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A B S T R A C T

Polymethylsiloxane (MK) and aluminum diacetate have been stoichiometrically combined to synthesize a
mullite-based powder (3Al2O3·2SiO2) at 850 °C (5 h) or 1200 °C (3 h). High-purity crystalline mullite (> 99%)
was obtained by heating the mixture in the air (thermal oxidation) at 1200 °C for 3 h, mainly due to the for-
mation of highly reactive silica and alumina precursors. Afterward, the mullite-based powders were used to
prepare planar asymmetric microfiltration membranes by phase-inversion tape casting. The green membranes
were sintered at 1600, 1650 or 1700 °C during 2 h. The asymmetric morphology identified in the membranes by
scanning electron microscopy analysis reveals a thin skin-layer (microfiltration layer,< 10 μm) followed by a
porous support, in which two different structures were observed: finger- and/or sponge-like layer. Water per-
meation performance in a dead-end configuration was investigated at different pressures (3, 4, and 5 bar). The
obtained results clearly indicated an improved water permeation flux compared to a symmetric commercial
membrane (133.6m³/m2·h compared to 14.7m³/m2·h, respectively, at 5 bar). This observation could be ascribed
to the asymmetric morphology resultant from the phase-inversion process.

1. Introduction

A rising interest in ceramic membranes has been observed by the
industry and research fields. The development of advanced processing
techniques made possible the preparation of high-performance ceramic
membranes. In comparison to traditional polymeric membranes,
ceramic presents higher chemical and thermal stability, structural re-
sistance, and long working life [1,2]. There are plenty of techniques to
prepare ceramic membranes, such as structural leaching, extrusion,
pressing, chemical vapor deposition, sol-gel, slip casting, and tape
casting [3]. Recently, an increasing number of works have reported the
use of phase-inversion (pore forming strategy) coupled with tape
casting (shaping method) for the preparation of asymmetric flat
ceramic membranes [4–10].

Phase-inversion has been widely used to produce polymeric mem-
branes [11]. However, this process has been adapted to prepare ceramic
membranes by simply adding ceramic particles into the polymeric so-
lution and later burning out the organic components and consolidating
the structure through sintering [4,12–14]. This method is based on

thermodynamic and kinetic principles, such as the relationship between
the chemical potentials and diffusivities of the individual components
and Gibb's free energy of mixing of the entire system [15]. The most
common phase-inversion strategy is the non-solvent induced process. In
this approach, the polymer is converted from the liquid phase into a
solid by the phase separation or “demixing” what is induced by a non-
solvent (normally water) [16]. The membrane formation is dictated by
many parameters, such as slurry composition, particle size, rheological
properties, and non-solvent characteristics [13,17]. The main ad-
vantage of this technique relies on the flexibility to tailor the mor-
phology in order to produce an asymmetric structure composed by a
thick sub-layer (porous support) and a thin layer (membrane). There-
fore, this one-step approach is possible by adjusting one of the afore-
mentioned parameters, which can result in different morphologies in
the sub-layer (e.g. finger or sponge-like structures) [18].

The predominant materials used to prepare ceramic membranes
include α-alumina, silica, zirconia, titania, perovskites, and aluminum
silicates (e.g. mullite). Mullite is the only stable crystalline phase in the
alumina-silica (Al2O3-SiO2) system under normal atmospheric pressure
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and its composition varies in the range of 3Al2O3·2SiO2 to 2Al2O3·SiO2
[19]. This material presents a great importance in both traditional and
advanced ceramics, which is directly related to its particular properties:
high thermal stability, low thermal expansion, high resistance to creep,
corrosion stability, low density (compared to pure α-alumina), good
mechanical strength and fracture toughness [20,21]. The traditional
method to produce mullite requires high temperature (> 1587 °C) and
holding times. Exploring reactive silica and/or alumina precursors has
been one strategy to produce pure mullite under mild conditions. For
instance, highly reactive amorphous silica has been prepared by
thermal-oxidation of polysiloxanes [22]. Even though high-purity
mullite (> 99%) has been produced by combining polysiloxanes and
microsized (0.8 μm) α-Al2O3 [22] and nanosized (15 nm) γ-Al2O3 [23],
the temperatures applied were in the range of 1700 °C and 1350 °C,
respectively. Alternatively, recent studies have reported the preparation
of mullite membranes using materials like natural bauxite [24] with fly
ash [25,26], and kaolin-based powders [27]. In particular, kaolin can
form mullite at temperatures up to 1200 °C [28]. However, the resultant
mullite phase is accompanied by cristobalite (SiO2) [27]. Hence, some
works include extra alumina content and a crystallization catalyst (e.g.
AlF3) to enhance mullitization, yet impurities such as corundum and
cristobalite phases are still commonly found [29,30].

With the purpose of exploring an alternative alumina source to
prepare high-purity mullite powder in conjunction with silica origi-
nated from a polysiloxane, the present work reports the use of alu-
minum diacetate [31] and polymethylsiloxane. The prepared mullite-
based powder was characterized with regard to particle size distribu-
tion and crystallinity. Afterward, phase-inversion tape casting was
employed to prepare planar asymmetric microfiltration mullite mem-
branes using the synthesized powder. The sintering temperature was
varied and the prepared membranes were evaluated in terms of mor-
phology, crystallinity, macroporosity, mechanical strength, and water
permeation flux.

2. Experimental

2.1. Materials

A commercially available methyl-polysiloxane (PMS Silres MK®,
Wacker) was used as the starting preceramic polymer and silica source.
Aluminum diacetate (C4H7AlO5, purum p.a., Sigma-Aldrich) was used
as alumina source. For comparison purposes, α-alumina (Almatis,
CT3000, d50 ∼ 0.5 μm) was also used as alumina source for the pre-
paration of mullite. For the production of the asymmetric membranes, a
polyethersulfone (PES, 58,000 g/mol, GoodFellow Cambridge Limited)
was selected as the polymer source and polyvinylpyrrolidone (PVP –
K40, Sigma-Aldrich) as an additive. The solvent for the polymer and
liquid medium for the ceramic particles was N-methyl-2-pyrrolidone
(NMP, Sigma-Aldrich).

2.2. Mullite-based powder preparation

The MK powder was dissolved in acetone (1 g of MK per 50mL of
acetone) [23] and stirred for 15min. Then the alumina or aluminum
diacetate [31] was added based on a stoichiometric proportion to
produce pure mullite phase (3Al2O3·2SiO2). The mixture was ultra-
sonicated for 10min and stirred in a closed beaker during 3 h and
further 4 h with the beaker open. To ensure further solvent removal and
pre-crosslink of the polysiloxane, an additional thermal treatment step
was employed for 12 h at 70 °C. In order to get a fine powder, the ob-
tained solid material was ground in a ball mill for 6 h at 350 rpm.
Afterward, the fine powder was calcined at 850 °C (5 h) or 1200 °C (3 h)
with a heating/cooling rate of 5 °C/min [31]. The final powder was
characterized and applied to produce the ceramic membranes. The
preparation steps of the mullite-based powder are shown in Fig. 1a.

2.3. Membrane preparation

The slurries compositions are given in Table 1. The polyethersulfone
and polyvinylpyrrolidone were dissolved in N-methyl-2-pyrrolidone.
After the polymer solution was formed, the mullite-based powder was
added and stirred for 24 h at room temperature. The as-prepared slurry
was degassed for 30min using a vacuum pump (20mbar). Then, the
slurry was cast over a polyethylene terephthalate carrier film (Mylar,
G10JRM, Richard E. Mistler, Inc.) with a doctor blade using a gap
height of 1.2mm. The cast slurry was solidified by immersion pre-
cipitation in deionized water (non-solvent) for 24 h at room tempera-
ture. Afterward, the green tape was dried in the fume hood at room
temperature for 3 days. The dried green tape was cut into desired shape
and size, heated at a rate of 3 °C/min to 850 °C in air, and kept at that
temperature for 3 h to remove the organic moieties. Then the samples
were heated at a rate of 2 °C/min to final temperature (1600–1650 –
1700 °C) and kept at that temperature for 2 h in air, and cooled down at
a rate of 2 °C/min to room temperature. The preparation steps of the
membranes are illustrated in Fig. 1b.

2.4. Specimen denotation

The mullite-based powders were prepared with MK (silica source)
and either α-alumina or aluminum diacetate as alumina source. The
ceramic powder denotation is given by the alumina source accom-
panied by the calcination temperature. For instance, Diac-850 means
that the aluminum diacetate is the alumina source plus MK calcined at
850 °C, and Alu-850 means that the aluminum diacetate is the alumina
source plus MK calcined at 850 °C. In addition, in the case of mem-
branes denotation, the sintering temperature is added as follows: Diac-
850-1700 indicates the mullite-based powder used (as aforementioned)
followed by the sintering temperature of the membrane produced
(1700 °C).

2.5. Characterization

The macrostructure of the powder and membranes was analyzed by
Scanning Electron Microscopy (SEM, 20 kV; Series 2, Obducat
CamScan; Supra 40-Carl Zeiss). For this purpose, the samples were
sputtered with gold (K550, Emitech, Judges Scientific). In order to
evaluate the skin-layer thickness and the pore sizes presented on the
bottom and top surface of the sintered membranes, the SEM images
were processed and analyzed by an image processing software (ImageJ)
[32]. The number of pores detected from the SEM images varied from
around 400 up to 1200 data points accounted. The particle size dis-
tribution of the mullite-based powder was measured by a laser dif-
fraction device (Malvern Mastersizer 2000). The density of these
powders was acquired by Helium Pycnometer (Pycnometer, Porotec).
Porosity and pore size distributions of the tapes were determined using
mercury intrusion porosimetry (Pascal 140/440, Porotec). X-ray dif-
fraction analysis (powder XRD, Seifert 3003) was conducted to identify
the obtained crystal phases from both calcined powders and sintered
membranes. In order to quantify the composition in terms of crystal
phases, Rietveld refinement was performed with the diffractograms by
a software (MAUD – Material Analysis Using Diffraction, version 2.84,
December 7, 2018) [33]. The MAUD software was developed to analyze
diffraction spectra and determine crystal structures, quantify the re-
lative contribution of crystalline phases, and microstructure of phases
along with the texture and residual stresses. A detailed documentation
about the software usage is available online [34]. The reference dif-
fractograms can be obtained from the Crystallography Open Database
(COD), which is an open-access collection of crystal structures of or-
ganic, inorganic, metal-organic compounds and minerals (excluding
biopolymers) [35,36].

The mechanical behavior of the sintered tapes was studied by three-
point bending tests (Roell Z005, Zwick – [37]). These measurements
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were performed using a 5 kN load cell (piezoelectric force sensor). The
samples were cut into a rectangular shape (16mm length, ∼2mm
width, and 0.7–1.0mm thickness) and placed in the center of a sample
holder with 10mm distance between the support rollers (diameter of
1.5 mm). The crosshead speed and pre-load were fixed at 0.1mmmin−1

and 0.25 N, respectively. Twenty samples for each composition and
temperature were tested and statistically evaluated by Weibull analysis.
Water permeation tests were performed using a homemade setup in a
dead-end configuration (see Fig S. 1). The membranes were cut into a
circular shape (10mm diameter) and tested in triplicate at various
pressures. For comparison, a commercially available borosilicate glass
membrane (Por5, Robuglas) was also tested. The permeation flux was
calculated according to the following equation:

=J 1
A

dV
dt (1)

where J is the membrane permeation flux (m3·m−2 ·h−1); A is the ef-
fective transverse area of the ceramic membrane (m2); dV and dt re-
present the variation in volume (m3) and time (h), respectively.

3. Results

Preparation of mullite-based powder was performed by using a
commercially available polysiloxane (MK) as silica precursor, and ei-
ther commercially available α-alumina powder or aluminum diacetate
as alumina sources. From the prepared mullite-based powders, micro-
filtration ceramic membranes were successfully produced by phase-in-
version tape casting method. The green bodies were stable and easy to
handle. The produced tapes presented an average thickness of
∼1.0mm and a cut area of 10× 20 cm, as obtained prior to sintering.
The samples for the mechanical test were cut into rectangular shapes
(5×3 cm), whose dimensions were adjusted after sintering to the re-
quired specifications for the test. The samples for permeation tests were
cut into circles (diameter: 2.5 cm) and/or squares (2.5× 2.5 cm). It is
noteworthy that the warping during sintering constitutes one of the
major technological challenges to produce large sizes of ceramic
membrane plates. However, there are some strategies frequently used
even in industrial scales such as applying the vertical or overhanging
sintering [38], supported and vertically inclined sintering, and over-
stacking samples or using ceramic weights (e.g. inert inorganic powder,
ceramic pieces, etc) [39]. The particle size and sintering temperature
were varied to investigate their influence on pore structure, mechanical
properties, and water permeation flux.

3.1. Powder size and composition

Fig. 2 shows SEM images (left) of the prepared powders alongside
with the particle size distributions measured by laser diffraction (right).
The SEM images evidence the tendency to form agglomerates, espe-
cially due to increases in temperature and by using α-alumina as alu-
mina source. The particle size distribution analysis corroborates the
SEM findings by exhibiting narrower size distribution for Diac-850
sample (mean particle size of 5.3 μm), which is slightly enlarged by
increasing the calcination temperature up to 1200 °C (Diac-1200, mean
particle size: 6.4 μm). However, the substitution of aluminum diacetate
by α-alumina has a great impact on particle size, even at the lower
calcination temperature (850 °C). As a result, the specimen Alu-850

Fig. 1. Process scheme of the preparation of mullite-based (a) powder and (b) membrane.

Table 1
Slurry compositions (vol%) for the preparation of the mullite-based mem-
branes.

Material Slurry 1, 2 (vol%) Slurry 3 (vol%)

N-methyl-2-pyrrolidone (NMP) 67.14 65.21
Polyethersulfone (PES) 6.22 8.15
Polyvinylpyrrolidone (PVP-40) 0.79 0.79
Ceramic powder (mullite-based powders) 25.85 25.85

Slurry 1, 2: Ceramic powder – Diac-850 (2.591 g/cm3) or Diac-1200 (3.045 g/
cm3).
Slurry 3: Ceramic powder – Alu-850 (3.134 g/cm3). Note: in order to improve
the processability of the Slurry 3 and produce a homogenous and stable green
membrane, the PES amount was increased accompanied by the decreasing of
NMP content.
Density of the ceramic powders was measured using Helium Pycnometer device
(Pycnomatic, Porotec).
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shows the widest range of particle size distribution (span=4.3), where
the mean value was further raised up to 13.2 μm. Since the sample Alu-
1200 resulted in a single agglomerated block after calcination, this
composition was not suitable to be measured and, hence impracticable
to prepare stable microfiltration membranes. Therefore, the membranes
were prepared using the Diac-850, Diac-1200, and Alu-850 powders.

The investigation of the mullitazion process of the calcined powders
is shown in Fig. 3. The Alu-850 specimen does not exhibit any peak
characteristic of mullite, expressing only the α-alumina phase. The
same is true for the Alu-1200, shown here for comparison purposes
since it was not studied for membrane preparation as justified before.
The Diac-850 is completely composed by amorphous phase at this
temperature, which explains the lower density value obtained for this
powder (2.591 g/cm3) in comparison to the literature value for mullite
(∼3.2 g/cm3) [20]. On the other hand, the Diac-1200 sample features
mainly mullite peaks that corroborate with the higher density observed
(3.045 g/cm3). This observation is confirmed by the Rietveld

refinement analysis in which 99.14% of the crystalline phase is com-
posed by mullite (COD ID 2310785). As expected, the mullitization is
facilitated by bringing together two reactive precursors, MK and alu-
minum diacetate. Nonetheless, considering that the Rietveld refinement
is only capable of quantifying crystalline portions of the samples, the
assumption of the presence of some amorphous contribution may not be
excluded at this temperature.

3.2. Membrane composition

As presumed, since the lower sintering temperature is above the
minimum mullitization temperature, all sintered membranes disclose
peaks characteristic of mullite crystalline phase, as shown in Fig.S. 2.
Although relatively short holding time has been employed (2 h), the
analyzed crystalline phase contains a high degree of mullite given the
reactive nature of the amorphous silica formed due the thermooxida-
tion of MK. Table 2 summarizes the crystalline phases content for all
sintered membranes using the Rietveld refinement method. There is no
perceptible difference among the produced samples, in which mullite
content is above 99 wt%. The goodness of fit values are in general in an
acceptable range (sig≤ 2 and Rwp≤20%). Notwithstanding corundum
represents the most noticeable impurity in the mullite system, its value

Fig. 2. SEM images (left) of the prepared mullite-based powders and particle size distribution analysis by laser diffraction (right).

Fig. 3. X-ray diffraction (XRD) analysis of the obtained mullite-based powders.
A – α-Alumina or Corundum (ref.: PDF#04-071-1123); M – Mullite
(3Al2O3·2SiO2) (ref.: PDF#01-079-1454). (The values in the blue box represent
the crystalline phases of Diac-1200 sample quantified by Rietveld Refinement;
Goodness of fit: sig= 1.5; Rwp=13.96%; Mullite-COD ID 2310785;
Corundum-COD ID 2300448; Cristobalite-COD ID 9001579.). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Table 2
Crystalline phases content (wt.%) and goodness of fit determined by Rietveld
refinement method of the X-ray powder diffractograms from the sintered
membranes.

Sample Crystalline phases content (wt.%) Goodness of fit

Mullite Corundum Cristobalite sig Rwp (%)

Alu-850-1600 99.96 0.02 0.02 1.85 17.13
Alu-850-1650 99.94 0.00 0.06 2.06 18.61
Alu-850-1700 99.39 0.60 0.01 1.73 17.03
Diac-850-1600 99.97 0.03 0.00 1.86 16.56
Diac-850-1650 99.86 0.00 0.14 2.02 16.86
Diac-850-1700 99.97 0.00 0.03 1.93 16.03
Diac-1200-1600 99.96 0.31 0.00 1.84 17.15
Diac-1200-1650 99.69 0.30 0.01 2.17 18.95
Diac-1200-1700 99.77 0.23 0.00 1.92 16.12

Mullite-COD ID 2310785; Corundum-COD ID 2300448; Cristobalite-COD ID
9001579.
Rwp=weighted profile R-factor.
sig=Rwp/Rexpected.
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is not significant in the total crystalline phase (< 0.6 wt%). Even
though the Rietveld method is insensitive to amorphous phases (as
stated before), given the applied sintering temperatures (above the
eutectic temperature, ∼1590 °C), amorphous contributions are not
expected in this case [40,41].

3.3. Membrane morphology and macroporosity

Fig. 4a-b-c show the cross-section of the sintered mullite-based
membranes (1700 °C) along the thickness direction. These images reveal
an asymmetric structure for all the analyzed samples. The upper part is
composed by a thin layer (skin layer), in which the thickness varies in-
versely proportional to the mullite based powder size ∼6 μm (Alu-850-
1700), ∼8 μm (Diac-1200-1700), and ∼10 μm (Diac-850-1700). Below
the skin layer it is possible to identify a more pronounced porous
structure for the samples Alu-850-1700 and Diac-1200-1700. They pre-
sent the typical finger-like pores (yellow highlighted zone) that were
initiated from the top surface of the membrane and penetrated into less
than half of the bulk structure. The blue highlighted zone is composed by
sponge-like structures, which extends until the bottom surface. Con-
trastingly, the specimen Diac-850-1700 does not display a three-layered
configuration as the other two compositions. Instead, it only exhibits the
skin layer followed by a sponge-like structure with a denser aspect.

The top and bottom surface morphologies supplemented by the pore
diameter range are shown in Fig. 4d-e-f and Fig. 4g-h-i, respectively. In
respect of surface morphology, there is no apparent difference in pore
shape, being the main distinction with regard to pore diameter size. The
pore diameter range increases according to the ceramic particle size, as

to be expected. Alu-850-1700 presents the wider pore size distribution
for both top (Fig. 4d, pore diameter< 4 μm) and bottom (Fig. 4g, pore
diameter< 20 μm) surface among the displayed samples. Hence, Diac-
850-1700 is positioned in the smaller pore diameter range since it was
produced using the smaller mullite-based powder. The pore sizes on the
top surface are inferior to 2 μm (Fig. 4f), while the bottom surface
presents values smaller than 4 μm with a consistent peak in the 2 μm
region (Fig. 4i). The intermediate sample, Diac-1200-1700, exhibits
values closely related to the sample Diac-850-1700 rather than Alu-850-
1700. This response is quite predictable, reflecting the ceramic powder
size of the studied samples.

Taking into account the limitation of the image analysis as an ex-
ploratory method for determining the pore size, the use of another
technique in conjunction is highly advisable. The mercury intrusion
analysis is a well-established method for determining pore size dis-
tribution and open porosity. Fig. 5a-b-c shows the results of the Hg-
intrusion porosimetry of the prepared membranes sintered at different
temperatures (1600 °C, 1650 °C and 1700 °C). The detected macropore
sizes displayed a quite wide pore size distribution for the samples Diac-
1200 (1–10 μm) and Alu-850 (∼2–20 μm), for all the sintering tem-
peratures. On the other hand, the samples prepared with Diac-850 ex-
hibit a very narrow distribution in the range of 1 μm, especially at
1600 °C and 1650 °C. Regarding the effect of sintering temperature on
the pore size distribution, it is basically negligible. Notwithstanding,
the open porosity is highly affected by increasing the temperature from
1650 °C to 1700 °C, in which densification is favored. For instance,
Diac-1200-1650 decreases from 68.27% to 53.68% at 1700 °C (Diac-
1200-1700); Alu-850-1650 from 66.68% to 51.28% at 1700 °C (Alu-

Fig. 4. SEM images of the cross-sections (a, b, c), top surface (d, e, f), and bottom surface (g, h, i) of the membranes sintered at 1700 °C. Pore diameter distribution
graphs are displayed for the top and bottom surface based on image analysis using ImageJ.
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850-1700); and Diac-850-1650 reduces from 47.08% to 33.33% at
1700 °C (Diac-850-1700). In terms of percentage reduction, all the
samples show a similar range of open porosity diminution (14–15%)

3.4. Mechanical behavior of sintered membranes

Fig. 6a shows the Weibull failure distribution of the flexural
strength of selected sintered membranes, exhibiting their respective
characteristic flexural strength (σ0) and Weibull modulus (m). The Alu-

850-1XXX specimens and all samples sintered at 1600 °C could not be
tested due to their high brittle response, which made the preparation
(cutting) of these samples impossible. The samples sintered at 1700 °C
display higher flexural strength, 134MPa for Diac-850-1700 and
74.37MPa for Diac-1200-1700. Meanwhile, Diac-850-1650 and Diac-
1200-1650 present σ0 values equal to 49.46MPa and 34.66MPa, re-
spectively. However, the m value is in the range of 4 for all studied
membranes except for Diac-850-1700 (m=6). This distinct value can
be correlated to the inferior open porosity compared to the other spe-
cimens, as shown in Fig. 6b. Furthermore, Fig. 6b also shows that the
obtained flexural strength–porosity pairs in this work are comparable to
values reported in the literature (taking into consideration 3 point
bending tests of porous mullite). Tukey's test (p < 0.05) shows that the
samples sintered at 1700 °C are statistically different (in terms of flex-
ural strength) from each other and from the samples sintered at
1650 °C. However, Diac-850-1650 and Diac-1200-1650 samples do not
display any significant difference according to Tukey's multiple com-
parison test despite the expressive difference with regard to the open
porosity. All the presented data denote a negative linear relationship
between flexural strength and porosity, as expected.

Fig. 5. Pore size distribution (μm) versus relative pore volume (%) and open
porosity (%) curves obtained from Hg-intrusion porosimetry of the sintered
mullite membranes at different temperatures: (a) 1600 °C, (b) 1650 °C and (c)
1700 °C.

Fig. 6. (a) Weibull failure distribution of flexural strength of selected sintered
membranes measured by three-point bending test; (b) flexural strength as a
function of open porosity for tested membranes and literature comparison (She
and Ohji “▲” [42], Dong et al. “▼” [43], Cao et al. “♦” [25], Hou et al. “◄”
[29], and Hua et al. “►” [44]). (Diac-X-X samples in Fig. 6b followed by dif-
ferent letters were significantly different at p < 0.05 according to Tukey's test).
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3.5. Membrane performance and transport properties

The water permeation flux according to the applied pressure for
some selected membranes is shown in Fig. 7. The composition Diac-
850-1700 is not displayed here due to the poor permeability observed
during the tests. For comparison purposes, a commercial borosilicate
glass membrane (Por5 from Robuglas) with a symmetric pore structure
was also studied. This membrane has an average pore diameter of
1.39 μm and open porosity about 78% as determined by Hg-por-
osimetry (Fig.S. 4). Despite the larger average pore size and its elevated
open porosity, the commercial membrane presents the lowest water
permeation flux among the tested membranes. Nevertheless, it is no-
ticed a 6.7 times increase in flux when raising the pressure from 1 to
5 bar for Por5, resulting on fluxes of 2.2m³/m2·h and 14.7m³/m2·h,
respectively. The prepared asymmetric mullite membranes show a su-
perior flux increase with the applied pressures. Diac-1200-1650 ex-
hibits the best outcome, in which the water flux increases from 14.7m³/
m2·h up to 133.6m³/m2·h (∼9.1 times increment), just by changing the
pressure from 1 bar to 5 bar. Samples Diac-850-1650 and Diac-1200-
1700 differ in terms of water flux at pressures bellow 5 bar but show
quite similar values at 5 bar, 52.0m³/m2·h and 45.9m³/m2·h, respec-
tively.

Table 3 summarizes the transport properties of the studied mem-
branes based on the pure water permeation test (Fig S. 5 with the linear
fittings and the considered equations are detailed in the supplementary
material). The asymmetric membranes exhibited a similar thickness
(δm) in the range of 6–8 μm, while the symmetric commercial mem-
brane presents the thickness in the millimeter range (∼1mm). Despite
the slight inferior water flux output and permeance presented by Diac-
1200-1700 compared to Diac-850-1650, the membrane resistance and
the intrinsic permeability of Diac-1200-1700 are superior due to the
slight thinner skin-layer (δm). However, due to the impossibility of

acquiring more data points regarding the water flux of Diac-1200-1700,
the calculated transport properties should be carefully considered. As
one may expect, the symmetric thick Por5 membrane shows lowest
permeance (2.72 ± 0.12m3/m2·h·bar) and inferior permeability
(6.72×10−15m2). Diac-1200-1650 displays the highest permeance
(kw=21.78 ± 2.62m3/m2·h·bar) and intrinsic permeability
(kV,intr=3.29×10−16m2), hence the lowest membrane resistance
(Rm=1.86×1010 m−1).

4. Discussion

This work revealed that the stoichiometric combination of poly-
siloxane and aluminum diacetate is feasible to synthesize high-purity
mullite (3Al2O3·2SiO2) crystal phase at relatively low temperature
(1200 °C) and short holding time (3 h). Even though the SEM images
from the powder (Fig. 2) show some extent of agglomeration according
to the alumina precursor and calcining temperature, the mullitization is
not hindered for the sample Diac-1200. This is possible due to the high
reactivity of the precursors during thermooxidative treatment. The
thermo-oxidational degradation of polysiloxane in oxygen-containing
atmospheres leads to the development of highly reactive amorphous
SiO2 [22,23,45]. Regarding the aluminum diacetate, the literature re-
ports that its thermal oxidation results in reactive amorphous alumina
at low temperature (∼450 °C), which is converted into γ-Al2O3 at
around 860 °C, followed by a phase transformation to α-Al2O3 at
1150 °C [31]. Despite the fact that only Diac-1200 resulted in mullite
phase during the calcination of the powders, all the prepared mem-
branes originate mullite phase above 99% after sintering (Table 2). This
is quite expected given the applied temperatures; however, it is im-
portant to stress that high-purity mullite was produced under reason-
ably shorter holding time (2 h) compared to traditional methods
[46,47].

The membrane morphology in the phase-inversion process is dic-
tated primarily by the composition of both the slurry and the pre-
cipitation bath. Since this study did not focus on evaluating different
non-solvents, the morphology has to be explained in terms of slurry
composition. In this regard, the main difference among the samples is
the particle size of the mullite-based powder. It is well known that the
particle has a direct influence on the rheology of the system [13,17].
Generally, when comparing similar ceramic slurries compositions, the
particle size is found to be inversely proportional to slurry viscosity (see
Fig. 2 and Fig.S. 3). However, the formation of finger-like voids (ob-
served in the Alu-850 and Diac-1200 samples) is favored by reducing
the viscosity of the system, intensifying the viscous fingering phe-
nomena [48,49]. Diac-850 specimen only shows the skin-layer followed
by the sponge-layer. This indicates that the viscosity threshold at which
the finger-like structure can be completely suppressed was reached for
the referred composition.

The average pore size distribution and open porosity displayed in
Fig. 5 clearly reflect the particle size and distribution of their respective
precursor powders (Fig. 2). As evident from these figures, the narrower
the particle size distribution the narrower is the resultant pore size
distribution. The same interpretation can be transferred to the average
values of the particle and pore size [50]. With respect to the open
porosity, the same trend can be inferred. Moreover, the Diac-850-1XXX
samples possibly have an additional feature that led to a more pro-
nounced reduction of open porosity, which is the implied higher re-
activity compared to the other mullite-based powders. This hypothesis
may be sustained by the XRD data in Fig. 3, which can indicate a latent
potential of the amorphous Diac-850 powder for reacting and/or sin-
tering.

The evaluation of the mechanical properties of brittle materials
normally requires plenty of caution, especially when dealing with
porous ceramics. Therefore, Weibull analysis consists of a suitable
method to analyze the mechanical performance of such components
[51]. The degradation of the mechanical strength due to the presence of

Fig. 7. Water permeation flux (m3/m2·h) as a function of the applied pressure
(bar) for selected membranes in a dead-end configuration (the values inside the
colored boxes represent the average pore size (top) and the open porosity
(bottom). Values signed with “*” were obtained from Hg-porosimetry; values
without markers were determined by image analysis from SEM pictures of the
top surface).

Table 3
Membrane thickness (δm) and transport properties in terms of permeance (kw),
clean membrane resistance (Rm), and intrinsic permeability (kV,intr) of the tested
asymmetric and symmetric ceramic membranes.

Sample δm (m) kw (m3/m2·h·bar) Rm (m−1) kV,intr (m2)

Diac-1200-1650 6.11× 10−6 21.78 ± 2.62 1.86× 1010 3.29×10−16

Diac-1200-1700 7.66× 10−6 7.02 ± 1.89 5.76× 1010 1.33×10−16

Diac-850-1650 6.86× 10−6 10.14 ± 0.21 3.99× 1010 1.72×10−16

Por5-Robuglas 1.00× 10−3 2.72 ± 0.12 1.49× 1011 6.72×10−15
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pores/porosity is well defined in the literature. Hence, pores are char-
acterized as macrodefects in the ceramic structure. Nevertheless, it is
worth mentioning that porosity has little effect on the bending strength
if porosity is over 30% [52]. This is probably the main reason for the
higher flexural strength exhibited by Diac-850-1700 (σ0: 134MPa;
Open porosity: 33%). Another factor that perhaps impacted on this
result could be related to Diac-850 morphology, in which the exclusive
presence of sponge-layer configuration results in a more concise mac-
rostructure than the finger-like layer [48,53].

As previously mentioned, Fig. 7 illustrates the water permeation
performance for selected asymmetric mullite membranes and a com-
mercial symmetric borosilicate membrane (Por5). Taking into account
the pore size and porosity displayed, it is possible to infer that both
parameters have a direct influence on permeation flux. Nonetheless,
this assumption is mostly valid if Por5 is not considered. When Por5 is
compared to the prepared membranes, the aforementioned assumption
does not sustain itself. Therefore, the asymmetric morphology is
playing a major role in membrane performance, in which the porous
support minimizes mass transport limitations [54–56]. Furthermore,
the determined transport properties corroborates the superior perfor-
mance of the asymmetric membranes, especially Diac-1200-1650, in
which the clean membrane resistance (Rm) is almost one order of
magnitude below the usual range given in literature for microfiltration
membranes (1× 1011–1×1012m−1) [57,58].

5. Conclusions

Asymmetric mullite membranes in the microfiltration range were
successfully prepared by phase-inversion tape casting. The mullite
powder was produced by using polymethylsiloxane as silica precursor
and aluminum diacetate as alumina source. Almost complete mulliti-
zation could be achieved after 3 h at 1200 °C from these precursors.
There is a great potential in preparing high-purity mullite using poly-
siloxanes in combination with aluminum diacetate. The membrane
morphology varied due to slurry viscosity, which depends on the
ceramic particle size in this case. The increase in viscosity by using
smaller mullite-based powder (Diac-850) suppressed the formation of
finger-like layer. Nevertheless, samples prepared with Diac-1200 and
Alu-850 exhibited a skin-layer followed by a porous support composed
by a mix of finger-like and sponge-like structures. Moreover, all mem-
branes presented a pore size range on the skin-layer in the micro-
filtration range (0.4–2 μm). However, due to mechanical constraints
and porosity some membranes were not suitable to be further char-
acterized. Among the tested samples the Diac-1200-1650 specimen
seems to be prospective to be applied in membrane technology, given
its outstanding water flux and transport properties.
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