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Abstract

This work concerns to the development and characterisation of support, active layer and tubular composite membranes (CM) from natural
aluminosilicates as principal components (clay, bentonite, feldspar, quartz, alumina). The selection of these raw materials was primarily based on
their low cost and they are locally produced. In the substrates preparation, the effect of materials compositions, additives, particle sizes, paste
rheological properties, and drying-sintering temperatures was investigated. The consolidated ceramic substrates were characterised by SEM,
DTA–TG, X-Ray diffraction, Hg intrusion, mechanical resistance, and water flux measurements. Extrusion has been used as the forming process
of tubular support. The CM was fabricated depositing a thin active layer by slip-casting method on the support. The CM sintered at 1200 1C
showed the best structural characteristics, porosities of 50%, active layer pore size between 0.08 and 0.55 μm. The CM hydraulic permeabilities
(10–274 L/h m2 kPa) were comparable and greater than several inorganic commercial membranes and CM obtained from other researches. The
CM microfiltration effectiveness was tested with different substances from food industry, i.e. slaughterhouse wastewater treatment and goat milk
pasteurisation. The obtained results, insoluble residue rejections (100%) and high bacterial removal (87–99%), make the ceramic CM suitable for
microfiltration processes.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Membrane separation processes extend more every day in ind-
ustrial uses, with new requirements concerning to materials and
preparation procedures. The interest in separation by the use of
inorganic membranes has rapidly increased during the last two
decades. Due to their potential application in a wide range of ind-
ustrial processes such as water and effluent treatments [1–5],
drink clarification [6–8], milk pasteurisation [9–13], biochemical
processing [14,15], inorganic membrane technologies have achi-
eved an increasing importance. Ceramic membranes have many
known advantages such as high thermal and chemical stability,
pressure resistance, long lifetime, and catalytic properties from
their intrinsic nature [16,17].
10.1016/j.ceramint.2014.12.144
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The main process to prepare ceramic membranes includes first
the obtaining of a good dispersion of small particles and then, the
deposition of such dispersion on a support by a slip casting met-
hod. The support provides mechanical strength to a membrane
top-layer (or active layer) to withstand the stress induced by the
pressure difference applied over the entire membrane and simul-
taneously has a low resistance to the filtrate flow. Furthermore,
the supports require chemical stability, heat shock-stability and
high porosity, among others. For example, ceramic filters can be
steam cleaned in applications that require sterility. The high har-
dness of ceramics also gives them better wear resistance. These
properties are similar to those put forward for the use of dense
ceramics as structural engineering materials. Macroporous cera-
mics can be fabricated by ceramic compacts partially sintered
which are produced by conventional ceramic techniques. In this
case the pore structure is controlled by the packing of particles.
The pore size is commonly controlled by the particle size and the
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Fig. 1. Schematic representation of support, active layer and composite
ceramic membrane preparation.
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densities are limited to those given by the green density. Usually,
the suspensions are prepared from a small distribution of par-
ticles and they may be used only after a complete stabilisation.
Besides, it is necessary some adequate processes such as mixing,
aging and removing the bigger diameter particles. Sometimes
organic surfactants are added to avoid the flocculation of the
suspensions.

Most of the supports are generally manufactured from com-
pounds such as alumina (Al2O3) [18–28], cordierite (2MgO �
2Al2O3 � 5SiO2) [29–31]) and mullite (3Al2O3 � 2SiO2) [32–33].
These materials have relatively elevated prices which significantly
contribute to the cost of membrane modules for industrial app-
lications. To reduce the cost of ceramic membrane fabrication,
recent research works are focused on the use of cheaper raw
materials such as apatite powder [34], natural raw clay [35–37],
dolomite, kaolin [38,39] and waste materials such as fly ash [40–
42]. Regarding to mesoporous and microporous ceramics, these
materials have pore sizes that range from 50 nm to below 1 nm.
This interval of pore size is commonly beyond the pore size
ranges for which the powder processing routes are suitable. Alt-
ernative approaches include the sol–gel process or the preparation
of synthetic zeolites and pillared clays.

To obtain the composite ceramic membrane the active layer
has to be deposited on the support. This active layer used in liq-
uid permeation consists of a porous layer, usually symmetric,
with a pore density of 109 pores/cm2 approximately and a por-
osity (or void volume fraction) between 30% and 70%. The pore
size is included in a range of 50–1000 nm in the case of MF and
2–50 nm for ultrafiltration (UF) membranes [43].

In order to decrease the membrane cost and to make use of
regional raw materials, this work aims to prepare composite
ceramic membranes using natural ball clay, bentonite, feldspar,
quartz, alumina, and chemical additives. The different substr-
ates (support, active layer, and composite membrane) are
prepared controlling the particle size, the paste formulation
and the thermal treatment. Their structural and functional
properties are determined by different techniques. The most
important parameters used in the characterisation of these
substrates are: surface and internal morphology, chemical
transformation during the thermal process, mean pore size,
pore size distribution, porosity and water permeability. The
performance of the ceramic composite membranes is analysed
through microfiltration tests of different substances from the
food industry.

Fig. 1 shows a schematic representation of the sequential steps
of the support, active layer, and the procedure of composite mem-
brane preparation. The main manufacture steps include: a) paste
formulation, b) paste conditioning (milling, sieving and suspen-
sion stabilisation), c) casting, d) drying and sintering.

2. Materials and characterisation techniques

2.1. Raw materials

Clay, quartz, and feldspar used in the present work were
provided by Piedra Grande (Argentine). The chemical com-
position determined by Induction Coupled Plasma (ICP) and
Atomic Absorption with Graphite Furnace (AA-GF), expre-
ssed as weight percentages are [43]; clay: 61% SiO2, 25% Al2O3,
0.7% Fe2O3, 1.6% CaO, 0.45% MgO, 0.5% TiO2, 1.1% K2O,
0.15% Na2O and 9.5% of solids lost by calcinations; quartz: SiO2

was present in a 96–98% (w/w), and low quantities of Al2O3

(0.5–1% (w/w)) and alkalis (0.1–0.3% (w/w)); feldspar: 65–70%
SiO2, 16–20% Al2O3, 10–14% of alkalis with a Na/K ratio of 3–
4, 1–2% oxides of Fe, Mg, Ca and Ti, and 0.2–0.6% component
losses by calcinations. Bentonite was supplied by Santa Gema
Company (Argentine), and it is composed primarily by silica and
aluminium oxide, 0.2–0.5% Fe2O3, 1–2% CaO, 1.5–2.5% Na2O,
3–5% MgO, 1–2% carbonates of Ca and Mg, and humidity of
10–12%. Alumina was provided by Alcoa S.A. (Argentine), and
it was obtained from bauxite by the so-called complex process
Bayer. It contains more than 98% of Al2O3, 0.5–1% Na2O
and 0.05–0.07% (Fe2O3þSiO2). The particle size ranges of these
materials obtained by X-Rays analysis are informed in Table 1.
The additives magnesium silicate (MgSiO4), sodium silicate (Na2
SiO4), sodium carbonate (Na2CO3), and glycerine were acquired
from Aldrich (Argentine).
2.2. Characterisation techniques

To determine the chemical and physical properties of the green
pastes and consolidate ceramic substrates, different techniques
were used. The substrates were characterised by studying both
their structure and functionality.



Table 1
Material particle sizes and paste formulation.

Components Particle size
range (μm)

S1 (%)
w/w

S2 (%)
w/w

S3 (%)
w/w

Active layer
(%) w/w

Ball clay 0.2–50 10.0 6.70 6.70 10.0
Bentonite 1–100 5.00 6.70 6.70 2.50
Alumina 50–200 47.0 52.4 52.4 67.5
Quartz 2–300 10.0 9.50 9.50 20.0
Calcium carbonate 30–80 10.0 17.0 17.0 –

Feldspar 1–300 15.0 4.80 4.80 –

Magnesium silicate – 3.00 2.90 2.90 –

Sodium silicate – 0.03 0.03 0.03 0.08
Sodium carbonate – 0.03 0.03 0.03 –

Glycerine – 8.00 8.00 8.00 –

Average particle
diameter, dp (μm)

– 39.14 22.64 13.38 52.31
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2.2.1. Green paste analysis
Particle size distributions of the raw materials and green pastes

were measured directly via X-ray absorption with a Micromeritics
SediGraph 5100 (USA) apparatus. The application range of mea-
surement, expressed as particle diameter, is from 300 to 0.1 μm.
The viscosity of suspensions was measured using a rotary visco-
meter (DVIII and LVIII, Brookfield Engineering Laboratories
Inc., USA) at 298 K. The viscosity applicability range of the
instrument is from 15 to 40.000.000 cP.

Differential thermal analysis and thermogravimetric analysis
(DTA–TG) of dope samples were made with the Netzsch STA
409PC (Germany) apparatus. Samples with a mass of about
10 mg were used. Heating rate of 10 1C/min was used up to
1000 1C for the measurements.
2.2.2. Substrates structure analysis
Surface, cross section morphology of consolidated substrates

(support and active layer) and presence of possible defects were
observed by using a scanning electron microscope (JEOL JSM-
T300, Japan) at a 750� magnification. For the cross-section SEM
images, samples were fractured and sputter-coated with gold under
vacuum (o0.1 Torr) in an argon atmosphere and 20 mA current,
for a period of 2 min.

The porosity and average pore diameter of the sintered subs-
trates were determined using Mercury Intrusion Porosimetry
(MIP) with an Autopore III 9410 (Micromeritics Instrument Corp-
oration, USA) porosimeter, working range from 0 to 414 MPa
corresponding to a pore sizes from 300 to 0.003 μm.

X-ray diffraction (XRD) technique was used to identify the
phase formations after substrate sintering. XRD data were obt-
ained from Siemens D-500X (USA) diffractometer device
with Cu K-alpha radiation source and a Secondary beam cry-
stal monochromator. The samples were scanned at diffraction
angle 2θ from 11 to 701. The obtained XRD spectra were
matched with the JCPDS data base file.
2.2.3. Mechanical resistance test (MR)
The fracture strength module of the sintered materials was

obtained by using a Comten apparatus (USA), model 942KV-
C1000. The test was made by the three point bending method
according DIN 51030 norms, using parallelepiped sintered
pattern bars (0.2 m length and square section of 0.015 m2)
subjected to the same velocity of charge (10 cm/min).
2.2.4. Water flow (WF)
To determine the hydraulic permeability and the hydraulic

radius, water flow through tubular substrates was measured. The
experimental filtration device at lab-scale has been described
elsewhere [44]. The operational conditions were T¼25 1C and
feed rate of 1.5 L/min. The tubular substrate was placed in an
appropriated module made of acrylic material. Water was pum-
ped through the inner side of the tubular ceramic substrate using
a peristaltic pump. The water flows were determined at different
trans-membrane pressures (Δp), an analytical balance interfaced
with a computer was used to process permeate mass data vs.
time. Assuming cylindrical and parallel pores, the hydraulic per-
meability (Lh) of the membrane can be estimated with the
Hagen–Poiseuille equation as follows:

J ¼ nπ r4hΔp
8μl

ð1Þ

Lh ¼
Jl

AΔp
¼ εr2h

8μ
ð2Þ

where J (L m�2 s�1) is the water flow density through the
membrane, rh the average hydraulic pore radius, μ is the water
viscosity at 25 1C, l is the pore length or membrane thickness, n
the pore surface density (number of pores/membrane area), ε
(¼nπrh

2) the porosity of the membrane. When the pore length or
membrane thickness is not well defined, the membrane perme-
ability or permeance (L0h) can be expressed as:

L
0
h ¼

J

A Δp
¼ εr2h

8lμ
ð3Þ

The average hydraulic pore radius is evaluated from

rh ¼
8μ
ε
Lh

� �0:5
¼ 8μl

ε
L

0
h

� �0:5
ð4Þ
3. Support preparation and characterisation

3.1. Paste formulation

The diverse chemical and physical characteristics of selected
raw materials give to the green dope different features, for instance:
the presence of fine particles with plaque morphology and organic
material in clay and bentonite confers plasticity to the paste. Be-
sides, the high content of alkalis reduces the paste melting point. In
contrast, quartz and feldspars provide low plasticity and high
refractory properties to the paste. These components reduce the
drying time and paste contraction, thus, modifying the aging tem-
perature interval and the substrate properties after sintering. The
silica and alumina present in the raw materials form the skeletal
structure of the substrates after calcinations. The additive compo-
nents are electrolytes which in low proportions perform as particle
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binding and deflocculants, giving appropriated rheological char-
acteristics to the green dope.

The sintered support must have good mechanical resistance
and a high porous structure (porosity higher than 40%). Based
on the properties of the raw materials proposed in this research,
pastes with different formulations and particle sizes were pre-
pared. After sintering process, only three ceramic paste form-
ulations identified as S1, S2 and S3, have achieved the app-
ropriate structural and mechanical characteristics to be used as
ceramic support. These paste compositions expressed in w/w
percentage (% without consider the additives) and their particle
size range are shown in Table 1.

Lower average particle size for the slurry S3 was obtained
by sieving the powders quartz, feldspar and alumina through a
Tyler mesh.

The compositions of the S2 and S3 pastes were identical;
however they differ in the distribution of particle size and
average particle diameter (dp), 22.64 μm and 13.38 μm for S2
and S3 respectively. The lowest average particle size of the S3
paste was achieved by sieving the powders of quartz, feldspar
and alumina through a mesh 140 ASTM E 11-87. S1 and S2
pastes vary on their compositions and on the average particle
size (dp(S1)4dp(S2)). As it was pointed out, clay and bentonite
provide plasticity to the membrane; feldspar, quartz and alumina
contribute to the mechanical and thermal stability of the sub-
strate. The presence of calcium carbonate allows regulating the
porous texture and contributing to a higher porous structure, by
dissociation into CaO and CO2 during the sintered step. On the
other hand, sodium carbonate acting as a colloidal agent imp-
roves dispersion properties of the inorganic precursors. As a res-
ult, more homogeneity in the final substrate structure is acq-
uired. The glycerine is a lubricant agent which allows diminish-
ing the frictional forces between the green dope and the steel
material of the extruder during the support casting.

Green dopes were prepared by dispersing and mixing the raw
materials in distilled water (10 kg) with a 1:1 solid/water weight
ratio, under a constant stirring at 80–90 rpm using a vane mech-
anical stirrer (Glas-Cols, USA). The raw materials (clay, bent-
onite, calcium carbonate, feldspar, quartz, and alumina) and the
proper amounts of additives in the percentages specified in
Table 1 were slowly and sequentially incorporated into the water.
The obtained pastes were aged during 48 h at a stirring rate of
200 rpm.

The particle size distributions of the green pastes were meas-
ured by X-rays absorption. As expected, a broad and multimodal
distribution of particle diameter ranged from 0.1 to 300 μm for
the three support pastes was observed. The widespread distribu-
tions are mainly attributed to the different particle sizes of the
raw materials used in the paste formulation (Table 1).

The thermograms curves from DTA–TG analysis indicated
similar behaviour for the three pastes. DTA–TG curves showed
a low mass loss when the pastes were heated from 25 to 900 1C.
However, three endothermic peaks in DTA curve were also
observed. The first two peaks (Onset 75 1C and 521.85 1C) can
be assigned to the water removal and the dehydroxylation of the
paste raw materials. Similar results were previously reported by
Hajjaji et al. [45]. The major weight loss showed by the third
peak (Onset 675 1C) may be attributed to the CaCO3 decom-
position and CO2 formation. Similar results were found by
Okada et al. [46] and Nandi et al. [47] who described the same
thermal analysis for pastes with analogous constituents.

3.2. Tubular support manufacture

3.2.1. Casting
Extrusion has been used as the forming process of tubular

support. For that, an extruder constructed by a local metallurgy
company was used. The extruder was built in stainless steel with
the specific requirements for obtaining tubular and monolithic
ceramic supports. It essentially consists of a dope feed chamber,
extruder screw shafts, mixing chamber, vacuum chamber, and
the matrix with annular design. The inner and outer diameters of
the annular matrix were 0.0095 m and 0.011 m, respectively.
The experimental protocol of supports casting was as follows:

after ageing procedure, the green dopes were casted in gypsum
plates until 20–30% dope humidity was reached. The drying
mechanism of paste is mainly due to the capillary forces of the
fine texture of the plaster pores. This paste has the appropriate
fluidity or rheological properties to be extruded under pressure.
The paste is passed through the nozzle with a screws speed of
5 rpm, paste scroll speed of 50 cm/min, in 65 cmHg of pressure.
The green support was cut with a length 0.6 m, and then it was
set into a gypsum cylindrical mould to avoid the twisting and
bending effects during the drying process.

3.2.2. Drying and sintering theoretical fundaments
The drying and sintering of the green paste leads to ceramic

structure consolidation. The heating schedule (temperature, heat-
up rate and duration) was set according to the results of previous
thermal studies [43]. A programmed temperature treatment allows
the control of textural progress as well as the mechanical strength
of the sintered samples. During this heat treatment, in a first stage
(moderate temperatures) the paste loses humidity, whereas at
higher temperatures the raw materials of the ceramic paste und-
ergo structural changes and solid state reactions. Components of
raw materials that have larger polymorphic and chemical changes
are: silica, alumina and calcium carbonate. Silica has three poly-
morphic forms, quartz, tridymite and cristobalite, and each one has
a structure of low (α) and high (β) temperature. The transformation
from a structure into another is reversible and well defined.
These high-low temperature transformations are just a change in
bond angles and a slight adjustment of interatomic distances. The
volume change produced by this rapid conversion is very imp-
ortant in the heat treatment, in particular the change of quartz at
573 1C from α to β structures corresponds to 2% of cubic
expansion or contraction. The transformation rate may cause brea-
kage or cracking of the moulded dry supports. The γ-alumina
undergoes a series of transformations when subjected to heat
treatments, appearing δ–θ phases with the increase of temperature
and time. Because of the broad XRD peaks, it is difficult to make
a distinction between γ and δ alumina. The θ-alumina transforma-
tion occurs at 900 1C, while the conversion to α-alumina more
stable phase occurs at T¼1150–1200 1C, and this transformation
is not reversible after cooling.



M.C. Almandoz et al. / Ceramics International 41 (2015) 5621–5633 5625
Changes that alter the chemical composition of the indivi-
dual phases during sintering include chemical reactions in the
solid state. An important feature of these reactions is that they
are irreversible and the constituents remaining unchanged
during the cooling process. Considering raw materials invo-
lved in the paste formulation, an important CaCO3 decom-
position reaction occurs in air to give CaO (s) and CO2 (g)
(T¼825 1C). Another decomposition reaction that take place
during the sintering process involves the kaolinite (Al2O3 �
2SiO2 � 2H2O), which at the temperature of 600 1C loses water
to form mullite (Al2O3 � 2SiO2) and silica at 1000 1C [48].
Magnesium silicate present in the paste, decomposes at T¼
800–840 1C forming ensteatite (MgSiO3) and silica. The
temperature range reported in some of the reactions was due
to differences in particle size and the presence of impurities in
the raw materials.
3.2.3. Drying and sintering experimental protocol
i) Drying: the green ceramic tubes were first slowly dried at

environmental temperature (25 1C) during 24 h. Then, the
drying process at higher temperature was conducted in an oven.
The oven temperature was increased sequentially, 10 1C every
30 min from 50 1C to 110 1C.

ii) Sintering: the sintering process was made in the
Nabertherm-Ceramotherms N200 furnace (Germany), with
automatic temperature controller. In order to avoid the appear-
ance of cracks during both the α–β transition of quartz (573 1C)
and the CaCO3 calcinations (537 1C), two temperature ramps
were used during the heating. In the first ramp the substrate was
heated-up to 600 1C with a heating speed of 5 1C/min; while the
second ramp the heat-up was carried out at 10 1C/min until reach
the sintering temperature (Ts¼1200 1C; 1300 1C; 1400 1C). The
final temperature was kept constant for 30 min. After that, the
consolidated support was allowed to cool until the environmental
temperature was reached.

For strength resistance tests, parallelepipeds of 0.2 m length
and square section of 0.015 m2 were moulded and then sint-
ered at different Ts.
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Fig. 2. X-ray diffractogram of: (a) S1
3.3. Support characteristics

3.3.1. X-ray diffraction analysis
The three supports illustrated similar XRD patterns, showing

coincidence in both appearance and intensity ratio of the diffrac-
tion peaks. XRD data for the S1 pattern sintered at 1200 1C are
shown in Fig. 2(a). X-ray diffraction results clearly indicated that
the most important crystalline phases recorded for all materials
were those obtained at high temperatures. The main diffraction
peaks were assigned to tridimite, crystobalite, γ-alumina, ensteatite
by comparing with JCPDS data base file. These results are in
agreement with the drying and sintering theoretical remarks
previously reported in Section 3.2.
3.3.2. SEM micrograph
Fig. 3 shows SEM cross-section images of S1 support sintered

at different temperatures. These cross-section images show a sym-
metric morphology, with big granules of approximately 100 μm
(alumina, quartz and feldspar) and smaller particles (clay and
bentonite) bounded each other, forming the primary vitrified
skeletal structure of the alumina–silica with holes or pores. From
these micrographs it is illustrated that the number of macro-voids
decreases when the temperature increases, indicating the structures
are related to sintering temperature. The three microphotographs
have similar appearances; however Fig. 1(b) has less defined par-
ticle edges and Fig. 1(c) presents a higher degree of densificat-
ion. Similar structural changes due to temperature of samples S2
and S3 were observed. At 1200 1C, the particles closely contacted
each other and sintering in some extension at the edge of the
grains forming interconnected network of pores. As temperature
increases above 1200 1C the clay present in the paste begins to
melt, binding the particles and reducing the porosity of the sub-
strate. Furthermore, a significant densification and fewer amounts
of macro-voids are observed when the sintering temperature reac-
hed 1400 1C. At this temperature, the silica begins to melt and
flow around the remaining particles, resulting in a more compact
and amorphous structure. Lee et al. [49], in their analysis of
sintering temperature effect on ceramic prepared from clays, obt-
ained analogous results.
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Fig. 3. SEM micrographs (750� ) of S1 support: (a) Ts¼1200 1C; (b) Ts¼1300 1C; (c) Ts¼1400 1C.

Table 2
Structural and mechanical parameters of supports at different sintering temperatures.

Parameters Ts¼1200 1C Ts¼1300 1C Ts¼1400 1C

S1 S2 S3 S1 S2 S3 S1 S2 S3

MIP Parameters
Total pore area, Ap (m2/g) 20.0 14.6 13.3 18.6 10.1 6.51 3.53 1.90 1.50
Mean pore radius (vol), rv (μm) 15.7 22.6 20.6 21.6 25.9 26.7 15.6 24.2 21.1
Bulk density, ρb (g/ml) 1.62 1.56 1.63 1.70 1.72 1.75 2.58 2.40 2.62
Skeletal density, ρs (g/ml) 3.35 3.19 3.10 3.20 3.02 3.10 3.00 2.73 2.99
Porosity, ε (%) 51.8 51.2 47.3 48.7 43.0 39.6 13.8 12.2 11.8
MR parameter
Fracture strength, σ (MPa) 16.7 17.5 19.1 17.2 18.6 26.4 20.2 24.8 34.2
WF parameters
Support thickness, l� 103 (m) 1.00 1.50 1.52 0.98 1.45 1.40 0.98 1.30 1.35
Lh (L m/h m2 kPa) 2.76 5.04 0.68 1.64 3.55 0.46 0.71 2.31 0.27
Hydraulic pore size, rh (μm) 3.86 5.25 2.01 3.07 3.27 1.80 3.80 7.28 2.53
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3.3.3. Mercury intrusion porosimetry
The MIP results for the prepared supports are summarised in

Table 2. Interesting support porosity (40–52%) and average
pore size between 15 and 27 μm are shown. Similar porosities
and pore size were reported in literature [50–52] for other type
of ceramic based inorganic membrane. As expected, the pore
size was influenced by the raw material composition and the
mean particle size. S2 and S3 substrates have identical raw
material compositions; nevertheless the S3 average particle
size is lower than S2 (Table 1), which leads to S3 structure
with smaller pore sizes. The S1 mean pore size was higher than
S2, being inconsistent with the mean particle size (dp(S1)4
dp(S2)). This inconsistency can be explained considering that
S2 contains a greater amount of calcium carbonate than S1.
The results showed that increasing the sintering temperature
decreases the pore surface area and the porosity, being this
reduction very significant at 1400 1C. Dong et al. [53] and
Zhang et al. [54] obtained similar results when the effect of
temperature on their porous substrates prepared from cordierite
was analysed. The substrates sintered at 1200 1C (Fig. 4(a))
showed dual distribution of large pore sizes (in the macro-
porous range), approximately between 100 and 20 μm and
0.2–0.02 μm for S1 and S2 supports. Closer dual distributions
were obtained for S3 support (E20 to 6 μm and 2 to 0.5 μm),
which can be attributed to the fact that the green paste was
made from smaller particle sizes and without pore former
(CaCO3).
Fig. 4(b) shows the pore size distribution of S2 support at
different sintering temperatures. This figure illustrates that
when the temperature rises from 1200 to 1300 1C the dist-
ribution curve of smaller pores (o0.2 μm) decreases, increas-
ing consequently the average pore size. The distribution curve
of smaller pore size practically disappears and the distribution
curve of larger pore sizes (30–80 μm) decreases when sintering
temperature was 1400 1C. In this case, the particles begin to
melt, collapsing the smaller pores and reducing the volume and
size of remaining pores. Similar behaviour of the temperature
effect on pore size distribution for S2 and S3 was observed.
These outcomes are consistent with the SEM observations.

3.3.4. Fracture strength
Fracture strength results from the sintered pattern bars pre-

pared at different sintering temperatures are given in Table 2.
The data showed an adequate increase of the fracture strength
with the sintering temperature according to the substrate den-
sification and the porosity decrease. Fig. 5 displays the
porosity, mean pore size (from MIP) and fracture strength of
S2 ceramic support as a function of sintering temperature.
From 1200 to 1300 1C the fracture strength slightly increases,
while the porosity and the bulk density decrease. Increasing
sintering temperature from 1300 to 1400 1C, the substrates
exhibited a significant increment in the bulk density and the
fracture strength with a sharply decay in porosity, which are
characteristics of relatively high densification.
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3.3.5. Hydraulic permeability
Pure water filtration assays using the consolidated supports

were performed. In contrast to the mercury intrusion tests, the
water permeation through the ceramic supports provides informa-
tion about actual pores, i.e. those pores interconnected from one
face of the membrane to the opposite face [55]. Water per-
meation tests involved the measurement of filtering volume as a
function of time at different transmembrane pressure (Δp¼0.7–
30 kPa). Support patterns used in the water flow tests had the
following geometrical dimensions: length LE0.2 m, wall thic-
kness (l) between 0.001 and 0.0015 m, and effective transfer area
AE6.2� 10�4 m2. Results showed a linear dependence of the
water permeate flow with the pressure. The hydraulic perm-
eability (Lh) was obtained from the slopes of J vs. Δp according to
Eq. (2) and the rh values evaluated from Eq. (3) (μ25 1C

w �
2:8� 10�7 Pa h). In the calculation of hydraulic radii the
porosity obtained from MIP tests (Table 2) were used. The Lh
and rh data are shown in Table 2. In agreement with the
conclusions obtained from the SEM micrographs and MIP stu-
dies, the hydraulic permeability and hydraulic pore radii decr-
eased as the sintering temperature increased. It can be noted that
the hydraulic radius was around one order of magnitude lower
than the mean pore radius obtained from MIP measurements. This
can be explained considering that the flow of water is controlled
mainly by the interconnected pores of smaller sizes; whereas in the
MIP technique takes into account not only actual pores but also
other non-interconnected voids of the macro-porous matrix.

4. Active layer preparation and characterisation

4.1. Paste preparation

One of the main factors to control the porosity and pore size of
the active layer is the particle size. To decrease the prob-
ability of cracking or fissures during the sintering process of
the composite membrane, in the preparation of the active layer the
same raw materials of the support were used. In the manu-
facture of the initial paste, the raw materials listed in Table 1 were
added into distilled water (50% (w/w)) at 200 rpm of stirring rate
during 2 h. From this paste four slurries with different particle
sizes, identified as P1, P3, P5 and P7, were prepared. For that, the
initial paste with an average particle diameter of 52.31 μm was
crushed at different times of milling (tm¼2, 3, 10, and 48 h)
using a Retsch-PM4000 mill (Retsch GmbH, Germany). Particle
size distributions determined by X-rays (Micromeritics Sedi-
Graph) showed that increasing the ball-milling time, the distribu-
tion curves of particles size were progressively narrowing.
The average particle diameters (dp) obtained at different milling

time are included in Table 3. The average particle diameter
decreased considerably during the first 3 h of ball-milling process.
Less pronounced decay of particle diameter at 10 and 48 h was
observed. There was not a substantial change in the particles size
distributions when the milling time was higher than 48 h.
The slurry fluidity mainly depends on the repulsion between

the particles, among others factors. To improve rheological pro-
perties of the milled suspensions, such as deflocculation and
plasticity, further sodium silicate (E0.02% w/w) was added.
Sodium silicate is a protective colloid that has the ability to
reduce the particles tendency to flocculate. This compound is
hydrolysed to silicic acid and free alkali, which act as a colloi-
dal agent improving the dispersion properties of the inorganic
precursors thereby addressing the homogeneity in the struct-
ure of the final substrate. The pastes were kept under stirring
(200 rpm) during 2 days to ensure complete diffusion of the



Table 3
Characteristic parameters of pastes and active layers (Ts¼1200 1C).

Paste tm
(h)

dp
(μm)

η
(mPa s)

Active
layer

MIP Water flow

Ap

(m2/g)
ε (%) rv

(μm)
Lh� 105 (L m/
h m2 Pa)

l� 103

(m)
rh
(μm)

P7 2 10.23 2900 A7 21.53 62.91 1.31 16.0 2.17 0.75
P5 3 6.48 2630 A5 24.72 63.44 0.77 8.02 1.94 0.51
P3 10 4.14 2320 A3 35.76 62.99 0.51 2.51 1.59 0.30
P1 48 2.40 2100 A1 51.84 63.52 0.22 0.55 1.05 0.14

M.C. Almandoz et al. / Ceramics International 41 (2015) 5621–56335628
components (paste ageing). To confer adequate casting
properties, the suspensions were adjusted to a density of 1.5–
1.6 g/cm3. The density was determined with a digital density/
specific gravimeter (Anton Paar, DMA 35, USA) and the
viscosity was measured with a digital programmable viscometer
(Brookfield-DVIII, USA). All the pastes showed tixotropic-
pseudoplastic features, with viscosities ranging from 14,000 to
2000 cP at spindle rotation speed varying between 5 and
50 rpm, respectively. The apparent viscosity values (η) at
20 min of operation and constant spindle rotation speed of
50 rpm are listed in Table 3. These rheological properties
allowed the pastes to be moulded by the flooding technique.

4.2. Active layer preparation

4.2.1. Paste casting, drying and sintering
Ceramic active layers were moulded by the casting method.

Tubular 0.3 m length and 0.012 m of diameter mould configuration
was used. Plaster moulds, once flooded with the green dope,
absorb water and leads to a surface flocculation of the paste
particles due to calcium sulphate. The crude ceramic elements were
slowly dried at environmental temperature during 12 h and then
they were put in a mechanical convection oven which temperature
increased sequentially at a speed of 10 1C every 30 min from
50 1C to 110 1C. Neither cracks nor fissures were detected. Then,
the dry tubes were sintered in the Nabertherm-Ceramotherm
furnace. Two temperature ramps were used during the sintering
process as it has been described in the experimental protocol for
supports (Section 3.2). It has been shown [56] that the optimum
sintering temperature of the active layer is between 1200 and
1300 1C. Lower temperatures give low consolidated structures for
the ceramic material; while higher temperatures produce a collapse
in the porous structure. According with the sintered support results
and the conclusions arrived in previous works [43,56] the sintering
temperature of 1200 1C for the active layer was selected. The
consolidated active layers were identified as A1, A3, A5 and A7,
corresponding to pastes P1, P3, P5 and P7, respectively.

4.2.2. Chemical and structural characteristics
4.2.2.1. X-ray diffraction. In order to determine the crystal-
line compounds present in the sintered active layers X-ray
diffraction tests were performed. Fig. 2(b) shows the diffracto-
gram obtained for A3 active layer. The diffractogram shows
diffraction lines (peaks) corresponding to cristobalite (silica
phase at high temperature), mullite (a stable phase at high tem-
peratures in the SiO2–Al2O3 diagram at atmospheric pressure),
corundum (alumina phase at high temperature) and quartz,
according to JCPDS data base file. As the active layer pastes
have the same formulation, their diffractograms were coincident.

4.2.2.2. Mercury intrusion porosimetry. The average pore
diameter and pore size distribution in porous active layers were
determined from mercury intrusion porosimetry. These tests sho-
wed a bimodal pore size distribution curves for the active layers
sintered at 1200 1C. The main structural parameters, pore area (Ap),
porosity (ε) and mean pore radius (rv) are summarised in Table 3.
There is not a substantial change on the porosity values (εE63%),
and the mean pore size follow the expected general trends,
increases as average particle size of the pastes increases. These
results are in concordance with the remarks given by Kim et al.
[57] in which the porosity principally depends on the sintering
temperature, while the pore size is mainly dependent on the size of
the starting powder used for the membrane manufacture.

4.2.2.3. Hydraulic permeability. As it was previously pointed
out (Section 3.3.4), water fluxes at different membrane pressure
provide the hydraulic permeability and a suitable approximation
about of the “mean effective pore radius”. In the experimental
procedure, the tubular membranes of active layers, length lE0.3
m, internal diameter IDE0.01 m, were placed in the permeation
module. From the slopes of water flow vs. trans-membrane
pressure graphs (Δp between 10 and 100 kPa), the hydraulic
permeability and the hydraulic pore radius were obtained from Eqs.
(2) and (4). In the hydraulic radii calculation, the porosity (ε)
obtained from MIP tests (Table 2) were used. The Lh and rh values
for the different active layers are summarised in Table 3.
Pore radii obtained by the MIP were 1.5–1.7 times higher

than those obtained from hydraulic permeability technique. As
it was remarked in Section 3.3.4, the mercury porosimetry
gives bigger pores because it detects not only actual pores but
also other non-interconnected voids of the porous matrix. The
most appropriate radius values are those obtained by hydraulic
permeability because they are directly related with the liquid
flow for filtration processes. In this case, the hydraulic pore
radii or the A1, A3, A5 and A7 active layers were 0.15, 0.30,
0.51 and 0.75 μm, respectively, being these pore radii suitable
for the microfiltration process.

5. Composite membrane manufacture and characteristics

5.1. Manufacture

One of the most applied methods to make supported active
layers is by dip-coating technique. In this work, the coating
technique consisted of flooding the active layer inside of the
tubular support and, after a suitable residence time, the remaining
barbotine was discharged. The selection of the support to be used
as substrate in the preparation of the microfiltration CM was
made on the basis of their structural and mechanical character-
istics. If the characteristics of the S1, S2 and S3 supports at
Ts¼1200 1C (Table 2) are analysed, it can be seen that the values
of porosity (ε) and strength modulus (σ) are analogous; however,
the S2 support has the higher pore size and hydraulic perme-
ability, so it was selected to prepared composite membrane.
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According to the diagram shown in Fig. 1, the manufacture
protocol of the composite membrane consisted of:

i – S2 support was prepared following the protocol given in
Section 3.2. The support was burned at a final temperature of
T¼1000 1C (bisque or partially fired). The obtained support
possessed a cake-like structure with a high porosity (εE70%)
and low mechanical strength (σE10 MPa); however, it was strong
enough to be handled during the slip-casting process with the
barbotine of the active layer. These properties of the support enable
to avoid the formation of fissures or cracks in the active layer
during the sintering procedure of the composite membrane.

ii – P1, P3, P5 and P7 pastes were used as coating suspensions.
Pastes preparation follows the procedure described in Section 4.1.
Prior to the casting process, the pastes were adjusted to a specific
gravity of 1.2 g/cm3; minimum density value at which the paste
begins to flocculate and the appropriate paste fluidity is reached.
These were the best rheological characteristics of barbotine to be
used in the slip-casting process.

iii – The different CM were prepared by slip-casting of the
aged and adjusted pastes (part ii) onto the internal surface of
bisque support. The barbotines were flooded on the inner part of
the tubular support. The same residence dipping time for all the
pastes (t¼1372 s) was used. This period of time was the
minimum required to fill up and discharge the suspensions ins-
ide the tubular supports (outer diameter 0.011 m, wall thickness
0.0015 m and length 0.3 m). After drying at room temperature
and in an oven at 120 1C the CM were sintered following the
temperature rising programme described in the sintering experi-
mental procedure (Section 3.2); that is an initial temperature
increase to 500 1C with a heating rate of 4 1C/min, a second
ramp with a more pronounced rate (6 1C/min) to a T¼800 1C,
then a rise in temperature at a heating rate of 10 1C/min to the
final sintering temperature of Ts¼1200 1C, which was main-
tained for 30 min. To determine the effect of sintering tempera-
ture on the composite membrane structure, final Ts of 1300 1C
and 1400 1C were also investigated. The four CM obtained from
the S2 support and pastes of A1, A3, A5, A7 active layers were
designated as S2A1, S2A3, S2A5 and S2A7, respectively.
5.2. Characteristics of composite membranes

5.2.1. SEM analysis
Cross section morphology of consolidated composite membrane

and the presence of possible defects were observed by using a
Fig. 6. SEM micrographs of S2A3 composite mem
scanning electron microscope. Substrates were fractured and
sputter-coated with gold under low vacuum. Fig. 6 shows the
microphotographs of the cross section of the S2A3 composite
membrane sintered at different temperatures. The photomicrograph
of the composite membrane sintered at 1200 1C (Fig. 6(a)) shows
two well-defined regions, one corresponding to the support formed
by macro-pores and macro-particles, and the other to the thin active
layer region formed by pores and particles of smaller sizes.
Between the active layer and the support a denser interface can
be appreciated, in which part of the macro-pores of the support
have been flooded by the material of the active layer. This can be
explained considering that during the dip-coating process, the water
and the smaller particles from the paste are introduced into the
pores of the support by capillary force and a thin layer is formed by
deposition of particles at the support-suspension boundary. Smaller
particles deposited in the pores of the support shrunk significantly
during the sintering process, leading to a denser structure at the
support-active layer interface. It can be noted that when the
sintering temperature is raised to 1300 1C there was a further
densification of the active layer (Fig. 6(b)), while at 1400 1C the
collapse of the pores and the vitrification of the whole structure
was remarkable (Fig. 6(c)). Similar structures for S2A1, S2A5,
S2A7 composite membranes, prepared at different sintered tem-
peratures, were obtained. The S2 support thickness was
lS2¼1.570.2� 10�3 m and the average active layer thickness
(lAi) of the CM (Ts¼1200 1C) determined from SEM observations
are included in Table 4.
5.2.2. Hydraulic permeability
Since the effective thickness of the composite membrane is not

known, the hydraulic permeability expressed as L0h was evaluated
from the slope representing the permeated water flow vs. the
transmembrane pressure according to Eq. (3). Table 4 shows the
values of L0h obtained for different CM. The relatively high
hydraulic permeability showed by the composite membranes may
be mainly due to their structural properties, high total porosity
and support pore size, and adequate active layer pore size.
As stated, the composite membrane consists of two ceramic

substrates in series, the S2 support and the Ai active layer
(i¼1, 3, 5, 7). Assuming that the S2–Ai interface is well
defined (the substrates kept their intrinsic properties) it can be
considered that the total resistance of the composite membrane
(RT) is given by the support resistance (RS2) plus the resistance
of the active layer (RAi). From Eq. (2), the total and individual
brane, (a) 1200 1C, (b) 1300 1C, (c) 1400 1C.



Table 4
Physical and structural parameters of composite membranes.

CM lAi� 106 (m) L0h (L/h m2 kPa) RS2� 10�9 (m�1) RAi� 10�9 (m�1) RT� 10�9 (m�1) rh (CM)� 106 (m)

S2A1 205715 9.9070.6 1.07 133.0 133.2 0.085
S2A3 223719 26.371.3 1.07 31.46 32.53 0.144
S2A5 268718 46.672.8 1.07 13.08 14.15 0.211
S2A7 305725 273.5714 1.07 6.885 7.955 0.545

Table 5
Hydraulic permeability of different composite membrane.

Composite membranes rh (CM) (μm) L0h� 103

(L/h m2 Pa)

Present Work S2A1 0.085 9.90
S2A3 0.144 26.3
S2A5 0.211 46.6
S2A7 0.545 273.5

Jiuwu High-Tech Co. Ltd. [58] 0.20 5.23
0.50 8.91

Carbosep [59] 0.45 1.77
CeRAMTM TAMI Industries [60] 0.1 3.42
Masmoudi et al. [61] 0.50 5.85
Khemakhem et al. [4] 0.20 8.70
Jedidi et al. [62] 0.25 4.75
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substrates resistances are given by:

RTðS2AiÞ ¼ RS2þRAi ¼
l

μLh

� �
S2Ai

¼ l

μLh

� �
S2

þ l

μLh

� �
Ai

ð5Þ
The RT, RS2, and RAi data obtained from lAi and Lh (Table 3)

values are included in Table 4. It can be noted that the resistance
values of the active layer were very close to those of total
resistances (99–87%). From this, it is valid to consider the total
composite membrane resistance is mainly due to the active layer
resistance. Therefore, the hydraulic radius of each composite
membrane can be approximately estimated from Eq.(4), using
the lAi and L0h experimental data. The composite membrane rh data
are informed in Table 4. CM rh values were 1.4–2.4 times lower
than those of the active layer (Table 3). According to comments
made in the analysis of SEM microphotographs, this can be
attributed to densification occurred in the support-active layer
interface, leading to a decrease in pore size. L0h data of the
composite ceramic membranes prepared in this study are com-
pared with values reported by other researchers and commercial
membranes (Table 5). These results show the high performance of
the CM prepared in this work.

5.3. CM experimental tests

The effectiveness of the ceramic CM was tested through
microfiltration tests of different substances from food industry,
such as slaughterhouse wastewater and goat milk.

5.3.1. Slaughterhouse wastewater treatment
The effluent treatment plant from slaughterhouses needs to be

designed to reduce the parameter levels of contaminants such as
chemical oxygen demand (COD), oil and fat, suspended solids, and
pathogens, among others. A pre-treatment is usually performed by
fences and traps to retain solids and fats. Then, a primary treatment
that involves the removal of a significant amount of suspended
solids contained in the wastewater by physical and chemical
processes (addition of chemical flocculants) is applied. Finally,
the effluent is subjected to a secondary biological treatment.
Pre-treated slaughterhouse effluent was used as feed solution in

the microfiltration test. S2A1 composite ceramic membrane was
utilised in wastewater treatment at bench scale (membrane transfer
area 0.037 m2). The operating pressure (100 kPa), temperature
(T¼25 1C), and feed flow velocity (v¼3.18 m/s) were kept
constant. A continuous decline in permeate flux (initial flux
J0E430 L/h m2) was observed within the first hour. Afterwards,
the permeate flux started to be stabilized and remain constant
reaching the pseudo steady state (J1E110 L/h m2). Feed and
permeate wastewater physicochemical and bacteriological charac-
teristics are included in Table 6. The bacterial removal (CAV) and
COD rejection were 99.4% and 91%, respectively, whereas the total
hydrocarbons retention was 33%. Similar results were obtained in
previous work [43] using unsupported ceramic active layer.

5.3.2. Microfiltration of goat milk
Microfiltration of milk has the advantage of reducing the

amount of bacteria and spores without affecting the taste of the
milk and extending the lifetime of the milk regarding to other
pasteurisation processes such as UHT process. In order to
determine the performance of composite ceramic membranes
in the microfiltration of milk, bench scale tests with goat milk
provided by a local dairy farm were performed. For that, S2A7
and S2A1 composite membranes were used. The operating
conditions were: feed rate 4 L/min, transmembrane pressure
72 kPa, and temperature T¼30 1C. Results showed a signifi-
cant drop in permeate fluxes for both membranes during the
first two hours of operation, then becoming nearly constant
reaching quasi-stationary conditions.
Table 6 shows the physicochemical parameters of milk in the

feed and permeate streams. Results showed that soluble com-
pounds were not rejected by the membranes, whereas fats were
partially retained. It is noteworthy the high degree of pasteurisation
of goat milk obtained in the permeate solution with bacteria
rejections of 67% (S2A7) and 82% (S2A1), maintaining almost
constant the other physicochemical properties of the original milk.

6. Conclusions

In this work, a comprehensive study on the fabrication and
characterisation of composite ceramic membranes from



Table 6
Physicochemical- bacteriological parameters and steady state permeate flows.

Parameters Slaughterhouse wastewater Goat milk

Feed Permeate S2A1 Feed Permeate S2A7 Permeate S2A1

pH 7.95 7.80 7.44 7.42 7.42
Turbidity (g/L CaSO4) 0.92 0.025 – – –

Density (g/cc) (20 1C) – – 1.03 1.03 1.03
COD (ppm de O2) 480 45.0 – – –

Total acidity – – 15 14.5 14.1
Total N (ppm) 115 63.0 – – –

Fat materials (g/100 ml) – – 4.23 3.61 3.36
Total C (ppm) 183 101 – – –

Proteins (%, w/w) – – 4.13 3.65 3.71
CAV (count/ml)� 10�6 42.0 0.24 0.13 0.043 0.023
Initial and steady state permeate flow (L/h m2) 430 110 80–75 13.0 4.50
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aluminosilicates was performed. The proposed methodology
allows obtaining supports, active layers and composite membranes
suitable for being used in microfiltration processes. The membrane
support was prepared by the extrusion procedure using a ceramic
paste made with raw materials such as ball clay, bentonite, quartz,
feldspar, alumina and the addition of additives. The mechanical
and structural properties of the tubular supports sintered at
Ts¼1200 1C were adequate with high strength modules (17–
19 MPa) and porosities (450%), as well as suitable hydraulic
pore sizes (2–5.5 μm).

Active layer pastes with different mean particle sizes were
prepared using the same raw materials employed in the support
paste and milling the paste during different periods of time. After
rheological adjustment, the pastes were moulded by the casting
method in plaster moulds with tubular configuration. The tubular
unsupported active layers were dried and sintered at Ts¼1200 1C.
The active layer substrates showed remarkable structural proper-
ties, high porosity (E63%) and hydraulic pore size ranging from
0.14 to 0.75 μm. Four CM were prepared by flooding the inside
of the S2 tubular support with different active layer pastes. After
drying and sintering procedure (Ts¼1200 1C) the tubular com-
posite membranes showed the following structural characteristics:
overall porosity ε451%, support thickness, lS2¼1.570.2�
10�3 m; active layer thickness between 205 and 305 μm; eff-
ective hydraulic pore sizes of 0.085, 0.14, 0.21, and 0.55 μm.
Water flux tests pointed out the high hydraulic permeability of
CM ranging from 10 to 274 L/h m2 kPa.

Efficiency of CM for slaughterhouse wastewater treatment and
goat milk sterilisation were studied. The noticeable characteristics
of permeate solutions, high rejection of insoluble residue and
bacterial removal; suggest that S2A1, S2A3, S2A5, and S2A7
synthesised CM are suitable for a real application in microfiltration
processes. Prepared ceramic membranes of microfiltration resulted
good candidates for interesting separations in food industries.
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