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Abstract

Asymmetric composite tubular membranes were prepared with SiC as the support body and mullite as the
membrane layer. The asymmetric mullite/SiC composite filter tube membranes were characterized by different
analytic techniques. The mullite membrane was prepared as a layer on the SiC support with a thickness of
about 175 um, pore size of about 1—10 um and porosity of 9.9%. The SiC support tube had a pore size of about
20-150 um and porosity of 19.0%. After 360 days of high-temperature flue gas filtration, the most available
pore size of the mullite/SiC composite filter tube membrane reduces from 45.2 to 36.4 um (the reduction rate
of about 19.4%). Analysis of the dust collected by back-blowing revealed that the dust particle size range was
between 0.1-100 um and about 50% of the dust particles were below 2.5 um in size. The average capture rate of
dust can reach 98.4%, indicating that the asymmetric mullite/SiC composite filter tube membrane has excellent
filtration performance for the dust below PM2.5 in the high-temperature complex flue gas.
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I. Introduction purify high-temperature flue gas, such as cyclone dust
removal technology, electrostatic dust removal technol-
ogy, high-performance barrier filters etc. [7-9]. How-
ever, these technologies have some problems, such as
poor filtration effect for dust with particles smaller than
7 uwm and cannot work under high-temperature flue gas
environment for a long time.

In recent years, porous ceramic filtration mem-
branes have caused a wide research boom in the high-
temperature flue gas treatment industry because of their
high-temperature resistance, corrosion resistance, high
filtration efficiency, low cost, no secondary pollution
and long life [10-12]. Ding et al. prepared mullite
bonded SiC porous complex ceramics by using a-SiC

g - . > - and a-Al, O, as raw materials and graphite as the pore-
Direct filtration of high-temperature flue gas is consid- ¢ 10r after high-temperature sintering in air. The re-

ered a key technology for effective PM pollution reduc- (115 showed that porous ceramics with porosity rang-
tion. Nowadays, many technologies have been used to ing from 38% to 56.6% could be produced by the ad-
dition of graphite. The porosity increased with the in-
crease of graphite content and the flexural strength in-

Particulate matter (PM) pollution is harmful to hu-
man health, especially PM2.5 particles (having aero-
dynamic diameter <10 um), which can easily penetrate
into human lungs and bronchi and cause diseases of the
respiratory system, cardiopulmonary system and other
body systems [1,2].

PM pollutants mainly originate from the high-
temperature flue gas emitted from industrial furnaces
in energy industry, metallurgy, machinery, chemical in-
dustry and cement industry [3—6]. In order to relieve
the pressure on the environment and achieve sustain-
able green development, these high-temperature gases
need to be purified and treated to reduce industrial PM.
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creased with the increase of sintering temperature. Thus,
when porous ceramics was prepared with 27.9 wt.% of
graphite and reaction sintered at 1550 °C, the flexural
strength and open porosity of the sample were 24.0 MPa
and 43.4%, respectively [13]. Liu et al. [14] prepared
cordierite-bound SiC porous complex-phase ceramics
by in situ reaction sintering at high temperatures un-
der air atmosphere using -SiC, a-Al,O, and MgO as
the main raw materials. The results showed that porous
complex-phase ceramics with porosity of 23.9% and
flexural strength of 74.5 MPa could be produced after
the reaction sintering at 1370 °C for 2h [14].

Traditional filter tube membrane is a symmetrical
structure with excellent chemical stability. Still, its low
filtration efficiency, low porosity, high resistance, fre-
quent ash cleaning, poor mechanical strength, poor ther-
mal stability, wide pore size distribution and poor fil-
tration performance cannot meet the requirements of
industrial applications [15]. The composite filter tube
membrane combines support layer with a larger pore
size and membrane layer with a smaller pore size into
a multilayer structure with asymmetric pore size distri-
bution [16—19]. The inner layer is a support body with
a larger average pore size and it ensures the strength of
the filter tube. On the other hand, a separation mem-
brane with a smaller particle size is added on the outer
surface of the support body to achieve surface filtra-
tion of high-temperature flue gas [15,20]. Some stud-
ies have shown that silicon carbide, alumina and mullite
ceramics have better thermal shock resistance, corro-
sion resistance and higher mechanical strength in high-
temperature gas filtration and are widely used in high-
temperature flue gas purification [21-27]. Yuan et al.
[28] used a hot-pressing process to obtain tubular corun-
dum microporous ceramic filter membrane with uni-
form pore size distribution. The result showed an excel-
lent filtration effect and corrosion resistance and could
be applied to metallurgical high-temperature flue gas
treatment for PM2.5 deep dust removal and purifica-
tion. Morozova et al. [29] prepared ZrO,(Y,05)-Al, 0,
ceramic filter membrane. The zirconia substrate had
20-47% open porosity and pore sizes in the range of
100-300nm, whereas pore sizes of the nano-alumina
layer deposited on it were in the range of 30—100 nm.
These types of composite filter tube membranes are cur-
rently used in metallurgical industry to filter metallurgi-
cal high-temperature flue gas in order to reduce envi-
ronmental pollution and achieve sustainable green met-
allurgy.

In this study mullite/SiC composite filter tube mem-
branes were prepared by isostatic pressing of SiC pow-
der to form a support structure and plasma spraying
of mullite to create a membrane structure. The mul-
lite/SiC composite filter tube membrane is a double-
layer structure with an asymmetric aperture, which can-
not only achieve high-efficiency filtration for the high-
temperature flue gas but also ensure the strength of
the filter membrane. Morphology, pore size distribution,
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porosity and roughness of the mullite/SiC composite fil-
ter tube membrane were studied. The most available
pore sizes, dust capture rate and dust collected by fil-
tration were analysed before and after using mullite/SiC
composite filter tube membranes. These analyses were
carried out to explore further the high-temperature flue
gas separation mechanism of the mullite/SiC composite
filter tube membrane.

I1. Experimental

2.1. Materials

Silicon carbide (80um, purity >99.9%, Aladdin),
mullite (d: 10-30 wm, /: 100-200 um, purity >99.5%,
Beijing), graphite powder (10-120um, pore-former,
purity >99.5%, Rohn), sodium carboxymethyl cellu-
lose (dispersant, Na-CMC, purity >98%, Rohn), car-
boxymethyl cellulose (CMC, purity >99.5%, Rohn),
pentaerythrityltetrastearate (lubricant, source leaf biol-
ogy) and deionized water were used for preparation of
the mullite/SiC composite filter tube membrane.

2.2. Preparation process

Preparation process of the mullite/SiC composite fil-
ter tube membrane is shown in Fig. 1. Silicon carbide
and graphite powder (pore-former) were mixed in a ball
mill in the ration 85 : 15. Then, sodium carboxymethyl
cellulose as a dispersant was added (the ratio of Na-
CMC to SiC/graphite mixture was 3 : 1) and mixed for
5h to form a slurry. The slurry was put into the ball
forming machine and rotary kiln, and then water-soluble
binder, lubricant and deionized water were added. The
mud was obtained after 24h of slurry aging within
a vacuum mud-making machine. The aged slurry was
poured into a mould and the SiC microporous ceramic
support embryo (with a length of 1500 mm, outer di-
ameter of 70 mm and a wall thickness of 9 mm) was
produced by isostatic moulding. The SiC microporous
ceramic support embryos were dried in an infrared dry-
ing oven at a temperature of 100 °C for 9 h. The dried
embryos were put into the shuttle furnace and fired, the
first at a heating rate of 5 °C/min to 750 °C for 2h and
then at a rate of 10 °C/min to 1300°C for 11h to ob-
tain the porous ceramic support body. Mullite, water-
soluble binder and deionized water were mixed, put into
the ball mill for 10 h and then left for 10 h to obtain mul-
lite slurry. After that, the mullite slurry was granulated
by YC-015 spray dryer and then it was kept at 1000 °C
for 30 min. Finally, a layer of mullite slurry was plasma
sprayed on the outer surface of the SiC microporous ce-
ramic support body to form the mullite/SiC composite
filter tube membrane The plasma spraying experimental
parameters are shown in Table 1.

2.3. Characterization methods

Surface morphology of the mullite/SiC composite
filter tube membrane was studied by field emission
scanning electron microscopy (FESEM, JSM-7001F).
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Figure 1. Preparation process of the mullite/SiC composite filter tube membrane

Table 1. Plasma spraying experimental parameters

Power of spray gun Ar He

Powder delivery rate

Spray distance Spraying angle Rotation speed

35kW 501/min 1.51/min

20 g/min

130 mm 60° 30cm/s

Elemental composition and distribution of the mem-
branes and supports of the mullite/SiC composite fil-
ter tube membrane were characterized using an energy
spectrometer (EDS, Oxford Instruments, Inca x-max,
UK). Crystal structure was detected by X-ray diffraction
(XRD, D8 Advance, Bruker, Germany). Phase com-
position was determined by X-ray photoelectron spec-
troscopy (XPS, AXIS ULTRADLD). Pore size and dis-
tribution of the mullite membrane before and after use
were determined using an automated mercury-pressure
method (Autopore IV 9500). The membrane surface
roughness was measured using an OLS4100 laser con-
focal scanning microscope. Laser particle size analysis
was used to measure the particle size of the collected
flue dust.

ITI1. Results and discussion

3.1. Microstructure and chemical composition

The cross-section of the mullite/SiC composite fil-
ter tube membrane was characterized by scanning elec-
tron microscope. From Fig. 2a, it can be seen that the
mullite/SiC composite filter tube membrane consists of
mullite membrane with a thickness of about 175um

as the upper layer on the SiC support body. Figure 2b
shows that the mullite membrane is formed from tightly
bonded mullite strips and particles with dimensions of
about 100-200 um. The mutual stacking of mullite par-
ticles forms many extended zigzag pores with sizes of
about 1-10 um. The smaller pores of the sprayed layer
should show an excellent retention of particulate impu-
rity matter. As shown in Fig. 2c, the SiC support body
consists of many coarse grains with a particle size of
about 100 um. There are many irregularly shaped three-
dimensional through pores with a pore size of about
20-150 pm. The SiC support body composed of coarse
grains forms a strong network structure, which helps im-
prove the strength of the porous ceramics and ensures
the strength of the filter membrane.

The chemical composition of the ceramic material
has an important influence on its stability. EDS and
XRD analyses were used to determine elemental distri-
bution and phase composition of the mullite/SiC com-
posite filter tube membrane (Figs. 3 and 4). As shown
in Fig. 3, the mullite/SiC composite filter tube mem-
brane is composed of mullite and SiC, which indicates
that both of them have good high temperature stabil-
ity. The elemental analyses confirm that the mullite/SiC

Figure 2. SEM images of the mullite/SiC composite filter tube membrane cross-section: a) full cross-section microstructure,
b) mullite membrane and c) SiC support body
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Figure 3. XRD patterns of: a) mullite membrane layer and b) SiC support body
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Figure 4. Cross-sectional morphology and EDS analyses of: a) mullite/SiC composite filter tube membrane, b) mullite
membrane, and c) elemental distribution of the mullite/SiC composite filter tube membrane

composite filter tube membrane contains 33.5, 36.1, 4.7
and 25.8 at.% of C, O, Al and Si, respectively (Fig. 4a).
On the other hand, the mullite membrane contains O,
Al and Si, with relative atomic percentages of 66.5%,
23.1% and 10.4%, respectively (Fig. 4b). The distribu-
tion of Si and C elements in the support body part of
porous SiC ceramic tube membrane is consistent, indi-
cating that the support body of porous silicon carbide
ceramic tube membrane is Siny compound. Figure 4c
shows that C and Si elements are mainly distributed in
the SiC support, whereas Al is primarily distributed in
the mullite membrane. There are apparent boundaries in
the distribution area of these three elements. At the same
time, the distribution of O is more uniform throughout
the cross-section because of the oxygen in the SiC sup-
port due to the presence of dispersant, binder and lubri-
cant during the preparation of SiC support.

Figure 5 shows O 1s, Si 2p and Al 2p core energy
level spectra of the mullite/SiC composite filter tube
membrane. Clear peaks at 531.2 and 532.2eV are visi-
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ble in the O 15 core energy level spectrum (Fig. 5a) orig-
inating from aluminosilicate mineral mullite and corre-
sponding to Al-O and Si—O bonds, respectively. The
peak at 532.9eV is due to the C-O bond of hydro-
carbons due to the surface adsorption. The Si 2p core
energy level spectrum in Fig. 5b shows clear peaks at
102.7 and 103.5 eV, which are attributed to Si—O bonds
in the aluminosilicate mineral mullite and the peak at
101.9¢V is due to the contamination during the fabri-
cation process. The Al 2p core energy level spectrum
in Fig. Sc shows that the peak at 74.4eV is attributed
to mullite and the peak at 74.6 eV corresponds to Al-O
bond, which is also attributed to mullite. The XPS re-
sults are consistent with the XRD results.

3.2. Porosity and pore size distribution

The pore size distribution and porosity of a compos-
ite filter tube membrane significantly influence the gas-
solid separation performance [30]. Thus, pore size dis-
tribution of the mullite membrane and SiC support were
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Figure 5. XPS spectrum of the mullite/SiC composite filter tube membrane

measured separately by the binary method and the re-
sults are shown in Fig. 6. From Fig. 6a, the pores of the
mullite membrane are uniformly distributed, with a pore
size of about 1-10 um and porosity of 9.9%. The smaller
pore size indicates that the separation membrane is suit-
able for micron-level filtration. The bulk particles in the
SiC support are uniformly distributed, with a pore size
of about 20—150 um and porosity of 19.0%, and the uni-
form bulk organization provides sufficient strength for
the separation membrane, as shown in Fig. 6b. The pore
size measured by the binary method is consistent with
the results shown in SEM images. Wang et al. [31] pre-
pared porous-foam mullite-bonded SiC-ceramic mem-
branes (MSCMs) with 3D interconnecting-pore network
and porosity of the MSCMs was tailored between 69.2%
and 84.1%. In comparison, the mullite/SiC composite
filter tube membrane prepared in this paper has much
smaller porosity.

The pore size distribution of the mullite/SiC com-
posite filter tube membrane at three different locations
was measured using the mercury-pressure method to

Porosity
9.9%

L, -

GF

- -

k'\' ! u‘ Porosity
- 9 ()°,
AY ™ 19.0%
L

obtain more accurate results of the pore distribution
and its homogeneity analysis. The results are shown in
Fig. 7a. Pores of the mullite/SiC composite filter tube
membrane at three different locations, upper, middle
and lower, have normal and narrow pore size distribu-
tion. The vast majority of pores are between 0—100 pum,
which is consistent with the SEM results and the most
available pore sizes at different locations are similar,
about 50 um. Figure 7b shows the pore size distribution
of the mullite/SiC composite filter tube membrane. The
results show that the mullite/SiC composite filter tube
membrane has similar porosity in the upper, middle and
lower parts, i.e. 32.6%, 32.0%, and 29.7%, respectively.
Therefore, the mullite/SiC composite filter tube mem-
brane should have good separation performance for gas-
solid separation process.

3.3. Surface roughness analysis

Many factors affect wear performance of the mul-
lite/SiC composite filter tube membrane during the use.
The surface roughness is one of the essential factors and

Figure 6. Optical microstructure binary micrographs of the mullite/SiC composite filter tube membrane: a) mullite membrane
and b) SiC support body
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Figure 9. Pore size distribution of the mullite/SiC composite
filter tube membrane before and after use

has an important influence on the wettability of impu-
rities in the separation process. Lower surface rough-
ness will reduce the adhesion of impurities [32]. Figure
8 shows the roughness of the mullite layer of the mul-
lite/SiC composite filter tube membrane. The 3D mor-
phology of the mullite layer shows that it has nearly
only one colour shade, which indicates that its rough-
ness is minor. The average roughness (R,) was tested
at three different locations and corresponding R, values
were 10.3,9.25 and 12.5 wm. This confirms that the mul-
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lite membrane has uniform surface roughness and fewer
defects, so it has good wear performance.

3.4. Filtration performances

During the filtration process of metallurgical high-
temperature flue gas, the pore plugging rate of a mem-
brane is critical to their separation performance [33].
Thus, the pore size distribution of the mullite/SiC com-
posite filter tube membrane before and after the use was
measured using a mercury-pressure instrument (Fig. 9).
The pore size distribution of the mullite/SiC composite
filter tube membrane before and after the use has nor-
mal distribution and the most available pore size was
reduced from 45.2 to 36.4 um after 360 days of filtra-
tion. The calculation shows that decrease of the most
available pore size of the mullite/SiC composite filter
tube membrane is about 19.4%, which is still acceptable
from the application point of view.

In the process of flue gas de-dusting, the long-term
use of a composite filter tube membrane will deposit a
lot of dust on the surface and in its pores and the dust
can be collected by reverse blowing. Anhydrous ethanol
(analytically pure) was used as the dispersant for the de-
termination of the dust particle size range. Two sets of
back-blown dust, A and B, were obtained at the same
filtration time and under the same back-blowing con-
ditions at the beginning of the usage period and after
360 days of using. Both samples were probed by using
a fully automatic laser particle size analyser (Fig. 10).
The particle size range of the samples A and B is ba-
sically the same, between 0.1-100um, as well as the
corresponding particle size distribution. However, there
is a slight difference in peak position, which is at 2.42
and 2.74 um for the samples A and B, respectively. It
further shows that the mullite/SiC composite filter tube
membrane still has good filtration effect after 360 days
of use. Most of the dust particles are distributed in the
range of 0.5-7um and 16-40um. The amount of par-
ticles smaller than 2.5 um is about 50%, indicating that
the mullite/SiC composite filter tube membrane has ex-
cellent filtration ability for PM2.5 dust particles.



Z. Yuan et al. / Processing and Application of Ceramics 17 [1] (2023) 61-69

—
(=]

—=— Group A
—e— Group B

jess}
T

Volume fraction (%)

1 10 100
Grain size (um)

Figure 10. Particle size distribution of the collected fly ash
particles

The high-temperature flue gas contains a large
amount of dust. When passing through the compos-
ite filter membrane, most of the dust is retained due
to the dual action of surface filtration and depth filtra-
tion of the composite filter membrane. The filtered flue
gas contains a tiny amount of fine dust. Therefore, the
dust removal efficiency of the composite filter mem-
brane can be determined by the change of dust con-
tent in the flue gas before and after filtration. The dust
content in the flue gas before and after filtration by the
mullite/SiC composite filter tube membrane was mea-
sured using a 3012H automatic soot/gas tester. The re-
sults of eight tests are shown in Fig. 11. The dust con-
tent of high-temperature flue gas is in the range of 320—
375mg/Nm?. After filtration by the mullite/SiC com-
posite filtering tube membrane, dust content of the flue
gas at the outlet is less than 7mg/Nm? and the mini-
mum can reach 1.37 mg/Nm?. The removal efficiency is
98.4% on average, and the maximum removal efficiency
can reach 99.6%. Shin et al. [34] prepared porous ce-
ramic filter with mullite whiskers by using replica tem-
plate method and MoOj; catalyst. The filtering perfor-
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Figure 11. Dust content of inlet and outlet flue gas and dust
capture rate

mance gradually improved over filtering time to 86.4%
for PM2.5 and 93.0% for PM10. Wang et al. [31] pre-
pared porous-foam mullite-bonded SiC-ceramic mem-
branes (MSCMs) with 3D interconnecting-pore net-
work, and the filtration efficiency of PM was recorded at
70.2%, 90.1% and 94.6% for PM0.3, PM2.5 and PM10,
respectively. In comparison, the mullite/SiC composite
filter tube membrane prepared in this paper has better
filtration efficiency.

3.5. Filtration mechanism

The particle size of flue gas dust is in the range of
1-100 um, so the separation of dust in this study is a
typical microfiltration process, where the separation of
components of different particle size ranges is achieved
through pressure and concentration differences between
the two sides of the membrane. The mechanism of flue
gas dust retention depends on the properties (physical
and chemical) of the mullite/SiC composite filter tube
membrane and the interaction between the mullite mem-
brane and the dust particles. Flue gas is blown in from
the outer wall of the mullite/SiC composite filter tube
membrane under the atmosphere of NO and O,. When
the pore size of the mullite membrane is smaller than
the size of dust particles in flue gas, the dust particles
are blocked from entering or passing through the mul-
lite membrane, and the larger dust particles are directly
isolated outside the mullite membrane layer. This sep-
aration mechanism is called surface filtration or sieve
filtration mechanism. Suppose the pore size of the mul-
lite membrane is larger than the size of impurity parti-
cles in the flue gas. In that case, the dust particles can
enter the mullite membrane and the SiC support body.
The smaller dust particles are “retained” or “adhered” to
the pores of the mullite membrane and the SiC support
body under the effect of inertial impulse and diffusion.
This separation mechanism is called depth filtration.
The gases such as N,, H,0, CO,, etc. are discharged
from the tube and can be recycled or directly discharged
into the atmosphere. After repeated use, the mullite/SiC
composite filter tube membrane can be cleaned by re-
verse blowing, and the collected fly ash can be recycled.
The filtration mechanism of the mullite/SiC composite
filter tube membrane is shown in Fig. 12.

IV. Conclusions

In this study mullite/SiC composite filter tube mem-
branes were prepared and their microstructure and func-
tional properties were evaluated. The main conclusions
are as follows:

(1) The mullite/SiC composite filter tube membrane
consisted of the mullite membrane and the SiC support.
The mullite membrane having thickness of 175 um is
formed from tightly bonded mullite strips and particles
with dimensions of about 100-200 wm. The SiC support
body consisted of many coarse grains with a particle
size of about 100 um.
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(2) There are many zigzag extended pores in the mul-
lite membrane with the size of about 1-10 um and the
total porosity was about 9.9%. In addition, the rough-
ness of the mullite membrane surface is negligible con-
firmed by similar Ra values at three different locations
(i.e. 10.34,9.25 and 12.48 um). There were many irreg-
ularly shaped three-dimensional interconnected pores in
the cross-section of the SiC support body. The size and
porosity of the pores were about 20—150 um and 19.0%,
respectively, and the pore distribution was uniform.

(3) The performance of the mullite/SiC composite fil-
ter tube membrane was evaluated. After 360 days of
use, the most available pore size of SiC porous ceramic
tube reduced from 45.2 to 36.4 um, which makes the re-
duction of about 19.4%. The particle size range of the
dust collected by reverse blowing was distributed be-
tween 0.1-100 um. Most of them were distributed below
10 um, and the particles smaller than 2.5 pm accounted
for about 50%. After filtration by the mullite/SiC com-
posite filter tube membrane, the removal efficiency was
98.4% on average and the maximum removal efficiency
could reach 99.6%, which indicated that the mullite/SiC
composite filter tube membrane had a high specific fil-
tration capacity for dust particles.
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