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HIGHLIGHTS GRAPHICAL ABSTRACT

Electrophoresis of nanoparticles in
aqueous media using DC and pulse-
DC modes.

e Immobilization of pre-synthesized
particles into sub-100nm porous
structures.

Deposition efficiency of particles
inside the pores can be enhanced by
pulse-DC mode.

A removal/detachment test evalu-
ated the “strength” of particle adhe-
sion.
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(~1V), the number concentration of particle deposited on the surface by conventional DC was higher than
that of pulse DC. The number of deposited particles increased with increasing pH. Deposition efficiency
inside the pores can be enhanced by applying pulse DC. In the case of high (~10V) applied voltage, no
particles were observed inside pores even though pulse DC has been applied. The adhesion strength
(removal behavior) of deposition was evaluated by applying a particle detachment simple system based
on ultrasonic energy. The particles deposited inside the pores were not detached compared with those
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1. Introduction such as electrophoresis, water hydrolysis and electro-osmosis
[1-4]. When the electric field implies a bulk liquid that consists
Deposition of suspended particles in aqueous media using elec-  of the suspended particles, a significant motion of charged parti-
trophoretic deposition (EPD) promotes electrokinetic phenomena  cles in a suspension or electrophoresis is noticed. In the vicinity of

two electrodes, deposition of charged particles onto a substrate sur-

face with an opposite charge occurs. Since then, various techniques

_— ) ) to deposit particle materials have been invented [5-11]. However,
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Fig. 1. A schematic diagram of electrophoretic deposition using constant and pulse DC modes (left) and FE-SEM images of aluminum anodizing (right) using H3PO4 0.6 M at

50V for 10 min on (a) surface and (b) cross section area.

damages deposit layer and the surface when long deposition time
was conducted [6]. Therefore, controls of certain EPD parameters
are very important in order to ensure the deposit are uninterrupted
during the deposition process. For examples to prevent the bubble
generation, several EPD techniques has been invented such as alter-
nating current (AC) EPD, pulse DC EPD, low voltage deposition and
solvent-aqueous mixtures [5-10,12-15].

On the other hand, the unique porous structure of a substrate
is widely employed as not only a container (e.g., for catalysts
with a high specific surface area), but also for other applications
such as membrane filter and hard template for nano-materials
[16-19]. Electrophoresis approaches using porous substrates based
on anodic aluminium oxide (AAO) [20-22] or graphite [23]
had been already reported with using non-aqueous media. In
the current work, we demonstrate the immobilization of pre-
synthesized nanoparticle (colloidal samples) by EPD technique
with conventional-DC and pulse-DC modes onto the porous AAO
substrate having pore size of below 100 nm. Several parameters
such as pH, applied voltage, and size of colloid were varied in order
to evaluate the deposition mechanism. Post-deposition evaluation
was also conducted by detachment (removal) of the deposited par-
ticles from substrate based on ultrasonic energy.

2. Experimental methods
2.1. Preparation of porous substrate (AAO)

Nanoporous of alumina was formed by electrochemical anodiz-
ing of pure aluminum (99.99%) with 0.25 mm diameter and 80 mm
length using a laboratory-made anodization cell [24,25]. The plate
was used as an anode, and platinum wire with 0.1 mm diameter was
used as a cathode. Two electrodes were immerged into 100 ml elec-
trolyte solution, which consisted of 0.6 M phosphoric acid (Wako
Pure Chemical Industries, Tokyo) with a distance of 20 mm.

After preliminary experiments using various voltages and times,
the anodizing of aluminum was carried out at 50V and 10 min. The
anodic aluminum oxide (AAO) was used as a substrate for deposi-
tion and placed as the anode (Fig. 1).

2.2. Particle deposition

Bath media was prepared by diluting SiO, colloidal samples
(Snowtex types S and 20L, Nissan Chemical Industries, Tokyo) with
ultra pure water (Millipore Japan, Tokyo) to be 2 wt%. To simplify
the name of colloidal samples, we used “colloid A” and “B” referred

to Snowtex S and 20L, respectively. Colloid A and B have a mean
diameter of 8-11 and 40-50 nm, respectively. These values are
given by the maker. On the other hand, we also measured the
particle sizes in liquid phase after a dilution mentioned in Section
24.

Each electrode was immerged into the SiO, suspension at
298 + 2 K (Fig. 1). The experimental setup was carried out by vary-
ing such conditions as: pH (3 and 7), voltage (1 and 10 V), and colloid
size (A and B). All experiments were conducted using constant DC
and pulse DC modes. A schematic diagram of constant and pulse DC
is depicted in Fig. 2, in which the height represents the magnitude
of the applied voltage. In the case of pulse DC mode, it was con-
ducted at the constant voltage mode by applying of a series of DC
pulse of an equal amplitude separated by periods of zero voltage.
Nitric acid (Wako Pure Chemical Industries) was used for adjusting
pH and monitored by a pH probe placed in the bath.

The experimental setup was performed using alaboratory-made
built circuit, calibrated with a digital electrometer (Keithley 617,
Keithley Instrument Inc., Ohio), and an oscilloscope (TDS 2002B,
Textronix Inc., Tokyo) was used to control the pulse current. The
frequency of each pulse cycle, 40Hz, was kept constant for each
batch. Pulse time intervals and frequencies were controlled by a
field-effect transistor (FET).

2.3. Detachment (removal) of the deposited particles from
substrate

After getting the deposited particles on the substrate, the same
samples (substrates) were immersed into ultrapure water and
placed inside a container made from either glass or poly-propylene
resin film. An evaluation of detachment of deposited particles was
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Fig. 2. A schematic diagram of constant DC (left) and pulse DC modes (right).
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Fig. 3. Deposition of colloid A on the surface and the cross section area using constant DC and pulse DC modes at pH (3 and 7), 1V, 40 Hz, and 30 min.

performed where the container was placed into ultrasonic bath
(UT-105S, Sharp, Tokyo) operated at 35 kHz. The evaluation using
a resin film can provide stronger energy comparing to that glass
to investigate the bonding strength between the particles and the
substrate. Sonication time was varied from 1 to 10 min. The sam-
ples prepared by a series of parameter conditions: colloid size (A
and B), pH (3), applied voltage (1V), deposition time (15 min), and
frequency (40 Hz).

2.4. Characterization

The pH of suspension was measured by a pH meter (HM-30R,
TOA-DKK, Tokyo). Particle-size distributions in the liquid phase
were measured by dynamic light scattering (DLS) analysis (HPPS
5001, Malvern Instrument, Worcestershire). The average particle
diameters were 10 and 50 nm for colloid A and B, respectively. Size
distribution for colloid A was in the range between 6 and 35 nm,
while colloid B was a broader range, between 28 and 190 nm. The
zeta potential of the sample was measured by an electrophoresis-
based zeta potential analyzer (Model 502, Nihon Rufuto, Tokyo)
in order to determine the average surface charge available on the
surface of the suspended particles.

The samples were put in an oven at 353K for 2.5h after EPD
and before the analysis. A field emission scanning electron micro-
scope (JSM 6335F JEOL, FE-SEM, Tokyo) was used to observe the
AAO on the surface, the cross section view, and the morphology of
the deposited particles after experiment. The cross section of the
substrate was prepared by cutting of the substrate using a crimp-
ing tool. This simple method was used to avoid some effects that
might have originated from the argon ion gun and the acceleration
voltage from the ion beam cross section polisher.

2.5. Numerical simulation

In addition, the electric field working inside the pore and its
vicinity during EPD was also studied using a finite-element based

software (COMSOL Multiphysics Ver. 4.3). In this study, only a
single pore was investigated as a model, where the boundary con-
ditions were the inlet of aluminum with electrical conductivity of
2.326 x 107 S/m, set 1V as applied voltage, while the outlet was
grounded. The entire system was insulated and the pore material
was set as Al, O3 with electrical conductivity 35 S/m. Furthermore,
the electric field and its potential were estimated using the follow-
ing equation.

J=0xE+]J¢ E=-VV (1)

where, Jis current density (A/m?); o is electrical conductivity (S/m);
E is electric field (V/m); J¢ is externally generated current density
(A/m?); and Vis electric potential (V).

3. Results and discussion
3.1. Morphology of the AAO

A substrate having arrays with sub-100 nm scale pores used for
anode was prepared by anodizing of aluminum using phosphoric
acid. Phosphoric acid was used as electrolyte because it can increase
pore diameter in comparison with other electrolytes, such as sul-
furic acid, oxalic acid, and chromic acid, at an equal applied voltage
[24]. Formation of pores during an anodizing process is known to
depend on the electrolyte type, applied voltage, concentration and
temperature [26]. On the other hand, the pore diameter was also
increased linearly with voltage [27]. The morphology of the AAO
on the surface and cross-section was examined by FE-SEM (Fig. 1),
where the average diameter of pores was about 80 nm, whereas the
height of the AAO template was estimated to be about 600 nm.

3.2. The effect of pH
The effect of pH on the deposition of particles was investigated

by setting pH to be 3 and 7. It was chosen because the average parti-
cle size of colloid A (10 nm) measured using DLS at both pH did not
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Fig. 4. Results of numerical simulation of electric field pattern around the pore (left)
and the contour of electric fields (right).

show a significant difference. Fig. 3 shows the particles deposited
on the surface area and pores (cross section) at pH 3 and 7 using
the constant DC and pulse DC modes at 1V, 40 Hz, and 30 min. At
both pH values, the amount of particles deposited on the surface
(top of the “pillar”) by the constant DC mode was higher than that
by the pulse DC mode. Particles were continuously attracted to the
substrate when the DC mode was applied due to the existence of
constant electric fields during the deposition. In contrast, pulse EPD
was conducted by applying of a series of DC voltages separated by
zero voltage at equal periods (Fig. 2). Initially, the particles were
attracted to the substrate when the voltage was applied due to the
electrophoretic force. However, the particles were in “stop” posi-
tion when off-mode was conducted. The electrophoretic force and
electroosmosis does not work at the off-mode condition and the
suspended particles gather near the substrate without deposition
[5]. When the second on-mode was applied, nearby particles were
attracted to the substrate by the electrophoretic force. This on/off
mechanism was regularly repeated with the same period according
to the set voltage.

The amount of particles deposited on the surface at pH 7 was
higher than that of pH 3 (Fig. 3). This indicates that the elec-
trophoretic force working at pH 7 was stronger than that at pH
3 because of the higher negative zeta potential at pH 7. The value of
the zeta potentialat pH3 (—11 mV) and pH 7 (—-28 mV) indicate that
the particles are negatively charged in suspension. It is attracted to
the positive electrode (AAO) because the driving force is the charge
on the particle and the electrophoretic mobility of the particles in
the solvent under the influence of an applied electric filed [28].
Therefore, no particles were deposited on the cathode. Moreover,
the mobility and the deposition rate of EPD depend on the zeta
potential instead of the concentration of suspended particles [29].
The zeta potential decreases with a decrease in pH being affected by
the dissociation or ionization behavior of the surface hydroxyl radi-
cals where the zeta potential of the oxides in the aqueous solution
shift from negative to positive with decreasing pH [11].

The particles can be incorporated on the pores (between the
pillars and the bottoms) for all experimental conditions (Fig. 3).
Generally, more particles can be deposited on the pores using the
pulse DC comparing with the use of a constant DC mode, as shown
in Figs. 3, 5 and 6. This can be attributed to the movement of sin-
gle/individual particle rather than aggregated particles. Naim et al.
found that the pulse DC mode can prevent particle aggregation
during electrophoretic deposition [5]. The effect of bubble forma-
tion for inhabitation of particles deposited on the pores can be
neglected. Because the EPD was carried out at 1 V which is the lower
value than decomposition voltage of water. Moreover, the electric

fields at the pore wall of AAO can attract negatively charged par-
ticles. It was reported that the pore walls of the anodic alumina
are positively charged [10]. On the other hand, particle movement
occurred because the average particle size (~10nm) was smaller
enough than the average pore diameter (~80 nm) so that particles
can be incorporated into pores structures of AAO. Kamada et al.
reported that the average particles size (~20 nm) could be inserted
into pores with a diameter of 100 nm [10]. However, they could
not be positioned into the pores if the particle sizes were 5nm
smaller than the pore diameter. It means that particle sizes should
be significantly smaller than the average pore diameter.

A numerical simulation was also performed to study the electric
fields working around the pores. The electric fields working during
EPD were observed not only on the surface of the substrate but
also inside the pore (Fig. 4, left side). This may have caused parti-
cles having negative charges can be attracted into the pores due to
electrophoretic mobility. Moreover, the highest electric filed work-
ing in EPD was observed around the edge of the surface (right side)
induces deposition of more particles on the surface than inside the
pores. The electric fields that appear in the pores then enhance
the attraction force between the substrate and the particles due
to the electrokinetic interaction (electrophoretic and electroosmo-
sis). For this reason, particles can be inserted into the pores, but
other phenomena also play important roles during EPD, such as
aggregated or single (individual) particle movement.

3.3. The effect of particle size

The effect of particle sizes on the final particle structure was
studied at pH 3,40 Hz, 1V, and 15 min. For both colloid types (Fig. 5),
the amount of particles deposited on the surface using constant
DC was higher than that of pulse DC. Most of the deposited parti-
cles could cover the surface area when constant DC was applied.
These results represent the same tendency as the effect of pH on
the deposition. As explained in Section 3.2, the electric fields gen-
erated by constant DC mode attracted negative charges of particles
continuously without any lag compared to pulse DC.

Under the present conditions, colloid A could also be incorpo-
rated into the pores using constant or pulse DC (Fig. 5). In contrast
to the observation in the preceding subsection, no particles were
incorporated into the pores in this case of constant DC mode of col-
loid B. This indicates that the size difference between the particle
and the pore is an important factor in the insertion. Fig. 5 shows
that the amount of the deposited particles of colloid A was higher
than that of colloid B. Particles having with smaller diameters may
deposit more readily than larger particles due to higher mobility
and higher surface area [8]. No deposition of colloid B into the pores
was probably caused by aggregation of the particles on the surface
inhibiting the insertion. Initially, particles remain in suspension
without electric fields (off-mode), and then particles were attracted
to the electrode as individuals and aggregated after turning on the
voltage. By applying continuous voltage, then aggregated particles
make clogging in the pore holes then single particles cannot enter
the pores. When the colloid B was used, aggregated particle larger
than 50 nm were also detected using DLS, where the maximum par-
ticle size was about 190 nm. Particle aggregates having similar sizes
to pore diameters may cause clogging on the pores.

Even though no particles were deposited inside the pores with
constant DC, but sizeable particles were observed in the pores
when pulse DC was conducted (Fig. 5). This implies that particles
can be introduced by applying pulse DC into the pores due to the
faster movement of single particles than that of aggregated parti-
cles. This hypothesis is relevant to our previous work, where small
cluster or single particles move and deposit faster than aggregate
during pulse DC [9]. When the off mode (pulse) was applied, the
motion of particles was “stopped” and only Brownian motion was
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Fig. 5. Deposition of SiO, particles on the surface and the cross section area using constant DC and pulse DC modes at various colloid type (colloid A and B), pH 3, 1V, 40 Hz,

and 15 min.

working. After starting the applied voltage, all particles were
attracted to the near electrode and single particle that have higher
mobility than aggregate particles entered the pores. Additionally,
these phenomena may be attributed to electroosmosis, in which
as the particles approach the substrate surface, the electroosmosis
force interferences within the range of the Deybe length [30,31].
This force bends the initial electrophoretic force, and it drives the
incoming particles more strongly to nearby predeposited particles,
so that it causes aggregation if the electric field is continued [5]. As
the electroosmosis force was stopped at the off-mode condition of

the pulse, nearby particles were attracted to the substrate (at sec-
ond on-mode occurs) with less influence from the electroosmotic
force, because the velocity of electrophoresis was higher than that
of electroosmosis [1,32,33].

3.4. The effect of applied voltage
Experiments were also carried out by varying voltages (1 and

10V)at40Hz, pH 3, and the deposition time of 5 min using colloid A.
Fig. 6 shows that particles were deposited on both surface and pores

applied voltage: 1 V

applied voltage: 10 V

constant DC

constant DC pulse DC

pulse DC

Surface

s

Cross section

Fig. 6. Deposition of colloid A on the surface and the cross section area using constant and pulse DC modes at 1 and 10V, pH 3, 40 Hz, colloid S, and 5 min.
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Fig. 7. A schematic illustration of electrophoretic deposition on a porous substrate
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using either constant or pulse DC modes when the voltage was set at
1V. The amount of deposited particles on the pores using pulse DC
was higher than that using constant DC. As mentioned in Section
3.3, more single particles could be deposited on the substrate by
pulse DC than those by constant DC.

Particles were deposited on the surface using of both constant
and pulse DC at 10V (Fig. 6). Unlike in the case of 1V, no particles
were deposited in the pores even when the pulse DC was applied.
This condition may be caused by bubble formation at the elec-
trode surface that disturbed the migration of particles toward the
pores. Since the decomposition voltage of water (1.23V at 298 K) is
much lower than 10V, bubble formation (probably with a critical
size) cannot be avoided during deposition [6]. Water electrolysis
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Fig. 8. Detachment of the deposited particles using different “energy” in ultrasonic wave at 35 kHz for (a) 1 min, (b) 10 min. The samples before sonication were prepared by

EPD at conditions of pH 3, 1V, 10 min, 40 Hz and colloid A.
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Fig. 9. Detachment of the deposited particles using different “energy” in an ultrasonic bath at 35 kHz for 30 min. The samples before sonication were prepared by EPD at pH

3,1V, 15 min, 40 Hz and colloid B.

generates the formation of H, and O, at the cathode and anode
where the volume of H, gas produced is twice that of O, gas. Though
H, gas produced has a larger volume than that of O, gas in this
system, the solubility of hydrogen (1617.6 mg/L) in water at 298 K
and 10° Pa is higher than that of oxygen (43.3 mg/L) [7]. The lower
solubility of oxygen causes more bubbles suspended or trapped
inside the pores and then they interfere insertion of particles
into the pores. The applied voltage at 10V will generate stronger
electric field than 1V, by which the electrophoretic mobility of
particles is also enhanced. Nevertheless, application of high volt-
age will generate more bubbles at electrode due to stronger water
electrolysis.

It was reported that the bubble formation could be started from
30nm, in an electrolysis of water [34]. The bubbles then grow and
make aggregation forming the micro-meter sized bubble. Svetovoy
et al. investigated that the microbubbles (20-50 wm) were formed
due to aggregation of nanobubble (200 nm) in 20-50 s [35]. In the
present study, we assume that the bubbles can be formed inside the
sub-100 nm porous structures. The pressure within these bubbles
will be increased, because it is linearly proportional with bubble
size. The increasing pressure may enhance solubility of bubble in
liquid and make aggregation. The aggregated bubble will inhibit
the incoming particle to be deposited on the electrode. The smaller
particles could not be deposit on the surface, because they were not
able to overcome the resistance of bubbles. However, aggregated
(larger) particles may be possible to overcome the resistance due
to higher momentum.

Naim et al. also investigated that the morphology of deposited
particles on the surface showed more compact when applying pulse
DCmode [9]. The crack structure was also observed on the interface
between electrode and deposited particle after applying a constant
DC mode. These phenomena might be attributed due to bubble for-
mation, and related to the evolution of hydrogen and oxygen gas
in electrodes. By applying pulse DC mode, the bubble could be sup-
pressed and morphology of the deposited particles were possible
to be “smoother” [7].

In the case of pulse DC, some bubbles were still in the pores.
This is probably caused by the time limitation of bubbles to escape
from the pores due to the lower solubility in water. Accumulation
of bubbles inside the pores will enhance the pressure at the bottom
of pores and overcomes the force (or momentum) for introducing
of particles. In order to solve this problem, it is necessary to opti-
mize the pattern of pulse DC by extending the pulse width to allow
enough time of bubbles to escape from the pores then particles can
be introduced into pores.

The illustration of competition between bubbles formation
and insertion mechanism of particles inside the pore in differ-
ent applied voltage is depicted in Fig. 7. Particles with negative
charges tend to deposit in the anode when the electric field is
applied. In the case of applied voltage at 1V, the bubbles were
not produced because theoretically this voltage is less than the
decomposition voltage of water due to electrolysis. The mecha-
nism of particle deposition in the surface and pore depend on
the electrical mobility of the particles, and their movement as
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aggregate or single/individual particle. If the applied voltage is
higher than the decomposition voltage of water, the bubble for-
mation will affect to particle deposition. In general, the particles
movement of EPD is caused by electrokinetic phenomena (elec-
trophoresis and electroosmosis). Negatively charged particles can
be inserted into the pores when electrophoretic mobility can over-
come the forces derived from bubble formation. Since the bubbles
are produced by water electrolysis, their amount is increased with
the applied voltage. If many bubbles are trapped inside the pores,
electrophoretic and electroosmosis should be suppressed by the
forces caused by accumulation of bubbles. Despite the positive
charge of aluminum oxide, however, the electrostatic force induced
by this layer is not strong enough to attract negatively charged
particles.

To provide sufficient time for bubbles to escape from the pores,
the pulse width should be extended, and addition of a chemical into
the suspension may be useful to obtain a bubble-free system dur-
ing the deposition. Hence hydroquinone was added to the alkaline
aqueous solution during EPD in order to generate a bubble free area
on the anode substrate, oxygen gas was believed to be consumed
by the chemical oxidation of hydroquinone to quinine at high pH
in alkaline solution [2].

3.5. Evaluation of the deposited particle structures

Fig. 8(a) and (b) shows the morphology on the surface and the
cross section area after sonication with different “energy levels”
in 1 and 10 min, respectively. By comparison of the surface mor-
phologies before (Fig. 5, upper site) and after (Fig. 8) sonication, it
can be generally observed that most of the particles on the surface
were detached. Particles with smaller sizes observed on the sur-
face (Fig. 8) were also observed in the pores. Most of these particles
could not be detached from the pores because the ultrasonic force
reaching inside the pores was weaker than those on the surface.
On the other hand, incorporation of the particles and the surface
may have been caused by the adhesion force among them [36]. The
detachment of particles from the surface was mainly induced by
the mechanical effect of ultrasound caused by cavitation of bubbles
[37].

In order to investigate more detail about particles detachment
mechanism, the results using colloid B having larger particles
(~50nm) was also carried out. Fig. 9 shows the surface struc-
ture of particle before and after sonication. Most of particles can
be detached from surface. However, some particles are observed
when lower ultrasonic energy (using glass container) was applied
especially for constant DC mode. From an image analysis, the
detachment efficiency was calculated by comparing the area of the
particles detached from the surface versus the area (initial condi-
tion) before particle detachment. For colloid B, for instance, it was
found that the detachment efficiency by high energy was higher
(99.3%) than that of low energy (94.7%). It indicates that more par-
ticles could be detached from the surface when the high energy was
conducted.

This result indicates that when constant DC was applied, the
electrostatic force between particles and AAO substrate was higher
than that of pulse DC, then causing the stronger attraction force
among them. On other hand, the higher negatively charges of par-
ticles may contribute for enhancing the adhesion force between
particles and surface because the stronger adhesion of particles to
substrate was observed at pH values away from isoelectric point
(IEP) [6]. It is well known that at the near IEP, the van der Waals
attractive forces between particles are strong due to absence of
electrostatic force. In overall, the deposited particles inside the
pores was relatively difficult to detach (using ultrasonic wave)
and then it may be useful for further applications, such as photo-
catalysis materials and other devices.

4. Conclusions

Electrophoretic deposition (EPD) of particles onto a sub-100 nm
scaled pore arrays made from anodized aluminum has been inves-
tigated. By applying voltage lower than the decomposition voltage
of water, the number of deposited particles on the surface using
constant DC was found to be higher than that of pulse DC due
to continuously electric fields attracting particles. The increase in
the number of particles deposited on the substrate increased with
an increase in pH can be ascribed to the stronger electrophoretic
mobility of particles caused by the higher negative value of the zeta
potential.

Particles having different sizes (below 100 nm) can be deposited
on the surface by conducting EPD using constant DC, however, no
larger particles can be inserted into the pores. However, the parti-
cles can be inserted into pores by using pulse DC, probably because
the pulse DC allows single particles to move faster than aggregate
particles. Moreover, electroosmosis was “stopped” when the “off”
mode at pulse DC was applied. Then the particles move to the sub-
strate with less influence of electroosmosis while the next “on”
mode was conducted. Thus these phenomena have led to easier
insertion of particles into the pores.

At higher (10V) voltage, particles were only deposited on the
surface and no particles were detected in the pores even by applica-
tion of pulse DC. At voltage higher than the decomposition voltage
of water, more bubbles generated in the pores tend to increase the
pressure inside pores. This pressure will interfere migration of par-
ticles entering the pores. Particles will be inserted into pores if the
particles forces (electrophoretic and electroosmosis) can overcome
other forces or pressures derived from bubble formation.

In the experiments of particles detachment, the number of
detached particles from surface was higher when higher ultrasonic
energy was used comparing to that of lower energy and most of
particles could not be detached from the pores.
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