Gas was let in from the
top of the trap to fluidize the particles, and from the side, these
particles were transported inside the acrylic chamber as shown in
Figure 1. A high-speed camera (Phantom V1212, 1000 frames per s)

was coupled with a long-working distance objective (KEYENCE ZHX
1000×) viewed at 1000× magnification. A frame size of 536 × 496
pixels with a resolution of ∼0.7 μm pixel−1 was obtained from
calibration images. A continuous 300 W Xe arc lamp was coupled to
the zoom lens in the coaxial illumination mode to illuminate the
foreground and increase the sharpness of the particles deposited on
the glass slide. The background was illuminated by using a Veritas
Constellation 120E LED strobe light, operating in continuous mode
at 120 W. The acrylic chamber was placed in such a way that the focal
point of the lens was exactly on the glass facing the particles. The
experiments were conducted at 18 °C and at 35%RH. The low

Figure 1. Schematic representation of the experimental setup and molecular models of functionalized silica particles are shown in the inset below.
Fluidized microparticles of different functionalities impacting the glass slide randomly are imaged by a high-speed camera.

Figure 2. (a,c,e) Scanning electron micrographs of bare, hydrophobic (PTFS), and positively charged (TMA)-treated silica particles with a scale
bar of 20 μm. (b,d,f) Corresponding size distribution of the silica particles measured from SEM.
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temperature was needed to protect the high-speed camera, strobe
light, and Xe arc lamp from overheating.

■ CHARACTERIZATION
Silica particles were characterized with a Thermo Scientific
Verios G4 UC FESEM, with retractable detectors operating at
2 kV. The samples were gold sputtered using a CRESSING-
TON sputter coater operating for a period of 80 s. Glass slides
after exposure to silica particles were viewed with a Leica
polarization microscope for particle counting. The Feret
diameter was noted by using MATLAB 20 software. The
functionalized silica particles and glass slides were charac-
terized using a Thermo Scientific Spectrum one FTIR
instrument operated in the total attenuated reflection (ATR)
mode to confirm the presence of the hydrophobic and amine
moieties. The coatings on the glass after multiple cycles of
modification and washing of the glass slides were confirmed
with X-ray photoelectron spectroscopy (XPS). This analysis
was carried out by using an Omicron ESCA probe TPD with
Al Kα as the X-ray source (1486.86 eV). Survey scans were
performed at a pass energy of 50 eV and a step size of 0.5 eV,
ranging from 0 to 1100 eV binding energy, to identify all the
elements in the samples. Detailed scans were conducted for the
elements of interest at a pass energy of 20 eV and a step size of
0.08 eV. In order to obtain the best resolution of the peaks,
detailed scans for the elements of interest were run at least
three times each. Contact angle measurements were performed
by using the sessile droplet method, with water being used as
the solvent (with a volume of 3 μL) using a Holmarc contact
angle meter. To measure the ambient charge of the particles,

about 10 mg of the particles was added to a Faraday cup that
was connected to a Keithley 6514 electrometer.

■ RESULTS AND DISCUSSION
Fabrication of Model Dust and Functionalized Glass.

For creating model dust particles, spherical silica particles (size
2.5 ± 1.2 μm as seen in Figure 2c) were functionalized with
PTFS to impart hydrophobicity and TMA to impart positive
charges. The particles are spherical as seen in Figure 2a and
have a size of 2.5 ± 1.5 μm as shown in Figure 2b. Scanning
electron micrographs of the negatively and positively charged
particles are shown in Figure 2c,e. The size of negatively and
positively charged particles was 2.3 ± 1.2 and 2.4 ± 0.6 μm,
respectively, as shown in Figure 2d,f. There were no artifacts
and surface deformations observed and the particles remained
spherical even after chemical functionalization.

FTIR analysis was performed to confirm these moieties on
silica particles, and a comparison of the data is shown in Figure
S1. The peaks at 1138 and 1190 cm−1 confirm the presence of
CF3 and CF2 vibrations in the hydrophobic silica. A peak at
1214 cm−1 is attributed to C−N stretching, confirming the
anchoring of the amine moieties. A summary of the FTIR
peaks is presented in Table S1.

About 100 mg of untreated, hydrophobic, and TMA-
functionalized silica particles were added to a Faraday cup
which was in turn connected to a Keithley 6510 electrometer.
Figure S2 shows the ambient charge of particles as soon as they
were added to the Faraday cup. Bare silica particles had a
charge of −0.5 nC, hydrophobic silica particles had a charge of
−0.13 nC, and TMA-functionalized particles had a charge of
+0.5 nC due to the presence of the amine group. This

Figure 3. Digital photographs were taken from a high-speed camera. The interaction of positive, control, and negatively charged particles on
hydrophilic glass is shown in (a, b, and c, respectively). The scale bar corresponds to 100 μm. In all the magnified images in the bottom frames, the
scale bar corresponds to 10 μm. Dotted circles correspond to the particles of interest.
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amounted to ∼−7.5 × 10−10, −8.5 × 10−10, and 7.5 × 10−10

nC per particle for bare, hydrophobic, and amine-function-
alized particles, respectively, assuming a particle size of 2.5 μm
(see later for microscopic analysis). Molecular models of bare,
hydrophobic, and amine-functionalized silica are also shown in
Figure S2. Bare particles, hydrophobic particles, and TMA-
functionalized particles will be termed control, negative, and
positively charged particles, respectively, in this article.

The optical images containing a droplet in contact with the
surface during the water contact angle measurements are
shown in Figure S3. Hydrophilic glass had a contact angle of
25°, while the hydrophobic glass had a contact angle of 102°,
and TMA-functionalized glass was slightly hydrophobic in
nature, with a contact angle hovering around 88°. The surface
energy of the treated surfaces was calculated based on the
water contact angle using the equation below

cos 1
2

(e )A
( )B A

2+ =

where θ is the water contact angle, γA the surface energy of the
solid substrate, γB surface energy of water, and β is 0.0001057
(m2 mj−1)2.34 The surface energy for hydrophilic glass was
calculated to be ∼0.9 mN/m, for TMA-treated glass ∼0.5 mN/
m, and for hydrophobic glass ∼0.4 mN/m.

To confirm the coating on glass, XPS analysis was
performed, and the corresponding spectra are shown in
Figures S4 and S5. All the samples exhibited the expected
presence of C, Si, and O as seen in the survey spectra of
hydrophobic glass (Figure S4) and TMA-treated glass (Figure
S5). For hydrophobic glass, there were five peaks correspond-

ing to C (284.5 eV), C−C (283.9 eV), C−O (288 eV),
CF2(290.9 eV), and CF3(293.3 eV) as seen in Figure S4b. Two
peaks were observed in the detailed Si scans for the
hydrophobic glass. The peak at ∼102.8 eV corresponds to
the silane and that at ∼103.5 eV was assigned to SiO2 as shown
in Figure S4c. In Figure S4d, two types of oxygens were
present in abundance and could be assigned to the different
bonding modes of O in glass. Finally, Figure S4e shows a
detailed F scan; a single peak was present at 687.63 V and was
assigned to F in the −CF2− moieties. This confirms the
hydrophobic coating on glass. The XPS survey spectrum of
TMA-treated glass is shown in Figure S5a; the detailed C
spectrum in Figure S5b shows adventitious C (284.5 eV) and
C−O (286.6 eV) and another peak at 288.6 eV was assigned to
the C−N bond. The detailed Si spectrum shown in Figure S5c
shows two peaks at ∼102.8 and 103.5 eV due to silane and
SiO2, respectively. The O 1s region shown in Figure S5d has
two peaks assigned to different bonding modes in glass. Finally,
the TMA-treated glass has a peak at ∼399.6 eV that is assigned
to the C−N bond.

A digital photograph from the camera is shown in Figure
S6a. From this, a small region is selected as seen in Figure S6b.
From the image sequences from time-dependent imaging, the
region of interest (ROI) was selected and cropped. The
photographs in which particles enter the frame were chosen
and cropped to comprehend particle motion as they attach to
the surface. These cropped images were further analyzed using
the “trackpy” module in Python to estimate the movements in
the x- and y-axes.

Figure 4. (a) Particle displacements along the x and y axis on hydrophilic, hydrophobic, and amine-functionalized glass. (b−d) Corresponding size
of the particle and distance traveled before adhering to (b) hydrophilic, (c) hydrophobic, and (d) TMA-functionalized glass.
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Images of glass slides after particle deposition are shown in
Figure 3, wherein Figure 3a represents the hydrophilic glass
when positively charged particles adhered to it after 16 s. An
ROI in Figure 3a (shown by the dashed rectangle) was chosen
where the particle (indicated by the dotted circle) traveled
from the top and was attached to the surface. Corresponding
pictures are displayed in Figure 3a. The blurring of the particle
in the first three images (the first image shows a clean region
before the particle appears) shows that the particle was
traveling from a depth and as it got adhered, it came into focus.
In the image, just as the particle appears in the ROI, i.e., first
appearance of a diffused region, a time of 0 ms is assigned. At
the end of 180 ms, the particle is moving and slowly coming to
focus and finally adheres to the hydrophilic glass at ∼300 ms,
and no further change is observed. A video depicting the
particle adhesion on glass is shown in Video S1. In Figure 3b,
interaction of control particles on a hydrophilic glass substrate
was captured, and the inset shows a control particle adhering
to the surface without any motion in the x−y direction. The
control particle adheres much faster, taking ∼80 ms to adhere
to the glass and no further change is seen. Similarly, Figure 3c
shows the interaction of negatively charged particles with the
hydrophilic glass slides; the inset shows a positively charged
particle moving toward the surface as it focuses on the site of
adhesion. Furthermore, the negatively charged particle takes
∼50 ms to adhere to the glass. A video showing a particle
traveling from the depth and adhering to the glass is shown in
Video S2.

The interactions of positively charged particles with
hydrophobic glass are shown in Figure S7a and the ROI,
representing a particle (shown in a dotted circle) that reached
the surface from a certain depth. It took ∼30 ms to adhere to
the surface. We observed that the control particle takes a
parabolic path to adhere to the hydrophobic glass, as seen in
the inset of Figure S7b. The blurriness of the particle as it
travels from the depth is prominent at the frame of 120 ms, as
shown in the inset, and finally, it comes to focus as it adheres
to the surface at the end of ∼200 ms. The interaction of
negatively charged particles with the hydrophobic glass is
shown in Figure S7c and the inset magnifies the region where
the particle adheres to the surface. In the case of the negatively
charged particle, we also observed a motion in the x and y
directions while traveling from a depth. It took ∼86 ms for it to
adhere to the surface.

The interaction between positively charged particles with
TMA-functionalized glass is shown in Figure S8a, where a
positively charged particle was seen to move along the y
direction and adhere to the surface. In this sequence of images,
we observed that the particle in focus suddenly moves to a
different location, finally adhering to a different location, and it
takes ∼480 ms for adhesion. The interaction of the control
particle with the TMA-functionalized surface is shown in
Figure S8b and the inset shows a particle initially moving
toward the surface as it deblurs. Direct adhesion on the surface
was observed for negatively charged particles interacting with
the TMA-functionalized glass, as seen in Figure S8c (inset).

Due to the boundary layer phenomenon, as the particles are
approaching the surface, they would have the least velocity,
and the electrostatic forces of attraction/repulsion would
dominate. A summary of the particle displacements along
different functionalized glasses is shown in Figure 4a. Time-
resolved high-speed optical imaging revealed that most
particles were displaced by ∼40 and ∼80 μm in the x and y

directions before adhering to the surface. The average
displacement of control particles was minimal compared to
others.

Some outliers showed displacements of up to 140 and 300
μm along the x and y axes, respectively. Based on the above
observations, it is apparent that lesser particle movement along
the x and y axes is due to “faster” adherence to surfaces with
high surface energy. The negatively charged particle of size
∼10 μm traveled the longest distance of ∼230 μm, before
colliding with the glass substrate and adhering to the
hydrophilic surface, as shown in Figure 4b. Due to the high
surface energy of hydrophilic glass, particles witnessed lesser
displacement.

Also, we suspect that the positively charged particles had
lesser displacement due to electrostatic attraction with the
oppositely charged functionalities present on the glass
substrate. All positively charged particles traversed less than
∼13 μm before colliding with the hydrophobic glass (Figure
4c). In the case of control and negatively charged particles, the
distribution of displacements across the particle size regime
was random and no systematic correlation was observed
(Figure 4c,d). This could be due to the particle−substrate
electrostatic repulsion and steric hindrance offered by the
surface groups, which resulted in longer displacements,
irrespective of the nature of the charge on the particles. This
was evident when the particles adhered to the surface, as
shown in Figure S9. All the particles readily adhered to the
hydrophilic glass slide, with positively charged particles taking
∼0.054 s to adhere. There was an increase in the time for
adhesion to the hydrophobic and TMA-functionalized glass.
Particle adhesion took the longest, ∼ 0.45 s, on a TMA-
functionalized glass surface. Further experiments are needed to
determine the effects of the surface charge and surface energy
on the particle−substrate interaction.

Ex situ deposition of particles on glass after 19 s of exposure
to model dust particles gave a distribution, as shown in Figure
S10. In the case of hydrophilic glass with −OH functionaliza-
tion, control particles displayed ∼1.8-fold and ∼3-fold higher
deposition compared to positively charged and negatively
charged particles. In the case of TMA-functionalized glass,
control particles exhibited ∼3.5-fold and ∼2.3-fold higher
deposition compared to positively charged and negatively
charged particles, respectively. In the case of hydrophobic glass
with PTFS-functionalization, control particles showed ∼1.6-
fold higher deposition than negatively charged particles.
However, the highest fouling was by positively charged
particles. We suspect that the highest fouling was due to an
opposite surface charge between the positively charged
particles and hydrophobic glass. This implies that surface
functionalization of the glass substrate results in lesser particle
deposition or fouling. The highest fouling was observed with
the hydrophilic glass slide having −OH functionalization.
Further studies are needed to study the influence of surface
charge and energy dependencies on the fouling of glass by real
dust.
Exposure to Ambient Dust. To investigate the impact of

surface functionalization on ambient dust deposition, chemi-
cally treated glass slides were placed at a height of ∼20 m from
the floor of our laboratory building within the IIT Madras
campus and were viewed with an optical microscope at the end
of 4 days. Particle size was measured using the Feret diameter
feature in ImageJ and the size distribution is shown in Figure
S11. At the end of the fourth day, particle deposition increased,
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as seen for hydrophilic glass slides. Dust particles of 60 μm in
size were observed at the end of 4 days. Hydrophobic glass
slides fouled less compared to hydrophilic glass with a
maximum particle size of 100 μm. TMA-functionalized glass
fouled the least even at the end of 4 days. Lower surface energy
and long-chain moieties on the surface of the glass could
reduce fouling. Prolonged exposure to ambient dust would
provide further quantifiable data on the overall reduction in
fouling based on surface functionalization. However, this is
further dependent on many experimental conditions, and the
outcomes will be dependent on local factors such as humidity,
temperature, particulate matter concentration, and wind
velocity.
Ease of Cleaning the Surface. We placed fine sand

particles on hydrophilic, hydrophobic, and TMA-treated glass,
on which water droplets were placed. We observed that the
droplet was spread on hydrophilic glass (Figure S12a) but it
retained the shape in the case of functionalized glass as shown
in Figure S12b,c. The surface functionalization did reduce the
surface energy, which enabled the droplet to retain the droplet
form. There was significant pinning of droplets when the slides
were tilted as seen in Figure S12d−f.

■ CONCLUSIONS
Ambient dust exposure on chemically functionalized glass
surfaces showed that TMA-functionalized and hydrophobic
glass surfaces fouled the least compared to the hydrophilic
glass. An experimental setup was designed to observe particle
adhesion on model glass surfaces in situ. Particle motion along
these surfaces was tracked successfully with a high-speed
camera. The hydrophilic glass surface fouled more readily due
to particle deposition. Deposition on such a surface was
immediate (within 0.05 s), and the least lateral motion of the
particles (2.3 μm) was observed. Also, positively charged
particles adhered on a hydroxylated glass in ∼0.054 s as
opposed to 0.40 and 0.45 s needed for adhesion on a TMA-
functionalized and a hydrophobic glass, respectively. These
observations could shed light on the interaction of microscopic
particles on surfaces. In addition, varying the %RH while
performing the experiments can induce condensation on the
glass, affecting particle adhesion, and we suspect easier particle
adhesion on the glass. The presence of droplets on the glass
could lead to the formation of a coffee ring of dust particles
upon drying. By combining surface functionalization with the
electrostatic surface cleaning method shown by Panat and
Varanasi, we expect that the overall DC potential needed for
cleaning the soiled surfaces could be reduced greatly. By
reducing the surface energy, the centrifugal force needed to
dislodge particles on glass could be reduced. In the future, we
plan to study the effect of carbon chain length on the adhesion
time of the particles. In situ particle deposition coupled with
charge measurement is being planned and would provide exact
information about the surface charge and surface energy.
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