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17 10  Abstract
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19 11  Ceramic microfiltration membranes (MF) with narrow pore size distribution and high permeability are
21 12 widely used for the preparation of ceramic ultrafiltration membranes (UF) and in wastewater treatment. In
23 13 this work, a whisker hybrid ceramic membrane (WHCM) consisting of a whisker layer and an alumina
25 14  layer was designed to achieve high permeability and narrow pore size distribution based on the relative
27 15  resistance obtained using the Hagen-Poiseuille and Darcy equations. The whisker layer was designed to

29 16 prevent the penetration of alumina particles into the support and ensured a high porosity of the membrane,

g; 17  while the alumina layer provided a smooth surface and narrow pore size distribution. Mass transfer
gi 18  resistance is critical to reduce the effect of the membrane layers. It was found that the resistance of the
gg 19  WHCM depended largely on the alumina layer. The effect of the support and whisker layer on the
g; 20  resistance of the WHCM was negligible. This was consistent with theoretical calculations. The WHCM was
28 21 co-sintered at 1000 °C, which resulted in a high permeability of ~645 Lm™*h™bar™ and a narrow pore size
j; 22 distribution of ~100 nm. Co-sintering was carried out on a macroporous ceramic support (just needed one
43

44 23 sintering process), which greatly reduced the preparation cost and time. The WHCM (as the sub-layer) also
46 24  showed a great potential to be used for the fabrication of ceramic UF membranes with high repeatability.
48 25  Hence, this study provides an efficient approach for the fabrication of advanced ceramic MF membranes on
50 26  macroporous supports, allowing for rapid prototyping with scale-up capability.

52 27
53 28  Keywords: Whisker hybrid ceramic membrane; SiC whisker; Alumina particles; High permeability;

29  Narrow pore size distribution
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1 Introduction

Porous ceramic membranes are widely used for water purification, pollution prevention, gas separation,
and resource recycling [1-4]. Ceramic membranes are usually asymmetric (with “support+ intermediate
layer +top-layer”) [5, 6], and hence show high permeability and bending strength. The support imparts high
bending strengths to ceramic membranes, while the intermediate layer prevents the penetration
phenomenon. However, the trade-off between the permeability and filtration performance [7] of these
membranes limits their wide applications.

To alleviate the trade-off between the rejection and permeability, nanofibers/whiskers are used to
prevent the formation of dead-end pores in the separation layer by dividing larger voids into smaller
interconnected pores to improve the porosity. Generally, the porosity of nanofiber/whisker layers is more
than 70%, almost two times of that of traditional ceramic membranes. The network structure of the whisker
layer imparts high permeability and selectivity to ceramic membranes [8-11]. Wei et al.[12] used SiC
whiskers to decorate the surface channels of macroporous supports to prevent the penetration of top-layer
materials into the support. Qin et al. [13] used chitin nanowhiskers on a PVDF membrane. They found that
the modified membrane showed a higher pure water flux (392 Lm 2h ™) than the undoped one (184 L m2
h™). Zhou et al. [14] employed attapulgite nanofibers to prepare ceramic membranes on tubular supports.
These nanofibers significantly improved the permeability of the resulting membranes. It was deduced that
the nanofibers/whiskers improved the porosity and permeability of the ceramic membranes. Furthermore,
the random orientation of the nanofibers reduced the number of defects and cracks generated during the
drying and sintering processes because of their large thermal stress resistance and high elastic modulus
[14].

Although nanofibers/whiskers improve the permeability of ceramic membranes, there are two
limitations in using them for the preparation of ceramic membranes. Generally, Al,03[15], ZrO,[16],
SiO,-Al,03 [17], and SiC [18, 19] nanofibers/whiskers are used for modifying ceramic membranes. The
structure of these nanofibers/whiskers is destroyed at high sintering temperatures. Furthermore, the
“bridging effect phenomenon” of whiskers also becomes evident. Han et al.[20] reported that at high
temperatures (higher than 1550 °C), which are required for the formation of high-performance ceramics, the
structure of SiC whiskers is destroyed. Moreover, the porosity of the resulting ceramics decreases sharply.

Qiu et al.[21] investigated the effect of temperature on the structure of TiO, nanofibers and found that the
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TiO, nanofibers could not be sintered at temperatures higher than 480 °C because of their fracture and
agglomeration at high temperatures. The thermal treatment of whisker membranes is vital. The random
arrangement and “bridging effect” of these whiskers make the surface of whisker membranes rough. It is
difficult to fabricate separation layers for ceramic membranes with small pores (for good separation
performance). Qiu et al.[21] developed nanofibers/TiO, sol ceramic membranes with a bi-layer structure.
The sub-layer was composed of nanofibers and TiO, sol, while the top-layer was pure TiO, sol. The pure
TiO, sol was used to modify the roughness of the sub-layer and construct the separation layer of an
ultrafiltration (UF) ceramic membrane. Hence, it can be stated that the reparation process plays an
important role in the fabrication of ceramic UF membranes.

In this study, an optimized “whisker layer + alumina layer” structure was designed on a macroporous
support according to the H-P and Darcy equations to achieve WHCMSs with high permeability and narrow
pore size distribution, providing a comprehensive approach for the preparation of ceramic membranes on
macroporous supports. The effects of the processing parameters such as the sintering temperature, SiC
doping content, and reparation process on the preparation of UF membranes were studied. The schematic of
the fabrication process used in this work is shown in Fig. 1. In addition, the whisker and alumina layers
with the same thermodynamic properties could be co-sintered to fabricate the WHCMs, reducing the
fabrication cost and time [22, 23]. The resulting WHCM was finally used as a sub-layer to fabricate

ceramic UF membranes.

Alumina layer (provide a smooth surface and Whisker layer (prevent penetration Whisker hybrid ceramic
narrow pore size distribution) and achieve high porosity) membrane (WHCM)

Fig. 1 Schematic of the fabrication process

2 Experimental
2.1 Materials

Tubular alumina support with a pore size of 1-5 um (Length: 110 mm, External diameter: 12 mm,
Thickness: 2 mm) was provided by Jiangsu Jiuwu Hi-tech Co., Ltd., and its characterization is shown in Fig.

2. The average pore size was about 3 um. Commercial SiC whiskers were used to prepare the whisker layer;
3
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a-alumina particles (Sumitomo, Japan) with a mean size of 300 nm were used to prepare the alumina layer

to reduce the roughness of the whisker membrane.
2.2 Preparation of dispersions for ceramic membrane

Dispersion A (to prepare the whisker layer): Alumina particles (300 nm) and a nitric acid solution
(pH=2) were mixed thoroughly by mechanical stirring with ultrasonic treatment for 1.5 h. Desired amounts
of methyl cellulose (MC, Sigma), SiC whiskers, and an antifoamer were then added to the mixture under
stirring for another 30 min. A stable dispersion was achieved by continuing the ultrasonic treatment for
another 10 min for the removal of bubbles.

Dispersion B (to prepare the alumina layer): The synthesis routes of dispersions A and B were
similar. The only difference was that in dispersion B, SiC whiskers were not added. The solid content and
viscosity of dispersion B were about 25 % and 4.5 cp, respectively.

Dispersion C (to prepare the UF membrane): Boehmite sol was prepared by using a method
reported previously by us [24]. Al-tri-sec-butoxide (ASB, Sigma) and alcohol were first mixed, and then
added to hot water at 90 °C, and the resulting mixture was stirred for 60 min. A desired amount of acetic
acid was then added to the solution and stirring was continued for another 60 min. Finally, glycerol was

added to the reaction mixture, which was stirred for another 60 min. The as-prepared sol was aged for 12 h.

2.3 Preparation of ceramic membranes
2.3.1 Preparation of WHCM

First, dispersion A was coated on the surface of the ceramic support and dried for 24 h at room
temperature. Then, dispersion B was coated on the dispersion A coating and dried for 24 h at room
temperature. The WHCM was obtained after co-sintering the coatings at 1000 °C.

2.3.2 Preparation of ceramic UF membrane

The integrity of the WHCM was evaluated by using it (as the sub-layer) for the fabrication of UF

ceramic membranes. Dispersion C was coated on the WHCM. The coated WHCM was dried at room

temperature for 24 h and sintered at 1000 °C for 2 h. The sintering rate was 1°C/min.

2.4 Characterization

The X-ray diffraction patterns of the materials were obtained using an X-ray diffractometer (XRD,
D8-Advance, Bruker, Germany) with a scanning range of 10-80°. The surface of the membranes was
analyzed by using a field emission scanning electron microscope (FESEM, HitachiS-4800, Japan). The

roughness of the whisker layer, WHCM, and UF membrane was examined by atomic force microscopy
4
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(AFM, 5500AFM, Agilent). The distribution of the SiC whisker and alumina particle dispersions were
investigated by EDX mapping. The pore size distribution of the ceramic support was examined by mercury
porosimetry. The pore size distribution of the WHCM was examined by using a self-made bubble pressure
device. The permeability and rejection of the UF ceramic membrane were measured by using a self-made
cross-flow filtration apparatus. The transmembrane pressure was varied from 0.1 to 0.4 MPa at 20 °C. The
rejection performance of the membrane was measured using a dextran solution (6.5 g/L, molecular weight
of 10000, 40000, 70000, and 500000 Da). The concentration of the feed and permeate solutions was
measured by gel permeation chromatography (GPC, 1515, Waters, USA). The rejection of dextran was

determined using Eq. 1

Cf
R, == x100%
f 1)

where C; and C, are the solute concentrations in the feed and permeate (g/L) solutions, respectively.

3 Results and discussion

3.1 The theoretical analysis and design process for ceramic membrane structure

In order to carry out a comprehensive research on the resistance distribution of microfiltration (MF)
ceramic membranes, the effect of ®/d, on their resistance distribution was investigated. The calculations
assumed a support with a mean pore size of 3 um (@ is the mean pore size of the support, and dj is the
mean particle size of the membrane material directly deposited on the support). The theoretical resistance of

the membrane was calculated using the H-P (Eqg. 2) [25] and Darcy (Eqg. 3) [26] equations

2
_Apdl-e )
2u-L-z
Ap
J= 3
R 3)

Whered Ap is the transmembrane pressure, dy, is the pore size of the membrane layer, ¢ is the assumed
porosity of the membrane, x is the viscosity of pure water, L is the membrane thickness, z is the tortuosity
factor, and Ry, is the resistance of the membrane (m™). The following were assumed for the calculations: (1)
The thickness of the penetration layer was proportional to ®/d, (if @/d,was 10:1, the penetration layer was

10 um); (2) The tortuosity was obtained as the reciprocal of the porosity (Eq. 4),

(4)
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This is consistent with the American Society for Testing and Materials testing recommendations [27] and
Johnston’s [28] work. The value of porosity was assumed to be 0.4[29, 30]; (3) The mean pore size of the

membrane was calculated using its mean particle size.
do = K-l ©)

The value of k was about 3 [31, 32]. (4) The porosity of the penetration layer was a product of the porosities
of the support and MF membrane. Accordingly, the porosity and tortuosity of the penetration layer were
about 0.16 and 6.25, respectively.

It was found that the support and penetration layer had the lowest relative resistance when @/d,was
2:1, indicating that coating a membrane layer with an average pore size of 500 nm on the substrate was
suitable (Fig. 3a). This is consistent with our previous experimental results [33]. These results provide a
guide to construct optimal ceramic membrane structures on macroporous supports. Fig. 3a shows that the
relative resistance of the penetration layer increased with @/d, and became maximum at @/d,= 8:1. This
suggests that in order fabricate membranes with smaller pore sizes, for example 125-100 nm
(corresponding @/d, = 8:1-10:1), an extra penetration layer should be coated on the MF membrane
(average pore size of 500 nm) to prevent serious penetration and achieve higher permeability. Feng et al.
[33] first coated an alumina membrane layer (pore size of 500 nm) on a support with a mean pore size of 3
um and then coated another alumina layer with a pore size of 200 nm to obtain a membrane with good
permeance. However, repeatable “coating-drying-sintering” processes are time consuming and costly.

Hence, the development of low-cost MF ceramic membranes with a small pore size (~100 nm) is a
challenge. In this study, we employed three different strategies to obtain such ceramics (Fig. 3b). The
resistance distribution in all the three cases was calculated using the H-P and Darcy equations. The detailed
parameters are listed in Table 1. It can be observed from the table that the support resistance of strategy A
was higher than that of strategy C owing to its smaller pore size, which can reduce the permeability of MF
ceramic membranes (Fig. 3c). However, strategy C exhibited an excellent resistance distribution (with
resistance dominated by the MF membrane) of 96.5 %. The support almost had no negative effect on the
permeability of the ceramic membrane (0.6 %) and the whisker layer also induced very little resistance
during the whole process (2.9 %), indicating that the final membrane could have a higher permeability.
Layers A and B showed the same thermodynamic properties. This is because both the layers were mainly

composed of alumina particles. For the fabrication of the WHCM, layers A and B were co-sintered to
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reduce the sintering energy consumption. Strategy B was also not unsuitable, because the significant
penetration greatly increased the filtration resistance (accounted for 72.9 % of the whole process). To verify
the rationality of the calculations, we fabricated a WHCM experimentally with the membrane structure
designed using strategy C. The sintering temperature, membrane thickness, pore size distribution, and

permeability of the resulting membrane were investigated in detail.

3.2 Effect of sintering temperature on the microstructure of the SiC whisker

SiC whiskers play an important role in the fabrication of whisker membranes with better performance.
However, SiC whiskers easily transform to SiO, at higher temperatures in the presence of O,. The sintering
temperature affects the morphology and structure of SiC significantly. Fig. 4 shows the morphology of the
SiC whiskers sintered at different temperatures. As Fig. 4 shows, at the sintering temperatures of 600, 800,
and 1000 °C, no significant destruction was observed in the structure of the whiskers. At 1200 °C, the SiC
whiskers showed serious fracture. Hence, their fabrication became difficult (Fig. 4d).

These phenomena can be attributed to the oxidation of the SiC whiskers, which significantly affected
their structure. Thermogravimetric (TG) analysis of the whiskers was carried out to analyze their oxidation
behavior (Fig. 5). A slight weight loss was observed in the temperature range of 500 —1000 °C. However, at
temperatures above 1100 °C (in air) a sharp increase was observed in the weight loss. This indicates that
high temperatures accelerate the oxidation of SiC (SiC+0,—SiO,+CO,), which results in a serious
destruction of its structure. Fig. 5b shows the XRD patterns of the SiC whiskers sintered at five different
temperatures. No SiO, peak was observed within the temperature range of 600-800 °C. At the sintering
temperature of 1000 °C, a SiO, peak was observed at 20 = 22 degrees, indicating that most of SiC whiskers
were not destroyed (a weak SiO, peak). The intensity of the SiO, peak at 22° increased gradually with an
increase in the temperature. Hence, SiC whiskers should be sintered in air at low temperatures (lower than

1000 °C) to maintain their whisker aspects.

3.3 Preparation of WHCMs
3.3.1 Preparation of the whisker layer

Owing to their outstanding mechanical performance, SiC whiskers [34, 35] are used to fabricate
whisker membranes (located in the middle of the alumina layer and substrate). These whiskers prevent the
penetration of alumina particles into the pores of the substrate, thus increasing the permeability of the
ceramic membrane. For the fabrication of the WHCMs, SiC whiskers and alumina particles were mixed to

prepare the whisker layer. The use of alumina particles improved the mechanical strength of the whisker
7
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layer, as illustrated in Fig. 6. The smaller alumina particles can be formed as binders to promote the
sintering performance between the alumina particles and SiC whiskers, enhancing a good sintering behavior.
In our previous work, we also adopted alumina particles as binders (with mean particle size of 300 nm) to
prepare Cu-SAPO-34/monolith catalysts at low sintering temperature [36]. The SiC whiskers and alumina
particles can diffuse with each other at lower sintering temperature, promoting the formation of sintering
necks. The formation of the sintering necks can greatly improve the mechanical properties of the SiC and
alumina [37]. What’s more, a small amount of SiO, (due to the slight oxidation process) occurred on the
surface of the SiC whiskers. The SiO,-bonded whiskers can enhance the flexure strength [38]. Bukhari also
reported [39] that fabrication of SiC membrane at 1000 °C showed a satisfactory bending strength with
SiO,. Under the synergy of the two mechanisms, the specimens fabricated in this work exhibit a good
sintering behavior and mechanical properties. The effect of the whisker content on the resulting membrane
was investigated. As shown in Fig. 7a, in the absence of SiC whiskers, a large number of alumina particles
penetrated the support because of its large pore size distribution. The thickness of the penetration layer was
about 10 um, which was consistent with the hypothesis made in section 3.1. However, in the presence of
SiC whiskers, the membrane showed obvious structure without significant penetration (Fig. 7b).

The effect of the SiC whisker content on the membrane surface was investigated. The SEM images
(Fig. 7c¢) show that the membrane without whiskers (in the sub-layer) had a rough surface. This can be
attributed to the defects caused by the penetration of alumina particles into the substrate (in this case, the
sub-layer was too thin and uneven to eliminate the roughness of the substrate). On the other hand, the
membrane having 10 wt.% SiC whiskers showed significant whisker bridging (Fig. 7€), and no significant
penetration was observed on the cross-section (Fig. 7b). The SiC whiskers linked to methylcellulose
facilitated the formation of a giant network [29], which could block the penetration of alumina particles into
the substrate. At the SiC whisker content of 5 wt.%, the bridging of SiC whiskers was not significant,
indicating that this whisker content did not significantly contribute to the high porosity of the whisker layer
(Fig. 7d). However, when the whisker content was increased to 20 wt.%, dispersion A became unstable, and
SiC whiskers (larger than alumina particles) precipitated faster on the substrate than alumina particles,
resulting in the uniform distribution of SiC whiskers and alumina particles on the membrane surface (Fig.
7f). The optimum SiC whisker content to obtain membranes with well-dispersed SiC whiskers and high
porosity was found to be 10 wt.%.

In order to further investigate the distribution of SiC whiskers (10 wt. %) and alumina particles on the
8
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membrane surface, EDX mapping was carried out (Fig. 8). It was found that Al, O, Si, and C co-existed
homogeneously, and Al and O were predominant. This confirmed that Al,O3 particles and SiC whiskers

were well-dispersed on the membrane surface.

3.3.2 Reparation of whisker membranes by coating alumina layer

The smooth surface [40] of the WHCM plays an important role in improving its anti-fouling
performance and in the fabrication of UF ceramic membranes (as the sub-layer). However, the whisker
layer had a rough surface because of the large SiC whiskers. In order to overcome this problem, an alumina
layer (fabricated with dispersion B) was coated on the membrane (as the intermediate layer). However, it is
difficult to minimize the thickness of the alumina layer during the reparation process without causing
defects on the membrane surface. The effect of the dipping time (60 and 90 s) of dispersion B on the
thickness of the alumina layer was investigated using the SEM images. Dipping for 60 s could produce an
alumina layer with a thickness of approximately 20 um. On the other hand, when the dipping time was 90 s,
an alumina layer with a thickness of ~30 um was obtained. The two layers (the whisker and alumina layers)
then were co-sintered at 1000 °C. To evaluate the integrity of the alumina layer, SEM images were used
(Fig. 9). The thickness (20 um) of the alumina layer was not enough to eliminate the roughness of the
whisker layer. As a result, the defects in the whisker layer moved to the alumina layer, resulting in the
generation of macroporous defects, as shown in Fig. 9a. On the other hand, the alumina layer with a
thickness of about 30 pum completely eliminated the roughness of the whisker layer, resulting in the
formation of a homogenous top-layer without defects, as shown in Fig. 9b. The surface of the WHCM was
smooth with alumina particle deposits visible at high magnifications. The cross section structure of the
membrane was evident. The surface roughness of the whisker and alumina layers was further analyzed by
obtaining their AFM images (Fig. 10). From the two- and three-dimensional AFM images, it can be clearly
observed that the alumina layer (average roughness = 25 nm) surface was smoother than the whisker layer
(average roughness = 80 nm) surface (Fig. 10b). The lower surface roughness of the alumina layer made it a
better sub-layer for the fabrication of UF ceramic membranes.

On the basis of the results discussed thus far, an optimum WHCM was fabricated. As shown in Fig. 11,
the water flux of the membrane was proportional to the transmembrane pressure, and the corresponding
permeability of the WHCM was about 645 Lm™?h™bar™. The pore size distribution was narrow and the
mean pore size was about 100 nm. Fig. 12 compares the performance of the WHCM developed in this study

and those reported previously [32, 41-50]. In accordance with the H-P equation (Eg. 2), the permeability of

9
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the ceramic membrane was the reciprocal of its thickness. The theoretical curve in Fig. 12 was obtained
when the membrane thickness was ~30 pm (consistent with our final alumina layer thickness). However,
the previously reported values deviated from the curve. The main reason for this was that the permeability
of the ceramic membrane was significantly affected by the support and intermediate and top layers. The
resistance of support and intermediate layers accounted for above 50 % of the whole ceramic membrane,
and the permeability of the membrane decreased significantly. However, the permeability of the WHCM
was close to the curve, indicating that the WHCM showed a higher permeability with smaller pore size (100
nm). It is also inferred that the permeability of the WHCM is dominated by the alumina layer, having little
to do with the support and whisker layer. The whole process of fabricating WHCM just needed one

sintering process, which reduced the fabrication cost of the membrane by 20% [43].

3.4. Fabrication of ceramic UF membrane using WHCM as the sub-layer

In order to evaluate the integrity of the surface of the WHCM and widen the range of its practical
applications, a UF membrane was fabricated by using the WHCM. The SEM images showed that the
membrane surface was defect-free (Fig. 13a) and the cross-sections of the membrane were clearly
distinguishable and showed no penetration (Fig. 13b). The AFM images (Figs. 13c and 13d) showed that
the average roughness of the membrane surface was only about 3.314 nm. The rejection performance of the
ceramic UF membrane was measured by carrying out its dextran rejection test with a molecular weight
cut-off (MWCO) of 19000 Da (Fig. 13e). Based on the correlation of r = 0.33M**®, where r is the
molecular radius (nm) and M is the molar mass (kg/mol) [51], the mean pore size was calculated to be ~6
nm. The permeability of the ceramic UF membrane was about 112 Lm?h™*bar™ (Fig. 13f).

Fig. 14 shows the repeatability of the fabrication of the ceramic UF membranes using the WHCM. A
batch of UF membranes was prepared under the optimum conditions, and 20 samples were randomly
selected for characterization. The MWCO was maintained within the range of 16000-21000 Da (Fig. 14a),
and the permeability (Fig. 14b) was maintained within the range of 110-130 Lmh™bar™. It can be inferred

from these results that the WHCM is smooth and suitable for the fabrication of ceramic UF membranes.

4 Conclusion

In this work, the relative resistance of an MF ceramic membrane on a support with an average pore
size of 3 um was analyzed using the H-P and Darcy equations. An optimum membrane structure with

minimum support resistance was designed. This structure was then used to fabricate the desired ceramic
10
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membrane. The effect of the sintering temperature on the membrane was investigated by SEM, XRD, and
TG analyses. It was found that by carrying out sintering at temperatures below 1000 °C, the whisker
morphology of the SiC whiskers could be maintained. SiC whiskers and alumina particles were employed
to deposit the whisker layer on a macroporous support to prevent the penetration of alumina particles into it,
and thus improve the permeability of the resulting membrane. The use of alumina particles enhanced the
bending strength of the whisker membrane. This is because the whiskers could form sintering necks with
the alumina particles. The alumina layer (~30 pm) was coated on the whisker layer to eliminate its
roughness. The WHCM so obtained showed a high permeability of ~645 Lm™hbar" and a narrow pore
size distribution of ~100 nm, and hence was found to be suitable for the fabrication of ceramic UF
membranes (with high repeatability). This study provides a comprehensive approach to fabricate ceramic

MF membranes on macroporous supports, allowing for rapid prototyping with scale-up capability.
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