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a b s t r a c t
Ceramic based composite has attracted remarkable interest due to its pore structure that enables 
pollutants removal from water and wastewater treatment including inherent thermal and chem-
ical stability. Detailed studies towards the improvement of pore networks of ceramic composites 
in terms of cost effective fabrication and characterization techniques for water and wastewater 
treatment is the focus of this study. This review introduces different forms of ceramic composites 
including alumina, mineral based ceramic composites, silica derived ceramic composites, tita-
nium ceramic composites, zirconia, zeolite and oyster shell based composites for improved appli-
cation for water and wastewater treatment. Fabrication methods which includes pore-forming 
agent technique, vacuum impregnation process and 3D gel printing have shown ample viability 
for the development of highly robust porous ceramic composite membranes with tailored poros-
ity. The removal of organic and inorganic pollutants from water and wastewater was attributed 
to improved pore structure of ceramic composites. The high stability, durability and low foul-
ing including high flux exhibited by ceramic composites indicated its prospects for water and 
wastewater treatment. The article reviews the synthesis of ceramic based composites and their 
functional properties with the aim of providing literature support for future applications.
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1. Introduction

High production of effluents especially from indus-
tries have increased research methods for wastewater 
treatment in order to minimize the effect of water and 
land pollution as a result of discharge to the environment 
and the receiving water [1]. Industries such as agro-allied, 
mining and smelting, pulp and paper, pesticides, soap 

and detergents generate very high amount of wastewater.  
As a result, effective treatment methods to remove pollutants 
from wastewater remains a challenge to environmental 
scientists and engineers in most of the developing coun-
tries in the world [2]. Some of the conventional wastewater 
treatment technologies include coagulation, ion-exchange, 
reverse osmosis, nanofiltration and adsorption [3]. Among 
these treatment methods, adsorption is considered cost 
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effective and environmentally friendly due to its large 
surface area and the porous nature of the adsorbents for 
the permeation of pollutants. Even though, membrane 
fouling is a dominant factor that restrains the membrane 
performance in prolonged operation, the choice of mem-
brane materials, the tailoring of the membrane pore size 
and the pore size distribution can effectively mitigate the 
fouling induced by the obstruction of pores [4–6]. Recently, 
with the advancement of broad based strategic industrial 
processes for wastewater treatment, there is urgent need 
for substitute high-performing porous membranes adsor-
bents of high mechanical stability, ion exchange character-
istics, high removal capacity and regeneration potentials 
that can sufficiently meet the demands of these technol-
ogies, which also can be a suitable alternative to con-
ventional treatment methods [7–11].

For this purpose, ceramic membranes have been found 
to be the preferred candidates relative to polymeric mem-
branes due to: (i) a relatively narrow pore size distribution 
and higher porosity, leading to excellent separation capac-
ity and a higher flux, (ii) superior mechanical stability 
(giving room for greater pressures), (iii) superior chemical 
stability leading to longer lifespan of the membrane, and 
(iv) superior hydrophilicity leading to high fluxes at lower 
pressures and lower fouling [12].

The application of low cost ceramic-based adsorbents 
have been widely reported in the literature. For example, 
Vo et al. [13] reported the adsorption of ammonia on a mes-
oporous alumina membrane. The authors revealed that the 
sorption capacity was enhanced by the textural proper-
ties of the adsorbent [14,15]. Similarly, Kim et al. [16] have 
investigated the uptake capacity of bed shaped alumina 
membrane with tunable particle size for the removal of 
ammonia, the authors revealed that optimum adsorption 
efficiency was achieved using the least particle size. Khan 
et al. [17] have reported that chemical modification of alu-
mina using HCl and NaOH increased the sorption capac-
ity of the adsorbent for the removal of emerging pollutants 
such as acrylic acid. The authors attributed the removal 
efficiency to non-spontaneous exothermic adsorption pro-
cess that occurred within the solid-solution boundary. 
Suganuma et al. [18] investigated the adsorption efficiency 
of amorphous silica-alumina for the removal of nitro-
gen from heavy oil. It was revealed that pore diffusion of 
compounds can be attributed to the sorption capacity [19].

Even though the excellent synergy and interaction 
between the ceramic matrix structures and the pore net-
works have made the traditional porous ceramic materials 
as an ideal choice, the intrinsic brittleness including great 
sensitivity to post-fabrication machining have restrained 
the prospects of porous ceramic membrane as ideal mate-
rials for numerous load-bearing applications and extreme 
operational conditions [20–22]. By way of illustration, alu-
mina ceramic (Al2O3) has significant chemical and high 
mechanical strength and stability but have low thermal 
shock resistance [23,24]. Therefore, in spite of being a lead-
ing porous ceramic material, plain alumina ceramics are yet 
to sufficiently exhibit the necessary functional properties 
to withstand the passage of time and also working under 
the detrimental effect linked with shocks from sudden 
thermomechanical loading. As a consequence, it becomes 

essential for academics and industrial operators to rework 
the conventional porous ceramics so as to enhance their 
mechanical and functional features properties for water 
wastewater treatment. He et al. [25] studied the use of 
ceramic membrane for the treatment of water and waste-
water. The drawback in their study lies in the high fabri-
cation cost of precursors and lack of in-depth fabrication 
techniques capable of enhancing the performance and long 
service life of the membranes.

To address these problems, recent investigations have 
revealed that the composite approach as an effective way 
to rework the traditional porous ceramics by developing 
porous ceramic composites through the powder consoli-
dation and chemical based techniques such as the utiliza-
tion of particulate (e.g., metals, polymers and multi-phasic 
ceramics) and fiber (e.g., carbon nanotubes and graphene 
nanosheets) reinforcements. In recent years, the hierarchical 
porosity of ceramic based composites have become subject 
of intensive review [26]. However, no review study have 
been reported on the intrinsic functional properties and fab-
rication techniques of enhancing the performance of porous 
ceramic composite for wastewater treatment. Therefore, 
in order to gain deeper insight into the research progress 
made thus far with the implementation of the composite 
approach to rework traditional porous ceramics, this study 
gives detailed information on the different processing 
techniques for the synthesis of porous ceramic composites 
and the various characterization techniques for the evalu-
ation of the properties of porous ceramic composites. This 
review comprehensively discuss the application of ceramic 
composite including the strengths and limitations under 
different categories of ceramic composites for the removal 
of pollutants from water and wastewater. This study on 
porous ceramic composite is focused on activated alumina, 
modified alumina and mineral based alumina composites. 
There are works in the literature which are solely confined 
to the application of composite membranes for the stated 
purpose of pollutant removal from water and wastewater. 
However, the synthesis and application of ceramic compos-
ites membranes has evolved in the frontline for wastewater 
treatment. The authors wish to recommend that the poten-
tial and capacity of the ceramic composite materials is based 
on the operational parameters of the experimental set and 
the impact on the type of wastewater investigated.

2. Overview of processing techniques

Porous ceramic membranes have found immense appli-
cation in several industrial technologies including thermal 
insulation, fuel cell technology, catalyst support, wastewater 
treatment and others [27–31].

In recent years, the application of ceramic membranes 
for water purification via membrane distillation has been 
extensively discussed. The efficiency of the treatment pro-
cess can be attributed to their excellent chemical, thermal 
and structural stabilities. Most ceramic membranes are 
made from metal oxides such as alumina and silica which are 
hydrophilic in nature because of the presence of hydroxyl 
(OH–) groups on the surface. This surface behaviour inhib-
its them from being used up in the process of membrane 
distillation. In some instances surface modification is 
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required to improve on the hydrophobic surface ceramic 
composite. Fang et al. [32] prepared a hydrophobic porous 
alumina from hydrophilic hollow fiber through grafting 
with fluoroalkylsilane for water desalination. The perfor-
mance efficiency of the hydrophobic fiber was determined 
by vacuum membrane distillation.

Dele-Afolabi et al. [33] prepared porous ceramic com-
posites using alumina as the ceramic matrix and nickel as 
the metal reinforcement including agricultural waste mate-
rials such as rice husk (RH) and sugarcane bagasse (SCB) 
as pore-forming agents (PFA). Relative to the problem of 
homogenization experienced in some other ceramic rein-
forcements, nickel particles were uniformly distributed in 
alumina via wet milling in ethyl alcohol and subsequently 
dry milled to crush lumps from dried slurry. Meanwhile, 
before the pore-forming materials were included. Locally 
sourced agro-waste pore formers (RH and SCB) were pul-
verized, leached in 1M HCl solution and were sieved to 
achieve a particle size in the range of 63–25 µm. After pre-
paring the PFA, both the composite blend and pore former 
powders were obtained by dry milling and thereafter they 
were exposed to a manual mixing using an agate mortar 
to homogenize the sucrose solution binding agent and the 
powder blends. Afterwards, the samples were compacted 
at 95 MPa and exposed to an optimal heat treatment on 
the basis of the thermal properties of the PFA. The organic 
burnout process was first performed on the green pellets for 

the PFA decomposition and thereafter sintered at 1,450°C. 
The sintering temperature profile was to ensure a bear-
able viscosity level of the Ni melt (melting temperature of 
nickel = 1,450°C) and also to reduce the extrusion of the 
reinforcement of Ni during sintering. A schematic for the 
fabrication of the Ni-reinforced porous alumina composites 
is illustrated in Fig. 1.

Wang et al. [34] employed a special two-step sintering 
technique to develop porous ceramics of aluminum tita-
nate-strontium feldspar-mullite (ASM) ternary composite. 
The procedure involved the preparation of Al2TiO5 clinker 
by mixing Al2O3 and TiO2 powders in ethyl alcohol medium 
and subsequently calcined at 1,550°C for 3 h. To prepare 
the strontium feldspar (SrO·Al2O3·2SiO2), Al2O3, SrCO3 and 
TiO2 powders were mixed in ethyl alcohol medium and 
subsequently calcined at 1,400°C for 3 h. Thereafter, the 
ASM ternary composite having 70% Al2TiO5 clinker, 25% 
SrO·Al2O3·2SiO2 and 5% mullite fiber (3Al2O3·2SiO2) was 
mixed with potato starch pore-forming agent for 4 h. The 
powder blend was dry-pressed, dried and was later sin-
tered by the two-step sintering technique to obtain the ASM 
porous ceramic composites.

Khattab et al. [35] prepared porous alumina-felsite 
ceramic composites using coagulation casting method con-
sisting of samples of alumina using different weight ratio of 
felsite powder (0, 10, 20, 30 wt.%) alongside 0.6 wt% ACT 
based on powder and 0.6 mol/L of urea (catalyst) were 

Fig. 1. Schematic for the fabrication of the Ni-reinforced porous alumina composites [33].
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employed in preparing the suspended ceramic slurries. 
Acidic slurries were prepared at pH 4 by introducing H2SO4 
acid. Urease was employed as an enzyme for shifting the 
pH of acidic slurries from 4 to 9. Activated urease enzyme 
reacted with urea and raised pH which induced coagulation. 
Afterwards, samples were remolded, dried for 7 d at 25°C 
and 90% relative humidity and sintered at 1,550°C, 1,600°C, 
and 1,650°C.

Highly permeable ceramic thin film composite hollow 
fiber membranes (HFMs) prepared through graphene oxide 
(GO) pre-coating technique was reported by Cho et al. [36]. 
The entire coating processes for developing the ceramic 
composite HFMs with sacrificial GO layer (AG-HFM) are 
presented in Fig. 2. In order to develop the GO interlay-
er-coated HFM (G-HFM), the dispersed GO was diluted with 
ethyl alcohol at ratio 1:1 to produce a uniform GO layer on 
the support HFM. The prepared GO solution was coated 
on the HFMs support using a simple dip-coating method. 
The G-HFM was dried for 1 h at ambient temperature 
prior to coating with boehmite sol. In addition, γ-alumina 
active layer was prepared by similar dip-coating process. 
Lastly, the dried samples were calcined at various tempera-
tures for the preparation of active layers with various pore 
sizes. The samples were vertically placed in a muffle fur-
nace and fired up to the final temperature (200°C–1,000°C) 
at heating rate of 1°C/min and were then cooled naturally.

Li et al. [37] prepared Si3N4-SiCN ceramic composite 
foams consisting of hierarchical pore structure using pro-
tein-based gelcasting and infiltration of precursor and 
pyrolysis (PIP). Preparation of the porous ceramic compos-
ites began with gelcasting process where the raw materials 
having weight ratio of 94:3:1.8:1.2 (Si3N4:SiO:Y2O3:Al2O3) 
were adequately milled with 10 wt% which was relative 
to the powder mixture, egg white powder, followed by the 
addition of distilled water stepwise. Subsequently, the mix-
tures were ball milled to produce ceramic slurry. Thereafter, 
pouring of the slurry into the mold was achieved and was 
maintained at 80°C in a water bath to produce the ceramic 
gel. The gel was completely dried and then placed in the 
oven. Lastly, dried gel was burnt out at 600°C for 1 h to 
eliminate the organic materials and finally the porous Si3N4 
green samples were produced. The PIP process was per-
formed through the infiltration of the porous Si3N4 green 

samples by PSZ-50 solution (n-hexane solvent) after which 
the solvent of the solution was eliminated by heating in the 
oven and by curing simultaneously at 220°C and 250°C. 
The pyrolysis and pressureless sintering were then per-
formed by heating samples to 800°C within 3 h of pyrolysis 
and then to 1,500°C–1,650°C for 2 h of sintering.

For the purpose of characterizing the mechanical prop-
erties and also in vitro response of a porous ceramic compos-
ite bone tissue scaffold, Guzzo and Nychka [38] developed 
the composite scaffolds by utilizing bioactive glass frit and 
aqueous sodium silicate liquid. Unannealed melt-cast 45S5 
bioactive glass frit was employed as matrix for developing 
the composite scaffolds. Two different scaffolds were devel-
oped, discs (10 mm diameter; 2.7 mm height) and right cyl-
inders (12 mm diameter; 27 mm height). The smaller disc 
specimens were utilized for in vitro investigation and the 
mechanical performance was investigated using larger right 
cylinders. Pastes having similar quantity of frit and differ-
ent fractions of binder phase (18, 25, and 32 wt.%) were 
produced so as to determine the binder amount influence 
on structure along with mechanical and in vitro behavior. 
Porous hydroxyapatite ceramic (PHC)-based composite 
phase change materials (PCMs) were prepared by Wu et 
al. [39] using the vacuum impregnation process. Firstly, the 
PHCs and solid PEG were fixed in a closed glass vessel. 
The vessel was thereafter removed using a vacuum pump. 
During this period, the vessel was placed in the water bath 
and was heated up to 70°C to melt the PEG in order to allow 
it to completely infiltrate the PHC. Lastly, the composite 
was removed and allowed to cool on a filter paper. For the 
purpose of removing the remaining PEG on the PHC sur-
face, it was placed in an oven (70°C) and the filter paper 
was replaced multiple times until no PEG was left on the 
filter paper.

Shao et al. [40] successfully developed porous CaSiO3-
CaSO4 composite scaffolds using 3D gel-printing (3DGP) 
technology. As seen in Fig. 3, the slurry of the composite 
powder prepared. Thereafter, the computer sliced the 3D 
model via the slicing software followed by layer-by-layer 
printing of the green body. Lastly, the green body was fired 
to obtain the composite scaffold. Porous chitosan/ZnO-
doped bioglass composites were developed using chitosan 
solution and ZnO-doped bioglass from CaO-SiO2-P2O5 

Fig. 2. Schematic representing developing the ceramic composite HFMs with sacrificial GO layer (AG-HFM) [36].
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system [41]. The composites were obtained through lyo-
philization of stable dispersions formed by mixing of 2% 
chitosan solution in acetic acid solution with bioglass 
grains so as to maintain 1:1, 1:3, and 1:5 bioglass and 
polymer weight ratio. The lyophilization process was per-
formed by freezing and sublimation of the solvent using the 
Christ BETA 1-16 lyophilizer.

In summary, the investigations discussed above high-
light relatively cost-effective fabrication techniques for 
developing ceramic composite membranes. Indeed, pow-
der metallurgy technique seemed more economically via-
ble for the development of porous ceramic composites 
using pore-forming agents from natural organic matters 
since the high immiscibility factor of these materials with 
ceramic slurry makes the application of other techniques 
more challenging. Meanwhile, coagulation casting method 
has proven to be highly promising for mass production 
of porous ceramic composites with complex shapes, high 
strength and high reliability. Defects can be eliminated to 
a large extent due to easy control of particle-particle inter-
actions and increased packing density in the wet stage rel-
ative to dry processing. However, due to the existence of 
various chemical pathways, different strengths are exhib-
ited by the bonds between the coagulated ceramic particles. 
Three-dimensional (3D) gel-printing technology has made 
the fabrication of ceramic composite membranes with arbi-
trarily complex shapes possible. However, this technique 
is more expensive relative to other techniques discussed 
above and industrial mass production of ceramic compos-
ite membranes with larger size is quite challenging owing 
to the intrinsic brittle nature and low expansion coefficient 
of ceramic-based materials. With the vacuum impregna-
tion process, uniform distribution of pore sizes can be 
achieved, nonetheless, the difficulty in controlling the pH 
value and temperature of precipitation can adversely affect 
the developed ceramic composite membranes using this 
system.

3. Characterization of porous ceramic composites

3.1. Porosity and microstructural characterization of 
porous ceramic composites

The adequate control of parameters of porosity is very 
critical in maintaining remarkable strength integrity in 
porous ceramic composites. So far, numerous researchers 
have utilized the method of linear intercept using ASTM 
E112 [43] and mercury porosimetry [44] for measuring the 

pore structures, while the parameters of density and porosity 
of the porous ceramic composites have been measured using 
the Archimedes’ principle (ASTM C20) as presented in the 
equations below [45]:
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×
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where mdry denotes dry mass of sample, msuspended indicates 
mass of the sample suspended in water, mwet represent mass 
of sample after soaking mwire signifies mass of the suspend-
ing system, ρwater represents density of water, Ptotal illustrates 
volume fraction of total porosity of sample and Popen is the 
fraction of volume of open porosity of the sample, ρtheoretical 
indicates theoretical density.

Researchers have utilized metallographic method for 
sample preparation for many years in preparing porous 
ceramic composites for detailed microstructural evalua-
tion. Porous ceramic composites using this technique are 
subjected to different processes in the order of grinding, 
polishing, etching and microscopic evaluation. Considering 
the preponderance of surface deformities as well as the 
fragile nature of pore cavities in the sintered porous 
ceramic composites, it is important to utilize the fine grind-
ing (1,200 and 4,000 mm SiC papers) and polishing pro-
cesses to prepare samples free from scratches, cracks and 
most importantly to avoid having blocked pores. In spite 
of being optional, etching is carried out to achieve plain 
microstructure with respect to the polished sample by uti-
lizing the chemical etching technique (very strong and haz-
ardous reagents) or the thermal etching technique (heating 
up polished sample up to approx. 200°C of the sintering 
temperature) [46]. The most popular microscopic technique 
which can be utilized for microstructural examination 
of porous ceramic composites is the electron microscope 
including the scanning electron microscope (SEM) and the 
transmission electron microscope (TEM). The SEM is fre-
quently used for viewing and measuring the microstruc-
ture and the pore structures of porous ceramic composites 

Fig. 3. Schematic representation of 3DGP process for porous composite scaffolds [42].
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respectively. More so, sputter coating of the specimen with 
ultra-thin electrically conductive metals such as gold, plat-
inum, silver, chromium etc., is needed owing to their low 
electrical conductivity of ceramic matrix and the presence 
of pore structures that quickens the build-up of electro-
static charges hence, resulting to electron beam deflection 
and charging effect. The coating functions as the conduc-
tive metal layer on the porous ceramic composite sample is 
to obstruct charging effect and to enhance secondary elec-
tron signal which is needed for the microstructural exam-
ination in the scanning electron microscope. Meanwhile, 
the granular microstructure of porous ceramic composites, 
particularly, the ones reinforced with metals can be exam-
ined by utilizing the transmission electron microscope. In 
order to conduct this analysis. The focused ion beam (FIB) 
with the SEM of a dual beam system are utilized in produc-
ing a high quality electron transparent membrane (lamella 
thickness of approx. 80 nm) from the coated porous ceramic 
composite specimen (Fig. 4). After selecting a spot of inter-
est, the ion beam is then utilized to deposit approximately 
0.5–1 mm thick metal line (Fig. 4a). Thereafter, high beam 
current is employed to mill bulk materials from the spot of 
interest, leaving out only a tab of material to hold the spec-
imen (Fig. 4b). By using a micromanipulator tip, the thin 
lamella sample is eliminated and positioned on a copper 
grid as shown in Fig. 4c and d, respectively. A magnified 
micrograph of the porous ceramic composite specimen 
for TEM analysis is shown in Fig. 4e. Fig. 5a and b show 
the SEM and TEM microstructures of rice husk-shaped 
Ni-reinforced porous alumina composite respectively.

3.2. Mechanical properties characterization 
of porous ceramic composites

Several researchers have employed three different types 
of mechanical properties test for the characterization of 
porous ceramic materials which includes Brazilian disk test, 
compression test, hardness test and flexural strength test.

3.2.1. Brazilian disk test for porous ceramic composites

The Brazilian disk test (also called diametral compression 
test or indirect tensile test) is one of the major tests utilized 
in measuring the tensile strength (Fig. 6) of brittle materi-
als such as rocks, concrete, polymers and ceramics [48,49]. 
ASTM D3967 and ASTM C496/496M explain the apparatus 
for testing, sample preparation, and steps involved in the 
determination of the splitting tensile strength of rock and 
concrete specimens respectively by diametral line com-
pression of a disk-shaped specimen [50,51]. The value of 
the tensile strength and tensile strain can be determined by 
the following equations:

σ
πt
P
Dt

=
2  (4)

εt
d
D

=  (5)

where P is the tensile load, D, t and d are the diameter, thick-
ness and vertical displacement of the sample respectively.

Meanwhile, the Young’s modulus which is measured 
from the gradient of the initial straight line part of the ten-
sile stress-tensile strain plot (Hibbeler and Fan) can be 
expressed as [52]:

E =
σ
ε

 (6)

Moreover, in order to obtain an acceptable consistency 
level in the results and to ensure agreement with theories 
of brittle failure relative to the sample size effects, Kumar 
and Prashanth and Sandoval et al. proposed that the ratio 
between the thickness and diameter t/D of the ceramic 
disk must be maintained within a range of 0.2–0.25 so as 
to ensure that fracture is triggered by tensile stress only 
[54,55]. It is also important to note that the t/D ratio above 
must fall within the range (0.2–0.75) highlighted in the 
ASTM D3967 and ASTM C496/C496M standards. Similarly, 
it is important to ensure uniform distribution of the load 
and decrease the friction between the sample and platen 
to a bearable level. With respect to this, usage of padding 
materials and lubricant paste have been proposed by 
Sandoval et al. and Fahad [56,57].

The typical fracture patterns exhibited by the broken 
ceramic samples are as follows: Triple-cleft fracture (TCF) 
[55,58]: This is typified by a central fissure running along 
the diametral axis of the point of load application (diame-
tral fracture, DF) alongside secondary cracks that spread 
parallel to the central fissure and causes triple fragmenta-
tion due to the additional failure of the internal fragments. 
Load region fracture (LRF) takes place between the ceramic 
sample and compression platens. It consists of the presence 
of shear prism at generator culminating with tiny flakes 
from the disk detached from the sample surface adjoining 
the contacting platen. Moreover, total fragmentation of the 
ceramic sample can take place in severe cases such as in the 
combination of DF and LRF. The typical fracture patterns 
observed in porous ceramic materials are presented in Fig. 7.

3.2.2. Compressive strength test for porous  
ceramic composites

There are existing ASTM standards including ASTM 
C1424 and ASTM C365/C365M for testing monotonic com-
pressive strength of advanced ceramics at room tempera-
ture and for compressive properties of sandwich cores 
respectively [59,60]. However, owing to some limitations 
in this category of advanced ceramics (i.e., porous ceramic 
composites), alternative test configurations may be followed 
[61]. Dam et al. presented a deformation-mode map for open 
cell alumina where the compressive strength was measured 
by obtaining from the compressive stress-strain graph the 
point of maximum load before the commencement of strong 
crushing of the sample [62]. The compressive strength and 
strain can be obtained by dividing the applied load by 
the surface area of sample and dividing the applied dis-
placement by the sample thickness respectively according 
to the equations below:

σ
πc
P
D

=
4

2  (7)
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εc
d
t

=  (8)

where P is the load (N), D and t are the diameter (m) and the 
thickness (m) of the disk respectively, and d is the actuator 
displacement (m).

3.2.3. Hardness test for porous ceramic composites

The measurement of hardness is an important testing 
procedure that has been utilized in several decades down 
the line by for measuring the level of resistance of porous 

ceramic composites to frictional forces such as abrasion. 
The ASTM standard, ASTM C1327 is frequently used as 
the standard test procedure for Vickers indentation hard-
ness of advanced ceramics [63]. The value of the hardness 
(HV number) can be determined using the equation below:

HV =
1 8544

2

. F
d

 (9)

where F represents the applied load (N) and d indicates 
the average length (m) of the two diagonals left by the 
indenter.

Fig. 4. Dual beam specimen preparation for TEM examination of porous ceramic composites: (a) metal deposition on area of 
interest, (b) lamella cut on bulk sample, (c) lamella lift out, (d) lamella placement on copper (Cu) grid, and (e) final thinning on 
copper grid [47].
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Fig. 5. (a) SEM micrograph for pore microstructure, and (b) TEM micrograph for granular microstructure of rice husk-shaped 
Ni-reinforced porous alumina composite [47].

Fig. 6. Brazilian disk test (a) experimental device with direct load application and (b) stress distribution along the vertical plane [53].

Fig. 7. Typical fracture patterns observed in the porous alumina ceramics.
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3.2.4. Flexural strength test for porous ceramic composites

The investigation of flexural strength is another test 
to evaluate the mechanical strength that has been uti-
lized over the years to measure the capacity of bending 
strength of porous ceramic composites. ASTM C1674 
explains the test set-up, sample preparation and steps to 
measure the flexural strength of advanced ceramics with 
engineered porosity (honeycomb cellular channels) at 
room temperature [64]. There are other ASTM standards 
such as ASTM C1161 and ASTM C1684 for room tempera-
ture testing of the flexural strength of advanced ceramics 
having rectangular and cylindrical geometries respec-
tively [65,66]. The test can be conducted by utilizing both 
the four-point-1/4 point and three point loadings with 
prescribed spans and sample geometries as stated in the 
ASTM standards (Fig. 8).

For rectangular shaped porous ceramic composite sam-
ples, the formulas for the flexural strength in four-point- 
1/4 point flexure and three-point flexure are;

Four-point-1/4 point flexure:

σ f
PL
bd

=
3
4 2  (10)

Three-point flexure:

σ f
PL
bd

=
3
2 2  (11)

For cylindrical shaped porous ceramic composite sam-
ples, the formula for the flexural strength in four-point- 
1/4 point flexure and three-point flexure are given by:

Four-point-1/4 point flexure:

σ
πf
PL
D

=
4

3  (12)

Three-point flexure:

σ
πf
PL
D

=
8

3  (13)

3.3. Corrosion resistance properties characterization 
of porous ceramic composites

Corrosion mechanism study of porous alumina ceram-
ics under different acidic and alkaline conditions can be 
conducted using the weight loss measurement method 
(cf. Eq. 10) which is the preferred method for ceramic 

materials, since the dielectric nature of these materials 
makes them unsuitable for other corrosion testing meth-
ods. Before taking measurements, porous ceramic sam-
ples are machined and polished to obtain a geometry of 
18.5 mm (D) × 4.5 mm (t). Thereafter, samples are cleaned 
ultrasonically in ethanol for 10 min to degrease and remove 
traces of oxidation film. After drying, weighed sam-
ples are immersed in strong H2SO4 (20 wt%) and NaOH 
(10 wt%) aqueous solutions according to GB/T 1970-96, 
(1996) standard. An electric hot plate is employed to keep 
the solution temperature at 110°C for intervals of 2, 4, 6  
and 8 h.

M
M M

Mloss =
−

×0

0

1

100  (14)

where Mloss denotes mass loss rate after acid (or alkali) cor-
rosion, %; M0 indicates the mass of sample prior to corro-
sion, g; Mı represents the mass of sample after acid (or alkali) 
corrosion, g; Mloss = mass loss rate after acid (or alkali) corro-
sion, %; M0 = mass of sample before corrosion, g; Mı = mass of 
sample after acid (or alkali) corrosion, g.

At the end of each corrosion test, samples are removed 
from the experimental set up and ultrasonically rinsed for 
15 min to remove residual test solution as well as loose 
corrosion products. After which samples are dried until a 
constant mass was obtained. Fig. 9 shows the FESEM micro-
graphs of agro-waste-shaped Ni-reinforced porous alumina 
ceramic composites before and after corrosion in strong 
acid and alkali mediums.

4. Ceramic composites for water treatment

One of the most pressing challenges of the 21st cen-
tury is water pollution, this is because water security have 
profound consequences on societal wellbeing and the 
survival of global economy [1,68,69]. The application of 
porous ceramics for water treatment to ensure availabil-
ity of portable water have recently attracted remarkable 
interests. Porous ceramics are made of refractory oxides 
such as alumina, zirconia, titania and some other forms of 
oxides. Porous ceramics are often explored as a very suit-
able alternative and are advantageous compared to other 
water treatment materials due to their chemical, thermal 
and structural stabilities and are preferred treatment mate-
rial because they do not distort operational process, they 
are known to have resistance to high temperature and 
long treatment life span which implies that they are cost 
effective materials for water treatment. In general con-
text, most pathogenic microorganism and pollutants can 

Fig. 8. Schematic representation of the experimental (a) three-point flexure and (b) four-point flexure [53].
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be trapped on the surface of porous ceramics, however the 
effect of the surface attachment alone cannot satisfactorily 
distort the growth of microorganisms which can result to 
resistance to antimicrobial treatment. This drawback can 
be overcome by coating the ceramic surface with nano-
material such as silver nanoparticles. Silver nanoparti-
cles have better prospect as an antibacterial coating due 
to morphologies that allows the control of released sil-
ver [70]. However, if adsorption occurs on a surface of 
porous ceramic that exhibits weak force of attraction such 
as vanderwaals, there is the tendency for a wash away to 
occur by the momentum when water flows through the 
porous ceramics resulting in the dispersal into the liquid  
medium.

4.1. Activated alumina

The intrinsic characteristics of activated alumina 
encourages adsorption of pollutants on its surface. Lin et 
al. [71] stated that activated alumina is better suited for the 
adsorption of heavy metals compared to membrane sepa-
ration and ion exchange process. Mor et al. [72] reported 
that the significance of operating parameters including 
pH, contact time, adsorbent dosage and initial concen-
tration influenced the sorption capacity of activated alu-
mina for the removal of Cr ions. The authors attributed 
the effect of pH towards the increase in uptake capacity 
to the decrease in the electrostatic interaction involving 
negatively charged Cr ions and positively charged sur-
face of the adsorbent. Naiya et al. [73] investigated the 
adsorption capacity of activated alumina for the removal 

of Cd and Pb ions from aqueous solution and suggested 
that both adsorption and precipitation process occurred 
on the surface of the adsorbent as the pH increases. Ji et 
al. [74] reported the removal of Se (VI) and Se (IV) from 
activated alumina in a batch and continuous flow reactor 
and revealed that the adsorption capacity of activated alu-
mina was achieved within 12 h equilibrium time. Although 
the effect of NaHCO3 concentrations adversely affected 
the adsorption of Se (VI) on the membrane adsorbent.

4.2. Mineral based alumina ceramic composites

Alumina-based adsorbents have been given consider-
able attention for pollutant remediation due to their low 
economic cost of materials, effective removal of pollutants 
and they are environmentally friendly. Ceramic membranes 
have unique properties and the capacity to withstand 
extreme backwashing and aggressive chemical cleaning 
including effective regeneration potentials during applica-
tion [75,76]. However, commercialized ceramic membranes 
utilize very expensive ceramic materials, such as alumina, 
titania and silicon carbide to ensure purity. The potentials 
of ceramic composite such as alumina ceramic composite 
for wastewater treatment is attributed to the abundance of 
the natural minerals and the remarkable lower sintering 
cost. The synthesis of pyrophyllite-alumina ceramic com-
posite for the treatment of domestic wastewater demon-
strated cost effective approach and alternative membrane 
treatment method. Pyrophyllite is a natural clay material 
predominantly in South Korea. It serves as an alterna-
tive to low-cost ceramic membranes. Pyrophyllites have 

Fig. 9. FESEM micrographs of RH-graded Ni-reinforced porous alumina ceramics composites after corrosion for 8 h under 
different conditions (a) un-corroded, (b) 10 wt% NaOH, (c) 20 wt% H2SO4, and, SCB-graded Ni-reinforced porous alumina 
ceramics composites after corrosion for 8 h under different conditions (a) un-corroded, (b) 10 wt% NaOH, (c) 20 wt% H2SO4 [67].
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a composition consisting of aluminium silicate hydroxide 
(Al2Si4O10·(OH)2) containing one mole of aluminum(III) 
oxide (Al2O3) and four moles of silicon dioxide (SiO2). 
Although the flexural strength of mineral based pyro-
phyllite as support layers may not adequately provide the 
needed sufficiency, it could serve as a support material with 
the addition of alumina for the enhancement of composite. 
However, even though pyrophyllite is an environmentally 
promising new material, the problem of permeability is a 
major issue for microfiltration. [77] added diatomite for the 
enhancement of its permeability. Hence, a diatomite-ka-
olin composite was formed, while diatomite served as the 
matrix, kaolin served as a strength enhancer. Meanwhile, 
pyrophyllite served as the matrix in the formation of pyro-
phyllite-diatomite composite [78], while diatomite as a pore 
former. According to findings, an alumina-coated pyro-
phyllite-diatomite composite support layer could be reli-
ably maintained during the microfiltration test [79,80]. This 
implies that the low cost natural minerals exhibits water 
permeability which can be utilized as an effective filtration 
membrane and a cost effective alternative to conventional 
high cost porous ceramic membranes. The fabrication of 
low cost fly ash alumina composite has been reported to 
be an alternative cost effective membrane for wastewater 
treatment. However, the challenge of broad particle size of 
materials such as fly ash (1–100 µm) could adversely affect 
the efficiency of the ceramic membrane in terms of sepa-
ration of pollutants during wastewater treatment [81–83]. 
This drawback can be eliminated by fabricating a mem-
brane of smaller pore size diameter, additionally to ensure 
effective separation accuracy, there is need for the require-
ment of coating and sintering of the intermediate support 
layers [84] (Rashad et al., 2020). In this context, to reduce 
cost of fabrication of membrane and the number of interme-
diate layers on a macroporous support, Zhu et al. [85] fabri-
cated fly ash/ alumina composite membrane having a pore 
size by thermal spraying process. The membrane layer was 
coated without intermediate layers on a macroporous fly 
ash. This process reduced fabrication cost since there was 
no coating of many intermediate layers, the process can be 
considered for environment preservation by enabling the 
recycling of fly ash waste. The performance of the synthe-
sized fly ash alumina ceramic composite was investigated 
for the separation of oily emulsion from tin wastewater. 
Studies have found that the valorization of drinking water 
sludge can notably be applicable in ceramics due to the 
enhancement of mechanical strength as a result of partial 
replacement of clay with sludge. Mouratib et al. [86] syn-
thesized drinking water sludge membrane predominantly 
consisting of alumina as a ceramic membrane through dry 
pressing and sintering. The performance of the alumina 
ceramic membrane was applied for the removal of suspen-
sion in synthetic and industrial wastewater.

4.2.1. Ceramic carbonaceous composites

The application of silicon oxycarbide ceramics for water 
purification is gaining much attention. Silicon oxycar-
bide ceramics composite comprises of Si–O–C tetrahedral. 
The covalence of C and O exists as Si–O–C with Si atom in 
the amorphous phase [87]. The surface composition and 

chemical functionality of the carbonaceous microspheres, 
precursor composites and pyrolysis revealed that the dis-
tribution of C spheres occur outside the silicon oxycarbide 
ceramics. Coal waste and ashes from thermal power station 
are examples of ceramic raw materials for the production of 
composites [88]. The fabrication of carbonized silk ceramic 
composite via one step firing process indicated good cyclic 
property with homogenous heat distribution is shown 
in Fig. 10 [89].

Carbonaceous material such as carbon nanotubes 
(CNT), carbon nanodots including graphene oxide have 
been incorporated for the improvement of the water per-
meability of designed composite membrane due to its 
chemical, thermal stability and also its antifouling proper-
ties. The essential feature of ensuring selective water per-
meability by tuning structural defects makes it a favourable 
membrane for selective water treatment [90]. CNTs are 
nanostructured one-dimensional carbon materials and is 
attracting immense interest because of their intrinsic phys-
ical and chemical characteristics [91,92]. CNTs-based filters 
are of remarkable interest for water purification [93], this 
includes the removal of hydrocarbons from petrochem-
ical wastes due to its potential and capacity for oil and 
water separation in a separation membrane [94,95]. This 
property can be attributed to their affinity for hydropho-
bic solutes as a result of their CH/π-interactions. A ther-
mally resistant mullite-CNT composite for the removal of 
oil droplets from emulsions was investigated by Zhu et al. 
[85]. The composite material comprising of hierarchical 
structures was studied for the removal of tiny oil droplets 
from oil in water emulsions at high temperature.

From the morphology study, it was observed that the 
mullite-CNT composite has a characteristic membrane 
structure with the propensity for highly porous interlaced 
CNT thin layer which includes macro-void finger-like lay-
ers having CNTs grown along the macro-channels. Due to 
the porosity and interlocking behaviour of the high flux 
membrane, mullite CNT composite which permits low 
operating pressure enhanced the separation of oil in water 
emulsions at high-temperature to produce hot water with-
out the need for precooling. Carbonaceous materials are 
widely used interfacial membranes for water treatment. 
A low cost biochar based clay composite ceramic filter for 
point of use water treatment was reported by Chaukura et 
al. [96]. The fabrication of the ceramic filter was achieved 
via traditional firing method using a predetermined mix-
ture of dry clay powder, sawdust and distilled water 
which were mixed to obtain a thick dough. The synthe-
sized porous ceramic composite filter exhibited surface 
roughness both internally and externally which is signifi-
cant for hydrophilic interaction and water transport [97]. 
Hydrophilic membranes effectively remove hydrophobic 
solutes from analyte and decreases the tendency for fouling 
[98]. The carbon ceramic composite effectively reduced the 
concentration of TDS and DOC in the filtrate, although there 
was evidence of increase in the pH of the permeate which 
could be attributed to the effect of leaching of alkaline and 
alkaline earth metal oxides such as CaO K2O, Na2O from 
the ceramic [99]. The efficiency of the carbonaceous ceramic 
composite was as a result of the active functional groups on 
the surface of the biochar [100]. Acidic functional groups 
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such as carboxylic, carbonyl, lactonic and phenolic groups 
on the surface of biochar via chemical oxidation has the 
capacity for the adsorption of pollutants from wastewater.

The removal mechanism of pollutants from wastewa-
ter via a carbonaceous ceramic composite depends on the 
chemical composition on the active sites. The synergistic 
effect in the liquid phase of fluxes such as alkali and alkaline 
earth metals at a relatively low temperature in the formation 
of the internal structure is a subject for intensive research.

4.2.2. Silica based ceramic composites

Silica based ceramic composite derived from natu-
ral materials such as waste from rice husk for water treat-
ment is gaining attention. These materials are low cost with 
high selectivity and chemical stability [101]. However, sil-
ica ceramic composite have limited application for water 
treatment compared to alumina based ceramic composite. 
This is attributed to the interaction of Si–O–Si bonds that 
exists in the silica structure with water molecules which can 
result to the formation of Si–OH hydroxyl groups, result-
ing in the damage of the pore structure of the silica mem-
brane [102]. Therefore there is the need for the enhance-
ment of its hydro stability. For the modification of surface 
properties of silica ceramic materials, incorporating methyl 
groups in silica microstructure can improve on the stability 
of hydrophobic silica based membranes. Panchal et al. [103] 
have reported the improvement of silica ceramic composite 
using activated carbon eggshells nanoparticle. The strong 
intermolecular bonding between silica, activated carbon 
and eggshell nanoparticle was attributed to the formation 
of the porous surface of the composite which influenced the 
filtration process as indicated in Fig. 11.

At high temperature and under humid condition, it has 
been reported that silica based composite prepared by sol–
gel methods with the combination of inorganic oxides such 
as alumina (SiO2) and zirconia (ZrO2) improves the thermal 
stability of silica membranes [105].

The interaction between SiO2 and Al2O3 of the ceramic 
during sintering has been reported to improve on the 

chemical and mechanical stability of the ceramic composite 
[106]. In addition, for the reduction of sintering tempera-
ture of the ceramic composite, oxides of alkali and alkaline 
earth metals can serve as flux agent [107]. To optimize the 
performance of silica ceramic composite, mitigation of mem-
brane fouling is very important. Fouling occurs as a result 
of resistance attributed to the formation of cake-like layer 
on the surface of the composite membrane thereby reduc-
ing the efficiency of the membrane for clear water filtration. 
To achieve the purpose of anti-fouling behaviour, Alias et al. 
[108] reported the analysis of the permeation of water flux 
from polysulfone–rice husk silica ash mixed-matrix com-
posite membranes using PI membrane and suggested that 
the hydrophilic rice husk ash additive exhibited a uniform 
finger-like sub-layer which can be attributed to the enhance-
ment of the performance of anti-fouling characteristics 
of the composite.

4.2.3. Titanium ceramic composites

In the field of water purification, separation includ-
ing photocatalytic degradation of toxins, titanium dioxide 
(TiO2), has been widely applied for pollutants remedia-
tion to ensure environmental safety. However, the draw-
back of TiO2 in wastewater treatment is attributed to its 
narrow band gap consisting of 3.2 eV anatase which only 
allows a permissible ultraviolet (UV) light less than 387 nm. 
Therefore to ensure improvement and structural stability 
of TiO2, research on the synthesis of composite containing 
titania has been reported [109].

The biocompatibility of titania including its mechan-
ical strength is attributable to its outer oxidized layer. 
Incorporating titania-based active layer into porous ceramic 
membranes is assumed to have potential to enhance 
improved separation performances in the field of mem-
brane technology and separation processes which includes 
microfiltration (MF), ultrafiltration (UF) and nanofiltration 
(NF) [110]. The surface morphology of ceramic composite 
coated on titanium by micro arc oxidation (MAO) is illus-
trated in Fig. 12.

Fig. 10. Scheme of the fabrication process of (a) silk fabric based composite (SFC) and (b) silkworm cocoon based composite (SCC) [89].



A.A. Oyekanmi et al. / Desalination and Water Treatment 246 (2022) 174–195186

A non-uniform porous layer consisting of average 
pore size from 0.5 to 2.5 µm was observed on the surface 
of micro arc oxidized (MAO) coated surface of the com-
posite (Fig. 12a). These micro pores could be attributed to 
the formation of gas bubbles exhibited by the material in 
the molten phase. However the incorporation of SiC and 
SiO2 decreased the porosity of the composite membrane 
suggesting that the micro pore size is proportional to the 
coating process. Zhang et al. [112] have stated that the 
addition of SiC influences improved oxidation resistance 
by promoting the formation of a silica-rich ceramic mem-
brane. Mohsenifa et al. [113] reported that increase in the 
concentration of ceramic titanium oxide particles in coat-
ing influences increase in ionic absorption. The surface 
morphological changes of ceramic composite occur with 
the addition of titanium oxide particles and could result 
to the transformation of the composite membrane from a 
non- uniform grains membrane surface course to a smooth 
surface and fine grains membrane surface with enhance 
porous structure for the attachment of pollutants from waste-
water. Sun et al. [114] fabricated a composite membrane by 

depositing TiO2 particles on ceramic substrate. The pho-
tocatalytic properties of TiO2 indicated its homogenous 
dispersion on the substrate which by absorbing the pho-
tons passing the TiO2 layer influenced the photocatalytic 
degradation of organic dyes. This suggested that improve-
ment of photon utilization for the degradation of organic 
dye pollutants could be enhanced on a ceramic substrate.

4.2.4. Zirconia oxide ceramic composite

Zirconium dioxide (ZrO2) is a metal oxide with high 
surface area, making it a good adsorbent for water and 
wastewater treatment especially for oil-water separation. 
The potential of ZrO2 includes its non-toxicity and ease 
of production. However, the pore size and surface area 
of ZrO2 depends on the thermal stability of the material 
[115]. Zirconia materials treated at elevated temperature 
will result to reduction in surface area which may be 
attributed to decrease in the stability of zirconia as the 
temperature increased [116]. The stability rate was found 
to decrease from 100% to 75.2% indicating that elevated 

Fig. 11. Morphology of silica activated carbon-eggshell nanoparticle composite [104].
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temperature plays a significant role in the stability and 
phase transition of zirconia in composite. Increasing the 
temperature will continue to decrease the surface area of 
the material. Fakeeha et al. [117] reported that at increased 
calcination temperature (600°C to 800°C) there was a 
remarkable decrease in the surface area and the pore vol-
ume although with increase in pore diameter. Zirconia di 
oxide based ceramic composite is very valuable for the 
microfiltration, ultrafiltration of oily wastewater and for 
the removal of organic matters in a post treatment refin-
ery processes. For the removal of organic pollutants from 
water, Boussemghoune et al. [118] synthesized a tubular 

zirconia membrane on a ceramic support using kaolin 
powders for the preparation of the membrane support. 
Inorganic and organic additives used for the preparation 
of the support were CaCO3 and Methocel respectively. This 
was followed by a filtration test via a tangential filtration 
system. The surface morphology of the composite mem-
brane is illustrated in Fig. 13.

The synthesized zirconia ceramic composite membrane 
indicated a decrease in the permeate flux of raw drinking 
water during the first 20 min after which it became constant. 
This could be attributed to the deposition of suspended mat-
ter on the surface of the membrane, the filtration system 

 
Fig. 12. Surface morphology of (a) M.A.O coated ceramic composite membrane, (b) M.A.O coated ceramic composite mem-
brane + SiC, (c) M.A.O coated ceramic composite membrane + SiO2 and (d) M.A.O coated ceramic composite membrane + E.Ph + 
SiC membrane [111].
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indicated a significant improved permeate for turbidity and 
phosphate removal compared to the raw water. Similarly, 
the permeate contained zero number of coliforms which 
signified the efficiency of the zirconia based ceramic compos-
ite. He et al. [25] have reported that the hydrophilic prop-
erties of zirconia results to high flux, low fouling and high 
thermal resistance during water treatment.

4.2.5. Zeolite based ceramic composite

The interest of zeolitic membrane have shown intense 
growth over the last two decades. This is due to its unique 
configuration and pore structures due to the tendency for 
the alteration of the pore size of the membrane as a sep-
aration layer. In addition, the functional groups on the 
zeolitic structure can alter the surface property which 
includes the hydrophobic/hydrophilic behaviour of the 
material. Zeolites are very effective adsorbent for sorp-
tion and ion exchange in wastewater treatment. However, 
the application of zeolite in different technological pro-
cesses is relatively connected to their physical-chemical 
properties attributed to their geological deposits [119]. To 
explore the compatibility of liquid phase separation in a 
hydrothermal treatment process, zeolitic membranes were 
synthesized on low cost ceramic support. Fig. 14a–d illus-
trate the surface morphology via SEM images of ceramic 
support including zeolite composite membranes (MCM-41, 
MCM-48 and Faujusite (FAU)) [120].

In Fig. 14a, reduction in the zeolitic pores can be 
attributed to small microporous channels which are sub-
jected to diffusional limitations [121,122], compared to the 

ceramic support especially cubical FAU formed in Fig. 14d. 
Synthesis of zeolite composite consisting of considerable 
intracrystalline mesoporous surface can facilitate better 
diffusion transport channel [123]. As shown in Fig. 14b–d, 
more pore structures were formed as the sintering tempera-
ture increased. The separation of Cr (VI) gives an indication 
of promising permeate flux when FAU zeolite was depos-
ited on the ceramic support. The result can be attributed to 
the compatibility of the separation of the liquid phase and 
the hydrophilic behaviour of the FAU zeolite membrane 
despite the pore size of FAU zeolite membrane compared to 
MCM-41 composite membrane.

Jiang et al. [124] prepared a silicon carbide ceramic 
composite membrane using zeolite residues via sintering 
in air atmosphere and investigated the effectiveness of the 
ceramic composite in terms of permeance of the membrane 
for separation of oil and water recovery. A complete oxi-
dation of the activated carbon resulting in formation and 
emission of CO2 at 600°C to form pores in the SiC ceramic 
membrane was noticed. The produced SiC composite mem-
brane demonstrated high water permeance of 3,700 L/
m2/h bar and porosity of 46%, which was attributed to 
the more than 90% rate of oil rejection of oil achieved.

Zeolite based ceramic composite membrane indicated 
high prospect for the separation of oil and water recovery 
from wastewater. However, for technology transfer from 
laboratory to industrial practice towards oil separation and 
recovery, the method of synthesis or additional of additives 
that have the potential of decreasing the sintering tempera-
ture is required. In this context, future works that improves 
on the synthesis of zeolite ceramic composite membrane will 

 

(a) (b)

(c) (d)

Fig. 13. SEM images indicating support and ceramic membrane (a,b): the outer surface of the support material; (c,d): the inner surface 
of the ceramic composite membrane [118].
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enhance operational efficiency of the membrane for water 
and wastewater treatment.

Ceramic membrane water filters have exhibited effec-
tive treatment efficiency for the removal of pollutants from 
water and wastewater. The improvement of the removal 
capacity can be enhanced by fabricating ceramic composite 
including oyster shells powder in the composite formulation 
[125]. A biologically aerated filter media can be fabricated 
using oyster shell based ceramic composite for the treatment 
of municipal wastewater.

4.3. Oyster shell ceramic composite

The utilization of wasted oyster shells has been 
explored as the contact media for the purification of domes-
tic wastewater [126]. The authors fabricated a three hori-
zontal flow tank treatment system consisting of horizontal 

flow and aerated oyster shell tank, horizontal flow oyster 
shell tank, and horizontal flow gravel tank. It was revealed 
that the horizontal flow and aerated oyster shell tank 
exhibited effective removal capacity of BOD5, SS, NH4–N, 
NO3–N, PO4–P and TP compared to the other treatment 
systems. It was concluded that oyster shells demonstrated 
better water removal capacity of the pollutants as a suitable 
material for the subsurface flow compared to the use of 
gravels. Oyster shell powder in matrix has been reported 
to improve the denitrification performance in upflow 
packed bed bioreactors [127]. Yen et al. [128] have also 
revealed that oyster shells or ceramic can be combined as 
bio-media for the degradation of organic matter in water 
due to the support layers of oyster shells which enables a 
biofilm with the release of CaCO3. Hence, oyster shell can 
form as essential component of composite membrane for 
water purification and wastewater treatment. Oyster shell 

 
Fig. 14. SEM images of (a) ceramic support, (b) MCM-41, (c) MCM-48, and (d) FAU ceramic composite membrane [120].



A.A. Oyekanmi et al. / Desalination and Water Treatment 246 (2022) 174–195190

can be utilized for the improvement of pore networks in 
membrane structure. Deutou et al. [129] have synthesized 
highly porous anorthite ceramic membrane by incorpo-
rating oyster shells powder. The production of nano and 
meso size intergranular pores was attributed to the crys-
tallization of gehlenite and anorthite by CaO produced 
by the calcined oyster shells at low temperature. Fig. 15 
illustrates a micrograph of the porous membranes with 
addition of 10 wt.% of calcined oyster shell to membrane 
structure at 1,200°C (Fig. 15a–c) and 1,300°C (Fig. 15d–f).

The surface morphology in Fig. 15 indicated that the 
pores size of the membrane at 1,300°C. It was revealed 
from the morphological properties in Fig. 15d–f were larger 
compared to those at 1,200°C (Fig. 15a–c). Therefore, it 
implies that the change in pore structure have close link-
age to the CaO–Al2O3–SiO2 system liquid phase. The incor-
poration of oyster shell powder in the matrix networks at 
lower sintering temperature reduced the cracks and defects 
which indicated good quality of the membrane.

5. Challenges and prospects of porous ceramic composites

The issues associated with fouling of membrane is a 
major constraint limiting the application of membranes 
for water purification and wastewater treatment, the prob-
lem is attributed to salinity of membranes. This challenge 
is majorly as a result of pore size of membrane, porosity, 
pore distribution including membrane surface charge, pH 
and ionic strength. However, effective pre-filtration process 
for the removal of large molecules could reduce fouling of 
the membrane since larger particles can affect the passage 
of smaller particles through the membrane. Fabrication 

techniques have a significant impact on the reduction of 
membrane fouling. The fabrication techniques and pro-
cessing parameters are critical determinants to improve the 
quality of ceramic-based composite membranes for water 
and wastewater treatment. The optimization of opera-
tional parameters during processing could increase trans-
membrane pressure by maximizing flux at the same time 
reducing fouling of membrane, this includes the increase in 
cross-flow velocity. The mechanical properties of ceramic 
composite such as its inherent brittleness still could be fur-
ther enhanced despite effective fabrication techniques. For 
example, the flexural strength of mineral based materials 
such as pyrophyllite as support layers may not adequately 
provide the needed effectiveness, it could serve as a sup-
port material with the addition of alumina for the enhance-
ment of composite. However, even though pyrophyllite is 
an environmentally promising new material, the problem 
of permeability still remains a major issue for microfiltra-
tion. Ha et al. [130] have incorporated diatomite for the 
enhancement of its permeability resulting in the formation 
of diatomite-kaolin composite, while diatomite served as 
the matrix, kaolin served as the strength enhancer.

Over the years, several conventional treatment meth-
ods of wastewater pollutants have been reported in the 
literature, however with less impact in terms of treatment 
efficiency and low economic benefit for the treatment of 
effluent at low concentration. Some of the methods are 
reverse osmosis, solvent extraction, sedimentation, flota-
tion, ion exchange, chemical precipitation, combined air 
flotation and membrane, aerated heterogeneous process 
advanced oxidation, coagulation–flocculation, mixed matrix 
adsorption and membrane process.

 
Fig. 15. Micrographs of the porous membranes with addition of 20 wt% of calcined oyster shell: phase transition at 1,200°C of 
different mass ratio, phase transition at 1,300°C of different mass ratio respectively [129].
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Nowadays, low cost adsorbent have been extensively 
investigated as a replacement for commercial activated 
carbon with high treatment efficiency by adsorption [75]. 
However, with trend of advancement in the adsorption 
process, there are limitations to this method due to their 
small capacity and difficulty for large-scale application. 
Adsorbents are applied for wastewater treatment on the 
basis of their potential to adsorb priority pollutants in the 
wastewater and are often combined as composite material. 
Hydrophobic adsorbents have the propensity to adsorb 
non-polar solutes in aqueous solution while the adsorp-
tion of polar solutes in the adsorbate are mostly suitable 
on a hydrophilic surface. Recently, the application of 
ceramic composite membranes for the adsorption of recal-
citrant hazardous pollutants have the potential of creat-
ing next-generation water purification media with high 
treatment efficiency which are reusable. The synthesis of 
ceramic composite membranes for membrane adsorption 
can be effective and can serve dual function of membrane 
filtration and adsorption for the removal of organic pol-
lutants and heavy metals. The fabrication and applica-
tion of ceramic composite membranes for the remediation 
of varieties of priority pollutants is significant because 
of their pore forming networks, thermal and chemical 
stability. For instance, a small amount of liquid phase in 
the sintering process of alumina ceramics can induce the 
anisotropic growth of alumina grains, while the brittleness 
of alumina ceramic materials can be greatly improved by 
forming a large number of rod-shaped crystals with a large 
aspect ratio in the alumina matrix. Similarly, the phase 
transition of zirconia is capable of promoting increased 
strength and toughness of the material. This characteristic 
of zirconia makes it a very suitable additive for strengthen-
ing and toughening in ceramic materials, thus capable of 
forming a series of zirconia toughening ceramics. Studies 
have shown that the addition of 5% SiC and 15% ZrO to 
the matrix of alumina is capable of improving the brittle-
ness of alumina ceramic membrane. Ceramic membrane 
has advantage over other organic membranes currently 
used for industrial applications. This is due to its good 
chemical stability, good oxidation resistance, high abrasion 
resistance, high temperature resistance, narrow pore size 
distribution and high separation efficiency. This has made 
application of ceramic membrane an ideal material for 
the removal of pollutants from wide range of wastewater 
which includes municipal water treatment, oil and grease 
wastewater, sewage wastewater, textile wastewater and 
printing, greywater and dying wastewater [76,131]. The 
stability of ceramic-supported composite membranes is 
influenced by the degree of adhesion between the ceramic 
substrate and the functional layer [132]. The microstructure 
and functional characteristics including the method of fab-
rication determines the degree of adherence, compatibility 
and its sustainability for water and wastewater treatment.

6. Conclusion

This review extensively presents both low-cost and 
highly reliable processing techniques for developing 
porous ceramic composite membranes employed for water 
and wastewater treatment. Processing techniques such 

as pore-forming agent technique, vacuum impregnation 
process and 3D gel printing have been highlighted as via-
ble techniques for tailoring the pore network and porosity 
of the developed porous ceramic composite membranes. 
Meanwhile, requisite standards with supporting studies on 
the characterization of microstructure, porosity, mechanical 
and corrosion resistance properties have been highlighted 
in this review. Efficient and simplified fabrication pro-
cesses such as synthesis, coating and sintering have been 
demonstrated in this study. Improved properties, enhanced 
fabrication techniques and reduced production costs of 
ceramic composites membrane have been highlighted in 
this review towards removal of pollutants of water and 
wastewater. Although ceramic composites exhibited low 
fouling due to effective fabrication techniques, the optimi-
zation of operational parameters during processing could 
further increase transmembrane pressure by maximizing 
flux at the same time reducing fouling of membrane includ-
ing increase in cross-flow velocity.
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