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Summary.

Summary

The engineering of novel membranes through fabrication and modification using
engineered nanoscale materials (ENMs) presents tremendous opportunity within
desalination and water treatment. This work presents an endeavour dedicated to
investigate the design and fabrication of polymeric membranes and nanoscale
materials. Also, to probe the role of nanoscale materials integration on the function of
separating membranes aiming to diminish the propensity of the surface to foul.

In the first part of the work, an attempt was made to research and compare the
potential of versatile UF membranes structures in terms of morphology, surface
characteristics and performance. The potential performance of the hand-made
fabricated (UF) membranes was systematically evaluated against three organic model
foulants with dissimilar origins; humic acid (HA), sodium alginate (NaAlg), and bovine
serum albumin (BSA), under different initial feed concentration and pH chemistry. A
diverse range of surface characteristics and morphologies have been produced as a
result of varying the dope casting solution concentration, which corresponds to the wide
range of commercially available UF membranes (6, 10, 35 and 100kDa). Also, a
disparate fouling behaviour was observed depending on the membrane characteristics
and the organic model foulant used. A one or more pore blocking mechanism were
distinctly observed depending on the UF membrane cut-off used.

Subsequently, the research presented the development of a novel nanocomposite
membrane incorporating antimicrobial nanoparticles which have the potential to lower
membrane biofouling. Antibacterial hybrid nanostructures (HNS) comprising of Ag
decorated MWCNTSs were successfully synthesised with the assistance of microwave
irradiation. The HNS were then employed to fabricated antibacterial nanocomposite
membranes via the classical phase inversion technique in order to assess their
antimicrobial properties against two bacterial species; E. coli and S. aureus. The
nanocomposite membranes remarkably displayed antibacterial activity (4.24 and 2.9
log kill) against the two species respectively. A higher stability under crossflow
conditions was also demonstrated.

Finally, for desalination applications, novel HNS comprising of a mussel-inspired
PDA coated M/MO-MWCNTs, were successfully synthesised and used to fabricate
TFN membranes. For comparison, four different M/MO (Al,03, Fe O3, TiOz and Ag)
nanoparticles (NPs) were in situ synthesised/loaded on the surface of CNTs, and the
resultant HNS were further coated with a thin polymeric film of PDA. An intermediate
layer of the HNS was then deposited on a PES substrate membrane, and an interfacial
polymerisation (IP) process was carried out to render a polyamide (PA) thin layer above
the intermediate layer. Both HNS and TFN were characterised using different
characterisation tools, and the performance of nanofiltration (NF) membranes was
evaluated against monovalent, divalent salts and heavy metal solutions. The fabricated
TFN-NF membranes had higher performance in terms of their permeation
characteristics compared to the thin film composite TFC membrane (~9.6-11.6 LMH),
while maintaining their selectivity (=91%) against both monovalent and divalent salts
solutions, and (> 92%) against the multi-component heavy metal solution. The
experimental results disclosed a high retention capability for TFC and TFN membranes
along with greater potential stability/compatibility within the polymeric PA matrix.
This implies that the NF membranes fabricated in this work can be employed for water
reclamation purposes.
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Chapter One

1 Introduction

1.1  General Introduction

There is currently a wealth of research activity developing novel nanocomposite
materials that harness the benefits of engineered nanoscale materials (ENMs). Indeed,
one of the legacies of nanotechnology has been improved design and control of
nanoparticles and ultimately nanocomposite materials. This has gone hand in hand with
improvements in technologies, such as atomic force microscopy (AFM), that enable
characterisation of materials at the nanoscale and so optimisation of the nanoscale
materials as they are developed. Thus, many tools and processes are now available to
optimise the engineering of nanocomposite materials. This offers great potential for the
fabrication of novel membranes for desalination and water treatment, and this research
showcases the flourishing research community that has been established and is now

meeting the opportunities and challenges presented by ENMs.

Much effort in the last decade has been focused on fabricating synthetic
membranes for particular applications with desired characteristics such as selectivity,
permeability, structure, chemical and physical properties. To achieve this goal, several
techniques have been implemented such as phase inversion, stretching, track-etching,
sintering, interfacial polymerisation and electrospinning (Lalia et al., 2013).
Membranes used in water treatment applications can be made from a wide variety of
inorganic and organic materials; inorganic material includes ceramics, metals, and
glass; organic materials include polymers, composite materials or mixed matrixes
(Ulbricht, 2006). Inorganic membrane fabrication has recently gained attention due to
their high mechanical strength and chemical resistance; however, their applicability for

water treatment purposes is restricted due to the high fabrication costs and preparation

1
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difficulties (Ng ef al., 2013). In contrast, polymeric membranes are much preferable in
industrial applications. Their selectivity, variety of membrane structures and properties,
ease of preparation and pore formation control and the inexpensiveness of polymers
have meant that they dominate in membrane applications (Hilal et al., 2015). Some of

these polymers are listed in Table 1.1.

Table 1.1: Commonly used polymers and membrane fabrication techniques in water
treatment processes (Hilal et al., 2015).

Water treatment Polymers used for membranes Fabrication techniques
processes fabrication

Reverse osmosis Cellulose acetate/triacetate Phase inversion
Aromatic polyamide Interfacial polymerization
Polypiperazine
Polybenzimidazoline

Nanofiltration Polyamide Interfacial polymerization
Polysulfone Phase inversion
Polyol
Polyphenol

Ultrafiltration Polyacrylonitrile Phase inversion
Polyethersulfone
Polysulfone
Poly(phthalazineone ether sulfone
ketone)
Poly(vinyl butyral)
Polyvinylidene fluoride

Microfiltration Polyvinylidene fluoride Phase inversion
Poly(tetrafluoroethylene) Stretching
Polypropylene Track-etching
Polyethylene
Polyethersulfone
Polyetheretherketone

Membrane distillation Poly(tetrafluorethylene) Phase inversion
Polyvinylidene fluoride Stretching
Electrospinning

Despite the relatively advanced state of the membrane industry, there are still some
issues that need to be tackled for large-scale applications. Fouling is among the main
bottlenecks of the membrane technology to compete with conventional water treatment
technologies (Nackaerts, 2014). Membrane fouling occurs due to the accumulation of
various solutes on the membrane surface and interior structure of the membrane,

forming an additional barrier at the membrane surface or blocking the internal pores.
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This hinders the solvent from passing through the membrane, reducing permeation and
raising the transmembrane pressure required to maintain the same productivity. Thus,
ultimately shortening the membrane's lifespan. Moreover, fouled membranes may
consume a massive amount of cleaning chemicals, which may also impact on the
membrane surface and lead to membrane replacement in severe cases. The consequence
of all these issues is to increase the operation and the maintenance costs of the water
treatment unit (Boussu et al., 2007; Contreras, 2011; Hilal et al., 2005). The good
selection of membrane materials available, module and design, operating conditions,
pretreatment processes and conditions could mitigate the fouling phenomena to some
extent; however, membrane sustainability is still problematical at the industrial scale
and represents a challenging issue due to its complexity and variety (Hilal et al., 2012;
Mohammad et al., 2003). For several decades, membrane fouling phenomena have been
widely addressed from many angles in attempts to minimise their consequences, for
instance, understanding fouling mechanisms, incidence, types, and factors affecting
fouling growth (Becht, 2008).

Membrane modification is a method by which the hydrophilicity of the membrane
can be tailored to reduce the fouling from the components of the process fluid. Indeed,
some argue that membrane modification can be defined as the process of incorporation
of a hydrophilic functional group at the surface of a membrane, aiming to enhance the
free surface energy and thereby reducing fouling since the interactions of most foulants
with membranes are hydrophobic in nature (Rana & Matsuura, 2010; Sathish Kumar et
al., 2015). In fact, membrane separation processes are surface dependent, where the
membrane's active layer (skin) controls the separation process and the membrane—
foulant interactions. Introducing a hydrophilic functional group to that surface is
believed to improve the separation performance of the membrane and to reduce/control
the undesired adhesion and/or adsorption interactions between foulants and that active
layer (Kochkodan et al., 2006; Kochkodan et al., 2014). For achieving this, an
assortment of methods has been suggested which could be used individually or in
combination (Mohammad et al., 2015; Van der Bruggen, 2009). These surface
modifications include grafting (Hua et al., 2008), surface chemical reaction (Wang et
al., 2006b), blending (Wang et al., 2006c; Yu et al., 2009; Zhao et al., 2011b), plasma
treatment (Yu et al., 2005b), dip coating (Madaeni & Ghaemi, 2007) and ion

implantation (Mukherjee et al., 2005a). A variety of polymeric, organic and inorganic
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compounds and nanoscale materials can be utilised via these techniques to improve
polymeric membrane hydrophilicity.

Recently, the incorporation of ENMs into a polymeric membrane matrix has gained
significant attention for water and wastewater treatment applications (Wang et al.,
2013). The fabrication of nanocomposite membranes that conserve the advantages of
polymeric membranes yet overcome their disadvantages by incorporation of ENMs is
a highly desired outcome for membrane development. Nanocomposite membranes are
a new class of membranes consisting of both organic polymers and inorganic nanoscale
materials, which are believed to exhibit enhanced performance in comparison to
standard membranes (Kango et al., 2013; Pendergast & Hoek, 2011; Qu et al., 2013).
The membrane that merges the beneficial properties of both organic and inorganic
materials to create a new membrane with enhanced hydrophilicity, permeability,
thermal and chemical stability, porosity and mechanical properties has been sought by
many research groups (Kumar et al., 2009; Zhao et al., 2013). However, many
processes and environmentally disruptive issues can arise from incorporation of ENMs
into polymeric membranes, such as disruption of membrane morphology and
particulate leaching, these will impact on process efficiency. Choosing application-
specific nanomaterials with an optimum composition is essential to overcome
limitations in polymeric membrane applications (Ng et al., 2013).

There are a large number of studies that have used different ENMs in the
development of novel composite polymer membranes for water treatment applications.
The materials that have been studied include, graphene oxide (GO) (Xia & Ni, 2015;
Xu et al., 2014), carbon nanotubes (CNTs) (Celik et al., 2011b; Shen et al., 2013;
Vatanpour et al., 2011), silver (Ag) (Kim et al., 2012; Prince et al., 2014), titanium
(TiO2) (Li et al., 2009; Rahimpour et al., 2008; Shi et al., 2013), aluminum (Al>O3)
(Maria Arsuaga et al., 2013), silicon (SiOz) (Yu et al., 2009), iron (Fe3O4) (Alam et al.,
2013), zirconium (ZrO;) (Maximous et al., 2010) and zinc (ZnO) (Balta et al., 2012),
clay nanoparticles (Mierzwa et al., 2013) and zeolite (NaX) (Fathizadeh et al., 2011;
Jeong et al., 2007).



Chapter One — Introduction.

1.2 Outline of the thesis

This thesis comprises eight chapters. The outlines of each chapter have been specified
as follows: The introductory chapter (Chapter 1) showcases the great potentials
opportunities of engineered nanoscale materials (ENMs) in the design and fabrication
of engineering nanocomposite membranes for desalination and water treatments along
with their challenges. The focus of the literature review (Chapter 2) is mainly on the
modification of polymeric membranes using a diverse range of ENMs; this includes the
features of ENMs, strategies of incorporation, the influence of ENMs on polymeric
membranes surface characteristics and antifouling properties and issues associated
from the incorporation of ENMs. The review sheds light on findings have not been
covered in previous research. It gives an overview on the wide range of nanoscale
materials (metal/metal oxide nanomaterials, carbon-based, and for the first time,
cellulose nanoscale materials). In addition to addressing the advantages and main issues
associated with incorporating these nanomaterials (environmental and cost issues) and
presents the recent attempts to improve the compatibility with polymeric membranes to
overcome these issues. All experimental related procedures and chemicals used in this
thesis have described in (Chapter 3). In the first results chapter (Chapter 4), an
investigation was made into the influence of PES concentration on UF membrane
morphology and surface characteristics. PES/UF membranes have synthesised with a
wide range of structures that correspond to typical commercially available UF
membranes. Fouling behaviour and retention efficiency tests were conducted to give a
more precise and comprehensive assessment of UF membrane fouling. Three different
organic model foulants (HA, BSA, and NaAlg) have been employed for this
comprehensive assessment under a broad range of feed concentration and solution pH.
In the second results chapter (Chapter 5), versatile metal/metal oxides-carbon
nanotubes, as hybrid nanostructures, have been synthesised via facile, scalable and cost-
effective routes. This was carried via direct precipitation and decomposing of silver,
1ron, titanium and aluminium metal salt solutions on the surface of nanotubes with the
aid of either microwave irradiation or high-temperature tube furnace along with
comprehensive characterisation for the nanostructures. In (Chapter 6), we aim to shed
the light on developing a nanocomposite polymeric membrane using Ag-CNTs based
HNS as antibacterial additives. The bacteriostatic activity of the prepared silver-based

HNS tested as a powder. After that, impregnated within the polymeric matrix and tested
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again for evaluating the antibacterial properties of the nanocomposite membranes
against two pathogens. The last chapter of results (Chapter 7) discussed the application
of prepared HNS in desalination. Four different M/MO-MWCNTs based HNS were
coated with a PDA layer to get the final product. Next, a thin layer of HNS deposited
on a porous substrate membrane by vacuum filtration and the PA layer was adjusted to
entirely cover and robustly fix the HNS interlayer in order to produce a defect-free TFN
membrane. The performance of produced thin film nanocomposite evaluated against
monovalent, divalent salts and heavy metals solution. Finally, the comprehensive

conclusion remarks, recommendations, and future works are presented in (Chapter 8).
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Chapter Two

2 Literature Review

This chapter prefaces three major themes and commences with an overview of
membrane separation processes; including their potentialities, applications, and
classifications. Also, it discusses various materials and techniques employed for
membranes synthesis. Second, covers the inherent impediment associated with
membranes separation, or what so-called “membranes fouling”, as well as various
foulants and factors influence the fouling extent in the membranes. Finally, the
modification techniques employed to diminish membrane fouling are reviewed, with a
focus made on polymeric membranes modification that harnesses ENMs. This will
include ENM's classification, incorporation strategies and how their properties impact
on the surface characteristics, robustness, functionality, morphologies and antifouling
properties of polymeric membranes. The review will also feature a discussion on the
current impediments facing the development and commercialisation of nanocomposite

membrane that harnesses the benefits of ENMs.

2.1 An overview of membrane separation processes

The demand for membrane technology for surface water, wastewaters and desalination
applications continue to grow in recent years. Membrane separation is one of the potent
separation tools in many industrial applications like; wastewater treatment, drinking
water production, electronics, medical treatment, paper and pulp, fuel cells,
pharmaceutical, biotechnology, and food industries (Zeman & Zydney, 1996). Simply,
a membrane defined as a selective barrier that allows one or more species to transfer
from a bulk phase to another one separated by the membrane while prevents other
species from the passage (Ulbricht, 2006). Taking into the account its cost and energy

efficiency, if compared with other conventional separation technologies, introducing
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the membrane technology encouraged these industrial applications to become eco-
friendlier by facilitating the recycling of waste materials and resource recovery that
may contribute to waste production (Rohani et al., 2011). Besides that, they exhibit
high potentialities in the rationalisation of production systems (Strathmann ez al., 2011).
Industrial operations exploit membranes technology do not require many additives,
downscaling and upscaling of membranes, and can easily integrated into other
separation techniques. Also, they operate isothermally at low temperature and utilise
lower energy consumption in comparison to the other conventional separation

processes (Ulbricht, 2006).

Classification of membranes can base on different criteria. According to Aptel &
Buckley (1996), the mass transfer through membranes could take place based on several
types of driving forces (i.e. pressure, concentration gradient, temperature and electrical
potential difference). A pressure difference is defined as the driven force for MF, UF,
NF and RO membranes in water treatment applications. Mass transfer in liquid phase
pressure-driven membrane processes is a function of the complex microhydrodynamics
and interfacial events occurring at or inside the membrane surface. The movement of a
material or solute in a membrane process transitions through a series of different mass
transfer regions, namely movement from the bulk solution to the membrane surface via
a concentration polarisation layer, equilibrium partitioning from the bulk solution to a
space just inside the membrane pore, travel through the membrane pore itself and then
equilibrium partitioning from just inside the exit of the pore to the bulk permeate. Each
of these individual processes occurs in series and a change in anyone of the processes
has a knock-on effect on the subsequent processes.

Commonly, pressure-driven membrane processes are categorised into four broad
types depending on the pore size of the membrane, includes; microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) membranes, in
addition to other criteria (Baker, 2004). MF membranes, with a pore size range (0.05-
10 um), employed extensively across a wide range of industries for various applications
that usually involve the removal of suspended solids, colloids, and macromolecules by
the sieving mechanism. MF can possess a water permeability higher than 500 LMH and
operates under less than 2 bars. Instead of conventional filters, MF has been efficiently
used in desalination and food industry as a pre-treatment process (Baker, 2004; Hilal et

al., 2015). UF membranes, with a pore size range (5-100 nm), is another attractive
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separation process used for micro solute separation, and utilise an operating pressure of
fewer than 5 bars. It is well known as a clarification and disinfection separation process
having a wide range of applications, includes wastewater treatment, fractionating of
proteins and drinking water disinfection (Baker, 2004). Typically, filtrate flux rate of
UF membranes ranging from 25 to 250 LMH (Desai, 2000). NF membrane is another
superior separation process. It is also called membrane softening or low-pressure RO
since it falls between UF and RO in term of its selectivity and operating pressure, as
shown in Figure 2.1. With approximately 1 nm pore size, solute transport through NF
membranes is stemmed by convection as a result of applied pressure difference and by
diffusion as a result of concentration gradient differences across membranes (Otero et
al., 2008). NF used to adjust the ratio of monovalent salts, separate multivalent salts
and dissolved organic solutes depending on size exclusion and dielectric effects. NF
membranes are of special interest due to their higher flux rates and lower energy
consumption. Therefore, introduced to replace RO membranes in many applications
includes; drinking water, ultra-pure water production, and dyes removal (Raman et al.,
1994; Watson & Hornburg, 1989). Currently, about 65% of the NF market is accounted
for by water treatment applications, 25% of the market for the food and dairy sectors
and less than 10% for the chemical industries. Finally, reverse osmosis (RO) membrane
with the densest structure among other membrane processes. RO represent about 50%
in desalination plants of brackish and seawater while other applications include
pharmaceutical, power generation industry and small application in food and pollution
control. With less than 1 nm pore size, solution diffusion is the main transport
mechanism through RO membranes that require a high pressure (10-100 bar) to perform

the separation through the membrane dense layer (Baker, 2004).
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Figure 2.1: Classification of membrane separation processes, (Donnelly et al., 1998).

From the other hand, membranes can also be classified in terms of their structure,
preparation techniques, geometry, and fabrication materials. These classifications give
an indication of the membrane specifications (Baker, 2004). Membrane’s structure can
be divided into broad types; e.g., thin layer, bi or multilayer, mixed matrix composite,
symmetric (isotropic) with uniform structure and composition, and asymmetric
(anisotropic) consists of a thin dense layer which performs the separation process
supported on a much thicker substrate to provide the required mechanical strength, as
shown in Figure 2.2. However, classification based on the fabrication techniques
includes well-known examples of Loeb- Sourirajan (polymer precipitation process), in
situ polymerisation, sol-gel process, sintering, stretching, track-etching and solution
coated composite membrane. Also, geometry classification refers to flat sheets and
hollow fibres produced by the various techniques. These membranes are packaged into
efficient and economic modules with the high surface area to increase membrane flux
and reduce fouling (Baker, 2004). Membranes can also be classified into organic,
inorganic and mixed matrix composite membranes based on their fabrication materials

(Dang, 2009).
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Figure 2.2: Schematic diagrams of the principal types of membrane(Baker, 2004)

2.2 Membranes fabrication

Worthwhile efforts have been devoted in the last decades to fabricate synthetic
membranes for a particular application with a desired selectivity, permeability,
structure, chemical and physical properties. To achieve this goal, several techniques
were implemented depending on the desired specifications and applications; this
includes phase inversion, stretching, track-etching, sintering, interfacial polymerisation
and electrospinning (Lalia et al., 2013). Since the focus of this thesis is onto flat-sheet
membranes, the phase inversion (PI) method will be highlighted from different angles
including; PI types, mechanism, fabrication materials and some of the critical factors

that can influence the fabricated membrane properties.

2.2.1 Membrane materials
Membranes used in water treatment applications are made from a wide variety of
materials. Inorganic material (Ceramic, metal, glass, and liquid), organic polymers,

composite materials or mixed matrixes are the standard materials used in membranes
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preparation (Ulbricht, 2006). However, the emerging industrial membranes
marketplace of inorganic materials is still in its initial stages if compared to the

available organic polymers employed for membranes fabrication.

Although inorganic membranes fabrication has recently received much attraction
due to their high mechanical strength and chemical resistance, their applicability for
water treatment purposes is limited, due to many issues associated with the fabrication
process, such as high fabrication costs and preparation difficulties. For instance, pore
size distribution control and relatively low flux are the main obstacles in ceramic
membranes preparation process (Ng et al., 2013). In contrast, polymeric membranes
are much preferable in industrial applications. Their selectivity, variety of membrane
structures and properties, ease of preparation and pore formation control and
inexpensiveness of polymers stand behind their domination.

In the organic membranes fabrication, a polymer should be chosen qualitatively,
based on particular specifications originated from structural factors (Mulder, 1996).
The polymer chosen for a successful membrane formation must: (i) be compatible with
the intended application, (i) be a suitable membrane former, (ii1) be reasonably priced,
available and applicable to the membrane fabrication technique (Zeman & Zydney,
1996). According to Mulder (1996), several polymers exploited for membranes

fabrication, this includes;

1. Cellulose derivatives; Cellulose Nitrate and Cellulose Acetate are highly
crystalline and hydrophilic polymers. Although membranes made from cellulose-
based polymers exhibit low fouling tendency and ease of membrane flux
restoration; their thermal, chemical and biological resistance is relatively low.

ii. Polyamides (PA); an aromatic polyamide and aliphatic polyamide have excellent
thermal, chemical and hydraulic stability. Aromatic polyamides are widely used
for RO membrane fabrication while aliphatic polyamides used for UF and MF
membranes. However, polyamides have low compatibility with other polymers

and solvents.

iii.  Polyethylene derivatives; polytetrafluoroethylene (PTFE), poly (vinylidene-
fluoroethylene) (PVDF) and polypropylene are highly crystalline and
hydrophobic polymers. Also, they have excellent thermal and chemical stability.

12
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iv. Polycarbonates have excellent thermal and mechanical characteristics, and
widely used for MF membrane fabrication.

v. Sulfone based polymers; polyethersulfone and polysulfone (PS) are quite
essential polymers, not only because they are used for UF membrane fabrication
but also as substrates for NF and RO membrane processes. Also, they exhibit a
good thermal and chemical stability. Even though that polysulfone is less
hydrophilic than polyethersulfone, PS is still preferable when mechanical and
thermal characteristics are extensively required. PES has been widely used as the
host polymer in membranes modification due to its simple main chain. Moreover,
PES has high chlorine resistance within a short contact time, afford a wide range
of pH (3-13) and temperature (up to 75 °C). However, the hydrophobicity of PES

1s still the main obstacle of this polymer.

2.2.2 Phase inversion

Since the invention of phase inversion (PI) or phase separation (PS) technique
pioneered by (Loeb & Sourirajan, 1963). PI became the most remarkable technique for
membranes fabrication, where most of the asymmetric porous flat sheet-polymeric
membranes made by this technique. The PI process consists of the separation of an
initially homogeneous system into two distinct phases, including polymer-rich phase
(solid phase) that will give rise to the membrane matrix whereas the polymer-lean phase
(solvent rich liquid phase) will originate from the membrane pores. In comparison to
other fabrication techniques, PI is extremely versatile and allows high flexibility of
membranes material selection, while a wide range of pore sizes can be obtained (1-
10000 nm) as long as the system (polymer-solvent) miscibility gap over a defined

temperature and concentration range (Hilal et al., 2015).

2.2.2.1 Phase inversion types
PI as membrane fabrication technique can be subdivided into four distinguished types,
depending on the mechanism exploited to induce the phase separation or what so-called

(demixing or precipitation) (Van de Witte et al., 1996), this includes;

1. Evaporation-induced phase separation (EIPS): in this technique, precipitation is

induced by the volatile solvent evaporation out of the casting solution.
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ii.  Vapour-induced phase separation (VIPS): precipitation occurred when the
nonsolvent adsorbed from a vapour phase, which may contain other gasses like
nitrogen or air.

iii.  Temperature-induced phase separation (TIPS): where precipitation induced by
cooling the prepared high-temperature homogeneous polymer solution. The
simplest system of TIPS consists two components; a solvent and a polymer.

1v. Nonsolvent-induced or diffusion induced phase separation (NIPS or DIPS):
where the nonsolvent bath is exploited to induce the phase separation through

immersion of the casting solution in the bath.

In the later technique (NIPS), which is the most commonly used one for preparation
of membranes, the casting solution is prepared by dissolution the polymer in an
appropriate solvent, then cast on a support plate and finally immersed in a nonsolvent
bath to form the membrane. The nonsolvent could be any liquid in which the polymer
is not soluble in. Water is the most prevalent one used for polymeric membranes
preparation, but other compositions could also be added. The phase inversion will take
place due to the diffusion exchange between the solvent and the nonsolvent. This will
take the polymer into direct contact with the nonsolvent. Eventually, phase separation
of the polymer will occur leading to precipitate the polymer in the nonsolvent to form

the membrane (Lalia et al., 2013).

2.2.2.2 Parameters affecting phase inversion process.

During the fabrication of asymmetric polymeric membranes by NIPS technique, many
fundamental and secondary parameters can be adjusted to control the overall membrane
properties, such as; polymer concentration, type and concentration of additives,
evaporation time, casting shear rate, coagulation bath temperature and composition.
The fabricated membranes morphology, mechanical strength, permeability and
selectivity can be influenced by the interplay of all these preparation parameters. In this
section, two of the critical variables (polymer concentration and type of additives) will

be covered.

With PI technique, it is possible to control the type of the fabricated membrane
process. MF/UF and even NF membranes can be produced by varying the polymer

concentration in the casting solution. UF membranes could be obtained from 12-20 it.
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% polymer whereas higher than 20% could result in NF (Lalia ef al., 2013). Such a
drastic change in the morphological characteristics of the membrane would be
expected. The use of more concentrated polymer can lead up to the formation of the
higher concentrated dope solution at the binodal-phase separation point. Thus, a denser
spongious structure would be formed as well as a lesser possibility of solvent extraction
occurs from the surrounding polymer solution to the polymer-lean phase during the
formation of the microvoids (Blanco ef al., 2006).

Regarding the role of additives in the casting solution, a wide range of additives
has been used to impart a desirable trait to a candidate membrane. These additives are
not only added to act as pore formers but also to improve; hydrophilicity, porosity,
surface and antifouling properties of membranes. However, polymeric additives are the
most common in which they have diversified chemical natures. Among these agents,
hydrophilic polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG) are extensively
used to introduce a lesser hydrophobic and a higher permeability membrane with
nominal influence on the selectivity (Han & Nam, 2002; Mosqueda-Jimenez et al.,
2004; Ochoa et al., 2001). Moreover, ultimate membranes may have better morphology
along with enhanced porosity, pore interconnectivity, and suppressed microvoids
formation (Hilal ef al., 2015; Wienk et al., 1996). This was ascribed to the capability
of PVP to induce the thermodynamic instability of the dope solution and promote the
instantaneous liquid-liquid demixing (Feng et al., 2006; Shi et al., 2007). PVP is a
water-soluble polymeric additive, and thus, a substantial amount of PVP can readily
leach out of the membrane during the solvent-nonsolvent exchange, and to a lower
extent during the hydraulic permeation. Indeed, this would result in a gradual
deterioration in membranes performance with time (Kim ez al., 2005; Wan et al., 2006).
Depending on PVP molecular weight used during the fabrication, the stability and the
influence on membranes may differ. It has been reported in literature that PVP with
lower molecular weight tends to form smaller pores but leaches out more readily from
the membranes, than PVP with higher molecular weight. Also, a thicker skin layer
contains larger pores is more likely to be formed (Wang et al., 1995, 2000). Usually,
PVP leaching might cause a rougher membrane surface in asymmetric membranes than

dense membranes (Wan et al., 2006).
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2.3 Membranes fouling phenomena

Despite the relatively advanced state of the membrane industry, there are some issues
still need to be tackled on the large scale. Most of these impediments can be brought
back to one major cause which is the hydrophobic nature of polymeric materials. This
would make synthetic membranes more attractive for hydrophobic compounds in
water. Indeed, results in “membrane fouling”, the main constraint in industrial
membrane applications sustainability (Nackaerts, 2014). Particularly, membrane
fouling occurs due to the accumulation of various solutes on the membrane surface
and/or interior structure of the membrane, forming an additional barrier at the
membrane surface or/and blocking the internal pores. Indeed, hindering the solvent
from passing through the membrane. This will cause a lesser permeation, a higher trans-
membrane pressure to maintain same productivity, and shorten membrane lifespan.
Moreover, fouled membranes may consume a massive amount of cleaning chemicals
or lead up to membrane replacement in severe cases. As a consequence, this will
increase the operation and the maintenance costs of the treatment unit (Boussu et al.,
2007; Contreras, 2011). Although a good selection of membrane materials, operating
design, pre-treatment processes and operating conditions could mitigate the extent of
fouling, membrane’s sustainability is still intricate matter in the industrial applications
and represents a challenging issue due to its variety (Hilal et al., 2012). For several
decades, membrane fouling phenomenon has been widely addressed from different
angles to minimise its consequences. This includes; understanding its mechanisms,
incidence, types, factors affecting fouling growth and corresponding solutions (Becht,

2008).

Generally, foulants may interact differently with membranes depending on many
circumstances, as will be addressed later in this chapter. Membranes fouling behaviour
can be specified and categorised mainly into two groups; reversible and irreversible
fouling. Membranes with reversible fouling can easily restore their original flux by
performing the necessary cleaning protocols while releasing the system pressure. In
contrast, membranes with irreversible fouling may result in permanent flux decline
even after intensive cleaning been performed. Therefore, controlling of foulants
adhesion on polymeric membranes surfaces are crucial to mitigate membrane fouling.
Disparate strategies have been used to mitigate membrane fouling, this includes,

attaching appropriate feed pre-treatment process, ultrasonic entrenchment, cleaning
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chemicals, relaxation, backwash and membrane surface modification (Le-Clech et al.,

2006).

2.3.1 Fouling mechanisms

Particularly, membranes fouling is extremely complex phenomena that not determined

accurately yet (Kimura et al., 2004). According to Hilal et al., (2005), membrane

fouling phenomena can take place at different positions in membranes, including both

of the selective layer and pore walls. Internal fouling refers to the deposition and

adsorption of small particles or molecules onto the pore entrances or the inside of a pore

of the membrane whereas external fouling refers to the accumulation of rejected

molecules upon the membrane surface. So, understanding the contributing fouling

process mechanisms could provide better means to minimise membranes fouling sub-

consequences. According to W.R. Bowen (1995), these mechanisms can be categorised

into four physically based types (Figure 2.3), as follows:

1.

ii.

iii.

1v.

Pore plugging (complete blocking of the pores): this type of fouling occurs when
each particle at the membrane surface has fully blocked one or more pores
without any particles superposition.

Long-term adsorption (intermediate blocking): in this type, subsequent particles
have accumulated on the beforehand arrived particles that formerly blocked
some pores or directly blocked other pores.

Direct adsorption (standard blocking): As a consequence of this fouling type, a
decrease in the pore volume will occur due to the deposition of particles on the

wall of the internal pore in the membranes.

Cake filtration (boundary layer resistance): this fouling results from adhesion of
new particles on one or more formerly arrived foulant particles which had
already blocked some of the membrane pores. However, there is no direct

deposition between the membrane surface and these newly attached foulants.
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Figure 2.3: Fouling mechanisms; (A) complete blocking, (B) intermediate blocking,
(C) standard blocking, and (D) cake blocking.

In fact, membrane’s fouling may combine some or all of these mechanisms during
the fouling formation process depending on the membrane characteristics. Thus,
membrane fouling behaviour in the four pressure driven processes is not equivalent. In
UF and MF (loose membranes), all the previously mentioned mechanisms might be
involved to take part in the formation of final fouling configuration, while cake
formation and concentration polarization are more likely to foul RO and NF
membranes, as their fouling was assumed to take place on the membrane surface due
to their tightness and relatively the size of foulants in comparison to membrane pore

sizes (Boussu et al., 2007).

2.3.2 Foulants categorisation
Depending on foulant’s nature, foulants were categorised into four major types; scale,

silt, organic and biological fouling.

Scaling can be defined as the nucleation and growth of inorganic minerals on the
surface of membranes (Antony et al., 2011), and is responsible for the surface blockage
and flux decline of the RO/NF membranes. During the pressure-driven desalination
processes, the sparingly soluble inorganic (e.g. CaSO4-2H>O, CaCO3, and Caz(POs4)2)
salts become supersaturated and may precipitate on a membrane surface to cause

scaling, that will end up with many environmental and economic issues (Shirazi et al.,
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2010; Van de Lisdonk et al., 2000). The concentration of dissolved minerals tends to
build up by the factor of 4 -10 (Antony et al., 2011). Major factors that can dictate the
severity of scaling are surface morphology of membranes, operating condition, and
kinetics of crystallisation and precipitation (i.e., surface and bulk crystallisation) (Goh
etal.,2018).

Whereas, organic fouling can be defined as the combination of deposition, reaction
and interaction of high molecular weight organic molecules (e.g. transparent
exopolymer particles (TEPs) and/or natural organic matters (NOM)) with the
membrane surface (Goh et al., 2018). Membranes fouling with naturally occurring
organic materials has frequently cited as the primary cause of chronic fouling in
membrane processes. The factors that predetermine the relative propensity of organic
materials to foul a membrane include their molecular weight, conformation, membranes
surface characteristics and the organic foulant affinity for the membrane (Devitt).

Biofouling was defined as the microbial cell adhesion and the later colonisation at
the membrane surface forming microbial biofilm (Zhang et al., 2012). Typically,
membrane biofouling caused by biologically active organisms (e.g. viruses, fungi, and
microorganisms) is the most complicated form of fouling among the types above, since
these organisms tend to adhesively attach, accumulate and colonise at the membrane
surface (Kochkodan & Hilal, 2015). Commonly, this microbial attach to a membrane
surface is initialised by the irreversible adhesion of one type of bacteria or more and
followed by the subsequent growth and multiplication of the sessile cells in the presence
of feed water nutrients (Upen et al., 2000). Once they attach the surface and form a
matrix of extracellular polymers, their removal will be quite hard even with applying
biocides (Subramani & Hoek, 2008). In general, physiochemical parameters such as
solution chemistry, hydrodynamic and interfacial forces can influence the biofouling
behaviour in polymeric membranes. Also, biofouling can be impeded by making the
membrane surface more hydrophilic or negatively charged, (Lee et al., 2013).

Lastly, colloidal (silt) fouling could result from the accumulation of suspended and
colloidal particles having a size ranging from few nanometers to few micrometres (e.g.
silica, iron hydroxides/oxides, heavy metals hydroxides and organic colloidal matters)

(Potts et al., 1981).
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2.3.3 Factors affecting membranes fouling

Diversified linked factors can critically act for accretion or diminishing of fouling
phenomena in polymeric membranes applications. In addition to the chemical and
physical pretreatments, there are leading factors could heavily influence the fouling
behaviour of any membrane; these are (i) membranes characteristics, (ii) hydrodynamic

conditions and (iii) feed solution chemistry.

2.3.3.1 Membrane characteristics

According to (Al-Amoudi & Lovitt, 2007; Rana & Matsuura, 2010), improving
membranes surface properties can efficiently reduce fouling and enhance the overall
performance. So far in the literature, considerable strategies, with a view for enhancing
membrane surface characteristics, are aimed for smoothing, hydrophilization and
attaching charged functional groups to the membrane surface to diminish undesired
membrane-foulant interactions. Basically, membrane surface characteristics consist of

surface roughness, hydrophilicity and surface charge.

i.  Surface roughness
Membrane’s surface roughness is one of the most critical features that directly linked
to membrane flux and fouling (Zhu & Elimelech, 1997). A rougher membrane’s surface
is believed to be more favourable to foul. This is attributed to the higher surface area
presented to where foulants can be attached. Preferentially these foulants tend to
accumulate in the valleys of rougher surfaces and clog them, resulting in more severe
fouling and faster fouling rates (Vrijenhoek et al., 2001). Additionally, it is pointed out
that water current during the cross-flow filtration can act as a shear force to prevent
foulants from attaching the membrane surface. Indeed, smooth membranes would not
readily foul, while the influence of this shear force is supposed to be minimal at rougher

surfaces (Geesey ef al., 1996).

ii.  Hydrophilicity/hydrophobicity
Membrane’s material hydrophobicity/hydrophilicity is another characteristic that can
noticeably affect membrane fouling behaviour. Practically, hydrophilicity-
hydrophobicity of a membrane surface is based on contact angle measurements where
a lower contact angle refers to a higher hydrophilicity (Hilal ez al., 2015). Therefore, a
membrane prepared from hydrophilic materials is expected to be less fouled than

membranes made from a hydrophobic one (Hilal ez al., 2012).
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According to Israelachvili (1992), membranes prepared from hydrophilic materials
are more attractive to water molecules where these molecules tend to form hydrogen
bonds with the membrane materials and itself. As a consequence of water molecules
attraction between each other, more water would be adsorbed, and a water layer will be
formed at the membrane surface reducing the membrane-foulant attractions. Moreover,
water layer thickness is believed to increase proportionally with an increase in
membranes material hydrophilicity. On the other hand, lesser hydrophilic membranes
(contact angle is no greater than 90°) have a lower tendency for water molecules
adsorption, and once they are fully wetted, a water layer will also form. In the
meantime, less hydrophilicity surfaces can be subjected to secondary impacts make
them more prone to pores blockage and internal foulant adhesion by hydrophobic
molecules presented in the feed solution, resulting in a lower permeate flux (Jonsson &
Jonsson, 1995). Thus, hydrophobic molecules tend to avoid attachment to membranes
have hydrophilic surfaces which explain why hydrophilic membranes are less prone to
fouling than hydrophobic one.

Membranes surface modification is becoming a growing field of research since it
is believed that turning membrane surface properties through incorporating new
hydrophilic functional groups would produce more hydrophilic surfaces (Wang et al.,
2012). (Koehler et al., 2000), studied the intermolecular forces between a modified
polysulfone (PS) membrane and the protein Lysozyme (LYZ), results confirmed that
hydrophilic membranes not only showed lower fouling and contact angle but also
reduced an amount of materials adsorbed and adhesion forces. (Kochkodan ez al., 2006)
prepared different composite membranes with chemically different surfaces via the
photochemical modification. Membranes with hydrophilic surfaces exhibited less
susceptibility than hydrophobic membranes to microbiological fouling using E.coli
suspension.

Currently, there is no experimental method capable of measuring the hydrophilicity
as a unique property of the membrane chemistry. Rana & Matsuura (2010) reported that
even though contact angle has been used to express membranes hydrophilicity, it could
be affected by surface morphology (e.g. surface roughness and pore size). Fouling
reduction in hydrophobic membranes suggests that membrane fouling is affected by

chemistry parameters other than hydrophilicity. For instance, the solution pH can
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influence the foulants characteristics (e.g., size, shape and surface charge), and

ultimately the interactions between the membranes and molecules.

iii.  Surface charge
Surface charge characteristics of a membrane may accelerate or inhibit the fouling
phenomena in polymeric membranes since it may behave as absorption sites for
foulants (Ikeda et al., 1988). Indeed, making the membrane more susceptible to foul
with charged foulants presented in the feed solution, when both the membrane and
solutes have different charges (Gerard ef al., 1998). In contrast, deposition of a solute
on a membrane surface could be reduced when both the solute and the membrane have
similar charge (Elimelech ef al., 1994; Van der Bruggen et al., 2008). (Becht, 2008)
claimed that introducing charged groups on a polymeric membrane surface improve not
only the separation performance but also reduce the deposition of foulants. With no
thoughtfulness to membrane surface roughness and hydrophobicity, a reduction in
membrane total fouling might be achieved as a consequence of these repulsion forces
indeed (Abu Seman, 2010). While the role of surface charge characteristics tends to be
marginal at a higher membrane surface roughness due to the higher tendency of foulants
adsorption. (Reiss et al., 1999) showed that a negatively charged membrane with higher
surface roughness exhibited greater organic fouling than less negatively and smoother
membranes. Furthermore, deposition of these NOM was reported on membrane surface
in some cases, especially when the hydrophobic interactions exceed NOM -membrane

charge repulsion forces (Tu ef al., 2005).

2.3.3.2 Hydrodynamic conditions

Hydrodynamic conditions including; module geometry, type of flow and operating
pressure are significant factors with the view to alleviate membranes fouling behaviour
in industrial applications. The extent of fouling formation/accumulation on the surface
of a membrane is strongly subjected to the geometry of that membrane. Therefore,
industrial flat sheets and/or hollow fibres membranes are packaged into efficient and
economic modules, aiming to maximise their active contact area with feed solutions
(Baker, 2004). The spiral wound is one of the widely used industrial modules due to its
high packaging density to size employed in the design. The incorporated spacers into
the module design along with the tangential flow across the membrane surface are

efficient routes to enhance the surface hydrodynamically. During the cross-flow
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filtration, a lower accumulation of foulants on membrane surface could be produced
since water current could act as a shear force preventing the growth of fouling layers.
Furthermore, retentate side can be recycled back to the feed solution side for further
filtration, in contrast to the perpendicular flow in dead-end filtration where the filtrate
is limited to permeate flux. Moreover, operating pressure could also influence fouling
behaviour. Even though a higher operating pressure could result in a higher permeate
flux, it may create additional drag force and compressed fouling layers on the operating

expenses of the high flux produced (Seidel & Elimelech, 2002).

2.3.3.3 Feed solution characteristics

Generally, each foulant has a specific surface charge, particle dimensions, and
hydrophobic nature. These characteristics may be significantly influenced by feed
solution conditions (e.g. pH, ionic strength and salt type), along with their influence on
membrane surface characteristics (Mo et al., 2008; Tang et al., 2007). Solution
chemistry can have an impact on foulant-foulant interactions from one side, and
foulants-clean membrane surface from the other side. Fouling could be the harshest
when filtering a solution in which foulants have low stability and weak interactions
(Tang et al., 2007). For instance, fouling produced by hydrophilic uncharged molecules
would be least at pH7 while negatively charged molecules could pursue better at high
pH (Boussu et al., 2008). In another research, (Mo et al., 2008) reported that the most
significant flux decline, during the filtration of Bovine serum albumin (BSA) through
RO membrane, was achieved at a pH value close to the isoelectric point of BSA. This
was attributed to the aggregation resulted from the weakened electrostatic repulsions of
BSA molecules. While charge shielding and double layer compression effects were
enhanced at higher ionic strength, producing weaker electrostatic repulsions and
severer fouling conditions. In fact, proteins are known as polymers built up from
different amino acids, and their functional groups that dictate the charge are located at
the outer edges of their structure. Hence, that charges might be altered when changing
the solution environment (pH) in addition to the membrane surface charge itself (Becht,

2008).
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2.4 Membrane modification

Membrane modification is defined as the process of incorporating a hydrophilic
functional group to the surface of a membrane, aiming to enhance the free surface
energy and thereby reduces fouling. In fact, membrane separation processes are surface
dependent, where the membrane’s active layer (skin) controls the separation process
and the membrane-foulant interactions. Indeed, introducing a hydrophilic functional
group to that surface was believed to improve the separation performance of this
membrane and to reduce/control the undesired adhesion and/or adsorption interactions
between foulants and that active layer (Kochkodan et al., 2014). For achieving this goal,
an assortment of methods has been suggested and could be used individually or as a
combination of more than one technique (Van der Bruggen, 2009), this includes;
grafting (Helin et al., 2008), surface chemical reaction (Wang et al., 2006b), blending
(Wang et al., 2006¢c; Zhao et al., 2011b), plasma treatment (Yu et al., 2005a), dip
coating (Madaeni & Ghaemi, 2007), ion implantation (Mukherjee et al., 2005b).

However, each technique has its pros and cons.

One of the most versatile modification techniques is surface grafting, where a
monomer could covalently have bonded onto a polymer chain. This can be achieved by
photo-irradiation, chemical treatment or high-energy radiation technique (Sathish
Kumar et al., 2015). Different molecules could be attached to the membrane surface,
such as amphiphilic copolymers (Asatekin et al., 2006) and zwitterionic polymers
(Zhao et al., 2011a). However, even though it has been approved as successful
modification technique and considered as stable technique, its practical applications are
still doubtful where some chemicals used in grafting are environmentally unfriendly.
Furthermore, grafting by UV irradiation, gamma ray, and plasma is difficult to apply in
large industrial applications (Rana & Matsuura, 2010).

Nevertheless, formation a layer on a membrane surface via dip coating and
adsorption is one of the cheapest modification techniques, since no costliest equipment
are required (Sathish Kumar et al., 2015). However, the surface layer durability is
questionable in membranes industrial applications since these layers tend to degrade
gradually during the operation (Khulbe et al., 2010; Rana & Matsuura, 2010). In
addition to the potential of coating layer delamination, this layer may cause significant
undesirable changes in membrane permeability as a consequence of pore plugging or

narrowing, especially when modification by NM been applied (Razmjou et al., 2011).
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Likewise, blending of various additives with the polymeric matrix is widely
applied due to its simplicity and effectivity. A variety of NMs, polymeric additives,
inorganic compounds...etc., can be added during the membrane fabrication process,
where no extra steps and instruments to generate radiation or plasma are required,
unlike the more complex modification techniques. Only an additional component is
added to the casting solution to produce a membrane as desired (Nackaerts, 2014).
These additives are not only able to enhance the membrane hydrophilicity but also
could influence the structure of the membrane (Wienk et al., 1996). However, in this
method, additives are impregnated in the inner structure of the membranes other than
concentrated on the surface. Indeed, their functionalities are partially exploited (Hilal

etal.,2015).

2.4.1 ENMs for polymeric membrane applications.

Recently, the implication of ENMs into a polymeric membrane matrix have gained
extraordinary attention in water and wastewater treatment applications (Wang et al.,
2013). Due to the variety of polymeric membranes structures and properties,
inexpensiveness of polymers, ease of preparation, integration to different
configurations and pore formation control, polymeric membranes are still more
preferable in industrial applications. In the meantime, the hydrophobic nature of
polymers, as well as their limited thermal, mechanical and chemical resistance,
represents the main obstacles in membrane industry (Ulbricht, 2006; Xu et al., 2009).
Differently, inorganic membranes have the much higher mechanical strength and
chemical resistance, while their applicability for water treatment purposes is quite
restricted due to high fabrication costs and preparation difficulties (Ng et al., 2013).
Therefore, a vast number of studies has been devoted for producing what so-called

“hybrid” or “nanocomposite” membrane using various NMs.

Nanocomposite membranes, as a new class of membranes, consists both organic
polymers and inorganic nanoscale materials, are believed to exhibit enhanced
performance in comparison to nascent membranes (Kango et al., 2013; Qu et al., 2013).
The membrane that merges the synergic effects for both organic and inorganic materials
would have a new entity with enhanced hydrophilicity, permeability, thermal and
chemical stability, porosity and mechanical properties (Kumar et al., 2009; Zhao et al.,

2013). In the meantime, many issues may arise from incorporation of nanomaterials
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into polymeric membranes that might have disruptive consequences on these
membranes and the environment. Indeed, choosing convenient nanomaterials with an
optimum composition is an essential aspect to overcome their limitations in polymeric
membrane applications (Ng et al., 2013).

For water treatment applications, a vast number of studies on coupling nanoscale
materials with polymeric membranes have focused on (i) carbon-based materials, for
instance; Graphene oxide (GO) (Xia & Ni, 2015; Xu et al., 2014) and carbon nanotubes
(CNTs) (Celik et al., 2011b; Shen et al., 2013; Vatanpour et al., 2011), (ii) metal and
metal oxide nanoparticles like; Silver (Ag) (Kim et al., 2012; Prince et al., 2014),
Titanium (TiO2) (Li et al., 2009; Rahimpour et al., 2008; Shi et al., 2013), Aluminum
(Al203) (Maria Arsuaga et al., 2013), Silicon (SiO2) (Yu et al., 2009), Iron (Fe3;04)
(Alam et al., 2013; Xu et al., 2012), Zirconium (ZrO2) (Maximous et al., 2010) and
Zinc (ZnO) (Balta et al., 2012), (iii) alumina-silicate based nanomaterials like; clay
nanoparticles (Mierzwa et al., 2013) and zeolite (NaX) (Fathizadeh et al., 2011). (iv)
in addition to an assortment of NM, for instance; Calcium carbonate CaCO3 (Nair et

al., 2013).

2.4.2 Special features of ENMs

During the last two decades, materials and structures, manifesting geometric
dimensions below 100 nm, have inspired the scientific world (Hanemann & Szabo,
2010). Different nanomaterials synthesised by various techniques have been applied in
many fields, including medical supplies, pigments, cosmetics production, catalysts,
toner and ink (Okada & Usuki, 1995). Nanomaterials are classified under different
criteria, depending on the applications, materials, and fields concerned. However, a
widely accepted definition of nanoparticles is that they are particles with a diameter
<10-20 nm; a size with a surface area to volume ratio where a drastic change in the
physical behaviour of the materials occurs. Moreover, in many cases, particles with size
ranging from 1 to 100 nm are also referred to as nanoparticles (Hosokawa et al., 2007).
In a narrower scene, based on their dimensionality, nanoscale materials are divided into
four broad categories: zero-dimensional (0D), one-dimensional (1D), two-dimensional
(2D) and three-dimensional (3D). 0D nanoscale materials include uniform particles
arrays, heterogeneous particle arrays, core-shell quantum dots, onion-like layered

particles, nano lenses and hollow spheres (Figure 2.4). 1D includes nanorods,
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nanowires, nanobelts, nanotubes and hierarchical nanostructures (Figure 2.5). 2D is
composed of nanoplates, nanosheets, branched structures, nanoprisms, nanowalls, and
nanodisks (Figure 2.6). Lastly, 3D nanostructures include nanocones, nanocoils,

nanopillers, and nanoflowers (Tiwari ef al., 2012) (Figure 2.7).

Figure 2.4: SEM and TEM images for various zero-dimensional (0D) ENMs. (A)
Quantum dots, (B) nanoparticles arrays, (C) core-shell nanoparticles, (D) hollow
cubes and (E) nanospheres. Adopted from (Tiwari et al., 2012).

.1|' 5 um i A ;
Figure 2.5: SEM and TEM images for various one-dimensional (1D) ENMs. (A)
Nanowires, (B) nanorods, (C) nanotubes, (D) nanobelts, (E) nanoribbons, and

(F)hierarchical nanostructures. Adopted from (Tiwari et al., 2012).
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Figure 2.6: SEM and TEM images for various two-dimensional (2D) ENMs (A)
Junctions (continuous islands), (B) branched structures, (C) nanoplates, (D)
nanosheets, (E) nanowalls, and (F) nanodisks Adopted from (Tiwari et al., 2012).

Figure 2.7: SEM and TEM images gvarious three-dimensional (3D) ENMs. (A)
Nanoballs, (B) nanocoils, (C) nanocones, (D) nanopillers and, (E) nanoflowers.
Adopted from (Tiwari et al., 2012).

As material is distributed as smaller particles within a system (and the surface area
to volume ratio of particles increases) the proportion of surface atoms increases
resulting in a higher active surface area, e.g. 5 nm particles compose only a few 10° of
atoms or unit cells, and possess about 40% of the atoms at the surface. While 0.1 um
particles compose 107 atoms or unit cells and possess only 1% of the atoms on the

surface (Hanemann & Szab6, 2010). The increase in the number of the interfacial atoms
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of material distributed within a system as nanoparticles mean that their behaviour at the
interface will dominate the behaviour of the bulk material within the system. This
behaviour is manifest for nanoparticles as differences in optical, magnetic,
thermodynamic, thermomechanical, electronic and structural properties. Consequently,
the desired properties of the aimed nanocomposite might show enhanced electrical,
thermal, mechanical and rheological properties depending on the size, shape,
composition of these nanomaterials and their interactions with the host polymeric

matrix (Kango et al., 2013).

2.4.3 Strategies for incorporating ENMs into polymeric membranes

In general, two strategies have been adopted to prepare nanocomposite membranes;
thin film nanocomposite membranes, where ENMs have been deposited on the surface
of a polymeric membrane, and mixed matrix nanocomposite membranes fabricated
through the direct entrapment of ENMs within the polymeric matrix (Jhaveri & Murthy,
2016). A combination of both techniques has also been examined (Kim et al., 2012).
However, to enable the fabrication of novel multifunctional nanocomposite membranes
avoiding complex processes, both coating/deposition and blending can be used to
achieve a broad range of membranes with diverse properties that can be bespoke for the

desired application.

Coating/deposition is the process of forming a layer of ENMs on the active surface
layer of a membrane, aiming to control the hydrophilicity of the membrane surface
through altering the chemical groups that are displayed at the surface (Sathish Kumar
et al., 2015). The most straightforward and economical technique is by introducing
ENMs to the membrane surface by self-assembly. Self-assembly is based on immersion
of a membrane or its active layer in a diluted-colloidal solution of ENMs. There is a
spontaneous association of ENMs with the membrane material. The thickness of the
fabricated layer depends on the exposure time and ENMs concentration used during the
modification process. However, the self-assembly process is only applicable for certain
ENMs that have sufficiently strong interaction with polymeric materials (Kim & Van
der Bruggen, 2010; Rahimpour et al., 2008). (Li et al., 2009) prepared novel TiO:
nanocomposite membranes via electrostatic self-assembly, based on an ultrahigh
molecular weight poly(styrene-alt-maleic anhydride)/poly(vinylidene fluoride)
(SMA/PVDF) blend membrane. The SMA/PVDF blend membranes prepared by the
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phase inversion method were immersed in a TiO2 nanoparticle solution for a week to
produce the TiO; self-assembly membranes. An extension of this method used in
coating membrane surfaces with ENMs is the layer by layer technique (LBL), which
has shown great potential in the fabrication of nanocomposite membranes since it was
introduced to prevent the destruction of self-assembled layers (Hilal et al., 2015). LBL
assembled layers can introduce further binding sites for ENMs and create membrane
surface multi-functionalization (Xu ef al., 2015). A further method, grafting, has also
shown promising results. (Trejo & Frey, 2015) conducted a comparative research study
that immobilised carboxylic acid-coated FeoO3 nanoparticles on the surface of Nylon 6
membrane via three techniques: (1) simultaneous electrospinning /electrospraying, (2)
LBL and (3) chemical grafting. These researchers only found uniform dispersion of the
nanoparticles with electrospraying and grafting even though good bonding interaction
control between ENMs was observed for all of the membranes (Figure 2.8). In another
study, (Mauter ef al., 2011) applied biocidal Ag nanoparticles via a post-fabrication
grafting technique. The authors claimed that grafting could maximise the density of
ENMs at the surface and provide efficient routes for fabricating reactive nanocomposite

membranes.

] C )‘ : L=
Figure 2.8: Comparison of FE-SEM images (A) simultaneous
electrospin/electrospray, (B) LBL, and (C) grafting (Mauter ef al., 2011).
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In contrast to the previously discussed techniques, ENMs blending or bulk addition
can be achieved during membrane synthesis processes based on phase inversion. This
results in ENMs that are impregnated within the inner structure of the membranes other
than concentrated on the surface. Therefore, their functionalities and influence on the
separation processes are partially exploited due to the shielding of ENMs by the
embedding polymer matrix (Kim & Van der Bruggen, 2010). However, these ENMs
could influence the skin (pore size and pore size distribution) and the support layer
morphologies for the asymmetric porous nanocomposite membranes. Membrane
selectivity, permeability and compaction behaviour and change in membrane
morphology are reported to be a function of ENMs type, loading density and their
method of incorporation (Tarabara, 2014). Various membrane surface and inner
morphologies can be tailored as desired by finely tuning these parameters, as will be

seen in the next section.

2.4.4 Influence of various ENMs on morphological and antifouling properties of
nanocomposite membranes

Numerous ENMs are available for the incorporation into polymeric membranes to
create innovative solutions that mitigate fouling, achieve high sustainable fluxes and
improve the chemical and physical response of the membrane material. This review
now focusses on the most promising and investigated ENMs that have been used for

fabrication of composite membranes for application in water treatment.

2.4.4.1 Metal/metal oxides based nanoparticles

I.  Silver-based nanocomposite membranes

Silver nanoparticles (Ag-NPs) have gained special interest due to their unique
characteristics that include, antimicrobial, optical and electrical properties (Iravani et
al., 2014; Li et al., 2017) (Figure 2.9). So far, a wide variety of physical (Henglein,
2001), chemical (Guzman et al., 2009; Panacek et al., 2006) and biological (Medda et
al., 2014; Song & Kim, 2009), techniques have been introduced to synthesize Ag-NPs
with a range of characteristics. Ag-NPs have a broad range of applications which
include electronics, bio-sensing, clothing, food industry, paints, sunscreens, cosmetics

and medical devices (Ahamed ef al., 2010).
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Figure 2.9: SEM images of silver nanoparticles incorporated into electrospun
membrane filters (PEO). The right-hand image demonstrates the incorporation of
triangular silver nanoparticles.

A key feature of Ag-NPs is their antibacterial activity, which is a highly desirable
trait that they could bestow on a membrane. This is a major challenge in water treatment
applications, which require alternative disinfection technologies, without forming
harmful disinfection byproducts an issue for many of the conventional costly chemicals
that currently dominate the industry (Li et al., 2008). From this point of view, and
growing experience within nanotechnology and improved capabilities in the fabrication
of ENMs with biocidal activity, new opportunities exist for the development of novel
antimicrobial membranes. This is particularly pertinent to the development of
composite membranes as Ag-NPs are considered to be the most prevalent bactericide
of ENMs (De Matteis et al., 2015).

The antimicrobial effects of silver ions (Ag") or salts are well recognised, but the
effects of Ag-NPs on microorganisms and the antimicrobial mechanisms are not
comprehensively understood (Kim et al, 2007). The major obstruction now is
deciphering whether the biocidal activity is attributed to the direct exposure to Ag-NPs,
or to dissolved silver ions (Ag") released from Ag-NPs in an aqueous environment, or
likely, a combination of both mechanisms may also be responsible (Johnston et al.,
2010; Kim et al., 2009; Tolaymat et al., 2010). (Navarro et al., 2008) tested the toxicity
of Ag-NPs against algae, the research concluded that Ag-NPs functioned as a source of
Ag", while only minimal toxicity was attributed to the Ag-NPs alone. Similarly, Ag"

was found to be the main source for Escherichia coli inactivation (Kim et al., 2008).
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(Mauter et al., 2011) linked the bactericidal efficiency of Ag-NPs to the release of silver
ions and their residual concentration. In contrast, (Fabrega et al., 2009) reported poor
antibacterial activity for Ag" and thus, the toxicity was mostly attributed to the direct
contact with Ag- NPs. (Sotiriou & Pratsinis, 2010) and (Foldbjerg et al., 2009) claimed
that both Ag-NPs and Ag" ions could have antibacterial and cytotoxicity effects,
respectively. (Li ef al., 2008) suggested that the antimicrobial mechanism of Ag-NPs
was due to the disruption of the cell membrane functions and electron transport chains
as well as damage to proteins and DNA. (Yin ef al., 2013) reported that Ag-NPs could
inhibit the growth of microbes through multiple pathways: (i) release of Ag" ions to
interact with disulfide or thiol groups of enzymes or DNA, then disrupt the microbes
metabolic processes, generate reactive oxygen species (ROS) or interrupt replication of
DNA; (i1) affect the cell integrity and metabolism by direct interaction with cell
membranes of microbe species; (iii) Ag- NPs having size below 10 nm could penetrate
into bacteria and cause further damage through interacting with DNA. Another
investigation claimed that Ag-NPs might behave as a “Trojan horse” by penetrating the
cell membrane, then releasing Ag” to cause cytotoxicity (Park et al., 2010). In addition,
a number of studies have linked the antimicrobial activity of Ag-NPs to their
physiochemical properties. (Pal et al., 2007) claimed that Ag-NP activity is shape
dependent, where truncated triangular Ag-NPs showed better antibacterial effects than
rod-shaped and spherical nanoparticles against the gram-negative bacterium E. coli.
Whereas Ag-NP's size is found to be the basic determinant for their toxicity, smaller
Ag- NPs appeared to have a greater antimicrobial activity than bigger Ag-NPs due to
the greater contact surface area of the material with the bacteria (Choi & Hu, 2008).
Also, (Xiu et al., 2011) found that smaller nanoparticles (8 nm) exhibited better
bactericidal effects than larger nanoparticles (11-23) nm against E. coli. Similar
observations have been reported in other studies (Johnston et al., 2010; Sotiriou &
Pratsinis, 2010).

Ag-NPs have been widely used to prepare novel nanocomposite membranes with
enhanced pure water flux, antifouling and self-cleaning properties with imperceptible
or no effect on the membrane's selectivity. According to Zodrow et al. (2009), Ag-NPs
impregnated into UF/PS membrane showed significant bactericidal effects to two
species of bacteria; Pseudomonas mendocino and E. coli. The antimicrobial activity

was mostly attributed to Ag’ release. Moreover, the nanocomposite membrane
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restrained the bacterial attachment to the surface and inhibited biofilm growth. In
addition, incorporation Ag-NPs enhanced the membrane surface hydrophilicity, water
flux and mitigated other types of fouling. Similarly, (Zhang et al., 2012) prepared mixed
matrix PES membrane using biogenic silver nanoparticles (bio Ag’) as additives. The
surface of the nanocomposite membrane was tested to evaluate the attachment of E.
coli and Pseudomonas aeruginosa (as pure cultures) and activated sludge (as a mixed
culture). Results demonstrated that bio Ag® addition showed excellent antibacterial
activity, prevented bacterial attachment and reduced the biofilm formation on the
membrane surface during nine weeks of monitoring, whereas the control membrane
was heavily fouled. The diameter increment of the inhibition zone to P. aeruginosa was
16%, 20%, 24%, and 30% for the 0.1, 0.3, 0.5, 1 wt% silver content in the
nanocomposite membrane. Furthermore, a gradual improvement in hydrophilicity was
reported (from 66.6° to 51.2°), with increasing the silver content in the matrix from 0
to 1 wt%. (Kim et al.,, 2012) entrapped Ag-NPs in a thin film via interfacial
polymerisation on a polyethersulfone PES substrate containing acid modified
MWCNTs, high antibacterial activities were achieved and low adhesion of P.
aeruginosa (PAO1) to the membrane surface was observed. Results indicated that
greater than 96% of attached bacteria on the n-TFN membrane but only less than 3%
of attached bacteria on the n-TFC membrane were dead cells. Moreover, the thin-film
nanocomposite (n-TFN) had better hydrophilicity and permeability compared to the
original unmodified membrane while no change in roughness and rejection values for
NaCl and Na;SO4 were observed before or after Ag-NPs addition. This suggests that
Ag-NPs did not effectively influence the membrane surface characteristics: pore size
and pore distribution. (Xu et al., 2016b)blended HNS of Ag-coated Cu>O nanowires
with PSF. L-dopa was grafted on the Cu,O surface to facilitate linking the AgNPs. The
blended membranes exhibited outstanding bacteriostatic activity when tested against
Escherichia coli and Staphylococcus aureus when the loading weight was 0.5 wt%.

Z0I diameter was 28.1 mm and 25.5 mm against E.coli and S. aureus, respectively.

II.  Copper-based nanocomposite membranes

Antimicrobial activity is not limited to silver nanoparticles, the anti-biofouling
properties of copper-based nanoparticles (Cu-NPs) are also well known. In addition to

their antibacterial/antifungal applications, Cu-NPs exhibit superior antioxidant, optical,
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catalytic and electrical properties that make them attractive for a broad range of
applications (Akar et al., 2013; Huang et al., 2008). This includes antimicrobial agents
in coating/paints (Acharya et al., 2004; De Kwaadsteniet et al., 2011), healthcare
(O'Gorman & Humphreys, 2012), energy storage (Jesumathy et al., 2011), chemical
sensors (Zhang et al., 2011), catalysts (Kamal et al., 2013) and so on. Similar to Ag-
NPs, the exact antimicrobial mechanism by which Cu-NPs exhibit its biocidal effects
is still unclear (O'Gorman & Humphreys, 2012). (Ruparelia ef al., 2008) speculated that
they have a similar mechanism as Ag-NPs. (Bagchi et al., 2012) suggested that various
mechanisms such as membrane disruption, complex formation with proteins, DNA
damage and blocking of biochemical pathways were responsible for the antibacterial
action of Cu-NPs. (Ramyadevi et al., 2012) claimed high inhibitory activity of copper
nanoparticles against a diverse range of bacteria including Staphylococcus aureus,
Klebsiella pneumonia, E. coli, P. aeruginosa and Micrococcus luteus, and fungi
including Candida albicans, Aspergillus flavus and Aspergillus niger. However,
incorporation of Cu in the synthesis and application of nanocomposite membranes has

rarely been addressed.

Recently, (Isloor et al., 2013) conducted novel research to immobilise atomic
copper onto PS/modified poly-isobutylene-alt-maleic anhydride blend membrane
surface by a physical vapour deposition technique. The copper-coated membranes
exhibited slightly higher salt rejection and surface roughness with only a slight decrease
in pure water flux. Further characterisation to test the antimicrobial resistance of the
coated membrane was investigated using the food poisoning organism Bacillus cereus.
Good inhibition was observed against bacterial growth indicating that copper
deposition could be an effective technique for the fabrication of antimicrobial
membranes. (Akar et al., 2013) studied two types of nanoparticles; selenium (nSe) and
copper (nCu). nSe were prepared by the reduction of aqueous sodium selenite solution
with freshly prepared glucose solution, while nCu were prepared by sonochemical
reduction of copper(Il) hydrazine carboxylate Cu—(N2H3COO), 2H,O complex in an
aqueous medium. The synthesised nanoparticles were incorporated at (0.002, 0.010,
0.030 and 0.050 wt.%) into UF/PES membrane via the classical phase inversion
technique. The resultant nanocomposites were characterised with activated sludge as a
biological suspension and bovine serum albumin (BSA) as a protein foulant model. The

findings indicated good membrane antifouling properties against both activated sludge
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and BSA. Moreover, the morphology, hydrophilicity, and permeability of the

nanocomposites were dependent on ENMs composition in the blend.

III.  Iron oxides-based nanocomposite membranes

Iron is one of the most abundant metals in the earth's crust. Similar to other metals at
the nanoscale level, iron nanoparticles, as a pure metal, are extremely reactive, which
has made them difficult to study and restricted their practical applications (Ng et al.,
2013). For instance, zero-valent iron (nZVI) nanoparticles possess high reactivity and
are easily oxidised to Fe*? and/or Fe™ ions when exposed to water (Tang & Lo, 2013).
However, iron compounds are relatively stable when present at the nanoscale level.
Their crystallographic structures provide high surface area/volume ratio and
superparamagnetic properties that offer a high reactivity. In addition to their excellent
magnetic and reactivity, they have low toxicity, high surface modifiability, great
biocompatibility and are chemically inert (Gupta & Gupta, 2005; Xu et al., 2012). The
unique features of iron oxide-based nanoparticles (Fe- NPs), mainly magnetite (Fe3O4)
and maghemite (¥Fe203), have encouraged many researchers to investigate these
engineered magnetic nanoparticles in remediation and water treatments. Depending on
the oxidation state of the iron, these magnetic nanoparticles possess different chemical
properties. Indeed, they offer distinct capabilities and reactivity for contaminants
removal (Tang & Lo, 2013). Based on the aforementioned unique characteristics, the
addition of Fe-NPs is believed to impart a great potential to the fabrication of organo-

mineral nanocomposite membrane with novel process control properties.

Impregnation of Fe-NPs into polymeric membranes is believed to introduce
innovative solutions for many of the problems associated with polymeric membrane
applications. In a recent study, (Homayoonfal et al., 2014) investigated the influence of
iron oxide (Fe3O4) nanoparticles immobilised in PSF membranes. The nanocomposites
were synthesised via three techniques: deposition by interfacial polymerisation,
deposition by photopolymerization and by blending into the polymeric matrix. These
researchers concluded that the presence of Fe3O4nanoparticles significantly enhanced
membranes surfaces roughness, pure water flux, and surface hydrophilicity. The
blending method performed better in terms of structural properties while deposition was

better for dye separation yield. In another recent study, (Rambabu & Velu, 2014)
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studied the influence of Fe-NP concentration on the resultant membrane composites.
NPs were blended with PES at 0, 1, 2, 3 and 4wt.% through the classical phase inversion
method to fabricate Fe/PES-UF nanocomposite membrane. The results indicated that
up to a certain Fe-NP concentration, synthesised membranes exhibited higher flux,
thermal stability, and hydrophilicity than the original unmodified PES membrane. In
addition, heavy metal ion (Cu*?and Zn*?) rejection was slightly decreased due to the
increased pore size and porosity induced by the addition of nanoparticles. (Ghaemi et
al., 2015) studied the influence of surface-modified Fe3Os nanoparticles on NF
membranes used for heavy metal removal. Fe-NPs modification was achieved by
immobilisation of metformine, silica, and amine. Thereafter, modified Fe-NPs were
blended in a PES/NF membrane matrix at various compositions. Similar to the
previously mentioned studies, results indicated that Fe-modified nanoparticles
influenced the morphology of the membranes with higher porosity and larger pore size
found in all nanocomposites except that contained amine modified NPs. In addition, a
further increase in surface roughness parameters, pure water flux and hydrophilicity
were reported. However, the nanocomposite membrane prepared with 0.1 wt.%
metformine exhibited a higher rejection for copper ions (92%) and higher membrane
reusability due to a large number of N atoms around each particle which offered active
adsorption sites through their lone electron pairs. In contrast to Ghaemi's findings,
(Daraei et al., 2012) reported a decrease in pure water flux at all the different loadings
0f0.01, 0.1 and 1 wt% of Fe-NPs and an increase in Cu(Il) removal. (Alam et al., 2013)
prepared Fe3O4/PES nanocomposite membrane for desalination applications. Their
results showed higher rejection values (68% and 82%) for NaCl and MgSOu,
respectively, at 10% Fe-NPs loading. Furthermore, lower contact angle and smoother

surfaces were obtained that showed promise for lower fouling properties.

IV.  Aluminium oxide-based nanocomposite membranes

Similar to other metal/metal oxide nanoparticles, Al>O3 has also attracted interest for
many applications that include surface protective coating, catalysis, fire retardation and
composite materials (Pathania et al., 2016). However, due to their high adsorption
capacity, resistance to chemical agents and excellent catalytic performance for many

reactions (Fouladgar et al., 2015; Wang et al., 2015b) Al,O3-NPs have gained the
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attention of membrane technologists for the development of new nanocomposite

membranes with novel properties.

(Mehrnia et al.,, 2015) investigated the influence of alumina NPs on the
morphology and performance of PSf nanocomposite membrane. Al,O3-NPs (70 nm)
were blended into PSf membrane via a classical phase inversion method at a
concentration ranging from 0 to 0.52 wt.%. The NPs loading threshold was found to be
0.39 wt.%. Nanocomposite prepared at the loading threshold was further evaluated, and
the characteristics of the resultant nanocomposite were compared up to and below the
loading threshold by rheometric analysis, contact angle measurements and SEM
images. By adding the NPs, rheological features of the casting solution changed from a
Newtonian fluid to a non-Newtonian one. Hydrophilicity of the nanocomposites was
enhanced by increasing the loading weight even after the threshold. Raising the
concentration of NPs up to 0.39 wt.% resulted in porosity development, flux
enhancement and separation percentage reduction, while after this point, porosity
diminished due to further increase in solution viscosity. In a similar study,
(Homayoonfal et al., 2015) prepared Al,O3/PES nanocomposite membrane blend for
membrane bioreactor applications. Two compositions were used (0.02 and 0.03wt.%)
in the preparation. The results suggested that the presence of alumina nanoparticles up
to 0.03 wt.% in the mixed matrix membrane could hinder biofilm formation and provide
a 75% reduction in cake layer resistance and up to 83% reduction in irreversible
resistance. Thus, enhanced antifouling properties that were further confirmed by the
reduced contact angle from 73 to 51. Furthermore, the pure water flux was more than
four times that of the original PES membrane. (Ghaemi, 2016) investigated the ability
of alumina NPs to improve adsorption of heavy metals and the removal efficiency of
copper by PES membranes. Different amounts of alumina NPs (0.01%, 0.1% and 1%)
were blended to prepare the mixed matrix membrane. All membranes exhibited higher
water permeability up to NPs loading <I wt.% due to the enhanced porosity and
hydrophilicity of the nanocomposites. In addition, larger microvoids in the support
layer and thinner skin layer were also observed. Furthermore, copper removal
efficiency was also improved. However, any further increase in AloO3-NPs wt.% did
not show any change in the characteristics and performance of the nanocomposites. The
authors suggested that the adsorption was the dominant separation mechanism in the

nanocomposite membranes. In another study, a similar influence for alumina NPs on
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PES membrane morphology was observed, (Maria Arsuaga et al., 2013) compared the
influence of three different metal oxide nanoparticles, TiO>, ZrO; and Al>Os, on PES
membrane. The nanocomposites fouling behaviour was characterised by using BSA
and humic acid as model organic foulants. Their research demonstrated that Al,O3/PES
nanocomposite membrane had higher pure water flux, higher rejection, long-term
stability and lower flux decline for both model foulants in comparison to the other
nanocomposites and original membranes. This behaviour was attributed to the fact that
Al,O3 nanocomposite membrane has introduced more hydrophilic centres in the
vicinity of the membrane surface, which reduced the possible adsorption of foulants.
For MBR applications, (Maximous et al., 2009) prepared Al,O; entrapped PES/UF
membranes to characterise their fouling characteristics through activated sludge
filtration. Nanocomposite membranes exhibited lower flux decline compared to the
nascent membrane. In addition to a greater fouling mitigation with increasingAl>O;
content. In contrary with the previously mentioned literature, (Yan et al., 2005) found
that the addition of Al,O3 NP did not show any influence on pore size and porosity of
the nanocomposite membranes, while a noticeable enhancement was observed on
surface hydrophilicity, permeation, antifouling and mechanical characteristics of the

nanocomposites.

V. Titanium dioxide-based nanocomposite membranes

Titanium dioxide (TiO2) is one of the most common materials in our daily life
(Fujishima et al., 2000). It is estimated that of all the nanoparticles in consumer
products, TiO» nanoparticles (TiO»-NPs) currently have the highest degree of
commercialisation (Vance ef al., 2015). However, TiO»-NPs' excellent hydrophilic and
photocatalytic properties have led to attention in environmental purification
applications (Fujishima et al., 2000). Under UV irradiation, TiO2-NPs show a superior
capability to deactivate microorganisms and to decompose organic compounds (Bai et
al.,2015; Mills & Le Hunte, 1997). Materials with photocatalytic properties could offer
the possibility to introduce such functionalities when incorporated into polymeric

membranes (Bergamasco et al., 2011).

According to Madaeni & Ghaemi (2007), UV irradiation of TiO, nanocomposite

membranes could impart two functionalities to the membranes: photocatalytic and
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ultra-hydrophilicity. As a consequence of photocatalysis, groups of active oxidant
reagents appear on the surface of the membrane which leads to decomposition and
removal of the membrane foulants. While ultra-hydrophilicity could impart a self-
cleaning property and increase the nanocomposite's water permeability as well. (Kim
et al., 2003) prepared TiO2-NPs/TFC hybrid membrane via a self-assembly technique.
The new nanocomposite membrane provided a substantial photo-bactericidal effect on
E. coli under UV light irradiation. In another study, (Rahimpour et al., 2008)
investigated the impact of incorporating TiO>-NPs on the antifouling properties of
PES/UF membranes for application in the dairy industry. Three sets of membranes were
fabricated: TiOz-bended membranes, UV-irradiated TiO:-blended membranes, and
UV-irradiated TiO»-deposited membranes. TiO» entrapped membranes showed lower
milk water permeation and initial pure water flux in comparison to the original
membrane. In contrast, however, flux stability and fouling resistance were better in the
long term. On the other hand, UV irradiation of TiO2-blended membranes added further
enhancement to the flux and antifouling properties whereas coating exhibited superior
effects, compared to the other membranes, to mitigate membrane fouling and to
overcome PES hydrophobicity. In another piece of research, (Li et al., 2009) prepared
anovel TiO; self-assembly nanocomposite membrane by immersing a blend membrane
of poly(styrene-alt-maleic anhydride)/polyvinylidene fluoride (SMA/PVDF) in a
suspension of TiO,. Their results demonstrated that permeability and antifouling
properties against BSA were significantly improved when compared to the
(SMA/PVDF) blend membrane. In another study, TiO> NPs were used to fabricate a
novel polyamide-titanium oxide (PA-TiO;) nanocomposite membrane via in situ
interfacial polymerisation (Lee et al., 2008). Results demonstrated higher flux and
hydrophilicity at 5 wt.% TiO», with high and stable rejection to MgSO4 (95%). In
another study, (Vatanpour et al., 2012) investigated the impact of nano-TiO> type and
size on the morphology, performance and antifouling properties of mixed matrix
PES/NF membranes. Various types of TiO» nanoparticles (PC500, PC105, and PC25)
were used in the preparation. Pure water flux and hydrophilicity, for all the blended
membranes, were higher compared to that of the original PES membrane. However,
after a particular concentration of TiO», nanoparticle aggregation occurred. This
aggregation was more severe in the case of PC105 and PC500 membranes, and the

increased concentration clogged the pores and reduced the pure water flux.
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Furthermore, the biofouling resulting from whey filtration tended to decrease with the
smaller nanofiller size. More flux recovery was achieved due to the higher surface area

and water adsorption affinity.

2.4.4.2 Carbon-based nanomaterials

I Carbon nanotubes

Since the discovery of carbon nanotubes (CNTs) in 1991, CNTs have become an
established material in commercial products (Balasubramanian & Burghard, 2005)
(Figure 2.10). A lot of interest and research endeavour has focused on CNTs due to
their tuneable electrical and thermal characteristics, novel optical properties and
superlative strength. Most of their applications to date have been focused within
electronics, energy and composites sectors (Baughman et al., 2002). CNTs have been
described as seamless cylinders derived from the honeycomb lattice of a graphite sheet
(single atomic layer of crystalline graphite) (Imtani & Jindal, 2006). They exist in three
basic structures, namely, single-walled carbon nanotubes (SWCNTs), double-walled
carbon nanotubes (DWCNTs) and multi-walled carbon nanotubes (MWCNTSs).
SWCNTs are made from a single-atom-thick sheet of graphene rolled up into a cylinder
while DWCNTs have another graphene sheet around the central SWCNT. Likewise,
MWCNTs are a series of concentric SWCNTs (Shaikjee & Coville, 2012) (Figure
2.11). Due to their outstanding features, CNTs have been widely studied as nanofillers
for the modification of polymeric membranes, mainly using MWCNTs and SWCNTs
(Van der Bruggen, 2012).
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Figure 2.10: SEM images of CNTs. The left image presents CNTs (scale bar 20nm),
the right image presents Fe-CNTs (scale bar 50nm).

The exact magnitude of CNTs properties relies mainly on the chirality, length, and
diameter of the nanotubes themselves and whether they are MWCNTs, DWCNTSs or
SWCNTs (Sahoo et al., 2010; Xie et al., 2005). In a recent work, (Wang et al., 2015a)
compared the performance of PES/NF mixed matrix membranes (MMMs) using two
different diameters (20 and 40 nm) of MWCNTs. Both MMMs showed higher salt
rejection and water flux than the original PES membrane while MMMs embedded with
thinner CNTs obtained better filtration performances than MMMs with thicker CNTs
at 0.1 wt.%. CNTs may act as water channels when impregnated with the membrane
matrix. MWCNTs have been found to have great influence on permeation properties
and the morphology of the membranes depending on the CNTs content (Celik ef al.,
2011b). In addition, MWCNTs can enhance the wettability of membrane materials and
the electrostatic repulsion between the polymeric membranes and foulants (e.g.
proteins) (Vatanpour et al., 2011). (Celik et al., 2011a) reported that MWCNTSs/PES
membrane had lower tendency to foul and smaller irreversible fouling ratio in
comparison to the control PES membrane when using BSA and ovalbumin (OVA) for
the fouling assessment. Furthermore, the fouled membranes could be more effectively
treated by a water backwash cleaning process. In another study, (Shen et al., 2013)
exploited MWCNs-grafted by poly(methyl methacrylate) (PMMA) to synthesize
polyamide thin film composite (PA-TFC) membrane via interfacial polymerization, the

results demonstrated higher rejection for Na;SO4 (99%) and the water flux was about
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62% increased to that of the unmodified TFC membrane. In another study, (Kang et al.,
2008a) observed a superior antimicrobial activity for SWCNTSs, much higher than their
MWCNTSs counterparts., cell membrane damage is the most likely mechanism causing
bacterial cell death on direct contact with SWCNTs.

CNTs are well known for their mechanical strength and they are the materials of
choice for composites reinforcement (Coleman et al., 2006). (Shawky et al., 2011)
claimed that the tensile strength and Young's modulus of the nanocomposite membrane
could be increased with MWCNTs content addition. Similar findings were observed by
(Chen et al., 2016) when (0-0.15 wt.%) carboxyl functionalized MWCNTs were
blended with PVDF/PVA UF membrane. At 0.12 wt.% MWCNTSs content in the
matrix, the break strength, elongation at break and Young's modulus were enhanced by

60%, 215.5%, and 56.7%, respectively, in comparison to the original membrane.

Figure 2.11: Arrangement of graphene sheets to produce SWCNTs, DWCNTs, and
MWCNTs respectively (from left to right).

II.  Graphene and graphene oxide

Graphene (G), has emerged as the “wonder” material of the 21 century. With two-
dimensional monoatomic-thick building blocks of a carbon allotrope, graphene has
better thermal, electrical and mechanical characteristics, higher aspect ratio and surface
area than other materials including CNTs, Kevlar and carbon fibres (Singh e al., 2011),
as shown in (Table 2.1). The significant potential of graphene has attracted enormous
interest in applications for nanocomposites (Kuilla et al., 2010). The anticipated

physicochemical properties of graphene-based polymer nanocomposites depend mainly
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on the interfacial bonding between the polymer matrix and graphene layers, in addition
to the distribution level of graphene layers inside the polymer matrix. On the other hand,
it should be noted that pristine graphene does not form homogeneous composites due
to its incompatibility with organic polymers; this may create inferior composite
properties (Bourlinos et al., 2003; Vickery et al., 2009). To overcome the polymer
incompatibility issues of pristine graphene, oxidation of graphene has been suggested
to introduce highly hydrophilic and stable colloidal dispersions (Geng et al., 2009).
Graphene oxide (GO) is a highly chemically modified form of graphene that consists
of a variety of functional groups, such as carboxylic acid at the edges and hydroxyl and
epoxide groups on the basal plane. These functional groups can control the van der
Waals forces and improve the compatibility with organic polymers to achieve better
dispersion (Goenka et al., 2014). In recent years, incorporation of GO into polymeric
membranes has gained more and more attraction. Various nanocomposite membranes
have been fabricated to impart the exceptional characteristics of graphene into these
membranes, like PSF-GO (Ganesh et al., 2013; Zhang et al., 2013b), PES-GO (Yu et
al.,2013) and PVDF-GO (Xu et al., 2014).

Table 2.1: Properties of graphene, CNT, nano-sized steel and polymers (Kuilla et al.,
2010).

. Tensile Thermal conductivity (W/mk) at Electncz.ll-

Materials conductivity
strength room temperature
(S/m)

Graphene 130+10 GPa (4.84+0.44) x103 to (5.30+0.48) x103 7200
CNT 60-150 GPa 3500 3000—4000
Nano-sized steel 1769 MPa 5-6 1.35x106
Plastic (HDPE) 18-20 MPa 0.46-0.52 Insulator
Rubber (natural rubber) 20-30 MPa 0.13-0.142 Insulator
Fiber (Kevlar) 3620 MPa 0.04 Insulator

According to Chang et al. (2014), graphene oxide has demonstrated high
hydrophilicity and anti-fouling properties against BSA when incorporated within
PVDF/UF membrane, this is attributed to the electrostatic repulsion of GO, which acts
as a barrier to prevent BSA adsorption on the nanocomposite membrane surface.
(Zinadini et al., 2014) reported that carboxylic acid, hydroxyl and other functional

groups of GO surfaces are migrated to the surface of the membrane during the phase
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separation fabrication process and thus enhanced the surface properties and
hydrophilicity of the nanocomposite membrane. Similarly, these enhanced interactions
and hydrophilicity were also reported in membrane bioreactor (MBR) applications
using GO-PSF MMMs (Lee et al., 2013). In addition, GO was also found to have
antibacterial activities (Akhavan & Ghaderi, 2010). The presence of functional groups
ensures high negative zeta potential and impedes attachment of biofouling and
subsequent accumulation on the membrane surface (Liu et al., 2010). (Hu et al., 2010)
reported high toxicity to S. aureus and E. coli, which was mainly attributed to the
mechanical damage of the bacterial cell membrane caused by the sharp edges of GO as
revealed by a study using transmission electron microscopy TEM. In another study,
(Yu et al., 2013) found superior anti-biofouling properties for GO nanosheets modified
by hyperbranched polyethyleneimine (HPEI) when blended with PES/UF membrane.
From the mechanical performance perspective, in pressure-driven membrane
processes, high tensile strength and elongation at break values mean better toughness
and sustained the integrity of membranes, which will assure a comprehensive
performance and provide good abilities for repeated use and long-term membrane
separation applications (Zhang et al., 2013d). Graphene and its derivatives have been
widely used for composite reinforcement purposes as graphene is the stiffest and
strongest material known (Cano ef al., 2013). It has been reported that the enhancement
in the mechanical properties of graphene-polymer composites is much higher than that
of clay or other carbon-based polymer nanocomposites (Quan et al., 2009). The
enhancements of graphene-based nanocomposites can be achieved at very low filler
content in the polymer matrix (Young et al., 2012). A comparative study was carried
out by (Zhang et al., 2013a), who studied the impact of blending OMWCNTs, GO and
OMWCNTSs-GO on the mechanical properties of PVDF ultrafiltration membrane
fabricated via a phase inversion technique. These researchers reported superior
enhancement in tensile strength, 12.86%, and 43.94%, and elongation at break, 31.50%,
and 39.24%, for the OMWCNTs and GO synthesised composite membranes,
respectively. The slightly less mechanical performance was shown for the MWCNTs-
GO/PVDF membrane due to the bigger pore size that stemmed from the synergetic
effect for the oxidised low-dimensional carbon nanomaterials. (Xu et al., 2014) studied
the influence of GO functionalization with 3-aminopropyltriethoxysilane (APTS) on

the mechanical properties of PVDF/UF membrane. The tensile strength measurement
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of the f~GO/PVDF membrane was improved by 69% while the elongation at break was
48%more in comparison to GO/PVDEF. Thus, GO could be a promising solution to
fabricate hybrid membranes with excellent reinforced, antifouling and permeation

properties.

2.4.4.3 Cellulose-based nanoscale materials

Recent interest has been applied to produce so-called green or eco-composite materials.
Such eco-composites include nanocellulose based materials, which have been widely
used as reinforcement materials due to their sustainability, green and environmentally
friendly specifications, (Abdul Khalil et al., 2012; Ganster & Fink, 2006; Henriksson
& Berglund, 2007). Nanocellulose applications to hybrid composite materials (Figure
2.12) have shown promising results for the three categories of nanocellulose:
nanofibrillated cellulose (NFC), cellulose nanocrystal (CNC) and bacterial
nanocellulose (BNC) (Abdul Khalil et al., 2014). Interestingly, these materials not only
possess the properties of natural cellulose, which include hydrophilicity,
biodegradability, and renewability but also has the characteristics of nanomaterials, for
instance, high mechanical strength, high tensile modulus and high specific surface area
(Klemm, 2006). However, there are only a few examples of nanocomposite membrane

applications.

Figure 2.12: AFM images of dried cellulose nanocrystals (left), and fabricated
membrane impregnated with 4% cellulose nanocrystals (right). Adopted from (Al-
Malek, 2012).
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(Bai et al., 2012) prepared CNC/PVDF mixed matrix membrane to investigate the
influence of CNC composition (0.05-0.25 wt.%) on the nanocomposite performance.
Their results demonstrated that CNC has great influence on the surface characteristics
and morphology of the nanocomposites. For CNC content up to 0.1%, pure water flux,
porosity and mean pore size increased without significant change in BSA rejection. In
addition, both elongation-at-break and the tensile strength of the nanocomposite
improved as well (from 84% to 150%) and (from 4.3 to 6.3 MPa), respectively.
Similarly, (Al-Malek, 2012) blended higher concentrations (2, 4, 6 wt.%) of CNC into
PES membrane. Increasing the CNC content in the casting solution was found to
increase pore size, pore size distribution and pure water flux of the nanocomposites,
while no impact was observed on surface roughness parameters. Moreover, the
nanocomposite membrane with 2 wt.% CNC exhibited higher strength (8.843 MPa)
with elongation of 6% in comparison to the control membrane (4.186 MPa), this was
attributed to the structural changes in the membranes in the presence of CNC that
changed the macrovoids to a more homogeneous and narrow form. However, the
further increase in CNC content decreased the strength of the membrane to 8.047 and
4.63 MPa for the 4 and 6 wt.%, respectively, which are still higher than that of the
unmodified membrane. In another work, NFC/PES nanocomposites were prepared at
different NFC loading weights. In comparison with pure PES membrane, the mean pore
size, porosity, pure water flux, mechanical strength and elongation at break of
nanocomposites were the highest at 1 wt.%. However, the further increase resulted in a
decrease in all characteristics (Li ef al., 2011). These findings suggest a threshold
content of cellulose-based materials in composites, where optimum exploitation can be
achieved.

Based on the previously mentioned sections, a conclusion can be drawn that ENMs
could have distinguished influence on polymeric membranes depending on their

dimension and type, as summarised in Table 2.2.

Table 2.2: Influence of various types of ENMs on polymeric membranes

Type of Foulant Type of Influence on modified membranes

membrane ENMs Ref.
UF/PS Pseudomonas ~ Ag NP e Improved hydrophilicity. (Zodrow et
Mendocino e No effect on membranes surface al., 2009)
(KRT) charge and morphology.
E. coli(K12)
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Virus

A slight increase in pure water
permeability.

Enhance antibacterial and virus
removal, inhabited biofilm growth.

NF/PES P. aeruginosa Ag NP e Enhanced antibacterial, (Kimetal.,
(PAO1) hydrophilicity and permeability. 2012)
e No effect on surface roughness, and
salt rejection.
UF/PES Activated Cu NP e Decreased permeability. (Akar et al.,
sludge e Increased hydrophilicity and protein  2013)
BSA rejection
UF/PES Dye Fe;0s e Improved hydrophilicity, surface (Homayoonfal
roughness, dye removal and etal,2014)
permeability
UF/PES Heavy metals Fe 304 e Enhanced hydrophilicity, water (Ghaemi et
(Cu*? and Zn"?) permeability, thermal stability. al., 2015;
e Slight decrease in heavy metals Rambabu &
rejection Velu, 2014)
o Increased pore size and porosity.
UF/PES BSA AbLO; o Higher water permeability, (Maria
Humic acid hydrophilicity, rejection, and long- Arsuaga ef al.,
term stability. 2013)
e Lower flux decline compared to the
neat membrane.
NF/PES Whey TiO; e Improved permeability and (Vatanpour et
hydrophilicity al.,2012)
e Improved antifouling characteristics
and flux recovery.
RO/PVA Whey TiO; e Enhanced water permeability and (Madaeni &
self-cleaning  property (reduced Ghaemi,
fouling and increased whey flux). 2007)
e Enhanced  hydrophilicity  and
photocatalytic characteristics.
RO/PA Ca(HCOs):, MWCNTs e Enhance membrane surface charge.  (Zhao et al.,
BSA o Affected the morphology. 2014)
e Increased water flux and a slight
decrease in rejection.
o Better antifouling and antioxidative
properties.
]
UF/PVDF  BSA GO e The improved mechanical strength (Xu et al.,
of the modified membrane. 2014)

Enhance, hydrophilicity, antifouling
and permeation properties.
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2.4.5 Issues arising from the incorporation of ENMs into polymeric membranes

Despite the huge attention and funding devoted so far to the applications of ENMs
in membrane technologies, the commercialisation of ENMs-membrane composites has
yet to be achieved. In fact, with the marked demand of nanomaterials in the
marketplace, there is a growing public debate whether the social and environmental
cost of nanomaterials outweighs their benefits (Colvin, 2003). Apart from this debate,
ENM's durability under various operating conditions as well as their degradability at
the end of their service life represents the main challenges that have not yet been fully
addressed (Kim & Van der Bruggen, 2010; Kumar et al, 2009). In polymeric
membrane applications, incorporation of ENMs also has some obstacles.
Predominantly, their limited dispersion in the casting solutions, especially for
nanomaterials having a diameter <100 nm (Ng et al., 2013). Poor dispersion results in
nanomaterial agglomeration and uneven distribution in the polymeric matrix. This
agglomeration may give rise to undesired changes in the nanocomposite membrane
characteristics such as free surface energy, pore size, hydrophilicity, roughness and
antifouling properties (Razmjou et al., 2011). Weak interfacial interaction/adhesion
between ENMs and the polymeric structure will end up in the leaching of these ENMs
out of nanocomposite membranes, causing a gradual deterioration in the nanocomposite
membrane over time, reducing performance stability and potentially raising many
environmental issues (Dong et al., 2012). These weak interactions have been mainly
attributed to poor polymer-inorganic incompatibility, poor polymer—particle adhesion,
the different thermal expansion coefficients for the ENMs and the polymer and solvent
evaporation during nanocomposite formation (Hilal et al., 2012). In addition,
agglomeration could be induced from incorporating a high content of ENMs during the
fabrication (Gilbert et al., 2009). From an environmental point of view, there is a
growing concern regarding the potential hazards of ENMs release into ecosystems. This
is compounded by the lack of quantitative data available from monitoring their release,
or knowledge as to which form they have been released into the environment
(Gottschalk & Nowack, 2011). For instance, De Kwaadsteniet et al. (2011) reported
that Ag-NPs can form a composite colloid with some organics leading to entirely
different toxicity from that of pure Ag nanoparticles. Undoubtedly, the potential hazard
posed by ENMs necessitates the understanding and evaluation of the nature, effects,

and detection of the ENMs toxicity. Even though the long-term health effects of ENMs

49



Chapter Two - Literature Review

is not adequately determined yet, there is an increasing evidence supporting that these
nanomaterials have genotoxic and carcinogenic potential with commercial applications
(Doak et al., 2017). Doak and coworkers are one of the pioneered research groups who
extensively investigated and assessed the damage to the genetic material in living
systems caused by various ENMs (Singh et al., 2017). Therefore, the environmental
studies should not only quantify the released nanoparticles but also assess the toxicity
of released nanoparticle composites. Very little is known regarding the transport and
fate of ENMs in environmental waters since the bulk of the current nanotoxicological
research is laboratory scale studies focusing on single species in a simple media
(Bernhardt et al., 2010). Thus, ensuring the reliability of nanocomposites through
minimising their toxicity in biotic and abiotic environments could offer new prospects

regarding their industrialisation.

2.4.6 Future improvements for ENMs incorporation into polymeric membranes
One of the pragmatic approaches used to improve the interactions between the
inorganic ENMs and the organic polymer chains is by revising the surface
characteristics of ENMs. Several methods have been suggested for alteration of these
characteristics through introducing a specific functional group at their surfaces. This
research strategy is required to achieve improved interactions and more homogenous
distribution for the ENMs within the polymeric matrix. Such methods include chemical
treatments, grafting of synthetic polymers, ligand exchange techniques and adsorption
of polymeric dispersants (Kango et al., 2013). Among these techniques, surface
functionalization/modification by chemical treatment is currently an intensive research

focus in nanocomposite membrane applications.

Surface functionalization/modification increases the stability of ENMs in their host
materials, and various functional groups can be used to achieve this, such as carboxylic
acid, phosphoric acid, silane coupling agents and dopamine (Figure 2.13) (Dias et al.,
2011). Silanes have been recently applied as coupling agents to modify ENM surfaces
and promote adhesion in the fabrication of nanocomposite membranes. Silanes are
bifunctional molecules that possess dual reactivity, that enables them to act as
intermediate materials to link two dissimilar materials (Mittal, 2007; Plueddemann,
2013). Polysiloxane has been used as a saline coupling agent, to chemically

functionalize SiO> nanoparticles and then to immobilise PEG molecules on their
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surface (Wu et al., 2013). The modified nanoparticles were then dispersed in a casting
solution to prepare modified SiO>/PVDF nanocomposite membranes. The stability of
the chemically modified SiO> nanoparticles in the membrane matrix was significantly
improved during membrane filtration processes and membrane cleaning, enabling the
long-term usage of the blend membrane. A similar study reported good dispersion for
chemically modified TiO; in PES nanocomposite membrane when TiO; particles were
first modified using aminopropyltriethoxysilane (APTES) as a silane coupling agent
(Razmjou et al., 2011). In a similar study, a novel PA/TFN nanofiltration membrane
was prepared by dispersing aminosilanized TiO; nanoparticles into a diamine monomer
solution followed by polymerisation (Rajaeian ef al., 2013). The silane coupling agent
was grafted onto the surface of TiO; to avoid agglomeration encouraged during the
TFN preparation and to obtain a greater interfacial adhesion between the polymer
matrix and TiO2 nanoparticles. Functionalized graphene oxide (f-GO) nanosheets with
3-aminopropyltriethoxysilane (APTS) were found to have better dispersion in organic
solvents that non-functionalized GO (Xu et al., 2014). Polydopamine (PDA), also
known as “bio-glue”, has been recently used as an excellent coupling ligand in
nanocomposite membranes. (Zhang et al., 2013¢) conducted research to robustly bind
TiO2 nanoparticles on the surface of TFC membrane using PDA. PDA can be self-
polymerised on TiO, and membrane surfaces forming a firm connection between them.
Similarly, TiO2 nanoparticles have been strongly bound and homogeneously distributed
into PVDF ultrafiltration membrane by exploiting PDA (Shao et al., 2014). (Zhao et
al., 2016) uniformly embedded PDA modified MWCNTs (PDA-MWCNTs) in
polyamide (PA) thin-film composite membranes. Their results demonstrated a fine
dispersion for the coated MWCNTs in polyethyleneimine aqueous solutions, which was
interracially polymerised with trimesoylchloride n-hexane solutions to fabricate
nanocomposite membranes. The improved compatibility/interactions between the
modified MWCNTs and PA matrix were attributed to the PDA coating layer on the
nanotubes surface. In another study, (Khalid et al., 2015) prepared functionalized
MWCNTs with dodecylamine (DDA) that were then used to fabricate PS
nanocomposite membrane for desalination applications. The long alkyl chains of DDA
functionalized MWNTs were found to improve the interfacial interactions/adhesion and

compatibility between inorganic nanotubes and the polymeric matrix.
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Figure 2.13: Different functional groups attached to iron oxide NPs surface (Dias et
al., 2011).

2.5 Conclusions

The diverse and often unique properties of ENMs provide the membrane technologist
with an extended toolbox for the bespoke fabrication of nanocomposite membranes
with properties ideally suited for a particular process. ENMs have the potential for the
creation of membranes that are optimised to meet all the challenges of desalination and
wastewater treatment including fouling and biofouling while extending the lifetime of
the membrane by enhancing their mechanical robustness and resistance to cleaning
regimes. All of this with no impact on selectivity. An impressive list indeed of the
benefits for membrane processes but arguably highly achievable. Literature has
witnessed tremendous advances in all aspects of life as a result of the improved
capabilities in the monitoring, control, and fabrication of materials at the nanoscale,
these advances are beginning to impact on the quality and functionality of membrane
materials used in water treatment. The dissemination of nanotechnological experience
is set to continue and will inevitability impact positively on the engineering of

membrane processes. However, despite of the advance state of nanocomposite
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membranes application at the lab scale level, nanocomposite membranes have not
commercialised yet, where an argument about their environment and social costs has
been raised recently. Herein, the following work presented aims to resolve several of
the deficiencies reported in the literature for the applications of nanocomposite
membranes. Despite of the relatively big amount of research papers on nanocomposite

membranes, several gaps can be noticed in the literature and summarised as follows:

e The majority of current researchers are focussing on developing new
nanocomposite membranes aiming for enhancing the surface free energy of
the membrane’s surface in the short term only. Although this is the main
objective for polymeric modification through using nanoscale materials,
but this should be done with anticipating and referring to the consequences
arise from incorporation these nanomaterials, over the prolonged operation,
on performance and surface characteristics of nanocomposites.

e Weak interfacial interactions between nanoscale materials and the
polymeric matrix are the main bottlenecks in the applications of
nanocomposite membranes. In the literature, there is lack of systematic
studies on the enhancing and evaluation of adhesion/compatibility between
NMs and polymeric matrix in order to extend the nanocomposite membrane
lifespan.

e Regarding the high environmental and social costs of the nanocomposite
membranes application as a result of the rapid depletion of 0D-NMs into
the ecosystem. Only few research are focusing on 0D/1D or 0D/2D hybrid
nanostructures in membrane separation applications, as a replacement for
0D-NMs in order to minimise NMs leach out, while there is no research on
the application of these HNS in TFN membrane to resolve these
deficiencies.

e Lack of efficient and reliable methodologies to incorporate higher amounts
of NMs for TFN membrane applications. Most of TFN membranes
incorporate NMs by either dispersion in the liquid or organic phase where
only a small amount can be incorporated with uneven distribution in the PA
matrix.

e Rapid depletion of the antibacterial activity of nanocomposite membranes
fabricated by impregnation of 0D silver nanoparticles. A considerable
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amount of both surface-modified and unmodified AgNPs will be available
at the top surface of the nanocomposite membranes. Presenting these NPs
at the interface will expose them to the shear of water current. As a
consequence, induce their leaching and diminish the antibacterial activity

of the nanocomposite over time.

This thesis attempts to apply novel HNS comprise M/MO NPs coated MWCNTSs
for membranes modification purposes, instead of using M/MO NPs directly. MWCNTs
with 2D structure will be employed as a carrier to tether the 0D NPs on their surfaces.
This will be carried hand by hand with further improvement of the
adhesion/compatibility between the HNS and polymeric matrix in order to avoid the
bottlenecks of nanocomposite membrane applications. Ultimately, the new entity of
nanocomposites can manifest enhanced hydrophilicity, permeability, thermal and
chemical stability, porosity and mechanical properties along with greater stability

within the polymeric matrix.

These overall objectives will be achieved by:

e Improving the design and fabrication of nanocomposite membranes to
overcome the limitations of their applications through improving the
incorporation protocol that ideally concentrates the NMs on or/and close to the
selective layer of the membranes in order to extend the function of
nanocomposite and their lifespan.

e Introducing ENMs into polymeric membranes and identifying how the
characteristics of the ENMs, such as the high surface area to volume ratio and
mechanical strength, can be used to optimise and tailor membranes for
particular applications.

e Developing facile approaches for HNS fabrication aiming for tethering metallic
nanoparticles robustly on the surface of CNTs templates via facile, rapid,
scalable and cost-effective routes, and targeting better stabilisation and
dispersion of 0D-nanomaterials.

e Reducing the environmental and economic costs through avoiding the NMs
wastage during the TFN preparation by avoiding the limitations of conventional

TFN fabrication techniques.
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Creating a stable and defect free TFN membranes through surface modification
of HNS in order to improve the compatibility between HNS and the PA thin
layer.

Improving the surface free energy of nanocomposite membranes surface to
diminish the fouling along with other characteristics e.g., selectivity, chemical

stability, porosity, permeability, thermal and mechanical properties.
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Chapter Three

3 Materials and Methods

Materials, analytical, support equipment, and experimental procedures used in this
work are described in this chapter. The first section listed all materials being used for
polymeric membranes and hybrid nanostructure fabrication, while the second has
covered the essential and support equipment for the characterisation processes. In the
last section, experimental procedures of all fabrication and filtration protocols were

1llustrated in detail.

3.1 Materials
Note: all chemicals used in this work were used as purchased without further
purification, except nanotubes. And the ultra-pure water, used in all experiments, was

produced by Milli - Q system supplied by Millipore and has 18.2 MQ.cm resistivity.

3.1.1 Materials for membrane fabrication

Polyethersulfone (PES) was chosen as the host polymer for membranes fabrication due
to its excellent resistance to chemicals and chlorine attack, good thermal and
mechanical properties, and applicability for a wide range of pH (Qin et al., 2005;
Sathish Kumar et al., 2015). PES is well known as excellent membrane formation
material for MF, UF and even NF, and as a support substrate for NF and RO
membranes. The technical grade PES flakes - Ultrason® E 6020 P (m.wt=75,000
g/mol), as a versatile material for the production of tailor-made membranes, were

kindly donated by BASF Co. Ltd (Germany).

Polyvinylpyrrolidone (PVP 40 K) with a molecular weight of (40,000 g/mol) was

used as pore former and to enhance the interconnectivity of membranes structure. N-
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methyl-pyrrolidone (NMP), anhydrous with purity 99.5%, has been used as a solvent
for membrane fabrication due to its high stability, polarity, chemical resistance and
boiling point (192 C°). Chemicals used for TFN fabrication; n-Hexane (purity >95%),
m-Phenylenediamine (MPD), 1,3,5-Benzenetricarbonyl trichloride (TMC) were all
purchased from Sigma Aldrich, UK.

3.1.2 Materials for hybrid nanostructures fabrication

Raw MWCNTs, produced by chemical vapour deposition (CVD) method, were
purchased from Chengdu Organic Chemicals Co. Ltd. (China). Specifications of the
nanotubes are given in Table 3.1. Nitric acid (HNO3) 69% wt/v, iron (III) nitrate
nonahydrate (Fe(NO3)3. 9H»0), silver nitrate (AgNO3), aluminium-nitrate nonahydrate
(AI(NO3)3.9H,0), titanium (IV) butoxide (Ti(OCH2CH>CH>CH3)4), absolute methanol
and ethanol, Trizma-base and dopamine hydrochloride were purchased from Sigma

Aldrich, UK.

Table 3.1: Specification of the MWCNTSs

MWCNTs specifications Description
Purity >95%

ID 5-10 nm
OD 10-20 nm
SSA >200 m?/g
Length 0.5-2 um
Ash <1.5 wt.%
True density ~2.1 g/lem?

3.1.3 Materials for characterisation and fouling tests

Various molecular weights (600, 1150, 3400, 6000, 8000, 10000, 20000 and 35000) of
Polyethylene (PEG) in addition to a larger molecular weight of Polyethylene oxide
(PEO) 100000 were used as uncharged organic models to determine the pore size and
pore size distribution of the formatted membranes. Humic acid (HA, ~2-500 kDa)
(CAS. No. 1415-93-6) as natural organic matter, Sodium Alginate (NaAlg, ~12-80
kDa) from Brown algae (CAS. No. 9005-38-3) as polysaccharide and bovine serum
albumin (BSA, ~ 66 kDa) (CAS. No. 9048-46-8) as protein were used as three different
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organic models to study the rejection and fouling behaviour of membranes.
Glutaraldehyde 50% v/v for fixation the bacteria, and all related chemicals and
biological agents used for bacterial tests (e.g. Phosphate Buffer Solution (PBS), nutrient
agar medium, Mueller Hinton Broth (MHB), and neutraliser) were all purchased from
Sigma-Aldrich (UK). Sodium chloride (NaCl), sodium sulfate (Na>SO4) and
magnesium sulfate (MgSOas) were analytical grades salts supplied by Fisher Scientific
(UK). Cobalt (IT) chloride (CoCl»), manganese nitrate Mn(NOz3)2-4H>O, nickel II
acetate tetrahydrate (Ni(CH3COO),-4 H>0.), lead nitrate (Pb(NO3)2), and copper nitrate
(Cu(NOs)2.3H20) were supplied by Fisher Scientific (UK). 200 nm carboxylated
polystyrene latex as tracer particles for surface zeta potential by LDE technique were
supplied by Polysciences Inc., PA, USA. Two bacterial species; Escherichia coli
(ACIB 8277) and Staphylococcus aureus (ATCC 6538P) were provided from

Microbiology laboratories-Swansea University.

3.2 Analytical and measuring instruments

3.2.1 Total organic carbon analyser (TOC)

Total organic carbon analyser (TOC-L, Shimadzu, Japan) was employed to determine
the total organic carbon content in the feed and permeate samples (Figure 3.1). Three
organic fouling models (HA, NaAlg and BSA) and polyethylene glycol/oxide used

during solute transport experiments were analysed by the TOC instrument.

The TOC system was calibrated once a year and regularly checked to ensure
reliable measurements. A calibration curve was created using a standard solution of
potassium phthalate solution - to represent the total carbon content (TC) and a mixture
of sodium hydrogen carbonate and sodium carbonate - to represent the inorganic carbon
(IC). A stock solution (1000 mg/l — concentration of carbon) was prepared for each TC
and IC solution. Then, diluted to make a series of standard solution (0, 5, 25, 50, 100,
150, 200 and 250) mg/l which cover the entire concentration range of tested solution
(maximum concentration used in this paper was 200 mg/l). These standards were
measured and used to create the calibration curve. The unknown sample concentrations
were linked to that curve via setting up method, and the TOC content is measured by

subtraction of IC from TC in the samples.
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NE—

Figure 3.1: Total organic carbon analyzer (TOC-L, Shimadzu).

3.2.2 Atomic absorption spectrometry (AAS)

The heavy metals contents in the feed and permeate were determined by AAS
instrument (PinnAAcle 900F). Prior to measurements, a method file was set up, and a
series of diluted standard solutions, prepared earlier for each metal salt solution, was

injected into the system to obtain the calibration curves, see Figure 3.2.

Figure 3.2: Atomic absorption spectrometer (PinnAAcle 900F).
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3.2.3 Mechanical tester

The mechanical properties, including the stress/strain relationship and elastic modulus
of the prepared membranes, were determined using a tensile tester instrument (Instron
1162, UK), see Figure 3.3. The measurements were carried out according to ASTM
D882-12 (as a closest standardised test) at ambient conditions (25 °C). Dry membranes
samples were cut into a standard strap (1 cm x 4 cm), and the measurements performed
at a crosshead speed of 0.5 mm/min. For measurement reliability, triplicate
measurements conducted and results presented as an average value. The Young’s
modulus (E) was calculated from the initial slop of stress/strain curve; for testing thin

plastic sheets (thickness less than 1 mm);

E =% ate=0 | 3.1
de

Where the stress (o) is the force per cross-section area (N/m?) and ¢ is the strain and
calculated from the ratio of the change/deformation in the length (AL) to the initial
length (L,), as follow;

E=—, 3.2

Figure 3.3: Instron — universal tensile tester instrument
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3.2.4 Surface charge measurements

3.2.4.1 Membranes surface charge techniques
Two techniques, based on different theories, were employed to evaluate the charge

along the surface of the membranes, as follows;
I.  Tangential streaming potential (TSP)

Tangential streaming potential measurements were carried out using an Electrokinetic
Analyzer (EKA) (Anton- Paar GmbH, Austria), as shown Figure 3.4. The streaming
potentials measurements were performed in flat-sheet flow module. Two flat-sheet
membranes to be investigated were cut to fit the dimensions (5.5 x 12.5 c¢cm) and
attached to the rectangular measurement module. The membrane samples were placed
with their active layers facing each other and separated by a PTFE gasket with a flow

channel inside.

Before measurements, the EKA system was rinsed with DI water, then flushed by
fresh electrolyte (10 mM NaCl) solution to equilibrate the membrane sample. The
background electrolyte solution conductivity and pH were monitored, and

measurements were conducted based on Helmholtz—Smoluchowsky Equation (3.1)

__ AEuk

(_APSOET ’ 3.3

where AE is the streaming potential, u is the viscosity of the solution, & is conductivity
of electrolyte solution, AP is the transmittance pressure drop, &, is the permittivity of

a vacuum, and &, is the dielectric constant of the medium at 25 °C.

The measurements performed with pH range (3-11). The pH has periodically
adjusted for alkaline and acidic pH using 0.1M HCl and 0.1M NaOH. Streaming current
was generated by applying a pressure gradient program of 0-700 mbar over 30 seconds
and measured using a pair of AgCl electrodes. At each pH point, 10 measurements were

conducted at room temperature.
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Figure 3.4: Electrokinetic Analyzer (EKA) (Anton- Paar GmbH, Austria)

II.  Laser Doppler Electrophoresis (LDE)

Electrophoretic mobility and electro-osmotic measurements were performed using a
surface zeta potential cell (ZEN1020), as an accessory kit for the Malvern Zetasizer ZS
nanoseries instrument (Malvern Instruments Ltd, Malvern, UK), see Figure 3.5 and
Figure 3.6. Dry membrane’s sample was cut into 5.0 x 3.5 mm (rectangular dimension)
and attached to a sample holder using an appropriate adhesive (a water-resistant epoxy
or double sticky tape), and the sample holder was then loaded to the surface cell. Once
the sample holder is in the place, a height alignment tool is used to align the simple’s
surface to a zero height with respect to the instrument laser. After this coarse alignment
performed, the surface cell inserted into a glass cuvette filled with 1 ml electrolyte
solution (10 mM NaCl) contains 0.2 um carboxylated polystyrene latex (tracing
particles). Before placing the cell in the instrument, the covette was inspected to assure
no air bubbles has presented on the cell’s electrode. At this stage, a final fine adjustment
of zero position is carried out using the count rate meter in the zetasizer application
software. Finally, SOP file was configured and measurement was performed at 4
different displacements (125, 250, 375 and 500 pm) from the membrane surface. At
each measurement point, 4 runs were performed (each run consists 15 sub-runs).
Following these measurements, a final measurement was used to determine the electro-
osmotic mobility of latex particles at a far distance from the membrane’s sample. At
the end of the measurements, an intercept could be extrapolated by plotting

electrophoretic mobility or zeta potential of the tracers at multiple distances away from
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the membrane surface, and the surface zeta potential of the membrane was determined

according to Equation 3.4 below;

¢ (surface) = —intercept + { (tracing particle) , 34

In between subsequent measurements, the cell electrodes were sonicated in toluene
and rubbed with cotton swaps to eliminate any possible debris accumulated on

electrodes during the previous measurement.

Figure 3.5: Surface zeta potential cell (ZEN1020).

—
Figure 3.6: Malvern Zetasizer ZN nanoseries instrument (Malvern Instruments Ltd,

Malvern, UK)
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3.2.4.2 Nanomaterials surface charge

The zeta potential ({) measurements were performed using a universal dip cell kit
(ZEN1002), as an accessory for the Malvern Zetasizer ZN nanoseries instrument
(Malvern Instruments Ltd, Malvern, UK), shown in Figure 3.7. Prior to measurement,
the dip cell electrodes were immersed in a gentle ultrasound bath for 5 min to remove
any contaminations from previous measurements. A concentration of 5 mg/l for each
nanomaterial sample was dispersed in water by tip sonicator for 40 min, and the pH
was titrated from 3 to 11 using 0.1 M HCIl and 0.1 M NaOH. 1 ml of the solution was
then poured into a disposable cuvette and the cell was carefully inserted to avoid any
chance of bubble formation between the palladium electrodes of the cell. During the
measurement, the incident laser beam passes through the sample, and the scattered light
is detected at a forward angle of 13°. When applying the electrical field to the dip cell,
a fluctuation of the light is caused by moving particles. The zeta potential was
calculated by determining the electrophoretic mobility of particles and then applying
Henry equation (Equation 3.5) by considering the Smoluchowski approximation. The
electrophoretic mobility can be obtained by carrying an electrophoresis experiment on

the sample and measuring the velocity of the particles by Laser Doppler velocimetry.

2 &Cf(ka)

Ug =

, 3.5

Where;

Uk Electrophoretic mobility.
E: Dielectric constant.

{ : zeta potential.

1 : Viscosity.

f(ka ; Henry’s function.
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Figure 3.7: Universal dip cell kit (ZEN1002).

3.2.5 Contact angle (CA)

Surface hydrophilicity/hydrophobicity of the membranes was evaluated via a sessile
drop method using VCAoptima contact angle instrument (AST Products, MA - USA),
see Figure 3.8. Membrane samples were cut into 1 x 6 cm straps and attached to a glass
microscope slides via double sticky tape to flatten the membrane samples. 4 ul droplets
of DI water are dropped onto the flat membrane’s surface, and an image of the droplet
was automatically captured to determine the left and right contact angle using VCA
Optima XE software. At least ten measurements for three membranes replicates were

recorded, and the results were averaged.

Figure 3.8: VCAoptima contact angle instrument, (AST Products, MA - USA).
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3.2.6 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) imaging was used to characterise the surface
topography parameters of membranes, using a multimode AFM with a NanoScope Illa
controller (Bruker, USA), see Figure 3.9. The analysis was conducted by tapping mode
in the air at 25 °C using 0.01-0.025 Ohm-cm Antimony (n) doped Silicon cantilever
PESP-V2 (Bruker, USA).

___ 1%

Figure 3.9: Atomic force microscopy (AFM), (Bruker, USA).

The basic working principle of the AFM is to let a sharp microscopic cantilever’s
tip to scan the surface topography of a chosen area of interest. As this sharp tip scans
across the sample surface, various topography features cause a deflection of that tip.
Subsequently, a light beam generated by a laser diode is bounced off of the back of the
cantilever and reflected to a four section position-sensitive photodiode to detect any
sub-angstrom vertical movement caused by the tip. Indeed, generated a map for the
surface topography through software supplied by the manufacturer and used for this

purpose, as illustrated in Figure 3.10.
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Figure 3.10: Schematic demonstration of the principle of AFM operation.

The imaging procedure starts by fixation of a dry and clean membrane sample on

a small steel disc using adhesive tape from both sides. Thereafter, the disc held on the

AFM sample holder for imaging. The surface topography parameters obtained from

membranes imaging by AFM can be summarised as follows:

L.

ii.

iii.

The root mean square roughness (RMS) defined as the square root of the mean

value of the squares of the distance of the points from the image mean value:

RMS = \/% SN (Zi —7)?, 3.6

The average roughness (Ra) which defined as the arithmetic mean of the

deviation in height from the image to the mean value as shown:

1 —_
Ra= XLz -2l , 3.7

The average mean height (AVmean) is an arithmetic mean defined as the sum of

all height values divided by the number of data points:

1
Izl = S Bz, 3.8
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Where; Z;: current Z value, Z: an average of Z value, N: number of points within the

arca.

3.2.7 Scanning Electron Microscope (SEM) and (EDX)

Scanning electron microscopy (SEM S4800- Hitachi, Japan) was employed to observe
the surface and/or cross-section morphology of samples as shown in Figure 3.11A.
Whilst energy dispersive X-ray analysis (EDX) attached to the SEM was implemented
to provide a quantitative representation for the elemental composition of various

samples.

Prior to cross-section observation, membranes samples were immersed in liquid
nitrogen for a couple of minutes and fractured while maintained in liquid nitrogen
temperature. The fractured samples were then coated with a thin film of 5 nm chromium
(Cr) carried by a sputter coater machine (Quorum, Q150T ES, UK), see Figure 3.11B.
Finally, the sample was mounted on a stainless-steel sample holder (designed for cross-
section imaging), placed inside the SEM chamber and imaged at variant accelerating
voltages and under high vacuum. For membrane surface imaging, only coating with Cr
was carried to make it conductive, and another coating layer could be applied if
necessary. For NMs, about 1 mg of the powder was stuck firmly on double sticky tape,

mounted on the stub and introduced for imaging.

Figure 3.11: (A) Scanning electron microscopy (SEM S4800- Hitachi), and (B)
sputter coater machine (Quorum, Q150T ES).
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3.2.8 Thermogravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) was performed using TA instrument (Q600SDT,
USA), as shown in Figure 3.12. The Q600 features a highly reliable horizontal dual-
balance mechanism that supports precise TGA measurements. It delivers superiority in
weight signal measurements (accuracy, sensitivity, and precision) over what is
available from single beam devices since the dual beam design virtually eliminates
beam growth and buoyancy contributions to the underlying signal. The machine
delivers a measurement of the heat flow and weight changes associated with transitions
and reactions in materials over the temperature range ambient to 1500°C. The balance
was tared before loading the sample, and an alumina pan (40 pL) was filled with
approximately 5 mg of powder sample and laid on a thermocouple beam to load it into
the combustion chamber. The sample was then heated in the presence of air up to 900
°C at heating rate 10 °C/min and air flow rate 100 ml/min. In the meantime, the
correlation between temperature and weight percent loss has been plotted by the TGA

software.

Figure 3.12: Thermal gravimetric analysis (TGA) - TA instrument (Q600SDT).

3.2.9 Fourier transform infrared spectrophotometry (FT-IR)
To affirm the existence of functional groups on the surface of MWCNT, and molecular
structures of TFN membranes surface, a Spectrum Two FT-IR spectrometer

(PerkinsElmer, USA) was implemented, see Figure 3.13 below.
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—

i
Figure 3.13: FTIR - Spectrum Two - (PerkinsElmer, USA).

The working principle of FT-IR is illustrated schematically in Figure 3.14. An IR
beam is emitted from an irradiation source. Then, the beam passes through into
interferometer which performs the spectral encoding. A destructive and constructive
interference called an interferogram has been created from the recombination of
different path length-beams in the interferometer. Now, as the beam passes through the
sample, specific frequencies of energy are absorbed by the sample, which are
characteristics of the sample from interferogram. At this stage, the detector measures
the interferogram signal (in energy vs time) for all frequencies. In the meanwhile, a
bean is superimposed to create a reference (background) spectrum. And the final
spectrum was obtained after the interferogram had subtracted the background spectrum
from the sample spectrum by the computer software. Before using the spectrometer, the
crystal was wiped with isopropanol to avoid any possible contamination and left to dry.
Then, a background spectrum has been recorded while the arm is not over the crystal.
Subsequently, a small amount of the sample is placed on the plate (just to cover the
crystal), and the final spectrum of the sample is recorded. The transmittance spectra

were recorded at room temperature from 400 to 4000 cm™! with a resolution of 4 cm ™.
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Figure 3.14: The basic component in FT-IR spectrometer
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3.2.10 Raman spectroscopy

Raman spectroscopy, as a non-destructive technique, was applied to evaluate the
graphitic structure, defects, ordered and disordered structures of HNS. The Raman
spectra were recorded for samples on InVia™ Confocal Raman Microscope
(Renishaw-UK) with a 532 nm excitation laser (Figure 3.15). Measurements were

conducted for 10s exposure, 10% intensity, and 50 — 3500 cm™' spectrum range.

Figure 3.15: InVia™ Confocal Raman Microscope (Renishaw).
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3.2.11 X-ray diffraction (XRD)

The crystalline structures of the M/MO nanoparticles and the nanotubes prior and after
the functionalization were determined by X-ray Diffraction (XRD), see Figure 3.16
below. XRD Patterns were recorded on a Briiker d8 DISCOVER diffractometer with a
Cu ka X-ray source (k = 0.15418 nm) and analysed using Match 2 software.

Figure 3.16: Briiker d8 DISCOVER diffractometer.

3.2.12 X-ray photoelectron spectroscopy (XPS)

Elemental composition and chemical state were further characterised by XPS analysis.
An X-ray photoelectron spectrometer (Kratos, AXIS SUPRA - Japan), see Figure 3.17.
The XPS equipped with a hemispherical analyser and monochromatic Al Ko X-ray
(1486.6 eV) as the radiation source, was used to identify the nanoscale materials from
a range of 0-1200 eV. CasaXPS software was used for data analysis. A calibration of
spectrum energy was carried out with respect to C1 peak, and binding energy (BE) set

to 284.8 eV.
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Figure 3.17: X-ray photoelectron spectrometer (Kratos, AXIS SUPRA).

3.2.13 Probe sonicator
A powerful probe sonicator (Vibra cell TM — Sonics, USA) with 120 W, has been
employed to achieve a high degree of dispersion for various HNS (Figure 3.18). all

measurements were carried at 80 % amplitude and 2 seconds pulse.

- i |

Figure 3.18: Tip sonicator (Vibra cellTM — Sonics, USA)

3.2.14 Microplate reader
The concentration of Bactria dilutions was determined by measuring their turbidity at

600 OD using (Synergy H1 hybrid, BMW Labtech, Germany), see Figure 3.19 below.
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Figure 3.19: Microplate reader (Synergy H1 hybrid, BMW Labtech).

3.2.15 Small tube furnace

The HNS samples were calcinated inside a small high-temperature tube furnace
(Carbolite Gero, UK), shown in (Figure 3.20). The Calcination was carried by placing
the sample in a ceramic pan in the middle of a glass tube. The tube was then placed in
the furnace and connected from one side to an inert gas source (N> or Ar) and left open
from the other side. The inert gas flow rate was adjusted by the gas flow meter to
prevent blowing the sample. The measurements were conducted for 4 hr calcination
time, 450 °C and 10 °C/min temperature ramp. Finally, when the measurement is
finished, the furnace was left to cool down to room temperature and the sample is

collected.

Figure 3.20: High-temperature tube furnace (Carbolite Gero, UK).
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3.3 Experimental procedures

3.3.1 Membrane fabrication

All UF membranes were fabricated via the classical non-induced phase separation
(NIPS) technique. In brief, for membranes fabrication, a fixed amount (2 wt.%) of PVP
K40 was dissolved in NMP using a double neck-round bottom flask. The PES flakes
were then gradually added to the solution and mechanically mixed overnight at 50 °C

until a homogenous, yellowish and clear solution was achieved (Figure 3.21).

Figure 3.21: Dope casting solution (PES/NMP/PVP)

The casting solution was then degassed under vacuum for an hour to get rid of air
bubbles. For solution casting, about 10 ml of casting solution was poured onto a glass
substrate and cast at a regular shear rate (225 s™!) via an automated casting knife (RK
film applicator), as shown in Figure 3.22. The resultant thin film was directly placed in
a DI water bath at 20 °C for precipitation. Within less than two minutes, the membrane
was detached from the glass substrate indicating that the phase inversion was
completed. The membranes were then repeatedly rinsed with DI water to remove
residual solvent and stored wet at 4 °C until used. All membranes were cast with 200
um clearance gap at ambient temperature and relative humidity (RH% 45 £5). Prior to
testing, the membranes were inspected under light to make sure there were no pinholes,
wrinkles or any defect that could produce a performance discrepancy. This could be
achieved whenever there is a well-mixed, air and dust free casting solution. Even

though intense care has been taken during the fabrication, still there would be a
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variation in membranes performance between batch and another, and within the same
membrane sheet at different locations. In this work, intensive efforts were devoted to

maintain minimum uncertainty ( <10%).

L] i P <)

Figure 3.22: Automated casting knife (RK film applicator).

3.3.2 Fabrication of hybrid nanostructures
Prior to the decoration of MWCNTs with M/MO, the raw nanotubes were purified and
functionalized by HNO3 acid treatment. More details are given in Chapter five, Section

5.2.

3.3.3 Stock solutions preparation

1. Organic foulants

A 1000 ppm stock solution of three synthetic organic models (HA, SA and BSA) were
prepared individually and used to characterise the performance of the fabricated

membranes, as follow;

First, for the ease of humic acid dissolution, a 1L measuring flask was filled with
1L of DI water and adjusted to pH 9.5+0.1, then quickly wrapped with aluminium foil.
Thereafter, 1 g of humic acid powder was dissolved and stirred vigorously for at least
4 hours using magnetic stirrer. Finally, the solution was passed through 0.45 pum
membrane filter (Millipore, France) to remove undissolved fractions. While in the case

of BSA, 1 g of the material was dissolved in 1 L DI water without mixing, since mixing
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may form a foam and denature the BSA indeed. Therefore, the solution was left for 1
hr in a fridge to ensure a full dispersion. The polysaccharide, SA was mixed for 4 hr
under vigorous stirring speed and left overnight to achieve complete dispersion before

use. All stock solutions are stored in a fridge at 4 C° and consumed within 10 days.
II.  Heavy metals

A 1000 ppm as a standard solution of five different metal salts was prepared
individually. 2.271, 4.595, 4.326, 1.614 and 2.537 g of CoClz, Zn(NOs3),.6H-0,
Ni(CH3COO)>-4 H>0, Pb(NO3), and CuSOs respectively were dissolved in a hot (70
°C) DI water at acidic environment (below pH 3). Prior to experiments, 50 ppm from
each solution was mixed thoroughly to obtain a concentration of 250 ppm of heavy

metal ions solution mixture.

3.3.4 Permeability, retention and fouling measurements

Pure water flux (PWF) and filtration experiments have been conducted under a
crossflow condition with an active membrane area of 12.6 cm?. Feed solution
temperature was maintained at 20+£0.5 °C using a refrigerated chiller (Grant, LTD6G,
England), see schematic Figure 3.23. After specific compaction time (time depends on
membrane process) and pressure (5 bar for UF and 12 bar for NF membranes), the
pressure was reduced to a lower value. The DI water permeate flux recorded
automatically every 1 min, using data collection software (Win-Wedge 3.0) interfaced
with an electronic balance (Precisa, XB3200C, Switzerland). The automated software
converted the permeate weight data received from the balance into a flux and recorded
the values on an excel spreadsheet for previously set membrane area and time intervals.
For the evaluation of membrane performance, the permeate flux (I/m?.h) decline was
recorded as described earlier for PWF after the compaction with DI water. The relative
flux (RF) in (%) was used to express the correlation of the permeate flux to the pure
water flux of the respective virgin membrane. While rejection values (R%) of the

membranes were determined by the Equation 3.9:

R (%) = % x 100 , 3.9

p
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Where C, and Cr are the foulant concentration in the permeate and feed solutions,
respectively. The concentration of feed and permeate samples were analysed using
appropriate instrument depending on the foulant type. In addition, total fouling (Fr),
reversible fouling (Frev) and irreversible fouling (Fi;) of membranes are determined as
below (Equations 3.10 to 3.13), where Jo, Ji, and J> are initial water flux of virgin
membrane, solute flux and water flux of fouled membrane after water flushing,
respectively (Vatanpour et al., 2011). All measurements were replicated to take into

account the membrane variability.

Fr = Frev + Fir 3.10
Fr(%) = ;—2 x 100, 3.11
Frev (%) = 12];’1 x 100 , 3.12
Fir (%) = ’]‘—’2 x 100, 3.13

X

=
=

=
= 8 g J
= =

1. Tank (5L). 6. Pressure gauges.

2. Heating coil. 7. Membrane cell unit.

3. Pump. 8. Refrigerated chiller.

4. Flow meters. 9. Electronic balance.

5. Pressure control valve 10. PC.

Figure 3.23: Schematic description of the cross-flow NF filtration unit
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3.3.5 Solute transport method

Mean pore size and pore size distribution (PSD) of membranes were determined using
a solute transport mode as described by (Singh et al., 1998). This method is based on
permeation-rejection correlation of a known solute size through membranes to
determine the pore size of the pores open to flux, giving the minimal size of pore
constrictions along the whole pore (Khayet & Matsuura, 2003). Solute retention
coefficients are based on the ratio of solute molecular size to membrane pore size (Paine
& Scherr, 1975). PEG/PEO as uncharged organic solutes with different molecular
weights was used during the experiments. In all experiments, solution temperature and
the transmembrane pressure were kept constant at 22+0.5 °C and 4 bars, respectively.
Following the compaction of membranes, a sequence of, 200 mg/l of five different
molecular weight PEG solutions were passed through each membrane. For each
membrane, the lowest PEG molecular weight aqueous solution was first introduced
followed by the next higher one and so on until the highest molecular weight PEG.
After each increase in PEG molecular weight, a sample from the permeate side was
taken after 10 ml of permeate had passed through the membrane. Both feed and
permeate concentrations were analysed by a Total Organic Carbon analyser (Figure
3.1), whereas different PEG solute separation percents were calculated via Equation

3.9.

The dimension of solutes is described by the stoke radius since the solute molecular
size cannot be easily obtained using direct measurements. So, the Stokes-Einstein
equation has been used as a reference to calculate the stoke radius of a solute from its

diffusivity in a solution (Einstein, 1956), as follow:

kT
é6nna’

DAB == 3.14

where, D, k, m, a are the diffusivity (m?%/s), Boltzmann’s constant, solvent
viscosity and the Stokes radius (m) respectively. Furthermore, the diffusivity (D ;) of

solute in the membrane matrix is assumed to be equal to that in bulk solutions

approximately and can also be obtained from the following equation (Singh et al.,

1998);
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2.5x 10° KT
Dap = Goutaniay - >

where, [n] and M represent the intrinsic viscosity and molecular weight of the
polymer, respectively. [n] of a particular molecular weight of PEG can be calculated
by:

[n] = 4.9 x 1074 M0672 3.16

by combining both of Equation. 3.14 and Equation.3.15, the solute diameter could

be expressed as:

a=2122x10"8(MnDY? , 3.17

Thereafter, the stoke radius a (cm) of PEG calculated by submitting the [n] at

various molecular weight PEGs, as follows:

a(PEG) = 16.73 x 107190 M0-557 | 3.18

for polyethylene oxide (PEO), the stoke radius formula can be written as;

a(PEO) = 10.44 x 10710 pM0-587 | 3.19

since solute diameter (ds) = 2 a (nm), The Stokes-Einstein equation has been

rearranged to facilitate the calculation and written as follows:

ds(PEG) = 2(16.73 x 10710 M557) x 107 , 3.20
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From the other hand, pore size distribution represents one of the most significant
characteristics of membranes and could be evaluated from a set of solute separation
coefficients versus pore size calculated from retention of these solutes, and finally
expressed by the probability density function using log-normal distribution. An
assumption was made that sieving is the dominant mechanism through solute
permeation while corrections assigned to hindered transport were taken into account

(Garcia-Martin et al., 2014; Gholami et al., 2003).

According to the log-normal probability function which reported by (Michaels,
1980), membranes sieving curves can be described accurately. Where the correlation

between solute separation and solute diameter could be expressed as:

2
f=erf(z) = J% [ ez du, 321
where;
7 = lnds—lnﬂs 322
Inog i )

ds referred to the solute diameter. While at /= 50% solute separation, us represents
the mean diameter of solute. And o, represented the standard deviation. By plotting
solute separation (f) (Equation 3.9) and solute diameter (ds) (Equation 3.20) on a log-
probability paper or Sigma Plot software, a linear relationship could be obtained as

illustrated in the equation below;

F(f)=m(Ind,) +c , 3.23

Since m and ¢ represent the slope and intercept of the plot. From that straight line,
ps at separation factor equal to 50% could be obtained in addition to (og) which
represents the ratio between the geometric mean diameter of solute (ps) at 84.13% and
50% solute separation. (o) and (us) determine the sharpness and the position of the
retention curves respectively. Instead of the geometric standard deviation about mean

diameter (cz) and the mean diameter of solute (us), the geometric standard deviation
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(op) and the mean pore size (lp) readings are taken from the lognormal probability plot
since both these parameters are considered to be same (cp = Gz, Wy = Ws) due to
discarding the hydrodynamic and steric interactions between the pores and solute

(Cooper & Van Derveer, 1979; Michaels, 1980; Singh et al., 1998).

Finally, the probability density function can be used to describe the various pore
size distribution curves by submitting the data of 6, and p, for each membrane (Khayet

& Matsuura, 2003; Singh ef al., 1998) as follow:

af(dp) — 1
d(dp) dp Inoy (21)

(Ind,—1n ,up)z)

exp( — 2(noy)? 3.24

1
2

where dp is the diameter of the pore.
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Chapter Four

4 Investigation of Polyethersulfone polymer
concentration on UF membrane
characteristics and performance; a
comprehensive study

4.1 Introduction

Membrane technology bestows significant opportunities for the future prospects of
water treatment, taking into account its cost and energy efficiency when compared with
conventional separation techniques. In addition, introducing the technology enables
many industries to become eco-friendlier by facilitating the recycling of waste materials
and resources recovery (Rohani ef al., 2011). Substantial effort has been devoted in the
last few decades to fabricate synthetic polymeric membranes with desired selectivity,
permeability, structure and physiochemical properties. Numerous synthetic membranes
structures have been produced via a variety of techniques and synthetic materials. One
of the most notable techniques is the phase inversion (PI) or phase separation (PS)
technique, induced by immersion precipitation, and most of the flat sheet-polymeric
membranes are made using this technique (Zhao et al., 2013). Compared to
conventional techniques, PI is extremely versatile and allows high flexibility in
membrane material selection, and a wide range of pore sizes (1—10,000 nm) can be
obtained, as long as the system (polymer-solvent) miscibility gap is over a defined
temperature and concentration range (Hilal et al., 2015). However, during the
fabrication of asymmetric polymeric membranes by PI, many major and secondary

variables can also be adjusted to control the overall membrane properties. The interplay
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of all synthesis parameters influences the fabricated membrane morphology,
mechanical strength, permeability, and selectivity. One of the key factors affecting
membrane characteristics and performance is the host polymer concentration used to

prepare the membranes.

It is well established in the literature that membrane’s structure, obtained at the end
of the PI process, relies on the physio-chemical characteristics of dope casting solution.
As the concentration of a dope casting solution changes, surface characteristics of that
synthesised polymeric membrane would vary. A range of diverse complex structures
may form depending on the process conditions and solution composition. Indeed, this
would be reflected at the permeation characteristics, selectivity and antifouling
behaviour of these membrane. Particularly, a higher polymer concentration will induce
the formation of a higher viscosity dope solution at the bimodal-phase separation point
and form a denser structure.

Currently, membrane process sustainability is still doubted in some industrial
applications, and fouling of membranes represents an inherent and significant issue due
to its complexity and variety (Ismail ef al., 2015). According to Hilal et al. (2005),
membrane fouling phenomena can take place at different locations in membranes,
including at both selective layer and pore walls. Internal fouling refers to the deposition
and adsorption of small particles or molecules onto the pore entrances or the inside of
a pore of the membrane whereas external fouling refers to the accumulation of rejected
molecules upon the membrane surface. These fouling mechanisms could occur at
different degrees depending on the characteristics of the membrane and targeted organic
molecules. For instance, the fouling behaviour of porous microfiltration (MF) and
ultrafiltration (UF) membranes are significantly different to those observed for seawater
nanofiltration (NF) and reverse osmosis (RO) membranes. Pore blocking is the
common fouling mechanism in the MF and UF membranes while it is not been
considered for the NF and RO membranes. Moreover, pore blocking is suggested to be
a more significant contributor than cake formation in UF membrane fouling, and it is
influenced by the surface density of membrane pores and the pore size distribution
(Bowen et al., 1996; Wang & Tarabara, 2008). Thus, understanding the contributing
fouling process mechanisms is a fundamental approach to provide better means for

minimising membrane fouling and its sub-consequences, enabling the adoption of an
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adequate membrane separation process and operating conditions for targeted industrial
applications.

Organic compounds such as humic substances, proteins, and polysaccharides in
water are the most abundant foulants in UF of many industrial operations. These
foulants are inherently severe for pressure-driven membranes due to their strong
irreversible adsorption on the surface of the membrane, causing a dramatic decline in
membrane permeation, and raise many issues regarding product quality and process
cost (Ang et al., 2015). The degree of selectivity and fouling does not only depend on
membrane properties but also on the complexity of the foulants’ composition, their
molecular weight and the charge of organic compounds, alongside the hydrodynamic
conditions and solution chemistry (Lim & Mohammad, 2010). Solution chemistry is
critical for controlling the charge and configuration of organic foulants that will
influence the intramolecular and molecules-membrane interactions, and hence
membrane performance (Zazouli ef al., 2010). More precisely, performance may differ
for different solute types (charged or neutral) and shapes (globular, linear or branched
solute), that have similar molecular weight (Mulder, 1996). This may be the case even
under the same operating conditions

In this chapter, an investigation was made into the influence of PES concentration
on UF membrane morphology and surface characteristics. PES/UF membranes have
been synthesised with a wide range of structures that correspond to typical
commercially available UF membranes. Fouling behaviour and retention efficiency
tests were conducted to give a more precise and comprehensive assessment of UF
membrane fouling. Three different organic model foulants (HA, BSA, and NaAlg) have
been applied for this comprehensive fouling assessment, under a broad range of feed

concentration and solution pH.

4.2 Membrane fabrication

Since a very low and high casting solution viscosity results in a brittle and tight
membrane respectively, four asymmetric PES flat sheet membranes, with a different
PES polymer weight percent (wt %), were fabricated according to the procedure
described in 3.3.1 (Chapter 3). Each membrane was denoted based on the membrane

composition, as tabulated in Table 4.1.
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Table 4.1: Composition of PES membranes.

Membrane ID PES wt% NMP wt% PVP K30 wt%
PES22 22 76 2
PES20 20 78 2
PES18 18 80 2
PES16 16 82 2

4.3 Polymeric membranes characterisation

4.3.1 Cross-sectional analysis by scanning electron microscope (SEM)

The cross-sectional structure has a significant influence on a membrane’s transport
mechanism. SEM images of all membranes obtained from 16, 18, 20 and 22 wt % PES
casting solutions show a typical asymmetric structure with clear active and supporting

layer for all membranes (Figure 4.1).

Figure 4.1: SEM cross-section images for; (A) PES16, (B) PES18, (C) PES20, and
(D) PES22 membrane.

Figure 4.1A shows a well-developed skin layer, connected and supported by a
system of wide finger-like macro-pores, as can be observed at the bottom of the PES16
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membrane. This structure is most apparent for membranes fabricated with a low
viscosity casting solution, where the nonsolvent exchange rate into the polymer lean
phase exceeds the outward solvent diffusion rate (Sofiah et al., 2010). Increasing the
polymer concentration suppressed these macro-pores in the sub-layer and led to a
slightly narrower finger-like structure from the top to the bottom layer of the PES18
membrane, (Figure 4.1B). While PES20 and PES22 membranes, which had the highest
polymer concentration, manifested the densest structure, in comparison to PES18 and
PES16. This was correlated with their higher casting solution viscosity, leading to a
denser membrane structure. A higher viscosity solution can hinder the solvent-
nonsolvent exchange rate at the interface between the surface and the nonsolvent,
producing a dense skin layer and less porous membrane (Rahimpour et al., 2012).
Indeed, the microporous finger-like structure observed in (Figure 4.1C and Figure
4.1D), are supported on a sponge-like structure at the bottom of the membranes,

especially for PES22.

4.3.2 Surface morphology analysis by atomic force microscope (AFM)

AFM was used to characterise the membrane surfaces, and Figure 4.2 presents the 1
pm x 1 pm 3D images that have been used for membrane roughness analysis. All
membranes manifested a smooth surface, which is the main surface characteristic
associated with PES membranes. The relationship between the PES concentration used
to prepare the membranes, and the membrane roughness parameters are listed in Table
4.2. The presented parameters demonstrate that as the polymer wt % decreases, a
rougher membrane surface can be formed. The PES22 membrane, which was fabricated
with the highest concentration, had the flattest membrane surface with only 19.39 nm
difference between the highest peak and lowest valley. While the R value was 2.28
nm. A decrease in polymer concentration (PES20 membrane), induced slightly higher
surface roughness parameters. The lowest PES wt % dope solutions (PES16) resulted
in the roughest surface and highest peak to valley values, 4.54 nm, and 40.18 nm,
respectively. In similar research, a smoother surface topography was visualised by
Rahimpour et al., in addition to smaller pore size, fewer porous sub-layer, and lesser
finger-like pores when PES concentration increased from 14.4 wt % to 16 wt %

(Rahimpour et al., 2009).
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Figure 4.2: (1 pm x 1 um) AFM images for; (A) PES16, (B) PES18, (C) PES20 and
(D) PES22 membrane.

Table 4.2: Surface roughness parameters of the membranes.

Membrane Polymer wt.% Ra (nm) Rpns (nm) Rumax

PES22 22 1.81 2.28 19.39
PES20 20 3.26 4.12 56.58
PES18 18 3.79 4.77 32.09
PES16 16 4.54 5.64 40.18

4.3.3 Solute transport method

Methods based on rejection data of solutes are proven to be more indicative methods
for characterisation of membrane separation performance (Kang et al., 2014). In this
work, the solute transport method has been applied to estimate the mean pore size of

the UF membranes, while the lognormal distribution curves were used to describe the
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pore size distribution, more detailed description of the procedure was given in section
3.3.5 (chapter 3). The influence of PES polymer concentration on the pore size and pore
size distribution of membranes was determined from the PEG/PEO solution separation
curves for each membrane (Figure 4.3 ) and the data for geometric mean pore size (lp)
and their geometric deviation (c,) are tabulated in Table 4.3. While Figure 4.4 presents
pore size distribution curves for the membranes. The data in Table 4.3 clearly
demonstrates that diminishing the polymer wt.% has given rise to a bigger pore size
along with a wider pore size distribution range. PES22 revealed the smallest mean pore
diameter (2.17 nm) compared to the other membranes, and mean pore diameter
gradually increased, with a decrease in PES concentration, from 2.93 nm, 4.41 nm and
10.79 nm for PES20, PES18, and PES16, respectively. Geometric standard deviation
values were comparable and reasonable for all UF membranes. Values of ¢, associated

with their corresponding pp values ranged from 1.39 to 1.89.
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Figure 4.3: Solute separation curve plotted on log-normal probability paper (LN3
software).

Table 4.3: Geometric mean pore size, standard deviation and MWCO of membranes.

Membrane ID Polymer wt.% Kp (nm) op MWCO
PES22 22 2.177 1.67 ~ 6 kDa
PES20 20 2.935 1.54 ~ 10 kDa
PES18 18 441 1.89 ~35kDa
PES16 16 10.799 1.39 ~ 100 kDa
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The changes in the pore size distribution curves (Figure 4.4) correlate with the pore
size trend. The curves shifted to the right as the polymer weight percent was reduced
for PES22 to that of PES20, which had a slightly wider distribution for the pores but
with a decrease in their density. While PES18 and PES16 curves had pointedly higher
shifts to the right demonstrating wider pore size distributions compared to other
membranes, in addition to a lower mean pore density function. Membranes with 18 wt
% polymer or higher tended to produce a sharp cut-off in pore size while less than this
critical wt % value showed a wider pore size distribution and a diffuse cut-off. These
results clearly demonstrate that the polymer wt % in the casting solution has a

significant influence on the fabricated membrane’s permeation characteristics.
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Figure 4.4: Probability density function curves of UF/PES membranes

4.3.4 Zeta potential of membranes

Zeta potential (ZP) is known as an effective tool that can provide fundamental insights
into membrane ageing, separation mechanisms, membrane fouling, and cleaning. To
investigate the influence of varying PES concentration on the membrane surface charge
characteristics, and to specify the isoelectric point (IEP) of the fabricated membranes.
Herein, a novel methodology employing a zeta potential planar cell (ZEN1020) in
conjunction with laser doppler electrophoreses (LDE) has been applied to characterize
the ZP of PES membranes, an extended description is presented elsewhere (Thomas et
al., 2017). The measurements were then compared with the well know TSP to evaluated

the reliability of the new technique. Figure 4.5A presents a typical phase distribution,
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where all bands for each of the four displacements are distinct, tightly grouped, with

minimal noise, obtained for the PES16 membrane at 10 mM NaCl and pHS8.4. While

Figure 4.5B presents the negatively charged tracer particles electrophoretic mobility

measured at four different distances from the membrane’s surface and showing a high

regression correlation (R?= 0.961) for the intercept of the displacement plot. A good

phase plot is an indication of the data measurements reliability while indistinguishable

noisy bands can be produced when data have influenced by the insufficient transition

of laser light entering the sample.
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Figure 4.5: (A) Measured electrophoretic mobility of tracer particles as a function of
displacement from the membrane surface and (B) phase plots at four different

displacements from the membrane surface.

It should be noted here that the electro-osmotic flow at the sample surface will tend

to fall off with increasing distance hence; close to the surface, the tracer mobility will

be dominated by the electro-osmotic surface flow, while at distances further from the

surface it will be dominated by the electrophoretic motion of the tracer itself.
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All PES membranes were found to be negatively charged under the entire pH range
investigated, and the absolute values of ZP decreased with lower pH values for all UF
membranes. Furthermore, no IEP could be identified, as shown in Figure 4.6. The size
of ZP obtained from characterising the bare PES membranes is in line with previous
research (Liu et al., 2015). Moreover, when the host polymer concentration in the
casting solution was increased, a clear pattern was evident, with an upward shift in the
ZP curves. For instance, at pH 6 and 10mM NaCl ionic strength, the smallest PES
membrane concentration (PES16) had a slightly higher zeta potential value (—7.78 mV)
than other higher concentration membranes, which were found to have a ZP of — 6.5
mV, —6.81 mV and —5.4 mV for PES18, PES20 and PES22, respectively. The higher
ZP measured for the membrane fabricated with a lower PES concentration could be due
to the higher surface area resulting from the higher surface roughness of PES16
membranes (Table 4.2). The increased surface area will give rise to more functional
groups on the surface of these PES membranes, which will contribute to the total net
charge. The ZP measurement patterns, as a function of pH, obtained in this work were
contradictory with what was observed in previous research by (Sofiah et al., 2010) who
reported an increase in the ZP negativity of PES membrane by almost double as the

polymer concentration increased in the dope casting solution from 13 wt % to 17 wt %.
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Figure 4.6: Surface zeta potential profile for the UF membranes as a function of pH,
determined by LDE.

Tangential streaming potential (TSP) measurements are known as the most

commonly used technique to evaluate membranes zeta potential (Hanafi et al., 2016).
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The TSP measurements have been carried out, as illustrated in (section 3.2.4.1), to
compare the ZP of membranes with those acquired by LDE in order to gain a better
understanding to the precision, accuracy, and reproducibility of the former technique.
Similarly, all PES membranes have revealed negatively charged surfaces under the
entire pH range performed, Figure 4.7. ZP of PES membranes obtained from the TSP
were congruent with those of LDE mentioned earlier in Figure 4.6. A clear upward shift
trend in the zeta potential curves was presented with increasing the host polymer
concentration in the casting solution. At 6.5 pH, the lowest concentration PES16
membrane has exhibited a greater zeta value (- 9.88 mV) than other membranes which
determined to be following the order; (— 8.17 mV) PES18 > (— 6.53 mV) PES20 > and
(= 5.96) PES22. The results obtained from TSP were of similar magnitude and trend in
comparison to results obtained from LDE measurements, except higher results

uncertainty were associated with the LDE method.
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Figure 4.7: Surface zeta potential profile for the UF membranes as a function of pH,
determined by TSP.

4.3.5 Mechanical strength

The mechanical robustness of membranes can be used as an indicator to predict their
durability and reliability under stressed conditions during industrial operations. Higher
mechanical strength implies extended membrane lifespan and resistance to cleaning
regimes (Powell ef al., 2017). Determining the mechanical characteristic of material
requires measuring its responses to the applied force. One common method to achieve

that is through straining the material sample under controllable strain rate and carefully
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measuring the corresponding required load. Indeed, strain-stress behaviour can be
developed from the displacements and measured forces and the sample initial

dimension (Vinci & Vlassak, 1996).

Mechanical properties of synthesised membranes prepared with different
concentrations of PES were tested according to the procedure described in section 3.2.3.
Figure 4.8, presents typical stress/strain curves for the synthesised membranes. All
curves had two distinctive portions comprising of an initial linear followed by a curved
region that corresponded to the elastic response and inelastic response before the yield
at maximum stress, respectively. The elastic modulus (Young's modulus) was
calculated from the slope values of the initial linear portions in the stress/strain graph.
Higher values of tensile strength at break, elongation and Young's modulus values were
associated with the membrane fabricated from the highest PES concentration (PES22),
and these values decreased with the decrease in the concentration of polymer used in
membrane fabrication, as summarised in Table 4.4. Increasing the membrane casting
solution concentration to 22 wt.% led to increasing both maximum tensile strength and
elongation % by almost double their values as compared to that of 16 wt.%, while the
elastic modulus was improved by 1.5 fold. Similar observations were obtained by (Al-
Malek, 2012), when the PES increased from 15 to 20 wt%, the tensile strength improved
from 4.1 Mpa to 7.78 Mpa. The different mechanical properties of membranes are due
to structural changes caused by higher viscosity casting solution, and the disappearance
of big macrovoids at the bottom of membranes that are replaced by the formation of

narrower finger-like structures, as discussed earlier (Section 4.3.1, Figure 4.1).

Table 4.4: Mechanical characteristics of UF membranes

Membrane ID Polymer wt.%  Tensile strength  Elongation [%] Young’s
(MPa) modulus
PES22 22 6.358 39.5467 110.84
PES20 20 5.391 35.7333 100.12
PESI18 18 4.394 27.2 90.596
PES16 16 3.372 222 73.85
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Figure 4.8: Influence of dope casting solution concentration on strain-stress curves
relationship of membranes.

4.3.6 Pure water flux and hydrophilicity/hydrophobicity of membranes

A distinct inverse correlation has been unsurprisingly observed between the hydraulic
permeability and polymer concentration of fabricated membranes (Figure 4.9).
Increasing the PES polymer concentration from 16 wt.% to 18 wt.% led to a decrease
in PWF of membranes from 560430 1/m%h to 172412 1/m?%.h, respectively. Further
increase in the concentration gave rise to a further decrease in the PWF value to 48+4
1/m? h, for the PES20 membrane. While the highest PWF decline to 1240.8 1/m?*.h was
associated with the highest polymer concentration (22 wt %), for the membranes

synthesised in this work.

This difference in PWF values between membranes was due to the different casting
solution viscosities used to prepare the membranes. A higher casting solution
viscosity/concentration diminishes the diffusional exchange rate during the phase
inversion between the solvent and nonsolvent, where a denser skin layer with lower
porosity will be formed, due to the delayed demixing. This will ultimately result in
lower hydrodynamic permeability of the membranes synthesised with a higher polymer

concentration.
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Figure 4.9: PWF and contact angle measurements for membranes.

All membranes had similar hydrophobicity as measured by contact angles (CA)
(within the sixties), which were in the range of bare polyethersulfone membranes
reported in the literature (Rahimpour ez al., 2010). Only a slight decrease was observed
as the polymer wt.% decreased even though all membranes were prepared with identical
conditions and materials except for the polymer concentration (Figure 4.9). This could
be ascribed to differences in other surface characteristics of the membranes, e.g.
roughness parameters, pore size, and pore size distribution since CA values could be
influenced by any change in these surface characteristics (Rana & Matsuura, 2010).
These results were in agreement with the previously reported literature by (Balta ef al.,
2012), and observed a gradual decrease in the contact angle values (73° to 48°) when

the PES casting solution concentration decreased from 32 -25 wt%.

4.4 Evaluation of membranes performance with organic foulants

A lab-scale cross flow apparatus (Figure 3.23) was employed to investigate the UF
membranes organics retention efficiency and fouling behaviour over short filtration
duration (120 min). The experiments with the chosen representative model organic
(HA, BSA and NaAlg) foulants were performed at three different initial feed
concentrations (20, 60 and 100 ppm) and pH (4, 7 and 10).
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The influence of natural organic material (NOM) on membrane performance was
investigated using HA as a model macromolecule. Experimental data showing the
influence of HA solution pH on the retention coefficient and fouling behaviour of the
four neat PES membranes are presented in Figure 4.10. As apparent in Figure 4.10A,
all UF membranes manifested higher than 90% retention for HA over the entire pH
range tested. HA is of natural origin and not of uniform composition. According to the
manufacturer, it consists of heteropolycondensates of MW's ranging from 2 to 500 kDa,
but mainly ~ 20 — 50 kDa. Therefore, a true structure cannot be given and retention
data for the MWCO membranes used is indicative of the presence of low molecular
weight components in the Aldrich HA. Meanwhile, the observed removal coefficients
were found to be at their maximum value at neutral (pH7) conditions for all membranes.
Under highly alkaline (pH10) feed solution, a slight decrease in the membrane retention
was observed, and it was unsurprisingly found to be at the lowest value under acidic
conditions (pH4). This agreed with the previous researches on the influence of the
initial feed solution pH on the retention characteristics of membranes that suggested a
difference in the size and configuration of HA at dissimilar pH conditions. A possible
explanation is that a high acidic condition, induces more carboxylic groups of organic
HA to be protonated, resulting in a reduction of both their macromolecular size and
charge density. So, they pass more readily through membrane pores in the presence of
the minimum electrostatic repulsion between membrane surfaces and organics, thus
lowering the membrane rejection coefficient (Hong & Elimelech, 1997). Interestingly,
in contradiction to the trend observed in the literature, membranes with greater MWCO
(PES16, PES18, and PES20), exhibited slightly higher retention compared to that of
the PES22 membrane. This could be explained by the difference in membranes surface
characteristics that influenced the fouling behaviour of membranes to different extents.
As shown in (Figure 4.10B and Figure 4.10C), no appreciable filtrate flux decline was
detected for the low cut-off UF membranes (PES22 and PES20) under the entire pH
range. This was expected since the concentration of the feed (20 ppm) and/or the short
filtration time (120 min) used in the measurements was insufficient to easily foul such
tight membranes under cross-flow conditions. Moreover, pore blocking and/or
adsorption was insignificant due to the pore size distribution compared with the
molecular cut-off distribution of the Aldrich HA. (Nystrom et al., 1996) also reported

no flux decline when examining the fouling behaviour of a 50 kDa polysulfone
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membrane using the same Aldrich HA. Cho et al. claimed that for natural organic
material fouling could be neglected for NF and low MWCO UF membrane, and the
influence of concentration polarisation was only significant for higher than 10 kDa
MWCO membranes (Cho et al., 1999). In contrast, a slight increase in the flux was
observed at neutral condition, which could be ascribed to the increased hydrophilicity
of the membrane surface imparted by binding of a proportion of the hydrophobic
fraction of HA on the membrane surface, leaving the hydrophilic fraction of HA
directed towards the feed solution; the fouled membrane surface possessed more
hydrophilicity and negativity (Ménttéri et al., 2000). In the present research, the relative
flux decline was more significant for the PES18 membrane, especially at acidic
conditions. However, a drastically reduced relative flux was associated with the bigger
pore size membrane (PES16), (Figure 4.10D and Figure 4.10E). This discrepancy in
fouling behaviour at the different membrane structures belongs to the different
mechanisms contributing to the total fouling of the membranes. For instance, the initial
rapid irreversible fouling that took place at the PES16 membrane was mainly caused
by adsorption of HA species inside the membrane pores and between the ridge-valley
structure of the surface. Progressively, these adsorbed HA molecules act as initiation
sites for further HA deposition to develop the cake layer (Shi et al, 2011). The
hydrophobic PES16 membrane had a high pore size distribution range corresponding
to a significant size fraction of the HA. Thus a spontaneous complete pore blocking
and/or narrowing mechanisms may have produced a smaller pore size distribution,
which may explain the slightly higher retention of the PES16 as compared to that of the
PES22 membrane. A similar conclusion was reached by , W. Yuan and AL Zydney
who identified that the HA retention coefficient of a membrane with a pore size of 0.16
um became greater than the retention obtained with membranes with much smaller 100

kDa and 300 kD pores, after about 50 min of filtration (Yuan & Zydney, 2000).
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Figure 4.10: Influence of solution pH on HA rejection coefficients (A), and fouling
behaviour of (B) PES22, (C) PES20, (D) PES18, and (E) PES16 membrane.

The influence of HA initial feed concentration on the rejection coefficients has
indicated a slight increase in removal efficiency of the membranes as the HA initial
feed concentration increases from 20 to 100 ppm, Figure 4.11A. These coefficients
were comparable in size (within 94-96%) except that of the 6 kDa membrane (PES22),
which manifested a slightly lower value than other membranes, mainly at the lower
feed concentration (20 ppm). When the initial feed concentration increased the
influence of reversible concentration polarisation was becoming more obvious as
demonstrated by the improved retentive coefficients of the PES22 membrane at high

concentrations. Yuan and Zydney claimed that a highly concentrated HA feed solution

99



Chapter Four - Investigation of Polyethersulfone polymer concentration on UF
membrane characteristics and performance; a comprehensive study

induces a considerable concentration polarisation to take place at membranes as a
consequence of the concentration-dependence of the osmotic pressure (Yuan &
Zydney, 2000). The magnitude of the relative flux patterns of the membranes is
presented in (Figure 4.11B-Figure 4.11E). The PES16 membrane experienced a further
flux decline, mainly when the higher (60 and 100 ppm) initial feed concentrations were
introduced. This could be due to thicker cake layer formation at the surface, which

reduces the permeability characteristics of membranes and enhances their retention.
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Figure 4.11: Influence of solution initial feed concentration on HA rejection

coefficients (A), and fouling behaviour of (B) PES22, (C) PES20, (D) PES18, and (E)
PES16 membrane.
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The assessment of the UF membranes performance against an organic
polysaccharide model was carried out using individual NaAlg solution. Figure 4.12A
clearly shows the removal coefficients of membranes for different feed solution
chemistry (pH) of NaAlg. Membranes behaved similarly to the trend observed for the
NOM filtration, but with greater rejection magnitudes. These membranes retention
coefficients were maintained as high as ~96-100%, with the smallest retentions ascribed
to the PES22 membrane. On the other hand, the relative flux curves presented in (Figure
4.12B and Figure 4.12C) indicated that no perceivable flux decline was associated with
NaAlg filtration for both PES22 and PES20 membranes. This was attributed to the
insufficient feed concentration and filtration time adopted to foul these membranes;
also observed for the HA filtration tests earlier in this section. In addition, the NaAlg
had a greater molar mass distribution that was unable to penetrate such low cut-off
membranes. For the higher MWCO PES18 membrane, a slight flux decline can be
observed at the initial filtration stage suggesting that pore blocking and narrowing
occurred. This was followed by a progressively increased decline without any sign of
reaching the quasi-steady-state flux, Figure 4.12D. The PES16 membrane manifested a
prompt and a severe relative flux decline mainly at acidic conditions, Figure 4.12E. The
lower retention and the higher flux decline magnitudes, observed at low pH, are
suggested to be induced by the solution pH and its influence on the molecular size of
the polysaccharide, as acidic conditions can influence not only the structure of NaAlg
molecules but also their electrostatic repulsion with the membrane surface (Susanto et
al., 2008). The lower intramolecular electrostatic interactions resulting from the
protonation of the carboxylic groups of the alginates would produce smaller sized
NaAlg molecules (Rhee & Steinbuchel, 2005). Indeed, this would facilitate the passage
of the resized molecules through the membrane pores and encourage their tendency to
form more aggregates at low pH. The observed relative flux of the UF membranes with
individual NaAlg solutions was more detrimental than the HA fouling under identical
experimental conditions and was strongly dependent on the membranes cut-off used.
This was attributed to the gel-forming nature of alginate that has a greater
intermolecular adhesion of the NaAlg-gel network along with their larger molecular
size compared to the HA might also induce the formation of a thicker fouling layer

(Zazouli et al., 2010).
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Figure 4.12: Influence of solution pH on NaAlg rejection coefficients (A), and fouling
behaviour of (B) PES22, (C) PES20, (D) PES18, and (E) PES16 membrane.

To further assess the scope of polysaccharide retention and adsorptive fouling on
UF membranes, three concentrations of NaAlg were used as a feed. As shown in Figure
4.13, all membranes had a very small rise in their retention coefficients and relative
flux reduction with increasing initial feed concentration. This suggested that alginate
adsorption, inside the membrane pores and on the surface, has readily taken place, even
at the low alginate concentration (20 ppm), especially on the 100 kDa membrane, and

to a lower extent on the 35 kDa membrane. Whereas, at 100 ppm concentration, some
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flux reduction for the PES20 was observed but not for the PES22 membrane.

Disagreement can be seen between these results and previous research reported by
Susanto et al., who found that a 10 kDa UF membrane had fouling behaviour that was
very influenced by the NaAlg concentration (Susanto et al., 2008). This difference is
likely associated with the difference in membrane properties, experimental conditions

and feed characteristics used in the measurements.
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Figure 4.13: Influence of solution initial feed concentration on NaAlg rejection
coefficients (A), and fouling behaviour of (B) PES22, (C) PES20, (D) PES18, and (E)
PES16 membrane.
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The protein retention and fouling behaviour were also investigated in the filtration
of the UF membranes using BSA. Similar to the retention trend observed with other
model organics, BSA retention was found to be influenced by the feed solution
chemistry (pH), where lower rejection values were observed at acidic conditions for all
membranes, Figure 4.14A. It should be noted that retention and permeate flux
behaviour in UF membranes can be related to different mechanisms, for instance,
different experimental conditions may result in different fouling mechanisms or protein
characteristics (Huisman et al., 2000). Depending on the pore size distribution of the
membrane applied for BSA filtration, uneven contribution for protein fouling
mechanisms was observed on the membranes. As previously observed with HA and
NaAlg filtration, PES20 and PES22 did not exhibit apparent relative flux declines due
to the insufficient concentration and filtration time required to foul the membranes with
BSA. In addition, the narrow pore distribution of these membranes prevented pore
blocking, Figure 4.14B, and Figure 4.14C. In fact, the membrane fouling process with
protein is complex due to the multiple interactions between membrane surfaces and
protein molecules, and intramolecular interactions of the protein. The fouling can be
interpreted as a two-stage process (Mo et al., 2008). According to Huisman et al.
(2000), BSA-membrane hydrophobic interactions are dominant at the initial stage of
filtration, while the high fouling regime that dictates the overall performance, was
attributed to protein-protein interactions. For PES18 membrane, the relative flux pattern
is more pronounced, particularly under acidic conditions. The initial hydrophobic
interactions between the protein and membrane were marginal and did not cause any
tangible fouling before the first 40 min of filtration. While slight flux decline
commenced after 40 min of filtration demonstrating the dominant role of solute-solute
electrostatic interactions on the performance of the membrane, Figure 4.14D. This can
be explained as follow; at pH below the IEP point of BSA, the protein molecules
possess positive charges while the membrane continued to have a negative zeta
potential over the entire pH range, as indicated in section 4.3.4. At this point, the
electrostatic repulsion between BSA and the membrane surface was significantly
reduced, and the membrane surface acquired the BSA electrostatic charge as a result of
adsorption, leading to a faster deposition rate on the surface of the fouled membrane.
For the large MWCO membranes (PES16), the relative flux during BSA filtration

manifested only small decline during the very first minutes of the filtration experiment,
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at neutral or alkaline feed solution condition, Figure 4.14E. This was significantly
different to what was observed during the HA and NaAlg filtration utilising the same
membrane, this reduction in relative permeate flux progressed gradually without
reaching any steady-state after 120 min of filtration. Arguably, a simultaneous BSA
adsorption could have occurred within the pores and at the membrane’s surface, during
the initial 10 min stage, due to the wide pore size range of the membrane. Next, as the
filtration proceeds, accumulative adsorption of BSA-BSA fouled membrane will
continue to build up a thicker layer of protein on the initial monolayer. The flux decline
behaviour was even more severe in the acidic condition, which was facilitated by the
weak protein-membrane interactions at low pH (Li et al., 2007b). Another possible
explanation for the lower relative flux, in this case, is that high level of protein
denaturation that was induced at acidic conditions, which would consequently form

aggregations at pH below the IEP (Pincet et al., 1994).
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Figure 4.14: Influence of solution pH on BSA rejection coefficients (A), and fouling
behaviour of (B) PES22, (C) PES20, (D) PES18, and (E) PES16 membrane.

In regard to the influence of BSA concentration on the retention of the membranes,
Figure 4.15A indicated that all membranes maintained high rejection characteristics (98
— 99.5 %) to BSA, with a very slight improvement in retention coefficients of
membranes as the initial feed concentration increased. While the relative flux decline
was only significant for membranes with wide porous structure (PES18 and PES16),
Figure 4.15B-Figure 4.15E. The reason behind this flux reduction was because of a
higher mass transfer coefficient at the higher concentration and a thicker cake layer

would appear earlier on the surface of membranes.
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Figure 4.15: Influence of solution initial feed concentration on BSA rejection
coefficients (A), and fouling behaviour of (B) PES22, (C) PES20, (D) PES18, and (E)
PES16 membrane.

PWF measurements after back-flushing indicated that despite the NaAlg
manifested higher relative flux decline, it was mostly recoverable. This was opposite to
that observed with HA and BSA, which showed significant irreversible flux, mainly for
wide cut-off membranes. Data of total, reversible and irreversible fouling in membranes
as a function of pH and concentration are presented in Table 4.5 and Table 4.6. As

shown in the tables, the tide PES22 and PES20 exhibited negative fouling parameters
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with HA filtration under neutral and alkaline conditions, while they were marginally
fouled with other organic foulants. The effect of solution chemistry and initial
concentration commenced being more obvious with protein and polysaccharide
filtration using the 35 kDa (PES18 membrane). The effects of the latter forms of fouling
are mostly reversed by backwashing. The most severe fouling was associated with the
PES16 membrane at acidic conditions, as illustrated earlier. About 63, 73 and 55 %
reduction in the original flux of the PES16 membrane was observed for HA, NaAlg,
and BSA, respectively. Almost 64 % of this flux decline was recovered when using the
alginate while only 9 and 12 % could be restored when using HA and BSA for the same

conditions.

Table 4.5: Total, reversible and irreversible fouling data of membranes, as a function
of initial feed solution pH

HA PES22 PES20 PES18 PES16

pH4  pH7 pH10 pH4 pH7 pHI10 pH4 pH7 pH10 pH4 pH7 pHI10
Fr 5993 9342 -8.09%4 4854 171 3.373 1561 1.002  -0.97 6341 5383 57719
Frey 8.508 0105  -2.253 4358  -5.83 2.682 4133 0733 1245 9.2841 5464  8.7039
Fin 252 9447 5841 049  -1.88 0.691 1148 0209 -222 54126 4837 49.015
NaAlg PES22 PES20 PESI8 PES16

pH4 pH7 pH10 pH4 pH7 pH10 pH4 pH7 pH10 pH4 pH7 pH10
Fr 4188 1521 422 3.880 4414 2.659 3489 1317 2024 3471 6241 60.641
Frey 1742 0181  1.807 3676 3729 2071 3084 6955 1752 63.851 5Ll 52316
Fir 2446 134 2413 0.21 0.685 0.588 4049 6212 2727 9.62 1131 8.3257
BSA PES22 PES20 PESI18 PES16

pH4 pH7 pH10 pH4 pH7 pH10 pH4 pH7 pH10 pH4 pH7 pH10
Fr 3636 4211 4401 3.631 2222 2453 11.96  4.67 2.095 55656 33.61 29428
Frev 1571 2456 1738 2.46 0.461 0.231 1145 1141 0257 12158 8745 5779
Fir 2005 1755 2.663 1171 176 2222 1081 3529  1.838 43497 2487  23.649
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Table 4.6: Total, reversible and irreversible fouling data of membranes, as a function
of initial feed concentration.

HA PES22 PES20 PESI8§ PES16

20ppm 60 ppm 100 ppm 20ppm 60 ppm 100 ppm 20ppm 60 ppm 100 ppm 20ppm 60 ppm 100 ppm
Fr 934 9945  -1051 7708 -3.69 -8.45 1.002 187 2.086 53829 5573 60.781
Frey 0.105  -5701  -5.226 583 296 -1.51 0733 0.144 0454 54036  6.72 13.636
Fir 945 4243 5288 -1.878  0.74 -0.94 02609 1726 1.632 48366 4901 47144
NaAlg PES22 PES20 PESI8 PES16

20ppm 60 ppm 100 ppm 20ppm  60ppm 100 ppm 20ppm 60 ppm 100 ppm 20ppm 60 ppm 100 ppm
Fr 1.521 2994 9.408 4414 4743 10 1317 2061 2485 62408 7502 78529
Frev 0.181 2283 3.188 3719 4117 72 6955 1905 2341 51097 6699 7041
Fie 134 071 6.22 0.685 0620 28 6212 1562 1442 11311 8022 8.1197
BSA PES22 PES20 PESI8 PES16

20ppm 60 ppm 100 ppm 20ppm 60 ppm 100 ppm 20ppm 60 ppm 100 ppm 20ppm 60 ppm 100 ppm
Fr 4211 1353 104 4571 3861 2903 467 9576 12.06 33613 49.06  48.578
Frev 2456 1054 814 2811 2683 2107 1141 4314 2526 87454 8357 1723
Pier 1755 2988 226 1.76 1179 0.79% 3529 5262 9.533 24867 407 31.348

4.5 Conclusions

The influence of PES polymer concentration on the morphologies and surface
characteristics of asymmetric UF membranes was investigated at identical fabrication
conditions. The variation in the casting solution viscosity has led up to a significant
distinction in the pore size and pore size distribution, pure water flux, mechanical
properties and cross-section morphologies, while this impact was trivial on water
contact angle, surface roughness parameters and zeta potential of the membrane. As the
casting solution concentration decreases from 22-16 wt.%, the pore size increases from
2.1-10.7 nm along with wider pore size distribution curves and lower density. The
molecular weight cut-off of UF membranes produced in this work is corresponding to
the range of commercially available UF membranes (6, 10, 35 and 100) kDa for PES22,
PES20, PES18, and PES22, respectively. The permeability was also dramatically
increased from 340.2 1/m?hr.bar (PES22) into 14047.5 I/m?.hr.bar (PES16). This
permeability enhancement was attributed to the more open structure observed by SEM
for the membranes with lower casting solution viscosity. That was indeed resulted in a

lower mechanical strength, elongation and Young modulus by almost half of their
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values at 22 wt.% (PES22). However, the influence of solution viscosity on membrane
surface charge has showcased a little increase in the negativity of membranes as their
concentration decrease. Similarly, a slight increase in the values of Ra, Rms, and Ruax.
As well as an improvement in the hydrophilicity was observed as the PES concentration
decreases. Despite membranes are made from the same polymer and under same
conditions, this little negativity and low contact angle could result from the higher
surface area correlated to the higher roughness parameters at low PES concentration.
Table 4.7 below summarizes the role of PES concentration on the characteristics of

membranes.

Table 4.7: Summary for PES wt% influence on characteristics of membranes.

Characteristics PES16 PES18 PES20 PES22
AFM (R,) 4.54 3.79 3.26 1.81
Mean pore size (nm) 10.79 4.4 2.9 2.17
Zeta potential —7.78 —6.5 —6.8 —54
Mechanical strength (MPa)  3.37 4.39 5.39 6.35
PWF (I/m?.hr) 560 172 48 12
Contact angle 64 66.5 67.7 68.7

To better understand the role of membranes surface properties, a comparison was
made to provide valuable insight into details of organic molecules-membrane
interactions when challenged with the natural organic matter, polysaccharides and
proteins. The apparent variation in the rejection values of all membranes cut-off was
not significant against each foulant, as the different MWCO characteristics obtained are
compromised by different fouling mechanisms. While retention coefficients were in the
following order; NaAlg =BSA >HA. Besides that, the relative flux decline was
negligible for the low MWCO membranes, PES22 and PES20, within the short
filtration duration of 120 min used in this research. In contrast, extremely low relative
flux patterns were observed in the filtration with the 100 kDa membrane (PES16). This
was ascribed to the various fouling mechanisms contributed the total fouling of each

membrane cut-off. Finally, although NaAlg manifested higher relative flux decline, it
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was mostly recoverable compared to HA and BSA filtration, which showed significant

irreversible flux, mainly for the 100 kDa membranes.
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Chapter Five

S5 Fabrication and characterisation of
versatile metal/metal oxide — carbon based
hybrid nanostructures.

5.1 Introduction

The decoration of CNTs with inorganic metal/metal oxide has recently shown as
promising building blocks for many applications, e.g. fuel cells, gas sensors, solar cells,
transparent conductive electrodes and hydrogen storage. CNTs have turned into an
established material in considerable commercial products since its discovery in 1991
(Balasubramanian & Burghard, 2005). Plentiful research endeavour has devoted to
CNTs due to their tuneable thermal and electrical characteristics, high surface area to
volume ratio, lightweight, novel superlative strength, and optical properties. On the
other hand, the transition metal oxides are a remarkable family of inorganic NMs with
plenteous properties in electronics, catalysis, optics, and magnetics. Their properties
can be further tuned by varying their structure, morphology, and composition (Rao et
al., 2006). Consequently, composite nanostructures based on inorganic metals and
carbon could endow not only the unique characteristics of the two individual
nanomaterials but also some novel properties as a result of their synergy

(Vairavapandian et al., 2008).

CNTs have been proven as favourable templates for robustly tethering metallic
NPs on their surfaces aiming for better stabilisation and dispersion of NPs (Chen & Lu,
2010; Sotiriou & Pratsinis, 2010). It is worth mentioning that pristine nanotubes exhibit

limited attractive interactions with metal/metal oxide, and thus unsurprisingly poor
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coating quality. Aside from that, the presence of metal catalytic particles and
amorphous carbon, as impurities during CNTs preparation, could add additional burden
to the intended application (Hu & Guo, 2011). However, purification and
functionalization of CNTs could be established to negate the hydrophobic nature of
CNTs and broaden their promising scope. For this reason, different linking groups, e.g.
amine (—NHb»), sulfonic acid (-SO3H), carboxylic acid (~COOH), hydroxyl (—-OH), or
amide (—CONH>) could be introduced to CNTs surface to facilitate linking different
metal clusters to the nanotubes surface. Where these functional groups on the surface
of CNTs can act as nucleation sites for reduction and precipitation of metal
nanoparticles from various metal salts solution where no longer reduction agents are
required (Yuan et al., 2008). Earlier attempts used to prepare such HNS from metal salt
precursors tended to use reducing agents (Lordi et al., 2001; Wang et al., 2006a),
hydrogen (Xue et al., 2001), or electrochemically by applying current through metal
salt precursors with CNTs serving as an electrode for reducing metal cations on the
surface of nanotubes (Day et al., 2005; Quinn et al., 2005).

This chapter encloses two themes; first, two loading level (10 and 20 wt.%) of
AgNPs to the MWCNTs were synthesised via wet chemistry technique, and the
deposition of the silver on the surface of nanotubes was modulated with microwave
treatment. This was carried to assess and compare the influence of varying Ag loading
wt.% to CNTs on the morphological and antibacterial characteristics of mixed matrix
membranes, as will be discussed in Chapter 6. In the second theme, four different HNS
comprises M/MO (Ag, Al,O3, Fe;03,and Ti02)-MWCNTs have been synthesised. This
was carried via same wet chemistry technique, then samples were calcinated inside a
high-temperature tube furnace. The HNS synthesised herein were employed via novel
route for TFN membrane applications in desalination, as will be discussed later in

Chapter 7.

5.2 Nanoscale materials fabrications

5.2.1 Purification and carboxylation of MWCNTSs
In most of CNTs applications, especially preparing nanocomposite membranes, the
poor dispersion of nanotubes represents the major obstacle that needs to be tackled.

CNTs tend to form bundles due to the strong m-m stacking interactions with the
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neighbouring nanotubes that would limit their dispersion in various solvents. Therefore,
breaking these bundles into individual nanotubes is critical for optimising any of their
applications. Nevertheless, presented metal catalytic particles and amorphous carbon,
as impurities during the CNTs preparation, could add additional burden to the intended
application (Hu & Guo, 2011). However, purification and functionalization of CNTs
have been found as effective tools for coping the hydrophobic nature of CNTs and

broadening its promising scope.

To eliminate amorphous carbon and trace metal catalysts, and to carboxylate, the
MWCNTs, 1000 mg of raw MWCNTSs was dispersed in 200 ml HNOs3. The suspension
was treated for 10 min in a bath sonicator, then refluxed under 120 °C for 48 h, the
reflux unit is shown in Figure 5.1. Later, the solution was cooled down at room
temperature, then diluted with DI water. Finally, the resultant precursor was passed
through a 0.22 um cellulose nitrate membrane, washed with plenty of DI water to
neutralize the pH and dried in a vacuum oven (vacumcenter, Salvis LAB- Switzerland)

at 40 °C overnight.

g

Figure 5.1: Reflux unit for functionalisation of nanotubes.

5.2.2 Decoration of MWCNTSs with M/MO nanoparticles

A number of procedures are reported in the literature for decorating CNTs with metal
nanoparticles. Basically, they have been divided into to two categories; Dry routes (Lin
et al., 2009) and Wet chemistry (Chen & Lu, 2010). The latter method, used in this

work for the synthesis, initially involves chemical functionalization of CNTs to activate
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the extremely inert graphite surface of CNTs in order to establish a uniform coverage
of NP on the nanotubes, before the subsequent metal cations reduction (Hu & Guo,
2011). Functionalization has been used to create linking groups (e.g., —OH, —COOH
and —C=O0) that ultimately facilitates linking different metal clusters to the nanotubes
surface via covalent (Zamudio et al., 2006), noncovalent (Li et al., 2006) and
electrostatic interactions (Kim & Sigmund, 2004). The binding mechanism between
CNTs and NPs could assist the design of these HNS, which influence their properties
and applications indeed (Chen & Lu, 2010).

In this thesis, for decorating the nanotubes with M/MO NPs, two groups of
nanocomposite material (Table 5.1) were fabricated via an identical procedure except
the final step when the physical deposition of the NPs on the surface of nanotubes is

conducted. See schematic diagram (Figure 5.2) below, e.g. Ag-MWCNTs.

Raw MWCNTs MWCNTs Chemical wet impregnation As-MWCNTs

[ii~cook- [ 1i—CooH-Ag: @

Carboxylation { Sonication Calcination (C)

- bt : Microwave treatment [M)
HMO; Reflux /120 C°/48 hr ] AghO; solution

¥—COOH- {4 —COOH-Ag!

Figure 5.2: Schematic diagram for the HNS (Ag-MWCNTs) fabrication.

In the first group, 10 and 20 loading wt.% of Ag to CNTs was used and the samples
abbreviated as I0HNS and 20HNS respectively. A concentration of 1.17 mM and 2.35
mM silver nitrate in 100 ml methanol were bath sonicated individually for 60 min to
yield 10 and 20 wt. % silver on CNTs, respectively. Then, 127 mg of carboxylated
MWCNTs, prepared earlier, was added to the solution and sonicated for another 30 min
utilising a probe sonicator (Figure 3.18) at 80% amplitude and 2 pulse on-off. An ice
bath was utilised to maintain the precursors temperature at 20 = 2 °C during the
sonication. Thereafter, the precursor was dried at 35-40 C° in the vacuum oven. Finally,

to physically deposit the Ag NP on the CNTs surface, the sample was treated by
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microwave irradiation for 10 min. A domestic 1000 W microwave oven (Panasonic
NN-CT579SBPQ) was used as the microwave source in all the experiments. In all
microwave reactions, the sample was placed in a glass vial and microwaved at 1000
Watt power. Two Pyrex beakers 2/3 full of water were placed in the microwave to

prevent overheating and replaced with cold water every one minute.

For the second group, 75 mg Fe (NO3)3. 9H; O, 71.4 mg Ti(OCH2CH>CH>CH3)s4,
138.99 mg Al (NO3)3.9H,0 and 40 mg AgNO3s was individually added into 100 ml
methanol and bath sonicated for 1 h. Then, 100 mg of carboxylated nanotubes were
added and sonicated for another 30 min with a tip sonicator to yield about 10 wt% metal
to the MWCNTs. Thereafter, the precursor was dried at 35-40 °C in a vacuum oven for
4 hrs. Finally, to convert metal salt into the metallic form on the surface of CNTs, each
sample was calcinated in a high-temperature tube furnace (Figure 3.20) under inert
conditions. Calcination was carried out by placing the sample in an aluminium pan
inside the tube furnace under 450 °C for 5 hr. Nitrogen or Argon, as an inert gas, was
then passed through the glass tube at a flow rate 100 ml/min to avoid the thermal
decomposition. Finally, the furnace was started after setting up the required time and

temperature.

Table 5.1: Composition and decomposition technique used during the nanocomposite
material fabrication.

Group one
Sample ID M/MO- Final treatment step  Application
MWCNTs ratio
10HNS 10 Ag Microwave Antibacterial nanocomposite membranes
20HNS 20 Ag Microwave Antibacterial nanocomposite membranes
Group Two
Sample ID M/MO- Final treatment step ~ Application
MWCNTs ratio
Fe;O3CNTs 10 Fe,O3 Tube furnace TFN for Desalination
TiO, CNTs 10 TiO, Tube furnace TFEN for Desalination
ALO3 CNTs 10 ALOs3 Tube furnace TFN for Desalination
Ag CNTs 10 Ag Tube furnace TFN for Desalination
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5.3 Characterisation of HNS.

5.3.1 FTIR spectra evaluation of MWCNTSs

Chemical treatment aiming for oxidation, substitution, addition, and hydrolysis of a
material’s surface is one of the familiar approaches to endow a specific functional group
on that surface (Hilal et al., 2017). Applying concentrated HNO3 for p-MWCNT
purification has enhanced both purity and partial oxidation of nanotubes where a
number of functional groups, mainly carboxyl and hydroxyl, appeared after the acid
treatment. Total Reflection Infrared spectra (FTIR) of p-MWNT and f-MWNTs from
700 to 4000 cm ™! is shown in (Figure 5.3). The broad well-defined peaks around 3392
cm’! can be ascribed to the stretching mode of a hydroxyl (-OH) bond (Somanathan et
al., 2015). Notable peaks were observed around 2690 cm™! that correspond to C—H
symmetric and asymmetric stretching vibration, which is responsible for the stability of
nanotubes suspensions in the aqueous phase (Mkhondo & Magadzu, 2014; Yudianti et
al., 2011). IR regions around 1650 cm™! are assigned to oscillation of carboxyl (—
COOH) groups, while the broad weak peak observed at 1477 cm! is probably
associated with O—H bending deformation of -COOH acid groups (Moraes et al.,
2011). The well-defined peak at 1064 cm ™! was correlated to the C—O stretch vibration.
Thus, FTIR has confirmed the presence of oxygen/acid functional groups induced after

acid treatment.

FMWCNTs

T%

r-MWCNTs

Figure 5.3: Fourier transform infrared spectroscopy (FT-IR) spectrum of p-MWCNTs
and f-MWCNTs.
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5.3.2 Zeta potential measurements.

Zeta potential measurement is the key parameter that takes control electrostatic
interactions in particle dispersions and, as such, understanding the stability of colloidal
dispersion is of great significance (Kaszuba ef al., 2010). Measurements were carried
out as a function of pH (3—11) to quantify the degree of functionalization for f-
MWCNTs, the role of metal/metal oxides deposition on the zeta potential of the HNS,
and to evaluate the role of depositing different loading levels of Ag NPs on the surface
of AMWCNTs on their colloidal stability. It can be clearly seen that carboxylating the

pristine nanotubes greatly influenced the zeta potential values (Figure 5.4).
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Figure 5.4: Zeta potential measurements as a function of pH, for; raw, carboxylated
nanotubes, and nanocomposites.

The isoelectric point of p-MWCNTs located at pH 4 has disappeared after
functionalization where the plot shifted to more negative values even within a very high
acidic environment. As confirmed in Section 5.3.1, the presence of novel functional
groups has given rise to higher negatively charged nanotubes. Indeed, this enhancement
in the value of zeta potential (e.g. —27 to —43 at pH 6) is expected to induce a better
stability and dispersibility for nanotubes in the polymeric matrix (Ji, 2012), and also act
as nucleation sites for the later deposition of M/MO NPs on the surface of nanotubes
(Hu & Guo, 2011). However, decorating the f-MWCNTs with metal/metal oxides
nanoparticles has shifted the zeta potential values, for all nanocomposites over the

entire pH range, to more positive values. This was ascribed to the role of positively
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charged metal/metal oxides nanoparticles that contributed to the total charge of the
nanocomposite structures (Alimohammadi et al., 2012).

Similarly, Ag NPs deposition on the nanotubes had also lowered zeta potential
values for both 10HNS and 20HNS prepared with the aid of microwave treatment
(Figure 5.5). This was ascribed to the positively charged Ag NPs contribution to the
total charge of the nanostructures as indicated earlier. This contribution was higher in
the case of I0HNS compared to that of 20HNS and was due to the higher surface to
volume ratio of Ag in the I0HNS sample, as will be demonstrated in the next sections.
Even though both hybrid nanostructures exhibited lower zeta values than f-MWCNTs,
they are still higher than those of p-MWCNTs.

20 T T Y T r T T T
——P-MWCNTs |
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Figure 5.5: Zeta potential measurements as a function of pH for; raw, carboxylated
and silver decorated nanotubes.

5.3.3 X-ray diffraction analysis

The XRD patterns of the crystalline structure of carbon nanotube samples and M/MO-
MWCNTSs nanocomposites are shown in Figure 5.6. The carbon nanotubes, both
pristine and functionalized (Figure 5.6A and Figure 5.6B), showed two diffraction
peaks at 26° and 43° that correspond to the (002) and (100) reflections of the graphite
layers’ structure (COD 1200017 and COD 9011577) (Gunawan et al., 2011). These
distinctive two diffraction peaks were also observed in all M/MO nanocomposites XRD
patterns. It’s clear that amorphous carbon component, observed in the p-MWCNTs
sample (the broad medium peak 27°-35°), has been removed after the acid treatment.

After decorating the nanotubes with AgNPs, another three peaks were observed at 64°,
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44° and 38° that correspond to the (220), (200) and (111) reflections associated with

Ag (0) as shown in Figure 5.6C. Since different phases of iron oxide (magnetite-Fe3O4,
hematite-a-Fe,Os3, and maghemite-y-Fe;O3) have very similar XRD patterns, it is hard
for the XRD to distinguish between them (Liu et al., 2016). This scenario could be
worse in the presence of another material to form a hybrid nanocomposite (such as
carbon nanotubes in this work). However, the existence of diffraction peaks at 32.5°
(104), 50° (024) and 63° (300) could be deemed as a confirmation for a-Fe,Os
formation, rather than other iron oxide phases, Figure 5.6D. For the other HNS, no
visible XRD peaks attributed to TiO2 and Al2O; were detected in the TiO2-CNTs and
AlLO3-CNTs spectra, Figure 5.6E and Figure 5.6F. This could be due to the lower extent
of the crystalline metals, compared to the crystalline CNTs, used to prepare these HNS,
leading to shielding of the metal peaks by those of the nanotubes, and/or the TiO> XRD
peaks in the nanocomposite could be overlapped by the nanotubes peaks since the main
peaks position of TiO2 at 25.4° is close to the main diffraction peak of the nanotubes at
25.9°. The opposite of these findings was reported by Yu et al., as titanium masked the
nanotubes peaks when TiO; had a higher loading to that of nanotubes in the HNS (Yu
et al., 2005c). Further characterisation has been carried out later by Raman and XPS to

avoid the XRD limitations and assert the HNS composition/oxidation state.

Similarly, decorating carbon nanotubes with silver nanoparticles (10HNS and
20HNS), under microwave treatment (Figure 5.6G and Figure 5.6H), showcased the
three peaks that correspond to the (111), (200) and (220) reflections related with the Ag
(0) (COD 9011607), as illustrated earlier in this section. Interestingly, the peak (002)
assigned to CNTs characteristics displayed lower intensity than pristine and
functionalized nanotubes after decoration with Ag, where this reduction could be
attributed to defects created on the surface of nanotubes during the decorating process
(Yuan et al., 2008). Also, the peak was almost disappeared in the higher silver content
sample (20HNS) due to the higher coverage rate of Ag NPs on the surface of nanotubes.
Nevertheless, the XRD diffraction peaks of 10HNS are slightly widened due to the

deposition of smaller metallic Ag-NPs existing as silver nanocrystal.

120



Chapter Five - Fabrication and characterization of versatile metal/metal oxide —

carbon based hybrid nanostructures.

oF o
= o
A ——r-CNTs B = —— ECNTs
o
o
o
o
T T T T T T T T T T T T T T T T T T ¥ T Y T ¥ T T
15 20 25 30 35 40 45 50 55 60 65 70 75 15 20 25 30 35 40 45 50 55 60 65 70 75
C o &
g = ——Ag-CNTs - 5 — Fe,0,CNTs
T T T T T T T T T T T T T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75 16 20 25 30 35 40 45 50 55 60 65 70 75 80
o™
E 2 F 8
——ALO,-CNTs
o
o
| P T T R P T T T T 1 ! L I 4 ! L X !
15 20 25 30 35 40 45 50 55 60 65 70 75 15 20 25 30 3/ 40 45 5 55 60 65
G b 10HNS H = 20HNS
g 5
l“ H o
| o™
H 8 ol ~
P i 2 H o
) s
mo? Yoo \é‘f’ khrz-m-ﬂr’-‘-‘:m::-,.;,f bt Y e
- - - T - - - - T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75 15 20 25 30 35 40 45 S50 55 60 65 70 75
20 (Degree) 20 (Degree)

Figure 5.6: XRD patterns of (A) p-MWCNTs, (B) -MWCNTs (C) Ag-CNTs, (D)
Fe;03-CNTs, (E) Al203-CNTs, (F) TiO2-CNTs, (G) 10HNS, and (H) 20HNS
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5.3.4 Microscopic observation and elemental composition

Surface morphology of MWCNTs, prior and after M/MO decoration by both deposition
routes, were observed by SEM. No apparent destruction was found in the structure of
MWCNTs after treatment with concentrated HNOs. (Figure 5.7A and Figure 5.7B)
show a clear cylindrical nanostructure as the bundles aligned together through the
action of van der Waals forces. The only difference between those two samples was
their purity and oxygen content as confirmed by elemental analysis (EDX). The residue
of metallic catalysts was much less apparent in the f-MWCNTs sample than in the

pristine one, indicating a higher degree of purity was achieved.

54800 15.0kV 5.5mm x11.0k SE(M)

S4800 15.0kv 5.6mmx11 0k SEM ' 5.00um | S4800 1500V 5.7mmx10kSEM) ' 500mm

Figure 5.7: 5 um (Left) and 500 nm (Right) SEM images for (A) p-MWCNTs, (B) f-
MWCNTs.

Morphology of nanotubes, after decoration with metallic NPs, is presented in
(Figure 5.8). No visible deposited metal/metal oxides NPs were observed on the surface
of the nanocomposites by SEM imaging, despite the confirmed chemical composition
results obtained from EDX (Figure 5.11C-Figure 5.11H) comparing to the r-CNTs and
f-CNTs samples (Figure 5.11A and Figure 5.11B). Likewise, it was difficult to observe
Ag NPs deposition in the 10HNS sample (Figure 5.9A), since an identical concentration
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(10 wt.%) to other M/MO NPs was used during the nanocomposite synthesis (Table
5.1). Probably, this was due to the small size of metal/metal oxides NPs packaged on
the surface of MWCNTs. However, homogenous distribution, without distinctive
aggregation, was observed in the 20HNS sample due to the higher loading wt.% of Ag
used in preparation (Figure 5.9B). This observation of larger Ag-NPs could be due to
the limited number of active anchoring sites (e.g. defects) on the surface of CNTs.
Indeed, the active sites were oversaturated with the higher Ag content in the 20HNS.
Consequently, the remaining decomposed silver continued deposition onto the
previously anchored seeds to form larger size AgNPs (Lin ef al., 2011). Aside from
that, the required irradiation period was critical to achieve a homogeneous deposition

of Ag on the surface of nanotubes, as illustrated in Figure 5.10.
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Figure 5.8: um (Left) and 500 nm (Right) SEM images for (A) Fe>O3-CNTs, (B)
Ti02-CNTs, (C) Al2O3-CNTs, and (D) Ag-CNTs.
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Figure 5.9: 5 um (Left) and 500 nm (Right) SEM images for (A) 10HNS and (B)
20HNS modulated by microwave irradiation.

The EDX spectra confirmed the corresponding metal, oxygen, and carbon for all
HNS. The characteristic energy level for O, and C are located at 0.54 eV and 0.2 eV,
respectively. While for the metals peaks were found to be at (3 eV), (0.35 eV and 4.5
eV), (1.5 eV) and (0.7 eV, 6.4 eV and 7.1 eV) for Ag, Ti, Al and Fe, respectively.
Finally, the results agreed with those obtained from both TGA (Section 5.3.5) and

theoretical calculation in terms of compositions (Section5.2.2).
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different microwave irradiation time.

126



Chapter Five - Fabrication and characterization of versatile metal/metal oxide —
carbon based hybrid nanostructures.

Figure 5.11: EDX analysis for (A) p-MWCNTs, (B) f-MWCNTs, (C) Fe>O3-CNTs,
(D) TiO2-CNTs, (E) Al2O3-CNTs and (F) Ag-CNTs. (G) 10HNS, and (H) 20HNS

5.3.5 Thermal behaviour analysis (TGA)

TGA analysis was conducted to illustrate the thermal decomposition behaviour of
various samples, and to confirm the theoretical amount of M/MO loading weight used
to coat the nanotubes. The initial, main and char decomposition regions of TGA curves
are illustrated in (Figure 5.12). The slight initial weight loses detected below the onset
decomposition temperature of samples are ascribed to the ambient moisture content in

the samples or evolution of functional groups (Yudianti et al., 2011). In fact, the
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significant change in the thermal properties and weight loss under an oxidative
environment was different for each sample. A gradual slight weight loss (9.2%) was
noticed for -MWCNTs before the significant loss at 551 °C. This could be linked to
the decomposition of the thermally unstable organic functional moieties in the
functionalized sample (Vukovi¢ ef al., 2009). Compared to -MWCNTs, p-MWCNTs
were distinctly more stable and only 2.2% weight loss was detected with a lower
decomposition start temperature (467 °C), which could be attributed to the variation in
the metal catalyst residues and graphitisation degree before and after acid treatment
(Chen et al., 2004). The presence of metal catalyst residues was decreased after acid
treatment, from 2.3 wt.% to 0.3 wt.%, indicating further purification was accomplished.
However, the acid treatment also caused defect sites such as sidewall damages and ring
end openings, and hence to an increase in the surface area of the nanotubes (Kundu et

al., 2008).

Interestingly, Ag deposition on the nanotubes’ side walls significantly reduced the
onset decomposition temperature for both 10HNS and 20HNS to 309 °C and 266 °C,
respectively (Figure 5.12). Ag is known as functional oxidative catalyst able to catalyse
the low-temperature oxidation of nanotubes under O; atmosphere (Alimohammadi et
al.,2012). Amount of Ag, after decomposition of 10HNS and 20HNS, has confirmed
the theoretical loading level used in this work and was found to be 10.5% and 20.2%.,
respectively. Similarly, this initial wet loss was also observed for the other HNS and
could be due to the condensation reactions of metal-OH residual groups presented at
the HNS materials (Amais et al., 2007). However, the presence of TiO; and Fe>O3did
not have any influence on the thermal properties of the MWCNTSs, which were almost
identical to that of ~AMWCNTs (Figure 5.13). Unsurprisingly, this was not the case for
the nanotubes coated with Al,O3, and the thermal decomposition temperature
commenced at 635 °C due to the improved thermal stability of MWCNTs resulting
from the synergy of alumina. Finally, the amount of M/MO, remaining after
decomposition of nanotubes in the samples, has confirmed the theoretical loading level

adopted in this research.
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Figure 5.13: TGA curves in the air for M/MO nanocomposites

5.3.6 Raman spectroscopy

Raman spectroscopy, as a non-destructive characterisation technique, has been

commonly employed in the field of chemistry and material science for direct

identification/interpretation of different molecules, with minimum sampling handling
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issues (Hilal et al., 2017). The structural changes, prior and after decorating the
nanotubes with M/MO, were determined by Raman spectroscopy bands, Figure 5.14.
All carbon nanotubes bands differentiated by Raman spectra were located between
1000 cm ™! and 1700 cm™!. The band denoted as (G-band) at 1572 cm™! is associated
with the graphitic layers and is the characteristic feature of all sp? hybridised carbon
allotropes (Baro et al., 2013). The other additional band (D-band) at 1340 cm™!
identifies the defects/disorders in the sp? hybridised carbon, which could be impurities,
lattice distortions in the nanotubes, sp® hybridised bonds, and/or existing functional
groups created after acid treatment (Gupta & Saleh, 2011). While the mode at 2685

! was attributed to the first overtone of the band at D and is denoted as G' mode

cm

(Vinayan et al., 2012). Following the acid treatment and the subsequent decoration step,
some differences between the spectra have been highlighted; a decrease in the G band
intensity relative to the D band have been observed for f-CNTs and all other HNS. The
intensity ratio between D band and G band (/p/Is) was used to determine the degree of
disorder in the samples after processing with HNO3 and further decoration with M/MO.
An increment in the /p/I from 0.76 to 0.85 was observed, suggesting an increase in the
defects and disorder on the nanotubes after processing with HNO3 has been
accomplished. Furthermore, the presence of metal/metal oxides on the surface of
nanotubes caused explicit changes in Raman scattering intensity, and the Ip/Ic were
found to be 0.90, 0.85, 0.85, 0.92 for Fe,O3-CNTs, Al,O3-CNTs, TiO2-CNTs, and Ag-
CNTs, respectively. This indicates that incorporating M/MO induced more defects and
degree of disorder of the CNTs. Even though the change in the Ip/I; ratio has been used
as an indication for the attachment of metallic NPs on the surface of nanotubes (Baro
et al., 2013), this change was not tangible after deposition of metallic NPs in this work.
This could be due to the preferential growth of NPs on surface defects sites of
nanotubes, resulting in a reduction in these structural defects, and leading to a small
increase in the /p/Ig ratio indeed (Lin et al., 2011; Lin et al., 2009). Moreover, different
nanocomposites manifested a morphologic /p/I¢ ratio, regardless if the same f-CNTs
were used for the later metal deposition step. Probably, this disparity may be different
from one metal to another depending on NPs size and distribution's homogeneity, when

grown on surface defects of the nanotubes.
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Figure 5.14: Raman spectroscopy results for pristine, functionalized and metal/metal
oxides decorated MWCNTSs, (1000 cm ™' — 3000 cm™).

In Raman spectroscopy, different material phases can be distinguished, depending
on their individual frequency, and elucidated as peaks. Figure 5.15 shows the Raman
spectra of different metallic NPs loaded on nanotubes between 100 cm™'~1000 cm ™.
The well-defined Raman peak of TiO, determined at 150 cm ™! is assigned to the main
anatase vibration mode (E,) of titanium. Other Vibration peaks observed at 398 cm™!,

505 cm™!, 625 cm™! represent (Bl,), (Alg) and (Eg) suggesting that anatase phase is the
main crystallite structure for the TiO» (Falaras et al., 2000). While the scattering peaks
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located at 216 cm ™! and 282 cm ™!, 393 cm ™! and 616 cm ™! in the Fe»O3 Raman spectrum
are attributed to the vibration modes of a-Fe,Os3 (Gund et al., 2015), which agreed with
the suggested XRD results.

Ag-CNTs
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Figure 5.15: Raman spectroscopy results for pristine, functionalized and metal/metal
oxides decorated MWCNTs, (100 cm—1 — 1000 cm—1).

For the HNS modulated with microwave irradiation (10HNS and 20HNS), the
(I6/Ip) was found to be 0.89 and 1.027 for 10HNS and 20HNS (Figure 5.16A),
respectively. The changes in the intensities of the bands and (/¢/Ip) evidenced further
changes were also found to be induced into Raman scatter intensity after silver
deposition, which is a substantiation for Ag-NPs attachment. This change was more
remarkable in the 20HNS than the 10HNS sample. Furthermore, a more defined peak
on the right side of the G-band was evolved around 1620 cm™' (D’-band) after p-
MWCNTs processing, (Figure 5.16B). This evolution of the peak was ascribed to
functionalization and later on to deposition of Ag on the surface of nanotubes (Travessa
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et al., 2014). Herein, it should be noted that the smaller AgNPs could preferentially

grow on the surface defects of nanotubes, which explain the small overall increase in
I/Ip after decorating the MWCNTSs (Lin ef al., 2011; Lin et al., 2009). While in the
case of 20HNS, the defects/disorders were more significant. These results are in

agreement with those obtained from XRD measurements.
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Figure 5.16: Raman spectroscopy results for pristine, functionalized 10HNS and
20HNS, (A) 1000-3000 cm™, and (B) 1500-1700 ¢cm’".
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5.3.7 X-ray photoelectron spectroscopy (XPS)

XPS is a standard surface analysis instrument for a broad range of materials, where
valuable information on their chemical state and composition can be obtained (Hilal et
al., 2017). To reveal the chemical composition and oxidation state of the uppermost
surface of HNS, a typical XPS survey scan has been implemented. The elemental
composition of nanotubes, including carbon (C) and oxygen (O), were observed in
scans of all samples. The photoelectron peak Cls, ascribed to the graphitic carbon on
nanotubes, is located at 284.8 eV. And the other elemental characteristic peak (Ols) is
located at 532 eV binding energy (BE), as shown in Figure 5.17 - Figure 5.21.

Following the acid treatment, a change in Cls and Ols has been observed
indicating the degree of surface oxidation ( Figure 5.17). The O/C ratio has increased
from 7% to 9.65%, indicating more oxygen atoms are bounded to the -MWCNTs
according to XPS results. These results correlated with the increased defects and
disorders (/p/I ratio) created on the nanotubes surface after acid treatment, which was
determined by Raman spectra. More quantitative information about the surface
functional groups, generated during the acid treatment, were achieved by high-
resolution fitted curve XPS spectra over Cls regions of as received and functionalized
nanotubes. The deconvolution of XPS spectra is shown in Figure 5.17B and Figure
5.17C. The Cls spectra were resolved into seven sub-bands that evidence carbon sp?
structure (BE=284.5+0.2), sp> structure (BE=285.4+0.15), alcohol or phenol groups
(BE=286.5+0.2), quinone or carbonyl groups (BE=287.4+0.2), ester or carboxylic acid
groups (BE=288.7£0.1), carbonate groups (BE=289.7£0.2), and satellite peaks
(BE=291.2+0.1). These data are consistent with those found in the literature (Gong et
al., 2013). A significant increase in the amount of —COO groups was observed in
functionalized samples at (BE=288.7), including carboxyl and anhydrides. Signals of
oxygen (O 1s) are distinguished as single (BE=531.2+0.1) and double (BE= 531.6+0.1)
bonded oxygen with carbon ( Figure 5.17E and Figure 5.17F).
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Figure 5.17: Full XPS spectra, C 1s and O 1s peak deconvolution of as-received
CNTs (A, B and C), and HNOs-treated MWCNT (D, E, and F) samples.

The subsequent decoration of nanotubes with M/MO has generated novel peaks in
the XPS spectra. The XPS survey spectrum evidenced the coexistence of iron, carbon,
and oxygen in the nanocomposite. The full Fe2O3-CNTs spectrum is depicted in Figure

5.18A. While Figure 5.18B illustrates the shape and position of peaks at 711.3 eV and
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724.7 eV and assigned to Fe 2p32 and Fe 2p1,2 of a-Fe203, respectively (Warwick et al.,
2015). The energy separation between the two spin-orbit components (ABE= 13.4 eV)
confirmed the formation of iron (III) oxide, free from other oxidation states (Carraro et
al., 2015). In addition, there was a shake-up satellite peak situated at 719 eV, which is
identified as the characteristic of Fe** in Fe2O3 and no other Fe?* state (Wu et al., 2015).
Deconvolution of C Is and O 1s peak are illustrated in Figure 5.18C and Figure 5.18D,
respectively. The C 1s spectrum can be fitted into three peaks at BE=284.6 eV,
BE=286.2 ¢V and BE 288.9 eV ascribed to (C-C), (C-O) and (C=0), respectively (Li
& He, 2017). While the Ols peak was deconvoluted by two bands at BE=530.1+0.1
(ascribed to lattice oxygen in Fe;Os;) and BE=532+0.2 (represented the surface
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Figure 5.18: Full XPS spectra (A), Fe 2p (B), C 1s (C) and O 1s (D) peak
deconvolution of Fe;O3CNTs.

The phase of TiO; in the TiO.CNTs nanocomposite was also verified by XPS
survey spectra, Figure 5.19. The full survey spectrum shown in Figure 5.19A is

composed of sharp signals due to C, Ti and O at BE=284.8 eV, 459.6 eV and 531 eV
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respectively. The core level BE 459.6 eV and 465.3 eV of Ti 2ps3» and Ti 2py/ 2

respectively, have indicated the formation of Ti4" in titanium (Koli ef al., 2017), with
5.7 eV splitting energy between them (Figure 5.19B). This is in agreement with those
of neat TiO» and clearly indicates that all Ti cations in the nanocomposites are in the
oxidation state IV (Wang et al., 2008). The C 1s spectrum (Figure 5.19C) is
deconvoluted into three peaks. The sharp peak (at BE= 284.8 eV) and the broad peak
(at BE= 286 eV) are assigned to sp? and sp> carbon, respectively. While the third peak
at BE=289 eV is ascribed to O=C—O carboxyl carbon (Hemalatha et al., 2014; Li et
al., 2007a).The corresponding O 1s region is illustrated in Figure 5.19D and is
deconvoluted into two peaks. The sharp peak at BE=530.5 eV is ascribed to the lattice

oxygen in the anatase phase of TiO> while the other peak at BE=532 eV corresponds to
C=0 or Ti—O—H (Li et al., 2007a).
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Figure 5.19: Full XPS spectra (A), Ti 2p (B), C 1s (C) and O 1s (D) peak
deconvolution of TiO>CNTs.

The full XPS spectrum of AlO3CNTs was illustrated in Figure 5.20A. Formation
of Al,O3 on the surface of nanotubes was asserted by the well resolved characteristic
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peak Al 2p detected at a binding energy position of 74.6 eV, which agrees with
corresponding BE reported in the literature (Reddy et al., 2014), and shown in Figure
5.20B. Similar to other MO coated MWCNTs, the Cls spectra (Figure 5.20C) has
deconvoluted into three signals represents the sp? carbon (BE=284.8 eV), C—O
(BE=285.8 ¢V) and C=0 (BE=288.8 eV). While the fairly broad O 1s spectrum (528
eV — 537 eV) refers to the presence of different oxygen bearing species (Figure 5.20D).
The peak at BE=531.3 eV suggested the formation of oxides related to oxygen (O,)
while the peak manifested at BE=532.1 eV indicated the presence of chemosorbed
oxygen (O.) (Reddy et al., 2014). The difference between the BE of Al 2p and Ols-
bonded (456.8 £0.2 eV) was in agreement with O—Al—O bonding in Al>Os3, while the
obtained difference in BE (~1.8 eV) between the bonded and chemisorbed oxygen in

alumina agreed with reported values in the literature (Renault ef al., 2002)
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Figure 5.20: Full XPS spectra (A), Al 2p (B), C 1s (C) and O 1s (D) peak
deconvolution of AI,O3CNTs.

The full XPS survey spectra of Ag decorated MWCNTSs samples are shown in
(Figure 5.21A - Figure 5.21C). A clear distinction can be seen regarding the intensity

of Ag peak due to the variation in the silver loading percent on the nanotubes. The
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double peak (368.4 eV and 374.5 eV) in the Ag-CNTs, I0HNS and 20HNS XPS

spectrum (Figure 5.21D) corresponds to Ag 3ds» and Ag 3ds) electronic states related
to Ag’ (Rehan et al., 2015), where Ag3d region has well-splitting spin-orbit
components (Ameta=6.0eV) (Figure 5.21D). These results are in agreement with that of
metallic silver (Zhao et al., 2017). Figure 5.21E showcases the deconvolution of Cls
spectra into major peaks from sp? carbon at BE=284.8 eV and two minor signals from
C—0 (285.8 eV) and C=0 (288.8 eV). While for the O 1s spectra (Figure 5.21F), two
signals were detected at BE=531.7 eV and BE=533.3 eV, that refers to O=C and O—C,

respectively.
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Figure 5.21: Full XPS spectra of AgCNTs (A), IOHNS (B), 20HNS (C), Ag 3d (D), C
Is (E) and O 1s (F) peak deconvolution.
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5.4 Conclusions

This part of the thesis has introduced a novel, facile and scalable routes for the design
and fabrication of two groups of hybrid nanostructures for nanocomposite membrane
applications. In the first group, HNS comprises two loading levels (10 and 20%) of Ag
on the surface of MWCNTs (10HNS and 20HNS). The HNS were fabricated via the
wet chemistry method then followed by microwave irradiation. While four metal/metal
oxides (Fe20s, TiO», Al>O3, and Ag) were deposited on the surface of nanotubes via
same wet chemistry technique, and followed by calcination at a high temperature in a
tube furnace. Prior to fabrication, the raw nanotubes were carboxylated and purified by
concentrated HNOs. The successful fabrication process of all HNS was assessed
comprehensively. The presence of —COOH groups was confirmed by FTIR while zeta
potential measurements were carried to quantify the degree of functionalization for
MWCNTs and influence of the later deposition of M/MO on the zeta potentials values.
Microscopic images showcased no apparent damage to the nanotubes occurred after
acid treatment. X-ray diffraction analysis evidenced that metal salts were presented in
the metallic form on the surface of nanotubes. Structural changes prior and after
nanotubes decoration were illustrated by Raman spectra. Impact of acid treatment and
M/MO deposition on the thermal properties of nanotubes were assessed by
thermogravimetric analysis. Finally, the oxidation states of M/MO were confirmed by

XPS.
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Chapter Six

6 Fabrication of antibacterial nanocomposite
membranes enabled by hybrid
nanostructure modulated by microwave
irradiation

6.1 Introduction

Biological fouling is considered as the most inherently complex form of fouling. It is
defined by microbial cell adhesion and subsequent colonisation at the membrane
surface forming a microbial biofilm. Commonly, microbial colonisation of the
membrane surface is initialised by irreversible adhesion of one type of bacteria or more,
followed by the growth and multiplication of the surface-bound cells in the presence of
feed nutrients (Flemming, 1997). Once the microbes attach at the surface and form a
matrix of extracellular polymers, their removal will be extremely arduous even with the
application of biocides (Subramani & Hoek, 2008). Thus, biofouling represents the
major concern for industries that exploit membrane technology including water, food,
and pharmaceuticals. As an alternative to the disinfectant application, nanotechnology
has impacted on the design and fabrication of nanocomposite membranes with the

potential for creating self-cleaning and antimicrobial surfaces.

Within the wide range of commercially available nanoscale materials, silver
nanoparticles (Ag-NPs) have gained special interest as unique antimicrobial additives
in a broad range of applications. This is due to their unique antimicrobial properties

141



Chapter Six - 6 Fabrication of antibacterial nanocomposite membranes enabled by
hybrid nanostructure modulated by microwave irradiation.

alongside their electrical and optical characteristics (Ahamed et al., 2010; Iravani et al.,
2014). Even though their antimicrobial mechanisms are still under debate and not
comprehensively understood (Kim et al., 2007), their biocidal activity is well
recognised as a highly desirable capability that they bestow on a membrane surface to
resist biofouling and impart self-cleaning characteristics. On this basis, a large amount
of work has been devoted for developing such nanocomposites membranes (Liu et al.,
2017; Mollahosseini et al., 2012). As an important consideration when developing
nanocomposite membranes for the control of biofouling, it is crucial to sustain
antimicrobial activity and avoid the rapid depletion of nanosilver (nAg) that could
diminish the antibacterial activity of nAg, and increase environmental issues and cost
constraints. Attempts have been stepped forward to ameliorate the interactions between
these metallic nanoparticles and host polymeric chain to overcome these limitations.
One of the most pragmatic approaches used for this target was through revising the
surface characteristics of Ag-NPs via chemical treatment (Mauter ef al., 2011). Various
functional groups for modification/functionalization are available to increase their
stability in the host polymer, e.g. phosphoric acid, carboxylic acid, dopamine and silane
coupling agents (Dias et al., 2011).

Currently, intensive research are focusing on integration of one-dimensional
nanoscale materials (1D-NMs) or two dimensional (2D-NMs) with zero-dimensional
(0D-NPs) into one hybrid nanostructure (HNS), which found their way in countless
applications such as; fuel cells, photocatalysis, electrocatalysis, solar cells, sensors,
supercapacitors, batteries and hydrogen storage applications (Baughman et al., 2002).
Applying these HNS could potentially exhibit not only the unique characteristics of
1D/2D and 0D at the nanoscale level but also may possess novel chemical and physical
properties as a result of the synergic effects of both nanomaterials that might not be
obtainable to their individual component alone (Kang et al., 2008b). Several HNS
targeting water and wastewater treatment have been reported in the recent few years
(Chen et al., 2012; Gunawan et al., 2011; Roy et al., 2015; Wang et al., 2008;
Welderfael et al., 2016; Xu et al., 2016a). Parallel to this steadily evolution in
antimicrobial nanostructures and applications. Functionalization of polymeric
membrane aiming for a specific application has been evinced with these tailored
nanostructures. For antibacterial nanocomposite membranes, Xu et al. blended AgNPs

decorated CuxO nanowires (NWs) with PSF via phase inversion. To facilitate the
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deposition of AgNPs on the surface of Cu,0O, L-dopa has been grafted onto NWs surface
by in situ polymerisation to create a zwitterionic surface. The nanocomposite
membranes held remarkable antibacterial activity against E. coli and S. aureus with
controlled release of Ag" (Xu et al., 2016b). Recently, Faria et al. conducted a research
to functionalize TFC membranes with GO-Ag. Results referred to a promising
inactivation rate against attached P. aeruginosa (up to 80%) without sacrificing the
intrinsic transport properties of the modified membranes (Faria et al., 2017). A number
of HNS employed in fabrication multifunctional nanocomposite membranes have been
reported in the literature for wastewater treatment and desalination applications (Chen
et al., 2012; Gunawan et al., 2011; Roy et al., 2015; Xu et al., 2016a). Another
interesting 1D nanoscale carrier is carbon nanotubes (CNTs). Unsurprisingly, the
assembly of CNTs along with the antibacterial Ag-NPs into one synergic HNS enticed
tremendous applications, especially those targeting antimicrobial and self-cleaning
surfaces. Utilization of CNTs as a carrier could hinder the aggregation and weak
stability of unmodified AgNPs and ultimately broadens their potential applications as
unique antibacterial additives in nanocomposite membrane applications.

There are a number of methods that have been developed for anchoring metallic
NPs on the surface of CNTs, which include chemical reduction, pulsed laser ablation,
microwave treatment, solar radiation, electrochemical deposition and in situ deposition
on modified CNTs. Among these techniques, microwave treatment with its beneficial
characteristics of energy rapid heating and decreased sintering temperatures has broad
application. Microwave energy can be used in chemical synthesis, processing of new
materials, and in purification methods of carbon nanotubes (Gomez et al., 2012;
Vazquez & Prato, 2009). CNTs suffer a rapid temperature increase under microwave
irradiation (Vazquez & Prato, 2009). By using the rapid and local Joule heating of
carbon nanomaterials under microwaves, metallic NPs can be created on the surface of
the nanotubes, where the localized heat created on the surface of the carbon
nanomaterials can be used to decompose different metallic precursors resulting in the
immediate creation of metal and metal oxide particles (Lin ef al., 2011).

To the best of the authors’ knowledge, no one, so far, has employed microwave
irradiation in the preparation of HNS for nanocomposite membranes fabrication.
Moreover, to assess and compare the influence of varying Ag loading wt.% to CNTs

on the morphological and antibacterial characteristics of nanocomposite membranes
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6.2  Synthesis of hybrid nanostructured materials
For more description details on purification and decoration of nanotubes with silver

NPs, please refer to Section 5.2.

6.3 Membrane fabrication with HNS

All nanocomposite membranes were prepared via the classical phase inversion
technique reported in section 3.3.1 (Chapter 3). Two groups of modified membranes,
using I0HNS and 20HNS were prepared. For each group, the amount of HNS added to
the polymer (PES) was varied, see compositions in Table 6.1, to assess their influence

on the overall performance of the nanocomposite membranes.

In the first instance, 2 wt.%. of PVP K30 (as pore former) was dissolved in NMP
for an hour at 50 °C, the solution was then cooled to room temperature before addition
of HNS at the desired loading weight. Thereafter, the solution was sonicated for 30 min
using a horn sonicator. The RB flask was placed back on the heating plate and PES
flakes (16 wt.%) were gradually added to the precursor and vigorously mixed overnight.
Degassing of the casting solution was carried out using a desiccator under vacuum
condition for 1 h. For solution casting, about 10 ml of casting solution was poured onto
a glass substrate and cast with an automated casting knife (RK film applicator) at a
regular shear rate (225 s™') with 200 mm clearance gap at ambient temperature. The
resulting thin film was placed in a DI water bath at 20 °C for precipitation. Within less
than two minutes, the membrane detached from the glass plate indicating that the phase
inversion was complete the membrane remained in the water bath for another 30 min.
Finally, the membrane was washed with DI water and stored under water (DI) in a
sealed container at 4 °C, to be used in characterisation. All membranes were cast at
room temperature and relative humidity (RH% 45 £ 5). Prior to testing, the membranes
were inspected under light to make sure there were no pinholes, wrinkles or any defect

that could make a variation in their performance.
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Table 6.1: Compositions of nanocomposite membranes using two concentrations of
silver to nanotubes.

Nanocomposite Compositions

membrane ID
PES % PVP % NMP % 10HNS % 20HNS %

Control 16 2 82 0 0
0.05-10M 16 2 82 0.05 0
0.1-10M 16 2 82 0.1 0
0.3-10M 16 2 82 0.3 0
0.9-10M 16 2 82 0.9 0
0.05-20M 16 2 82 0 0.05
0.1-20M 16 2 82 0 0.1
0.3-20M 16 2 82 0 0.3
0.9-20M 16 2 82 0 0.9

6.4 Nanocomposite membranes

To establish a deeper insight into the amelioration of membrane materials when they
are fabricated by doping with HNS to produce nanocomposite membranes, an extensive
characterisation of the membrane parameters that influence membrane performance
was undertaken. Thus, nanocomposite membranes were characterised in terms of PWF,
pore size and pore size distribution, hydrophilicity, surface zeta potential measurements
and surface morphology. Moreover, the bacteriostatic activity of these nanocomposites
was also tested to confirm the efficacy of the active materials after membrane
fabrication and to identify the influence of loading wt.% of HNS and Ag loading level
to MWCNTs on the prepared nanocomposites. It should be noted that increasing the
concentration of both T0HNS or 20HNS in the casting solution resulted in darker
nanocomposites; the undersides of the membranes were significantly lighter in colour
than the top surface for all nanocomposites, (Figure 6.1). This was due to the migration
and concentration of the HNS at the top surface during the phase inversion process.
Many factors can be adjusted to induce this migration of HNS to top surface of
nanocomposites, including the use of smaller nanotubes dimensions (length and

diameter), and playing with the PI process parameters aiming to induce rapid demixing.
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Figure 6.1: The top and bottom surface of (A) nanocomposites prepared with 10HNS
and (B) nanocomposites prepared with 20HNS.

6.4.1 Cross section morphology of nanocomposites

A cross-sectional study was conducted by SEM to qualitatively assess the cross-section
morphology of the nanocomposite membranes since the structure has a significant
influence on membranes transport mechanisms. All cross-sectional images obtained
from bare and nanocomposite membranes demonstrate a typical asymmetric structure,
(Figure 6.2). A clear dense active and porous supporting layer can be observed for all
the membranes. Control PES membrane had a well-developed skin layer supported by
wide finger-like macro-pores at the bottom of the membrane, (Figure 6.2A). This
structure was formed due to the low polymer dope solution used to prepare the
membrane. The structure is favoured as at low viscous casting solutions the nonsolvent
exchange rate into the polymer lean phase exceeds the outward solvent diffusion rate
(Sofiah et al., 2010). Incorporating a small amount of the HNS into the PES matrix (up
to 0.1%) promoted the formation of big macrovoids in the sublayer, (Figure 6.2B and
Figure 6.2C). While the further increase in HNS content suppressed the formation of
these macrovoids and led to narrower micro-pores with a finger-like shape oriented
from the top to the bottom layer of the nanocomposites, this is a different shape to the
micro-pores of the PES membrane, as seen in (Figure 6.2D and Figure 6.2E). This was

due to the enhanced viscosity of the casting solution that hinders the solvent-nonsolvent
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exchange rate at the interface between the surface and the nonsolvent, producing a
slightly denser skin layer and less porous membranes (Rahimpour ef al., 2012). On the
other hand, the 0.9-20 M and 0.9-10 M membranes had similar cross-sectional
morphology, indicating no significant variation in their permeation characteristics

would result from variation of the silver level in the HNS (Figure 6.2F).

N g ) e | L
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Figure 6.2: SEM cross section images for (A) Nascent PES membrane, (B) 0.05-10
M, (C) 0.1-10 M, (D) 0.3-10 M, (E) 0.9—10 M, and (F) 0.9-20 M.

6.4.2 Static contact angle and hydrophilicity measurements

Contact angle measurement is a well-known technique for characterising surface
hydrophilicity/hydrophobicity, which informs the analysis of membrane performance.
A more hydrophilic membrane surface will result in a lower contact angle (Gilron et
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al., 2001). However, measurement of contact angle to express the hydrophilicity of a
membrane material is not necessarily conclusive, since several factors may impact on
the hydrophilicity values such as porosity, roughness, pore size and pore size
distribution (Rana & Matsuura, 2010). As shown in (Figure 6.3), the surface
hydrophilicity/hydrophobicity of all nanocomposite membranes was lower compared
to the nascent PES membrane. A noticeable gradual decrease in contact angle value
was associated with each incremental increase in the concentration of HNS in the
nanocomposites. This amelioration in hydrophilicity is believed to be induced by the
spontaneous migration and concentration of the well-dispersed hydrophilic HNS close
to the top surface/water interface to reduce the interfacial energy during the phase
inversion. This phenomenon imparted more hydrophilicity to the hybrid
nanocomposites (Balasubramanian & Burghard, 2005). These results are in
contradiction with those conducted previously and revealed irregular positioning of
nanotubes within the structure of nanocomposites, at higher loading than 0.4 wt.%
(Khalid et al., 2015). Both sets of nanocomposite membranes, supplemented with
I0HNS and 20HNS, had a comparable contact angle value (slightly higher
hydrophilicity for 10HNS nanocomposites) when an identical concentration of the HN'S
was used. This suggests that the Ag loading level to the MWCNTs had little influence

on the contact angle measurement of the nanocomposite membrane.
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Figure 6.3: Contact angle measurements of nanocomposite membranes prepared with
different loading weights of 10HNS and 20HNS.
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6.4.3 Mean pore size and pore size distribution determination

A solute transport model, as a standardised method, has been applied to determine the
nanocomposite membranes geometric mean pore size (up), geometric standard
deviation (cp) around the mean pore size, and their distribution characteristics. The p,
and o, of the unmodified (control) and nanocomposites membranes are summarised in
Table 6.2. Addition of 10HNS to the control membrane did not dramatically change the
surface pore size characteristics, at all loading compositions. This indicates a very high
degree of 10HNS dispersion inside the PES matrix. Indeed, negligible variation in the
nanocomposites selectivity was obtained. Mean pore diameter of membranes were
found to slightly increase from 10.93 nm to 11.69 nm with only 0.05% 10HNS. Further
increase in the 10HNS composition, to 0.1 and 0.3%, led to a gradual decrease in the
pore size. This decrease reached its minimum value at 0.9% with a pore diameter of
10.4 nm. It was expected that a very high loading (0.9%) would induce pore size
narrowing due to the higher casting solution viscosity, which resulted from adding this
amount of HNS. Geometric standard deviation values were comparable and reasonable
for all UF membranes. Values of o, associated with their corresponding p, values
ranged from 1.27 to 1.44. This indicates that all unmodified and nanocomposites were
similar in their microstructure. On the other hand, incorporation of 20HNS into the
polymeric matrix showed slightly higher p, and o, values to those obtained from

nanocomposites prepared using 10HNS.

Table 6.2: Geometric mean pore size and standard deviation of nanocomposite
membranes.

Membrane ID Mean pore diameter Geometric standard
(np) (nm) Deviation (op)
Control 10.93 1.37
0.05-10M 11.69 1.28
0.1-10M 11.15 1.34
0.3-10M 11.1 1.38
0.9-10M 10.4 1.40
0.05-20M 12.9 1.27
0.1-20M 12.3 1.29
0.3-20M 10.65 1.44
0.9-20M 10.57 1.40

149



Chapter Six - 6 Fabrication of antibacterial nanocomposite membranes enabled by
hybrid nanostructure modulated by microwave irradiation.

The cumulative pore size distributions of the nanocomposites are presented in
(Figure 6.3 and Figure 6.4). This provides further evidence that there was negligible
difference in pore size distributions for all PES membrane. HNS addition, up to 0.3%,
caused a slight shift to the right for the pore size curves. At 0.3% HNS, the curve was
almost identical to the control PES membrane, which exhibited similar mean pore size
and standard deviation. While only 0.9-10HNS nanocomposite curve shifted to the left.
This behaviour of the pore size distribution curves suggests no appreciable

agglomeration of the HNS within the polymer matrix occurred even at high HNS

content.
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Table 6.3: Pore size cumulative curves of nanocomposite membranes for 10HNS.
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Figure 6.4: Pore size cumulative curves of nanocomposite membranes for 20HNS.
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6.4.4 Surface zeta potential of nanocomposite membranes

Surface zeta potential () of the membranes was characterised using a streaming
potential technique. Zeta potential measurements are indispensable for fundamental
insights into the separation mechanisms, membrane ageing, membrane fouling and
cleaning. All modified and unmodified membranes were found to be negatively charged
from pH 2.5 to pH 10.5, no isoelectric points could be identified, (Figure 6.5). Results
obtained for the nascent PES membrane were in agreement with previous research (Liu
et al., 2015). Incorporating the HNS within the polymeric matrix was seen to have a
palpable influence on the membrane, depending on the HNS concentration added. To
the best of the authors’ knowledge, there has been no research examining the influence
of loading weight, for any metal-carbon based HNS to a polymeric membrane, on
surface zeta potential. Nanocomposite membranes with the lowest concentration of
HNS exhibited the highest negative zeta potential values compared to others. Increasing
the HNS loading to the PES not only lowered the negative zeta potential value of
nanocomposites but also narrowed the range of zeta potential measurements over the
entire pH range studied. This upward trend was attributed to the positively charged Ag-
NPs in the HNS. Higher amounts of HNS in the nanocomposite membrane gave rise to

higher amounts of Ag" to outweigh their counterpart negatively charged MWCNTs.
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Figure 6.5: Surface Zeta potential of nascent and nanocomposites membranes at
different loading weight of 10HNS.
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6.4.5 Pure water flux

The Pure water flux (PWF) was computed using a crossflow filtration rig and having
an active membrane area of 12.6 cm2. After compacting the nanocomposite coupons at
a transmission pressure of 5 bar for approximately 30 min, the pressure was reduced to
4 bars and the permeate flux was recorded automatically, as described in section 3.3.4.
PWF of the nanocomposites incorporatingl OHNS and 20HNS are presented in (Figure
6.6). All nanocomposite membranes had improved PWF behaviour as HNS content
increased. Compared with unmodified PES membrane, the 10HNS concentration in the
nanocomposite, from 0 to 0.05, 0.1, 0.3 and 0.9%, raised the PWF from 554 (L.m2.h™")
to 693, 722, 746 and 556 (L.m2.h"), respectively. Interestingly, even though the 0.9-
10HNS nanocomposite returned to a lower PWF, it was still comparable to that of
unmodified PES membrane. Herein, the PWF data can explain the inter-correlation
between the permeation characteristics of membranes and other characteristics such as
hydrophilicity and solution casting viscosity. For instance, hydrophilicity data obtained
have been agreed with PWF measurements for all nanocomposites, except 0.9-10HNS
which had the lowest contact angle but lower flux than other nanocomposites, as
illustrated in (Figure 6.3). The reduction in the flux may be attributed to the higher
viscosity at 0.9% HNS concentration level that resulted in a slightly lower mean pore
size and less porous structure, regardless of the lowest contact angle reported for this
nanocomposite. This has been illustrated in the cross-section images earlier (section
6.4.1). To emphasise the role of hydrophilicity on the PWF of nanocomposite
membranes, the 0.3-10HNS nanocomposite membranes had less porous structure than
unmodified PES, a similar p,, but their PWF were significantly different. So far, the
hydrophilicity effect can be considered as the dominant factor when the viscosity role
is equimolar or low enough to discard it. On the other hand, nanocomposite membranes
prepared using 20HNS displayed a similar trend but with higher PWF than membranes
prepared with 10HNS. This may be due to the higher pore size obtained since the

hydrophilicity of different membrane groups were almost identical.
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Figure 6.6: Pure water flux behaviour of nanocomposite membranes prepared with
10HNS and 20HNS at different loading wt.%.

6.5 Potential bacteriostatic activities of HNS and nanocomposites

6.5.1 Bacteriostatic of HNS

The potential antibacterial activity of HNS was demonstrated using Zone of Inhibition
(ZOJ) test. Two species of bacteria were used in this test; Escherichia coli (ACIB 8277)
as a Gram-negative representative species and Staphylococcus aureus (ATCC 6538P)
as a Gram-positive representative species. A single colony of each species taken from
a nutrient agar Petri plate culture was used as an inoculum and cultured in 5 ml Mueller
Hinton Broth (MHB) and incubated at 37 °C for 20 h under shaking (40 rpm).
Appropriate culture suspensions were then diluted to achieve a standard concentration
of 0.5 McFarland determined at 6000Ds, using a microplate reader (Figure 3.19). In
the meantime, nutrient agar medium was prepared, sterilised in an autoclave at 121 °C,
then poured into sterile 90 mm plates and allowed to set at ambient temperature.
Thereafter, 200 ml of bacterial cultures was pipetted on the surface of the agar, spread
using sterile cotton swap, and left for a 10-min period for pre-incubation. Later, 3 mg

of each sample (-MWCNTs, 10HNS, 20HNS) was placed on the surface of the agar
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and incubated at 37 °C for 24 h. Finally, the plates were inspected for any inhibition

zone of growth and the diameter of the zone measured.

The variation in the zone of inhibition (ZOI) caused by samples of the
nanoparticles can be observed in (Figure 6.7). Both 10HNS and 20HNS have
manifested bacteriostatic capabilities against both E. coli and S. aureus. The ZOI is
shown by the clear ring surrounding the sample, which resulted from the prevention of
microbial growth. Meanwhile, there was no observable inhibition with the f-MWCNTs
as shown in (Figure 6.7A). 10HNS had higher antibacterial activity against both species
compared to that of the 20HNS sample. ZOI diameter was found to be 19.7 mm and
15.2 mm for 10HNS against E. coli and S. aureus, respectively (Figure 6.7B). While
Z0I diameter decreased to 12.5 mm and 10.9 mm, against E. coli and S. aureus
respectively, when using 20HNS at the same inoculum concentration (1.5x10® CFU ml-
1, (Figure 6.7C). The higher inhibition of nanostructures towards E. coli as compared
to that of S.aureus was thought to be due to the variance in cell wall structure, the
difference in the thickness of peptidoglycan layer between Gram-negative and Gram-
positive bacteria. A thicker peptidoglycan layer of the cell wall is associated with the
Gram-positive S. aureus (20—80 nm) compared to the Gram-negative E. coli (7-8 nm)
(Madigan & Martinko, 2005). The different activity of the silver ions against the
different bacterial types may also be due to differences in the charge nature of the
different cell walls of Gram-positive and Gram-negative bacteria; the electrostatic
attraction between positively charged Ag and the negatively charged cell walls may be
different (Kim et al., 2007), leading to different degrees of hindrance as the silver ions

approach the microbial cells.
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Figure 6.7: Inhibition zone against EC (Left) and SA (Right) for (A) f-MWCNTs, (B)
10HNS and (C) 20HNS.

6.5.2 Bacteriostatic activities of nanocomposite membranes

The potential antibacterial activities of nanocomposite membranes were determined
using ISO 20743 test. Two representative microorganism samples used in ZOI tests, E.
coli and S. aureus were applied for this purpose. A single colony of each strain, taken
from an inoculum plate, was cultured in 5 ml MHB and incubated at 37 °C for 20 h
under shaking (40 rpm). Appropriate culture suspensions were then diluted to achieve
a standard concentration of (1.0 x10° CFU/ml) determined at 6000D. Meanwhile, each
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nanocomposite sample was cut into 1.5x1.5 cm? pieces and sterilised in 70% EtOH,
rinsed with sterile DI water and allowed to dry at ambient temperature and sterile
conditions. The membranes were then kept in sterile Falcon tubes and 50 pL inoculum
was spread over the sample surface using disposable loops and then incubated for 24-h
period at 37 °C. As a standard step in the ISO test procedure, 5 ml neutraliser was added
to the samples aiming to stop any potential growth of species after this stage through
creating an environment free of nutrients. The suspension was then vortexed to allow
the bacteria to detach from the membrane surface. Thereafter, 1 ml of the bacterial
suspension was taken to make a serial dilution (up to 8 dilutions) using Phosphate
Buffer Solution (PBS) at ratio 1/9 (suspension/diluent) for each dilution. 4-6 droplet
(20 pL each) were then cultured on nutrient agar plates prior to incubation at 37 °C for
24-h. Finally, a colony plate counting method was used to count only the viable discrete
colonies on the plate, an example is given in Figure 6.8. In this established procedure,
valid counts should only consider a certain number of colonies for each drop; minimum
2 to a maximum of 20. Any count not within this range was attributed to invalid results.
This method has been widely applied in the literature and considered as a reliable, fast
and precise way of determining microbial cell viability at surfaces (Singh et al., 2012).
To assess the antibacterial activity of the nanocomposites, the number of CFU/ml
obtained after exposing the membranes to the bacterial cultures was determined and
results were expressed in Log kill (Log of reduction factor calculated from dividing of

CFU/ml obtained from nanocomposites to that obtained from the control membrane).
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Figure 6.8: Example illustrates the growing colonies of viable S. aureus and E. coli
colonies on nutrient agar medium for (A and C) control membrane, (B and D) 0.9-
10HNS, and (E) 0.9-20HNS.

It is well established that a successful antimicrobial surface could be identified by
either direct kill of microbial cells, attachment inhibition of microbes or degradation of
the extracellular polymeric substances (EPS) deposited during the biofilm formation
(De Kwaadsteniet et al., 2011). Thus, the potential antibacterial activities of the
nanocomposite membranes were measured and expressed by Log kill as shown in

(Figure 6.9). Two microorganisms (E. coli and S. aureus), as a model bacterial species
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were used along with a standard testing protocol (ISO 20743) for membranous material.
No apparent kill was anticipated with unmodified PES membrane against both species.
As expected the viability of bacteria decreased with increasing HNS concentration in
the nanocomposites. This biocidal property of the nanocomposites reached its
maximum capability at 0.9% 10HNS concentration with 4.24 and 2.9 Log kill against
E. coli and S. aureus, respectively. E. coli was more sensitive to Ag than S. aureus. This
difference in susceptibility is argued to be due to the cell wall thickness, with the cell
wall of Gram-positive bacteria being thicker than that of Gram-negative bacteria (Roy
et al., 2015). The influence of nanobiocide size on the antibacterial activity of the
nanocomposites cannot be disregarded. The smaller AgNPs found in nanocomposites
prepared with 10HNS had higher activity than those prepared with 20HNS against EC,
where Log kill values were 3.8 for 0.9-20 M compared to 4.24 for 0.9-10 M
nanocomposites (Figure 6.10). This could be due to the higher surface to volume ratio
of silver in the 10HNS, which can display higher interactions with microorganisms and

with silver supporting nanotubes.
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Figure 6.9: Bactericidal activities of nanocomposites against E. coli and S. aureus.
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Figure 6.10: Variation in the antibacterial activity against E.coli for nanocomposites
prepared using 10HNS and 20HNS at 0.9 loading wt% to the polymer.

6.6 Morphological characterisation of microorganisms

The disruption of cell integrity of both microbial species induced by HNS was imaged
by SEM. Membrane samples and inoculums (1.0x10° CFU/ml) were prepared and
cultured as reported in the ISO test. Briefly, membrane samples were sterilised with
70% ethanol-DI water solution for 10 min and left to dry under sterilised conditions
using fume hood with UV lamp. Each sample was then placed in a sterilised falcon tube
(50 ml) and 200 pl of inoculum was spread on the surface by disposable loops.
Thereafter, samples were incubated for 24 hr at 37 °C. For fixation of the bacteria on
membrane surfaces, all samples were immersed in 4 ml glutaraldehyde (3% v/v) and
placed in a fridge overnight at 4 °C. Later, samples were rinsed with PBS twice before
the dehydration process. Dehydration was carried out using sequential concentrations
(25%, 50%, 75% and 100%) of ethanol (15 min each). Finally, before SEM imaging
samples were coated with chromium by sputter coating (Quorum, Q150T ES, UK).

Surface morphology of both membranes and cells were examined using SEM,
(Figure 6.11 and Figure 6.13). A smooth and flat surface can be observed for the control
PES membrane, as can be seen in Figure 6.11A. However, impregnation of both HNS
have manifested slight apparent roughness, as can be observed in (Figure 6.11B and
Figure 6.11C). Furthermore, it should be noted that HNS was not observed on the

surface of nanocomposites even though they moved up to the surface during the phase
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inversion, as depicted in Figure 6.1. This suggests that they have been entrapped within
the polymeric matrix close to the top surface. Thus, there would have been no direct
contact with the bacterial cells. However, a trial was also made to prepare
nanocomposite membrane with only AgNPs impregnated in the polymeric matrix
(Figure 6.12). As shown in the figure, AgNPs were apparent at the surface of the
membrane, unlike other HNS. A closer look at the surface reveals uneven distribution
with some microsize aggregation. These NPs were unable to withstand the cross-flow
filtration conditions and the majority of NPs were leached out of the membranes after

several runs.

54800 2.0kV 9.6mm x2.00k SE(L)

Figure 6.11: 5 pm and 20 pm SEM micrographs of (A) virgin control PES membrane,
(B) virgin 0.9-10M nanocomposite, (C) Virgin 0.9-20M nanocomposite.
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Figure 6.12: Surface SEM image for AgNPs/PES nanocomposite membrane. 3 pm
(Left) and 40 pm (Right).

Both microorganisms were firmly colonised on the surface of unmodified PES
membranes, and the surface topography revealed smooth, intact, rod and spherical
shaped cells for E. coli and S. aureus, as shown in (Figure 6.13A and Figure 6.13C),
respectively. However, the nanocomposites greatly influenced the cell wall
morphology as confirmed by the markedly damaged and wrinkled surfaces of E. coli
and S. aureus cells, (Figure 6.13B and Figure 6.13D), respectively. It is worth noting
that following the treatment, the bacteria surface turned into rough cells while plentiful
cytoplasmic substances were released due to the deterioration of the cell membrane.
The deformation of the cell's membrane and loss of the original bacterium structure

may be attributed to Ag" release.
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Figure 6.13: (A) control PES membrane fouled with S. aureus, (B) 0.9-10M
nanocomposite fouled with S. aureus, (C) control PES membrane fouled with E. coli
and (D) 0.9-10M nanocomposite fouled with E. coli.
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6.7 Conclusions

This work developed a novel membrane material for engineered nanocomposite
membrane applications, based on design and fabrication of a facile, rapid and scalable
biocidal HNS. 10 and 20 wt.% of Ag/MWCNTs ratio were impregnated within a PES
membrane matrix at different compositions to prepare two sets of nanocomposite
membranes. Prior to fabrication, the anti-bacteriostatic of the 10HNS and 20HNS were
confirmed by a zone of inhibition test using the representative species E. coli and S.
aureus. Also, the impact of Ag/MWCNTs ratio and their content on the nanocomposites
morphologies, surface characteristics, and antibacterial properties has been
characterized. The content of HNS within a PES membrane matrix was found to have
little influence on the surface pore size and pore size distribution if compared with the
control membrane. However, the addition of the HNS to form a nanocomposite
membrane had a significant impact on hydrophilicity measurement. Increasing the
content of HNS has reduced the contact angle from 64° to about 50° for 0.9-10M and
0.9-20M nanocomposite membranes. All nanocomposite membranes manifested an
enhancement in the pure water flux. Interestingly, even though the PWF returned to a
lower value at the 0.9 wt.%, it was still comparable to that of unmodified PES
membrane. The surface zeta potential of all modified and unmodified membranes was
found to be negatively charged for the entire pH range. Also, increasing the HNS
loading to the PES has lowered the negative zeta potential value of nanocomposites.
Interestingly, the presence of HNS was not visible even by high-resolution SEM
images, which suggest that the HNS was immobilised within the polymeric chains close
to the top surface of the nanocomposites. The potential antibacterial activities of the
nanocomposite membranes were evaluated using ISO 20743 test and expressed by Log
kill. This biocidal property of the nanocomposites reached its maximum capability at
0.9% 10HNS concentration with 4.24 and 2.9 Log kill against E. coli and S. aureus,
respectively. The influence of nanobiocide size on the antibacterial activity of the
nanocomposites cannot be disregarded. The smaller AgNPs found in nanocomposites
prepared with 10HNS had higher activity than those prepared with 20HNS, where Log
kill values were 3.8 for 0.9-20 M compared to 4.24 for 0.9—-10 M nanocomposites
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Chapter Seven

7  Thin Film Nanocomposite (TFN)

membranes modified with polydopamine

coated metals/carbon-nanostructures for
desalination applications

7.1 Introduction

Since the first Thin Film Composite (TFC) membrane was made by (Cadotte et al.,
1980), to the present day, a wealth of research has targeted improving TFCs for a
breakthrough in industrial membrane expansion for desalination applications. TFC,
which is viewed as the “golden standard” in the membrane industry, is constructed by
an interfacial polymerisation of an organic phase-liquid phase system to form a thin
(0.1-1 pm) selective polyamide layer (PA) deposited on a microporous support
membrane. This standard polymeric membrane has been the topic of intensive research
in recent years in order to bring about distinctive features to the TFC surface. Novel
materials and surface modification methods have been adopted for designing what is
believed to be the next generation of TFC membrane. One of the recent pragmatic
approached in this research has been achieved through revising the performance
characteristics of TFC via imparting the specific characteristics of nanoscale materials

(NMs) into the thin PA layer.

The recent concept “Thin Film Nanocomposite (TFN)”, which was first reported
in 2007 by (Jeong et al., 2007), refers to the application of nanoscale materials within
or at the top surface of a PA layer. Since that time, a range of metal/metal oxides,

zeolite, and carbon-based NMs have been reported in the literature, and reveal an
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enhancement in TFN membranes functions. The enhancement was not only targeted at
the antifouling properties of nanocomposites but also manifested outstanding
capabilities to cope with the selectivity/permeability trade-off relationship (Lau ef al.,
2015). These nano-based structures could be either added to the aqueous phase or to
the organic phase during the fabrication reaction of the PA layer or chemically bonded
to the surface of TFC via bonding agents. However, gathering between a defect-free
and stable PA layer is critical for long-term durability and stable selectivity of any TFN
membrane. Regardless of the role of monomer's material, concentration and reaction
time on the PA layer characteristics, other factors could considerably influence the
performance of TFN, such as; type and size of fillers, the degree of
dispersion/aggregation and quantity incorporated into the PA layer, and polymer-filler
compatibility. Size and type of nanofiller can affect the permeability characteristics of
TFN, for instance, big nanoparticle clusters or inappropriate alignment of nanotubes
may act as defect sites in the TFN layer and give rise to a lower selectivity (Barofia et
al.,2013; Lau et al., 2015). The relatively weak dispersion of hydrophilic NMs in non-
polar solvents is another key problem for the approach in TFN formation steps where
most research focuses on their dispersion in the aqueous phase (Wu et al., 2010).
Although considerable dispersion of surface modified NMs in the liquid phase can be
achieved, agglomeration of NMs is still unavoidable, especially at high loading weight.
Nevertheless, lack of surface interactions between the PA matrix and NMs are more
likely to result in leaching of NMs out of the PA thin film during the formation and/or
filtration, affecting the selectivity and stability of the TFN membranes (Lau et al.,
2015).

Currently, attempts are directed to modify the conventional IP process and/or to
link diverse organic derivatives on NMs surface, aiming to revise their surface
functionalization and promote their colloidal stability in various media. A new
technique was introduced by Barofia and co-worker to develop TFN membrane for low-
pressure RO membrane, where a single pass flow was used to incorporate
aluminosilicate- single-walled carbon nanotubes (SWCNTs) in a PA layer (Barofia et
al., 2013). Yin J. et al., have employed ethanol to facilitate the dispersion of graphene
oxide (GO) in the TMC-hexane solution for PA thin-film layer formation (Yin ef al.,
2016). While, Rajaeian et al., has utilised N-[3-(trimethoxysilyl) propyl]

ethylenediamine (AAPTS) as a silane coupling agent to revise the surface
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characteristics of TiO2 before addition to an amine-aqueous solution for TFN/NF
membrane fabrication (Rajaeian ef al., 2013). Rajaeian et al., assumed that silane
functional groups could minimise agglomeration of NPs throughout minimising the
probability of oxygen bridge bonds formation between TiO2 NPs.

One of the solutions for this is the use of dopamine (DA). DA as a mussel-inspired
“bio-glue” has been widely used for surface modification in a wide range of
applications includes surface coating, filtration, chemical sensing, biomedicine, and
energy storage. The Structure of PDA is still under discussion but mainly composes
dihydroxyindoline, indolinedione, and eventually dopamine units are held together by
hydrogen bonding between oxygen atoms or « stacking (Liebscher et al., 2013). Under
an alkaline environment, DA can be self-polymerised to form a polymerlike coating
layer of polydopamine (PDA) with extraordinary potential adhesive strength for a
variety of organic and inorganic materials, e.g. polymers, noble metals, oxides,
semiconductors and ceramics (Zhang et al., 2015). PDA-coated surfaces can be further
functionalized with different molecules through the catechol and quinoid units to create
desired functionality (Orishchin et al., 2017). PDA cannot only enhance the dispersion
of nanofillers in aqueous solutions but also consolidate the surface interactions between
PA matrix and NMs (Lv et al., 2017). Lv Y. et al., identified that PDA can promote the
interfacial stability between polymers and inorganic materials through acting as a
bridge to chelate metal oxides for constructing inorganic films on various substrates
(Lv et al., 2016).

In this research, a very novel approach has been introduced for TFN membrane
fabrication. Instead of dispersing a nanofiller in the aqueous or organic phase aiming to
embed them in the constructed PA layer, this introduces a thin hydrophilic intermediate
layer of HNS between the substrate membrane and PA skin layer. This HNS comprised
of metal/metal oxide NPs coated multiwalled carbon nanotubes (MWCNTs). Four
different metal/metal oxide (Ag, AlO3, Fe2O3, and TiO;) were first deposited on the
nanotube surfaces then coated with a PDA layer to get the final product. Next, a thin
layer of HNS was deposited on a porous substrate membrane by vacuum filtration and
the PA layer was adjusted to entirely cover and robustly fix the HNS interlayer in order
to produce a defect-free TFN membrane. This method resulted in a low incorporation
of NMs and avoided their wastage during the TFN preparation. Vacuum pressure was

applied instead of a rubber roller to remove the excessive aqueous solution and to avoid
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any possible disruption or detachment of NMs layer that the rubber roller might cause
during the preparation. This would also avoid any internal blockage of pores that could
result during the PA formation, and lead to lower permeation characteristics. No
appreciable amount of NMs would be wasted in order to incorporate a certain wt% of
NMs, as has been detected in the conventional TFN fabrication techniques. To the best
of authors knowledge, no attempt has been made to use such novel hybrid nanostructure
(HNS), comprising of CNTs-M/MO within the thin PA skin layer, and/or compared to
the function of different types of HNS on the TFN characteristics.

7.2 Synthesis of hybrid nanostructured materials

The four-different metal/metal oxide (Ag, Al>O3, Fe;O3; and TiO2) — MWCNTs based
nanocomposites, employed for this part of the thesis, have been prepared according to
the detailed procedure reported in section 5.2, except coating the nanostructure with the
thin layer of PDA which can be described as follows; a bath sonicator was used to
suspend 50 mg of each HNS sample in 100 ml Tris-HCI buffer (10 mM and pH 8.5).
Later, about 75 mg dopamine was added and stirred at 25 °C for 24 h. After
polymerisation, the PDA coated nanotubes were washed several times with DI water to
neutralise the pH. Finally, the product was dried under vacuum for overnight. An

example of the prepared HNS is presented in Figure 7.1 below.

Figure 7.1: Photographic view of Fe;O3;—CNTs nanocomposites: (A) dispersed in
water, (B) their response to a magnetic field.
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7.3 Fabrication of thin film nanocomposite (TFN)

Laboratory-made PES/UF membranes were prepared by the classical wet phase
inversion and used as a substrate for the polyamide layer polymerisation. A more
detailed fabrication description of the procedure is presented in section 3.3.1. Briefly,
14 wt% PES and 2 wt % PVP were dissolved in NMP at 50 °C overnight, until a clear
yellowish solution was achieved. The casting solution was then degassed for 1 h under
vacuum prior to casting. Next, membranes were cast on a nonwoven support (Ahlstrom-
Hollytex® — grade:3329) using a thin film applicator with a clearance gap of 200 pum.
Thereafter, the substrate was directly placed in a DI water coagulation bath at 20 °C for
30 min, washed several times, and stored in an airtight DI water container at 4 °C ready

for further use.

TFC and TFN membranes were fabricated via interfacial polymerisation on the
membranes prepared earlier. For TFC membrane, a rectangular cut membrane was first
clamped between a rectangle frame (20 cm x 5 cm) and a substrate made from acrylic
(Figure 7.2) and connected to a vacuum unit. About 50 ml of 2% MPD (w/v) in water
solution was left in contact with the active membrane's surface for 2 min, followed by
applying a vacuum pressure to remove the excess solution. Then, 50 ml of 0.1% TMC
in n-hexane (w/v) was reacted with the top surface of the MPD wetted substrate for 45
s. After the IP process, the TFC was rinsed with about 50 ml n-hexane to remove
unreacted monomers, crosslinked in an oven at 70 °C for 15 min, and finally stored in
DI water prior to testing.

Except for one additional step, the same procedure was performed for the TFN
fabrication. Following the clamping of the support membrane, a suspension of each
PDA coated HNS was individually prepared and used to deposit 0.0025 mg/cm? on the
support membrane by vacuum filtration, forming a very thin layer of HNS on the top
surface. The MPD was then poured carefully to wet the deposited thin layer for 2 min.
Then, vacuum pressure was applied again to remove excess solution from the surface
and to wet the internal wall of pores. As mentioned in TFC procedure, TMC was then
reacted with the amine solution for 45 s, rinsed with n-hexane, crosslinked at 70 °C,

and stored in DI water ready for characterisation.
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Figure 7.2: TFN membrane fabrication, acrylic frame and vacuum unit (left), and
TFN membrane sheet (right).

7.4 Characterization of PDA coated nanocomposite materials

7.4.1 FTIR spectra evaluation of MWCNTs

FTIR has been employed to demonstrate the successful carboxylation of nanotubes and
coating of HNS with the bioinspired PDA layer. The total reflection infrared spectra
from 500 to 4000 cm ! are shown in Figure 7.3 for raw, functionalized and PDA coated
nanotubes. A clear enhancement in the partial oxidation of nanotubes was observed
after treatment with concentrated HNO3; where a number of functional groups, mainly
hydroxyl (—OH) and carboxyl (—COOH), are generated after the acid treatment of r-
CNTs. The FTIR spectra of r-CNTs did not reveal clear enough bands to be recognised.
However, the broad well-defined peak around 2994-3691 cm™!, which is always
presented for the nanotubes, is mainly attributed to the stretching mode of the (—OH)
bond. The IR regions around 1665 cm ™! are ascribed to oscillation of —COOH groups,
while the small peak at 1362 cm™! is the O—H vibration bending of carboxyl acidic
group (Moraes et al., 2011). The well-defined peak at 1060 cm ™! was correlated to the
C—O stretching vibration. All these identified peaks confirmed the successful
modification of r-CNTs with acidic functional groups. Comparing the IR spectra of
CNTs and other HNS, a new peak ascribed to pure metal oxide NPs was observed

between ~450 and 700 cm ™!, depending on the M/MO type. Following the PDA coating,
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peaks at 1060 cm ™!, 1362 cm™!, and 1665 cm™! have disappeared, and new peaks have

emerged around 1272 cm ™! and 1572 cm™! instead. These peaks are ascribed to C—O
stretching vibration of Phenol and N—H vibration response of the amide II bands,
respectively (Yang et al., 2015), which is considered as a confirmation of felicitous

muscle inspired chemical packaging on the surface of HNS.
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Figure 7.3: Fourier transform infrared spectroscopy (FT-IR) spectrum of r-CNTs, f-
CNTs, f-CNTs-PDA and PDA coated nanocomposites.

7.4.2 Thermal behaviour analysis (TGA)
TGA analysis was conducted to illustrate the thermal decomposition behaviour of

various samples after coating with PDA. In addition, the extent of PDA grafting on f-
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MWCNTs and other HNS was evaluated. The significant weight loss in the f-MWCNTs
was between 547 and 673 °C, as illustrated in Chapter 5 (Figure 5.12). At 547 °C, the

mass loss of -MWCNTs was only 12%. While after coating with PDA, this weight loss
reached 55%, suggesting that 43% of PDA was successfully loaded on the nanotubes
via mussel inspired chemistry, Figure 7.4. Similarly, the amount of grafted PDA on the
surface of Fe2O3-MWCNTs, TiO.-MWCNTs and AlbO3-MWCNTSs was 34%, 40%,
and 45%, respectively. It should be noted that PDA slightly reduced the thermal
stability of nanocomposites except that of Ag-MWCNTs. This was probably due to the
decomposition of PDA that lies within (200-500) °C (Subramanian et al., 2016), the
final decomposition temperature of the nanocomposite has shifted from 400 °C to 545
°C, causing an improvement in thermal properties after PDA coating for Ag-MWCNTs

samples only.
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Figure 7.4: TGA curves in the air for PDA coated nanocomposites.

7.4.3 Zeta potential measurements

Zeta potential measurements were carried to assess the colloidal stability of the HNS
after wrapping up with PDA layer. As can be seen, coating the nanocomposites with
PDA caused supplemental charge reversal especially in an acidic environment (below
pH 5.5), and a clear shift in the IEP was observed toward a higher pH value for all PDA
coated HNS (Figure 7.5). This observation was due to the protonation of indole or

indoline groups of PDA, which tends to neutralise the negative charge of HNS (Yu et
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al., 2014). At higher pH (pH > 6), all HNS commence featuring negatively charged
surfaces.
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Figure 7.5: Zeta potential measurements as a function of pH, for PDA coated
nanocomposites.

7.5 Characterisation of thin film nanocomposite membranes.

7.5.1 Infrared spectra (FT-IR) of membranes

Infrared spectroscopy is one of the easy and direct potent tools for the characterisation
of molecular bonds between chemical compounds of a membrane together with their
possible functional groups, which might not be detectable by XPS (Hilal et al., 2017).
In this section, the chemical structure of the PES substrate, TFC and TFN membranes
skin layer was verified and compared by FTIR, as shown in Figure 7.6. Several peaks,
associated with PES membrane, were observed around 1099 cm™', 1148 cm™, 1240
cm !, 1337 cm ™!, 1485 cm ! and 1578 cm ™!, and correspond to C—O stretching, O=S=0
symmetric stretching, aromatic ether, O=S=0 asymmetric stretching, C=C stretching
and benzene ring, respectively. More precisely, peaks found at 1485 cm™! and 1578

cm!

are the main characteristics of PES membrane material (Ingole et al., 2014).
Following the interfacial polymerisation of the PA layer, the IR spectra of TFC
contained a novel peak around 1666 cm!. This peak is assigned to amide I band, a
characteristic of C=0O bonds of an amide group. In addition, there was also a more
intense peak at 1578 cm™! assigned to amide II band for N—H (Barofia et al., 2013).
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However, introducing the HNS as interlayers between the PES substrate and thin PA
layer has influenced the intensity of some peaks (e.g. 557 cm 11485 cm™!, 1578 cm™!
and 1710 cm™!). The boosted intensity of the peak situated at 1710 cm™!, was mainly
due to C=O0 stretching vibration from —COOH groups of HNS (Wu et al., 2016).

Moreover, the formation of amide bands was also influenced in all TFN types.
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Figure 7.6: FT-IR spectra of the synthesised PES, TFC and TFN membranes.
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7.5.2 Morphology of TFN membranes

The surface and cross-sectional morphology of TFC and TFN membranes were
observed by FESEM, as presented in Figure 7.7 and Figure 7.8, respectively. The SEM
surface images had the typical leaf-like structure of the PA layer. No explicit variation
could be seen between TFC and TFN, which indicates that the PA layer has entirely
covered the HNS interlayer, Figure 7.7A-F. While the cross-section images of all NF
membranes have two distinct morphologies; the PA skin layer and the supporting PES

substrate.

Figure 7.7: SEM surface images for; (A) TFC, (B) f-CNTs-TFN, (C) Ag-TFN, (D)
AlLO3-TFN, (E) Fe203-TFN, (F) TiO2-TFN.

The observed thickness of the PA thin-film layer in TFC membrane was ranging
from 225 nm to 245 nm, while the active layer of all other TFN had a higher thickness
(340 £ 50 nm) compared to that of TFC membrane. This augmentation in the thickness

has been correlated to the existence of an HNS intermediate layer, which can absorb
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and store the aqueous MPD solution to facilitate the subsequent interfacial
polymerisation process (Wu et al., 2016). As depicted in Figure 7.8 A—F, the presence
of HNS was not conspicuous in the SEM cross-section images. This could be ascribed
to the low contrast between HNS and the PA thin film, especially if they were wrapped
within the PA polymeric matrix. It is believed herein that the interlayer was built up
inside the PA matrix, and the PA forming monomers were penetrated, via the applied
vacuum, through the HNS interlayer to attach the PES membrane surface and internal

pores walls in order to anchor the thin film on the PES substrate.

Figure 7.8: SEM cross-section images for; (A) TFC, (B) f-CNTs-TFN, (C) Ag-TFN,
(D) ALOs3-TFN, (E) Fe203-TFN, (F) TiO2-TFN.
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7.5.3 Atomic force microscope (AFM)

The atomic force microscopy has demonstrated a wide range of application in the
characterisation of the physical characteristics of surfaces. With many imaging modes,
AFM is capable of imaging down to the sub-nanometre scale it builds up three-
dimensional topographies (Hilal et al., 2017). AFM tapping mode 3-D images
illustrating the surface topography of TFC and TFN are presented in Figure 7.9. A clear
“leaf-like folds™ structure, linked to the PA layer formation, can be observed on the
surface of TFC membrane, Figure 7.9A. Meanwhile, introducing the intermediate layer
of PDA coated HNS, to form TFN membranes, has changed the structure, where a
combination of “leaf-like” and “ridge-to valley” structure can be observed, Figure
7.9B—F. This could be due to the interruption of nanostructures on the growth of “leaf-
like” structure during the polymerisation reaction (Yin et al., 2016). Moreover, the
surface roughness parameters have been improved upon the addition of HNS, compared
to bare TFC membrane. This enhancement in TFN surface morphology smoothness is
more likely to be attributed to the well distributed HNS intermediate layer. Indeed, this
provides not only a robust mechanical support but also a smooth and homogenous
platform for the subsequent IP process. All roughness parameters, root mean square
roughness-Rms, root average arithmetic roughness-R,, and ridge to valley distance-

Rmax, are summarised in Table 7.1.

Table 7.1: Average surface roughness parameters of TFC and TFN membranes

Membrane Rins (nm) R, (nm) Rinax (nm)
TFC 33.689 26.792 241.07
f-CNTs-TFN 13.196 10.268 110.46
ALOs-TFN 15.395 11.974 93.135
Fe,O3-TFN 21.662 16.783 194.53
TiO,-TFN 13.78 10.511 94.717
Ag-TFN 20.303 15.414 151.58
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A B

Figure 7.9: Three-dimensional-AFM images (5 pumx5 pum) of; (A) TFC, (B) f-CNT-
TFN, (C) Al,Os-TFN, (D) Fe,Os-TFN, (E) TiO>-TFN and (F) Ag-TFN.
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7.5.4 Static contact angle and hydrophilicity measurements

Contact angle measurements were carried out to determine the role of PDA coated HNS
incorporation on surface hydrophilicity/hydrophobicity of NF membranes. A
noticeable decrease in the water contact angle (WCA) values was detected upon
incorporating the nanostructures for all TFN membranes, as presented in Figure 7.10.
The WCA of the bare TFC (57.5°) reported in this work was slightly lower than values
~ (60°=75°) reported in the literature for a PA skin layer. In fact, disparate fabrication
conditions (concentration of monomers, reaction time and support MF/UF
characteristics) could result in some variation not only in the WCA values but also the
overall characteristics of TFC membranes. The WCA of the f~CNTs-TFN membrane,
prepared with PDA coated f-MWCNTs, declined to 54° compared to that of TFC
membrane. This decrease is suggested to be caused by the hydrophilic PDA and CNTs
moieties in the TFN. In addition, the presence of M/MO NPs on the surface of CNTs
further diminished the average WCA values of TFN membranes by ~10°
approximately, which was found to be 46°,46.2°, 43° and 47.6° for Al,O3-TFN, TiO»-
TFN, Fe>O3-TFN and Ag-TFN membranes, respectively.
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Figure 7.10: Static contact angle measurements of TFC and TFN membranes
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7.5.5 Performance evaluation of TFN

7.5.5.1 Monovalent and divalent salts

The water permeation and separation characteristics for TFN membranes, synthesised
with different types of M/MO-MWCNTs hybrid nanostructures under identical
conditions (2000 ppm, pH6.8 and 21 °C), were compared with that of TFC membrane.
A representative monovalent (NaCl), divalent (Na>SO4 and MgSQ4), and a mixture of

the three salts have been used for the separation's evaluation.

A clear enhancement was observed in the water permeability characteristic of all
TFN, compared to that of the TFC membrane Figure 7.11. Under 0.1 MPa applied
pressure, the pure water flux (PWF) of TFN membrane, made with an /~CNTs layer,
was almost double (10.5 + 0.2 1/m?-hr) compared to that for the TFC membrane (5.4 +
0.1 I/m?-hr). In addition, a further increase to 11.6 = 0.15 1/m?-hr in PWF was observed
with Ag-TFN membrane, while it had the lowest value (9.6 = 0.1 1/m?-hr) for TiO»-
TFN. This substantial flux improvement exhibited by TFN membranes is more likely
to be caused by the imparted hydrophilic nature of PDA and HNS synergy on the PA
skin layer, facilitating the solubilization and diffusion of HoO molecules through the
thin film. However, it should be noted that a membrane's permeability is a complex
matter, and cannot be attributed to the hydrophilic nature of the nanostructured
interlayer only, as other factors like surface roughness, charges, and pore size/porosity
may also contribute. The variation in PWF recorded was in the following order for
AlLO3- TFN > Ag-TFN > {f-=CNTs-TFN > Fe;O3-TFN > TiO2-TFN > TFC membrane.

The flux decline during the single solute separation was in the order of NaCl >
MgSO4 > NaxSO4, respectively Figure 7.11A - C. While for the ternary salt filtration,
the permeate flux decline was found to be somewhere in the middle of the identical

mole fractions of each individual salt used in the filtration experiments, Figure 7.11D.
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Figure 7.11: Pure water and solute permeation of NF membranes against; (A) NaCl,
(B) NaxS0q4, (C) MgS0O4 and (D) ternary salt solution. (2000 ppm, 21 °C, 1 MPa)

In regard of single salt separation, a negligible loss in monovalent salts rejection
was observed for all TFN comparing to TFC, where all NF membranes rejection factors
were ranging between 92.60% to 93.67%, except that of Ag-TFN (91%), Figure 7.12A.
While, 99.44% and 97.15% rejection was obtained by TFC membrane for the divalent
salts, Na>SO4 and MgSOQs, respectively. Unsurprisingly, this was expected as typical
negatively charged PA-TFC membranes have a higher repulsion to divalent sulfate
anions (SO4 ) than monovalent chloride anions (C1") due to Donnan-exclusion effects
alongside the molecular sieving mechanism (Kim & Deng, 2011). TFN membranes
exhibited a higher potential for SO4anions separation than Cl™as well, but an explicit
reduction in their divalent salts selectivity was noticed compared to TFC membrane,

mainly for Na>SOs, Figure 7.12B. This could be attributed to the shift observed on the
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zeta potential values of nanotubes after coating with positively charged M/MO and
PDA to form the HNS, Figure 7.5. Indeed, some positive charges have been rendered
on the TFN surface if compared with the TFC, and this lowered the intrinsic negative
charges of PA, as reported by (Lv et al., 2016). Du and Zhao indicated that selectivity
of positively charged NF can be dissimilar to that of negatively charged NF membranes,
wherein positively charged TFC membranes can have a higher rejection to Cl™ than
SO4 (Du & Zhao, 2004). Consequently, ionic transport and retention performance of
NF membranes might reflect their charge characteristics. Therefore, in the present
research, the zeta potential of the surface of TFN-NF membranes may have led to some

discrepancy in the rejection behaviour of the NF membranes.
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The similar separation values indicate a successful construction of PA layer on the
HNS intermediate layer without causing any defect in the skin layer of TFN. It should
be noted that alignment of HNS interlayer on the PES substrate is crucial to facilitate
the defects free PA layer construction process. Since their internal diameters are much
higher than that of the selective PA skin layer, it is believed that any unaligned or/and
uncovered nanotubes could act as channels for salts passage as well. In addition, it is
critical to ensure a high stability in practical applications, through establishing a strong
interfacial adhesion between the nanostructures layer and the PA on one side, and
guarantee a firm interfacial adhesion with the PES substrate surface from the other side,
so0 as to avoid any possible peeling of nanocomposite layer under cross-flow and high-
pressure conditions (Wu et al., 2016). This can be achieved through controlling the
deposited HNS layer thickness, pore size and roughness of substrate membrane,
monomer concentration, reaction time and cross-linking conditions. Any increase in the
concentration of HNS above the limit used in this work (0.0025 mg/cm?) was found to
cause a further increase in the HNS interlayer thickness, that can act as a separator
between the PA and PES substrate rather than strengthening the nanostructure. Indeed,
Figure 7.13 shows a membrane prepared with deposition of 0.01 mg/cm? HNS. During
the filtration experiments, the interlayer peeled off and could not survive the cross-flow

conditions used (high pressure and flow rate).

—

Peeled off HNS
interlayer

Figure 7.13: Peeling off the PA-HNS thin film layer under cross-flow conditions
(Left), and TFN membrane prepared in this work (Right).
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7.5.5.2 Heavy metals

Heavy metals are well known as an environmentally persistent contaminant having high
toxicity and tendency to accumulate inside body tissues (Mohammad et al., 2004). To
further assess the potential of fabricated TFN membranes in water treatment
applications, a multi-component synthetic feed solution comprises of five heavy metal
ions (Mn ', Ni**, Pb*", Cu®', and Co*"), were passed through the membranes. A
concentrated mixture of metals was used instead of a single solution to mimic serious
wastewater that possibly would manifest lower potential removal than a single or a
diluted solution (Qin et al., 2004). Prior to measurements, a calibration curve, as shown
in Figure 7.14, was created for each individual metal and the results determined by AAS

instrument (Figure 3.2).

As shown in Figure 7.15A, a noticeable augmentation in the pure water
permeability characteristics of the TFN membranes was observed. This was attributed
to enhancement in their surface hydrophilicity achieved after HNS interlayer deposition
as discussed in Section 7.5.4. Following the feed solution filtration, the observed
relative flux decline reached 7.8 %, 13.7 %, 11.1 %, 12 % and 12.3 % for Al,O3-TFN,
Ag-TFN, f-CNTs-TFN, Fe;O3-TFN and TiO»-TFN membrane respectively, as
compared with the TFC membrane (28.6 %). The pronounced reduction in the relative
flux might be ascribed to the adsorption and cake layer formation of the metal
hydroxides species on the surface of TFC and TFN membranes (Badawy ef al., 2011).
Meanwhile, the separation performance of all membranes tested was highly stable
against the multi-component heavy metal solution. Noticeably, manganese retention
was higher than other metals (99.5 - 100%) (Figure 7.15B). This could be attributed to
the differences in the diffusion coefficients of cations in water that inversely reflects on
their retention sequence (Al-Rashdi et al, 2013). However, membranes rejection
effectiveness was minimum (92.5% — 95.2 %) against Ni**, as shown in Figure 7.15C.
Other retention coefficients were found to be (98.3 %- 100%), (96.5% - 100%) and
(92.4% - 95.6%) for Pb**, Cu** and Co?", respectively (Figure 7.15D - Figure 7.15F).
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7.6 Conclusions

Novel TFN membranes for desalination applications were developed in this work,
based on the fabrication and design of novel HNS. M/MO-MWCNTs modulated by
calcination were wrapped by a thin layer of polydopamine. The felicitous muscle
inspired chemical packaging on the surface of HNS was confirmed by FTIR while the
extent of PDA grafting on f-MWCNTs and other HNS was quantified by
thermogravimetric analysis, and ranged between 34—45 wt.%. Zeta potential
measurements were conducted to investigate the impact of PDA layer on the HNS zeta
potential, where coating the nanocomposites with PDA caused charge reversal,
especially in an acidic environment. The PDA coated HNS were assessed in terms of
performance of the fabricated TFN membranes when introduced as an intermediate
layer to revise their surface characteristics. Their surface and cross-section
morphologies were depicted by SEM imaging. Furthermore, TFN manifested smoother
and more hydrophilic surfaces if compared with TFC membrane. Also, nearly double
the PWF was obtained from TFN membrane compared to that of TFC membrane,
without affecting the permeability/selectivity trade-off relationship. The variation in
PWF recorded was in the following order for Al,03- TFN (11.4 + 0.1 /m?-hr) > Ag-
TEN (11.6 + 0.15 1/m?) > f-~CNTs-TFN (10.5 £ 0.2 /m?-hr) > Fe;O3-TFN (10.2 + 0.2
1/m?-hr) > TiO2-TFN (9.6 + 0.1 1/m?-hr) > TFC membrane (5.4 + 0.1 1/m*-hr). In regard
of single salt separation, a negligible loss in monovalent salts rejection was observed
for all TFN comparing to TFC, where all NF membranes rejection factors were ranging
between 92.60% to 93.67%, except that of Ag-TFN (91%), while a little reduction in
their divalent salts selectivity was noticed. Finally, it should be noted that alignment of
HNS interlayer on the PES substrate is crucial to facilitate the defects free PA layer
construction process. The effectiveness of TFN membranes in remediation of
wastewater comprising a mixture of heavy metals was also investigated. The results
manifested that the TFN membranes have significantly reclaimed wastewaters with an
initial concentration of 250 ppm and reduced the metal ion concentration by > 92 to
100% removal based on the metal used. Besides that, a noticeable enhancement in the
fouling resistance of the TFN membranes was achieved through the surface
modification. This implied that the TFN fabricated in this work are capable to reclaim
a good quality water for further use, along with better antifouling and permeation

characteristics.
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Chapter Eight

8 Conclusions and Recommendations

8.1 Conclusions

In the first instance, the present work investigated, step by step, the design and
fabrication of nanocomposite membranes to overcome the limitations of
nanocomposite applications presented by the weak interfacial interactions at the

interface between the polymeric matrix and NMs.

In order to provide better insights into the role of PES concentration on the
morphology and surface characteristics, a comprehensive characterisation study was
conducted. Asymmetric UF membranes with versatile morphologies and characteristics
have been produced via the classical non-induced phase separation. As a result of
variation in the viscosity of casting solutions, significant differences in the PWF, PS
and PSD, cross-section morphology and mechanical strength were observed, while this
influence was insignificant for roughness parameters, water contact angle and surface
charges of the membranes. A comparison was also made to provide valuable insight
into details of organic molecules-membrane interactions to better understand the role
of membranes surface properties when challenged with the natural organic matter,
polysaccharides and proteins. Although the large variation in membranes surface
properties, the differences in their rejection coefficients were not significant, as the
different MWCO characteristics obtained are compromised by different fouling
mechanisms. In addition, it should be noted that the influence of surface roughness
parameters, hydrophilicity and surface charge cannot be considered in the comparison
since these measurements were similar for all membranes. When the fouling studies
were considered, the relative flux decline was negligible for the low MWCO
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membranes, PES22 and PES20, within the short filtration duration of 120 min used in
this research. In contrast, extremely low relative flux patterns were observed in the
filtration with the 100 kDa membrane (PES16). Adsorption effects were small for the
low cut-off PES22 (6 kDa) and PES20 (10 kDa) membranes with all organic models
used. While they were significant for fouling at the PES18 (35 kDa) membrane. In
contrast, the larger pore (PES16) membranes experienced an instantaneous adsorption
resulting in a considerable relative flux decline, mainly in acidic conditions and highly
concentrated feed solutions. Finally, although NaAlg manifested higher relative flux
decline, it was mostly recoverable compared to HA and BSA filtration, which showed
significant irreversible flux, mainly for the 100 kDa membranes.

Since the theme of this research study focuses on polymeric membranes
modification by means of nanoscale materials, novel hybrid nanostructures comprise
M/MO-carbon nanotubes have been successfully fabricated via wet chemistry
technique without reducing agents or any further chemicals. Two sets were made
depending on the route employed to deposit the M/MO on the surface of nanotubes.
This was in turn modulated either by calcination in a high-temperature tube furnace or
microwave irradiation. This thesis was the first study introduces the microwave
irradiation in the application of nanocomposite membranes. Even though the
quantitative and qualitative analysis confirmed the success of both methods, the
microwave treatment was much faster route adopted during the fabrication, where only
less than 4 hr is needed to get the final sample ready. Results obtained confirmed the
successful functionalization of MWCNTSs with carboxylic groups without causing any
serious damage/defects to the nanotube surface, while a series of characterisation means
assessed the stability, surface structure, thermal, electrical properties, composition and
oxidation state of the samples. It should be noted here that many characterisation tools
were used in this work since some tools were unable to detect the low loading level of
M/MO on the surface of nanotubes and the small size nanoparticles (e.g., XRD).
Therefore, more instruments have been used to provide a comprehensive
characterisation of the synthesised HNS and to confirm the overall properties.

The microwave-modulated HNS were employed to tailor the membranes functions
into a specific application. The two concentration levels of Ag /CNTs, named as10HNS
and 20HNS, are incorporated within the PES polymeric matrix (bulk modification) at

different loading levels to probe the role of Ag size and concentration on the biocidal
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characteristics of nanocomposite membranes. Based on the design and fabrication of
this facile, rapid and scalable biocidal HNS, a novel antibacterial membrane material
was developed in this work for engineered nanocomposite membrane applications,
which is effective against both Gram-positive and Gram-negative bacteria, as
confirmed by antibacterial tests using the representative species E. coli and S. aureus.
Also, characterisation techniques have clearly identified the significant influence that
Ag/MWCNTs ratio has on the structure and performance of HNS, which in turn
impacted on the fabricated nanocomposite membrane structure and process properties
to different degrees. Meanwhile, the content of HNS within a PES membrane matrix
was found to have little influence on the surface pore size and pore size distribution.
However, the addition of the HNS to form a nanocomposite membrane had a significant
impact on hydrophilicity measurement, pure water flux, surface zeta potential, and
bactericidal performance of the nanocomposites. Moreover, antimicrobial tests suggest
Ag" release was the dominant mechanisms against both bacterial species as there was
no direct contact between the biocide material and microorganisms. This may be
attributed to the fact that the HNS was immobilised within the polymeric chains close
to the top surface of the nanocomposites. This observation can have great influence on
the stability of the HNS inside the nanocomposites and their long-term antibacterial
activity through providing a controlled silver ions release rather than a rapid depletion.
Also, results have evidenced that lower Ag/MWCNTs ratio has manifested higher
biocidal effects due to the higher number of silver atoms presented at the interface
(higher surface area/volume ratio). This will indeed reduce the environmental and
social cost of the final nanocomposite applications. In conclusion, such biocidal HNS
and their incorporation into nanocomposite membranes have great potential in the
design of low fouling self-cleaning membranes with a high degree of performance
durability and commercial scalability.

Enhancing the interfacial interactions between organic polymers and ENMs is
essential in order to establish highly dependable nanocomposite materials as the next
generation of membranes. This thesis has successfully presented for the first time, the
application of HNS into TFN membrane applications. Four M/MO-based HNS
(Fe203CNTs, TiO2CNTs, AlbOsCNTs and AgCNTs), modulated by calcination at high-
temperature tube furnace, were employed for developing novel TFN membranes for

desalination applications. These HNS were coated with a thin layer of PDA then
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assessed in terms of performance of the fabricated TFN membranes when introduced
as an intermediate layer to revise their surface characteristics. Nearly double the PWF
was obtained from TFN membrane compared to that of TFC membrane, without
affecting the permeability/selectivity trade-off relationship. In addition, higher than
90% and 94% removals were achieved for monovalent and divalent salts, respectively.
Indicating that NF membranes have been fabricated are capable of treating various salts
at a comparable level. Nevertheless, the experimental results of TFN membranes
manifested great retention for relatively all metal ions, and were comparable to that of
TFC membrane but with higher water permeation characteristics. Indeed, TFN could
offer a promising potential for the applications of wastewater reclamation for further
use. On the other hand, the design of defect-free and mechanically stable PA layer on
the HNS supported PES substrate was found to be contingent on the interlayer
thickness. Undoubtedly, this thesis has demonstrated a great potential to use high
loading level of HNS within the PA layer without defects. Also, the novel methodology
used was able to overcome the limitation of other conventional TFN fabrication
techniques. The theoretical amount of NMs used in this methodology corresponds to
the actual amount deposited on the surface, unlike other techniques which wastes a
higher amount only to incorporate a small quantity with uneven distribution. Indeed,
this will reduce the environmental and economic costs of TFN membrane application.
Additionally, with the powerful catechol groups of the mussel-inspired PDA layer, the
great potential to link these HNS with the PA chain has added further stability and
compatibility to the TFN under the cross flow conditions. In summary, the clear
enhancement in the surface characteristics of TFN membranes attributed to the stable

hydrophilic intermediate layer introduced and masked by the PA.

8.2 Recommendations.

Recommendations for future work have been suggested as follows;

1. In this study, Ag-based TFN membranes have been fabricated and their
performance evaluation was carried in desalination and wastewater

applications. Further evaluation regarding their antibacteriostaic potential is
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essential to be carried against many biological species, e.g., E. coli, S. aureus,
Pseudomonas aeruginosa and algal bloom. This will confirm the
multifunctionality of the Ag-based TFN membranes to treat various
contaminated waters. Especially, the antibacterial HNS are presented very close
to the surface and expected to manifest a greater antimicrobial activity.

2. Mechanical tests for virgin and fouled control and modified membrane would
be worth trying in order to provide a clear evaluation of their mechanical
robustness against various cleaning and process conditions.

3. Further research is required before commercialisation to ensure that the benefits
of ENM-membrane nanocomposites outweigh their fabrication and
environmental cost. This can be carried by performing prolonged operations
under real conditions to measure their consistency and reliability.

4. Treating a real seawater by employing the nanocomposite membranes as a
pretreatment step for the later TFN membranes, then compare the results with a
similar unit consist of a commercial UF/ tide NF membrane. This can give a
better performance evaluation for the hand-made membranes in terms of
selectivity against various salts, antifouling properties and reliability of
measurements comparing to the commercial membranes.

5. Evaluation of the adsorption capacity of the fabricated HNS in wastewater
treatment applications and compare it with M/MO NPs and MWCNTs
individually. This can provide a comparison data for the three materials to be
used as adsorbents.

6. Determination of silver ions releases over a prolonged operation time to assess
the reliability of the held antimicrobial activity of nanocomposites and TFN
membranes.

7. To evaluate the ecological issues of use, by measuring the potential release of
ENMs and their fate at the end of their service life. Also, to determine whether
they have certain affinity to form complexes with other components in the
discharge. Where these issues could raise the entire cost of any process.

8. Determining new routes to modify the surface characteristics of NMs and/or
other HNS to for better stability and even distribution inside the nanocomposite

membranes.
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10.

11.

12.

13.

14.

15.

For NMs surface modification/functionalisation, a focus should be made on
employing environment-friendly and natural compounds that have minimal or
no toxicity on the ecosystem (e.g., tannic acid). This will reduce the
environmental cost.

Intensive research should be carried to provide new insights for surface
modification of membrane applications in order to impart the characteristics of
nanoscale materials close to the membrane-solution interface.

Searching for new routes to robustly tether 0D NPs on various 2D and 3D
nanoscale materials to avoid using reducing agents and costly equipment.
More efforts should be devoted to the use of new exotic nanomaterials for novel
nanocomposite membranes fabrication.

More attention should be paid to the use of environmental-friendly NMs, e.g.,
cellulose materials in order to obviate the environmental concerns associated
with M/MO NPs.

Some literature reported that PDA poses bacteriostatic activity, so testing the
toxicity of PDA-AgCNTs vs AgCNTs by zone of inhibition test could be
worthwhile to compare between the samples.

AFM measurements can be used to measure the adhesion force between the
microbial species and the Ag-based membrane. This may provide indicative

data about the ability of the membrane to resist the biofilm.
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