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ABSTRACT: A membrane filter was fabricated using gas dispersant micro-sized Three-way Catalyst (TWC) particles on the
conventional filter substrate. The porosity of the cross-sectional area of the TWC-membrane was measured through electron
microscopy image processing technique. In the membrane manufacturing process, a parametric study was conducted by
comparing three mean particle sizes under three superficial velocities. According to high resolution electron micrographs, the
cross-sectional view of a single TWC-particle was revealed as a homogeneously agglomerated particle. The porosity of the
cross-sectional area of the membrane was measured as approximately 64.4% with a slight difference about 3% depending on

varying mean particle sizes and superficial velocities.
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1. Introduction

Particulate filters have been used for many decades as a post-
combustion exhaust gas control system for the particulate matters
emitted from internal combustion engines. At present, the wall flow
ceramic honeycomb diesel particulate filter (DPF) can achieve over
90% filtration efficiency!?. According to stringent emission
regulations, gasoline direct injection (GDI) engines must equip
with gasoline particulate filters (GPF) by following the previous
DPF technology. By installing GPF in gasoline engines, not only
particulate mass PM but also particle number PN can be
significantly reduced, which will meet with the current emission
regulation®, Compared to port fuel injection PFI engines,
gasoline direct injection engines can obtain greater engine output
power, less fuel consumption and higher thermal efficiency but it
emits significantly large number of particulates because of direct
fuel injection inside combustion chamber through nozzle. Besides,
GDI engine emits finer particulates, but larger number of
particulates compared to diesel enginesPIeI7],

Three-way catalytic (TWC) converters were applied for many
decades in gasoline engines in order to oxidize exhaust gas
pollutants such as carbon monoxide (CO), unburnt hydrocarbons
(HCs) and reduce nitrogen oxides (NOx) simultaneously. The
conventional TWC monolith is mainly composed of ceria-zirconia
mixed metal oxides catalyst as oxygen storage materials due to its
promising redox performance in catalytic reaction!®®], In the past,
three-way catalyst was wash-coated in gasoline particulate filters
in order to obtain the efficient removal of both combustion derived
soot particles and gaseous components. On the other hand, there is
a trade-off relationship between gas conversion efficiency and
engine back pressure. The contribution of TWC in GPF is also
known as catalyzed gasoline particulate filter!'’l']. According to
the previous works from our laboratory, various catalyst
components were fabricated as a membrane on a conventional
particulate filter substrate which can result significant effect on

soot filtration and oxidation phenomena. A diesel particulate
membrane filter made of zeolite mixing with K, Na and Cs catalyst
advanced soot oxidation kinetics compared to the conventional
DPF. Because of the catalytic performance of mixed zeolite
catalyst membrane, the activation energy needed to oxidize the soot
cake layer during regeneration was reduced to about 20%!'21. In an
internal combustion engine, back pressure caused by particulate
filters is the accumulation of soot along the pores of the substrate
and the formation of soot cake layer. By using time-lapse
visualization method, pressure-drop characteristics (S-shape) in the
conventional DPF can be clearly identified into three major stages
as bridging, surface pore filtration and cake layer formation. In the
DPF, the drastic increase in pressure drop is the result of soot
accumulation in the surface pores!'* !4, Manufacturing membrane
particulate filter on the conventional DPF is one of the solutions to
lessen the substantial pressure drop increase caused by the surface
pore filtration stage. In fact, when a membrane covers the entrance
of the surface pore, soot is deposited only in the small pores of the
membrane. As a result, high gradient of pressure drop increase
caused by the surface pore filtration stage was significantly reduced.
By fabricating a catalyst membrane on the conventional DPF, not
only total increase in pressure drop was lower but also initial soot
filtration efficiency became higher!'’l. Recently, a catalyst
membrane made of nano- catalyst particles such as Pt-Pd and Ag-
Pd fabricated on an alumina supporter showed lower soot oxidation
temperature and CO emission can be reduced!®Il!7],

In the current study, a TWC-particles membrane filter was
manufactured on a bare particulate filter substrate and the porosity
of the membrane was measured using an electron microscopy
image analysis. A porosity measurement method which was
measured on the cross-sectional view of TWC-membrane layer was
introduced. Parametric study was conducted by introducing three
different agglomerated TWC-particle sizes under three superficial
velocity conditions.
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2. Experimental Method

A miniature particulate filter sample composed of 7x7
channels with a precise dimension of 10 mm? was extracted from a
conventional full-size silicon carbide (Si-C) particulate filter
substrate. High temperature resistance ceramic paste was used to
plug at the end of the channels alternately. After plugging the
alternate channels, the total filtration area of the inlet channels was
calculated as about 829.8 mm?. Then, the plugged sample was
placed inside a stainless-steel holder. The top surface of the sample
was polished to achieve up to a mirror-like top surface by using
various abrasive discs (P600 to P4000). The top surface was
covered by a quartz glass plate and clamped with bolts and nuts. As
a result, there was no gas leakage from the cross-sectional top
surface when the working gas was introduced from the upstream
side channels of the sample.

The schematic diagram of the experimental setup of
fabricating membrane filter on a conventional filter substrate is
described in Fig.1. To fabricate the TWC-particles membrane, a
three-way catalyst slurry package composed of 20 wt% of TWC-
particles was used. In the slurry, the aggregated primary
particulates (approximately 200 nm in average diameter) were
heterogeneously mixed with distilled water as shown in Fig.2. The
catalyst slurry was placed in an acrylic tube and atomized into small
droplets (approximately 5-10 microns) using an ultrasonic atomizer
(60 Hz frequency). The carrier gas (Nitrogen) was introduced into
the inlet of the acrylic tube under a flow rate of 50 mL/min. Gas
dispersant particles in the form of water droplets were carried
through the outlet of the tube. Dilution gas was introduced at the
entrance of an evaporator to obtain the desired superficial velocity
and a lower humidity than a dew point even at the room
temperature. Then, the nitrogen dispersant water droplet particles
were passed through the evaporator which was constantly
preheated at 280°C by using a ribbon heater. As a result, an
agglomerated TWC-particle was manufactured by vaporizing the
water droplet particle. Finally, the agglomerated nitrogen
dispersant particles were deposited as a membrane layer on the bare
Si-C particulate filter substrate. The thickness of the TWC-particles
membrane on the substrate was about 40 microns. According to the
process of atomization, the concentration of TWC-particulates in
the slurry varies the sizes of agglomerated particle. Therefore, the
sizes of agglomerated TWC-particles were controlled by diluting
the original 20 wt% TWC particulates slurry using distilled water.
Moreover, the chemical composition of the slurry was much the
same as the composition of commercial TWC monolith converter
as described in Fig.3.

During fabricating the membrane, the pressure drop increase
according to the deposited weight was intermittently measured.
The pressure drop was measured using a high-precision digital
manometer by tap-fixing at the upstream and the downstream sides
of the sample, P; and P», respectively, as shown in Fig.1, while a
digital micro-weighing scale was used to measure the deposited
weight. In this case, the weight of the intermittently-fabricated
sample with the holder and the quartz glass plate was measured at
each interval of deposition after the bolts and nuts clamping setup
was removed.

Here, to investigate the pressure-drop increase with respect to
deposited weight of the TWC-particles, membrane fabrication
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process was conducted in a humidity-controlled gloves box to
remove an erratic moisture concentration in the samplel']. Relative
humidity in the gloves box was constantly maintained at 30% with
only +2% discrepancy during the whole membrane fabrication
process.

In the manufacturing process, a low superficial velocity is
preferable to deposit the agglomerated TWC-particles just around
the entrance of the surface pores of the substrate according to the
experience of the previous works using time-lapse
visualization[314I15], However, since a superficial velocity such as
a few milli- meters per second is close to a falling velocity caused

Acrylic

tube
Mass
flow

Atomizer metor

Fig. 1 Experimental setup of manufacturing TWC-particles
membrane on the conventional filter substrate
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Fig. 2 TEM images of aggregated particulate (left) and primary
particulate (right) in the catalyst slurry
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Fig. 3 Chemical composition of the catalyst slurry
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Fig. 4 Agglomerated TWC-particle size distribution under
different particulate concentration in the slurry

by a gravitational force, it is not controllable to manufacture a
uniform particle layer. In the current study, the superficial velocity
of 5 mm/s is fixed as the minimum one to confirm the convective
flowing deposition.

To measure the porosity of the cross-sectional TWC-particles
membrane layer the fabricated sample was sintered at 800 degrees
C for 4 hours before it was infiltrated by an epoxy resin. The resin
gradually flows inward through the membrane to avoid the
membrane deformation caused by infiltration. After the resin was
was steadily poured from the bottom part of the sample and
thoroughly embed, the sample was placed under a vacuum pressure
(-50 kPa) for 15 minutes to penetrate the resin evenly until the
deeper area of the pores. The ramping rate of vacuum pressure may
affect the deterioration of the porous structure of the membrane.
Therefore, some trials have been conducted under different
pressure ramping conditions such as (i) rapidly increase the
vacuum pressure from atmospheric pressure to -50 kPa, varying
pressure ramping rates as well as (ii) -2 kPa/min and (iii) -10
kPa/min. It was found that there were no differences in porous
structure of the TWC-membrane although various ramping rates
were introduced. In fact, the sintered TWC particles can resist to
infiltrate the epoxy resin under the vacuum pressure. The resin
infiltrated sample was cured in the atmosphere for 24 hours. Finally,
the sample was polished under water polishing to visualize the
cross-sectional view of TWC-membrane layer. Due to less electron
conductivity property of epoxy resin under scanning electron
microscopy observation, cross-sectional top surface
transparent through deeper area. Therefore, Gold (Au) sputtering
process was essential to utilize to observe the cross-sectional
surface. The top surface of the sample was coated with a 50 nm Au-
layer which can provide higher electron conductivity at the cross-
sectional top surface.

was

3. Results and Disucssion

Figure 4 shows particle size distribution of agglomerated
TWC-particles. By introducing different TWC-particulate
concentration such as 0.5, 5 and 20 wt.% in the water-slurry,
different sizes of agglomerate particles can be manufactured. As a
result, a wider range of particle size distribution (ranging between
0.9 to 1.5 um) were produced in 20 wt.% condition while a small
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range of particles (0.4 to 0.7 um) were produced in 0.5 wt.%
condition. Arithmetic mean diameters of the particles (measured as
200 particles in total) in each 20, 5 and 0.5 wt.% concentration were
measured as 0.50, 0.93 and 1.2 pm respectively.

Figure 5 shows the effect of TWC-particle sizes of 0.5, 0.93
and 1.2 um on the pressure drop increase and its increase rate under
the condition of superficial velocity of 5 mm/s. The pressure drop
is drastically increased with respect to the accumulated weight up
to an inflection point whereas the bridge formation by the TWC-
particles is completed!'*1'4l, During the bridge formation process
from the beginning of deposition, the pressure drop increase rates
for all TWC-particle sizes are much the same due to the same
mechanism of the bridge growth!'4l. Then, the larger TWC-particle
size the faster the surface pores are closed by the bridge made of
TWC-particles. As a result, a slightly smaller amount of TWC-
particles is used to reach the inflection point in the case of larger
TWC-particles. Moreover, during both surface pore and cake layer
accumulation, the pressure drop for the larger TWC-particle size is
lower than that of smaller particle sizes. Because at the same
accumulated weight of TWC-particles, the particle number might
become smaller and the pore size might become larger in the case
of larger particle size. Here, when the Stokes’ force around a single
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Fig. 5 Pressure drop increase in fabricating TWC-membrane by
introducing different particle sizes (0.5, 0.93 and 1.2 pm) under
the same superficial velocity of 5 mm/s
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Fig. 6 Pressure drop increase in fabricating TWC-membrane by
introducing same particle size of 1.2 um under different
superficial velocity conditions
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Fig. 7 Pressure drop increase in fabricating TWC-membrane by
introducing same particle size of 1.2 um under the same
superficial velocity of 5 mm/s

TWC-particle is assumed, the total pressure drop depends on the
product of the particle number and the Stokes’ force, while many
straight capillary pores are assumed in the TWC-particles
membrane structure, the total pressure is proportional to the inverse
of the square of pore diameter.

Figure 6 shows the effect of the superficial velocities of 5, 25
and 50 mm/s on the pressure drop increase under the condition of
the TWC-particle size of 1.2 um. The initial pressure drop increases
almost in proportion to the superficial velocity. However, during
both bridge formation and surface pore accumulation processes, the
pressure drop increase rate is not proportional to the superficial
velocity since some TWC-particles reach the deep area of substrate
pores and complete the bridge formation at the deeper location in
the case of the higher superficial velocity!'3]. Aa a result, although
much the same amounts of TWC-particles are used (except for the
case of the superficial velocity of 25 mm/s) to reach the inflection
points as mentioned above, the pressure drop increase becomes

higher than the proportional increase. On the other hand, during the
cake layer accumulation, the pressure drop increase rate increases
almost in proportion to the superficial velocity.

In the case of the superficial velocity of 25 mm/s, the initial
pressure drop without deposition of TWC particles reaches the
almost proportional value with increase in superficial velocity from
5 to 25 mm/s. However, during bridge formation and surface pore
deposition, the pressure drop does not increase as expected, that is,
the pressure drop increase rate (right hand side vertical axis) goes
down around the accumulated weight of 1.4 mg and then keeps at
constant unlike the cases of 5 and 50 mm/s. This is because there
is some flowing-gas leakage which is caused by the disassembly of
fixing setup during each interval of deposited weight measurement.
It is confirmed that in the case of almost-perfect assembly, there is
a high reproducibility as shown in Fig.7, in which the first
measured pressure drop increase (1) are much the same as the
second one (2) with respect to the accumulated TWC-particles
weight.

Figures 8(a) ~ 8(f) display SEM micrographs of the cross-
sectional views of TWC-particles membranes fabricated on a
conventional filter substrate for all experimental conditions.
Although the bridge location cannot be determined clearly, the
TWC-particles are deposited only around the entrance of the
surface pore of the substrate filter in the case of particle size of 0.5
pm under the condition of superficial velocity of 5 mm/s as shown
in Fig.8(a). With increasing particle-size to 0.93 and 1.2 um, the
TWC-particles reach slightly the deeper area of the surface pores
and make the bridge at the deeper location as shown in Figs.8(b)
and 8(c) due to the greater inertial force of the larger particles, but
the bridge formation was not very deep. On the other hand, the
number of TWC-particles for closing the surface pores decreases
with increasing particle-size if the average surface pore diameters
are the same in Figs.8(a), 8(b) and 8(c).

Fig. 8 SEM micrographs of cross-sectional view of TWC-particles membrane fabricating by using different particle sizes (a) 0.50 um
(b) 0.93 um and (c) 1.2 um under a same superficial velocity of 5 mm/s, and same particle size of 1.2 pum under different superficial
velocities (d) 5 mm/s (¢) 25 mm/s and (f) 50 mm/s

30
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Using the same TWC-particle size of 1.2 um, with increasing
superficial velocity from 5 mm/s to 25 mm/s and 50 mm/s, the
penetration depth of TWC-particles becomes deeper as shown in
Figs.8(d), 8(e) and 8(f). Because a trapping possibility by Van der
Waals force will be reduced due to a high momentum of TWC-
particles as the velocity becomes higher. The accumulation of
TWC-particles from the deep location to the entrance of surface
pores causes a high pressure drop increase during the surface pore
accumulation process as mentioned in Fig.6.

To measure the porosity of the TWC-membrane, the resin
infiltrated cross-sectional area was observed through SEM and FE-
SEM as described in Figs.9(a) and 9(b), respectively, at the same
location. Here, the back-scattered electron (BSE) image is used in
the case of the SEM. Although the borderlines between the cross-
sectional TWC-particles and the resin are not clear enough for
image processing analysis, the SEM images are useful to specify
the location even if a whole particle is completely immersed as
shown in Fig.9(a). On the other hand, using the secondary electron
in the FE-SEM, the borderlines of cross-sectional TWC-particles
separated from the resin surface can be observed clearly as shown
in Fig.9(b), where the image of immersed particles are completely
disappeared.

Figures 10(a), and 10(b) show highly-magnified FE-SEM
images of the cross-sectional areas depicted by the dotted, the
dashed and the solid lines in the same image as Fig.9(b). It is
clarified that the primary TWC particulates are homogeneously
agglomerated in the whole area of the single TWC-particle from
the surface to the center because the morphology is similar to that
of the spherical surface as shown in Fig.1. The borderlines of the
cross-sectional area of TWC-particles can be observed clearly and
are almost absolute circular shapes as shown in Fig.10(a). However,
some cross-sectional areas are not absolutely circular because of
partial separation of a thin resin film covering the spherical surface
of the TWC-particle. Moreover, a thin resin-covered portion can be
observed as the cross-sectional area due to electron penetration.
Therefore, to measure the true cross-sectional TWC-particle area,
an inscribed circle area should be used as the cross-sectional area
of a single TWC-particle. In addition, during water polishing, it
was inevitable that some particles can be released and remained as
lacks on the resin surface as shown in Fig.10(b). Therefore, the
inscribed circle lack areas should be counted as cross-sectional
TWC-particle areas in the porosity measurement.

Figures 11 and 12 show processes of image analysis using an
“Image-J” image processing program to obtain the porosity.
Figures 11(a), 11(b) and 11(c) are for the TWC-particle sizes of 1.2,
0.93 and 0.5 um, respectively, under the condition of the superficial
velocity of 0.5 mm/s. Figures 12(a), 12(b) and 12(c) are for the
superficial velocities of 0.5, 25 and 50 mm/s, respectively, under
the condition of the particle size of 1.2 um.

AT Ta e R T

5 um " 5um

Fig. 9 Cross-sectional view of resin-infliltrated TWC-membrane
through (a) SEM (b) FE-SEM

Fig. 10 Highly-magnified FE-SEM images of cross-sectional view
of resin infiltrated TWC-particles membrane

Fig. 11 Image processing analysis of porosity measurement
comparing different TWC-particle sizes (a) 1.2 um (b) 0.93 pm
(c) 0.50 um under the superficial velocity of 5 mm/s
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Fig. 12 Image processing analysis of porosity measurement
comparing under the TWC-particle size of 1.2 pm under different
superficial velocities (a) 5 mm/s (b) 25 mm/s (c) 50 mm/s

The total cross-sectional area of the TW~C-particles is
expressed as a summation of total depicted inscribed circle areas as
shown in each right hand side image in Figs.11 and 12. The
porosity, @ is defined as the ratio of the total cross-sectional area of
the TWC-particles and total measured square-area as described as
follows.

(M

Total area of TWC particles)
Measured area

¢ =(1

The measurement process was repeated up to three times for
each sample to express the uncertainty of manually depicting the
cross-sectional area. The average porosities for three particle sizes
and three superficial velocities conditions are summarized in Table
1. The average porosity of TWC-particles membrane fabricated
with the mean diameter of 1.2 um under the superficial velocity of
5 mm/s was measured as approximately 64.4 %. With decreasing
particle-size to 0.93 and 0.5 pum, the porosity increases slightly. In
the current range of TWC-particle size, since impaction and
interception phenomena are dominant as the particle deposition
mechanism, much the same porosities are obtained. Only small
increase in porosity with decreasing size might come from a
decrease in inertial force of the TWC-particle. In the previous
work!3]) the porosity of 94.3 % was obtained in the case of
alumina-particle with the mean diameter of 0.355 pum due to slight
contribution of random walk (also known as Brownian motion). On
the other hand, the porosity decreases slightly with increasing
superficial velocity from 5 mm/s to 25 and 50 mm/s under the
condition of TWC-particle size of 1.2 um. Since with increasing

superficial velocity, the momentum of TWC-particle increases, the
TWC-particles might be deposited slight-densely.

The permeability of the TWC-particles membrane filter can be
estimated using a Kuwabara’s model!'*! using the porosity, @, and
the diameter of the TWC-particle, d, as described as follows:

= 18(1112—47) (1_3(1_¢)§+(1—¢)_§(1_¢)2) 2)

The estimated permeability of the TWC-particles membrane
filter for all experimental conditions are also described in Table 1.
In this model, the permeability depends directly on the square of
particle diameter. As a result, the permeability is dominantly
increased with TWC-particle size as 0.27 x 10"'* (0.5 um), 0.86 x
1074 (0.93 um) and 1.23 x 107" m? (1.2 um) since there is only
small difference of porosity.

This high permeability will affect the pressure drop increase
during bridge formation and surface pore deposition. As shown in
Fig.13, the bridge formation starts from deposition of TWC-
particles on the surface of the Si-C substrate around the first narrow
area from the entrance of the surface pore. At this term, most of
flowing-gas as depicted by red arrows passes through the center
hole since the pressure drop for flowing through the hole is smaller
than that of flowing through the TWC-particles membrane.
Therefore, the flying TWC-particles are trapped at the tip of the
bridge made of TWC-particles. Then, the TWC-particles bridge
makes a growth towards the center of the substrate pore. During the

Table 1 Porosity and permeability of TWC-membrane

Mean diameter of TWC- A Permeability
particle (um) Porosity (%) (m?)
0.5 | 67.04 (£1.17) 0.27 x10°1
Superficial velocity 4
— 5 mm/s 0.93 | 66.83 (x1.64) 0.86 x10
1.2 | 64.40 (£1.44) 1.23 x1014
Superficial velocity (mm/s) | Porosity (%) Pen’r(ll:{azt))lhty
. 5 64.40 (£1.44) 1.23 x1014
Mean diameter of
TWC-particle 25 63.85(£3.32) 1.18 x1014
=12um
50 61.75 (£1.15) 0.98 x10°14
TWC-particle Center hole

P R N

Fig. 13 Schematic image of TWC-particles deposition
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bridge formation, the center hole becomes smaller and smaller.
Here, when the permeability of the TWC-particles membrane is
low, there is no flowing through the membrane until the hole is
closed, i.e., completion of bridge formation, which contributes to a
high pressure drop increase around the inflection point. On the
other hand, in the case of the high permeability, it is expected that
there is some gas flowing through the membrane as depicted by
blue arrows from quite a while before the hole is closed. As a result,
the pressure drop at the inflection point for the 1.2 um size as
shown in Fig.5 is low compared with those for 0.5 and 0.93 pm
sizes, moreover, the inflection point might not be necessarily
coincident with the completion of bridge formation.

On the other hand, under the condition of the same TWC-
particle diameter of 1.2 um, a 2.7% difference of porosity between
64.4 and 61.75 % leads to almost 25 % difference of permeability
as 1.23 x 10" and 0.98 x 10"'* m?. As mentioned above, in our
previous work!'?), a high-permeability porous membrane was
manufactured on the conventional filter substrate using fine
alumina particles. The permeability was estimated as 7.7 x 10~ '
m? with a porosity of 94.3%. Since the density of TWC-particles is
higher than that of alumina-particles, it is not easy to increase the
porosity even under the condition of smaller TWC-particle.
Consequently, a high permeability TWC-particles membrane filter
can be manufactured by a range of particle size around 1~ 2 pm
which should be completely suspended in flowing gas.

4. Conclusion

In the TWC-particles membrane manufacturing process, a
similar analogical percolation structure is obtained under the
conditions of the particle sizes of 0.5, 0.93 and 1.2 pm and the
superficial velocities of 5, 25 and 50 mm/s. The porosity of the
TWC-particles membrane filter can be estimated by using
infiltration of the epoxy resin into the micrometer-sized pores and
then by making the comparison between the cross-sectional areas
of TWC-particles and the resin. The porosity of the TWC-particle
membrane layer is around 64 % (61.8 ~ 67 %). The permeability of
the TWC-particles membrane layer with the particle size of 1.2 um
becomes highest and the value is estimated as 1.23 x 1074 m?. The
permeability depends strongly on the TWC-particle size since the
porosity is not increase drastically with decreasing particle size in
this study.
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