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Abstract

Ceramic membranes can be described as fine sieves used for separation. They are made from inorganic ceramic materials
(zirconia, silicon carbide, alumina, titania, etc.), usually consisting of several layers of one or more ceramic materials. Chemical
addition, coagulation, flocculation, sedimentation, filtration, and disinfection, commonly with chlorine, are all common methods
for treating raw water for municipal drinking water supplies. Many attempts have been made to produce ceramic membranes
with superior properties by varying used raw materials for the application of water treatment. Ceramic membrane exhibits good
applications in microfiltration and ultrafiltration process for water treatment, which has many advantages like recycling, volume
reducing of household wastewater, safe drinking water in remote areas and farms, help in limited drinking water production in
developing nations or during humanitarian crises. Microfiltration / ultrafiltration ceramic membranes can be used to remove
water turbidity, microorganisms, salinity, organic matter, and disinfection byproduct precursors. However, the hydrophilic
surface of membranes can improve antifouling properties. This article reviews a summary on the traditional techniques and
different uses of ceramic membranes in water treatment, characteristics of ceramic membranes and different manufacturing
technologies of ceramic based membranes.
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1. Introduction

One of the main and most important components
in our life on this planet is water. Only around 2.5
percent of the world's total water content is pure water,
which makes up roughly 71 percent of the overall
water content (Fig. 1). Fresh water is required to keep
life in our environment. As shown in Fig. (2), one of
the biggest sources of pollution is industrial
wastewater [1-3]. According to recent FAO study, to
feed the world in 2050, around 20% more fresh water
will be required to meet the demand [2]. Water scarcity
is therefore becoming a global challenge needed to be
solved.

Over 99.8% of death caused by poor quality of
drinking water in the developing countries according
to World Health Organization (WHO) which make an
increased need for safe and adequate large amount of
water which is free from physical, chemical, and
biological contaminations [4]  [5]. Traditional
techniques are used for that purpose such as boiling
and using UV lamps (heat and UV based systems),
flocculation, precipitation, and adsorption (chemical
treatment-based systems), settling and filtration

(physical removal processes) [6].

2. Traditional Techniques for Water Treatment
2.1. Physical methods

These methods for treating water and wastewater
do not depend on making chemical or biological
changes but on relying physical ones. The most
popular physical methods to control pollution of water

are Sedimentation, Degasification and Filtration.
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Fig. (1): Global water distribution [3]
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Fig. (2): Major causes of Water Pollution [1]

2.1.1. Sedimentation

Sedimentation is one of the most important main
wastewater treatment procedures. Gravity settling is
the method for separating particles from a fluid. The
suspended particles remain stable because the velocity
of the water during the treatment process is low,
following which the particles settle by gravitational
force [7]. On the surface of the suspended particles,
certain chemicals are adsorbed during organic
chemical sedimentation. When Pollutants have density
higher than that of water, they separate and settle at the
bottom of the streamline. In the water stream, Solid
suspended particles are exposed to shear forces so,
they undergo hydrodynamic and physical processes,
which affect the aggregation process and solid
removal efficiency [8]. Gravity sedimentation,
flocculation, and thickening all affect sedimentation
efficiency.

2.1.2. Degasification

Degasification is defined as removing gases which
is dissolved in solutions. The amount of gas dissolved
in a liquid is proportional to the partial pressure of that
gas which is called as Henry's law. Degasification
process is based on this law. Degasification is a low-
cost method of removing CO; gas from polluted water.
The time it takes for the degasification process to
complete is determined by the following factors:
polluted water's temperature, as well as tank capacity.

2.1.3. Filtration

The technique of eliminating pollutants based on
their size is known as filtration. Pollutant removal
from wastewater permits water to be reused for a
variety of purposes. The types of filters used in the
procedure differ depending on the contaminants
present in the water. Particle filtration and membrane
filtration are the two main forms of wastewater
filtration [9]. Particle filtering is one of the most
important processes in the wastewater treatment
process. It's made to get rid of solids that are bigger
than one micron in size. The particle form, size,
texture, density, and quantity all influence the type of
filter employed in the filtration process. Used filters in
dirty water filtration process are divided into two main
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types: bag and cartridge filters [10].

2.2. Chemical methods

An additional method for reducing discharge of
pollutants and wastewater into water bodies is the
chemical method. Flocculation and coagulation,
Ozonation, Chemical precipitation, Adsorption and
lon exchange are different chemical methods used for
safe disposal of contaminants.

2.2.1. Flocculation and Coagulation

In industrial wastewater treatment, a solid-liquid
separation is done by coagulation and flocculation
(Fig. 3). As shown in Fig. (4), adding certain
coagulants cause destabilization for the colloidal
suspensions leading to aggregation of smaller particles
[8, 11].

2.2.2. Ozonation

Ozonation had great importance in industrial water
treatment because of high disinfection and oxidation
capacity of ozone. So, ozone is used in many
applications in wastewater treatment including Odor,
taste, and color removal from substances, obtaining
higher oxidation state for inorganic compounds,
Disinfection, splitting of rarely biodegradable
compounds and Oxidation of organic pollutants.
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Fig. (3): Examples of natural and synthetic
flocculants and coagulants
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2.2.3. Chemical precipitation

Heavy metals found in industrial effluents cause
danger to the environment and chemical precipitation
is a very effective process for removing it. Chemical
formation between precipifying agents and dissolved
metal components causes transformation of ionic
metals into insoluble particles. Cationic metals are
frequently removed using chemical compounds [12].
It can also eliminate living anions and molecules in
some instances. Hydroxide precipitation, Carbonate
precipitation and Sulphide precipitation are the three
main types of precipitation in water treatment
processes.

2.2.4. Adsorption

Removing organic and natural contaminants from
the environment is done by adsorption process (Fig.
5). Chemical overlap or interphase between two
phases processes is referred to as adsorption [13, 14].
According to interaction between adsorbents and
adsorbate, adsorption extraction process can be
categorized into two main categories: physisorption
and chemisorption. Dosage of adsorbents,
contaminant concentrations in polluted water,
Temperature, pH, and Time of Contact are factors that
affect the adsorbent's capacity in adsorption process.
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Fig. (5): Different sources for adsorbents

2.2.5. lon exchange

The ion exchange procedure is a method of
replacing ions in wastewater treatment. Resins are
compounds that are utilized to identify impurities [15]
[16]. The active groups that are covalently bonded to
the resin frames generate a polymer matrix that is
coupled to the building spaces and allows for proper
ion transport. lon exchange processes are divided into
two categories: cation exchange and anion exchange.

Membrane technology is a promising method and
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have become widely used in our life due to their
simplicity in operating, high effectiveness, and its low
cost. Microfiltration (MF), ultrafiltration (UF), Nano
filtration (NF) and reverse osmosis (RO) are
membrane- based processes which are used for water
treatment [17] such as treatment of textile wastewater
[18].

3. Classification of Membranes

Researchers have classified membranes according
to many parameters such as: used driving force,
morphology, and structure of membrane (their pore
sizes) [19], mechanism of separation, and materials
used in membrane fabrication [20]. Fig. (6) shows
membranes classifications according to the fabrication
material.

The transport quality of solutes through the
membrane is determined by the permeability of the
used membrane and the driving force. Darcy's law of
flow through porous materials under laminar flow
conditions, which states that flux varies linearly with
increase pressure, can be used to describe the pure
water membrane flux, J, in pressure-driven processes

[21].

Membrane Material |

Biohagical Syuthetic I
*

Cd Orgaric I

Membrane | | (Polymer)

—— I
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Lealitic | § Metallic| | Glass | | Ceramic
Glassy | | Rubbery J J J

Fig. (6): Classification of membranes according to
different materials used for membrane fabrication
[20]

] = A(AP) @)

Where: A is a function of membrane porosity, pore
size and tortuosity and membrane thickness, and AP is
the hydraulic driving force.

Membranes can be formed out of a variety of
different materials. The material required for
membrane fabrication is chosen based on processing
needs, thermal and chemical stability, and the
tendency of fouling [22]. In membrane separations,
there are two primary modes of operation: crossflow
and dead end. The feed solution flows perpendicular
to the membrane surface in the dead-end mode. There
is no reject stream in crossflow (tangential flow)
filtration, only a feed stream and a permeate stream, as
shown in Fig. (7).
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[22]

Those used membranes are either polymeric or
ceramic [23] and because of the nature of polymeric
ones as they aren’t suitable in harsh conditions such as
severe chemical environment and high temperatures,
ceramic membranes have got great attention as they
have superior characteristics and long lifetime [24]
[25, 26]. To address the issue of commercial ceramic
membranes' high cost, academics have proposed two
primary techniques to dramatically reduce their cost:
1) use of less expensive materials and 2) energy
conservation during heat treatment [27]. As a result,
substantial work has gone into developing alternative
nature-based ceramic membranes made from clay
materials such kaolin, ball clay, bauxite, and bentonite.
Other waste materials, such as rice husk ash and
aluminum dross, have also been utilized to make
ceramic membranes [28]. Asymmetric structures are
common in ceramic membranes and used for water
and wastewater treatment, with a thin selective layer,
intermediate layer(s), and permeable supporting layer
(Fig. 8). [29-34].

a  Membrane

Intermediate

Fig. (8): The schematic of the ceramic membrane
cross-section [29]

4. Categorization of Ceramic Membranes
Ceramic membranes can be categorized into two
categories according to their structure [35]:
1. Porous membranes
2. Dense membranes
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4.1. Porous membranes

Porous ceramic membranes are usable in high
temperature operations and aggressive environments
because they have the advantages of high porosity,
high temperature and chemical resistance. Pore
diameter of microporous inorganic membranes is
smaller than 2 nm (0.5-2 nm) and they are under the
category of porous membranes. Microporous
inorganic ceramic membranes may be amorphous or
crystalline (zeolite) [36]. Many microfiltration
applications depend on using porous ceramic
membranes such as: gas purification, membrane
distillation and separation of water and oil [37].

They have many fields of application, ranging
from catalyst supports to filters for molten metals,
aerosol filters and gas adsorbers, filters for hot
corrosive gases and particulate- containing diesel
engine exhaust gases [38]. Removing sand. Silt,
bacteria and algae can be by choosing microfiltration
membranes and viruses can be controlled also,
although they can’t be removed completely. Fouling
can be reduced also because MF membranes are able
to remove organic matters so, it is a pretreatment step
for RO and NF applications to reduce fouling hazards.
Besides, it can reduce the demand for chlorine in water
disinfection as it helps removing pathogens.

4.2. Dense membranes

When polycrystalline ceramics or metals are used
to fabricate membranes, those produced membranes
are called dense inorganic membranes. Dense
inorganic membranes allow permeation of gases
through its crystal lattice [36]. Dense membrane (<0.5
nm) materials are ideally selective for O, or H;
molecules [39]. Table (1) shows different applications
of ceramic membranes according to difference in their
pore size.

Table (1): Types and applications of ceramic
membranes [36]

Me;:‘l‘g)r: ne | Po (l;;eﬁ?)lze Application
Macro- ~ 50 Ultrafiltration,
porous Microfiltration
Meso- Ultraﬁltratign,
porous 2-50 Nano-ﬂltratlpn,

Gas Separation
Micro- <2 Gas Separation
porous
Dense B Gas Sepa.ration,
Reaction

Another categorization for ceramic membranes
may be according to its shape (disk, pot, candle
element) as shown in Fig. (9), combustible material
used (flour, rice husk, saw dust), and type of clay used
as a raw material (white kaolin, black clay, red clay).
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5. Preparation of Ceramic Membranes

They're made by depositing one or more active
layers of desirable materials (TiOz, ZrOz, ZnAl;O4,
zeolite, and so on) on an inorganic membrane support
made of mineral clays. Various membrane supports
for microfiltration and ultrafiltration have been
developed using a variety local mineral clay with
unique qualities from Morocco, Tunisia, China, and
Algeria (porosity and pores diameter) [40]. Ceramic
membranes can be fabricated by different techniques
such as slip casting, tape casting, pressing, extrusion,
sol-gel process, dip coating, chemical vapor
deposition, and anodic oxidation. The selected
production method greatly depends on the desired
membrane structure and the specific application [30,
33-34].

The following steps describe the preparation of
ceramic membranes:

a) Formation of the suspension: by mixing a
suitable liquid with the starting powder

b) Forming: Where the prepared suspension is
packed into membrane precursor with the
required shape such as flat sheet or tube.

c) Heat treatment: Consolidation of the prepared
shaped precursor by a heat treatment process.

Firing step is noted to be the most important step
in preparation of ceramic membranes.

On the other hand, sol-gel and CVD preparation
methods can be used to produce multi-layers’
membrane before being fired by coating a membrane
support with the required layers [41].

The following section details the different methods
used in ceramic membrane fabrication [30, 42-43].

Disk
ceramic
water filter

Pot
ceramic
| water
filter

Candle
ceramic
water filter

Fig. (9): Types of Ceramic Water Filter Elements
according to its shape
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or sol)
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Extrusion
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Final products
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support)

@)

Fig. (10): General ceramic membrane preparation
procedures [36]
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6. Advantages of Ceramic Membranes

Ceramic membranes offer many advantages to
polymer and inorganic membranes such as: [31-32, 41,
44-45]

a) They are environmentally friendly.

b) Ceramic membrane filtration is a mild and
highly selective process without phase
transformation.

c) They are usually characterized by low running
costs whether through closed production cycles
or continuous processes.

d) Owing to the very nature of ceramic materials,
they are stable thermally, chemically,
mechanically and physically. They can
withstand very high temperatures, extremes of
pH (0 to 14), and operating pressures up to 10
bar.

e) They are not affected by bacteria.

f) They are regenerated easily after being used.

g) The membrane support (aluminum oxide or

silicon carbide) provides maximum
permeability and excellent mechanical
stability.

h) They usually show excellent separation
properties and long working life.

i) Because of their elevated chemical durability,
they are not affected by aggressive chemicals
such as caustic, chlorine, hydrogen peroxide
and other inorganic acids.

j) They also can be sterilized by steam and show
a good ability for back flushing.

k) Their superior mechanical properties confer
high abrasion resistance.

I) They are suitable for use whenever high fluxes
are involved.

7. Disadvantages of Ceramic Membranes
Ceramic membranes suffer however from the
following drawbacks compared to polymeric types:
a) They have small surface area per unit volume.
b) As compared to polymeric membranes, their
densities are higher.
¢) Also, the production costs are higher because of
the use of costly raw materials and more
complex fabrication procedures [31-32, 44-45].

8. Uses of Ceramic Membranes

Membranes are used in numerous applications
such as water and wastewater treatment, desalination,
MF and UF [46]. Despite their relatively elevated
initial cost, ceramic membranes are economically
suitable because they are available, have high flux, can
be cleaned easily, and have relatively low operating
cost [23]. One successful application of ceramic
membranes is their use in the separation of oily
wastewater generated in oil refining and in some
metallurgical industries prior to drainage in the sewage
system [47-49].
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Dense ceramic membranes are known to be highly
efficient in gas separation because of the compatibility
between their pore size and the molecular size of
gases. One main merit of ceramic membranes is the
possibility of use at relatively high temperatures such
as separating CO, from flue gas at 550-650°C [50],
steam — methane reforming at 700°C [51] and
hydrogen separation using diverse oxides in their
preparation (WQs, Lay0s, Al2Os3, etc.) [52-53].
Ceramic membranes were also successfully used in
food industries such as juice clarification [54-55]
clarification of raw rice wine [56], corn syrup
clarification [57], and liquor treatment collected from
processing of sardine fish [58].

It should be mentioned that the application of
ceramic membrane has gained impetus in the water
treatment field. One of the main attracting points for
further research is using low-cost raw material in the
water treatment field to fabricate the membrane [59].

Likewise, desalination of seawater is one of the
most promising applications of ceramic membranes
[60-62] whereby three different mechanisms can
operate:

a) Membrane distillation (MD): Where the
membrane permits water vapor molecules
pass after thermal treatment.

b) Reverse osmosis (RO): the membrane allows
passage of water molecules and repels salt
ions.

c) Pervaporation: Where the difference in water
vapor pressure allows the passage of water
molecules through molecular sieves.

The increasing demand for ceramic membranes in
water desalination stemmed from the numerous
inconveniences associated with the use of the classical
polymeric membranes. Among these one may cite the
swelling phenomenon, bio-fouling, and poor chemical
and thermal stability. As previously mentioned, the
use of ceramic membranes of elevated chemical and
thermal resistance helps alleviating these defects [63].
A high quality of permeate and low fouling was
obtained when wusing zirconium dioxide as a
pretreatment for RO desalination [64], tri-cobalt
tetroxide [65], zeolites [66-67] and silicon nitride [68-
69].

9. Application of Ceramic Membranes in Water

Treatment

In recent decades, the population growth and rarity
of water due to drought and other reasons have led to
an increased demand of potable water on one hand and
an urgency to use as little water as possible in most
industries. This latter concern has been the reason why
a major industry such as the cement industry has
totally shifted from the wet water consuming process
to the dry process which uses a minimal amount of
water. Other industries are currently recycling
wastewater after treatment to the process, an ideal
Situation being that of “zero-discharge” condition. The
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advent of relatively cheap filtration membranes
operating at low pressures played a key role in
economically solving problems associated with the old
conventional methods of treatment which were costly
and time consuming (coagulation, sedimentation, and
filtration) [70-73].

Ceramic membranes are an excellent choice owing
to their stability at high temperature, high pressure,
chemical attack, and pH resistance [29]. On the other
hand, the application of micro-filtration and ultra-
filtration for water treatment has become standard
procedure during the last two decades [46]. Ceramic
membranes are more effective and using them is more
advantageous than other common steps [70].

Since water scarcity is a critical concern in many
areas worldwide, there is an increasing concern about
the problems that arise due to water shortage and the
possible solutions available [74]. Particularly, in
Egypt, where most of water is supplied from Nile
River, the quality and quantity of supplied water from
the Nile is seriously threatened. On one hand the
untreated industrial and agricultural wastes affect
water quality while on the other, the quantity of
inflowing water is threatened by the misuse of
available resource and the construction of the
Renaissance Dam of Ethiopia [75].

The current water deficit in Egypt amounts to
about 7 billion cubic meters [76]. The United Nations
have even warned that Egypt may run out of water by
2025, Countries in arid regions started to apply water
desalination on a large scale to turn available seawater
into drinkable water. Water desalination currently
represents less than 1% of water production in Egypt
but it should be a vital element in its water future
policy. It could offer a secure potable water source
using the available resources in Red and
Mediterranean seas [77]. Although there are many
desalination plants in Egypt in tourism resorts
(Hurgada, Sharm El Sheikh...), they have limited
application in urban and industrial sections. Therefore,
it is strongly recommended to start applying
desalination plants in Egypt to help in solving the
water crisis that we are facing [78].

9.1. Oily wastewater treatment

Ceramic membranes could be used in oily
wastewater treatment and provide anti-fouling
properties and chemical stability [48, 79]. In
comparison between different types of ceramic
membranes for using in oily wastewater treatment,
zirconia ceramic membranes performed a flux which
is higher than that when using alumina and titania
ceramic membranes [80]. The pore size within 0.1 pm
could provide high oil separation percentage with
good permeate flux [81-82]. Lahiere et al. reported the
first use of ceramic membranes for oily wastewater
separation [83]. They achieved oil rejection
performance of 94 percent with a flux of 12.26 m3/day
when they employed commercial alumina ceramic
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membrane (Membralox technology) manufactured by
Societe des Ceramiques Techniques.

Alftessi et al. successfully fabricated Hollow fibre
ceramic membranes (HFCMs) from a low-cost
ceramic material (silica sand) using the phase
inversion/sintering technique for oil water separation
with a flux of 12.6 L/m?h within the first 10 minutes
of operation and mechanical strength of 78.5 MPa
using 55 wt. percent silica sand content and sintering
temperature of 1300 °C with rejection of 99.7% [28].

Surface roughness of ceramic membranes is
considered the control parameter of the anti-fouling
properties [78]. Zhong et al. have discussed that
manipulating the templates particle size led to control
in the membrane surface roughness, that could serve
like an alternative method to polishing method, which
makes problem on the surface like inhomogeneity of
morphology [84-85].

For example, increasing the particle size of poly
(methyl methacrylate) template on alumina membrane
surface leads to increase the roughness of the surface.
Smoother membrane surface provides high and stable
permeate flux, that due to minimizing the fouling layer
formation. y-Al,O3 UF ceramic membrane provided
good membrane performance due to thin top alumina
layer that was fabricated by dip-coating technique
using boehmite solution [86]. This method provided
homogeneity and best adhesion without cracks or
pinholes. y-Al,O; multilayer ceramic membranes was
used in wastewater from petroleum refinery and
provided standard discharge of 10 mg/L, and the TSS
(total suspended solids) reached to 84%.

Mullite hollow fibre composed of TiO, ceramic
membrane was prepared from coal fly which is a low-
cost industrial waste and dip-coating method has been
used to coat it to be used in oily water treatment [87].
Mullite is mostly composed of SiO; and Al,Os, with
minor amounts of metal oxide impurities like Fe;Os
and TiO; [88]. Coating ceramic membrane by titania
thin layer leads to increase in surface hydroxyl groups
on membrane surface that enhancing hydrophilicity of
the surface and leads to repel of oil droplets from
adhering onto the surface. this membrane was used in
oil-in-water (O/W) emulsion separation, where the
feed solution of 200 mg-L™' synthetic (O/W)
emulsion, the total organic removal reached to 97%
and the membrane can be reused by simple backwash
using NaOH solution and the flux recovery reached to
96%.

Hydrophilic modification of ceramic membrane
surface leads to reduction in the fouling formation [89-
90]. Using nanomaterials on the dip coating solution
performs uniform distribution of them on the
membrane surface [89]. Some researchers studied that
using graphene oxide as a Nanoparticles on coating of
alumina ceramic membranes enhanced the membrane
performance, where flux was 667 L.m 2h™! bar-1
with rejection of 98.7% that due to hydrophilicity
improvement. Hu et al. and Chen et al. [90] [91]

Egypt. J. Chem. 65, No. 7 (2022)

studied that fabrication of hybrid ceramic membrane
by implementing CNT network on zirconia CMs for
treatment of oil emulsion which is surfactant
stabilized.

The feed solution was prepared from various type
of surfactants (anionic and non-ionic) and oil
concentrations (100-600 ppm) [91]. (CNTN) built
their network into the channels of pore for ceramic
membrane by catalytic reaction (Fig. 11 (a)). Fig. 11
(b), indicates that there are three mechanisms in play
in treatment of emulsified oily water, i.e. 1) size-
exclusion, 2) surface adsorption through interaction
with the membrane and 3) multi-layer adsorption by
carbon nanotubes, where this hydrophilic macro-
mesoporous CM is able to separate molecules of oil,
but dissolved oil passes through membrane pores
leading to minimum fouling.

Zhao et al. obtained a 100% rejection when using
pristine and CNTN-ZrO membranes but the flux of
CNTN-ZrO membrane was higher as shown in Fig. 11
(c) and (d) [92]. Using CNTs improved the membrane
performance because they reduced the formation of
gel layer, then reduce the flow resistance. The high
surface area of CNTNs can adsorb emulsified oil and
remove it. (CNTN) incorporation within the pores of
the zirconia ceramic matrix in the ceramic-hybrid
membrane, (b) three mechanisms that are in play in
treatment of emulsified oily water and (c, d) pristine
(PM) and CNTN-ZrO ceramic membranes steady state
rejection and flux for as a function of feed
concentration [93].

Some modified ceramic membranes were used in
dye removal. Anodized alumina membrane was
modified using azobenzene to be used for removal
rhodamine B [94]. Azobenzene group was grafted on
the surface of anodized alumina ceramic membrane, as
shown in Fig. 12 (a), which indicates the effect of
simultaneous UV and visible light radiation that cause
continuous photo-cistrans isomerization. Rhodamine
B is non-volatile dye, so it removed efficiently by
membrane (after grafting by active functional group)
especially after using solar-driven filtration as shown
in (Fig. 12 (b) & (c)) [94].

Perfluoro-octyl tri-ethoxy-silane hydrophobized
titania membranes were used in pervaporation
techniques to separate methyl tert-butyl ether (MTBE)
which is volatile and hazardous from water, where the
separation factor reached to 91 with removal
percentage 98.5%. Kujawa et al. [95] fabricated
composite ceramic polymeric membrane using zinc
nitrate precursor with 2-methylimidazole linker during
interfacial polymerization technique on a polyether-
sulfone (PES) as a substrate and 1-Octanol was used
as linker/metal solvent source. During the top layer
growth, a fine layer of ZIF-8 was formed that has a
thickness of about 250-300 nm.
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Using 1-octanol as a solvent lead to faster
formation of the top layer and the crystals took place
on the surface to make a sealing for any defects. The
dense top layer of ceramic ZIF-8 was formed with
increase in rejection percentage and reduction in flux
because of its high dense packing and it has small
spaces between particles. When raising the amount of
2-methylimidazole to that of zinc nitrate at the
interface from 1.9 to 15.9, it will be noted that the layer
of ceramic will be denser and the flux will reduce from
37.5 to 5.6 L. m2hbar?, but with rejection 98%.
Some previous experiments were carried out on humic
acid removal using macro-porous anodic alumina
support coated with reduced graphene oxide (RGO)
intercalated CNT network [96]. using CNTs with
block copolymers by dispersion technique leads to less
defect’s formation. However, using CNT with
graphene sheets allowed to formation of repeated
nanostructure which provide channels facilitate mass
transfer through them, leading to increasing the
permeability to 20 L.m2.h™.bar? with rejection of
99% fulvic acid. On the other hand, the RGOCNTSs
improved the membrane hydrophilicity leading to
formation of antifouling membranes.

GO sheets provides negative charges on the
membrane surface due to carboxyl groups on the edges
of the GO sheet that facilitate the water permeation
through Nano channels leading to high permeability of
695 L.m2.ht.bar? [97].

9.2. Heavy metal and radioactive ions removal
9.2.1. Heavy metal removal

Using a charged membrane surface, Badawy et al.
[98] were able to remove Fe (111) and Cr (111) ions from
a waste stream by means of forming water-soluble
positively charged hydrolyzed species that were
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adsorbed on the surface of the membrane. Heavy
metals occur as hydrated ions in aqueous systems,
resulting from the interaction of water molecules with
metal ions via electrostatic ion—dipole interactions.
Their hydrated radii, however, are still too small for
microporous membranes to hold Abdullah [99].

Fabricated silica ceramic membranes were used as
charged membranes depending on an abundance of
surface reactive functional groups, which can be used
in heavy metal ions removal. However, the divalent
heavy metal like Pb*?, Cu*? and Cd*? ions were
removed using silica ceramic membranes in alkaline
aqueous environment [100]. This membrane was
fabricated using low-cost materials of local clay mixed
with various sawdust percentages of 0.5%, 2.0%, and
5.0%. the aqueous solutions of heavy metals were
prepared in lab. The removal efficiency reached to
99% for the concerned heavy metals that due to the
adsorption of the ions of heavy metals (positively
charged ions) on the membrane surface which carries
OH- functional groups (negatively charged).

+ - R~ON' NOO ¥ No_~_SIOEt),
0=C=N._~_Si(OEt); o

R=H, (CH,);N Azobenzene-silane reagent

Anodized alumina

membrane - - o i 4
. - R—<\:/>*N*N‘<_}O\H‘N\//\'S'\ Anodized
i alumina

\\\\\

membrane

Fig. (12): (a) Using anodized alumina membranes for
preparation of azobenzene, (b) Photo-induced
filtration process for filtration of rhodamine B

solution using the azobenzene modified membrane,

(c) Applying of solar driven filtration system on the

azobenzene modified anodized alumina membrane
[94]

9.2.2. Chromium removal
Many kinds of CMs have been tested for removal

of chromium [101]. Kumar et al. [102] used situ

crystallization technique to manufacture a membrane
for removing chromium by coating a ceramic support
with analcime-C. The produced membrane is called
analcime-C zeolite-ceramic composite membrane.
Zeolite particles have a good adhesion due to
formation of multiple layers of coating which is up to
three layers. Zeolite particles were dispersed on the
ceramic support making a dense film. This membrane
provided Cr* rejection of 84% with solution
concentration of 250 ppm. Where the charges of this
membrane surface can be manipulated using various
pH solutions, where the best rejection of chromium
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(Cr** and Cr*3) was at high pH of 11.

Ultrafiltration ceramic membrane was prepared
from zeolite that was supported on circular porous
ceramic disk was prepared from clay exhibited good
removal for Cr** [103]. The membrane performance
depends on hydrophilicity of the surface, porosity, and
surface charges. The removal of Cr** through this
membrane depends on the interaction according to the
charged zeolite membranes and chromium ions.

9.2.3. Arsenic removal

Sklari et al. [104] studied removal of arsenic
(As*3/As*™® ions) using integrated hybrid ceramic
membranes were prepared from Alumina, where the
feed solution was 70 ppb As*3/As*®. The first ceramic
module made from alumina that was used as a
contractor for ozone which was supplied to the inner
water stream from an external surface to make
oxidation for As*3/As*>. Tri chloro-methyl-silane was
used to make functionalization of membrane surface
in this case to reduce hydrophobicity of the surface to
make the ozone stream's flow easier. Then, produced
water went through second module. Second module
was fabricated from alumina and modified at the
interior pore structure by the in-situ generation of
FesOs4 nanoparticles. This structure of ceramic
membrane leads to adsorbent for As*>. The membrane
regeneration was carried out by heat treatment at 110
°C for 24 h [104].

9.3. Radioactive wastewater treatment

Lu et al. used modified colloidal sol-gel technique
to Fabricate ceramic membrane from TiO, doped ZrO-
for using it in treatment of radioactive wastewater
[105]. Zirconium ceramic membranes can be coated
by TiO2 doping sol-gel to modify the microstructure of
ZrO, membrane that reduced the pores size, enhance
the hydrophilicity, improve mechanical properties and
the membrane performance was enhanced, where the
permeability reached to 40
L.m2.hL.bar?! with rejection of 99.6% for Co*?, 99.2%
for Sr*?, and 75.5% for Cs*.

9.4. Inorganic Waste Removal
9.4.1. Fluoride removal

Ceramic membrane, which were manufactured
using metal organic framework (MOF) was
considered new kind of membranes with high
performance. He et al. [106] studied defluoridation
from water using MOF zirconium ceramic
membranes. These kinds of membranes represent high
adsorption capacity for fluoride leading to removing
of fluoride from solutions [106]. Other new ceramic
membrane was fabricated using alumina support with
polycrystalline Zr-MOFs has a thickness of 20 pm.
This membrane was prepared by situ solvothermal
technique. Solution of initial fluoride concentration of
5 mg/L was used as a feed for this kind of membrane
with 15 ml min*? as a flow rate. Zr-MOF membrane
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with alumina support provided maximum fluoride
removal of 99%, that due to presence of hydroxyl
groups and Zr(IV) active sites on the surface which
lead to the fluoride adsorption.

9.4.2. Phosphate removal

Shang et al. [107] studied that using ultrafiltration
ceramic membrane was fabricated from tight TiO;
before reverse osmosis membranes as a pre-treatment
step for phosphate removal provided high rejection
percentage [107]. The rejection of phosphate anion
depends on electrostatic repulsion, where a high
percentage of rejection is obtained when the negative
charge density increases on the surface. This kind of
ceramic membrane has smaller pore sizes and great
density of negative surface charge, so high rejection
percentage of anions which are less diffusive such as
phosphate was achieved. The maximum rejection
percentage of phosphate reached to 87% at solution
with pH 8.5.

9.4.3. Ammonia removal

Yang et al. [108] studied removal of ammonia
from the water using ceramic membrane by
pervaporation technique. This kind of membrane was
fabricated using a cobalt-doped molecular sieve silica
membrane. Silica membrane was fabricated by
controlled hydrothermal treatment to reduce the pore
size. This membrane was applied using pervaporation
technique, where the water passes by molecular
sieving mechanism. The results exhibited high
ammonia selectivity up to 60, which was higher 5
times compared with hydro-phobic polypropylene
membrane [108].

Yang et al. [109] investigated that using hydro-
stable  organo-silica ceramic membranes in
pervaporation technique for alkaline ammonia
solution treatment. Silanol groups are formed on the
silica surface because of hydrolysis of siloxane due to
presence of high concentration of ammonia in the used
solution.

9.5. Ceramic membrane for desalination

Most studies for desalination using ceramic
membranes were carried out using membrane
distillation technique [60, 110]. Krajewski et al. [111]
studied desalination by Air gap membrane distillation
(AGMD) using fluoro-silanes grafted ceramic
membranes. The results indicate that high salt
rejection close to 100% and high flux 6.67 L/m?h.
Cerneaux et al. [110] studied desalination by direct
contact membrane distillation (DCMD) and made a
comparison between zirconia and titania ceramic
membranes. Fig. (13) indicates the salt rejection and
permeate flux for two membranes [110]. The Figure
indicates reduction in permeate flux due to reduction
in driving force by the effect of concentration
polarization which was happened due to increasing in
salt concentrations in the feeding water during the
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application test [110, 112]. The results indicated that
zirconia membrane provides highest performance than
titania membrane due to the lower resistance of water
vapor transfer, these experiments were carried out at
feed temperature 40°C under vacuum pressure 3 mbar.
Other studies have been performed with different
configurations of MD using ceramic membranes as
shown in Table (2).

Abdallah et al. [113] studied fabrication of ceramic
membrane has Nano-pores size that fabricated from
ceramic factory wastes powder, this powder was
treated using hydrothermal treatment. The produced
powder was Nano-sized and have rosette-like
segregations structure. Poly-vinyl-alcohol was used as
a binder during ceramic membrane fabrication. Firing
temperatures ranging from 1100 to 1300°C for 1, 2,
and 3 h soaking time were the most important
parameters effect on the formation of ceramic
membrane with Nano pore size. The best ceramic
membrane (fired at 1250 °C) was applied on dead end
filtration system for desalination of 5000 ppm
synthetic solution. It exhibited salt rejection reached to
99% with a flux of 244.5 Lm2h,

Belgada et al. [114] investigated the use of
Moroccan natural phosphate in the dry pressing
method for preparation of a new flat MF membrane.
From 900 to 1100 °C, the influence of sintering
temperature on membrane properties, including
porosity, pore size, mechanical strength, and
permeability, was examined. The improved seawater
quality in terms of total organic carbon (TOC),
turbidity, and silt density index (SDI) was used to
evaluate the efficacy of the modified membrane for
pre-treatment of raw seawater for RO desalination.
The produced membrane has excellent permeability,
pore size, and flexural strength, making it ideal for use
in MF applications. The manufactured phosphate
membrane has a high efficiency for MF pre-treatment
of raw saltwater, eliminating 73 and 98 percent of
TOC and turbidity, respectively, and lowering SDI to
3.25 [114].
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Fig. (13): Flux on left vertical axis and rejection rate

on right vertical axis as a function of time in vacuum

membrane distillation (VMD) of NaCl solutions (0.5
and 1 M) using Ti5 and Zr50 [110]
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10. Conclusion

This article gives a comprehensive review on
importance of ceramic based membranes for water and
wastewater treatment. Therefore, a substantial
improvement of the quality of water which is delivered
to the consumer's tap was obtained. CMs showed
remarkable improvements compared to polymeric
membranes and traditional techniques in water
treatment according to the systematic review of the
existing literature. CMs are categorized according to
many factors such as their structure and raw material
to be used in fabrication. They have many preparation
techniques producing different CMs differ in their
shape and pore size which allow them to be used in
many applications such as removing oil, heavy metals,
organic and in organic wastes and salt from sea water.

Table (2): Summary of studies related to the use of
ceramic membranes in membrane distillation (MD)
applications [112]

Feed
Ceramic Flux
Temperature Rejection Reference
Material (Kg/m?.h)
o)
65 13.44 923 Cerneaux et al.,
TiO;
85 57.74 99.8 2009 [109]
Clay 20 5.48 99.1 Krajewski et al.,
Alumina 60 98.66 99.96 2006 [110]
55 15.7 100 Larbot et al., 2004
ZrOy
85 827 100 [60]
58 18.2 100 Larbot et al., 2004
AbO;
90 129.5 100 [60]
50 100 99 Wang et al., 2016 b
B-Sialon
30 290 99 [114]
References
[1]. A. Saravanan, P. Senthil Kumar, S.

Jeevanantham, S. Karishma, B. Tajsabreen, P.R.
Yaashikaa, B. Reshma, “Effective
water/wastewater treatment methodologies for
toxic pollutants removal: Processes and
applications towards sustainable development”,
Chemosphere, 280, (2021).

DOI: 10.1016/j.chemosphere.2021.130595.

[2]. http://www.fao.org/in-action/water-for-poverty-
in-africa/overview/about-theproject/en/“More
“Effective and sustainable investments in water
for poverty reduction, food and agriculture”.

[3]. http://www.pacificwater.org/pages.cfm/water-
services/water-demandmanagement/water
distribution/

[4]. J. Lange, T. Materne, and J. Griiner, “Do low-
cost ceramic water filters improve water security
in rural South Africa?”, Drink. Water Eng. Sci.
journal, 9: 47-55, (2016).

DOI: 10.5194/dwes-2016-6.

[5]. P. Pal, “Introduction to membrane processes in

water treatment. Membrane-Based Technologies


http://www.fao.org/in-action/water-for-poverty-in-africa/overview/about-theproject/en/
http://www.fao.org/in-action/water-for-poverty-in-africa/overview/about-theproject/en/
http://www.pacificwater.org/pages.cfm/water-services/water-demandmanagement/water%20distribution/
http://www.pacificwater.org/pages.cfm/water-services/water-demandmanagement/water%20distribution/
http://www.pacificwater.org/pages.cfm/water-services/water-demandmanagement/water%20distribution/

A SYSTEMATIC LITERATURE REVIEW OF CERAMIC MEMBRANES APPLICATIONS ....... 507

[6].

[7]1.

[8].

[9].

for Environmental Pollution Control”, 385-408,
(2020). ISBN: 9780128194553.

A.P.Vidal, J. D. Gomez, J. C. Rozo and O. L. U.
Perilla, “Long-term evaluation of the performance
of four point-of-use water filters”, Water Res. J.,
176-182, (2016).

DOI: 10.1016/j.watres.2016.04.016.

S. Samal, “Effect of shape and size of filler
particle on the aggregation and sedimentation
behavior of the polymer composite”. Powder
Technol., 366: 43-51, (2020).

DOI: 10.1016/j.powtec.2020.02.054.

F. Nystrom, K. Nordqvist, L. Herrmann, A.
Hedstrom, M. Viklander, “Removal of metals and
hydrocarbons from stormwater using coagulation
and flocculation”, Water Res, (2020).

DOI: 10.1016/j.watres.2020.115919.

A. Ahmad, S. Rutten, L. de Waal, P. Vollaard,
C. V. Genuchten, H. Bruning, E. Cornelissen, A.
van der Wal, “Mechanisms of arsenate removal
and membrane fouling in ferric based
coprecipitation low pressure membrane filtration
systems”. Separ. Purif. Technol., 241, (2020).
DOI: 10.1016/j.seppur.2020.116644.

[10]. C. R. Medeiros, N. M N Fava, B.L.S. Freitas,

[11].

[12].

[13].

[14].

[15].

L.P. Sabogal-Paz, M. T. Hoffmann, J. Davis, P.
Fernandez-Tbanez, J. A. Byrne, “Drinking
water treatment by multistage filtration on a
household scale: efficiency and challenges”,
Water Res., 178, (2020).

DOI: 10.1016/j.watres.2020.115816.

Y. Sun, S. Zhou, S. Y. Pan, S. Zhu, Y. Yu, H.
Zheng,  “Performance  evaluation and
optimization of flocculation process for
removing heavy metal”, Chem. Eng. J., 385,
(2020). DOI: 10.1016/j.cej.2019.123911.

D. J. Son, W. Y. Kim, B. R. Jung, D. Chang,
K. H. Hong, ‘“Pilot-scale anoxic/aerobic
biofilter system combined with chemical
precipitation for tertiary treatment of
wastewater”, J. Water Process Eng., 35, (2020).
DOI: 10.1016/j.jwpe.2020.101224.

G. Manikandan, P.S. Kumar, A. Saravanan,
“Modelling and analysis on the removal of
methylene blue dye from aqueous solution
using physically/chemically modified
Ceibapentandra seeds”, J. Ind. Eng. Chem., 62,
(2018). DOI: 10.1016/j.jiec.2018.01.028.

P. R. Yaashikaa, P. S. Kumar, V. P. M. Babu,
R. K. Durga, V. Manivasagan, K. Saranya, A.
Saravanan, ‘“Modelling on the removal of
Cr(VI) ions from aquatic system using mixed
biosorbent (Pseudomonas stutzeri and acid
treated Banyan tree bark)”, J. Mol. Liq., 276,
362-370, (2019).

DOI: 10.1016/j.molliq.2018.12.004.

Z.Liu,J. M. Lompe, M. Mohseni, P. R. Berube,
S. Sauve, B. Barbeau, “Biological ion exchange
as an alternative to biological activated carbon

Egypt. J. Chem. 65, No. 7 (2022)

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

for drinking water treatment”, Water Res., 168,
(2020). DOI: 10.1016/j.watres.2019.115148.
V. L. Martins, M. D. Ogden, M. R. Jones, S. A.
Trowsdale, P. J. Hall, H. S. Jensen,
“Opportunities for coupled electrochemical and
ion-exchange  technologies to  remove
recalcitrant micro pollutants in water”, Separ.
Purif. Technol., 239, (2020).

DOI: 10.1016/J.SEPPUR.2020.116522.

B. Ghouila, A. Harabib, F. Bouzeraraab and N.
Brihia, “Elaboration and characterization of
ceramic membrane supports from raw materials
used in microfiltration”, Desalin. and Water
Treat. J., (2014).

DOI: 10.1080/19443994.2015.1021098.

S. Saja, A. Bouazizi, B. Achiou, H. Ouaddari,
A. Karim, M. Ouammou, A. Aaddane, J.
Bennazha, S. Alami Younssi, “Fabrication of
low-cost ceramic ultrafiltration membrane
made from bentonite clay and its application for
soluble dyes removal”, Journal of the Eur.
Ceram. Soc., 40, 2453-2462, (2020).

DOI: 10.1016/j.jeurceramsoc.2020.01.057.

C. Li, W. Sun, Z. Lu, X. Ao, S. Li, “Ceramic
nanocomposite membranes and membrane
fouling: A review”, Water Res., 175, (2020).
DOI: 10.1016/j.watres.2020.115674.

K. Buruga, H. Song, J. Shang, N. Bolan, J. T.
Kalathi and K. Kim, “A review on functional
polymer-clay based nanocomposite membranes
for treatment of water”, J. Hazard. Mater.,
(2019). DOI: 10.1016/j.jhazmat.2019.04.067.
K. Suresh, N. Katara, “Design and development
of circular ceramic membrane for wastewater
treatment”, Materials Today: Proceedings, 43:
2176-2181, (2021).

DOI: 10.1016/j.matpr.2020.12.109.

R. Singh, Nn. P. Hankins, “Introduction to
Membrane Processes for Water Treatment
Emerging Membrane  Technology  for
Sustainable Water Treatment”, 15-52, (2016).
ISBN: 9780444633125.

S.R. Sowmya, G.M. Madhu, Abhishek
Raizada, C.D. Madhusoodana, “Studies on
effective treatment of wastewater using
submerged ceramic membrane bioreactor”,
Materials Today: Proceedings, 24: 1251-1262,
(2020). DOI: 10.1016/j.matpr.2020.04.440.

M. T. Alresheedi, B. Barbeau and O. D. Basu,
“Comparison of NOM fouling and cleaning of
ceramic and polymeric membranes during
water treatment”, Sep. and Purif. Technol. J.,
452-460, (2019).

DOI: 10.1016/j.seppur.2018.07.070.

M. B. Alia, N. Hamdi, M. A. Rodriguez, K.
Mahmoudi and E. Srasra, ‘“Preparation and
characterization of new ceramic membranes for
Ultrafiltration”, Ceram. Int. J., 2328-2335,
(2018). DOI: 10.1016/j.ceramint.2017.10.199



508 D. Rashad et.al.

[26]. P. Singh, N. A. Manikandan, M. Purnima, K. [37]. Bin. B. Dong, F. H. Wang, M. Y. Yang, J. L.
Pakshirajan, G. Pugazhenthi, “Recovery of Yu, L. Y. Hao, X. Xu, G. Wang, S.
lignin from water and methanol using low-cost Agathopoulos, “Polymer-derived porous SiOC
kaolin based tubular ceramic membrane”, J. ceramic membranes for efficient oil-water
Water Process Eng., 38, (2020). separation and membrane distillation”, J.
DOI: 10.1016/j.jwpe.2020.101615. Membr. Sci., 579: 111-119, (2019).

[27]. R. Mouratib, B. Achiou, M. El Krati, S. A. DOI: 10.1016/j.memsci.2019.02.066.
Younssi, S. Tahiri, “Low-cost ceramic [38]. E. Gregorova, Z. Zivcova, W. Pabst, “Porous
membrane made from alumina- and silica-rich ceramics made using potato starch as a pore-
water treatment sludge and its application to forming agent”, Fruit Veg. Cereal. Sci.
wastewater filtration”, J. Eur. Ceram. Society, Biotechnol., 3 (1): 115-127, (2009).

40: 5942-5950, (2020). DOI: 10.1016/j.jeurceramsoc.2006.04.048.
DOI: 10.1016/j.jeurceramsoc.2020.07.050. [39]. H. Verweij. “Inorganic membranes”, Curr.

[28]. S. A. Alftessi, M. H. D. Othman, M. R. Adam, Opin. Chem. Eng. J., 1 (2): 156-162, (2012).

T. M. Farag, A. F. Ismail, M. A. Rahman, J. DOI: 10.1016/j.coche.2012.03.006.
Jaafar, M. A. Habib, Y. O. Raji, S. K. [40]. P. K. Syapnjeu, D. Njoya, E. Kamseu, L. C. de
Hubadillah, “Novel silica sand hollow fibre Saint Cyr, A. M. Zerpa, S. Balme, M.
ceramic membrane for oily wastewater Bechelany, L. Soussan, “Elaboration of a new
treatment”, J. Environ. Chem. Eng., 9, (2021). ceramic membrane support from Cameroonian
DOI: 10.1016/j.jece.2020.104975. clays, coconut husks and eggshells: Application

[29]. M. B. Asif, Z. Zhang, “Ceramic membrane for Escherichia coli bacteria retention”, Appl.
technology for water and wastewater treatment: Clay Sci., 198, (2020).

A critical review of performance, full-scale DOI: 10.1016/j.clay.2020.105836.

applications, membrane fouling and prospects”, [41]. S. Mestre, A. Gozalbo, M. M. Lorente—Ayza, E.
Chem. Eng. J., 418, (2021). Sanchez, “Low-cost ceramic membranes: A
DOI: 10.1016/j.cej.2021.129481. research opportunity for industrial application”,

[30]. K. Li, “Ceramic membranes for separation and J. Eur. Ceram. Society, 39 (12): 3392-3407,
reaction”, ISBN: 978-0-470-31946-8, John (2019).

Wiley & Sons, Inc, (2007). DOI: 10.1016/j.jeurceramsoc.2019.03.054.
DOI:10.1002/9780470319475. [42]. M. Rawat, V. K. Bulasara, “Synthesis and

[31]. L. C. Peng, “Bimodal porous ceramic characterization ~ of  low-cost  ceramic
membrane via nano-sized  polystyrene membranes from fly ash and kaolin for humic
templating: Synthesis, characterization and acid separation”, Korean J. Chem. Eng., 35 (3):
performance  evaluation”, PhD  Thesis, 725-733, (2018).

Universiti Sains Malaysia, (2008). DOI: 10.1007/s11814-017-0316-6.

[32]. “Synthetic Membrane”, Retrieved from: [43]. J. Saikia, S. Sarmah, J. J. Bora, B. Das, R. L.
http://en.wikipedia.org/wiki/Synthetic_membra Goswamee, “Preparation and characterization
ne (2013). of low cost flat ceramic membranes from easily

[33]. M. Lee, Z. Wu, K. Li, “Advances in membrane available potters, clay for dye separation”, Bull.
technologies for water treatment — Materials, Mater. Sci., 42 (3): 1-13, (2019).
processes and applications, Chapter (2): DOI: 10.1007/s12034-019-1767-7.

Advances in ceramic membranes for water [44]. “Ceramic  Membrane”, Retrieved from:
treatment”, 1%t Edition, Elsevier Ltd., 43-82, http://mww.lenntech.com/ceramicmembranes.
(2015). ISBN: 9781782421214. htm, (2013).

[34]. A.K.Fard, G. McKay, A. Buekenhoudt, H. Al [45]. S. K. Hubadillah, M. H. D. Othman, T.
Sulaiti, F. Motmans, M. Khraisheh, M. Atieh, Matsuura, A. F. Ismail, M. A. Rahman, Z.
“Inorganic  membranes: preparation and Harun, J. Jaafar, M. Nomura, “Fabrications and
application  for  water treatment and applications of low-cost ceramic membrane
desalination”, Materials, 11 (74): 1-47, (2018). from kaolin: A comprehensive review”, Ceram.
DOI: 10.3390/mal11010074. Int., 44 (5): 4538-4560, (2018).

[35]. Sh. K. Amin, H. A. M. Abdallah, M. H. DOI: 10.1016/j.ceramint.2017.12.215
Roushdy and S. A. El-Sherbiny, “An Overview [46]. A. Manni, B. Achiou, A. Karim, A. Harrati, C.
of Production and Development of Ceramic Sadik, M. Ouammou, S. Alami Younssi, El
Membranes”, Int. J. Appl. Eng. Res., 11: 7708— Bouari, “New low-cost ceramic microfiltration
7721, (2016). membrane made from natural magnesite for

[36]. Y.S. Lin. “Microporous and dense inorganic industrial wastewater treatment”, J. Environ.

membranes: current status and prospective”,
Sep. and Purif. Tech. J., 25: 39-55, (2001).
DOI: 10.1016/S1383-5866(01)00089-2.

Egypt. J. Chem. 65, No. 7 (2022)

Chem. Eng., 8 (4): 103906, (2020).
DOI: 10.1016/j.jece.2020.103906.


http://en.wikipedia.org/wiki/Synthetic_membrane
http://en.wikipedia.org/wiki/Synthetic_membrane
http://www.lenntech.com/ceramicmembranes.%20htm
http://www.lenntech.com/ceramicmembranes.%20htm

A SYSTEMATIC LITERATURE REVIEW OF CERAMIC MEMBRANES APPLICATIONS ....... 509

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

M. Ebrahimi, K. S. Ashaghia, L Engela, D.
Willershausena, P. Mundb, P. Bolduanb, P.
Czermakan; “Characterization and application
of different ceramic membranes for the oil—
field produced water treatment”, Desalination,
245 (1-3): 533-540, (2009).

DOI: 10.1016/j.desal.2009.02.017.

S. Emani, R. Uppaluri, M. K. Purkait, “Cross
flow micro-filtration of oil-water emulsions
using kaolin  based low-cost ceramic
membranes”, Desalination, 341: 61-71, (2014).
DOI: 10.1016/j.desal.2014.02.030.

R. V. Kumar, A.K. Ghoshal, G. Pugazhenthi,
“Elaboration of novel tubular ceramic
membrane from inexpensive raw materials by
extrusion method and its performance in
microfiltration of synthetic oily wastewater”, J.
Membr. Sci., 490: 92-102, (2015 a).

DOI: 10.1016/j.memsci.2015.04.066.

J. Tong, L. Zhang, M. Han, K. Huang;
“Electrochemical separation of CO; from a
simulated flue gas with high-temperature
ceramic—carbonate membrane: New
observations”, J. Membr. Sci., 477: 1-6,
(2015).

DOI: 10.1016/j.memsci.2014.12.017.

J. M. Polfus, W. Xing, M. Fontaine, C.
Denonville, P. P. Henriksen, R. Bredesen,
“Hydrogen separation membranes based on
dense ceramic composites in the Laz7W50ss5—
La CrOjz system”, J. Membr. Sci., 479: 39-45,
(2015). DOI: 10.1016/j.memsci.2015.01.027.
Y. Li, W. Ding, X.Jin, J. Yu, X. Hu, Y. Huang,
“Toward extensive application of Pd / ceramic
membranes for hydrogen separation: A case
study on membrane recycling and reuse in the
fabrication of new membranes”, Int. J. Hydrog.
Energy, 40 (8): 3528-3537, (2015).

DOI: 10.1016/j.ijhydene.2014.09.017.

W. Deibert, M. E. Ivanova, W. A. Meulenberg,
R. Vaben, O. Guillon, “Preparation and
sintering behavior of LassWO,,-5 asymmetric
membranes with optimized microstructure for
hydrogen separation”, J. Membr. Sci., 492:
439-451, (2015).

DOI: 10.1016/j.memsci.2015.05.065.

G. T. Vladisavljevi¢, P. Vukosavljevi¢, B.
Bukvi¢, “Permeate flux and fouling resistance
in ultra— filtration of depectinized apple juice
using ceramic membranes”, J. Food Eng., 60
(3): 241-247, (2005).

DOI: 10.1016/S0260-8774(03)00044-X.

S. Emani, R. Uppaluri, M. K. Purkait,
“Preparation and characterization of low-cost

ceramic membranes for mosambi juice
clarification”, Desalination, 317: 32-40,
(2013).

DOI: 10.1016/j.desal.2013.02.024.

Egypt. J. Chem. 65, No. 7 (2022)

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

[64].

[65].

[66].

M. Lia, Y. Zhaoa, S. Zhoua, W. Xingb,
“Clarification of raw rice wine by ceramic
micro—filtration membranes and membrane
fouling analysis”, Desalination, 256 (1-3):
166-173, (2010).

DOI: 10.1016/j.desal.2010.01.018.

C. Almandoz, C. Pagliero, A. Ochoa, J.
Marchese, “Corn Syrup clarification by
microfiltration with ceramic membranes”, J.
Membr. Sci., 363 (1-2): 87-95, (2010).

DOI: 10.1016/j.memsci.2010.07.017.

R. P. Géalvez, E. M. Guadix, J. Bergé, A.
Guadix, “Operation and cleaning of ceramic
membranes for the filtration of fish press
liquor”, J. Membr. Sci., 384 (1-2): 142-148,
(2011). DOI: 10.1016/j.memsci.2011.09.019.
B. K. Nandi, R. Uppaluri, M. K. Purkait,
“Preparation and characterization of low-cost
ceramic membranes for micro—filtration
applications”, Appl. Clay Sci., 42 (1-2): 102—
110, (2008).

DOI: 10.1016/j.clay.2007.12.001.

A. Larbot, L. Gazagnesa, S. Krajewskib, M.
Bukowska, W. Kujawski, “Water desalination
using ceramic membrane distillation”,
Desalination, 168: 367-372, (2004).

DOI: 10.1016/j.desal.2004.07.021.

Z. Cui, W. Xing, Y. Fan, N. Xu; “Pilot study on
the ceramic membrane pre—treatment for
seawater desalination with reverse osmosis in
Tianjin Bohai Bay”, Desalination, 279 (1-3):
190-194, (2011).

DOI: 10.1016/j.desal.2011.06.008.

Z. Cui, W. Peng, Y. Fan, W. Xing; “Effect of
cross—flow velocity on the critical flux of
ceramic membrane filtration as a pre—treatment
for seawater desalination”, Chin. J. Chem. Eng.,
21 (4): 341-347, (2013).

DOI: 10.1016/S1004-9541(13)60470-X.

M. Elma, C. Yacou, D. Wang, S. Smart, J. D.
Da—Costa; “Micro—porous silica-based
membranes for desalination”, Water, 4 (3):
629-649, (2012).

DOI: 10.3390/w4030629.

J. Xu, C. Chang, C. Gao, “Performance of a
ceramic ultra—filtration membrane system in
pretreatment to seawater desalination”, Sep.
and Purif. Tech., 75 (2): 165-173, (2010).
DOI: 10.1016/j.seppur.2010.07.020.

M. Elma, D. Wang, C. Yacou, J. Motuzas, J. D.
Da—Costa; “High performance interlayer free
meso—porous cobalt oxide silica membranes for
desalination applications”, Desalination, 365:
308-315, (2015).

DOI: 10.1016/j.desal.2015.02.034.

C. Cho, K. Oh, S. Kim, J. Yeo, P. Sharma;
“Pervaporative seawater desalination using
NaA zeolite membrane: Mechanisms of high-



510

D. Rashad et.al.

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].
[77].

[78].

[79].

water flux and high salt rejection”, J. Membr.
Sci., 371 (1-2): 226-238, (2011).

DOI: 10.1016/j.memsci.2011.01.049.

B. Zhu, D. Myat, J. Shin, Y. Na, L. Moon, G.
Connor, S. Maeda, G. Morris, S. Gray, M.
Duke, “Application of robust MFI-type zeolite
membrane  for  desalination of saline
wastewater”, J. Membr. Sci., 475: 167-174,
(2015).

DOI: 10.1016/j.memsci.2014.09.058.

J. Zhang, H. Fang, L. Hao, X. Xu, C. Chen,
“Preparation of silicon nitride hollow fiber
membrane for desalination”, Mater. Letters, 68:
457-459, (2012).

DOI: 10.1016/j.memsci.2013.08.042.

J. Zhang, H. Fang, J. Wang, L. Hao, X. Xu, C.
Chen, “Preparation and characterization of
silicon nitride hollow fiber membranes for
seawater desalination”, J. Membr. Sci., 450:
197-206, (2014).

DOI: 10.1016/j.memsci.2013.08.042.

S. Gaulinger, “Coagulation pre-treatment for
microfiltration with ceramic membranes”,
TECHNEAU, An Integrated Project Funded by
the European Commission under the
Sustainable Development, Global Change and
Ecosystems Thematic Priority Area, (2007).

S. Judd, “The MBR book: Principles and
applications of membrane bioreactors for water
and wastewater treatment”, 2% Edition, Oxford,
United Kingdom: Elsevier Science, (2010).
ISBN: 9780080967677.

A. Staff, “Microfiltration and ultrafiltration
membranes for drinking water (M53)”, Denver,
Colorado: American Water Works Association,
(2011).

DOI: 10.1002/j.1551-8833.2008.th09801.x.

M. Lee, Z. Wu, K. Li, “Advances in membrane
technologies for water treatment — Materials,
processes and applications, Chapter (2):
Advances in ceramic membranes for water
treatment”, 1%t Edition, Elsevier Ltd., 43-82,
(2015). ISBN: 9781782421214,

M. Hanjra, M. Qureshi; “Global water crisis
and future food security in an era of climate
change”, Food Policy, 35 (5): 365-377, (2010).
DOI: 10.1016/j.foodpol.2010.05.006.
http://planetearthherald.com/egypt-faceswater-
crisis-the-end-of-the-nile-as-we-knew-it/.
http://www.ecomena.org/Egypt-water/.
http://www.egyptindependent.com/news/desali
nated-water-could-help-quench-thirsty-egypt
Z. Zhong, W. Xing, B. Zhang, “Fabrication of
ceramic membranes with controllable surface
roughness and their applications in oil/water
separation”, Ceram. Int., 39 (4): 4355-4361,
(2013). DOI: 10.1016/j.ceramint.2012.11.019.
J. R. Scheibler, E. R. F. Santos, A. S. Barbosa,
M. G. F. Rodrigues, “Performance of zeolite

Egypt. J. Chem. 65, No. 7 (2022)

[80].

[81].

[82].

[83].

[84].

[85].

[86].

[87].

[88].

[89].

membrane (ZSM-5/y-alumina) in the oil/water
separation process”, Desalin. Water Treat., 56
(13): 1-7, (2015).

DOI: 10.1080/19443994.2014.986536.

S. E. Weschenfelder, A. C. C. Mello, C. P.
Borges, J. C. Campos, “Oilfield produced water
treatment by ceramic membranes: preliminary
process cost estimation”, Desalination, 360:
81-86, (2015).

DOI: 10.1016/j.desal.2015.01.015.

M. Ebrahimi, D. Willershausen, K. S. Ashaghi,
L. Engel, L. Placido, P. Mund, et al.,
“Investigations on the use of different ceramic
membranes for efficient oil-field produced
water treatment”, Desalination, 250 (3): 991-
996, (2010). DOI: 10.1016/j.desal.2009.09.088.
R.J. Lahiere, K.P. Goodboy, “Ceramic
membrane  treatment of  petrochemical
wastewater”, Environ. Prog., 12 (2): 86-96,
(1993). DOI: 10.1002/ep.670120204.

P. Sun, M. Zhu, K. Wang, M. Zhong, J. Wei, D.
Wu, et al., “Selective ion penetration of
graphene oxide membranes”, ACS Nano, 7 (1):
428-437, (2013). DOI: 10.1021/nn304471w.
D. Kang, H. Choi, Y. J. Yoo, J. Kim, Y. Park,
H. S. Moon, “Effect of polishing method on
surface roughness and bacterial adhesion of
zirconia-porcelain veneer”, Ceram. Int., 43 (7):
5382-5387, (2017).

DOI: 10.1016/j.ceramint.2016.11.036.

A. Bayat, H. R. Mahdavi, M.
Kazemimoghaddam, T. Mohammadi,
“Preparation and characterization of y-alumina
ceramic  ultrafiltration ~ membranes  for
pretreatment of oily wastewater”, Desalin.
Water Treat., 57 (51): 2432224332, (2016).
DOI: 10.1080/19443994.2016.1146922.

L. Zhu, M. Chen, Y. Dong, C. Y. Tang, A.
Huang, L. Li, “A low-cost mullite-titania
composite ceramic hollow fiber microfiltration
membrane for highly efficient separation of oil-
in water emulsion”, Water Res., 90: 277-285,
(2016). DOI: 10.1016/j.watres.2015.12.035.
M. F. Twibi, M. H. D. Othman, S. K. H., S. A
Alftessi, T. A. Kurniawan, A. F. Ismail, M. A.
Rahman, J Jaafar, Y. O. Raji, “Development of
high strength, porous mullite ceramic hollow
fiber membrane for treatment of oily
wastewater”, Ceram. Int., 47: 15367-15382,
(2021). DOI: 10.1016/j.ceramint.2021.02.102.
Q. Chang, J. Zhou, Y. Wang, J. Liang, X.
Zhang, S. Cerneaux, et al., “Application of
ceramic microfiltration membrane modified by
nano-TiO2 coating in separation of a stable oil-
in water emulsion™, J. Membr. Sci., 456: 128—
133, (2014).

DOI: 10.1016/j.memsci.2014.01.029.

X. Hu, Y. Yu, J. Zhou, Y. Wang, J. Liang, X.
Zhang, et al., “The improved oil/water


http://planetearthherald.com/egypt-faceswater-crisis-the-end-of-the-nile-as-we-knew-it/
http://planetearthherald.com/egypt-faceswater-crisis-the-end-of-the-nile-as-we-knew-it/
http://www.ecomena.org/Egypt-water/
http://www.egyptindependent.com/news/desalinated-water-could-help-quench-thirsty-egypt
http://www.egyptindependent.com/news/desalinated-water-could-help-quench-thirsty-egypt

A SYSTEMATIC LITERATURE REVIEW OF CERAMIC MEMBRANES APPLICATIONS ....... 511

[90].

[91].

[92].

[93].

[94].

[95].

[96].

[97].

[98].

[99].

separation performance of graphene oxide
modified Al,Oz microfiltration membrane”, J.
Membr. Sci., 476: 200-204, (2015).

DOI: 10.1016/j.memsci.2014.11.043.

X. Chen, L. Hong, Y. Xu, Z. W. Ong, “Ceramic
pore channels with inducted carbon nanotubes
for removing oil from water”, ACS Appl.
Mater. Interfaces., 4 (4): 1909-1918, (2012).
DOI: 10.1021/am300207b.

X. Zhao, Y. Su, Y. Liu, Y. Li, Z. Jiang, “Free-
standing graphene oxide-palygorskite
nanohybrid membrane  for  oil/water
separation”, ACS Appl. Mater. Interfaces, 8
(12): 8247— 8256, (2016).

DOI: 10.1021/acsami.5h12876.

X. Chen, J. F. Lim, Y. Xu, L. Hong, “Operating
conditions and feed composition on filtering
emulsified ol using  ceramic-hybrid
membrane”, Ceram. Int., 42 (15): 17101-
17109, (2016 a).

DOI: 10.1016/j.ceramint.2016.07.221.

M. Fujiwara, T. Imura, “Photo induced
membrane separation for water purification and
desalination using azobenzene modified
anodized alumina membranes”, ACS Nano, 9
(6): 5705-5712, (2015).

DOI: 10.1021/nn505970n.

J. Kujawa, S. Cerneaux, W. Kujawski,
“Removal of hazardous volatile organic
compounds from water by vacuum
pervaporation with hydrophobic ceramic
membranes”, J. Membr. Sci., 474: 11-19,
(2015). DOI: 10.1016/j.memsci.2014.08.054.
X. Chen, M. Qiu, H. Ding, K. Fu, Y. Fan, “A

reduced graphene oxide nanofiltration
membrane intercalated by well-dispersed
carbon nanotubes for drinking  water

purification”, J. Nanoscale, 8 (10): 5696-5705,
(2016 b). DOI: 10.1039/C5NR08697C.

H. Huang, Z. Song, N. Wei, L. Shi, Y. Mao, Y.
Ying, et al., “Ultrafast viscous water flow
through nanostrand-channelled graphene oxide
membranes”, Nature Communications, 4:
(2013). DOI: 10.1038/ncomms3979.

S.S. Badawy, S.A. Shokry, A.A. Ismail, M. S.
Zeiada, “Study on the removal of iron (111) and
chromium (I111) from aqueous streams using
inorganic nanofiltration membrane”, Australian
J. Basic. Appl. Sci., 5 (11): 236-243, (2011).
N. Abdullah, N. Yusof, W.J. Lau, J. Jaafar, A.F.
Ismail, “Recent trends of heavy metal removal
from  water/wastewater by  membrane
technologies”, J. Ind. Eng. Chem., 76: 17-38,
(2019). DOI: 10.1016/j.jiec.2019.03.029.

A. Ali, A. Ahmed, A. Gad, “Chemical and
microstructural analyses for heavy metals
removal from water media by ceramic
membrane filtration”, Water Sci. Technol., 75
(2): 439-450, (2017).

Egypt. J. Chem. 65, No. 7 (2022)

[100].

[101].

[102].

[103].

[104].

[105].

[106].

[107].

[108].

[109].

DOI: 10.2166/wst.2016.537.

A. K. Basumatary, R. V. Kumar, A. K.
Ghoshal, G. Pugazhenthi, “Synthesis and
characterization of MCM-41-ceramic
composite membrane for the separation of
chromic acid from aqueous solution”, J.
Membr. Sci., 475: 521-532, (2015).

DOI: 10.1016/j.memsci.2014.10.055.

R. V. Kumar, A.K. Basumatary, A.K. Ghoshal,
G. Pugazhenthi, “Performance assessment of an
analcime-C zeolite—ceramic composite
membrane by removal of Cr(V1) from aqueous
solution”, J. RSC Advances, 5 (9): 6246-6254,
(2015 b). DOI: 10.1039/C4RA14527E.

A. K. Basumatary, R. V. Kumar, A. K.
Ghoshal, G. Pugazhenthi, “Cross flow
ultrafiltration of Cr(VI) using MCM-41, MCM-
48 and Faujasite (FAU) zeolite-ceramic
composite membranes”, Chemosphere, 153:
436-446, (2016).

DOI: 10.1016/j.chemosphere.2016.03.077.

S. Sklari, A. Pagana, L. Nalbandian, V.
Zaspalis, “Ceramic membrane materials and
process for the removal of As(l11) / As(V) ions
from water”, J. Water Process Eng., 5: 42-47,
(2015). DOI: 10.1016/j.jwpe.2014.12.010.

Y. Lu, T. Chen, X. Chen, M. Qiu, Y. Fan,
“Fabrication of TiO2-doped ZrO; nanofiltration
membranes by using a modified colloidal sol-
gel process and its application in simulative
radioactive effluent”, J. Membr. Sci., 514: 476—
486, (2016).

DOI: 10.1016/j.memsci.2016.04.074.

J. He, X. Cai, K. Chen, Y. Li, K. Zhang, Z. Jin,
et al., “Performance of a novelly defined
zirconium metal-organic frameworks
adsorption membrane in fluoride removal”, J.
Colloid. Inter. Sci., 484: 162-172, (2016).
DOI: 10.1016/j.jcis.2016.08.074.

R. Shang, A. R. D. Verliefde, J. Hu, Z. Zeng,
J. Lu, A. J. B. Kemperman, et al., “Tight
ceramic UF membrane as RO pre-treatment: the
role of electrostatic interactions on phosphate
rejection”, Water Res., 48: 498-507, (2014).
DOI: 10.1016/j.watres.2013.10.008.

X. Yang, T. Fraser, D. Myat, S. Smart, J.
Zhang, J. C. D. da-Costa, et al., “A
pervaporation study of ammonia solutions
using molecular sieve silica membranes”,
Membranes (Basel), 4 (1): 40-54, (2014).
DOI: 10.3390/membranes4010040.

X. Yang, L. Ding, M. Wolf, F. Velterop, H. J.
M. Bouwmeester, S. Smart, et al,
“Pervaporation of ammonia solution with y-
alumina supported organosilica membranes”,
Sep. Purif. Technol., 168: 141-151, (2016).
DOI: 10.1016/j.seppur.2016.05.017.

S. Cerneaux, I. Struzynska, W. M. Kujawski,
M. Persin, A. Larbot, “Comparison of various



512

D. Rashad et.al.

[110].

[111].

[112].

membrane distillation methods for desalination
using hydrophobic ceramic membranes”, J.
Membr. Sci., 337 (1-2): 55-60, (2009).

DOI: 10.1016/j.memsci.2009.03.025.

S. R. Krajewski, W. Kujawski, M. Bukowska,
C. Picard, A. Larbot, “Application of fluoro-
alkylsilanes (FAS) grafted ceramic membranes
in membrane distillation process of NaCl
solutions”, J. Membr. Sci., 281 (1-2): 253-259,
(2006). DOI: 10.1016/j.memsci.2006.03.039.
A. K. Fard, T. Rhadfi, M. Khraisheh, M. A.
Atieh, M. Khraisheh, N. Hilal, “Reducing flux
decline and fouling of direct contact membrane
distillation by utilizing thermal brine from MSF
desalination plant”, Desalination, 379: 172—
181, (2016).

DOI: 10.1016/j.desal.2015.11.004.

H. Abdallah, Sh. K. Amin, H. H. Abo-
Almaged, M. F. Abadir, “Fabrication of

Egypt. J. Chem. 65, No. 7 (2022)

[113].

[114].

ceramic membranes from  nano-rosette
structure high alumina roller kiln waste powder
for desalination application”, Ceram. Int., 44
(7): 8612-8622, (2018).

DOI: 10.1016/j.ceramint.2018.02.077.

A. Belgada, B. Achiou, S. A. Younssi, F. Z.
Charik, M. Ouammou, J. A. Cody, R Benhida,
K. Khaless, “Low-cost ceramic microfiltration
membrane made from natural phosphate for
pretreatment of raw seawater for desalination”,
J. Eur. Ceram. Soc., 41: 1613-1621, (2021).
DOI: 10.1016/j.jeurceramsoc.2020.09.064.

J. W. Wang, L. Li, J. W. Zhang, X. Xu, C. S.
Chen, “Sialon ceramic hollow fiber membranes
with high strength and low thermal conductivity
for membrane distillation”, J. Eur. Ceram. Soc.,
36 (1): 59-65, (2016).

DOI: 10.1016/j.jeurceramsoc.2015.09.027.



