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Introduction

Nowadays, the actual situation of water shortage, according 
to a logic of sustainable growth, requires innovative or improved 
methods to purify oily-contaminated water. Indeed, water is 
one of the most precious natural resources and its quality has a 
big impact on human health and socio-economic development. 
Every year, large quantities of emulsified oily wastewater are 
generated in various industrial processes, ranging from petro-
chemical, oil and gas production industry to metal processing, 
passing for textile and leather industries, as well as domestic 
sewage. On the other hand, oil spill represents a serious issue 
because of frequent accidents. These streams present harmful 
effects on human health, aquatic and terrestrial ecosystems [1]. 
Therefore, the maximum allowable discharge concentration for 
oil is restricted (10 mg L−1 in China [2]). 
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Abstract

This chapter provides an overview on the membrane 
technology applied to the separation of emulsified oily 
wastewater as alternative to conventional methods, focus-
ing mainly on the nanocomposite materials. These systems 
are capable to enhance the performance of the membranes 
reducing the incidence of fouling issues and low permeation 
fluxes. The more recent progresses in membrane research 
are discussed, evidencing the future directions and the 
main challenges to face.
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The chemical composition of these wastewaters is complex 
and depend on the site. Many type of chemicals can be found: 
Linear chain and aromatic hydrocarbons as well as metals and 
additives (e.g., corrosion inhibitors and/or emulsion destabiliz-
ers). 

Typically, conventional oily wastewater treatment methods, 
such as coagulation, de-emulsification and flocculation, air-flo-
tation, gravity separation and skimming, suffer of low efficiency, 
high operation cost, corrosion and re-contamination problems. 
Most of these operations are not effective in removing oil drop-
lets having micron or submicron size [3]. Indeed, conventional 
methods for oil removal are more appropriate for surfactant-
free emulsions with oil droplet larger than 10μm [4]. Wastewa-
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Figure 1: Number of yearly published scientific papers on 
wastewater treatment with membranes. Source: Scopus, Title-
Abstract-Keywords containing the words ‘oily’, ‘wastewater’ and 
‘membranes’. Accessed 26 Feb 2020.

ters with particles with size smaller than 20 μm as well as emul-
sified oily wastewater stabilized by surfactants remain highly 
stable making their purification very difficult [5].

Membrane technology is recognized as an environmentally 
friendly solution for the separation of gases or liquid mixtures, 
with an energy consumption lower than conventional separa-
tion methods, modularity, easy operation and maintenance 
[6,7]. For this reason, we present a concise outlook of the more 
recent developments in membranes for oily wastewater treat-
ment by discussing the major progress, opportunities and chal-
lenges, mainly focusing on polymer-based nanocomposites.

Porous membranes

Porous membranes are the sole type of membranes used in 
the treatment of oily wastewaters. Numerous studies, reported 
in the open literature, focused on the filtration of oil-in-water 
emulsions using porous membranes [8]. Figure 1 shows the in-
creasing number of scientific papers on wastewater treatment 
by membranes. The reason for this trend relies on the high ef-
ficiency, small footprint and easy scale-up that are achievable 
with membranes [9]. 

Essentially, on the basis of surface properties membranes 
can be distinguished in hydrophobic and hydrophilic. The for-
mer repel water and allow oil droplets to permeate freely, the 
latter allow water to permeate through the membrane and re-
pel oil droplets. Porous membranes operate on size exclusion 
retaining almost all contaminants larger than their pore size. In 
particular, Ultrafiltration (UF) membranes present pore size in 
the range of 0.002–0.05 μm, whilst the size of the oil droplets in 
emulsion is usually in the range of 0.1–10 μm. Therefore, most 
of these oil droplets can be effectively removed, guaranteeing a 
good quality for the permeated water [10].

An important issue related to the treatment of emulsified 
oily wastewater is a highly polydisperse droplet distribution, 
from micron to nanosize [11]. In addition, the oil droplets being 
deformable can pass in the permeate effluent since the feed 
stream is under pressure [12]. Even though narrowing pore size 
can be considered, it would reduce the permeate flux and thus 
the system productivity.

Membrane fouling

The accumulation of macromolecules and microorganisms 
on the surface of membrane or inside the pores of membranes 
is referred to as membrane fouling. It is caused by various fac-

tors such as adsorption of organic molecules, particulate de-
position and microbial adhesion on the membrane surface [2]. 
Membrane systems are negatively affected by fouling which 
reduces permeation flux and severely decreases the efficiency 
of filtration. These aspects are particularly important in the 
case of oily wastewater treatment. Indeed, the accumulation 
of oil droplets on the surface or within the membrane’s pores 
requires a more frequent cleaning and, finally, replacement of 
the membrane, in order to operate in optimal conditions. The 
oil gel layer that builds up on the membrane surface has high 
compressibility and low porosity. Therefore, the related hydrau-
lic resistance can be even 2–3 orders of magnitude higher than 
that associated to solid particles or undistorted spheres [13]. As 
a result, it is still a challenge for membranes to separate emulsi-
fied oily wastewater simultaneously meeting the requirements 
of high permeate flux, significant particle removal and adequate 
resistance to oil-fouling.

The hydrophilic membranes exhibit better antifouling prop-
erties as compared with the hydrophobic membranes. In order 
to cope with the fouling issues, a vast number of studies was 
devoted to the increase of the membrane hydrophilicity [14].

Oil repellency as well as the stability of Cassie-Baxter state 
can be improved by hierarchical structures or enhancing the 
surface roughness. In this context, bioinspired diatomite mem-
branes, prepared by a freeze casting as hierarchically structures, 
were recently applied in oil/water separation [15]. On the other 
hand, electrospun nanofibers are suitable for combining tun-
able wettability, large surface area, high porosity, good con-
nectivity, fine flexibility, and ease of scalable synthesis starting 
from various materials. In virtue of these properties, they hold 
great potential for many emerging environmental applications, 
including the separation of oily wastewater [16]. However, elec-
trospinning is applied to small-scale production. 

Inorganic membranes

Different studies are devoted to development of inorganic 
membranes (e.g., alumina-based) since they are suited to oper-
ate in severe conditions (high temperature and pH values) [17-
19].

Alumina microfiltration membranes were modified by coat-
ing them with nanosized ZrO2 to improve the hydrophilic prop-
erties and diminishing membrane fouling caused by oil droplets 
[20].

Zeolite-Coated Mesh Films (ZCMFs) with superhydrophilicity 
and underwater superoleophobicity were developed by a seed-
ing process [21]. Various oils can be efficiently separated from 
water based on the gravity-driven separation process. Such 
films with low oil-adhesion properties are easily recyclable and 
residual trace oils can be simply removed by calcination while 
do not change the wettability of the films. The ZCMFs display 
an anti-corrosion behavior and could be applied as oil retention 
barrier of industrial outlet sewer pipes, oil fences for oil spill 
accidents, etc.

The high cost of inorganic membranes is their major limi-
tation for industrial application when compared to polymeric 
membranes. Therefore, less expensive ceramic membranes as 
kaolin-based would promote the use of ceramic membranes for 
the treatment of oily wastewater [22].

Polymeric membranes

Currently, most oil–water separation membranes are made 
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of polymeric materials. Polysulfone (PSf) and Polyvinylidene 
Fluoride (PVDF) are two of the most used polymers for the 
preparation of porous membranes, particularly for ultrafiltra-
tion processes [23]. However, both polymers are hydrophobic 
and thus present poor membrane performance for separating 
oil-containing streams [24]. A general strategy to confer a more 
hydrophilic character to a membrane involves its surface or bulk 
modification (Figure 2).

Figure 2: Strategies to improve membrane hydrophilicity.

Surface post-treatment is finalized to the formation of hydro-
philic layer on membrane which prevents the contact between 
membrane surface and pollutants, thus diminishing fouling phe-
nomena. This approach can be performed by direct coating or 
promoting the chemical grafting of hydrophilic polymers on the 
membrane surface. Stability and long-term resistance are the 
main drawbacks of the samples prepared according to these 
methods. In addition, the coating layer partially intrudes in the 
pores occluding them, reducing the permeation flux through 
the membrane and nullifying the containment effect on fouling. 
Bulk modification is the main alternative method to prevent the 
undesired adhesion of foulant agents on the membrane. There-
fore, the blending with hydrophilic polymers (e.g., polyvinyl pyr-
rolidone, polyethylene glycol, polyvinyl alcohol) is considered 
to tailor micropores and enhance hydrophilicity [25,26]. Nev-
ertheless, the mechanical strength, stability and selectivity of 
the composite membrane can decrease due to the addition of 
hydrophilic polymers [27].

Nanocomposite membranes

Recent studies have focused on the addition of inorganic 
nanoparticles in the membrane matrix, thus improving the 
polymer hydrophilicity in order to overcome fouling issues. The 
fouling mitigation maintains high permeate flux, reducing the 
necessity of physical and chemical cleaning which enhances 
the operating cost of treatment significantly. The loading of 
inorganic nanoparticles offers additional advantages, such as 
improved filtration selectivity, higher thermal and mechanical 
resistance [28].

Nanocomposite materials represent an attractive solution to 
take advantage of the exceptional properties of some innovative 
materials, such as graphene, keeping the easy handling, process-
ability and low cost of the polymers [29]. Nanocomposite mem-
branes exhibit excellent structural performance and multifunc-
tional properties owing to their intrinsic capability to combine 
synergistically nanofiller and host matrix properties, achieved 
by a suitable interfacial organization [30]. In these nanostruc-
tured systems, both mechanical and physical (thermal, electri-
cal, barrier and optical) properties can be finely modulated by 
processing conditions and interfacial interactions. 

Different inorganic nanoparticles were considered for the 
specific wastewater treatment, including silica, titania and car-
bon-based materials. Silica (SiO2) is widely used to increase the 
hydrophilicity of the membranes [31-33]. Zhang et al. incorpo-
rated titania (TiO2) nanoparticles in PSf membranes, measur-
ing water permeate flux, hydrophilicity, as well as mechanical 
strength and fouling resistance higher than unloaded polymer 
[34]. Nanocomposite UF membranes based on PVDF in which 
nanosized TiO2/Al2O3 is dispersed displayed an increased anti-
fouling resistance [35]. TiO2/Al2O3 addition provides both higher 
hydrophilicity and required flux recovery. In another study, PSf-
based membranes were prepared adding the phosphorylated 
TiO2–SiO2 (PTS) particles to the polymer matrix, specifically for 
oily wastewater treatment [36]. The PTS particles, uniformly 
dispersed in the composite membrane, resulted capable to im-
prove significantly the original membrane hydrophilicity, anti-
fouling capacity and mechanical strength. A 10 wt% of PTS is 
sufficient to lower the contact angle of the membrane from 
78.0° to 45.5° with 92% oil rejection and a flux of 116 L/m2 h 
measured at 0.1 MPa. Similarly, the effect of Sulfonated Zirconia 
Particles (SZP) in the treatment of oily wastewater was studied 
[37]. The oil concentration in permeate decreased from 80 to 
0.67 mg/L in a PSf-based mixed matrix membrane containing 15 
wt% of SZP, with satisfied recycling standards. 

CaCO3 nanoparticles have been attracted considerable atten-
tion in water and wastewater treatments owing to a high spe-
cific area, great biocompatibility and low cost [38,39]. Mixed-
matrix membranes based on polyethersulfone and hydrophilic 
hydrous manganese dioxide nanoparticles improve membrane 
hydrophilicity and antifouling resistance against oil deposition 
and/or adsorption. These membranes were successfully ap-
plied to treat a synthetic oily solution containing 1000 ppm oil 
showing a significant improvement in water permeability and 
oil rejection [40].

An example of combined approach between the bulk and 
surface modification is represented by the bioinspired mem-
branes having composite coatings based on polymer–nano-
particle–fluorosurfactant complex [41]. These structures show 
fast-switching oleophobic–hydrophilic and antibacterial prop-
erties. The nanoparticle enhanced surface roughening lead to 
improvement in hydrophilicity and oleophobicity resulting in a 
large difference between the equilibrium oil and water static 
contact angles (switching parameter). The presence of nano-
particles (silica) at low loading (< 5 wt%) in the coating layer 
also increases hardness and durability of the coatings. 

Carbon-based nanocomposites

A special class of promising fillers that can be incorporated 
within a polymer matrix is constituted by carbon-based nano-
materials. They have the same chemical composition but dif-
fer for their configuration and dimensionality. In addition, the 
production methods involve deeply different syntheses. These 
nanomaterials incorporated in polymeric matrices are capable 
to modify significantly the performance of the original mem-
brane for oil-water separation as regards the permeation flow, 
the self-cleaning and antifouling properties [42]. In the follow-
ing, some representative applications are discussed for carbon-
based nanocomposites.

Carbon nanotubes 

Carbon Nanotubes (CNTs) are rolled single or multi walled 
graphene layers, folded in a cylindrical shape with a hexagonal 
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lattice structure [5].

Nanocomposite membranes made of CNTs in polyvinyl al-made of CNTs in polyvinyl al-in polyvinyl al-
cohol were applied to the filtration of n-hexadecane-in-water 
emulsion, showing as the application of negative electric poten-
tial alleviates the permeation flux decline [43]. 

Since purified CNTs are intrinsically hydrophobic, it is nec-
essary to functionalize their edges by specific chemical groups 
both to give a hydrophilic character to the particles and to pre-
vent their tendency to agglomerate, generating preferential 
paths that reduce the selective action of the membrane. Ac-
cordingly, Multiwalled Carbon Nanotubes (MWCNTs) decorated 
with TiO2 nanoparticles were dispersed in polyethersulfone re-
sulting in mixed membranes successfully applied for antibiotic 
and photodegradation in oily wastewater treatment [44]. The 
membrane was designed to take advantage of the synergistic 
photocatalytic activity induced by incorporated nanoparticles.
The membrane loaded with 0.1 wt% of a TiO2-coated MWCNT, 
having the lowest surface roughness, revealed the best anti-
biofouling properties.

Aspects related to the alignment of the nanotubes within 
the matrix in order to improve further the permeation flow re-
main to be improved.

Graphene-nanocomposites

Graphene, a bidimensional carbon nanomaterial, has recent-
ly shown superior electrical, thermal and mechanical properties 
with interesting prospective as separation material [45,46]. The 
most immediate way to exploit these characteristics is its disper-
sion in a suitable matrix. Thus, graphene-based nanomaterials 
have been investigated increasingly, while other carbon-based 
nanomaterials such as fullerenes and carbon nanotubes were 
explored more intensely decades ago [47,48]. The addition of 
strong and flexible graphene-based nanomaterials into polymer 
matrices can produce a dramatic improvement in properties 
and reaching the percolation threshold at very low filler content 
[49]. Rafiee et al.comparing the mechanical properties of epoxy 
nanocomposites with graphene platelets, single-walled carbon 
nanotubes and multi-walled carbon nanotubes with a loading 
of 0.1 wt%, observed as the graphene platelets significantly out-
perform carbon nanotube additives [50]. Indeed, if the addition 
of graphene enhances of about 30% the elastic modulus of the 
nanocomposite with respect to the pristine epoxy, single-walled 
CNTs improve the same parameter only of the 3%. Correspond-
ingly, graphene platelets and MWCNTs enhance the tensile 
strength of the neat epoxy matrix by 40% and 14%, respec-
tively. In addition, the fracture toughness of the nanocomposite 
incorporating graphene platelets showed a 53% increase over 
the epoxy compared to 20% improvement for MWCNTs. This 
confirms a generalized superiority of graphene platelets over 
carbon nanotubes in terms of mechanical properties enhance-
ment of the neat polymer. This is related to the high specific 
surface area, enhanced nanofiller-matrix adhesion/interlocking 
arising from their wrinkled (rough) surface, as well as the two-
dimensional (planar) geometry of graphene platelets. However, 
also graphene has a hydrophobic nature, so there is chance for 
improvement in this specific application.

Graphene oxide

Graphene Oxide (GO) is the oxidized state of graphene and 
contains epoxide, hydroxyl and carboxylic acid groups, which 
both increase its compatibility with most polymers and confer a 
hydrophilic character. 

Graphene oxide modification of commercial alumina ceramic 
filtration membranes showed enhanced flux and oil rejection in 
the oil–water emulsion microfiltration [51].

Nanocomposite membranes based on Copper Hydroxide 
Nanowires (CHNs)-graphene oxide were fabricated by a vac-
uum-assisted filtration self-assembly process [52]. The mem-52]. The mem-]. The mem-
branes, having a rough surface and nanostructure channels dis-
play hydrophilicity (water contact angles of 53°), under water 
superoleophobicity (oil contact angles of 155°) and ultralow oil 
adhesion. Anti-fouling properties of the membrane result in a 
high efficiency of >99% in the oil-water emulsion separation. 
These membranes combine a high oil rejection rate and ultra 
low membrane fouling, making them promising for practical 
emulsified oil-water separation.

Challenges

The treatment of the wastewater discharged from oil and 
shale gas fields (‘produced water’) is still challenging, owing to 
the contemporary presence of high contents of oils and salts 
[53]. Conventional pressure-driven membranes suffer either se-
vere membrane fouling or incapability of desalination. For this 
purpose, a new nanocomposite Forward Osmosis (FO) mem-
brane was specifically designed: an oil-repelling and salt-reject-
ing hydrogel selective layer was coated on top of a nanocom-
posite support (polymer loaded with GO nanosheets). These 
membranes are capable of a simultaneous oil/water separation 
and desalination. The hydrogel selective layer presents under-
water oleophobicity resulting in superior anti-fouling capabil-
ity, while the GO-based support is capable to diminish internal 
concentration polarization. In the case of simulated shale gas 
wastewater, this new type of FO membrane demonstrates more 
than three times higher water flux, higher removals for both oil 
and salts (>99.9% for oil and >99.7% for multivalent ions) and 
significantly lower fouling tendency with respect to commercial 
FO membranes. 

Conclusions

The development of nanocomposites is steadily continuing, 
driven by the request of more performing systems in various ar-
eas. Membrane systems offer interesting solutions to cope with 
the water shortage, even for a demanding application such as 
the water-oil separation. Considerable progress has been made 
developing advanced membranes by incorporating different 
types of inorganic nanoparticles within polymeric matrices. Su-
perior performance with respect to neat polymer membranes 
are reported for nanocomposite membranes in terms of re-
duced fouling tendency and high flux through the membrane. 
Typically, their enhanced hydrophilicity, induced by selected 
nanoparticles or by a modified surface roughness, prevents the 
foulant attachment. In addition, the mechanical and physical 
properties of these nanocomposites are enhanced owing to the 
synergistic action of nanofillers and host matrix.

Other efforts are needed to develop membranes suited for 
the purification of highly saline and oily wastewaters (e.g., ‘pro-
duced water’) and to move to a large-scale production of the 
nanocomposites. 

References

Elmaleh S, Ghaffor N. Cross-flow microfiltration of hydrocarbon 1. 
and biological solid mixed suspensions. J Membr Sci. 1996; 118: 
111-120.

Tanudjaja HJ, Hejase CA, Tarabara VV, Fane AG, Chew JW. Mem-2. 



5

MedDocs eBooks

Importance & Applications of Nanotechnology

brane-based separation for oily wastewater: A practical perspec-
tive. Water Res. 2019; 156: 347-365.

Coca J, Gutierrez G, Benito J. Treatment of oily wastewater. Wa-Treatment of oily wastewater. Wa-3. 
ter Purif Manage. 2011; 1-55.

Goh S, Zhang J, Liu Y, Fane AG. Fouling and wetting in Membrane 4. 
Distillation (MD) and MD-Bioreactor (MDBR) for wastewater 
reclamation. Desalination. 2013; 323: 39-47.

Gu J, Xiao P, Chen J, Liu F, Huang Y, et al. Robust preparation 5. 
of superhydrophobic polymer/carbon nanotube hybrid mem-
branes for highly effective removal of oils and separation of 
water-in-oil emulsions. J. Mater. Chem A. 2014; 2: 15268.

Bernardo P, Clarizia G. 30 years of membrane technology for gas 6. 
separation. Chem Eng Trans. 2013; 32: 1999-2004.

Bernardo P, Drioli E. Membrane technology: latest applications 7. 
in the refinery and petrochemical field, in Comprehensive Mem-
brane Science and Engineering. Eds:Drioli E and Giorno L. Elsevi-
er, Oxford. 2010; 4: 211-239.

Duong PH, Chung TS, Shawn W, Lana I. Highly permeable dou-8. 
ble-skinned forward osmosis membranes for anti-fouling in the 
emulsified oil-water separation process. Environ Sci Technol. 
2014; 48: 4537-4545.

Padaki M, Murali RS, Abdullah M, Misdan N, Moslehyani A, et 9. 
al.Membrane technology enhancement in oil–water separation, 
A review. Desalination. 2015; 357: 197-207.

Melita L, Gumrah F, Amareanu M. Porous polymer membranes 10. 
used for wastewater treatment. Membr Water Treat. 2014; 5: 
147-170.

Singh V, Purkait MK, Das C. Cross-Flow Microfiltration of Indus-11. 
trial Oily Wastewater: Experimental and Theoretical Consider-
ation, SeparSci Technol. 2011; 46: 1213-1223.

Ebrahimi M, Schmidt AA, Kaplan C, Schmitz O, Czermak P. Inno-12. 
vative Optical-Sensing Technology for the Online Fouling Char-
acterization of Silicon Carbide Membranes during the Treatment 
of Oily Water. Sensors. 2020; 20: 1161.

Matsumoto Y, Kawakatsu T, Nakajima M, Kikuchi Y. Visualization 13. 
of filtration phenomena of a suspended solution including O/W 
emulsion or solid particle and membrane separation properties 
of the solution. Water Res. 1999; 33: 929-936.

Zhu Y, Wang D, Jiang L, Jin J. Recent progress in developing ad-14. 
vanced membranes for emulsified oil/water separation. NPG 
Asia Mater. 2014; 6: 1-11.

Lo YH, Yang CY, Chang HK, Hung WC, Chen PY. Bioinspired Diato-15. 
mite Membrane with SelectiveSuperwettability for Oil/Water 
Separation. Sci Rep. 2017; 7.

Wang X, Yu J, Sun G, Ding B. Electrospunnanofibrous materials: 16. 
A versatile medium for effective oil/water separation. Materials 
Today. 2016; 19: 403-414.

Yang C, Zhang G, Xu N, Shi J. Preparation and application in 17. 
oil±water separation of ZrO2/a-Al2O3 MF membrane. J Membr 
Sci 1998; 142: 235-243.

Song Q, Qiu L, Qiu Q, Cheng R. Development and application of 18. 
ceramic membrane in oily wastewater treatment. Advances in 
Engineering Research. 2017; 143: 411-414.

Chen LH, Chen YR, Chou CY, Chen CH, Ko CC, et al. Inorganic 19. 
Membranes in Water and Wastewater Treatment. In: Figoli A, 
Criscuoli A. (eds) Sustainable Membrane Technology for Water 
and Wastewater Treatment. Springer, Singapore. 2017; 121-
154.

Zhou YB, Tang XY, Hu XM, Fritschi S, Lu J. Emulsified oily waste-20. 
water treatment using a hybrid-modified resin and activated 
carbon system. Sep Purif Technol. 2008; 63: 400-406.

Wen Q, Di J, Jiang L, Yu J, Xu R. Zeolite-coated mesh film for ef-21. 
ficient oil-water separation. Chem Sci. 2013; 4: 591-595.

Nandi BK, Moparthi A, Uppaluri R, Purkait MK. Treatment of oily 22. 
wastewater using low cost ceramic membrane: Comparative as-
sessment of pore blocking and artificial neural network models. 
Chem Eng Res Des. 2010; 88: 881-892.

Salim N, Siddiqa A, Shahida S, Qaisar S. PVDF based Nanocom-23. 
positeMembranes: Application towards Waste water treatment. 
Madridge J NanotechnolNanosci. 2019; 4: 139-147.

van Reis R, Zydney A. Bioprocess membrane technology. J Mem-24. 
br Sci. 2007; 297:16-50.

Kusumaatmaja A, Fauji N, Triyana K. Polysulfone/Polyacrilonitrile 25. 
Membrane for Oil/Water Separation. Materials Science Forum. 
2017; 886: 145-149.

Mansourizadeh A, Mohammadi M. Preparation of blend hydro-26. 
philic PSF-SPEEK ultrafiltration membranes for oily wastewater 
Treatment. J Oil, Gas and Petrochem Technol. 2018; 5: 76-91.

Ba C, Langer J, Economy J. Chemical modification of P84 copo-27. 
lyimide membranes by polyethylenimine for nanofiltration. J 
Membr Sci. 2009; 327: 49-58.

Zhu Y, Wang D, Jiang L, Jin J. Recent progress in developing ad-28. 
vanced membranes for emulsified oil/water separation. NPG 
Asia Mater. 2014; 6: e101.

Clarizia G, Bernardo P. “Diverse Applications of Organic-Inor-29. 
ganic Nanocomposites: Emerging Research and Opportunities”, 
Advances in Mechatronics and Mechanical Engineering Book 
Series, IGI Global (“Publisher”), USA. 2020.

Hu K, Kulkarni DD, ChoiI, Tsukruk VV. Graphene-polymer nano-30. 
composites for structural and functional applications, Progr-
Polym Sci. 2014; 39: 1934-1972.

31. Ahmad AL, Majid MA, Ooi BS. Functionalized PSf/SiO2 nanocom-
posite membrane for oil-in-water emulsion separation. Desali-
nation. 2011; 1: 266-269.

32. Chen Y, Liu N, Cao Y, Lin X, Xu L, et al. Fabrication of Silica Nano-
spheres Coated Membranes: Towards the Effective Separation 
of Oil-in-Water Emulsion in Extremely Acidic and Concentrated 
Salty Environments. Sci Rep. 2016; 6: 32540.

33. Abadikhah H, Wang JW, Xu X, Agathopoulos S. SiO2 nanoparticles 
modified Si3N4 hollow fiber membrane for efficient oily waste-
water microfiltration. J Water Proc Eng. 2019; 29: 100799.

34. Yang Y, Zhang H, Wang P, Zheng Q, Li J. The influence of nano-
sized TiO2 fillers on the morphologies and properties of PSF UF 
membrane. J Membr Sci. 2007; 288: 231-238.

35. Yi XS, Yu SL, Shi WX, Sun N, Jin LM, et al. The influence of impor-
tant factors on ultrafiltration of oil/water emulsion using PVDF 
membrane modified by nano-sized TiO2/Al2O3. Desalination. 
2011; 281: 179-184.

36. ZhangY, LiuF, LuY, ZhaoL, SongL. Investigation of phosphorylated 
TiO2-SiO2 particles/polysulfone composite membrane for waste-
water treatment. Desalination. 2013; 324: 118-126.

37. Zhang Y, Shan X, Jin Z, Wang Y. Synthesis of sulfated Y-doped 
zirconia particles and effect on properties of polysulfone mem-
branes for treatment of wastewater containing oil. J Hazard 
Mater. 2011; 192: 559-567.

38. Nair AK, Isloor AM, Kumar R, Ismail AF. Antifouling and perfor-



6

MedDocs eBooks

Importance & Applications of Nanotechnology

mance enhancement of polysulfone ultrafiltration membranes 
using CaCO3 nanoparticles. Desalination 2013; 322: 69-75.

39. Saki S, Uzal N. Preparation and characterization of PSf/PEI/Ca-
CO3 nanocomposite membranes for oil/water separation, Envi-
ron Sci Pollution Res. 2018; 25: 25315-25326.

40. Gohari RJ, Halakoo E, Lau W, Kassim M, Matsuura T, et al. Novel 
Polyethersulfone (PES)/ Hydrous Manganese Dioxide (HMO) 
mixed matrix membranes with improved anti-fouling properties 
for oily wastewater treatment process. RSC Adv. 2014; 4: 17587-
17596.

41. Ritchie AW, Cox HJ, Barrientos-Palomo SN, Sharples GJ, Badyala 
JPS. Bioinspired multifunctional polymer-nanoparticle-surfac-
tant complex nanocomposite surfaces for antibacterial oil-water 
separation. Colloids and Surf A. 2019; 560: 352-359.

42. Noamani S, Niroomand S, Rastgar M, Sadrzadeh M. Carbon-
based polymer nanocomposite membranes for oily wastewater 
treatment. Clean Water. 2019; 2-20.

43. Yi G, Chen S, Quan X, Wei G, Fan X, et al. Enhanced separation 
performance of carbon nanotube–polyvinyl alcohol composite 
membranes for emulsified oily wastewater treatment under 
electrical assistance. Sep Purif Technol. 2018; 197: 107-115.

44. Vatanpour V, Madaeni SS, Moradian R, Zinadini S, Astinchap B. 
Novel antibifouling nanofiltration polyethersulfone membrane 
fabricated from embedding TiO2 coated multiwalled carbon 
nanotubes. Sep Purif Technol. 2012; 90: 69-82.

45. Liu G, Jin W, Xu N. Two-Dimensional-Material Membranes: A 
New Family of High-Performance Separation Membranes. An-
gew Chem Int Ed. 2016; 55: 2-16.

46. Stankovich S, Dikin DA, Dommett GHB, Kohlhaas KM, Zimney EJ, 
et al. Graphene-based composite materials. Nature. 2006; 442: 
282-286.

47. Jiang Y, Biswas P, Fortner JD. A review of recent developments in 
graphene enabled membranes for water treatment. Environ Sci 
Water Res Technol. 2016; 9: 915-922.

48. Liu YT, Xie XM, Ye XY. High-concentration organic solutions of 
poly (styrene-cobutadiene-co-styrene)-modified graphene 
sheets exfoliatedfrom graphite. Carbon. 2011; 49: 3529-3537.

49. Kuilla T, Bhadra S, Yao D, Kim NH, Bose S, et al. Recent advances 
in graphene based polymer composites. Progr Polym Sci. 2010; 
35: 1350-1375.

50. Rafiee MA, Rafiee J, Wang Z, Song H, Yu ZZ, et al. Enhanced Me-
chanical Properties of Nanocomposites at Low Graphene Con-
tent. ACS Nano. 2009; 3 : 3884-3890.

51. Hu X, Yu Y, Zhou J, Wang Y, Liang J, et al. The improved oil/water 
separation performance of graphene oxide modified Al2O3 mi-
crofiltration membrane. J Membr Sci. 2015; 476: 200-204.

52. Feng Y, Wang Z, Zhang R, Lu Y, Huang Y, et al. Anti-fouling gra-
phene oxide based nanocomposites membrane for oil-water 
emulsion separation. Water Sci Technol. 2018; 77: 1179-1185.

53. Qin D, Liu Z, Delai Sun D, Song X, et al. A new nanocomposite 
forward osmosis membrane custom-designed for treating shale 
gas wastewater. Sci Rep. 2015; 5: 14530.


