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The transportation sector is high contributor of atmospheric particulate matter (PM). PM from this sector is classified as
exhaust and non-exhaust PM. The development of catalytic filters such as diesel particulate filters and eco-friendly automobiles
such as electric vehicles has significantly reduced exhaust PM generation. By contrast, non-exhaust PM from various sources
such as brake disk abrasion, tire wear, and road dust rediffusion continues to rise owing to the increasing demand for vehicles.
The increasing levels of PM and various air pollutants have increased the need for effective filters. This study investigated the
manufacturing process and filtering performance of porous ceramic filters for reducing non-exhaust PM generated from road
transport. Porous ceramic filters with mullite whiskers were fabricated through the replica template method, using MoO; as
the catalyst. Pore size of ceramic filter was controlled to improve the filtering performance. The applicability of the ceramic
filter for filtering non-exhaust PM from road transport was also examined by measuring the pressure drop. The fabricated
porous ceramic filter exhibited high filtering performances of 82% for PM2.5 and 97% for PM10. Pressure drop of ceramic
filter was 80 Pa when pores of different sizes were optimized.
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Introduction produces high temperatures above 700°C owing to

friction and metal particles generated from brake pads,

Particulate matter (PM) is a harmful substance that reducing the filter durability [11]. Therefore, non-exhaust
causes various diseases when aspirated into the human PM filters require low pressure drop, high-temperature
lungs and bronchial tubes. PM is classified into PM2.5 durability, chemical resistance, and sufficient mechanical
and PM10 according to the particle diameter in microns. strength [12]. Porous ceramics can secure low pressure
PM sources include automotive fuel combustion, brake drop performance with high porosity. They also have
pad wear, tire wear for the transportation sector and high heat and chemical resistances owing to the unique
combustion in factories for the industrial sector [1, characteristics of ceramic materials [13, 14]. Among
2]. The transportation sector is the largest PM source, various manufacturing methods for porous ceramics, the
and PM from this sector is classified into exhaust and replica template method has been widely used because
non-exhaust PM [3]. Exhaust PM generation has been it can suitably control porosity and pore geometry of
gradually reduced by the development of catalytic filters porous ceramics compared with other manufacturing
and eco-friendly automobiles. However, non-exhaust methods [15-17]. The replica template method involves
PM generation such as those from brake disk abrasion, coating ceramic slurry on a porous template and
tire wear, and road dust rediffusion continues to increase implementing a heat treatment process to manufacture
with the demand for vehicles [4-8]. porous ceramics in the shape of the template [18].
Pressure drop performance is critical to filters for non- The pore characteristics of the ceramic filter after the
exhaust PM emission. When the pressure drop increases sintering process can be adjusted by controlling the
during the filtration process, PM flows to the outside and pore characteristics of the porous template. The replica
cannot be trapped in the filter. Thus, low pressure drop template method can also produce porous ceramics
needs to be maintained for non-exhaust PM filtering [9, with open-pore structures connected in the shape of a
10]. In addition, the brake disk where filters are installed net. However, porous ceramics manufactured using the

replica template method exhibit lower strength than those
manufactured using other methods because the removal

*g"l“ejgg“ﬁinééuﬁ‘& of the template after sintering forms hollow struts and
Cl: -J31- - . . .

Fax: +82-31-645-1488 c.rack§ owing to the contraction that oceurs during the
E-mail: kh389@kicet.re.kr sintering process [19, 20]. Therefore, previous research

512



Micropore controlled ceramic filter with mullite whiskers for filtering non-exhaust particulate matter from road transport

was conducted to improve low mechanical properties by
growing SiC and mullite whiskers such inside the pores
of the ceramic filter manufactured through the replica
template method [21-24].

Mullite whiskers are the stable aluminosilicate
crystals produced in the solid reaction between ALO;
and SiO, and are more stable than other whiskers [25-
28]. Mullite has high mechanical strength, high creep
resistance, and low coefficient of thermal expansion. It
can be produced using inexpensive raw materials, such
as kyanite, kaolin, and fly ash [29-33]. Mullite whisker
growth can be accelerated by lowering the mullitization
temperature using AlF;, WO;, V,0s, MgO, La,0;,
and TiO, as catalysts [34-39]. Among these catalysts,
porous ceramics with mullite whiskers are reported to
have high mechanical strength and porosity with MoOs
catalyst. Hou et al. reported that porous ceramics with
mullite whiskers, which synthesized using MoOs as a
catalyst, showed high porosity compared owing to low
mullitization temperature [40]. Shin et al. fabricated
porous ceramic filters with mullite whiskers and
examined PM filtering performance and mechanical
strength. The filters exhibited high filtering performance
for PM10 and relatively low filtering performance for
PM2.5 [41].

In this study, PM filtering efficiency and mechanical
properties of porous ceramic filters were investigated
with controlling pore characteristics. Mullite whiskers
were grown inside the pores of the ceramic filter to
improve the overall filtering efficiency and mechanical
strength. In addition, the ceramic filter was fabricated by
combining templates with different pore characteristics
to decrease the pressure drop and improve filtration
performance of PM 2.5 for evaluation its potential as
non-exhaust PM filter was examined.
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Materials and Methods

Raw materials

Kaolin (Samchun Chemicals, dso:14.7 pum) and ALO;
(Sumitomo Chemicals, dsp: 0.34 um) were used as raw
materials for fabricating porous ceramic filters. Glass
frit (Shinceramic, dsp: 0.25 pm) was used to improve
mechanical strength of the filter. Table 1 shows the
chemical compositions of the kaolin and glass frit. In
addition, MoO; (Sigma-Aldrich, dsy: 14.4 pm) was used
as a catalyst to decrease the mullitization temperature
and accelerate whisker growth.

Sample preparation

Polyurethane foams with various pore characteristics
of 60, 80, and 100 pores per inch (PPI) were used as
templates to fabricate the porous ceramic filters. PPI
indicates the cell density of foam. The average cell size
ranged from 300 pm to 600 um for 60 PPI foam, 200
um to 300 um for 80 PPI foam, and 100 pwm to 200 um
for 110 PPI foam. Microscopic images of polyurethane
foams with various pore size were shown in Fig. 1.

The slurry for coating polyurethane foam was prepared
by mixing 720 g of deionized (DI) water as a solvent
with 80 g of polyvinyl alcohol (PVA, Sigma-Aldrich,
Mw: 9,000-10,000) as a binder. 60 g of Al,O;, 30 g of
kaolin, 10 g of frit, and 20 g of MoO; were added in PVA
contained solution. Then, ceramic coating slurry was
mixed through ball milling for 18 h. After impregnating
polyurethane foam in the coating slurry, the squeezing
was proceeded with a roller to improve uniformity of the
coating layer. Drying was carried out for 1 h in an oven
at 75°C. The dried green body was placed in an alumina
crucible and sintered for 3 h at 1,300°C in an electric
furnace. To prevent cracking in the ceramic filter during

Table 1. Chemical compositions of (a) kaolin and (b) frit powder (wt%).

SlOz A1203 F6203 CaO MgO KzO NazO TlOz ZTOQ Etc.
Kaolin 75.90 14.30 0.09 0.34 0.02 4.21 4.85 0.01 0.01 0.27
Frit 64.81 10.68 0.20 7.77 0.49 2.10 3.05 5.41 3.20 2.29

Fig. 1. Microscopic images of polyurethane foams with various pore size. (a) 60 PPL, (b) 80 PPI, (c) 110 PPI
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the sintering process, the temperature was increased
from room temperature to 550°C at 1°C/min rate and
maintained for 1 h. Subsequently, the temperature was
increased from 550°C to 900°C at 3°C/min rate and
maintained for 1 h. The temperature was then increased
from 900°C to the final sintering temperature at 5°C/
min rate and maintained for 3 h. All the ceramic filters
were prepared with 3 mm thickness. In case of the
ceramic filters prepared by combining two different PPI
templates, the ceramic filters were polished to obtain 1.5
mm thickness for each layer.

Characterization

The composition of raw materials for ceramic filter
fabrication was analyzed using an inductively coupled
plasma atomic emission spectroscopy (ICP-AES, OPTIMA
5300 DV, PerkinElmer). The viscosity of the coating
slurry was measured using a cup and hole type rheometer
(HAAKE MARS III, Thermo Fisher Scientific Inc.).
The crystal structure of the ceramic filter was analyzed
through X-ray diffraction (XRD, D/2500VL/PC, Rigaku),
and the microstructure was observed through scanning
electron microscopy (SEM, JSM-6390, JEOL). The pore
characteristic was analyzed through mercury intrusion
porosimetry (Autopore V, Micromeritics), and the
compressive strength was measured using the modulus of
rupture (Inspekt 250, Metesco). The filtering efficiency of
the ceramic filter was evaluated using Arizona standard
test dust (ISO 12103-1 A1l Ultrafine test dust). Arizona
standard test dust was dried for 24 h to remove moisture
before the filtering efficiency evaluation.

Results and Discussion

The viscosity of the coating slurry is the most important
variable for fabricating porous ceramic filters with a
uniform structure using the replica template method.
When the viscosity is too high, the ceramic slurry cannot
be coated inside the template due to insufficient fluidity.
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In contrast, the low viscosity of the ceramic slurry results
in insufficiently coating on the template, and the porous
structure may not be maintained during heat treatment.
Fig. 2(a) shows the viscosity measurement results of the
coating slurry used to fabricate the porous ceramic filters.
The viscosity of the slurry was examined by adjusting the
solid content from 50 wt% to 65 wt% to find the optimal
conditions for the template coating. The coating slurry
contained 50-55 wt% solid content exhibited relatively
low viscosity values of 11.3-24 Pa-s. The viscosity of
the slurry significantly increased significantly when the
solid content was 55 wt% or higher. When the solid
contents of the coating slurry increased to 60 wt% and
65 wt%, viscosity values were 55.1 Pa's and 78.1 Pa-s,
respectively. Fig. 2(b) shows compressive strength of the
porous ceramic filter sintered at 1,300°C after coating
the template with the slurry. Mechanical property of the
fabricated ceramic filter was examined for preventing
damage when mounted on automotive brake pads. The
ceramic filter fabricated using the coating slurry with 50
wt% solid content exhibited compressive strength of 0.45
MPa. Compressive strength of the ceramic filter increased
to 0.58 MPa and 0.84 MPa, when the solid content
increased to 55 wt% and 60 wt%, respectively. However,
compressive strength decreased to 0.65 MPa, when the
solid content was increased to 65 wt%. Degradation of
compressive strength at high solid content is mainly due
to excessively high viscosity of the slurry and reduced
fluidity. Coating was not efficiently performed inside the
template, causing the incomplete formation of internal
struts after the sintering process. Consequently, the solid
content of the coating slurry could be optimized as 60
wt%, which showed the compressive strength, for the
ceramic filter fabrication.

Fig. 3 shows XRD patterns measured to identify the
crystal structure of the porous ceramic filter fabricated
using the template with various pore size. The solid
content in the coating slurry was adjusted between 50
and 60 wt%, and the sintering process of the ceramic
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Fig. 2. (a) Viscosity of coating slurry prepared with various solids contents and (b) compressive strength of ceramic filter after

sintering process.
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Fig. 3. XRD patterns of ceramic filter prepared with (a) 60 PPI, (b) 80 PPI, (c) 110 PPI template.

filter was performed at 1,300°C. In XRD analysis results,
the fabricated ceramic filters showed a single phase of
mullite regardless of the solid content in the coating
slurry and the pore size of template. During the heat
treatment, MoO; catalyst forms Al,(MoQs) ;5 by reacting
with ALO; at approximately 500°C. Then, AlL(MoO.)s
is decomposed into AlL,O; and 3MoO; at approximately
800°C. The decomposed AlO; accelerates dissolution—
precipitation reaction more significantly than ALO; of
the staring material. The acceleration of Al,Os dissolution
in SiO, reduces the mullitization temperature [32]. In
addition, mullite particles that rapidly grow along the
c-axis are grown in the form of anisotropic whiskers

by MOO3.

Fig. 4 shows the microstructure of the ceramic filter
prepared using 60 PPI template. The solid content in the
coating slurry was adjusted between 50 and 60 wt%, and
the sintering process of the ceramic filter was performed
at 1,300°C. The overall pore structure of the filter
could be observed from SEM images, and the growth
of needle-shaped mullite whiskers on the strut surface
was observed. The number of mullite whiskers increased
with the solid content in the coating slurry. This may
be due to the increased amount of alumina, which is
the seed for the mullite whisker growth. Fig. 5 and 6
show the microstructures of the ceramic filters fabricated

Fig. 4. SEM images of ceramic filter with mullite whiskers prepared using 60 PPI template and coating solution of (a) 50 wt%, (b)

55 wt%, (c) 60 wt% solid contents.
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Fig. 5. SEM images of ceramic filter with mullite whiskers prepared using 80 PPI template and coating solution of (a) 50 wt%, (b)
55 wt%, (c) 60 wt% solid contents.

Fig. 6. SEM images of ceramic filter with mullite whiskers prepared using 110 PPI template and coating solution of (a) 50 wt%,
(b) 55 wt%, (c) 60 wt% solid contents.
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Fig. 7. Micro CT images of ceramic filters prepared with (a) 60 PPI, (b) 80 PPI, (c) 110 PPI template.

using the templates with 80 and 110 PPI, respectively.
The pore characteristics of the filter prepared using the
replica template method varied according to PPI of the
template. The number of cells that form pores increased
and the pore size decreased in the same area as PPI of
template increased. For 110 PPI ceramic filter shown in
Fig. 6, the number of struts that form the filter structure
increased compared with those shown in Fig. 4 and 5.
Consequently, the mullite whiskers formed on the struts
also exhibited a denser microstructure.

Micro computed tomography (micro CT) was measured
to observe the internal pore characteristics of the ceramic
filters prepared using the templates with different PPI
values in more detail. Fig. 7 shows the three dimensional
(3D) micro CT images of the ceramic filters prepared
using the coating slurry with 60 wt% solid content,
which showed the most efficient coating. As confirmed
by SEM analysis results, more struts and pores were
observed in the same area, and the internal pore size
decreased as the PPI of the template increased. Struts
that form the internal pore structure of the filter have
3D network structure. Thus, the mullite whiskers in the
filter are expected to improve filtering efficiency when
PM is filtered between the pores.

Fig. 8 shows the pore size distribution of the ceramic
filters fabricated using the templates with various PPI
values. The filters were prepared using the coating slurry
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Fig. 8. Pore size distribution of ceramic filters with mullite
whiskers.

with 60 wt% solid content, and sintering was performed
at 1,300°C. The porosity of the ceramic filters increased
from 83% to 86% as the pore characteristics of the
template increased from 60 PPI to 110 PPI, whereas
the average pore size decreased from 334 pm to 160
um. The analysis results of porosity and pore size were
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Fig. 9. Effects of pore property on (a) compressive strength of ceramic filter and (b) aspect ratio of mullite whiskers.
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consistent with the microstructure analysis results using
SEM and micro CT. The pore size distribution indicated
that the ceramic filter included 100-400 pum sized pores,
which were measured from the porous ceramic matrix,
and 0.2-3 pum sized pores, which were judged to be
micropores among the mullite whiskers grown from the
struts.

Fig. 9 displays the analysis results of the mechanical
property of the ceramic filters and geometry of the
mullite whiskers according to the pore characteristics of
the templates and solid content in the coating slurry. Fig.
9(a) shows the compressive strength of the ceramic filters
fabricated under various conditions. The compressive
strength of the ceramic filters increased with PPI of the
template. This tendency was more significant as the solid
content in the coating slurry increased. The compressive
strength increased from 0.05 MPa to 0.15 MPa, when
the solid content was 50 wt%. The compressive strength
increased from 0.17 MPa to 0.51 MPa at 55 wt% solid
content and from 0.3 MPa to 1.55 MPa at 60 wt% solid
content. The analysis of the mechanical properties of the
ceramic filters with mullite whiskers and different pore
characteristics revealed that the compressive strength
generally increased with the solid content in the coating
slurry and PPI of the template. Increased solid content
resulted in more whisker growth owing to the increased
amount of alumina, which is the seed for the mullite
whisker growth, and an increased PPI of the template
increased the struts, which are mullite whisker growth
sites. The dense mullite whiskers on the strut overlapped
to form bridges among the mullite whiskers, resulting in
the improved compressive strength.

Fig. 9(b) shows the aspect ratio of the mullite whiskers
fabricated using the coating slurry with a 60 wt% solid
content. Because mullite whiskers serve as bridges, the
effect of the aspect ratio to the mechanical properties of
porous filter was investigated. The compressive strength
of the ceramic filters increased with PPI of the template,
as shown in Fig. 9(a). By contrast, there was no significant
difference in the aspect ratio of the mullite whiskers. The
aspect ratio of the mullite whiskers were 159, 180, and
157, when the ceramic filters were fabricated using 60,
80, and 110 PPI templates, respectively. This indicates
that the aspect ratio did not significantly influence the

Seung-Hwa Oh et al.

compressive strength of the ceramic filters. However,
the aspect ratios of the ceramic filters prepared in
this study were much higher than those of the mullite
whiskers obtained using the MoQO; catalyst in a previous
study [41]. Consequently, the fabricated filters exhibited
higher mechanical properties than existing ceramic filters
manufactured using the replica template method. The
high aspect ratio of the mullite whiskers can be attributed
to the large space caused by the connected pore structure
in the ceramic filter.

Fig. 10(a) shows the filtering performance of the
ceramic filters with mullite whiskers and different pore
size. The average filtering efficiency for ultrafine dust
sized between 0.3 pm and 2.5 pm increased from 46%
to 63 and 78.4%, as PPI increased from 60 PPI to 80
and 110 PPL. The struts and mullite whiskers in the
ceramic filters became denser and had favorable shapes
for collecting PM, as PPI of the template increased.
However, the increased struts in the ceramic filter
reduced the pore size and affected the pressure drop.
The pressure drop for the filters with different pore size
in Fig. 10(b) increased from 21 Pa to 49 and 310 Pa,
as PPI of the template increased from 60 to 80 and 110,
respectively. The ceramic filter prepared using the 110
PPI template demonstrated high filtering performance
for ultrafine dust. However, the pressure drop rapidly
increased. Therefore, the pore structure should be
improved such that the pressure drop does not exceed
300 Pa, which is the requirement for non-exhaust PM
filter application.

In order to reduce the pressure drop while maintaining
the filtering efficiency of the ceramic filter for ultrafine
dust, ceramic filters with two pore sizes were fabricated
by combining templates with different PPI values. The
pore structure was improved by combining the ceramic
filters prepared using the 60 and 80 PPI templates
with 110 PPI template, which had the highest filtering
performance for ultrafine dust and pressure drop
unsuitable as a non-exhaust PM filter. Fig. 11(a) shows
the templates with different PPI values bonded using
polymer spray. Ceramic filters were fabricated using the
ceramic coating slurry with 60 wt% solid content. Fig.
11(b) shows the image of the ceramic filter with two pore
sizes after heat treatment. Fig. 11(c) shows the cross-
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Fig. 10. (a) Filtering performance and (b) pressure drop of ceramic filters fabricated using templates with various pore characteristics.
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Fig. 11. Optical images of (a) polyurethane foam with different PPI and (b) fabricated ceramic filter. (c) Cross sectional SEM image

of ceramic filter with dual sized pores.
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Fig. 12. (a) Filtering performances and (b) pressure drop of ceramic filters with dual sized pores.

sectional microstructure of the ceramic filter for the part
where the pore size changed. The images indicate that
the porous structure with two pore characteristics was
well maintained even after heat treatment, thus different
pore structures were successfully combined.

Fig. 12 shows the filtering performances and pressure
drop of the ceramic filters with two pore sizes. Fig. 12(a)
shows the filtering efficiency for the ceramic filters
prepared by combining 60 and 80 PPI templates with
110 PPI template. Evenly high filtering efficiency was
obtained for 0.3 pum to 2.5 pum sized ultrafine dust and
2.5 pm to 10 pm sized PM. This may be due to the pore
structure of the ceramic filter prepared using 110 PPI
template. The ceramic filter fabricated by combining the
60 and 110 PPI templates exhibited average ultrafine dust
and PM filtering efficiencies of approximately 82% and
97%, respectively. When 80 and 110 PPI templates were
combined, the ceramic filter exhibited average ultrafine
dust and PM filtering efficiencies of approximately 86%
and 97%, respectively. Both ceramic filters with two
pore sizes showed similar filtering efficiency for PM,
and the ceramic filter with the combined 80 and 110 PPI
templates exhibited slightly higher filtering efficiency
for ultrafine dust. Fig. 12(b) shows the pressure drop
measurement results according to the filtering time
for the ceramic filters with two pore sizes. The initial
pressure drop was 120 Pa for the ceramic filter with the
combined 80 and 110 PPI templates, However, it rapidly
increased with the filtering time and reached 390 Pa
after 60 min. This confirmed that the filter is unsuitable

for non-exhaust PM filter applications. By contrast, the
pressure drop of the ceramic filter with the combined 60
and 110 PPI templates exhibited no significant increase,
remaining at 80 Pa after 60 min. This confirmed that
the filtration can be further processed. Moreover, this
ceramic filter can obtain high PM filtering efficiency in
the filter section with 110 PPI while maintaining a low
pressure drop suitable for non-exhaust PM filtering using
the filter section with 60 PPL

Conclusion

In this study, ceramic filters with mullite whiskers and
various pore characteristics were fabricated, and their
properties and filtering performances were investigated
in detail. The ceramic filters were fabricated using
the replica template method with 60, 80, and 110 PPI
templates. Mullite whiskers were grown in the ceramic
filters using ALLOs, kaolin, and frit as starting materials to
improve the filtering efficiency and mechanical strength.
Mullite whiskers were grown at low temperatures using
MoO; as a catalyst. Among the ceramic filters with
various conditions such as solid content of coating
slurry and pore characteristics of template, the ceramic
filter fabricated using 110 PPI template and coating
slurry with a 60 wt% solid content exhibited the highest
compressive strength of 1.55 MPa and porosity of
86%. The ceramic filters fabricated using the 60, 80,
and 110 PPI templates exhibited ultrafine dust filtering
efficiencies of 46.3, 63, and 78.4% and pressure drop
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values of 21, 46, and 310 Pa, respectively. In order to
obtain high filtering efficiency and low pressure drop
simultaneously, the ceramic filter was fabricated using
the combined template with different pore size. The
ceramic filter fabricated by combining 60 and 110
PPI templates exhibited high ultrafine dust filtering
performance of 82% and a low pressure drop of 80 Pa,
confirming the applicability for non-exhaust PM filter.
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