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ABSTRACT

The wide application of ceramic membranes in nowadays can be rationalized by their intrin-
sic properties, notably in terms of thermal and chemical stability and high mechanical strength.
Compared to the conventional metal oxide materials, this article summarized comprehensively the
natural minerals and industrial wastes, which are in abundance and need lower firing temperature,
for the ceramic membrane fabrication as the raw materials. These cost-effective ceramic membranes
prepared from clay, silty marls, kaolin, zeolite, bauxite, quartz sands, bentonite, cordierite, apatite,
perovskite, coal fly ash, coal gangue, blast furnace slag, rice husk ash, pozzolan, etc. have empha-
sized the remarkable cost reduction and been broadly applicable to a variety of fields like removal
of solid, dye, ion, heavy metal, oily wastewater treatment, juice clarification, seawater desalination,
sterilization, hydrogen separation, oxygen permeation, CO, adsorption and separation, membrane
catalysis, etc. The cost of these natural minerals and industrial wastes based ceramic membrane was
estimated several times cheaper than the conventional oxide ceramic membrane. This review encour-
aged a more economically viable and environmentally sustainable strategy, not only giving a new

and facile insight for waste management but also endow a possibility of high-valued recycling.
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1. Introduction

Membrane technologies were usually considered as a
common disposal strategy for wastewater treatment and
have proven to be beneficial in saving water consumption
and costs. The penetrating, physical and chemical perfor-
mances are thought to be the critical factors influenced mem-
brane performances, in which penetrating performances
including water flux, molecular weight cut-off, rejection
rate, recovery rate, porosity, pore size distribution, mean
pore size, maximum pore size, etc., physical performances
including membrane shape, thickness, outer diameter, inner

* Corresponding author.
*Co-first author.

diameter, tensile strength, flexural strength, breaking elon-
gation, surface charge, zeta potential, contact angle, thermal
resistance, etc., chemical performances including chemi-
cal stability, antifouling property, corrosion resistance, etc.
The penetrating performance of the membrane determined
the amount, purity, as well as sensitivity of the product. The
excellent physical and chemical performances were valuable
for the application in a harsh environment. For example,
temperature tolerance of the membrane in the membrane
distillation process provided more practical opportunities
for heat recovery, which could significantly further raise
overall system efficiency [10]. The definitions of major
properties are listed in Table 1.

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.
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Table 1

Definitions of major properties
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Type Properties Definition Reference
Penetrating ~ Water flux Product of inundation depth, the width of the channel and depth-averaged current [1]
performance velocity
Molecular Lowest molecular weight at which greater than 90% of a solute with a known [2]
weight cut-off ~ molecular weight is retained by the membrane
Recovery rate Permeate flow rate divided by the membrane feed flow rate [3]
Porosity Ratio of the pore volume to the whole nominal volume of a porous body, and is [4]
generally expressed as either a percentage or a decimal
Physical Tensile strength  Level of the elastic tensile stress reached when the maximum value of stress is [5]
performance reached at the location of the fracture
Flexural Maximum stress at the outermost fiber on either the compression or tension side of  [6]
strength the specimen
Breaking Percentage increase in length when the yarn breaks due to a tensile force applied [7]
elongation along the main yarn axis
Zeta potential Parameter to measure electrophoretic mobility which is the surface charge velocity  [8]
of colloidal and nanosized materials distributed in a liquid under the influence of
electric field
Contact angle  Angle formed by the intersection of the liquid-solid interface and the liquid-vapor  [9]
interface (geometrically acquired by applying a tangent line from the contact point
along with the liquid-vapor interface in the droplet profile)
Temperature Basic feasibility of successful operation at the high temperature [10]
tolerance
Chemical Chemical Ability to withstand change from chemical contact [11]
performance  stability
Antifouling Ability of preventing the accumulation of fouling organisms [12]
property
Corrosion Ability of a material to withstand deteriorization of its surface or properties when  [13]
resistance exposed to its environment

The criteria for the membranes in microfiltration, ultra-
filtration, nanofiltration, reverse osmosis, forward osmosis
processes are compared in Table 2 by comparing pore size,
rejected substances, and values.

Ceramic membranes have been hailed for their advan-
tageous properties when compared to polymeric mem-
branes. The advantages of ceramic membranes compared to
polymeric membranes are often stated to be: (i) a relatively
narrow pore size distribution and higher porosity, result-
ing in better separation characteristics and a higher flux,
(ii) higher hydrophilicity resulting in high fluxes at low
pressures, (iii) flux through ceramic membranes are more
easily recovered after fouling, and (iv) higher mechanical
stability and higher chemical stability resulting in longer
membrane lifetimes even under extreme fouling and clean-
ing conditions [30-36]. With the enhanced properties,
ceramic materials are well suited for challenging water
purification processes, such as industrial wastewater, oil/
water separations, and hazardous waste treatment. a-Al O,
was proposed to be initially used as the raw material for
the preparation of ceramic membranes [37]. Afterward,
v-AlO,, zirconia, titania, and silica were reported as prom-
ising material used for membrane synthesis [38]. Recently
several natural minerals and industrial wastes, which are in

abundance and need lower firing temperature than metal
oxide materials, such as kaolin, bauxite, diatomite, dredge
sediment, etc., emphasize the remarkable cost reduction
of starting materials. These new generations of low-cost
ceramic membranes have been broadly explored for sepa-
ration and catalysis domains, such as treatment of colored
wastewater, oil-water separation, produced water as well
as recovery of the valuable component by concentration
feed solution (acid, fruit juices, sugar and alcohols, etc).

2. Raw materials

The employment of minerals and waste in ceramic
membranes manufacturing instead of the more expensive
ceramic materials realized the significant reduction in cost,
further adding great economic value to raw minerals that
are widely available all over the world.

2.1. Mineral-based ceramic membrane

2.1.1. Clay

The ceramic membrane generally possesses an asym-
metric structure composed of robust support and an active
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Table 2
Criteria for the membranes in various applications
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Process Pore type Pore size Rejected substances Application

Microfiltration =~ Macropores  >50 nm [14] Yeasts; fungi; bacteria; 0oil Domestic wastewater treatment [16]; oil-contami-
emulsion nated water treatment [17]; juice clarification [18]

Ultrafiltration =~ Macropores  2~50 nm [14] Colloidal solids; viruses;  Oil-contaminated water treatment [19]; heavy metal
proteins; polysaccharides; removal [20]; textile wastewaters treatment [21]
humics; nucleic acids

Nanofiltration =~ Macropores <2 nm [14] Common antibiotics Separation of electrolytes [22]; ions remove [23];

treatment of pesticide wastewater [24]

Reverse Macropores  0.3-0.6 nm [15]  Organic antibiotics Separation of electrolytes [22]; seawater desalina-

0smosis tion [25]; recycling process [26]

Forward Macropores  0.3-0.6 nm [15] Inorganic antibiotics Pretreatment of seawater [27]; wastewater reclama-

0smosis tion [28]; food processing [29]

layer with separation property, the formation mechanism of
which was schematically elucidated in Fig. 1 [39]. The sup-
port with large pores, which provides mechanical strength
as well as facilitates fluid transport, can be shaped by extru-
sion or isostatic pressing techniques [40,41]. The active layer
with small pores plays a vital role in separation was gen-
erally prepared by slip-casting [42], dip-coating [43], and
spin-spraying [44], and the cross-flow filtration [45]. The
ceramic membrane support has been broadly explored for
pretreatment in the wastewater treatment, whereas the sup-
port with an active layer was usually considered as a ver-
satile microfiltration and ultrafiltration technique. Notably,
the intermediate layer sometimes was fabricated between
the support and the active layer as a function of pore size
transition.

Clay minerals of SiO,~Al,O, system have been gaining
recognition due to structural adsorption, rheological and
thermal properties for a variety of applications [46]. The ratio
of SiO, and AL O, varied with the clay kinds. Moroccan clay,
which was essentially formed of 80 wt.% SiO, and 12.1 wt.%
AlO,, was used by Saffaj et al. [47] to prepare ceramic mem-
branes support. The clay powder presented the diameter
ranging from 1 to 40 um, in which more than 80% was less
than 5 pm. The porous tubular support was fabricated by fir-
ing Moroccan clay powders mixed with some organic addi-
tives after extrusion. The support showed an average pore
diameter of 11 um and a porosity of 43%. Zirconia was coated
on the clay support to generate the microfiltration layer with
average pore diameters of 0.23 um and thickness of 10 pum.
The ultrafiltration layer was constructed by the mixture of
TiO,-ZnAlLO, on the microfiltration layer through the sol-
gel routes. The thickness of the ultrafiltration layer is about
0.7 um and the pore diameter is centered at 5 nm. This ultra-
filtration membrane exhibited excellent separation properties
in salts, heavy metal, and dye solutions.

Jana et al. [48] have employed the clay of IIT Guwahati
which was mainly composed of 71.595 wt.% SiO, and
17.097 wt.% ALO, with wide diameter range to prepare two
low-cost ceramic microfiltration membranes. Membrane A
was fabricated only from clay, while small amounts of addi-
tives, such as sodium carbonate, sodium metasilicate and
boric acid were added in membrane B. The average pore
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Fig. 1. Formation mechanism of ceramic membrane.

size, porosity, pore density and flexural strength of mem-
brane B sintered at 1,000°C were 4.58 um, 38%, 2.06 x 10" m2
and 11.55 MPa, respectively, which were much better than
membrane A. The removal of chromate from aqueous solu-
tions was executed by membrane B. A 100% rejection of chro-
mate ions at a surfactant/chromate ratio of 1.0 was obtained,
revealing good promise for the prepared low-cost membrane
in heavy metals removal. The membrane cost was estimated
to be $19 m? which was dramatically cheaper than the
membrane prepared from the ceramic materials.

The clay of IIT Guwahati (70 wt.%) was also investigated
to fabricate ceramic supports with kaolin (18 wt.%) and
organic additives (12 wt.%), the average pore size and poros-
ity of which were 1,093 nm and 37%, respectively [49]. The
ultrafiltration layer was elaborated by dipping chitosan on
the support, the average pore sizes of which were found to
be within 760-13 nm. The ultrafiltration ceramic membrane
with a pore size of 13 nm was selected for the removal of
mercury and arsenic from an aqueous medium. Almost 100%
removals were observed for both 500 ug L™ mercury and
1,000 pug L™ arsenic.
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2.1.2. Silty marls

Silteous marls, as a kind of natural clay material, could
also be chosen for ceramic membrane fabrication based on
the lower firing temperature than metal oxide materials,
excellent thermal stability, natural abundance, and low price.

Khemakhem et al. [50] have reported a two layers micro-
filtration ceramic membrane, the support of which was
prepared to take the powder of silty marls as raw material.
The support with pore diameters centered near 9.2 um and
porosity about 50% were obtained at the sintering tempera-
ture of 1,190°C. The silty marls were also introduced to
deposit the microfiltration layer onto the supported by the
slip-casting method. The mean pore size and water perme-
ability of the membrane were identified to be 0.4 um and
867 L h™ m™ bar” when the microfiltration layer calcinated
at 1,000°C.

2.1.3. Kaolin

Kaolin is one of the widest clay materials, the price of
which is at least about 100 times lower than that of alumina.
The substantial energy conservation obtained by decreas-
ing the sintering temperature from about 1,600°C to about
1,250°C and the relatively lower theoretical density of the
prepared supports (2.8 g cm™) was the outstanding advan-
tages when kaolin was applied in the ceramic membrane
fabrication instead of alumina, enable kaolin a preferred
raw material for porous ceramics [51].

Vasanth et al. [52] have addressed the development
of ceramic microfiltration membranes from India kaolin,
quartz, and calcium carbonate using the uniaxial dry com-
paction method. The prepared membranes sintered at
900°C presented the porosity of 30%, the flexural strength
of 34 MPa, the average pore size of 1.30 um, and identified
as hydrophobic. The membrane was subjected to oil-water

LW

emulsion and bacteria separation experiments. Maximum
rejection of 85% and 99% is obtained through the membrane
for oil-water emulsion and E. coli, respectively.

Algerian kaolin DD2, mainly composed of 45 wt.% SiO,
and 33.43 wt.% AlO, was selected by Medjemem et al. [53]
for the elaboration of the membrane support. The diam-
eter of the majority of support pores within 10 pm. Then,
the Algerian kaolin DD3, which was mainly constituted by
43.69 wt.% SiO, and 37.53 wt.% ALO,, was employed with
CaO to fabricate intermediate layer. Finally, the zirconia
top layer was deposited to form the separation layer, the
average pore size of which was about 0.3 pm. This multi-
layer ceramic membrane showed a good permeability of
1,200 L h™' m™ for the water filtration and 100% microbial
retention in the sterilizing solutions without heating.

The only stable crystalline phase in the kaolin mix-
ture of SiO,-AlO, system is mullite which has proven to
strengthen the performance of the ceramic membrane.
Various mineral materials can be used for the preparation
of porous mullite ceramics, such as kyanite [54], bauxite
[55], coal gangue [56], and kaolin [57] Guo et al. [57] pre-
pared mullite ceramic membrane using natural mineral
kyanite (53.41 wt.% ALO, and 39.74 wt.% SiO,) as the raw
material with AI(OH), as a porogenic agent. From 1,450 to
1,500°C, the mullitization of kyanite generated needle-like
mullite crystals, and the amount and size of needle-like
mullite crystals increased with increasing temperature.
When the sintering temperature above 1,500°C, however,
the needle-like mullite crystals gradually developed into
columnar in shape. The sintering temperature promoted
the generation and development of mullite which formed
skeleton structures and improved the apparent porosity
and strength of the membrane. The micrographs variation
of the kaolin-based ceramic membrane with sintering tem-
peratures is displayed in Fig. 2. The mullite-based ceramic

Fig. 2. Scanning electron microscopy (SEM) micrographs of kaolin-based ceramic membrane sintered at different temperatures,

(a) 1,450°C, (b) 1,500°C, (c) 1,550°C, and (d) 1,600°C [21].
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membrane prepared with 60 wt.% kyanite/40 wt.% Al(OH),
sintered at 1,500°C-1,550°C for 3 h exhibited an interlocked
network microstructure composed of well development
needle-like mullite crystals. High porosity (58.97%-60.71%),
small average pore size (1.06-9.98 um), excellent mechan-
ical strength (7.72-9.63 MPa) and good nitrogen gas flux
(4,952-5,322 m®* m2 h! at 0.4 MPa) were obtained.

Abbasi et al. [58] compared the mullite ceramic mem-
brane prepared from kaolin, which was composed of
61.62 wt.% SiO, and 24 wt.%—-25 wt.% AL O,, with the mul-
lite—alumina ceramic membrane prepared from kaolin and
alumina powder. The oily wastewaters treatment results
showed that the mullite ceramic membrane has the highest
rejection of 93.8% which is much higher than the mullite-
alumina ceramic membrane with 75% alumina (81.3%).

2.1.4. Zeolite

Zeolite minerals, known as natural sedimentary or nat-
urally occurring zeolites, are mainly composed of alumi-
nosilicates with a three-dimensional framework structure
bearing AlO, and SiO, tetrahedra, as shown in Fig. 3 [59].
Natural zeolite mineral could be used as the raw material of
mineral-based ceramic membrane because of its weak swell-
ing capacity in water, simplicity for coating membrane on a
porous support, as well as the specific sintering process due
to its multiple compositions. The inter-particle active pores
with separation function in membrane could form when
the specimens are sintered.

Dong et al. [60] have explored the probability of taking
natural heulandite zeolite mineral as raw material to fabri-
cate the intermediate layer and active layer on the tubular
porous zeolite ceramic support by a dip-coating process.
The low sintering temperature (between 850°C and 950°C)
caused low energy consumption because of the existence
of impurities alkali metal oxides in the natural zeolite min-
eral as a fluxing agent. The intermediate layer with average
pore size in the range of 0.69-1.10 um and the active layer
with average pore size 0.54 um could be obtained Nitrogen
gas permeation flux and pure water permeation flux of the
resulting membrane was evaluated to be 1.96 x 10° and 3.20
x 10°L m? h™ x 10°Pa™ with the trans-membrane pressure
of 0.1 MPa at room temperature, respectively, indicating
these low-cost mineral-based membranes may be the poten-
tially excellent candidates for use in the micro-filtration
application.
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Fig. 3. Structure of zeolite.
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2.1.5. Bauxite

Bauxite, a naturally occurring and abundant mineral
predominantly consist of ALO, a small amount of SiO,
and other metal oxides such as TiO, and Fe,O, is suitable
for replacing industrial-grade alumina to fabricate low-cost
porous ceramic membranes without any industrial refine-
ment [61].

Bauxite mineral incorporated with ZnO was introduced
to elaborate a spinel-based ceramic membrane (ZnAlO,)
support which could reuse the natural mineral as well as
stabilize zinc [55]. Five Zn-doped membranes were fabri-
cated and defined as ZnAlx (where x stands for the Al/Zn
molar ratio, x =2, 2.5, 3, 4, and 8, respectively. Particularly, Al
represents the sample prepared from only calcined bauxite
without ZnO loading. The ZnAlO, spinel phase expansion
from 1,000°C to 1,300°C together with the general densifica-
tion due to amorphous liquid SiO, caused the highest poros-
ity, as high as 44%, of ZnAl, membrane support among all
the investigated compositions. Compared with the Al mem-
brane, ZnAl, membrane support is reinforced by the ZnALO,
phase and inter-locked mullite crystals. Besides, an increase
in average pore diameter and gas flux was also observed in
ZnAl, membrane support. Moreover, zinc was proved to
be stabilized successfully by the formation of ZnAlLO, spi-
nel structure through the prolonged leaching experiment,
which is presented in Fig. 4.

2.1.6. Quartz sands

Natural quartz sands is a widely used raw material
around the world, in which the majority of crystal silicon
dioxide makes them attractive for the creation of ceramic
membranes.

The fabrication of multi-layer ceramic membranes
form the natural quartz raw material was studied by San
et al. [62]. Porous tubular ceramic supports with the size of
pores 50-100 mm, open porosity 26%—-28% and strength on
compression around 30 MPa were obtained on the basis of
quartz raw materials from Mongolia. Microfiltration layers
were applied on the outer surface of tubular supports using
the suspension of quartz sand with the additives of crushed
quartz. The average pore size of 5.3 mm, the air permea-
bility coefficient of (4.17-4.41) x 10" m?, water productiv-
ity of (46.3—48.0) L h™ m™ bar™ and excellent mechanical
strength, indicating this multi-layer ceramic membrane was
perspective for wide use in microfiltration processes.

2.1.7. Bentonite

Bentonite, as a type of clay rock, has been used as adsor-
bents, catalysts and ion exchanger in many industrial fields
due to its outstanding physical and chemical properties,
that is, large specific surface area, cation exchange capac-
ity, and adsorptive affinity for organic and inorganic ions
[63,64]. The chemical components of bentonite are siliceous
(5i0,) and aluminous (ALQO,), enable this material to be the
starting material of the ceramic membrane.

Bouazizi et al. [65] reported the development and char-
acterization of a ceramic membrane prepared from natural
bentonite extracted from the vicinity of Nador, Morocco.
The membrane with a porosity of 32.12%, the mean pore
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Fig. 4. Structure of AB,O, spinel.

size of 1.70 um, the flexural strength of 22 MPa and good
chemical stability both in acidic and alkaline media were
obtained at the optimal sintering temperature of 950°C.
The water permeability of the elaborated membrane was
520 Lh™ m™2bar™ after 2 h of filtration. The removal percent-
age of suspended matter for the tannery and textile effluents
was between 94% and 99%, leading to complete discolor-
ation of textile wastewater.

2.1.8. Cordierite

The cordierite with the ideal chemical formula of
Al Mg AlSi.O,, occupies a special place among these ceram-
ics because of its remarkable thermal and chemical stabil-
ity, thermo-mechanical resistance, as well as low thermal
expansion properties and dielectric constant [66,67], which
makes it suitable to be applied in harsh environments such
as refractory products for industrial furnaces and electric
heaters [68], heat exchangers for gas turbines, thermal shock
resistant tableware, monolithic catalyst, supports for diesel
cars, as well as membrane filters in some works [60,69].

Dong et al. [70] have prepared tubular ceramic mem-
branes supports by extrusion followed by sintering using
industrial-grade cordierite powders as the main starting
materials to verify the practicability of this membrane in
the strong corrosive environment. The fabricated cord-
ierite ceramic membrane showed an average pore diameter
of 8.66 um, open porosity of 36.20%, nitrogen gas flux of
1.45 x 10*L m? h™! and linear thermal expansion coefficient
of 4.34 x 10°°C™ at the optimized sintering temperature in
the vicinity of 1,380°C. The chemical resistance tests were
carried out in the sodium hydroxide and sulfuric acid
solutions under the boiling condition, respectively. The
cordierite supports which exhibited better thermal alkali
resistance when compared with the as-used alumina sup-
ports were proved not suitable for the application of a
strong acid environment due to the quick dissolution of
Mg and Al elements and the subsequent generation of free
amorphous silica. Low cost of starting materials, low sin-
tering temperature and good alkali resistance enable this
cordierite-based ceramic membrane great economic signif-
icance and applied value.

O Oxygen
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octahedral sites
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2.1.9. Apatite

Apatites with the general formula of A (BO,).Y are very
abundant in the phosphate mines and biological environ-
ment, in which M presents Ca, Sr, Ba, Pb, etc.; X presents
P, As, Si, etc.; Y presents various anions, such as OH-, F-,
Cl- or other groups [71,72]. In general, structure drawings
highlight only the relatively regular BO, tetrahedra, while
other features are usually grouped as “irregular” polyhe-
dra, in which the apatite prototype Ca/(PO,),F structure
is exhibited in Fig. 5. The wide range of physicochemical
properties, the property of trapping heavy or radioactive
metals effectively, and the similarity to biomaterials enabled
them as a raw material in many applications like artificial
fertilizers, catalysts, osseous prostheses, etc., indicating
the apatite is appropriate material for the development of
microfiltration membranes applied to the industrial waste-
water treatment.

Masmoudi et al. [73] have prepared the tubular ceramic
membrane support with a highly uniform porous structure
by natural apatite. The active layers were deposited on the
tubular support by the “slip-casting” process from lacunary
hydroxyapatite synthesized (HA) and from natural apatite
(AB) to prepare membrane MS and membrane MB, respec-
tively. The average pore diameters and porous volume of the
active layer are respectively about 0.25 um and 47% for MS
and 0.2 um and 45% for MB. The obtained membranes were
tested to treat cuttlefish effluents. A very significant decrease
of turbidity (>99%), chemical oxygen demand (COD 82%),
the number of total germs (100%), and conductivity (74%)
was obtained.

2.1.10. Perovskite

Perovskites described by the general formula ABO, where
the cation A is surrounded by twelve equidistant oxygen
atoms and the cation B is surrounded by six oxygen atoms,
the structure of which is shown in Fig. 6 [74]. Perovskite
oxides where the A and B-sites were partially occupied by
elements from the rare earth, alkali or alkaline families such
as La, Na, Ca, Sr or Ba could create oxygen vacancies and
thus allows for oxygen ion conduction [75,76].
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Fig. 6. Structure of ABO, perovskites.

When doped with different cations, zirconium-doped
perovskite-type membrane materials of BaCo,Fe , Zr
O, (x = 0-0.4) with mixed oxygen ion and electron con-
ductivity were synthesized through a method of combin-
ing citric and ethylenediaminetetraacetic acid (EDTA) acid
complexes [77]. It was showed that the incorporation of the
proper amount of zirconium into BaCo Fe, O, , could sta-
bilize the ideal and cubic structure of perovsklte Studies
on the oxygen permeability of the as-synthesized mem-
brane under air/He gradient indicated that the content of
zirconium in these materials had great effects on oxygen
permeation flux, the activation energy for oxygen perme-
ation and operation stability. The high oxygen permeation
flux of 0.90 mL cm™ min™ at 950°C, the single activation

energy for oxygen permeation in the range of 600°C-950°C
and the long-term operation stability at a relatively lower
operating temperature of 800°C were achieved for the
BaCo, Fe,  Zr ,O, , material.

Chen et al. [78] have prepared zincum-doped ceramic
membrane materials based on BaCo0 JFe,,Zn O, with
0 < x £0.2 via the same method. The zincum-doped ceramic
membrane exhibits excellent structure stability and revers-
ibility. The introduction of small amounts of Zn on the
B-site and the doping of barium on the A-site could dimin-
ish the reduction of cobalt and iron, which stabilizes the
structure. An oxygen permeation flux of 0.65 mL min™ cm™
was obtained at 950°C and the membrane was steadily

operated for more than 100 h in the oxygen permeation.

2.1.11. Pozzolan

The natural pozzolan, which is a cheaper and environ-
ment-friendly raw material, has been largely preserved in
Morocco. The chemical composition (especially rich in MgO
and SiO,, ALQ,), good chemical and mechanical resistance
enable pozzolan as the starting material of the ceramic
membrane.

Achiou et al. [79] described the manufacturing of asym-
metric pozzolan-based ceramic microfiltration membrane
composed of tubular support and an active layer. The sup-
port was prepared by sintering pozzolan powder, clay,
and some organic additives at a low temperature of 950°C
and showed a porosity of 41.2%, an average pore diame-
ter of 8.18 pm and permeability of 2,120.3 L m= h™! bar™.
The active layer was prepared by crossflow filtration of
suspension containing the pozzolan powder, polyvinyl alco-
hol and water followed by sintering at 950°C. The defect-free
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active layer with 1.12 um in pore size diameter, 5.52 um in
thickness and 1,444.7 L m™? h™ bar™ in permeability exhib-
ited a good performance regarding seawater pretreatment
for desalination. A high turbidity rejection of 98.25% as
well as a good COD retention of 70.77% were achieved.

2.2. Waste-based ceramic membrane
2.2.1. Coal fly ash

Waste fly ash, classified as one of the hazardous indus-
trial solid wastes, is a by-product of coal incineration in
thermal power plants and produces serious environmental
pollution. One of the effective ways for recycling fly ash in
significant quantities is to take it as a substitute for cement
in construction and other civil engineering applications
[80,81]. During the last years, considerable research efforts
have been devoted to the integration of fly ash in the man-
ufacture of silicate-based materials, that is, bricks, tiles,
conventional porous ceramic products [82,83]. Recently,
the substitution of industrial-grade alumina by a SiO,-Al,
0,-MeO system coal fly ash, in which Me represents metal
elements like Na, K, Ca, Mg, Fe, etc., for ceramic membrane
preparation, has already been realized [84].

Fang et al. [85] have developed two layers of fly-ash-
based ceramic membrane and evaluated the permeability
and anti-fouling property of this membrane for microfil-
tration of particle suspension and oil-in-water emulsion.
The asymmetric membrane was elaborated by slip-casting
refined fly ash onto the inner surface of macroporous fly-
ash-based tube support. After continuously running for 10 h
without backwashing, a permeate flux of approximately
2,530 L m? h™ and a particle rejection efficiency of 99.9%
can be maintained during microfiltration of particle suspen-
sion under optimum operating conditions. A permeation
flux of 159 L m? h™ and an oil rejection efficiency in excess of
95% was obtained in microfiltration of oil-in-water emulsion
under optimum operating conditions. This fly-ash-based
membrane exhibited lower membrane fouling resistances
and thus a higher competition comparing to the other
available inorganic membranes in both filtration processes.

The fly ash was also investigated to elaborate on a
ceramic microfiltration membrane composed of macrop-
orous support and an active layer by Jedidi et al. [80] for
application in the clarification and the decoloration of the
effluents coming from the dying industry. The macropo-
rous support obtained from heating the original mineral
coal rock without prior grinding at 800°C and showed an
average pore diameter and porosity of about 4.5 pm and
51%, respectively. The active layer obtained from deposit-
ing the finely ground mineral coal powder onto the sup-
port with subsequent sintering at 800°C. The active layer
was characterized as defect-free, the thickness, mean pore
diameter, and water permeability were determined to be
20 pm, 0.25 pm, and 475 L h™' m=bar™, respectively. The
application of this fly-ash-based membrane to the treat-
ment of the dying effluents generated by the washing baths
in the textile industry showed a stable permeate flux of
around 100 L h™ m™?, COD removal of about 75%, a total
color removal, and very low permeate turbidity of 0.5 NTU,
respectively. The comparative performances in terms of
permeate flux and efficiency with a commercial alumina

microfiltration membrane indicated this coal fly ash as an
appropriate material for the application in the industrial
textile wastewater treatment.

2.2.2. Coal gangue

Another industrial solid waste coal gangue, which is
one of the by-products during coal mining, caused serious
atmospheric pollution from combustion and water pollution
from leaching of heavy metal ions [86,87]. Many approaches
emphasized recycling of coal gangue via traditional con-
struction materials, such as cement [88] and brick [89]. In
general, the main chemical composition of coal gangue is
Si0,, ALO,, Fe,0O, and some other minor oxide such as K,O
and TiO,, making it to be a potential source in the fabrica-
tion of ceramic membrane [90]. Notably, the content of SiO,
in coal gangue is generally as high as 70% compared with
other industrial wastes and minerals.

Lii et al. [57] have fabricated porous ceramic membrane
supports from coal gangue and bauxite. The as-fabricated
supports presented a porous microstructure of sintered
aluminosilicate glassy particles embedded with gradually
grown mullite crystals from 1,200 to 1,500°C. The maxi-
mum nitrogen gas flux of 5.84 x 10°L m= h™ was achieved
at 1,400°C.

2.2.3. Blast furnace slag

The blast furnace slag, which is a by-product of the
steel industry, was also employed as the main starting
material to fabricate the free sintering and self-supported
ceramic membranes [91]. The SFS was firstly alkali-acti-
vated and then poured into the stainless steel mold which
was pressed by hydraulic pressing machine. All stages of
synthesis and testing are conducted at 24°C + 1°C. The opti-
mum conditions of the most effective parameters such as
drying time, hydraulic pressing pressure, and pressing time
were determined by Taguchi’s L, orthogonal array. Two
optimal membranes for COD removal and permeation flux
were identified through performing cross-flow filtration
of gas oil in water emulsion. The COD optimal membrane
with an average pore diameter of 0.07 um and a maximum
pore diameter of 0.29 um was obtained at a hydraulic press-
ing pressure of 400 bar, drying time of 6 h and pressing
time of 5 min. This ultrafiltration (UF) membrane exhib-
ited 100% COD removal and pure water permeation flux
of 106 kg m? h™. The permeation flux optimal membrane
with a mean pore diameter of 0.66 um and a maximum pore
diameter of 2.43 um was obtained at a hydraulic pressing
pressure of 225 bar, drying time of 8 h and pressing time of
30 min. The pure water permeation flux of this microfiltration
(MF) membrane reached 1,960 kg m2 h.

2.2.4. Rice husk ash

Hubadillah et al. [92] reported a green ceramic hollow
fiber membrane, derived from rice husk ash (RHA) using
the combined phase inversion and sintering technique at
lower sintering temperature of 1,200°C, comparing to con-
ventional alumina material (1,500°C). The RHA suspension
was prepared and extruded from the stainless steel syringes
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at a constant flow rate. The phase inversion occurred when
the precursor hollow fibers were immersed in water. After
drying, the hollow fibers were sintered to get an asymmet-
ric membrane structure with finger-like and sponge-like
features, as presented in Fig. 7. The membrane presented
the average pore size of 1.2 um, the porosity of 36.7%, the
excellent mechanical strength of approximately 58.83 MPa,
and a high flux of 301.3 L m™? h™, respectively. It effectively
acts as both separator and adsorbent of heavy metals in a
single-step process with high separation efficiency up to
99% removal of zinc [Zn(II)], lead [Pb(II)] and nickel [Ni(II)],
proving this RHA-based ceramic membrane is an attractive,
effective and environmentally friendly material in water
treatment.

3. Ceramic membrane application
3.1. Liquid treatment
3.1.1. Solid removal

Several conventional technologies, including the chem-
ical precipitation, chemical/electrochemical reduction,
solvent extraction, and electrolysis of charged water [93],
have been successfully used for the removal of solid mat-
ter from wastewater. However, these techniques suffered
from technical limitations, economic viability, low removal
efficiencies, as well as secondary contamination. The inor-
ganic membranes process, particularly the ceramic mem-
branes, becoming an efficient alternative for solid removal
by their intrinsic properties notably in terms of thermal and
chemical stability and high mechanical strength.

Zhou et al. [94] reported a new ceramic microfiltration
membrane, which composed of a-alumina tubular supports

and attapulgite nanofibers separation layer, for solid sepa-
ration. The defects-free microfiltration membrane showed
an average pore size of 0.250 um, a thickness of approxi-
mately 6.7 um, and a pure water flux of 1,540 L m?h™ bar™.
The separation performance was tested via a rejection exper-
iment using calcium carbonate granules with an average
particle diameter of 1.0 um and a concentration of 1.0 g L™
at 20°C. A 100% rejection of the calcium carbonate parti-
cles in suspension, and showed a steady permeate flux of
approximately 980 L m= h™! bar™ were observed. In addition,
the membrane can be easily regenerated by backwashing
without any damage.

Belibi et al. [95] reported the porous ceramic mem-
brane support which elaborated from natural and local
Cameroonian clay (Wak village) and evidenced the excel-
lent separation characteristic of clay powder. The support,
which was prepared by firing at 1,100°C for 2 h under
air after shaping and pressing the mixed raw material,
showed adequate porosity of 42% and thus could be used
as a microfiltration filtering membrane. The solid separation
characteristic of the elaborated membrane as evidenced by
performing filtrations of aqueous suspensions of clay pow-
der at concentrations of 2 and 1 g L™ as a function of cycle
times. The intrinsic rejections were found to decrease with
an additional cycle. The maximum retention rate was 97%
after cycle 4.

3.1.2. Dye removal

As the long-term water pollutants, most of the dyes used
in the textile industries were stable to ultraviolet light and
resistant to biodegradation. Although effective, the conven-
tional methods were still limited to economic feasibility,

Fig. 7. SEM images of an asymmetric membrane structure with finger-like and sponge-like features (a) digital image, (b) overall
cross-sectional SEM image, (c) local enlarged cross-sectional SEM image, and (d) SEM image at high magnification.
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technical difficulties, and separation efficiency. The need
for high-quality effluent made an increasing incentive to
develop a more effective option for dye removal. Over the
last years, extensive applications of ceramic membrane sep-
aration processes made it highly efficient and especially
beneficial in dye removal.

Bouazizi et al. [65] reported the elaboration of two
layers of flat ceramic membranes and elucidated its sep-
aration efficiency in dye wastewater filtration. The mem-
brane support, which was successfully fabricated from 70%
of natural bentonite and 30% of micronized phosphate,
was satisfying in terms of porosity (34.06%), average pore
size (1.8 pm), water permeability (725 L m? h™* bar™) and
good mechanical strength (14.6 MPa). The defects-free
TiO, active layer was deposited on the resulting support
by spin-coating to present the pore diameter of approxi-
mately 72 nm and water permeability of 33 L m? h™ bar™
respectively. The Direct Red 80 solution was employed to
test the separation efficiency of the UF membrane for dye
wastewaters. A high dye rejection of 98 + 2% at the feed
concentration of 100 ppm is observed.

Cheng et al. [96] developed a positively charged micro-
porous ceramic membrane which was proved to be a
potential strategy in the field of dye removal based on the
electrostatic adsorption principle. The internal surface of the
highly porous ceramic membrane was coated with a uni-
formly distributed electropositive nano-Y,0O, coating. The
pressurized filtration tests were introduced to evaluate the
dye removal performance using Titan Yellow aqueous solu-
tion. A flow rate of 421 L m™ h™ under the trans-membrane
pressure of 0.03 bar and effective removal efficiency of Titan
Yellow with feed concentration of 10 mg L™ between pH 3
to 8 were elucidated. With the enhancement of the surface
charge property, the removal rate increased to its maxi-
mum of 99.6%, convincing that there will be a broad mar-
ket for the application of charged ceramic membranes in the
field of dye removal.

3.1.3. Ion removal

Most types of ceramic membranes separate the particles
larger than the pore size of the membrane by sieve effect.
However, Wei et al. [97] have developed a two-layer ceramic
membrane that presented a large water flux under low-
pressure values, and separated phosphate ions much smaller
than the pore size. The ceramic support was prepared using
80 wt.% clay and 20 wt.% fly ash and had the appropriate
porosity of 36.2% and compressive strength of 17.9 MPa.
The attapulgite layer was sintered on the support to obtain
the pore size distribution between 5 and 53 nm. The excel-
lent pure water flux of 52.89 L m™ h™ under 0.3 MPa and
a high phosphate rejection efficiency of nearly 90% when
the pH value was between 9.5 and 10.5 were revealed.

3.1.4. Heavy metal removal

Wastewater with a large number of heavy metal ions
originated from different fields like metal plating, coal
mining or metal mining, which were proposed to be one
of the serious environmental problems worldwide. The
intensive investigations so far have been devoted to the

removal of these ions since these pollutants were not
only non-biodegradable but toxic even at low concentra-
tions. Metals like mercury and arsenic found in indus-
trial effluents and groundwater posed serious threats to
the environment. The general methodologies for removal
of mercury ions (safe limit 2 ppb) from aqueous solution
were absorption [98], chelation-enhanced method [99] and
electrocoagulation [100]. Arsenic (safe limit 10 ppb) could
be separated by inorganic and organic adsorbents [101]
including bioadsorbents [102]. However, these methods
suffered from incomplete metal removal and second-
ary contamination [103]. With the progress of technol-
ogy, membrane processes like reverse osmosis have been
applied for the removal of heavy metal ions.

The low-cost ceramic membrane, composed of clay
support and a chitosan layer, showed the pore size of
13 nm and be used for the removal of mercury and arse-
nic from wastewater [496]. It was found that though the
metal concentration in the permeate increased with time,
initially 100% removal was observed at the concentration
of 500 ug L7 for both the metals. A comparative experi-
ment of the heavy metal removal efficiency among reverse
osmosis, nanofiltration and this ceramic membrane pro-
cess revealed a 100% removal in the present ceramic mem-
brane process at very low pressure, indicating this low-cost
ceramic membrane may play a superior role over reverse
osmosis and nanofiltration process in the heavy metal
removal.

Kaolin-based ceramic membrane support with an aver-
age pore diameter of 1.32 um, the porosity of 30% and
flexural strength of 34 MPa was elaborated by Vasanth et
al. [104] and explicated the removal efficiency of heavy
metal ions. The removal of Cr(VI) was found to increase
at lower pH, higher biomass concentration and lower
metalion concentration. Themaximumremoval of Cr(VI) was
found to be 94% with the permeate flux of 2.07 x 10° L m=s™
at the pH of 1 and the metal ion concentration of 100 mg L.

3.1.5. Oily wastewater treatment

Oil in wastewaters could be classified into floated
oil, dispersed oil (about 90 wt.%), emulsified oil (about
10 wt.%), and dissolved oil (<0.5 wt.%) [105,106]. Floated
oil and dispersed oil have relatively large droplet size
(>10 pum) so that can be mechanically removed. Emulsified
oil (<10 um), which is usually referred to as an oil in water
(O/W) emulsion, is intensively produced daily by industries
such as crude oil production, oil refining, transportation,
cosmetics, textile, etc [107,108]. O/W emulsion is difficult to
be removed since the tiny oil droplets are stabilized by sur-
factants which considerably reduce the interfacial tension
between oil and water [109]. Conventional treatment tech-
niques, including dissolved air flotation, gravity separation,
coalescence separation, etc., are not efficient to remove tiny
oil droplets and thus difficult to meet the more and more
stringent standards for discharge [110,111]. Membrane sep-
aration is one of the promising alternatives since they are
high efficiency, thermal and chemical stability, excellent
pressure resistance, long lifetime, do not require chemical
additives, catalytic property and more economical com-
pared to conventional separation techniques [112,113].
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Mittal et al. [114] prepared a low-cost hydrophilic
ceramic membrane with clay-kaolin support and a cel-
lulose acetate layer and clarify its separation property in
O/W emulsion treatment. The high rejection was found
to be obtained at high oil concentration and long running
time. The maximum rejection of 93% with a permeate oil
concentration of 14 mg L™ was observed at 41 min.

3.1.6. Juice clarification

Amongst several beverage processing sectors, citrus
fruits constituting orange, lemon, pineapple and mosambi
are prominent due to their wider availability, low cost as well
as high nutrition value to human health. Citrus fruits pri-
marily constitute both lower molecular weight compounds
(such as sugar, acid, salt, flavor, aroma compounds, etc.) as
well as higher molecular weight polysaccharides (such as
pectic material cellulose, hemicellulose, etc.) in addition to
haze causing proteins and microorganisms. The presence
of pectic material and protein in fruit juice is responsible
for cloudiness and post-bottling haze formation as well
as their fermentation during long storage [115]. Recently,
considerable research have focused on the ultrafiltration
and microfiltration of mosambi [116], orange [117], lemon
[118], grape [119], apple [120], carrot [121], watermelon
[122], blood orange [123] and pineapple juice. The objective
of clarification of fruit juice using membrane filtration is to
eliminate the high molecular weight pectic material and its
derivatives and retain low molecular weight solutes.

Nandi et al. [124] reported a kaolin-based microfiltra-
tion ceramic membrane support and its application for
both centrifuged mosambi juice (CJ) and enzyme-treated
centrifuged mosambi juice (ETC]) treatments. The aver-
age pore diameter, total porosity and hydraulic resistance
of the membrane were evaluated as 0.285 pum, 23.6% and
9.26 x 10" m? m~, respectively. The dead-end MF experi-
ments declared that the total soluble solids, pH, acidity and
density of both CJ and ETC] were not varied significantly.
However, significant improvement in juice color, clarity
and alcohol insoluble solid was observed. The clarified
juice can be stored in refrigerated condition for more than
30 d without significant change in juice quality, inferring
this low-cost ceramic membrane support was promising
for mosambi juice processing.

3.1.7. Seawater desalination

Production of drinking water by seawater desalina-
tion becomes more and more a worldwide preoccupation,
especially in countries that suffer from few rainfalls like
Morocco. The pretreatment is essential in the seawater
desalination to prevent or minimize the bioencrassage,
scaling and clogging of the reverse osmosis membranes
[125,126]. The classical methods (i.e. the coagulation and
flocculation processes) for seawater desalination pretreat-
ment generate a huge amount of sludge that must be elim-
inated later [127]. Microfiltration membranes particularly
the ceramic membranes can be an efficient alternative to the
conventionally used various types of methods.

Achiou et al. [79] described the pozzolan-based tubular
ceramic membrane with the average pore size and water

permeability parameters of 0.36 pm and 1,444.7 L m=2h™ bar™*
respectively for seawater desalination pretreatment. The
filtration of raw seawater showed a high turbidity rejec-
tion of 98.25% as well as a good COD retention of 70.77%,
indicating excellent pretreatment property.

3.1.8. Sterilization

Membrane filtration is a viable option for removing
contaminants, including oil, dye, toxic heavy metal ions,
salts, etc., from aqueous solutions. Recently, membrane
technology is becoming very important to sterilize the solu-
tions media in various industrial fields, such as food, med-
ical industries and biology, aiming at reducing the risks of
contamination [128]. Compared to the conventional steril-
ization by thermal, radiation or chemical methods leaves
killed microbial cells in the solution, membrane microfil-
tration removes these species [129,130]. Besides, the mem-
brane technique is particularly suited to the separation and
purification of thermally sensitive liquids since it oper-
ates at relatively low temperatures and involves no phase
changes or chemical additives.

A multilayer ceramic membranes, which was com-
posed by the support of kaolin, an intermediate layer of
anorthite, and the top layer of zirconia, was successfully
fabricated and used for the sterilization and preservation
of thermolabile substance of plants medium culture [53].
No evidence of microbial growth was observed in the fil-
trate sample, demonstrating that the ceramic membrane
had completely eliminated microflora from the medium
culture. Furthermore, this filtration allowed preserving the
quality of organic thermolabile substances. The membrane
sterilization method was proved to be simple, inexpen-
sive, non-destructive and a good way of quickly sterilizing
solutions without heating.

The low-cost kaolin based ceramic membrane generated
from Vasanth et al. [104] with a porosity of 30%, the flex-
ural strength of 34 MPa, the average pore size of 1.30 pm
was also inferred for the retention of bacteria. The bac-
teria rejection was revealed to increase with the feed con-
centration. The maximum rejection of 99% at the feed
concentration of 6 x 10°CFU mL~" was observed.

3.2. Gas separation
3.2.1. Oxygen permeation

Another practical application of the ceramic membrane
are oxygen separation, where the dense oxygen selective
membrane should possess excellent stability under strongly
reducing atmosphere at elevated temperatures (>700°C),
high oxygen permeability under operation conditions,
good mechanical strength for constructing the membrane
reactor or permeator, and cheap for large-scale industrial
applications.

Zincum-doped perovskite-type ceramic membrane
could be synthesized using combining citric acid and EDTA
complexing method and reported to selectively separate
oxygen from the air at elevated temperatures [78]. The mem-
brane-based on BaC00_4Fe0_4ZnXZr(O>2_X)OS 5 (0 <x<0.2) dis-
played an oxygen permeation flux of 0.65 mL min™ cm™ at
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950°C and single activation energy of 67 k] mol™ for the oxy-
gen permeation in the temperature range of 600°C-950°C.
The membrane-based on BaCo,,Fe . Zr O, , (x =0-0.4) illus-
trated the high oxygen permeation flux of 0.90 mL mincm™>
at 950°C, the single activation energy for oxygen permeation
in the range of 600°C-950°C [77]. Accompanied by oxygen
permeability, the long-term operation stability, structural
stability, and reversible stability were also achieved for the
above perovskite-type ceramic membranes, manifesting
that these membranes were promising for use in the pure
oxygen required industrial processes.

3.2.2. CO, adsorption and separation

The increased concentration of greenhouse gases like
carbon dioxide in the atmosphere has been one of the
most urgent global environmental concerns due to its cli-
mate-changing potential, and accordingly, the development
of strategies towards mitigation of CO, and other green-
house gases is of great importance. In previous studies,
preliminary investigations on CO, transfer by physicochem-
ical absorbents, oceanic or geological sequestration were
carried out [131]. While some recent approaches focus on
membrane driven separation processes since the specific
zeolitic imidazolate frameworks (ZIF) ceramic membranes,
where Si-O-Al bridges in zeolites are replaced by M-Im-M
(M = Zn, Co, In, Cu; Im = imidazolate), possess exceptional
thermal and chemical stabilities, large internal surface
areas, coupled with uniform but tunable cavities. For easy
visualization, the framework of ZIF-8 is described in Fig. 8.

It has reported that a Si,N, hollow fiber supported
ZIF membrane was synthesized by a one-step hydrother-
mal method and could be potentially used in CO, selec-
tive adsorption and separation [132]. The CO, initially
adsorbed in the edge of the breather hole and then blocked
the micropores partially. The strong CO, adsorption in the
ZIF membrane together with the interactions of adsorbed
CO, molecules with CO, passing through caused the
decrease of CO, permeance from 2.84 x 107 mol m™ Pa™ s
to 1.15 x 107 mol m™? Pa™ s in the first hour, implying a
good sieving behavior. The H,/CO, separation factor of
11.67 could be achieved in the separation of 50%H./50%CO,
mixture enabled this SiN, supported ZIF membrane to be a

3" V4
potential CO, adsorption and separation medium.

3.3. Membrane catalysis

Catalytic membrane reactors with the functions of
reaction and separation were prepared and explored for
broad applications [133,134]. Over the past several years,
extensive efforts have focused on using the catalytic ceramic
membranes to improve the methane conversion processes,
combining air separation from the air and simultaneously
high-temperature catalytic oxidation of methane to eth-
ylene and ethane (C, products) or syngas (CO+H,) in a sin-
gle step, the schematic diagram of which was described in
Fig. 9 [135,136]. The employing of the catalytic membrane
reactors in methane conversion processes could prevent the
formation of N, impurity component and NO_ environmen-
tal pollutants during the high-temperature reaction, circum-
vent flammability limits due to diffusion-limited operation,

reduce greatly the cost of gas compression in downstream
processing, produce pure oxygen at small- and intermedi-
ate-scales [137,138]. In the C, production membrane reactor,
methane and oxygen (air) feeds are separated by the (disk-
shaped or tubular) membrane wall, and the reactions occur
on one surface of the membrane involving surface oxygen
supplied from the other surface. Ideally, no oxygen should
be present in the methane side and react with reactant and
product in the gas phase, thus, maximizing the selectivity
for desired products. In the case of syngas production by
partial oxidation of methane, the perovskite membrane
serves as an oxygen distributor to provide optimum oxy-
gen partial pressure in the axial direction of the reactor.
For these applications, the membrane reactors should be
tubular.

Fig. 8. The framework of ZIF-8.

(@ (b)

0,*+N, Air

Oxygen
depleted
air

Fig. 9. Illustration of ceramic membrane reactor for the oxidation
of methane to (a) ethylene and ethane (C, products) and (b) syn-
gas (CO+H,).
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Table 4

Cost of the ceramic membranes prepared from the cost effective raw materials

Major raw Method Shape Sintering Price Reference
material temperature (°C) ($ m?)

Kaolin Paste/sintering Disc 850 130 [143]
Kaolin Paste/sintering Disc 900 220 [123]
Kaolin Paste/sintering Disc 900 61 [104]
Kaolin Paste/sintering Disc 900 78 [144]
Kaolin Paste/sintering Disc 950 172 [145]
Kaolin Dry compaction Tubular 850 332 [146]
Kaolin Dry compaction Disc 900 63 [147]
Kaolin Casting/sintering Disc 850 92 [148]
Kaolin Extrusion/sintering Tubular 1,100 70 [149]
Clay Paste/sintering Disc 1,000 100 [48]
Clay Extrusion/sintering Tubular 950 69 [150]
Clay Paste/sintering/chitosan dip-coating Disc 1,000 600 [49]
Clay Paste/sintering/cellulose acetate dip-coating Disc 1,000 100 [114]

The La based perovskite oxides are typical of mixed ionic
and electronic-conducting ceramic membrane materials
with very high oxygen semipermeability. The La Sr ,Co,,
Fe O, , (LSCF) membrane was synthesized by the copre-
cipitation method and introduced in the membrane reactor
for oxidative coupling of methane (OCM) [139]. One side
of the membrane was exposed to the O,/N, mixture stream
and the other side to the He/CH, mixture atmosphere. The
surface catalytic property of LSCF membranes for OCM was
demonstrated strongly depend on the oxygen permeation
and consumption rates of the membrane surface exposed
to the methane stream. At temperatures higher than 850°C,
high ethylene and ethane (C,) selectivity (70%-90%) and
yield (10%-18%) were achieved with a feed ratio (He/CH,)
of 40-90.

For better visualization, the related literature derived
from section 2 and section 3 have been listed in Table 3.

4. Membrane cost

In connection with the membrane preparation and its
applications, cost evaluation is a competitive perspective
to validate the viability of mineral-based and waste-based
membranes compared to those commercial membranes. The
membrane cost based on the cost-effective raw materials, as
listed in Table 4, is varied significantly depending on the
raw material, membrane shape, preparation method, sin-
tering temperature, etc. since the manufacturing and ship-
ment costs were supposed to be considered. Conventional
polymeric membranes are available for industrial-scale
operation cost around $50-200 m™ [140]. However, often
inorganic membranes are quoted to be at least 10 times
expensive than the polymeric membranes and their cost is
projected to be around $500-1,000 m= [141]. A a-alumina
ceramic symmetric membrane tubes with 1,000-6,000 nm
costs in a similar range of $500-1,000 m=, and stainless
steel asymmetric membranes cost around $3,000 m2 [142].

However, in the practical application, the membrane
lifetime should be considered as well as membrane cost.

Even with the relatively high cost, the higher mechanical
stability and the higher chemical stability resulting in a lon-
ger lifetime of the ceramic membrane [30-36]. Moreover,
the ceramic membranes prepared from natural minerals
and industrial wastes have been identified as an effective
approach to further reduce the ceramic membrane cost,
making the cost-effective ceramic membranes are well
suited for challenging water purification processes.

5. Conclusions and future perspectives

It is generally believed to all that ceramic membrane
has been broadly explored for wastewater treatment and
resource recovery, such as treatment of colored wastewater,
oil-water separation, produced water as well as recovery
of the valuable component by concentration feed solution.
Compared to the conventional starting material of ceramic
membrane, several natural materials (clay, silty marls,
kaolin, zeolite, bauxite, quartz sands, bentonite, cordierite,
apatite, perovskite, etc.) and industrial wastes (coal fly ash,
coal gangue, blast furnace slag, rice husk ash, pozzolan, etc.)
in abundance needed lower firing temperature than metal
oxide materials, especially emphasized the remarkable cost
reduction of membrane fabrication. These low-cost ceramic
membranes have been broadly applicable to a variety of
applications of liquid treatment (removal of solid, dye, ion,
heavy metal, oily wastewater treatment, juice clarification,
seawater desalination, sterilization, etc.), gas separation
(hydrogen separation, oxygen permeation, CO, adsorption
and separation, etc.) and membrane catalysis. These nat-
ural minerals and industrial wastes based ceramic mem-
branes were estimated to be cost-effective when compared
with the conventional oxide ceramic membrane.

Together with the abundance and economic, the perfor-
mance of the fabricated cost-effective ceramic membrane
was thought to be the decisive characteristic for applica-
tions. However, the weakened mechanical strength, reduced
operational temperature, as well as unmanageable pore size
restricted the widespread applications. In the future, there
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is still a large space for the performance improvement of
these cost-effective ceramic membranes. We envision that
this waste-to-resource approach will continuously create a
more economically viable and environmentally sustainable
strategy toward the management of waste and fabrication
of high-performance ceramic membranes.
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