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The effect of chemical treatment of a metallic substrate on the deposition behavior of
charged aerosol particles derived from spraying droplets was investigated. A single
substrate with areas having different hydrophilic levels was prepared as target surface.
The treated (i.e., higher hydrophilic level) area, measured using a surface potential meter,
showed a higher negative potential. A numerical simulation predicted that positively
charged aerosol particles tended to approach and were subsequently immobilized on the
high hydrophilic area. The area with higher hydrophilicity could collect particles with
higher number concentration (density) than the other areas. The relationships were
demonstrated in (i) the electrostatic surface potential, (ii) the hydrophilicity of surface,
and (iii) the enhancement of adhesive force between the deposited particles and the
surface.
& 2014 Published by Elsevier Ltd.
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1. Introduction
Particles suspended in the gas phase as charged aerosols have been regarded as an effective route for transferring
nanoparticles from the source (e.g., colloidal suspension) to a solid substrate at high deposition efficiency, without
coagulation of particles (Jaworek & Sobczyk, 2008). Deposition of aerosol particles for producing nano-structured materials
has been widely used in several aspects, such as biology (Kim et al., 2008), microelectronics (Deng & Gomez, 2011),
biomolecular technology (Ranganath et al., 2011), environmental health applications (Jung et al., 2011), and pharmaceutical
particle fabrication (Rezvanpour et al., 2012). Even though the relationship between the conditions of the substrate and the
deposition mechanism of the charged aerosol particles is also important, there are few uncertainties about this topic. The
surface conditions of a substrate can be modified by changing its physical and chemical properties. Barry et al. (2003)
reported the electrostatic driven self-assembly of charged nanoparticles onto the charged surface, where it offered
a more efficient method compared with other techniques. The charged areas were generated by a technique which had used
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a flexible and conductive electrode to pattern electrons and holes in a thin-film electret. Xie et al. (2010) investigated a
single step to generate polymeric particles with patterns of dots, circles, squares, and bands on the substrate using
deposition of charged aerosol particles through a mask.
The physical effect of electrically patterned surface on the deposition of aerosol particles had been investigated by Krinke
et al. (2001) and Lenggoro et al. (2006). The particles were attracted to a desired position due to the electrostatic force of
particles and the ‘patterned’ area. The charged particles could also be deposited onto a surface patterned with a photoresist
controlled by the introduction of ions having the same polarity together with the charged aerosol particles (Kim et al.,
2006). The ions accumulated on the photoresist modified the applied field, in order to focus the nanoparticles onto the
exposed parts of the patterned surface. Furthermore, Lee et al. (2011) studied patterning films of metal nanoparticles based
on plasma electrochemical reduction. This approach provided fabrication for transparent, flexible and patterned films of
metal nanoparticles. Our group reported for the first time the relationship between the chemical condition of the surface
and the efficiency of aerosol deposition, using an aluminum substrate treated by sodium hydroxide and phosphoric acid
(Naim et al., 2010). In our previous studies, the whole substrate was chemically treated. Even though an untreated substrate
had a lower number concentration of the deposited particle than that of the treated one, the deposition mechanism was still
uncertain. Meanwhile, the present study used phosphoric acid as an agent to create an area of the substrate which is
chemically different. To understand better about particle deposition, a half area of the substrate was treated, whereas the
other area was left untreated. The research hypothesis is that the chemical treatment by phosphoric acid will alter the
surface at the molecular level, under the condition that enables the formation of the surface with different hydrophilicity.
Furthermore, the hydrophilicity may also change the surface electric potential. In this case, we assume relationship between
chemical treatment, hydrophilicity, and surface electric potential.
Jacobs and Stemmer (1999) measured the surface electric potential distribution using atomic force microscopy (AFM) and
Kelvin probe force microscopy (KFM). They investigated the potential maps of composite metal and semiconductor films, by
which they differentiated the materials with a resolution of a few nm. The surface charges were detected as an image of
electric surface potential. Meanwhile, Ozasa et al. (2008) made direct measurement using KFM to observe the negative
values of surface potential patterns on tris(8-hydroxyquinolinato)aluminum(III) (Alq3) thin film. The surface charges on a
photoresist surface generated by corona discharge of N2 positive ions were also measured using KFM (Lee et al., 2009). In the
measurements of KFM, a conductive probe is used to detect the electrostatic force generated by the potential difference
between the sample surface and the probe. However, the surface electric potentials investigated in the previous studies
were limited to the nanometer or micrometer scale.
Our present study uses the same principle of surface electric measurement in the KFM, but we have measured the
surface electric potential in a larger area with a probe diameter of about 10 mm. The ‘bulk’ measurement using this
technique has enabled measurement of the surface electric potential of the target (i.e., half area of the substrate). We have
investigated the relationship between chemical treatment and the corresponding surface electric potential. The objective of
our study is to investigate the relationship between the hydrophilic surfaces and the efficiency (or potential) of the surface
to capture and immobilize the particles transported from the gas phase.
2. Experimental methods
2.1. Preparation of materials and substrates
Charged particles were suspended in the gas phase by the aerosolization of a suspension. The suspension was composed
of a mixture of SiO2 (Snowtex, Nissan Chemical Industries Co. Ltd., Tokyo) and AgNO3 salt (Wako Pure Chemical Industries
Co. Ltd., Tokyo). Firstly, SiO2 40 wt% with a mean diameter of 70–100 nm (primary particle, the value given by the maker)
was dispersed in a solvent mixture of water:ethanol (75:25%wt/wt) in order to make SiO2 of 0.1 wt%. A salt AgNO3 0.1 M,
0.3 wt% of total weight solution, was added into the SiO2 suspension in order to amplify the possibility of detection using the
X-ray fluorescence method (XRF, JSX 3100 RII, JEOL, Tokyo), because the heavier element (Ag) is more easily detectable than
Si. H3PO4 (Wako Pure Chemical Industries) was used for substrate treatment by dilution into a ultra-pure water sample to
obtain 0.1 M in concentration. All chemicals were used as received without further purification. Particle-size distributions in
the liquid phase were measured using an analysis of dynamic light scattering (DLS) (HPPS 5001, Malvern Instrument,
Worcestershire), and the average particle diameter was 623 nm. The conductivity and pH of the suspension were measured
by a conductivity meter (CM-21P, TOA-DKK, Tokyo) and a pH meter (Orion 920Aplus, Thermo Electron Corporation, Tokyo)
at 25 1C and the results were 32.3  10  3 S/m and 2.96, respectively. The suspension was ultrasonicated (35 kHz) within
15 min in order to prevent fouling on the wall surface of the container and further aggregation during storage.
An aluminum sheet with 25 mm diameter and 0.02 mm thickness was used as a model substrate. The substrates were
treated in the following sequence steps: (i) submerged about half of the substrate (12.5 mm of height) into H3PO4 solution
for 10 min, (ii) submerged with ultra-pure water for 10 min, and (iii) dried in an oven at 120 1C for 1 h. The treated and dried
substrates were kept in a desiccator before the deposition experiments. It was important to use a single aerosol generator
for a single experiment in order to investigate the other parameters of a substrate, such as a treated or untreated area. The
surface electric potential values of the treated and untreated areas (before the deposition process) were measured by a noncontact surface potential meter (Model 323, Trek, New York) as 590 and 260 mV, respectively. The size (diameter) of the
probe was 10 mm, which covered the measured surface. The chemical elements of the substrate, analyzed before the
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treatment using the X-ray fluorescence method, were Al (99.18%), Fe (0.68%), Ti (0.04%), V (0.04%), and Zn (0.06%). The X-ray
diffraction (XRD, RINT2100VPC/N, Rigaku, Tokyo) and the micro-Raman spectroscope (Nicolet Almega XR Thermo Electron,
Barrington) were also used to obtain more information on the crystal structure and the molecular conditions of the surface
before and after the treatment.
2.2. Experimental
2.2.1. Experimental setup and observation
The experiments were performed using a laboratory-made electrospray device, where a stainless steel (SUS 304)
capillary tube with 0.1 mm inner diameter and 0.25 mm outer diameter was connected with a DC power supply with a
positive polarity of 3.0 kV. The suspension was pumped through the capillary with a rate of 7.1 mm/s. The substrate was
positioned perpendicularly from the capillary tip, where the distance between the tip and the substrate was set to 70 or
120 mm. These two distances provided different times for droplet evaporation during their transportation onto the
substrate; 120 mm was expected to generate ‘drier’ deposition. After preliminary experiments, the spraying time was set at
30 min. A metal ring with 24 mm diameter, connected to the grounded electrode, was placed in front of the capillary tip
(20 mm) to stabilize the electrospray toward the mounted aluminum substrate.
Liquid cone-jet formation was verified visually using an optical microscope. In order to ensure the stability, the generated
current was also recorded by connecting an electrometer (R 8240, Advantest, Tokyo) to the grounded electrode (except for
non-grounded substrates). The experimental setup was carried out by using grounded and non-grounded electrodes and
placed inside a chamber with controlled humidity, temperature and wind velocity. An electric heater equipped with a small
fan (FE 06UIJ, National, Osaka) was placed 150 mm under the apparatus in order to investigate the effect of ambient
temperature on the deposition process. In spite of measuring the gas velocity, an anemomaster probe 6141 (Kanomax,
Osaka) was placed at various distances and perpendicular to the substrate and the heater (Fig. 1). The measured velocity rate
is also shown in Fig. 1. The results showed no significant difference for velocity in front of the capillary toward the substrate.
A cylinder netting-mesh, with 120 mm ID and 150 mm OD, was used to place silica gels and set a surrounding electrospray
device to adsorb water vapor.
The temperature surrounding the substrate was measured by a non-contact infrared thermometer (IT-550 Horiba,
Kyoto). The average temperature during the experiment was 20.4 1C, and increased up to 35.0 1C after turning on the heater.
The sessile drop technique was used to measure the contact angle; a 5 μL drop of ultra-pure water was dropped on the
sample surface at 20 1C. A digital camera was used to record the formation of a water droplet forming an ‘equilibrium’ dome
on the horizontal surface.
2.2.2. Characterization
By consideration of the possible influence of the ambient pressure on the contact condition between the particles and
the surface, some instruments based on atmospheric or lower pressures were used to characterize the samples. In the case
of low pressure type analysis, field emission scanning electron microscopy (FE-SEM, JSM 6335F, JEOL, Tokyo) and scanning

Fig. 1. A schematic diagram of aerosolization of liquid-phase nanoparticles, its deposition as charged aerosol (SiO2 and AgNO3 salt), and velocity
measurement at various distances without deposition by additional heating. A–E, P, and Q are the points of velocity measurements. The stainless steel
capillary tube is enlarged (17  ). The experimental system is separated into two cases, namely, the substrates are either connected or unconnected with the
ground potential.
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electron microscopy (SEM, JSM 6510, JEOL) were used to observe the morphology of the surface. To deposit a conductive
coating for pre-treatment of the scanning electron microscopy sample preparation, the Pt-based ion sputtering device (JFC1100, JEOL, operated at 1.2 kV and 6.5 mA) was used three times for 1 min each. The state of the deposited particles was
analyzed using an image-processing software (WinRoof, Mitani, Tokyo).
The XRF method, with a tube voltage of 50 kV and 1 mA, was used to investigate the chemical elements of the surfaces
(mainly, Ag and Si) under 1 atm. Furthermore, the XRD method was used to obtain the crystal structure of the surface, with
a scan speed of 51/min and a sampling point of 0.011 using a CuKα radiation source, λ ¼1.5406 Å. Another atmospheric
pressure type analysis technique is Raman spectroscopy, which was used to identify the molecular information on the
surface.
2.2.3. Numerical simulation
Electric fields of the system were studied by numerical simulations using a finite-element based software (COMSOL
Multiphysics Ver.4.3, Stockholm). The velocity along particle trajectory was estimated using a differential equation of the
electrostatic force,
dðmp uÞ=dt ¼ F t

ð1Þ

where mp, u, and Ft are the mass and velocity of the particles and the electrostatic force, respectively. Furthermore, the
electric fields formed by the positive polarity of applied voltage and surface (measured by the surface potential meter) are
governed by Poisson‘s equation
∇  ðσ ∇V  J e Þ ¼ Q j

ð2Þ

where V, σ, J , and Qj are the electric potential, charge density, externally generated current density, and the electric charge,
respectively. The V values of the treated and untreated areas are -590 and -260 mV, respectively. The substrates can be
"grounded" and "non-grounded", where the electric field has been investigated numerically.
e

3. Results and discussion
3.1. Characterization of surface conditions
The contact angle of water droplet on the surface after treatment with H3PO4 was 591 and without treatment it was 821.
These angles were measured as the angle formed by the solid surface and the tangent line to the upper surface at the end
point (Kwok & Neumann, 1999). The contact angle of the treated area was lower than that of the untreated area. It was
implied that the treated substrate was more hydrophilic. This contact angle depends on two major factors: chemical
functionality and/or surface ‘roughness’ (Eustathopolos et al., 1999). In addition, there was no difference between the
contact angles of water droplet on the substrates before and after deposition of the particles. This indicates that the
structures (or numbers) of the particles deposited on the surface do not influence the measured contact angles.
The FE-SEM images (down to the level of few nm) of the treated and untreated areas showed no significant difference
(Fig. 2). It means that the physical differences based on surface roughness (few nm-based) can be ruled out for forming the
‘hydrophilic’ surface. We assume the hydrophilic surface is from chemical functionality of the phosphoric acid. The XRF
analysis detected the chemical element of P on the treated substrate with a mass value of 0.1% and a peak at 2.02 keV. This
peak originates from the phosphate. On the other hand, the chemical element of P was not found on the untreated substrate.
These results were also supported by analysis in Raman spectroscopy (Fig. 3), which showed significant difference between
the treated and untreated substrate spectra. The treated area shown two bands at 1590 and 1320 cm  1, which are assigned

Treated

Untreated

Fig. 2. FE-SEM images of the metal surface before deposition of aerosols on the treated (left) and untreated (right) areas.
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Fig. 3. Raman spectra of the Al substrates before (untreated) and after (treated) the chemical treatment.

to the H2O stretching (Cherepy et al., 2005) and PQO stretching vibrational modes (Mogus-Milankovic et al., 2001),
respectively. Meanwhile, no phosphate peaks of these bands were observed on the untreated area. The PQO stretching
vibration is related to the formation of aluminum methaphosphate. Rotole and Sherwood (2001) proposed that the reaction
of aluminum with phosphoric acid forms aluminum methaphosphate bonded directly onto the metal surface. There was no
difference in the peak position of the XRD spectra before and after the treatment. This indicates that the chemical treatment
forms a thin layer on the molecular levels but not a crystalline structure on the surface.
3.2. Effect of controlling humidity on the particle deposition
The sufficiently stable condition for generation of a liquid cone was found by the application of DC voltage of 3 kV at a
velocity rate of 7.1 mm/s. Smith (1986) proposed an equation for the potential, Von, that was required for the onset of
electrospray
V on  ½r c γ cos θ=2ε0 1=2 lnð4l=r c Þ

ð3Þ

where γ, ε0, rc, θ, and l are the surface tension of the solvent, the permittivity of vacuum, the radius of capillary, the half
angle of the Taylor cone, and the distance between the capillary tip and the substrate, respectively. In the present
experiment, we inserted the parameter values, ε0 ¼8.8  10  12 C2/J, θ ¼49.31 (Taylor & McEwan, 1965); and γ ¼
36.09  10  3 N/m (Vazques et al., 1995) and Von ¼3.1 kV, which are found to be slightly higher than the applied voltage,
3.0 kV. The use of a solvent mixture (water:ethanol) was subjected to reduce the surface tension in order to enhance the
stable generation of a liquid jet. It is because droplet formation in an electrospray process is influenced by the hydrostatic
balance between the electrostatic force and the surface tension (Lenggoro et al., 2000). On the other hand, ethanol was used
to enhance the solvent evaporation after spraying, because its boiling point is lower than that of water.
Fig. 4 shows the SEM images of particles deposited on the treated and untreated areas by placing a dryer system based on
silica gel beads surrounding a space between the aerosol generator and the grounded substrate. The SEM images showed
that the treated area has a higher number concentration of the deposited particles than the untreated one. However, a small
number of aggregated particles (around 6 μm) was also deposited on the untreated area. This phenomenon indicates that
the potential for deposition of the charged particles transported toward the substrate might be increased due to the
reduction of water vapor in the gas phase by introducing a silica gel dryer system. The relative humidity was decreased from
the initial condition of 65% to 47% after addition of silica gel. Lo et al. (1999) reported that the deposition velocity increased
with decreasing relative humidity. The surface electric potential of the treated area was higher than that of the untreated
one, therefore more particles were deposited on the treated area than on the untreated area. In addition, the electrometer
detected a higher value after the addition of silica gel dryer (3.4 nA) than that without the dryer (0.8 nA). This finding
indicates that more charged particles were deposited under the condition of lower humidity.
In order to study the effect of controlling humidity on the deposition, we used an electric heater and removed the silica
gel dryer from the experiments. Fig. 5 shows the particles deposited under this ‘hot’ and ‘wet’ condition. It shows that most
of the particles were deposited on the treated area instead of the untreated ones (Fig. 5a). In contrast, no particles were
observed on the untreated area (Fig. 5c). The absence of silica gel hindered immediate removal of water vapor in the path.
This condition then inhibits the aerosol transport toward the substrate, providing the deposition time on the treated area
due to the electrostatic force. These phenomena can be ascribed to a difference in the surface electric potential. Based on the
measured potential value, the treated area was found to be more negatively charged than the untreated area. It may cause
the positively charged aerosols attracted to the treated (more hydrophilic) area with higher electrostatic force. Furthermore,
most of the deposited particles on the surface were aggregated to one another (Fig. 5b and c).
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Fig. 4. SEM images of the deposited particles on the treated area (left side) and untreated area (right side) in the presence of the dryer system based on
silica gel beads surrounding a device under heat-addition, electrical grounding, and with a distance of 70 mm from the tip to the substrate.

Treated

Untreated area

Untreated

500 μm

100 μm

100 μm

10 μm

Fig. 5. SEM images of the deposited particles in the absence of the dryer system based on silica gel beads surrounding a device under heat addition,
electrical grounding, and with a distance of 70 mm from the tip to the substrate: (a) treated area (left side) and untreated area (right side), (b) particle
morphology after magnification, (c) untreated area and (d) particle morphology from Fig. 6b after magnification.

3.3. Effect of ambient temperature on particle deposition
For this purpose, an experiment was carried out by turning off the heater. The silica gel dryer was not installed in this
case. It was observed that most of the particles were deposited on the treated area of the substrate (Fig. 6a), while no
deposited particles were observed on the untreated area (Fig. 6b). This phenomenon happened because of the attraction
between the positively charged aerosols and the negatively charged surfaces, as mentioned in Section 3.2. The negatively
charged surface was attributed to the phosphoric acid that was incorporated in the aluminum surface (Fig. 3). Hennemann
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Fig. 6. Images of the deposited particles in the absence of the dryer system based on silica gel beads surrounding a device, without heating, electrically
grounded electrode on the (a) treated (left) and untreated (right) areas, (b) untreated area, (c) interface between the treated and untreated areas,
(d) treated area around the interface after magnification and (e) particle-size distribution of the deposited particles from (d) after analysis using an image
processing software.
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and Brockmann (1981) reported negative potential in sulfuric acid anodized aluminum surface. Phosporic acid, which is a
strong acid, should have the same tendency as sulfuric acid to form a negatively charged surface. Moreover, incorporation of
phosphoric acid on the treated substrate may enhance the interaction between the surface and the incoming positively
charged aerosols.
Another mechanism which may explain our observation is the chemical adsorption of charged aerosols on the treated
surface. Adhesion by its chemical adsorption is attributed to the surface chemical force and to the chemisorption and
physisorption of atomic and molecular species (Allen, 1993). Carre and Schultz (1983) reported that the surface treatment of
aluminum by phosphatization gave higher adhesion compared with the untreated substrate. In order to attain strong
adhesion, the adhered surface should be kept free from an organic film with low surface tension, on which Baier et al. (1968)
predicted that substituent groups such as –OH, –SH, –COOH, and –NH2 at the outermost surface would increase their adhesion
by increasing the surface energy, whereas less polar groups such as –CH3– or –CH2– would decrease the adhesion on their
surface. Moreover, aluminum treated with H3PO4 was expected to provide the P–O framework on the surface of the substrate
(Naim et al., 2010); then phosphoric acid can provide more P–O interaction chains between the treated surface and SiO2
particles.
The FE-SEM image shows the interface (border) between the treated and untreated areas (Fig. 6c). A detailed morphology
of the deposited particles is shown in Fig. 6d. Most of the particles were deposited as a monolayer. The average size of the
deposited particles analyzed by the image analysis software was  83 nm (Fig. 6e). The sizes of the secondary particles up to
171 nm were also observed as evidence that aggregation also occurred. The size distribution of the particles also indicates that
most of the particles were deposited in primary condition (70–100 nm).
3.4. Effect of grounding on particle deposition
For a better understanding of the deposition phenomenon, other experiments were also carried out by setting the
metallic substrate without connection to the grounded electrode. The supplying rate of the spraying liquid and the distance
between the capillary tip and the substrate were kept constant. The particles deposited on the treated and untreated areas
of the substrate show the same tendency (based on the number of concentrations) as the experiments in the presence of
grounding (Fig. 7a). Most of the particles were deposited on the treated area, but no interface (between the treated and
untreated areas) was clearly indicated in comparison to that of the grounded experiment. No deposited particles were
detected on the untreated area (Fig. 7c), meanwhile more particles were deposited on the treated area in the presence of the
grounded than of the ungrounded. This may be attributed to the decreasing electric fields on the substrate under the
ungrounded condition. The decrease in the electric fields may decrease the electrostatic interaction between the surface and
the charged aerosols and decrease the Coulomb force, so as to decrease the attraction force between the charged aerosols
and the surface.
3.5. Estimation of the droplet size and its evaporation time
For a discussion on the droplet (or particle) size, Hartman et al. (2000) and Ganan-Calvo (1999) proposed equations to
estimate the initial size of the sprayed droplets as follows:
dd  ðρε0 Q 3 =γ KÞ1=6  d0 kd ðQ =Q 0 Þ1=2

ð4Þ

d0 ¼ ðπ  2 γε20 ρ  1 K  2 Þ1=3 ;

ð5Þ

where dd, ρ, Q, γ, and K are the droplet size from the current scale law, the liquid density, the liquid flow rate, the liquid
surface tension, and the liquid conductivity, respectively. The constant kd ¼ 2.9 is assumed to be independent of liquid
permittivity. By inserting the value of these parameters, the estimated droplet size is between 1.1 and 1.4 μm. However,
based on the deposited aggregate size (Fig. 7a), the estimated average droplet size was  52 μm. This large size indicates
that the deposition of aerosols occurred under wet condition (as coagulation of droplets).
This finding is supported by observation of the particle morphologies displayed in Fig. 7b and d, in which most of the
particles were assembled on the ring edge, whereas a few particles were scattered in the center such as the ‘coffee ring’
phenomenon (characteristic ring-like deposition along the perimeter of a spill of coffee, Deegan et al. 1997). Wet condition
may be caused by a deposition at a short distance (  70 mm), where the aerosol droplets were not completely evaporated
before their arrival at the substrate. The particles then spread along the hydrophilic surface. Because the flux distribution
along the ‘liquid film’ formed in the surface was not uniform and the evaporation rate is larger at the edge than at the center,
most of the particles were aggregated on the edge (Deegan et al., 2000).
The time required for a single droplet of a given size to evaporate completely was calculated using empirical equations
(Hinds, 1999), as follows:
t ¼ Rρdd =½8Dv Mðpd =T d p1 =T 1 Þ
2

T d T 1 ¼

ð6:65þ 0:345T 1 þ0:0031T 21 ÞðSR  1Þ
1 þ ð0:082 þ 0:00782T 1 ÞSR

ð6Þ
ð7Þ
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Fig. 7. SEM images of the deposited particles in the absence of the grounding electrode: (a) treated area (left) and untreated area (right), (b) particle
morphology after magnification, (c) untreated area and (d) particle morphology on the edge of a ‘cluster.’

pd ¼ exp½16:7  4060=ðT d  37Þ

ð8Þ

where t, ρ, R, dd, Dv, M, pd, p1, Td, T1, and SR are the time required for a droplet to evaporate completely, density, gas
constant, droplet diameter, diffusion coefficient of vapor in air, molecular weight, partial vapor pressure at the droplet
surface, saturation vapor pressure, temperature at the droplet surface, temperature away from the droplets, and the
saturation ratio, respectively. It is clear that the evaporation rate is linearly proportional to the droplet diameter. Due to the
limitation to measure the droplet size under the real condition, we used the value estimated by Ganan–Calvo, 1.4 μm, for
measuring the evaporation rate in Eq. (6). To estimate the saturation vapor pressure in Eq. (8), we inserted Td values in
Eq. (7). Finally, the time required for evaporation of a single droplet was estimated to be 1.0 and 0.6 ms at T1 ¼20.4 and
35.0 1C, respectively.
The micrometer size of the deposited aggregate particles on the surface suggests that the deposition of droplets neither
occurs as single particles nor as aggregates. The aggregation mechanism of the particles on the edge is described in Fig. 8.
The droplets aggregated on the surface to create a ‘liquid film’ on the surface and form a ‘coffee ring’ pattern. Meanwhile,
Park and Moon (2006) reported that the large droplet (  50 μm) was able to spread along the hydrophobic surface. The
average diameter of the dried particles (structures) grew up to 140 μm after their impaction. The spread of the particles on
the hydrophilic surface should be more effective than that of a hydrophobic surface. On the other hand, charged particles
may have contributed to the reduction of the evaporation rate, because the rate of evaporation of a charged droplet was
slower than that of an uncharged droplet of the same size (Bhalwankar et al., 2004).
This experiment was also carried out at ‘hot’ ambient (35.0 1C) by setting the distance between the capillary tip and the
substrate at 120 mm in order to perform ‘dryer’ deposition. Fig. 9a shows that most of the particles were deposited on the
treated area without showing a wet-deposition (e.g., ‘coffee ring’ phenomenon). The aggregate particles at the edges, as
shown in the ‘wet’ deposition (70 mm), were not observed at 120 mm. It indicates that ‘dry’ deposition could be attained by
setting a longer distance between the capillary tip and the substrate. The interface (boundary) of the deposited particles
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Fig. 8. Illustration of self-assembled particles on the edge during aerosol deposition. The droplet size receded due to solvent evaporation. Charged droplets
may be aggregated to create larger particles. The rate of evaporation is larger at the edge than in the center, which causes aggregation of most particles on
the edge, like ‘coffee ring phenomenon.’
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Fig. 9. SEM images of the deposited particles under heat addition, electrical grounding, and with a distance of 120 mm from the tip to the substrate:
(a) treated area and (b) untreated area of a single substrate.

between the treated and untreated areas was not clearly observed, because no deposited particle appeared on the untreated
area (Fig. 9b).
3.6. Investigation of the concentration of particle deposited by the XRF method
The XRF method was used to measure the bulk (mm scale) concentration of the target elements (Si and Ag) in the
deposited particles to confirm the existence of SiO2 particles and AgNO3 (salt) at normal pressure (1 atm). Fig. 10 shows the
corresponding number–concentration of the deposited particles on the treated area calculated by the integrated area of XRF
spectra of Si. Particles of the highest number were observed when the substrate was connected to the grounded electrode
with additional heating. In contrast, the number decreased when the substrate was not grounded. As mentioned above,
decreasing electric fields cause a decrease in the electrostatic force between the surface and the charged aerosols, so that the
attractive force among them is weakened. The existence of the Ag element in the deposited particles was also analyzed, but
the weakness of its intensity hindered a reliable comparison.
3.7. Particle deposition in the absence of Ag salt
Using the experimental setup stated in the last section, a series of experiments were carried out using SiO2 nanoparticles
without adding AgNO3 salt. The average particle size in the liquid phase (300 nm, measured by DLS) decreased in the
absence of AgNO3. Fig. 11 shows the SiO2 particles deposited on the grounded substrates. It was clearly observed that more
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Fig. 10. Number concentrations of the SiO2 particles deposited on the treated area, estimated from the integrated areas in the XRF spectra.
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Fig. 11. SEM images of the deposited particles in the presence of a grounding electrode. SiO2 particles without AgNO3 salt was used as a material source.

particles were deposited on the treated area (higher hydrophilicity), and the particle sizes are larger than those of the other
area (lower hydrophilicity). The particle size is inversely proportional to the electrical migration velocity, Ve, as (Seinfeld &
Pandis, 1998)
V e ¼ Be E ¼ ðqC c =3πμdp ÞE;

ð9Þ

where Be, E, q, Cc, μ and dp are the electrical mobility of a charged particle, electric field, electric charge, slip correction factor,
viscosity, and the particle diameter, respectively.
The slip correction factor (Cc) increases with a decrease in the particle diameter (dp). This implies that the velocity of
electric migration also increases, because it is linearly proportional to the slip correction factor, and causes a faster flow of
the particles toward the substrate overcoming all resistance. The treated area with higher hydrophilicity has higher negative
charge, and it may enhance the electrostatic force between this surface and the incoming positively charged particles.
Therefore, most of the particles were attracted toward this area, and this condition may cause the impaction of the droplets
on the surface to occur in ‘wet’ condition. More hydrophilic surface allows higher ‘spreading speed’ of the droplets on the
surface. This mechanism can be used for interpretation of the deposition of larger particles on the area with higher
hydrophilicity.
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3.8. Numerical simulation
Numerical simulation was used to study the electric field of the surface for aerosol deposition. The boundary conditions
of the simulation are: electric insulation of the chamber (1000  1000 mm2), the applied voltage of a nozzle (þ3000 V) with
a diameter of 0.1 mm, the treated and untreated areas (12.5 mm with surface potentials of  590 and  260 mV,
respectively), and electrical-grounding of a metal ring for stabilization droplets. Fig. 12 shows the electric field patterns
for ‘macro’ (  30 mm) and ‘micro’ ( 3 mm) ranges. The electric patterns were clearly changed with an interface between
two areas of the substrate for the ‘micro’ range. The charged particles are expected to follow the electric fields line due to
increasing of the Coulomb force. The change in the electric field direction is related to the enhancement of the electrostatic
force of the treated area due to the higher negatively charged surface. The Brownian motion can be ignored when the
particles approached the electrostatic patterned region generated by the accumulation of ions. This is because the particle
kinetic energy due to electric field was dominant. In addition, focusing of charged particles without random deposition on
the patterned surface can be achieved (Kim et al., 2006).
In the present study, the electric fields on substrate with two different surface potentials (different hydrophilic levels)
were numerically simulated, and the values are 25.8 kV/m (high hydrophilicity) and 15.7 kV/m (low hydrophilicity).
A potential difference of 10.1 kV/m was possible to induce more charged particles to be approached toward the more
hydrophilic area. These phenomena are ascribable to the deposited particles, and were also supported by SEM images.

3.9. Estimation of particle deposition velocity near the substrate
Particle deposition can be attributed to different mechanisms based on the deposition velocity. The velocity value was
calculated with consideration of gravitational, aerodynamic, diffusion, and electrostatic effects. Empirical equations (Hinds,
1999) were used to calculate the gravitational and the electrostatic deposition velocities. Meanwhile, the estimation of the
aerodynamic deposition and the diffusion velocities were calculated using equations reported by Tammet et al. (2001). The
values of the mass of the particle (2.99  10  19 kg), the gravitational acceleration (9.81 m/s2), the Cunningham correction
factor (3.47), and the mechanical mobility (2.45  1011 m/N s) were inserted in the equations. Then we obtained the
gravitational (7.19  10  7), the diffusion (2.62  10  6), and the aerodynamic deposition (1.27  10  8) velocities (m/s).
The electrostatic deposition velocity indicating the migration velocity of a charged particle in a given electric field (Ve)
can be calculated using Eq. (10), which is simplified from Eq. (9).
V e ¼ qEB

ð10Þ

where B is the mechanical mobility. The charge particle/mass (2.85 C/kg) was obtained by dividing the current (1.5  10  7 A)
by the flow rate (5.5  10  11 m3/s) and the density (949 kg/m3). The charged particle (3.88  10  15 C) was obtained by
multiplying the charge particle/mass and the mass of the corresponding droplet. Meanwhile, the value of the electric field
(25.8  103 V/m) was obtained by the numerical simulation. By inserting electric field values, the electrostatic deposition
velocity were equal to 24.6 (high hydrophilicity) and 15 m/s (low hydrophilicity). These results indicate higher probability of
charged particles deposited on the area with high hydrophilicity. Moreover, the electrostatic velocity is higher than the
gravitational, the diffusion, and the aerodynamic deposition velocities. These velocities indicate that the electrostatic force is
dominant during deposition. Increasing of the electrostatic force between the charged particles and the ‘patterned’ area
produced nanoparticle focusing onto the desired position of the surface (Lenggoro et al., 2006).
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the interface of the treated and untreated areas (right side).
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Fig. 13. Schematic diagrams showing the mechanism of particle deposition on the treated (T) and untreated (UT) substrates in the (a) presence and
(b) absence of a dryer system based on silica gel beads.

3.10. Mechanism of particle deposition
All conditions in our experimental results show that the more hydrophilic area has higher number concentration of the
deposited particles. In our chemical treatment, the use of phosphoric acid may have changed the molecular level of the
surface to be hydrophilic. The hydrophilic area can act as a ‘water trap.’ Moreover, surface electric potential can also be
altered by chemical treatment. During the deposition, positively charged aerosols are initially attracted to the area driven by
the electrostatic force caused by the ‘higher’ negative charges. Also, the hydrophilic interaction between the particles and
the surface can be enhanced (Naim et al., 2010). The more hydrophilic area may provide higher surface energy and increase
the adhesion force of the particles.
The mechanism of particle deposition in the absence and presence of the dryer system based on silica gel beads might
also be proposed (Fig. 13). When the dryer system is installed (Fig. 13a), the water molecules evaporated during the
transportation of droplets are immediately adsorbed by silica gels. This might increase the driving force that accelerates
aerosols toward substrates. The aerosols arriving on the substrate may still be in ‘wet’ condition. In the case of more
hydrophilic area, the ‘speed’ of droplet spreading should be higher than in the case of less hydrophilic area. The reason why
(aggregated) particles with different sizes have been observed in both areas may be ascribed to this interpretation. In the
absence of the dryer system (Fig. 13b), the evaporated water molecules are not immediately absorbed. Therefore, the motion
of particles toward the substrate would be inhibited. On the other hand, the charged aerosol particles can be attracted more
strongly in the more hydrophilic area, with higher electric potential. We found the relation between the passive surface and
the active (dynamic) charged aerosol. This relation is important for aerosol deposition with controlled surface charge and
electric field.
4. Conclusion
The effect of the hydrophilicity of a chemically treated (using phosphoric acid) metallic substrate has been studied in the
deposition of charged aerosols derived from the suspension of nanoparticles. Using a single substrate with different
hydrophilic levels as deposition targets, more particles were deposited on the area with higher hydrophilicity than on that of
the lower one. The chemically treated area formed a wider hydrophilic surface, where it was possible to increase hydrophilic
interaction between the droplets and the substrate. Furthermore, ‘higher’ negative charges produced by chemical treatment
enhanced the adhesion force between phosphate and charged aerosols due to an increase in the surface energy. The
attractive forces between the negative charge on the more hydrophilic surface and the positive charge of the particles were
found to play an important role in the deposition due to the electrostatic forces among them.
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