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Co-sintered synthesis of needle-like mullite porous membrane materials
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ABSTRACT

To reduce the production cost and improve the performance of new membranes a high permeability
porous mullite membrane material was directly synthesized by designing a mesh structure formed
from needle-like mullite. The kaolin powder with 65% AlLO, content served as the precursor material
for the porous mullite support, the powder doped 5 wt% AIF, with 60% Al,O, content served as the
precursor material of the needle like mullite crystal layer. A thin layer of the precursor material of the
needle like mullite crystal layer was coated on the support precursor. In the co-sintering preparation
of the membrane the free SiO, in the kaolin was consumed by the alumina precursors, AlF, as addi-
tive promoted the formation of mullite whiskers, so that a mesh structure was formed in-situ, which
imparted suitable permeability and selectivity to the final structure. The growth of mullite whiskers
has a positive impact on the improvement of porosity and permeability of ceramic membranes. The
water flux of the membrane increased by 1.2-2 times compared to the existing microporous mem-
branes of the similar pore size. The porosity of the samples was greater than 47% between 1250°C
and 1400°C as the sintering temperature was increased. This preparation process simplified the
preparation of the bilayer membrane, and greatly decreased the cost of raw material and production
time and improved the performance of the membrane product. The bilayer membrane developed in
this study may be used as a microfiltration membrane, particularly in high-throughput water treat-

ment applications.
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1. Introduction

Water pollution is one of the most important problems
facing modern society, because pure water forms the basis
for life. The use of porous ceramic membranes is one of
the newest, recently developed techniques for the purifica-
tion and exploitation of waste water. This approach is an
important way to help solve the current water pollution cri-
sis and to help maintain the cleanliness of the environment
[1-5]. It has proven its efficiency in the removal of algae,
bacteria and viruses from water. In industrial applications,
improving the ceramic membrane permeation flux and sep-
aration usually requires that the ceramic membranes be a
composite type with an asymmetric multi-layer gradient
pore structure. Heretofore, alumina has been considered
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to be the main membrane material for preparing commer-
cial ceramic membranes. However, due to the expense of
the raw materials and relatively high firing temperature,
production costs have been considered to be too high for
some applications [5-9]. This has restricted the use of these
membranes from many industrial separations, especially in
the area of waste water treatment. At present, the focus of
most research in this field has been to reduce the produc-
tion cost and improve the performance of these membranes
[1-4,6,9-11].

The use of mullite in the fabrication of porous mem-
branes has received considerable interest in recent years,
because of its unique characteristics including a low ther-
mal expansion coefficient and chemical stability as well as
good thermal shock resistance and strength. Much effort
has been expended to prepare porous mullite ceramics
using a variety of starting materials [9-12]. For exam-
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ple, kaolin clay has been used since it is an abundantly
available mineral in China. The cost of preparing porous
membrane material can be significantly reduced if clay
minerals are employed as starting materials to directly
prepare porous mullite membrane materials. Recently,
several researchers have attempted to prepare porous
mullite membranes using clay minerals employing a reac-
tion-sintering process. The advantages of this process
include simple processing procedures and a relatively low
sintering temperature, which make it suitable for large-
scale industrial production. One substantial hurdle, how-
ever, is the high density of the mullite materials formed in
this conventional manner that is caused by the presence of
excess SiO, in clay. In general, the pores in the membrane
are produced by leaching the free silica from fired clays or
from the fired product [13-16]. This additional step in the
production processing of leaching the silicate is undesir-
able. Furthermore, the average pore sizes reported for the
product resulting from this method were found to be 0.17—
0.61 um. These pore sizes are less than desirable for filtra-
tion applications, because they produce low permeability
[17-19]. Addition of alumina precursors has been pro-
posed as a possible solution to this problem. The addition
of alumina can reduce the amount of the glass phase in the
composition and increase the quantity of the mullite. In
addition, the generated mullite crystal morphology can be
controlled by controlling the composition of the alumina
precursor. It is well known that a mesh structure formed
from threads or fibers represents the most efficient struc-
ture for pressure driven membrane filtration processes.
Such structures can achieve high selectivity while main-
taining a high flux, because the fibers produce smaller
voids without forming dead-end pores and they minimize
the reduction in the total void volume [20-23]. The poros-
ity in the separation layer of the nanofibers can be over
70% of its volume. By contrast, the separation layer in con-
ventional ceramic membranes has a porosity of less than
36% and inevitably includes dead-end pores that provide
no contribution to the membrane flux.

In this reported investigation, a new processing route
was proposed to directly obtain a high permeability,
porous mullite membrane material by designing a mesh
structure formed from needle-like mullite. This membrane
was composed of suitable alumina precursors as the top
separation membrane material and the in-situ porous mul-
lite served as a support material. It was expected that the
free SiO, in the kaolin would be consumed by the added
alumina precursors, so that a mesh structure would be
formed in-situ, which would impart suitable permeability
to the final structure.

2. Experimental procedures
2.1. Sample preparation

The minerals in kaolinite clay (AIZOSQSiOZ, China
Kaolin Company), a-ALO, and industrial AI(OH), powder
were used as the starting materials and AlF, was used as
an additive. The composition of the starting materials was
determined by the Switzerland ARLI800XP X-ray fluores-
cence spectrometer. Two types of starting powders were
prepared: kaolin + Al(OH),, kaolin + o-ALO, +Al(OH),

(the amount of a-AlLO, in the additive alumina precursors
was 10 wt%), referred to as A and B, respectively. Powder
A was doped 5 wt% AIF, with 60 wt% ALO,and was used
to fabricate the top-layer membrane (marked A in Fig. 1).
Powder B with ALO, contents of 65% was used to prepare
the porous mullite support (marked B in Fig. 1). Mixtures
of the starting powders were ball-milled together. The
grinding media was corundum balls and the milling time
was 12 h. Some binders and lubricants were added to the
mixed powder. Schematic illustration of preparation pro-
cedure of the ceramic membranes is shown in Fig. 1. A thin
layer of the precursor material of the needle like mullite
crystal layer was coated on the support precursor. The
powder compacts were prepared by a press molding tech-
nique. The applied pressure was 8 MPa for 1 min. After
drying the molded material was fired at various tempera-
tures ranging from 1250°C to 1400°C for 2 h at the heating
rate of 3°C min™ in a programmable electric furnace. The
samples were prepared in the temperature programmed
furnace and the resultant membranes were labeled “AB”.
The samples prepared using the precursor materials of
the porous mullite support (Powder B) were prepared for
comparison and labeled “B”.

2.2. Characterization of the samples

The microstructure of sintered samples was examined
using scanning electron microscopy (SEM, Quanta 200, FEI,
Netherlands) with an energy dispersive X-ray spectrome-
ter (EDX). The crystal phases of the sintered samples were
determined by X-ray diffraction (XRD, D8 advance, Bruker

precursors of needle-like mullite
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Fig. 1. Schematic illustration of preparation procedure of the
ceramic membranes.
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Instrument Co., Ltd. Germany). The porosity of the result-
ing ceramics was determined by the Archimedes method
(GB1996-80) with water as the liquid medium. Average
pore size of the sintered porous specimens were measured
using the gas bubble pressure method (GBP), which was
performed using the American Society for Testing and
Materials (ASTM) Publication (F316-80). The filtration per-
formance of the samples was characterized using DI water

e

Fig. 2. Schematic diagram of cross-flow filtration experimental
equipment: 1 - centrifugal pump; 2 — needle valve; 3 — flow me-
ter; 4 — pressure gauge; 5 — temperature meter; 6 — plate ceramic
membrane module; and 7 — stock tank.

top-layer
membrane
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as the medium, and the filtration device used for this test-
ing is shown in Fig. 2. The filtration operating pressure was
in the range from 0.1 to 0.3 MPa and each operating pres-
sure produced three sets of data from which the calculated
average flow rate was determined that corresponded to the
pressure.

3. Results and discussion
3.1. Microstructure of the samples

The SEM photos of produced sample are shown in Fig.
3. It can be seen from this figure that the samples consisted
of a two layered structure, which was the top whisker
material and porous support containing a suitable pore
structure. Among these, the top was prepared by firing
the precursor materials of the needle-like mullite crystal
layer at high temperature. Fig. 3b shows the top surface of
the membrane where a porous network structure is clearly
evident. The needle-like mullite crystals touch each other
to form a short network and the surface was completely
covered by whiskers. The acicular structure of the whis-
kers appears to have grown randomly to form a porous
structure and the average length of each whisker appears
to be about 2.5 pm. A similar morphology was observed
by Mohamed et al. [24]. The chemical composition of the
products was determined using EDS at various locations
on the whiskers. From EDS results it was found that the
mass fraction of Al and Si were 74.2% and 25.8%, which
was in agreement with the stoichiometric composition
of the mullite. In Fig. 4, the XRD analysis results further
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Fig. 3. The SEM photos of produced sample sintered at 1350°C for 2 h: (a) section of the membrane, (b) the top surface of the mem-

AQ1 brane, (c) transition layer between the top layer and the porous support, (d) support layer section..
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confirmed that the generated whiskers were composed of
mullite. There was a transition layer between the top layer
and the porous support in Fig. 3c, which appeared to con-
tain whiskers and flaky particles. Fig. 3d shows the micro-
structure of support layer section and it can be seen that
the porous support had high porosity, and the pores were
mutually connected with an excellent structure.

3.2. Phase analysis of the samples

The XRD patterns of the top-layer membrane of Sam-
ple AB and the support of Sample B sintered at 1350°C for
2 h are shown in Fig. 4. From Fig. 4 AB it appears that
show complete orthorhombic mullite diffraction peaks
because of the formation of mullite during the sintering.
For the samples B, however, it appears that most strong
diffraction peaks can be attributed to mullite. Additional,
weak diffraction peaks appeared to result from the pres-
ence of cristobalite, which indicated besides mullite a
small amount of cristobalite co-existed in the support. In
summing up, the excess SiO, in kaolin can be consumed
by adding alumina precursors and increase the amount of
mullite, which is beneficial to obtain porous mullite mem-
brane materials.

3.3. Pore parameters of sintered samples
3.3.1. Porosity

Fig. 5 shows the relationship between the poros-
ity of the samples and the sintering temperature. From
the results shown in this figure, it can be seen that the
porosity of the samples decreased with the increase of
sintering temperature, decreasing from 60.1% at 1250°C
to 47.6% at 1400°C. This was related to the increasing
sintering degree of samples with increasing sintering
temperature. In addition, it can be seen that the poros-
ity of the samples was more than 47% when they were
sintered in the range between 1250°C and 1400°C. This
may have resulted from the fact that the content of ALO,
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Fig. 4. XRD patterns of the top-layer membrane of Sample AB
and the support of Sample B sintered at 1350°C for 2 h.

in the kaolin was less than 46 wt% and the rest of the
porosity in this sample resulted mainly from the decom-
position of the additive AI(OH),. The in-situ decomposi-
tion of AI(OH), produced 60% of the volume contraction
[25] which resulted in empty space in the matrix around
the AL O, particles. During this process, the excess SiO, in
the kaolin was rapidly consumed by the added alumina
precursors accompanied by the formation of secondary
mullite. When the free glassy phase was consumed, a stiff
skeleton of a needle-like mullite structure was formed in
situ, which provided high porosity. This high porosity
was a necessary condition to ensure a negligible flow
resistance of the membrane during filtration.

3.3.2. The pore size distribution and average pore sizes

The pore size distribution in the samples is shown in
Fig. 6. As can be seen, the distribution in pore size in the
porous mullite support is quite wide, ranging from 0.81
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Fig. 5. Porosity of samples sintered at various temperatures for 2 h.
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Fig. 6. Pore size distributions of the porous composite ceramic
sintered at 1350°C: (B) porous mullite support, (AB) membrane
after coating of mullite whisker.
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to 3.2 pm. The most frequent pore size was 2.1 ym and
the average pore size was 2.4 pm. The mullite whisker/
mullite matrix composite samples exhibited significant
shrinkage in pore size distribution with the pores rang-
ing from 0.67 to 1.79 pm, with the most frequent pore size
of 0.76 pm and an average pore size of 0.89 pm. A struc-
ture containing some mullite whisker with an acicular
structure was prepared by coating a layer of precursor of
mullite crystal whisker onto a porous mullite substrate,
which was then fired with the base material. In the sinter-
ing process whiskers crossed each other to form a mesh
structure so that the overall pore size distribution nar-
rowed and the pore diameter decreased which improved
the selection performance of the composite membrane
material.

3.4. Permeability of sintered samples

The relationship between pure water volume flow
and the operating pressure of Sample AB and Sample B is
shown in Fig. 7. From the results shown in this figure, it
can be seen that the pure water volume flow and operat-
ing pressure for each sample exhibited a linear relationship,
which conformed well to Darcy’s law [26]. It also can be
seen that Sample B sintered at 1350°C exhibited a higher
water flow volume than sample AB when tested using the
same operating pressure. At 0.1 MPa operating pressure,
the pure water flux of Sample B was 12728 L-m=h". After
coating Sample AB with the mullite crystal whisker, at the
same operating pressure, the pure water flow of Sample
AB was 8776 L-m™>h™, indicating that the water flux was
reduced by 31%. These results are shown to be caused by
the dependence of the flow characteristic on pore size and
porosity [27]. This was associated with the shrinking of
internal pore structure of the sample, but the material still
exhibited a very high water flux associated with its pore
structure. The water flux of the membrane increased from
1.2 to 2 times compared to the existing microporous mem-
branes of the similar pore size [10,28], which verified the
basic hypothesis of this study.
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Fig. 7. Relationship between trans-membrane pressure and the
pure water flux of samples: AB, B sintered at 1350°C for 2 h.

4. Conclusions

This results of this research effort showed that it is pos-
sible to directly obtain a high permeability porous mullite
membrane material by designing a mesh structure that was
formed from needle-like mullite. This membrane structure
was formed by the addition of suitable alumina precursors as
the top separation membrane materials and porous mullite
in-situ to form the support structure. In the co-sintered prepa-
ration of the membrane free SiO, in the kaolin was consumed
by the adding alumina precursors, so that a mesh structure
was formed in-situ, which imparted suitable permeability to
the final membrane. The co-sintering process simplifies the
preparation of bilayer membranes, which could decrease the
cost and production time thereby improving the possibility
of industrial-scale production of the membrane. The bilayer
membrane developed in this study can be used as a micro-
filtration membrane, particularly in high-throughput water
treatment applications. This preliminary investigation was
focused on the preparation of the membrane materials and
future work is needed to examine the influence of membrane
layer thickness during co-sintering and co-sintering of mem-
brane layers with different pore sizes.
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